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General introduction
Infectious diseases are a major cause of morbidity and mortality worldwide (1). 

Improved hygiene, the introduction of antibiotics and vaccination programs have 

successfully reduced the morbidity and mortality of many infectious diseases. 

However, the increasing incidence of antibiotic resistance and the enhanced risk of 

worldwide spreading due to increasing travelling stress the importance of improving 

treatment against infectious diseases. To achieve this, expanding our understanding 

of the host responses to microbial invasion is mandatory. This thesis is focussed 

on the role of CD44 and osteopontin (OPN) during primarily pulmonary bacterial 

infection and inflammation.

Pulmonary immune response 
The alveolar membrane is the largest surface of the body in contact with the outside 

environment, and is continuously exposed to respiratory pathogens such as bacteria 

and viruses. In the upper respiratory tract physical mechanisms like coughing and 

sneezing are used as a first line of defense against potential pathogens. In case 

microbes enter the terminal airways, they can cause pneumonia, one of the most 

common infectious diseases and the most frequent source of sepsis (2). Innate 

immune cells like respiratory epithelial cells, in a normal alveolus covered with a 

surfactant layer, and resident alveolar macrophages (AM) are the first cells to 

encounter pathogens in the alveoli (Figure 1, reviewed in (3)). The innate immune 

system is able to detect pathogens via a limited number of pattern-recognition 

receptors (PRR) which recognise conserved motifs that are expressed by pathogens 

but are absent in higher eukaryotes (4). Among other receptor families such as 

scavenger receptors, complement receptors, Fc-receptors, C-type lectins and 

Nucleotide-binding oligodimerization domain proteins (NOD)-like receptors, Toll-like 

receptors (TLRs) have a central role as PRR in the initiation of cellular innate immune 

responses. Upon recognition of a pathogen, lung epithelial cells will secrete cytokines 

and chemokines, and antimicrobial peptides that have microcidal activity or inhibit 

bacterial growth. AM are able to recognize, bind and phagocytose pathogens and 

subsequently kill them intracellularly. These cells can also secrete several mediators 

including cytokines and chemokines that mediate recruitment and activation of 

neutrophils from the circulation. These cells are potent phagocytes and critical for 

the effective elimination of pathogens. In addition, AM can phagocytose apoptotic 

neutrophils and thereby contribute to the resolution of pneumonia. In a number 
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of murine pneumonia models depletion of AM or neutrophils resulted in increased 

lethality and worsened outcome of the disease indicating the significant role of these 

cells during pulmonary infection (reviewed in (5)). In addition to rapid initiation of 

the nonspecific inflammatory reaction, the innate immune response is thought to 

orchestrate the adaptive immune response that primarily consists of T-cell and B-cell 

responses that provide specific memory of infection (6).

Figure 1. Depicted is a normal (left side) and inflamed (right side) alveolus. In the acute phase, there 
is sloughing of both the bronchial and alveolar epithelial cells, with the formation of protein-rich 
hyaline membranes on the denuded basement membrane. In the air space, an alveolar macrophage 
is secreting cytokines, including interleukin (IL)-1, IL-6, IL-8, and IL-10, and tumor necrosis factor 
(TNF)-α, which act locally to stimulate chemotaxis and activate neutrophils. Neutrophils are shown 
adhering to the injured capillary endothelium and marginating through the interstitium into the air 
space, which is filled with protein-rich edema fluid. Neutrophils can release oxidants, proteases, 
leukotrienes, and other proinflammatory molecules, such as platelet-activating factor (PAF). The 
influx of protein-rich edema fluid into the alveolus has led to the inactivation of surfactant. Adapted 
from (7).



Chapter 1

12

CD44
The transmembrane glycoprotein CD44 was initially described in 1981 as a hyaluronic 

acid (HA) binding molecule (8) and as a homing receptor for lymphocytes (9). 

In the following decades, the diversity in structure and function of CD44 became 

clear. The single CD44 gene consists of 20 exons and encodes for a large variety of 

CD44 proteins. All isoforms share an extracellular N-terminal domain (coded by 

exon 1-5) which binds HA (10), and a C-terminal domain (coded by exon 16-20), 

which contains a transmembrane domain and an intracellular cytoplasmic domain 

(11). The cytoplasmic tail of CD44 interacts with proteins of the cytoskeleton 

including actin, ankyrin, ezrin, radixin and moesin (12-14), and connection of 

CD44 with the cytoskeleton was hypothesised to regulate HA binding to CD44. The 

standard form of CD44 is expressed by most tissues and consists of the structures 

encoded by exon 1-5 and 16-20 only (15). By alternative splicing of the 10 variable 

exons that are present in mice (exon v1-v10) many isoforms can be generated that 

differ in their extracellular domain (11). In addition to alternative splicing CD44 is 

altered by posttranslational modifications including N- and/or O-linked glycosylation 

and addition of glycosaminoglycan chains (Figure 2) (16, 17). Shedding of CD44 from 

cellular membranes results in soluble CD44 (sCD44). So far little is known about the 

function of sCD44 (18, 19). sCD44 is found in the circulation of normal humans (20) 

and mice (21), and the serum levels of sCD44 often correlate with inflammatory state 

and tumor progression (21-24). 

CD44 functions and ligands
CD44 is widely expressed on a variety of cell types, including leukocytes and 

parenchymal cells (26, 27). This molecule has been implicated to mediate important 

physiological and pathological processes, such as cellular adhesion and migration by 

mediating cell-cell and cell-matrix interactions, cellular survival by affecting apoptosis 

and proliferation, and cytokine and chemokine responses (reviewed in (28, 29)).

 The main ligand of CD44 is HA, a glycosaminoglycan that is a component of the 

extracellular matrix (Figure 3). Under physiologic conditions HA exists as a high 

molecular weight polymer of disaccharides that has a restricted tissue distribution 

and is mainly found in connective tissues such as cartilage and joints. However,  

during tissue injury and inflammation HA undergoes dynamic degradation resulting  

in accumulation of low molecular weight fragments (30). Binding of HA to CD44  
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Figure 2. Structure of CD44 protein. CD44 type I transmembrane protein is composed of extracellular, 
transmembrane, and cytoplasmic domains. The globular region of CD44 in the extracellular amino-
terminal domain has homology with the cartilage link protein, which is known as “link domain.” 
Six cysteine residues that form interchain disulphide bonds confer stability on the link domain. The 
amino-terminal globular domain contains hyaluronan-binding motifs, which are in the link domain, 
and a basic motif that is outside the link domain. The extracellular domain is highly glycosylated. The 
stem structure of CD44 can be enlarged by the alternatively spliced variant exons (v1-v10) of CD44.
The carboxy-terminal cytoplasmic domain interacts with ERM (ezrin, radixin, and moesin) proteins, 
which link to the actin cytoskeleton. From (25)

is strictly regulated and dependent on the cell type, state of cell activation and 

differentiation (31-33). HA may interact differentially with various cells and produce 

distinct biological effects depending on the molecular weight. HA fragments induce 

chemokine gene expression (34) and NF-κB activation (35) in AM, and promote 

angiogenesis (36), whereas high molecular weight HA does not. However, several 

HA induced effects appeared only partly CD44 dependent. In the past few years, it 

has become clear that TLRs may warn the host of danger in general by the ability 

to recognise endogenous mediators released during injurious processes (37). HA 

fragments are now known to additionally signal through TLR2 and TLR4, thereby 

affecting NF-κB activation and induction of inflammatory gene expression, cell 

survival and migration (38-41). Interestingly, recent studies have shown that CD44 

positively regulates the induction of negative regulators of TLR signalling including IL-

1R-associated kinase (IRAK)-M (42, 43). Moreover, CD44 is known to bind, internalise 

and degrade HA into inactive disaccharides (26, 44, 45), thereby clearing it from the 

extracellular compartment. 
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Figure 3. Hyaluronic acid is composed of repeating disaccharide units containing glucuronic acid 
(A) and n-acetylglucosamine (B). From (54).

OPN, the second major ligand of CD44, is a secreted phosphorylated glycoprotein 

(Figure 4) (46) that is expressed by a broad range of tissues and cells (47-49). Originally 

considered a bone matrix protein, OPN is now known to regulate inflammation, 

tissue remodeling and cell survival (49-51). It has been implicated as an important 

component of inflammation during both innate and adaptive immunity by mediating 

inflammatory cell differentiation, maturation and migration, and cytokine production 

(47, 49-53). 

Figure 4. Osteopontin.

CD44 and osteopontin in lung disease

Under normal conditions CD44 is expressed by AM and pulmonary epithelial cells 

(55-57), and during inflammation CD44 expression in the lung can be upregulated 

(55, 58). Inflammatory cell recruitment is an important process during pulmonary 

inflammation (59), and CD44 is expressed on inflammatory, as well as endothelial 

and epithelial cells (60). Indeed, several studies suggest a central function for CD44 

during sterile or infectious lung inflammation. CD44 on murine neutrophils is an 
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E-selectin ligand (61) and important for polarization and directed migration of those 

cells (62). Therefore, it can be anticipated that cell influx into the lung would be 

impaired in the absence of CD44; however, others suggested a negative regulation 

of epithelium-neutrophil interactions via CD44 (63). During ozone-induced airway 

hyperresposiveness inflammatory cell influx into the lungs was dependent on HA and 

CD44, and thus impaired in CD44 knockout (KO) mice (64). On the other hand, in a model 

of acute pulmonary lung inflammation induced by intratracheal lipopolysaccharide 

(LPS) treatment, neutrophils appeared earlier and remained enhanced in numbers in 

bronchoalveolar lavage fluid (BALF) from CD44 KO mice when compared to neutrophil 

numbers in BALF of wild-type (WT) mice (42), whereas during a low dose aerosol LPS 

challenge neutrophil numbers were lower in CD44 KO mice (65). Similarly, enhanced 

neutrophil recruitment in the absence of CD44 has been reported for Mycobacterium 

(M.) tuberculosis infection (66) and Escherichia (E.) coli induced pneumonia (67). In 

addition, CD44 has been shown to affect macrophage trafficking towards the lung. 

CD44 KO mice demonstrated increased macrophage numbers in their BALF during 

lung inflammation elicited by intrapulmonary delivery of LPS or bleomycin (42, 68), 

whereas decreased pulmonary macrophage numbers were found in CD44 KO mice 

after aerosol challenge with a low dose of LPS (65), during ozone-induced airway 

hyperresponsiveness (64) and tuberculosis (66). Moreover, cell migration and tissue 

damage are additionally affected by cytokine and chemokine release, a process 

that can also be influenced by CD44 (42). Taken together, the net effect of CD44 on 

pulmonary inflammation appears to be dependent on the stimulus, the severity of 

tissue damage and the predominant cell type involved in the inflammatory response. 

In line with the function of CD44 to take up and degrade HA (26), CD44 KO mice 

showed elevated levels of HA during sterile pulmonary inflammation (induced either 

by ozone (64), LPS (42), or bleomycin (68)), which was accompanied by sustained 

accumulation of inflammatory cells.

 Patients suffering from diverse pulmonary diseases, including interstitial 

pneumonia, tuberculosis, silicosis and sarcoidosis, displayed enhanced OPN 

expression in their lungs as compared to healthy controls (69-71, 72, 73). In addition, 

patients with idiopathic pulmonary fibrosis demonstrated increased OPN levels in 

BALF (74). A possible protective role for OPN in mycobacterial infection was suggested 

by the observation that the extent of OPN protein expression in pathological lymph 

nodes from M. bovis BCG or M. avium infected patients was inversely correlated 

with disseminated infection and death (75). Furthermore, plasma OPN levels were 
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dramatically elevated in patients with interstitial pneumonia (76), in patients with 

sepsis of whom almost half suffered from pneumonia as the primary site of infection 

(77), and in patients with tuberculosis in which levels declined after successful 

therapy (78, 79). Moreover, a functional role for OPN has been described in several 

experimental models of non-infectious lung disease, including allergy and asthma 

(80, 81, 82), acute respiratory distress syndrome (73), granulomatous disease (83) 

and fibrosis (84, 85). However, knowledge on the functional role of OPN during 

pulmonary (bacterial) infection is limited.

Infection and inflammation models studied in this thesis
Respiratory tract infections
Infections of the respiratory tract are the 7th most prevalent cause of mortality 

in the United States (86, 87). According to the acquisition of pneumonia and the 

pathogens involved, community-acquired pneumonia (CAP) can be distinguished 

from nosocomial pneumonia. The pre-dominant pathogen responsible for CAP 

is Streptococcus (S.) pneumoniae, which is responsible for up to 60% of the cases. 

S. pneumoniae is a gram-positive diplococcus, of which the virulence is mainly 

determined by its capsule (88, 89). Nosocomial pneumonia usually occurs in patients 

with preexisting conditions and can be induced by various pathogens. Klebsiella (K.) 

pneumoniae is a gram-negative opportunistic rod-shaped bacterium that accounts 

for about 12% of hospital-acquired pneumonia cases (90, 91). Melioidosis is an 

important cause of severe sepsis in Southeast Asia and Northern Australia caused by 

the aerobic gram-negative soil-dwelling bacillus Burkholderia (B.) pseudomallei (92, 

93). Infection is thought to occur by cutaneous inoculation or inhalation. More than 

half of patients with melioidosis presents with pneumonia associated with bacterial 

dissemination to distant organs (94), and all-cause mortality is as high as 50% in 

Northeast Thailand where the majority of reported cases occur (95). One of the most 

dramatic manifestations of chronic lung infection and inflammation is tuberculosis. 

This disease, caused by infection with the acid fast rod M. tuberculosis, is a serious 

threat to mankind. One-third of the world’s population is infected with the tubercle 

bacillus and tuberculosis is responsible for two million deaths each year (96, 97). 

Upon infection with this pathogen healthy individuals develop a strong T-helper 1 

(Th1) response which is able to contain the infection in granulomas and prevent 

active disease. However, M. tuberculosis bacilli are thereby not eradicated from the 

lungs and remain a potential danger to the infected individual (97).
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Hyperoxia induced lung injury
Patients with acute lung injury (ALI) or acute respiratory distress syndrome (ARDS) 

almost invariably are given supplemental oxygen to maintain tissue oxygenation (98, 

99). However, prolonged exposure to high oxygen concentrations can worsen or induce 

lung damage in already injured or previously healthy lungs (100). The mechanisms 

underlying hyperoxia induced lung injury are beginning to be understood. The 

inflammatory response to hyperoxia is dominated by the recruitment of neutrophils 

into the bronchoalveolar space and likely mediated by the generation of reactive 

oxygen species (98, 100). However it has become clear that neutrophils are not 

absolutely required for the induction of lung injury during hyperoxia (101-103). 

Peritonitis
Peritonitis is most often caused by the presence of bacteria in the otherwise germ-free 

peritoneal cavity and is predominantly due to perforation of intestines. An immediate 

and adequate host defense is necessary to contain and kill the pathogen as due to the 

site of infection bacteria can quickly spread via the circulation, resulting in systemic 

inflammation and sepsis (2, 104). Like in the lung, upon bacterial appearance in the 

peritoneal cavity, resident peritoneal macrophages release chemoattractant factors 

to recruit circulating neutrophils and monocytes to kill the pathogen (105). E. coli is 

the most frequently isolated causative pathogen in peritonitis, which is responsible 

for 60% of the intraabdominal infections (106, 107). 

Aim and outline of this thesis
The general aim of the research described in this thesis was to obtain more insight into 

the role of CD44 and OPN during infection and inflammation. The principal subject 

of investigation was pulmonary inflammation and (myco)bacterial respiratory tract 

infections. The first part of this thesis focuses on the role of CD44 during (pulmonary) 

inflammation and infection. Chapter 2 describes the contribution of CD44 to 

hyperoxia induced lung injury. The function of CD44 during E. coli induced abdominal 

sepsis is reported in chapter 3. The role of CD44 in the acute and resolution phase 

during S. pneumoniae or K. pneumoniae induced pneumonia is described in chapter 

4 and chapter 5. TLRs are known to be important for pathogen recognition during 

pneumonia (108), and negative regulators of TLR-mediated immune responses are 

critical to attenuate TLR signaling and thereby prevent overwhelming inflammation 

(109). Chapter 6 describes the role of the negative TLR regulator IRAK-M in the host 



Chapter 1

18

response during gram-negative and gram-positive pneumonia. In the next part of 

this thesis we report on the role of OPN during respiratory tract infections. The 

contribution of OPN to the host response during pneumonia caused by K. pneumoniae 

or S. pneumoniae infection is described in chapter 7 and chapter 8. OPN levels in the 

circulation are enhanced in patients with sepsis, of whom almost half suffered from 

pneumonia as the primary site of infection (77), and in patients with tuberculosis (78, 

79). Therefore, we investigated the role of OPN during severe gram-negative sepsis 

induced by B. pseudomallei infection and during chronic M. tuberculosis infection, 

which is described in chapter 9 and chapter 10.
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Abstract
Patients with acute lung injury or respiratory distress syndrome often require 

supplemental oxygen to maintain tissue oxygenation. Although this supportive 

treatment is necessary, it can also cause or worsen lung inflammation. CD44 is a 

transmembrane adhesion molecule that is present on a wide variety of cell types, 

including leukocytes and parenchymal cells, and an important player in leukocyte 

trafficking. The aim of this study was to determine the role of CD44 during hyperoxia 

induced acute lung injury. CD44 knockout (KO) and wild-type (WT) mice were exposed 

to either > 95% oxygen or room air for 24-72 hours. Whereas all WT mice survived 

the 72-hour observation period, 37.5% of CD44 KO mice died. CD44 deficiency was 

associated with a profound influx of neutrophils into the bronchoalveolar space, 

in the presence of similar or even lower neutrophil numbers in lung parenchyma, 

suggesting that CD44 is important for containing neutrophils in the pulmonary 

interstitium during hyperoxia. In addition, CD44 deficiency resulted in enhanced 

interleukin-6 and keratinocyte-derived chemokine release into bronchoalveolar 

lavage fluid (BALF). CD44 KO mice further displayed evidence for increased vascular 

leak (reflected by higher protein levels in BALF) and injury of type II respiratory 

epithelial cells (higher BALF alkaline phosphatase levels). Strikingly, CD44 protected 

against bronchial epithelial cell death, as shown by enhanced epithelial cell necrosis 

and increased BALF nucleosome levels in CD44 KO mice. Osteopontin, an important 

ligand for CD44, was constitutively expressed in BALF of naive mice, increasing after 

72 hours of hyperoxia. However, osteopontin KO mice were indistinguishable from 

WT mice during exposure to hyperoxia for up to 72 hours. These data suggest that 

CD44 protects against hyperoxia induced mortality and lung injury by a mechanism 

that does not rely on its interaction with osteopontin.



CD44 and hyperoxia induced lung injury

27

Introduction
In the past years advances have been made in the mechanical ventilation of patients 

with acute lung injury (ALI) or acute respiratory distress syndrome (ARDS) (1, 2). 

Patients with ALI/ARDS almost invariably are given supplemental oxygen to maintain 

tissue oxygenation. However, prolonged exposure to high oxygen concentrations can 

worsen or induce lung damage in already injured or previously healthy lungs (3). 

The pathogenesis of hyperoxia induced lung injury is not completely understood and 

insight into factors involved could help to identify possible new targets for improving 

the management of patients who require supplemental oxygen. The inflammatory 

response to hyperoxia is dominated by the recruitment of neutrophils into the 

bronchoalveolar space (1, 3). The influx of neutrophils into the lungs upon exposure 

to hyperoxia likely is mediated in part by the local production of CXC chemokines and 

the expression of CXCR2, the main neutrophil receptor for CXC chemokines in rodents 

(4-6). In addition, increased expression of adhesion molecules on the pulmonary 

endothelial cell surface has been found to contribute to neutrophil trafficking into 

the bronchoalveolar compartment during hyperoxia (7). 

 CD44 is a transmembrane adhesion molecule that is present on a wide variety of 

cell types, including leukocytes and parenchymal cells (8, 9). Important ligands for 

CD44 include hyaluronic acid (HA) (10) and osteopontin (OPN) (11). Different roles 

for CD44 in neutrophil and macrophage (trans)migration have been described in vitro 

and in vivo (12-17). For example, during ozone-induced airway hyperresponsiveness 

inflammatory cell influx into the lungs was dependent on HA and CD44, and thus 

impaired in the absence of CD44 (18). On the other hand, in a model of acute 

pulmonary lung inflammation induced by intratracheal lipopolysaccharide (LPS) 

administration, neutrophils appeared earlier in bronchoalveolar lavage fluid (BALF) 

of CD44 deficient than in BALF of wild-type (WT) mice (12). At present it is unknown 

whether CD44 is involved in hyperoxia-induced neutrophil migration and lung injury. 

Therefore, in the present study we sought to investigate the function of CD44 in the 

induction of lung inflammation upon exposure to hyperoxia. 
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Materials & Methods 
Animals 
Male 10-12 week old WT C57BL/6 mice were purchased from Harlan Sprague Dawley 

Inc. (Horst, The Netherlands). CD44 knock-out (KO) mice (kindly provided by Dr. A. 

Berns, Netherlands Cancer Institute, Amsterdam, The Netherlands (19)) and OPN KO 

mice (Jackson Laboratories, Bar Harbor, ME), both on a C57BL/6 genetic background, 

were bred in the animal facility of the Academic Medical Center (Amsterdam, The 

Netherlands). The Animal Care and Use Committee of the University of Amsterdam 

approved all experiments.

Exposure to hyperoxia
Mice were exposed to either > 95% oxygen or room air under normobaric pressure 

in a 90 x 70 x 70 cm chamber. At time points indicated, mice were anesthetized with 

ketamine (Eurovet Animal Health BV, Bladel, The Netherlands) and medetomidine 

(Pfizer Animal Health BV, Capelle aan de IJssel, The Netherlands) for collection of the 

samples as described below.

Bronchoalveolar lavage
BALF was obtained and differential counts were carried out as described earlier 

(20, 21). Briefly, the trachea was exposed through a midline incision and BALF was 

harvested by instilling and retrieving 1 mL (in aliquots) of sterile phosphate buffered 

saline. Cell counts were determined for each BALF sample in a hemocytometer 

(Beckman Coulter, Fullerton, CA) and differential cell counts were performed on 

cytospin preparations stained with Giemsa stain (Diff-Quick; Dade Behring AG, 

Düdingen, Switzerland). To obtain lung homogenates, lungs were removed aseptically, 

and homogenized in 5 volumes of sterile 0.9% NaCl using a tissue homogenizer 

(Biospec Products, Bartlesville, OK).

Assays
Myeloperoxidase (MPO), keratinocyte-derived chemokine (KC), interleukin (IL)-6, 

soluble receptor for advanced glycation end products (RAGE) and OPN levels were 

determined by ELISA (MPO; Hycult, Uden, the Netherlands, others; R&D Systems, 

Abingdon, United Kingdom). Protein levels were measured using the bicinchoninic 

acid protein kit (Pierce, Rockford, IL) using bovine serum albumin as a standard. 

Alkaline phosphatase levels were determined by a commercially available kit (Sigma 
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Aldrich, St. Louis, MO) using a Hitachi analyzer (Roche, Mannheim, Germany). 

Nucleosome levels were determined by means of ELISA as described previously 

(22) with some modifications. In brief, ELISA plates were coated with monoclonal 

anti-histone H3 antibody (CLB/ANA-60) and the samples were added and incubated 

for 1 h at room temperature. After washing, biotin-labelled F(ab')2 fragments of 

monoclonal antinucleosome antibody (CLB/ANA-58) were added and incubated 

for another hour at room temperature. Binding of biotin-labelled antibodies was 

detected with streptavidin-horse radish peroxidase (HRP) using tetramethylbenzidine 

(TMB) as a substrate. The reaction was stopped with 2 M H2SO4 and the absorbance 

was measured at 450 nm. Serial dilutions of a culture supernatant of approximately 

1 × 106/ml Jurkat cells, cultured for a week with etoposide to obtain 100% dead cells 

were used as a standard. BALF levels were expressed as units/milliliter. One unit was 

arbitrarily set at the amount of nucleosomes released by approximately 100 Jurkat 

cells. The detection limit of the ELISA was 0.8 U/ml.

Histology
Lungs were fixed in 10% formalin and embedded in paraffin. 4µm thick sections were 

stained with hematoxylin-eosin or periodic acid Schiff after diastase (PAS-D). The 

following parameters were scored: interstitial inflammation, endothelialitis, edema, 

and pleuritis. Each parameter was graded on a scale of 0 to 4 (0, absent; 1, mild; 2, 

moderate; severe; and 4, very severe). The total pathology score was expressed as 

the sum of the score for all parameters. Necrosis of the bronchial epithelium was 

scored on PAS-D stained tissues (on a similar scale of 0 to 4). Granulocyte staining 

was performed using fluorescein isothiocyanate-labeled anti-mouse Ly-6G mAb 

(Pharmingen, San Diego, CA) as described earlier (23, 24). Ly-6G 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. 

Coloured areas were analysed with Image Pro Plus (Media Cybernetics, Bethesda, 

MD) and expressed as percentage of the total surface area. The average of ten 

pictures was used for analysis.

Statistical analysis
All values are expressed as mean ± SEM. Comparisons were done with Mann-

Whitney U tests and survival was compared by log-rank test, using GraphPad Prism 

version 4.0, GraphPad Software (San Diego, CA). Values of P < 0.05 were considered 

statistically significant.
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Results 
CD44 protects against hyperoxia induced mortality
To obtain insight in the role of CD44 in hyperoxia induced lung injury CD44 KO and 

WT mice were exposed to > 95% oxygen for up to 72 h; control mice were exposed to 

room air. Whereas all 16 WT mice remained alive during this observation period, 6/16 

CD44 KO mice died, with the first deaths occurring after 48 h (P = 0.007, Figure 1). 

Samples for further measurements were obtained after 24, 48 or 72 h of hyperoxia; 

please note that these data are somewhat biased in favour of WT mice since (the 

most severely ill) CD44 KO mice started dying from 48 h onward. 

Figure 1. CD44 
protects against 
mortality. Percent-
age survival of WT 
(closed symbols) 
and CD44 KO mice 
(open symbols) ex-
posed to > 95% oxy-
gen and followed 
for 72 h for mor-
tality. n = 16 mice/
group. P value indi-
cates the difference 
between groups.

CD44 prevents neutrophil recruitment to the bronchoalveolar space during 
hyperoxia
The inflammatory response to hyperoxia is dominated by the recruitment of 

neutrophils into the bronchoalveolar space (1, 3).  CD44 KO mice displayed a profound 

influx of neutrophils into BALF, which became apparent after 24 h and increased 

further up to the end of the 72 h observation period. Within this time frame, WT 

mice demonstrated a very modest influx of neutrophils (P < 0.05 and P < 0.01 versus 

WT for t= 48 and 72 h respectively, Figure 2A). To examine whether the increased 

influx of CD44 KO neutrophils into the bronchoalveolar space was accompanied with 

a concurrent accumulation of neutrophils in lung tissue, we determined the number 

of neutrophils in pulmonary interstitium by means of Ly-6 staining of histopathology 

slides and MPO measurements in lung homogenates (Figure 2B and C). Remarkably 

and unlike the rapid and strong recruitment of neutrophils into BALF of CD44 KO 
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mice after 24 h of hyperoxia the number of Ly6+ cells in lung tissue and lung MPO 

levels were similar in CD44 KO and WT mice; at 48 h lungs of CD44 KO mice even 

contained significantly fewer neutrophils, as reflected by both fewer Ly6+ cells in 

lung tissue slides and lower pulmonary MPO concentrations (both P < 0.05 versus WT 

mice). At 72 h of hyperoxia pulmonary neutrophil numbers were further increased 

and similar in both groups. Taken together, these data suggest that during hyperoxia 

CD44 inhibits the transition of neutrophils to the bronchoalveolar space.

Figure 2. CD44 prevents neutrophil recruitment to the bronchoalveolar space during hyperoxia. 
Neutrophil numbers in (A) BALF, and in (B-C) lung tissue as determined by Ly-6 staining of lung tissue 
slides (B) and myeloperoxidase (MPO) measurement in lung homogenates by ELISA (C) in WT (black 
bars) and CD44 KO mice (white bars) exposed to > 95% oxygen and sacrificed after 24, 48 or 72 h. 
Data are means ± SEM, n = 6-8/group/time point. * P < 0.05, ** P < 0.01 as compared to WT mice. 

CD44 KO mice demonstrate enhanced KC and IL-6 concentrations in BALF
Chemokines and cytokines play an important role during hyperoxia induced lung 

injury (6, 7). To further evaluate the pulmonary responses to oxygen exposure, we 

measured IL-6 and KC in BALF (Figure 3). After 24 h of hyperoxia IL-6 and KC were not 

detectable yet. However, at 48 h both mediators were enhanced in CD44 KO mice 

(P < 0.01 and P = 0.05 versus WT at 48 h, respectively) and further induced at 72 h, 

when the levels in CD44 KO mice were approximately 4 and 10 times higher for IL-6 

and KC respectively as compared to WT mice (P < 0.01 for both mediators). 

CD44 KO mice show more severe lung injury during hyperoxia 
Having shown that CD44 KO mice displayed an increased migration of neutrophils to 

the bronchoalveolar space, we next evaluated the role of CD44 in lung inflammation 

and damage during hyperoxia. Therefore, we analyzed lung tissue slides from 

WT and CD44 KO mice exposed to hyperoxia for 24, 48 or 72 h. Upon histological 

examination, the lungs of hyperoxia exposed WT and CD44 KO mice showed interstitial 
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Figure 3. CD44 deficiency enhances IL-6 and KC release. WT (black bars) and CD44 KO mice 
(white bars) were exposed to > 95% oxygen and sacrificed after 24, 48 or 72 h. IL-6 (A) and KC (B) 
concentrations were measured in BALF. Data are means ± SEM of 6-8/group/time point. b.d. means 
below detection limit. ** P < 0.01 as compared to WT mice. 

inflammation together with edema and pleuritis in most animals already after 24 h of 

hyperoxia, which was not further increased at 72 h (Figure 4A-I). The mean pathology 

score of lungs using the scoring system described in the Methods section was similar 

in both groups at all time points. Strikingly, after 48 h of hyperoxia necrosis of the 

bronchial epithelium was more prominent in CD44 KO than in WT mice (Figure 5). 

At 72 h determination of bronchial epithelial necrosis was not possible anymore 

because of extreme degradation of the epithelial layer in both mouse strains (data 

not shown). The extent of lung injury was further determined by measuring total 

protein and alkaline phosphatase in BALF (25, 26). Total protein levels at 24 h after 

hyperoxia remained at the level of room air exposed mice, while after 48 h protein 

levels started to increase in both mouse strains, to become profoundly elevated at 

72 h after hyperoxia. At this time point protein levels were significantly higher in 

CD44 KO mice as compared to WT mice (P < 0.05, Figure 6A). Alkaline phosphatase 

was detectable only after 72 h, when significantly increased levels were found in 

CD44 KO as compared to WT mice (P < 0.01, Figure 6B). sRAGE has recently been 

described as a marker of lung injury based on experimental studies in mice during  

hyperoxia (25), and in rats and in patients with ALI (27). Indeed, sRAGE levels strongly 

increased during hyperoxia as compared to room air; sRAGE levels were similar in 

WT and CD44 KO mice (Figure 6C). Finally, we measured nucleosomes as a marker 

for apoptotic cell death (28). After 24 and 48 h of hyperoxia nucleosome levels were 

below the detection limit. However, at 72 h nucleosomes were detectable in BALF of 

both groups, with higher levels in CD44 KO mice (Figure 6D, P = 0.08 versus WT mice). 
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Figure 4: CD44 deficiency does not impact on the extent of lung pathology. Representative HE 
stainings of lung tissue of WT (A, D and G) and CD44 KO (B, E and H) mice exposed to > 95% oxygen 
for 24 (A-C), 48 (D-F) and 72 h (G-I). Original microscopic magnification: 20x. Inflammation scores 
are expressed as means ± SEM (WT mice: black bars; CD44 KO mice: white bars, n = 6-8/group/time 
point).

Together, these data suggest that CD44 protects against epithelial cell death and lung 

injury during hyperoxia.

Osteopontin does not impact on hyperoxia induced lung injury
OPN is an important ligand of CD44 (11). To determine whether OPN could be 

involved in the protective role of CD44 during hyperoxia, we first measured OPN  

concentrations in BALF of WT and CD44 KO mice. OPN levels in BALF from mice 

exposed to hyperoxia did not increase as compared to BALF of mice exposed to room 

air levels up to 48 h (data not shown). At 72 h BALF OPN had increased in both mouse  

groups, but to a larger extent in CD44 KO mice (Figure 7A, P = 0.05 versus WT mice). To 

determine a possible role for endogenous OPN in hyperoxia induced lung injury, we 

compared the pulmonary response to hyperoxia in OPN KO and WT mice after 48 and 

72 h of exposure, following a similar approach as described above for CD44 KO mice.  
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Figure 5: CD44 deficiency exaggerates epithelial cell necrosis. Representative PAS-D stainings of 
lung tissue of WT (A) and CD44 KO (B) mice exposed to > 95% oxygen for 48 h. Original microscopic 
magnification: 40x. Graphical representation of the degree of necrosis of bronchial epithelium (C) 
determined according to the scoring system described in the Methods section. More profound 
necrosis of the bronchial epithelium was observed in the CD44 KO mice compared to WT mice. Data 
are means ± SEM of 8 mice per group. ** P < 0.01 as compared to WT mice. 

OPN KO and WT mice did not differ with respect to mortality, neutrophil recruitment 

into BALF, the concentrations of IL-6, KC, total protein, alkaline phosphatase or 

nucleosomes in BALF or histopathology of the lung at either 48 or 72 h of hyperoxia 

Figure 6: Enhanced total protein and alkaline phosphatase levels in CD44 KO mice. WT (black bars) 
and CD44 KO mice (white bars) were exposed to > 95% oxygen or room air and sacrificed after 
24, 48 or 72 h. Total protein (A), alkaline phosphatase (AP) (B), sRAGE (C) and nucleosomes (D) 
were measured in BALF. Alkaline phosphatase and nucleosomes were only detectable at 72 h of 
hyperoxia. Data are means ± SEM of 5-8/group/time point. b.d. means below detection limit. * P < 
0.05, ** P < 0.01 as compared to WT mice. 
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 (shown for IL-6, KC, total protein, and alkaline phosphatase at 72 h in Figure 7B-E). 

Together, these data suggest that OPN does not contribute to the protective role of 

CD44 during hyperoxia. 

Figure 7: Osteopontin does not contribute to hyperoxia induced lung injury. WT (black bars) and 
CD44 KO (white bars) mice (A) or WT and osteopontin (OPN) KO mice (grey bars) (B-E) were exposed 
to > 95% oxygen and sacrificed after 72 h. OPN (A), IL-6 (B), KC (C), total protein (D) and alkaline 
phosphatase (AP) (E) were measured in BALF. Data are means ± SEM of 5-8 mice per group. Dashed 
lines represent room air levels.

Discussion
CD44 is abundantly expressed and plays a role in several inflammatory processes, 

including inflammatory cell recruitment and cytokine and chemokine responses (12, 

14, 15, 29-34). We here demonstrate that CD44 protects against hyperoxia induced 

lung injury and mortality. CD44 especially appeared to protect the respiratory 

epithelium against hyperoxia induced damage, as indicated by increased epithelial 

necrosis in CD44 KO mice accompanied by elevated levels of epithelial cell injury 

markers in BALF. Moreover, we show that an interaction between CD44 and one of 

its main ligands OPN does not contribute to the protective function of CD44 during 

hyperoxia. 

 The recruitment of neutrophils into the bronchoalveolar space dominates the 

inflammatory response to hyperoxia (1, 3). CD44 on murine neutrophils has been 

shown to be a ligand for E-selectin (35) and to be important for polarization and 
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directed migration of these cells (16). Based on these data one might expect that 

neutrophil recruitment would be impaired in the absence of CD44. However, we found 

that neutrophils hardly appeared in the bronchoalveolar space of WT mice within 

our observation period, whereas in CD44 KO mice neutrophil influx was detected 

from 24 h onward, increasing up to 72 h of hyperoxia. Similarly, enhanced neutrophil 

recruitment in the absence of CD44 has been reported in several inflammation 

and infection models including zymosan induced arthritis (31), intratracheal LPS 

administration (12), Escherichia coli induced pneumonia (14), and M. tuberculosis 

infection (34). On the other hand, we and others showed impaired (17, 36, 37) or 

unaltered (see Chapter 3) neutrophil recruitment during inflammation in the absence 

of CD44. It has been suggested that the need for CD44 in cellular diapedesis from the 

circulation depends on vascular integrity and shear stress, and thus on the severity of 

tissue damage and the organ involved (18). As such, the increased neutrophil influx 

into BALF of CD44 KO mice during hyperoxia might be explained by the fact that 

hyperoxia induced breakdown of vascular integrity renders cell adhesion processes 

redundant for cellular diapedesis. Of note, after 24 h of hyperoxia CD44 KO and 

WT mice displayed similar neutrophil numbers in lung parenchyma (as indicated 

by the number of Ly6+ cells in tissue slides and the concentrations of MPO in lung 

homogenates), while only CD44 KO mice had neutrophils in their BALF; moreover, 

at 48 h of hyperoxia CD44 KO mice even demonstrated fewer neutrophils in lung 

parenchyma and much higher neutrophil numbers in their BALF when compared to 

WT mice. Together these data suggest that during hyperoxia CD44 is not involved 

in neutrophil diapedesis from the circulation to the parenchyma and that CD44 

impairs the transition of neutrophils from parenchyma to the bronchoalveolar space, 

resulting in containment of these cells in the pulmonary interstitium in WT mice and 

transition to BALF in CD44 KO mice. This latter response likely was further facilitated 

by the elevated BALF levels of KC (4-6) (and possibly IL-6 (24)) in CD44 KO mice.

 Although neutrophils were abundantly present in the alveolar compartment 

of CD44 KO but not of WT mice, we found no differences in the extent of lung 

pathology, as determined by a semi-quantitative scoring method. Although several 

investigations have indicated that neutrophils can contribute to hyperoxia induced 

lung injury, it has become clear that these cells are not absolutely required. Indeed, 

cyclophosphamide induced neutropenia did not alter the increased lung permeability 

associated with hyperoxia in rats (38), whereas neutrophil depletion using nitrogen 

mustard only partially reduced lung edema in rabbits (39). More recently, it has been 
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shown that antibody-mediated neutrophil depletion does not prevent lung edema 

or protein leak during hyperoxia in mice, indicating dissociation between neutrophil 

infiltration and lung injury (7). Hyperoxia induces cell death of pulmonary epithelial 

cells displaying characteristics of both necrosis and apoptosis (40, 41). Strikingly, we 

found more prominent necrosis of the bronchial epithelium of CD44 KO mice after 

48 h of hyperoxia. Furthermore, CD44 KO mice demonstrated enhanced nucleosome 

levels at 72 h as compared to WT mice, although this difference did not reach statistical 

significance possibly due to a bias in favour of WT mice since the most severely ill CD44 

KO mice had died at this time point. These results are in line with reports that CD44 

stimulation down-regulates Fas-mediated apoptosis of lung cancer cells (42) and that 

CD44 promotes resistance to apoptosis in murine colonic epithelium (43). The CD44 

mediated protective effect on the respiratory epithelium may also at least in part 

explain why CD44 KO mice demonstrated evidence for increased vascular leak, as 

reflected by higher protein levels in BALF. As alkaline phosphatase and sRAGE release 

into the bronchoalveolar space are indicative of type II and type I alveolar epithelial 

cell injury respectively (26, 27), our data on enhanced BALF alkaline phosphatase 

levels in CD44 KO mice, but similar levels of sRAGE indicate that the presence of CD44 

impacted more on type II than on type I cells.

 OPN is an important ligand of CD44 (11). As OPN acts as a chemo-attractant 

for neutrophils (see chapter 7) (44), we checked whether BALF OPN levels were 

increased during hyperoxia and, if so, different between CD44 KO and WT mice. OPN 

was constitutively expressed in BALF of naive mice, only to increase after 72 h of 

hyperoxia. Although BALF OPN levels were slightly increased in CD44 KO mice at this 

time point, we established that OPN does not contribute to hyperoxia induced lung 

injury: all parameters for lung inflammation and/or injury were indistinguishable 

between OPN KO and WT mice. In preliminary experiments we found elevated BALF 

levels of HA, another main ligand for CD44, in CD44 KO mice (data not shown), which is 

in line with the function of CD44 to take up and degrade HA (8), and with several other 

sterile pulmonary inflammation models, such as induced by bleomycin (32), ozone 

(18), or LPS (see also Chapter 5) (12). Since HA can exert proinflammatory effects in 

the lung by mediating inflammatory cell recruitment, cytokine release and apoptosis 

(45), it is possible that elevated HA levels in BALF of CD44 KO mice contributed to the 

pulmonary damage in these animals. Further studies are warranted to explore the 

role of HA in hyperoxia induced lung injury.
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 In conclusion, our data demonstrate that CD44 protects against hyperoxia induced 

mortality and lung injury, characterized by reduced neutrophil recruitment, cytokine 

and chemokine release, and respiratory epithelial cell death. 
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Abstract
CD44 is involved in several immune responses such as cellular adhesion, migration, 

proliferation and activation. Peritonitis is an important cause of sepsis and Escherichia 

(E.) coli is one of the major pathogens involved herein. We here sought to determine 

the role of CD44 in the host response to E. coli induced abdominal sepsis and to 

assess the function of CD44 in the activation of primary peritoneal macrophages by 

E. coli or lipopolysaccharide (LPS) purified from this bacterium, using WT and CD44 

knockout (KO) mice. CD44 KO mice demonstrated enhanced CXC chemokines levels 

in peritoneal lavage fluid already at 6 hours after infection, whereas tumor necrosis 

factor (TNF)-α and interleukin (IL)-6 levels were elevated at 20 hours post infection. 

In line, CD44 KO peritoneal macrophages released more TNF-α and macrophage 

inflammatory protein (MIP)-2 than WT cells upon stimulation with E. coli or LPS in 

the presence of autologous serum. In contrast, plasma TNF-α levels were lower in 

CD44 KO mice, and CD44 KO blood leukocytes secreted similar amounts of TNF-α and 

MIP-2 upon ex vivo incubation with E. coli or LPS. The proinflammatory phenotype of 

CD44 KO macrophages was not associated with an altered expression of inhibitors of 

Toll-like receptor signaling, whereas it could be partially reversed by addition of WT 

serum. CD44 deficiency did not impact on leukocyte recruitment into the peritoneal 

cavity or organ failure. These data suggest that CD44 differentially influences cytokine 

and chemokine release by different leukocyte subsets. 
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Introduction
Sepsis is the leading cause of death in critically ill patients in developed countries (1). 

Peritonitis is the second most common cause of sepsis (2), with Escherichia (E.) coli as 

one of the major pathogens involved (3). Upon infection an immediate and adequate 

host defense is necessary to contain and kill the pathogen. Therefore, resident 

peritoneal macrophages release chemoattractant factors to recruit circulating 

neutrophils and monocytes to kill the pathogen (4).

 CD44 is a transmembrane adhesion molecule that is present on a wide variety of 

cell types, including leukocytes and parenchymal cells. CD44 has several functions in 

innate and adaptive immune responses such as involvement in cellular adhesion and 

migration, lymphocyte and monocyte activation and proliferation, and cell mediated 

cytotoxicity in natural killer cells (5-7). Considering the wide expression pattern of CD44 

on several cell types, and the variety of functions that CD44 has during inflammation 

and infection, it is not surprising that the effect of CD44 deficiency differs extensively 

depending on the pathogen species (or derivative) and the primary site of infection. 

For example, intratracheal instillation of 1 mg/kg E. coli-derived lipopolysaccharide 

(LPS), the major virulence factor of gram-negative bacteria (8), in CD44 deficient 

mice resulted in increased inflammatory cell influx and elevated chemokine levels 

in bronchoalveolar lavage fluid as compared to control mice (9). On the other 

hand, aerosol challenge of a lower LPS dose as experienced by grain mill workers 

resulted in attenuated macrophage recruitment into the bronchoalveolar space of 

CD44 knockout (KO) mice as compared to control mice (10). In an E. coli induced 

pneumonia model, CD44 deficiency resulted in enhanced neutrophil accumulation 

and elevated chemokine mRNA levels in the lungs, whereas no effect on pulmonary 

bacterial outgrowth was found (11). In contrast, in an E. coli induced urinary tract 

infection model, CD44 deficiency did neither influence neutrophil accumulation nor 

cytokine and chemokine production, while the bacterial load in kidneys was reduced 

in CD44 KO mice in this model (12). 

 We here sought to assess the function of CD44 in the host response to E. coli 

induced abdominal sepsis and to determine the role of CD44 in the activation of 

primary peritoneal macrophages by E. coli or LPS purified from this bacterium. We 

focused on these gram-negative bacterial stimuli since these are most relevant for 

peritoneal macrophages (13, 14). 
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Materials & Methods
Animals and design
The Institutional Animal Care and Use Committee approved all experiments. C57BL/6 

wild-type mice (WT) were obtained from Harlan-Sprague Dawley Inc. (Horst, The 

Netherlands). CD44 KO mice on C57BL/6 background (kindly provided by Dr. A. 

Berns, Netherlands Cancer Institute, Amsterdam, The Netherlands (15)) were bred in 

the animal facility of the Academic Medical Center (Amsterdam, The Netherlands). 

Nine- to twelve-week-old male mice were used in all experiments. All experimental 

procedures, including induction of peritonitis, were done as described previously 

(16, 17). In brief, E. coli O18:K1 was cultured in Luria-Bertani medium at 37°C, 

harvested at midlog phase, and washed twice before inoculation. Mice were injected 

intraperitoneally with 1 x 104 colony forming units (CFU) of E. coli in 200 μL of sterile 

saline. The inoculum was plated on blood agar plates to determine viable counts. 

After 6 or 20 hours mice were sacrificed; the peritoneal cavity was lavaged with 5 

mL of sterile 0.9% NaCl using an 18-gauge needle and blood was drawn in heparin 

containing tubes; organs were removed aseptically, and homogenized in 5 volumes 

of sterile 0.9% NaCl using a tissue homogenizer (Biospec Products, Bartlesville, OK). 

CFU were determined from serial dilutions of peritoneal lavage fluid, blood, and 

organ homogenates and incubated at 37°C for 16 h before colonies were counted. 

Cell counts were determined for each peritoneal lavage sample in a hemocytometer 

(Beckman Coulter, Fullerton, CA) and differential cell counts were performed on 

cytospin preparations stained with Giemsa stain (Diff-Quick; Dade Behring AG, 

Düdingen, Switzerland). 

Assays
Interleukin (IL)-1β, keratinocyte-derived cytokine (KC), macrophage inflammatory 

protein (MIP)-2, and LPS-induced CXC chemokine (LIX) were measured by ELISA 

(R&D Systems, Abingdon, UK). Monocyte chemoattractant protein (MCP)-1, tumor 

necrosis factor (TNF)-α, IL-6, IL-10, IL-12p70 and interferon (IFN)-γ were measured 

by cytometric bead array multiplex assay in accordance with the manufacturer’s 

recommendations (BD Biosciences, San Jose, CA). Urea, creatinine, aspartate 

aminotransferase (ASAT) and alanine aminotransferase (ALAT) were determined 

with commercially available kits (Sigma-Aldrich), using a Hitachi analyzer (Roche, 

Mannheim, Germany) according to the manufacturer’s instructions.
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Histology 
Lungs and livers were harvested 20 h after infection, fixed in 10% buffered formalin 

for 24 h, and embedded in paraffin. Hematoxilin and eosin stained slides were coded 

and scored from 0 (absent) to 4 (severe). For lung the following parameters were 

scored: interstitial inflammation, endothelialitis, edema, and pleuritis. For liver 

interstitial inflammation, endothelialitis, necrosis and thrombus formation was 

scored. The total “inflammation score” was expressed as the sum of the scores for 

each parameter, the maximum being 16.

Ex vivo peritoneal macrophage stimulation
Peritoneal macrophages from untreated CD44 KO and WT mice were harvested by 

peritoneal lavage, washed and resuspended in RPMI 1640 (Gibco, Life Technologies, 

Rockville, MD) containing 2 mM L-glutamine, penicillin, streptomycin and 5% 

autologous serum (i.e. pooled serum from mice of the same genotype: CD44 KO cells 

were incubated in the presence of serum obtained from CD44 KO mice and WT cells 

were incubated with serum obtained from WT mice). Cells were then plated at a 

concentration of 1 x 105 cells in 100 µl per well in 96-well flat-bottom microtiter 

plate to let them adhere for 2 h at 37°C, 5% CO2, and then washed with medium to 

remove non-adherent cells. Next, the adherent monolayer cells were stimulated for 

2, 6 or 18 h in medium containing 10% WT or CD44 KO serum with or without LPS 

from E. coli (200 ng/ml; serotype 0111:B4, Sigma, St. Louis, MO) or heat-killed E. coli 

(equivalent of 1 x 107 CFU/ml) at 37°C, 5% CO2. Supernatants were taken and stored 

at -20°C until assayed. Cell pellets were immediately dissolved in RA1 buffer, RNA 

was isolated as described by the manufacturer (Bioke, Leiden, the Netherlands) and 

reverse transcribed using oligo dT (Promega, Leiden, the Netherlands) and Moloney 

murine leukemia virus reverse transcriptase (Invitrogen, Breda, the Netherlands). 

Reverse-transcription–polymerase chain reactions (RT-PCRs) were performed using 

LightCycler®SYBR green I master mix (Roche, Mijdrecht, the Netherlands) and 

measured in a LightCycler 480 (Roche) apparatus using the following conditions: 

5-minute 95°C hot-start, followed by 40 cycles of amplification (95°C for 15 seconds, 

60°C for 5 seconds, 72°C for 20 seconds). For quantification, standard curves were 

constructed by PCR on serial dilutions of a concentrated cDNA, and data were 

analyzed using LightCycler software. Gene expression is presented as a ratio of the 

expression of the housekeeping gene β2-microglobulin (B2M) (18). Primers were as 

follows: B2M; 5’-TGGTCTTTCTGGTGCTTGTCT-3’ and 5’-ATTTTTTTCCCGTTCTTCAGC-3’, 
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A20; 5’-GGGACTCCAGAAAACAAGGG-3’ and 5’-TACCCTTCAAACATGGTGCTT-3’, 

interleukin-1R-associated-kinase (IRAK)-M; 5’-TGCCAGAAGAATACATCAGACAG-3’ 

and 5’-TCTAAGAAGGACAGGCAGGAGT-3’.

Whole blood stimulation
Heparinized blood from untreated CD44 KO and WT mice was stimulated with 

medium (RPMI 1640 containing 2 mM L-glutamine, penicillin and streptomycin) with 

or without LPS from E. coli (80 ng/ml) or heat-killed E. coli (equivalent of 4 x 106 CFU/

ml) for 6 or 24 hours at 37°C, 5% CO2. After centrifuging supernatants were taken and 

stored at -20°C until assayed.

Statistical analysis
Differences between groups were analyzed using Mann-Whitney U test using 

GraphPad Prism version 4.00 (GraphPad Software; San Diego, CA). Values are 

expressed as mean ± SEM. A value of P < 0.05 was considered to represent a 

statistically significant difference.

Results
CD44 deficiency is associated with enhanced peritoneal TNF-α, IL-6 and 
chemokine release during E. coli peritonitis
To obtain a first insight into the role of CD44 in peritoneal cytokine and chemokine 

production during bacterial peritonitis we injected CD44 KO and WT mice with live E. 

coli intraperitoneally and measured TNF-α, IL-1β, IL-6 (proinflammatory cytokines), 

IL-10 (anti-inflammatory cytokine), MIP-2, KC, LIX (CXC chemokines) and MCP-

1 in peritoneal lavage fluid collected 6 or 20 h thereafter (Figure 1). Notably, 6 h 

after infection CD44 KO mice had a modestly but significantly increased bacterial 

load in their peritoneal lavage fluid when compared to WT mice (2.12 ± 0.76 x 105 

versus 6.29 ± 2.45 x 105 CFU/ml respectively; P < 0.05). Bacterial loads did not differ 

between both mouse strains in peritoneal lavage fluid 20 h after infection or in other 

body compartments (blood, lung and liver) at either 6 or 20 h post infection (data 

not shown). At 6 h, peritoneal cytokine and MCP-1 levels did not differ between 

CD44 KO and WT mice; at 20 h, however, CD44 KO mice displayed markedly increased 

TNF-α and IL-6 concentrations (P < 0.05 versus WT, Figure 1A and 1C), whereas 

the peritoneal levels of IL-1β, IL-10 and MCP-1 tended to be increased in these 
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Figure 1: CD44 KO mice demonstrate enhanced TNF-α, IL-6 and chemokine (MIP-2, KC and LIX) 
production in peritoneal lavage fluid. Cytokine (TNF-α, IL-1β, IL-6 and IL-10) and chemokine (MIP-
2, KC, LIX and MCP-1) levels in peritoneal lavage fluid at 6 and 20 h after i.p. injection of 1x104 CFU 
E. coli in WT (black bars) and CD44 KO (white bars) mice. Data are expressed as means ± SEM; n = 
8 mice/group/time point. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. WT at the same time point. B.D. 
means below detection.
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Figure 2: CD44 KO mice demonstrate decreased TNF-α and MCP-1 levels in plasma. Cytokine 
(TNF-α, IL-1β, IL-6 and IL-10) and chemokine (MIP-2 and MCP-1) levels in plasma at 6 and 20 h 
after i.p. injection of 1 x 104 CFU E. coli in WT (black bars) and CD44 KO (white bars) mice. Data are 
expressed as means ± SEM; n = 8 mice/group/time point. * P < 0.05 vs. WT at the same time point. 

animals, however, these increased amounts did not reach statistical significance as 

compared to WT levels (Figure 1B, 1D and 1H). With regard to CXC chemokine release, 

peritoneal MIP-2, KC and LIX concentrations were all higher in CD44 KO mice at 6 h 

after infection (Figure 1E-G; P < 0.01 – 0.05 versus WT). At 20 h CXC chemokine levels 

had increased dramatically in both mouse strains; although these levels remained 

higher in CD44 KO mice, the difference with WT mice was only significant for MIP-2 

(P < 0.001). In addition, we measured TNF-α, IL-1β, IL-6, IL-10, MIP-2 and MCP-1 in 

plasma from WT and CD44 KO mice 6 and 20 h post infection (Figure 2). At 6 h no 

differences were found except for enhanced MIP-2 levels in CD44 KO as compared 
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to WT mice. At 20 h however, in contrast to the peritoneal lavage fluid, TNF-α and 

MCP-1 concentrations were lower in CD44 KO than in WT mice. IL-12p70 and IFN-γ 

were not detectable or very low at both time points, and in either peritoneal fluid 

or plasma not different between CD44 KO or WT mice (data not shown). Together 

these data suggest that CD44 plays an inhibitory role with regard to the production of 

cytokines and chemokines in the peritoneal cavity upon infection with E. coli. 

CD44 deficiency does not impact on cell recruitment during E. coli peritonitis
Controversial data exist on the role of CD44 in cell recruitment during inflammation 

incited by gram-negative stimuli: CD44 KO mice have been reported to respond with 

enhanced neutrophil and macrophage influx in response to intrapulmonary delivery 

of E. coli (11) or LPS (9), whereas another study found reduced influx of neutrophils 

and macrophages into bronchoalveolar lavage fluid of CD44 KO mice after LPS 

inhalation (10). CD44 KO mice were reported to have enhanced cell recruitment 

into the peritoneal cavity upon intraperitoneal LPS injection (9). To the best of our 

knowledge, the role of CD44 in E. coli induced cell recruitment into the peritoneal 

cavity has not been studied before. We here found no differences in the number of 

neutrophils or macrophages at either 6 or 20 h after intraperitoneal infection with 

E. coli (Table 1). 

Table 1: Similar cell influx into the peritoneal cavity of WT and CD44 KO mice upon E. coli infection.

Total cell count

X 104/ml PLF

Neutrophils

X 104/ml PLF

Macrophages

X 104/ml PLF

T=6h

WT 127 ± 28 122 ± 28 5 ± 2

CD44 KO 118 ± 28 116 ± 31  6 ± 2

T=20h

WT 317 ± 24 295 ± 21 21 ± 4

CD44 KO 265 ± 31 235 ± 26 30 ± 5

Total cell counts, neutrophil and macrophage numbers in peritoneal lavage fluid (PLF) at 6 and 20 h after 
injection of E. coli in WT and CD44 KO mice. Data are expressed as means ± SEM; n = 8 mice/group/time point.

CD44 does not impact on organ injury during abdominal sepsis
Our model of E. coli peritonitis is associated with organ injury (20). To evaluate the 

role of CD44 herein during abdominal sepsis, we determined lung and liver damage 
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in WT and CD44 KO mice 20 h after infection. Lungs from both WT and CD44 KO mice 

showed clear signs of inflammation as reflected by accumulation of leukocytes in 

the interstitium, around blood vessels and the pleura (Figure 3A and 3B). The total 

histological scores were similar in both groups (3.5 ± 0.3 in WT mice versus 2.9 ± 0.3 

in CD44 KO mice). Both WT and CD44 KO mice also showed signs of inflammation 

in liver tissue as characterized by influx of leukocytes into the hepatic parenchyma, 

liver necrosis and thrombus formation (Figure 3C and 3D). The extent of injury was 

similar in both groups (3.5 ± 0.6 in WT mice versus 2.9 ± 0.7 in CD44 KO mice). This 

result was confirmed by clinical chemistry; although CD44 KO mice demonstrated 

lower levels of ASAT and ALAT, there was no significant difference as compared to 

WT (Figure 3E and 3F). Moreover, the extent of renal insufficiency was similar in both 

mouse strains, as determined by the plasma levels of creatinine and urea (Figure 3G 

and 3H). Taken together, these data indicate that CD44 does not affect the severity of 

organ injury induced by abdominal sepsis.

CD44 deficient peritoneal macrophages release more TNF-α and MIP-2 
upon stimulation with E. coli or LPS
To investigate the role of peritoneal macrophage CD44 in the enhanced release of 

TNF-α and chemokines we harvested primary macrophages from the peritoneal 

cavity of CD44 KO and WT mice and stimulated these with either E. coli or E. coli 

LPS for 2, 6 or 18 h (Figure 4). In these studies we focused on TNF-α and MIP-2 since 

these mediators were most discriminative in the in vivo peritonitis model (see Figure 

1). As CD44 is present in a soluble form in the extracellular environment in WT mice 

(21) we performed these stimulations in the presence of autologous (WT or CD44 

KO) serum to mimic the in vivo situation as closely as possible. TNF-α release by 

WT macrophages almost reached maximum levels already at 2 h of LPS or E. coli 

stimulation, whereas TNF-α release by CD44 KO macrophages slightly increased 

from 2 to 18 h of stimulation, and was significantly enhanced as compared to WT 

macrophages upon LPS stimulation (2 h: P < 0.01, 6 and 18 h: P < 0.05, Figure 

4A) and E. coli stimulation (2 h: P < 0.05, 6 h: P = 0.15, 18 h: P = 0.06, Figure 4B). 

MIP-2 levels released from WT and CD44 KO macrophages increased from 2 to 18 h 

of stimulation. Concentrations were not different between groups after 2 or 6 h of 

stimulation, however, at 18 h macrophages from CD44 KO mice released significantly 

more MIP-2 as compared to WT when stimulated with E. coli or LPS (P < 0.05 for 

both stimuli, Figure 4C and 4D). As plasma TNF-α results contrasted with the TNF-α  
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Figure 3: CD44 does not impact on distant organ injury. Representative HE stainings of lung (A-B) 
and liver (C-D) tissue at 20 h after i.p. injection of 1 x 104 CFU E. coli of WT (A and C) and CD44 KO 
(B and D) mice. Original microscopic magnification: liver 10x, lung 20x. Plasma concentrations of (E) 
aspatate aminotranspherase (ASAT), (F) alanine aminotransferase (ALAT), (G) creatinine and urea 
(H) in WT (black bars) and CD44 KO (white bars) mice. Data are expressed as means ± SEM; n = 8 
mice/group.
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Figure 4: CD44 KO peritoneal macrophages demonstrate increased TNF-α and MIP-2 release. TNF-α 
(A, B) and MIP-2 (C, D) release by WT (A and C) and CD44 KO (B and D) peritoneal macrophages after 
2, 6 and 18 h of stimulation with 200 ng/ml LPS (A, C) or an equivalent of 1 x 107 CFU/ml heat-killed 
E. coli (B, D). Data are expressed as means ± SEM; n = 5 mice/group. * P < 0.05, ** P < 0.01, *** P < 
0.001 vs. WT at the same time point. 

peritoneal lavage fluid data, we additionally stimulated whole blood derived from WT 

and CD44 KO mice with E. coli or LPS for 6 or 24 h and measured TNF-α and MIP-2. 

Both mediators were similar in both groups (Figure 5). These data again suggest an 

inhibitory role for CD44 on cytokine release and chemokine release by peritoneal 

macrophages but not by blood leukocytes. 

CD44 deficiency does not impact on IRAK-M and A20 mRNA expression in 
peritoneal macrophages 
Recently it has been shown that CD44 KO lung macrophages display enhanced pro-

inflammatory cytokine release upon LPS stimulation due to impaired expression of 

negative regulators of Toll-like receptor (TLR) signaling (9). Therefore, we examined 
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Figure 5: CD44 deficiency does not influence TNF-α and MIP-2 release by whole blood. TNF-α (A, 
B) and MIP-2 (C, D) release by WT (black bars) and CD44 KO (white bars) whole blood after 6 and 24 
h of stimulation with 80 ng/ml LPS (A, C) or an equivalent of 4 x 106 CFU/ml heat-killed E. coli (B, D). 
Data are expressed as means ± SEM; n = 5 mice/group. 

mRNA expression of IRAK-M and A20, two important inhibitors of TLR signaling (22), 

after 0, 2 and 6 h of E. coli or LPS stimulation. IRAK-M mRNA was induced in both 

groups after 6 h of stimulation with either LPS or E. coli and was similar in both 

groups at all time-points (Figure 6A and 6B). A20 mRNA expression levels peaked 

already at 2 h of stimulation and were also similar in WT and CD44 KO peritoneal 

macrophages (Figure 6C and 6D).

WT serum inhibits TNF-α and MIP-2 release by CD44 KO peritoneal 
macrophages
The peritoneal macrophage stimulations were performed in medium containing 

autologous serum. As we could not find an explanation for the enhanced TNF-α and 

MIP-2 release due to differential mRNA expression of negative TLR regulators, we 
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Figure 6: CD44 deficiency does not influence IRAK-M and A20 mRNA expression in peritoneal 
macrophages. IRAK-M (A, B) and A20 (C, D) mRNA expression levels in WT () and CD44 KO () 
peritoneal macrophages corrected for B2M at 2 and 6 h after LPS (A, C) or heat-killed E. coli (B, D) 
stimulation. Data are expressed as means ± SEM; n = 5 mice/group. 

questioned whether soluble CD44 present in serum could explain our observations.   

Therefore, we repeated the 18 h peritoneal macrophage stimulations with a third 

group, being CD44 KO macrophages stimulated in the presence of WT serum (Figure 

7). In stimulations performed with autologous serum, we again found significantly 

enhanced TNF-α and MIP-2 concentrations released from CD44 KO macrophages as 

compared to WT cells (TNF-α: P < 0.001, MIP-2: P < 0.05 for both stimuli). Strikingly, 

CD44 KO macrophages stimulated in the presence of WT serum released significantly 

lower levels of TNF-α as compared to CD44 KO macrophages stimulated in the 

presence of CD44 KO serum (P < 0.01 for LPS and P < 0.001 for E. coli). For MIP-2 a 

similar trend was found, however, differences did not reach statistical significance (P 

= 0.08 for LPS and P = 0.14 for E. coli). 
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Figure 7: WT serum abolishes increased TNF-α and MIP-2 release by CD44 KO peritoneal 
macrophages. TNF-α (A, B) and MIP-2 (C, D) release by WT (black bars: WT serum) and CD44 KO 
(white bars: CD44 KO serum, grey bars: WT serum) peritoneal macrophages after 18 h of stimulation 
with LPS (A, C) or heat-killed E. coli (B, D). Data are expressed as means ± SEM; n = 5 mice/group. * 
P < 0.05, ** P < 0.01, *** P < 0.001 vs. indicated group. 

Discussion
CD44 is abundantly expressed and plays a role in developmental, physiological 

and inflammatory processes (5, 7). Several studies demonstrated alterations in 

inflammatory cell recruitment and cytokine and chemokine responses in the 

absence of CD44 during inflammation and infection (9-12, 23-25). The precise 

role of CD44 during inflammation, however, appeared to be diverse, varying from 

infectious agent or derivative and organs involved. In the current study we focused 

on the role of CD44 in E. coli induced abdominal sepsis, considering that peritonitis 

is the second most common cause of sepsis (2) and that E. coli is one of the major 

pathogens involved (3). The model employed has been demonstrated to be suitable 

to study the course of the bacterial infection by quantitative measurements of the 

bacterial loads in various body compartments, as well as the early innate immune 

response and the later development of organ injury (16, 17, 20, 26-28). Moreover, 

we determined the role of CD44 in the release of proinflammatory mediators by 

primary peritoneal macrophages in response to E. coli or LPS purified from this 
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bacterium. We here showed that the peritoneal, but not plasma concentrations of 

TNF-α, IL-6 and CXC chemokines were significantly increased in CD44 KO mice during 

E. coli induced abdominal sepsis, whereas inflammatory cell recruitment and organ 

damage was unaffected. In line, CD44 KO peritoneal macrophages but not blood 

leukocytes released significantly more TNF-α and MIP-2 upon ex vivo LPS or E. coli 

stimulation, which was abolished when stimulation of CD44 KO cells was performed 

in the presence of WT serum.

 Proinflammatory cytokine production and inflammatory cell recruitment to the 

site of infection are important events in the early response to bacteria (29). An earlier 

investigation studying CD44 KO and WT mice in a model of E. coli induced pneumonia 

showed enhanced MIP-2 and KC mRNA expression in lung homogenates of the former 

mouse strain (11). In accordance, we found significantly elevated concentrations of 

TNF-α, IL-6 and the CXC chemokines KC, MIP- 2 and LIX in the peritoneal lavage fluid 

from CD44 KO mice infected with E. coli via the peritoneal route. The increased CXC 

chemokine levels, however, did not result in enhanced neutrophil recruitment into 

the peritoneal cavity. Although KC, MIP- 2 and LIX are potent chemo-attractants 

for neutrophils (30, 31), chemo-attractive migration to gradients is a very complex 

process and might be dominated by exogenous molecules such as N-formyl-met-

leu-phe (fMLP), a chemo-attractant released by E. coli (32-34), or by a prioritizing 

molecule such as PTEN (35, 36). Indeed, a recent study demonstrated impaired 

neutrophil recruitment in CD44 KO mice to intraperitoneally injected fMLP 

(37). Moreover, infiltration of cells into the site of infection is not only mediated 

by chemo-attractants, but is a complex interplay of several processes including 

adhesion and extravasation of inflammatory cells. Importantly, CD44 functions as 

adhesion molecule on leukocytes mediating rolling on E-selectin or hyaluronan, and 

thereby extravasation of neutrophils and T-lymphocytes (38-41). Although CD44 and 

hyaluronan are both abundantly expressed (7, 42), the CD44-hyaluronan interaction 

is, however, tightly regulated as CD44 needs to be activated, e.g. by LPS or cytokines 

as IL-1β and TNF-α to be able to bind hyaluronan and mediate leukocyte adhesion 

(7, 43, 44). The net result of the absence of CD44 on neutrophil extravasation might 

therefore depend on the stimulus and the organ or tissue involved. As such, our 

result on similar cellular infiltration might be a net result of impaired extravasation 

compensated by enhanced chemo-attractive molecules in the peritoneal cavity of 

CD44 KO mice.
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 Since peritoneal macrophages are the first cells to interact with bacteria delivered 

intraperitoneally, we studied proinflammatory cytokine release by those cells upon 

stimulation with LPS and E. coli ex vivo and found that CD44 KO macrophages release 

significantly more TNF-α and MIP-2 as compared to WT cells. Our results are in line 

with studies demonstrating that CD44 KO alveolar macrophages release more MIP-

2 upon LPS stimulation (9) and that CD44 KO bone marrow derived macrophages 

produce more TNF-α and IL-6 upon stimulation with not only LPS but also with 

ligands for TLR3, TLR5, TLR7 or TLR9 (23). Importantly, in lung macrophages CD44 

has been implicated as a negative regulator of TLR signaling. Indeed, in CD44 KO 

lung macrophages reduced mRNA levels of negative regulators of TLR signaling 

including A20, IRAK-M and Tollip appeared to be responsible for the proinflammatory 

phenotype, whereas for bone-marrow derived macrophages it was reported that 

an association between the cytoplasmic domain of CD44 and the Toll/interleukin-1 

receptor region may inhibit TLR signaling. We found no differences in IRAK-M and 

A20 mRNA levels between WT and CD44 KO peritoneal macrophages stimulated 

with either LPS or E. coli. Moreover, we demonstrate that MIP-2 plasma levels are 

enhanced after 6 h of infection, however, in contrast to the peritoneal lavage fluid, 

plasma TNF-α levels appeared to be decreased in CD44 KO at 20 h after infection. In 

addition, CD44 did not influence the release of TNF-α or MIP-2 by blood leukocytes 

stimulated ex vivo with E. coli or E. coli LPS. Together these data indicate that CD44 

exerts differential effects on cytokine/chemokine release by different leukocyte 

subsets and that the enhanced cytokine/chemokine release by CD44 KO peritoneal 

and lung macrophages are mediated by distinct mechanisms. 

 Our results on enhanced TNF-α release by CD44 KO peritoneal macrophages 

contrasts with a previous study reporting that CD44 KO peritoneal macrophages 

release less TNF-α as compared to WT macrophages upon LPS stimulation (10). 

However, several factors in that study were different from ours. For example, 

whereas we used freshly isolated macrophages, the earlier investigation used 

thioglycolate elicited macrophages harvested 3 days after intraperitoneal injection. 

It cannot be excluded that this procedure affects the activation or inhibition of 

proinflammatory pathways in peritoneal macrophages. Furthermore, in that study 

cells were stimulated in the presence of 10% fetal bovine serum, which likely contains 

soluble CD44, whereas we used autologous serum. In this context it is important to 

note that we here demonstrate that WT serum components are, at least in part, 
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responsible for inhibition of proinflammatory responses by peritoneal macrophages, 

as the enhanced TNF-α and MIP-2 release by CD44 KO peritoneal macrophages was 

abolished when stimulation of CD44 KO cells was performed in the presence of WT 

serum. As the presence of soluble CD44 is the most obvious difference between WT 

and CD44 KO serum, we attempted to confirm that soluble CD44 is the component 

in WT serum responsible for the inhibition. Therefore, we added the concentration 

of soluble CD44 that we measured in WT serum by ELISA (21, 45) to CD44 KO serum 

during stimulation. As murine soluble CD44 is not easily available, we used a CD44-Ig 

fusion protein (46). We did not find any effect of soluble CD44 on TNF-α or MIP-

2 release in any stimulatory condition (data not shown). However, based on these 

data we cannot exclude soluble CD44 as the responsible component in WT serum as 

several aspects of this fusion protein might be different from soluble CD44 present 

in WT serum. For instance, the fusion of human IgG1 components to CD44 and 

the preparation in a human cell-line might affect post-translational modifications 

of CD44 such as glycosylation and acylation, which are important attributes for 

adhesion of glycosaminoglycans (7, 47). Furthermore, this fusion protein contains 

the extracellular domain of murine hemopoietic CD44, thus only one isoform of 

CD44, whereas in WT serum a mixture of splice-variants of CD44 might be present.

 Two earlier studies, using different infection routes, reported on the role of CD44 

in defense against E. coli. In a pneumonia model, CD44 KO and WT mice displayed 

similar bacterial numbers in their lungs 6 h after infection (11), whereas in a urinary 

tract infection model bacterial numbers were found to be significantly reduced in 

kidneys and blood from CD44 KO mice as compared to WT mice (12). This latter 

phenotype appeared to result from the interaction of CD44 on tubular epithelial cells 

with hyaluronan bound to the bacteria thereby facilitating the migration of E. coli 

through the epithelial layer. In our model, however, bacteria do not need to overcome 

any barrier to expand in the peritoneal cavity. We found modestly enhanced bacterial 

numbers in the peritoneal cavity of CD44 KO at 6 h after E. coli infection, whereas in 

all other body compartments investigated bacterial loads were similar in CD44 KO 

and WT mice. Moreover, at 20 h post infection bacterial numbers were similar in 

both groups in all body sites. Furthermore, CD44 did not impact on lung, liver and 

kidney injury induced in this model. Together these data suggest that CD44 does not 

play an important role in antibacterial defense against E. coli and does not influence 

the severity of organ injury in this model of abdominal sepsis. Of note, however, our 

data do not exclude a role for CD44 in sepsis in general: further studies, for example 
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using the polymicobial sepsis model of cecal ligation and puncture, are warranted to 

establish this. 

 In conclusion, we showed that CD44 KO mice display increased cytokine and 

chemokine levels in the peritoneal cavity upon intraabdominal infection with E. coli. 

In line, CD44 KO peritoneal macrophages demonstrated enhanced cytokine and 

chemokine release upon stimulation with E. coli or E. coli derived LPS. Unlike the role 

of CD44 in the induction of negative TLR regulators in lung macrophages (9), CD44 

KO peritoneal macrophages demonstrated an unaltered expression of IRAK-M and 

A20, both in resting state and after stimulation with E. coli or LPS. The presence of 

WT serum partially reversed the proinflammatory phenotype of CD44 KO peritoneal 

macrophages. Further studies are warranted to dissect the mechanisms underlying 

the differential effects of CD44 on the production of cytokines and chemokines by 

different leukocyte subsets. 
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Abstract
Streptococcus (S.) pneumoniae is the most prevalent pathogen causing community-

acquired pneumonia. CD44 is a transmembrane adhesion molecule that is expressed 

by a wide variety of cell types, including leukocytes and parenchymal cells, that has 

several functions in innate and adaptive immune responses. The aim of this study 

was to determine the role of CD44 in the host response during pneumococcal 

pneumonia. Upon intranasal infection with a lethal dose of S. pneumoniae CD44 

knockout (KO) mice showed a prolonged survival when compared to wild-type mice, 

which was accompanied by a diminished pulmonary bacterial growth and reduced 

dissemination to distant body sites at 24 h after infection. Whereas proinflammatory 

cytokine responses and lung pathology were not affected, CD44 deficiency resulted 

in increased early neutrophil influx into the lung. In separate experiments, we 

confirmed a detrimental role of CD44 in host defense against pneumococci during 

sublethal pneumonia, as demonstrated by an improved capacity of CD44 KO mice to 

clear a low infectious dose. In addition, CD44 appeared important for the resolution 

of lung inflammation during sublethal pneumonia as shown by histopathology of 

lung tissue obtained 10 days after infection. In conclusion, we show here that CD44 

facilitates bacterial outgrowth and dissemination during pneumococcal pneumonia, 

which in lethal infection results in a prolonged survival of CD44 KO mice. Moreover, 

during sublethal pneumonia CD44 contributes to the resolution of the inflammatory 

response.
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Introduction
Bacterial pneumonia is a common and serious illness that is a leading cause of 

morbidity and mortality. Streptococcus (S.) pneumoniae (the pneumococcus) is the 

most prevalent microorganism in community-acquired pneumonia, responsible 

for an estimated ten million deaths annually worldwide (1, 2). The increasing 

incidence of antibiotic resistance in this pathogen stresses the importance to expand 

our knowledge of the host defense mechanisms that influence the outcome of 

pneumococcal pneumonia (3).

 CD44 is a transmembrane adhesion molecule that is expressed by a wide variety 

of cell types, including leukocytes and parenchymal cells. It has several functions 

in innate and adaptive immune responses such as involvement in cellular adhesion 

and migration, lymphocyte/monocyte activation and proliferation, and cell mediated 

cytotoxicity in natural killer cells (4-6). In accordance, CD44 has been shown to play 

an eminent role in the (sub)acute inflammatory response to both infectious and 

sterile stimuli (7-10). CD44 is also involved in the resolution of inflammation, as 

demonstrated by in vivo models of noninfectious lung injury induced by bleomycin 

or lipopolysaccharide (LPS); in these studies CD44 deficiency resulted in prolonged 

accumulation of inflammatory cells and a persistent rise in the levels of the main 

CD44 ligand hyaluronic acid (HA) (7, 11). Furthermore, during infection CD44 may 

influence host defense by affecting phagocytosis. For instance, our laboratory showed 

that CD44 on murine macrophages mediates phagocytosis of Mycobacterium (M.) 

tuberculosis (12), whereas phagocytosis of Staphylococcus (S.) aureus is induced 

upon activation of CD44 on human neutrophils by HA or monoclonal antibodies 

(13). To the best of our knowledge, only one study investigated the role of CD44 

during bacterial pneumonia, focusing on the acute response during respiratory 

tract infection caused by Escherichia (E.) coli or S. pneumoniae (8). In that previous 

investigation CD44 knockout (KO) mice were reported to demonstrate an enhanced 

inflammatory response in their lungs 6 h after infection with E. coli, as reflected by 

an increased influx of neutrophils and more edema; the pulmonary response to 

S. pneumoniae was not influenced by CD44 deficiency during the first 6 h (8). The 

role of CD44 during more prolonged lung infection (i.e. beyond 6 h) was not studied 

in either model (8). In the present study we sought to investigate the function of 

CD44 during S. pneumoniae induced pneumonia, comparing both the induction 

of the acute innate immune response after lethal infection and the resolution of 

inflammation after sublethal infection in CD44 KO and wild-type (WT) mice.
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Materials & Methods
Mice
Nine- to twelve week old C57BL/6 WT mice were purchased from Harlan Sprague 

Dawley Inc. (Horst, The Netherlands). CD44 KO mice on a C57BL/6 background (kindly 

provided by Dr. A. Berns, Netherlands Cancer Institute, Amsterdam, The Netherlands 

(14)) were bred in the animal facility of the Academic Medical Center (Amsterdam, 

The Netherlands). 

Study design
The Animal Care and Use Committee of the University of Amsterdam approved all 

experiments. Pneumonia was induced by intranasal inoculation of 104 or 102 colony 

forming units (CFU) of S. pneumoniae serotype 3 (ATCC 6303; American Type Culture 

Collection, Rockville, MD), as described previously (15-17). All procedures regarding 

collection and processing of samples were done as described (15-17). Briefly, after 

6, 24 or 48 h, and 4 or 10 days mice (n = 7-12 per strain at each time point) were 

sacrificed, blood was drawn in heparin containing tubes, lungs were lavaged and 

organs were removed aseptically and homogenized in 5 volumes of sterile 0.9% 

NaCl using a tissue homogenizer (Biospec Products, Bartlesville, OK). To determine 

bacterial loads ten-fold dilutions of blood, and lung and spleen homogenates were 

plated on blood agar plates and incubated at 37°C for 16 h. For bronchoalveolar 

lavage (BAL), the trachea was exposed through a midline incision and canulated with 

a sterile 22-gauge Abbocath-T catheter (Abott, Sligo, Ireland). BAL was performed by 

instilling three 0.3 ml aliquots of sterile phosphate buffered saline. Cell counts were 

determined for each BAL fluid (BALF) sample in a hemocytometer (Beckman Coulter, 

Fullerton, CA) and differential cell counts were performed on cytospin preparations 

stained with Giemsa stain (Diff-Quick; Dade Behring AG, Düdingen, Switzerland). For 

survival studies mice (n = 11-12 per strain) were monitored for 10 days after infection.

Assays
Myeloperoxidase (MPO), tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-1β, 

keratinocyte-derived cytokine (KC), macrophage inflammatory protein (MIP)-2, 

LPS-induced CXC chemokine (LIX) and HA were measured by ELISA using matched 

antibody pairs according to the manufacturer’s instructions (MPO; Hycult, Uden, the 

Netherlands, others; R&D Systems, Abingdon, United Kingdom). TNF-α and IL-6 in 
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plasma were measured by cytometric bead array multiplex assay in accordance with 

the manufacturer’s recommendations (BD Biosciences, San Jose, CA).

Lung histology 
Lungs were harvested, fixed in 10% buffered formalin for 24 h, and embedded 

in paraffin. Hematoxilin and eosin stained slides were coded and scored from 

0 (absent) to 4 (severe) for the following parameters: interstitial inflammation, 

endothelialitis, bronchitis, edema, thrombi, pleuritis and percentage of the lung 

surface demonstrating confluent (diffuse) inflammatory infiltrate by a pathologist 

blinded for groups. The total “lung inflammation score” was expressed as the sum of 

the scores for each parameter, the maximum being 28. 

Statistical analysis
All data are expressed as mean ± SEM. Comparisons between groups were analyzed 

by Mann-Whitney U test using GraphPad Prism version 4.0, GraphPad Software (San 

Diego, CA). Survival was compared by log-rank test. Comparisons of the number of 

positive and negative cultures were done using Chi-square tests. A value of P < 0.05 

was considered statistically significant. 

Results
CD44 accelerates mortality during lethal pneumonia 
As a first attempt to determine the role of CD44 in host defense against severe 

pneumococcal pneumonia, we infected WT and CD44 KO mice with 104 CFU of S. 

pneumoniae, a bacterial dose that causes pulmonary sepsis and lethality in normal 

immunocompetent mice (16, 18), and followed them for 10 days. In both groups the 

first deaths occurred after about 2.5 days; however before the end of the fifth day 

after infection all WT mice had succumbed whereas approximately half of the CD44 

KO mice were still alive at that time point, demonstrating a survival benefit for CD44 

KO mice (P = 0.001; Figure 1A). 

CD44 facilitates bacterial outgrowth and dissemination during lethal 
pneumonia
Next we questioned whether CD44 affects the antibacterial response against this 

gram-positive pathogen. Therefore we determined bacterial outgrowth in whole 

lung homogenates, blood and spleen homogenates of CD44 KO and WT mice at 6, 24  
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and 48 h after infection, time points representative of both the early and late host 

response (i.e. just before the first deaths occurred). At 6 h post infection, bacterial 

numbers were similar in lung homogenates prepared from CD44 KO and WT mice 

(Figure 1B). At 24 h, however, pulmonary bacterial loads were significantly reduced 

in CD44 KO mice (P < 0.001 versus WT mice); this difference was not detectable 

anymore 48 h after infection (Figure 1B). Remarkably, whereas none of the mice in 

either group displayed positive blood or spleen cultures 6 h post infection, CD44 KO 

mice displayed a significantly diminished dissemination of the infection at 24 h, as 

reflected by the fact that S. pneumoniae could be cultured from blood of only 1/8 

CD44 KO mice versus 8/8 WT mice and from spleen homogenates of 3/8 CD44 KO 

versus 8/8 WT mice (P < 0.001 and P < 0.01 respectively). At 48 h after infection, blood 

and spleen cultures were positive in all CD44 KO and WT mice and quantitatively not 

different between the two mouse strains (data not shown). Together these results 

suggest that CD44 facilitates the early bacterial outgrowth and dissemination during 

severe pneumococcal pneumonia, which might at least partially explain the delayed 

lethality of CD44 KO mice.

Figure 1: CD44 KO mice show delayed mortality and reduced bacterial outgrowth after infection 
with a lethal dose of S. pneumoniae. (A) Percentage survival of WT (closed symbols) and CD44 
KO (open symbols) mice after intranasal infection with 104 CFU of S. pneumoniae, followed for 10 
days. n = 11-12 mice/group. P value indicates the difference between groups. (B) Bacterial loads 
determined in lung homogenates from WT (closed symbols) and CD44 KO (open symbols) mice at 6, 
24 and 48 h of infection with 104 CFU of S. pneumoniae. Data are expressed as means ± SEM; n = 8 
mice/group. *** P < 0.001 vs. WT at the same time point. 

CD44 does not impact on lung pathology during lethal pneumonia 
This model of lethal pneumococcal pneumonia is associated with considerable lung 

pathology, characterized by interstitial inflammation together with endothelialitis, 
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bronchitis, edema and pleuritis (18, 19). To analyze the role of CD44 herein we semi-

quantitatively scored histopathology slides prepared from lungs harvested 24 or 48 h 

after infection using the semi-quantitative scoring system described in the Methods 

section. The extent of lung inflammation did not differ between CD44 KO and WT 

mice at either time point (Figure 2A-F). 

CD44 does not affect proinflammatory cytokine levels during lethal 
pneumonia
Cytokines play a pivotal role in host defense against pneumococcal pneumonia (2, 

20). Therefore, we measured the levels of proinflammatory cytokines (TNF-α, IL-6  

and IL-1β) in lungs obtained from CD44 KO and WT mice 6, 24 or 48 h after infection. 

The concentrations of all mediators were similar in CD44 KO and WT mice at all time 

points (Table I). In addition, we measured TNF-α and IL-6 levels in plasma. At 6 h 

after infection these parameters were not detectable in plasma yet. At 24 h after 

infection TNF-α and IL-6 levels were significantly decreased in plasma from CD44 KO 

mice as compared to the concentrations measured in WT mice. At 48 h plasma TNF-α 

and IL-6 levels were still lower in CD44 KO mice although not significantly anymore 

(Table I).

Figure 2: CD44 does not affect lung histopathology during lethal pneumonia. Representative lung 
pathology of WT (A, D) and CD44 KO (B, E) mice 24 (A-C), and 48 (D-F) h after intranasal infection 
with 104 CFU of S. pneumoniae. The lung sections are representative for 8 mice per group per time 
point. The insert shows pleuritis. H&E staining, original magnification 10x, insert 40x. Quantative 
data are expressed as means ± SEM of 8 mice per group. WT: black bars and CD44 KO: white bars. 
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Table I: Pulmonary and plasma cytokine concentrations during lethal pneumon.

6h 24h 48h

ng/mL WT CD44 KO WT CD44 KO WT CD44 KO

Lung

TNF-α 0.90 ± 0.08 0.84 ± 0.06 2.92 ± 0.47 3.84 ± 0.75 3.63 ± 0.56 5.18 ± 1.10

IL-6 0.15 ± 0.01 0.16 ± 0.01 0.23 ± 0.05 0.21 ± 0.03 2.19 ± 0.63 3.23 ± 0.78

IL-1β 0.19 ± 0.02 0.23 ± 0.02 0.37 ± 0.17 0.35 ± 0.22 1.53 ± 0.33 2.83 ± 0.69

Plasma

TNF-α b.d. b.d. 0.007 ± 0.001 0.003 ± 0.001* 0.029 ± 0.011 0.012 ± 0.002

IL-6 b.d. b.d. 0.208 ± 0.022 0.045 ± 0.02** 3.469 ± 1.399 0.500 ± 0.154

Proinflammatory cytokine (TNF-α, IL-6 and IL-1β) levels in lung and plasma at 6, 24 and 48 h after infection 
with 104 CFU S. pneumoniae in WT and CD44 KO mice. Data are expressed as means ± SEM; n = 8 mice/group/
time point. * P < 0.05, ** P < 0.01 vs. WT at the same time point. b.d. is below detection. 

CD44 deficiency results in enhanced early neutrophil recruitment into the 
lung upon S. pneumoniae infection 
CD44 has been implicated as an important mediator of leukocyte trafficking during 

infection and inflammation (7-9, 21, 22). In light of the important role of neutrophils 

and macrophages in host defense in pneumococcal pneumonia (2), we determined 

the cellular composition of BALF harvested 6, 24 or 48 h after infection with a lethal 

dose of S. pneumoniae (104 CFU). Whereas macrophage numbers were similar in 

BALF harvested from CD44 KO and WT mice at all time points (data not shown), 

neutrophil counts were slightly enhanced at 6 h and more clearly at 24 h after 

infection, although these differences did not reach statistical significance (P = 0.16 

and P = 0.06, respectively) (Figure 3A). Moreover, MPO levels were significantly 

increased in lung homogenates of CD44 KO as compared to WT mice at 6 but not at 

24 h (Figure 3B), again indicating enhanced neutrophil numbers in the absence of 

CD44 early after lethal S. pneumoniae infection. At 48 h post infection, the number 

of neutrophils in BALF and MPO levels in lung homogenates were similar in CD44 

KO and WT mice (data not shown). To determine whether the increased neutrophil 

numbers might be a result of elevated CXC chemokine levels, we measured LIX, KC 

and MIP-2 levels in lung homogenates. At 6 h post infection LIX and KC concentrations 

were enhanced in lungs from CD44 KO mice (P < 0.01 and P = 0.08 versus WT mice 

respectively), whereas MIP-2 levels were similar in both groups (Figure 3C-E). At 24 

and 48 h after infection lung CXC chemokine levels were indistinguishable in WT and 
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CD44 KO mice (data not shown). Together, these data suggest that CD44 deficiency 

results in an enhanced early neutrophil influx to the primary site of infection which 

at least in part may be caused by elevated lung levels of the neutrophil attracting 

chemokines LIX and KC.

Figure 3: Enhanced early neutrophil influx and chemokine levels in CD44 KO mice. Neutrophil 
numbers in bronchoalveolar lavage fluid (A), MPO concentrations (B) at 6 and 24 h after infection, 
and levels of LIX (C), KC (D) and MIP-2 (E) in lungs of WT (black bars) and CD44 KO (white bars) mice 
at 6 h after infection with 104 CFU of S. pneumoniae. Data are expressed as means ± SEM; n = 8 
mice/group, * P < 0.05, ** P < 0.01 as compared to WT mice.

Impact of CD44 deficiency on bacterial growth and dissemination during 
sublethal pneumonia
The results presented above indicate that CD44 plays a detrimental role in host 

defense during lethal pneumococcal pneumonia. Next we wished to establish the 

role of CD44 in antibacterial defense during sublethal pneumococcal pneumonia. 

In addition, considering that CD44 has been found to play an important role in 

the regulation of chronic lung inflammation such as induced by intratracheal 

administration of bleomycin (11), we wished to study whether CD44 impacts on the 

resolution of lung inflammation after clearance of the infection. To address these 

questions we infected CD44 KO and WT mice with a low dose of S. pneumoniae 
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(102 CFU) and euthanized them either 2, 4 or 10 days after infection. At 2 days after 

infection, only 3/8 CD44 KO versus 6/7 WT mice demonstrated bacteria in their lungs 

(P = 0.05), confirming a detrimental role of CD44 in defense against pneumococci 

also during sublethal respiratory tract infection. In addition, in this mild infection 

model blood cultures remained sterile in CD44 KO mice, whereas in 2/7 WT mice 

S. pneumoniae could be recovered from blood; moreover, spleen cultures were 

positive in 5/7 WT mice versus 2/8 CD44 KO mice (P = 0.07), again (i.e. like in lethal 

pneumonia) hinting to a role for CD44 in facilitating bacterial dissemination. At 4 and 

10 days after infection, all mice from both mouse strains had cleared the bacteria 

from their lungs and no bacteria could be recovered from either blood or spleen. 

CD44 is important for the resolution of lung inflammation during sublethal 
pneumonia
To obtain insight into the function of CD44 in the regulation of lung inflammation 

after respiratory tract infection by a sublethal dose of S. pneumoniae, we prepared 

lung tissue slides and semi-quantitatively scored the histopathology visualized 

(Figure 4). At 2 days after low dose infection interstitial inflammation was present 

in all mice, which was accompanied by endothelialitis, bronchitis, edema and/or 

pleuritis; lung histopathology scores did not differ between CD44 KO and WT mice 

at this time point (Figure 4A-C). At 4 (Figure 4D-F) and 10 days (Figure 4G-I) after 

infection, however, pulmonary inflammation scores were higher in CD44 KO mice 

than in WT mice (4 days: P = 0.13; 10 days: P < 0.05). At 4 days all mice showed 

mild edema but interstitial inflammation was more prominent in CD44 KO mice as 

compared to WT mice. At 10 days, both groups still showed significant interstitial 

inflammation, however, endothelialitis, bronchitis and edema were only found in 

lungs from CD44 KO mice. In addition, MPO levels were similar at 2 and 4 days, but 

significantly enhanced in lungs harvested from CD44 KO mice at 10 days (Table II). In 

the bronchoalveolar space CD44 deficiency was associated with much higher total 

leukocyte numbers 2 days after infection, which was caused by higher neutrophil 

counts (Table II, P < 0.01); neutrophil numbers remained higher in BALF from CD44 

KO mice at 4 days (P < 0.05) and 10 days of infection, although at the latter time 

point the difference with WT mice was not statistically significant anymore (P = 0.14). 

In addition, at 4 days lymphocyte counts were significantly higher in BALF of CD44 

KO mice (P < 0.05 versus WT mice). Macrophage numbers did not differ between 

mouse strains at any time point after sublethal pneumococcal infection. CD44 has 
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Figure 4: Prolonged lung inflammation in CD44 KO mice during sublethal pneumonia. 
Representative lung pathology of WT (A, D, G) and CD44 KO (B, E, H) mice 2 (A-C), 4 (D-F) and 10 (G-
I) days after intranasal infection with 102 CFU of S. pneumoniae. The lung sections are representative 
for 7-12 mice per group per time point. H&E staining, original magnification 20x. Quantative data 
are expressed as means ± SEM of 8-11 mice per group. WT: black bars and CD44 KO: white bars. * P 
< 0.05 as compared to WT mice.

Table II: Lung myeloperoxidase concentrations and bronchoalveolar lavage fluid leukocyte numbers 
during sublethal S. pneumoniae infection. 

2 days 4 days 10 days

WT CD44 KO WT CD44 KO WT CD44 KO

Lung (ng/mL)

MPO 1734 ± 297 1976 ± 413 737 ± 70 772 ± 104 790 ± 72 1059 ± 97*

BALF leukocytes x 104
 /mL

Total 9.02 ± 0.85 12.9 ± 0.64** 21.0 ± 2.25 19.1 ± 1.51 12.7 ± 1.15 11.0 ± 0.67

Neutrophils 0.59 ± 0.38 3.16 ± 0.40** 0.38 ± 0.25 0.62 ± 0.08* 0.14 ± 0.04 0.64 ± 0.25

Lymphocytes 0.17 ± 0.04 0.33 ± 0.14 0.06 ± 0.04 0.62 ± 0.39* 0.28 ± 0.06 0.38 ± 0.04

Macrophages 8.24 ± 0.83 9.40 ± 0.38 20.5 ± 2.20 17.9 ± 1.35 11.4 ± 1.15 10.0 ± 0.70

Myeloperoxidase (MPO) levels in lung and total leukocyte counts, neutrophil, lymphocyte and macrophage 
numbers in BALF at 2, 4 and 10 days after infection with 102 CFU S. pneumoniae in WT and CD44 KO mice. 
Data are expressed as means ± SEM; n = 7-12 mice/group/time point. * P < 0.05, ** P < 0.01 vs. WT at the 
same time point.
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been shown to play an important role in the clearance of HA from the airways during 

bleomycin-induced lung inflammation (11) and the accumulation of HA fragments 

contributes to the perpetuation of inflammation in this model (11, 23). Therefore, 

we considered it of interest to investigate whether CD44 plays a part in the clearance 

of HA during the resolution phase of pneumococcal pneumonia. Indeed, HA levels 

measured in BALF obtained 4 or 10 days after sublethal infection were much higher 

in CD44 KO mice than in WT mice (Figure 5). 

Figure 5: Elevated hyaluronic acid levels in 
bronchoalveolar lavage fluid from CD44 KO 
mice during sublethal pneumonia. Hyal-
uronic acid (HA) concentrations in bronchoal-
veolar lavage fluid (BALF) from WT (black 
bars) and CD44 KO (white bars) mice at 4 and 
10 days after intranasal infection with 102 
CFU of S. pneumoniae. Data are expressed 
as means ± SEM. * P < 0.05, *** P < 0.001 
vs. WT at the same time point. Dashed line 
represents HA level in uninfected mice.

Discussion
Considering the broad functions of CD44 and its abundant expression pattern, we 

hypothesized that the net effect of CD44 deficiency during pneumonia is dependent 

on the phase and severity of the infection. The present study is the first to investigate 

the functional role of CD44 during both the induction and resolution phase of 

inflammation during pneumococcal pneumonia. We here demonstrate that during 

lethal pneumonia CD44 accelerates mortality and facilitates early bacterial outgrowth 

and dissemination. Whereas CD44 deficiency did not impact on proinflammatory 

cytokine responses, CD44 KO mice displayed elevated pulmonary chemokine levels 

early after infection, which was accompanied by increased neutrophil influx into 

the lungs. We confirmed a detrimental role of CD44 in antibacterial defense against 

pneumococci also during sublethal pneumonia, and demonstrate that CD44 is 

important for the resolution of lung inflammation after clearance of a low dose of 

pneumococci. 

 Thus far only one study investigated the role of CD44 during bacterial pneumonia; 

although this investigation was unable to detect any influence of CD44 on the host 

response in pneumococcal pneumonia, this research only examined the acute 
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response of the first 6 h (8). To obtain further insight into the role of CD44 in host 

defense against S. pneumoniae, we first used a bacterial dose that causes pneumonia, 

sepsis and lethality in normal immunocompetent mice (18, 19). CD44 KO mice had 

a survival benefit relative to WT mice as demonstrated by a 2 day longer median 

survival time. In concurrence, pulmonary bacterial loads and dissemination of S. 

pneumoniae to distant organs were reduced in CD44 KO mice at 24 h after infection. 

The detrimental role of CD44 in antibacterial defense appeared transient upon 

infection with a lethal dose, considering that at 48 h bacterial numbers were similar in 

lung, blood and spleen of CD44 KO and WT mice. Conceivably, the unfavorable effect 

of CD44 during pneumococcal pneumonia depends on the stage of the infection, 

becoming less important as the growing bacterial load overwhelms innate immune 

defense mechanisms, such as occurs during late stage lethal infection. In support of 

this notion, CD44 KO mice displayed evidence for an improved antibacterial defense 

2 days after infection with a sublethal dose of pneumococci, as reflected by the fact 

that 5/8 CD44 KO mice had cleared S. pneumoniae from their lungs versus only 1/7 WT 

mice, which also was associated with a diminished dissemination to blood and spleen 

in CD44 KO mice. The reduced bacterial loads in CD44 KO mice seem counterintuitive 

considering the previously described role for CD44 in phagocytosis of bacteria such 

as M. tuberculosis (12) and S. aureus (13). However, in preliminary experiments we 

could not identify such a role for CD44 in phagocytosis of S. pneumoniae (data not 

shown). 

 CD44 did not impact on pulmonary pathology during lethal pneumonia. In 

addition, we found no differences in the pulmonary levels of proinflammatory 

cytokines between WT and CD44 KO mice. For several stimuli CD44 has been 

implicated to affect proinflammatory cytokine release. For instance, CD44 KO mice 

demonstrated increased IL-1β and TNF-α levels in their BALF upon a pulmonary 

LPS challenge (7) and CD44 KO bone marrow derived macrophages produced more 

TNF-α and IL-6 upon stimulation with not only LPS but also with ligands for Toll-like 

receptor (TLR)3, TLR5, TLR7 or TLR9 (24). In these studies, however, single ligands 

for specific TLRs were used, whereas intact pneumococci express multiple ligands 

that can stimulate several pathways resulting in cytokine release. Indeed, ex vivo 

stimulation of CD44 KO alveolar macrophages with S. pneumoniae did not result in 

different TNF-α release as compared to WT cells (data not shown). Of note, in plasma 

we found decreased levels of TNF-α and IL-6 in CD44 KO mice at 24 h but not 48 h 
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after infection, most likely reflecting the diminished early bacterial dissemination in 

these animals. 

 Several studies have shown a positive role of CD44 in inflammatory cell 

recruitment (9, 22, 25-30), whereas other investigations reported enhanced 

inflammatory cell migration in the absence of CD44 (7, 8, 21, 24). This discrepancy is 

probably due to differences in the cell type studied, the stimulus and organ involved, 

and the severity of the insult. We here found no differences in macrophage numbers 

in BALF of CD44 KO and WT mice during either lethal or sublethal pneumococcal 

pneumonia, indicating that CD44 does not impact on macrophage recruitment into 

the bronchoalveolar space induced by S. pneumoniae. Of note, in models of sterile 

lung inflammation elicited by intrapulmonary delivery of either LPS or bleomycin 

CD44 KO mice demonstrated increased macrophage numbers in their BALF (7, 11), 

whereas during pulmonary tuberculosis CD44 KO mice had lower macrophage counts 

in their lungs (12), exemplifying the complex role of CD44 in macrophage trafficking 

toward the lungs. We did observe increased neutrophil numbers in the lungs of 

CD44 KO mice during S. pneumoniae pneumonia. During lethal infection MPO levels 

were higher in whole lung homogenates after 6 h, indicative for a higher neutrophil 

content of lung tissue; in BALF neutrophil counts tended to be higher in CD44 KO 

mice, especially at 24 h (P = 0.06 versus WT mice). During sublethal pneumonia 

the number of neutrophils in BALF of CD44 KO mice was significantly higher at 2-4 

days post infection. An earlier study reported unaltered neutrophil counts in BALF 

obtained 6 h after intratracheal infection with an unspecified clinical isolate of S. 

pneumoniae (8), which is not necessarily in contrast with our current results. In lung 

infection caused by E. coli (8) or M. tuberculosis (12) CD44 deficiency also resulted 

in increased neutrophil numbers in the pulmonary compartment. The mechanism 

by which CD44 impacts on pulmonary neutrophil counts during infectious lung 

inflammation remains to be established. CD44 deficiency may positively influence 

neutrophil recruitment: pathogen derived molecules such as N-formyl-met-leu-

phe (fMLP) are potent chemo-attractants for neutrophils during pneumococcal 

pneumonia (31) and migration of CD44 KO neutrophils through Matrigel towards 

a fMLP gradient was enhanced when compared to migration of WT neutrophils (8). 

The recruitment of neutrophils in CD44 KO mice could have been further facilitated 

by increased pulmonary levels of the neutrophil attracting CXC chemokines LIX 

and KC early after infection. Alternatively, in bleomycin induced lung inflammation 
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macrophage CD44 plays an important role in the clearance of apoptotic neutrophils, 

at least in part explaining the neutrophil accumulation in this model (11). 

 CD44 has been found to play an important role in the regulation of chronic lung 

inflammation such as induced by intratracheal administration of bleomycin (11). The 

majority of patients suffering from pneumococcal pneumonia recovers (32); in these 

patients the resolution of lung inflammation is an important part of an adequate 

host response. Therefore, we additionally studied the role of CD44 during sublethal 

pneumonia using an inoculum that is cleared by WT mice in several days. Our data 

provide evidence that CD44 contributes to the resolution of lung inflammation after 

clearance of the infection. Indeed, whereas pulmonary inflammation did not differ 

between CD44 KO and WT mice after 2 and 4 days of infection, after 10 days CD44 

KO mice demonstrated enhanced lung inflammation scores. CD44 is known not only 

to bind but also to internalise HA fragments (4, 33). These fragments can induce NF-

κB activation (34), and thereby proinflammatory gene expression through TLR2 and 

TLR4 signaling (35-38). Indeed, CD44 KO mice showed impaired clearance of HA in 

bleomycin-induced lung inflammation accompanied by sustained accumulation of 

inflammatory cells (11). In line, we found significantly increased HA concentrations 

in BALF from CD44 KO mice at 4 and 10 days after sublethal pneumonia, suggesting 

that – like in bleomycin induced lung inflammation – CD44 facilitates the resolution 

of inflammation during pneumococcal pneumonia at least in part through clearance 

of HA from the lungs. 

 In conclusion, we show here that CD44 influences several components of the 

innate immune response to S. pneumoniae in the airways. CD44 KO mice displayed an 

improved antibacterial defense during lethal pneumococcal pneumonia, which was 

associated with a prolonged survival. During sublethal pneumonia the unfavorable 

role of CD44 in bacterial growth was confirmed and CD44 was further demonstrated 

to contribute to an adequate resolution of the inflammatory response in the lung. 
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Abstract
Klebsiella (K.) pneumoniae is a frequently isolated causative pathogen in respiratory 

tract infection. CD44 is a transmembrane adhesion molecule that is present on a 

wide variety of cell types, including leukocytes and parenchymal cells, which is an 

important player in several immunological processes. The aim of this study was 

to determine the role of CD44 in the host response to K. pneumoniae induced 

pneumonia. For this CD44 knockout (KO) and normal wild-type (WT) mice were 

infected with several doses of Klebsiella, varying from universally lethal to nonlethal, 

allowing studies on the contribution of CD44 to various stages of the immune 

response to respiratory tract infection by this pathogen. During lethal infection, CD44 

deficiency was associated with reduced bacterial growth and dissemination, which 

at 48 hours post infection was accompanied by enhanced pulmonary inflammation 

as measured by semi-quantitative scoring of specific histopathological features in 

lung tissue slides. After infection with lower Klebsiella doses, CD44 KO mice but not 

WT mice demonstrated mortality. Infection with even lower bacterial doses, which 

were cleared by most mice of both strains, CD44 KO mice displayed enhanced lung 

inflammation 4 and 10 days after induction of airway infection, indicating that CD44 is 

important for the resolution of pulmonary inflammation after nonlethal pneumonia. 

In accordance, CD44 KO mice showed a diminished resolution of lung inflammation 

4 days after intrapulmonary delivery of lipopolysaccharide from Klebsiella. CD44 

deficiency was associated with accumulation of hyaluronic acid (a proinflammatory 

CD44 ligand) together with reduced gene expression of the negative regulators of 

Toll-like receptor signaling interleukin-1R-associated-kinase-M, A20 and suppressor 

of cytokine signaling 3. In conclusion, we show here that CD44 impacts on various 

components and phases of the host response during Klebsiella pneumonia, 

facilitating bacterial outgrowth and dissemination and limiting pulmonary pathology 

during lethal infection, and enhancing the resolution of lung inflammation during 

sublethal infection.
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Introduction
Pneumonia is a common and serious illness that is a major cause of morbidity and 

mortality. Klebsiella (K.) pneumoniae is a frequently isolated causative pathogen in 

lower respiratory tract infection (1-3). The high incidence of pneumonia and the 

increasing resistance of respiratory pathogens to antimicrobial agents stress the 

importance of gaining more insight into the pathogenesis of this infection (1, 4).

 CD44 is a transmembrane adhesion molecule known to be involved in binding 

and metabolism of hyaluronic acid (HA) (5, 6). CD44 is present on a wide variety 

of cell types, including leukocytes and parenchymal cells. It has several functions 

in innate and adaptive immune responses such as involvement in cellular adhesion 

and migration, activation and proliferation of lymphocytes and monocytes, and 

cell mediated cytotoxicity in natural killer (NK) cells (7). In accordance, CD44 has 

been shown to play an important role in the (sub)acute inflammatory response to 

both infectious and sterile stimuli (8-11). CD44 is also involved in the resolution of 

inflammation as demonstrated by in vivo models of noninfectious lung injury; upon 

bleomycin administration CD44 deficiency resulted in prolonged accumulation of 

inflammatory cells and a persistent rise in HA levels (12), and upon intrapulmonary 

delivery of lipopolysaccharide (LPS) CD44 deficiency resulted in a proinflammatory 

phenotype as shown by prolonged NF-kB activation in the lung (8). Furthermore, 

during infection CD44 may influence host defense by affecting phagocytosis. For 

instance, phagocytosis of Staphylococcus (S.) aureus is induced upon activation of 

CD44 on human neutrophils by HA or monoclonal antibodies (13), whereas our 

laboratory showed that CD44 on murine macrophages mediates phagocytosis of 

Mycobacterium (M.) tuberculosis (14).

 To the best of our knowledge, only one study investigated the role of CD44 

during bacterial pneumonia, focusing on the acute response during respiratory tract 

infection caused by Escherichia (E.) coli or Streptococcus (S.) pneumoniae (9). This 

investigation demonstrated an enhanced inflammatory response in lungs of CD44 

knockout (KO) mice 6 h after infection with E. coli, as reflected by an increased influx 

of neutrophils and more edema, whereas the pulmonary response to S. pneumoniae 

was not influenced by CD44 deficiency (9). The role of CD44 during more prolonged 

lung infection (i.e. beyond 6 h) was not studied in either model (9). Therefore, in the 

present study we sought to investigate the function of CD44 during K. pneumoniae 

infection, comparing both the induction of the acute innate immune response and 
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the resolution of inflammation after lethal and sublethal infection in CD44 KO and 

wild-type (WT) mice.

Materials & Methods
Mice
Eight- to twelve week old C57BL/6 WT mice were purchased from Harlan Sprague 

Dawley Inc. (Horst, The Netherlands). CD44 KO mice on a C57BL/6 background (kindly 

provided by Dr. A. Berns, Netherlands Cancer Institute, Amsterdam, The Netherlands 

(15)) were bred in the animal facility of the Academic Medical Center (Amsterdam, 

the Netherlands). 

Study design
The Animal Care and Use Committee of the University of Amsterdam approved all 

experiments. Pneumonia was induced by intranasal inoculation of 102 or 104 colony 

forming units (CFU) of K. pneumoniae serotype 2 (ATCC 43816; American Type Culture 

Collection, Rockville, MD) as described previously (n = 8-12 per group) (16-18). In 

indicated experiments K. pneumoniae derived LPS (L1519, Sigma, St. Louis, MO; 1 µg) 

was administered intranasally (n = 8 per group). Collection and handling of samples 

were done as described before (16, 17). Briefly, at predefined time points, mice 

were sacrificed, blood was drawn in heparin containing tubes, lungs were lavaged 

and organs were removed aseptically, and homogenized in 5 volumes of sterile 0.9% 

NaCl using a tissue homogenizer (Biospec Products, Bartlesville, OK). To determine 

bacterial loads ten-fold dilutions of blood, lung, spleen and liver homogenates were 

plated on blood agar plates and incubated at 37°C for 16 h. For bronchoalveolar 

lavage (BAL), the trachea was exposed through a midline incision and canulated with 

a sterile 22-gauge Abbocath-T catheter (Abott, Sligo, Ireland). BAL was performed by 

instilling three 0.3 ml aliquots of sterile phosphate buffered saline. Cell counts were 

determined for each BAL fluid (BALF) sample in a hemocytometer (Beckman Coulter, 

Fullerton, CA) and differential cell counts were performed on cytospin preparations 

stained with Giemsa stain (Diff-Quick; Dade Behring AG, Düdingen, Switzerland). For 

survival studies mice (n = 12 per group) were monitored for 10 days after infection.

Assays
Tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-1β, keratinocyte-derived cytokine 

(KC), macrophage inflammatory protein (MIP)-2, LPS-induced CXC chemokine (LIX), 
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HA and myeloperoxidase (MPO) were measured by ELISA using matched antibody 

pairs according to the manufacturer’s instructions (MPO; Hycult, Uden, the 

Netherlands, others; R&D Sytstems, Abingdon, United Kingdom).

RNA 
Lung homogenates were immediately dissolved in TRIzol (Invitrogen, Breda, the 

Netherlands), RNA was isolated as described by the manufacturer and reverse 

transcribed using oligo dT (Invitrogen) and Moloney murine leukemia virus reverse 

transcriptase (Invitrogen). Reverse-transcription–polymerase chain reactions (RT-

PCRs) were performed using LightCycler®SYBR green I master mix (Roche, Mijdrecht, the 

Netherlands) and measured in a LightCycler 480 (Roche) apparatus using the following 

conditions: 5-minute 95°C hot-start, followed by 40 cycles of amplification (95°C for 10 

seconds, 60°C for 5 seconds, 72°C for 15 seconds). For quantification, standard curves 

were constructed by PCR on serial dilutions of a concentrated cDNA, and data were 

analyzed using LightCycler software. Gene expression is presented as a ratio of the 

expression of the housekeeping gene β2-microglobulin (B2M) (19). Primers were as 

follows: B2M; 5’-TGGTCTTTCTGGTGCTTGTCT-3’ and 5’-ATTTTTTTCCCGTTCTTCAGC-3’, 

A20; 5’-GGGACTCCAGAAAACAAGGG-3’ and 5’-TACCCTTCAAACATGGTGCTT-3’, 

interleukin-1R-associated-kinase (IRAK)-M; 5’-TGCCAGAAGAATACATCAGACAG-3’ 

and 5’-TCTAAGAAGGACAGGCAGGAGT-3’, suppressor of cytokine signaling (SOCS)3; 

5’-ACCTTTCTTATCCGCGACAG-3’ and 5’-TGCACCAGCTTGAGTACACAG-3’. 

Lung histology 
Lungs were harvested after indicated time-points, fixed in 10% buffered formalin, 

and embedded in paraffin. Hematoxilin and eosin stained slides were coded 

and scored from 0 (absent) to 4 (severe) for the following parameters: interstitial 

inflammation, endothelialitis, bronchitis, edema, thrombi, pleuritis and percentage 

of the lung surface demonstrating confluent (diffuse) inflammatory infiltrate by a 

pathologist blinded for groups. The total “lung inflammation score” was expressed 

as the sum of the scores for each parameter, the maximum being 28. Granulocyte 

staining was performed using fluorescein isothiocyanate-labeled anti-mouse Ly-6G 

mAb (Pharmingen, San Diego, CA) as described earlier (20, 21). Ly-6G 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. 

Colored areas were analyzed with Image Pro Plus (Media Cybernetics, Bethesda, MD) 
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and expressed as percentage of the total surface area. The average of ten pictures 

was used for analysis.

Statistical analysis
All data are expressed as mean ± SEM. Comparisons between groups were analyzed 

using Mann-Whitney U test. Survival was compared by log-rank test. A value of 

P < 0.05 was considered to represent a statistically significant difference. 

Results
CD44 facilitates bacterial outgrowth and dissemination in severe pneumonia 
We first sought to determine the role of CD44 in host defense during severe 

Klebsiella pneumonia. For this we infected CD44 KO and WT mice with 104 CFU K. 

pneumoniae, a bacterial dose that causes pulmonary sepsis and lethality in normal 

immunocompetent mice (16, 18). To obtain a first insight into the impact of CD44 in 

this severe model, we conducted an observational study, following CD44 KO and WT 

mice for one week after infection. In both groups the first deaths occurred after 2 

days; although CD44 KO mice tended to succumb later than WT mice, the difference 

between strains was not significant (Figure 1). To examine whether CD44 influences 

local bacterial outgrowth and dissemination to distant organs, we established the 

number of K. pneumoniae CFU in lung, blood, spleen and liver harvested from 

CD44 KO and WT mice at 24 and 48 h after infection, i.e. just before the first deaths 

occurred. Pulmonary bacterial loads were significantly reduced in CD44 KO mice at 

48 h after infection (P < 0.05 versus WT mice), a favorable trend that was already 

noticeable at 24 h (Figure 2A). Remarkably, CD44 KO mice displayed a significantly 

Figure 1: CD44 does not impact on 
survival after infection with a lethal 
dose of Klebsiella. WT (closed sym-
bols) and CD44 KO (open symbols) 
mice were intranasally infected with 
104 CFU of K. pneumoniae and fol-
lowed for one week. n = 12 mice per 
group. P value indicates no significant 
difference between groups.
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diminished dissemination of the infection, as reflected by lower bacterial loads in 

blood and spleen at 24 and 48 h, as well as in liver at 48 h post infection (Figure 2B-D; 

P < 0.01 – 0.05 versus WT mice). Together these results suggest that CD44 facilitates 

bacterial outgrowth and dissemination during severe Klebsiella pneumonia, but does 

not impact on lethality.

Figure 2: CD44 KO mice display decreased bacterial outgrowth during lethal Klebsiella pneumonia. 
Bacterial loads determined in lung (A), blood (B), spleen (C) and liver (D) from WT (black bars) and 
CD44 KO (white bars) mice at 24 and 48 h of infection with 104 CFU of K. pneumoniae. Data are 
expressed as means ± SEM; n = 8 mice per group. N.D. = not determined. * P < 0.05, ** P < 0.01 vs. 
WT at the same time point. 

CD44 deficiency results in enhanced lung inflammation during severe 
pneumonia
CD44 has been implicated as an important mediator of cell migration and lung 

inflammation (7). We therefore determined the role of CD44 in the induction of 

pulmonary inflammation in response to K. pneumoniae infection. For this lung tissue 

slides were prepared from CD44 KO and WT mice 24 and 48 h after infection and 

semi-quantitatively scored according to the scoring system described in the Methods 
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section. At 24 h after infection, both mouse strains already showed extensive edema, 

interstitial inflammation, pleuritis, bronchitis and endothelialitis; the extent of lung 

inflammation did not differ between CD44 KO and WT mice at this time point (Figure 

3A-C). In contrast, at 48 h after infection CD44 KO mice displayed relatively enhanced 

lung inflammation, which was primarily due to more edema, endothelialitis and 

bronchitis (Figure 3D-F). In addition, at this time point (but not at 24 h, data not 

shown) CD44 KO mice showed a higher number of Ly6+ neutrophils in lung tissue 

slides (Figure 3G-I). CD44 KO and WT mice demonstrated similar cytokine (TNF-α, IL-

6, IL-10) and chemokine (KC, MIP-2) levels in lung homogenates at both time points  

(data not shown). Hence, these data suggest that (despite lower bacterial burdens  

Figure 3: Prolonged lung inflammation in CD44 KO mice during lethal pneumonia. (A-F) H&E 
staining of representative lung tissue slides from WT (A, D) and CD44 KO (B, E) mice at 24 (A-C) 
and 48 (D-F) hours, and (G-I) Ly6 staining of representative lung tissue slides from WT (G) and 
CD44 KO (H) mice 48 hours after intranasal infection with 104 CFU of K. pneumoniae. Lung sections 
are representative for 8 mice per group per time-point; original magnification 10x. Inflammation 
and Ly6 scores of WT (black bars) and CD44 KO (white bars) mice are expressed as means ± SEM. 
** P < 0.01 vs. WT.
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which would be anticipated to result in less lung inflammation) CD44 deficiency is 

associated with an increased lung inflammatory response after infection with lethal 

dose Klebsiella.

CD44 KO mice demonstrate reduced expression of IRAK-M, A20 and SOCS3
Recent studies have suggested that CD44 plays a role in the induction of negative 

regulators of Toll-like receptor (TLR) signaling (8, 22). Therefore, in light of the 

enhanced lung inflammation in CD44 KO mice we considered it of interest to study 

gene expression levels of IRAK-M, A20 and SOCS3 in lung homogenates obtained 

before, 24 or 48 h after infection. Of considerable interest, whereas WT mice displayed 

sustained elevated mRNA levels of these negative TLR regulators, in CD44 KO mice 

gene expression levels of IRAK-M, A20 and SOCS3 all strongly decreased between 24 

and 48 h (Figure 4A-C). As a consequence, IRAK-M, A20 and SOCS3 mRNA levels were 

lower in CD44 KO relative to WT mice at both 24 h and 48 h after infection (P < 0.05 

and P < 0.01 for the difference between groups at 24 h and 48 h respectively).

Figure 4: Reduced mRNA expression of negative regulators of Toll-like receptor signaling in lungs 
from CD44 KO mice. IRAK-M (A), A20 (B) and SOCS-3 (C) mRNA expression in lung homogenates 
from WT (black bars) and CD44 KO (white bars) mice 24 and 48 h after infection with 104 CFU of K. 
pneumoniae. Data are expressed as means ± SEM; n = 5-8 mice per group. * P < 0.05, ** P < 0.01 vs. 
WT at the same time point. Dashed lines depict levels of uninfected mice.

CD44 KO mice demonstrate impaired resolution of pulmonary inflammation 
during sublethal Klebsiella pneumonia
In the experiments described above a relatively high infectious dose was used, 

resulting in lethality from 48 h onwards (Figure 1). Since CD44 has been found to 

play an important role in the regulation of chronic sterile lung inflammation such as 

induced by intratracheal administration of bleomycin (12), we next wished to study 

the impact of CD44 on the resolution of lung inflammation after low dose nonlethal 
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respiratory tract infection with K. pneumoniae. In a first experiment, we infected 

CD44 KO and WT mice with 175 CFU Klebsiella, seeking to sacrifice the animals 5 

days post infection. Much to our surprise, CD44 KO but not WT mice started to die 

from 3 days onwards. At 5 days post infection 6/10 CD44 KO mice had died versus 

1/10 WT mice (P < 0.05). These data hinted us that CD44 is important for recovery 

after sublethal infection with K. pneumoniae. Considering the bias introduced 

by these differential survival curves, we next infected CD44 KO and WT mice with 

100 CFU Klebsiella with the aim to sacrifice them after 4 or 10 days. At 4 days after 

infection (n = 9 per group), 2 CD44 KO compared to none of the WT mice had died, 

again pointing to accelerated lethality of CD44 KO mice after sublethal Klebsiella 

infection. Klebsiella could still be recovered from the lungs of all mice; bacterial loads 

were not significantly different in CD44 KO compared to WT mice at this time point 

(2.5 ± 1.1 x 106 versus 7.6 ± 3.9 x 106 CFU/ml lung homogenate respectively). After 10 

days (n = 10 per group), 3 mice from both groups had died and all remaining mice had 

completely cleared the bacteria. Lung inflammation scores were again significantly 

higher in CD44 KO mice as compared to WT mice, both at 4 and 10 days after infection  

(both P < 0.01; Figure 5). At 4 days the difference between CD44 KO and WT mice

Figure 5: Enhanced pulmonary inflammation in CD44 KO mice during nonlethal pneumonia. 
Representative lung histology of WT (A, D) and CD44 KO (B, E) mice 4 (A-C) and 10 (D-F) days after 
intranasal infection with 102 CFU of K. pneumoniae. Lung sections are representative for 7-9 mice 
per group per time point. H&E staining, original magnification 10x. Inflammation scores of WT (black 
bars) and CD44 KO (white bars) mice are expressed as means ± SEM. ** P < 0.01 vs. WT at the same 
time point.
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was mainly due to more edema and interstitial inflammation, and to a lesser extent 

to more endothelialitis and bronchitis. At 10 days, WT lungs demonstrated minimal 

interstitial inflammation, whereas in CD44 KO mice interstitial inflammation was 

still prominent with clear endothelialitis, bronchitis and aggregates of neutrophils 

and macrophages. The prolonged presence of neutrophils in lungs from CD44 KO 

mice was further indicated by enhanced MPO levels in lung homogenates of these 

mice at the latter time point (P < 0.01, data not shown). We also performed BAL to 

obtain insight into leukocyte numbers in the bronchoalveolar space. These analyses 

revealed increased total leukocyte numbers in BALF of CD44 KO mice at both 4 and 

10 days after infection (Table I); at 4 days this was caused by much higher neutrophil 

counts, whereas at 10 days especially lymphocyte counts were higher in BALF of CD44 

KO mice, although the difference with WT mice did not reach statistical significance 

due to a relatively large interindividual variation (both P = 0.05 versus WT mice); 

macrophage numbers did not differ between mouse strains at either time point. 

In addition, 4 days after sublethal K. pneumoniae infection, the levels of cytokines 

(TNF-α, IL-6 and IL-1β) and chemokines (MIP-2 and LIX) were significantly higher in 

lung homogenates of CD44 KO mice than of WT mice, further indicative of enhanced 

pulmonary inflammation (Table II). At 10 days all cytokine levels had decreased as 

compared to 4 days and were similar in both groups (data not shown). As it has 

been shown that HA levels accumulate in the absence of CD44 during noninfectious 

lung injury (8, 12), we measured HA concentrations in BALF. HA concentrations were 

Table I: CD44 KO mice demonstrate enhanced numbers of leukocytes in the bronchoalveolar space 
during sublethal Klebsiella pneumonia.

BALF

Total leukocytes

x 104
 /mL

Neutrophils

x 104
 /mL

Lymphocytes

x 104
 /mL

Macrophages

x 104
 /mL

4 days

WT 49.95 ± 20.79 45.5 ± 23.6 0.86 ± 0.66 10.8 ± 3.82

CD44 KO 202.2 ± 68.79 192.1 ± 67.1 0.09 ± 0.09 12.0 ± 3.17

10 days

WT 9.202 ± 0.386 0.14 ± 0.04 0.36 ± 0.13 8.70 ± 0.36

CD44 KO 12.29 ± 0.657** 0.90 ± 0.49 2.13 ± 0.74 9.23 ± 0.44

Total leukocyte counts, neutrophil, lymphocyte and macrophage numbers in BALF at 4 and 10 days after 
intranasal infection with K. pneumoniae (100 CFU) in WT and CD44 KO mice. Data are expressed as means ± 
SEM of 5-8 mice per group at each time point. ** P < 0.01 versus WT mice.
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Table II: CD44 KO mice demonstrate elevated pulmonary cytokine and chemokine concentrations 4 
days after intranasal infection with a sublethal dose of K. pneumoniae.

Ng/ml TNF-α IL-6 IL-1β KC MIP-2 LIX

4 days

WT  1.24 ± 0.14  1.16 ± 0.28 0.54 ± 0.12 9.57 ± 2.93 8.97 ± 2.03 3.33 ± 0.34

CD44 KO  3.24 ± 0.64***  3.05 ± 0.44** 1.91 ± 0.55* 17.7 ± 5.68 29.6 ± 8.91*  4.69 ± 0.26**

Proinflammatory cytokine (TNF-α, IL-6 and IL-1 β) and chemokine (KC, MIP-2 and LIX) levels in lung at 4 days 
after intranasal infection with K. pneumoniae (100 CFU) in WT and CD44 KO mice. Data are expressed as 
means ± SEM; n = 7-8. * P < 0.05, ** P < 0.01 and *** P < 0.001 vs. WT mice.

increased at 4 days after infection as compared to baseline and declined again after 

10 days in both WT and CD44 KO mice; however, at both time points HA levels were 

significantly elevated in BALF of CD44 KO mice relative to HA concentrations in BALF 

of WT mice (P < 0.01, Figure 6). 

CD44 KO mice demonstrate a prolonged lung inflammatory response upon 
intrapulmonary delivery of Klebsiella LPS 
The experiments using viable Klebsiella described above established that CD44 

exerts a dual effect on the host response to K. pneumoniae: it impacts on the 

growth and dissemination of bacteria and it influences the resolution of lung 

inflammation. In order to eliminate the possible influence of different bacterial  

loads on lung inflammation, we performed experiments in which CD44 KO and WT 

mice were intranasally administered with Klebsiella LPS and euthanized 1, 2 or 4  

days later. At 1 and 2 days, lung inflammation scores did not differ between CD44 

KO and WT mice (Figure 7A-F). At 4 days, however, pulmonary inflammation had 

Figure 6: Elevated hyaluronic acid 
levels in the bronchoalveolar space 
of CD44 KO mice during nonlethal 
pneumonia. Hyaluronic acid (HA) 
concentrations in bronchoalveolar 
lavage fluid (BALF) from WT (closed 
symbols) and CD44 KO (open 
symbols) mice before, 4 and 10 days 
after infection with 102 CFU of K. 
pneumoniae. Data are expressed as 
means ± SEM. ** P < 0.01 vs. WT at 
the same time point.
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started to resolve in WT mice, but to a much lesser extent in CD44 KO mice (Figure 

7G-I). At this time point, the difference in inflammation scores was especially due 

to prolonged presence of endothelialitis and edema in CD44 KO lungs. To obtain 

insight into the impact of CD44 on leukocyte influx into the bronchoalveolar space 

upon intrapulmonary delivery of Klebsiella LPS, we performed BAL and determined 

leukocyte counts and differentials in the fluid harvested (Table III). At 1 day after 

LPS administration leukocyte numbers were decreased in CD44 KO as compared 

to WT mice, which was mainly due to significantly reduced neutrophil counts. At  

2 days lymphocytes started to appear in both groups and neutrophil numbers in 

BALF from WT mice decreased to neutrophil counts in BALF from CD44 KO mice;  

Figure 7: Prolonged pulmonary inflammation in CD44 KO mice in response to intranasal LPS 
instillation. Representative lung histology of WT (A, D, G) and CD44 KO (B, E, H) mice 1 (A-C), 2 (D-F) 
and 4 (G-I) days after intranasal administration of 1 µg K. pneumoniae derived LPS. Lung sections 
are representative for 8 mice per group per time point. H&E staining, original magnification 10x. 
Inflammation scores of WT (black bars) and CD44 KO (white bars) mice are expressed as means ± 
SEM. * P < 0.05 vs. WT at the same time point.



Chapter 5

96

Table III: CD44 KO mice show reduced recruitment but prolonged presence of neutrophils in the 
bronchoalveolar space after intranasal administration of Klebsiella LPS. 

BALF

Total leukocytes

X 104
 /mL

Neutrophils

X 104
 /mL

Lymphocytes

X 104
 /mL

Macrophages

X 104
 /mL

1 day

WT 80.69 ± 10.6 75.33 ± 10.42 Not present 5.38 ± 0.80

CD44 KO 38.19 ± 4.82* 34.55 ± 5.15* Not present 3.65 ± 0.61

2 days

WT 36.62 ± 5.15 22.91 ± 4.76 0.79 ± 0.51 12.9 ± 1.68

CD44 KO 31.37 ± 4.91 22.33 ± 5.37 1.73 ± 0.68 7.30 ± 0.93*

4 days

WT  19.42 ± 2.05 0.93 ± 0.19 1.70 ± 0.28 16.8 ± 1.77

CD44 KO  33.90 ± 4.14* 1.65 ± 0.28* 14.3 ± 2.74** 17.8 ± 1.56

Total leukocyte counts, neutrophil, lymphocyte and macrophage numbers in BALF at 1, 2 and 4 days after 
intranasal administration of Klebsiella LPS (1 µg) in WT and CD44 KO mice. Data are expressed as means ± 
SEM; n = 5-8. * P < 0.05, ** P < 0.01 vs. WT mice.

at this time point the number of macrophages was lower in BALF from CD44 KO 

mice when compared to WT mice. At 4 days after LPS neutrophil numbers decreased 

as compared to 2 days, however, CD44 KO mice displayed increased numbers 

of neutrophils and lymphocytes in their BALF as compared to WT mice, whereas 

macrophage counts did not differ between groups. These data suggest that the 

resolution of neutrophils is impaired in the absence of CD44 which is accompanied 

by enhanced lymphocyte recruitment. In addition, 4 days (but not 1 or 2 days; 

data not shown) after LPS administration, the levels of TNF-α, IL-6 and MIP-2 were 

significantly higher in lung homogenates of CD44 KO mice as compared to WT mice, 

further indicative of enhanced inflammation (Table IV). Finally, we measured HA 

concentrations in BALF; in WT mice HA levels at 1 day after LPS were increased  as 

compared to baseline and declined again already at 2 days. In contrast, HA levels 

Table IV: CD44 KO mice demonstrate elevated pulmonary cytokine and chemokine concentrations 4 
days after intranasal inoculation with Klebsiella LPS.

Ng/ml TNF-α IL-6 IL-1β KC MIP-2

4 days

WT 1.88 ± 0.09  0.08 ± 0.004 0.079 ± 0.006 0.35 ± 0.04 0.54 ± 0.02

CD44 KO 2.68 ± 0.23* 0.11 ± 0.010* 0.127 ± 0.027 0.97 ± 0.43 0.83 ± 0.08**

Proinflammatory cytokine (TNF-α, IL-6 and IL-1β) and chemokine (KC and MIP-2) levels in lung homogenates 
obtained from WT and CD44 KO mice 4 days after intranasal administration of Klebsiella LPS (1 µg). Data are 
expressed as means ± SEM; n = 8. * P < 0.05, ** P < 0.01 vs. WT mice.
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in CD44 KO BALF did not decline up to 4 days and were significantly enhanced as 

compared to WT mice (P < 0.001 for all time points, Figure 8). 

Figure 8: Elevated hyaluronic 
acid levels in the bronchoal-
veolar space of CD44 KO mice 
in response to intranasal LPS 
instillation. Hyaluronic acid (HA) 
concentrations in bronchoal-
veolar lavage fluid (BALF) from 
WT (closed symbols) and CD44 
KO (open symbols) mice before, 
1, 2 and 4 days after intranasal 
administration of LPS. Data are 
expressed as means ± SEM. *** 
P < 0.001 vs. WT at the same 
time point.

Discussion
To the best of our knowledge only one previous investigation studied the role of 

CD44 in host defense against bacterial pneumonia, reporting enhanced neutrophil 

accumulation and increased pulmonary edema 6 h after intrapulmonary delivery of 

E. coli (9). In that study CD44 deficiency did not impact on the early host response 

to S. pneumoniae in the lung, while the effect of CD44 deficiency on the immune 

response beyond the first 6 h was not addressed in experimentally induced airway 

infection by either pathogen (9). We argued that CD44 may affect the course of 

bacterial pneumonia in several stages, considering its role as a regulator of cytokine 

production in and leukocyte migration to the lung (7-9) and considering its pivotal 

function in the clearance of inflammation in models of sterile lung injury (8, 12). 

Therefore, in the present study we sought to investigate the functional role of CD44 

during both the induction and resolution phase of inflammation during Klebsiella 

pneumonia. We here demonstrate that during lethal pneumonia CD44 facilitates 

bacterial outgrowth and dissemination while concurrently limiting lung pathology. 

We confirmed an important role for CD44 during sublethal pneumonia, revealing an 

enhanced resolution of lung inflammation and a reduced lethality in the presence of 

CD44. Our data identify CD44 as a vital regulator of lung inflammation during various 

stages of Klebsiella pneumonia. 

 To obtain insight into the role of CD44 in host defense against K. pneumoniae, 

we first used a bacterial dose that causes pneumonia and sepsis, and lethality in 
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normal immunocompetent mice (16, 18). CD44 did not impact on lethality during 

severe Klebsiella pneumonia. Whereas pulmonary bacterial loads were similar at 

24 h, at 48 h after infection bacterial outgrowth was reduced in lungs of CD44 KO 

mice. Strikingly, dissemination of K. pneumoniae to distant body compartments was 

diminished already after 24 h of infection, and even more so after 48 h. Of note, CD44 

has been described to mediate phagocytosis of bacteria such as M. tuberculosis (14) 

and S. aureus (13). However, in preliminary experiments we could not identify such a 

role for CD44 on neutrophils or macrophages in phagocytosis of K. pneumoniae (data 

not shown). Possibly, the influence of CD44 on the growth and spreading of Klebsiella 

after infection with a lethal dose is secondary to its impact on the local inflammatory 

response. Indeed, CD44 deficiency resulted in enhanced lung inflammation at 48 

h, which may benefit local antibacterial effector mechanisms exerted by the innate 

immune system at the primary site of infection (23, 24).

 CD44 deficiency consistently resulted in enhanced pulmonary inflammation 

during Klebsiella pneumonia as determined by semi-quantitative scoring of specific 

components of the inflammatory response in the lung. Indeed, CD44 KO mice 

displayed increased lung inflammation 48 h after infection with a lethal bacterial 

inoculum, at a time point shortly before the first deaths occurred, as well as 4 and 

10 days after infection with a low bacterial dose, at stages of pneumonia wherein 

the pathogen had been cleared from the respiratory tract and the accompanying 

inflammatory response had largely subsided in WT mice. In addition, in experiments 

in which we administered Klebsiella LPS via the airways, thereby avoiding any 

potential effect of differential bacterial loads driving the inflammatory response 

in the lungs, CD44 mediated attenuation of lung inflammation was confirmed 4 

days after the challenge. In lethal pneumonia the impact of CD44 deficiency on 

lung pathology likely was underestimated in our experiments, considering that the 

reduced bacterial loads in lungs of CD44 KO mice would be anticipated to result in 

less lung inflammation. Conceivably, the increased lung pathology in CD44 KO mice 

adversely affected the potentially beneficial effect of reduced bacterial growth 

and dissemination in these mice, thereby explaining the lack of impact of CD44 on 

survival during lethal Klebsiella pneumonia. Alternatively, the challenge administered 

in these high dose experiments was too severe to visualize a potential protective 

effect of CD44. In accordance with this notion, CD44 KO mice showed mortality after 

infection with a lower Klebsiella dose that did not cause lethality in WT mice. 
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 We found increased neutrophil numbers in lungs from CD44 KO mice during both 

lethal pneumonia and the resolution phase of sublethal pneumonia, as well as 4 

days after intrapulmonary delivery of Klebsiella LPS. Earlier studies on lung infection 

caused by E. coli (9) or M. tuberculosis (14) also reported enhanced neutrophil 

numbers in the pulmonary compartment of CD44 KO mice (see also Chapter 2 and 

4). In accordance, in vitro experiments demonstrated that CD44 negatively regulates 

epithelium-neutrophil interactions and thereby migration across an epithelial layer 

(25). Moreover, migration of CD44 KO neutrophils through Matrigel towards a gradient 

of N-formyl-met-leu-phe, a bacteria-derived molecule that is a potent chemo-

attractant for neutrophils during pneumonia (26), was enhanced when compared 

to migration of WT neutrophils (9). Of note, in our Klebsiella LPS experiments we 

found fewer neutrophils in BALF from CD44 KO as compared to WT mice at 1 day 

after the challenge. In line with this result, aerosol administration of a low dose of 

E. coli-derived LPS resulted in reduced neutrophil recruitment to the lungs of CD44 

KO mice (27), and a positive role of CD44 in neutrophil recruitment has also been 

shown in other models like allergic dermatitis (28), renal ischemia reperfusion (10), 

and liver inflammation (29, 30). As such, the role of CD44 in neutrophil trafficking 

seems to depend on the timing, type and severity of the inflammatory stimulus. Our 

current finding of increased neutrophil numbers at relatively late time points after 

administration of intact bacteria or LPS suggests that CD44 primarily interferes with 

the resolution of neutrophils during gram-negative lung inflammation. In accordance, 

CD44 deficiency has been implicated to result in impaired resolution of neutrophils 

due to sterile pulmonary inflammation induced by bleomycin (12) or E. coli LPS (8), 

and during the resolution phase of liver (30) and renal (10) inflammation. We found 

no differences in macrophage numbers during Klebsiella pneumonia, indicating 

that CD44 does not impact on macrophage recruitment into the bronchoalveolar 

space induced by K. pneumoniae. Of note, at 2 days after LPS macrophages were 

less abundant in BALF from CD44 KO mice than from WT mice. The role of CD44 

in macrophage trafficking towards the lung is complex; in models of sterile lung 

inflammation elicited by intrapulmonary delivery of either LPS or bleomycin CD44 

KO mice demonstrated increased macrophage numbers in their BALF (8, 12), 

whereas decreased pulmonary macrophage numbers were found in CD44 KO mice 

after aerosol challenge with a low dose of LPS (27), during ozone-induced airway 

hyperresponsiveness (31) and tuberculosis (14). Moreover, we observed increased 

lymphocyte numbers in lungs from CD44 KO mice during the resolution phase of 
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both sublethal pneumonia and LPS. CD44 has been shown to be required for 

extravasation of activated lymphocytes into the peritoneal cavity (32, 33). As we 

found similar lymphocyte numbers in BALF from WT and CD44 KO mice in the acute 

inflammatory phase, the enhanced lymphocyte counts in a later stage likely are a 

result of prolonged presence or delayed recruitment rather than enhanced early 

recruitment. The fact that CD44 KO mice displayed elevated pulmonary cytokine and 

chemokine concentrations 4, but not 1 or 2 days, after LPS administration further 

indicates that the proinflammatory phenotype of CD44 KO mice at the later time 

points likely is due to prolonged rather than enhanced induction of proinflammatory 

responses.

 CD44 may attenuate lung inflammation via several mutually non-exclusive 

mechanisms. Recent studies have shown that CD44 positively regulates the induction 

of negative regulators of TLR signaling (8, 22). We found reduced gene expression 

levels of IRAK-M, A20 and SOCS3 in lung homogenates of CD44 KO mice at 24 and 

48 h, which may have contributed to the enhanced pulmonary inflammation at the 

latter time point. Moreover, CD44 is known to bind and to internalise HA fragments 

(5, 34). It has become clear that HA fragments induce NF-κB activation (35), and 

thereby proinflammatory gene expression through TLR2 and TLR4 signaling (36-39). 

Indeed, CD44 KO mice showed impaired clearance of HA in bleomycin or E. coli LPS 

induced lung inflammation accompanied by sustained accumulation of inflammatory 

cells (8, 12). In line, we found significantly increased HA concentrations in BALF from 

CD44 KO mice at 4 and 10 days after sublethal pneumonia and from 1 to 4 days after 

Klebsiella LPS, suggesting that CD44 facilitates the resolution of inflammation during 

Klebsiella pneumonia at least in part through clearance of HA from the lungs. 

 In conclusion, we show here that CD44 influences several components of the 

innate immune response to K. pneumoniae in the airways. CD44 KO mice displayed an 

improved antibacterial defense during lethal Klebsiella pneumonia, which, however, 

was associated with enhanced lung pathology upon histological examination. 

During sublethal pneumonia and Klebsiella LPS induced inflammation we further 

demonstrated that CD44 contributes to an adequate resolution of the inflammatory 

response in the lung. 
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Abstract
Pneumonia is a common cause of morbidity and mortality and the most frequent 

source of sepsis. Bacteria that try to invade normally sterile body sites are recognized 

by innate immune cells through pattern recognition receptors, among which Toll-

like receptors (TLRs) prominently feature. Interleukin-1-receptor-associated kinase 

(IRAK)-M is a proximal inhibitor of TLR signaling expressed by epithelial cells and 

macrophages in the lung. To determine the role of IRAK-M in host defense against 

bacterial pneumonia IRAK-M deficient (IRAK-M-/-) and normal wild-type (WT) mice 

were intranasally infected with either Klebsiella (K.) pneumoniae or Streptococcus (S.) 

pneumoniae. IRAK-M mRNA and protein were upregulated in lungs of WT mice with 

Klebsiella pneumonia and the absence of IRAK-M resulted in a strongly improved 

host defense as reflected by reduced bacterial growth in the lungs, diminished 

dissemination to distant body sites and survival rates. Although IRAK-M-/- alveolar 

macrophages displayed enhanced responsiveness toward intact K. pneumoniae and 

Klebsiella LPS in vitro, IRAK-M-/- mice did not show increased cytokine or chemokine 

levels in their lungs after infection in vivo. The extent of lung inflammation was 

increased in IRAK-M-/- mice shortly after K. pneumoniae infection, as determined 

by semi-quantitative scoring of specific components of the inflammatory response 

in lung tissue slides. The phenotype of IRAK-M-/- mice during pneumococcal 

pneumonia was remarkably similar, also demonstrating reduced bacterial growth 

and dissemination, better survival and enhanced early lung inflammation. These 

data indicate that IRAK-M impairs host defense during pneumonia caused by two 

common respiratory pathogens. 
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Introduction
The innate immune system detects pathogens via a number of pattern-recognition 

receptors, which recognize conserved motifs that are expressed by micro-organisms 

(1). Toll-like receptors (TLRs) occupy a central position as pattern recognition receptors 

in the initiation of cellular innate immune responses (2). TLRs can be expressed on 

the cell surface (TLR1, -2, -4, -5 -6 and -10) or in intracellular compartments (TLR3, 

-7, -8 and -9), serving a key role in the early detection of pathogens. Uncontrolled 

stimulation of TLRs potentially can lead to disproportionate inflammation and 

tissue injury, such as may occur during sepsis (3). Therefore, TLR signaling is tightly 

regulated in order to avoid such detrimental inflammatory responses. Several 

negative regulators of TLRs have been implicated in preventing excessive TLR 

signaling, including myeloid differentiation primary-response protein (MyD88) short, 

ST2, single-immunoglobulin-interleukin (IL)-1 receptor-related-molecule (SIGIRR), 

toll-interacting protein (TOLLIP), suppressor-of-cytokine signaling (SOCS), A20 and IL-

1R-associated kinase (IRAK)-M (4). 

 All TLRs, except TLR3, rely on MyD88 for signaling (1, 2); MyD88 also is essential 

for intracellular activation after engagement of the type I IL-1 receptor and the IL-

18 receptor (5). MyD88 initiates intracellular signaling by recruitment of IRAK-4 and 

subsequent association and phosphorylation of IRAK-1. IRAK-M inhibits the IRAK-1/

IRAK-4 complex and thereby mitigates intracellular responses elicited by all MyD88 

dependent receptors (6). In accordance, IRAK-M deficient (IRAK-M-/-) macrophages 

produced higher levels of proinflammatory cytokines upon stimulation with various 

pathogens, TLR ligands or IL-1β (6). Considering its central position in the regulation 

of TLR and IL-1/IL-18 signaling, IRAK-M likely plays an important role in the host 

response to bacterial infection. In particular, enhanced IRAK-M expression has been 

implicated in the immune suppression frequently observed in patients with sepsis, a 

condition also referred to as LPS tolerance and characterized by a reduced capacity 

of immune cells to release proinflammatory cytokines upon restimulation. Indeed, 

IRAK-M-/- cells did not become as tolerant to LPS upon re-exposure to this bacterial 

component as wild-type (WT) cells (6), whereas our laboratory recently reported 

that LPS tolerance observed in healthy humans exposed to intravenous LPS and in 

patients with gram-negative sepsis correlated with enhanced IRAK-M expression in 

circulating leukocytes (7, 8). Most importantly, in mice with polymicrobial abdominal 

sepsis enhanced IRAK-M expression in pulmonary macrophages contributed to a 

diminished capacity of these cells to respond to Pseudomonas (P.) aeruginosa ex 
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vivo, which resulted in a strongly impaired host defense response during secondary 

(i.e. following abdominal sepsis) Pseudomonas pneumonia (9). 

 Current knowledge of the functional role of IRAK-M in the host response to 

invading bacteria and the pathogenesis of sepsis is highly limited and primarily 

focused on its contribution to LPS tolerance. Pneumonia by far is the most common 

cause of sepsis (3, 10). We argued that IRAK-M could play a pivotal role in host 

defense against primary bacterial pneumonia, considering its expression in the 

two most prominent resident cells in the bronchoalveolar space, i.e. macrophages 

and respiratory epithelial cells (6, 9, 11, 12), and its central place in TLR signaling. 

Therefore, we here induced gram-negative (Klebsiella (K.) pneumoniae) or gram-

positive (Streptococcus (S.) pneumoniae) pneumonia in IRAK-M-/- and WT mice, 

seeking to establish the contribution of this negative TLR regulator in antibacterial 

defense in the previously healthy host. 

Materials & Methods
Mice
Nine to eleven week old C57BL/6 WT mice were purchased from Harlan Sprague 

Dawley Inc. (Horst, The Netherlands). IRAK-M-/- mice, backcrossed > 10 times to a 

C57BL/6 genetic background were generated as described (6) and bred in the animal 

facility of the Academic Medical Center (Amsterdam, the Netherlands). Age and 

gender matched mice were used in all experiments. 

Study design
The Animal Care and Use Committee of the University of Amsterdam approved all 

experiments. Pneumonia was induced by intranasal inoculation of 104 colony forming 

units (CFU) of K. pneumoniae serotype 2 (ATCC 43816; American Type Culture 

Collection, Rockville, MD) or 5 x 104 CFU of S. pneumoniae serotype 3 (ATCC 6303) 

as described (13-15). In most experiments mice were euthanized at predefined time 

points (n = 7-9 per group at each time point); sample harvesting and processing, and 

determinations of bacterial loads and cell counts were done as described (13-15). In 

separate studies mice were followed for up to 10 days and survival was monitored at 

least every 12 hours (n = 10-14 per group). 
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IRAK-M expression
Lung homogenates were immediately dissolved in RA1 buffer, RNA was isolated 

as described by the manufacturer (Bioke, Leiden, the Netherlands) and reverse 

transcribed using oligo dT (Promega, Leiden, the Netherlands) and Moloney 

murine leukemia virus reverse transcriptase (Invitrogen, Breda, the Netherlands). 

Reverse-transcription-polymerase chain reactions (RT-PCRs) were performed using 

LightCycler®SYBR green I master mix (Roche, Mijdrecht, the Netherlands) and 

measured in a LightCycler 480 (Roche) apparatus using the following conditions: 

5-minute 95°C hot-start, followed by 40 cycles of amplification (95°C for 15 seconds, 

60°C for 5 seconds, 72°C for 20 seconds). For quantification, standard curves were 

constructed by PCR on serial dilutions of a concentrated cDNA, and data were 

analyzed using LightCycler software. Gene expression is presented as the ratio of 

the expression of the housekeeping gene β2-microglobulin (B2M). Primers were as  

follows: B2M; 5’-TGGTCTTTCTGGTGCTTGTCT-3’ and 5’-ATTTTTTTCCCGTT-

CTTCAGC-3’, IRAK-M; 5’-TGCCAGAAGAATACATCAGACAG-3’ and 5’-TCTAAGAA-

GGACAGGCAGGAGT-3’. Samples for western blotting were boiled at 95°C for 5 

minutes in laemmli buffer and loaded onto SDS-PAGE gels. After electrophoresis the 

content of the gels was transferred onto Immobilon-PVDF membranes (Millipore, 

Billerica, MA). The membranes were blocked in 5% Protifar (Nutricia, Zoetermeer, 

the Netherlands) in TBS-T at room temperature for 60 minutes. Rabbit anti-human 

IRAK-M (Chemicon, Temecula, CA; cross-reactive with mouse IRAK-M (6)) was 

diluted 1:500. Anti-Glyceraldehyde-3-PDH (GAPDH: Chemicon) was diluted 1:200. 

The membranes were incubated overnight at 4°C. Next, the membranes were 

incubated for 60 minutes with anti-rabbit-HRP conjugated secondary antibody (Cell 

signalling Technology, Boston, MA) and blots were imaged using LumiLight Plus ECL 

(Roche, Basel, Swizerland) on a GeneGnome chemiluminescence imager (Syngene, 

Cambridge, UK).

Assays
Myeloperoxidase (MPO), IL-1β, IL-17, IL-22, keratinocyte-derived cytokine (KC/CXCL1), 

macrophage inflammatory protein 2 (MIP-2/CXCL2), LPS-induced CXC chemokine 

(LIX/CXCL5), MIP-3a (CCL20) and lipocalin 2 levels were determined by ELISA (MPO; 

Hycult, Uden, the Netherlands; all other: R&D Systems, Abingdon, United Kingdom). 

Tumor necrosis factor (TNF)-α and IL-6 were measured by cytometric beads array 

(CBA) multiplex assay (BD Biosciences, San Jose, CA). Aspartate aminotransferase 
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(ASAT), alanine aminotransferase (ALAT) and lactate dehydrogenase (LDH) were 

determined with commercially available kits (Sigma-Aldrich), using a Hitachi analyzer 

(Roche) according to the manufacturer’s instructions.

Pathology
Paraffin lung sections were stained with hematoxilin and eosin as described (16), 

and scored from 0 (absent) to 4 (severe) for the following parameters: interstitial 

inflammation, endothelialitis, bronchitis, edema, thrombi, pleuritis and percentage 

of the lung surface demonstrating confluent (diffuse) inflammatory infiltrate by a 

pathologist blinded for groups. The total “lung inflammation score” was expressed as 

the sum of the scores for each parameter, the maximum being 28. 

Stimulation of primary alveolar macrophages
Alveolar macrophages were harvested from IRAK-M-/- and WT mice by 

bronchoalveolar lavage (BAL) (n = 8 per strain) as described (16, 17). Cells were 

resuspended in RPMI 1640 containing 2 mM L-glutamine, penicillin, streptomycin 

and 10% fetal calf serum in a final concentration of 5 x 104 cells/200 μl. Cells were

then cultured in 48-well microtiter plates (Greiner, Alphen a/d Rijn, the Netherlands) 

for 2 h and washed with RPMI 1640 to remove non-adherent cells. Adherent 

monolayer cells were stimulated with Klebsiella LPS (L1519, Sigma, St. Louis, MO; 

10 µg/ml), growth arrested (by treatment with mitomycine-C (Sigma); 50 µg/ml 

for 60 minutes at 37oC; 12,5 x 106 CFU/ml) intact K. pneumoniae (MOI 1:100) (18)

or RPMI 1640 for 16 h. Supernatants were collected and stored at -20°C until assayed 

for cytokines/chemokines.

Statistical analysis
All values are expressed as mean ± SEM. Comparisons for more than two groups 

were done with Kruskall Wallis followed by Dunn’s Multiple Comparison tests, and 

other comparisons with Mann-Whitney U tests. Survival was compared by Kaplan-

Meier analysis followed by a log rank test. Analyses were done using GraphPad Prism 

version 4.0, GraphPad Software (San Diego, CA). Values of P < 0.05 were considered 

statistically significant.
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Results
IRAK-M is induced during Klebsiella pneumonia
Knowledge of the expression of IRAK-M during primary gram-negative pneumonia is 

not available. Therefore, we infected mice with K. pneumoniae via the airways using 

an established model of severe pneumonia (13, 14) and determined pulmonary 

IRAK-M expression at mRNA and protein level. IRAK-M mRNA and protein were 

present at low levels in lungs of uninfected mice and displayed strong increases after 

infection with K. pneumoniae (Figure 1A and B). 

IRAK-M-/- mice demonstrate a reduced bacterial outgrowth and 
dissemination during Klebsiella pneumonia
To obtain a first insight into the functional role of IRAK-M in bacterial pneumonia we 

harvested lungs, blood, spleen and livers at predefined time points after infection 

with K. pneumoniae for quantitative cultures, seeking to collect data representative 

for local defense at the primary site of infection and subsequent dissemination and 

representative for the early (3 and 6 hours) and late host response (24 and 48 hours, 

i.e. just before the first deaths occurred, see below) (Figure 1C-F). In lungs, bacterial 

loads were similar in IRAK-M-/- and WT mice at 3 hours after infection. Remarkably, 

however, at 6 hours IRAK-M-/- mice on average had 5-fold lower bacterial counts 

in their lungs than WT mice (P < 0.01) and this difference further increased as the 

infection progressed; at 48 hours post infection bacterial loads were approximately 

100-fold lower in IRAK-M-/- mice when compared with WT mice (P < 0.05). Cultures 

of blood, spleen and liver remained sterile in all IRAK-M-/- mice and all but one WT 

mice during the first 6 hours. From 24 hours onward the infection had disseminated 

from the lungs in all mice, although clearly bacterial loads were lower in IRAK-M-/- 

mice in all distant body sites examined. The strongly reduced bacterial burdens in 

blood, spleen and liver were also reflected in less distant organ damage, i.e. the 

plasma levels of ASAT, ALAT (indicative of hepatocellular injury) and LDH (indicative 

of cellular injury in general) were all lower in IRAK-M-/- mice 48 hours after infection 

(Figure 1G-I). The improved host defense of IRAK-M-/- mice also resulted in a survival 

advantage: 4/10 IRAK-M-/- mice died during a 10-day follow up versus 8/10 WT 

mice (P = 0.07; Figure 1J). Together these data strongly suggest that IRAK-M impairs 

antibacterial defense in the lungs upon infection with Klebsiella, which subsequently 

results in enhanced bacterial dissemination and increased organ injury. 
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Figure 1: IRAK-M is upregulated and 
impairs the antibacterial response 
during Klebsiella pneumonia. IRAK-M 
mRNA (A) and protein (B) expression 
was determined in lungs of wildtype 
(WT) mice before, 24 and 48 h after 
induction of pneumonia with live 1 x 
104 CFU Klebsiella (K.) pneumoniae. 
Gene expression is presented as a 
ratio of the expression of the house 
keeping gene ß2 microglobulin. Pro-
tein expression is presented as a ratio 
of the expression of the house keep-
ing gene GAPDH. Data are expressed 
as mean ± SEM; n = 7-8/group; * P < 
0.05 and *** P < 0.001 as compared 
to t=0. WT (closed symbols) and 
IRAK-M deficient (IRAK-M-/-) (open 
symbols) mice were intranasally in-
fected with 1 x 104 CFU K. pneumoni-
ae and sacrificed at 3, 6, 24 and 48 
hours after induction of pneumonia. 
Bacterial loads in lung (C), blood (D), 
spleen (E) and liver (F), and ASAT (G), 
ALAT (H) and LDH (I) in plasma were 
determined; in panels G, H and I the 
dotted lines represent mean values 
of healthy mice. Data are expressed 
as mean ± SEM; n = 7-9/group; * P < 
0.05, ** P < 0.01 and *** P < 0.001 
as compared to WT mice. (J) Survival 
was observed in WT (closed symbols) 
and IRAK-M-/- (open symbols) mice 
after intranasal infection with 1 x 104 
CFU K. pneumoniae. n = 10/group. 
P value indicates the difference be-
tween groups. 

IRAK-M-/- mice display increased lung inflammation but unaltered 
neutrophil influx early after infection with Klebsiella via the airways
Pneumonia results in local inflammation and inflammatory cell recruitment, which 

is an integral part of the host immune response (19, 20). To obtain insight into the 



IRAK-M and bacterial pneumonia

113

role of IRAK-M herein, we performed semi-quantitative analyses of lung histology 

slides prepared from IRAK-M-/- and WT mice 3, 6, 24 and 48 hours after infection. 

These analyses revealed a gradually developing histological picture of pneumonia, 

as reflected by interstitial inflammation followed by pleuritis and endothelialitis, 

and in a later stage bronchitis and edema. Of interest, IRAK-M-/- mice demonstrated 

significantly more lung inflammation early after infection: both at 3 (P < 0.05) and 

6 hours (P < 0.01) pathology scores were higher in mice lacking IRAK-M relative 

to WT mice (Figure 2A-F). Especially the almost doubled inflammation score in 

IRAK-M-/- mice at 6 hours, which in particular was caused by the presence of evident 

bronchitis that in this phase of the infection was still absent in all but one WT mice, 

was remarkable in light of the 5-fold lower bacterial load at this time point (which 

in theory provided a less potent proinflammatory stimulus). At later time points 

after infection (24 and 48 hours) pathology scores had increased considerably in all 

animals and were not different anymore between mouse strains (Figure 2G-L). Of 

note, however, at this stage of the infection IRAK-M-/- mice had up to 100-fold fewer 

bacteria in their lungs, again pointing to an inflammation-enhancing effect of IRAK-M 

deficiency. Considering that neutrophils play an important role in innate defense 

early after Klebsiella airway infection (21, 22) and in light of the early benefit of 

IRAK-M-/- mice with regard to pulmonary bacterial loads, we determined neutrophil 

counts in BAL fluid (BALF) harvested from IRAK-M-/- and WT mice 3 or 6 hours after 

infection (Figure 2M); in addition, we determined MPO concentrations in whole 

lung homogenates, providing insight into the total neutrophil content of lung tissue 

(Figure 2N). These analyses revealed no differences between groups, indicating 

that the lower pulmonary bacterial loads detected in IRAK-M-/- mice 6 hours after 

infection could not be explained by an accelerated recruitment of neutrophils to 

the primary site of infection. During progressed pneumonia (24 and 48 hours after 

infection), pulmonary MPO concentrations strongly increased in both groups and 

significantly more so in WT mice (Figure 2N), probably as a consequence of the much 

higher bacterial burdens in these animals relative to IRAK-M-/- mice. 

IRAK-M deficiency enhances Klebsiella-induced cytokine and chemokine 
release by alveolar macrophages ex vivo but does not impact on mediator 
release in lungs in vivo
IRAK-M-/- bone marrow-derived macrophages have been reported to produce 

higher levels of proinflammatory cytokines upon incubation with bacteria such  
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Figure 2: Enhanced lung histopathology in IRAK-M-/- mice early after induction of Klebsiella 
pneumonia. Representative lung histology of WT (A, D, G and J) and IRAK-M-/- (B, E, H and K) mice 
at 3 (A-C), 6 (D-F), 24 (G-I) and 48 (J-L) h after intranasal infection with 1 x 104 CFU K. pneumoniae. 
The lung sections are representative for 7-9 mice per group per time point. H&E staining, original 
magnification 20x. Inflammation scores are expressed as mean ± SEM (WT mice: black bars; 
IRAK-M-/- mice: white bars n = 7-9/group). Neutrophil influx into bronchoalveolar lavage fluid (M) 
and myeloperoxidase (MPO) concentrations in lung homogenates (N) at 3-48 h after infection with 
1 x 104 CFU of K. pneumoniae. Data are expressed as mean ± SEM; n = 7-9/group, * P < 0.05, ** P < 
0.01 as compared to WT mice. 
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as Escherichia coli, Salmonella typhimurium and Listeria monocytogenes (6). To 

determine the impact of IRAK-M on cytokine and chemokine release by alveolar 

macrophages exposed to Klebsiella, we incubated primary IRAK-M-/- and WT 

alveolar macrophages for 16 hours with either growth-arrested K. pneumoniae or 

LPS derived from K. pneumoniae and measured TNF-α, IL-6, CXCL1 and CXCL2 in 

culture supernatants. IRAK-M-/- macrophages released increased amounts of all four 

mediators, although for IL-6 and CXCL2 the difference with WT cells did not reach 

statistical significance (Figure 3A-D). Next, we determined whether IRAK-M deficiency 

influences the release of cytokines and chemokines in the lung during Klebsiella 

pneumonia in vivo. First, we focused on early (3 and 6 hours) mediator release into 

on the bronchoalveolar space, considering that alveolar macrophages are the most 

prominent resident leukocytes there (Figure 3E-H). Although the concentrations 

of TNF-α, IL-6, CXCL1 and CXCL2 measured in BALF harvested from IRAK-M-/- mice 

3 hours after infection tended to be higher than those detected in BALF from WT 

mice, the differences between groups were not significant. At 6 hours post infection, 

TNF-α and CXCL2 levels even were lower in BALF obtained from IRAK-M-/- mice when 

compared to WT mice, indicating that the lower bacterial burdens in lungs of the 

former mouse strain had a greater impact on mediator release than the absence of 

IRAK-M. To more closely study the contribution of the Klebsiella load to pulmonary 

cytokine and chemokine concentrations, we measured TNF-α, IL-6, CXCL1 and 

CXCL2 in whole lung homogenates harvested 3 – 48 hours post infection, spanning 

the period of a gradually growing bacterial burden (Figure 3I-L). TNF-α was the 

only mediator that displayed high concentrations early after infection, decreasing 

thereafter. In contrast, the lung levels of IL-6, CXCL1 and CXCL2 strongly increased as 

the infection progressed in WT mice and from 24 hours onward the levels of these 

mediators were all lower in IRAK-M-/- mice. Together these data suggest that the 

bacterial load drives the extent of mediator production in the lungs, overruling the 

possible inhibiting effect of IRAK-M hereon. 

 Although IRAK-M expression originally was considered to be restricted to 

macrophages, recent evidence suggests that IRAK-M likely also is expressed by 

respiratory epithelial cells (11, 12). To examine a possible effect of IRAK-M deficiency 

on the production of antimicrobial proteins produced by the respiratory epithelium, 

we measured lipocalin 2 and CCL20, which have been implicated in host defense 

against respiratory tract infection (23, 24). Early after infection (3 and 6 hours) 

lipocalin 2 and CCL20 concentrations did not differ in BALF obtained from IRAK-M-/- 
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Figure 3: Enhanced TNF-α and CXCL1 release by IRAK-M-/- alveolar macrophages. TNF-α, IL-6, 
CXCL1 and CXCL2 concentrations in (A-D) alveolar macrophage supernatants from WT (black bars) 
and IRAK-M-/- (white bars) mice after ex vivo incubation with RPMI, LPS from K. pneumoniae (LPS KP 
10 mg/ml) or growth-arrested K. pneumoniae (GAKP MOI 1:100) for 16 h (n = 4/group, *P < 0.05 as 
compared to medium stimulation), (E-H) bronchoalveolar lavage fluid and (I-L) lung homogenates 
from WT (black bars/closed symbols) and IRAK-M-/- (white bars/open symbols) mice 3-48 h after 
infection with 1 x 104 CFU of K. pneumoniae. Data are expressed as mean ± SEM; n = 7-9/group, * P 
< 0.05, ** P < 0.01 as compared to WT mice.

and WT mice (Figure 4A and B). In lung homogenates lipocalin 2 and CCL20 levels 

were lower in IRAK-M-/- mice as the infection proceeded (Figure 4D and E). To 

obtain further evidence that IRAK-M deficiency did not enhance the responsiveness 

of respiratory epithelial cells in vivo, we measured CXCL5, a CXC chemokine that 

is exclusively produced by epithelial cells (25, 26), in BALF and lung homogenates 

and found no differences between IRAK-M-/- and WT mice (Figure 4C and F). Finally, 

considering that mucosal immunity in the lung during pneumonia at least in part is 

regulated by Th17 cytokines (23), we measured IL-17 and IL-22, which both have 

been shown to play a protective role in the host response to Klebsiella pneumonia 

(22, 27). However, in both mouse strains IL-17 and IL-22 levels were either low or not 

above baseline concentrations in BALF obtained 3 or 6 hours after infection (data not 

shown). 
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Figure 4: IRAK-M does not affect early epithelial antimicrobial responses. Lipocalin 2, CCL20 and 
CXCL5 concentrations in (A-C) bronchoalveolar lavage fluid and (D-F) lung homogenates from WT 
(black bars/closed symbols) and IRAK-M-/- (white bars/open symbols) mice 3 – 48 h after infection 
with 1 x 104 CFU of K. pneumoniae. Data are expressed as mean ± SEM; n = 7-9/group, * P < 0.05 
and ** P < 0.01 as compared to WT mice.

IRAK-M similarly impairs host defense during pneumococcal pneumonia
Recently, induction of IRAK-M was reported in lungs of mice with experimentally 

induced pneumococcal pneumonia (12). This prompted us to examine whether 

IRAK-M plays a similar detrimental role in the host defense response to respiratory 

tract infection caused by S. pneumoniae. For this we infected IRAK-M-/- and WT mice 

with S. pneumoniae via the airways and determined bacterial loads in lungs, blood, 

spleen and liver at 3, 24 and 48 hours after infection (Figure 5A-D). Similar to what 

we found in the model of gram-negative pneumonia, IRAK-M-/- mice displayed lower 

bacterial loads in their lungs (P < 0.01 at both 24 and 48 hours) and a diminished 

dissemination of the infection to distant organs, together with a delayed mortality 

(Figure 5E, P = 0.01). The improved antibacterial defense in IRAK-M-/- mice was 

accompanied by enhanced lung inflammation 3 hours after infection, i.e. at a time 

point when bacterial loads were still similar (P < 0.01, Figure 6A-C), again resembling 

the findings in Klebsiella pneumonia. At later time points (24 and 48 hours) pathology 

scores did not differ anymore between groups (data not shown). At 3 hours after 

infection lung CXCL1 levels were significantly increased in IRAK-M-/- mice as compared 

to WT mice (P < 0.01), whereas TNF-α, IL-6, and CXCL2 levels were similar in both 

groups (Table I). While at 24 hours lung cytokine/chemokine levels were similar, at 48 
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Figure 5: IRAK-M impairs host response during pneumococcal pneumonia. WT (closed symbols) 
and IRAK-M-/- (open symbols) mice were intranasally infected with 5 x 104 CFU S. pneumoniae and 
sacrificed at 3, 24 and 48 hours after induction of pneumonia. Bacterial loads in lung (A), blood (B), 
spleen (C) and liver (D). Data are expressed as mean ± SEM; n = 7-8/group, * P < 0.05 and ** P < 0.01. 
Survival was observed in WT (closed symbols) and IRAK-M-/- (open symbols) mice after intranasal 
infection with 5 x 104 CFU S. pneumoniae. n = 13-14/group. P value indicates the difference between 
groups. 

 



IRAK-M and bacterial pneumonia

119

Figure 6: Enhanced lung histopathology in IRAK-M-/- mice early after induction of pneumonoccal 
pneumonia. Representative lung histology of WT (A) and IRAK-M-/- (B) mice at 3 h after intranasal 
infection with 5 x 104 CFU S. pneumoniae. Lung sections are representative for 8 mice per group. 
H&E staining, original magnification 10x. Inflammation scores (C) are expressed as mean ± SEM (WT 
mice: black bars; IRAK-M-/- mice: white bars n = 8 mice/group). ** P < 0.01 as compared to WT mice. 

hours the concentrations of these mediators were lower in IRAK-M-/- mice, although 

for TNF-α and CXCL1 the difference with WT mice did not reach statistical significance 

(P = 0.06 and P = 0.10, respectively). 

Table I: Pulmonary cytokine and chemokine concentrations after S. pneumoniae infection. 

3h 24h 48h

ng/mL WT IRAK-M-/- WT IRAK-M-/- WT IRAK-M-/-

TNF-α 0.44 ± 0.02 0.45 ± 0.03 1.04 ± 0.25 0.86 ± 0.14 2.56 ± 0.22 1.90 ± 0.24

IL-6 0.09 ± 0.01 0.10 ± 0.01 3.21 ± 1.32 0.74 ± 0.27 11.55 ± 2.21 4.12 ± 0.50 **

CXCL1 0.11 ± 0.01 0.41 ± 0.12** 1.39 ± 0.47 0.78 ± 0.32 4.43 ± 0.87 2.58 ± 0.29

CXCL2 0.70 ± 0.05 0.73 ± 0.06 4.40 ± 0.91 3.90 ± 0.47 74.43 ± 10.08 15.05 ± 3.77 ***

Pro-inflammatory cytokine (TNF-α and IL-6) and chemokine (CXCL1 and CXCL2) levels in lung homogenates 
prepared 3, 24 or 48 h after intranasal infection with 5 x 104 CFU S. pneumoniae in WT and IRAK-M-/- mice. 
Data are expressed as mean ± SEM; n = 7-8/group/time point. ** P < 0.01, *** P < 0.001 vs. WT at the same 
time point.

Discussion
Pneumonia represents a persistent and pervasive public health problem. In the 

United States, respiratory tract infections cause more disease and death than any 

other infection, and in the last 50 years mortality due to pneumonia has not changed 

significantly (28). The consequence of bacterial invasion of the lower respiratory 

tract depends on the virulence of the organism and the reaction of innate defense 

mechanisms in the lung (20, 29). IRAK-M is a proximal inhibitor of signaling receptors

that rely on MyD88 – IRAK-1 – IRAK-4 for eliciting cellular effects (6). We argued that 

IRAK-M likely plays a pivotal role in host defense against primary bacterial pneumonia 

considering its expression in respiratory epithelial cells and macrophages, and  
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considering that in theory it negatively regulates both the initial response to invading 

pathogens (by inhibiting MyD88 dependent TLR signaling) and the effector phase of 

the immune response (by inhibiting signal transduction via the MyD88 dependent 

IL-1 and IL-18 receptors). We here show that IRAK-M strongly impairs host defense 

against respiratory tract infection caused by either K. pneumoniae or S. pneumoniae, 

as reflected by reduced bacterial growth and dissemination and improved survivals 

in mice lacking IRAK-M. 

 Current knowledge of the functional role of IRAK-M in infection is highly limited. 

Research on IRAK-M has primarily focused on the contribution of this negative 

regulator to LPS tolerance (6, 30-33), a term indicating the hyporesponsive state of 

immune cells after pre-exposure to LPS, characterized by a diminished ability to release 

proinflammatory cytokines upon restimulation by a TLR ligand (34). In patients with 

sepsis LPS tolerance is a common finding: many studies have documented a reduced 

cytokine production capacity of circulating leukocytes in this population (8, 35-37). 

Although the mechanisms that underlie this phenomenon in sepsis are multifactorial 

and complex (34), enhanced expression of IRAK-M is considered to be involved (6-8, 

31). Sepsis-induced leukocyte hyporesponsiveness, also termed “immunoparalysis”, 

is believed to contribute to the enhanced susceptibility of critically ill patients to 

secondary nosocomial infections by opportunistic pathogens (3, 38, 39). A recent 

study implicated IRAK-M in the impaired resistance of the septic host to secondary 

pneumonia caused by P. aeruginosa (9). Specifically, WT mice with non-lethal septic 

peritonitis induced by cecal ligation and puncture showed a strongly enhanced 

bacterial growth and mortality due to P. aeruginosa pneumonia when compared 

with mice that underwent sham surgery. This vulnerable phenotype corresponded 

with enhanced expression of IRAK-M in lung macrophages harvested from WT 

mice with polymicrobial peritonitis and a strongly reduced capacity of these cells to 

release TNF-α upon incubation with P. aeruginosa. Importantly, lung macrophages 

obtained from IRAK-M-/- mice with sepsis released more TNF-α upon exposure to P. 

aeruginosa, which was associated with an markedly improved host defense against 

this nosocomial pathogen in the airways in vivo (9). Whereas this elegant study 

clearly established a role for IRAK-M in secondary pneumonia in the host suffering 

from abdominal sepsis, the involvement of IRAK-M in the innate immune response to 

primary pneumonia in the previously healthy host remained unexplored. 

 We here used two established models of primary pneumonia caused by common 

respiratory pathogens in which the bacterial load grows over time at the primary 
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site of infection, followed by dissemination to distant body sites and sepsis, thereby 

allowing investigating normal innate defense mechanisms in the respiratory 

tract in a clinically relevant setting (13-15). Previous studies have documented 

that the complete absence of MyD88 results in an impaired immune response to 

both K. pneumoniae (40) and S. pneumoniae (41). Our current data, showing that 

elimination of IRAK-M results in improved host defense during K. pneumoniae and 

S. pneumoniae induced pneumonia, are in line with these earlier studies (40, 41) 

and indicate that the activity of the MyD88 – IRAK-1 – IRAK-4 signaling machinery, 

absent in MyD88-/- mice and enhanced in IRAK-M-/- mice, is a crucial determinant 

of antibacterial defense during primary bacterial infection of the lungs. Likely, the 

impact of IRAK-M on host defense during pneumonia involves its action on multiple 

MyD88 dependent receptors. Indeed, MyD88 dependent receptors contributing to 

host defense against Klebsiella pneumonia include TLR4 (42, 43) and TLR9 (44); the 

potential roles of other MyD88 dependent TLRs and the IL-18 receptor have not been 

studied thus far, whereas IL-1 did not play a role of significance (45). TLRs implicated 

in a protective immune response against S. pneumoniae in the airways include TLR4 

(42, 46) and TLR9 (47), whereas TLR1, TLR2 or TLR6 were reported as insignificant 

(16, 47). In addition, both the type I IL-1 receptor (48) and IL-18 (49) have been found 

to limit bacterial growth after primary pneumococcal pneumonia. Of note, the fact 

that the deficiency of individual receptors does not limit bacterial growth during 

pneumonia does not exclude a role for these receptors in general. Likely, MyD88 

is concurrently activated by several receptors upon interaction with a pathogen 

expressing multiple TLR ligands and consequently IRAK-M deficiency is expected to 

influence the immune response to K. pneumoniae and S. pneumoniae by an effect 

on multiple receptors. In accordance with this notion, in vitro investigations have 

revealed that TLR2 synergizes with TLR4 and TLR9 for induction of cytokine release 

by splenocytes stimulated with S. pneumoniae (50). 

 The phenotype of IRAK-M-/- mice was remarkably similar in pneumonia caused 

by K. pneumoniae or S. pneumoniae. The attenuated growth of bacteria in the lungs 

was consistently accompanied by an enhanced inflammatory response at tissue 

level early after infection (3 and 6 h), as determined by semi-quantitative scores 

of specific histological alterations characteristic for bacterial pneumonia. Although 

IRAK-M inhibits cytokine and chemokine production by macrophages stimulated by 

bacteria or purified TLR ligands in vitro (Figure 3) (6, 9), IRAK-M deficiency had little 

if any effect on the pulmonary levels of these mediators during airway infection in 
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vivo; during late stages of the infection, cytokine and chemokine levels even were 

lower in lungs of IRAK-M-/- mice. The strongly reduced bacterial loads in IRAK-M-/- 

mice, providing a diminished proinflammatory stimulus to immune cells in the lung, 

afford a likely explanation for these lower mediator levels in spite of the absence of 

proximal TLR inhibitor IRAK-M. These findings differ from those in IRAK-M-/- mice 

with polymicrobial peritonitis suffering from secondary Pseudomonas pneumonia, 

which showed increased lung levels of several cytokines (9). Apparently, the impact 

of IRAK-M on cytokine production is more prominent in the already compromised 

than in the previously healthy host. This may also at least in part explain the fact 

that IRAK-M deficiency was associated with enhanced neutrophil recruitment to 

the lungs during secondary pneumonia following peritonitis (9), whereas it did not 

influence neutrophil influx during primary airway infection (this study). In the current 

investigation, IRAK-M deficiency did neither enhance the production of lipocalin 2 

and CCL20, antimicrobial proteins produced by the respiratory epithelium implicated 

in host defense against respiratory tract infection (23, 24). In accordance, CXCL5, 

a chemokine exclusively released by respiratory epithelial cells (25, 26), was not 

altered in IRAK-M-/- mice. Moreover, in preliminary experiments primary respiratory 

epithelial cells purified from IRAK-M-/- mice did not secrete increased quantities of 

CXCL1 or CXCL2 upon incubation with K. pneumoniae (data not shown). Together 

these data suggest that during pneumonia IRAK-M deficiency does not affect the 

proinflammatory properties of respiratory epithelial cells to a significant extent. 

 IRAK-M is a proximal inhibitor of receptors that rely on MyD88 signaling for 

exerting effects on the cellular interior. We here show that IRAK-M strongly impacts 

on the outcome of primary gram-negative and gram-positive pneumonia as reflected 

by attenuated bacterial growth and dissemination and an improved survival in 

IRAK-M-/- mice. Whereas previous studies have identified a clear role for IRAK-M in 

LPS tolerance and bacterial pneumonia in the immune compromised host, our study 

is the first to demonstrate a function for IRAK-M in respiratory tract infection in the 

previously healthy host. 
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Abstract
Klebsiella (K.) pneumoniae is a frequently isolated causative pathogen in respiratory 

tract infection. Osteopontin (OPN) is a phosphorylated glycoprotein that is involved in 

inflammatory processes during both innate and adaptive immunity. Circulating OPN 

levels are elevated in patients with sepsis and pneumonia. The aim of this study was 

to determine the role of OPN during K. pneumoniae induced pneumonia. Therefore, 

we intranasally infected wild-type (WT) and OPN knockout (KO) mice with 104 colony 

forming units of K. pneumoniae, or administered them with Klebsiella LPS. In other 

experiments WT mice and mice deficient for the OPN receptor CD44 received PBS 

or rOPN. WT mice displayed elevated pulmonary and plasma OPN levels during 

Klebsiella pneumonia; OPN levels increased faster in the bronchoalveolar space than 

in lung tissue. OPN KO and WT mice showed similar pulmonary bacterial loads at 6 h 

post infection; thereafter Klebsiella loads were higher in lungs of OPN KO mice. Early 

neutrophil recruitment into the bronchoalveolar space was impaired in the absence 

of OPN after intrapulmonary delivery of either intact Klebsiella or Klebsiella LPS. 

Moreover, rOPN induced neutrophil migration into the bronchoalveolar space, which 

was independent from the presence of CD44. OPN did not affect K. pneumoniae 

growth in vitro or phagocytosis and phagolysosomal fusion by neutrophils. In 

conclusion, OPN levels are rapidly increased in the bronchoalveolar space during 

K. pneumoniae pneumonia, where OPN serves a chemotactic function towards 

neutrophils, thereby facilitating an effective innate immune response.
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Introduction
Pneumonia is a common and serious illness that is a major cause of morbidity and 

mortality in humans. Klebsiella (K.) pneumoniae is a frequently isolated causative 

pathogen in respiratory tract infection (1, 2). The high incidence of pneumonia and 

the increasing resistance to antimicrobial agents stress the importance of gaining 

more insight into the pathogenesis of this infectious disease (1).

 Osteopontin (OPN) is a phosphorylated glycoprotein, expressed by a broad 

range of tissues and cells, which is involved in a number of physiological and 

pathological processes (3-5). OPN has been implicated as an important regulator 

of inflammation, occupying a central role in both innate and adaptive immunity 

by mediating inflammatory cell differentiation, maturation and migration, and 

cytokine production (3, 5-9). Some of these processes are mediated through one 

of its receptors, the transmembrane molecule CD44 that is known to affect cellular 

migration and chemokine responses (3, 10-12). Animal studies have especially 

pointed to a role for OPN in lung inflammation, such as seen in allergy and asthma 

(13-15), acute respiratory distress syndrome (16), fibrosis (17) and parasitic infection 

(18-20). Furthermore, patients suffering from diverse pulmonary diseases, including 

tuberculosis, silicosis and sarcoidosis, displayed enhanced OPN expression in their 

lungs (16, 21-23), and patients with tuberculosis or interstitial pneumonia had 

dramatically elevated plasma OPN levels as compared to healthy controls (24-26). 

Recently, plasma OPN concentrations were found to be increased in patients with 

sepsis, the majority of whom suffered from pneumonia as the primary source of 

infection (27). Considering the association between OPN expression and pulmonary 

disease and sepsis, we here sought to determine the potential role of OPN in the 

host response to lower respiratory tract infection caused by K. pneumoniae. We 

show for the first time that OPN is important for early neutrophil recruitment to 

the bronchoalveolar space and thereby for an effective immune response during K. 

pneumoniae induced pneumonia.

Materials & Methods
Mice
Nine to eleven week old C57BL/6 wild-type (WT) mice were purchased from Harlan 

Sprague Dawley Inc. (Horst, The Netherlands). OPN knockout (KO) mice (Jackson 

Laboratories, Bar Harbor, ME) and CD44 KO mice (kindly provided by Dr. A. Berns, 

Netherlands Cancer Institute, Amsterdam, the Netherlands (28)), both on a C57BL/6 
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genetic background, were bred in the animal facility of the Academic Medical Center 

(Amsterdam, The Netherlands). 

Study design
The Animal Care and Use Committee of the University of Amsterdam approved 

all experiments. Pneumonia was induced by intranasal inoculation of 104 colony 

forming units (CFU) of K. pneumoniae serotype 2 (ATCC 43816; American Type 

Culture Collection, Rockville, MD), as described (29). After indicated time points 

mice were sacrificed, blood was drawn in heparin containing tubes and organs were 

removed aseptically, and homogenized in 5 volumes of sterile 0.9% NaCl using a 

tissue homogenizer (Biospec Products, Bartlesville, OK). In separate experiments for 

bronchoalveolar lavage (BAL), the trachea was exposed through a midline incision and 

canulated with a sterile 22-gauge Abbocath-T catheter (Abott, Sligo, Ireland). BAL was 

performed by instilling two 0.5 ml aliquots of sterile saline. To determine bacterial 

loads ten-fold dilutions of blood, BAL fluid (BALF) and lung and spleen homogenates 

were plated on blood agar plates and incubated at 37°C for 16 h. Cell counts were 

determined for each BALF sample in a hemocytometer (Beckman Coulter, Fullerton, 

CA) and differential cell counts were performed on cytospin preparations stained 

with Giemsa stain (Diff-Quick; Dade Behring AG, Düdingen, Switzerland). In some 

experiments K. pneumoniae LPS (100 µg; L1519, Sigma, St. Louis, MO) or recombinant 

mouse OPN (rOPN, 1 or 10 µg; < 1.0 EU endotoxin per 1 μg as determined by the 

Limulus amoebocyte lysate assay; R&D Systems, Minneapolis, MN) was administered 

intranasally. For neutralization of keratinocyte-derived cytokine (KC), 50 µg of 

monoclonal anti-murine KC antibody (R&D) was injected intraperitoneally 2 h before 

rOPN, as described (30); control animals received isotype control antibody (R&D).

Assays
Myeloperoxidase (MPO), OPN, KC, LPS-induced CXC chemokine (LIX) and macrophage 

inflammatory protein (MIP)-2 levels were determined by ELISA (MPO; Hycult, Uden, 

the Netherlands, others; R&D Sytstems, Abingdon, United Kingdom).

Immunohistochemistry
Lungs were harvested 6, 24 or 48 h after infection, fixed in 10% buffered formalin 

for 24 h, and embedded in paraffin. H&E stained slides were coded and scored 

from 0 (absent) to 4 (severe) for the following parameters: interstitial inflammation, 
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endothelialitis, bronchitis, edema, thrombi, pleuritis and percentage of the lung 

surface demonstrating confluent (diffuse) inflammatory infiltrate by a pathologist 

blinded for groups. The total “lung inflammation score” was expressed as the sum 

of the scores for each parameter, the maximum being 28. For Ly-6 staining, Ly-6G 

monoclonal antibody was used (BD Pharmingen, San Diego, CA) as described (31). 

Ly-6G 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. Colored areas were analyzed with Image Pro Plus (Media 

Cybernetics, Bethesda, MD) and expressed as percentage of the total surface area. 

The average of ten pictures was used for analysis.

Bactericidal assay, phagocytosis and phago-lysosomal fusion
K. pneumoniae was cultured in the presence of 800-0.8 ng/ml rOPN or in TSB only. 

At indicated time points the number of bacteria was determined by plating on 

blood-agar plates and counting colonies after 16 h of incubation at 37°C. Neutrophil 

phagocytosis of K. pneumoniae was determined in essence as described (32). In brief, 

growth-arrested (by mitomycin C, 50 µg/ml; Sigma) K. pneumoniae (108 CFU/ml) 

labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE dye, Invitrogen, 

Breda, The Netherlands) were added to 50 μl heparinized whole blood from WT or 

OPN KO mice (n = 5 per group) and incubated at 37°C or 4°C for 0, 15, 30 or 60 minutes. 

Phagocytosis was stopped by placing cells on ice and erythrocytes were lysed with ice-

cold isotonic NH4Cl solution (155 nM NH4Cl, 10 mM KHCO3, 100 mM EDTA, pH 7.4). 

Neutrophils were labeled using anti-Gr-1-PE (BD Pharmingen). To determine phago-

lysosomal fusion in neutrophils after phagocytosis of K. pneumoniae, the procedure 

was similar except for K. pneumoniae being labeled with pHrodo (Invitrogen) and 

neutrophils being labeled using anti-Gr-1-FITC (BD Pharmingen) (33). Phagocytosis 

and phago-lysosomal fusion were determined using FACSCalibur (Becton Dickinson 

Immunocytometry Systems, San Jose, CA). Phagocytosis and phago-lysosomal fusion 

index of each sample was calculated: mean fluorescence of positive cells x % positive 

cells. 

Statistical analysis
All values are expressed as mean ± SEM. Comparisons for two groups were done 

with Mann-Whitney U tests, comparisons for more than two groups were done with 

Kruskall Wallis followed by Dunn’s Multiple Comparison tests using GraphPad Prism 
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version 4.0, GraphPad Software (San Diego, CA). Values of P < 0.05 were considered 

statistically significant.

Results
Osteopontin levels are increased during K. pneumoniae infection
To obtain a first insight into a potential role for OPN during gram-negative pneumonia, 

we measured OPN concentrations in bronchoalveolar lavage fluid (BALF), lung and 

plasma from WT mice before, 6, 24 and 48 h after infection mice with 104 CFU K. 

pneumoniae. OPN concentrations in BALF increased rapidly and peaked already at 

6 h after infection (Figure 1A). Lung OPN levels increased more slowly and were 

significantly elevated compared to baseline from 24 h onward (Figure 1B). Plasma 

levels were increased already at 6 h after K. pneumoniae infection as compared to 

baseline and continued to rise up to 48 h (Figure 1C).

 

 

Figure 1: Pulmonary and plasma OPN concentrations are elevated during K. pneumoniae infection. 
OPN concentrations in (A) BALF, (B) lung and (C) plasma before, 6, 24 and 48 h after infection with 
104 CFU of K. pneumoniae. Data are expressed as means ± SEM; n = 8 mice/group, * P < 0.05, *** P 
< 0.001 as compared to t=0. 

Osteopontin limits pulmonary bacterial growth 
Next we questioned whether OPN affects the antibacterial response against K. 

pneumoniae. Therefore we determined bacterial outgrowth in BALF and lung 

homogenates of WT and OPN KO mice 6, 24 and 48h after infection. At 6 h after 

infection bacterial loads were similar in BALF and lungs from both mouse strains 

(Figure 2A-B). At 24 and 48 h after infection, however, bacterial loads were 10-100 

fold higher in BALF and lungs of OPN KO as compared to WT mice (BALF: P < 0.01 

and lung: P < 0.05 for both time points, Figure 2A-B). To obtain insight into the 

dissemination of the infection we determined bacterial loads in blood and spleen.  
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At 6 h after infection bacteria were not detectable yet in these organs, whereas after  

24 and 48 h bacterial loads were similar in blood and spleen from WT and OPN KO 

mice (Figure 2C-D). Together these data suggest that OPN contributes to local host 

defense, within the pulmonary compartment, during Klebsiella pneumonia. 

Figure 2: Enhanced bacterial outgrowth in OPN KO mice. WT (black bars) and OPN KO (white bars) 
mice were infected with 104 CFU of K. pneumoniae and bacterial loads were determined 6, 24 and 
48 h after infection in (A) BALF, (B) lung, (C) blood and (D) spleen. Data are expressed as means ± 
SEM; n = 8 mice/group, * P < 0.05, ** P < 0.01 as compared to WT mice. N.D. means not detectable.

Osteopontin deficiency does not influence pulmonary pathology 
To obtain insight into the role of OPN in pulmonary inflammation in response to 

K. pneumoniae we analyzed lung histology slides obtained 6, 24 or 48 h after 

infection using a semi-quantitative scoring system. Already at 6 h after infection mild 

interstitial inflammation and pleuritis were found in all mice. These parameters were 

dramatically increased at 24 and 48 h, and bronchitis, endothelialitis and edema 

were also present from 24 h onward. Importantly, the extent of lung inflammation 

was similar in both groups at all time points (Figure 3). 
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Figure 3: Similar lung histopathology. Representative lung histology of WT (A, D, G) and OPN KO (B, 
E, H) mice at 6 (A-C), 24 (D-F) and 48 (G-I) h after intranasal infection with 104 CFU of K. pneumoniae. 
The lung sections are representative for 8 mice per group per time point. H&E staining, original 
magnification 10x. Pathology scores are expressed as means ± SEM (WT mice: black bars; OPN KO 
mice: white bars; n = 8 mice/group). 

Osteopontin deficiency results in impaired early neutrophil recruitment 
into the bronchoalveolar space upon K. pneumoniae infection 
As pulmonary bacterial loads were similar at 6 h after infection but enhanced in the 

absence of OPN from 24 h onward, we next questioned whether OPN affects  the early 

neutrophil recruitment to the lungs upon K. pneumoniae infection. At 6 h neutrophil 

numbers in BALF were significantly reduced in OPN KO mice as compared to WT mice 

(Figure 4A, P < 0.05). In lung tissue, however, neutrophil infiltration was similar in WT 

and OPN KO mice, as determined by MPO measurements in lung homogenates and 

quantification of Ly6+ cells in lung tissue slides (Figure 4B-C). Of interest, at this early 

time point OPN levels were strongly increased in BALF but not in lung homogenates 

as compared to uninfected mice (see Figure 1). As chemokines play an important role 

in the recruitment of inflammatory cells, we measured CXC chemokine levels in BALF 

at 6 h after infection. Whereas KC levels were significantly  decreased in OPN KO mice 

as compared to WT mice, MIP-2 and LIX concentrations were similar (Figure 4D-F). 
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Of note, at 24 and 48 h after infection neutrophil numbers in BALF were significantly 

enhanced in OPN KO mice as compared to WT mice (24 h: 6.39 ± 0.7 versus 15.3 ± 1.7 

x 105 cells/ml and 48 h: 5.1 ± 0.6 versus 13.2 ± 3.3 x 105 cells/ml BALF, P < 0.01 and P < 

0.05 respectively); similarly, chemokine levels were higher in BALF from OPN KO mice 

than in BALF from WT mice at these later time points (data not shown). Importantly, 

pulmonary bacterial loads were 10-100 times higher in OPN KO mice from 24 h on 

(see Figure 2), probably causing the enhanced proinflammatory response in these 

mice at these later time points. Together these data suggest that OPN present in 

BALF contributes to the influx of neutrophils into the bronchoalveolar space early 

after pulmonary infection by K. pneumoniae. 

Figure 4: Impaired early neutrophil recruitment in bronchoalveolar lavage fluid of OPN KO mice. 
Neutrophil influx into BALF (A), MPO concentrations in lung homogenates (B), Ly6+ cell quantification 
in lung tissue slides (C), and BALF levels of KC (D), MIP-2 (E) and LIX (F) at 6 h after infection with 
104 CFU of K. pneumoniae. Data are expressed as means ± SEM; n = 8 mice/group, * P < 0.05, *** 
P < 0.001 as compared to WT mice.

Osteopontin deficiency results in reduced early neutrophil influx into the 
bronchoalveolar space after intrapulmonary delivery of Klebsiella LPS
To obtain further proof for a role for OPN in early neutrophil recruitment during 

gram-negative lung inflammation without the possible influence of different 

bacterial loads, we instilled Klebsiella LPS via the airways of OPN KO and WT mice 

and determined the numbers of neutrophils in BALF harvested 6 and 24 h later. In 
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WT mice (but not in OPN KO mice), LPS administration caused a significant rise in 

the BALF levels of OPN at 6 h after LPS (P < 0.01), whereas at 24 h OPN levels were 

back to baseline again (Figure 5A). Like in mice infected with viable Klebsiella, OPN 

KO mice administered with Klebsiella LPS displayed fewer neutrophils in their BALF 

as compared to WT mice at 6 but not at 24 h after LPS (Figure 5B). Importantly, 

OPN concentrations were elevated in WT mice at 6 but not at 24 h after LPS; thus 

these data further indicate that OPN present in BALF contributes to the influx of 

neutrophils into the bronchoalveolar space.

Figure 5: OPN induces neutrophil recruitment into the bronchoalveolar space. OPN levels in BALF 
of WT mice (A) and neutrophil influx into BALF of WT (black bars) and OPN KO (white bars) mice 
(B) 6 and 24 h after intranasal administration of 100 µg Klebsiella LPS. Data are expressed as means 
± SEM (n = 6-8/group). ** P < 0.01 as compared to t=0 for (A) and ** P < 0.01 as compared to WT 
for (B). (C-E) Neutrophil influx into BALF at 6 h after intranasal PBS, 1 µg or 10 µg recombinant 
OPN administration in WT mice (C). Neutrophil influx into BALF at 6 h after intranasal 10 µg 
rOPN administration in WT mice that received 50 µg KC neutralizing antibody or isotype control 
intraperitoneally 2 h before rOPN (D) and in WT (black bars) and CD44 KO (white bars) mice (E). Data 
are expressed as means ± SEM (n = 5-8/group). *** P < 0.001 as compared to PBS. 

Osteopontin is chemotactic in the bronchoalveolar space
To determine whether OPN is indeed chemotactic in the bronchoalveolar space we 

intranasally instilled PBS, 1 or 10 µg of rOPN in WT mice. At 6 h after instillation 

we determined the numbers of infiltrated cells in BALF. Although 1 µg of rOPN 

was not associated with influx of cells, instillation of 10 µg rOPN resulted in the 
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recruitment of neutrophils to the bronchoalveolar space (Figure 5C, P < 0.001 as 

compared to PBS). Since the reduced neutrophil numbers in OPN KO mice early 

after K. pneumoniae infection was accompanied by reduced KC concentrations, we 

determined whether the chemotactic effect of rOPN was KC dependent. Therefore, 

we pretreated mice with an a neutralizing anti-KC or control antibody (as described 

(30, 34)) 2 h prior to intrapulmonary delivery of rOPN (10 µg). Anti-KC treatment did 

not affect neutrophil recruitment into BALF induced by rOPN (Figure 5D). CD44 is 

a transmembrane molecule mediating cellular migration and chemokine responses 

(11, 12), and an important receptor for OPN (10). Therefore, we determined whether 

neutrophil recruitment induced by OPN was CD44 dependent. Upon 10 µg of rOPN 

administration WT and CD44 KO mice demonstrated similar neutrophil recruitment 

after 6 h (Figure 5E). Together, these data suggest that OPN is chemotactic in the lung 

by a mechanism that is independent from KC and CD44.

Osteopontin does not affect K. pneumoniae growth and neutrophil 
phagocytosis or phago-lysosomal fusion
The experiments described above established that in the absence of OPN mice 

display diminished early recruitment of neutrophils to the bronchoalveolar space, 

accompanied by increased bacterial loads. Apart from impaired early neutrophil 

influx, the enhanced bacterial outgrowth in the absence of OPN might additionally 

be explained by direct effects of OPN on bacterial growth or by altered phagocytosis 

capacity or phago-lysosomal fusion in OPN KO neutrophils. Therefore, we added OPN 

to K. pneumoniae and monitored whether bacterial growth was affected. OPN did 

not alter the growth of this pathogen in vitro (Figure 6A). In addition, phagocytosis 

capacity and phago-lysosomal fusion were not altered in OPN KO as compared to 

WT neutrophils (Figure 6B-C). Taken together, the observed impairment of bacterial 

clearance in OPN KO mice cannot be explained by the absence of a bactericidal effect 

of OPN or by diminished phagocytosis or fusion of phagosomes with lysosomes in 

OPN KO neutrophils. 
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Figure 6: No bactericidal effect of OPN on K. pneumoniae in vitro and unaltered neutrophil 
phagocytosis and phago-lysosomal fusion. Increasing doses of recombinant OPN do not influence 
the growth of K. pneumoniae (A). Phagocytosis (B) of growth-arrested K. pneumoniae and phago-
lysosomal fusion upon phagocytosis (C) was determined in neutrophils from WT (black symbols) 
and OPN KO (white symbols) blood at 37°C (solid lines) and 4°C (dashed lines). Data are expressed 
as means ± SEM; n = 5 mice/group. 

Discussion
The present study is the first to investigate the functional role of OPN during bacterial 

infection. In accordance with a recent report revealing elevated circulating levels of 

OPN in patients with bacterial sepsis predominantly suffering from pneumonia (27), 

we here demonstrate elevated local and systemic levels of OPN during Klebsiella 

pneumonia in mice. OPN was released rapidly into the bronchoalveolar space upon 

infection of the airways with K. pneumoniae, where it contributed significantly to the 

early recruitment of neutrophils. Subsequently, OPN KO mice displayed a reduced 

antibacterial defense at the primary site of infection, as reflected by higher bacterial 

loads in their lungs. The chemotactic function of OPN in the bronchalveolar space 

towards neutrophils was confirmed in studies using LPS derived from Klebsiella and 

experiments using rOPN. OPN did not influence antibacterial effector functions of 

neutrophils. Our data suggest that OPN improves local host defense during Klebsiella 

pneumonia at least in part by facilitating early neutrophil recruitment. 
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 Several studies have demonstrated enhanced OPN expression during subacute 

and chronic pulmonary inflammation (14, 16, 22, 23, 35-37). However, knowledge 

of the production of OPN during acute inflammatory diseases is limited. So far, only 

one study on experimental gram-negative infection, induced by Francisella novicida 

administered intratracheally, has shown induction of OPN mRNA in lungs of infected 

mice (38). We here show that intranasal instillation of viable K. pneumoniae results 

in a rapid release of OPN into the bronchoalveolar space, whereas OPN levels in 

lung tissue increased more gradually. Of note, OPN was already detectable in BALF 

of uninfected mice. Respiratory epithelial cells are a possible source of constitutive 

OPN levels in BALF: we observed significant spontaneous OPN release upon culturing 

two distinct murine epithelial cell lines (MLE-12 and MLE-15) without any stimulus 

added (data not shown). In addition, alveolar macrophages are known to secrete 

OPN during inflammation (3, 16, 39). In line, we found profound OPN release by 

murine alveolar macrophages (MH-S cells) upon stimulation with either Klebsiella 

LPS or intact K. pneumoniae (data not shown). 

 In this study we demonstrate that the increase in OPN levels induced by K. 

pneumoniae pneumonia serves a functional role in host defense against this infection. 

Although pulmonary bacterial growth was still similar in OPN KO and WT mice at 6 h 

post infection, enhanced bacterial growth at the primary site of infection was found 

in the absence of OPN from 24 h onward. As rapid neutrophil recruitment to the 

lungs is essential for effective clearance of K. pneumoniae (40, 41), we investigated 

whether OPN affects this process early during infection. Indeed, we found impaired 

early neutrophil recruitment into the bronchoalveolar space, but not into lung tissue, 

in the absence of OPN at 6 h after infection. As at this early time point OPN levels 

were increased in BALF, but not in lung homogenates, as compared to uninfected 

mice, these data suggest that the rapid release of OPN into the bronchoalveolar 

space upon respiratory tract infection by Klebsiella acts to attract neutrophils into 

the airways. This suggestion is supported by our experiments in which Klebsiella 

LPS was used as inciting stimulus (revealing reduced neutrophil influx into BALF of 

OPN KO mice) and by studies in which the intrapulmonary delivery of rOPN induced 

neutrophil recruitment into the bronchoalveolar space. Our data confirm and 

extend earlier data on the role of OPN as a chemoattractant for neutrophils in the 

liver during alcoholic and concanavalin A induced hepatitis (42-44). Moreover, OPN 

has been implicated as a chemoattractant for neutrophils in the peritoneal cavity 
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by studies showing an impaired intraperitoneal neutrophil recruitment in OPN KO 

mice in response to sodium periodate and a robust increase in neutrophil numbers in 

peritoneal fluid upon local injection of rOPN (9). In accordance, OPN KO neutrophils 

were reported to exhibit reduced chemokinesis and chemotaxis towards N-formyl 

methionyl leucyl phenylalanine, whereas rOPN exerted direct chemotactic effects on 

neutrophils in vitro (9, 45). A recent study has indicated that polymerization of OPN 

results in an interaction with the α9β1 integrin on neutrophils, which is essential 

for the chemotactic function of OPN (46). Whether this interaction also drives OPN 

induced neutrophil migration into the bronchoalveolar space in vivo remains to be 

established. Our current results argue against an important indirect role for CXC 

chemokines in the effect of OPN on neutrophil recruitment into the bronchoalveolar 

space. KC (47), LIX (48) and MIP-2 (41) have been shown to mediate neutrophil 

recruitment during gram-negative lung inflammation. Of these, only KC levels were 

reduced in BALF of OPN KO mice early after infection with Klebsiella, which might 

have contributed to a diminished neutrophil influx in these animals. However, anti-KC 

did not impact on influx of these inflammatory cells upon intranasal administration 

of rOPN, arguing against an intermediate role for KC in OPN mediated neutrophil 

recruitment. 

 CD44 is an important receptor for OPN (3, 10) and involved in polarization and 

chemotaxis of neutrophils (49). In contrast to macrophages, the expression and 

localization of CD44 in neutrophils is independent of OPN expression (9). We here 

demonstrate that rOPN induced neutrophil recruitment to the bronchoalveolar space 

was CD44 independent as this response was indistinguishable between CD44 KO and 

WT mice. Notably, the accumulation of macrophages induced by OPN in vivo was 

previously found to be dependent on CD44, indicating that OPN exerts chemotactic 

effects on neutrophils and macrophages by different mechanisms (50). 

 The enhanced bacterial growth in the absence of OPN could, apart from impaired 

early neutrophil influx into the bronchoalveolar space, additionally be explained by 

an altered phagocytosis capacity or phago-lysosomal fusion in OPN KO neutrophils. 

We found no alterations in the absence of OPN in either of these processes. This 

result is in accordance with earlier data showing that several antibacterial effector 

functions of neutrophils are not affected by OPN deficiency: phagocytosis of (IgG 

or IgM coated) sheep red blood cells, production of superoxide, cytokine release 

and matrix metalloproteinase-9 release upon phorbol 12-myristate 13-acetate 

(PMA) were all similar in WT and OPN KO neutrophils (9). Furthermore, we also 
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did not find a direct bactericidal effect of any of the tested concentrations of OPN 

on K. pneumoniae growth in vitro. Recently, it has been shown that OPN is able to 

bind to Staphylococcus aureus and Streptococcus agalactiae and thereby mediates 

phagocytosis through αxβ2 integrins on monocytes (51). Whether OPN is also able 

to bind K. pneumoniae is unknown; however, our results demonstrate that for 

phagocytosis of this pathogen by neutrophils OPN is not crucial as the assay was 

performed in whole blood in which constitutive OPN was present in WT samples. 

Importantly, as bactericidal effects and phagocytosis are processes to occur rapidly 

upon infection, our in vitro results are in concurrence with similar bacterial loads at 

the early time point of 6 h after infection.

 In conclusion, we show here for the first time that OPN levels are rapidly 

elevated in the bronchoalveolar space during K. pneumoniae pneumonia, serving a 

chemotactic function towards neutrophils and thereby an effective innate immune 

response.
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Abstract
Streptococcus (S.) pneumoniae is the most frequently isolated pathogen responsible 

for community-acquired pneumonia. Osteopontin (OPN) is a phosphorylated 

glycoprotein that is involved in inflammatory processes during both innate and 

adaptive immunity. The aim of this study was to determine the role of OPN in the 

host response during pneumococcal pneumonia. OPN was constitutively present 

in lungs and plasma of naive wild-type (WT) mice. Upon intranasal infection with 

a lethal dose of S. pneumoniae pulmonary OPN concentrations were significantly 

elevated at 6 h and further increased at 48 h after infection, whereas plasma OPN 

levels increased more slowly and were elevated only at 48 h. OPN knock-out (KO) 

mice showed a prolonged survival relative to WT mice, which was accompanied 

by a diminished pulmonary bacterial growth and reduced dissemination to distant 

body sites. In addition, at 48 h post infection pulmonary inflammation was reduced 

in OPN KO mice as reflected by lower inflammation scores and reduced chemokine 

concentrations. In contrast to pneumococcal pneumonia, OPN deficiency did not 

influence bacterial growth in primary pneumococcal sepsis induced by direct 

intravenous infection, suggesting that the detrimental effect of OPN on antibacterial 

defense during pneumonia primarily is exerted in the pulmonary compartment. 

Moreover, recombinant OPN stabilized S. pneumoniae viability in vitro. These results 

suggest that the pneumococcus misuses OPN in the airways for optimal growth and 

to cause invasive disease after entering the lower airways. 
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Introduction
Bacterial pneumonia is a common and serious illness that is a leading cause of 

morbidity and mortality. Streptococcus (S.) pneumoniae (the pneumococcus) is the 

most frequently isolated pathogen responsible for community-acquired pneumonia 

(1, 2) and in recent sepsis trials this gram-positive bacterium was an important 

causative organism especially in the context of pneumonia (3). This, together with 

the increasing incidence of antibiotic resistance in this pathogen, stresses the 

importance to expand our knowledge of the host defense mechanisms that influence 

the outcome in S. pneumoniae pneumonia (1, 4).

 Osteopontin (OPN) is a phosphorylated glycoprotein, expressed by a broad 

range of tissues and cells, that has been implicated as an important regulator 

of inflammation (5-7). OPN has an important role in both innate and adaptive 

immunity by mediating inflammatory cell differentiation, maturation and migration, 

and cytokine production (5, 7-11). OPN especially seems to be involved in lung 

inflammation. Indeed, patients suffering from diverse pulmonary diseases, including 

interstitial pneumonia, tuberculosis, silicosis and sarcoidosis, displayed enhanced 

OPN expression in their lungs (12-16), whereas patients with idiopathic pulmonary 

fibrosis demonstrated increased OPN levels in bronchoalveolar lavage fluid (17). In 

addition, plasma OPN levels were dramatically elevated in patients with interstitial 

pneumonia (18) and in patients with sepsis, of whom almost half suffered from 

pneumonia as the primary site of infection (19). Moreover, a functional role for OPN 

has been described in several experimental models of lung disease, including allergy 

and asthma (20-22), acute respiratory distress syndrome (16) and fibrosis (23, 24).

 Considering the association between lung disease and sepsis on the one hand 

and pulmonary and systemic expression of OPN on the other hand, we here sought 

to determine the potential role of OPN in the host response during pneumococcal 

pneumonia. 

 

Materials & Methods
Mice
Nine to twelve week old C57BL/6 wild-type (WT) mice were purchased from Harlan 

Sprague Dawley Inc. (Horst, the Netherlands). OPN knockout (KO) mice (Jackson 

Laboratories, Bar Harbor, ME) on a C57BL/6 genetic background, were bred in the 

animal facility of the Academic Medical Center (Amsterdam, the Netherlands). 
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Study design
The Animal Care and Use Committee of the University of Amsterdam approved 

all experiments. Pneumonia was induced by intranasal inoculation of 104 colony 

forming units (CFU) of S. pneumoniae serotype 3 (ATCC 6303; American Type Culture 

Collection), as described (25, 26). Sepsis was induced by intravenous injection in 

the tail vein of 5 x 105 CFU of the same S. pneumoniae strain. The inoculum was 

plated on blood agar plates to determine viable counts. After 6, 24 or 48 h mice were 

sacrificed, blood was drawn and organs were removed aseptically, and homogenized 

in 5 volumes of sterile 0.9% NaCl. To determine bacterial loads ten-fold dilutions 

were plated on blood agar plates and incubated at 37°C for 16 h. For survival studies 

mice (n = 14) were monitored for 4 days after infection.

Assays
OPN, interleukin (IL)-1β, keratinocyte-derived cytokine (KC) and macrophage 

inflammatory protein (MIP)-2 were measured by ELISA using matched antibody 

pairs according to the manufacturer’s instructions (R&D Systems, Abingdon, United 

Kingdom). Monocyte chemoattractant protein (MCP)-1, tumor necrosis factor 

(TNF)-α, IL-6, interferon (IFN)-γ and IL-10 were measured by cytometric bead array 

multiplex assay in accordance with the manufacturer’s recommendations (BD 

Biosciences, San Jose, CA). 

Immunohistochemistry
Lungs were harvested 6, 24 or 48 h after infection, fixed in 10% buffered formalin 

for 24 h, and embedded in paraffin. Hematoxilin and eosin stained slides were 

coded and scored from 0 (absent) to 4 (severe) for the following parameters: 

interstitial inflammation, endothelialitis, bronchitis, edema, thrombi, pleuritis and 

the percentage of the lung surface demonstrating confluent (diffuse) inflammatory 

infiltrate by a pathologist blinded for groups. The total “lung inflammation score” 

was expressed as the sum of the scores for each parameter, the maximum being 28. 

Effect of OPN on S. pneumoniae viability, phagocytosis and phago-lysosomal 
fusion
S. pneumoniae (1 x 106/ml) was incubated in sterile normal saline in the presence 

of 800-0.8 ng/ml recombinant mouse OPN (rOPN; < 1.0 EU endotoxin per 1 μg as 
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determined by the Limulus amoebocyte lysate assay; R&D Systems, Minneapolis, 

MN), 800 ng/ml boiled rOPN (30 min 100°C), 800 ng/ml bovine serum albumin (BSA), 

or normal saline only at 37°C for 6 h. At indicated time points the number of bacteria 

was determined by plating on blood-agar plates and counting colonies after 16 h of 

incubation at 37°C. Neutrophil phagocytosis of S. pneumoniae was determined in 

essence as described (27). In brief, 106 CFU of growth-arrested (by mitomycin C, 50 

µg/ml; Sigma) S. pneumoniae labeled with carboxyfluorescein diacetate succinimidyl 

ester (CFSE dye, Invitrogen, Breda, The Netherlands) were added to 50 μl heparinized 

whole blood from WT or OPN KO mice (n=8 per group) and incubated at 37°C or 

4°C for 0, 20 or 60 minutes. Phagocytosis was stopped by placing cells on ice and 

erythrocytes were lysed with ice-cold isotonic NH4Cl solution (155 nM NH4Cl, 10 

mM KHCO3, 100 mM EDTA, pH 7.4). Neutrophils were labeled using anti-Gr-1-PE (BD 

Pharmingen, San Diego, CA). To determine phago-lysosomal fusion in neutrophils 

after phagocytosis of S. pneumoniae, the procedure was similar except for S. 

pneumoniae being labeled with pHrodo (Invitrogen) and neutrophils being labeled 

using anti-Gr-1-FITC (BD Pharmingen) (28). Phagocytosis and phago-lysosomal fusion 

were determined using FACSCalibur (Becton Dickinson Immunocytometry Systems, 

San Jose, CA). Phagocytosis and phago-lysosomal fusion index of each sample was 

calculated: mean fluorescence of positive cells x % positive cells. 

Statistical analysis
All data are expressed as mean ± SEM. Comparisons for two groups were done 

with Mann-Whitney U tests, comparisons for more than two groups were done 

with Kruskall Wallis followed by Dunn’s Multiple Comparison tests, survival was 

compared by Kaplan-Meijer analysis followed by log-rank test and comparisons of 

the numbers of positive and negative cultures were done using Chi-square tests, all 

using GraphPad Prism version 4.0, GraphPad Software (San Diego, CA). A value of 

P < 0.05 was considered statistically significant. 

Results
Osteopontin levels increase during S. pneumoniae pneumonia
To obtain a first insight into a potential role for OPN during pneumococcal pneumonia, 

we measured OPN concentrations in lung and plasma from WT mice before, 6, 24 

and 48 h after infection mice with 104 CFU S. pneumoniae. OPN concentrations in 

lung were significantly elevated at 6 h as compared to baseline and further increased 
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at 48 h after infection (Figure 1A). Plasma levels increased more slowly and were 

significantly elevated only at 48 h post infection as compared to baseline (Figure 1B). 

Figure 1: Pulmonary and plasma OPN concentrations are elevated during pneumococcal 
pneumonia. OPN concentrations in (A) lung and (B) plasma before, 6, 24 and 48 h after infection 
with 104 CFU of S. pneumoniae. Data are expressed as mean ± SEM; n = 8 mice/group. * P < 0.05, ** 
P < 0.01, *** P < 0.001 as compared to t=0. 

Osteopontin negatively affects mortality and pulmonary bacterial growth 
during pneumococcal pneumonia
To investigate a potential role for OPN during the host response against pneumococci, 

we intranasally infected WT and OPN KO mice with a lethal dose of S. pneumoniae 

and followed them for 4 days. OPN deficiency significantly prolonged survival: the 

median survival time was 61.5 h for WT mice versus 70.5 h for OPN KO mice (Figure 2A, 

P = 0.01). Next, we wondered whether OPN deficiency impacts on bacterial growth 

in lungs. Therefore, we infected WT and OPN KO mice with 104 CFU S. pneumoniae 

and sacrificed them after 6, 24 or 48 h of infection. At 6 h, OPN KO mice displayed 

significantly decreased bacterial loads in their lungs as compared to WT mice (Figure 

2B, P < 0.01). Although at 24 h pulmonary bacterial loads were similar in both groups, 

beyond this time point the number of pneumococci in lung homogenates only grew 

in WT mice and at 48 h post infection bacterial burdens were approximately 200-fold 

higher in WT mice than in OPN KO mice (P < 0.001). Remarkably, whereas none of the 

mice in either group displayed positive blood or spleen cultures 6 h post infection, 

OPN KO mice displayed a significantly diminished dissemination of the infection at 

24 h as reflected by the fact that S. pneumoniae could be cultured from blood of 

only 3/8 OPN KO mice versus 7/8 WT mice and from spleen of only 1/7 OPN KO 

mice versus 7/8 WT mice (P < 0.05 and P < 0.01, respectively). In concurrence with 
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the data on pulmonary growth, bacterial loads in blood and spleen were further 

enhanced at 48 h after infection, but to a significantly lesser extent in OPN KO as 

compared to WT mice (Figure 2C-D, P < 0.001 and P < 0.05, respectively). Together 

these results suggest that OPN facilitates bacterial growth and early dissemination 

during severe pneumococcal pneumonia, which might explain the delayed lethality 

of OPN KO mice.

Figure 2: Prolonged survival and reduced bacterial growth in OPN KO mice. (A) Percentage 
survival of WT (closed symbols) and OPN KO (open symbols) mice after intranasal infection with 
104 CFU of S. pneumoniae. n = 14 mice/group. P value indicates the difference between groups. 
WT (grey) and OPN KO (white) mice were infected with 104 CFU of S. pneumoniae and bacterial 
loads were determined 6, 24 and 48 h after infection in (B) lung, (C) blood and (D) spleen. Data are 
expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, median, 
upper quartile and largest observation; n = 8 mice/group, * P < 0.05, ** P < 0.01, *** P < 0.001 as 
compared to WT mice.  

Reduced pulmonary inflammation in OPN KO mice 
To further analyze lung pathology in response to S. pneumoniae pneumonia we 

determined pulmonary inflammation by the semi-quantitative scoring system 

described in the Methods section. Already at 6 h after infection in all mice mild 

pulmonary inflammation was present that slightly increased towards 24 h; at these 

early time points the extent of lung inflammation was similar in both groups (Figure 

3A-F). At 48 h pulmonary inflammation had strongly increased in both groups; 

however, at this late time point the extent of lung pathology was much more severe 
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in WT mice than in OPN KO mice, which was especially due to more endothelialitis 

and bronchitis and an enhanced percentage of the lung that was affected (Figure 3G-

I, P < 0.01 as compared to WT). In line, OPN KO mice showed significantly lower lung 

weights at 48 h after infection (0.20 ± 0.01 versus 0.26 ± 0.01 g in WT mice, P < 0.01), 

supporting our data on reduced pulmonary inflammation in the absence of OPN. 

Figure 3: Reduced lung histopathology in OPN KO mice. Representative lung histology of WT (A, D 
and G) and OPN KO (B, E and H) mice at 6 (A-C), 24 (D-F) and 48 (G-I) h after intranasal infection with 
104 CFU of S. pneumoniae. The lung sections are representative for 8 mice per group per time point. 
H&E staining, original magnification 10x. Inflammation scores are expressed as mean ± SEM (WT 
mice: black bars; OPN KO mice: white bars, n = 8 mice/group). ** P < 0.01 as compared to WT mice.  

Cytokine and chemokine levels during pneumococcal pneumonia
Cytokines and chemokines play an important role in host defense during bacterial 

pneumonia (1, 29). Therefore we measured the concentrations of proinflammatory 

cytokines (TNF-α, IL-1β, IL-6 and IFN-γ), the anti-inflammatory cytokine IL-10 and 

chemokines (KC, MIP-2 and MCP-1) in lungs obtained 6, 24 and 48 h after infection. 

At 6 h after infection all mediators were similar in WT and OPN KO mice or below 

detection limits (data not shown). Similarly, at 24 h no differences were found between 
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the two groups in the pulmonary levels of any of these mediators (Table I). Whereas 

lung cytokine levels remained similar in both mouse strains at 48 h, chemokine levels 

were decreased in lungs from OPN KO as compared to WT mice (Table I; KC: P = 0.06, 

MIP-2: P < 0.01 and MCP-1: P < 0.05). In addition, we measured concentrations of 

TNF-α, IL-6, IFN-γ and MCP-1 in plasma and spleen. These mediators were similar in 

WT and OPN KO mice at 24 h; however, at 48 h post infection OPN KO mice displayed 

strongly reduced concentrations of all four mediators in plasma (Table I) and spleen 

(data not shown).  

Table I: Pulmonary and plasma cytokine concentrations during pneumococcal pneumonia.

24h 48h

pg/mL WT OPN KO WT OPN KO

Lung

TNF-α 46 ± 35 32 ± 13 354 ± 63 508 ± 232

IL-1β 815 ± 493 839 ± 335 3405 ± 404 4251 ± 1235

IL-6 324 ± 211 356 ± 162 2278 ± 411 1483 ± 457

IFN-γ 8 ± 5 6 ± 2 56 ± 16 36 ± 10

IL-10 51 ± 33 170 ± 55 177 ± 15 226 ± 18

KC 2753 ± 1053 1195 ± 297 12258 ± 1717 7170 ± 1419

MIP-2 1389 ± 984 1365 ± 356 62208 ± 10105 18125 ± 4834 **

MCP-1 1623 ± 490 1432 ± 412 4782 ± 833 2465 ± 341 *

Plasma

TNF-α 7 ± 2 7 ± 2 268 ± 71 38 ± 17 **

IL-6 146 ± 53 156 ± 61 6124 ± 1488 437 ± 104 ***

IFN-γ 15 ± 6 17 ± 7 670 ± 285 70 ± 20 *

MCP-1 213 ± 73 202 ± 70 2293 ± 477 295 ± 68 ***

Proinflammatory cytokine (TNF-α, IL-1β, IL-6, IFN-γ), antiinflammatory IL-10 and chemokine (KC, MIP-2 and 
MCP-1) levels in lung and plasma at 24 and 48 h after intranasal S. pneumoniae infection in WT and OPN KO 
mice. Data are expressed as mean ± SEM; n = 8 mice/group/time point. * P < 0.05, ** P < 0.01 and *** P < 
0.001 vs. WT at the same time point.

Osteopontin stabilizes S. pneumoniae viability in vitro
The reduced bacterial outgrowth in the absence of OPN might be explained by an 

effect of OPN on phagocytosis capacity of or phago-lysosomal fusion in OPN KO 

neutrophils or by a direct effect of OPN on S. pneumoniae. Phagocytosis capacity and 

phago-lysosomal fusion were not altered in OPN KO as compared to WT neutrophils 

(Figure 4). To establish a possible direct effect of OPN on pneumococcal  growth, we 

incubated S. pneumoniae in sterile normal saline at a concentration similar to the 

inoculum we used for infection experiments for 1-6 h in the presence or absence of  
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Figure 4: No effect of OPN on neutrophil phagocytosis and phago-lysosomal fusion. Phagocytosis 
(A) of growth-arrested S. pneumoniae and phago-lysosomal fusion upon phagocytosis (B) was 
determined in neutrophils from WT (closed symbols) and OPN KO (open symbols) blood at 37°C 
(solid lines) and 4°C (dashed lines). Data are expressed as mean ± SEM; n = 4-8 mice/group. 

increasing concentrations of rOPN (0.8-800 ng/ml) and determined the viability of the 

bacteria. The number of viable pneumococci decreased over time when incubated in 

normal saline only. rOPN 800 ng/ml stabilized the viability of S. pneumoniae, whereas 

lower OPN concentrations had no effect (Figure 5A). In a separate experiment we 

confirmed the effect of rOPN on the viability of S. pneumoniae and further showed 

that boiled OPN or BSA did not exert such an effect (Figure 5B). These data suggest 

that OPN serves as a growth factor for S. pneumoniae in vitro.

Figure 5: OPN stabilizes S. pneumoniae viability in vitro. (A) S. pneumoniae in saline (106 CFU/
ml) was incubated with increasing doses (0.8-800 ng/ml) of recombinant OPN (black symbols) or 
saline (white symbols) and the viability of S. pneumoniae was determined over 6 h at 37°C. (B) S. 
pneumoniae in saline (106 CFU/ml) was incubated with 800 ng/ml recombinant OPN (), 800 ng/ml 
boiled recombinant OPN (), 800 ng/ml BSA (▼), or saline () and the viability of S. pneumoniae 
was determined over 6 h at 37°C. Dashed lines depict detection limits.
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OPN does not impair the immune response upon intravenously administered 
S. pneumoniae
We wondered whether the detrimental effect of OPN on host defense against S. 

pneumoniae was primarily present in the lungs (with as a consequence thereof 

enhanced bacterial dissemination to distant organs) or also was demonstrable 

in the systemic compartment. To study this, we injected S. pneumoniae directly 

intravenously into OPN KO and WT mice, thereby bypassing the role of OPN in  

the lungs upon primary pulmonary infection. OPN was detectable at relatively 

high concentrations in the circulation of uninfected WT mice, confirming the data 

presented in figure 1B; intravenous S. pneumoniae injection resulted in a modest 

rise in the plasma concentrations of OPN which did not reach statistical significance 

(0 h: 69 ± 6 ng/ml; 48 h: 95 ± 11 ng/ml; non significant). Unlike the clear phenotype 

of OPN KO mice in pneumococcal pneumonia, OPN KO and WT mice displayed similar 

bacterial loads in blood, lung, spleen and liver at 24 and 48 h after intravenous 

administration of S. pneumoniae (Figure 6). In addition, TNF-α, IL-6, IFN-γ and MCP-1 

Figure 6: Similar bacterial growth during pneumococcal sepsis. Bacterial loads in (A) blood, (B) lung, 
(C) liver and (D) spleen from WT (grey) and OPN KO (white) mice at 24 and 48 h after intravenous 
infection with 105 CFU of S. pneumoniae. Data are expressed as box-and-whisker diagrams depicting 
the smallest observation, lower quartile, median, upper quartile and largest observation; n = 8 
mice/group. Dashed line depicts detection limit. 
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concentrations in plasma (Table II) and spleen (data not shown) were  indistinguishable 

between both mouse strains at both time points. Taken together, these data suggest 

that the negative effect of OPN on the antibacterial response during pneumococcal 

pneumonia is due to a pulmonary rather than a systemic effect of OPN.

Table II: Plasma cytokine concentrations after intravenous infection with S. pneumoniae. 

24h 48h

pg/mL WT OPN KO WT OPN KO

Plasma

TNF-α 18 ± 10 21 ± 6 31 ± 10 66 ± 23

IL-6 236 ± 171 202 ± 60 325 ± 76 1001 ± 323

IFN-γ 157 ± 121 178 ± 94 222 ± 119 389 ± 116

MCP-1 607 ± 261 650 ± 176 552 ± 278 844 ± 290

Proinflammatory cytokine (TNF-α, IL-6 and IFN-γ), and chemokine (MCP-1) levels in plasma at 24 and 48 h 
after intravenous S. pneumoniae infection in WT and OPN KO mice. Data are expressed as mean ± SEM; n = 8 
mice/group/time point. 

Discussion
The present study is the first to investigate the functional role of OPN during gram-

positive bacterial pneumonia and sepsis. In pneumococcal pneumonia OPN KO mice 

displayed a survival benefit and an improved antibacterial defense, as reflected 

by lower bacterial loads in their lungs, reduced dissemination to distant body 

sites and less pulmonary inflammation. In contrast, during primary pneumococcal 

sepsis OPN deficiency did not affect bacterial growth. We further showed that OPN 

stabilizes S. pneumoniae viability in vitro. Our data suggest that OPN facilitates the 

growth of pneumococci in the lungs after primary infection of the respiratory tract, 

subsequently resulting in enhanced dissemination of the infection.

 Knowledge of the production of OPN during acute inflammatory diseases is 

limited. Recently, patients with bacterial sepsis, who predominantly suffered from 

pneumonia, were reported to have elevated circulating levels of OPN (19). Although 

several investigations demonstrated enhanced OPN expression during subacute and 

chronic pulmonary inflammation (12, 14-17, 21, 30), so far only one study examined 

the impact of bacterial respiratory tract infection on OPN production, showing 

induction of OPN mRNA in the lungs of mice exposed to the gram-negative pathogen 

Francisella novicida via the airways (31). In accordance, in preliminary experiments 

our group observed elevated pulmonary levels of OPN in mice with gram-negative 
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pneumonia caused by either Klebsiella pneumoniae or Burkholderia pseudomallei 

(data not shown, see Chapter 7 and 9). To date studies on OPN levels during gram-

positive bacterial infection have not been reported. We show here that airway 

infection with viable S. pneumoniae results in a rapid increase of OPN in lung tissue 

with a more gradual rise in plasma OPN levels. 

 In this study we demonstrate that endogenous OPN impairs host defense during 

pneumococcal pneumonia. The experiments in which S. pneumoniae was injected 

directly into the circulation, revealing similar bacterial growth in OPN KO and WT mice 

in all body sites examined, suggest that the effect of OPN on pneumoccal infection 

primarily is exerted in the lungs. In accordance with this notion, bacterial loads in 

lungs of OPN KO mice with pneumococcal pneumonia were already reduced 6 h 

after infection, which at 24 h was associated with a clearly diminished spreading of 

pneumocci to blood and spleen in these animals. Of note, at 24 h pulmonary bacterial 

burdens were similar in OPN KO and WT mice, whereas at 48 h bacterial loads were 

approximately 200-fold higher in the lungs of the former mouse strain. These data 

suggest that the innate immune system is unable to compensate for the apparently 

detrimental effect of OPN on the growth of S. pneumoniae in the lungs in the early 

phase of pneumococcal pneumonia (when defense mechanism predominantly rely 

on resident cells such as alveolar macrophages and the respiratory epithelium) as 

well in the late phase of the infection (when the growing bacterial load overwhelms 

innate defense mechanisms provided by infiltrating neutrophils). 

 OPN did not impact on pulmonary inflammation during the early phase of 

pneumococcal pneumonia; however, at 48 h after infection less inflammation was 

present in lungs of OPN KO mice. The attenuated inflammatory response in OPN 

KO mice at this late time point was also reflected in reduced chemokine levels in 

lung homogenates and lower plasma concentrations of TNF-α, IL-6, IFN-γ and 

MCP-1. Likely, the diminished local and systemic inflammatory response associated 

with OPN deficiency was the result of the much lower bacterial loads in lungs and 

blood, providing a less potent proinflammatory stimulus. Indeed, earlier studies have 

demonstrated a clear positive correlation between the bacterial load and the extent 

of inflammation during pneumococcal pneumonia (32, 33). OPN may influence the 

production of cytokines and chemokines in various ways: OPN deficiency has been 

associated with an impaired T-helper 1 response upon several stimuli (34) (providing 

an additional explanation for the reduced IFN-γ levels in OPN KO mice in the current 
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study), whereas OPN stimulation induced a proinflammatory response in human 

monocytes (35). 

 OPN has been shown to be chemotactic for neutrophils in vitro and in vivo (see 

also Chapter 7) (11, 36-39) and neutrophil recruitment to the lungs is essential for a 

protective host response against S. pneumoniae (40-42). We found no difference in 

neutrophil content of lung tissue from WT and OPN KO mice, as reflected by similar 

MPO levels in lung homogenates (data not shown). The reduced bacterial growth 

in the absence of OPN might alternatively be explained by an altered phagocytosis 

capacity or phago-lysosomal fusion in OPN KO neutrophils. However, we found 

no alterations in the absence of OPN in either of these processes. This result is in 

accordance with earlier data showing that several antibacterial effector functions 

of neutrophils are not affected by OPN deficiency: phagocytosis of (IgG or IgM 

coated) sheep red blood cells, production of superoxide, cytokine release and matrix 

metalloproteinase-9 release upon phorbol 12-myristate 13-acetate (PMA) were all 

similar in WT and OPN KO neutrophils (11). Recently, it has been shown that OPN 

is able to bind to Staphylococcus aureus and Streptococcus agalactiae, thereby 

mediating phagocytosis through αxβ2 integrins on monocytes (43). Whether OPN 

is also able to bind S. pneumoniae remains to be established; however, our results 

demonstrate that for phagocytosis of this pathogen by neutrophils OPN is not crucial 

as the assay was performed in whole blood in which in WT samples constitutive OPN 

was present. Interestingly, we found that OPN stabilizes the viability of S. pneumoniae 

in vitro. This effect was dose-dependent and specific as boiled OPN and BSA were 

not effective. OPN did not affect S. pneumoniae growth in Todd-Hewitt broth 

supplemented with yeast extract (a regular growth medium for pneumococci; data 

not shown), suggesting that OPN prolongs pneumococcal survival in non-optimal 

conditions. Together these data suggest that OPN, which is constitutively present in 

lungs of uninfected mice and is further induced by S. pneumoniae, is misused by the 

pneumococcus during infection of the lower airways.

 In conclusion, we show here for the first time that OPN impairs the antibacterial 

response against S. pneumoniae in the lungs, at least in part by stabilizing the viability 

of this gram-positive pathogen.
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Abstract
Background: Melioidosis, caused by infection with Burkholderia (B.) pseudomallei, 

is a severe illness that is endemic in Southeast Asia. Osteopontin (OPN) is a 

phosphorylated glycoprotein that is involved in several immune responses including 

induction of T-helper 1 cytokines and recruitment of inflammatory cells. 

Methods: OPN levels in melioidosis patients and healthy controls were determined 

in plasma. Wild-type (WT) and OPN knockout (KO) mice were intranasally infected 

with 102 colony forming units of B. pseudomallei.

Results: Plasma OPN levels were elevated in patients with severe melioidosis, even 

more so in patients who went on to die. In patients who recovered plasma OPN 

concentrations had decreased after treatment. In experimental melioidosis in mice 

plasma and pulmonary OPN levels were also increased. Whereas WT and OPN KO 

mice were indistinguishable during the first 24 hours after infection, after 72 hours 

OPN KO mice demonstrated reduced bacterial numbers in their lungs, diminished 

pulmonary tissue injury, especially due to less necrosis, and decreased neutrophil 

infiltration. Moreover, OPN KO mice displayed a delayed mortality as compared to WT 

mice. OPN deficiency did not influence the induction of proinflammatory cytokines. 

Conclusions: These data suggest that sustained production of OPN impairs host 

defense during established septic melioidosis.
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Introduction
Melioidosis is an important cause of severe sepsis in Southeast Asia and Northern 

Australia caused by the aerobic gram-negative soil-dwelling bacillus Burkholderia 

(B.) pseudomallei (1, 2). Infection is thought to occur by cutaneous inoculation or 

inhalation. More than half of patients with melioidosis present with pneumonia 

associated with bacterial dissemination to distant organs (3), and all-cause mortality 

is as high as 50% in Northeast Thailand where the majority of reported cases occur 

(4).

 B. pseudomallei is a facultative intracellular pathogen that multiplies in the host 

cell cytosol (5, 6). Although the pathogenesis of melioidosis is still largely unknown, 

both innate and adaptive responses are important for an adequate host response 

(7). Patients with severe melioidosis demonstrate elevated serum concentrations 

of several cytokines, including the T-helper (Th) 1 cytokines interferon (INF)-γ and 

interleukin (IL)-12 and IL-18 (8, 9). Murine studies on the functional role of these 

cytokines and on tumor necrosis factor (TNF)-α during experimental melioidosis have 

shown enhanced mortality and bacterial outgrowth when one of these mediators 

was absent or inhibited, demonstrating the importance of these cytokines for host 

defense against B. pseudomallei (9-11). Moreover, accumulating data show a vital 

role for neutrophils and macrophages in the host response to this pathogen (12-17).

 Osteopontin (OPN) is a phosphorylated glycoprotein expressed by a broad range 

of tissues and cells that is involved in a number of physiological and pathological 

processes. OPN has been implicated in the regulation of inflammation; OPN acts as 

a chemotactic factor for T-cells, macrophages and neutrophils and modulates the 

function and differentiation of these inflammatory cells (18-23). Several in vitro and 

in vivo studies indicate that OPN stimulates Th1 responses by inducing IL-12 and IFN-γ 

(24-27). A recent report of elevated circulating OPN levels in patients with severe 

sepsis and septic shock further implicated this mediator in the pathogenesis of severe 

bacterial infection (28). However, to the best of our knowledge the contribution of 

OPN to the host response to bacterial infection has thus far not been studied directly. 

Here, we sought to investigate the function of OPN in sepsis caused by melioidosis. 

For this we determined OPN plasma levels in patients with severe melioidosis and 

studied the role of OPN using an established model of murine melioidosis (17, 29).
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Materials & Methods
Patients 
We included 33 individuals with sepsis caused by B. pseudomallei and 31 healthy 

controls in this study. Individuals were recruited prospectively at Sapprasithiprasong 

Hospital, Ubon Ratchathani, Thailand in 2004. Sepsis due to melioidosis was defined 

as culture positivity for B. pseudomallei from any clinical sample plus a systemic 

inflammatory response syndrome (SIRS). To meet the SIRS criteria patients had to 

have at least three of the following four criteria: a core temperature of ≥ 38ºC or 

≤ 36ºC; a heart rate of ≥ 90 beats/min; a respiratory rate of ≥ 20 breaths/min or a 

PaCO2 of ≥ 32 mmHg or the use of mechanical ventilation for an acute respiratory 

process; a white-cell count of ≥ 12 x 109/l or ≤ 4 x 109/l or a differential count showing 

> 10% immature neutrophils (30). Study design and subjects have been described in 

detail elsewhere (31). Blood samples for OPN measurements were drawn in heparin 

anticoagulated tubes in all subjects (once from controls and from patients within 

36 hours after the initiation of antibiotic therapy and where possible at the end of 

intravenous treatment with antibiotics). The study was approved by the Ministry of 

Public Health, Royal Government of Thailand and the Oxford Tropical Research Ethics 

Committee, University of Oxford, UK. We obtained written informed consent from all 

subjects before the study.

Cell cultures
Stimulation of alveolar macrophages and respiratory epithelial cells was done as 

described previously (17). In brief, the murine alveolar macrophage cell line MH-S 

(American Type Culture Collection; ATCC CRL-2019; Rockville, MD) was grown in 

RPMI 1640 (Gibco, Life Technologies, Rockville, MD) containing 2 mM L-glutamine, 

penicillin, streptomycin and 10% fetal calf serum, supplemented with 50 µM 2-βME 

(Sigma, Aldrich, St. Loius, MO). The murine transformed ATII respiratory epithelial 

cell line MLE-15 was generously provided by Jeffrey Whitsett (Cincinnati Children’s 

Hospital Medical Center, Cincinnati) and was cultured in HITES medium (RPMI 1640 

supplemented to 5 µg/ml insulin, 10 µg/ml transferrin, 30 nM sodium selenite, 

10 nM hydrocortisone and 10 nM β-estradiol) supplemented with 2% FCS, penicillin 

and streptomycin. In vitro stimulation of cell-lines was conducted in 96-well plates 

(Greiner, Alphen aan de Rijn, the Netherlands) at a density of 5 x 105 cells/ml. 

Following overnight culture at 37ºC in 5% CO2, adherent cells were washed twice 

and then stimulated with heat-killed B. pseudomallei (strain 1026b, kindly provided 
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by Dr. Don Woods, University of Calgary, Canada, multiplicity of infection 1:10 and 

1:100) at 37°C in 5% CO2. Supernatants were taken after 4 hours of stimulation and 

stored at -20°C until assayed for OPN.

Mice 
Pathogen-free male WT C57BL/6 mice were purchased from Harlan Sprague Dawley 

Inc. (Horst, the Netherlands). OPN knockout (KO) mice, on a C57BL/6 genetic 

background, were obtained from the Jackson Laboratories (Bar Harbor, ME) and bred 

in the animal facility of the Academic Medical Center (Amsterdam, the Netherlands). 

Study design
The Animal Care and Use Committee of the University of Amsterdam approved 

all experiments. Melioidosis was induced by intranasal inoculation of 102 colony 

forming units (CFU) of B. pseudomallei, strain 1026b in 50 µl 0.9% NaCl, as described 

previously (17, 29). Mice were sacrificed after 24 or 72 h, when blood was drawn into 

heparin containing tubes, and organs were removed aseptically and homogenized 

in 5 volumes of sterile 0.9% NaCl using a tissue homogenizer (Biospec Products, 

Bartlesville, OK). CFUs were determined from serial dilutions of organ homogenates 

and blood, plated on blood agar plates and incubated at 37°C at 5% CO2 for 16 h 

before colonies were counted. For survival studies mice (n= 14 per group) were 

monitored for 14 days after infection.

Histology 
Lungs and livers were harvested 24 and 72 hours after infection, fixed in 10% 

buffered formalin for 24 h, and embedded in paraffin. Hematoxilin and eosin stained 

slides were coded and scored from 0 (absent) to 4 (severe). For lung the following 

parameters were scored: interstitial inflammation, endothelialitis, bronchitis, edema, 

necrosis and pleuritis. The total “lung inflammation score” was expressed as the 

sum of the scores for each parameter, the maximum being 24. Confluent (diffuse) 

inflammatory infiltrate was quantified separately and expressed as percentage of the 

lung surface. For liver abscess, necrosis and thrombus formation was scored.

Assays
OPN, keratinocyte-derived cytokine (KC), macrophage inflammatory protein (MIP)-

2, and LPS-induced CXC chemokine (LIX) were measured by ELISA (R&D Systems, 
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Abingdon, UK). IL-12p70, IFN-γ, TNF-α, IL-6 and IL-10 were measured by cytometric 

bead array multiplex assay in accordance with the manufacturer’s recommendations 

(BD Biosciences, San Jose, CA). Myeloperoxidase (MPO) was measured by ELISA 

(Hycult Biotechnology BV, Uden, the Netherlands). Aspartate aminotransferase 

(ASAT) and alanine aminotransferase (ALAT) were determined with commercially 

available kits (Sigma-Aldrich), using a Hitachi analyzer (Roche) according to the 

manufacturer’s instructions.

Statistical analysis
Values are expressed as mean ± SEM. Differences between groups were analyzed by 

the Mann-Whitney U test, preceded by Kruskal-Wallis analysis where appropriate. 

Paired patient samples were analyzed using a Wilcoxon signed rank test. Survival 

curves were compared by the log-rank test. These analyses were performed using 

GraphPad Prism version 4.0, GraphPad Software (San Diego, CA). Values of P < 0.05 

were considered statistically significant.

Results
Elevated plasma osteopontin levels in patients with culture proven 
melioidosis
To obtain a first insight into OPN expression during melioidosis, we measured OPN 

in plasma from 33 patients with septic melioidosis and from 31 healthy controls. The 

mortality rate in this cohort of patients was 44% (31). OPN levels were approximately 

70-fold higher in melioidosis patients than in healthy controls (Figure 1A, P < 0.001). 

On admission, patients who went on to die had higher OPN plasma levels than 

patients who survived (Figure 1B, P < 0.05). Furthermore, in eight  patients from 

whom a second blood sample was obtained at the end of a two-week treatment 

period, plasma OPN levels had dramatically decreased as compared to levels 

measured on admission to the hospital (Figure 1C, P < 0.01).  

Osteopontin levels are increased during murine melioidosis
To determine whether OPN production is enhanced during melioidosis in mice, we 

intranasally infected WT mice with B. pseudomallei and measured OPN levels in 

plasma and whole lung homogenates (Figure 2A-B). At 24 h after infection plasma 

OPN concentrations were significantly elevated compared to baseline (P < 0.01) and 

were further increased at 72 h after infection (P < 0.01, Figure 2A). The same result was
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Figure 1: OPN plasma levels are elevated in patients with melioidosis and correlate with mortality. 
OPN plasma concentrations in (A) healthy controls versus melioidosis patients (n = 31 and n = 33, 
respectively), (B) survivors versus non-survivors (n=19 and n=14, respectively), and (C) patients at 
admission versus follow up sampling (n=8). Data are expressed as means ± SEM, * P < 0.05, ** 
P < 0.01 and *** P < 0.001.

found for lung OPN levels (P < 0.05 and P < 0.001 for 24 and 72 h respectively, Figure   

2B). To determine whether OPN is released by pulmonary cells upon stimulation with 

B. pseudomallei, we incubated murine alveolar macrophage MHS and lung epithelial

 

Figure 2: Experimental murine melioidosis results in elevated OPN concentrations in plasma and 
lungs. OPN concentrations in (A) plasma and (B) lung before, 24 and 72 h after intranasal infection 
with 102 CFU of B. pseudomallei. Data are expressed as means ± SEM; n = 8 mice/group, * P < 0.05, 
** P < 0.01 and *** P < 0.001 as compared to t=0. OPN concentrations in culture supernatants after 
incubation of (C) MH-S and (D) MLE-15 cells with medium or heat-killed B. pseudomallei (MOI 1:10 
and 1:100) for 4 h. Data are expressed as means ± SEM; n = 4 /group, * P < 0.05 as compared to 
medium stimulation. 
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MLE-15 cells with medium or heat-killed B. pseudomallei (MOI 1:10 and 1:100) for 

4 h. OPN release by both alveolar macrophages and epithelial cells was significantly 

enhanced upon B. pseudomallei stimulation in a dose dependent manner compared 

to the medium control (MHS: P < 0.05 for both MOI, MLE-15: P = 0.05 for 1:10 and P 

< 0.05 for 1:100, Figure 2C-D).

Osteopontin facilitates pulmonary bacterial growth 
To determine whether OPN impacts on bacterial outgrowth during melioidosis, we 

determined bacterial loads in lungs from WT and OPN KO mice. At 24 h after infection 

bacterial outgrowth was similar in both groups. At 72 h after infection, however, 

bacterial loads were significantly decreased in lungs of OPN KO as compared to WT 

mice (Figure 3A, P < 0.01). To obtain insights into the dissemination of infection we 

determined bacterial loads in blood and spleen. Bacteria were not detectable in 

those distinct body sites at 24 h. After 72 h of infection, OPN KO mice had lower 

bacterial loads in blood and spleen than WT mice although the difference did not 

reach statistical significance (Figure 3B-C).

.

Figure 3: Decreased pulmonary bacterial growth in OPN KO mice. WT (black bars) and OPN KO 
(white bars) mice were infected intranasally with 102 CFU of B. pseudomallei and bacterial loads 
were determined 24 and 72 h after infection in (A) lung, (B) blood, and (C) spleen. Data are expressed 
as means ± SEM; n = 8 mice/group, ** P < 0.01 as compared to WT mice. N.D. means not detectable.

Osteopontin deficiency does not influence pulmonary cytokine 
concentrations
Since cytokines play an important role in host defense against B. pseudomallei (2) 

and OPN is known to act as a proinflammatory mediator able to induce cytokines 

including IFN-γ and IL-12 (24, 25), we measured proinflammatory cytokines (IFN-γ, 

IL-12p70, TNF-α, IL-6), an anti-inflammatory cytokine (IL-10) and chemokines (KC, 

MIP-2 and LIX) in lung homogenates obtained 24 and 72 h after infection. All measured 

cytokines and chemokines increased from 24 to 72 h after infection in both WT and 
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OPN KO mice. Except for KC levels, which were significantly decreased in OPN KO 

lungs as compared to WT at both time-points, no significant differences between the 

two mouse strains were found at either time-point (Table I). In accordance with these 

in vivo data, primary alveolar macrophages harvested from uninfected WT and OPN 

KO mice released similar quantities of TNF-α, IL-6 and MIP-2, but reduced levels of KC 

(P = 0.05) upon incubation with B. pseudomallei in vitro (data not shown).

Table I: Pulmonary cytokine concentration.

24h 72h

ng/mL WT OPN KO WT OPN KO

IL-12p70 0.085 ± 0.010 0.099 ± 0.017 0.178 ± 0.025 0.304 ± 0.053

IFN-γ 0.067 ± 0.008 0.129 ± 0.074 0.213 ± 0.019 0.235 ± 0.013

TNF-α 0.531 ± 85.80 0.369 ± 0.140 6.389 ± 0.738 4.595 ± 0.860

IL-6 2.867 ± 0.412 3.406 ± 0.927 29.66 ± 7.791 29.89 ± 10.93

IL-10 0.226 ± 0.028 0.259 ± 0.006 0.604 ± 0.106 0.607 ± 0.088

KC 33.61 ± 4.47 18.42 ± 3.105 * 262.2 ± 26.85 166.8 ± 26.31 *

MIP-2 6.581 ± 0.522 6.286 ± 1.303 265.7 ± 26.56 244.8 ± 14.67

LIX 11.19 ± 0.801 13.07 ± 0.886 40.20 ± 4.522 40.99 ± 5.958

Proinflammatory cytokine (IL-12p70, IFN-γ, TNF-α and IL-6), anti-inflammatory IL-10 and chemokine (MIP-2, 
KC and LIX) levels in lung at 24 and 72 h after intranasaal B. pseudomallei infection in WT and OPN KO mice. 
Data are expressed as means ± SEM; n = 8 mice/group/time point. * P < 0.05 vs. WT at the same time point.

Osteopontin contributes to pulmonary inflammation 
To study the influence of OPN on pulmonary inflammation during melioidosis, 

lung histology slides obtained 24 and 72 h after infection were semi-quantitatively 

scored as described in the Methods section. In both WT and OPN KO mice 

pulmonary inflammation was characterized by significant interstitial inflammation, 

pleuritis, bronchitis, endothelialitis and edema, which increased from 24 to 72 h 

after infection. At the later time-point necrotic lesions could also be found. Lung 

inflammation scores were similar in both groups at 24 h after infection (Figure 4A-

C). At 72 h, however, lungs from OPN KO mice demonstrated significantly decreased 

inflammation scores as compared to WT, which was especially due to less necrotic 

tissue (P < 0.01, Figure 4D-G). In addition, OPN KO mice showed significantly reduced 

percentages of affected lung parenchyma (P < 0.01, Figure 4H). As neutrophils are 

the predominant infiltrating inflammatory cells during melioidosis (12), we also 

measured MPO in lungs from WT and OPN KO mice at 24 and 72 h after infection; 

MPO levels increased from 24 to 72 h in both groups. In accordance with the results 
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on reduced percentages of affected lung, we found a trend towards reduced MPO 

levels in OPN KO lungs at 24 h (P = 0.10) and significantly diminished MPO levels in 

OPN KO lungs at 72 h after infection (Figure 4I, P < 0.05).

Figure 4: Reduced lung pathology in OPN KO mice. Representative lung pathology of WT (A, D) and 
OPN KO (B, E) mice 24 (A-C) and 72 (D-F) h after intranasal infection with 102 CFU of B. pseudomallei. 
(G) Necrosis score and (H) the percentage of the inflamed area of the lung. (I) Myeloperoxidase 
levels in lung homogenates at 24 and 72 h after infection. The lung sections are representative 
for 8 mice per group per time-point. H&E staining, original magnification 10x. Quantative data are 
expressed as means ± SEM of 8 mice per group. * P < 0.05 and ** P < 0.01 as compared to WT.

Osteopontin does not influence hepatocellular injury during melioidosis
Our model of melioidosis is associated with hepatocellular injury (9, 29). To establish 

the role of OPN in this process we semi-quantitatively scored liver histology slides 

obtained from WT and OPN KO mice 24 or 72 h after infection. At 24 h post infection, 

liver histology was unremarkable in both groups (data not shown). At 72 h, both WT  

and OPN KO mice displayed abscesses, necrosis and thrombus formation (Figure 5A 

and B); pathology scores were not different between groups (Figure 5C). Consistent  

with this was the finding that plasma levels of ALAT and ASAT were similar in WT and 

OPN KO mice at this time point (Figure 5D-E). 
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Figure 5: OPN does not influence hepatocellular injury. Representative liver pathology of WT 
(A) and OPN KO (B) mice 72 h after intranasal infection with 102 CFU of B. pseudomallei. (C) Liver 
pathology scores (D) ALAT and (E) ASAT levels were similar at 72 h post infection. The liver sections 
are representative for 8 mice per group per time-point. H&E staining, original magnification 10x. 
Quantative data are expressed as means ± SEM of 8 mice per group.

Osteopontin impacts on mortality due to severe melioidosis
To determine whether OPN affected mortality due to severe melioidosis, we followed 

WT and OPN KO mice for two weeks after B. pseudomallei infection. Consistent with 

reduced bacterial outgrowth and diminished pulmonary tissue injury in OPN KO 

mice, OPN deficiency had a positive effect on survival. Whereas WT mice showed 

a median survival time of 95 h, OPN KO mice had a median survival time of 118 h 

(P < 0.05, Figure 6).

Figure 6: OPN KO mice show delayed 
mortality. Percentage survival of WT (closed 
symbols) and OPN KO (open symbols) mice 
after intranasal infection with 102 CFU of 
B. pseudomallei. n = 14 per group. P value 
indicates the difference between groups.
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Discussion
In this study we sought to determine the role of OPN in the immune response to 

melioidosis. We demonstrate that plasma concentrations of OPN are elevated in 

patients with severe melioidosis and that high OPN levels on admission are correlated 

with mortality. In experimental murine melioidosis, OPN did not impact on the early 

host response; however, after 72 hours of infection OPN KO mice displayed reduced 

bacterial growth in lungs, accompanied by diminished pulmonary tissue injury and 

associated with delayed mortality. Taken together, these data suggest that enhanced 

production of OPN impairs host defense during established septic melioidosis.

 Recently, serum levels of OPN were reported to be elevated in patients with sepsis 

caused by a mixture of pathogens and originating from various infectious sources 

(28). The present study confirms and expands these data in a more homogenous 

cohort of patients with sepsis caused by a single pathogen, B. pseudomallei. Similar 

to a previous clinical study (28), we found that recovery from the acute phase was 

accompanied by a reduction in circulating OPN concentrations and that non-surviving 

patients had higher OPN levels on admission. Humans usually acquire melioidosis 

by inoculation through skin abrasions or inhalation, and pneumonia with bacterial 

dissemination to distant body sites is a common presentation of melioidosis (2, 

3). We therefore used a model of melioidosis in which mice were infected with B. 

pseudomallei via the airways. Using this model we confirmed increased release of 

OPN in the circulation and the lungs in mice and identified alveolar macrophages and 

respiratory epithelial cells as potential cellular sources for OPN upon infection with 

B. pseudomallei. Enhanced OPN production is not likely to be restricted to bacterial 

infections: elevated circulating OPN levels have previously been reported in patients 

with mycobacterial and fungal infections (32-35).

 OPN has been shown to act as a chemo-attractant for several immune cells 

including macrophages, neutrophils and T cells (20-22, 36). In particular, extracellular 

OPN is chemotactic towards neutrophils in vitro and in vivo, and the absence of 

intracellular OPN impairs migration speed and polarization upon N-formyl methionyl 

leucyl phenylalanine (fMLP) (22). Considering that recruitment of neutrophils to 

the site of infection is critical for resistance against infection with B. pseudomallei 

(12), we anticipated that OPN KO mice would display a reduced resistance against 

experimentally induced melioidosis, especially since OPN may also contribute to a 

protective Th1 response during infection. However, whereas bacterial loads at 24 

hours after infection were similar in OPN KO and WT mice, at 72 h post infection OPN 



Osteopontin and melioidosis

175

deficiency was associated with an attenuated growth of B. pseudomallei in lungs and 

a tendency towards reduced dissemination. These findings were paralleled by an 

absence of an effect of endogenous OPN on the early recruitment of neutrophils 

into lung tissue, as reflected by histopathology and similar levels of MPO in whole 

lung homogenates from WT and OPN KO mice 24 h after infection; importantly, at 

this time-point pulmonary levels of OPN were not significantly increased in WT mice 

as compared to uninfected animals, indicating that constitutively present OPN levels 

may not have been sufficient to contribute to the influx of neutrophils in WT mice. 

Of note, our own preliminary data suggest that pneumonia induced by Klebsiella 

pneumoniae, like B. pseudomallei a gram-negative pathogen, does result in a brisk 

rise in lung OPN levels in WT mice and a diminished neutrophil recruitment into 

the pulmonary compartment of OPN KO mice (Van der Windt et al., manuscript in 

preparation). Together, these data suggest that the influence of endogenous OPN on 

neutrophil influx to the site of infection at least in part depends on the pathogen and 

its capacity to induce the local production of this mediator. At 72 h after infection 

pulmonary OPN levels were elevated, which together with the higher bacterial load 

could have contributed to the increased neutrophil numbers in lungs of WT mice; 

in addition, although early neutrophil recruitment is essential for resistance to B. 

pseudomallei infection (12), neutrophils can act as a “double-edged sword” and 

damage the architecture of lung tissue (37, 38), a mechanism that likely contributed 

to the enhanced lung injury in WT mice. On the other hand, the increased tissue 

necrosis in WT lungs may have facilitated the local growth of B. pseudomallei by 

providing a niche for this pathogen to escape killing by immune cells. 

 In the last decade, numerous in vitro and in vivo studies have proposed OPN as an 

important player in Th1 responses (24-27, 39). For example, OPN induces IL-12 release 

by murine peritoneal macrophages, whereas OPN prevents lipopolysaccharide 

induced production of the Th2 cytokine IL-10 (24). Moreover, T-cell dependent IL-

12 production by human peripheral blood mononuclear cells is enhanced by OPN, 

in part via its ability to regulate CD3-induced expression of IFN-γ and CD40L by 

T-cells (25). In addition, OPN has been shown to contribute to Th1 responses in 

vivo, including experimental autoimmune encephalomyelitis, infection with herpes 

simplex virus-1 and with Plasmodium chabaudi chabaudi (24, 26, 27). Considering 

that Th1 cytokines serve a protective role in the immune response to experimental 

melioidosis (9-11), we anticipated that OPN deficiency would result in an impaired 

host defense response due to an attenuated induction of protective Th1 cytokines. 
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However, we found no significant differences in the levels of the Th1 cytokines IL-12 

and IFN-γ between WT and OPN KO mice at any time point. In this respect, it should 

be noted that in a model of murine tuberculosis we also did not detect an effect of 

OPN on the Th1 response (40). Similarly, normal immune responses of OPN KO mice 

have been reported during vaccinia virus, influenza virus, Listeria monocytogenes 

(41) and Borrelia burgdorferi infection (42, 43). In our model of melioidosis OPN did 

not impact on the release of other cytokines and chemokines with exception of KC, 

which was lower in OPN KO mice. 

 OPN has been implicated in a variety of immune responses considered to 

contribute to an adequate host defense against invading pathogens. Here, we show 

that the production of OPN is enhanced during clinical and experimental melioidosis. 

Whereas endogenous OPN did not impact on the early host response during 

melioidosis in mice, its sustained release hampered the local control of the infection 

as reflected by reduced bacterial growth in lungs, less pulmonary inflammation and 

a delayed mortality in OPN KO mice. These data suggest that OPN plays a detrimental 

role in established sepsis caused by B. pseudomallei infection originating from the 

lung. 
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Abstract
Upon Mycobacterium (M.) tuberculosis infection, the development of a strong 

Th1 mediated adaptive immune response is considered most important for the 

containment of the infection. Osteopontin (OPN) is a phosphorylated glycoprotein 

that is chemotactic for inflammatory cells and has been implicated in the induction 

of Th1 responses and granulomatous disease. We tested the hypothesis that OPN 

facilitates protective immunity during M. tuberculosis infection using wild-type (WT) 

and OPN knockout (KO) mice in a model of pulmonary tuberculosis. OPN expression 

was up-regulated in alveolar macrophages and lymphoid cells during M. tuberculosis 

infection. There were no significant differences in bacterial outgrowth, inflammation 

or recruitment of lymphocytes, macrophages and polymorphonuclear cells in the 

lungs after 2 and 5 weeks of infection. However, percentages of CD4+ and CD8+ T cells 

were reduced in the absence of OPN 5 weeks after infection. Cytokine concentrations 

appeared similar in lungs from both mouse strains, however, there was a trend 

towards decreased levels of IFN-γ in OPN KO mice 5 weeks after infection. Despite 

an unaltered immune response in the early phase of tuberculosis, OPN KO mice 

had a modest survival advantage. Of note, both pulmonary bacterial loads and 

lung inflammation were reduced in these mice 31 weeks after infection. These data 

suggest that OPN is not crucial to protective immunity upon M. tuberculosis infection 

and during the late phase of tuberculosis it may even be detrimental for the host.
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Introduction
Mycobacterium (M.) tuberculosis and its associated disease tuberculosis is a serious 

threat to mankind. One-third of the world’s population is infected with the tubercle 

bacillus and tuberculosis is responsible for two million deaths each year (1, 2). Upon 

infection with this pathogen healthy individuals develop a strong T-helper 1 (Th1) 

response which is able to contain the infection in granulomas and prevent active 

disease. However, M. tuberculosis bacilli are not eradicated from the lungs and 

remain a potential danger to the infected individual (2).

 Osteopontin (OPN) is a phosphorylated glycoprotein, expressed by a broad range 

of tissues and cells, which is involved in a number of physiological and pathological 

processes. Originally considered a bone matrix protein, OPN is now known to 

regulate inflammation, tissue remodeling and cell survival (3-5). For example, OPN 

acts as a chemotactic factor for T-cells, macrophages and neutrophils and modulates 

the function and differentiation of these inflammatory cells (5-7). Importantly, ample 

evidence indicates that OPN can stimulate Th1 responses: interaction of OPN with one 

of its receptors, αvβ3 integrin, on mouse peritoneal macrophages induces interleukin 

(IL)-12, a cytokine that drives Th1 responses, whereas in the same cells interaction of 

OPN with another receptor, CD44, prevents lipopolysaccharide induced production of 

the Th2 cytokine IL-10 (8). Moreover, O’Regan et al. have shown that T-cell dependent 

IL-12 production by human peripheral blood mononuclear cells is enhanced by OPN, 

in part via its ability to regulate CD3-induced expression of interferon (IFN)-γ and 

CD40L by T-cells (9). Several in vivo studies have also supported the involvement of 

OPN during Th1 responses. For example, antigen-specific re-stimulation of draining 

lymph node cells from OPN knockout (KO) mice revealed enhanced levels of IL-10, 

but reduced levels of IL-12 and IFN-γ as compared to wild-type (WT) mice in several 

Th1 models, including experimental autoimmune encephalomyelitis, injection of 

polyvinyl pyrrolidone, and infection with herpes simplex virus-1 (8, 10). Furthermore, 

OPN appeared to be essential for elimination of the malaria parasite Plasmodium 

chabaudi chabaudi, since OPN KO mice showed lower levels of IL-12 and IFN-γ, and 

died from nonlethal infection in contrast to WT mice (11).

 Considering its role in Th1 responses and cellular migration, it can be anticipated 

that OPN plays a role in granulomatous inflammation. Indeed, Schistosoma mansoni 

egg induced pulmonary granulomas contain OPN expressing macrophages, and in 

OPN KO mice granuloma size was reduced and macrophage content diminished 

(12). In addition, polyvinyl pyrrolidone injection was shown to induce an intense 
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granulomatous response in WT mice, whereas in OPN KO mice such a response 

could not be detected. Interestingly, T cell deficient mice displayed a granulomatous 

reaction only when OPN was coinjected with polyvinyl pyrrolidone, demonstrating 

that OPN can partially substitute for activated T-cells in this setting (8). A role for 

OPN during mycobacterial infection is supported by in vitro experiments showing 

that both human and murine alveolar macrophages enhance OPN mRNA expression 

upon infection with either M. bovis bacillus Calmette-Guérin (BCG) or M. tuberculosis 

(13). Furthermore, gene profile screening of M. tuberculosis resistant and sensitive 

macrophages infected with M. bovis BCG revealed that the OPN gene was highly 

expressed in resistant macrophages as compared to sensitive macrophages. 

Resistance to M. tuberculosis was significantly increased in sensitive macrophages 

during M. bovis BCG infection when macrophages were stimulated with OPN (14). 

In vivo, M. bovis BCG infection resulted in an increase in granuloma number and 

size in OPN KO mice, which was associated with a reduced clearance of M. bovis 

BCG, due to defective killing by OPN KO macrophages (15). Patients suffering from 

diverse granulomatous diseases including tuberculosis, silicosis and sarcoidosis 

displayed pulmonary OPN expression in association with granulomas (13, 16, 17). 

A possible protective role for OPN in mycobacterial infection was further supported 

by the observation that the extent of OPN protein expression in pathological lymph 

nodes from M. bovis BCG or M. avium infected patients was inversely correlated with 

disseminated infection and death (18). In addition, plasma OPN concentrations were 

found to be increased in pulmonary tuberculosis patients as compared to healthy 

controls, and to decline after successful anti-tuberculosis therapy (19, 20).

 In spite of the abundant literature pointing to an important role for OPN in 

the immune response to tuberculosis, to the best of our knowledge the function 

of OPN during infection with M. tuberculosis in vivo has thus far not been directly 

investigated. Therefore, in the present study we sought to compare the course of 

the infection and the accompanying host response in WT and OPN KO mice after 

intrapulmonary delivery of viable virulent M. tuberculosis.

Materials & Methods
Mice
Pathogen-free 8 to 10 week old WT C57BL/6 mice were purchased from Harlan 

Sprague Dawley Inc. (Horst, the Netherlands). OPN KO mice, backcrossed ten times 

to a C57BL/6 genetic background, were obtained from the Jackson Laboratories 
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(Bar Harbor, ME) and bred in the animal facility of the Academic Medical Center 

(Amsterdam, the Netherlands). The Animal Care and Use Committee of the University 

of Amsterdam approved all experiments. 

Experimental infection
A virulent laboratory strain of M. tuberculosis (Erdman) was grown in liquid Dubos 

medium containing 0.01% Tween-80. A replicate culture was incubated at 37°C, 

harvested at mid-log phase, and stored in aliquots at -70°C. For each experiment, 

a vial was thawed and washed with sterile 0.9% NaCl. Tuberculosis was induced as 

described previously (21, 22). Briefly, mice were anesthetized by inhalation with 

isoflurane (Abott Laboratories LTD., Kent, United Kingdom) and infected intra-nasally 

with 150 live M. tuberculosis Erdman bacilli in 50 ml saline, as determined by viable 

counts on Middlebrook 7H11 agar plates. Groups of mice were sacrificed 1 day (n = 3 

per strain) or 2 or 5 weeks (both n = 8 per strain) after infection; in addition, 15 mice 

per strain were followed for 31 weeks, after which the survivors were killed and their 

organs processed as described further. Lungs and liver were removed aseptically, 

weighed and homogenized in 5 volumes of sterile 0.9% NaCl. Ten-fold dilutions were 

plated on Middlebrook 7H11 agar plates to determine bacterial loads. Colonies were 

counted after 21 days incubation at 37°C. Numbers of CFU are provided per g of 

lungs. 

Lung histology 
Lungs were removed 2, 5 or 31 weeks after inoculation with M. tuberculosis, fixed 

in 10% buffered formaline for 24 h, and embedded in paraffin. Hematoxilin and 

eosin stained slides were coded and scored from 0 (absent) to 4 (severe) for the 

following parameters: interstitial inflammation, endothelialitis, bronchitis, oedema, 

granuloma formation and pleuritis by a pathologist blinded for groups. The total “lung 

inflammation score” was expressed as the sum of the scores for each parameter, 

the maximum being 24. Confluent (diffuse) inflammatory infiltrate was quantified 

separately and expressed as percentage of inflamed lung surface. For OPN staining 

the slides were deparaffinised and endogenous peroxidase activity was quenched by 

a solution of methanol/0.03% H2O2 (Merck, Darmstadt, Germany). After digestion 

with a 0.1 M sodium citrate solution, pH 6.0, non-specific binding was blocked with 

10% normal swine serum (Dako, Glostrup, Denmark) and slides were then exposed 

to goat anti-OPN antibody (R&D Systems, Minneapolis, MN). After washes, slides 
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stained for OPN were incubated with a horseradish peroxidase-labeled swine anti-

goat IgG antibody (Biosource International, Camarillo, CA) in the presence of 5% 

normal mouse serum (Sigma, St. Louis, MO). Slides were finally developed using 

3,3’-diaminobenzidine-tetra-hydrocloride peroxidase substrate (Sigma) and slides 

were counterstained with methyl green. The sections were mounted in glycerine 

gelatine. As a negative control we used a WT lung (5 weeks after infection) without 

addition of the primary antibody.

Flow cytometry
Lung cell suspensions were obtained by crushing lungs through a 40- mm cell strainer 

(Becton Dickinson, Franklin Lakes, NJ) as described previously (23, 24). Erythrocytes 

were lysed using ACK lysing buffer (Bio Whittaker, Verviers, Belgium); the remaining 

cells were washed twice with RPMI 1640 (Gibco, Life Technologies, Rockville, 

MD), and counted by using a hemocytometer. In addition, cells were brought to a 

concentration of 1 x 107 cells per mL of FACS buffer (PBS supplemented with 0.5% 

BSA, 0.01% NaN3 and 0.35 mM EDTA). Immunostaining for cell surface molecules was 

performed for 30 minutes at 4°C using directly labeled antibodies against CD3 (CD3-

phycoerythrin), CD4 (CD4-allophycocyanin), CD8 (CD8-peridinin chlorophyl protein) 

or GR-1 (GR-1-FITC). All antibodies were used in concentrations recommended by the 

manufacturer (BD Pharmingen, San Diego, CA). After staining, cells were fixed in 2% 

paraformaldehyde, and determined using flow cytometric analysis using FACSCalibur 

(Becton Dickinson Immunocytometry Systems, San Jose, CA). Percentages of 

polymorphonuclear cells (PMNs), macrophages and lymphocytes were determined 

using GR-1 expression (GR-1 high, intermediate and low, respectively) and T cell 

surface proteins were analyzed on CD3+ cells within the lymphocyte gate. 

Assays
For cytokine measurements, organ homogenates were diluted 1:2 in lysis buffer 

containing 300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 1% Triton X-100, 

4-(2-aminoethyl)benzenesulfonyl fluoride (4 ug/ml), EDTA-Na2 (50 ug/ml), pepstatin 

(10 ng/ml), and leupeptin (10 ng/ml; pH 7.4) and incubated on ice for 30 min. 

Homogenates were centrifuged at 1,500 x g at 4°C for 15 min, and supernatants 

were sterilized using a 0.22 mm filter (Corning Incorporated, Corning, NY) and stored 

at -20°C until assays were performed. Homogenates and supernatants IFN-γ, IL-4, 

IL-12p70, TNF-α, IL-10, IL-6, keratinocyte-derived cytokine (KC) and MIP-2 were 
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measured by ELISA using matched antibody pairs according to the manufacturer’s 

instructions (R&D Systems). 

Splenocyte stimulation 
Single cell suspensions were obtained by crushing spleens through a 40 μm cell 

strainer as described previously.(25) Erythrocytes were lysed using ACK lysing buffer, 

the remaining cells were washed twice with RPMI 1640 supplemented with 10% fetal 

calf serum and 1% antibiotic-antimycotic (Gibco). Cells were seeded in 96-well round 

bottom culture plates at a cell density of 1 × 106 cells per well in quadruplicate, 

and stimulated with 20 μg/ml tuberculin purified protein derivative (PPD, Statens 

Seruminstitut, Copenhagen, Denmark). Supernatants were harvested after 48 h 

incubation at 37°C in 5% CO2, and cytokine levels were analyzed by ELISA.

Delayed-type hypersensivity response to PPD
To measure delayed-type hypersensivity (DTH) responses, we examined the swelling 

of footpads according to previously described methods (25). Briefly, WT and OPN 

KO mice (n = 8 mice per group) were immunized intra-dermally at the base of the 

tail with 0.1 mg of heat-killed M. tuberculosis H37Ra (Difco Laboratories, Detroit, 

MI) in 0.1 ml of mineral oil (Sigma-Alderich). Thirteen days after immunization, mice 

were challenged with 20 µg PPD in saline into one of the hind footpads and in the 

other with saline alone. Measurements of footpad thickness were performed with a 

Mitutoyo model 7326 engineer’s micrometer (Mitutoyo MTI Corporation, Aurora, IL) 

before, and 24 and 48 h after the PPD challenge. The increase in footpad thickness was 

calculated as the difference in swelling between 0- and 24- or 48-h measurements. 

Specific DTH reactivity was calculated as the difference between the swelling of the 

PPD-injected footpads and the swelling of the saline-injected footpads. 48 h after 

PPD challenge footpads were fixed in 10% buffered formaline for 48 h, decalcified in 

15% EDTA for 4 weeks, embedded in paraffin, cut and stained with hematoxilin and 

eosin. 

Statistical analysis
All values are expressed as mean ± SEM. Comparisons were done with Mann-Whitney 

U tests using GraphPad Prism version 4.0, GraphPad Software (San Diego, CA). Values 

of P < 0.05 were considered statistically significant.
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Results
Osteopontin expression during infection
To determine whether OPN is present in the lung during M. tuberculosis infection, 

OPN expression was determined in lungs from WT mice before, 2 and 5 weeks 

after infection by immunohistochemistry. Whereas in uninfected lungs no OPN 

immunoreactivity could be detected, at both 2 and 5 weeks after infection, alveolar 

macrophages, and to a lesser extent lymphoid cells, specifically expressed OPN 

(Figure 1). 

Figure 1: Increased osteopontin expression during M. tuberculosis infection. OPN expression in 
lungs from WT mice; (A) negative control, (B) before infection, (C) 2 weeks and (D) 5 weeks after 
intranasal infection with 150 CFU of M. tuberculosis. Whereas in uninfected lungs OPN could not be 
detected, tuberculosis was associated with increased pulmonary expression of OPN, especially in 
alveolar macrophages, and to a lesser extent in lymphoid cells. Original magnification 10x.

Osteopontin does not affect early mycobacterial growth and dissemination
To determine the role of OPN in antibacterial defense during tuberculosis, the 

outgrowth of M. tuberculosis was determined in lungs of WT and OPN KO mice 1 day, 

2 and 5 weeks after infection. At all time points the numbers of CFU detected in lungs 

were similar in WT and OPN KO mice (Figure 2A). To study the dissemination of M. 
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tuberculosis, the mycobacterial load in liver was measured. Again, no differences in 

mycobacterial growth in liver were observed between WT and OPN KO mice 2 and 5 

weeks after infection (Figure 2B). 

Figure 2: Osteopontin deficiency does not influence mycobacterial outgrowth in lungs and liver. 
Mycobacterial loads in lungs (A) and liver (B) from WT (closed symbols) and OPN KO (open symbols) 
mice 1 day, 2 and 5 weeks after intranasal infection with 150 CFU of M. tuberculosis. Data are mean 
± SEM of 3 (1 day) or 8 mice (2 and 5 weeks) per group. 

Pulmonary inflammation 
To investigate whether OPN deficiency was accompanied by altered lung 

inflammation, we performed histopathologic analyses of lung tissue slides prepared 

from WT and OPN KO mice 2 and 5 weeks after infection. At both time-points, both 

groups displayed granulomatous inflammation which increased in extent and severity 

from 2 to 5 weeks after infection in both mouse strains (Figure 3). Lung weights, 

the percentage of inflamed lung parenchyma and total lung inflammation scores 

did not differ between WT and OPN KO mice (Table I), although a trend towards a 

lower percentage of inflamed lung parenchyma in OPN KO was found 5 weeks after 

infection (P = 0.1).

Cellular composition of lung infiltrates
To obtain more insight into the cellular composition of the pulmonary infiltrates in 

WT and OPN KO mice, we prepared whole lung cell suspensions at 2 and 5 weeks 

after infection. At both time-points total leukocyte counts were similar in WT and 

OPN KO mice. To determine whether the cellular composition of the infiltrates was 

affected by OPN we counted the percentages of lymphocytes, macrophages and 

PMNs. There were no differences in cellular composition between WT and OPN KO
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Figure 3: Lung histopathology. Representative lung histology of WT (A, C) and OPN KO (B, D) mice 2 
(A, B) and 5 weeks (C, D) after intranasal infection with 150 CFU of M. tuberculosis. The lung sections 
are representative for 8 mice per group per time-point. H&E staining, original magnification 10x.

lung infiltrates at 2 (data not shown) and 5 weeks after infection (Table II). Since CD4+ 

and CD8+ T cells are important players during tuberculosis (26), we analyzed whole 

lung CD3+ lymphocytes with respect to expression of CD4 and CD8. This revealed that 

at 2 weeks after infection both mouse strains showed similar percentages of CD4+ T 

Table I: OPN deficiency does not impact on lung inflammation.

Lung weight 

(g)

Inflamed area 

(%)

Inflammation  

Score

2 wks

WT 0.16 ± 0.01 4 ± 1 4.4 ± 0.9

OPN KO 0.16 ± 0.01 5 ± 2 6.0 ± 0.9

5 wks

WT 0.29 ± 0.02 38 ± 4 10.8 ± 0.5

OPN KO 0.29 ± 0.02 29 ± 3 9.9 ± 0.7

Lung weights, % of inflamed lung parenchyma and histopathological changes (scored from H&E stained slides 
of left lungs) of WT and OPN KO mice 2 and 5 weeks after intranasal infection with 150 CFU of M. tuberculosis. 
Data are mean ± SEM of 8 mice per group.
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cells. Of note, however, a trend towards decreased percentages of CD8+ T cells was 

found in OPN KO mice as compared to WT mice (P = 0.06, data not shown). At 5 

weeks after infection, there was a trend towards reduced percentages of CD4+ T cells 

and significantly reduced percentages of CD8+ T cells in OPN KO mice as compared to 

WT (P = 0.06 and P < 0.05 respectively, Table II).

Table II: OPN KO mice demonstrate a diminished influx of CD8+ T cells into the lungs

Leukocytes

x 105
 / lung

Mfs

%

PMNs

%

Lymphocytes

%

CD4+

%

CD8+

%

WT 3.7 ± 0.2 11.0 ± 0.7 4.4 ± 0.2 67.1 ± 1.2 61.6 ± 1.0 25.0 ± 0.7 

OPN KO 4.1 ± 0.3 10.5 ± 0.8 5.0 ± 0.5 69.9 ± 1.6 52.2 ± 3.7 20.7 ± 1.1* 
Total leukocyte counts (x105/lung) and differential cell counts in lungs of WT and OPN KO mice 5 weeks after 
intranasal infection with 150 CFU of M. tuberculosis. Percentages of PMNs, macrophages and lymphocytes 
were determined on GR-1 expression (GR-1 high, intermediate and low, respectively) and T cell subsets (CD4+ 
and CD8+) are presented as the percentage positive cells in the CD3+ gate. Data are mean ± SEM of 8 mice per 
group. *P<0.05 versus WT

Cytokine and chemokine response
Cytokines and chemokines play a pivotal role in the regulation of the immune 

response to tuberculosis (27, 28). Therefore we measured the concentrations of pro-

inflammatory cytokines (IFN-γ, IL-12, TNF-α, IL-1β, IL-6), anti-inflammatory cytokines 

(IL-4, IL-10) and chemokines (MIP-2, KC) in lung homogenates obtained 2 and 5 weeks 

after infection. The concentrations of all mediators were similar in lungs of WT and 

OPN KO mice at both time points. However, a trend towards decreased levels of the 

prototypic type 1 cytokine IFN-γ was found in OPN KO mice 5 weeks after infection as 

compared to WT mice (P = 0.06) (Table III). 

Similar IFN- γ production upon ex vivo stimulation of splenocytes 
Next we determined the capacity of splenocytes obtained from M. tuberculosis 

infected mice to respond to the recall antigen PPD. Splenocytes were harvested 

at 2 and 5 weeks after infection and stimulated with PPD for 48 hours, after which 

IFN-γ and IL-4 were measured in the supernatant. Antigen-specific IFN-γ production 

by splenocytes harvested from OPN KO and WT mice at either 2 or 5 weeks after 

infection was similar (Figure 4). IL-4 levels were undetectable in supernatants from 

both groups at both time-points.
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Table III: Pulmonary cytokine and chemokine concentrations.

2 wks 5 wks

pg/mL WT OPN KO WT OPN KO

IFN-γ 1979 ± 391 1566 ± 269 2116 ± 285 1314 ± 107

IL-4   673 ± 130 586 ± 47 641 ± 75 523 ± 61

IL-12   225 ± 72 179 ± 42 85 ± 12 83 ± 5

TNF-α    1856 ± 258 1861 ± 221 5725 ± 949 4876 ± 482

IL-1β 1427 ± 257 1073 ± 158 357 ± 64    345 ± 53

IL-10   1196 ± 248 918 ± 88 545 ± 71   406 ± 69

IL-6  511 ± 68 490 ± 55 1021 ± 164   894 ± 66

KC   1195 ± 276 1012 ± 180 1202 ± 136   903 ± 153

MIP-2 1275 ± 232 1164 ± 128 1853 ± 255 1647 ± 209

Cytokine and chemokine levels (in pg/mL) in lung homogenates of WT and OPN KO mice 2 and 5 weeks after 
intranasal infection with 150 CFU of M. tuberculosis. Data are mean ± SEM of 8 mice per group. 

Figure 4: Similar IFN-γ production 
upon PPD re-stimulation. IFN-γ pro-
duction after 48h PPD re-stimulation 
by WT (black bars) and OPN KO 
(white bars) splenocytes harvested 
2 and 5 weeks after infection with 
150 CFU of M. tuberculosis. Data are 
mean ± SEM of 8 mice per group. 

DTH reaction to M. tuberculosis antigen
The recruitment of leukocytes into inflamed areas is critical for the development 

of DTH responses. To investigate leukocyte recruitment during a DTH reaction 

against M. tuberculosis-specific antigens, mice were immunized and subsequently 

challenged in one footpad with PPD and with saline in the other. Both WT and OPN 

KO mice showed significant footpad swelling after the challenge. Both at 24 and 
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48 h after PPD challenge, the increase in footpad thickness was similar in WT and 

OPN KO mice (Figure 5A). Histological analysis confirmed that the DTH reaction to 

PPD was comparable in both mouse strains. Footpads from both groups showed a 

diffuse and dense infiltrate, and no differences were found with respect to severity 

of inflammation, edema and cellular composition (Figure 5B and C).

Figure 5: Similar DTH response to PPD challenge. (A) WT (black bars) and OPN KO (white bars) 
mice were immunized with heat-killed M. tuberculosis and challenged in one hind footpad with 
PPD and in the other saline. Footpad swelling was measured 0, 24 and 48 hours after challenge 
and calculated as described in the method section. Data are shown as mean ± SEM of 8 mice per 
group. Representative view of the footpad of a WT (B) and OPN KO (C) mouse 48 hours after a 
DTH reaction. Footpads from both groups showed a diffuse and dense infiltrate, and no differences 
were found with respect to severity of inflammation, edema and cellular composition (H&E staining, 
original magnification 10x). 

Osteopontin affects the late host response to M. tuberculosis infection
Having established that OPN deficiency did not have a major impact on the early 

immune response to M. tuberculosis infection, we next investigated the role of 

OPN in the long term response and outcome of tuberculosis infection. Therefore, 

WT and OPN KO mice were inoculated with M. tuberculosis and followed for 31 

weeks. During this period OPN KO mice showed a modest but not significant survival  
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Figure 6: Osteopontin contributes to the chronic inflammatory response to M. tuberculosis 
infection. (A) OPN expression in lung from a representative WT mouse 31 weeks after infection with 
150 CFU of M. tuberculosis. OPN expression was found in alveolar macrophages, and to a lesser 
extent in lymphoid cells. Representative lung histology of WT (B) and OPN KO (C) mice 31 weeks 
after intranasal infection with 150 CFU of M. tuberculosis. Lung tissue remodeling was found in WT 
lungs (B, insert) and multinucleated giant cells were found in OPN KO lungs (C, insert). The lung 
sections are representative for 11-14 mice per group. H&E staining, original magnification10x and 
inserts 40x. Percentage of inflamed parenchyma (D) and mycobacterial growth (E) in lungs of WT 
(black bars) and OPN KO (white bars) mice 31 weeks after infection with 150 CFU of M. tuberculosis. 
Data are mean ± SEM of 11-14 mice per group. **P<0.01 versus WT

advantage: after 31 weeks 4 out of 15 WT and 1 out of 15 OPN KO mice had died 

(data not shown). At the end of the experiment, the remaining mice were killed for 
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further analysis. In lungs from WT mice OPN expression could still be detected in 

alveolar macrophages and lymphoid cells (Figure 6A). Although, due to the relatively 

enhanced mortality in WT mice these data might be underestimated, OPN KO mice 

showed less lung inflammation as reflected by the percentage of inflamed lung tissue 

(P < 0.01, Figure 6B-D). Furthermore, in lung lesions of OPN KO mice multinucleated 

giant cells were found (insert Figure 6C), which were not present in the lungs of WT 

mice. On the other hand, WT mice displayed clear lung tissue remodeling (insert 

Figure 6B), which was not found in OPN KO lungs. In addition, OPN KO mice displayed 

reduced mycobacterial loads in their lungs at this late time point (P < 0.01, Figure 6E). 

Discussion
The last decade numerous in vitro and in vivo studies proposed OPN as an important 

player in Th1 responses and granulomatous inflammation. In addition, patient 

studies revealed that OPN expression is associated with granulomas (13, 16, 17), 

and plasma OPN levels correlate with the extent of lung lesions and outcome during 

mycobacterial infection (18, 19). To the best of our knowledge, however, so far the 

functional role of OPN in M. tuberculosis infection has not been examined. We here 

demonstrate that OPN deficiency does not dramatically affect early responses during 

tuberculosis, whereas during more chronic infection pulmonary mycobacterial 

outgrowth and inflammation are reduced in OPN KO mice.

 Our primary hypothesis was that OPN would play an important role in host 

defense against pulmonary tuberculosis. This hypothesis was based on several lines 

of evidence. Intracellular OPN has been found to be important for the function and 

differentiation of macrophages, the phagocytic cells that initially ingest tubercle 

bacilli that enter the lower airways (6). In addition, recombinant OPN inhibited nitric 

oxide production, a major antimicrobial mechanism, by RAW 264.7 cells and murine 

thioglycollate-elicited macrophages upon stimulation with lipopolysaccharide plus 

IFN-γ (29, 30). Moreover, several studies have implicated OPN in an adequate 

Th1 response to infection (8-11), which is also important for a protective immune 

response against M. tuberculosis (2). One previous study examined the role of OPN 

during infection with the closely related though non-virulent M. bovis BCG (15). In 

that study M. bovis BCG was administered via intraperitoneal injection, a clinically 

less relevant route. OPN KO mice demonstrated a reduced clearance of M. bovis 

BCG, which was accompanied by more extensive granulomatous inflammation in 

liver (15). In our experiments we used a virulent M. tuberculosis strain administered 
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via the airways and found no differences in mycobacterial outgrowth in lungs or 

liver in the first 5 weeks after infection. Moreover, in contrast to our hypothesis, 

we were not able to detect any significant differences in pulmonary type 1 cytokine 

concentrations; i.e. IL-12 concentrations did not differ at any time-point and only 

a trend was found towards reduced IFN-γ levels in OPN KO mice 5 weeks after 

infection. In addition, no differences were detected between WT and OPN KO mice 

with respect to pulmonary inflammation, the number and size of granulomas or the 

cellular composition of lung infiltrates. In this respect, it should be noted that some 

previous studies were unable to identify an essential role for OPN in Th1 responses. 

For example, contradicting reports on the role of OPN during Listeria monocytogenes 

infection have been published; whereas one study claimed OPN KO mice to be 

defective in their ability to clear Listeria monocytogenes, accompanied by reduced 

IFN-γ responses (8), another study showed that OPN KO mice mounted a normal 

immune response to this pathogen (31). Moreover, normal immune responses of 

OPN KO mice have been reported during vaccinia virus, influenza virus (31) and 

Borrelia burgdorferi infection (32, 33).In accordance with previous investigations (13, 

34), we were unable to visualize OPN in lungs of uninfected mice. Lung inflammation 

has been found to result in OPN expression by alveolar macrophages, lymphocytes, 

and epithelial cells (34-37). In addition, M. tuberculosis infection has been shown 

to upregulate OPN gene expression in human monocytes in vitro (38). In line, we 

detected OPN expression by alveolar macrophages and lymphoid cells 2, 5 and 31 

weeks after infection.

 Recruitment of inflammatory cells to the site of infection is crucial for an adequate 

immune response. Excreted OPN acts as a chemo-attractant, which may result in 

more macrophages, neutrophils and T cells to migrate to the lung (5-7). Considering 

this, we were surprised to find no differences in the migration of either of these 

leukocyte subsets to the lungs of WT and OPN KO mice at 2 and 5 weeks after infection. 

Moreover, we did not find differences with regard to footpad swelling or cellular 

influx between WT and OPN KO mice in a DTH reaction with M. tuberculosis-specific 

antigens. An earlier study demonstrated significant inhibition of footpad swelling in 

a herpes simplex virus-1 specific DTH reaction in OPN KO and OPN neutralized mice 

(8). This suggests a stimulus specific rather than a general leukocyte migration effect 

of OPN.

 Since both CD4+ and CD8+ T cells are important players in the immune response 

to M. tuberculosis infection (26), we analyzed whole lung CD3+ lymphocytes with 
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respect to CD4 and CD8 expression. Although total lymphocyte numbers appeared 

similar in both groups, we found a significantly reduced percentage of CD8+ T cells in 

OPN KO mice 5 weeks after infection and a similar trend was seen at 2 weeks after 

infection. The percentage of CD4+ T cells demonstrated a trend to be less in OPN 

KO mice only at 5 weeks after infection. The diminished numbers of CD8+ T cells in 

OPN KO mice are in agreement with a study showing that CD8+ T cell migration in a 

DTH reaction upon DNFB challenge was enhanced by OPN over-expression (39). We 

found WT and OPN KO splenocytes to produce equal IFN-γ concentrations upon PPD 

re-stimulation, demonstrating that the intrinsic capacity of OPN KO splenocytes for 

IFN-γ production is not altered; similar observations have been made in re-stimulated 

M. bovis BCG infected splenocytes (15). The slight reduction in CD4+ and CD8+ T cells 

in OPN KO lungs might be an explanation for the trend towards less IFN-γ in OPN KO 

lungs 5 weeks after infection.

 Although OPN deficiency did not have a major impact on the early immune 

response to M. tuberculosis infection, the long term response to tuberculosis 

infection appeared to be affected by OPN deficiency. Indeed, whereas we did not 

find any significant differences in lung mycobacterial outgrowth in the early phase of 

tuberculosis, we did find significantly less bacteria in the lungs of OPN KO as compared 

to WT mice that survived the 31-week observation period. Moreover, at this time-

point the percentage of inflamed lung parenchyma was significantly reduced in the 

absence of OPN. Of note, although these differences are modest, these data might 

be underestimated since more WT than OPN KO mice died during this observation 

period and one can speculate that animals that died were the ones with the highest 

bacterial loads and/or severest pulmonary inflammation. Since macrophages are the 

principal cells in which M. tuberculosis persists and the granulomatous inflammatory 

infiltrate in both mouse strains consisted particularly of foamy macrophages, the 

diminished numbers of mycobacteria in OPN KO lungs at this time point might be a 

consequence of less mycobacteria-containing macrophages. The fact that differences 

in pulmonary inflammation were found only in a late phase of tuberculosis might be 

explained by the fact that apart from regulating inflammation OPN is also known 

to mediate tissue remodelling (3, 5, 40). For example, recently it became clear that 

knockdown of OPN leads to rapid repair and reduced scarring in a murine wound 

healing model (41). Furthermore, OPN is required for transforming growth factor-β1 

induced myofibroblast differentiation in vitro (42), and OPN is up-regulated and 

acts pro-fibrotic in murine bleomycin-induced pulmonary fibrosis (34) and human 
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idiopathic pulmonary fibrosis (43). Moreover, remodelling processes and calcification 

of the vasculature and mature bone structures are modulated by OPN (3, 5).

 In conclusion, our data suggest that, in contrast to our hypothesis, OPN is not 

crucial to a protective Th1 response during pulmonary tuberculosis. In contrast, the 

presence of OPN even may have a negative effect on the late phase of pulmonary 

tuberculosis as indicated by reduced pulmonary bacterial loads and less pulmonary 

inflammation in the absence of OPN.
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Summary
Infectious diseases are a major cause of morbidity and mortality worldwide. The lung 

is prone to become infected due to constant exposure of pathogens through the large 

contact area of the lung with inhaled air. Bacteria have the ability to continuously 

adapt to the immune system and antibiotics, and the increasing antibiotic resistance 

demands more insight into factors involved in the innate immune response during 

infection. Although the host inflammatory response is needed for effective clearance 

of an infection, it can also cause damage to tissues, not only after infection but 

also during non-infectious inflammation. Chapter 1 is a general introduction that 

describes the known functions of CD44 and osteopontin (OPN), and the infectious 

and inflammatory diseases relevant for the studies presented in this thesis.

 In the first part of this thesis we examined the role of CD44 during the inflammatory 

response either induced by hyperoxia or by infection using CD44 knockout (KO) mice. 

Chapter 2 describes the role of CD44 during hyperoxia induced lung inflammation. 

CD44 KO mice showed a reduced resistance as indicated by 37.5% mortality within 

the 72-hour observation period whereas all wild-type (WT) mice survived. In addition, 

CD44 deficiency was associated with a profound influx of neutrophils into the 

bronchoalveolar space, enhanced proinflammatory cytokine and chemokine release 

and increased vascular leak. Strikingly, CD44 protected against bronchial epithelial 

cell death. OPN KO mice were indistinguishable from WT mice during exposure to 

hyperoxia for up to 72 hours. This chapter shows that CD44 is protective during 

hyperoxia induced lung injury by a mechanism that does not rely on its interaction 

with OPN. In chapter 3 we report on the role of CD44 during Escherichia (E.) coli 

induced abdominal sepsis. CD44 KO mice demonstrated enhanced CXC chemokine 

and cytokine levels in peritoneal lavage fluid. In accordance, CD44 KO peritoneal 

macrophages released enhanced levels of these mediators upon stimulation with 

E. coli or lipopolysaccharide (LPS) in the presence of autologous serum. In contrast, 

CD44 KO blood leukocytes secreted similar amounts of these mediators upon ex 

vivo incubation with E. coli or LPS. The proinflammatory phenotype of CD44 KO 

macrophages was not associated with an altered expression of inhibitors of Toll-like 

receptor (TLR) signaling, whereas it could be partially reversed by addition of WT 

serum. We here conclude that CD44 differentially influences cytokine and chemokine 

release by different leukocyte subsets. In chapter 4 we studied the function of CD44 

during gram-positive pneumonia. During lethal Streptococcus (S.) pneumoniae induced 

pneumonia CD44 KO mice showed a prolonged survival, which was accompanied by 
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diminished pulmonary bacterial growth, reduced bacterial dissemination to distant 

body sites and increased early neutrophil influx into the lungs of these animals. 

We confirmed a detrimental role of CD44 in defense against this pathogen during 

sublethal pneumonia, as demonstrated by an improved capacity of CD44 KO mice to 

clear a low infectious dose. In addition, CD44 appeared important for the resolution 

of lung inflammation and the clearance of hyaluronic acid (HA) during sublethal 

pneumonia. These data are in line with the results of the study described in chapter 5 

in which we examined the role of CD44 during gram-negative pneumonia induced by 

Klebsiella (K.) pneumoniae infection: CD44 KO mice demonstrated reduced bacterial 

growth and dissemination during lethal infection, increased neutrophil recruitment, 

reduced gene expression of the negative regulators of TLR signaling interleukin-1R-

associated-kinase (IRAK)-M, A20 and suppressor of cytokine signaling 3, and impaired 

resolution of HA and inflammation after sublethal K. pneumoniae infection or after 

intrapulmonary delivery of LPS derived from Klebsiella. Interestingly, in contrast to S. 

pneumoniae infection, CD44 KO mice demonstrated no survival benefit during lethal 

K. pneumoniae infection, probably due to the enhanced pulmonary inflammation in 

these mice also during lethal Klebsiella pneumonia. In Chapter 6 we examined the 

function of IRAK-M during bacterial pneumonia. The absence of IRAK-M resulted in a 

strongly improved host defense as reflected by reduced bacterial growth in the lungs 

and diminished dissemination to distant body sites, as well as higher survival rates, 

which was accompanied by an increased extent of lung inflammation shortly after 

K. pneumoniae or S. pneumoniae infection. These data indicate that IRAK-M impairs 

host defense during both gram-negative and gram-positive pneumonia. 

 In the second part of this thesis we focused on the role of OPN in the host response 

to various pulmonary pathogens. In chapter 7 we examined the function of OPN 

during K. pneumoniae infection. We showed that pulmonary and plasma OPN levels 

are increased during Klebsiella pneumonia. OPN KO mice appeared more susceptible 

to infection with K. pneumoniae as indicated by higher bacterial loads in these 

mice. Early neutrophil recruitment into the bronchoalveolar space was impaired 

in the absence of OPN after intrapulmonary delivery of either intact Klebsiella or 

Klebsiella LPS. Moreover, recombinant OPN induced neutrophil migration into the 

bronchoalveolar space, which was independent from the presence of CD44. This 

chapter demonstrates that OPN in the bronchoalveolar space serves a chemotactic 

function towards neutrophils, thereby facilitating an effective innate immune response. 

In contrast, OPN impaired host defense during pneumococcal pneumonia (chapter 
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8). OPN KO mice showed a prolonged survival after infection with S. pneumoniae 

via the airways, which was accompanied by diminished pulmonary bacterial growth 

and dissemination to distant body sites, and reduced pulmonary inflammation. In 

contrast to pneumococcal pneumonia, OPN deficiency did not influence bacterial 

growth in primary pneumococcal sepsis induced by direct intravenous infection, 

suggesting that the detrimental effect of OPN on antibacterial defense during 

pneumonia primarily is exerted in the pulmonary compartment. Importantly, OPN 

was constitutively present in lungs of naive WT mice and OPN concentrations 

increased during S. pneumoniae induced pneumonia. Interestingly, recombinant 

OPN stabilized S. pneumoniae viability in vitro, suggesting that this pathogen misuses 

OPN in the airways for optimal growth and to cause invasive disease after entering 

the lower airways. In chapter 9 we demonstrated that OPN also impairs host defense 

during gram-negative sepsis due to pulmonary Burkholderia pseudomallei infection 

(melioidosis). We observed that plasma OPN levels were elevated in patients with 

severe melioidosis, and that these levels correlated with mortality and successful 

therapy. In experimental melioidosis in mice plasma and pulmonary OPN levels were 

also increased. OPN KO mice were protected from melioidosis as demonstrated by 

delayed mortality, reduced bacterial numbers in lungs, diminished pulmonary tissue 

injury, and decreased neutrophil infiltration in these mice. In chapter 10 we show 

that OPN is not crucial for protective immunity during murine tuberculosis and that 

during the late phase of tuberculosis it may even be detrimental for the host. There 

was no significant difference between WT and OPN KO mice in terms of bacterial 

outgrowth, pulmonary inflammation or inflammatory cell recruitment to the lungs 

during the first five weeks after infection. Despite an unaltered immune response in 

the early phase of tuberculosis, OPN KO mice showed a modest survival advantage, 

and both pulmonary bacterial loads and lung inflammation were reduced in these 

mice during the late phase of tuberculosis. 

General discussion
With the experimental studies described in this thesis we intended to obtain further 

insight into the functional role of CD44 and its ligand OPN during infection and 

inflammation especially in the lung. While interpreting the results one has to keep in 

mind that although inflammation is a key element of the antibacterial host defense, 

excessive or prolonged presence of inflammation can result in tissue damage, a 

severe systemic inflammatory response syndrome and ultimately multiple organ 
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failure. Thus, a carefully balanced response is vital in order to survive and recover 

from a severe infection.

 In the first part of this thesis we focused on the role of CD44 during sterile 

pulmonary inflammation and during infections caused by the diverse pathogens E. 

coli, S. pneumoniae and K. pneumoniae. Our finding that CD44 is protective during 

hyperoxia induced lung injury is in accordance with the result that during Klebsiella 

pneumonia CD44 limits lung inflammation, which however, was not the case during 

lethal pneumococcal pneumonia. This result clearly adds to the notion that host 

defense pathways against different pathogens, although both cause pneumonia, 

rely on distinct mechanisms. On the other hand, CD44 facilitated bacterial growth 

and dissemination of both K. pneumoniae and S. pneumoniae. The finding that the 

presence of CD44 accelerated mortality only during lethal pneumococcal and not 

Klebsiella pneumonia is probably due to the enhanced pulmonary inflammation 

counteracting the reduced bacterial growth in lungs from CD44 KO mice during 

Klebsiella pneumonia. Importantly, after infection with lower Klebsiella doses, that 

were not associated with an impact of CD44 on bacterial growth, CD44 KO mice but 

not WT mice demonstrated mortality, further illustrating the importance of a balanced 

inflammatory response. Interestingly, in all these models neutrophil recruitment into 

the pulmonary compartment was enhanced in CD44 KO mice, despite the reduced 

bacterial loads in these mice during pneumonia, thus strongly suggesting that CD44 

impairs neutrophil recruitment into the lung. On the other hand, intrapulmonary 

administration of Klebsiella derived LPS resulted in decreased neutrophil recruitment 

to the lungs of CD44 KO mice, suggesting a positive role for CD44 in neutrophil 

migration. Several other in vitro and in vivo studies add to this confusion (1-6); a 

possible explanation for this discrepancy might be that the contribution of CD44 to 

neutrophil migration from the circulation into tissue depends on vascular integrity 

and shear stress, and thus on the severity of tissue damage. Moreover, the resolution 

of inflammation and of HA due to sublethal pneumonia, either induced by S. 

pneumoniae or K. pneumoniae, or due to sterile inflammation induced by Klebsiella 

derived LPS, was impaired in the absence of CD44. As a functional role for CD44 

in the resolution of inflammation and the clearance of HA had been described for 

sterile pulmonary inflammation (6, 7), our results underline this function of CD44 

and extent this to infection induced lung inflammation. 

 In vitro experiments offer valuable tools to discover specific biological functions 

and pathways; however, the final proof of these findings requires in vivo experiments, 
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especially when it concerns infection with bacteria that can expand in the host. We 

demonstrated enhanced cytokine and chemokine release by CD44 deficient peritoneal 

macrophages ex vivo and confirmed this finding in vivo as indicated by elevated 

cytokine and chemokine levels at the primary site of infection in CD44 KO mice 

during E. coli induced peritonitis. Despite this significant effect on proinflammatory 

mediators CD44 deficiency did not affect bacterial growth, neutrophil recruitment 

or organ injury during this infection, underlining the importance of in vivo studies 

to study the net result of several processes occurring together and influencing each 

other during infection. Interestingly, cytokine and chemokine release by leukocytes 

in whole blood was not altered, and in contrast to alveolar macrophages (6), the 

proinflammatory phenotype of CD44 KO peritoneal macrophages was not due to 

impaired expression of negative regulators of TLR signaling. Together, our studies 

on CD44 clearly demonstrate that CD44 potentially affects several inflammatory 

processes but that the net effect on the course and outcome of the infection is 

dependent on the pathogen, the dose of infection, and the organ involved. Our result 

that IRAK-M impairs the antibacterial response during Klebsiella and pneumococcal 

pneumonia is in accordance with previous results demonstrating that IRAK-M 

dampens TLR and IL-1/IL-18 induced proinflammatory responses (8-11). The fact that 

elimination of a protein that has evolved to inhibit excessive inflammation, results 

in an improved outcome during pneumonia further illustrates the complexity and 

importance of a balanced immune response.

 In the second part of this thesis we focused on the role of OPN during pulmonary 

infection. Our findings that OPN deficiency is beneficial in one pneumonia model 

and detrimental in the other, clearly adds to the notion that OPN mediated host 

defense against different pathogens, although all of them cause pneumonia, relies 

on distinct mechanisms. While OPN KO mice demonstrated reduced bacterial loads 

during pneumonia induced by the gram-positive pathogen S. pneumoniae, the same 

mouse strain showed enhanced bacterial growth during (gram-negative) Klebsiella 

pneumonia. The reduced burdens of S. pneumoniae in the absence of OPN are 

probably due to a stabilizing effect of OPN on pneumococcal viability. On the other 

hand, the phenotype during Klebsiella pneumonia appeared to result from impaired 

early neutrophil recruitment in the absence of OPN, and indeed we demonstrated 

that OPN is chemotactic in the lung. In correspondence, gram-positive bacteria 

induce different mechanisms that regulate neutrophil recruitment to the lung than 

gram-negative bacteria do (12, 13). In addition, neutrophil appearance and bacterial 
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growth occurred faster during Klebsiella pneumonia than during pneumococcal 

pneumonia. As such, it is likely that the chemo-tactic activity of OPN, that is crucial 

during Klebsiella induced pneumonia, also occurs during pneumococcal pneumonia 

and vice versa, but that the net effect of OPN is determined by the process that 

dominates during infection by that particular pathogen.

 In view of the known effect of OPN on T-helper (Th)1 mediated immune responses, 

we also encountered some unexpected findings by studying the in vivo role of OPN 

during B. pseudomallei and M. tuberculosis infection. A prioiri, we hypothesized 

that OPN would have a marked influence on the immune response that is induced 

by these (myco)bacteria as the development of a strong Th1 mediated immune 

response is considered of main importance for host defense against these pathogens 

(14-17), and several in vitro and in vivo studies have suggested that OPN induces Th1 

responses (18-21). Much to our surprise, we found that OPN impairs host defense 

during melioidosis and that OPN is not crucial for a protective immune response 

during tuberculosis. Interestingly, although B. pseudomallei like K. pneumoniae is an 

gram-negative pathogen, we did not find an effect of OPN early during infection, but 

rather demonstrated that sustained production of OPN impairs host defense during 

melioidosis. As neutrophils are the main infiltrating cells during melioidosis (22) and 

the area of affected lung is reduced in OPN KO mice in a later phase of infection, a 

plausible explanation would be that pulmonary OPN in WT mice continues to attract 

neutrophils to the lung thereby enhancing tissue damage. Otherwise, reduced 

neutrophil recruitment can also be a result of decreased bacterial loads, which in 

turn can result in less necrotic tissue that provides a niche for bacterial expansion. In 

accordance with our findings for melioidosis, OPN did not affect the early phase of 

tuberculosis, whereas in the late phase bacterial loads and pulmonary inflammation 

were reduced in the absence of OPN. Again, the diminished mycobacterial loads in 

OPN KO lungs might be a consequence of less mycobacteria-containing macrophages 

available. However, considering that late phase tuberculosis implies several months 

of disease, additional ‘restore’ processes that can be affected by OPN, such as tissue 

remodelling and fibrosis formation (23-26), might now interfere with the primary 

antibacterial response. 

 In our investigations we used experimental mouse models to study diseases that 

are of human importance. The high degree of homology between the mouse and 

human immune system makes the mouse a scientific proper model for studying 

inflammation and infection. Nevertheless, when interpreting our data we have to 
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be cautious in extrapolating data obtained from mouse experiments to the human 

situation, as there are discrepancies between the experimental models we used and 

infections occurring in humans. Although we tried to infect the animals as ‘naturally’ 

as possible, we are limited to administer a relatively high number of bacteria by 

intranasal inoculation, whereas in the human situation pneumonia usually occurs 

by inhalation of smaller numbers of bacteria or results from prior colonisation of 

the upper respiratory tract, after which the infection gradually develops in time. 

Moreover, to study the role of CD44, IRAK-M or OPN we used animals with a single 

gene deficiency, which on the one hand is an elegant approach to determine the 

role of these specific proteins, but on the other hand may introduce bias due to 

development of compensatory mechanisms in these genetically modified mice that 

do not directly relate to the genetic deletion (27). Our studies on the function of CD44 

and OPN during Klebsiella and pneumococcal pneumonia demonstrate that, although 

OPN is a ligand for CD44, the absence of either protein affects the immune response 

differently. Moreover, the protective effect of CD44 during hyperoxia induced lung 

injury is OPN independent. Indeed, CD44 is not the only receptor for OPN (28), and 

OPN is not the single ligand for CD44 (29). It would be highly interesting to further 

explore which receptor-ligand interactions are involved in the distinct functions of 

CD44 and OPN described in this thesis. In addition, our results clearly demonstrate 

that the net effect of eliminating CD44 or OPN during pulmonary infection is 

dependent on the pathogen involved and on the stage of the infection. Therefore, 

it is too early to introduce interventions targeting these molecules as therapeutic 

tools. However, we have shown that for melioidosis patients OPN plasma levels can 

be used as an indicator for mortality or therapy success. Knowledge derived from this 

research can further be extended to specify effects during particular infectious and 

inflammatory diseases, and especially to fine-tune timing of possible new treatment 

strategies.
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Nederlandse samenvatting
Infecties zijn wereldwijd een belangrijke oorzaak van ziekte en sterfte. Longen bestaan 

uit vele longblaasjes (alveoli) die samen een groot oppervlak vormen om voldoende 

zuurstof uit ingeademde lucht op te kunnen nemen in het bloed. Door dit grote 

oppervlak en de continue inademing van lucht met potentiële ziekteverwekkers zoals 

bacteriën en virussen is de long een gevoelig orgaan voor infectie. Bacteriën hebben 

het vermogen om zich constant aan te passen aan nieuwe situaties en daarmee 

resistentie te ontwikkelen tegen het immuunsysteem en antibiotica. Meer inzicht in 

factoren die betrokken zijn bij de immuunreactie tijdens infectie is daarom nodig om 

potentiële nieuwe therapieën te ontwikkelen. Een snelle en adequate immuunreactie 

is noodzakelijk voor een effectieve opruiming van bacteriën. Dit gebeurt onder 

andere door het uitscheiden van ontstekingsstoffen (cytokines en chemokines) door 

cellen die aanwezig zijn in de long (o.a. macrofagen), en deze stoffen zorgen voor 

het rekruteren van andere ontstekingscellen (neutrofielen) die helpen de bacteriën 

op te ruimen. Echter, deze reactie kan ook schade toebrengen aan het geïnfecteerde 

weefsel. Ook bij steriele (niet-infectieuze) ontsteking kan de immuunreactie nadelige 

effecten hebben. CD44 is een eiwit dat op veel verschillende soorten cellen voorkomt, 

waaronder ontstekingscellen. Het is bekend dat CD44 processen die optreden tijdens 

infectie en ontsteking kan beïnvloeden, zoals migratie van ontstekingscellen naar de 

plaats van infectie of schade en het uitscheiden van cytokines en chemokines. CD44 

heeft twee belangrijke liganden (stoffen die eraan kunnen binden): osteopontine 

(OPN) en hyaluronzuur (HA; een stof die vrij komt uit weefsel tijdens ontsteking en 

de immuunreactie kan versterken of in stand houden). OPN wordt door verschillende 

cellen uitgescheiden en kan verschillende processen die optreden tijdens infectie 

beïnvloeden, ook onafhankelijk van CD44. Hoofdstuk 1 is een algemene introductie 

waarin de bekende functies van CD44 en OPN worden besproken. Daarnaast worden 

de infectie- en ontstekingsziekten besproken die relevant zijn voor de studies die in 

dit proefschrift beschreven worden. 

 In het eerste deel van dit proefschrift hebben we gekeken naar de rol van CD44 

tijdens de ontstekingsreactie veroorzaakt door hyperoxie (inademing van lucht met 

meer dan 95% zuurstof) of door een bacteriële infectie. Hiervoor maakten we gebruik 

van controle, wildtype (WT), muizen die we vergeleken met muizen die zodanig 

genetisch veranderd zijn dat ze geen CD44 of geen OPN kunnen maken (CD44 KO 

of OPN KO muizen). Hoofdstuk 2 beschrijft de rol van CD44 tijdens longschade 

veroorzaakt door hyperoxie. We laten zien dat CD44 KO muizen een verminderde 
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weerstand tegen hyperoxie hadden: 37.5% van deze muizen stierf binnen de 72 uur 

durende observatie tijd terwijl alle WT muizen overleefden. Vervolgens vonden we 

dat CD44 KO muizen meer ontstekingscellen (neutrofielen) en hogere concentraties 

cytokines en chemokines hadden in de alveolaire ruimte. Opvallend was verder 

dat CD44 beschermde tegen het kapot gaan van de cellen die de aveoli bekleden 

(epitheelcellen) en dat er meer eiwit aanwezig was in de alveolaire ruimte van CD44 

KO muizen. Dit laatste duidt ook op meer schade omdat het eiwit gelekt is uit de 

nabijgelegen bloedvaatjes. Om te kijken of de beschermende rol van CD44 afhankelijk 

was van OPN, hebben we OPN KO muizen vergeleken met WT muizen gedurende 72 

uur hyperoxie en de bovenstaande processen bekeken. Deze waren niet verschillend 

tussen de twee groepen muizen. Hieruit concluderen wij dat CD44 beschermt tegen 

hyperoxie geïnduceerde longschade via een mechanisme dat niet afhankelijk is van 

interactie met OPN. In hoofdstuk 3 bestudeerden we de rol van CD44 tijdens sepsis 

(bloedvergiftiging) veroorzaakt door peritonitis (buikvliesontsteking) als gevolg van 

intraperitoneale (injectie in de buikholte) toediening van de bacterie Escherichia (E.) 

coli. CD44 KO muizen hadden hogere cytokine en chemokine concentraties in hun 

buikholte. In overeenstemming hiermee bleek dat macrofagen die we uit de buikholte 

van ongeïnfecteerde CD44 KO muizen hadden gehaald, inderdaad meer van deze 

stoffen maakten als we ze ex vivo (in een kweekschaal) stimuleerden met E. coli of een 

component gezuiverd uit deze bacterie (lipopolysaccharide of LPS) dan macrofagen 

van WT muizen. De verhoogde cytokine en chemokine productie in de afwezigheid 

van CD44 kon gedeeltelijk ongedaan gemaakt worden door de macrofagen te 

stimuleren in de aanwezigheid van serum (celvrije vloeistof die overblijft na stolling 

van bloed; serum is nodig om cellen ex vivo in goede conditie te houden) van WT 

muizen in plaats van CD44 KO muizen. Het verschil in de productie van cytokines en 

chemokines bleek niet te bestaan als bloed (met daarin verschillende andere typen 

ontstekingscellen) werd gestimuleerd met E. coli of LPS. Deze resultaten suggeren 

dat het effect van CD44 op cytokine en chemokine productie door ontstekingscellen 

afhankelijk is van het type ontstekingscel. In hoofdstuk 4 hebben we gekeken naar 

de functie van CD44 tijdens pneumonie (longontsteking) veroorzaakt door infectie 

met Streptococcus (S.) pneumoniae (ook wel pneumococcen genoemd) door 

intranasale (via inademing door de neus) toediening van druppels met bacteriën. 

Tijdens pneumonie veroorzaakt door infectie met een letale (dodelijke) dosis van 

deze Gram-positieve bacterie (de indeling Gram-positief en -negatief voor bacteriën 

is een tweedeling gebaseerd op basale structuren aanwezig op de celwand van een 
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bacterie) hadden CD44 KO muizen een langere overlevingstijd, wat gepaard ging met 

verminderde bacteriële uitgroei in de longen, minder verspreiding van de bacteriën 

naar perifere organen en het bloed, en verhoogde vroege neutrofiel influx (toestroom 

van gespecialiseerde ontstekingscellen, neutrofielen, die bacteriën opnemen en 

doden) in de longen van deze muizen. Een nadelig effect van CD44 op de afweerreactie 

tegen deze bacterie werd bevestigd tijdens infectie met een lagere, subletale (niet 

dodelijke) dosis, waarbij CD44 KO muizen beter in staat waren om de bacteriën te 

elimineren. Tevens bleek CD44 belangrijk voor het opruimen van ontstekingscellen en 

van HA in de longen tijdens de herstelfase van subletale pneumonie. Deze resultaten 

zijn in overeenstemming met de resultaten van de studie die beschreven wordt in 

hoofdstuk 5, waarin we gekeken hebben naar de rol van CD44 tijdens Gram-negatieve 

pneumonie veroorzaakt door Klebsiella (K.) pneumoniae infectie. Tijdens infectie met 

een letale dosis hadden CD44 KO muizen minder bacteriële uitgroei en verspreiding 

van de bacteriën door het lichaam, verhoogde neutrofiel influx naar de longen en 

verminderde aanmaak van IRAK-M, A20 en SOCS-3. Deze 3 eiwitten onderdrukken 

een immuunreactie die tot stand komt door signalering via Toll-like receptoren (TLRs, 

een soort antennes op cellen die bacteriën of componenten daarvan herkennen 

en daarop een afweerreactie in gang zetten). Daarnaast hadden CD44 KO muizen 

opnieuw een verminderde opruiming van de ontstekingreactie en van HA tijdens de 

herstelfase van pneumonie veroorzaakt door een subletale dosis van K. pneumoniae 

of door LPS afkomstig van K. pneumoniae. Opvallend was dat in tegenstelling tot 

letale S. pneumoniae infectie, CD44 KO muizen geen langere overlevingstijd hadden 

na een letale dosis van K. pneumoniae, wat waarschijnlijk verklaard kan worden 

door de verhoogde longschade die deze muizen hadden, ook tijdens letale Klebsiella 

pneumonie. In hoofdstuk 6 bekeken we de functie van de negatieve TLR regulator 

IRAK-M, tijdens K. pneumoniae en S. pneumoniae geïnduceerde pneumonie. De 

afwezigheid van IRAK-M resulteerde in een sterk verbeterde afweerreactie, wat 

afgeleid kon worden uit verminderde bacteriële uitgroei in de longen, minder 

verspreiding van de bacteriën naar andere organen en een snellere aanwezigheid 

van een ontstekingsreactie in longen van IRAK-M KO muizen. Bovendien overleefden 

IRAK-M KO muizen langer dan WT muizen. Deze resultaten impliceren dat IRAK-M 

een remmend effect heeft op de immuunreactie tijdens zowel Gram-negatieve als 

Gram-positieve pneumonie.

  In het tweede deel van dit proefschrift hebben we de rol van OPN in de afweerreactie 

tegen verschillende luchtweg bacteriën bestudeerd. In hoofdstuk 7 wordt de rol van 
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OPN tijdens K. pneumoniae infectie beschreven. We laten zien dat de concentraties 

van OPN in de long en in plasma hoger worden tijdens Klebsiella pneumonie en dat 

OPN KO muizen gevoeliger zijn voor K. pneumoniae infectie zoals af te leiden was uit 

meer bacteriën in longen van OPN KO dan van WT muizen. Vroege neutrofielmigratie 

naar de alveolaire ruimte was verminderd in OPN KO muizen na intranasale 

toediening van K. pneumoniae of van LPS gezuiverd uit K. pneumoniae. Daarnaast 

vonden we dat intranasale toediening van OPN resulteerde in neutrofielmigratie naar 

de alveolaire ruimte, wat onafhankelijk bleek van CD44. Deze resultaten impliceren 

dat OPN in de alveolaire ruimte zorgt voor het aantrekken van neutrofielen uit het 

bloed en daarmee van belang is voor een effectieve snelle afweerreactie tegen K. 

pneumoniae. In tegenstelling tot K. pneumoniae veroorzaakte pneumonie, bleek 

OPN een negatief effect te hebben op de afweer tegen S. pneumoniae (hoofdstuk 

8). OPN KO muizen hadden een betere overleving na S. pneumoniae veroorzaakte 

pneumonie, wat gepaard ging met verminderde bacteriële groei in longen, perifere 

organen en bloed. Daarnaast vertoonden deze muizen minder longschade. In 

tegenstelling tot pneumococcen pneumonie had OPN geen effect op bacteriële 

groei in pneumococcen sepsis, bewerkstelligd door het direct in de bloedbaan 

toedienen van S. pneumoniae. Deze data suggereren dat het negatieve effect van 

OPN op de antibacteriële afweer tijdens pneumococcen pneumonie vooral in de long 

plaatsvindt. Bovendien was OPN al aanwezig in longen van gezonde ongeïnfecteerde 

WT muizen en OPN concentraties namen toe tijdens pneumococcen pneumonie. Een 

interessante bevinding was dat OPN de levensvatbaarheid van S. pneumoniae in vitro 

stabiliseerde, wat suggereert dat deze bacterie OPN in de long kan misbruiken voor 

optimale groei. In hoofdstuk 9 laten we zien dat OPN ook een negatief effect heeft 

op de afweer tegen Burkholderia (B.) pseudomallei, een Gram-negatieve bacterie die 

in Zuidoost-Azië en Australië voorkomt en de ernstige ziekte melioidose veroorzaakt. 

We vonden dat OPN concentraties in plasma (celvrije vloeibare deel van bloed) 

van melioidose patiënten hoger waren dan in gezonde controles en dat deze nog 

hoger waren in de patiënten die stierven dan in de patiënten die overleefden. Na 

succesvolle therapie bij melioidose patienten waren OPN concentraties weer gedaald 

naar het niveau van gezonde controles. In WT muizen die intranasaal geïnfecteerd 

waren met B. pseudomallei bleken de OPN concentraties in longen en plasma ook te 

stijgen. OPN KO muizen waren meer beschermd tegen melioidose zoals af te leiden 

was uit een langere overleving, minder bacteriële uitgroei in de longen, verminderde 

neutrofiel influx in de longen en minder schade aan het longweefsel. In hoofdstuk 10 
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hebben we de rol van OPN tijdens tuberculose (veroorzaakt door intranasale infectie 

met Mycobacterium tuberculosis) bestudeerd. We vonden geen verschillen tussen 

WT en OPN KO muizen in bacteriële groei, longschade of influx van verschillende 

afweercellen tijdens de eerste 5 weken na infectie. Ondanks de onveranderde 

immuunreactie in de vroege fase van tuberculose, hadden OPN KO muizen een licht 

overlevingsvoordeel en vonden we minder bacteriën en longschade in deze muizen 

tijdens de chronische fase (8 maanden) van tuberculose. We concludeerden dat 

in ons muismodel OPN niet essentieel is voor een beschermende immuunreactie 

tijdens tuberculose en dat tijdens de late fase van tuberculose OPN eerder schade 

toe brengt aan de gastheer.

 Door deze studies hebben wij meer inzicht gekregen in de functie van CD44 en 

osteopontine tijdens infectie en ontsteking, met name in de long. De effecten van deze 

eiwitten tijdens bacteriële longinfectie zijn zeer uiteenlopend en het netto effect van 

CD44 en osteopontine blijkt afhankelijk te zijn van de betreffende bacterie, de dosis 

daarvan en van de duur van de infectie. Deze kennis kan in vervolgstudies gebruikt 

worden om specifieke processen tijdens gedefinieerde infectie of ontstekingsziekten 

nader te bestuderen en vooral om timing van mogelijke nieuwe therapieën af te 

stemmen.
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Aan iedereen die in welke vorm dan ook een bijdrage heeft geleverd aan het tot 

stand komen van dit proefschrift, bedankt!

Tom, ik was in je lab verzeild geraakt door mijn stage bij Alex en jij verraste me al 

snel met de vraag of ik wilde blijven om promotieonderzoek te doen. Ik wilde de 

reeds gemaakte reisplannen voor na mijn studie niet helemaal overboord gooien 

en ben je heel dankbaar dat je me altijd de vrijheid hebt gegeven om naast het 

onderzoek ook de wereld te verkennen. Ik heb veel bewondering voor hoe jij met 

zoveel promovendi toch het overzicht weet te houden over de vele onderzoekslijnen. 

Hoewel we tijdens onze brainstormsessies soms elkaar wel eens in de war maakten 

door CD44 en osteopontine of pneumococcen en Klebsiella door elkaar te halen, 

wist jij toch mijn enorme berg data te overzien en er ook nog iets positiefs in te zien, 

ook als ik dat echt even niet meer zag. Bedankt voor een zeer leerzame en leuke tijd!

Alex, vraagje: hoeveel vraagjes van mij heb je beantwoord in al die jaren? Bedankt 

voor je vertrouwen, voor je deur die altijd open stond, voor al het labwerk dat je 

me geleerd hebt, voor alle presentatietips en natuurlijk de adviezen voor wat te 

doen na je AIO-schap. Kees, bedankt voor al je wijsheden over moleculaire biologie, 

negatieve TLR regulatoren en (non)-bindingsassays. Je enthousiasme over stolling 

is indrukwekkend en het was ook fijn een mede-labneuroot te hebben! Sandrine, 

hartelijk dank dat je ondanks je volle agenda altijd tijd wist te maken voor het 

scoren van mijn vele coupes, hoewel de pathologie niet altijd even spannend was. 

Gelukkig hadden we vaak wel een vermakelijker onderwerp om het scoren wat te 

veraangenamen. Kasper, bedankt dat je me op weg hebt geholpen in de complexe 

wereld van CD44 en hyaluronzuur.

De steunpilaren van onze groep: Regina, respect voor de vele coupes die je voor me 

gesneden, geplakt en gekleurd hebt, Anita, Jennie, Petra, Danielle en Kelly. Monique, 

bedankt dat je platen voor me uit stoof wilde halen op Koninginnedag! Joost en 

Marieke: wat hebben we vele uren in het ARIA doorgebracht, eenzijdige BAL is best 

leuk toch?! Joost, jij hebt het gepresteerd om je nooit door mij te laten opjagen, 

bedankt dat ik van jou altijd mee mocht zingen met de radio. Mariekske, bedankt 

voor alle gezelligheid en natuurlijk het vangen van de muis die achter de motor in 

de koelkast was gaan zitten! Heleen, Suzanne en Monique, zonder jullie zou het echt 
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een puinhoop worden, bedankt voor de vele leensleutels. De CEMM ICTers, Piet, Eric 

en Hubert, bedankt voor jullie hulp in de duistere wereld van computers. 

Alle Tommies, veel dank voor alle gezelligheid! 

Lieve (of ha) Mas, beste Masja, zoals jij al aanhaalde waren onze proefjes samen 

eigenlijk nooit een groot succes. Misschien was het ons beider status van vreemde 

eend in de bijt, jij met je supervirulente enterococ en ik met mijn CDhoeveel-ook-

alweer, dat we elkaar gevonden hebben in soepkommen wijn drinken... Ik vind het 

erg leuk dat we elkaars paranifm zijn. Veel dank voor al je hulp en adviezen, en ik 

wens je alle geluk met je gezinnetje straks! Marcello, buurman, we gingen altijd 

lekker samen op; niet alleen op werkgebied maar ook alle randzaken konden we 

fijn met elkaar delen. En dan na een avondje doortypen weer naar dezelfde straat 

terug keren! Bedankt voor het aanhoren van al mijn frustraties en voor het delen 

van jouw altijd fantastische verhalen;) Ik miste je aanwezigheid toen je vertrokken 

was en ik had je graag als 3e paranimf gehad! Arjan, zonder al jouw hulp was dit 

een handgeschreven boekje geworden en was ik een eenzame bioloog geworden 

tussen al die dokters. Gelukkig verhuisde jij snel achter me aan naar boven en was 

het weer vertrouwd. Bedankt voor alle steun en gezelligheid! De oude gang Tommies 

waarmee we naar Korea gingen: onze gids Goda (hoe komt ‘t toch dat jij Koreaans 

spreekt?), Mihiel (S-T-E-…), Ilona (wat zijn nou precies haircuttertjes?), MvZ (is er 

nog koffie?), Jaco (ook fagocytose op zaterdag is niet leuk…, maar samen hebben we 

er toch een aardig stuk van gemaakt denk ik), Sylvia (yes indeed some people are 

born in the eighties!) en Martijn (waar ligt nou toch mijn bril?). Markie D, veel dank 

dat je me in mijn beginjaren geholpen hebt met alles waar ik tegenaan liep! Ik nam 

graag als tegenprestatie de telefoon voor je op. Na de nauwe samenwerking (nee 

daar is geen foto van…) ‘lijken’ we nu iets minder op elkaar (dat een kapsel zo’n issue 

kan zijn!) en nemen CD14 en CD44 afscheid van elkaar. Cathrien en Joost, bedankt 

voor al jullie wijze lessen, natuurlijk het leren van de ‘vieze’ modellen en het Sky-

radio kerstzingen in het KIT. De ‘wat oudere nieuwe Tommies’: Florry (gezellig dat we 

weer roomies zijn!), Miriam (ben je nou aan het lachen of aan het huilen?), Liesbeth 

(is de dunktank alweer in gebruik?), Joppe (als je blouse maar gestreken is en in 

je broek zit), Jolanda (veel geluk met al je mannen!) en ons zwarte schaapje Adam 

(wat een avontuur he zo’n bruiloft in Kampen). En natuurlijk de ‘nieuwste Tommies’: 

Tim, Achmed, Anne-Jan, Dana, Daan, Thijmen en Gavin. Alle andere mede AIO-kamer 

bewoners in het oude F0-117: Andrea (my god), Akueni, Ludmilla, Maarten, Wytske 
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(wat waren we sportief he!) en Tamara (wat hadden ze lekkere taartjes in Wenen!). 

En mijn nieuwe stekkie op G2-105: Keren, Karla (thanks for all attempts to blot HA), 

onze adoptie-Tommie Jan-Willem, Marein, Michiel, Lois en Willemijn.

Mijn ‘aangetrouwde’ Weesper (korfbal, hockey, voetbal etc.) vrienden, bedankt voor 

alle gezelligheid en support. Of het nou bij een sportveld, in de sauna of in de kroeg 

was, met jullie was het altijd een goede tijd! Marianne, nicht, dat we na onze lijkende 

naam en geboortedatum nu ook nog allebei wilden promoveren. Fijn dat we van 

elkaar begrepen dat een voicemail relatie ook wat waard is. Lieve Steef, terwijl we al 

jaren op dezelfde middelbare school zaten werden we eigenlijk pas echt vriendinnen 

in Amsterdam, of misschien wel Hongarije ;) Ik mis wel onze donderdagavonden in 

Nota bene en Paradiso! Ik ben heel trots op je dat je je nu ook een afgestudeerde 

Medisch bioloog mag noemen. Bedankt voor alle gezelligheid en vertrouwen, en 

natuurlijk dat je naast me wilt zitten op 1 april! 

Lieve oma, bijna 85 en nog altijd geïnteresseerd in mijn studie, jammer dat opa er 

niet meer bij kan zijn. Jo en Es, mijn ukken broertje en zusje, fijn dat we altijd met 

z’n drieën waren en ik weet zeker dat het zo zal blijven, ook als we in de VS wonen! 

Lieve Mien en Jan, pa en Annemarie, bedankt voor alle fijne momenten en voor de 

vrijheid die ik kreeg. Jullie vertrouwen heeft mij altijd gesterkt in mijn keuzes voor de 

toekomst! Lieve lieve Bart. Al bijna 10 jaar ben jij mijn grote liefde, bedankt voor al je 

steun, vele geduld en altijd opbeurende Bart-grapjes. Het was fantastisch om samen 

de wereld te verkennen en beiden een promotie traject te volgen. Ik kijk erg uit naar 

ons volgende avontuur, ik hou van je!

Rianne
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