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GEnERAl InTRODuCTIOn

Alarmins or damage associated molecular patterns (DAMPs) are endogenous molecules 
released by the host upon tissue injury or infection.  They are recognized by pattern rec-
ognition receptors (PRRs), many of which also have key roles in the sensing of microbial 
pathogens. Alarmins activate innate immune cells and thereby act as endogenous dan-
ger signals to promote and perpetuate inflammation [1,2]. During infection, alarmins 
can be found in the systemic circulation as well as at invaded local sites. Uncontrolled 
release of alarmins may lead to a dysregulated inflammatory response [3]. 

In this thesis, we describe two well-characterized alarmins, High-mobility group Box 
(HMGB)1 and Myeloid-related Protein (MRP)8/14, and their receptors in several infec-
tious diseases. We will begin this introductory chapter with a detailed description of 
these alarmins and their receptors. We proceed with the general background of relevant 
infectious diseases. We end the introduction with an outline of the thesis.

Alarmin Origin Receptors Extracellular actions Implicated diseases

HMGb1 All cell types TLR2, TLR4, 
RAGE

(Subject to redox state)
Proinflammatory response, 
chemotaxis, induction of adaptive 
immune response

Sepsis, auto-immune 
disease, acute lung injury, 
brain ischemia, epilepsy, I/R 
injury of the heart

MRP8/14 and 
S100A12

Epithelial 
cells
Phagocytes

TLR4, RAGE Proinflammatory response, 
neutrophil adhesion, migration 
and release from bone marrow, 
direct antimicrobial activity

sepsis, auto-immune 
diseases, acute lung injury, 
atherosclerosis

HSP70 and 
HSP60

All cell types TLR2, TLR4, 
SRA1

Regulation of inflammatory 
response

Sepsis

β-Defensins Keratinocytes
Epithelial 
cells

GPCRs, 
e.g. CCR6

Direct antimicrobial activity, 
enhance adaptive immunity

Acute lung injury, CF, IBD

Cathelicidin 
hCAP18/ 
ll37

Keratinocytes
Epithelial 
cells
Phagocytes

FPRL1 Direct antimicrobial activity, 
enhance adaptive immunity

Acute lung injury, CF, IBD

Table 1:  A selection of alarmins and their receptors, partially adapted from (3). CCR6: C-C chemokine 
receptor 6; CF: Cystic fibrosis; FPRL1: formyl peptide receptor-like 1; GPCR, G protein–coupled receptor; 
hCAP18: human cationic antimicrobial protein 18; HMGB1: High-mobilty Group Box 1; IBD: inflammatory 
bowel disease; I/R: ischemia/reperfusion; MRP8/14: Myeloid-related protein 8/14; RAGE: Receptor for ad-
vanced glycated endproducts; SRA1:steroid receptor RNA activator 1; TLR2/4: Toll-like receptor 2/4. 
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1. AlARMInS 

The list of alarmins in the literature is rapidly growing (table 1). They can activate the im-
mune system and many of these proteins have additional extracellular innate immune 
functions, including chemotactic and antibacterial effects [3,4]. Alarmins have gained 
increasing interest, as they could serve as useful biomarkers and as potential immuno-
modulating targets in sterile or infectious inflammatory disorders [3]. In the text below 
we describe the alarmins that are relevant for this thesis. 

1.1 High-mobility Group box 1

HMGB1 is a highly conserved non-histone nuclear protein that serves various intracel-
lular and extracellular roles. It can be rapidly released into the circulation during cell 
injury or upon inflammatory stimuli [5]. HMGB1 induces proinflammatory cytokine 
release via Toll-like receptor (TLR)4 by an interaction that requires a specific molecular 
conformation, determined by three redox-sensitive cysteines (C23, C45, and C106) [6]. In 
addition, HMGB1 can mediate cellular effects through other PRRs, including the Recep-
tor for Advanced Glycation Endproducts (RAGE), TLR2 and TLR9 after binding of partner 
molecules such as interleukin (IL)-1β, bacterial ligands, DNA and histones [5]. Depending 
on posttranslational modifications, HMGB1 can act as a chemotactic factor as well, after 
formation of a heterocomplex with the chemokine CXCL12 via the chemokine receptor 
CXCR4 [6].  

HMGB1 is involved in the pathogenesis of dysregulated inflammation in severe in-
fectious diseases [3,7]. In the setting of experimental sepsis, HMGB1 is implicated as a 
mediator of lethality and associated with delayed and sustained release, providing a 
clinically relevant time frame for pharmacological interventions [7]. Anti-HMGB1 treat-
ment improved outcome in models of sepsis, even when administered after the onset 
of infection [8,9]. Anti-HMGB1 antibodies also improved outcome in severe pneumonia 
models, including airway infection with Pseudomonas (P.) aeruginosa [10] and treatment 
with intratracheal endotoxin [11]. In chapter 3 we investigated the role of HMGB1 in 
Escherichia (E.) coli abdominal sepsis, whereas the role of HMGB1 during Staphylococcus 
(S.) aureus lung infection is characterized in chapter 5.

1.2 S100 proteins (or Myeloid-related proteins)

The S100 protein family consists of more than 20 members with a regulatory role in 
a variety of intra- and extracellular processes. Several of these proteins are linked to 
innate immune functions, including S100A8 (also called MRP8), S100A9 (or MRP14) and 
S100A12 (MRP6) [12].  MRP8 and MRP14 are the most abundant cytoplasmic proteins 
of neutrophils and monocytes [13]. They form MRP8-MRP14 heterodimers (MRP8/14 
or calprotectin), which are the biologically relevant forms of these proteins [14,15]. 
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MRP8/14 is actively released upon stress stimuli and induces a variety of innate immune 
reactions [3,16,17]. It enhances cytokine release  via TLR4 in response to lipopolysac-
charide (LPS), contributing to endotoxin shock-induced lethality [18] and it promotes 
leukocyte recruitment [19-21]. Next to its proinflammatory effects, MRP8/14 possesses 
direct antimicrobial properties directed against bacterial and fungal pathogens [22-25]. 
MRP8/14 mediates at least part of these effects by chelation of manganese and zinc, 
elements that are important for microbial growth and virulence [24,25]. Recent studies 
revealed that MRP8/14 is a major component of neutrophil extracellular traps (NETs) 
[23], DNA-networks released by neutrophils that trap microorganisms and facilitate in-
teraction with antimicrobial proteins [26,27]. In this thesis, we have examined the role of 
MRP8/14 in Gram-negative and Gram-positive pneumonia in chapters 8 to 10. In chapter 
11 we investigated the role of MRP8/14 in local skin diseases induced by S. aureus.

Another member of the S100 family is the S100A12-protein. S100A12 is constitutively 
expressed in human neutrophils [28]. It has been found at high concentrations in pul-
monary tissue and bronchoalveolar lavage fluid during acute respiratory distress syn-
drome [29]. S100A12 mediates cellular effects via interaction with RAGE [30] and TLR4 
[31]. Circulating S100A12 levels during human sepsis and endotoxemia are described in 
chapter 12.

2. AlARMIn-RECEPTORS

PRRs are membrane bound or cytosolic proteins that respond to pathogens or alarmins. 
Several alarmin-receptors and their ligands are listed in table 1. Sensing of alarmins 
mediates the inflammatory response. We here discuss the two multiligand alarmin 
receptors, RAGE and TLR4, both of which are relevant for this thesis. 

2.1 The Receptor for Advanced Glycation Endproducts (RAGE)

RAGE is a membrane bound receptor of the immunoglobulin superfamily [32,33], which 
is highly expressed in lung tissue and on various cell types [34]. It binds several alarmins, 
including HMGB1 and S100A12, which are released during invasive disease [35,36]. 
Recently, RAGE was identified as a receptor for LPS as well [37]. Engagement of RAGE 
activates and perpetuates inflammation via the nuclear factor-κB (NF-κB)  and mitogen-
activated protein kinase pathways [35,36]. In addition, RAGE contributes to infiltration of 
neutrophils, as it upregulates adhesive molecules [36] and acts as an adhesive molecule 
itself by binding to β2-integrins on neutrophils [35,38,39]. Inhibition of RAGE signaling 
has been found to reduce the inflammatory response in several (non-infectious) models 
[40-42] and improved outcome in a model of polymicrobial abdominal sepsis [43]. 
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Soluble RAGE (sRAGE) [32,33], is the truncated form of full length RAGE, lacking the 
cytosolic and transmembrane domains and can be found in plasma and in the bron-
choalvelar compartment [34]. It can compete with cell-surface RAGE for ligand binding 
and may contribute to neutralization of circulating RAGE ligands [44]. In addition to 
functioning as a decoy receptor, sRAGE has been implicated in neutrophil recruitment 
[45]. sRAGE levels may increase during severe infectious diseases and has been sug-
gested as a useful biomarker in sepsis and acute lung injury [46,47]. We have reviewed 
the role of RAGE and sRAGE during infection in chapter 2. In chapter 3 we describe the 
role of RAGE-ligands and their potential to be used as a therapeutic target in abdominal 
E. coli sepsis. Chapter 4 describes the role of RAGE in Streptococcus (S.) pneumoniae 
bacteremia. The role of RAGE in Klebsiella and staphylococcal pneumonia is described 
in chapter 5 and 6. We investigated the role in local and systemic S. aureus skin disease 
in chapter 7. 

2.2 Toll-like receptor (TlR)4

The family of TLRs consists of 13 different members, of which 10 have been identified in 
humans.  TLRs detect different kinds of pathogen associated molecular patterns  (PAMPs) 
and endogenous molecules which activate the  innate immune system.  Different sig-
naling pathways are involved that all culminate in NF-κB activation. TLR4 detects  LPS 
from Gram-negative bacteria as well as numerous endogenous molecules that induce 
and amplify inflammatory responses, including MRP8/14, S100A12 and HMGB1 [6,18,48]. 
The role of TLR4 and MRP8/14 in Gram-negative sepsis is partly discussed in chapter 8. In 
chapter 5 we describe the role of TLR4 during S. aureus pneumonia.

3. InFECTIOuS DISEASES STuDIED In THIS THESIS

We investigated the roles of alarmins in several disease models. In the text below we 
discuss the infectious diseases relevant for this thesis.

3.1 Sepsis

Sepsis is a heterogeneous clinical syndrome caused by a deregulated host response 
to an infection. It is a condition that can lead to multiorgan failure and/or refractory 
hypotension [49,50]. Sepsis is a cause of considerable morbidity and mortality despite 
the availability of effective antimicrobial therapy and supportive care [51,52]. Recent in-
sights have made clear that the sepsis syndrome is complex, variable and characterized 
by both proinflammatory and anti-inflammatory responses, dependent on host and/or 
pathogen associated factors [50,53]. The (initial) intense inflammatory response during 
sepsis may lead to collateral tissue damage and necrotic cell death, which results in the 
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release of alarmins that perpetuate inflammatory processes (Figure 1) [49,50,53]. Other 
hallmark features of sepsis include activation of the coagulation system (in severe cases 
resulting in disseminated intravascular coagulation) and vascular dysfunction [49,50,53]. 
The respiratory tract and the abdomen are the most frequent sources for sepsis. The 
most common Gram-positive isolates in sepsis are S. aureus and S. pneumoniae, while E. 
coli, Klebsiella species, and P. aeruginosa are among the most common Gram-negative 
isolates [50].

3.2 bacterial pneumonia

Pneumonia is the most common infectious cause of death in the world and the third 
most common cause of death overall. Bacterial pneumonia is the most frequent source 
of sepsis [50]. When bacteria invade the lower respiratory tract, various inflammatory 
mechanisms ensue which initiate the recruitment of neutrophils into the bronchoalveo-
lar space. Transmigrated neutrophils are then activated to phagocytose pathogens and 
to produce proteases and reactive oxygen species that act on infected cells and induce 
necrosis [54]. Invasive infection and intense host defense mechanisms contribute to 

Figure 1. Host response to sepsis. Interaction between pathogens and the host is mediated initially via an 
interaction between pathogen-associated molecular patterns (PAMPs) and Pattern Recognition Receptors 
(PRRs). This interaction can result in the release of alarmins, which have the ability to further amplify the 
inflammatory response, at least in part, via PRRs. Partially adapted from [53].



16 Chapter 1

extensive lung injury and release of alarmins. Uncontrolled release of alarmins may lead 
to an overwhelming inflammatory response in the lungs [3]. 

S. pneumoniae is the single most frequent pathogen causing community-acquired 
pneumonia, responsible for up to 60% of cases [55]. K. pneumoniae is a common caus-
ative agent in hospital-acquired pneumonia [56]. S. aureus infection of the respiratory 
tract is classically confined to health-care settings [57]. In recent years however, the 
prevalence of staphylococcal pneumonia in the general population has increased, in 
particular due to the emergence of highly virulent community associated methicillin 
resistant S. aureus [58].

3.3 Peritonitis

Peritonitis is caused by the presence of pathogenic bacteria in the peritoneal cavity. It 
is a potential life-threatening event, especially in elderly and in those with significant 
underlying disease. Bacteria can rapidly spread via the circulation and cause systemic 
inflammation and sepsis [59]. Intraperitoneal infections are mostly caused by members 
of the gastrointestinal flora. E. coli is the most frequently isolated organism in peritonitis 
[60]. 

3.4 Skin infection

Skin and soft tissue infections are a frequent source for sepsis [50]. The cutaneous im-
mune response against bacteria involves both the innate and adaptive immune system. 
The innate cutaneous immune response triggers the production of cytokines and che-
mokines. In addition, neutrophils are recruited from the circulation to form a neutrophil 
abscess at the infected site [61-63]. Neutrophil abscesses contain high quantities of 
antimicrobial proteins, which may be essential for bacterial control [61-63]. S. aureus is 
responsible for the vast majority of skin infections [64-67]. 

4. AIM AnD OuTlInE OF THIS THESIS

The overall aim of this thesis is to expand our knowledge of the specific role of alarmins 
and their receptors in the innate immune response during severe infections. Part 1 
discusses the role of RAGE and RAGE ligands in a number infectious disease models. 
Chapter 2 presents an overview of what was known thus far on RAGE during infection. 
Chapter 3 reports on the effects of sRAGE and anti-HMGB1 treatment during E. coli 
abdominal sepsis. In chapter 4 we describe the role of RAGE during bacteremia caused 
by pneumococci. We focused on the role of RAGE (and TLR4) in pneumonia caused by 
S. aureus and K. pneumoniae in chapters 5 and 6. The role of RAGE in local and systemic 
disease during subcutaneous S. aureus infection is studied in chapter 7. 
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In part 2 we discuss the role of S100 proteins, MRP8/14 (or S100A8/A9) and S100A12 
during infection. In chapter 8-10 we investigated the role of MRP8/14 during pneumonia 
and pneumonia derived sepsis caused by K. pneumoniae, pneumococci and staphylo-
cocci. In chapter 11 we investigated the role of MRP8/14 in staphylococcal skin disease. 
Chapter 12 characterizes systemic S100A12 and sRAGE concentrations during human 
sepsis and experimental endotoxemia.
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InTRODuCTIOn

During evolution, multicellular organisms have developed an impressive arsenal of de-
fense and repair mechanisms to counteract threats such as infection and trauma. Such 
an inflammatory response begins with the detection of the potential life-threatening 
event by recognizing so-called danger signals. These signal molecules have been clas-
sically divided into: i) Exogenous, pathogen-associated molecular patterns (PAMPs) [1], 
which are conserved motifs on pathogens that are not found in higher eukaryocytes; 
and ii) endogenous innate danger molecules, also named damage-associated molecular 
patterns (DAMPs) or alarmins, which are structurally diverse proteins rapidly released by 
the host itself during infection or (sterile) tissue damage [2].

Known PAMPs include lipopolysaccharide (LPS) from the outer membrane of Gram-
negative bacteria, peptidoglycan (present in most bacteria), lipoteichoic acid (in many 
Gram-positive bacteria), bacterial DNA, viral DNA/RNA and mannans in the yeast cell 
wall. PAMPs are recognized by pattern recognition receptors (PRRs), in particular Toll-like 
receptors (TLRs) and Nod-like receptors (NLRs), leading to an inflammatory response 
via several signaling pathways, including nuclear factor-kappa B (NF-κB) activation and 
subsequent tumor necrosis factor (TNF)-α production.

Examples of putative DAMPs, the endogenous equivalents of PAMPs, are high-mobility 
group box 1 (HMGB1), some S100 proteins (S100A8/A9, S100A12), interleukins such as 
IL-1α, heat-shock proteins (HSPs), and nucleosomes [3]. DAMPs can be secreted either 
actively or passively following necrosis but are not released by apoptotic cells [4] and 
have activating effects on receptor-expressing cells engaged in host defense. DAMPs 
can also be detected by TLRs and NLRs and their engagement induces NF-κB activation 
as well, suggesting that DAMPs and PAMPs use, at least partially, the same receptors 
and signaling pathways. Liu et al. [5] however, propose that the immune system treats 
DAMPs and PAMPs differently; they suggest that DAMPs - but not PAMPs - bring CD24-
Siglec G/10 into the proximity of TLRs/NLRs, resulting in repressed DAMP-induced TLR/
NLR signaling.

When invaded by pathogens, host defense systems encounter PAMPs from microor-
ganisms and DAMPs that are released from tissues, which are recognized by TLRs and 
NLRs to warn the host of imminent danger. In addition, the multiligand receptor for 
advanced glycation endproducts (RAGE) is regarded as a prototypic DAMP receptor 
that can bind several DAMPs, including HMGB1 and S100A12 [6]. Other known RAGE 
ligands include amyloid, β-sheet fibrils, S100B and S100P [7]; furthermore, β2 integrins 
can interact with RAGE [8]. RAGE is expressed at high levels in the lungs and at low levels 
in normal adult tissues, including on cells involved in the innate immune system, e.g., 
neutrophils, T and B-lymphocytes, monocytes, macrophages, dendritic cells, and endo-
thelial cells [7]. Engagement of RAGE by its ligands leads to receptor-dependent signal-
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ing and activation of NF-κB and mitogen-activated protein kinase (MAPK) pathways[7]. 
Activation of RAGE plays a role in diverse experimentally-induced sterile inflammatory 
and infectious diseases, including cecal ligation and puncture (CLP)-induced abdominal 
sepsis [9], diabetic nephropathy, delayed type hypersensitivity, type II collagen induced 
arthritis, hepatic injury, and diabetic atherosclerosis [7,10–12]. This review focuses on 
new insights into the pathogenesis of infectious diseases, including sepsis, peritonitis 
and pneumonia, offered by studies conducted in the RAGE research field.

RAGE: A MulTIlIGAnD RECEPTOR

RAGE consists of three immunoglobulin-like regions, a transmembrane domain, and a 
highly charged short cytosolic tail that is essential for intracellular signaling [13]. The V 
domain in the extracellular part of RAGE is essential for binding of its ligands. Because 
of its ability to recognize three-dimensional structures rather than specific amino acid 
sequences, RAGE can interact with a wide range of ligands. RAGE was first identified as 
a receptor for advanced glycation endproducts (AGEs), explaining its name. AGEs are 
products of the non-enzymatic glycation and oxidation of lipids, proteins and other 
macromolecules that appear, in particular, under conditions of increased availability 
of reducing sugars and/or enhanced oxidative stress, especially when molecules turn 
over slowly and aldose levels are elevated. Further investigations showed that RAGE can 
recognize a diverse array of endogenous molecules that warn the immune system and 
induce a defensive immune response; the alarmins or DAMPs.

PuTATIvE RAGE lIGAnDS In InFECTIOuS DISEASES 

HMGb1 

HMGB1 is a non-histone DNA-binding protein that serves as a structural component to 
facilitate the assembly of nucleoprotein complexes in the nucleus [14]. Extra-cellularly, 
HMGB1 functions as a cytokine. In response to inflammatory stimuli, including PAMPs, 
HMGB1 can be actively released into the extracellular environment from a variety of cells 
including monocytes, macrophages, endothelial cells, enterocytes, pituicytes, dendritic 
cells, and natural killer cells [14]. HMGB1 can also be passively secreted into the extra-
cellular milieu when cells die in a non-programmed way (necrosis), whereas apoptotic 
cells modify their chromatin so that HMGB 1 binds irreversibly and consequently is not 
released [4]. During infectious diseases, increased HMGB1 concentrations may be due to 
active as well as passive release. Detection methods of HMGB1 that are currently used 
(and published) do not distinguish between these (and possible other) different forms 
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of HMGB1. More studies are necessary to: 1) Report the biological activity of (different 
forms of ) HMGB1; and 2) develop HMGB1 ELISA assays that can distinguish between 
these (possibly also functionally) different forms of HMGB1. Most investigations on 
HMGB1 and infection involve sepsis, the second leading cause of death in non-coronary 
intensive care units (ICUs) and the 10th leading cause of death overall. Patients with severe 
sepsis display elevated circulating HMGB1 levels [15–17] and HMGB1 is predominantly 
released at the site of infection; patients with pneumonia and those with peritonitis 
showed increased concentrations in fluid obtained from the bronchoalveolar space and 
abdomen, respectively  [17]. In an animal model of CLP-induced sepsis, the kinetics of 
HMGB1 secretion in vivo was delayed and more sustained when compared with the re-
lease of pro-inflammatory cytokines, like TNF-α, IL-1β and IL-6 [18,19]. Similarly, various 
interventions that inhibit HMGB1 activity or production, such as anti-HMGB1 antibodies, 
the A-box segment of HMGB1, ethyl pyruvate, and nicotine, reduced CLP-induced sepsis 
and/or LPS lethality even if treatment was delayed for many hours, up to one day after 
the challenge [20,21]. An implicated crucial event in sepsis pathophysiology is apoptosis 
of immune cells, playing a major role in immunosuppression and lethality[22]. HMGB1 
seems to be a downstream factor of apoptosis in the final common pathway to organ 
damage in severe sepsis as indicated by observations that prevention of lymphocyte 
apoptosis improved survival after CLP  [23], whereas anti-HMGB1 treatment reduced 
lethality in the same model without influencing apoptosis  [19]. This indicates that 
HMGB1 secretion is a relatively late event in sepsis that contributes significantly to a 
worsened outcome. In addition, it has been reported that very pure HMGB1 does not 
have cytokine-inducing capacity itself, but activates cells indirectly by first acquiring im-
mune stimulating CpG DNA [24], which is released in the bloodstream during bacterial 
sepsis. However, a recent study reported that HMGB1-mediated induction of macro-
phage cytokine production requires binding to TLR4, and that binding and signaling are 
dependent on a molecular mechanism that requires cysteine in position 106 within the 
B box [25]. Together these data indicate that HMGB1 may exert pro-inflammatory effects 
in a direct TLR4-dependent way and an indirect way via binding of DAMPs and other 
agonistic molecules.

S100A12

S100A12 is a calcium binding protein expressed in the cytoplasm of neutrophils, where 
it comprises 5% of the total protein content. Furthermore, S100A12 - also known as EN-
RAGE (extracellular newly identified ligand of RAGE) or myeloid-related protein (MRP)-6 
- is found in monocytes and lymphocytes and provokes pro-inflammatory responses 
in endothelial cells  [26]. Although many RAGE ligands are promiscuous with regard 
to receptor use, S100A12 has only been shown to bind to RAGE. S100A12 expression 
is high in inflammatory diseases such as atherosclerosis, rheumatoid arthritis, Crohn’s 
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Figure 1. Putative involvement of the receptor for advanced glycation endproducts (RAGE) during 
infection.The damage-associated molecular patterns (DAMPs), high-mobility group box 1 (HMGB1) and 
S100A12, are released during infection ([15, 17], and unpublished data) and bind to and activate RAGE. 
It has to be determined whether other S100 proteins and other DAMPs are RAGE ligands (indicated as 
purple shapes) released during infection. It would be interesting to investigate whether RAGE can directly 
bind to, become activated and mount a first immune reaction after ligation with specifi c PAMPs as well. 
Engagement of RAGE by its ligands results in receptor-dependent signaling and activation of NF-κB lead-
ing to a pro-inflammatory response; the signaling pathway is largely unknown. In addition, RAGE interacts 
as an endothelial (and epithelial) adhesion receptor with the leukocyte integrin, CD11b/CD18 (Mac-1) 
(lower section) [8]. Furthermore, lateral (in cis) RAGE-Mac-1 interaction on the leukocyte surface is medi-
ated by HMGB1 and activates Mac-1-intercellular adhesion molecule (ICAM)-1 dependent adhesion and 
migration and augments leukocyte recruitment [27] (indicated by the blue line and blue „+“). Moreover, 
a recent report shows that endothelially expressed RAGE acts in concert with ICAM-1 in mediating β2 
integrin–dependent leukocyte adhesion during acute trauma– induced infl ammation [28] (indicated by 
the green line and green „+“).
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disease, Kawaski disease, and cystic fibrosis. Within the lungs, S100A12 and RAGE are 
increased during acute lung injury (ALI)  [26]. S100A12 expression may reflect activa-
tion of neutrophils during pulmonary inflammation and may contribute to endothelial 
activation via binding to RAGE [26].

β2 integrins

Recruitment of leukocytes to the site of infection is an essential step in host defense 
during infectious diseases against invading pathogens. RAGE plays a role in the regula-
tion of cell migration in several ways. First of all, RAGE is a counter-receptor for integrins 
on leukocytes; in particular, RAGE has been identified as a binding partner for the β2 
integrins, Mac-1 and p150, 95 [8]. Second, by the interaction of RAGE with β2 integrin-
mediated leukocyte recruitment  in vivo: RAGE-/-  mice displayed a diminished number 
of adherent inflammatory cells on the peritoneum after CLP  [9] and a reduction in 
neutrophil influx in the peritoneal cavity after thioglycollate peritonitis [8]. Interestingly, 
HMGB1 can activate lateral (in cis) RAGE-Mac-1 interactions on the leukocyte cell sur-
face, enhancing Mac-1-intercellular adhesion molecule (ICAM)-1-dependent adhesion 
and migration  [27] (Figure  1, indicated by the blue line and blue “+”). Furthermore, a 
recent report shows that endothelial expressed RAGE acts in concert with ICAM-1 in 
mediating β2  integrin-dependent leukocyte adhesion during acute trauma-induced 
inflammation [28] (Figure 1, indicated by the green line and green “+”).

RAGE: A SIGnAl TRAnSDuCInG RECEPTOR

The signaling cascade(s) of RAGE - induced by engagement of its various ligands - that 
ultimately activates NF-κB is largely unknown. The predicted cytosolic portion of RAGE, 
consisting of 43 amino acids, is short compared to other PRRs, the TLRs and IL-1 recep-
tors, and does not include a known signaling domain or motif. A RAGE mutant lacking 
this intracellular tail does not activate NF-κB and behaves like a dominant negative, 
preventing pro-inflammatory cytokine release from macrophages. These data indicate 
a critical role of this cytosolic portion in transducing the signal from the cell surface 
to the nucleus. One possibility is that RAGE uses as yet unknown adaptors framing a 
whole ‘new’ signaling cascade to NF-κB. Another possibility is that the RAGE tail interacts 
with a Toll/IL-1 receptor (TIR)-containing protein which then recruits the downstream 
TIR-containing proteins in a way analogous to TLR-mediated signaling pathways. Finally, 
RAGE could transduce signals from the cell surface to the nucleus by bypassing the TIR-
containing adaptor, directly interacting with member(s) of the signaling cascade.

In addition to triggering NF-κB activation, RAGE engagement by its myriad ligands 
is linked to an array of signaling pathways, including MAPK family members, such as 
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Jun-N-terminal kinase (JNK), p38 and extracellular signal-regulated kinase (ERK), PI3K/
Akt, Rho GTPases, Jak/STAT and Src family kinases [7].

This rather extraordinary variety of observed signals may be due to the broad ex-
pression of RAGE, its diversity of ligands, and possible contaminating elements in the 
preparations used in experiments.

SOlublE RAGE

The truncated form of full-length RAGE, soluble RAGE (sRAGE), consists of only the ex-
tracellular ligand-binding domain (V-C-C’) lacking the cytosolic and transmembrane do-
mains (i.e., the parts that transfer a signal into the cell) and circulates in the bloodstream. 
sRAGE has been indicated to be involved in inflammatory processes in several ways. 
First, sRAGE blood concentrations are associated with various inflammatory diseases in 
patients and in rats with experimentally induced ALI [29]. Furthermore, it is suggested 
that sRAGE can compete with full length cell-surface RAGE for ligand engagement, pre-
venting these ligands from binding to RAGE or other receptors and/or exerting effects 
otherwise. Exogenous sRAGE treatment indeed attenuated inflammatory responses in 
several animal models, including models of type II collagen-induced arthritis, hepatic 
injury, diabetic atherosclerosis, delayed type hypersensitivity, and experimental auto-
immune encephalomyelitis [7]. The involvement of sRAGE during infection is not known. 
Based on experimental studies in rats and in patients with ALI, sRAGE has been described 
as a marker of lung injury [29].

RAGE DuRInG InFECTIOn 

An increasing amount of research suggests a role for RAGE in the pathogenesis of pneu-
monia, peritonitis and sepsis, indicating that RAGE (ligand)-directed therapies might 
offer new treatment opportunities for human disease in the future.

RAGE during pneumonia

localization and role of RAGE in the lungs
Recent studies point to an important role of RAGE in the pulmonary compartment in 
physiological as well as in pathological circumstances. Physiologically, RAGE is expressed 
at high basal levels in the lungs relative to other tissues [26,29–34], suggesting that RAGE 
may have lung-specific functions distinct from the role of RAGE in other adult tissues. In 
particular, although the kidney is dramatically affected by microangiopathy and fibrosis 
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- which is substantially attributed to RAGE - in patients with diabetes, the lungs, with 
a significantly higher baseline RAGE expression than the kidney, remain unaffected. In 
addition, RAGE has been found to be specifically localized near the basal cell membrane 
within alveolar pneumocytes [32,35,36]. These two observations raise the question as to 
whether RAGE has a function in normal healthy lungs. Indeed, Englert et al. documented 
that aged RAGE-/- mice develop pulmonary fibrosis-like alterations spontaneously; lungs 
from 19 to 24 month-old RAGE-/- mice showed increased collagen staining and displayed 
increased levels of hydroxyproline relative to wild type mice [31]. RAGE knockdown in 
pulmonary fibroblasts increased their proliferation and migration in vitro, suggesting an 
important protective function of RAGE in the lungs and that loss of RAGE may be related 
to functional changes of pulmonary cell types resulting in fibrotic disease [34]. Another 
study demonstrated that RAGE on epithelial cells promoted their adherence to human 
collagen (a major component of the alveolar basal lamina) and a spreading morphol-
ogy, which may facilitate gas exchange and alveolar stability  in vivo  [34,35]. Together, 
these data suggest that RAGE plays a role in maintaining lung homeostasis in normal, 
healthy lungs. Further studies are needed to unravel the function(s) of pulmonary RAGE 
in physiology in more detail.

This putative functional role of RAGE in healthy lungs may be the explanation for 
the finding that the inhibition of RAGE signaling attenuates pathological sterile inflam-
matory responses in diverse non-pulmonary experimental studies  [9–12], whereas in 
pulmonary non-infectious pathological inflammatory conditions, somewhat conflicting 
results emerge. Lung injury induced by either bleomycin or hyperoxia is diminished in 
RAGE-/- mice [37,38], suggesting a deteriorating attribution of RAGE. In contrast, Englert 
et al. showed that RAGE-/-  mice developed more severe lung fibrosis after asbestos 
administration as measured by histological scoring and total lung hydroxyproline 
quantification [31]. Of note, in all these studies, the mice were much younger at the time 
of sacrifice than the aged (19-24 month-old) RAGE-/- mice that developed pulmonary fi-
brosis spontaneously in the experiment by Englert et al. [31]. Interestingly, lung homog-
enates and bronchoalveolar lavage (BAL) fluid from patients suffering from idiopathic 
pulmonary fibrosis reveal reduced membrane bound (and soluble) RAGE protein levels 
compared to healthy donor samples [31,34].

RAGE expression during pneumonia
Community-acquired pneumonia (CAP) is distinguished from hospital-acquired pneu-
monia (HAP) according to the time of acquisition of pneumonia and the pathogens 
involved. The Gram-positive bacterium,  Streptococcus pneumoniae, is the single most 
frequent pathogen causing CAP, responsible for up to 60% of cases; Klebsiella pneumoni-
ae, Haemophilus influenzae, Staphylococcus aureus, and viruses are isolated in about 10% 
of cases each and Mycobacterium tuberculosis is more prevalent in developing countries. 
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Knowledge of the expression and role of RAGE in host defense during pneumonia is 
limited. Morbini et al. observed increased RAGE expression in patients with interstitial 
and post-obstructive pneumonia [32]; this report left unanswered whether patients with 
bacterial pneumonia were included in the analysis. Notably, two other studies showed 
that constitutively present RAGE was not upregulated during pulmonary inflammation 
associated with ALI or acute respiratory distress syndrome (ARDS): First, rats with ALI 
induced by intratracheally administered LPS displayed no change in the distribution of 
RAGE-expressing cells [29]; and second, patients with ARDS did not have increased pul-
monary expression of RAGE [26]. sRAGE has been suggested to be a lung injury marker 
based on studies in patients with ALI and on experimental studies in rats [29]. sRAGE was 
increased in pulmonary edema fluid and serum from patients with either ALI or ARDS 
and with hydrostatic pulmonary edema, and in BAL fluid from rats with either LPS- or 
hydrochloric acid-induced ALI [29].

Considering the ubiquitous expression of RAGE in the lungs, its putative involvement 
in the regulation of lung inflammation and the somewhat inconsistent findings which 
currently exist in the literature, we investigated its role during pneumonia, a major cause 
of morbidity and mortality world-wide. Recently, we reported that murine pneumonia 
induced by  S. pneumoniae  and by influenza A virus was associated with an upregula-
tion of intra-alveolar (membrane bound) RAGE expression  [39,40]. Furthermore, lung 
tissue of mice intranasally infected with the K. pneumoniae or with M. tuberculosis also 
showed increased RAGE expression (unpublished data). These clinically very different 
types of pulmonary infection and the involvement of RAGE therein will be discussed 
below.

Role of RAGE in pneumonia caused by different pathogens
Levels of the high-affinity RAGE ligand, HMGB1, were higher in BAL fluid from patients 
with pneumonia compared to BAL fluid from healthy controls  [17]. In experimentally 
induced pneumococcal pneumonia, the presence of RAGE was detrimental: Mice lack-
ing RAGE had a better survival rate together with a lower pulmonary bacterial load and 
decreased dissemination of S. pneumoniae to blood and spleen compared to wildtype 
mice [39]. The difference was possibly partially due to an increased killing capacity of 
RAGE-/-  alveolar macrophages. Additionally, lung injury and neutrophil recruitment 
were reduced in the RAGE-/- mice, which parallels findings on RAGE as an endothelial 
counter receptor for the β2 integrin, Mac-1,  [8] and the interplay between RAGE and 
Mac-1 on leukocytes, required for HMGB1-mediated inflammatory cell recruitment [27]. 
In addition, blockade of the RAGE-HMGB1 interaction and prevention of the subsequent 
pro-inflammatory stimulus might be an explanation for the less severe pulmonary dam-
age in the RAGE-/-mice during S. pneumoniae pneumonia.
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Interestingly, in contrast to Gram-positive pneumonia, preliminary data from our 
laboratory reveal that RAGE plays a beneficial role in mice during the host response to 
Gram-negative pneumonia (unpublished data). Indeed, RAGE deficiency was associ-
ated with increased mortality and increased bacterial outgrowth and dissemination 
after  K. pneumoniae  inoculation (unpublished data). Relative to wild type mice, lung 
inflammation was similar and cytokine and chemokine levels were slightly - if at all - 
elevated. Moreover, RAGE-/- mice showed an unaltered response to intranasally instilled 
Klebsiella LPS with respect to pulmonary cell recruitment and local release of cytokines 
and chemokines. Together, these findings indicate that RAGE contributes to an effective 
antibacterial host response during K. pneumoniae pneumonia, whereas RAGE plays an 
insignificant part in the lung inflammatory response to either intact Klebsiella or Klebsi-
ella LPS.

It is unclear whether RAGE can also interact with ligands from pathogens. If so, this 
could be part of the explanation for our observation that RAGE involvement during 
Gram-positive and -negative pneumonia had such opposite effects on mortality. In ad-
dition, RAGE-mediated effects on other first-line defense mechanisms, such as chemo-
taxis, phagocytosis, killing (including respiratory burst), may depend on the pathogen 
and may contribute to the observed effects in Gram-positive and -negative pneumonia 
models. However, this remains speculative until investigations have been performed to 
analyze this interesting issue.

In addition to its potential to cause pandemics, seasonal influenza A virus infection 
causes over 200,000 hospitalizations and approximately 41,000 deaths in the United 
States annually, being the 7th  leading cause of mortality. We demonstrated that RAGE 
deficiency resulted in a better outcome from pulmonary influenza A virus infection as 
indicated by a relative protection from influenza A virus-induced lethality in mice [40]. 
This was accompanied by improved viral clearance and enhanced cellular T cell response 
and activation of neutrophils, suggesting that endogenous RAGE impairs the cellular 
immunity against respiratory tract infection with influenza A virus. RAGE ligand, HMGB1, 
as well as sRAGE were upregulated in BAL fluid during influenza A virus pneumonia. 
Hence, similar to pneumonia induced by the Gram-positive bacterium S. pneumoniae, 
RAGE is detrimental during pneumonia caused by influenza A virus. This is of particular 
interest, since it has been suggested that the greatest proportion of the mortality associ-
ated with influenza A virus infection is due to secondary bacterial pneumonia, with S. 
pneumoniae  as the most frequent pathogen of the superinfection. Therefore, RAGE is 
a potential treatment target in postinfluenza pneumococcal pneumonia and further 
research is warranted to investigate this.
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RAGE during abdominal sepsis

The role of RAGE in abdominal sepsis has been investigated in a limited number of studies 
so far. RAGE-deficient mice showed decreased mortality after induction of polymicrobial 
sepsis induced by CLP in two reports  [9,41]. Moreover, anti-RAGE antibody yielded a 
better survival even when the anti-RAGE therapy was delayed up to 24 hours after CLP 
in mice receiving antibiotics [41]. The protective effect provided by the absence of RAGE 
was related to a firm inhibition of NF-κB activation, suggesting that the lack of excessive 
NF-κB activation in RAGE-/- mice might have contributed to their reduced mortality [9]. 
In addition, RAGE deficiency resulted in fewer inflammatory cells in the peritoneum [9], 
which parallels the results of an earlier investigation by the same group of authors iden-
tifying RAGE as a counter-receptor for the β2 integrin, Mac-1 (CD11b/CD18), and thereby 
as a mediator of leukocyte recruitment and adhesion  [8]. Furthermore, the protective 
effect of RAGE inhibition in this CLP model could at least in part be the consequence of 
the inhibition of one of its ligands, HMGB1. Indeed, HMGB1 is secreted into the circula-
tion after CLP and anti-HMGB1 antibody led to increased survival after CLP-induced 
peritonitis [18].

In the same surgically (CLP)-induced model of sepsis, RAGE deficiency and anti-RAGE 
therapy were reported not to affect bacterial outgrowth in the peritoneum, liver, or 
spleen  [41]. Notwithstanding, a possible role of RAGE in antibacterial defense cannot 
be easily evaluated from this study because host defense against CLP depends, at least 
in part, on the extent of intestinal necrosis and the formation of a local abscess. Also, all 
mice in this experiment received broad spectrum antibiotics and bacterial outgrowth 
was only determined in mice that survived (i.e., not at predefined time points after CLP). 
For this reason, we used our model of abdominal sepsis induced by injection of the 
Gram-negative bacterium Escherichia coli into the peritoneum [42,43] to study whether 
RAGE affects antibacterial defense. This model is a relevant tool to investigate the role of 
receptors/mediators in limiting the growth and dissemination of bacteria after a primary 
intra-abdominal infection and to assess the contribution of these proteins to specific 
immune responses. RAGE expression was upregulated during E. coli induced sepsis [42]. 
RAGE deficiency (either pharmacologically using anti-RAGE IgG anti-bodies or geneti-
cally using RAGE knockout mice) was related to a higher bacterial load and dissemina-
tion [42]. These data indicate that RAGE signaling contributes to an effective antibacte-
rial response during abdominal sepsis. RAGE exerted this effect probably indirectly and 
not via direct interaction with E. coli, considering the observation that leukocytes from 
RAGE-/- mice had an unaltered capacity to phagocytize and kill E. coli in vitro. Further-
more, the finding that deficiency of RAGE in general was associated with an exaggerated 
host response during E. coli sepsis [42] on the one hand, and with an attenuated inflam-
matory response and better survival in (other) sterile models of intraperitoneal injection 
of LPS derived from  E. coli  [42,44] on the other hand, suggests that although RAGE is 
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involved in the immune reaction to E. coli, this function can be compensated for by other 
receptors in the presence of a growing bacterial load. The high-affinity RAGE ligand, 
HMGB1, is secreted into the circulation systemically during clinical sepsis [16–18] as well 
as in our experimental sepsis model of E. coli [43]. Importantly, HMGB1 has been shown 
to transduce cellular signals in vitro and in vivo by interacting with at least three other 
receptors, i.e., TLR2, TLR4 and TLR9 when HMGB1 is complexed with CPG DNA [24,44,45]. 
One possible explanation for the increased response in the RAGE lacking mice during E. 
coli sepsis is, therefore, that the absence of RAGE could facilitate the interaction between 
HMGB1 and TLR2, TLR4 and/or TLR9.

Evidence of involvement of ligands of RAGE and HMGB1 in host defense in E. coli ab-
dominal sepsis was recently published by our laboratory  [43]. Inhibition of multiple 
RAGE ligands (by the administration of sRAGE) and inhibition of HMGB1 (by the admin-
istration of anti-HMGB1 antibodies) led to an enhanced bacterial dissemination of E. coli, 
denoting an advantageous role of RAGE ligands, including HMGB1, in the antibacterial 
response during Gram-negative sepsis.

Interestingly, we recently found that S100A12, another high-affinity ligand of RAGE, is 
released systemically in patients during (abdominal) sepsis and also locally during peri-
tonitis (unpublished data). Additionally, intravenous injection of LPS in healthy humans 
raised circulating S100A12 levels, implying that LPS might partially contribute to this 
upregulation during Gram-negative infection. Payen et al. reported that, in patients with 
septic shock, mRNA S100A12 expression by circulating leukocytes was decreased during 
the recovery phase [46]. One possible function of S100A12 in host defense during infec-
tion and sepsis is its role as a DAMP. NF-κB mediated expression of pro-inflammatory 
cytokines and upregulation of ICAM-1 and vascular cell adhesion molecule (VCAM)-1 
on endothelium has been documented in vitro after S100A12 stimulation [47]. Further-
more, S100A12 could be of benefit for the host during infection and sepsis due to its 
(more direct) antibacterial activity. Cole et al. determined that S100A12 has activity 
primarily against Gram-negative bacteria, including E. coli [48]. Because of the absence 
of S100A12 in rodents, a potential functional role of S100A12 during sepsis cannot be 
easily investigated by inhibiting/deleting S100A12 in animals. Altogether, the role of 
S100A12 during sepsis has yet to be evaluated using non-rodent models.

Bopp et al. documented that septic patients have elevated circulating sRAGE levels 
and that non-survivors show higher plasma sRAGE concentrations than survivors, sug-
gesting that sRAGE is related to severity and clinical outcome in sepsis [49]. Knowledge 
on the role of endogenous sRAGE in sepsis is scarce. Hudson et al. demonstrated that 
sRAGE levels might represent an early marker of microvascular dysfunction, a phenom-
enon also present in sepsis [50]. Furthermore, increased sRAGE concentrations in sepsis 
might represent the acute inflammatory status as splice variants of RAGE or as split off 
variants of the cell surface RAGE, the latter analogous to ICAM-1, another member of 
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the immunoglobulin superfamily, which is a marker of cellular damage during sepsis. 
Another possibility is that systemic sRAGE levels might be elevated in parallel with 
HMGB1/S100A12 levels as a counter-system against HMGB1/S100A12 elicited tissue 
effects. More research is needed to clarify the functional role of sRAGE in sepsis and its 
putative role as a new sepsis marker.

COnCluSIOnS

The innate immune response is the first line of defense against pathogens. The ex-
perimental studies described herein provide further insight into the role of RAGE and 
its ligands in host defense during clinically important infections, which eventually may 
contribute to better therapies against specific pathogens. While interpreting the results 
from preclinical investigations, one has to keep in mind that a careful balance between 
the inflammatory and anti-inflammatory response is vital in order to survive or recover 
from a severe infection.

The observation that lack of RAGE is of benefit in one pneumonia model and detri-
mental in another, clearly adds to the notion that the way in which RAGE mediates host 
defense against different pathogens relies on distinct mechanisms. It would be highly 
interesting to evaluate whether RAGE can directly bind to, become activated, and mount 
a first immune reaction after ligation with specific PAMPs. Furthermore, RAGE-mediated 
effects on other first-line defense mechanisms, such as chemo-taxis, killing, phagocyto-
sis and respiratory burst could depend on the pathogen. As such, targeting RAGE may 
be ineffective or even harmful in some infectious conditions. Therefore, more studies are 
necessary to justify clinical trials targeting RAGE in patients with severe infections. In this 
respect one could think of research on RAGE inhibition in pneumococcal and influenza 
A viral pneumonia. Additionally, experiments in which RAGE targeting is delayed until 
after bacterial/viral infection and combined with antibiotic/antiviral therapy should be 
considered. Moreover, more studies need to be conducted on the role of RAGE in critical 
organ derangements involved in the pathogenesis of severe infection, including activa-
tion of the coagulation system and the complement system. RAGE remains a potential 
yet promising therapeutic target that awaits further research.
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AbSTRACT

Objective: The receptor for advanced glycation end products mediates a variety of 
inflammatory responses. Soluble receptor for advanced glycation end products has 
been suggested to function as a decoy abrogating cellular activation. High-mobility 
group box 1 is a high-affinity binding ligand for the receptor for advanced glycation end 
products with cytokine activities and plays a role in sepsis.

Design: Controlled, in vivo laboratory study.

Setting: Research laboratory of a health sciences university.

Subjects: C57BL/6 mice.

Interventions: Peritonitis was induced by intraperitoneal injection of Escherichia coli. 
Mice received soluble receptor for advanced glycation end products or anti-high-
mobility group box 1 immunoglobulin G, or the appropriate control treatment.

Measurements and Main Results: Soluble receptor for advanced glycation end 
products-treated mice demonstrated an enhanced bacterial dissemination to liver 
and lungs, accompanied by increased hepatocellular injury and exaggerated systemic 
cytokine release, 20 hrs after intraperitoneal administration of Escherichia coli. Soluble 
receptor for advanced glycation end products administration in healthy, uninfected 
mice did not induce an immune response. Remarkably, lung inflammation was unaf-
fected. Furthermore, high-mobility group box 1 release was enhanced during peritonitis 
and anti-high-mobility group box 1 treatment was associated with higher bacterial 
loads in liver and lungs.

Conclusions: These data are the first to suggest that receptor for advanced glycation 
end products ligands, including high-mobility group box 1, limit bacterial dissemination 
during Gram-negative sepsis.
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InTRODuCTIOn

Escherichia (E.) coli is the most common pathogen involved in intra-abdominal infection 
in humans [1]. Peritonitis is a life-threatening infection characterized by the presence of 
bacteria in the normally germ-free peritoneal cavity. Mortality rates of peritonitis range 
between 30% and 50% despite advances in surgery and antimicrobial therapy. Serious 
complications originating from peritonitis are systemic inflammation and sepsis, with 
mortality rates of up to 80% [2].

The multiligand receptor for advanced glycation end products (RAGE) is a member of 
the immunoglobulin superfamily, being expressed as a cell surface molecule by a range 
of cell types and playing a key role in diverse inflammatory processes [3]. Known RAGE 
ligands include amyloid [4], β-sheet fibrils [5], and some members of the S100 family, 
such as S100A12 [6], S100B [7], and S100P [8]. Another high-affinity binding ligand for 
RAGE is high-mobility group box (HMGB)1 [9, 10]. HMGB1 is a potent proinflammatory 
cytokine that plays an important role in a variety of inflammatory conditions, including 
sepsis and arthritis [11, 12]. Engagement of these and other ligands to RAGE can induce 
inflammatory responses via activation of several intracellular signaling cascades, includ-
ing the nuclear factor-κB pathway [13, 14].

Soluble RAGE (sRAGE), a truncated form of the full-length cell surface receptor, is 
composed of the extracellular ligand-binding domain (V-C-C’) only, lacking the cytosolic 
and transmembrane domains (i.e., the parts that transfer a signal into the cell). sRAGE 
has been suggested to be involved in inflammatory processes in several ways. First, the 
circulating levels of soluble RAGE are associated with various inflammatory diseases in 
patients [15–17] and in mouse models of experimental acute lung injury [17]. Second, it 
is thought that sRAGE can compete with full-length cell-surface RAGE for ligand binding, 
preventing these ligands from binding to their receptors (including RAGE) and/or exert-
ing effects otherwise. The exogenous administration of sRAGE reduced inflammatory 
responses in several animal models, including models of hepatic injury [18–20], diabetic 
atherosclerosis [21, 22), delayed type hypersensitivity [23, 24], type II collagen-induced 
arthritis [24], and experimental autoimmune encephalomyelitis [25]. HMGB1 is one 
possible candidate to be targeted by sRAGE in these diseases, and inhibition of HMGB1 
might be partially responsible for the observed effects of sRAGE. Many RAGE ligands are 
promiscuous with regard to receptor use. The assumption that sRAGE not only prevents 
HMGB1 and other RAGE ligands from binding to RAGE but also prevents them from 
binding to other receptors is supported by the finding that administration of sRAGE also 
decreased the delayed-type hypersensitivity response in RAGE-deficient mice [23]. In 
addition, sRAGE might be involved in inflammation because it has proinflammatory and 
chemotactic properties itself via interaction with the β-2-integrin Mac-1 [26].
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RAGE and HMGB1 have been implicated as mediators of lethality in abdominal sepsis 
caused by cecal ligation and puncture (CLP) [23, 27–29]. The CLP model is less suitable 
to study the impact of an intervention on bacterial growth and dissemination because 
of the polymicrobial nature of the infection and the fact that the antibacterial response 
is dependent on the extent of necrosis of the cecum and the formation of a local abscess 
[30]. Our laboratory has used a model of abdominal sepsis induced by intraperitoneal 
injection of E. coli to investigate host defense mechanisms against this most common 
pathogen in peritonitis [31–34]. This model is suitable to study factors contributing to 
local growth within the peritoneal cavity and subsequent dissemination of bacteria, as 
well as the occurrence of systemic inflammation and organ injury. We used this model 
to determine the effect of sRAGE and anti-HMGB1 on host defense against septic peri-
tonitis.

METHODS

Mice: 

Eight- to 10-wk-old female C57Bl/6 mice were purchased from Harlan Sprague Dawley 
(Horst, the Netherlands). The Institutional Animal Care and Use Committee of the Aca-
demic Medical Center, University of Amsterdam, approved all experiments.

Soluble RAGE: 

Murine sRAGE was prepared and purified from a baculovirus expression system as previ-
ously described [21]. Any detectable lipopolysaccharide was removed by Detoxi-gel 
columns (Pierce Chemical, Rockford, IL) [35]. sRAGE was administered intraperitoneally 
at a dose of 100 µg in 200 µL 0.5 hrs after infection, and control mice received equal 
volumes of vehicle (phosphate-buffered saline). In addition, a separate experiment was 
performed using mice treated with either sRAGE or vehicle without being infected with 
E. coli.

Anti-HMGb1 Antibodies

Polyclonal antibodies against HMGB1 box B were raised in rabbits as described previ-
ously [27] and titers were determined by immunoblotting. Anti-HMGB1 box B antibodies 
were affinity-purified by using cyanogens bromide-activated Sepharose beads follow-
ing standard procedures. Neutralizing activity of anti-HMGB1 was confirmed in HMGB1-
stimulated macrophage cultures by assay of tumor necrosis factor (TNF)-α release. In 
the presence of the antibody, neutralizing antibody was defined as inhibition (>80%) of 
HMGB1-induced TNF-α release. Anti-HMGB1 antibodies were administered intraperito-
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neally at a dose of 500 µg 0.5 hrs before infection. Control mice received equal volumes 
of nonimmune rabbit immunoglobulin G (IgG; item I5006; Sigma-Aldrich, St. Louis, MO).

Induction of Peritonitis

Abdominal sepsis was induced by intraperitoneal injection of E. coli O18:K1 (104 colony-
forming units [CFUs]) as described [32–34]. Sample harvesting and processing and 
determinations of bacterial loads and cell counts were performed as described [32–34]. 
Healthy, uninfected mice were used for baseline levels (t = 0 hrs).

Assays

sRAGE levels were measured by enzyme-linked immunosorbent assay (R&D, Minneapo-
lis, MN) as described [36, 37]. Keratinocyte-derived chemokine (KC) and macrophage 
inflammatory protein 2 (MIP-2) were measured by enzyme-linked immunosorbent assay 
according to the instructions of the manufacturer (R&D Systems, Abingdon, UK). TNF-α, 
interleukin (IL)-6, monocyte chemoattractant protein (MCP)-1, and IL-10 were measured 
by cytometric bead array multiplex assay (BD Biosciences, San Jose, CA) in accordance 
with the manufacturer’s recommendations. Aspartate aminotransferase and alanine 
aminotransferase were determined with commercially available kits (Sigma-Aldrich, St. 
Louis, MO) using a Hittachi analyzer (Boehringer Mannheim, Mannheim, Germany). My-
eloperoxidase was measured by enzyme-linked immunosorbent assay (Hycult Biotech-
nology BV, Uden, the Netherlands). HMGB1 was measured by Western immunoblotting 
[27, 38].

Histologic Examination

Lungs and livers were harvested after 20 hrs, fixed in 4% formaldehyde, embedded in 
paraffin, and cut in 4-µm-thick sections for staining procedures. Hematoxylin-eosin 
procedures were performed as described [39] and analyzed by a pathologist who had 
no knowledge of the treatment of the mice. The following parameters were scored: pa-
renchymal inflammation, necrosis and fibrin for the livers and interstitial inflammation, 
pleuritis, edema, and thrombi for the lungs. Each parameter was graded on a scale of 0 to 
4 (0, absent; 1, mild; 2, moderate; 3, severe; and 4, very severe). The total histology score 
was expressed as the sum of the score for all parameters. Neutrophil and fibrin(ogen) 
stainings were performed as described [40–43].

Statistical analysis

Data are expressed as mean values ± sem. Differences between groups were analyzed 
by Mann-Whitney U test. Values of p < .05 were considered to represent a statistically 
significant difference.
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RESulTS 

sRAGE Facilitates bacterial Dissemination to Distant Organs During E. coli 
Peritonitis

To obtain insight on the effect of sRAGE on bacterial outgrowth and dissemination, mice 
were inoculated intraperitoneally with E. coli together with either sRAGE or vehicle. We 
established the number of E. coli CFUs in peritoneal lavage fluid (PLF; the primary site 
of infection), blood, liver, and lungs (to evaluate to which extent the infection became 
systemic) at 20 hrs after infection. Mice treated with sRAGE had similar CFU counts in PLF 
and blood as did mice treated with vehicle (Fig. 1A and B; 4.0 × 107 ± 1.1 × 107 vs. 1.02 
× 108 ± 4.0 × 107, p = .1457 and 2.10 × 108 ± 6.8 × 107 vs. 3.87 × 108 ± 1.22 × 108 CFUs/
mL, p = .2379, respectively). However, livers from sRAGE-treated mice clearly contained 
more bacteria compared with mice treated with vehicle (Fig. 1C; 2 × 105 ± 6 × 104 vs. 2.6 
× 107 ± 8 × 106 CFUs/mL, p < .0001). In addition, there was more bacterial outgrowth in 
the lungs from mice administered with sRAGE (Fig. 1D; 2.9 × 107 ± 9 × 106 vs. 1.12 × 108 ± 
4.0 × 107 CFUs/mL, p = .0117). Therefore, administration of sRAGE was associated with an 
increased bacterial dissemination during E. coli peritonitis, predominantly to the liver. In 
accordance with the literature [36], circulating sRAGE levels in healthy, uninfected con-

Figure 1. Soluble receptor for advanced glycation end product (sRAGE)-treated mice demonstrate an en-
hanced dissemination. Number of Escherichia coli colony-forming units (CFUs) in peritoneal lavage fluid 
(PLF) (A), blood (B), liver (C), and lungs (D) at 20 hrs after intraperitoneal injection of 5 × 104 CFUs of Esch-
erichia coli in mice treated with either vehicle (white bars) or sRAGE (black bars) (n = 8–10 mice/group). 
Data are mean ± sem; *p < .05 and ***p < .005 vs. vehicle-treated mice.treated mice.
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trol mice (t = 0 hrs) were not detectable. sRAGE or vehicle treatment in either uninfected 
or E. coli peritonitis mice did not enhance plasma or PLF concentrations of sRAGE (all 
levels were below the detection limit of 62.5 pg/mL, data not shown).

Inflammatory Cell Influx and Chemokine levels in PlF Are not Influenced by 
sRAGE

The recruitment of leukocytes to the site of an infection is an essential part of the host 
defense to invading bacteria. sRAGE has been shown to interact with Mac-1, thereby 
acting as an important chemotactic stimulus for neutrophils [26]. Hence, we determined 
leukocyte counts and chemokine levels in PLF at 20 hrs after E. coli injection in sRAGE-
treated and vehicle-treated mice and in healthy, uninfected control mice (t = 0 hrs). First, 
we found that sRAGE treatment in uninfected mice (i.e., mice that did not receive E. 
coli) did not influence total leukocyte numbers or neutrophil influx compared to vehicle 
treatment (Table 1). E. coli injection resulted in a profound increase in total leukocyte 
numbers in PLF compared to 0 hrs, which was mainly attributable to neutrophil influx 
(Table 1). Administration of sRAGE during E. coli peritonitis did not result in a change 
in peritoneal leukocyte counts or differentials compared to administration of vehicle 
(Table 1). The mouse CXC chemokines KC and MIP-2 have been implicated to play an 
important role in the attraction of neutrophils during inflammation [44, 45]. Therefore, 
we measured the levels of these chemokines in PLF. sRAGE administration in uninfected 
mice did not induce elevated KC or MIP-2 concentrations after 20 hrs (Table 1). In line with 
leukocyte counts and differentials in PLF in mice with E. coli peritonitis, concentrations 
of KC and MIP-2 were similar in the sRAGE-treated and vehicle-treated mice (Table 1).

uninfected Escherichia coli Peritonitis

t=0 hrs t=20hrs t=20hrs

vehicle sRAGE vehicle sRAGE

Cell count x104/ml, PlF

Total 54.4 ± 3.5 60.9 ± 2.5 62.0 ± 7.1 215.4 ± 23.2 151.8±11.2

Neutrophils 0.0 ± 0.0 1.8±0.4 4.1±1.1 189.4 ± 19.2 139.6 ± 13.3

Macrophages 50.9 ± 4.1 56.9 ± 1.7 53.0 ± 8.1 33.6 ± 6.1 7.5 ± 3.2

Chemokines pg/ml, PlF

KC <DL <DL <DL 24180 ± 3172 29939 ± 901

MIP-2 <DL <DL <DL 3587 ± 957 4495 ±876

Table 1. leukocyte counts and chemokine levels in peritoneal fluid uninfected Escherichia coli Peri-
tonitis. <DL, less than detection limit; sRAGE, soluble receptor for advanced glycation end products; PLF, 
peritoneal lavage fluid; KC, keratinocyte-derived chemokine, MIP-2, macrophage inflammatory protein-2. 
Escherichia coli peritonitis indicates mice that received 5 x104 colony-forming units Escherichia coli intraperi-
toneally in contrast to uninfected mice that did not receive Escherichia coli at t=0 hrs. Mice were euthanized 
at time points as indicated. Levels of healthy, uninfected control mice (t=0 hrs) are shown to depict baseline 
levels.
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Cytokine Response During E. coli Sepsis in PlF and Plasma Is Only Minimally 
Affected by Administration of sRAGE

To determine whether sRAGE influences the local or systemic release of cytokines during 
septic peritonitis, TNF-α, IL-6, MCP-1, and IL-10 concentrations were measured in PLF 
and plasma of sRAGE-treated and vehicle-treated mice 20 hrs after E. coli injection and 
of healthy, uninfected control mice (t = 0 hrs; Table 2). In uninfected mice, sRAGE treat-
ment did not alter cytokine levels in PLF or plasma compared to vehicle (Table 2). Levels 
of MCP-1 in PLF and IL-10 in plasma were significantly higher in sRAGE-treated mice 
(Table 2), whereas IL-6 concentrations tended to be higher in PLF and plasma, although 
these differences did not reach statistical significance (Table 2).

sRAGE Treated Mice Have More liver Damage in E. coli-Associated Sepsis

This experimental model of abdominal sepsis is associated with profound liver 
injury [32–34]. Considering the strongly increased bacterial outgrowth in the livers 
from sRAGE-treated mice, we examined the influence of sRAGE administration on liver 
damage after E. coli injection. First, we found that on histopathological examination, 
sRAGE administration in mice without E. coli peritonitis does not induce liver damage 
or inflammation at 20 hrs (Fig. 2C; “uninfected”). During abdominal E. coli sepsis, both 
sRAGE-treated and vehicle-treated mice showed mild inflammation of liver tissue, as 
characterized by the influx of leukocytes into the hepatic parenchyma (Fig. 2A and 

uninfected Escherichia coli Peritonitis

t=0 hrs t=20hrs t=20hrs

vehicle sRAGE vehicle sRAGE

Cytokines mean pg/ml ± SE

TNF-α, PLF <DL <DL <DL 63.3 ± 7.0 65.5 ± 5.3

TNF-α, Plasma 7.4 ± 2.1 9.4 ± 5.0 9.9 ± 5.1 354.5 ± 80.6 337.2 ± 86.8

IL-6 PLF <DL <DL <DL 707.5 ± 180.0 1570 ± 345.8

IL-6, plasma <DL 2.6 ± 2.6 0.8 ± 0.8 14538 ± 3542 25667 ± 4308

MCP-1, PLF <DL <DL 8.2 ± 3.3 2614 ± 375.4 7209 ± 540.8**

MCP-1, Plasma <DL 20.0 ± 3.8 50.6 ± 10.4 5054 ± 852.5 5024 ± 701.5

IL-10, PLF <DL 4.8 ± 3.2 2.1 ± 1.2 154.7 ± 45.7 237.2 ± 42.2

IL-10, Plasma <DL 1.0 ± 1.0 2.4 ± 1.5 466.1 ± 98.0 1093 ± 161.3*

Table 2. Cytokine levels. <DL, less than detection limit ; sRAGE, soluble receptor for advanced glycation 
end products; TNF- α, tumor necrosis factor- α; IL, interleukin; MCP-1, Monocyte chemoattractant protein-1; 
PLF, peritoneal lavage fluid . *p <0 .005 vs. vehicle-treated Escherichia coli mice.  **p<0 .0001 vs. vehicle-
treated Escherichia coli mice.  Escherichia coli peritonitis indicates that mice received 5  104 colony-forming 
units Escherichia coli intraperitoneally in contrast to uninfected mice that did not receive Escherichia coli at 
t = 0 hrs. Mice were euthanized at time points as indicated. Levels of healthy, uninfected control mice (t = 0 
hrs) are shown to depict baseline levels.
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2B). Although total histology scores did not differ between sRAGE-treated and vehicle-
treated septic mice (Fig. 2C; 11.0 ± 1.4 vs. 6.6 ± 1.9; p = .0927), clinical chemistry showed 
more profound hepatocellular injury in sRAGE-treated mice. The mice that received 
sRAGE had higher plasma levels of aspartate aminotransferase, although alanine amino-
transferase concentrations were similar compared to vehicle-treated mice (Fig. 2D; 4108 
± 474.0 vs. 2643 ± 569.1 U/L, p = .0205 and 2070 ± 328.8 vs. 1832 ± 335.0 U/L, p = .6334, 
respectively). The mice administered with sRAGE demonstrated more fibrin/thrombus 
formation (Fig. 2B, arrow and Fig. 2G; 6.5 ± 1.2 [sRAGE]) vs. 3.0 ± 1.2 [vehicle], p = .0343) 
and showed markedly more fibrin(ogen) depositions (Fig. 2F vs. 2E).

sRAGE Administration in E. coli-Induced Septic Mice Increases neutrophil 
Recruitment in the liver Interstitium

Having shown that sRAGE facilitates bacterial dissemination to the liver, we then asked 
ourselves what factors might be involved in the early spread of E. coli. Given that leu-
kocyte recruitment to the site of infection is an important part of host defense during 
bacterial infection, we next investigated influx of neutrophils in the livers. Therefore, 
we performed granulocyte stainings of liver tissue. Compared to vehicle-treated mice, 

Figure 2. Soluble receptor for advanced glycation end product (sRAGE) worsens Escherichia coli (E. coli) 
sepsis-associated liver damage. Mice were treated with either vehicle or sRAGE intraperitoneally at 0.5 hrs 
after 5 × 104 colony-forming units E. coli injection. Representative hematoxylin-eosin stainings of liver tis-
sue at 20 hrs after E. coli infection in vehicle- (A) and sRAGE-treated (B) mice. Original magnification ×10, 
scale bars are shown in yellow. Arrow points out thrombus. Graphical representation of the degree of liver 
inflammation (C) and of fibrin and thrombi (G) determined according to the scoring system described in 
the Materials and Methods section. Control mice received vehicle or sRAGE in the absence of E. coli infec-
tion (“uninfected”) and “0 hrs” indicates baseline levels (C). Plasma aspartate aminotransferase (ASAT) and 
alanine aminotransferase (ALAT) levels (D). Representative fibrin(ogen) immunostaining of liver tissue of 
mice administered with either vehicle (E) or sRAGE (F) after injection with E. coli. Original magnification ×10, 
scale bars are shown in yellow. White bars represent vehicle-treated and black bars indicate sRAGE-treated 
mice (n = 8–10 mice/group). Data are mean ± sem; *p < .05 vs. vehicle-treated mice.
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sRAGE-administered mice showed more hepatic neutrophil influx (Fig. 3B vs. 3A). sRAGE-
treated mice had higher myeloperoxidase levels (reflecting the neutrophil content of an 
organ) in liver homogenates (Fig. 3C; 3547 ± 396.6 [sRAGE] vs. 1993 ± 231.4 ng/mL [ve-
hicle]; p = .0062). CXC chemokines have been implicated in the attraction of neutrophils 
to the site of an infection [44, 45]. To investigate whether a difference in local chemokine 
levels could have influenced the neutrophil influx in the interstitial liver tissue, we deter-
mined KC and MIP-2 levels in liver homogenates. Mice that had received sRAGE showed 
higher levels of MIP-2 in their liver homogenates than did mice that received vehicle 
(Fig. 3E; 10664 ± 661.2 [sRAGE] vs. 6652 ± 589.4 pg/mL [vehicle]; p = .0009). KC levels 
were similar between the two mouse groups (Fig. 3D; 31116 ± 1206 [sRAGE] vs. 28223 ± 
1351 pg/mL [vehicle]; p = .2031).

 

Figure 3. Soluble receptor for advanced glycation end product (sRAGE) increases hepatic neutrophil influx 
during Escherichia coli sepsis. Mice were treated with either vehicle or sRAGE intraperitoneally at 0.5 hrs 
after 5 × 104 colony-forming units Escherichia coli injection. Representative leukocyte antigen-6 stainings 
of liver tissue at 20 hrs after Escherichia coli infection in vehicle- (A) and sRAGE-treated (B) mice. Original 
magnification ×10, scale bars are shown in yellow. Myeloperoxidase (MPO; C), keratinocyte-derived chemo-
kine (KC; D), and macrophage inflammatory protein 2 (MIP-2; E) levels in liver homogenate in mice treated 
with control (white bars) or sRAGE (black bars) (n = 8–10 mice/group). Data are mean ± sem; **p < .01 vs. 
vehicle-treated mice, ***p < .005 vs. vehicle-treated mice.
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Hepatic Cytokine Responses Are Increased in sRAGE-Treated E. coli-Induced 
Septic Mice

Finally, we measured the proinflammatory cytokines TNF-α, IL-6, and MCP-1 and the 
anti-inflammatory cytokine IL-10 in liver homogenates. Levels of these cytokines were 
not influenced by sRAGE administration in mice without E. coli infection (Fig. 4A–D). 
During E. coli sepsis, TNF-α, IL-6, and MCP-1 liver concentrations were clearly elevated 
in the mice that received sRAGE compared to mice that received vehicle (Fig. 4A–C; 72.5 
± 11.8 vs. 16.3 ± 2.8, p = .0002 [TNF-α]; 4977.0 ± 877.7 vs. 1525 ± 261.0, p = .0003 [IL-6]; 
and 8103.0 ± 561.8 vs. 2596.0 ± 322.4 pg/mL, p < .0001 [MCP-1]). IL-10 levels in infected 
mice were higher in the sRAGE-treated mice, also (Fig. 4D; 119.7 ± 17.2 vs. 72.9 ± 4.7 pg/
mL; p = .0266 [IL-10]).

Figure 4. Treatment of soluble receptor for advanced glycation end product (sRAGE) elevates cytokine 
concentrations in the liver in Escherichia coli (E. coli)-induced septic mice. Mice were treated with either 
vehicle or sRAGE intraperitoneally at 0.5 hrs after 5 × 104 colony-forming units E. coli injection. Control mice 
received either vehicle or sRAGE without E. coli infection (“uninfected”) and “0 hrs” indicates baseline levels. 
Tumor necrosis factor (TNF)-α (A), interleukin (IL)-6 (B), monocyte chemoattractant protein (MCP)-1 (C), 
and IL-10 (D) levels of liver homogenates in mice treated with vehicle (white bars) or sRAGE (black bars) (n 
= 8–10 mice/group). Data are mean ± sem; *p < .05 vs. vehicle-treated mice, ***p < .001 vs. vehicle-treated 
mice.
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Figure 5. Influence of soluble receptor for advanced glycation end product (sRAGE) on pulmonary inflam-
mation. Mice were treated with either vehicle or sRAGE intraperitoneally at 0.5 hrs after 5 × 104 colony-
forming units Escherichia coli (E. coli) injection. Representative hematoxylin-eosin stainings of lung tissue 
at 20 hrs after E. coli infection in vehicle- (A) and sRAGE-treated (B) mice. Original magnification ×20, scale 
bars are shown in yellow. Graphical representation of the degree of lung inflammation (C) determined ac-
cording to the scoring system described in the Materials and Methods section and myeloperoxidase (MPO) 
levels in lung homogenate (D) in mice treated with vehicle (white bars) or sRAGE (black bars) (n = 8–10 
mice/group). Control mice received vehicle or sRAGE in the absence of E. coli infection (“uninfected”) and “0 
hrs” indicates baseline levels (C). Representative leukocyte antigen-6 stainings of lung tissue at 20 hrs after 
E. coli infection in vehicle- (E) and sRAGE-treated (F) mice. Original magnification ×10, scale bars are shown 
in yellow. Data are mean ± sem; *p < .05 vs. vehicle treated-mice.
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sRAGE Injection Does not Influence Pulmonary Inflammation During E. coli 
Sepsis

To determine the role of sRAGE in the development of inflammation in another organ 
even more susceptible to inflammation-induced injury, lungs were harvested at 20 hrs 
after E. coli infection. First, we assessed that sRAGE administration in the absence of 
E. coli infection (“uninfected”) does not alter lung inflammation compared to vehicle 
injection after 20 hrs (Fig. 5C; .75 ± .25 vs. 1.3 ± .25; p = .3429). Pulmonary inflammation 
during E. coli peritonitis was present as reflected by the accumulation of leukocytes in 
the interstitium (Fig. 5A and 5B). During E. coli abdominal sepsis, the total histologic 
scores did not differ between sRAGE and vehicle groups (Fig. 5C; 5.0 ± .6 vs. 3.8 ± .3; p 
= .1011). Myeloperoxidase concentrations in lung homogenates, however, were slightly 
higher in the E. coli-infected mice treated with sRAGE (Fig. 5D; 7869 ± 505.4 vs. 6736 
± 258.3 ng/mL; p = .0266). Neutrophil stainings of lung tissue were similar in both E. 
coli-infected groups (Fig. 5E and 5F).

Elevated HMGb1 levels in E. coli-Induced Abdominal Sepsis and Anti-HMGb1 
Treatment Induces Elevated bacterial loads in liver and lungs

Having established that sRAGE treatment adversely affects the host response to E. 
coli peritonitis, we next questioned whether HMGB1, one of the high-affinity binding 
ligands for RAGE [9, 10], plays a role herein. To investigate whether HMGB1 is released 
in our model of abdominal sepsis, we measured HMGB1 concentrations in PLF from 
healthy mice and from mice 20 hrs after E. coli injection. HMGB1 was either not or barely 
measurable in PLF from uninfected mice and was clearly increased after induction of 
E. coli peritonitis (Fig. 6A; 42.5 ± 12.2 vs. 1.13 ± .5 ng/mL; p < .0001). We next asked 
ourselves what the contribution of endogenous HMGB1 is in host defense during peri-
tonitis. Therefore, we treated mice with either anti-HMGB1 IgG or control IgG antibod-
ies and quantified the number of bacteria in various body compartments 20 hrs after 
intraperitoneal injection of E. coli. Anti-HMGB1 IgG treatment resulted in an enhanced 
dissemination of E. coli from the primary site of infection, as reflected by higher bacterial 
loads in liver, lungs, and blood, albeit in blood the difference with vehicle-treated mice 
did not reach statistical significance (Fig. 6C–6E; 2 × 106 ± 6 × 105 vs. 4 × 105 ± 2 × 105; 
p = .0172 [liver]; 7.0 × 107 ± 4.1 × 107 vs. 6 × 106 ± 3 × 105, p = .0279 [lungs]; and 4.45 × 
108 ± 2.30 × 108 vs. 3 × 106 ± 2 ×106 CFUs/mL, p = .6038 [blood]). In PLF, bacterial loads 
were virtually identical in anti-HMGB1 IgG and control IgG-treated mice (Fig. 6B; 6.3 × 
107 ± 3.0 × 107 vs. 5.7 × 107 ± 4.7 × 107; p = .9682). Anti-HMGB1 IgG did not influence 
inflammatory responses (cell influx or CXC chemokine levels in PLF, cytokine release in 
PLF and plasma, plasma aspartate aminotransferase and alanine aminotransferase, and 
liver and lung pathology; data not shown).
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DISCuSSIOn

The clinical syndrome of sepsis is the result of a systemic response of the host to a se-
vere infection, characterized by the concurrent activation of various mediator systems. 
In this study we show that administration of sRAGE resulted in an enhanced bacterial 
outgrowth in the distant organs, liver and lungs, together with increased inflammation 
and damage in the liver. Additionally, we report that the administration of an antibody 
against one of the high-affinity targets of sRAGE, HMGB1, led to a similar pattern in bac-
terial dissemination, but without enhancement of hepatocellular injury. Together these 
data suggest that during severe peritonitis RAGE ligands and particularly HMGB1 play a 
role in limiting the dissemination of E. coli from the primary site of infection.

Knowledge of the role of RAGE ligands in host defense during bacterial infection is 
limited. sRAGE-treated mice showed an unaltered mortality after induction of polymi-

Figure 6. Effects of treatment of anti-high-mobility group box 1 (HMGB1) immunoglobulin G (IgG) dur-
ing Escherichia coli (E. coli)-induced sepsis. Wild-type mice were inoculated intraperitoneally with 5 × 104 
colony-forming units (CFUs) of E. coli and euthanized after 20 hrs. Local (peritoneal lavage fluid [PLF]; A) 
HMGB1 levels. Bacterial loads in PLF (B), blood (C), liver (D), and lungs (E) were determined in wild-type 
mice treated with anti-HMGB1 IgG or control IgG. Data are mean ± sem (n = 9–10 mice/group); *p < .05 vs. 
control-treated mice.
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crobial sepsis induced by CLP [23], and anti-HMGB1 administration was associated with 
a survival advantage even when administered 24 hrs after CLP [27, 28]. In these studies, 
all mice received broad-spectrum antibiotics and bacterial loads were not reported. 
Together with the fact that host defense against CLP at least in part relies on the extent 
of intestinal necrosis and the formation of a local abscess [30], the possible role of RAGE 
ligands cannot be determined from these earlier investigations. Although our model 
does not resemble clinical abdominal sepsis as closely as CLP, it is a relevant tool to study 
the role of mediators/receptors in limiting the growth and dissemination of bacteria after 
a primary intra-abdominal infection and to determine the contribution of these proteins 
to specific immune responses [32, 42]. As such, we provide evidence using sRAGE and 
anti-HMGB1 IgG that RAGE ligands, among which HMGB1, contribute to an effective 
antibacterial response. These data do not necessarily contradict the previously protec-
tive effects of anti-HMGB1 treatment with regard to CLP-induced mortality [27, 28]. The 
immune response to bacterial infection can act as a double-edged sword, protecting 
the host against invading pathogens and also potentially damaging cells and tissues. 
It is conceivable that bacterial growth and dissemination do not impact significantly 
on the outcome of CLP-induced sepsis, particularly in the context of antibiotic therapy. 
Future research is warranted to investigate RAGE ligand-mediated antibacterial activity 
against other pathogens associated with abdominal sepsis without the use of antibiot-
ics. It should be noted that the mortality curves after infection of previously healthy 
mice with this E. coli strain are very steep. Whereas low doses do not cause lethality, 
doses that do cause lethality almost invariably do so. The bacterial dose used here is 
associated with 100% lethality, with the first mice dying soon after the 20-hr time point 
[42]. Hence, we consider this model less suitable to determine the impact on mortality 
and rather make use of it to study host defense mechanisms.

Peritonitis is characterized by recruitment of leukocytes to the site of infection [31, 
42, 46]. Theoretically, sRAGE can influence cell influx by binding HMGB1, which we 
show here to be released into the peritoneal cavity during E. coli peritonitis, thereby 
abrogating the chemotactic properties of HMGB1 [47]. In accordance with this pos-
sibility is our recent observation in RAGE-deficient mice in which we found a reduced 
neutrophil influx into PLF on intraperitoneal administration of recombinant HMGB1 [48]. 
However, we did not find a decreased neutrophil influx to the peritoneal cavity in mice 
treated with sRAGE. Furthermore, the concentrations of both CXC chemokines KC and 
MIP-2 that play an important role in the attraction of neutrophils were similar in PLF. 
Notably, the number of neutrophils in liver and lungs, as determined by measurement 
of myeloperoxidase concentrations, was higher in the sRAGE-treated mice. This was 
most likely the consequence of the increased bacterial load providing a more potent 
proinflammatory stimulus.
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sRAGE-treated mice displayed more fibrin/thrombi formation in their livers, in 
combination with higher cytokine and increased plasma aspartate aminotransferase 
concentrations. This is remarkable because administration of sRAGE has been shown to 
diminish hepatic damage in mice subjected to ischemia and reperfusion, massive hepa-
tectomy, and acetaminophen-induced hepatotoxicity [18–20]. In addition, anti-HMGB1 
IgG did not impact on liver damage, whereas anti-HMGB1 IgG decreased inflammation 
and liver damage after CLP [28] and attenuated hepatic ischemia/reperfusion injury [49]. 
Considering that anti-HMGB1 IgG had less of a negative impact on the hepatic bacterial 
load than sRAGE, these data suggest that the detrimental effect of sRAGE on the growth 
of E. coli in the liver is only partially mediated by inhibition of HMGB1. Furthermore, it 
remains to be established whether sRAGE and anti-HMGB1 IgG can exert liver protective 
effects during abdominal sepsis. Such possible liver-protective effects might have been 
overruled in our peritonitis model by the increased number of bacteria in the livers of 
sRAGE and anti-HMGB1 IgG-treated mice, whereby sRAGE treatment was associated 
with enhanced hepatocellular injury because of the 100-fold higher bacterial load.

The fact that, in contrast to sRAGE, anti-HMGB1 IgG did not impact on inflammatory 
responses during E. coli sepsis suggests that RAGE ligands other than HMGB1 play a 
role in the host responses that were exaggerated by sRAGE. We chose to administer 
sRAGE 0.5 hrs after E. coli injection, 19.5 hrs before the mice were euthanized, because 
in earlier studies of acute inflammation sRAGE administration exerted effects within this 
time frame [19]. Of note, the timing of sRAGE administration likely influences its impact 
on the innate immune response. As such, the effect of sRAGE described here may have 
been different when the injection had been delayed.

We recently reported that intraperitoneal injection of recombinant HMGB1 induces 
local release of cytokines and chemokines as well as influx of neutrophils in PLF by a 
mechanism that partially depends on RAGE and Toll-like receptor 4 [48]. Our current 
data using anti-HMGB1 in mice infected with E. coli do not contradict these earlier 
findings. Endogenous HMGB1 could exert antibacterial effects in vivo either directly 
[50] or indirectly via amplifying the inflammatory response, thereby explaining the 
higher bacterial loads in the anti-HMGB1–treated mice. The unaltered proinflammatory 
response in the anti-HMGB1–injected E. coli-infected mice could be the net result of the 
inhibitory effect of anti-HMGB1 treatment on the proinflammatory response and also 
the proinflammatory effects attributable to the higher bacterial loads.

COnCluSIOnS

Peritonitis is a common cause of sepsis in humans. Intraperitoneal administration of 
live E. coli results in a clinical condition commonly associated with septic peritonitis, 
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with diaphragmatic lymphatic drainage, systemic bacteremia, and endotoxemia. We 
used this model to investigate the function of endogenous RAGE ligands and, more 
specifically, HMGB1 in host defense against septic peritonitis. Both inhibition of multiple 
RAGE ligands, by the administration of sRAGE, and inhibition of HMGB1 resulted in an 
enhanced dissemination of E. coli from the primary site of infection. These results iden-
tify a novel beneficial role for endogenous RAGE ligands, including HMGB1, in the innate 
antibacterial response to abdominal sepsis.
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AbSTRACT

Streptococcus pneumoniae is one of the most common causes of sepsis. Sepsis is associ-
ated with the release of “damage associated molecular patterns” (DAMPs). The receptor 
for advanced glycation end-products (RAGE) is a multiligand receptor, abundantly ex-
pressed in the lungs, that recognizes several of these DAMPs. Triggering of RAGE leads to 
activation of the NF-κB pathway and perpetuation of inflammation. Earlier investigations 
have shown that the absence of RAGE reduces inflammation and bacterial dissemina-
tion and increases survival in sepsis caused by S. pneumoniae pneumonia. We hypoth-
esized that the detrimental role of RAGE depends on the level of RAGE expression in the 
primary organ of infection. By directly injecting S. pneumoniae intravenously, thereby 
circumventing the extensive RAGE-expressing lung, we here determined whether RAGE 
contributes to an adverse outcome of bacteremia or whether its role is restricted to pri-
mary lung infection. During late stage infection (48 hours), rage-/- mice had an attenuated 
systemic inflammatory response, as reflected by lower plasma levels of proinflammatory 
cytokines, reduced endothelial cell activation (as measured by E-selectin levels) and less 
neutrophil accumulation in lung tissue. However, RAGE deficiency did not influence 
bacterial loads or survival in this model. In accordance, plasma markers for cell injury 
were similar in both mouse strains. These results demonstrate that while RAGE plays a 
harmful part in S. pneumoniae sepsis originating from the respiratory tract, this receptor 
has a limited role in the outcome of primary bloodstream infection by this pathogen. 
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InTRODuCTIOn

Sepsis is a leading cause of death and represents a major challenge in the care of criti-
cally ill patients [1,2]. Streptococcus (S.) pneumoniae is a frequent cause of sepsis, that 
in the majority of cases originates from a respiratory focus [3,4].  At particular risk for 
developing pneumococcal sepsis is the expanding group of high-aged and immuno-
compromised patients. Together with the emergence of antibiotic resistance the burden 
of this disease is expected to grow in the future [4]. Hence, new treatment strategies 
must be explored to improve care of infections caused by S. pneumoniae. 

Immunomodulating agents designed to attenuate the systemic hyperinflamma-
tion syndrome are a widely studied topic in sepsis research. In this field the receptor 
for advanced glycation end-products (RAGE) has been implicated as a possible target 
considering its role in perpetuating inflammatory responses [5,6].  RAGE is a member 
of the immunoglobulin superfamily of cell surface molecules [7,8] and is expressed on 
a wide array of cell types. RAGE binds to Mac-1 on neutrophils [9], contributing to neu-
trophil recruitment, and to a number of endogenous molecules that are released upon 
cell stress or cell damage known as damage associated molecular patterns (DAMPs). 
DAMPs that are recognized by RAGE include high mobility group box 1 (HMGB1) and 
S100 proteins [5,6]. Engagement of RAGE activates the NF-κB pathway, which in turn 
upregulates expression of RAGE, thus inducing sustained cellular inflammation and 
promoting cellular dysfunction and tissue damage [10,11]. 

Several animal studies have shown that RAGE is critically involved in the deleterious 
effects of acute inflammatory disorders, including sepsis [12–16]. Deletion of the rage 
gene was initially found to protect against the lethal effects of septic shock in polymi-
crobial sepsis, which was associated with a strongly reduced activation of NF-κB in the 
peritoneum and lungs [12]. Our group previously investigated the role of RAGE in sepsis 
derived from S. pneumoniae pneumonia [14], showing increased RAGE expression in the 
lungs upon infection and a relatively protected phenotype of RAGE deficient (rage-/-) 
mice [14]. In accordance, independent investigations showed that anti-RAGE treatment 
improved outcome in invasive pneumococcal pneumonia [15]. However, RAGE inhibi-
tion may be ineffective or even harmful in other infectious diseases [13,16], suggesting 
that detrimental effects of RAGE might depend on the pathogen and/or level of RAGE 
expression in the primary infected organ.  

In the setting of pneumonia caused by a highly virulent strain of S. pneumoniae, RAGE 
may contribute to enhanced pulmonary inflammation as a consequence of its abundant 
expression in the lungs [17], impairing the integrity of the blood-lung-barrier [18], lead-
ing to enhanced bacterial dissemination and a worsened survival [14]. To investigate 
the role of RAGE in host defense during primary bacteremia, we directly injected S. 
pneumoniae into the tail vein in order to “by-pass” the established role of RAGE in the 
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lungs during pneumonia derived sepsis. Even though direct pneumococcal infection 
of the bloodstream (e.g. through blood transfusion) is not common [19] this study may 
help identify whether RAGE’s harmful role in pneumococcal sepsis is restricted to the 
pulmonary compartment. To investigate this, we challenged mice with the same pneu-
mococcal strain – serotype 3, ATCC 6303 – as in the pneumonia study, allowing better 
comparisons. We demonstrate that RAGE amplifies the systemic inflammatory response, 
but does not impact on bacterial loads or survival during fulminant systemic infection 
with S. pneumoniae. These data demonstrate that RAGE is not critically involved in the 
outcome of lethal non-focal pneumococcal sepsis and suggests that the detrimental 
effect of RAGE is primarily exerted in the pulmonary compartment. 

METHODS

Ethics statement

Experiments were carried out in accordance with the Dutch Experiment on Animals Act 
and approved by the Animal Care and Use Committee of the University of Amsterdam 
(Permit number: DIX101223).

Mice

C57Bl/6 Wild type (Wt) mice were purchased from Charles River Laboratories Inc. (Maas-
tricht, the Netherlands). Rage-/- mice, backcrossed > 10 times to a C57Bl/6 background 
were generated as described [12] and bred in the animal facility of the Academic Medi-
cal Center (Amsterdam, the Netherlands).  The Animal Care and Use Committee of the 
University of Amsterdam approved all experiments. 

Design

Sepsis was induced as previously described [20]. Mice were intravenously injected in the 
tail vein with 5x105 S. pneumoniae serotype 3 (American Type Culture Collection 6303, 
Rockville, MD) in a 200 μl saline solution (n=7-8 per strain) and sacrificed 24 or 48 hours 
thereafter or monitored in a survival study. Collection and handling of samples were 
done as previously described [20,21]. In brief, blood was drawn into heparinized tubes 
and organs were removed aseptically and homogenised in 4 volumes of sterile isotonic 
saline using a tissue homogenizer (Biospec Products, Bartlesville, UK). To determine bac-
terial loads, ten-fold dilutions were plated on blood agar plates and incubated at 37°C 
for 16 h. Organ homogenates were processed for cytokine measurements as described 
[21].
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Assays

Tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, RAGE and E-selectin concentra-
tions were measured in tissue homogenates using ELISAs (all R&D systems, Minneapolis, 
MN). The detection limit of the RAGE ELISA was 62.5 pg/ml. Plasma TNF-α, IL-6 and IL-1β 
were measured by cytometric bead array flex set assay (BD Biosciences, San Jose, CA). 
Lactate dehydrogenase (LDH) and aspartate aminotransferase (AST) were measured 
in plasma with kits from Sigma (St. Louis, MO), using a Hittachi analyzer (Boehringer 
Mannheim, Mannheim, Germany). 

Histology

Lungs, spleens and livers were harvested for histologic examination after 24 and 48 
hours, fixed in 10 % formaldehyde and embedded in paraffin. 4-µm thick sections were 
used for stainings. For granulocyte staining, slides were deparaffinized and rehydrated 
using standard procedures. Endogenous peroxidase activity was quenched by a solu-
tion of 0.3% H2O2 in Methanol. Slides were then digested by a solution of pepsin 0.025% 
(Sigma-Aldrich, St. Louis, MO) in 0.1 M HCl. After being rinsed, the sections were incu-
bated in Ultra V Block (Thermo Scientific, Fremont, CA) and then exposed to FITC-labeled 
anti-mouse Gr-1 monoclonal antibody (BD PharMingen, San Diego, CA). After washes, 
slides were incubated with a rabbit anti-FITC antibody (Nuclilab, Ede, the Netherlands) 
followed by further incubation with Brightvision poly-horseradish peroxidase anti 
Rabbit IgG (Immunologic, Duiven, the Netherlands), rinsed again and developed using 
Bright DAB (Immunologic, Duiven, the Netherlands). The sections were counterstained 
with methyl green (Sigma Aldrich, St. Louis, MO), hydrated and mounted in Pertex (His-
tolab, Gothenburg, Sweden).  Gr-1 stained slides were photographed with a microscope 
equipped with a digital camera (Leica CTR500, Leica Microsystems, Wetzlar, Germany). 
Ten random pictures were taken per slide. In these images Gr-1  positivity and total 
surface area were measured using Image J software (U.S. National Institutes of Health, 
Bethesda, MD, http://rsb.info.nih.gov/ij); the amount of Gr-1 positivity was expressed 
as a percentage of the total surface area. Immunostaining for RAGE was performed as 
previously described [14]. In short, paraffin slides were deparaffinized and rehydrated 
using standard procedures. Endogenous peroxidase activity was quenched using 1.5% 
H2O2 in PBS. Primary antibodies used were goat anti-mouse RAGE polyclonal antibodies 
(Neuromics, Edina, MN) and secondary antibodies were biotinlylated rabbit anti-goat 
antibodies (DakoCytomation, Glostrup, Denmark). ABC solution (DakoCytomation, 
Glostrup, Denmark) was used as the detection enyzme. DAB peroxidase (Sigma, St. 
Louis, MO) was used as substrate for visualization. Counterstaining was performed with 
methylgreen (Sigma Aldrich, St. Louis, MO).
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HMGb1 Western blot

For Western blotting of HMGB1, plasma samples were diluted 8x in sodium dodecyl 
sulphate (SDS) buffer, 2% 2-mercaptoethanol. After heating, samples were run on a 15% 
polyacrylamide SDS gel and subsequently transferred to blotting membrane polyvinyli-
dene difluoride membranes (Pharmacia, Piscataway, NJ). Following blocking with 5% 
nonfat dry milk proteins (Protifar from Nutricia, Zoetermeer, the Netherlands) in 0.1% 
Tween phosphate buffered saline (PBS-T), membranes were washed and incubated 
overnight in 1 µg/mL primary rabbit anti-HMGB1 polyclonal antibody (ab18256, Abcam, 
Cambridge, United Kingdom) in 1% nonfat dry milk proteins in PBS-T at 4°C. After wash-
ing with PBS-T, membranes were probed with peroxidase-labeled secondary antibodies 
(Cell Signaling Technology, Danvers, MA) for 1 h at room temperature in 1% bovine 
serum albumin in PBS-T. After washing with PBS-T, membranes were incubated with 
Lumi-Light Plus Western Blotting Substrate (Roche, Mijdrecht, The Netherlands) and 
positive bands were detected using a LAS3000 Luminescent image Analyzer dark box 
(Fujifilm, Tokyo, Japan). Image quantification was performed using AIDA Image analyzer 
software (Raytest, Straubenhardt, Germany).

Statistical analysis

Data are expressed as box-and-whisker diagrams depicting the smallest observation, 
lower quartile, median, upper quartile and largest observation. Differences between 
rage-/- and Wt mice were analyzed by Mann-Whitney U test. Survival was compared by 
Kaplan-Meier analysis followed by a log rank test. Analyses were done using GraphPad 
Prism version 5.0 (Graphpad Software, San Diego, CA). Values of p < 0.05 were consid-
ered statistically significant different. 

RESulTS 

Expression of RAGE and HMGb1 in S. pneumoniae sepsis 

Previous investigations have established that RAGE is constitutively expressed in pul-
monary tissue and that RAGE expression is enhanced during pneumonia [14,17].  To de-
termine whether primary bloodstream infection alters RAGE expression, we performed 
immunohistochemical stainings of RAGE in mouse lungs and spleens after intravenous 
infection with S. pneumoniae. In accordance with earlier investigations [13,17], unin-
fected lungs extensively expressed RAGE, which was primarily present in the interalveo-
lar septae showing an endothelial pattern (fig. 1A). RAGE was not present in bronchial 
epithelium. 48 hours after infection, lungs showed similar expression of RAGE compared 
to lungs from naive mice (fig. 1B). Immunohistochemical analysis of RAGE in lung tissue 
from rage-/- mice (used as a negative control), confirmed the specificity of RAGE staining 
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(fig. 1C).  There was minimal RAGE staining in normal healthy spleens, which did not 
change after infection (data not shown). 

Next to immunohistochemical stainings, we measured RAGE concentrations in lung, 
spleen and livers by ELISA. Interestingly, pulmonary RAGE concentrations tended to be 
lower 48 hours after infection (median; 22 μg/ gram tissue) compared to naïve lungs 
(median; 40 μg/ gram tissue; fig. 1D). Uninfected spleens and livers displayed relatively 
low concentrations of RAGE (median of 1.2 ng and 1.6 ng/ gram tissue respectively). 
Sepsis enhanced RAGE protein concentrations tenfold in livers, but hardly in spleens 
(fig. 1F). Plasma levels of soluble (s)RAGE remained below detection limits (data not 
shown). 

To obtain insight into the systemic release of HMGB1, a ligand for RAGE [22], we 
performed a Western blot on plasma samples harvested 24 and 48 hours after infec-

Figure 1. Expression of receptor for advanced glycation end products (RAGE) in mouse organs and 
of its ligand high-mobility group box 1 (HMGb1) in plasma after systemic pneumococcal infection. 
Representative picture of a lung sample from a normal, uninfected Wt mouse, displaying extensive RAGE 
staining (A). Lung sample from a Wt mouse 48 h after intravenous injection of 5×105 colony-forming units 
(CFU) of S. pneumoniae (B). Absence of RAGE positivity in the lung of a rage-/- mouse (C). Scalebar indicates 
200 μm. RAGE concentrations in lungs (D), spleens (E) and livers (F) from naïve Wt mice and 24 and 48 
hours after intravenous injection of 5×105 CFU S. pneumoniae. (5-8 mice per group at each time point). Bars 
represent mean ± standard error of the mean. * p<0.05 versus naïve mice (0h).* (G) Densitometric analysis 
of HMGB1 blot expressed as a percentage of the mean density measured in naïve control plasma samples. 
HMGB1 detection was enhanced at 24 and 48 hours compared to naïve control samples (0h) (n=3 per time-
point). Bars represent mean ± standard error of the mean
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tion. At both time points, circulatory HMGB1 was detected and elevated compared to 
uninfected mice (fig. 1G).

RAGE does not affect bacterial outgrowth in a lethal model of pneumococcal 
sepsis

Earlier studies have shown that RAGE impairs the outcome of pneumococcal pneu-
monia: mice lacking RAGE had an improved survival together with lower pulmonary 
inflammation and bacterial loads [14].  Since RAGE is primarily expressed in the lungs, 
we wondered whether this detrimental role of RAGE is restricted to pneumococcal 
pneumonia. To examine this, we injected 500,000 cfu of the same pneumococcal strain 
into the tail vein of Wt and rage-/- mice and harvested lungs, blood, spleens and livers 
to determine bacterial loads. At 24 and 48 hours post infection, bacterial burdens were 
similar in all organs of both mouse strains (fig. 2). 48 hours after infection however, 3 
out of 8 Wt mice had already died, suggesting that RAGE contributed to lethality in this 
model. Monitoring survival in a separate experiment, however, did not reveal a statisti-
cally significant difference between Wt and rage-/- mice, although the latter mouse strain 
displayed a modest survival advantage (fig. 3).  

Figure 2. Wt and rage-/- mice display similar bacterial outgrowth after systemic infection with S. pneu-
moniae. 
Bacterial loads in the blood (A), lung (B), spleen (C) and liver (D) after intravenous injection of 5×105 CFU S. 
pneumoniae in Wt (grey) and rage-/- mice (white). Data are expressed as box-and-whisker diagrams depict-
ing the median, the smallest observation, lower quartile, median, upper quartile and largest observation 
(n=5-8 mice per group at each time point). 
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Figure 3. Wt and rage-/- mice display a similar survival after systemic infection with S. pneumoniae.
Survival of Wt and rage-/- mice after intravenous injection of 5×105 CFU S. pneumoniae (8 mice per group).

Figure 4. Rage-/- mice show lower plasma TnF-α and Il-6 levels after systemic infection with S. pneu-
moniae
Cytokine (TNF-α, IL-6 and IL-1β) levels in plasma (A-C), lungs (D-F) and spleen (G-I) 24 and 48 hours after 
intravenous injection of 5×105 CFU S. pneumoniae in Wt (grey) and rage-/- mice (white) (5-8 mice per group 
at each time point). Bars represent mean ± standard error of the mean. * p<0.05, ** p<0.01 versus Wt mice 
at the same time point.
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RAGE enhances systemic cytokine production in S. pneumoniae bacteraemia

Upon binding of ligands, RAGE leads to sustained activation of NF-κB and upregulation 
of the RAGE receptor, thereby perpetuating inflammatory responses [11].  To determine 
the role of RAGE in inflammation during pneumococcal sepsis, we measured circulatory 
as well as organ cytokine (TNF-α, IL-1β, IL-6) levels 1 and 2 days post infection. 24 hours 
after infection, no differences were observed between mouse strains, while 48 hours af-
ter infection, rage-/- mice had significantly lower levels of plasma TNF-α and IL-6 (fig. 4A-
C).  Although RAGE is especially expressed in the lungs [17], no significant differences 
in pulmonary cytokine levels were observed between Wt and  rage-/- mice (fig. 4D-F). In 
addition, RAGE did not influence cytokine concentrations in the spleen (fig. 4G-I). 

RAGE does not impact on cell injury after systemic infection of S. pneumoniae

Sustained cellular activation by RAGE may lead to cellular dysfunction and tissue dam-
age [11]. To evaluate the role of RAGE in cellular injury in S. pneumoniae bacteremia, we 
measured plasma levels of LDH, a general cell injury marker and AST, a marker specific 
for liver injury. Relative to rage-/- mice, Wt mice did not differ in cell injury markers, sug-
gesting that RAGE does not contribute to tissue damage in this model of pneumococcal 
infection (fig. 5).

RAGE enhances neutrophil recruitment to the lungs.

Recruitment of leukocytes to infectious sites is an essential step in host defense. RAGE 
has been implicated to play a role in neutrophil recruitment possibly mediated by Mac-1 
on neutrophils [9]. To investigate the role of RAGE in leukocyte recruitment to specific 
organs in non-focal sepsis we analysed Gr-1 stainings in lung and spleen sections 48 

Figure 5. no difference in damage markers between Wt and rage-/- mice.
Aspartate aminotransferase (AST) (A) and lactate dehydrogenase (LDH) (D) were measured in plasma of 
Wt (grey) and rage-/- mice (white) (5-8 mice per group at each time point). Bars represent mean ± standard 
error of the mean. 
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hours after infection.  Lungs from rage-/- mice had a lower percentage of Gr-1 staining 
compared to Wt mice indicating lower pulmonary neutrophil numbers (fig. 6A, C, D). 
Gr-1 staining in the spleens was similar in Wt and rage-/- mice (fig. 6B). Together these 
data suggest that pulmonary RAGE is involved in directing neutrophils to the lungs in 
pneumococcal sepsis.

Figure 6. RAGE deficiency diminishes neutrophil accumulation in the lung. 
Quantification of pulmonary Gr-1 positivity 48 hours after infection in lungs (A) and spleens of (B) of Wt 
(grey) and rage-/- mice (white) (5-8 mice per group). Bars represent mean ± standard error of the mean. 
*p<0.05 versus Wt mice at the same time point. Representative neutrophil stainings (brown) of Wt (C) and 
rage-/- (D) lungs 48 hours after induction of pneumococcal sepsis. Scalebar indicates 200 μm. E-selectin was 
measured in lungs (E) and soluble E-selectin in plasma (F) 48 hours after intravenous injection of 5×105 CFU 
S. pneumoniae in Wt (grey) and rage-/- mice (white) (5-8 mice per group). Bars represent mean ± standard 
error of the mean. * p<0.05 versus Wt mice at the same time point.
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RAGE contributes to endothelial cell activation

To obtain insight in the contribution of RAGE to endothelial cell activation during sepsis, 
we measured E-selectin levels in plasma, lungs and spleen. 48 hours after infection,  
rage-/- mice displayed lower E-selectin levels in plasma and lungs when compared with 
Wt mice (fig. 6E, F). E-selectin levels did not differ between mouse strains in spleens at 
any time point (data not shown). 

DISCuSSIOn

S. pneumoniae is the most commonly isolated pathogen in pneumonia and an important 
causative organism in severe sepsis [3]. Invasive infection and accompanying inflamma-
tory mechanisms can cause tissue damage that is associated with release of DAMPs, 
which are recognized by pattern recognition receptors (PRRs) and perpetuate inflamma-
tory responses [23]. RAGE is a PRR that is primarily expressed in the lung and has been 
implicated to interact with several DAMPs including HMGB1. In the setting of sepsis 
originating from pneumococcal pneumonia, RAGE enhanced pulmonary inflammation, 
resulting in enhanced bacterial growth and dissemination, and a worsened survival 
[14].  In the current study we directly infected Wt and rage-/- mice with pneumococci 
into the bloodstream. Although most cases of pneumococcal sepsis have a pulmonary 
focus[3,4], this experimental model was used to investigate the role of RAGE in S. pneu-
moniae sepsis independent from respiratory dissemination. We show that the presence 
of RAGE is associated with enhanced systemic inflammation, increased endothelial cell 
activation and higher neutrophil numbers in the lungs. However, RAGE did not influence 
bacterial loads or survival in this model of fulminant systemic S. pneumoniae infection. 
These results imply that while RAGE plays a harmful part in pneumococcal pneumonia 
[14,15], this receptor does not play a critical role in the outcome of sepsis during primary 
bloodstream infection with this clinically relevant pathogen. 

RAGE is abundantly expressed in normal healthy lungs and upregulated during S. 
pneumoniae pneumonia [14,17,24,25]. In contrast to these earlier findings, we here ob-
served a decreased expression of pulmonary RAGE in a model of intravenously induced 
pneumococcal sepsis. The pattern of RAGE staining however remained unchanged. 
Similarly to our finding, the level of pulmonary RAGE expression was found to decrease 
in other lung injury and pulmonary fibrosis models [26,27]. In addition, RAGE was hardly 
detected in naïve or infected spleens and livers. 

The soluble form of RAGE (sRAGE), lacking the transmembrane and cytoplasmic do-
mains [28], has been detected in human plasma. sRAGE levels are elevated and suggested 
to be a marker of outcome in patients with sepsis [29], pneumonia [30] and acute lung 
injury [31]. In this study we were unable to detect sRAGE in plasma, which is in accor-
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dance with an earlier study measuring circulating sRAGE levels in diabetic mice [32]. To 
the best of our knowledge plasma sRAGE levels have never been documented in mice. 
The commercially available ELISA kit we used in our study is designed to measure any 
murine form of extracellular domain of sRAGE species with a detection limit of 62.5 pg/
ml. Our measurements in plasma samples did not exceed this detection limit, which could 
be a limitation of the method we used to measure this protein. We could however detect 
plasma HMGB1. The expression of HMGB1 was increased in S. pneumoniae infected mice 
compared to uninfected mice. Together with several other endogenous ligands, HMGB1 
interacts with RAGE [11]. When bound to other DAMPs, such as extracellular cell free DNA, 
HMGB1 is able to produce an inflammatory stimulus through RAGE and other PRRs [22] 

The binding of RAGE triggers multiple intracellular signaling pathways which result 
in the translocation of NF-κB and the transcription of proinflammatory proteins. Activa-
tion of the NF-κB pathway upregulates expression of RAGE, leading to sustained cellular 
inflammation and the promotion of cellular dysfunction and tissue damage [11]. In ac-
cordance, harmful effects of RAGE have been shown in models of endotoxic shock and 
sepsis [12,33]. In line with these results, RAGE enhanced lung inflammation and worsened 
survival in sepsis originated from pneumococcal pneumonia [14]. In the present study 
we found a reduced inflammatory response in rage-/- mice, as reflected by lower TNF-α 
and IL-6 levels in plasma, 48 hours after infection The effect of RAGE was likely underesti-
mated since at this time point 3 out of 8 Wt mice had already died. Although this finding 
suggests that the presence of RAGE increases lethality in this model, in a formal survival 
study a statistically significant difference could not be demonstrated. It should be noted 
that the severity of this intravenous challenge model varies from experiment to experi-
ment. Indeed, in preliminary pilot studies we observed an approximate 50% lethality 
in Wt mice after intravenous injection of the S. pneumoniae dose used in the current 
manuscript. This variance can be partly explained by the fact that for each experiment a 
fresh bacterial inoculum is prepared. This is why all experiments were strictly controlled, 
i.e. Wt and rage-/- mice were infected with the exact same inoculum at the same time. 
In accordance with the survival data presented here, the plasma concentrations of cell 
damage markers such as LDH and AST were similar in Wt and rage-/- mice after systemic 
pneumococcal infection. The discrepancy between lung and bloodstream infection sug-
gests that the pulmonary compartment has a somewhat harmful role in pneumococcal 
sepsis pathophysiology. A similar finding was observed earlier in the outcome of a rabbit 
model of pneumosepsis [34]. Here it was demonstrated that pulmonary infection with a 
cytotoxic strain of Pseudomonas aeruginosa damaged the alveolar epithelium, allowing 
for proinflammatory mediators to leak into the systemic compartment, responsible for 
the signs of septic shock. Intriguingly, shock did not occur after systemic infection, even 
though bacteria were evidently present, establishing the crucial importance of tissue 
infection in the pathogenesis in this type of septic shock.



80 Chapter 4

Targeting RAGE in sepsis models may impair antibacterial defense, as demonstrated 
in E. coli peritonitis [13,16]  where rage-/- mice had higher bacterial loads compared to 
Wt mice. In pneumococcal pneumonia, conflicting results were observed, as rage-/- mice 
demonstrated lower bacterial loads [14], while the opposite was true when Wt mice were 
treated with an anti-RAGE antibody [15]. While using the same strain of the S. pneumoni-
ae as in these former pneumonia studies, RAGE did not affect bacterial outgrowth after 
intravenous injection of bacteria. The majority of bacteria entering the bloodstream are 
taken up by the liver [35] and several studies have shown that the spleen is particularly 
important in the systemic clearance of encapsulated S. pneumoniae [36,37]. The fact that 
RAGE did not influence bacterial outgrowth in the systemic model of infection could be 
due to the fact that RAGE, in contrast to the lungs, is hardly detected in these organs. Of 
note, the pneumococcal strain used is highly virulent in mice, which corresponds with 
the fact that serotype 3 pneumococci are associated with severe infections in humans 
as well [38]. 

Several studies have implicated RAGE in leukocyte recruitment. RAGE has been identi-
fied as a binding partner for Mac-1 on neutrophils in static and flow in vitro conditions 
[9,12,39–41]. In vivo, rage-/- mice displayed a diminished number of inflammatory cells 
in the peritoneum after CLP [12]  and thioglycollate-induced peritonitis [9] and in the 
bronchoalveolar compartment after S. pneumoniae pneumonia [14]. Although there 
was no infectious focus in the current study, rage-/- mice remarkably demonstrated a 
reduced number of Gr-1 positive cells in lung tissue, indicating lower neutrophil counts 
in this organ. Spleens however, demonstrated similar Gr-1 expression between Wt and 
rage-/- mice. Clearly, these different roles of RAGE in neutrophil accumulation in lungs 
and spleen may be related to the extent of RAGE expression, which is much higher in 
the former organ. RAGE in addition enhanced the extent of endothelial cell activation, as 
reflected by higher E-selectin levels in whole lung and plasma. The reduced expression 
of E-selectin in the lungs may have contributed to the diminished neutrophil recruit-
ment in rage-/- mice [42]. 

In conclusion, our results show that rage-/- mice had a reduced systemic cytokine re-
sponse, reduced endothelial cell activation and lower neutrophil numbers in the lungs 
in response to systemic S. pneumoniae infection. RAGE did not influence bacterial loads. 
The finding that RAGE deficiency did not impact on survival in spite of attenuated in-
flammation suggests that in this model systemic inflammation is not the cause of death 
or that inflammation was not reduced enough in rage-/- mice to alter survival. Taken 
together with previous studies on the role of RAGE in host defense against infection 
[5,6], these data suggest that the impact of RAGE on the outcome of infectious disease 
depends on both the pathogen and the primary site of infection. In addition, the cur-
rent data suggest that the harmful role of RAGE in S. pneumoniae infection is primarily 
exerted in the pulmonary compartment and not systemically. 
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AbSTRACT

Introduction: Staphylococcus (S.) aureus has emerged as an important cause of nec-
rotizing pneumonia. Lung injury during S. aureus pneumonia may be enhanced by 
local release of Damage Associated Molecular Patterns such as High-mobility Group 
Box 1(HMGB1). In the current study we sought to determine the functional role of 
HMGB1 and its receptors Toll-like Receptor 4 (TLR4) and the Receptor for Advanced 
Glycation End Products (RAGE) in the injurious host response to S. aureus pneumonia. 

Methods: Pneumonia was induced in wild type (Wt), TLR4 deficient (tlr4-/-) and RAGE 
deficient (rage-/-) mice by intranasal inoculation of 1x107 colony-forming units (CFU) of a 
USA300 S. aureus. In a separate set of experiments , Wt mice were injected intraperitone-
ally with a monoclonal anti-HMGB1 antibody or an isotype matched control antibody 
immediately before and every 24 hours after intranasal infection of S. aureus. Mice were 
sacrificed at 6, 24, 48 or 72 hours after infection for harvesting of blood and organs.

Results: S. aureus pneumonia was associated with HMGB1 release in the bronchoal-
veolar compartment peaking after 24 hours. Anti-HMGB1 attenuated lung pathology 
and protein leak and reduced interleukin-1β release 6 hours after infection, but not at 
later time points. RAGE deficiency more modestly attenuated lung pathology without 
influencing protein leak, while TLR4 deficiency did not impact on lung injury.

Conclusion: These data suggest that HMGB1 and RAGE, but not TLR4, contribute to lung 
injury accompanying the early phase of S. aureus pneumonia.
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InTRODuCTIOn

The Gram-positive bacterium Staphylococcus (S.) aureus is a frequent colonizer of the 
human body, and when the opportunity arises, able to cause a wide array of clinical 
syndromes [1]. Infections caused by this pathogen impose a high burden on healthcare, 
largely due to the increasing incidence of antibiotic resistance [2]. Over the past few 
years, highly virulent methicillin resistant S. aureus strains, in particular USA300, have 
become prevalent in the community as well[2] and have emerged as an important cause 
of (necrotizing) pneumonia[3]. Pneumonia caused by these strains have a fulminant 
onset determined by staphylococcal virulence factors and the nature of the immune 
response[3,4]. More insight in pathogenic mechanisms that influence the outcome of 
lower airway infection by S. aureus could help in the development of new (immuno-
modulating) therapies.

Staphylococcal pneumonia is associated with a massive influx of neutrophils and 
release of cytotoxic granular proteins[5-7].  Together with invasive infection, intense 
host defense mechanisms likely contribute to lung tissue damage and release of dam-
age associated molecular patterns (DAMPs)[4,7,8]. Pattern recognition receptors that 
engage with these self-derived proteins may contribute to the severity of pneumonia 
as they perpetuate (excessive) inflammation. High-mobility Group Box 1 (HMGB1) is a 
DAMP that may be of particular interest since it is associated with delayed and sustained 
release during infection[9]. HMGB1 is a highly conserved non-histone nuclear protein 
which is either released passively during cell injury or secreted actively upon inflamma-
tory stimuli[9]. Depending on specific posttranslational redox modifications HMGB1 can 
act as a cytokine via receptors such as the receptor for advanced glycation end products 
(RAGE) and Toll-like receptor (TLR)4 or as a chemotactic factor by forming a heterocom-
plex with the chemokine CXCL12 via the chemokine receptor CXCR4[10]. 

In this study we investigated the role of HMGB1 in experimentally induced S. aureus 
pneumonia. This newly developed mouse model of pneumonia is associated with severe 
pulmonary inflammation and massive influx of neutrophils. In order to study the role of 
HMGB1 in the pathogenesis of S. aureus lung infection we inoculated wildtype (Wt) mice 
with a USA300 strain of S. aureus and treated animals with a control or an anti-HMGB1 
antibody. In addition, we investigated Wt mice and mice deficient for TLR4 or RAGE, the 
receptors implicated in mediating the proinflammatory effects of HMGB1, after induc-
tion of S. aureus pneumonia. 
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METHODS

Ethics statement:

Experiments were carried out in accordance with the Dutch Experiment on Animals Act 
and approved by the Animal Care and Use Committee of the University of Amsterdam 
(Permit number: DIX100121).

Mice

C57Bl/6 wild type (Wt) mice were purchased from Charles River Laboratories Inc. (Maas-
tricht, the Netherlands). RAGE deficient (rage-/-)[11] and tlr4-/- mice[12], backcrossed > 
10 times to a C57BL/6 background were generated as described and bred in the animal 
facility of the Academic Medical Center (Amsterdam, the Netherlands).  Experiments 
were carried out in accordance with the Dutch Experiments on Animals Act and ap-
proved by the Animal Care and Use Committee of the University of Amsterdam (Permit 
number: DIX100121)

Design

Wt, Rage-/- and tlr4-/- mice were lightly anesthesized by inhalation of isoflurane (Abbot 
Laboratories, Queensborough, Kent, UK) and intranasally inoculated with a sublethal 
dose of 1x107 S. aureus USA300 (BK 11540) in a 50 μl saline solution (n=7-8 per strain). 
This sublethal dose was determined in a pilot study: Mice intranasally inoculated with 
1x108 S. aureus already died after 24 hours, whereas mice that were infected with 1x107 
S. aureus were clinically ill, but remained alive until 72 hours after infection (data not 
shown). In separate experiments, Wt mice were injected intraperitoneally with either 
150 μg monoclonal anti-HMGB1 (2G7, IgG2b; Cornerstone Therapeutics, Cary, NC) or an 
isotype matched control antibody (MOPC-195, IgG2b; Sigma, St. Louis, MO) in 100 μl 
phosphate-buffered saline (PBS) immediately before and every 24 hours after intranasal 
infection of S. aureus. The dose of  this anti-HMGB1 monoclonal antibody is selected ac-
cording to a previous study and  is able to effectively inhibit HMGB1 induced pathology 
in a mouse model of infectious lung injury [13]. Mice were sacrificed at 6, 24, 48 or 72 
hours after infection.

bacterial cultures

Measurements of bacterial loads were done as described previously[14].  In brief, blood 
was drawn into heparinized tubes, bronchoalveolar lavage (BAL) fluid was obtained as 
described below and organs were removed aseptically and homogenised in 4 volumes 
of sterile isotonic saline using a tissue homogenizer (Biospec Products, Bartlesville, UK).  
To determine bacterial loads, ten-fold dilutions were plated on blood agar plates and 
incubated at 37°C for 16 h.
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bronchoalveolar lavage

The trachea and bronchi were exposed through a midline incision. The left main bron-
chus was ligated and the trachea was cannulated with a sterile 22-gauge Abbocath-T 
catheter (Abbott Laboratories, Sligo, Ireland). Unilateral, right-sided BAL was performed 
by instilling three 0.3 ml aliquots of sterile PBS. 0.7-0.9 ml of BAL fluid was retrieved per 
mouse. Total cell numbers in BAL were counted using a Z2 Coulter particle count and 
size analyzer (Beckman-Coulter, Inc., Miami, FL). BAL fluid differential cell counts were 
determined on cytospin preparations stained with a modified Giemsa stain (Diff-Quick; 
Baxter, McGraw Park, IL). 

Assays

Cytokines and chemokines tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, IL-10, 
Keratinocyte-derived chemokine (KC) and macrophage inflammatory protein (MIP)-2 
(all R&D systems, Minneapolis, MN) were measured in BAL fluid using specific ELISAs 
according to manufacturer’s recommendations. Total protein concentrations were 
measured using a DC protein assay (Bio-Rad Laboratories, Veenendaal, the Netherlands).

HMGb1 Western blot

For Western blotting of HMGB1, non-reduced BAL fluid samples from Wt mice were 
diluted with 3x Laemmli buffer (n=5 per time point). After heating, samples were run 
on 15% polyacrylamide SDS gels and subsequently transferred to blotting membrane 
(polyvinylidene difluoride membranes; Immobilon P, Pharmacia, Piscataway, NJ). Fol-
lowing blocking with 5% nonfat dry milk proteins (Protifar; Nutricia, Zoetermeer, the 
Netherlands) in 0.1% Tween 20 PBS (PBS-T), membranes were washed and incubated 
overnight in 1 µg/ml primary rabbit anti-HMGB1 polyclonal antibody (Abcam, Cam-
bridge, United Kingdom) in 1% nonfat dry milk proteins in PBS-T at 4 °C. After wash-
ing with PBS-T, membranes were probed with anti-rabbit-HRP-conjugated secondary 
antibody (Cell Signaling Technology, Danvers, MA) for 1 h at room temperature in 1% 
bovine serum albumin in PBS-T. After washing with PBS-T, membranes were incubated 
with Lumi-Light Plus Western Blotting Substrate (Roche, Mijdrecht, The Netherlands) 
and positive bands were detected using a LAS3000 Luminescent image Analyzer dark 
box (Fujifilm, Tokyo, Japan). Band densities were determined using AIDA Image analyzer 
software (Raytest, Straubenhardt, Germany). and expressed as a percentage of band 
densities of naive control samples. 

Histology

Lung pathology scores were determined as described before [14]. In brief, the left lung 
lobe was harvested at the indicated time points, fixed in 10% buffered formalin, and 
embedded in paraffin. 4 µm sections were stained with haematoxylin and eosin (HE) 
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and analyzed by a pathologist blinded for groups. To score lung inflammation and 
damage, the entire lung surface was analyzed with respect to the following parameters: 
bronchitis, edema, interstitial inflammation, intra-alveolar inflammation, pleuritis, en-
dothelialitis and percentage of the lung surface demonstrating confluent inflammatory 
infiltrate. Each parameter was graded 0–4, with 0 being ‘absent’ and 4 being ‘severe’. The 
total pathology score was expressed as the sum of the score for all parameters. 

Statistical analysis

Data are expressed as box-and-whisker diagrams depicting the smallest observation, 
lower quartile, median, upper quartile and largest observation unless indicated oth-
erwise. Differences between groups of mice were analyzed by Mann-Whitney U test. 
Analyses were done using GraphPad Prism version 5.0, Graphpad Software (San Diego, 
CA). Values of p <0.05 were considered significantly different. 

RESulTS 

HMGb1 is released in bronchoalveolar lavage fluid during staphylococcal 
pneumonia 

To examine HMGB1 release in murine S. aureus pneumonia we performed a Western blot 
by running non-reduced BAL fluid samples harvested at various time points in Wt mice 
after intranasal inoculation of a sublethal dose of S. aureus.  Uninfected mice displayed 

Figure 1. HMGb1 concentrations in mouse bAl fluid during S. aureus pneumonia. 
(A) Wt mice were intranasally infected with 1×107 colony forming units (CFU) S. aureus and euthanized 
after 6, 24, 48 and 72 hours. HMGB1 concentrations in BAL fluid were quantified by densometric analysis 
of HMGB1 Western blots and expressed as a percentage of the mean density of control BAL fluid samples 
(0h). Data represent the means ± standard error of the mean (n = 5 mice per time point). *p<0.05 versus 
naïve mice (0h). 



91HMGB1 and RAGE in staphylococcal 

almost no detectable levels of HMGB1. HMGB1 bands were detected as early as 6 hours 
post infection. HMGB1 concentrations peaked after 24 hours and decreased thereafter 
(Figure 1).  

HMGb1 and RAGE, but not TlR4, contribute to lung pathology

To evaluate the role of HMGB1, RAGE and TLR4 in the severity of lung pathology, we 
analyzed pulmonary inflammation and injury in lung tissue slides obtained from anti-
HMGB1 treated, rage-/- and tlr4-/- mice and their respective control animals at 6, 24, 48 
and 72 hours after infection with S. aureus (Figures 2 and 3). Total pathology scores were 

Figure 2. Anti-HMGb1 treated mice show reduced lung pathology early after induction of S. aureus 
pneumonia.
Representative slides of lung haematoxylin and eosin (HE) staining of control treated (A) and anti-HMGB1 
treated mice (C), original magnification x2. The boxed areas are also shown at a higher magnification for 
controls (B) and anti-HMGB1-treated mice (D), original magnification x10. Scale bars indicate 200 µm. Total 
pathology scores were determined at the indicated time points post infection in control treated (grey) and 
anti-HMGB1 treated mice (white) according to the scoring system described in the Methods section (E). To-
tal protein was measured in BAL fluid from control (grey) and anti-HMGB1 treated (white) mice (F). Data are 
expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper 
quartile and largest observation (7-8 mice per group at each time point). **p<0.01 versus control treated 
mice at the same time point.
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quantified according to the scoring system described in the Methods section. Mice 
displayed signs of acute lung injury including interstitial inflammation, endothelialitis, 
bronchitis and pleuritis already after 6 hours; the extent of lung pathology upon histo-
logical examination remained relatively stable thereafter. At 6 hours post infection, anti-
HMGB1 treatment reduced total pathology scores (P < 0.01 versus Wt mice), which was 
mostly caused by a reduction of lung edema compared to control antibody treatment 
(Figure 2A-E). In accordance, anti-HMGB1 attenuated protein leak into the bronchoal-
veolar space at this early time point, as reflected by lower total protein concentrations 
in BAL fluid (P < 0.01 versus Wt mice). At later time points anti-HMGB1 did not impact on 
the extent of lung pathology or protein leak. 

TLR4 deficiency did not influence lung pathology (Figure 3). Rage-/- mice, however, 
displayed modestly attenuated lung pathology at 6 hours post infection (P < 0.05 versus 
Wt mice), which was primarily caused by reduced pleuritis. Although total lung pathol-

Figure 3. Rage −/− but not tlr4-/- mice show reduced lung pathology during S. aureus pneumonia.
Representative slides of lung HE staining of Wt (A), tlr4-/- (C) and rage-/- mice (E), original magnification x2. 
The boxed areas are also shown at a higher magnification for Wt (B) tlr4-/- (D) and rage-/- mice (F), original 
magnification x10. Scale bars indicate 200 µm. Total pathology scores at indicated time points after intrana-
sal infection with S. aureus in Wt (dark grey), tlr4-/- (light grey) and rage-/- mice (white) were determined ac-
cording to the scoring system described in the Methods section (E). Total protein was measured in BAL fluid 
from Wt (dark grey), tlr4-/- (light grey) and rage-/- mice (white) at the indicated time points after intranasal S. 
aureus infection (F). Data are expressed as box-and-whisker diagrams depicting the smallest observation, 
lower quartile, median, upper quartile and largest observation (7-8 mice per group at each time point). * 
p<0.05, ** p<0.01 versus Wt mice at the same time point.
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ogy scores were similar in rage-/- and Wt mice at later time points, the former mouse 
strain did show significantly smaller areas of confluent inflammatory infiltrates at 48 
hours after infection (17±5 % of their lung surface versus 31±2 % in Wt mice, mean ± 
standard error of the mean, P <0.05, Supplemental Figure 1). Remarkably, while RAGE 
deficiency did not impact on total protein levels in BAL fluid, tlr4-/- mice displayed an 
increase of BAL fluid total protein content 6 hours after infection (P < 0.01 versus Wt 
mice). In conclusion, these data indicate that RAGE and HMGB1 contribute to the extent 
of lung pathology in S. aureus pneumonia, but, considering their differential impact on 
histological features, most likely via different mechanisms.

HMGb1 or RAGE do not influence neutrophil influx during staphylococcal 
pneumonia 

One of the hallmarks in S. aureus pneumonia is a massive influx of neutrophils into the 
lung parenchyma [5,6].  Anti-HMGB1 did not influence neutrophil counts in BAL fluid at 
any time after infection with S. aureus (Table 1). Similarly, RAGE or TLR4 deficiency did 
not impact on neutrophil influx, except for modestly lower neutrophil numbers in BAL 
fluid of tlr4-/- mice harvested 72 hours after infection (Table 2, P < 0.05 versus Wt mice). 

Control IgG2b Anti-HMGb1

t= 6h 508 (390-1169) 520 (207-736)

t= 24h 434 (391-580) 665 (450-934)

t= 48h 1376(1054-1796) 1339 (1147-1770)

t= 72h 600 (516-891) 519(425-841)

Table 1. Influx of neutrophils in bAl fluid of Control or anti-HMGb1 treated mice. Neutrophil numbers 
(x1000/ml) in BAL fluid at 6, 24, 48 and 72 hours after intranasal S. aureus infection in control and anti-
HMGB1 treated mice. Data are medians (interquartile ranges); n=7-8 mice per group per time point. 

Wt Tlr4-/- Rage-/-

t= 6h 239 (217-310) 397 (221-535) 526 (350-647)

t= 24h 298 (250-380) 236 (196-275) 342 (262-404)

t= 48h 429 (218-652) 522 (421-756) 395 (314-541)

t= 72h 146 (99-190) 90 (81-132) 76 (47-104) *

Table 2. Influx of neutrophils in bAl fluid of Wt, tlr4-/- or Rage-/- mice. Neutrophil numbers (x1000/ml) in 
BAL fluid at 6, 24, 48 and 72 hours after intranasal S. aureus infection in Wt, tlr4-/- and rage-/- mice. Data are 
medians (interquartile ranges); n=7-8 mice per group per time point. * p<0.05 versus Wt mice at the same 
time point.
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RAGE and HMGb1, but not TlR4, contribute to pulmonary cytokine and 
chemokine release early after infection with S. aureus

To further investigate the role of HMGB1 in lung inflammation during S. aureus pneu-
monia we measured cytokines (TNF-α, IL-1β and IL-6) and chemokines (KC and MIP-2) 
in BAL fluid from mice treated with anti-HMGB1 or control antibody (Figure 4). All 
cytokines and chemokines reached peak concentrations at 6 hours after infection. At 
this time point anti-HMGB1 treatment decreased IL-1β concentrations in BAL fluid (P < 
0.05 versus mice treated with control antibody), without influencing the levels of other 
proinflammatory mediators. At later time points, cytokine and chemokine levels were 
low in all mice and not different between groups with the exception of lower KC levels 
in anti-HMGB1 treated mice at 48 hours. Cytokine levels in BAL fluid of tlr4-/- mice were 
similar to those in Wt mice at all time points; tlr4-/- mice showed lower KC concentrations 
at 48 hours relative to Wt mice (Figure 5). Rage-/- mice had lower TNF-α and IL-6 levels at 
24 hours of infection and lower KC concentrations at 24 and 48 hours when compared 
with Wt mice. 

Figure 4. Anti-HMGb1 treatment reduces Il-1β and KC levels in bAl fluid after intranasal infection 
with S. aureus.
Cytokine (TNF-α, IL-6 and IL-1β) (A-C) and chemokine (KC and MIP-2) (D-E) levels in BAL fluid at different 
timepoint after intranasal infection of 1×107 CFU S. aureus in mice treated with control (grey) and anti-
HMGB1 antibodies (white). Data are expressed as box-and-whisker diagrams depicting the median, the 
smallest observation, lower quartile, median, upper quartile and largest observation (7-8 mice per group at 
each time point). * p<0.05, ** p<0.01 versus Wt mice at the same time point.
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HMGb1 does not influence bacterial clearance during staphylococcal 
pneumonia 

HMGB1 has been shown to impair bacterial clearance during pneumonia caused by 
Pseudomonas (P.) aeruginosa[13,15]. To investigate the role of HMGB1 in clearance of S. 
aureus, we quantified bacterial loads in BAL fluid, liver and blood after intranasal inocu-
lation with 107 S. aureus of mice treated with anti-HMGB1 or control antibody. Although 
HMGB1 was highly present at the primary site of infection during S. aureus pneumonia, 
anti-HMGB1 treatment did not influence bacterial loads at any time point (Figure 6A).

We next investigated the role of TLR4 and RAGE in bacterial clearance. In analogy to 
the results obtained after anti-HMGB1 treatment, tlr4-/- mice showed similar bacterial 
loads as Wt mice at all time points (Figure 6B). Rage-/- mice displayed 10 times lower 
bacteria in BAL fluid after 6 hours (P < 0.01 versus Wt mice), but not at later time points 
(Figure 6B).  Bacteria that disseminated into the circulation were almost immediately 
cleared in all mice. No differences in bacterial loads in blood or livers were observed 
between experimental groups (data not shown). Together these data indicate that RAGE 
impairs clearance of S. aureus in the bronchoalveolar compartment early after infection 
and that HMGB1 has no role herein. Moreover, TLR4 does not contribute antibacterial 
defense during S. aureus pneumonia.  

Figure 5. Rage-/- mice show lower levels of TnF-α and Il-6 in bAl fluid during S. aureus pneumonia
Cytokine (TNF-α, IL-6 and IL-1β) (A–C) and chemokine (KC and MIP-2) (D-E) levels 6, 24, 48 and 72 hours 
after intranasal S. aureus infection in Wt (dark grey) and tlr4−/− (light grey) and rage−/− mice (white). Data 
are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, median, 
upper quartile and largest observation (7-8 mice per group at each time point). * p<0.05, ** p<0.01 versus 
Wt mice.
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DISCuSSIOn

S. aureus is a major bacterial pathogen responsible for both healthcare and community 
associated infections[1]. Pulmonary infection by S. aureus may develop into necrotizing 
pneumonia and can be very severe as a consequence of both virulence factors and an in-
tense immune response[4]. Lung injury may be further aggravated due to enhancement 
of inflammation caused by the release of DAMPs such as HMGB1[4,7,8]. In the current 
study we intranasally challenged mice with staphylococci to determine the functional 
role of HMGB1 and two of its proinflammatory receptors in S. aureus pneumonia[9]. We 
show that S. aureus pneumonia is associated with HMGB1 release in the bronchoalveolar 
compartment peaking after 24 hours. Although relatively little HMGB1 was released at 
6 hours,  anti-HMGB1 treatment was able to attenuate lung pathology and protein leak, 
accompanied by lower IL-1β concentrations in BAL fluid at this time point. TLR4, which 
has been identified as the dominant proinflammatory receptor for HMGB1[10], had no 
or very limited impact on the injurious host response during S. aureus pneumonia. RAGE 
deficiency, however, was associated with reduced lung pathology although rage-/- mice 
did not phenocopy anti-HMGB1 treated mice, suggesting that different mechanisms are 
involved.  Our results suggest a harmful role for both HMGB1 and RAGE in the develop-
ment of lung injury during the early phase of severe pneumonia caused by a clinical 
relevant Gram-positive pathogen. 

Previous studies investigated the role of HMGB1 in lung injury associated with Gram-
negative pneumonia in mice with various comorbid conditions[13,15]. Anti-HMGB1 
treatment attenuated pulmonary neutrophil recruitment and lung injury upon airway 

Figure 6. bacterial outgrowth in rage-/- mice is reduced early after intranasal infection with S. aureus. 
Bacterial loads after intranasal infection with 1×107 CFU S. aureus in BAL fluid (A) of mice treated with con-
trol (grey) and anti-HMGB1 antibodies (white) and in BAL fluid (B) of Wt (dark grey), tlr4-/- (light grey) and 
rage-/- mice (white) at 6, 24, 48 and 72 hours after infection. Data are expressed as box-and-whisker dia-
grams depicting the median, the smallest observation, lower quartile, median, upper quartile and largest 
observation (n=7-8 mice per group at each time point). **p<0.01 versus Wt mice at the same time point. 
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infection with P. aeruginosa of mice deficient for the cystic fibrosis transmembrane con-
ductance regulator[13] and mice exposed to hyperoxia[15]. In accordance, anti-HMGB1 
decreased neutrophil accumulation and lung edema in mice treated with intratracheal 
endotoxin[16], the proinflammatory component of the Gram-negative bacterial cell 
wall. Moreover, HMGB1 has been reported to contribute to hemorrhage- and ventilator-
induced lung injury in mice[17,18]. To the best of our knowledge, our investigation is 
the first to study the role of HMGB1 in lung injury elicited by a Gram-positive patho-
gen. For this we administered a monoclonal anti-HMGB1 antibody previously shown 
to inhibit HMGB1-induced acute and chronic inflammation in mice[13,19], including 
pneumonia[13]. Although HMGB1 levels only tended to increase 6 hours after induction 
of S. aureus pneumonia, anti-HMGB1 reduced protein leak and lung edema at this time 
point, which is in accordance with results obtained during Gram-negative pneumo-
nia[13,15,16],  In contrast, we did not find a role for HMGB1 in neutrophil recruitment, 
which at least in part may be explained by differential pattern recognition receptors 
and integrins involved in attraction of neutrophils to the lungs by Gram-negative and 
Gram-positive stimuli[6]. 

The current model of S. aureus pneumonia is associated with a strong early and tran-
sient cytokine and chemokine response in the bronchoalveolar space peaking after 6 
hours. Although HMGB1 was not statistically significantly increased at 6 hours, antago-
nizing this relatively little HMGB1 diminished the greatly enhanced IL-1β levels in BAL 
fluid, which may have contributed to reduced protein leak and pathology at this time 
point. In accordance, anti-HMGB1 was previously shown to inhibit IL-1β release after 
airway endotoxin exposure and in pulmonary injury induced by hemorrhage[16,17]. 
Interestingly enough we could not find differences in other cytokines at this time point. 
These seemingly discrepant results are not easily explained and require further inves-
tigation.  As cytokine production was considerably reduced at time points later than 
6 hours in all groups, blockade of HMGB1 from 24 hours onward had only little effect.   
As such, the brisk induction of inflammatory mediators after intrapulmonary delivery 
of S. aureus is most likely initiated via a TLR2-MyD88 dependent mechanism[20], while 
the subsequent release of HMGB1 apparently does not sustain this response, although 
anti-HMGB1 reduced the already low KC levels in BAL fluid at 48 hours. 

Several receptors have been implicated in mediating cellular effects of HMGB1[9]. 
Purified HMGB1 binds specifically to TLR4 to induce proinflammatory cytokine release 
by an interaction that requires a cysteine in position 106[10]. In addition, HMGB1 can 
mediate proinflammatory effects by binding of partner molecules such as bacterial 
ligands, extracellular cell free DNA, nucleosomes and IL-1β, through which other pat-
tern recognition receptors can be activated[9]. Our group previously showed that 
intraperitoneal injection of recombinant HMGB1 induces inflammation by mechanisms 
that partially depend on TLR4 and RAGE[21]. We here show that TLR4 is not involved 
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in the lung pathology induced by S. aureus. We did not expect a direct role for TLR4 in 
the initiation of lung inflammation induced by S. aureus, considering that this pathogen 
does not express known TLR4 ligands[20]. Of note, however, TLR4 not only can function 
as a receptor for HMGB1, but also for other DAMPs released upon acute lung injury[22]. 
As such, our results argue against an important role for TLR4 as a DAMP receptor con-
tributing to lung injury during S. aureus pneumonia.  In contrast, earlier investigations 
reported a clear role for HMGB1-TLR4 signalling in sterile injury models induced by 
ischemia-reperfusion[23] and trauma[24]. Remarkably, TLR4 seemed to protect against 
epithelial barrier disruption, as indicated by increased protein levels in BAL fluid of tlr4-/- 
mice early after infection. Previous studies reported reduced epithelial barrier integrity in 
hyperoxia-induced lung injury in tlr4-/- and C3H/HeJ mice by a mechanism that involved 
a diminished capacity to upregulate anti-apoptotic proteins[25,26]. Further studies are 
warranted to establish the mechanism by which TLR4 protects against alveolar protein 
leak during S. aureus pneumonia. 

RAGE has been implicated in lung injury induced by hyperoxia[27] or bleomycin[28]. 
In addition, in pneumonia caused by Streptococcus pneumoniae, rage-/- mice showed 
mitigated lung injury and neutrophil migration[29]. Nonetheless, Rage-/- mice showed 
only discreetly attenuated lung pathology at 6 hours after infection with S. aureus with-
out alterations in neutrophil recruitment or protein leak. Rage-/- mice did demonstrate 
reduced TNFα, IL-6 and KC concentrations in BAL fluid 24 hours post infection. Thus, 
although RAGE contributed to lung inflammation during experimental S. aureus pneu-
monia, its role was modest and unlikely mediated by HMGB1. RAGE can interact with 
several ligands besides, including advanced glycation end products, amyloid, β-sheet 
fibrils and members of the S100 protein family[9].  Which RAGE ligand(s) contribute to its 
effects in S. aureus pneumonia remains to be established. The current finding that rage-

/- mice displayed increased clearance of S. aureus from the bronchoalveolar compart-
ment is in line with an earlier study from our laboratory reporting attenuated bacterial 
growth and dissemination in rage-/- mice after induction of pneumonia by Streptococcus 
pneumoniae[29]. 

COnCluSIOnS

In conclusion, we here describe distinct roles for HMGB1 and RAGE in lung injury accom-
panying the early phase of S. aureus pneumonia. HMGB1 is a proinflammtory mediator  
which is released in the bronchoalveolar compartment and contributes to protein leak 
and lung edema, while it does not influence neutrophil recruitment or bacterial clear-
ance. Although TLR4 has been implicated as the dominant proinflammatory receptor for 
HMGB1[10], this receptor had only limited impact on the injurious host response during 
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S. aureus pneumonia. RAGE deficiency, however, was associated with reduced lung 
pathology and inflammation as well suggesting that both HMGB1 and RAGE are harmful 
in the development of lung injury during the early phase of severe S. aureus pneumonia. 

The current finding that neither anti-HMGB1 nor deficiency for the major DAMP re-
ceptors RAGE or TLR4 impact on the sustained lung pathology accompanying S. aureus 
pneumonia suggest that other DAMPs and receptors are involved. Candidates meriting 
further investigation include TLR3 (extracellular RNA), TLR9 (extracellular DNA) and the 
inflammasomes (multiple DAMPs).

KEy MESSAGES

•	 S. aureus pneumonia is associated with early (6 hours after infection) bronchoalveo-
lar HMGB1 release, which contributes to inflammation, protein leak and lung edema.

•	 TLR4 has only limited impact on the injurious host response during S. aureus pneu-
monia

•	 RAGE enhances pulmonary inflammation and pathology early after intranasal S. 
aureus infection.
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SuPPlEMEnTAl MATERIAl

Figure S1. Rage −/− show smaller areas of confluent inflammatory infiltrates at 48 hours after S. aureus 
infection.
Representative slides of lung HE staining of Wt (A), tlr4-/- (B) and rage-/- mice (C) at 48 hours after infection, 
original magnification x2. Scale bars indicate 200 µm. The percentage of the lung surface demonstrating 
confluent inflammatory infiltrate was determined in Wt (dark grey), tlr4-/- (light grey) and rage-/- mice (white) 
(D). Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, 
median, upper quartile and largest observation (7-8 mice per group at each time point). * p<0.05 versus Wt 
mice at the same time point.
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AbSTRACT 

Klebsiella species is the second most commonly isolated gram-negative organism in 
sepsis and a frequent causative pathogen in pneumonia. The receptor for advanced 
glycation end products (RAGE) is expressed on different cell types and plays a key role 
in diverse inflammatory responses. We here aimed to investigate the role of RAGE in 
the host response to Klebsiella (K.) pneumoniae pneumonia and intransally inoculated 
rage gene deficient (RAGE-/-) and normal wild-type (Wt) mice with K. pneumoniae. Kleb-
siella pneumonia resulted in an increased pulmonary expression of RAGE. Furthermore, 
the high-affinity RAGE ligand high mobility group box-1 was upregulated during K. 
pneumoniae pneumonia. RAGE deficiency impaired host defense as reflected by a 
worsened survival, increased bacterial outgrowth and dissemination in RAGE-/- mice. 
RAGE-/- neutrophils showed a diminished phagocytosing capacity of live K. pneumoniae 
in vitro. Relative to Wt mice, RAGE-/- mice demonstrated similar lung inflammation, and 
slightly elevated - if any - cytokine and chemokine levels and unchanged hepatocellular 
injury. In addition, RAGE-/- mice displayed an unaltered response to intranasally instilled 
Klebsiella lipopolysaccharide (LPS) with respect to pulmonary cell recruitment and local 
release of cytokines and chemokines. These data suggest that (endogenous) RAGE pro-
tects against K. pneumoniae pneumonia. Also, they demonstrate that RAGE contributes 
to an effective antibacterial defense during K. pneumoniae pneumonia, at least partly via 
its participation in the phagocytic properties of professional granulocytes. Additionally, 
our results indicate that RAGE is not essential for the induction of a local and systemic 
inflammatory response to either intact Klebsiella or Klebsiella LPS. 
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InTRODuCTIOn

Klebsiella (K.) pneumoniae is a major cause of pneumonia [1,2] and the second most 
common cause of Gram-negative sepsis [3,4]. Klebsiella infection presents a significant 
burden on healthcare and is asociated with high morbidity and mortality rates. The 
increasing microbial resistance of Klebsiella species to last-resort antibiotics, resulting 
in therapy failure and even more higher mortality rates, is an issue of major concern [5]. 
Therefore it is important to gain more insight into the pathogenesis of K. pneumoniae 
pneumonia in order to develop new treatment strategies. 

The receptor for advanced glycation end products (RAGE) is a multiligand receptor of 
the immunoglobulin (Ig) superfamily. RAGE is expressed in all tissues on a wide range 
of cell types, including cells involved in the innate and adaptive immune system and 
it plays a key role in diverse inflammatory processes [6,7]. First of all, RAGE can detect 
endogenous innate danger signals, also named damage-associated molecular patterns 
(DAMPs) or alarmins, which are structurally diverse proteins rapidly released by the 
host itself during infection to warn the host for imminent danger [8]. Engagement of 
these and other ligands to RAGE can induce inflammatory responses via activation of 
several intracellular signaling cascades, including the nuclear factor-kB pathway [9]. 
High mobility group box-1 (HMGB1) and S100A12 (or myeloid related protein-6, MRP-6) 
are known DAMPs that induce an inflammatory response upon binding to RAGE [10–12]. 
Previously, it was demonstrated that HMGB1 and S100A12 are released in patients with 
severe sepsis [13–17] and HMGB1 in mice with experimentally induced abdominal 
sepsis [18]. In addition, RAGE can function as an endothelial adhesion receptor for the 
leukocyte integrin CD11b/CD18, thereby promoting leukocyte recruitment to the site of 
infection [19]. 

In in vivo models of abdominal polymicrobial sepsis, RAGE-/- mice demonstrated a 
diminished lethality after cecal ligation and puncture (CLP) [20,21]. Moreover, anti-RAGE 
therapy yielded an enhanced survival even when the anti-RAGE antibodies were admin-
istered 24 hours after CLP  in mice receiving antibiotic treatment [21]. In an abdominal 
sepsis model that is more suitable to study the influence of an intervention on bacterial 
outgrowth and dissemination, RAGE contributed to an effective antibacterial defense, 
thereby limiting the accompanying inflammatory response [22].

Earlier, we found that RAGE deficient (-/-) mice are protected against pneumonia caused 
by the Gram-positive bacterium Streptococcus (S.) pneumoniae as reflected by an en-
hanced survival, diminished outgrowth at the primary site of infection and a decreased 
spreading of bacteria to other body compartments together with reduced lung damage 
[23]. In accordance, Christaki et al. demonstrated that treatment with anti-RAGE anti-
bodies combinated with the antibiotic moxifloxacin protects mice from S. pneumoniae 
pneumonia induced mortality [24]. Whereas the Gram-positive S. pneumoniae is the 
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most commonly isolated pathogen in patients with community-acquired pneumonia, 
the Gram-negative K. pneumoniae is a causative organism in both community-acquired 
and nosocomial pneumonia [25,26]. We here sought to determine the role of RAGE in 
Gram-negative pneumonia-originating sepsis caused by K. pneumoniae. 

MATERIAlS AnD METHODS

Animals

10-week-old male RAGE-/- mice were generated as previously described [27] and back-
crossed ten times to a C57Bl/6 background. Wild-type C57Bl/6 mice were obtained 
from Harlan Sprague Dawley Inc. (Horst, The Netherlands). Experimental groups were 
age- and sex matched and housed in the Animal Research Institute Amsterdam under 
standard care. 

Ethics statement

This study ware carried out in concordance with the “Wet op de Dierproeven” in the 
Netherlands. The Institutional Animal Care and Use Committee of the Academic Medi-
cal Center, University of Amsterdam, approved all experiments. All efforts were made 
to minimize suffering. Induction of pneumonia or sterile lung inflammation happened 
under isoflurane anaesthesia. In the survival study, mice died either as a direct result of 
the intervention or by humanely euthanization by cervical dislocation when they met 
human endpoints as reflected by clinical criteria such as signs of excessive weight loss, 
lethargy and severe unrelieved distress. Clinical signs of distress and mortality were 
observed two to four times per day during.

Experimental study design

K. pneumoniae pneumonia and Klebsiella lipopolysaccharide (LPS)-induced lung inflam-
mation were induced as reported previously [28,29]. Wild-type and RAGE-/- mice were 
inoculated intranasally with 1 x 104 CFUs K. pneumoniae. Mice were either euthanized 
at predefined time points or (in survival studies) monitored for 2 weeks. Preparation 
of lung and liver homogenates, histology, RAGE staining  and bronchoalveolar lavage 
were performed as described before [23,28,29]. Enzyme-linked immunosorbence and 
cytometric beads multiplex assays, measurements of aspartate aminotransferase (AST) 
and alanine aminotransferase (ALT) and cell counts were performed as described before 
[23,28,29]. 
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Phagocytosis assays

Phagocytosis of K. pneumoniae was determined as described before [29,30]. In brief, a 
concentrated K. pneumoniae preparation was treated for 60 min at 37 °C with 50 µg/
mL mitomycine-C (Sigma-Aldrich, Zwijndrecht, the Netherlands) to prepare growth-
arrested, but alive bacteria. Next, 50 µL of heparinized whole blood from wild-type and 
RAGE-/- mice was incubated at 37 °C (n = 8 mice per group) or 4 °C (n = 4 mice per group) 
with Alexa647-succinimidyl-ester (Alexa647-SE, Invitrogen, Breda, the Netherlands) 
labeled, growth-arrested bacteria (end concentration of 1 × 107 CFUs/mL) for 60 min. 
Phagocytosis was stopped by placing cells on ice and erythrocytes were lysed with 
ice-cold isotonic NH4Cl solution (155 mM NH4Cl, 10 mM KHCO3, 100 mM EDTA, pH 7.4). 
Neutrophils were labeled using anti-Gr-1-PE (BD Pharmingen, San Diego, CA). Cells were 
then washed with FACS-buffer (0.5% BSA, 0.01% NaN3, 0.35 mM EDTA in PBS) after which 
the degree of phagocytosis of neutrophils was determined using FACSCalibur (Becton 
Dickinson Immunocytometry, San Jose, CA). Phagocytosis index of each sample was 
calculated as follows: mean fluorescense of positive cells × % positive cells.

HMGb1 measurement

For Western blotting of HMGB1, bronchoalveolar lavage fluid (BALF) samples were 
diluted with 2x Laemmli buffer. After heating, samples were run on 15% polyacrylamide 
SDS gels and subsequently transferred to blotting membrane (Immobilon P (Pharmacia, 
Piscataway, NJ) polyvinylidene difluoride membranes). Following blocking with 5% 
nonfat dry milk proteins (Protifar from Nutricia, Zoetermeer, the Netherlands) in 0.1% 
Tween 20 phosphate buffered saline (PBS-T), membranes were washed and incubated 
overnight in primary antibody (rabbit anti-HMGB1 polyclonal antibody) (1 µg/mL, cata-
log no ab18256, Abcam, Cambridge, United Kingdom) in 1% nonfat dry milk proteins 
in PBS-T at 4 °C. After washing with PBS-T, membranes were probed with peroxidase-
labeled secondary antibodies (Cell Signaling Technology, Danvers, MA) for 1 h at room 
temperature in 1% bovine serum albumin in PBS-T. After washing with PBS-T, membranes 
were incubated with Lumi-LightPlus Western Blotting Substrate (Roche, Mijdrecht, The 
Netherlands) and positive bands were detected using a LAS3000 Luminescent image 
Analyzer dark box (Fujifilm, Tokyo, Japan).  

Statistical analysis

All data are expressed as mean values ± standard errors. Differences between groups 
were analyzed by Mann-Whitney U test. For survival analysis, Kaplan-Meier analysis was 
performed followed by a log-rank test. P values of < 0.05 were considered to represent a 
statistically significant difference. 
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RESulTS

RAGE expression in the lungs

To obtain insight into constitutive and K. pneumoniae-induced RAGE expression, we per-
formed immunohistochemical stainings of RAGE of lung tissue from healthy, uninfected 
wild-type mice and from wild-type mice after inoculation with K. pneumoniae. In accor-
dance with the literature [31–34], normal healthy mice showed extensive RAGE staining 
in their lungs (Fig.1A), being mainly present in the interalveolar septae in an endothelial 
pattern, while bronchial epithelial cells were negative for RAGE staining (Fig. 1A, arrow). 
The specificity of the RAGE staining was confirmed by immunohistochemical analysis 
of lungs obtained from RAGE-/- mice, used as negative controls (Fig. 1B). Lungs from K. 
pneumoniae infected mice displayed the same pattern of RAGE positivity as lungs from 
healthy wild-type mice, i.e. the interalveolar septae stained positive for RAGE staining 
with an endothelial pattern; however, RAGE expression was enhanced following pulmo-
nary infection with K. pneumoniae as reflected by more intense staining (Fig. 1C). 

Figure 1. Pulmonary expression of receptor for advanced glycation end products and of its ligand 
high mobility group box-1 (HMGb1) during Klebsiella pneumoniae pneumonia. Representative view 
of a lung from a normal, uninfected wild-type mouse (A) displaying ubiquitous expression of RAGE on the 
surface of endothelium. Arrow indicates bronchial epithelium, being negative for RAGE staining. B, Absence 
of RAGE positivity in the lung of a RAGE-/- mouse. C, Lungs from a wild-type mouse 48 h after the inoculation 
of K. pneumoniae. Original magnification, x10. D, Western blot was performed for HMGB1 in brochoalveolar 
lavage fluid (BALF) from wild-type mice at 0, 6, 24 and 48 h after K. pneumoniae intranasal inoculation (n = 
3 mice per time point).
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HMGb1 is increased during K. pneumoniae pneumonia 

After having shown that RAGE expression is enhanced during Klebsiella pneumonia, 
we next investigated whether. K. pneumoniae pneumonia is associated with release 
of its high-affinity ligand HMGB1 [35]. We previously demonstrated increased HMGB1 
concentrations in BALF from the infected site of patients with community-acquired 
pneumonia [16], in BALF of patients with ventilator-associated pneumonia [36] and in 
BALF from mice intranasally infected with influenza A virus [37]. Relative to t = 0 h, mice 
with pneumonia induced by K. pneumoniae had elevated HMGB1 levels in BALF at 6, 24 
and 48 h (Fig. 1D). 

RAGE deficiency enhances lethality due to K. pneumoniae pneumonia

To study the contribution of RAGE to the outcome of Klebsiella pneumonia, wild-type 
and RAGE-/- mice were intranasally inoculated with K. pneumoniae and observed for 14 
days (Fig. 2). While the first deaths occurred after 2 days in both strains, all RAGE-/- mice 
had died after 10 days, while only 50% of the wild-type mice had died at the end of the 
observation period (p <  0.05). Thus, RAGE deficiency rendered mice more susceptible to 
K. pneumoniae induced death.

RAGE deficiency facilitates early bacterial outgrowth and dissemination

To obtain insight in the mechanism underlying the higher mortaility of the RAGE-/- mice, 
we repeated this experiment and sacrificed mice 24 and 48 h after infection (i.e. directly 
before the first mice started dying) to enumerate bacterial counts in lungs, blood, liver 

Figure 2. Increased mortality of receptor for advanced glycation end products deficient (RAGE-/-) 
mice during Klebsiella pneumoniae pneumonia. Survival of wild-type and RAGE-/- mice after intranasal 
inoculation with 1 x 104 CFUs K. pneumoniae. Mortality was assessed for 14 days (n = 13-14 mice per geno-
type). 
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Figure 3. Receptor for advanced glycation end products deficiency enhances local bacterial out-
growth and dissemination during Klebsiella pneumoniae pneumonia in vivo and reduces in vitro 
phagocytosis of Klebsiella pneumoniae by neutrophils. Bacterial loads in lung homogenate (A), blood 
(B), liver (C) and spleen (D) were determined in wild-type and RAGE-/- mice 24 and 48 h after intranasal 
inoculation 1 x 104 CFUs K. pneumoniae. Data are mean values ± standard errors of 8-10 mice per genotype 
at each time point. E, Phagocytosis of growth-arrested viable Alexa647-SE labeled Klebsiella pneumoniae of 
neutrophils from wild type and RAGE-/- mice at 37 °C or 4 °C. Phagocytosis was quantified as described in the 
Methods section. Data are mean values ± standard errors (of 4 mice for 4 °C and 8 mice 37 °C) per genotype. 
* p <  0.05, compared with wild-type mice.
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and spleen. At 24 h after infection, bacterial outgrowth in the lungs were similar in wild-
type and RAGE-/- mice. However, after 48 h, the number of Klebsiella CFUs was higher in 
the lungs of RAGE-/- mice when compared to the wild-type mice (Fig. 3A; p < 0.05). At 
24 h, significantly increased CFU counts were recovered from blood, liver and spleen 
harvested from the RAGE-/- mice compared to wild-type mice. Liver homogenates from 
RAGE-/- mice showed increased bacterial loads at 48 h as well (Fig. 3B-D; all p < 0.05). 
Thus, RAGE limits the outgrowth of K. pneumoniae in the lungs and the dissemination to 
the blood stream and distant organs.  

RAGE deficiency results in a decreased phagocytosis of K. pneumoniae by 
neutrophils

The increased bacterial load in RAGE-/- mice could be caused by an intrinsic defect of 
RAGE-/- cells to phagocytose K. pneumoniae. To investigate this possibility we harvested 
whole blood from uninfected wild-type and RAGE-/- mice and compared the capacity of 
neutrophils to phagocytose Alexa647-succinimidyl-ester labeled, but growth-arrested 
viable K. pneumoniae. RAGE-/- neutrophils displayed a decreased ability to phagocytose 
K. pneumoniae (Fig. 3E). 

RAGE deficiency does not impact on lung inflammation during K. pneumoniae 
pneumonia 

Considering that RAGE signaling results in sustained cellular activation we were inter-
ested to study the role of RAGE in lung inflammation during Klebsiella pneumonia. Thus, 
we analyzed lung tissue slides obtained from wild-type and RAGE-/- mice  and 48 h after 
infection. At both time points, both mouse strains displayed interstitial inflammation 
together with vasculitis, peri-bronchitis, edema and pleuritis (Fig. 4A-D). Importantly, 
in contrast to our expectation, the extent of lung inflammation, as determined by the 
semi-quantitative scoring system, analyzing the severity of vasculitis, bronchitis, edema 
and pleuritis, was not different between wild-type and RAGE-/- mice (Fig. 4E). In addition, 
myeloperoxidase (MPO) concentrations in lung homogenates of both mouse strains 
were similar at both time points (Fig. 4F), indicating that RAGE deficiency did not influ-
ence neutrophil recruitment. Together these data suggest that RAGE does not play a 
significant role in the lung inflammation that accompanies Klebsiella pneumonia.
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Figure 4. unchanged lung inflammation during Klebsiella pneumonia. Wild-type and RAGE-/- mice 
were inoculated intranasally with 1 x 104 CFUs K. pneumoniae. Representative hematoxylin-eosin stainings 
of lung tissue at 24 (A and B) and 48 (C and D) h post inoculation in wild-type (A and C) and RAGE-/- (B and D) 
mice. Original magnification, x20. E, Graphical representation of the degree of lung inflammation at 24 and 
48 h. F, Myeloperoxidase (MPO) levels in lung tissues. Data are mean values ± standard errors of 8-10 mice 
per genotype at each time point. * p <  0.05, compared with wild-type mice.

24 h 48 h

Cytokine levels, 
mean pg/ml ± SE

wild-type mice Rage-/- mice wild-type mice Rage-/- mice 

TnF- α, lung 724 ± 187 446 ± 66 1,679 ± 932 5,151 ± 1617 

Il-6, lung 1348 ± 252 723 ± 240 706 ± 301 844 ± 223

MCP-1, lung 6172 ± 381 6006 ± 444 2,861 ± 282 4,838 ± 623**

Il-10, lung 545 ± 99 482 ± 50 26 ± 3 32 ± 6

KC, lung 13991 ± 1847 13026 ± 1851 11,257 ± 2,251 20,478 ± 3,372*

MIP-2, lung 8082 ± 1818 11298 ± 2300 12,085 ± 4,367 7,548 ± 1,467

TnF- α, plasma 724 ± 187 446 ± 66 1,679 ± 932 5,151 ± 1617 

Il-6, plasma 1348 ± 252 723 ± 240 706 ± 301 844 ± 223

MCP-1, plasma 6172 ± 381 6006 ± 444 2,861 ± 282 4,838 ± 623**

Il-10, plasma 545 ± 99 482 ± 50 26 ± 3 32 ± 6

Table 1. Cytokine and chemokine levels in lung homogenate and plasma 24 and 48h after intranasal 
administration of Klebsiella pneumoniae. Data are means ± SE of 8-10 mice/group at 24 or 48 h after in-
tranasal instillation of 1x104 CFU K. pneumoniae. SE, standard error; RAGE-/-, receptor for advanced glycation 
end products gene deficient;  TNF, tumor necrosis factor; IL, interleukin; MCP, monocyte chemoattractant 
protein; KC, keratinocyte-derived chemokine; MIP, macrophage inflammatory protein. *p < 0.05, compared 
with wild-type mice.  **p < 0.01, compared with wild-type mice.
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Cytokine and chemokine levels 

In pulmonary infection, cytokine and chemokine production is an important factor in 
the host immune response [38,39]. We determined the influence of RAGE deficiency 
on pulmonary and systemic cytokine and chemokine concentrations during Klebsiella 
pneumonia. Levels of the cytokines TNF-α, IL-6, MCP-1 and IL-10 and of chemokines KC 
and MIP-2 did not differ between the two mouse strains at  h. At 48 h, MCP-1 and KC 
concentrations were increased in the lungs of the RAGE-/- mice (Table I; p < 0.05). In 
plasma, TNF-α, IL-6 nd MCP-1 levels were similar between the two genotypes at both 
time points, while IL-10 was elevated in the RAGE-/- mice at 48 h (Table I; p < 0.05).

Wild-type and RAGE-/- mice display similar hepatocellular injury

This model of Klebsiella pneumonia is associated with hepatocellular injury [28]. Con-
sidering the enhanced lethality and sustained elevated bacterial loads in liver homog-
enates in RAGE-/- mice, we were interested to examine the extent of hepatocellular injury 
in both mouse strains (Fig. 5). At  h after infection, neither RAGE-/- nor wild-type mice 
demonstrated elevated plasma concentrations of AST or ALT. At 48 h post infection, 
both mouse strains had strongly elevated plasma transaminase levels; although these 
levels tended to be higher in RAGE-/- mice, the differences with wild-type mice did not 
reach statistical significance.

RAGE-/- mice demonstrate an unchanged inflammatory response to K. 
pneumoniae lPS

In light of the strong expression of RAGE in the lung and its reported role as a receptor 
mediating proinflammatory effects, we were surprised to find unaltered lung inflamma-

Figure 5. Hepatocellular injury during Klebsiella pneumoniae pneumonia. Wild-type and RAGE-/- mice 
were inoculated intranasally with 1 x 104 CFUs K. pneumoniae and sacrificed after 24 and 48 h. Aspartate 
aminotransferase (AST, A) and alanine aminotransferase (ALT, B) in plasma of wild-type and RAGE-/- mice. 
Data are mean values ± standard errors of 8-10 mice per genotype at each time point. 
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tion and (if anything) higher cytokine levels in RAGE-/- mice during Klebsiella pneumonia. 
To obtain further evidence for a modest role of RAGE in the induction of lung inflam-
mation in response to a Gram-negative bacterium, we compared the inflammatory 
response to Klebsiella LPS, administered via the airways, in wild-type and RAGE-/- mice. In 
these studies we harvested BALF 6 h after Klebsiella LPS administration considering that 
this time point is representative for examining LPS responses in the pulmonary com-
partment [40–42]. In line with the observations during respiratory tract infection with 
live K. pneumoniae in the current study, RAGE-/- mice displayed an unaltered response to 
intranasally instilled Klebsiella LPS with respect to pulmonary cell recruitment and local 
release of cytokines and chemokines (Table II).

DISCuSSIOn

Klebsiella species is a frequently isolated Gram-negative bacterium in nosocomial as well 
as in community-acquired pneumonia and in sepsis [1–4] and is associated with high 
morbidity and mortality. RAGE has the ability to activate signaling pathways, resulting 
in proinflammatory gene expression upon interaction with several distinct endogenous 
proinflammatory ligands (DAMPs) [6,7]. Therefore, RAGE may function as a sensor of 
danger signals leading to a certain amount of inflammation and hence play a beneficial 
role in bacterial eradication during infection. However, interaction of RAGE with its 
ligands and the subsequently induced inflammation can also worsen tissue damage, 
thereby exerting detrimental effects. Our key finding was that RAGE contributes to an 
effective antibacterial host response during K. pneumoniae infection. Indeed, RAGE 
deficiency caused an enhanced outgrowth of K. pneumoniae at the primary site of infec-
tion together with increased spreading of bacteria to other body compartments and an 

Wild-type mice Rage-/- mice 

     Total cells (x 105/ml ± SE) 5.8 ± 1.0 8.2 ± 1.4

     neutrophils (x 105/ml ± SE) 5.5 ± 1.0 7.7 ± 1.3

     TnF-a (pg/ml ± SE) 5561 ± 819 6212 ± 568

     Il-6 (pg/ml ± SE) 2542 ± 973 3989 ± 583

     KC (pg/ml ± SE) 1327 ± 209 870 ± 81

     MIP-2 (pg/ml ± SE) 661 ± 79 516 ± 34

Table 2. Cell counts, cytokine and chemokine levels in bronchoalveolar lavage fluid after Klebsiella 
lipolysaccharide inoculation. Data are means ± SE of 8-10 mice/group at 6 h after intranasal inocula-
tion of 100 μg lipopolysaccharide from Klebsiella pneumoniae. RAGE-/-, receptor for advanced glycation end 
products deficient; SE, standard error; TNF, tumor necrosis factor; IL, interleukin; KC, keratinocyte-derived 
protein; MIP, macrophage inflammatory protein.
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increased mortality. This reduced resistance against K. pneumoniae in RAGE-/- mice could 
at least in part be explained by a reduced phagocytosis capacity of RAGE-/- neutrophils. 

Our data on the expression of RAGE in the lungs extend earlier reports in finding broad 
RAGE expression in normal, healthy lungs [31–34] and an upregulation of pulmonary 
RAGE expression during interstitial and postobstructive pneumonia [23,32]. The present 
data are in accordance with our recent reports on enhanced RAGE expression in the 
lungs of mice infected with S. pneumoniae [23] or influenza A [37]. In addition, we showed 
that levels of the RAGE ligand HMGB1 are elevated in BALF during K. pneumoniae pneu-
monia, similar to data from mice with intratracheally administered E. coli induced lung 
injury [43]. Furthermore, the RAGE ligand S100A12 is released in patients with sepsis [17] 
and enhanced S100A12 concentrations have been shown in BALF from patients with 
acute lung injury and from healthy volunteers after LPS inhalation [34], but evidence 
that a functional s100a12 gene is not present in the murine genome [44] implies that 
RAGE-S100A12 ligation does not attribute to the host response to pneumonia in mice. 

The current data should be considered in the context of several other studies on the 
role of RAGE during bacterial infections. Ramsgaard et al. reported that RAGE deficiency 
leads to a reduced inflammation after intratracheal administration of E. coli [43]. Com-
pared to wild-type mice, RAGE-/- mice had lower concentrations of neutrophils, protein, 
MPO, cytokines and chemokines in their BALF. In that study, bacterial outgrowth, 
dissemination and survival were not reported; therefore the possible role of RAGE in 
antibacterial defense cannot be determined from this investigation. In a model of poly-
microbial abdominal sepsis induced by CLP, RAGE-/- mice had an improved survival to-
gether with a reduced NF-κB activation in the peritoneum [20,21]. Moreover, anti-RAGE 
therapy conferred a survival advantage even when administered 24 h after CLP in mice 
receiving antibiotic treatment [21]. In the latter study, RAGE deficiency or anti-RAGE 
therapy was reported not to influence bacterial loads in peritoneal lavage fluid, liver or 
spleen. It should be noted, however, that in this study, all mice were treated with broad 
spectrum antibiotics and bacterial loads were only determined in mice that survived (i.e. 
not at predefined time points after CLP induction). We previously investigated the role 
of RAGE during abdominal sepsis induced by E. coli, showing that RAGE deficiency was 
associated with an enhanced outgrowth of E. coli locally and in distant organs together 
with more severe liver injury [22]. In contrast, in a model of Gram-positive pneumonia 
caused by S. pneumoniae, RAGE deficiency was associated with a reduced bacterial out-
growth and dissemination and less severe lung damage [23]. Interestingly, Christaki et 
al demonstrated that treatment with anti-RAGE antibodies combined with the antibiotic 
moxifloxacin protects mice from S. pneumoniae pneumonia induced mortality [24].

One possible explanation for the intriguing observation that RAGE involvement 
during (Gram-positive) pneumococcal and (Gram-negative) Klebsiella pneumonia has 
opposite effects on bacterial clearance and mortality is that RAGE mediated effects on 
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first-line defense mechanisms may depend on the pathogen. In vitro phagocytosis of 
Klebsiella bacteria was decreased in the RAGE-/- neutrophils, which could at least partly 
account for the higher bacterial loads in the RAGE-/- mice. Of considerable interest, a 
study identified RAGE as a receptor for LPS derived from various Gram-negative bacteria, 
including K. pneumoniae [45]. These authors reported reduced LPS responsiveness of 
RAGE-/- peritoneal macrophages in vitro and attenuated cytokine release and mortality 
in RAGE-/- mice after intraperitoneal LPS injection in vivo [45]. We also previously dem-
onstrated attenuated systemic TNF-α release upon intraperitoneal LPS administration to 
RAGE-/- mice when compared to wild-type mice [22]. We here could not establish a role 
for RAGE in inflammation produced by intrapulmonary delivery of LPS. Together these 
data suggest that the contribution of RAGE to LPS responses in vivo depends on the 
body compartment and further indicate that the role of RAGE in antibacterial defense 
likely at least in part relies on the specific microorganism and the pathogen-associated 
molecular patterns they express. 

Efferocytosis (the clearance of apoptotic cells via ingestion of apoptotic cells by 
macrophages and other phagocytic cells) is a major mechanism for the resolution of 
inflammation [46]. Of note, our laboratory demonstrated that during pneumonia, alveo-
lar macophages are indispensable in the host response by means of their capacity to 
modulate inflammation via elimination of apoptotic neutrophils [47]. Previously, it was 
reported that RAGE participates in efferocytosis through binding to phosphatidylserine, 
the “eat me” signal highly expressed on apoptotic cells [48]. The lack of RAGE resulted in 
a decreased ability to engulf apoptotic cells in vitro and in vivo [46]. In our experiments, 
lung inflammation did not differ between the two mouse strains. In this context it is 
important to emphasize that the efferocytosis investigations were performed during 
sterile conditions. In our pneumonia model, the higher bacterial loads might have 
overruled this effect of RAGE deficiency, resulting in net similar lung inflammation and 
damage in the the lungs of RAGE-/- mice compared with that of the wild-type mice.

The recruitment of neutrophils is an important part of host defense against pneumo-
nia [49]. RAGE has been implicated in the regulation of cell migration. Indeed, RAGE-/- 
mice had a lower number of adherent inflammatory cells on the peritoneum after CLP 
[20] and a reduction in neutrophil influx in the peritoneal cavity during thioglycollate 
peritonitis [19]. Furthermore, in vivo studies have suggested that RAGE is an endothelial 
counter receptor for the β2 integrin Mac-1 [19,50]. During pneumococcal pneumonia 
RAGE-/- mice showed an attenuated influx of neutrophils into the lungs together with 
a decreased pneumococcal load [23]. Intratracheal delivered E. coli in mice resulted in 
lower neutrophil and MPO concentrations in BALF from RAGE-/- mice [43]. Since CFUs 
were not reported in that study, it is not known whether the reduced neutrophil influx 
is at least in part due to a lower bacterial load. In contrast, we did not find an effect 
of RAGE deficiency on cell influx during K. pneumoniae pneumonia, as indicated by 
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histopathology and pulmonary MPO concentrations. Moreover, leukocyte counts and 
differentials in BALF harvested after intrapulmonary delivery of Klebsiella LPS were 
similar in wild-type and RAGE-/- mice which is in line with results of experiments with 
intratracheal administration of LPS from E. coli [43]. Together these data suggest that 
RAGE does not play a role of importance in leukocyte recruitment to the lungs during 
K. pneumoniae infection, and that the impact of RAGE on cell trafficking may depend on 
the inflammatory stimulus and the organ involved. 

The current study is the first to establish that RAGE is important for antibacterial 
defense against Klebsiella pneumonia. We here show that RAGE plays a protective role 
during respiratory tract infection by a common Gram-negative causative pathogen, K. 
pneumoniae, by improving antibacterial defense in lungs and reducing bacterial dis-
semination. This could at least in part be explained by a better phagocytosis capacity of 
neutrophils in the presence of RAGE. Moreover, our results document that RAGE is not 
essential for the induction of excessive lung inflammation and injury. 
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AbSTRACT

The receptor for advanced glycation endproducts (RAGE) has been implicated in the 
regulation of skin inflammation. We here sought to study the role of RAGE in host defense 
during skin infection caused by Staphylococcus (S.) aureus, the most common pathogen 
in this condition. Wild-type (Wt) and RAGE deficient (rage-/-) mice were infected sub-
cutaneously with S. aureus and bacterial loads and local inflammation were quantified 
at regular intervals up to 8 days after infection. While bacterial burdens were similar 
in both mouse strains at the primary site of infection, rage-/- mice had lower bacterial 
counts in lungs and liver. Skin cytokine and chemokine levels did not differ between 
groups. In accordance with the skin model, direct intravenous infection with S. aureus 
was associated with lower bacterial loads in lungs and liver of rage-/- mice. Together 
these data suggest that RAGE does not impact local host defense during S. aureus skin 
infection, but facilitates bacterial growth at distant body sites.
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1. InTRODuCTIOn

Staphylococcus (S.) aureus is both a common commensal bacterium and an important 
pathogen responsible for a wide array of human infectious diseases [1]. The vast major-
ity of staphylococcal infections involve skin and soft tissue [2]. In recent years, the inci-
dence of staphylococcal skin infection has remarkably increased due to the emergence 
of more virulent and antibiotic resistant strains [3,4]. This urges the need to gain more 
understanding of protective immune responses during S. aureus infections, which could 
help in the development of new therapeutic strategies.

The cutaneous immune response against invading staphylococci encompasses a vari-
ety of mechanisms, which are essential for bacterial clearance, including the production 
of proinflammatory cytokines, recruitment of innate and adaptive immune cells and 
formation of neutrophil abscesses [5-7].  A protein that may aid in the control of bacte-
rial skin infection is the Receptor for Advanced Glycation End products (RAGE). RAGE is 
expressed on various cell types [8-11] and binds several damage associated molecular 
patterns (DAMPs) such as high mobility group box (HMGB)-1 and S100 proteins, which 
are released during invasive diseases [8,12]. Engagement of RAGE activates the NF-κB 
pathway, which in turn upregulates expression of RAGE, perpetuating the inflammatory 
response [8,12]. Previous studies have shown that RAGE contributes to the establish-
ment and maintenance of sterile cutaneous inflammation [9,10]. In addition, RAGE 
contributes to infiltration of neutrophils, as it upregulates adhesive molecules [12] and 
acts as an adhesive molecule itself by binding to β2-integrins on neutrophils [8,13,14]. 
Previous investigations have pointed to a complex role for RAGE in the outcome of infec-
tious diseases, depending on the pathogen or site of infection [15-17]. In the current 
study we sought to investigate the role of RAGE during S. aureus skin infection.

2. METHODS

2.1. Mice 

C57Bl/6 wild-type (Wt) mice were purchased from Charles River Laboratories Inc. 
(Maastricht, the Netherlands). RAGE deficient (Rage-/-) mice, backcrossed > 10 times to 
a C57Bl/6 background were generated as described [18] and bred in the animal facil-
ity of the Academic Medical Center (Amsterdam, the Netherlands).  Experiments were 
carried out in accordance with the Dutch Experiment on Animals Act and approved by 
the Animal Care and Use Committee of the University of Amsterdam (Permit number: 
DIX101223 and DIX102335).



128 Chapter 7

2.2. Design

Abscess formation in mice was induced as previously described [19]. In short mice were 
lightly anesthesized by inhalation of isoflurane (Abbot Laboratories, Queensborough, 
Kent, UK), shaved at the right flank and subcutaneously injected with a suspension of 
1x105 colony forming units (CFU) of S. aureus (Newman strain) in phosphate buffered 
saline (PBS) that was mixed with an equal volume of autoclaved dextran beads in PBS 
(Cytodex-1 microcarrier beads; Sigma, St. Louis, Missouri) which was prepared accord-
ing to the manufacturer’s instructions, in a total volume of 100 μl (n=7-8 per strain). 
Abscesses were serially measured with a digital calliper for 8 days. In addition, mice 
were sacrificed at 6 hours or 1, 2, 4 or 8 days post infection. After euthanization blood 
was drawn into heparinized tubes and livers and lungs were removed aseptically and 
homogenised in 4 volumes of sterile isotonic saline using a tissue homogenizer (Biospec 
Products, Bartlesville, UK). Abscesses were excised using 8 mm punch biopsies (Stiefel, 
Wächtersbarg, Germany) and homogenised in 4 ml sterile isotonic saline. In separate 
experiments bacteremia was induced by intravenously injecting 1x106 of S. aureus 
(Newman strain) in a 200 μl saline solution in the tail vein (n=7-8 per strain). Mice were 
sacrificed 6, 24 or 48 hours thereafter. Blood was obtained and organs were collected and 
homogenised as described above. To determine bacterial loads, ten-fold dilutions were 
plated on blood agar plates and incubated at 37°C for 16 h. 

2.3. Assays

Homogenates were processed for cytokine measurements as described [20]. Tumor 
necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, keratinocyte-derived chemokine (KC), 
macrophage inflammatory protein (MIP)-2 (all R&D systems, Minneapolis, MN) and my-
eloperoxidase (MPO, Hycult Biotechnology BV, Uden, the Netherlands) concentrations 
were measured in skin homogenates using ELISAs according to manufacturer’s recom-
mendations. Plasma TNF-α and IL-6 were measured by cytometric bead array flex set 
assay (BD Biosciences, San Jose, CA) in accordance to the manufacturer’s instructions. 

2.4.Statistical analysis

Data are expressed as medians and interquartile ranges. Differences between rage-/- and 
Wt mice were analyzed by Mann-Whitney U test. Analyses were done using GraphPad 
Prism version 5.0 (Graphpad Software, San Diego, CA). Values of p < 0.05 were consid-
ered statistically significant different. 
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3. RESulTS 

3.1. RAGE does not influence local growth of S. aureus in the skin or abscess 
size, but facilitates bacterial growth at distant body sites

To study the role of RAGE in S. aureus skin infection we used an abscess model in which 
staphylococci (105 CFU) were injected subcutaneously together with dextran beads [19]  
in Wt and rage-/- mice [18]. We determined bacterial loads in standardized punch biop-
sies taken from the infection site at 6 hours or 1, 2, 4 or 8 days after infection. Bacterial 
loads were similar in both mouse strains at all time points (Figure 1A). In accordance, 
while the infection caused abscesses in all mice, the abscess size was similar in Wt and 
rage-/- mice at all time points (Figure 1B). This model of skin infection resulted in bacte-
rial dissemination to distant sites.  Remarkably, rage-/- mice displayed reduced bacterial 
burdens in liver (at 4 days; p<0.05) and lung (8 days; p<0.05) (Figure 1C-D). Bacteria were 
hardly found in blood (data not shown). These data suggest that RAGE does not impact 
on local host defense in the skin but enhances growth of S. aureus at distant sites in 
localized skin infection.

Figure 1. RAGE does not influence local host defense, but promotes bacterial outgrowth at distant 
sites. Bacterial loads in abscesses of euthanized mice (A) and (serially measured) abscess areas (B) were 
similar in wildtype (Wt; closed dots) and RAGE deficient (rage -/- ; open dots) mice until 8 days after subcuta-
neous infection with 1x105 colony forming units. Rage -/- mice show reduced bacterial loads in lungs (C) and 
livers (D). Data represent the medians ± interquartile range (n = 7-8 mice per time point). * p<0.05, versus 
Wt mice at the same time point.
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3.2 Impact of RAGE on neutrophil influx and cytokine responses in cutaneous 
skin infection

Previous studies have shown that RAGE promotes neutrophil emigration [8,12-14], 
a hallmark for abscess formation in staphylococcal skin disease [5]. To determine lo-
cal influx of neutrophils, we measured MPO concentrations, which correlate with the 
degree of infiltrated neutrophils [21], in skin biopsies taken at the infection site. Wt 
and rage-/- mice displayed similar MPO levels at all time points, except at 2 days after 
infection when rage-/- mice had lower values (Table 1, p<0.01). RAGE activation leads 
to a sustained NF-κB activation thereby perpetuating inflammatory responses [8,12]. 
To determine the role of RAGE in cytokine and chemokine responses we measured the 
concentrations of these inflammatory mediators in skin biopsies obtained at different 
time points. We found no differences in cytokine or chemokine concentrations between 
Wt and rage-/- mice (Table 1). Together these data suggest a limited role for RAGE in 
cutaneous inflammation during S. aureus infection.

3.3. RAGE deficiency facilitates bacterial outgrowth during S. aureus 
bacteremia

To further investigate the role of RAGE in bacterial dissemination, we directly infected 
Wt and rage−/− mice via the tail vein with 106 S. aureus and determined bacterial loads 
in blood and organs at 6, 24 or 48 hours after infection. In accordance with the skin 
infection model, rage−/− mice showed slightly, but significantly lower bacterial loads in 
lungs and livers compared to Wt mice (both p<0.05) at 6 hours (Figure 2). This effect 
was temporary as bacterial loads were similar in all body compartments after 24 and 48 
hours.  Together these results suggest that RAGE transiently inhibits bacterial clearance 
at distant sites after dissemination from local S. aureus infection. 
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3.4. The impact of RAGE on systemic cytokine production in S. aureus 
bacteremia

Previous studies have shown that RAGE is able to enhance the systemic inflammatory 
response by ligation of several endogenous molecules such as HMGB1 [8,12]. To deter-
mine whether RAGE would influence the inflammatory response in S. aureus bacteremia 
we measured plasma TNF-α and IL-6 at different time points post infection. At 6 hours 
after infection, TNF-α levels were reduced in rage−/− mice. As TNF-α levels decreased over 
time, no differences were observed between the two mouse strains thereafter (Table 2). 
Rage−/− mice displayed higher IL-6 levels after 48 hours (Table 2). 

Figure 2. RAGE promotes bacterial outgrowth after systemic S. aureus infection. Wt (closed dots) and 
rage -/-  (open dots) mice were intravenously infected with 1x106 colony forming units S. aureus. Bacterial 
loads were then determined in blood (A), spleen (B), lungs (C)  and liver (D) in euthanized mice after 6, 24 
or 48 hours. Data are expressed as medians ± interquartile range.  (7-8 mice per group at each time point). 
* p<0.05, versus Wt mice at the same time point. 

Wt rage-/- Wt rage-/- Wt rage-/-

6h 24h 48h

TnF-α 49 (39-71) 28 (18-36)* 12 (8-16) 10 (8-16) 7 (6-10) 12 (7-14)

Il-6 95 (80-174) 147 (26-238) 194 (115-252) 136 (119-211) 280 (184-321) 380 (334-495)**

Table 2. Systemic cytokine release after intravenous S. aureus infection. Cytokine (TNF-α, IL-6) levels 
(pg/ml) in plasma at different time points after intravenous S. aureus infection in Wt and rage−/− mice. Data 
are expressed as medians and interquartile ranges (7-8 mice per group at each time point). * p<0.05, versus 
Wt mice at the same time point, ** p<0.01, versus Wt mice at the same time point.
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4. DISCuSSIOn

RAGE has been implicated in a diverse array of proinflammatory mechanisms in different 
infectious diseases [16,22]. Although RAGE is highly expressed on skin cells [9-11], its 
impact on the host response during cutaneous infections has not been investigated be-
fore. In the current study, we subcutaneously infected Wt and rage-/- mice with S. aureus, 
the most commonly isolated microorganism in skin and soft tissue infections [2]. We 
demonstrate that the presence of RAGE hardly impacts local disease, but enhances bac-
terial outgrowth in distant organs.  Bypassing the skin, by directly injecting bacteria into 
the circulation, revealed a similar but transient effect of RAGE on bacterial outgrowth in 
distant body compartments. Our results suggest that RAGE has little if any role in local 
defense, but promotes bacterial outgrowth at distant sites during staphylococcal skin 
infection. 

Previous investigations have pointed to a complex role for RAGE in the outcome of 
infectious diseases depending on the pathogen and site of infection [15-17]. While RAGE 
promoted lethality in sepsis induced by cecal ligation and puncture [22] and bacterial 
outgrowth in pneumonia caused by Gram-positive organisms, such as Streptococcus 
pneumoniae [17] and S. aureus [23], it reduced bacterial outgrowth in Gram-negative 
models, such as Escherichia coli induced peritoneal sepsis [24] and pneumonia [25].  In 
the current study, RAGE did not influence host defense at the site of cutaneous S. aureus 
infection, as bacterial loads and abscess sizes were similar in Wt and rage-/- mice. Despite 
this limited role in local disease, RAGE promoted bacterial outgrowth in distant organs 
upon dissemination from 4 days onward. Of note, the overall level of dissemination was 
low and did not seem to change much over the course of infection. Nonetheless, differ-
ences between mouse strains became apparent at different time points after infection, 
i.e., at day 4 in livers and at day 8 in lungs, which could be related in differential expres-
sion of RAGE in different organs. Direct systemic infection showed that RAGE similarly 
enhanced bacterial outgrowth in lungs and liver at 6 hours. These data suggest that 
RAGE does not enhance dissemination itself, but that bacterial multiplication is tran-
siently influenced at distant sites, after spread from the primary site of infection. From 
24 hours onward, RAGE deficiency seemed to accelerate bacterial outgrowth compared 
to Wt mice, which may have led to a trend towards higher bacterial loads at the 48 hour 
time point. It would be of interest to determine bacterial loads at later time points to 
determine whether RAGE deficiency would significantly impair host defense.  The results 
on bacterial outgrowth in this manuscript are similar to previous findings showing higher 
bacterial numbers in Gram-positive infection models [17,23]. Naïve rage-/- macrophages 
display enhanced expression of TLR2 [26], which could contribute to a better recogni-
tion of lipoteichoic acid on the Gram-positive wall, and promotion of bacterial clearance 
[27]. Conversely, RAGE is recently identified as a receptor for lipopolysaccharide [26], 
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expressed in the cell wall of Gram-negative bacteria, which could explain impaired host 
defense of rage-/- mice in Gram-negative infection models [24,25]. 

RAGE binds several DAMPs, which triggers multiple intracellular signaling pathways, 
resulting in the translocation of NF-κB and the transcription of proinflammatory pro-
teins [12]. Activation of the NF-κB pathway upregulates expression of RAGE, leading 
to sustained inflammation [8,12]. Nonetheless, we show that RAGE does not impact 
cutaneous inflammation as determined by similar cytokine levels after S. aureus infec-
tion. In systemic models of infection, RAGE promotes the harmful effects of the systemic 
inflammatory response syndrome [22], likely via DAMPs such as HMGB-1 [28]. The ab-
sence of RAGE reduced the early TNFα response in this model, which is in accordance 
with observations during pneumococcal bacteremia [15]. IL-6 concentrations, however, 
were increased in rage-/- mice at the latest time point. In this intravenous infection model 
TNFα release is transient (Table 2), even after administration of higher doses of S. aureus 
(data not shown), while IL-6 release is sustained, suggesting that especially at late time 
points plasma IL-6, but not TNFα,  levels are mainly driven by the extent of bacteremia. 
Possibly, the higher IL-6 levels in  rage-/- mice at 48 hours post infection are related to the 
somewhat higher bacterial loads in blood of these mice. Next to inflammation, RAGE has 
been implicated in neutrophil attraction [12-14,17,22], a hallmark for host defense in S. 
aureus skin infection [5].  Activation of RAGE upregulates adhesive molecules [12] and 
RAGE itself has been identified as a counterreceptor for β2-integrins [13,14]. In the cur-
rent study RAGE reduced MPO levels in the skin only at 2 days, correlating to fewer neu-
trophils in the skin[21]. However, since there were no differences in bacterial outgrowth 
at any time point, this difference may be irrelevant. The limited effect of RAGE deficiency 
on neutrophil infiltration may be due to compensation of other adhesive molecules, 
such as Intercellular Adhesion Molecule (ICAM)-1. A recent study has demonstrated 
that RAGE and ICAM-1 work in concert in mediating β2-integrin–dependent neutrophil 
adhesion during acute trauma-induced inflammation [14]. It would be of interest to 
determine whether mice deficient in both RAGE and ICAM-1 show impaired neutrophil 
attraction and host defense in S. aureus skin disease.

In conclusion, our results show that RAGE has a limited role in local host defense during 
S. aureus skin infection as determined by similar abscess size, bacterial loads, cytokine 
release and minimally altered neutrophil numbers in the skin. RAGE promoted bacterial 
outgrowth at distant organs during localized skin disease and after direct intravenous 
infection in different body compartments. Taken together, these data suggest that RAGE 
directly impacts on bacterial outgrowth at distant sites, rather than on dissemination, 
during S. aureus skin infection.
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AbSTRACT

Klebsiella (K.) pneumoniae is a common cause of pneumonia-derived sepsis. Myeloid 
related protein 8 (MRP8, S100A8) and MRP14 (S100A9) are the most abundant cyto-
plasmic proteins in neutrophils. They can form MRP8/14 heterodimers that are released 
upon cell stress stimuli. MRP8/14 reportedly exerts antimicrobial activity, but in acute 
fulminant sepsis models MRP8/14 has been found to contribute to organ damage and 
death. We here determined the role of MRP8/14 in K. pneumoniae sepsis originating 
from the lungs, using an established model characterized by gradual growth of bacteria 
with subsequent dissemination. Infection resulted in gradually increasing MRP8/14 
levels in lungs and plasma. Mrp14 deficient (mrp14-/-) mice, unable to form MRP8/14 het-
erodimers, showed enhanced bacterial dissemination accompanied by increased organ 
damage and a reduced survival. Mrp14-/- macrophages were reduced in their capacity to 
phagocytose Klebsiella. In addition, recombinant MRP8/14 heterodimers, but not MRP8 
or MRP14 alone, prevented growth of Klebsiella in vitro through chelation of divalent 
cations. Neutrophil extracellular traps (NETs) prepared from wildtype but not from 
mrp14-/- neutrophils inhibited Klebsiella growth; in accordance, the capacity of human 
NETs to kill Klebsiella was strongly impaired by an anti-MRP14 antibody or the addition 
of zinc. These results identify MRP8/14 as key player in protective innate immunity dur-
ing Klebsiella pneumonia.

AuTHOR SuMMARy

Neutrophils are phagocytes that are well known for their capacity to engulf and kill 
microbial pathogens. It has become increasingly clear that neutrophils also kill or in-
hibit growth extracellularly by releasing neutrophil extracellular traps (NETs), chromatin 
fibers decorated with neutrophil derived proteins. MRP8/14 has been identified as one 
of the major antimicrobial proteins herein. Previous investigations have shown that 
endogenously released MRP8/14 is also sensed by the host as a danger signal and able 
to potentiate the harmful systemic inflammatory response syndrome. Indeed, in the set-
ting of fulminant systemic inflammation, such as induced by endotoxin or Escherichia coli 
administration, MRP8/14 contributed to organ injury and mortality. The clinical scenario 
of sepsis however, involves an initial infection at the primary site followed by bacterial 
spreading to other organs. In the present setting of pneumonia-derived sepsis using the 
common human respiratory and sepsis pathogen Klebsiella pneumoniae MRP8/14 clearly 
served a beneficial role in antimicrobial defense. We here provide a likely mechanism by 
showing that MRP8/14 plays a role in phagocytosis and that its presence is critical in 
both murine and human NETs to inhibit bacterial growth.
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InTRODuCTIOn

Klebsiella (K.) pneumoniae is a frequent causative pathogen in pneumonia [1,2] and the 
second most common cause of gram-negative sepsis [3,4]. Klebsiella infection presents 
a significant burden on healthcare and is associated with high morbidity and mortality 
rates. Effective treatment of this microorganism is even more challenging due to the 
emergence of microbial resistance to (last-resort) antibiotics [5,6]. It is therefore of great 
importance to expand our understanding on host defense mechanisms that influence 
the outcome of Klebsiella pneumonia. Such knowledge may eventually help in the 
development of new therapies.

Invasive infection and accompanying inflammatory mechanisms can cause tissue 
damage that is associated with release of endogenous “alarm” proteins. These proteins, 
also known as Damage Associated Molecular Patterns (DAMPs), are recognized by pat-
tern recognition receptors and perpetuate inflammatory responses [7,8]. Among these 
DAMPs, the S100 proteins MRP8 (myeloid-related protein, S100A8) and MRP14 (S100A9) 
have gained increasing interest [9,10]. They are mainly and constitutively expressed in 
neutrophils where they comprise 45 percent of total cytoplasmic protein [11]. MRP8 and 
MRP14 are able to dimerize with a clear preference for the most stable and biologically 
relevant MRP8/14 heterodimer (or calprotectin), which can be actively released into the 
extracellular space [12–15]. MRP8/14 induces a variety of host responses and the extent 
of expression correlates with clinical [9,10] and experimental [16] disease activity. Previ-
ous investigations have pointed to a complex role of MRP8/14 in severe infection, which 
may either be protective or harmful to the host. MRP8/14 can enhance inflammation 
via activation of Toll-like receptor (TLR)4, by amplifying tumor necrosis factor (TNF)-α 
release in response to lipopolysaccharide (LPS), the immunostimulatory component of 
the gram-negative bacterial cell wall. In the setting of fulminant systemic inflammation 
such as induced by high dose LPS or Escherichia (E.) coli administration, endogenous 
MRP8/14 contributes to lethality [15]. On the opposite site, MRP8/14 may be important 
for innate defense against microorganisms by virtue of its involvement in leukocyte 
migration [17–20] and its direct antimicrobial effects [21–23]. In addition, recent studies 
revealed that MRP8/14 is a major component of neutrophil extracellular traps (NETs) 
[24], DNA-networks released by neutrophils that trap microorganisms and facilitate 
interaction with antimicrobial proteins and thereby bacterial killing [25,26]. Although 
at present the importance for NET associated MRP8/14 for bacterial killing is unknown, 
the presence of MRP8/14 was found to be crucial for the clearance of fungi by NETs in 
vitro [24,27].

In the present study, we aimed to characterize the role of MRP8/14 during pneumonia-
originating sepsis caused by K. pneumoniae. For this we used mrp14 deficient (mrp14-/-) 
mice, which due to instability of MRP8 in the absence of its binding partner MRP14 are 
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considered deficient for MRP8/14 at protein level [28–30]. We here show that MRP8/14 
deficiency results in enhanced bacterial dissemination, increased distant organ damage 
and a reduced survival during Klebsiella pneumonia. Using in vitro models, we show 
that mrp14-/- macrophages have a reduced capacity to phagocytose this bacterium. 
We further demonstrate that MRP8/14 directly reduces the growth of Klebsiella and in 
addition is essential in NET-mediated growth inhibition of this pathogen. These results 
identify MRP8/14 as an important protective mediator in the innate immune response 
to bacterial pneumonia caused by a clinically relevant pathogen. 

RESulTS

MRP8/14 levels increase during pneumonia 

To gain a first insight into the potential role of MRP8/14 in gram-negative pneumonia, 
we intranasally infected Wt mice with K. pneumoniae (104 cfu) and measured local and 
systemic MRP8/14 concentrations 6, 24 and 48 hours thereafter. MRP8/14 levels became 
detectable in BAL fluid at 24 hours after infection; high levels were found at 48 hours 
(median 745 ng/ml; Fig. 1A). In whole lung homogenates, MRP8/14 was detectable at 
low levels in uninfected mice and concentrations did not increase during the first 6 
hours after infection; high MRP8/14 levels were detected at later time points (median 
200 μg/ml at 24 hours; Fig. 1B). Plasma MRP8/14 levels also increased during the course 
of the infection, reaching peak concentrations at 48 hours (median 440 ng/ml; Fig. 1C).  

To obtain insight into the cellular source of MRP8/14, we stained lung tissue slides 
obtained from naïve and infected Wt mice for MRP8 and MRP14. Bronchial epithelium 
of naïve lungs showed a faint staining for MRP8 (but not MRP14) that did not inten-
sify during Klebsiella pneumonia. A small number of MRP8 and MRP14 positive cells, 
mainly residing macrophages, were already present. During the course of the disease, 
expression of both MRP8 and MRP14 increased strongly, primarily as a consequence of 
infiltrating neutrophils (Fig. 1D-I). 
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Mrp14 deficiency impairs host defense during pneumonia

To investigate the functional role of MRP8/14 in host defense during gram-negative 
pneumonia, we infected mrp14-/- and Wt mice with 104 viable K. pneumoniae and 
harvested lungs, blood, spleen and livers at predefined time points for quantitative 
cultures, seeking to collect data representative for local defense, at the primary site of 
infection, and subsequent dissemination. Initially, mrp14-/- mice showed slightly lower 
bacterial loads in lungs compared to Wt mice (Fig. 2A; p<0.001). At later time points, 
mrp14-/- mice tended to have higher bacterial burdens in their lungs.  Remarkably, at late 
stage infection (after 48 hours, shortly before the first deaths occurred) mrp14-/- mice 
displayed increased bacterial loads in blood, liver (both p<0.01) and spleen (p<0.05), 
suggesting that MRP14 deficiency is associated with enhanced dissemination of the 
infection (Fig. 2B-D). To investigate the impact of the reduced antibacterial defense 

Figure 1. K. pneumoniae pneumonia results in an increase of endogenous MRP8/14 levels and en-
hanced MRP8 and MRP14 expression in lungs. 
MRP8/14 levels in BAL fluid (A), whole lung homogenates (B), and plasma (C) were determined in naive 
mice (n=4) and 6, 24 and 48 hours after intranasal K. pneumoniae infection (n=6-8). Data are expressed as 
box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile and 
largest observation. MRP8 and MRP14 were stained in lungs of naive and infected mice. Shown here are 
representative slides of MRP8 (D) and MRP14 (E) staining of naive mice, MRP8 (F) and MRP14 (G) staining 24 
hours and MRP8 (H) and MRP14 (I) staining 48 hours after infection. Scalebar indicates 200 μm.



146 Chapter 8

in mrp14-/- mice on survival, we performed an observational study instilling the same 
infectious dose (104 cfu) as used in the experiments determining bacterial growth and 
spreading (Fig. 2E). This inoculum rapidly led to death shortly after 48 hours in all mice; 
notably, mrp14-/- mice tended to die earlier in this lethal model (p = 0.10 versus Wt mice). 
Arguing that the infectious challenge might have been too high to reveal a detrimental 
effect of MRP14 deficiency on survival, we repeated this observational study with a 10-
fold lower inoculum (103 cfu; Fig. 2F). This infectious dose resulted in a 56% lethality in 

Figure 2. Mrp14-/- mice show enhanced bacterial dissemination and increased mortality during pneu-
monia derived sepsis caused by K. pneumoniae. 
Bacterial loads in the lung (A), blood (B), spleen (C) and liver (D) of K. pneumoniae in Wt (grey) and mrp14-

/- mice (white). Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower 
quartile, median, upper quartile and largest observation (8 mice per group at each time point). * p<0.05, ** 
p<0.01 versus Wt mice at the same time point. Survival of Wt and mrp14-/- mice after intranasal inoculation 
of 10.000 (E) or 1.000 cfu (F) (n=12-16 per group in each experiment)
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Wt mice 10 days after inoculation; mrp14-/- mice displayed a higher mortality rate and 
eventually 94% of mrp14-/- mice died (p = 0.0008 versus Wt mice). These data establish 
the important protective role of MRP8/14 in K. pneumoniae pneumonia as reflected by 
an increased dissemination of bacteria and a reduced survival. 

The fact that MRP14 deficiency in particular influenced bacterial loads in distant 
organs led us to hypothesize that mrp14-/- mice would also show enhanced bacterial 
growth after direct intravenous injection of K. pneumoniae. Indeed, 48 hours after intra-
venous infection with 2 x 103 Klebsiella cfu, mrp14-/- mice demonstrated higher bacterial 
burdens in spleen, liver and lungs (all p<0.01; Fig. S1). These data suggest that MRP8/14 
importantly contributes to systemic protection against K. pneumoniae infection. 

MRP14 deficiency does not influence neutrophil recruitment into the lungs

Bacterial pneumonia is associated with neutrophil migration to the lung parenchyma, 
which is considered to be an essential component of a protective innate immune re-
sponse [31,32]. Previous studies indeed have documented that neutrophils play an im-

Figure 3. neutrophil influx in Klebsiella pneumonia is not influenced by MRP14 deficiency. 
MPO levels in whole lung homogenates (A) and quantitation of pulmonary Ly-6G positivity 6, 24 and 48 
hours after infection (B) in Wt (grey) and mrp14-/-  mice (white). Data are expressed as box-and-whisker dia-
grams depicting the smallest observation, lower quartile, median, upper quartile and largest observation (8 
mice per group at each time point). There were no statistically significant differences between the groups. 
Representative neutrophil stainings (brown) of Wt (C) and mrp14-/- mice (D) 6 hours, Wt (E) and mrp14-/- 
mice (F) 24 hours and Wt (G) and mrp14-/- mice (H) 48 hours after induction of K. pneumoniae pneumonia.. 
Scalebar indicates 200 μm
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portant role in innate defense early after Klebsiella airway infection [33,34]. MRP8/14 has 
been implicated as an important mediator of neutrophil recruitment in various inflam-
matory conditions [17–19,35], including pneumonia [20]. Therefore, we determined the 
extent of neutrophil influx in mrp14-/- and Wt mice at 6, 24 and 48 hours after intranasal 
challenge with K. pneumoniae by assessing the number of Ly-6G positive cells in lung tis-
sue sections and by measuring MPO concentrations in whole lung homogenates (Fig. 3). 
Neither the number of Ly-6G positive cells, nor whole lung MPO concentrations differed 
between mrp14-/- and Wt mice at any time point; if anything, mrp14-/- mice tended to 
have more Ly-6G positive cells and higher MPO levels in their lungs than Wt mice. Hence, 
these data strongly argue against a role for MRP8/14 in neutrophil influx into the lungs 
during Klebsiella pneumonia. 

MRP14 deficiency results in increased lung pathology

This model of K. pneumoniae pneumonia is associated with profound lung inflammation 
[36–38]. Although the presence of MRP8/14 did not affect lung bacterial loads or neu-
trophil recruitment at later time points, we wondered whether lung pathology would 

Figure 4. Mrp14-/- mice show enhanced lung pathology during K. pneumoniae pneumonia. 
Representative slides of lung haematoxylin and eosin (HE) staining of Wt (A) and mrp14-/- mice (B) 6 hours, 
Wt (C) and mrp14-/- mice (D) 24 hours and Wt (E) and mrp14-/- mice (F) 48 hours after intranasal K. pneumoni-
ae infection. Scalebar indicates 200 μm. Total pathology score at indicated time points post infection in Wt 
(grey) and mrp14-/- mice (white) was determined according to the scoring system described in the Methods 
section (G). Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower 
quartile, median, upper quartile and largest observation (8 mice per group at each time point). * p<0.05 
versus Wt mice at the same time point. 
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be influenced by the (proinflammatory) effects of MRP8/14 itself during Klebsiella pneu-
mosepsis. We therefore analyzed HE-stained lung tissue slides obtained from infected Wt 
and mrp14-/- mice using the semi-quantitative scoring system described in the Materials 
en Methods section (Fig. 4). Already at 6 hours after infection mild interstitial inflam-
mation and pleuritis were found in all mice; at later stages endothelialitis, bronchitis 
and edema became apparent. Interestingly, after 24 and 48 hours, mrp14-/- mice showed 
exaggerated lung pathology with enhanced interstitial inflammation, bronchitis and 
larger surfaces of confluent inflammation infiltrate. The enhanced lung pathology may 
be a reflection of the increased disease severity in mrp14-/- mice and suggest that the 
presence of MRP8/14, though proinflammatory, is not essential for the induction of lung 
inflammation during Klebsiella pneumosepsis. 

Impact of MRP14 deficiency on cytokine and chemokine levels

Extracellular MRP8/14 has been shown to amplify the TNF-α response upon LPS 
stimulation and mrp14-/- bone marrow cells demonstrated a reduced responsiveness to 
LPS in vitro [15]. In vivo this correlated with lower plasma TNF-α levels in mrp14-/- mice 
challenged with LPS [15]. To study the impact of MRP14 deficiency on cytokine release 
in gram-negative pneumonia, we measured the levels of cytokines (TNF-α, IL-1β, IL-6, 
IL-10) and chemokines (MIP-2, KC) in lung homogenates and plasma (TNF-α, IL-1β and 
IL-6 only) harvested from mrp14-/- and Wt mice after intranasal infection with Klebsiella. 
Surprisingly, overall differences between mouse strains were limited. In whole lung 
homogenates, mrp14-/- mice displayed reduced MIP-2 levels after 6 hours only; at other 
time points and for other mediators, levels were similar between groups (Fig. 5A-F). 
Similarly, plasma cytokine levels did not differ between Wt and mrp14-/- mice at 6 or 24 
hours post infection; after 48 hours however the plasma levels of IL-6 and IL-1β were 
even higher in mrp14-/- mice compared to the Wt mice (Fig. 5G-I).  

We next determined the role of endogenous MRP8/14 in the inflammatory response 
to Klebsiella infection in vitro. To this end, we measured TNF-α levels after incubating 
whole blood from Wt, mrp14-/- and tlr4-/- mice with log-increasing loads of viable, growth-
arrested Klebsiella for 6 hours. In consistence with our in vivo data, whole blood obtained 
from Wt and mrp14-/- mice displayed a similar cytokine response. Only upon exposure to 
the highest bacterial concentration, mrp14-/- whole blood showed a modestly reduced 
cytokine response. Whole blood from tlr4-/- mice showed almost no TNF-α release in 
response to Klebsiella (Fig. S2). Together, these data indicate that endogenous MRP8/14 
has no, or little contribution to the TLR4 mediated cytokine response to K. pneumoniae 
infection. 
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Mrp14-/- mice demonstrate enhanced liver damage  

This model of gram-negative pneumonia-derived sepsis is associated with hepatocellular 
injury during late stage infection [38]. In our time point experiments, MRP14 deficiency 
was associated with enhanced bacterial dissemination to distant organs, including the 
liver. We were thus interested to what extent this enhanced bacterial dissemination 
influenced hepatocellular injury in these animals. Microscopic examination revealed 
dramatically enhanced pathology in livers from mrp14-/- mice after 48 hours, reflected 
by more advanced liver necrosis accompanied with thrombi and more (micro)abscesses 
compared to Wt mice (Fig. 6A-C). Clinical chemistry findings confirmed the existence of 
more extensive hepatocellular injury, i.e. mrp14-/- mice had higher plasma levels of ALT 
and AST, in particular 24 hours after infection (Fig. 6D,E). At this time point, mrp14-/- mice 
also showed higher plasma LDH concentrations (indicative for cellular injury in general) 
relative to Wt mice (Fig. 6F). 

Figure 5. Cytokine and chemokine levels in lungs and plasma
Lung cytokine (TNF-α, L-1β, IL-6, IL-10) (A-D), chemokine (KC and MIP-2) (E-F) and plasma cytokine (TNF-α, 
L-1β, IL-6 ) levels (G-H), 6, 24 and 48 hours after intranasal K. pneumoniae infection in Wt (grey) and mrp14-

/- mice (white). Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower 
quartile, median, upper quartile and largest observation (8 mice per group at each time point). * p<0.05, ** 
p<0.01 versus Wt mice. 
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MRP14 deficiency reduces macrophage phagocytosis of K. pneumoniae 

A recent report has shown that addition of MRP14 is able to enhance bactericidal effects 
of human neutrophils by means of improving bacterial phagocytosis capacity [39]. We 
wondered whether this would correspond to impaired K. pneumoniae phagocytosis in 
mrp14-/- murine phagocytes. To investigate this possibility, we harvested whole blood 
and macrophages from naïve Wt and mrp14-/- mice and compared neutrophil and 
macrophage ability to internalize CFSE-labelled, viable, growth-arrested K. pneumoniae 
by FACS. Although MRP8/14 is abundantly present in neutrophils, mrp14-/- neutrophils 

Figure 6. Mrp14-/- mice show enhanced hepatocellular injury during pneumonia derived sepsis 
caused by Klebsiella. 
Representative slides of liver haematoxylin and eosin HE staining of Wt (A) and mrp14-/- mice (B) 48 hours 
post infection. Livers from mrp14-/- mice displayed more advanced liver necrosis (#) accompanied with (mi-
cro) abscesses (*). Arrows indicate fibrin deposits as a sign of thrombosis. Scalebar indicates 0.5 mm. Total 
pathology score was determined at indicated time points in Wt (grey) and mrp14-/- mice (white) according 
to the scoring system described in the Methods section (C). Aspartate aminotransferase (AST) (D), alanine 
aminotransferase (ALT) (E), and lactate dehydrogenase (LDH) (F) were measured in plasma. Data are ex-
pressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper 
quartile and largest observation (8 mice per group at each time point). *p<0.05, **p<0.01 versus Wt mice 
at the same time point. 
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only displayed a modest reduction in their capacity to phagocytose Klebsiella compared 
to Wt neutrophils (Fig. 7A). Mrp14-/- macrophages however, were significantly reduced 
in their capacity to internalize Klebsiella bacteria (Fig. 7B). In addition to increased dis-
semination, the reduced capacity of macrophages to phagocytose the bacteria most 
probably contributed to the enhanced bacterial outgrowth in mrp14-/- mice during 
Klebsiella infection in vivo. 

MRP8/14 inhibits growth of Klebsiella in vitro through metal chelation 

MRP8/14 has been shown to inhibit the growth of several microorganisms by binding 
of divalent cations [22,24,27]. To study whether K. pneumoniae growth is affected by 
MRPs, we grew bacteria in medium for up to 24 hours in the presence or absence of 
MRP8/14 heterodimer, MRP8 homodimer or MRP14 homodimer (all 50 µg/ml). Addition 
of MRP8/14 heterodimer almost abolished growth of K. pneumoniae, while MRP8 and 
MRP14 homodimers had no effect (Fig. 8A). The growth inhibitory effect of MRP8/14 
was dose dependent. (Fig. 8B). To check whether MRP8/14 induced growth inhibition 
was due to a metal chelating effect, zinc was added to medium treated with 10 μg/
ml MRP8/14 prior to incubation with bacteria; in this experiment (Fig. 8C) growth was 
restored when zinc was added in increasing amounts. Thus, MRP8/14 inhibits growth of 
K. pneumoniae through chelation of metals. 

Figure 7. Phagocytosis is impaired in MRP14 deficient macrophages.
Growth arrested, CFSE-labelled K. pneumoniae were incubated with peripheral blood neutrophils (A) or 
macrophages (B) from Wt (grey) and mrp14-/- mice (white) at 4°C (n=3-4 per mouse strain) or 37°C (n=6-8 
per mouse strain) for 20 and 60 minutes respectively after which phagocytosis was quantified (see Materials 
and Methods). Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower 
quartile, median, upper quartile and largest observation (8 mice per group at each time point). *p<0.05.
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Figure 8. MRP8/14 reduces bacterial growth of K. pneumoniae through metal chelation.
Growth of K. pneumoniae was assessed for a maximum of 24 hours in the presence of recombinant MRP8/14, 
MRP8 homodimer or MRP14 homodimer (50 µg/ml) (A). Bacterial growth was dose dependently inhibited 
by MRP8/14 (B); the growth inhibiting effect of MRP8/14 (10 µg/ml) was reversed by the addition of zinc (C). 
Data are means ± SEs of at least 3 replicates and representative of triplicate experiments. 
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Growth inhibition of Klebsiella by mouse and human nETs is MRP8/14 
dependent

Earlier studies have demonstrated that Klebsiella pneumoniae induces NET formation in 
vivo [40]. Using immunofluorescence technique, we found similar decondensation of 
nuclei of neutrophils, strongly indicating the formation of NETs in lungs of both Wt and 
mrp14-/- mice (Fig. S3). It has recently been shown that MRP8/14 is abundantly present in 
NETs and that its presence is critical for fungal clearance [24,27]. To test whether MRP8/14 
is important in NET-mediated growth inhibition of K. pneumoniae, we stimulated Wt 
and mrp14-/- neutrophils with PMA to form NETs and then incubated these with viable 
bacteria. NETs from Wt neutrophils inhibited the growth of Klebsiella, while mrp14-/- NETs 
did not (Fig. 9A). To investigate the antibacterial properties of MRP8/14 in human NETs, 
we induced NET formation in neutrophils from healthy donors and then coincubated 
these with viable Klebsiella in the presence or absence of a neutralizing polyclonal anti-
MRP14 antibody. In line with results obtained with other pathogens [24–27], human 
NETs effectively inhibited the growth of Klebsiella. This effect was strongly dependent on 
MRP8/14: addition of an anti-MRP14 antibody, blocking the chelating effect of MRP8/14 
[27], almost completely restored growth of K. pneumoniae. These data confirm that NET-
mediated growth inhibition of K. pneumoniae in a human system is MRP8/14 dependent. 
This growth inhibition may rely on the chelation of divalent cations, since addition of zinc 
in excess led to the same, if not an even stronger effect on growth of Klebsiella (Fig. 9B). 
The growth-inhibiting role of MRP8/14 within NETs also applied to other bacteria that 

Figure 9. Growth inhibition of Klebsiella by mouse and human nETs is MRP8/14 dependent
3x105 mouse neutrophils isolated from Wt and mrp14-/- mice were induced to make neutrophil extracellular 
traps (NETs) and subsequently infected with 5000 cfu K. pneumoniae. Cfu counts were determined after 
incubation of 7 hours at 37°C (A). 5x105 human neutrophils were induced to make NETs and pretreated 
with a rabbit polyclonal anti-MRP14 antibody, an unspecific rabbit polyclonal control antibody or an excess 
of zinc and then infected with 100 cfu Klebsiella.  Cfu counts were determined after incubation of 10 hours 
(B). Percentage bacterial growth in the presence of NETs was calculated based on bacterial counts relative 
to medium controls without NETs. Data are expressed as box-and-whisker diagrams depicting the smallest 
observation, lower quartile, median, upper quartile and largest observation of at least 5 replicates. *p<0.05 
versus controls. 
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are sensitive to NETs. Both gram-positve S. aureus and gram-negative Pseudomonas 
aeruginosa, showed an increased outgrowth in the presence of anti-MRP14 compared 
to control IgG (Fig. S4).

DISCuSSIOn

Gram-negative sepsis is a major challenge in the care of critically ill patients. Despite 
the availability of effective antimicrobial therapy and supportive care, mortality rates 
remain up to 30-50% [3,41]. Severe sepsis is associated with the release of MRP8/14 [16], 
which in models of endotoxic shock and fulminant sepsis contributes to organ injury 
and mortality [15,16]. The clinical scenario of sepsis, however, involves an initially local-
ized infectious source with subsequent spreading of bacteria to distant body sites. We 
argued that in this setting, quite different from its previously described detrimental role 
in acute systemic sepsis models, MRP8/14 may be an important component of protective 
innate immunity at least in part because of its antimicrobial properties [21–23]. Thus, in 
the present study we aimed to determine the role of MRP8/14 during gram-negative 
sepsis originating from the lungs, using an established clinically relevant pneumonia 
model characterized by gradual growth of bacteria at the primary site of infection fol-
lowed by dissemination, tissue injury and death [36–38], allowing to study a potential 
role of MRP8/14 in both the initial immune response as well as the subsequent harmful 
systemic inflammation phase. In summary, we found that intranasal K. pneumoniae in-
fection resulted in local and systemic MRP8/14 release and that MRP14 deficiency led to 
an increased mortality, most likely as a consequence of enhanced bacterial outgrowth 
and organ damage. The beneficial role of this heterodimer may result from its involve-
ment in phagocytosis and its strong growth inhibitory effect, while it hardly influenced 
the TLR4 mediated cytokine response to Klebsiella. 

Severe human sepsis results in systemic release of MRP8/14 irrespective of the pri-
mary source of infection [16]. Patients with sepsis caused by pneumonia display the 
highest protein levels [16]. In the present mouse study, systemic MRP8/14 levels gradu-
ally increased during the course of the infection. Our current finding of high MRP8/14 
concentrations at the primary site of infection from 24 hours onward is in accordance 
with a previous investigation from our group reporting high local levels of MRP8/14 in 
patients and mice with bacterial peritonitis [16]. Of note, however, systemic MRP8/14 
levels in mice with E. coli peritonitis were at least ten times higher after one day than in 
mice with Klebsiella pneumonia studied here, which most likely reflects the fulminant 
nature of the septic syndrome induced by intraperitoneal E. coli administration. In these 
acute challenge models, such as is also produced by high dose LPS injection, MRP8/14 
was suggested to act as a danger signal enhancing the cytokine response of LPS via 



156 Chapter 8

TLR4, thereby potentiating the harmful systemic inflammatory response syndrome 
[15,16]. Indeed, after either E. coli or LPS administration, MRP14 deficiency attenuated 
systemic inflammation and consequently improved survival in E. coli induced peritonitis 
and LPS-induced shock, starting to occur from 20 and 6 hours respectively [15]. In con-
trast, in the more clinically relevant sepsis model used here, a “cytokine storm” such as 
detected after LPS administration was not induced and mortality only started to occur 
after 2 days, allowing the gradually increasing levels of MRP8/14 to serve its beneficial 
role in antimicrobial defense.  

Of note, whereas MRP14 deficiency clearly reduced systemic cytokine release after 
LPS or E. coli injection [15,16], such an effect was not seen during Klebsiella pneumonia. 
In contrast, plasma concentrations of proinflammatory cytokines were higher in mrp14-

/- mice during late stage infection, whereas lung cytokine and chemokine levels were 
largely similar in mrp14-/- and Wt mice. The increased plasma levels of IL-1β and IL-6 
in mrp14-/- mice likely reflect the increased bacterial loads in blood, providing a more 
potent proinflammatory stimulus. In accordance with our in vivo data, MRP14 deficiency 
had little or no effect on the TLR4 mediated TNF-α response in a 6 hour incubation of 
whole blood with growth-arrested K. pneumoniae. Together, these data suggest that 
MRP8/14 minimally contributes to the cytokine response in the context of a gradually 
growing bacterial load, i.e. can be compensated for by other mechanisms. Furthermore, 
lungs from mrp14-/- mice showed increased inflammation, most likely as a consequence 
of the more severe infection in these animals and indicating that MRP8/14 is not a criti-
cal inducer of lung inflammation during gram-negative pneumosepsis. 

In spite of high lung concentrations of MRP8/14, this heterodimer did not play a 
significant role in the control of local infection considering that pulmonary bacterial 
loads only slightly differed between mrp14-/- and Wt mice after 24 and 48 hours. The 
lack of MRP8/14 did however result in strongly increased bacterial burdens in blood, 
spleen and especially the liver. This led us to postulate that the apparent antimicrobial 
effect of MRP8/14 primarily resided in organs distant from the lung. Indeed, mrp14-/- 
mice administered with K. pneumoniae directly intravenously, thereby bypassing a po-
tential effect of MRP8/14 in the airways, displayed strongly increased bacterial growth 
in multiple body sites, including the spleen and liver. We found a reduced capacity of 
mrp14-/- macrophages, but not mrp14-/- neutrophils, to phagocytose Klebsiella in vitro, 
which may partially explain enhanced bacterial outgrowth in these organs. Indeed, 
resident spleen macrophages  form an important barrier to blood-borne pathogens and 
facilitate clearance in systemic infection [42]. The vast majority of bacteria entering the 
bloodstream are cleared by the liver [43]. Resident liver macrophages (Kupffer cells), 
constitute 80-90 percent of total tissue macrophages in the body [44] and have been 
attributed to clear the bulk of bacteria that are taken up by this organ [43]. A number of 
more recent studies, however, show that certain pathogens, including K. pneumoniae, 
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can be cleared even in animals that lack Kupffer cells and suggest that immigrating neu-
trophils crucially contribute in hepatic clearance of circulating bacteria [45–47].  Hence, 
the exact contribution of MRP14 mediated phagocytosis by macrophages in our in vivo 
model remains to be elucidated in further detail.

Impaired antibacterial defense in the liver may have led to enhanced formation of (mi-
cro)abscesses.  Abscesses, contain high levels of MRP8/14 and could be essential in the 
control of K. pneumoniae infection [22,48]. We therefore hypothesize that liver abscesses 
deficient for MRP8/14 promote bacterial outgrowth of Klebsiella and may be the source 
for further bacterial dissemination. As a consequence of uncontrolled liver infection, 
enhanced hepatocellular damage occurred as reflected by the increased plasma levels 
of liver transaminases and enhanced liver pathology. 

Several animal studies have implicated MRP8/14 as a mediator of neutrophil recruit-
ment. In murine air pouch models, pretreatment with blocking antibodies directed 
against MRP8 and MRP14 significantly reduced leukocyte migration in response to 
LPS[17] or monosodium urate crystals[18]. Anti-MRP8 and anti-MRP14 antibodies also 
attenuated leukocyte influx into the pulmonary compartment during S. pneumoniae 
pneumonia [20]. Chemotaxis by MRP8/14 may partly act via upregulation of adhesion 
molecule expression and induction of CXC chemokines [35]. In the present study we did 
not find evidence for a role for MRP8/14 in chemotaxis: MPO levels in whole lung ho-
mogenates and the number of Ly-6G positive cells in lung tissue slides were not affected 
by the loss of MRP8/14 in spite of reduced levels of the neutrophil attracting chemokine 
MIP-2 early after infection. Similarly, we showed earlier that neutrophil numbers in the 
peritoneal cavity during E. coli induced peritonitis did not differ between mrp14-/- and 
WT mice [16]. MRPs may also mediate other neutrophil functions like , degranulation 
phagocytosis and respiratory burst [39,49]. We however, found a similar capacity of 
mrp14-/- and Wt neutrophils to mount a respiratory burst (data not shown) and to phago-
cytose when incubated with Klebsiella bacteria. 

Recently, MRP8/14 was found to inhibit Staphylococcus (S.) aureus growth through 
chelation of zinc and manganese [22]. Divalent ion-chelation also reduced the enzy-
matic activity of superoxide dismutase thereby inhibiting bacterial virulence [23]. In 
accordance, mrp14-/- mice showed higher bacterial loads after intravenous S. aureus 
injection [22].  In contrast, mouse studies investigating abdominal sepsis or urinary tract 
infection caused by E. coli [16,50] or pneumonia caused by S. pneumoniae [20] did not 
point to an antimicrobial role for MRP8/14.  In the present study we showed that the 
growth of K. pneumoniae was dose dependently inhibited by MRP8/14 while neither 
MRP8 nor MRP14 homodimers affected growth in any way.  The antimicrobial effect of 
MRP8/14 toward Klebsiella could be overcome by addition of zinc implicating chelation 
of divalent cations by MRP8/14 as a key process herein. During infection, neutrophils 
can kill pathogens through different mechanisms, including by the release of NETs 
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composed of chromatin decorated with neutrophil derived proteins[24–26]. We here 
observed the presence of decondensated nuclei of neutrophils in the lungs strongly 
indicating the formation of NETs. Histones have been implicated as the predominant 
antibacterial component of NETs, responsible for a reduction in bacterial counts in vitro 
already after 30 minutes [25]. Such a role in a short time span was not found for MRP8/14:  
incubation of Klebsiella with NETs for one hour resulted in reduced outgrowth as well, but 
this was not influenced by coincubation with anti-MRP14 (data not shown). A previous 
investigation established that MRP14 is not required for NET formation by neutrophils 
[24]. We here show that MRP8/14 is an important player in growth inhibition in late stage 
infection of mouse NETs and that NETs void of MRP8/14 are unable to inhibit the growth 
of K. pneumoniae. NETs in the Klebsiella-infected lungs, which have been documented 
in a previous study [40], might contribute to decreased dissemination into spleen and 
liver in an MRP8/14-dependent manner via this growth inhibitory effect. In accordance, 
human NETs strongly inhibited Klebsiella growth, which was almost completely reversed 
by anti-MRP14 antibodies blocking the chelating effect of MRP8/14 or by the addition of 
zinc.  Our current data are the first to indicate that the capacity of NETs to kill a bacterium 
is highly dependent on MRP8/14 and that MRP8/14 exerts its antimicrobial effects in 
NETs on Klebsiella through metal chelation. A similar MRP8/14 dependent mechanism 
was recently shown for killing by NETs of the fungi Candida albicans [24] and Aspergillus 
nidulans [27].  

In conclusion, we here document that MRP14 deficiency leads to increased bacterial 
growth and dissemination accompanied by enhanced organ damage and mortality in 
K. pneumoniae sepsis originating from the lungs. MRP8/14 exerts its essential protec-
tive role by its involvement in macrophage phagocytosis and by directly inhibiting the 
growth of K. pneumoniae through divalent cation chelation. This study shows for the first 
time that MRP8/14 within NETs is critical in both a murine and human system controlling 
bacterial infection. 

MATERIAlS & METHODS

Ethics statement

Experiments were carried out in accordance with the Dutch Experiment on Animals Act 
and approved by the Animal Care and Use Committee of the University of Amsterdam 
(Permit number: DIX100121, DIX101223) or carried out according to the recommenda-
tions in the guide for the care and use of laboratory animals conformed to Swedish 
animal protection laws and applicable guidelines (djurskyddsmyndigheten DFS 2004:4) 
and approved by the local Ethical Committee (Dnr A 29-09).
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Mice

C57Bl/6 Wild type (Wt) mice were purchased from Charles River Laboratories Inc. (Maas-
tricht, the Netherlands). Mrp14-/- mice, backcrossed > 10 times to a C57BL/6 background 
were generated as described [28] and bred in the animal facility of the Academic Medi-
cal Center (Amsterdam, the Netherlands).  The Animal Care and Use Committee of the 
University of Amsterdam approved all experiments.

Design

Mice were intranasally inoculated with 104 K. pneumoniae serotype 2 (ATCC 43816 Rock-
ville, MD) in a 50 μl saline solution (n=7-8 per strain) and sacrificed 6, 24 or 48 hours 
thereafter [36,37]. In an additional study, mice were intravenously injected with K. pneu-
moniae (2x103 colony forming units (cfu)) in the tail vein and sacrificed 48 hours after 
infection. Collection and handling of samples were done as previously described [36,37]. 
In brief, blood was drawn into heparinized tubes and organs were removed aseptically 
and homogenised in 4 volumes of sterile isotonic saline using a tissue homogenizer 
(Biospec Products, Bartlesville, UK). To determine bacterial loads, ten-fold dilutions were 
plated on blood agar (BA) plates and incubated at 37°C for 16 h. In survival studies mice 
(n=12 to 16 per strain) were intranasally inoculated with 103 or 104 K. pneumoniae and 
monitored for up to 10 days after infection. Bronchoalveolar lavage (BAL) fluid was 
obtained from a separate group of infected Wt mice (n=6) at indicated time points. The 
trachea was exposed through a midline incision and cannulated with a sterile 22-gauge 
Abbocath-T catheter (Abbott Laboratories, Sligo, Ireland). Bilateral BAL was performed 
by instilling two 0.5 ml aliquots of sterile phosphate buffered saline (PBS) as described 
earlier [36]. 0.9-1 ml of BAL fluid was retrieved per mouse.

Assays

Lung homogenates were prepared for immune-assays as described before [36,37]. 
MRP8/14 levels were measured by ELISA [15]. Lung cytokines and chemokines TNF-α, 
interleukin (IL)-1-β, IL-6, IL-10, Keratinocyte-derived chemokine (KC) and macrophage 
inflammatory protein 2 (MIP-2)(all R&D systems, Minneapolis, MN) and Myeloperoxidase 
(MPO; Hycult Biotechnology BV, Uden, the Netherlands) were measured using spe-
cific ELISAs according to manufacturer’s recommendations. Plasma TNF-α, IL-6 and IL-1β 
were measured by cytometric bead array flex set assay (BD Biosciences, San Jose, CA) 
in accordance to the manufacturer’s instructions. Lactate dehydrogenase (LDH), aspar-
tate aminotransferase (AST) and alanine transaminase (ALT) were measured in plasma 
with kits from Sigma (St. Louis, MO), using a Hittachi analyzer (Boehringer Mannheim, 
Mannheim, Germany). 
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Histology

Lung and liver pathology scores were determined as described before [36–38]. In brief, 
lungs and livers were harvested at the indicated time points, fixed in 10% buffered 
formalin, and embedded in paraffin. 4 µm sections were stained with haematoxylin 
and eosin (HE) and analyzed by a pathologist blinded for groups as described earlier. To 
score lung inflammation and damage, the entire lung surface was analyzed with respect 
to the following parameters: bronchitis, edema, interstitial inflammation, intra-alveolar 
inflammation, pleuritis, endothelialitis and percentage of the lung surface demonstrat-
ing confluent inflammatory infiltrate. Each parameter was graded 0–4, with 0 being 
‘absent’ and 4 being ‘severe’. Livers were scored according to the following parameters: 
number of thrombi, number of (micro)abscesses, presence and degree of inflammation, 
and presence and degree of necrosis. Each parameter was graded 0-3, with 0 being 
absent and 3 being severe. The total pathology score for lungs and livers was expressed 
as the sum of the score for all parameters. Granulocyte staining was done using FITC-
labeled rat anti-mouse Ly-6 mAb (Pharmingen, San Diego, CA) as described earlier [51]. 
Ly-6G expression in the lung tissue sections was quantified by digital image analysis 
[52]. In short, lung sections were scanned using the Olympus Slide system (Olympus, 
Tokyo, Japan) and TIF images, spanning the full tissue section were generated. In these 
images Ly-6G positivity and total surface area were measured using Image J (U.S. Na-
tional Institutes of Health, Bethesda, MD, http://rsb.info.nih.gov/ij); the amount of Ly-6G 
positivity was expressed as a percentage of the total surface area. MRP8 and MRP14 
staining of lung tissue were performed as described previously [28].  For immunostain-
ings, specimens were processed similarly as described previously [24]. Briefly, samples 
were deparaffinized, rehydrated in decreasing concentrations of EtOH, and subjected 
to antigen retrieval by cooking in 10 mM citrate buffer, pH 6.0, for 10 min. Specimens 
were blocked with 2% BSA and mouse Ig blocking reagent according to manufacturer’s 
protocol (Vector Laboratories, Burlingame, USA) in PBS/0.1% Triton for 1 h at room tem-
perature. Subsequently, specimens were incubated with primary antibodies directed 
against myeloperoxidase (MPO) (A0398, Dako) and histone H1 (clone AE-4, Acris) diluted 
in blocking solution over night at 4°C. Primary antibodies were detected with Alexa 
Fluor 488- and 568-conjugated secondary antibodies (Life Technologies) diluted in 2% 
BSA in PBS/0.1% Triton. DNA was visualized with DAPI (Life Technologies) and slides 
were mounted with fluorescence mounting medium (Dako). Pictures were taken with 
a Nikon C1 confocal microscope and presented as maximum intensity projections from 
parts of Z-stacks.

Whole blood stimulation

Growth-arrested bacteria were prepared as described [53] In brief, K. pneumoniae were 
cultured and washed with pyrogen-free sterile saline and resuspended in sterile PBS 
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to a concentration of 2 × 109 bacteria/ml. The concentrated K. pneumoniae preparation 
was treated for 1 h at 37 °C with 50 μg/ml Mitomycin C (Sigma-Aldrich; Zwijndrecht, 
the Netherlands) to prepare alive but growth-arrested bacteria. Subsequently, the 
growth-arrested K. pneumoniae preparation was washed twice in ice-cold sterile PBS by 
centrifugation at 4 °C, and the final pellet was dispersed in ice-cold PBS in the initial vol-
ume and transferred to sterile tubes. Undiluted samples of these preparations failed to 
generate any bacterial colonies when plated on BA plates, indicating successful growth 
arrest. Bacteria were washed and resuspended in RPMI and diluted to ten-fold lower 
bacterial concentrations (2x104-7 cfu/ml). 100 μl of heparinized whole blood obtained 
from 4 individual Wt, mrp14-/- and tlr4-/- [54] mice were then incubated with 100 μl of the 
different bacterial concentrations in a 96 wells plate and incubated for 6 hours at 37 °C, 
5% CO2. After incubation, plates were centrifuged at 4°C and supernatant was harvested 
for determination of TNF-α.

Phagocytosis Assay

Phagocytosis of K. pneumoniae was determined as described before [55]. In brief, growth-
arrested bacteria were prepared as described above and labeled with carboxyfluorescein 
succinimidyl ester (CFSE, Invitrogen, Breda, the Netherlands). 50 µl heparinized whole 
blood was incubated with 50 µl bacteria in IMDM (Gibco) (end concentration of 1×107 
CFU/ml) at 37°C (n = 6 per group) or 4°C (n = 3 per group). After 20 minutes, samples 
were put on ice to stop phagocytosis. Afterwards, red blood cells were lysed using iso-
tonic NH4Cl solution (155 mM NH4Cl, 10 mM KHCO3, 100 mM EDTA, pH 7.4). Neutrophils 
were labeled using anti-Gr-1-PE (BD Pharmingen, San Diego, CA) and washed twice in 
FACS-buffer (0.5% BSA, 0.01% NaN3, 0.35 mM EDTA in PBS) for analyisis. Peritoneal mac-
rophages (derived from 3 mice) were pooled, washed twice and resuspended in IMDM 
containing 2 mM L-glutamine and 10% fetal calf serum (FCS) (Gibco). 1 x 105 cells per 
well were seeded in a 96-well flat-bottom plate in 250 μL to adhere overnight at 37°C, 5% 
CO2. The following day, macrophages were washed twice with pre-warmed medium to 
wash away non-adherent cells. Growth-arrested bacteria were opsonised in 10% normal 
mouse serum before added to cells at a multiplicity of infection of 100 in a volume of 
100 μL . Bacteria and macrophages were spun at 1000 RPM for 5 minutes and incubated 
at 37°C (n=8 wells per strain) or 4°C (n=4 wells per strain). After 1 hour, samples were 
washed twice with ice-cold PBS, then thoroughly scraped from the bottom and washed 
again in FACS-buffer. The degree of phagocytosis was determined using FACSCalibur 
(Becton Dickinson Immunocytometry, San Jose, CA.) The phagocytosis index of each 
sample was calculated as follows: geo mean fluorescense x  % positive cells
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Growth inhibition by MRPs

Recombinant mouse MRP8 and MRP14 homodimers as well as MRP8/14 heterodimers 
were generated as previously described [56]. To test growth inhibitory effects of MRPs 
on K. pneumoniae, bacteria were grown to log phase and diluted to approximately 
10.000 cfu/ml in HEPES buffered RPMI. 100 µl of this bacterial suspension was added 
to 100 µl of recombinant murine MRP8 or 14 homodimer or MRP8/14 heterodimer in 
HBSS (end concentration 50 μg/ml unless indicated otherwise; n=4-6) without Ca2+ and 
Mg2+ (Gibco). Bacteria and MRPs were incubated for 0, 2, 4, 8 or 24 hours at 37°C. To test 
reversibility of growth inhibitory effects on K. pneumoniae, increasing concentrations 
of ZnSO4 were added to a 10 μg/ml MRP8/14 solution. Growth was assessed by plating 
out ten-fold dilutions of bacterial concentrations on BA plates and incubation at 37°C 
for 16 h.  

Growth inhibition by murine nETs

Murine neutrophils were isolated from Wt and mrp14−/− mice; animals used for these 
experiments were bred in the animal facility of the Umeå University (Umeå, Sweden). 
Experiments were carried out according to the recommendations in the guide for the 
care and use of laboratory animals conformed to Swedish animal protection laws and 
applicable guidelines (djurskyddsmyndigheten DFS 2004:4) and were approved by the 
local ethics committee (Dnr A 29-09). Mature murine neutrophils were isolated from 
bone marrow as previously described [57]. Briefly, bone marrow cells from tibia and 
femur were singularized by using a 70-μm cell strainer and separated by centrifugation 
for 30 minutes at 1500g on a discontinuous Percoll gradient with 52% (vol/vol), 69% 
(vol/vol), and 78% (vol/vol). Neutrophils harvested from the distinct layer between 69% 
and 78% were resuspended in HBSS without Ca2+ and Mg2+ until use. Murine NETs were 
induced as described earlier [24,27,57]. In a 24-well plate, 5 × 105 Wt or mrp14-/- mouse 
neutrophils in 500 μL RPMI with 1% (vol/vol) mouse serum were stimulated with 100 nM 
phorbol 12-myristate 13-acetate (PMA, Sigma Aldrich, St. Louis, MO) for 20 hours at 37°C, 
5% CO2 to induce NET formation. The supernatant was discarded; NETs were washed 
once with RPMI and incubated with 500 μL RPMI containing approximately 5000 cfu K. 
pneumoniae. Subsequently plates were centrifuged for 5 minutes at 300g and incubated 
for 7 hours at 37°C. 

Growth inhibition by human nETs

Human neutrophils were isolated from peripheral blood of healthy donors using Poly-
morphprep (Axis-Shield, Oslo, Norway) according to the manufacturer’s instructions. 
Neutrophils were harvested and washed with HBSS without Ca2+ and Mg2+. Remaining 
red blood cells were lysed using sterile isotonic NH4Cl solution without EDTA for 10 
minutes. After lysis of red blood cells, neutrophils were washed and resuspended in 
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HBSS without Ca2+ and Mg2+ until use. In a 96-well plate, 3 × 105 human neutrophils 
resuspended in 50 µL HEPES buffered RPMI (Gibco) were stimulated with 100 nM PMA 
for 4 hours at 37°C, 5% CO2 to induce NET formation [25]. Sytox Green (Molecular Probes, 
Carlsbad, CA) confirmed the presence of NETs (data not shown). The supernatant was 
discarded and approximately 100 cfu log phase grown K. pneumoniae, P. aeruginosa 
or S. aureus, resuspended in 200 μL HEPES buffered RPMI were added to the wells and 
spun down for 5 minutes at 300g. To test growth inhibiting properties of endogenous 
MRP8/14 in human NETs, samples were pre-incubated for 30 minutes with 15 μg/ml rab-
bit polyclonal anti-MRP14 antibody (H00006280-D01P; Abnova, Taipei, Taiwan), unspe-
cific rabbit polyclonal control antibody or an excess of ZnSO4 (1mM), before the addition 
of bacteria. Overnight bacterial growth was assessed by plating out ten-fold dilutions 
of bacterial concentrations on BA plates and incubation at 37°C for 16 hours. Bacterial 
growth of Klebsiella is expressed as percentage of control values (K. pneumoniae growth 
in media without neutrophils with or without anti-MRP14, control antibody or ZnSO4).

Statistical analysis

Data are expressed as box-and-whisker diagrams depicting the smallest observation, 
lower quartile, median, upper quartile and largest observation unless indicated other-
wise. Differences between mrp14-/- and Wt mice were analyzed by Mann-Whitney U test. 
Survival was compared by Kaplan-Meier analysis followed by a log rank test. Analyses 
were done using GraphPad Prism version 5.0, Graphpad Software (San Diego, CA). Values 
of p < 0.05 were considered statistically significant different.
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SuPPlEMEnTARy MATERIAl

Figure S1. Mrp14-/- mice show enhanced bacterial dissemination after intravenous K. pneumoniae 
infection. 
Bacterial loads in blood (A), lung (B), spleen (C) and liver (D) of K. pneumoniae in Wt (grey) and mrp14-/-  mice 
(white) 48 hours after infection. Data are expressed as box-and-whisker diagrams depicting the smallest 
observation, lower quartile, median, upper quartile and largest observation (8 mice per group). **p<0.01, 
***p<0.001 versus Wt mice

Figure S2. MRP14 deficiency does not reduce cytokine response in whole blood to Klebsiella infec-
tion 
TNF-α levels after a 6 hour stimulation of whole blood obtained from individual Wt, mrp14-/- and tlr4-/- mice 
(n=4 per group) with log increasing concentrations of growth-arrested K. pneumoniae. 



169MRP8/14 in Klebisella pneumoniae pneumonia 

Figure S3. Decondensed nuclei of neutrophils in lungs of Wt and mrp14-/- mice are indicators for the 
release of nETs.
Representative confocal immunofluorescence images of lung sections of Wt (A-D) and mrp14-/- mice (E-H) 
24 hours after K. pneumoniae infection stained with DAPI (blue) and primary antibodies against MPO (red) 
and histone H1 (green). In both Wt and mrp14-/- lungs we found similar amounts of decondensed nuclei 
from neutrophils (arrows), a prior stage of NET formation. Scale bars indicate 10 μm.

Figure S4. bacterial growth inhibition by human nETs is MRP8/14 dependent
5x105 human neutrophils were induced to make NETs and pretreated with a rabbit polyclonal anti-MRP14 
antibody (α-MRP14) or an unspecific rabbit polyclonal control antibody (control IgG) and then infected 
with 100 cfu Staphylococcus aureus (A) or Pseudomonas aeruginosa (B).  Cfu counts were determined after 
incubation of 15 hours (B). Data are expressed as box-and-whisker diagrams depicting the smallest ob-
servation, lower quartile, median, upper quartile and largest observation of at least 5 replicates. *p<0.05 
versus controls. 
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AbSTRACT

background: Streptococcus (S.) pneumoniae is the most commonly identified pathogen 
in community-acquired pneumonia (CAP). Myeloid-related protein (MRP) 8/14 is a major 
component of neutrophils that is released upon infection or injury. MRP8/14 is essential 
for protective immunity during infection by a variety of microorganisms through its ca-
pacity to chelate manganese and zinc. We here aimed to determine the role of MRP8/14 
in pneumococcal pneumonia. 

Methods: MRP8/14 was determined in bronchoalveolar lavage fluid (BALF) and serum 
of CAP patients, in lung tissue of patients who had succumbed to pneumococcal pneu-
monia, and in BALF of healthy subjects challenged with lipoteichoic acid (a component 
of the gram-positive bacterial cell wall) via the airways. Pneumonia was induced in 
MRP14 deficient and normal wild-type mice. The effect of MRP8/14 on S. pneumoniae 
growth was studied in vitro. 

Results: CAP patients displayed high MRP8/14 levels in BALF, lung tissue and serum. 
Healthy subjects challenged with lipoteichoic acid demonstrated elevated MRP8/14 in 
BALF. Likewise, mice with pneumococcal pneumonia had high MRP8/14 levels in lungs 
and the circulation. MRP14 deficiency, however, was associated with reduced bacterial 
growth and lethality, in the absence of notable effects on the inflammatory response. 
High zinc levels strongly inhibited growth of S. pneumoniae in vitro, which was partially 
reversed by MRP8/14.   

Conclusions: In sharp contrast to its previously reported host protective role in several 
infections, the present results reveal that in a model of CAP MRP8/14 is misused by S. 
pneumoniae, facilitating bacterial growth by attenuating zinc toxicity toward the patho-
gen.  
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InTRODuCTIOn

Community-acquired pneumonia (CAP) is a common infectious disease and a leading 
cause of sepsis [1,2]. The most prevalent causative microorganism in CAP is the gram-
positive diplococcus Streptococcus (S.) pneumoniae [1–3]. Pneumococci are increasingly 
antimicrobial resistant [4] thus stressing the importance to gain more insight into host 
defense mechanisms that influence the outcome of this prominent infection.

When pneumococci invade the lower respiratory tract, various inflammatory mecha-
nisms ensue, including infiltration and activation of neutrophils [3,5], which is associated 
with the release of complexes of myeloid-related protein (MRP)8 and MRP14 (MRP8/14 
or calprotectin) [6,7]. MRP8/14 induces a variety of innate immune responses, including 
induction of leukocyte recruitment and cytokine release via Toll-like receptor (TLR)4 
[7]. In addition to its proinflammatory effects, MRP8/14 possesses direct antimicrobial 
properties directed against bacteria [8–10] and fungi [11,12]. MRP8/14 mediates at least 
part of these effects by chelation of manganese and zinc, elements that are generally 
important for microbial growth and virulence [13]. Previous investigations have shown 
that manganese is critical for pneumococci to manage oxidative stress, allowing growth 
under normal aerobic conditions [14–17]. Importantly, however, while low amounts of 
zinc are required for growth of S. pneumoniae as well [18], high zinc concentrations are 
toxic for this microorganism due to competition with manganese for the binding to 
pneumococcal surface adhesin A (PsaA), the solute-binding protein of a specific manga-
nese transporter, thereby preventing manganese uptake [14–17]. 

Our group previously reported elevated plasma MRP8/14 levels in patients with se-
vere pneumonia [19]. We here speculated that MRP8/14 is released at sites of infection, 
and that in pneumonia caused by S. pneumoniae, MRP8/14 may significantly impact on 
host defense at least in part by interfering with the availability of zinc. Therefore, we 
here set out to determine the role of MRP8/14 in CAP and pneumococcal pneumonia by 
combining observational studies in humans with functional studies in mice.  

METHODS

Human studies

Two groups of consecutive CAP patients were studied. (1) 8 patients admitted to the 
intensive care unit (ICU) of St. Luc University Hospital (Leuven, Belgium), from whom 
bronchoalveolar lavage fluid (BALF) was obtained from the site of infection as visualized 
on the chest X-ray; (2) 7 patients admitted to the emergency department (ED) of St. 
Antonius Hospital (Nieuwegein, the Netherlands), from whom BALF was obtained from 
both the infected and contralateral uninfected lung, as well as serum on admission and 
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1, 2, 5, 10 and 30 days thereafter. 24 patients without lung disease scheduled to undergo 
elective surgery in whom BALF was collected directly after induction of anaesthesia 
served as a control [20].  In addition, we analysed BALF samples from a previous study 
[21] in which 8 healthy subjects (mean age 23.4 ± 1.3 years) that were challenged with 
100 ng/kg lipoteichoic acid (LTA, from Staphylococcus aureus (Deutsche Sammlung von 
Mikroorganismen 20233) [22] into a lung subsegment and sterile saline into the contra-
lateral lung [21]. Bilateral BAL was performed 6 hours thereafter. The institutional ethics 
committees approved all human studies and written informed consent was obtained 
from all subjects or their relatives. MRP8/14 was measured by ELISA [23]. Staining of 
MRP8 and MRP14 of archival post-mortem lung tissue from patients who had died from 
pneumococcal pneumonia (n=3) or from a non-pulmonary cause (n=3) was done as 
described [24]. 

Mouse studies

The Animal Care and Use Committee of the University of Amsterdam approved all 
experiments. C57Bl/6 Wildtype (Wt) mice (Charles River Laboratories, Maastricht, the 
Netherlands) and MRP14 deficient (Mrp14-/-) mice [24,25].  (backcrossed > 10 times 
to a C57Bl/6-background) were intranasally inoculated with S. pneumoniae serotype 
3 (ATCC 6303 Rockville, MD)(n=7-8 per strain) and sacrificed 6, 24 or 48 hours (5x104 
colony forming units, cfu), or 48 hours (5x103 cfu) thereafter. Collection and handling of 
samples, and quantitative cultures were done as described [26,27]. In survival studies, 
mice (n=12 to 16 per strain) were monitored for up to 7 days after infection (5x104 cfu). 
BALF was obtained from a separate group of infected Wt mice (n=6) at indicated time 
points as described [26,27]. See online supplement for cytokine measurements and 
histology.  

In vitro studies

See online supplement. 

Statistical analysis

Data are expressed as box-and-whisker diagrams unless indicated otherwise. Differences 
within individual patients or volunteers were analyzed by Wilcoxon-matched pairs test. 
Differences between patients and volunteers or Wt and mrp14-/- mice were analyzed by 
Mann-Whitney U test. Survival was compared by Kaplan-Meier analysis followed by a log 
rank test. Values of p<0.05 were considered statistically significant. 
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RESulTS 

Patients with community-acquired pneumonia show elevated lung and plasma 
MRP8/14 levels 

To obtain a first insight into MRP8/14 release during pneumonia, we measured MRP8/14 
levels in BALF from 8 CAP patients requiring treatment in the ICU, and from 7 CAP pa-
tients admitted to the ED (Table 1). S. pneumoniae was the most commonly isolated 
pathogen (in total 7 out of 15 cases, or 46.7%). Patients admitted to the ICU displayed 
elevated levels of MRP8/14 in BALF compared to controls (Fig. 1A, p<0.001).  In agree-
ment, patients admitted to the ED displayed a profound compartmentalized increase 
of MRP8/14 at the site of infection (Fig. 1B, p<0.001 versus the contralateral lung); these 
patients also showed raised serum MRP8/14 levels, which remained elevated until 30 
days after admission compared to normal serum values (Fig. 1C, p<0.05; at other time 
points: p<0.01). To obtain insight in MRP8/14 expression in lung tissue in human CAP, 
we performed immunohistochemical staining for MRP8 and MRP14 on stored lung tis-
sue slides of patients who had succumbed to CAP caused by S. pneumoniae and from 
patients who had died from a non-pulmonary cause. While control lung tissue samples 
showed a small number of resident cells expressing MRP8 or MRP14, lung tissue from 
patients who had died from pneumococcal pneumonia demonstrated a strong increase 

Patient characteristics Controls
Unilateral BALF, n=24

ICu cohort
Unilateral BALF, n=8

ED cohort
Bilateral BALF, n=7

Age, years (mean ± SE) 65.1 ± 2.0 63.9 ± 3.7 52.4 ± 6.3

Male sex 17(71%) 2 (25%) 3 (43%)

APACHE-II score (mean ± SE) Not determined 27.7 ± 1.5 15.3 ± 4.7

28-day mortality 1(4%) 2(25%) 0(0)

Microbiology

Streptococcus pneumoniae 3 4

Mycoplasma pneumoniae - 1

Haemophilus influenza - 1

Acinetobacter baumannii 1 -

Legionella pneumophila 1 -

Pneumocystis jeroveci 1 -

No microorganism identified 2 1

Table 1. Demographic and clinical characteristics, and microbiology results of patients with CAP. ICU 
= intensive care unit. ED = emergency department. BALF = bronchoalveolar lavage fluid.  From control 
patients BALF was obtained from the right middle lobe. From ICU patients BALF was obtained from the site 
of infection as visualized on the chest X-ray. From ED patients BALF was obtained from both the infected 
site and the contralateral lung. 
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in both MRP8 and MRP14 staining (Fig. 1D). Together these data provide strong evidence 
for local release of MRP8/14 during human CAP at the site of infection. 

Next, we determined whether an acute bacterial stimulus can elicit local MRP8/14 
release in the bronchoalveolar space of healthy humans.  Indeed, 6 hours after bronchial 
instillation, MRP8/14 concentrations were higher in BALF harvested from the lung seg-

Figure 1. Human CAP and bronchial lTA instillation result in an increase of MRP8/14 in lungs and 
plasma. (A)MRP8/14 levels in BALF from control patients and patients admitted to the intensive care unit 
(ICU) with CAP. Each dot represents a measurement within an individual patient, with horizontal lines 
showing medians. Closed dots: S. pneumoniae pneumonia. Open dots:  Pneumonia due to other causative 
pathogen. (B) MRP8/14 levels in BALF from the infected and contralateral non-infected lung from patients 
admitted to the emergency department (ED) with CAP. Data are expressed as individual measurements 
(dots). Closed dots: S. pneumoniae pneumonia. Open dots:  Pneumonia due to other causative pathogen. 
Connections between dots express measurements from individual patients. (C) Serum MRP8/14 levels in 
serum from CAP patients admitted to the ED at indicated time points; the broken line represents the normal 
MRP8/14 value in healthy individual measured at one timepoint. Data are expressed as median and IQR 
range.  (D) MRP8 and MRP14 stainings in lungs of patients who had died from pneumococcal pneumonia 
or a non-pulmonary cause . Scalebar indicates 200 μm. (E) MRP8/14 levels in BALF from healthy subjects 
6 hours after intrabronchial instillation of lipoteichoic acid (LTA, 100 ng/kg) or sterile saline (in the contra-
lateral lung). Data are expressed as individual measurements (dots). Connections between dots express 
measurements from individual subjects. * p<0.05, ** p<0.01, ***p<0.001 versus control BALF or serum, 
Mann–Whitney U-test. †p<0.05, ††p<0.01 versus contralateral lung, Wilcoxon matched pairs test.
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ment challenged with LTA (a proinflammatory component of the gram-positive cell wall) 
compared to BALF obtained from the saline challenged lung segment (p<0.05 versus 
saline, Fig. 1E).  

lung and plasma MRP8/14 levels are increased during murine pneumococcal 
pneumonia 

We used our well-established CAP model in mice, produced by intranasal infection with 
a virulent strain of S. pneumoniae [26,27], to obtain insight into the functional role of 
MRP8/14. After pneumococcal infection (5x104 cfu), elevated local levels of MRP8/14 
were measured in BALF (median 4.4 μg/ml at 48 hours; Fig. 2A) and whole lung ho-
mogenates (median 77.0 μg/ml at 48 hours; Fig. 2B). In plasma, MRP8/14 was strongly 
enhanced after 48 hours (median 5.6 μg/ml; Fig. 2C). We next stained lung tissue slides 
from naive and infected mice to establish the cellular source of MRP8 and MRP14 

Figure 2. Murine pneumococcal pneumonia results in an increase of MRP8/14 in lungs and plasma. 
MRP8/14 levels in BALF (A), whole lung homogenates (B), and plasma (C) in naive mice and 6, 24 and 48 
hours after intranasal S. pneumoniae infection (5x104 cfu). Data are expressed as box-and-whisker diagrams 
depicting the smallest observation, lower quartile, median, upper quartile and largest observation. MRP8 
and MRP14 stainings in lungs of naive mice and mice 24 or 48 hours after infection with S. pneumoniae (D). 
Scale bar indicates 200 μm. * p<0.05, ** p<0.01, ***p<0.001 versus uninfected mice. 
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(Fig. 2D). Naïve lungs showed a small number of MRP8 and MRP14 positive cells. MRP8 
and MRP14 expression both strongly increased at later timepoints, presumably due to 
large peribronchial neutrophilic infiltrates (Fig. S1). Together these data indicate that 
murine pneumococcal pneumonia resembles human CAP with regard to high pulmo-
nary and systemic expression of MRP8/14. 

Mrp14-/- mice show delayed mortality and reduced bacterial growth and 
dissemination during pneumococcal pneumonia

To investigate a potential role for MRP8/14 in the outcome of pneumococcal pneumo-
nia, we intranasally infected Wt and mrp14-/- mice with S. pneumoniae (5x104 cfu) and 
monitored them for 7 days (Fig. 3A). Of note, mrp14-/- mice are functionally deficient 
for MRP8/14 as they lack MRP8 on a protein level, probably due to a higher turnover of 
isolated MRP8 in the absence of its binding partner MRP14 [24,25]. Remarkably, lack of 
MRP8/14 significantly prolonged survival: median survival times were 2.5 days for Wt 
mice versus 3.7 days for mrp14-/- mice (p=0.005).  

We wondered whether the delayed lethality of mrp14-/- mice was associated with a 
difference in bacterial growth and dissemination. Therefore we euthanized Wt and 

Figure 3. Mrp14-/- mice display diminished bacterial outgrowth and reduced mortality during pneu-
mococcal pneumosepis. 
Survival of Wt and mrp14-/- mice after intranasal infection with S. pneumoniae (5 x 104 cfu) (n=15 per group) 
(A). Bacterial loads in the lung (B), blood (C), spleen (D) and liver (E) after intranasal inoculation of 5x104 cfu 
S. pneumoniae in Wt (grey) and mrp14-/- mice (white). In an additional experiment we inoculated mice with 
5x103 cfu S. pneumoniae (indicated as LD = lower dose). Data are expressed as box-and-whisker diagrams 
depicting the smallest observation, lower quartile, median, upper quartile and largest observation (8 mice 
per group at each time point). * p<0.05, **p<0.01 versus Wt mice at the same time point. 
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mrp14-/- mice at 6, 24 or 48 hours after pneumococcal infection (5x104 cfu) and examined 
bacterial loads in lungs, blood, spleens and livers (Fig. 3B-E). At 6 hours, bacterial loads 
in the lungs of mrp14-/- mice were similar to those in Wt mice. 24 hours after infection, 
mrp14-/- mice displayed reduced bacterial outgrowth in all organs and blood (p<0.05 
versus Wt mice).  After 48 hours, mrp14-/- mice showed no difference in pulmonary 
bacterial loads compared to Wt mice, but still lower pneumococcal burdens in blood 
and spleen (p<0.05). Similar results were obtained with a 10-fold lower dose of pneu-
mococci (5x103 cfu): 48 hours after infection, mrp14-/- mice had similar bacterial loads 
in their lungs and lower bacterial burdens in blood and distant organs relative to Wt 
mice (p<0.01). Together, these data indicate that MRP8/14 facilitates bacterial growth in 
lungs and especially distant organs, thereby contributing to accelerated lethality during 
pneumococcal pneumonia derived sepsis.

MRP14 deficiency has little impact on lung inflammation 

To evaluate the role of MRP14 in lung inflammation we analyzed lung tissue slides ob-
tained from Wt and mrp14-/- mice at different timepoints after pneumococcal infection. 
Lung inflammation increased in time to a similar extent in Wt and mrp14-/- mice, reveal-
ing pathology consistent with severe pneumonia in both mouse strains (Fig. 4A-B). 

Several studies have implicated MRP8/14 as a mediator of neutrophil recruitment 
[28–30]. We determined MPO levels in whole lung homogenates as a measure of neutro-
phil numbers (Fig. 4C). At 6 hours, lung MPO levels were low in both groups, but slightly 
higher in mrp14-/- mice (p<0.01 versus Wt mice); MPO concentrations were much higher 
at later time points and not different between groups. 

As an additional readout for lung inflammation we measured chemokines (MIP-2, 
KC) and cytokines (TNF-α, IL-6, IL-10) in whole lung homogenates. Pulmonary cytokine 
and chemokine levels increased similarly in both mouse strains during the course of 
the disease, showing no differences between mrp14-/- and Wt mice (Fig. 4D-H). Also, 48 
hours after infection with 5x103 cfu S. pneumoniae, lung chemokine and cytokine levels 
did not differ between groups (data not shown). Altogether these data indicate that 
MRP14 deficiency has little if any impact on the extent of lung inflammation  induced 
by pneumococci.
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Impact of MRP14 deficiency on plasma cytokine levels 

We next determined the role of MRP8/14 in systemic inflammation. Mrp14-/- mice 
showed lower plasma IL-6 concentrations at 48 hours after infection with 5x104 cfu S. 
pneumoniae and lower plasma IL-6 and TNF-α levels after administration of 5x103 cfu 
pneumococci (p<0.01 and 0.05 versus Wt mice) (Fig. 5A and B). As these lower cytokine 
levels could be a consequence of lower bacterial loads in the blood of mrp14-/- mice, we 
harvested whole blood from Wt and mrp14-/- mice which was stimulated with increasing 
concentrations of growth-arrested S. pneumoniae. Wt and mrp14-/-  whole blood pro-
duced similar TNF-α levels (Fig. 5C), suggesting that the lower systemic cytokine levels 
in mrp14-/- mice might be a reflection of the lower bacterial numbers. 

Figure 4. Pulmonary inflammation during pneumococcal pneumonia is not affected by loss of 
MRP8/14. 
Total pathology score at indicated time points after infection with S. pneumoniae (5x104 cfu) in Wt (grey) 
and mrp14-/- mice (white) determined according to the scoring system described in the online supplement 
(A). Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, 
median, upper quartile and largest observation (8 mice per group at each time point). There were no sta-
tistically significant differences between the groups. Representative slides of lung hematoxylin and eosin 
stainings of Wt and mrp14-/- mice 48 hours after intranasal S. pneumoniae infection (B). Scale bar indicates 
200 μm. Pulmonary MPO, indicative for the number of neutrophils (C), chemokine (KC and MIP-2) (D-E) and 
cytokine (TNF-α, IL-6 and IL-10) (F-H) 6, 24 and 48 hours after intranasal S. pneumoniae infection in Wt (grey) 
and mrp14-/- mice (white). Data are expressed as box-and-whisker diagrams depicting the smallest observa-
tion, lower quartile, median, upper quartile and largest observation (8 mice per group at each time point). 
**p<0.01 versus Wt mice at the same time point.
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MRP8/14 enhances pneumococcal growth by reducing zinc toxicity

MRP8/14 can bind zinc and manganese, which results in growth inhibition of several 
microorganisms [8–12,31,32]. While pneumococci also require zinc and manganese for 
growth, higher zinc concentrations competitively inhibit manganese uptake, rendering 
them hypersensitive to oxidative stress [14–17]. Of interest, a previous study demon-
strated an increase of serum zinc in murine pneumococcal pneumonia from approxi-
mately 15 to 640 μM. Manganese concentrations remained stable (0.4-0.7 μM) [17]. As 
MRP8/14 contains two metal binding sites with high affinity for zinc whereas only one 
binds manganese [31,32], we hypothesized that metal binding by this heterodimer 
might be advantageous for the pathogen rather than for the host. We confirmed [16,17] 
that increasing zinc concentrations (up to 200 µM) progressively inhibited pneumococ-
cal growth in vitro in the presence of a constant manganese concentration (0.1 µM) 
(Fig. 6A). In comparison, zinc did not influence the growth of K. pneumoniae in vitro 
under these conditions (Fig. 6B), suggesting that pneumococci indeed have a relative 
susceptibility towards a high zinc/manganese ratio. Importantly, recombinant mouse 
MRP8 or MRP8/14, but not MRP14, reduced zinc (100 µM) induced toxicity toward pneu-
mococci (Fig. 6C). Without zinc addition, MRP8/14 (100 µg/ml) inhibited pneumococcal 
growth (Fig. 6D), mimicking its effect on other bacterial species [8–12]. Together these 
data suggest that, in contrast to the antimicrobial effects exerted by the metal chelating 
properties of MRP8/14 on other bacterial species, the zinc binding capacity of MRP8/14 
is of benefit to S. pneumoniae. 

Figure 5. Plasma cytokine levels during pneumococcal pneumonia derived sepsis.
Plasma TNF-α (A) and IL-6 (B) 6, 24 and 48 hours after intranasal S. pneumoniae infection (5x104 cfu) in Wt 
(grey) and mrp14-/- mice (white). Data are expressed as box-and-whisker diagrams depicting the smallest 
observation, lower quartile, median, upper quartile and largest observation (8 mice per group at each time 
point). LD: lower dose (5x103 cfu). * p<0.05, ** p<0.01 versus Wt mice at the same time point. TNF-α levels 
after a 6-hour stimulation of whole blood obtained from individual Wt and mrp14−/− mice (n = 4 per group) 
with log increasing concentrations of growth-arrested S. pneumoniae (C). Data are expressed as means ± 
SEM (4 mice per group). 
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DISCuSSIOn

Invasive infection is associated with the release of MRP8/14, which serves a complex 
role in a variety of innate defense mechanisms. MRP8/14 attracts neutrophils [28–30], 
mediates inflammatory processes via TLR4 [7] and binds metals, which is antimicrobial 
against a range of bacterial [8–10] and fungal [11,12] pathogens. We here observed 
elevated MRP8/14 levels in the course of clinical and experimental gram-positive pneu-
monia. In sharp contrast with earlier studies on the role of MRP8/14 in host defense 
against infection [8–12], we found that the presence of MRP8/14 was of benefit to S. 
pneumoniae rather than to the host, as reflected by reduced bacterial dissemination and 
delayed lethality of mrp14-/- mice in lethal pneumonia derived sepsis. The mechanism 
by which S. pneumoniae exploits MRP8/14 likely involves the zinc chelating capacity of 
this heterodimer, thereby reducing zinc mediated toxicity towards the pneumococcus. 

We previously reported elevated MRP8/14 serum levels in patients with sepsis 
originating from different sources, including pneumonia [19]. In accordance, we dem-
onstrate elevated serum MRP8/14 levels in newly admitted CAP patients. MRP8/14 levels 
were notably enhanced at the primary site of infection, as detected in BALF and lung 
tissue slides, corresponding to high levels in the abdominal cavity during peritoneal 
sepsis [19]. Moreover, compartmentalized release of MRP8/14 was detected in healthy 
humans challenged with LTA in a lung subsegment. Together these data indicate that 
MRP8/14 is highly produced at the site of infection and released systemically during 
human pneumococcal pneumonia. Similarly, experimentally induced pneumococcal 
pneumonia resulted in high local and systemic release of MRP8/14 in mice, which is in 
agreement with earlier studies of murine bacterial pneumonia [9,30].  

Figure 6. MRP8/14 reduces zinc mediated toxicity towards pneumococci
Growth of S. pneumoniae (A) and K. pneumoniae (B) was assessed for 6 and 20 hours in the presence of 0.1 
µM manganese and increasing concentrations of zinc. The growth inhibiting effect of zinc towards pneu-
mococci was reduced by increasing concentrations of MRP8 en MRP8/14 (C). MRP8/14 inhibits S. pneu-
moniae growth in zinc-free medium (D). Data are means ± SEs of at least 4 replicates and representative of 
triplicate experiments.
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 Although MRP8/14 may exhibit proinflammatory effects under various pathophysi-
ologic conditions [7,19], we were unable to demonstrate such a role during pneumonia.  
We observed largely unaltered pulmonary cytokine responses and lung pathology. The 
reduced systemic cytokine levels in the current study were most likely caused by lower 
bacterial burdens in the circulation as whole blood from mrp14-/- mice produced similar 
TNF-α levels as Wt blood upon stimulation with growth-arrested pneumococci. Previ-
ous studies have shown that MRP8/14 is able to potentiate lipopolysaccharide-induced 
signalling via TLR4, while by itself exerting only minimal proinflammatory effects [7]. 
Although S. pneumoniae may activate TLR4 via its virulence factor pneumolysin [33], 
TLR2 is the predominant pattern recognition receptor that mediates lung inflammation 
induced by this pathogen [34,35]. Moreover, we previously reported that MRP8/14 does 
not contribute to lung inflammation during gram-negative (Klebsiella) pneumonia [9] 
wherein TLR4 is the main receptor driving the inflammatory response [36,37].  Together, 
these data indicate that endogenous MRP8/14 does not amplify inflammation in the 
lungs during pneumonia caused by a gradually growing bacterial load, i.e., in the con-
text of a likely clinical scenario [9].  

Many previous investigations have established an antibacterial role for MRP8/14 in 
in vivo infection models [8–12], which is dependent on the chelation of both zinc and 
manganese [31,32]. Of note, MRP8 and MRP14 homodimers only bind zinc (at their 
HEXXH zinc binding site) and do not impair microbial growth [38]. When infected with 
pyogenic bacteria such as S. aureus [8], K. pneumoniae [9] or Acinetobacter baumanii 
[10], mrp14-/- mice displayed enhanced bacterial outgrowth or mortality. In contrast 
to these earlier findings, lack of MRP8/14 reduced bacterial burdens in the lung, blood 
and distant organs and improved survival in pneumococcal pneumonia derived sepsis. 
This apparent inconsistent finding seemed surprising at first glance, especially since 
pneumococci, like the pathogens listed above, critically requires both zinc and manga-
nese for normal (aerobic) growth [14–17]. Higher zinc concentrations however, during 
pneumococcal infection [17], has significant toxicity towards this bacterium [16,17]. Zinc 
irreversibly binds to PsaA, thereby blocking intracellular uptake of manganese. Uptake 
of manganese is essential for manganese superoxide dismutase to render pneumococci 
less susceptible to oxidative stress and polymorphonuclear leukocyte killing [16,17]. We 
postulate that high MRP8/14 concentrations reduce zinc/manganese ratios at infected 
body sites during pneumococcal pneumonia derived sepsis, thereby providing a benefit 
for the pathogen rather than for the host. Previous investigations have indeed shown 
that MRP8/14 has two high affinity metal binding sites for zinc, whereas only one is able 
to bind manganese [31,32]. In our in vitro experiments, addition of recombinant MRP8/14 
and MRP8 (most likely through zinc chelation at its HEXXH zinc-binding site [38]), but not 
MRP14 partially restored growth of pneumococci in a high zinc/manganese ratio envi-
ronment, revealing a likely mechanism for enhanced bacterial growth and consequently 
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higher lethality in mrp14-/- mice during pneumococcal sepsis. Such a mechanism would 
also explain the opposite phenotypes of mrp14-/- mice during pneumonia caused by S. 
pneumoniae (reported here) and K. pneumoniae [9], since Klebsiella clearly proved not 
susceptible to high zinc concentrations. Of interest, very recently, Neisseria meningitidis 
was also reported to misuse MRP8/14 to promote its growth in vitro, albeit by a different 
mechanism, namely by binding MRP8/14 and using this protein as a zinc source in low 
zinc culture conditions [39]. 

A limitation of our study is that we were not able to directly measure zinc and manga-
nese ratios at tissue level, at sites infected by pneumococci, as the state-of-the-art tech-
nique to measure localized metal distribution in tissues, i.e., laser ablation inductively 
coupled plasma mass spectrometry, requires visible inflammatory lesions [8], which is 
not a pathologic feature of pneumococcal infection. Furthermore, to establish the role 
of MRP8/14 in the reduction of zinc toxicity and enhanced pneumococcal growth, ad-
ditional studies should be conducted such as supplementing mice with MRPs and/or 
feeding them with low or high zinc diets. 

In conclusion, we document that human CAP is associated with profoundly elevated 
MRP8/14 concentrations in lungs and the circulation. Using our model of murine pneu-
mococcal pneumonia we show that the presence of high MRP8/14 levels is associated 
with enhanced bacterial outgrowth and lethality, most likely through binding of zinc by 
MRP8/14 and thereby reduction of zinc mediated toxicity towards the bacterium. This 
study shows for the first time that the elemental binding properties of MRP8/14 can be 
misused by a clinical relevant pathogen. 
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SuPPlEMEnTARy MATERIAl

METHODS

Cytokine Measurement

MRP8/14 was measured by ELISA [1]. Lung tumor necrosis factor (TNF)-α, interleukin 
(IL)-6, IL-10, Keratinocyte-derived chemokine (KC) and macrophage inflammatory 
protein 2 (MIP-2)(all R&D systems, Minneapolis, MN) and myeloperoxidase (MPO; Hycult 
Biotechnology BV, Uden, the Netherlands) were measured using ELISAs.

Histology

Lung pathology scores were determined as described [2–4]. In brief, lungs were har-
vested at the indicated time points, fixed in 4% buffered formalin, and embedded in 
paraffin. 4 µm sections were stained with haematoxylin and eosin, and analyzed by a 
pathologist blinded for groups as described earlier. To score lung inflammation and 
damage, the entire lung surface was analyzed with respect to the following parameters: 
bronchitis, edema, interstitial inflammation, intra-alveolar inflammation, pleuritis, en-
dothelialitis and percentage of the lung surface demonstrating confluent inflammatory 
infiltrate. Each parameter was graded 0–4, with 0 being ‘absent’ and 4 being ‘severe’. The 
total pathology score was expressed as the sum of the score for all parameters. Granulo-
cyte staining was done using FITC-labeled anti-mouse Ly-6G monoclonal antibody (BD 
PharMingen, San Diego, Calif., USA) as described earlier [5].  MRP8 and MRP14 staining 
of lung tissue were performed as described previously[6]. 

Whole blood stimulation

Growth-arrested bacteria were prepared as described[7] In brief, S. pneumoniae were 
cultured and washed with pyrogen-free sterile saline and resuspended in sterile PBS 
to a concentration of 2×109 bacteria/ml. The concentrated S. pneumoniae preparation 
was treated for 1 hour at 37°C with 50 µg/ml Mitomycin C (Sigma-Aldrich; Zwijndrecht, 
the Netherlands) to prepare alive but growth-arrested bacteria. Subsequently, the 
growth-arrested S. pneumoniae preparation was washed twice in ice-cold sterile PBS by 
centrifugation at 4°C, and the final pellet was dispersed in ice-cold PBS in the initial vol-
ume and transferred to sterile tubes. Undiluted samples of these preparations failed to 
generate any bacterial colonies when plated on BA plates, indicating successful growth 
arrest. Bacteria were washed and resuspended in RPMI and diluted to ten-fold lower 
bacterial concentrations (2×103–6 cfu/ml). 100 µl of heparinized whole blood obtained 
from 4 individual Wt and mrp14−/− mice were then incubated with 100 µl of the different 
bacterial concentrations in a 96 wells plate and incubated for 5 hours at 37°C, 5% CO2. 
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After incubation, plates were centrifuged at 4°C and supernatant was harvested for 
determination of TNF-α.

In vitro growth measurements

S. pneumoniae and K. pneumoniae were grown to log phase and diluted to approximately 
2000 cfu/ml in HEPES buffered IMDM. 50 µl of this bacterial suspension was added to 50 
µl of HBSS without calcium and magnesium, (Gibco) supplemented with zinc (end con-
centration 100 μM, unless indicated otherwise), manganese (end concentration 0.1 μM) 
and heat inactivated fetal calf serum  (HI-FCS; end concentration 10%) and incubated 
for 6 and 20 hours at 37°C, 5% CO2 (n=4–6). Recombinant mouse MRP8 and MRP14 ho-
modimers as well as MRP8/14 heterodimers were generated as previously described[8]. 
Approximately 2000 cfu S. pneumoniae in 50 μl HEPES buffered IMDM, were added to 
a 50 μl HBSS solution with zinc (end concentration 100 μM), manganese (end concen-
tration 0.1 μM) and HI-FCS (end concentration 10%) and increasing concentrations of 
MRPs. Bacteria and MRPs were incubated for 6 hours at 37°C, 5% CO2. To test the growth 
inhibitory effect of MRP8/14 on S. pneumoniae, without supplementation of zinc and 
manganese, bacteria were grown to log phase and diluted to approximately 2000 cfu/ml 
in HEPES buffered IMDM. 50 µl of this bacterial suspension was added to 50 µl of recom-
binant murine MRP8/14 in HBSS without calcium and magnesium (end concentration 
0, 10, 50 and 100 µg/ml) and HI-FCS (end concentration 10%; n = 3) and incubated for a 
maximum of 24 hours. Growth was assessed by plating out ten-fold dilutions of bacterial 
concentrations on BA plates and incubation at 37°C for a maximum of 16 hours.
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FIGuRES

Figure S1. MRP8 and ly-6G staining in Wt mice. Representative MRP8 (A) and neutrophil staining (B) of 
Wt mice 24 hours after S. pneumoniae infection (5x104 cfu). Scalebar indicates 200 µm.
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AbSTRACT

Introduction: Staphylococcus (S.) aureus has evolved as an important cause of pneu-
monia in both hospital and community settings. Staphylococcal lung infection can 
lead to overwhelming pulmonary inflammation. During infection, neutrophils release 
complexes of myeloid-related protein (MRP)8 and MRP14 (MRP8/14). MRP8/14 has been 
shown to exert proinflammatory and chemotactic activity, and to assist in the killing of 
S. aureus. In the current study we sought to determine the role of MRP8/14 in the host 
response during S. aureus pneumonia.

Methods: Pneumonia was induced in wildtype (Wt) and MRP14 deficient mice (unable 
to form MRP8/14) by intranasal inoculation of 1x107 colony-forming units of S. aureus 
USA300. Mice were sacrificed at 6, 24, 48 or 72 hours after infection for analyses.

Results: S. aureus pneumonia was associated with a strong rise in MRP8/14 in bronchoal-
veolar lavage (BAL) fluid and lungs tissue. Surprisingly, MRP14 deficiency had a limited 
effect on bacterial clearance, and was associated with increased cytokine levels in BAL 
fluid and aggravated lung histopathology. MRP14 deficiency in addition was associated 
with a diminished transmigration of neutrophils into BAL fluid at late time points after 
infection together with reduced release of nucleosomes. 

Conclusion: MRP8/14 serves an unexpected lung protective role in staphylococcal 
pneumonia. 
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InTRODuCTIOn

In the past few decades, methicillin resistant Staphylococcus (S.) aureus (MRSA) has 
evolved as the most important cause of nosocomial infections, including hospital-
acquired and ventilator-associated pneumonia [1,2]. In recent years, virulent strains of 
community-associated MRSA have emerged as well, causing infections in individuals 
without recognized risk factors [1,3]. While these strains are mainly related to skin and 
soft tissue infections, they may cause more serious clinical presentations such as fulmi-
nant necrotizing pneumonia [3-5]. Indeed, infection of the lower respiratory tract by 
MRSA has an acute onset and can lead to overwhelming pulmonary inflammation con-
tributing to organ damage and high fatality rates [4-7]. Progressive antibiotic resistance 
could make staphylococcal pneumonia an even larger health threat in the future [1], 
urging the need to gain more insight into host defence mechanisms that could influ-
ence outcome of this disease.

Acute S. aureus infection is associated with a variety of proinflammatory mechanisms 
to massively recruit neutrophils into the lung parenchyma [8,9]. In addition to phagocy-
tosis of invaded microorganisms [10], these cells are stimulated to release constitutively 
available endogenous molecules (also known as alarmins) that are recognized by pat-
tern recognition receptors and able to perpetuate inflammatory responses [11]. Among 
these alarmins are complexes of myeloid-related protein 8 (MRP)8 and MRP14 (MRP8/14 
or calprotectin) [12].  Extracellular MRP8/14 induces a variety of innate immune re-
sponses including the enhancement of cytokine release via Toll-like receptor (TLR)4 in 
response to lipopolysaccharide [13] and leukocyte recruitment [14,15]. 

Next to its proinflammatory effects, MRP8/14 reduces microbial growth in infectious 
environments by virtue of its metal chelating properties [16]. In recent studies it was 
shown that MRP8/14 inhibited staphylococcal growth and virulence through binding of 
zinc and manganese [16-18]. In accordance, mice deficient for MRP8/14 showed an im-
paired defence after intravenous S. aureus injection [17,18]. The antimicrobial properties 
of MRP8/14 may be facilitated by neutrophil extracellular traps (NETs) [19]. We recently 
demonstrated that blocking MRP8/14 in NETs, reduced NET-mediated growth inhibition 
of staphylococci in vitro [20]. 

In the current study we investigated the role of MRP8/14 in inflammation and bacte-
rial clearance in experimentally induced staphylococcal pneumonia. To this end, we used 
Wt and MRP14 deficient (mrp14-/-) mice that were infected with a strain of community 
associated MRSA (USA300) via the airways.  Mrp14-/- mice lack MRP8 at a protein level, 
despite normal MRP8 mRNA levels and are therefore deficient for MRP8/14 [13]. We hy-
pothesized that mrp14-/- mice would demonstrate an impaired clearance of staphylococci 
from the lungs but potentially with attenuated associated inflammation. Surprisingly, 
in the study reported here, mrp14-/- mice displayed only minimally enhanced bacterial 
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loads in the lungs compared to Wt mice, with enhanced pulmonary cytokine levels and 
aggravated lung histopathology. 

METHODS

Mice

C57Bl/6 Wildtype (Wt) mice were purchased from Charles River Laboratories Inc. (Maas-
tricht, the Netherlands). Mrp14-/- mice, backcrossed >10 times to a C57BL/6 background 
were generated as described [21] and bred in the animal facility of the Academic Medi-
cal Centre (Amsterdam, the Netherlands). Mrp14-/- mice do not show any abnormalities 
in the healthy state [21,22]. Animal experiments were carried out in accordance with the 
Dutch Experiment on Animals Act and approved by the Animal Care and Use Committee 
of the University of Amsterdam (DIX100121AB).

Design

Mice were lightly anesthetized by inhalation of isoflurane (Abbot Laboratories, Queens-
borough, Kent, UK) and intranasally inoculated with a sublethal dose of 1x107 S. aureus 
USA 300 (BK 11540) in a 50 μl saline solution (n=7-8 per strain). This sublethal dose was 
determined in a previously described pilot study [23]. Mice were sacrificed 6, 24, 48 or 
72 hours thereafter [23]. 

Preparation of plasma samples and homogenates

Collection and handling of samples were done as previously described [24,25]. In brief, 
blood was drawn into heparinized tubes, bronchoalveolar lavage (BAL) fluid (see below) 
was obtained and organs were removed aseptically and homogenized in 4 volumes of 
sterile isotonic saline using a tissue homogenizer (Biospec Products, Bartlesville, UK).  To 
determine bacterial loads, ten-fold dilutions were plated on blood agar (BA) plates and 
incubated at 37°C for 16 h. Lung homogenates were prepared for immune-assays as 
described before [24,25].

bronchoalveolar lavage

BAL fluid was obtained as previously described [23]. The trachea and bronchi were 
exposed through a midline incision. The left main bronchus was ligated and the trachea 
was cannulated with a sterile 22-gauge Abbocath-T catheter (Abbott Laboratories, Sligo, 
Ireland). Unilateral, right-sided BAL was performed by instilling three 0.3 ml aliquots of 
sterile phosphate buffered saline (PBS). 0.7-0.9 ml of BAL fluid was retrieved per mouse. 
Total cell numbers in BAL fluid were counted using a Z2 Coulter particle count and size 
analyzer (Beckman-Coulter, Inc., Miami, FL). BAL fluid differential cell counts were carried 
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out on cytospin preparations stained with modified Giemsa stain (Diff-Quick; Baxter, 
McGraw Park, IL). 

Assays

Tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, keratinocyte-derived chemokine 
(KC), macrophage inflammatory protein 2 (MIP-2) and E-selectin (all R&D systems, 
Minneapolis, MN) and myeloperoxidase (MPO; Hycult Biotechnology BV, Uden, the 
Netherlands) were measured using specific ELISAs according to manufacturers’ recom-
mendations. MRP8/14 [13] and nucleosomes [26] were measured as described before.

Histology

Lung pathology scores were determined as described before [24,25]. In brief, lungs were 
harvested at the indicated time points, fixed in 4% buffered formalin, and embedded in 
paraffin. 4 µm sections were stained with haematoxylin and eosin (HE) and analyzed by 
a pathologist blinded for groups as described earlier. To score lung inflammation and 
damage, the entire lung surface was analyzed with respect to the following parameters: 
bronchitis, oedema, interstitial inflammation, intra-alveolar inflammation, pleuritis, en-
dothelialitis and percentage of the lung surface demonstrating confluent inflammatory 
infiltrate. Each parameter was graded 0–4, with 0 being ‘absent’ and 4 being ‘severe’. The 
total pathology score was expressed as the sum of the score for all parameters. Granu-
locyte staining was done using FITC-labeled rat anti-mouse Ly-6 mAb (Pharmingen, San 
Diego, CA) as described earlier [27]. Ly-6G expression in the lung tissue sections was 
quantified by digital image analysis [28]; the amount of Ly-6G positivity was expressed 
as a percentage of the total surface area. MRP8 and MRP14 staining in lung tissue were 
performed as described [21]. Staining of anti-citrullinated histone H3 (H3Cit, Abcam, 
Cambridge, UK) of lung tissue was done as described [29,30]

Statistical analysis

Data are expressed as box-and-whisker diagrams depicting the smallest observation, 
lower quartile, median, upper quartile and largest observation. Differences between 
mrp14-/- and Wt mice were analyzed by Mann-Whitney U test. Analyses were done using 
GraphPad Prism version 5.0, Graphpad Software (San Diego, CA) Values of p < 0.05 were 
considered statistically significant different. 
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RESulTS 

MRP8/14 is released during staphylococcal pneumonia 

To obtain insight into MRP8/14 expression during staphylococcal pneumonia, we 
measured MRP8/14 concentrations in BAL fluid, lungs and plasma from uninfected Wt 
mice and Wt mice intranasally challenged with 107 S. aureus. MRP8/14 levels became 
detectable in BAL fluid already at 6 hours after infection and increased during the course 
of the disease; the highest levels were found after 72 hours (median 9 μg/ml; Fig. 1A). 
In uninfected whole lung homogenates, MRP8/14 was detectable at low levels and 
were highly elevated at 6 hours after infection (median; 150 μg/ml at 24 hours; Fig. 1B). 
Plasma MRP8/14 levels were only minimally elevated at 6 hours and reached basal levels 
shortly thereafter (data not shown). 

To obtain insight into the cellular source of MRP8/14, we stained lung tissue slides 
obtained from naïve and infected Wt mice for MRP8 and MRP14. Naïve lungs did not 
exhibit any staining of MRP8 or MRP14. After 6 hours, expression of both MRP8 and 
MRP14 increased strongly, which was still present 48 hours after infection (Fig. 1C-D).  

Figure 1. Murine staphylococcal pneumonia results in an increase in pulmonary MRP8/14.  MRP8/14 
levels in BALF (A) and whole lung homogenates (B) in naive mice and 6, 24, 48 and 72 hours after intrana-
sal S. aureus infection (1x107 cfu). Data are expressed as box-and-whisker diagrams depicting the smallest 
observation, lower quartile, median, upper quartile and largest observation.  MRP8 and MRP14 stainings in 
lungs of naive mice and mice 6 or 48 hours after infection with S. aureus (C). The boxed areas are also shown 
at a higher magnification (D) Scale bar indicates 200 μm.
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MRP14 deficiency minimally influences bacterial clearance during S. aureus 
pneumonia

Earlier studies have shown that MRP8/14 inhibits staphylococcal growth in vitro [16] 
and in vivo [17,18]. To investigate a potential role for MRP8/14 in host defence during 
staphylococcal pneumonia, we harvested BAL fluid, lungs, livers and blood at 6, 24, 48 
or 72 hours after infection and determined bacterial loads (Fig. 2). Remarkably, MRP8/14 
deficiency did not influence the clearance of S. aureus from the airways to a significant 
extent, although at a single time point (24 hours) bacterial burdens were modestly, but 
statistically significantly, higher in lung homogenates of mrp14-/- mice.  Staphylococcal 
loads were similar in all other body compartments at all time points in both mouse 
strains. These data suggest that MRP8/14 minimally contributes to bacterial clearance in 
a staphylococcal lung infection model. 

Figure 2. Mrp14-/- mice display minimally enhanced bacterial outgrowth in S. aureus pneumonia.  
Bacterial loads in BALF (A), lung (B), liver (C) and blood (D) after intranasal inoculation of 1x107 cfu S. au-
reus in Wt (grey) and mrp14-/- mice (white). Data are expressed as box-and-whisker diagrams depicting the 
smallest observation, lower quartile, median, upper quartile and largest observation.  (6-8 mice per group 
at each time point). * p<0.05, versus Wt mice at the same time point. 
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MRP14 deficiency enhances early cytokine and chemokine release in S. aureus 
pneumonia

Previous investigations have shown that MRP8/14 enhances the proinflammatory re-
sponse of bone marrow derived macrophages, which correlates to lower plasma TNF-α 
levels in mrp14−/− mice challenged with endotoxin [13]. To investigate the impact of loss 
of MRP14 on the inflammatory response in staphylococcal pneumonia, we measured 
cytokines (TNF-α, IL-6 and IL-1β) and chemokines (MIP-2 and KC) in BAL fluid from Wt 
and mrp14-/- mice at different time points after infection with S. aureus via the airways 
(Fig. 3A-E). The highest cytokine and chemokine levels were detected at 6 hours after 
infection and diminished during the course of the disease. Surprisingly, mrp14-/- mice 
displayed increased levels of all measured cytokines and chemokines 6 and 24 hours 
after infection (not significant for TNF-α and KC at 6 hours). 

MRP14 deficiency enhances lung pathology during S. aureus pneumonia

We next analyzed HE stained lung tissue slides to investigate the role of MRP8/14 in lung 
pathology in S. aureus pneumonia (Fig.4A-C). The total histological scores were semi-
quantitatively scored according to the scoring system described in the Methods section.  
Already at 6 hours, all mice displayed signs of severe pulmonary inflammation. Loss 
of MRP8/14 resulted in aggravated lung pathology at this early time point, with more 
advanced signs of interstitial inflammation and bronchitis. Lung pathology scores were 

Figure 3. Mrp14-/- mice display elevated cytokine levels in bAlF during S. aureus pneumonia. Cytokine 
(TNF-α, IL-6, IL-1β; A–C) and chemokine (MIP-2 and KC; D–E) levels in BALF, 6, 24, 48 and 72 hours after in-
tranasal S. aureus infection in Wt (grey) and mrp14−/− mice (white). Data are expressed as box-and-whisker 
diagrams depicting the smallest observation, lower quartile, median, upper quartile and largest observa-
tion (6-8 mice per group at each time point). ** p<0.01, *** p<0.001 versus Wt mice at the same time point.  
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still higher in mrp14-/- mice 48 hours after infection, with more endothelialitis, bronchitis 
en edema. Histopathology analysis in this model is in correspondence to the cytokine 
data and suggests that MRP14 deficiency enhances pulmonary inflammation in murine 
S. aureus pneumonia.

To obtain additional insight in the inflammatory response at tissue level, we measured 
E-selectin levels in whole lung homogenates; the assay used does not discriminate 
between cell-bound and soluble E-selectin, and when performed on whole lung lysates 
can be used as a readout for endothelial cell activation [31]. Infection with S. aureus 
caused a brisk rise in whole lung E-selectin concentrations, peaking after 6 hours and 
strongly decreasing thereafter (Fig. 4D).  Of notice, lung E-selectin levels were higher 
in mrp14-/- mice than in Wt mice at all time points, suggesting that MRP14 deficiency is 
associated with enhanced endothelial cell activation in the lungs. 

Figure 4, Mrp14−/− mice show enhanced lung pathology during S. aureus pneumonia. Representative 
slides of lung HE staining of Wt and mrp14−/− mice 6 and 48 hours after intranasal S. aureus infection (A). The 
boxed areas are also shown at a higher magnification (B). Scalebar indicates 200 µm. Total pathology score 
at indicated time points post infection in Wt (grey) and mrp14−/− mice (white) was determined according 
to the scoring system described in the Methods section (C). E-Selectin levels were measured in lung ho-
mogenates as a marker for endothelial cell activation in Wt (Grey) and mrp14−/− mice (white) (D). Data are 
expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper 
quartile and largest observation (6-8 mice per group at each time point). * p<0.05, ** p<0.01 versus Wt mice 
at the same time point. 
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Impact of MRP14 deficiency on neutrophil influx and degranulation 

Staphylococcal pneumonia is associated with a massive influx of neutrophils, which 
is considered to play an important role in innate defence [8,9,23].  MRP8/14 has been 
implicated as an important mediator of neutrophil recruitment in various inflammatory 
conditions, including pneumonia [14,15]. We studied the recruitment of neutrophils 
into the lungs using various methods. Neutrophil numbers were similar in whole lungs 
as indicated by the numbers of Ly6-G positive cells in lung tissue slides prepared from 
mrp14-/- and Wt mice between 6 and 72 hours after infection (Fig. 5A,B). Remarkably, 
pulmonary MPO concentrations, reflecting the number and degranulation of neutro-
phils in tissue, were higher in mrp14-/- mice until 48 hours post infection (Fig. 5C). In 
BAL fluid, neutrophil numbers were similar as well in both mouse strains at 6 and 24 
hours after infection.  At 48 and 72 hours, however, when the largest portion of bacteria 
had already been cleared, mrp14-/- mice showed significantly lower neutrophil numbers 
in BAL fluid (Fig. 5D). These data suggest differential effects of MRP14 deficiency on 
neutrophil recruitment in different lung compartments and on degranulation during S. 
aureus pneumonia.

Figure 5. Mrp14-/- mice display diminished neutrophil transmigration to the bronchoalveolar space. 
Representative neutrophil stainings (brown) of Wt and mrp14−/− mice  at 6 and 48 hours after induction of 
S. aureus pneumonia (A). Scalebar indicates 200 µm. Quantitation of pulmonary Ly-6G positivity (B) and 
MPO levels in whole lungs (C) 6, 24, 48 and 72 hours after infection in Wt (grey) and mrp14−/− mice (white). 
Total neutrophil numbers in BALF at 6, 24, 48 and 72 hours after intranasal S. aureus infection in Wt (grey) 
and mrp14-/- mice (white) (D). Data are expressed as box-and-whisker diagrams depicting the smallest ob-
servation, lower quartile, median, upper quartile and largest observation (6-8 mice per group at each time 
point). * p<0.05, ** p<0.01 versus Wt mice at the same time point.



203MRP8/14 in staphylococcal pneumonia

Role of MRP14 deficiency on nET formation during S. aureus pneumonia.

Earlier investigations have shown that S. aureus is a potent inducer of NET release in 
vitro and in vivo [32,33]. To determine the release of NETs in lungs during S. aureus 
pneumonia, we stained lung tissue slides from Wt and mrp14-/- mice after staphylococcal 
infection for citrullinated histone H3, a marker for NETs [34]. Staining of citrullinated H3 
showed that both mouse strains released NETs in staphylococcal pneumonia.  We next 
quantified nucleosome levels (a NET degradation product and a biomarker for NETs [35] 
in BALF (Fig. 6B). Despite the abundant presence of bacteria and neutrophils at 6 hours, 
nucleosomes were hardly detected in either mouse strain. At 24 hours, mrp14-/- mice 
showed slightly higher levels of nucleosomes compared to Wt mice, while at later time 
points mrp14-/- mice showed reduced nucleosome levels compared to Wt mice. 

DISCuSSIOn

MRSA pneumonia is associated with high morbidity and mortality rates in both immu-
nocompromised patients [6], and in previously healthy individuals without recognized 
risk factors [4,5]. Staphylococci incite excessive inflammation upon lower airway infec-
tion, which may be perpetuated by alarmins [11], thereby contributing to lung injury 
and disease severity [7]. In the current study we aimed to determine the role of MRP8/14 
in S. aureus induced pneumonia. Although MRP8/14 has been shown to facilitate the 
elimination of S. aureus in vitro [16] and after systemic infection in vivo [17,18], mrp14-

/- mice surprisingly displayed a virtually unaltered capacity to clear S. aureus from their 
airways. Remarkably and in contrast to our hypothesis, MRP14 deficiency enhanced 
inflammation in lungs after intranasal S. aureus infection. 

Figure 6. Wt and Mrp14-/- mice release nETs in lungs after S. aureus infection in the lungs.
Stainings of citrullinated H3 in lung tissue slides in Wt  and mrp14−/− mice 48 hours after intranasal S. aureus 
infection (A). Scalebar indicates 100 µm. Nucleosomes, a NET-biomarker was measured in Wt (grey) and 
mrp14−/− mice (white) (B). Data are expressed as box-and-whisker diagrams depicting the smallest obser-
vation, lower quartile, median, upper quartile and largest observation (6-8 mice per group at each time 
point). * p<0.05 versus Wt mice at the same time point.
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Human pneumonia is associated with local and systemic MRP8/14 release [36,37], 
which correlates with findings in murine pneumonia caused by Klebsiella pneumoniae 
[20] or pneumococci [14,37]. In accordance, in the current model of S. aureus pneumonia 
MRP8/14 levels in plasma and lungs were increased as well. The brisk rise of MRP8/14 
at 6 hours in lung homogenates may be a reflection of the strong proinflammatory 
stimulus induced by a high intranasal dose of S. aureus. The gradual increase of bron-
choalveolar MRP8/14, which was at least 20 times higher than in Klebsiella pneumonia 
[20], might have been due to accumulation of released MRP8/14 after a massive early 
influx of activated neutrophils, which represent a major source of this protein [38,39]. We 
previously showed that MRP8 and the neutrophil marker Ly6-G have a similar expression 
in pneumococci infected lungs [37]. 

Despite high concentrations at the primary site of infection, MRP8/14 appeared to 
have an insignificant role in local bacterial control as staphylococcal loads were largely 
similar in mrp14-/- and Wt mice. This finding is remarkable considering that MRP8/14 
has been established as an antimicrobial protein in in vitro experiments, demonstrating 
reduced staphylococcal growth and virulence via the chelation of zinc and manganese 
[16,17]; additionally, the in vivo relevance of these data were shown in mrp14-/- mice 
which displayed enhanced bacterial growth when challenged with S. aureus intrave-
nously [17,18]. It has previously been demonstrated that MRP8/14 is abundantly present 
within abscesses [40] and has its greatest antimicrobial potential within these infectious 
environments [17,18]. Distant abscess formation did not occur in our model of pneu-
monia. MRP8/14 may also inhibit bacterial growth via the formation of NETs [19,20]. We 
previously demonstrated that MRP8/14 is an important antimicrobial component within 
NETs to reduce S. aureus growth in vitro [20].  We here show that NETs are formed in S. 
aureus infected lungs of both mouse strains. Although Wt and mrp14-/- neutrophils have 
a similar capacity to release NETs [19], we observed enhanced levels of nucleosomes, 
a NET biomarker [35], in BALF of mrp14-/- mice, 24 hours after infection, which may be 
a reflection of the enhanced proinflammatory state in these mice at this time point. 
The enhanced nucleosome levels in Wt mice at 48 and 72 hours most likely reflect the 
increased number of neutrophils in the bronchoalveolar space. Interestingly, nucleo-
some levels were only present when the majority of bacteria were cleared. Previous 
investigations have already shown that NETosis may occur in vivo in the presence of 
S. aureus [33]. Not all neutrophils form NETs however, and only when bacteria are too 
large to be phagocytized, e.g. upon formation of large staphylococcal aggregates [41]. 
We speculate that a large portion of the inoculated bacteria was easily phagocytized 
by neutrophils, which therefore did not form NETs at this early time point [41]. The fact 
that nucleosomes were highly present in late stage disease may be due to NETosis in 
response to remaining bacteria that are not easily phagocytized and due to accumula-
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tion of NET-degradation products. Together these data suggest that MRP8/14 (within or 
outside of NETs) has a limited antibacterial role in staphylococcal pneumonia. 

While previous studies found proinflammatory effects of MRP8/14 under various 
pathological conditions [13], we were unable to demonstrate such a role for MRP8/14 
in S. aureus pneumonia.  In contrast, we unexpectedly observed higher cytokine and 
chemokine levels in lungs and more advanced signs of histopathology in mrp14-/- mice. 
This proinflammatory phenotype of mrp14-/- mice is unlikely explained by differences 
in bacterial loads, considering that many dissimilarities were already present at 6 hours 
after infection (when all bacterial counts were similar) and considering the only very 
modest variance in lung bacterial loads at 24 hours. It is also not explained by different 
baseline cytokine and chemokine levels, as these are similar in BAL fluid from naïve Wt 
and mrp14-/- mice [42]. Recent studies demonstrated that mrp14-/-mice have an enhanced 
maturation state of dendritic cells [43,44], and that these matured dendritic cells release 
more cytokines [44]. Notably, dendritic cells contribute to cytokine production during S. 
aureus pneumonia [45]. Further studies are needed to establish a possible role of these 
immune cells in the hyperinflammatory phenotype of mrp14-/- mice in this model.  

Several animal studies have implicated MRP8/14 as a mediator of neutrophil recruit-
ment [14,15]. In the current study, we found similar neutrophil numbers at 6 and 24 
hours after infection in BALF and lung tissue of Wt and mrp14-/- mice. At 48 and 72 hours 
after infection, however, when the bulk of bacteria had been cleared from the lungs, 
mrp14-/- mice displayed markedly diminished neutrophil numbers in BALF, suggesting 
that MRP8/14 may play a role to attract neutrophils within the bronchoalveolar com-
partment but that this lack of a chemotactic effect in mrp14-/- mice may be compensated 
for by other mechanisms induced by viable bacteria at early time points. Remarkably, 
MRP8/14 did not influence neutrophil numbers in lung tissue, as shown by Ly-6G stain-
ing, suggesting that the high MRP8/14 levels in BALF at later time points impacts on 
neutrophil transmigration into the bronchoalveolar space. Indeed, taking the dilution 
factor introduced by the BAL procedure into account, BALF MRP8/14 levels were higher 
than those in lung tissue at 48 and 72 hours post infection. Despite similar neutrophil 
numbers in whole lungs, pulmonary MPO levels were increased in mrp14-/- mice, 
suggesting enhanced degranulation of neutrophils, which may be secondary to the 
enhanced inflammatory state. Notably, MRP14 deficiency did not impact on viability of 
neutrophils, or on neutrophil expression of adhesion receptors or respiratory burst in 
previous studies [21,22]. 

Previous studies have shown that endothelial cell activation as shown by E-selectin 
levels is enhanced by MRP8/14 [15,46]. Hence, we reason that the increased E-selectin 
levels in total lung homogenates of mrp14-/- mice may be due to the enhanced inflam-
matory state as well.
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A limitation of our study is that mice are relatively resistant to S. aureus infection 
compared to humans, at least in part due to the inability of this bacterium to release 
iron from murine hemoglobin [47]. To model clinical pneumonia, mice have to be 
intranasally inoculated with high staphylococcal doses [7]. Extrapolation of our results 
to the human situation should therefore be done with caution. In addition, our study 
does not provide insight into which cell-type drives the phenotype of mrp14-/- mice. 
Although neutrophils are likely most important, adoptive transfer and/or bone marrow 
transplantation studies are required to obtain proof for this. While the former approach 
is technically challenging in mice, the latter approach might be less feasible considering 
incomplete replacement of alveolar macrophages [48]. 

In conclusion, we here document that S. aureus pneumonia is associated with ac-
cumulating MRP8/14 in the lungs, which promotes neutrophil transmigration to the 
bronchoalveolar space but has a limited role in clearance of bacteria from the airways. 
MRP14 deficiency is associated with enhanced pulmonary inflammation, neutrophil 
degranulation and endothelial cell activation in S. aureus pneumonia, suggesting that 
MRP8/14 may serve an unexpected lung protective role in severe S. aureus pneumonia. 
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AbSTRACT

Staphylococcus (S.) aureus is the most common cause of skin and soft tissue infections. 
Staphylococcal skin infections often result in the formation of neutrophil abscesses 
which contain high quantities of antimicrobial proteins such as the myeloid-related 
protein (MRP)8-MRP14 complex (MRP8/14). MRP8/14 is the most abundant cytosolic 
protein in neutrophils, which is actively secreted at infectious sites and has been shown 
to exert antimicrobial, proinflammatory and chemotactic activity. In the current study 
we sought to determine the role of MRP8/14 in the host response during S. aureus skin 
infection. Wild-type and MRP8/14 deficient mice were infected subcutaneously with S. 
aureus and bacterial loads and local inflammation were quantified at regular intervals up 
to 12 days after infection. While MRP8/14 did not influence the formation of abscesses, it 
facilitated the elimination of S. aureus and promoted neutrophil transmigration and the 
cutaneous inflammatory response. Together our data suggest that MRP8/14 is a protec-
tive mediator in S. aureus skin disease.



213MRP8/14 in staphylococcal skin infection

InTRODuCTIOn

Staphylococcus (S.) aureus is an important causative pathogen for both hospital-acquired 
and community-onset infections [1]. This gram-positive bacterium is primarily involved 
in skin and soft tissue infections [2,3]. Given the emergence of virulent and antibiotic 
resistant strains [4-6], more understanding of immune responses is needed, which could 
help to identify new therapies for staphylococcal disease.

Staphylococci that invade the skin induce an early cutaneous immune response 
to attract neutrophils that form an abscess at the infected site [7-9]. Neutrophil ab-
scesses contain high quantities of antimicrobial peptides, including the heterodimer 
of myeloid-related protein (MRP)8 and MRP14 (MRP8/14 or calprotectin) [7,10,11]. 
MRP8/14 is the most abundant cytoplasmic protein in the neutrophil cytosol and can be 
actively secreted at infectious sites [12,13]. Previous studies have shown that MRP8/14 is 
a strong inhibitor of staphylococcal growth and virulence in vitro, which is mediated by 
the chelation of divalent cations zinc and manganese [11,14,15]. Accordingly, MRP8/14 
improves host defense in vivo when staphylococci are injected into the mouse tail vein 
[11,14].  Next to its antimicrobial effects, MRP8/14 induces a variety of proinflammatory 
immune responses including the enhancement of cytokine release via Toll-like receptor 
4 [16] and the recruitment of neutrophils [17-20]. 

In the current study, we aimed to determine the role of MRP8/14 in S. aureus induced 
skin infection in mice. We demonstrate that MRP8/14 reduces staphylococcal outgrowth 
in skin abscesses. In addition, MRP8/14 contributed to the cutaneous cytokine response 
and to neutrophil infiltration. Our data suggest a protective role for MRP8/14 in staphy-
lococcal skin disease.

METHODS

Mice 

C57Bl/6 Wild type (Wt) mice were purchased from Charles River Laboratories Inc. 
(Maastricht, the Netherlands). MRP14 deficient (Mrp14-/-) mice, backcrossed > 10 times 
to a C57Bl/6 background were generated as described [21] and bred in the animal facil-
ity of the Academic Medical Center (Amsterdam, the Netherlands).  Experiments were 
carried out in accordance with the Dutch Experiment on Animals Act and approved by 
the Animal Care and Use Committee of the University of Amsterdam (Permit number: 
DIX102552).
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Design

Abscess formation in mice was induced as previously described [22]. In short mice were 
lightly anesthesized by inhalation of isoflurane (Abbot Laboratories, Queensborough, 
Kent, UK), shaved at the right flank and subcutaneously injected with a suspension of 
1x105 colony forming units (CFU) of S. aureus (Newman strain) in phosphate buffered 
saline (PBS) that was mixed with an equal volume of autoclaved dextran beads in PBS 
(Cytodex-1 microcarrier beads; Sigma, St. Louis, Missouri) which was prepared accord-
ing to the manufacturer’s instructions, in a total volume of 100 μl (n=7-8 per strain). 
Abscesses were serially measured with a digital calliper for 12 days. In addition, mice 
were sacrificed at 6 hours or 1, 2, 4, 8 or 12 days post infection. After euthanization 
abscesses were excised using 8 mm punch biopsies (Stiefel, Wächtersbarg, Germany) 
and homogenised in 4 ml sterile isotonic saline. To determine bacterial loads, ten-fold 
dilutions were plated on blood agar plates and incubated at 37°C for 16 h. 

Assays

Homogenates were processed for cytokine measurements as described [23]. Tumor ne-
crosis factor (TNF)-α, interleukin (IL)-1β, IL-6, macrophage inflammatory protein (MIP)-2 
(all R&D systems, Minneapolis, MN) and Myeloperoxidase (MPO; Hycult Biotechnology 
BV, Uden, the Netherlands) concentrations were measured in skin homogenates using 
ELISAs according to manufacturer’s recommendations and expressed per mg tissue. 

Statistical analysis

Data are expressed as mean ± SEM, as box-and-whisker diagrams depicting the small-
est observation, lower quartile, median, upper quartile and largest observation or as 
medians and interquartile ranges. Differences between mrp14-/- and Wt mice were 
analyzed by Mann-Whitney U test. Analyses were done using GraphPad Prism version 
5.0 (Graphpad Software, San Diego, CA). Values of p < 0.05 were considered statistically 
significant different. 

RESulTS  AnD DISCuSSIOn

MRP8/14 reduces staphylococcal outgrowth in skin abscesses

Staphylococcal skin infections often develop into neutrophil abscesses that contain an 
abundance of neutrophil-released MRP8/14[10,11].  MRP8/14 is involved in a variety of 
innate immune responses [15-19]. To study the role of MRP8/14 in S. aureus skin infec-
tion we used an abscess model in which staphylococci (105 CFU) were injected subcu-
taneously together with dextran beads [22]  in Wt and mrp14-/- mice.  Mrp14-/- mice lack 
MRP8 at a protein level, despite normal MRP8 mRNA levels, and are therefore considered 
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deficient for MRP8/14 [16,21,24]. Serial measurements of lesional sizes in Wt and mrp14-

/- mice showed no statistical differences for up to 12 days (Figure 1A). Interestingly, 
however, mrp14-/- mice showed a trend towards larger abscess areas when compared 
to Wt mice in the first 4 days. At day 4, 7 out 8 mrp14-/- mice against 1 out 8 Wt mice, 
developed a skin ulcer (Figure 1B). Skin ulcers quickly resolved in all mice, which led 
to accelerated skin recovery and a trend towards smaller lesional areas in mrp14-/- mice 
when compared to Wt mice in the days thereafter. 

Previous studies have shown that MRP8/14 reduces staphylococcal growth and viru-
lence in infectious environments due to chelation of zinc and manganese [11,14,15]. 
Assessment of bacterial loads in standardized punch biopsies taken from the infection 
site at predetermined time points after infection showed enhanced bacterial outgrowth 
in mrp14-/-mice at 1 and 4 days post infection (Figure 2). No differences in bacterial loads 
were detected thereafter. At day 12, the majority of bacteria were cleared in both Wt 
and mrp14-/- mice, indicating that MRP8/14 is not indispensable for clearing S. aureus 
from the skin. The antimicrobial properties of MRP8/14 may be facilitated by neutrophil 
extracellular traps (NETs) [25]. We recently demonstrated that blocking MRP8/14 in NETs, 
reduced NET-mediated growth inhibition of staphylococci in vitro [26]. Staphylococci are 
potent inducers for neutrophils to form NETs in vivo [27]. It remains to be established 
however whether NETs play a role in S. aureus skin infection. Altogether, our data showed 
that while MRP8/14 does not influence the formation of abscesses, it can facilitate the 
elimination of S. aureus, establishing the role of MRP8/14 as a growth-inhibiting factor.  

Figure 1. MRP8/14 does not influence abscess formation. 
Serially measured abscess areas in Wt (closed dots) and mrp14 -/- (open dots) mice until 12 days after subcu-
taneous infection with 1x105 cfu (A) expressed as means ± SEM (n = 8 mice) and representative skin lesions 
of Wt and mrp14−/− mice at 4 days post infection (B). 
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MRP8/14 enhances the cutaneous inflammatory response after S. aureus 
infection

Neutrophil recruitment is the hallmark for abscess formation during S. aureus skin infec-
tion [7]. Previous data have implicated MRP8/14 as a mediator of neutrophil recruitment 
in various inflammatory conditions [17-20]. In murine air pouch models, leukocyte influx 
under the skin was attenuated after pretreatment with blocking antibodies directed 
against MRP8 and MRP14 in response to LPS [18] or monosodium urate crystals [20]. 
To determine local influx of neutrophils in S. aureus skin infected sites, we measured 
total MPO concentrations in skin homogenates, which correlates with the degree of 
infiltrated neutrophils [28]. Levels of this surrogate marker for neutrophils in the skin 
were reduced in mrp14-/- mice at 2 and 12 days after infection compared to Wt mice 
(Table 1), suggesting that MRP8/14 promotes leukocyte recruitment during infectious 
skin conditions as well. 

Next to a role in chemotaxis, MRP8/14 has been shown to enhance the proinflam-
matory response in various pathological conditions [16]. To determine the role of 
MRP8/14 in the cutaneous cytokine and chemokine response we performed ELISAs on 
homogenized skin biopsies of infected sites(Table 1). We here showed reduced cytokine 
levels of TNF-α (1 to 8 days after infection), IL-1β (2 and 12 days after infection) and 
IL-6 (2 and 8 days after infection). Interestingly, IL-6 levels were enhanced in mrp14−/− 
mice, 24 hours after infection, which may have been a reflection of enhanced bacterial 
outgrowth at this time point. Of note, IL-1β levels showed a remarkable correspondence 
with MPO levels. Previous studies have shown that IL-1β is essential in S. aureus skin 

Figure 2. MRP8/14 reduces bacterial loads after subcutaneous S. aureus infection. 
Wt (grey) and mrp14 -/- (white) mice were subcutaneously infected with 1x105 cfu S. aureus. Bacterial loads 
were then determined in standardized punch biopsies of the infected site in euthanized mice after 6 hours 
or 1, 2, 4, 8 or 12 days. Data are expressed as cfu/ml per abscess in box-and-whisker diagrams depicting the 
smallest observation, lower quartile, median, upper quartile and largest observation. (8 mice per group at 
each time point). ** p<0.01, versus Wt mice at the same time point. 



217MRP8/14 in staphylococcal skin infection

W
t

m
rp

14
-/

-
W

t
m

rp
14

-/
-

W
t

m
rp

14
-/

-
W

t
m

rp
14

-/
-

W
t

m
rp

14
-/

-
W

t
m

rp
14

-/
-

6h
1D

2D
4D

8D
12

D

M
PO

16
1 

(5
6-

28
3)

92
 (7

2-
13

8)
17

4 
(8

8-
35

0)
24

9 
(5

5-
52

0)
86

4 
(6

90
-1

09
6)

43
0 

(6
-4

56
)*

*
68

8 
(1

50
-1

12
9)

56
1 

(3
29

-1
06

1)
16

7 
(4

1-
55

9)
67

 (2
4-

60
7)

49
 (1

1-
12

59
)

3 
(2

-1
3)

*

Tn
F-

α
12

 (5
-4

6)
7(

6-
13

)
11

 (8
-1

4)
7 

(6
-8

)*
*

10
 (9

-1
5)

5 
(5

-8
)*

*
7 

(5
-8

)
5 

(3
-6

)*
6 

(5
-1

1)
5 

(4
-5

)*
6 

(5
-7

)
4 

(4
-6

)

Il
-1

β
54

 (3
8-

12
5)

51
 (3

9-
61

)
58

 (4
0-

80
)

85
 (2

4-
10

4)
11

5 
(9

5-
15

3)
35

 (2
3-

62
)*

*
43

 (1
4-

52
)

41
 (2

7-
71

)
67

 (1
6-

83
)

34
 (2

1-
85

)
19

 (5
-4

5)
5 

(4
-8

)*

Il
-6

79
( 6

8-
10

7)
67

 (5
3-

10
3)

13
 (8

-1
6)

28
 (2

3-
35

)*
22

 (1
2-

31
)

11
 (6

-1
6)

**
10

 (8
-1

2)
11

 (7
-1

3)
9 

(5
-1

7)
4 

(4
-6

)*
4 

(3
-5

)
6 

(4
-8

)

M
IP

-2
14

6 
(9

2-
19

4)
85

 (6
7-

11
7)

10
5 

(6
1-

18
7)

19
4 

(3
9-

23
4)

58
8 

(5
45

-8
52

)
22

9 
(9

0-
26

8)
**

*
37

5 
(1

44
-5

11
)

20
5 

(1
49

-3
53

)
29

6 
(1

21
-6

37
)

11
9 

(5
4-

19
8)

*
56

 (1
9-

47
6)

27
 (1

4-
32

)

Ta
bl

e 
1.

 M
RP

8/
14

 p
ro

m
ot

es
 th

e 
cu

ta
ne

ou
s 

cy
to

ki
ne

 re
sp

on
se

 in
 S

. a
ur

eu
s 

 im
m

un
e 

re
sp

on
se

 M
PO

, c
yt

ok
in

e 
(T

N
F-

α,
 IL

-1
β,

 IL
-6

) a
nd

 c
he

m
ok

in
e 

(M
IP

-2
) l

ev
el

s 
(p

g/
m

g 
tis

su
e)

 in
 sk

in
 h

om
og

en
at

es
 a

t d
iff

er
en

t t
im

e 
po

in
ts

 a
ft

er
 su

bc
ut

an
eo

us
 S

. a
ur

eu
s i

nf
ec

tio
n 

in
 W

t a
nd

 m
rp

14
−/

−  m
ic

e.
 D

at
a 

ar
e 

ex
pr

es
se

d 
as

 m
ed

ia
ns

 a
nd

 in
te

rq
ua

rt
ile

 
ra

ng
es

 (7
-8

 m
ic

e 
pe

r g
ro

up
 a

t e
ac

h 
tim

e 
po

in
t)

.*
p<

0.
05

, *
* 

p<
0.

01
, *

**
 p

<0
.0

01
 v

er
su

s W
t m

ic
e 

at
 th

e 
sa

m
e 

tim
e 

po
in

t



218 Chapter 11

infections as it promotes neutrophil recruitment by inducing chemokines via activa-
tion of IL-1R/MyD88-signaling [29,30]. Conversely, these neutrophils (initially recruited 
after S. aureus-induced inflammation in the skin) are producers of IL-1β (which thereby 
sustain neutrophil recruitment and abscess formation) [28]. The chemokine MIP-2 was 
reduced in mrp14−/− mice as well (at 2 and 8 days post infection). These data indicate 
that MRP8/14 promotes neutrophil transmigration and the cutaneous inflammatory 
response in S. aureus skin disease. Together with enhanced bacterial elimination, our 
data suggest that MRP8/14 is a protective mediator in S. aureus skin disease.
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AbSTRACT

S100A12 is highly expressed, and serum levels correlate with individual disease activ-
ity in patients with inflammatory diseases. We here sought to determine the extent 
of S100A12 release and its soluble high-affinity receptor for advanced glycation end 
products (sRAGE) in patients with severe sepsis stratified to the three most common 
infectious sources (lungs, abdomen, and urinary tract) and to determine S100A12 and 
sRAGE concentrations at the site of infection during peritonitis. Two patient populations 
were studied: (a) 51 patients with sepsis due to (i) peritonitis (n = 12), (ii) pneumonia (n = 
29), or (iii) urinary tract infection (n = 10); and (b) 17 patients with peritonitis. In addition, 
eight healthy humans were studied after intravenous injection of lipopolysaccharide 
(4 ng/kg). Compared with healthy volunteers, patients with severe sepsis displayed 
increased circulating S100A12 concentrations at day 0 (591.2 ± 101.0 vs. 106.2 ± 15.6 
ng/mL [control subjects], P < 0.0001) and at day 3 (637.2 ± 111.2 vs. 106.2 ± 15.6 ng/mL 
[control subjects], P < 0.0001). All three severe sepsis subgroups had elevated serum 
S100A12 concentrations at both time points (sepsis due to [i] peritonitis [393.5 ± 89.9 at 
day 0 and 337.9 ± 97.2 at day 3 vs. 106.2 ± 15.6 ng/mL, control subjects, P < 0.005 and 
P < 0.05, respectively]; [ii] pneumonia [716.9 ± 167.0 at day 0 and 787.5 ± 164.7 at day 
3 vs. 106.2 ± 15.6 ng/mL, control subjects, both P < 0.0001]; and [iii] urinary tract infec-
tion [464.2 ± 115.6 at day 0 and 545.6 ± 254.9 at day 3 vs. 106.2 ± 15.6 ng/mL, control 
subjects, P < 0.0001 and P < 0.05, respectively]). Remarkably, patients with sepsis due to 
pneumonia had the highest S100A12 levels (716.9 ± 167.0 and 787.5 ± 164.7 ng/mL at 
days 0 and 3, respectively). S100A12 levels were not correlated to either Acute Physiol-
ogy and Chronic Health Evaluation II scores (r = -0.185, P = 0.19) or Sepsis-Related Organ 
Failure Assessment scores (r = -0.194, P = 0.17). Intravenous lipopolysaccharide injection 
in healthy humans elevated systemic S100A12 levels (peak levels at 3 h of 59.6 ± 22.0 vs. 
12.4 ± 3.6 ng/mL; t = 0 h, P < 0.005). In contrast to S100A12, sRAGE concentrations did 
not change during severe sepsis or human endotoxemia. During peritonitis, S100A12 
concentrations in abdominal fluid (12945.8 ± 4142.1 ng/mL) were more than 100-fold 
higher than in concurrently obtained plasma (121.2 ± 80.4 ng/mL, P < 0.0005), whereas 
sRAGE levels in abdominal fluid (148.8 ± 36.0 pg/mL) were lower than those in plasma 
(648.7 ± 145.6 pg/mL, P < 0.005) and did not increase. In conclusion, in severe sepsis, 
S100A12 is released systemically irrespective of the primary source of infection. During 
abdominal sepsis, S100A12 release likely predominantly occurs at the site of infection. 
Concentrations of its high-affinity sRAGE do not change during infection or human 
endotoxemia.
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InTRODuCTIOn

Sepsis remains a common and serious problem in clinical medicine today. Attempts to 
improve the outcome of sepsis by immune modulatory strategies have been largely 
unsuccessful, at least in part because of an incomplete understanding of the septic 
process. In sepsis, the lung is the primary source of infection (35%–54%), followed by 
the abdomen (20%–28%) and the urinary tract (8%–13%)[1,2]. 

S100A12 (or myeloid-related protein (MRP)-6 or calcitermin) is a calcium binding 
protein expressed in the cytoplasm of neutrophils [3]. It was identified and isolated 
from resting neutrophils, wherein it comprises 5% of the cytosolic protein [4]. Besides 
in neutrophils, S100A12 is also found in monocytes and lymphocytes [4]. S100A12 was 
the first S100 protein for which a receptor had been described. A specific binding with 
the C1 domain of RAGE has been reported [5]. Of note, S100A12 has been suggested 
as a biomarker of neutrophil activation in inflammatory diseases, including sepsis and 
pulmonary infections [6–8]. Previously, a multivariate regression model predicting for 
S100A12 revealed that clinical history of cardiovascular disease and inflammationwere 
independently associated with S100A12 levels in hemodialysis patients [9].

RAGE is a multiligand receptor of the immunoglobulin superfamily that is expressed at 
a high level in the lungs and at a lower level in normal adult tissues [10]. The interaction 
of S100A12 as well as other ligands with RAGE leads to activation of proinflammatory 
signaling cascades. RAGE deficiency improved survival in murine models of abdominal 
polymicrobial sepsis induced by cecal ligation and puncture (CLP) [11,12] and pneumo-
nia induced either by Streptococcus pneumoniae or by influenza A virus [13,14]. Since a 
functional s100a12 gene is absent in the murine genome [15], and other RAGE ligands 
have been described to play a role in pneumonia and sepsis [16–18], non-S100A12 
mediated RAGE effects play an important role in the pathogenesis of pneumonia and 
sepsis as well.

Soluble RAGE (sRAGE) is a truncated form of the full length cell surface receptor and is 
composed of the extracellular ligand-binding domain (V-C-C’) only, lacking the cytosolic 
and transmembrane domains (i.e. the parts that transfer a signal into the cell). sRAGE 
can compete with full length cell-surface RAGE for ligand binding, preventing these 
ligands to bind to their receptors (including RAGE) and/or to exert effects otherwise; 
sRAGE administration decreased inflammatory responses in several animal models. In 
humans, S100A12 is one possible candidate to be targeted by sRAGE in inflammatory 
diseases, and S100A12 concentrations are high in serum of patients with inflammatory 
bowel disease, cystic fibrosis, rheumatoid arthritis and severe infection [6–8]. Although 
many RAGE ligands are promiscuous with regard to receptor use, S100A12 has only 
been shown to bind to RAGE. 
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In this study, we sought to determine S100A12 and sRAGE levels in patients with 
severe sepsis stratified to the three most common primary sources of infection (lungs, 
abdomen and urinary tract) and in human endotoxemia. In addition, we measured lo-
cal S100A12 and sRAGE concentrations in abdominal fluid obtained from patients with 
peritonitis in a separate population. 

MATERIAlS AnD METHODS

Patients and design

All studies were approved by the scientific and ethics committees of the Academic 
Medical Center (Amsterdam, the Netherlands), the St. Luc University Hospital (Brussels, 
Belgium), and Cliniques St. Pierre’s (Ottignies, Belgium). Written informed consent was 
obtained from all subjects or their relatives. The study included two separate patient 
populations described in detail previously [19,20]. The first population comprised 51 
patients with severe sepsis (68 ± 2 years, 31 males), defined as a known or suspected 
infection plus a systemic inflammatory response syndrome and failure of at least one 
organ [21]; these patients were admitted to the intensive care unit (ICU) of either St. Luc 
University Hospital or Cliniques St. Pierre’s on the day the diagnosis of severe sepsis was 
made (day 0), and serum was obtained at days 0 and 3. A total of 31 healthy subjects 
served as control subjects. The second population consisted of 17 patients with perito-
nitis (61 ± 4 years, nine males) admitted to the surgical ward of the Academic Medical 
Center; these patients were part of a previous study examining the effect of peritonitis 
on coagulation and fibrinolysis [22]. In this study, patients were included with secondary 
peritonitis, requiring emergency laparotomy, caused by perforation of a visceral organ 
(n = 8), anastomotic leakage (n = 7), or other causes (n = 2). Exclusion criteria were Acute 
Physiology and Chronic Health Evaluation (APACHE) II score of 10 points or les (to ensure 
comparable disease severity), age younger than 18 or older than 80 years, abdominal 
infection related to continuous ambulant peritoneal dialysis or endoscopy (within 24 h), 
and acute pancreatitis. Abdominal fluid was aspirated with a syringe from an abdominal 
drain in cavum Douglasi. EDTA-anticoagulated blood and abdominal fluid samples were 
taken at index laparotomy for peritonitis (t = 0) and after 1, 2, and 3 days

In addition to these two patient populations, eight healthy males (22.6 ± 0.6 years) 
were studied after intravenous injection of Escherichia (E.) coli lipopolysaccharide (LPS) 
(lot G, United States Pharmacopeial Convention, Rockville, MD) at a dose of 4 ng/kg. 
EDTA anticoagulated blood was obtained before and 0, 3, 6, 8 and 24 h after challenge. 
Parts of the results of this study have been published before [19,20].
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Measurements and assays

Data were collected prospectively from patient records, patient data management 
system (at the intensive care unit) and hospital information system. The following 
variables were collected when appropriate: APACHE-II and sepsis-related organ failure 
assessment (SOFA) scores (at admission [day 0]), date of birth, sex, presence of septic 
shock, of organ dysfunction (both defined according to the consensus published in 2009 
[21], length of intensive care stay and of hospital stay, blood culture results and date of 
death. Data from the two distinct patient studies (and from the LPS volunteer studyl) 
were analyzed separately. S100A12 concentrations were analyzed by an enzyme-linked 
immunosorbent assay as described before [7,23]. sRAGE levels were determined using 
a commercially available enzyme-linked immunosorbent assay kit (Quantikine, R&D 
systems, Minneapolis, Minn.) according to the manufacturer’s protocol. 

Statistical analysis

Data are presented as mean ± SEM or median with 25th and 75th percentiles, where 
appropriate. Differences between sepsis groups (and control subjects) were assessed 
with nonparametric repeated-measures analysis of variance of Kruskal-Wallis test. 
Differences in time after intravenous LPS in healthy volunteers were compared using 
nonparametric repeated measures of variances. Differences between time points within 
groups were compared using the Wilcoxon signed rank test. Correlations were calcu-
lated using Spearman’s rho test. A Mann-Whitney U test was used to compare S100A12 
levels between abdominal fluid and blood samples within the group of patients with 
peritonitis. P < 0.05 was considered to represent a statistically significant difference.

RESulTS

Severe sepsis results in elevated systemic S100A12 levels irrespective of the 
source of infection, whereas sRAGE concentrations do not change

The demographic and clinical characteristics of patients with severe sepsis are presented 
in Table 1. In total, 51 patients were included, with an overall in-hospital mortality of 
45%. The primary source of infection was the lungs in 29 patients (52%), the abdomen 
in 12 patients (24%), and the urinary tract in 10 patients (20%). Compared with healthy 
volunteers (aged 64 ± 6.1 years, mean ± SEM, 65% male), the overall group of patients 
with sepsis (aged 68 ± 1.6 years, mean ± SEM, 61% male) showed increased circulating 
S100A12 levels both at day 0 (591.2 ± 101.0 vs. 106.2 ± 15.6 ng/mL [control subjects], 
P < 0.0001) and at day 3 (637.2 ± 111.2 vs. 106.2 ± 15.6 ng/mL [control subjects], P < 
0.0001; Fig. 1A). All three severe sepsis subgroups with (i) peritonitis, (ii) pneumonia, 
or (iii) urinary tract infection as primary infection displayed elevated serum S100A12 
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concentrations at days 0 and 3 relatively to the control subjects (sepsis due to [i] peri-
tonitis [393.5 ± 89.9 at day 0 and 337.9 ± 97.2 at day 3 vs. 106.2 ± 15.6 ng/mL, healthy 
volunteers; P < 0.005 and P < 0.05, respectively; Fig. 1B], [ii] pneumonia [716.9 ± 167.0 
at day 0 and 787.5 ± 164.7 at day 3 vs. 106.2 ± 15.6 ng/mL, healthy volunteers; both P < 
0.0001; Fig. 1C]; and [iii] urinary tract infection [464.2 ± 115.6 at day 0 and 545.6 ± 254.9 
at day 3 vs. 106.2 ± 15.6 ng/mL, healthy volunteers; P < 0.0001 and P < 0.05, respectively; 
Fig. 1D]). Remarkably, patients with sepsis due to pneumonia had the highest S100A12 
serum levels (716.9 and 787.5 ng/mL at days 0 and 3, respectively; Fig. 1C). There was no 
apparent correlation between serum S100A12 concentrations and the severity of dis-
ease at admission (day 0): serum S100A12 did not correlate with either APACHE II scores 
(r = -0.185, P = 0.19) or SOFA scores (r = -0.194, P = 0.17). Median serum S100A12 levels 
in survivors and nonsurvivors were 365 and 265 ng/mL, respectively (with 25%–75% IQR 
of 173 and 91–835, respectively).

S100A12 is a high-affinity ligand for (s)RAGE [5,24]. We next measured sRAGE in these 
patients with severe sepsis. Relative to healthy controls, neither the total sepsis popula-
tion nor any of the subgroups with different infectious sources demonstrated changes 
in sRAGE concentrations at day 0 or day 3 (Fig. 2A-D). Together, these data suggest that 
sepsis results in a sustained elevation of serum S100A12 concentrations irrespective of 

Characteristics Patients with sever 
sepsis, n=51(100)

Patients with sepsis
due to peritonitis, 
n=12 (24)

Patients with sepsis
due to pneumonia, 
n=29 (57)

Patients with sepsis
due to UTI, n=10 
(20)

Age, y 68 ± 1.6 63 ± 4.0 69 ± 1.9 69 ± 3.6

Male sex 31 (61) 9 (75) 16 (55) 6 (60)

APACHE II score 27 ± 1.1 27 ± 1.9 26 ± 1.5 29 ± 2.6

SOFA score 10 ± 0.6 10 ± 1.1 9 ± 0.9 11 ± 0.7

Shock* 35 (69) 8 (67) 21 (72) 6 (60)

Respiratory failure* 32 (63) 2 (17) 25 (86) 5 (50)

Renal failure* 25 (49) 4 (33) 14 (48) 7 (70)

Metabolic acidosis* 20 (39) 6 (50) 8 (28) 6 (60)

Thrombocytopenia* 17 (33) 6 (50) 5 (17) 6 (60)

INR 1.6 ± 0.1 2.4 ± 0.5 1.3 ± 0.1 1.8 ± 0.3

Use of steroids 25 (56) 8 (67) 13 (45) 4 (40)

ICU stay, d 10 (4-25) 15 (7-29) 10 (4-22) 8 (2-14)

Hospital stay, d 23 (12-41) 30 (13-49) 20 (12-36) 31 (14-52)

Positive blood culture 23 (45) 6 (50) 11 (38) 6 (60)

Mortality 23 (45) 8 (67) 12 (41) 3 (30)

Table 1. Characteristics of patients with severe sepsis, stratified to the source of infection Data are 
mean ± SEM, median (25%-75% interquartile range), or no. (%). *Defined according to the 1992/2009 Amer-
ican College of Chest Physicians/Society of Critical Care Medicine Consensus Conference guidelines [21].
UTI indicates urinary tract infection; INR, international normalized ratio.
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Figure 1. Systemic S100A12 levels in patients with severe sepsis. Serum S100A12 concentrations from pa-
tients with severe sepsis (all patients, n = 51, A) and subgroups of patients with sepsis with different infec-
tious sources: abdomen (peritonitis, n = 12, B), lungs (pneumonia, n = 29, C), and urinary tract (UTI, n = 10, 
D) and from control subjects (n = 31). Data are mean ± SEM. *P < 0.05, **P < 0.005, ***P < 0.0005 vs. control 
subjects.
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Figure 2. Systemic sRAGE levels in patients with severe sepsis. Serum sRAGE concentrations from patients 
with severe sepsis (all patients, n = 51, A) and subgroups of patients with sepsis with different infectious 
sources: abdomen (peritonitis, n = 12, B), lungs (pneumonia, n = 29, C), and urinary tract (UTI, n = 10, D) and 
from control subjects (n = 31). Data are mean ± SEM.
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the source of the infection and that this response is not related to the severity of disease. 
Concurrently, the levels of its high-affinity decoy-receptor sRAGE are unaffected during 
sepsis.

Human endotoxemia is associated with systemic S100A12 release but does not 
influence circulating sRAGE levels.

To investigate whether intravenous LPS induces S100A12 release in humans in vivo, 
peripheral blood was obtained from healthy volunteers intravenously injected with 
endotoxin and S100A12 was measured before and 3, 6, 8 and 24 h thereafter. Infusion 
of LPS was associated with a rapid increase in S100A12 concentrations, reaching peak 
levels after 3 h of 59.6 ± 22.0 vs. 12.4 ± 3.6 ng/mL; t = 0 h, P < 0.005 (Fig. 3A). At 24 hrs, 
S100A12 concentrations had returned to baselines levels (Fig. 3A). To determine whether 
human endotoxemia affects systemic sRAGE concentrations, we measuredsRAGE levels 
in concurrently obtained samples. Unlike S100A12, sRAGE levels were not influenced by 
intravenous LPS injection  (Fig. 3B). 

Peritonitis is associated with local S100A12 but not sRAGE release.

To evaluate whether S100A12 and sRAGE release occurs at the site of infection, we mea-
sured these molecules in the abdominal fluid of patients with peritonitis (n = 17). The 
demographic and clinical characteristics are presented in Table 2. At t = 0 hrs, S100A12 
concentrations in abdominal fluid (12,945.8 ± 4,142.1 ng/mL) were more than 100-fold 
higher than in concurrently obtained plasma (121.2 ± 80.4 ng/mL, P < 0.0005), and these 

Figure 3. Lipopolysaccharide-induced S100A12 and sRAGE release in healthy humans. Plasma S100A12 (A) 
and sRAGE (B) concentrations in healthy volunteers (n = 8) intravenously (i.v.) challenged with LPS (4 ng/
kg, t = 0 h). Data are mean ± SEM. **P < 0.005 vs. t = 0 h. These data are part of a manuscript in preparation.
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local levels remained elevated throughout the 3-day sampling period, but declined to 
about relatively 50- and 25-fold higher than in plasma (p < .0005 at all time points) 
(Fig. 4A). Of note, the S100A12 plasma concentrations of the patients with peritonitis 
during the whole sampling-period were higher than the pre-LPS values of the healthy 
volunteers (with a mean of 12 ng/ml at t = 0 h; Fig. 3A). In contrast to the S100A12 values 
in the patients with pertonitis, concentrations of sRAGE in abdominal fluid were lower 
than in plasma (648.7 ± 145.6 pg/mL, P < 0.005) and did not change in both compart-
ments during peritonitis (Fig. 4B). 

Characteristics Patients with peritonitis (n=17)

Age, y 61 ± 4.0

Male sex 9 (53)

APACHE II score 14 ± 0.8

SOFA score 7 ± 1.4

ICU stay, d 5 (1-20)

Hospital stay, d 30 (17-53)

28 day mortality 0

Etiology of peritonitis

     Perforation 8 (47)

     Anastomotic leakage 7 (41)

     Abscess 1 (6)

     Other 1 (6)

Table 2. Characteristics of patients with severe sepsis, stratified to the source of infection Data are 
mean ± SEM, median (25%-75% interquartile range), or no. (%).

Figure 4. Local S100A12 and sRAGE concentrations during peritonitis. S100A12 (A) and sRAGE (B) concen-
trations in abdominal fluid and plasma from patients with peritonitis (n = 17). Data are mean ± SEM. **P < 
0.005, ***P < 0.0005 for abdominal fluid vs. plasma.
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DISCuSSIOn

Sepsis remains a life-threatening condition associated with bacterial systemic dissemi-
nation and shock. S100A12 is highly expressed at sites of local inflammation, and serum 
concentrations correlate with individual disease activity in patients with inflammatory 
diseases [7,25]. We here sought to determine the extent of S100A12 release and its 
(soluble) receptor sRAGE in patients with severe sepsis. We demonstrate that the levels 
of S100A12 are increased in the circulation of patients with sepsis of various origins, 
whereas sRAGE levels do not change. Importantly, patients with peritonitis showed 
strongly elevated S100A12 levels in abdominal fluid compared with plasma values. 
These data show for the first time that, in patients with severe infection, S100A12 release 
occurs at the primary site of infection. 

Our findings of elevated serum concentrations of S100A12 in patients with severe 
infection confirm and extend results from a previous study. In this article describing 
S100A12 as a neutrophil product during chronic active inflammatory bowel disease, 
Foell et al. [7] reported increased S100A12 serum levels in patients either with Crohn 
disease, colitis ulcerosa, or severe bacterial infection compared with healthy volunteers. 
From these patient groups, the patients with severe bacterial infection (n = 15) dem-
onstrated the highest values with a mean of 630 ng/mL (233 ng/mL), which is compa-
rable with our observed S100A12 serum levels in patients with severe sepsis. Kikkawa 
et al. [26] investigated postoperative S100A12 serum concentrations in patients who 
underwent emergency surgery because of sepsis secondary to perforation of the lower 
gastrointestinal tract. They found higher S100A12 levels in patients who developed 
acute lung injury (ALI) relative to patients who did not develop ALI. With the aim of that 
study to determine whether S100A12 (or sRAGE) is a useful marker for the development 
of ALI in patients with postoperative sepsis, serum levels of healthy humans were not 
reported. Furthermore, the detection method of S100A12 differed from the present and 
former [7] study, making the results difficult to interpret or to compare with our studies. 
In addition, Payen et al.[27] demonstrated that mRNA S100A12 expression by circulating 
leukocytes in patients with septic shock is diminished during the recovery phase. Other 
studies found that S100A12 protein is strongly expressed in inflammatory diseases such 
as cystic fibrosis, atherosclerosis, and rheumatoid arthritis [6,28–31]. 

Previously, Wittkowski et al. [32] excluded the possibility that complexes of S100A12 
with sRAGE interfere with the measurements of S100A12 or sRAGE, for example, by 
masking of epitopes important for the detection in ELISAs. In that report, quantitative 
analyses with and without coincubation of these two proteins were compared. S100A12 
binding to sRAGE did not affect the detection of both proteins in any of the ELISA sys-
tems used [32].



234 Chapter 12

We here show that patients with sepsis resulting from either pneumonia, peritonitis, 
or a urinary tract infection have elevated serum S100A12 concentrations at the time 
severe sepsis is diagnosed and 3 days thereafter. Additional research is warranted to 
further explore the potential differences in the kinetics of S100A12 release in patients 
with sepsis depending on the primary source of the infection.

S100A12 concentrations in the present study did not correlate either with the sever-
ity of sepsis as reflected by APACHE II and SOFA scores. The observation that systemic 
administration of LPS to healthy volunteers induces a rise in circulating S100A12 levels 
implicates that LPS might at least in part be responsible for this upregulation during 
gram-negative infection.

The remarkable difference in S100A12 levels between the abdominal fluid and blood 
samples of the patients with peritonitis could be explained by a local release of S100A12 
at the site of infection. In an animal model of abdominal sepsis, Zhu et al. [33] reported 
a similar difference in macrophage inflammatory protein 1[alpha] quantities between 
peritoneal fluid and blood samples of mice that underwent CLP.

Moreover, the observation that the striking difference in S100A12 concentrations in 
these patients with peritonitis between their systemic (blood) and local (abdominal) val-
ues was maintained for several days is not specific for S100A12, because earlier clinical 
studies have shown this same phenomenon for interleukin 8, macrophage chemoattrac-
tive protein 1, high-mobility group box 1, and MRP8/MRP14 (or calprotectin or S100A8/
A9) [19,20,34].

Because S100A12 is not present in rodents [15], tthe role of S100A12 during sepsis 
cannot be investigated by inhibiting/deleting S100A12 in mice. One possible function 
of S100A12 in host defense during infection and sepsis might be to warn the host for 
eminent danger by exerting proinflammatory effects. Such endogenous proteins that 
are released by activated or damaged cells under conditions of cell stress have been 
called damage-associated molecular patterns (or “endokines” or “alarmins”). Indeed, 
nuclear factor [kappa]B–mediated expression of proinflammatory cytokines, such as 
tumor necrosis factor [alpha], has been documented after S100A12 stimulation. Also, 
other in vitro experiments indicate that S100A12 enhances the expression of intercel-
lular adhesion molecule 1 and vascular cell adhesion molecule 1 on endothelium [35]. 
These proinflammatory effects of S100A12 could help to kill or contain pathogens dur-
ing infection. Furthermore, S100A12 could be of benefit for the host during infection 
and sepsis because of its (more direct) antibacterial activity. Cole et al. [36] documented 
that S100A12 has activity primarily against gram-negative bacteria, including E. coli. 
On the other hand, S100A12-induced proinflammatory effects may underlie the tis-
sue injury/damage associated with the infection and/or inflammation and therefore 
be detrimental for the host. The proinflammatory effects of S100A12 might in part be 
mediated by interaction with RAGE. Taken together, the role of S100A12 during sepsis 
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(or infection)—either beneficial or detrimental for the host—has still to be investigated 
using nonmurine models.

Knowledge about (s)RAGE involvement in host defense during sepsis or infection 
is limited. Bopp et al. [37] showed that sRAGE plasma levels are increased in patients 
with sepsis and that nonsurvivors had higher circulating sRAGE concentrations than 
did survivors, suggesting that sRAGE is related to severity and outcome of sepsis. We 
here did not find an upregulation of sRAGE blood samples either during severe sepsis 
or during human endotoxemia. Inflammatory stimuli such as LPS can increase transcrip-
tion of RAGE via nuclear factor [kappa]B, resulting in increased expression of full-length 
RAGE. Therefore, full-length RAGE can be upregulated during sepsis. Indeed, we found 
that RAGE expression is enhanced in lungs and livers in mice during abdominal sepsis 
[38]. Possibly, there is a regulated equilibrium between membrane-bound and sRAGE 
in which sRAGE might function as a decoy receptor for proinflammatory ligands as 
S100A12 in patients with sepsis. Our finding that S100A12 levels increase in the absence 
of a rise in sRAGE concentrations suggests that relatively more S100A12 is available for 
binding to the transmembrane (signaling) form of RAGE.

RAGE knockout mice (deficient in full length and sRAGE) displayed a reduced mortal-
ity after induction of polymicrobial sepsis produced by CLP [11,12]. Moreover, anti-RAGE 
therapy conferred a survival advantage even when administered 24 hrs after CLP in mice 
receiving antibiotic treatment [12]. Similarly, RAGE deficient mice and wild-type mice 
treated with an anti-RAGE antibody displayed a reduced mortality during pneumococ-
cal pneumonia [13,39]. As mentioned before, mice do not express S100A12 and because 
other RAGE ligands have been described to play a role in sepsis [16,17], non-S100A12 
mediated RAGE effects play an important role in sepsis pathogenesis as well. Notably, 
we previously showed that another high-affinity ligand of RAGE, high-mobility group 
box 1 (HMGB1), is also released systemically during sepsis and locally during peritonitis 
(measured in the same patient population as in the present study) [19].

A limitation of our study is that we measured all sRAGE isoforms. These include iso-
forms produced by truncation of full-length RAGE as well as by alternative splicing from 
the single rage gene. The rage gene has been demonstrated in humans to generate ~20 
alternative splice variants [40]. They have in common the ligand-binding domain of the 
full-length RAGE protein, but not its transmembrane and signaling domains. Splice vari-
ants of RAGE may affect the S100A12-binding domain by insertion of removal of parts 
of the V or C1 domain [40]. The sRAGE ELISA we here used does not distinguish between 
the different isoforms. Further experiments are needed to (i) investigate separate activi-
ties of different isoforms of sRAGE and (ii) develop sRAGE ELISA assays, which distinguish 
between these (possibly also functionally) different forms of sRAGE.
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COnCluSIOnS

We here extend a previous finding on S100A12 levels in patients with severe bacterial 
infection [7], showing that S100A12 release occurs in sepsis irrespective of the primary 
source of infection. In patients with severe infection, S100A12 release may predomi-
nantly occur at the site of infection. The levels of sRAGE (likely functioning as a decoy 
receptor for S100A12) are not altered during sepsis. The role of S100A12 in sepsis still has 
to be examined in nonmurine models.
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SuMMARy

During a lifetime, we encounter many different bacterial pathogens that are able to 
cause various infectious diseases. Bacterial infections present a significant burden 
on healthcare and cause considerable morbidity and mortality [1]. The emergence of 
bacterial strains that develop resistance to antimicrobial therapy makes treatment of 
these infections increasingly complicated [2]. In addition, antibiotic therapy may not be 
sufficient in severe infections to prevent mortality in many patients [3,4]. More insight in 
host defense mechanisms may identify complementary therapeutic options to further 
optimize treatment and improve outcome. 

Microbes that invade the body are detected by pattern recognition receptors (PRRs) 
on innate immune cells, which trigger an inflammatory response. Inflammatory mecha-
nisms can be perpetuated through the same PRRs after sensing of self-derived proteins, 
also known as alarmins, that are released upon cellular stress. Overwhelming release of 
alarmins can contribute to a disproportionate inflammatory reaction resulting in col-
lateral tissue damage, that may be deleterious to the host [5-7]. Two of the most well 
characterized alarmins involved in the inflammatory response are High-mobility Group 
Box 1 (HMGB1) and the Myeloid-related protein 8/14 complex (MRP8/14 or calprotectin). 
In this thesis, we focused on these proteins and their receptors (Receptor for Advanced 
Glycation Endproducts (RAGE) and Toll-like receptor (TLR)4) and their role in bacterial 
infection.  Chapter 1 is a general introduction that describes the alarmins, the receptors 
and the infectious diseases relevant for the studies presented in this thesis. 

In the first part of this thesis we focused on the role of RAGE and RAGE ligands during 
severe infections such as pneumonia and sepsis. In Chapter 2 we reviewed the literature 
concerning RAGE and its role during severe infection. In Chapter 3 we investigated the 
effects of RAGE-ligand neutralization in Escherichia (E.) coli induced abdominal sepsis. 
Administration of soluble RAGE (sRAGE; a decoy receptor for RAGE) and antibodies 
against HMGB1 led to enhanced bacterial dissemination to liver and lungs. In addition, 
sRAGE treatment was accompanied by increased hepatocellular injury and exaggerated 
systemic cytokine release. This chapter suggest that RAGE ligands, including HMGB1, 
improve host defense in Gram-negative abdominal sepsis.  In chapter 4 we report on 
the role of RAGE during Streptococcus (S.) pneumoniae bacteremia. Earlier investigations 
have shown that the absence of RAGE limits inflammation and bacterial dissemination, 
and increases survival in pneumococcal pneumonia derived sepsis [8]. We here directly 
injected S. pneumoniae into the circulation and thereby circumvented the extensive 
RAGE-expressing lung [9]. Absence of RAGE attenuated the systemic inflammatory 
response but did not influence bacterial loads or survival in this model. These results 
suggest that outcome of pneumococcal infection depends on the level of RAGE expres-
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sion in the organ that is primarily infected (i.e., the lung). We conclude that while RAGE 
plays a harmful part in S. pneumoniae sepsis originating from lung, it has a limited role 
in the outcome of primary bloodstream infection. In chapter 5 we investigated the role 
of HMGB1 and its receptors RAGE and TLR4 in Staphylococcus (S.) aureus pneumonia. 
HMGB1 was released in the bronchoalveolar compartment and contributed to protein 
leak and lung edema in the early phase, while it did not influence neutrophil recruitment 
or bacterial clearance. RAGE deficiency was associated with reduced lung pathology and 
inflammation as well, and lower bacterial loads at the 6-hour time point. Although TLR4 
has been implicated as the dominant proinflammatory receptor for HMGB1 [10], this 
receptor had only limited impact on the injurious host response during S. aureus pneu-
monia. In conclusion, both HMGB1 and RAGE have a distinct harmful role in the develop-
ment of lung injury during the early phase of S. aureus pneumonia. Chapter 6 describes 
the role of RAGE during Klebsiella (K.) pneumoniae pneumonia. Intranasal Klebsiella in-
fection induced pulmonary expression of RAGE and increased bronchoalveolar HMGB1 
levels. RAGE deficient (rage-/-) mice had an impaired host defense in K. pneumoniae 
pneumonia derived sepsis as reflected by increased bacterial outgrowth in multiple 
organs and a worsened survival. Lung inflammation, cytokine and chemokine levels 
were hardly influenced. We conclude that RAGE contributes to an effective antibacterial 
host response during K. pneumoniae pneumonia, but plays an insignificant part in the 
lung inflammatory response. In chapter 7 we addressed the question whether RAGE is 
involved in local and systemic host defense in staphylococcal skin infection. We showed 
that RAGE plays a limited role in local host defense as shown by similar bacterial burdens 
and cytokine/chemokine levels at the primary site of infection. At distant sites however, 
rage-/- mice displayed lower bacterial burdens. In accordance, direct intravenous infec-
tion with S. aureus was associated with lower bacterial loads in lungs and liver of rage-/- 
mice. Together these data suggest that RAGE does not impact local host defense during 
S. aureus skin infection, but promotes bacterial growth at distant body sites. 

In the second part of this thesis we focused on the role of the S100 proteins  MRP8/14 
(S100A8/9 or calprotectin) and S100A12 in the host response to various pulmonary 
pathogens, sepsis, and bacterial skin disease. In chapter 8 we show a protective role 
for MRP8/14 in a clinically relevant model of Gram-negative sepsis originating from the 
lung, using K. pneumoniae. MRP14 deficient (mrp14-/-) mice, unable to form MRP8/14 
heterodimers, displayed enhanced bacterial dissemination accompanied by increased 
organ damage and a reduced survival. Inflammation during Klebsiella sepsis was not 
influenced by MRP8/14. Next to proinflammatory effects, extracellular MRP8/14 is able 
to reduce microbial growth as it binds divalent cations in infectious environments 
[11,12]. Previous investigations have shown that MRP8/14 is an important component of 
Neutrophil extracellular traps (NETs), which are composed of DNA-networks, decorated 
by antimicrobial proteins from the nucleus, granules and cytoplasm [13]. NETs are re-
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leased by neutrophils to form a mesh as a strategy to contain and kill pathogens [14,15]. 
MRP8/14 most likely mediates its protective effect through binding of divalent cations in 
infected organs (e.g. in liver abscesses) and by enhancing the capacity of NETs to reduce 
Klebsiella growth. 

In chapter 9 we investigated the role of MRP8/14 in clinical and experimental pneu-
mococcal pneumonia. This study describes compartmentalized release of MRP8/14 
in two patient populations with community-acquired pneumonia, as well as in the 
bronchoalveolar space of healthy subjects who were intrabronchially instilled with a 
component of gram-positive bacteria (lipoteichoic acid). We then linked these human 
data with functional studies on the role of MRP8/14 in murine pneumonia produced 
by S. pneumoniae infection. In sharp contrast to earlier reports [11-13,16], MRP8/14 
enhanced pneumococcal outgrowth and worsened survival in this model. We here 
describe how the metal chelating capacities of MRP8/14 can be exploited by S. pneu-
moniae to induce invasive disease. In in vitro studies we show that MRP8/14 facilitates 
pneumococcal growth in the presence of physiological levels of zinc [17]. We conclude 
that high MRP8/14 is associated with enhanced bacterial outgrowth and lethality, most 
likely through binding of zinc by MRP8/14 and thereby reduction of zinc mediated 
toxicity towards the bacterium. In chapter 10 we focused on the role of MRP8/14 in 
S. aureus pneumonia. Previous studies have shown that MRP8/14 assists in the killing 
of S. aureus [11,12]. In the current study MRP8/14 deficiency had a limited effect on 
bacterial clearance. Surprisingly, absence of MRP8/14 was associated with increased 
cytokine levels in bronchoalveolar lavage fluid and aggravated lung histopathology. 
MRP8/14 deficiency in addition was associated with a diminished transmigration of 
neutrophils into bronchoalveolar lavage fluid. We conclude that MRP8/14 serves in an 
unexpected protective role for the lung in staphylococcal pneumonia. In chapter 11 
we investigated the role of MRP8/14 in local host defense during skin infection caused 
by S. aureus, the most common causative pathogen in this disease. We here show that 
MRP8/14 facilitates S. aureus clearance from the skin. In addition MRP8/14 promoted 
neutrophil transmigration and the cutaneous inflammatory response. Together these 
data suggest that MRP8/14 is a protective mediator in S. aureus skin disease. In Chapter 
12 we report on the extent of S100A12 and its soluble high-affinity receptor sRAGE [18] 
in patients with severe sepsis stratified to the three most common infectious sources 
[4] and in healthy human volunteers intravenously challenged with endotoxin. Patients 
with severe sepsis displayed increased circulating S100A12 concentrations. All severe 
sepsis subgroups had elevated serum S100A12, with the highest levels in patients with 
sepsis caused by pneumonia. Intravenous LPS injection in healthy volunteers elevated 
systemic S100A12 levels as well.  In contrast to S100A12, sRAGE concentrations did not 
change during severe sepsis or human endotoxemia. 
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GEnERAl DISCuSSIOn

Alarmins are released upon cellular stress and perpetuate inflammation in many disease 
models [5-7]. Preclinical landmark studies have indicated that in the setting of severe 
infection (i.e. sepsis and septic shock), alarmins dysregulate inflammatory processes 
and promote organ failure and death [19-22]. Some alarmins, like HMGB1, are associ-
ated with delayed and persistent release providing a clinically relevant timeframe for 
treatment measures [20]. As such, alarmins appeared to be a promising target for im-
munodulation in fulminant infections. In this thesis we demonstrate that the alarmin 
biology in (severe) infections is complex and variable. Alarmins are involved in a variety 
of innate immune mechanisms in different infectious diseases. Targeting alarmins may 
not always be of benefit for the host. The studies performed in this thesis contribute to 
the further understanding of alarmins and their receptors, which may eventually help in 
the development of new complementary treatment options in bacterial disease.

In the first part of this thesis we focused on the involvement of RAGE and RAGE ligands 
in pneumonia and sepsis derived from various sites. We described the expression of 
RAGE and RAGE ligands in mouse sepsis models and in patients with sepsis. RAGE is 
most abundantly expressed in lung epithelium [9] and its expression can be upregu-
lated upon pulmonary infection [8] as shown in murine Klebsiella pneumonia (Chapter 
6). RAGE expression was not enhanced after intravenous infection with S. pneumonia 
(Chapter 4). In humans, sRAGE can be found in increased concentrations in the lung 
during acute lung injury [23]. We were unable however, to find enhanced levels of sRAGE 
in human sepsis or experimental endotoxemia (Chapter 12), which is in line with previ-
ous findings in the literature [23].  RAGE binds several ligands including HMGB1 and 
S100A12 [24,25]. In models of severe sepsis HMGB1 is released at a significant delay, 
compared to cytokines such as Tumor Necrosis Factor-α [20]. Nevertheless, HMGB1 ki-
netics may be distinct in different infectious disease models. We show a modest increase 
of plasma HMGB1 during murine S. pneumoniae bacteremia (Chapter 4).  In addition, 
we show enhanced HMGB1 levels in the bronchoalveolar compartment in staphylococ-
cal pneumonia reaching peak values at 24 hours (Chapter 5), while there is a transient 
increase in the course of pneumonia caused by Klebsiella (Chapter 6). In human patients, 
circulating S100A12 concentrations are increased in all forms of sepsis, for at least 3 days 
after admittance to the intensive care unit (Chapter 12). 

RAGE has been implicated as an important receptor in perpetuation of inflamma-
tory responses. Engagement of RAGE activates the NF-κB pathway, which in turn up-
regulates expression of RAGE, thus inducing sustained inflammation [24,25]. Deletion 
of the rage gene improved outcome in fulminant murine abdominal sepsis [19]. Our 
finding that blockade of RAGE may be ineffective or even harmful in some infectious 
conditions likely is mediated by distinct mechanisms. RAGE signaling appeared to be 
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important for an effective antimicrobial host defense in Gram-negative abdominal 
sepsis induced by E. coli (Chapter 3). Both inhibition of multiple RAGE ligands (by the 
administration of sRAGE, a decoy receptor for RAGE) and inhibition of HMGB1 resulted 
in enhanced E. coli dissemination from the primary site of infection. Previous studies 
have shown similar results in rage-/- mice and anti-RAGE treated mice: inhibition of RAGE 
signaling in severe Gram-negative abdominal sepsis persistently enhanced bacterial 
outgrowth, which led to enhanced local and/or systemic inflammation [26]. Similarly, 
rage-/- mice demonstrated a defective antibacterial response in the lungs and distant 
organs and a worsened survival in Gram-negative pneumonia derived sepsis induced 
by Klebsiella (Chapter 6). Recent evidence has indicated that next to alarmins, RAGE is 
able to interact with lipopolysaccharide [27], the endotoxin expressed in the cell wall 
of Gram-negative bacteria, which could explain impaired host defense of rage-/- mice 
in Gram-negative infection models [26,28].  In contrast however, deletion of the rage 
gene led to an improved outcome in the setting of Gram-positive pneumonia derived 
sepsis. Rage-/- mice displayed improved survival, lower bacterial loads and attenuated 
pulmonary inflammation compared to wild type mice in a model of sepsis caused by 
pneumococcal pneumonia [8]. It appears that the harmful role of RAGE in pneumococ-
cal disease is primarily exerted in the pulmonary compartment as RAGE hardly impacted 
disease outcome when bacteria were directly injected in to the bloodstream (Chapter 
4). Like in pneumococcal pneumonia, RAGE deficiency (modestly) improved bacterial 
clearance, reduced signs of lung pathology and decreased levels of cytokines in the 
bronchoalveolar compartment during staphylococcal pneumonia (Chapter 5). Similarly, 
rage-/- mice displayed transiently reduced bacterial outgrowth in lungs and livers upon 
intravenously injected staphylococci (Chapter 7). Together these data indicate that RAGE 
differentially impacts host defense, depending on the causative pathogen and the site 
of infection. Clearly, RAGE is not merely a receptor for alarmins that contributes to col-
lateral tissue damage during severe infections; indeed, RAGE likely plays an important 
role in protective immunity during certain infections, which makes the potential use of 
RAGE blocking therapies in human sepsis difficult. Notably, we did not study the effect 
of RAGE or HMGB1 inhibition in the context of antibiotic therapy. It is conceivable that 
the beneficial effects of RAGE and HMGB1 on antibacterial defense are not or less obvi-
ous in hosts that are treated with antibiotics. Such studies should be the topic of future 
research, since these are expected to shed more light on the potential and risks of RAGE 
and/or HMGB1 inhibition in human sepsis.  

Anti-HMGB1 treatment transiently attenuated pulmonary inflammation in S. aureus 
pneumonia (Chapter 5). Of notice, peak levels of bronchoalveolar HMGB1 at 24 hours 
did not sustain the cytokine response, which was most likely initiated via a TLR2-MyD88 
dependent mechanism [29]. Recent investigations have shown that the functionality of 
HMGB1 is dependent on specific molecular conformations [10]. Future investigations on 
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the role of HMGB1 in infectious diseases should therefore take into account the several 
biological forms of this protein as well. Although TLR4 has been implicated as the domi-
nant proinflammatory receptor for HMGB1 [30], this receptor had only limited impact on 
the injurious host response in this disease model. 

In the second part of this thesis we focused on the role of MRP8/14 in pneumonia 
and sepsis. Our group previously reported elevated MRP8/14 serum levels in patients 
with sepsis and in healthy volunteers intravenously injected with endotoxin. In mice, 
MRP8/14 potentiated the fulminant systemic inflammatory response induced by endo-
toxin and E. coli administration, which contributed to organ failure and death. In this 
thesis we demonstrate that MRP8/14 impacts on various components of the innate host 
defense which distinctively influences the course and outcome of different types of 
bacterial pneumonia.

Patients with pneumonia and healthy volunteers intrabronchially challenged with 
lipoteichoic acid showed compartmentalized release of MRP8/14 in their airways (Chap-
ter 9). Accordingly we demonstrate enhanced bronchoalveolar and systemic MRP8/14 
levels in murine pneumonia caused by several pulmonary pathogens (Chapters 8-10). 
Extracellular MRP8/14 exhibits a proinflammatory role in various pathologic conditions 
[7,22,31], but despite high intrapulmonary MRP8/14 concentrations, we were unable 
to find such a role in bacterial pneumonia. Pulmonary inflammation was surprisingly 
enhanced in mrp14-/-mice during staphylococcal pneumonia (Chapter 10). Previous 
investigations have shown that mrp14−/− mice display an enhanced maturation state 
of dendritic cells, which release more cytokines [32,33]. Dendritic cells are important 
contributors of cytokine production in S. aureus pneumonia [34].  Our in vitro stimula-
tion experiments suggest that the systemic inflammatory response is mainly driven by 
circulating bacterial burdens, independent from MRP8/14.

Several animal studies have implicated MRP8/14 as a mediator of neutrophil recruit-
ment [35,36]. In Klebsiella and pneumococcal pneumonia, we found similar neutrophil 
numbers in total lungs in both wild type and mrp14-/- mice. In S. aureus pneumonia 
however, mrp14-/- mice displayed reduced neutrophil numbers in bronchoalveolar 
lavage fluid at the latest time points when most of the bacteria were already cleared 
(Chapter 10). These data suggest that MRP8/14 promotes transmigration of neutrophils 
into the bronchoalveolar compartment and that this may be compensated for by other 
mechanisms induced by viable bacteria at early time points. 

Many previous investigations have established an antibacterial role for MRP8/14 in 
in vivo infection models [11,13,16], which is dependent on the chelation of both zinc 
and manganese [11,12]. Part of this antimicrobial effect is mediated through the release 
of NETs, which is particularly important in the host defense against infectious agents 
that are not easily phagocytosed (e.g. fungi and staphylococcal aggregates) [37]. We 
here demonstrate the contribution of MRP8/14 in NET-mediated growth inhibition of 
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staphylococci and Klebsiella in vitro as well (Chapter 8). The antibacterial role of MRP8/14 
in vivo, however, is especially important in pyogenic infections [11]. Abscesses contain 
high concentrations of MRP8/14 [11,38], which may be important in bacterial control 
such as observed in the liver in a previous study during systemic S. aureus infection 
[11] and Klebsiella pneumonia derived sepsis in this thesis (Chapter 8). Surprisingly, we 
did not observe an antibacterial role for MRP8/14 in our model of S. aureus pneumonia 
(Chapter 10). Local staphylococcal loads did not grow and distant abscess formation 
did not occur in this study, which appear to be important conditions for an effect of 
MRP8/14 to take place. In the setting of pneumococcal pneumonia derived sepsis, lack 
of MRP8/14 unexpectedly reduced bacterial burdens in the host (Chapter 9). A previous 
study has shown that zinc is released at high concentrations in the nasopharynx and 
blood during pneumococcal infection [17]. Zinc interferes with uptake of manganese, 
which renders pneumococci more susceptible for oxidative stress and neutrophil killing 
[17,39]. We postulate that MRP8/14 protects S. pneumoniae against high zinc concen-
trations at infected body sites, through chelation of zinc, providing a benefit for the 
pathogen rather than for the host. Together these results exemplify the complex role 
of MRP8/14 in the host response to bacterial infection. MRP8/14 directly impacts bacte-
rial growth by various mechanisms, whereby the net effect depends on the pathogen. 
Moreover, MRP8/14 can modulate the inflammatory response to invading pathogens, 
with an overall effect that varies depending on the causative pathogen, the type of 
infection and most likely the bacterial load. 

COnCluSIOn

The work presented in this thesis provides evidence for an important role for alarmins in 
the host response against bacterial infection. Targeting alarmins impacts on the complex 
host-pathogen interplay and can alter the course and outcome of infection. Alarmins 
promote organ failure and death in the setting of fulminant sepsis, but may be essential 
in other types of infection dependent on the pathogen and route of infection. These ef-
fects may not become apparent with concurrent antibiotic treatment, which is common 
practice in the clinical setting. Hence, extrapolation and translation of our experimental 
results into the complex human setting will remain a great challenge. Nonetheless, the 
advanced knowledge of the alarmin biology during infection may eventually provide 
new complementary therapeutic strategies for patients with life-threatening infectious 
disease.  
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Bacteriële infectieziekten vormen wereldwijd een belangrijke oorzaak voor ziekte 
en sterfte. Het feit dat veel bacteriën resistentie ontwikkelen tegen antibiotica maakt 
behandeling van infectieziekten steeds moeilijker. Het is daarom van belang om meer 
inzicht te verkrijgen in factoren die betrokken zijn bij de immuunreactie tijdens (ern-
stige) infectieziekten teneinde nieuwe aanvullende therapieën te ontwikkelen. 

Bacteriën die het lichaam binnen dringen worden in eerste instantie herkend door 
zogenaamde patroonherkenningsreceptoren op lokaal aanwezige immuuncellen 
(bijvoorbeeld macrofagen en dendritische cellen) wat leidt tot een ontstekingsreactie 
en het aantrekken van neutrofielen (een type immuuncel dat uit de bloedbaan komt). 
Een snelle en adequate immuunreactie is van belang om bacteriën efficiënt te kunnen 
opruimen. Indien een lokale infectie (bijvoorbeeld in de long of in de huid) niet wordt 
overwonnen, kan de ziekteverwekker doorbreken naar de bloedbaan en sepsis (bloed-
vergiftiging) veroorzaken. Dit is een ernstige aandoening, waarbij het lichaam zeer 
heftig reageert op de bacterie met een hoog risico op overlijden. Invasieve infecties 
gaan veelal gepaard met weefselschade. Uit beschadigde weefselcellen komen eiwitten 
vrij die net als bacteriën herkend worden door patroonherkenningsreceptoren. Deze 
eiwitten worden “alarmins” genoemd en versterken de ontstekingsrespons, hetgeen na-
delig kan zijn voor het lichaam. In modellen van ernstige sepsis dragen “alarmins” bij aan 
orgaanfalen en sterfte. Sommige “alarmins” komen laat na infectie vrij en worden gezien 
als potentieel aangrijpingspunt om in een klinische setting de ongewenste heftige im-
muunreactie tijdens infecties te dempen. Naast een rol in ontsteking, hebben een aantal 
“alarmins” aanvullende eigenschappen, waaronder het aantrekken van immuuncellen 
en het remmen van bacteriële groei. 

Twee goed omschreven “alarmins” in de wetenschappelijke literatuur zijn “High-
mobility Group Box 1” (HMGB1)  en “Myeloid-related protein 8/14” (MRP8/14 of 
calprotectine). In dit proefschrift doen wij onderzoek naar deze twee “alarmins” en de 
patroonherkenningsreceptoren op cellen die deze “alarmins” herkennen (Receptor for 
Advanced Glycation Endproducts (RAGE) en Toll-like receptor (TLR)4) tijdens verschil-
lende infectieziekten. 

Hoofdstuk 1 is een algemene introductie waarin alarmins, celreceptoren en de infectie-
ziekten worden gepresenteerd die van belang zijn voor dit proefschrift. In het eerste deel 
van het proefschrift staat het onderzoek beschreven naar de rol van “alarmins”, waar-
onder HMGB1, die herkend worden door de patroonherkenningsreceptor RAGE tijdens 
ernstige infecties zoals pneumonie (longontsteking) en sepsis. Eerdere studies hebben 
laten zien dat zowel RAGE als HMGB1 bijdragen aan sterfte bij ernstige sepsis door 
buikvliesontsteking veroorzaakt door meerdere bacteriën vanuit het maag-darmkanaal. 
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In onze studies hebben we de rol van RAGE onderzocht in de afweer tegen specifieke 
bacteriën. Dit hebben we gedaan in muizen die genetisch veranderd zijn waardoor ze 
het RAGE gen niet hebben en daardoor deficiënt voor deze patroonherkenningsrecep-
tor (rage-/-). Daarnaast gebruikten we antilichamen die RAGE binding en activatie door 
alarmins kunnen blokkeren.

Hoofdstuk 2 geeft een overzicht van de wetenschappelijke literatuur over de rol van 
RAGE tijdens infecties. In hoofdstuk 3  onderzochten we de rol van “alarmins” die 
herkend worden door RAGE tijdens sepsis veroorzaakt door peritonitis (buikvliesont-
steking) door de Gram-negatieve bacterie Escherichia (E.) coli. De E. coli bacterie is de 
meest voorkomende veroorzaker van peritonitis. In deze studie hebben we muizen 
behandeld met oplosbaar RAGE (soluble (s)RAGE). sRAGE is een afgesplitste vorm van 
membraangebonden RAGE en kan RAGE-liganden (eiwitten die RAGE binden en acti-
veren, waaronder HMGB1) neutraliseren. Het wegvangen van deze eiwitten voorkomt 
dat het membraangebonden RAGE geactiveerd kan worden. Toediening van sRAGE 
resulteerde in toegenomen bacteriële verspreiding uit de buikholte naar de lever en 
long. Neutralisatie van alleen HMGB1 door middel van anti-HMGB1 antilichamen leidde 
ook tot toegenomen leverschade en een toegenomen systemische ontstekingsrespons. 
In dit hoofdstuk concluderen we dat RAGE-liganden, inclusief HMGB1, bijdragen aan 
de afweer bij Gram-negatieve sepsis door E. coli. In hoofdstuk 4 hebben we de rol van 
RAGE tijdens sepsis door de Gram-positieve bacterie  Streptococcus (S.) pneumoniae (ook 
wel pneumokok genoemd) bestudeerd. De pneumokok is de belangrijkste verwekker 
van longontsteking en een veelvoorkomende veroorzaker van sepsis. In een eerder 
onderzoek werd laten zien dat afwezigheid van RAGE in muizen leidde tot een betere 
overleving in sepsis door pneumokokkenpneumonie. RAGE is in zeer hoge mate aanwe-
zig in longweefsel. In deze studie waren we daarom geïnteresseerd in de rol van RAGE 
in sepsis door de pneumokok zonder dat we eerst de long infecteerden. Intraveneuze 
injectie van pneumokokken leidde tot minder systemische ontsteking in rage-/- muizen, 
maar niet tot een betere bacterieklaring of overleving. Deze resultaten laten zien dat 
de invloed van RAGE afhankelijk is van het orgaan dat in eerste instantie geïnfecteerd 
wordt. We concluderen dat RAGE een belangrijke nadelige rol heeft in sepsis door 
pneumokokkenpneumonie, terwijl het een marginale rol heeft in de uitkomst van pneu-
mokokkensepsis door primaire bloedbaan infectie. In hoofdstuk 5 hebben we de rol 
bestudeerd van HMGB1 en zijn receptoren - RAGE en TLR4 - in pneumonie door Staphy-
lococcus (S.) aureus (ook wel stafylokok genoemd). Stafylokokkenpneumonie komt met 
name voor bij patiënten die zijn opgenomen in het ziekenhuis. Wij lieten hier zien dat 
tijdens S. aureus pneumonie HMGB1 vrijkomt en een bijdrage levert aan vochtophoping 
en eiwitlekkage in de longen in de eerste fase van de ziekte. HMGB1 speelde geen rol 
in het aantrekken van neutrofielen of bacterieklaring. Deficiëntie van RAGE was geas-
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socieerd met minder longschade, minder lokale ontsteking en betere bacterieklaring op 
het 6-uurs tijdstip. De receptor TLR4 had weinig impact op ontsteking of longschade in 
ons model. Samengevat, spelen zowel HMGB1 en RAGE onderscheidende nadelige rol-
len in de ontwikkeling van longschade in de vroege fase van stafylokokkenpneumonie. 
Hoofdstuk 6 beschrijft de rol van RAGE in Klebsiella (K.) pneumoniae longontsteking. 
Ook deze (Gram-negatieve) bacterie is een belangrijke verwekker van longontsteking in 
het ziekenhuis. Longontsteking door de Klebsiella bacterie leidde tot een toegenomen 
expressie van RAGE en vrijkomen van HMGB1 in de longen. Rage-/- muizen hadden een 
gestoorde afweer tijdens ernstige Klebsiella pneumonie, wat zich uitte in meer uitgroei 
van bacteriën en een slechtere overleving. RAGE had geen rol in de ontstekingsrespons. 
Bij elkaar genomen laat dit zien dat RAGE bijdraagt aan een effectieve antibacteriële 
immuunrespons tijdens K. pneumoniae pneumonie, maar geen belangrijk onderdeel is 
van lokale ontsteking. In hoofdstuk 7 deden we onderzoek naar de rol van RAGE tijdens 
huidinfectie door stafylokokken (de belangrijkste veroorzaker van huidinfecties). We la-
ten zien dat RAGE een marginale rol speelt in de afweer in de huid. Rage-/- muizen lieten 
wel minder bacteriële uitgroei zien in organen op afstand, zoals de long en lever. In 
overeenstemming hiermee leidde ook intraveneuze infectie met stafylokokken tijdelijk 
tot minder bacteriële uitgroei in longen en levers van rage-/- muizen. Deze data laten 
zien dat RAGE geen rol speelt in lokale afweer tijdens huidinfectie, maar dat het de groei 
bevordert in organen op afstand nadat de bacteriën zich hebben verspreid. 

In het eerste deel van het proefschrift laten we zien dat RAGE met name in Gram-
negatieve sepsis (door E. coli en K. pneumoniae) bijdraagt aan een effectieve antibac-
teriële afweer. Het is aannemelijk dat dit komt doordat RAGE een belangrijk onderdeel 
van de Gram-negatieve celwand herkent en hierdoor de afweer tegen Gram-negatieve 
infecties verbetert. In onze Gram-positieve modellen (door S. pneumoniae en S. aureus) 
lijkt RAGE juist een ongunstige rol te vervullen. Uit onze vergelijking tussen primaire 
longinfectie en primaire bloedbaaninfectie in pneumokokkensepsis lijkt deze nadelige 
rol zich met name te uiten tijdens infecties van de long, waar RAGE in hoge mate aanwe-
zig is. Samengevat lijkt de rol van RAGE in onze studies af te hangen van de betreffende 
bacterie en de route van infectie. 

Een belangrijke ligand voor RAGE is de “alarmin” HMGB1. HMGB1 droeg bij aan de 
systemische ontstekingsrespons in ernstige E. coli sepsis en tijdelijk aan de lokale 
ontstekingsrespons in S. aureus longontsteking. Ondanks dat tijdens pneumonie door 
stafylokokken hoge concentraties HMGB1 vrijkwamen in de long lijkt dit de ontstekings-
respons niet in stand te houden. Recente studies laten zien dat er verschillende vormen 
van HMGB1 vrijkomen die wel of niet biologisch actief zijn. Het is belangrijk dat hier 
vervolgstudies naar zullen worden gedaan om de rol van deze verschillende vormen van 
HMGB1 tijdens infectie te definiëren.
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In het tweede deel van dit proefschrift hebben we de rol van de “alarmins” MRP8/14 
(ook wel S100A8/A9 of calprotectine genoemd) en S100A12 bestudeerd  in pneumonie, 
sepsis en huidinfectie. MRP8/14 en S100A12 behoren tot de familie van S100-eiwitten. 
MRP8/14 en S100A12 komen vrij bij patiënten met ernstige infectieziekten en dragen bij 
aan ontsteking. In muizen draagt MRP8/14 bij aan hyperinflammatie en sterfte in model-
len van fulminante sepsis. MRP8/14 heeft aanvullende rollen, zoals het aantrekken van 
neutrofielen naar de plek waar het vrijkomt en het remmen van bacteriegroei doordat 
het elementen kan binden zoals zink en mangaan die essentieel zijn voor bacteriële de-
ling. We hebben onder andere proeven gedaan met MRP14 deficiënte (mrp14-/-) muizen, 
die het MRP8/14 eiwit niet hebben.

In hoofdstuk 8 laten we een beschermende rol zien voor MRP8/14 in Gram-negatieve 
sepsis door Klebsiella pneumonie. Mrp14-/- muizen lieten meer bacteriële uitgroei van 
Klebsiella zien, gepaard met toegenomen orgaanschade en een slechtere overleving. 
De rol in de ontsteking zelf tijdens Klebsiella pneumonie en sepsis werd niet door 
MRP8/14 beïnvloed. MRP8/14 had ook geen invloed op het aantrekken van neutrofie-
len. MRP8/14 had door zijn mangaan- en zinkbindende rol wel invloed op de bacteriële 
groei. MRP8/14 is in hoge mate aanwezig in geïnfecteerde organen, bijvoorbeeld in 
(lever)abcessen, waar het zijn remmende invloed op de groei kan uitoefenen. MRP8/14 
kan zijn antibacteriële effecten ook uitoefenen als onderdeel van “neutrophil extracel-
lular traps” (NETs). NETs zijn strengen van DNA bekleed met antimicrobiële eiwitten, 
waaronder MRP8/14, die door neutrofielen worden losgelaten. NETs kunnen dan als een 
web om een bacterie heen gaan zitten en het doden. Tijdens Klebsiella sepsis zorgt het 
MRP8/14 eiwit in abcessen en in NETs er waarschijnlijk voor dat de Klebsiella bacterie 
minder uitgroeit. In hoofdstuk 9 beschrijven we de expressie en rol van MRP8/14 in 
longontsteking bij patiënten en in experimentele pneumokokkenpneumonie in mui-
zen. We lieten in pneumoniepatiënten zien dat MRP8/14 in hogere concentraties aan-
wezig is in de geïnfecteerde long ten opzichte van de niet-geïnfecteerde long. Lokale 
MRP8/14 concentraties stegen ook in gezonde vrijwilligers bij wie een component van 
de wand van Gram-positieve bacteriën in een segment van de longen werd ingespoten. 
Mrp14-/- muizen lieten tijdens longontsteking door pneumokokken (in tegenstelling tot 
bij Klebsiella pneumonie) minder bacteriële uitgroei zien en een betere overleving. We 
lieten in deze studie zien dat de pneumokok, de mangaan- en zinkbindende rol van 
MRP8/14 misbruikt.  Tijdens pneumokokkenpneumonie stijgt de concentratie zink in 
het lichaam wat relatief toxisch is voor deze bacterie. MRP8/14 bindt het zink waardoor 
de pneumokok meer kan uitgroeien wat leidt tot meer ziekte en meer sterfte in wild type 
muizen in vergelijking met mrp14-/- muizen. In hoofdstuk 10 hebben we ons gefocust 
op de rol van MRP8/14 in stafylokokkenpneumonie.  Ondanks dat MRP8/14 de groei van 
stafylokokken kan remmen, laten we zien dat de klaring van deze bacterie amper wordt 
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beïnvloed door MRP8/14 in een pneumoniemodel. Afwezigheid van MRP8/14 ging wel 
gepaard met minder aantrekking van neutrofielen naar de longen. Verrassend genoeg 
hadden mrp14-/- muizen meer lokale ontsteking en meer longschade ten opzichte van 
wild type muizen. In hoofdstuk 11 onderzochten we de rol van MRP8/14 bij huidinfec-
tie door de stafylokok. Hier lieten we zien dat MRP8/14 in dit model wel bijdraagt aan 
de klaring van stafylokokken. Ook hier trekt MRP8/14 neutrofielen aan naar de plek van 
infectie.  

De “alarmin” MRP8/14 kent een multifunctionele rol tijdens infectieziekten. In onze 
studies laten we met name een belangrijke rol zien voor de zink- en mangaanbindende 
functie. In Klebsiella sepsis en S. aureus abcessen leidt binding van deze moleculen tot 
remming van de groei. Zinkbinding door MRP8/14 bevordert juist de groei in sepsis 
door pneumokokken. Zink komt vrij tijdens pneumokokkensepsis wat relatief toxisch 
is voor deze bacterie. MRP8/14 beïnvloedt de afweer ook op andere manieren, bijvoor-
beeld door bij te dragen aan de ontstekingsrespons of het aantrekken van neutrofielen. 
Verrassend genoeg hadden mrp14-/- muizen meer schade en ontsteking in de longen 
dan wild type muizen in longontsteking door stafylokokken, terwijl het niet de bacte-
riegroei beïnvloedde. Mogelijk heeft de toegenomen ontsteking te maken met het feit 
dat mrp14-/- muizen meer uitgerijpte dendritische cellen hebben. Dendritische cellen 
dragen bij aan de ontstekingsrespons tijdens pneumonie door stafylokokken. Ook hier 
geldt dat de rol van MRP8/14 afhangt van de desbetreffende bacterie. 

In hoofdstuk 12 rapporteren we over de mate van S100A12 expressie en sRAGE in 
patiёnten met ernstige sepsis en bij gezonde vrijwilligers geïnjecteerd met endotoxine 
(een bestanddeel) van Gram-negatieve bacteriën. Patiënten met ernstige sepsis vertoon-
den verhoogde S100A12 waardes in hun bloed. Intraveneuze injectie van endotoxine 
in gezonde vrijwilligers veroorzaakte het vrijkomen van S100A12 in de bloedbaan. In 
tegenstelling tot S100A12 bleven de sRAGE concentraties onveranderd tijdens sepsis of 
na endotoxine injectie.

De studies in dit proefschrift geven ons meer inzicht in de functies van “alarmins” tijdens 
infectieziekten. “Alarmins” vervullen een belangrijke rol in verschillende componenten 
van het immuunsysteem. Eerdere studies hebben laten zien dat “alarmins” bijdragen aan 
orgaanfalen en sterfte in modellen van zeer ernstige sepsis. In dit proefschrift laten we 
zien dat RAGE, HMGB1 en MRP8/14 niet alleen leiden tot ongewenste orgaanschade, 
maar dat ze ook kunnen bijdragen aan de beschermende afweerrespons in verschillende 
typen infecties. De complexe biologie maakt het ingewikkeld “alarmins” te gebruiken als 
potentieel therapeutisch aangrijpingspunt in infectieziekten. Aanvullende studies (in 
modellen waarin ook behandeld wordt met antibiotica) zijn daarom noodzakelijk voor-
dat we onze experimentele bevindingen kunnen extrapoleren naar de klinische situatie. 
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Desalniettemin kan de opgedane kennis in dit proefschrift uiteindelijk bijdragen aan 
nieuwe aanvullende therapieën.
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