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General introduction – insight into the lung environment

Human lungs are derived from the endoderm, one of the three primary germ layers present very 
early during embryonic development. The trachea, bronchi and alveoli together form our respira-
tory tract, primarily meant to conduct air after inhalation and expiration, allowing the exchange of 
gases (oxygen and carbon dioxide) making life possible. As a consequence thereof, the respiratory 
tract surface is continuously exposed to potentially harmful pathogens and aeroallergens. To avoid 
the development of lung infection and inflammation, the respiratory tract surface also functions as 
a physical barrier preventing harmful substances from entering our body. Additional mechanisms 
contribute to this purpose, including the production of mucus and the clearance of substances 
captured in mucus by cilia present on respiratory epithelial cells. Since failure of this barrier can 
be fatal, the respiratory system is further equipped with tools to directly or indirectly prevent lung 
diseases. Direct recognition of these damaging substances along with the ability to initiate defense 
mechanisms is often referred to as the innate immune defense. While most of what we currently 
know of this innate immunity originates from studies involving leukocytes, there are some investi-
gations suggesting that basal innate immune function originates from epithelial cells [1]; the first 
time innate immunity was described involved epithelial cells in the insect Drosophila, a primitive 
multicellular organism [2]. More complex organisms developed a more intricate innate immune 
system involving not only epithelial cells, but also more specialized cells which we call leukocytes. 
Phagocytic leukocytes such as macrophages and other known members of innate immunity such 
as neutrophils can be found in the lung environment or can be recruited to where they are needed. 
Detrimental effects of inflammatory and infectious lung diseases are a result of these epithelial 
cells and specialized leukocytes failing to protect the host despite implementing their barrier and/
or (specialized) innate immune function. Understanding the complex mechanisms that underlie 
these basal defense systems and understanding the role of each cell that is involved in this defense 
is mandatory to be able to improve current management of infected or inflamed lungs.
This thesis is meant to advance our current knowledge of innate immunity in the lung. Disease 
processes such as pneumonia and asthma were simulated using established mouse models and cell-
specific immune responses were studied to evaluate their role during pulmonary host defense. This 
introductory chapter highlights general topics that are featured in the main chapters of this thesis.

Lung epithelium
The adult respiratory tract consists of the large airways that include the trachea and bronchi, and 
the smaller airways which include bronchioles and alveoli. The distinction between these two is 
often made based on the type of epithelial cells that can be found in the different compartments. 
The epithelium in the large airways is pseudostratified, while columnar and cuboidal cells reside in 
the smaller distal airways [3]. Airway defense against pathogens inhaled through air starts with the 
barrier function formed by the layer of epithelial cells lining the surface of the conducting tract, 
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creating a boundary between the airway space (outside) and the inner milieu of the host.  Coug-
hing and the cilia present on epithelial cells mainly found in the upper airways ensure clearance of 
debris. Mucus produced by secretory cells (which can contain antimicrobial peptides) facilitates 
this process by trapping pathogens. Lower down the respiratory tract bronchioles end in specia-
lized air cavities called alveoli (Figure 1). The alveolar membrane is the site where the lung’s main 
function takes place: gas exchange. Two distinct epithelial cell types reside at this lower airway le-
vel, and each has its own specific role ensuring optimal oxygen uptake and carbon dioxide removal 
from blood [4].  Alveolar type I cells cover approximately 95% of the alveolar surface and because 
of its thin, flat form, gas diffusion can easily take place here. Alveolar type II cells on the other 
hand produce surfactant protein C which creates the ideal surface tension thereby preventing the 
alveolus from collapsing. Interestingly, although these are epithelial cells, they are also capable of 
responding to bacterial components [5-9]. Their role during lung diseases such as pneumonia and 
asthma is discussed in detail in chapters 5 and 6, and 7 respectively.

Figure 1: The alveolar space contains many different cell types that are able to participate in innate immunity.
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Innate immunity in the lung: a collaboration between different cell types
Pathogen associated molecular patterns (PAMPs) are molecular patterns that can be recognized 
by pattern recognition receptors (PRRs) [10].  In the lungs, these molecular patterns can be shed 
from common lung pathogens such as the Klebsiella (K.) pneumoniae or Pseudomonas (P.) ae-
ruginosa, which can cause pneumonia. Likewise, aeroallergens such as house dust mite (HDM) 
contain extracts that can serve as PAMPs and induce allergic lung disease known as asthma [11]. 
While pneumonia and asthma are two different respiratory tract diseases with different clinical 
features, both are characterized by inflammatory lung damage and both share similar pathogenetic 
features involving the triggering of common innate immune pathways.  Toll-like receptors (TLRs) 
are PRRs that play a central role in the detection of bacterial and asthma-related PAMPs [10,11]. 
As mentioned in the general introduction, the lung surface serves as physical barrier, and failure of 
this barrier requires innate immunity to prevent or minimalize lung damage during diseases like 
pneumonia and asthma. A well-established collaboration between the respiratory epithelial cells 
present on the lung surface (most likely the first cells to encounter the pathogen or aeroallergen) 
and the more specialized innate immune cells is vital for this purpose (Figure 1). 
The upper respiratory tract surface mainly consists of pseudostratified mucosal epithelium which 
is specialized in producing mucus containing antimicrobial peptides and surfactants able to trap 
harmful substances, which are then transported upwards through cilia. In the lower airway tract 
and alveoli, however, gas exchange becomes more crucial and accumulation of pathogens can cause 
a breach in the barrier that is formed by epithelial cells, which may lead to impairment of lung 
function with a potentially fatal outcome. Therefore, it may not come as a surprise that almost all 
cells, including alveolar epithelial cells that allow gas exchange, are equipped with innate immune 
defense tools and express PRRs such as TLRs. Different types of TLRs exist for the recognition 
of different types of ligands. Most TLRs share a common pathway that involves myeloid differen-
tiation factor 88 (MyD88), and eventually leads to the production of cytokines and chemokines. 
Expression and correct functioning of TLRs depend on glycoprotein 96 (gp96), an endoplasmic 
reticulum (ER) chaperone responsible for the regulation of post-translational processes of many 
proteins [12,13]. Dendritic cells and macrophages are an example of specialized immune cells 
present in the lung environment equipped with these defense tools, and ready to come into ac-
tion when required to, while for example neutrophils can be recruited to the site of infection for 
further assistance. These cells are derived from the hematopoietic lineage and are known to be 
specialized in immune defense. However, little is known about the role of non-hematopoietic cells 
such as lung epithelial cells. 

Pneumonia and sepsis
Lung infections are among the most frequent causes of death worldwide, accounting for 3.1 milli-
on deaths in 2012 [14]. Sepsis, a disease that is defined by infection accompanied by organ failure, 
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frequently caused by pneumonia, is estimated to be responsible for 5.3 million deaths annually 
worldwide [15]. Many different microorganisms can cause pneumonia, and although the disco-
very of antibiotics led to a significant reduction in mortality, the emergence of multidrug-resistant 
bacterial strains offers huge challenges for the future to come. Understanding the mechanism by 
which pathogens cause disease might enable us to develop additional therapeutic options and tac-
kle this important health issue. Microorganisms that pose the most threat because of the ability to 
resist multiple antimicrobial drugs are referred to as the ESKAPE bacteria, and include Enterococ-
cus faecium, Staphylococcus aureus, K. pneumoniae, Acinetobacter baumanii, P. aeruginosa and Ente-
robacter species [16]. Two of these, K. pneumoniae and P. aeruginosa, are the main focus of chapters 
2,3, 4 and 5. K. pneumoniae is a frequent cause of pneumonia and sepsis, and belongs to the family 
of Enterobacteriaceae [17-19].  The rate at which β-lactamase producing Enterobacteriaceae emerge 
is very concerning, especially because pneumonia caused by these strains tend to be more severe 
[18,20,21]. P. aeruginosa is another frequent cause of gram-negative pneumonia and poses a major 
health concern [22]. Hospitalized patients and patients with pre-existing lung disease are com-
monly affected by this flagellated micro-organism, and unfortunately, multi-drug resistance is not 
uncommon [23]. Identifying the main cells important for host immunity during infections with 
these bacteria may be of great value in the development of new more cell-targeted drugs.  

Asthma
Asthma is a chronic disease of the lungs that can develop due to exposure to aeroallergens of which 
HDM is the most common one. Asthma is a disorder marked by chronic inflammation of the 
conducting airways causing bronchial hyperresponsiveness and obstruction of air flow. Severe 
shortness of breath and coughing are hallmarks of an asthma attack with which patients with this 
debilitating disease can present. It affects around 300 million people worldwide, and in about 
85% of the cases allergy to HDM is the cause [24]. In the Netherlands, the prevalence of asthma 
in 2011 was almost half a million while the incidence was more than 87.000 [25]. Lung epithelial 
cells have a prominent role during asthma [26]. They can communicate with dendritic cells and 
help detect HDM directly or indirectly through TLR pathways involving activation of MyD88 
[27,28], eventually triggering T-helper 2 cell responses. The exact role of each cell type involved in 
the pathogenesis of asthma has not been elucidated yet. The role of MyD88 dependent signaling 
in macrophages and alveolar type II epithelial cells during allergic asthma is the focus of chapter 6. 

Experimental mouse models
To study the TLR pathway in specific cells, we have made use of mice deficient for gp96 or MyD88 
in a specific cell type. These so called conditional knockout mice were generated using the Cre-Lox 
recombination system (Figure 2); the Cre enzyme is a recombinase that is normally not expressed 
in mice, and that is able to recombine Lox sequences (also called LoxP sites) when present in the 
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DNA.  The DNA sequence between the LoxP sites is then excised, which results in deletion of 
(part of ) the gene. We obtained genetically modified mice in which part of the gp96 or myd88 
gene is flanked by LoxP sites. When these so called “floxed” mice are then crossed with mice ex-
pressing the Cre enzyme in a specific cell type, Cre recombination and therefore deletion occurs 
in a cell specific manner. In this way, we have generated mice deficient for the target protein in 

myeloid, endothelial and two types of lung alveolar epithelial cells. 

Figure 2: Generation of conditional knockout mice, a simplified view. Illustrated here is an example of the generation of 

a mouse with specific deletion of the myd88 gene in alveolar type II epithelial cells. First, a genetically modified mouse is 

used in which expression of the Cre enzyme gene is artificially located downstream of a cell-specific promoter, in this case 

the surfactant protein C (SpC) promoter. This promoter is specific for alveolar type II cells, and in this mouse expression 

of Cre will therefore only be found in these cells. This Cre expressing mouse can then be mated with a mouse which is also 

genetically modified, a so called “floxed” mouse. The “floxed” mouse in this example contains the myd88 gene but is flanked 

by LoxP sites. Cre is an enzyme that cuts out DNA regions flanked by LoxP sites, and therefore offsprings of the Cre mouse 

and “floxed” mouse in this example will result in a mouse with specific deletion of (part of ) the myd88 gene only in alveolar 

type II cells. Conditional knock out mice generated this way can be used to study important proteins involved in the innate 

immunity in a cell-specific manner.
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Outline of the thesis

Our view of the innate immunity has been completely altered since the discovery of TLRs in 1996 
[29]. The unveiling of mechanisms to detect specific microbial components has opened the door 
to new opportunities in the field of infection and inflammation. It is believed that understanding 
the molecular pathways leading to either death or survival is crucial before new treatment options 
can be developed. Pneumonia and asthma are two important diseases still affecting millions of 
adults and children worldwide, and new therapies can help reduce morbidity and/or mortality. 
The general objective of this thesis is to obtain insight into the role of the TLR pathway in the 
different cell types that can be found in the respiratory tract system in the initiation of innate 
immune responses, using experimental mouse models in which either pneumonia or allergic lung 
inflammation resembling asthma is induced. In Chapter 2, the importance of the chaperone gp96 
in macrophages during K. pneumoniae induced pneumonia is studied. In Chapter 3 we made use 
of conditional knockout mice to study myeloid and endothelial MyD88 during pneumonia caused 
by K. pneumoniae. Epithelial MyD88 and its impact on host defense during Klebsiella pneumonia 
was examined in Chapter 4. In Chapter 5 we investigated the role of epithelial MyD88 during 
pneumonia caused by P. aeruginosa. Finally, in Chapter 6 we investigated the importance of 
MyD88 in myeloid and lung epithelial cells during allergic airway disease.  
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Abstract

Klebsiella pneumoniae is among the most common gram-negative bacteria that cause pneumo-
nia. Gp96 is an endoplasmic reticulum chaperone that is essential for the trafficking and function 
of Toll-like receptors (TLRs) and integrins. To determine the role of gp96 in myeloid cells in 
host defense during Klebsiella pneumonia. Mice homozygous for the conditional Hsp90b1 allele 
encoding gp96 were crossed with mice expressing Cre-recombinase under control of the LysM 
promoter to generate LysMcre-Hsp90b1-flox mice. LysMcre-Hsp90b1-flox mice showed absence 
of gp96 protein in macrophages and partial depletion in monocytes and granulocytes. This was 
accompanied by almost complete absence of TLR2 and TLR4 on macrophages. Likewise, integrin 
subunits CD11b and CD18 were not detectable on macrophages, while only slightly reduced on 
monocytes and granulocytes. Gp96 deficient macrophages did not release pro-inflammatory cyto-
kines in response to Klebsiella and displayed reduced phagocytic capacity independent of CD18. 
LysMcre-Hsp90b1-flox mice were highly vulnerable to lower airway infection induced by K. pneu-
moniae, as reflected by an enhanced bacterial growth and a higher mortality rate.  The early in-
flammatory response in Hsp90b1-flox mice was characterized by a strongly impaired recruitment 
of granulocytes into the lungs accompanied by an attenuated production of proinflammatory 
cytokines, while the inflammatory response during late stage pneumonia was not dependent on 
the presence of gp96. Blocking CD18 did not reproduce the impaired host defense of LysMcre-
Hsp90b1-flox mice during Klebsiella pneumonia. 
These data indicate that macrophage gp96 is essential for protective immunity during gram-nega-
tive pneumonia by regulating TLR expression.
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Introduction

Pneumonia is responsible for an inordinate disease burden worldwide [1]. Klebsiella (K.) pneu-
moniae is among the most common gram-negative bacteria that can cause infection of the lower 
respiratory tract [2,3]. 
Gp96 (also known as heat shock protein 90kDa beta member 1 [Hsp90b1], grp94, endoplasmin 
or ERp99) is an endoplasmic reticulum (ER) chaperone that plays an essential role in the folding 
and function of many Toll-like receptor (TLR) and integrin family members [4-7].  TLRs are pat-
tern recognition receptors that prominently feature in the first line of defense against infection by 
virtue of their capacity to recognize conserved motifs expressed by pathogens and thereby to initi-
ate the innate immune response [8,9]. Integrins comprise a family of 24 αβ subunit heterodimers 
that regulate the proliferation, differentiation and migration of cells [10]. Deletion of gp96 results 
in the posttranslational loss of multiple TLRs and integrins [4-6], suggesting that this chaperone 
protein occupies a central part in innate immunity. 
Studies on the role of gp96 in vivo are hampered by the fact that global gp96 deficiency is not 
compatible with life. Recently, myeloid specific gp96 deficient mice were generated and shown to 
be relatively resistant to shock induced by systemic administration of the TLR4 ligand lipopolys-
accharide (LPS) in vivo. Furthermore, macrophages purified from these animals displayed strongly 
diminished cytokine production upon stimulation with multiple TLR agonists [5].
We here sought to determine the role of myeloid gp96 in host defense during gram-negative pneu-
monia. For this we compared LysMcre-Hsp90b1-flox and littermate control mice after infection 
of the lower airways with K. pneumoniae. Our results are the first to show an essential role of 
macrophage gp96 in protective immunity in a clinically relevant model of lower respiratory tract 
infection. 

Methods

Ethics statement
Experiments were carried out in accordance with the Dutch Experiment on Animals Act and ap-
proved by the Animal Care and Use Committee of the University of Amsterdam (Permit num-
bers: DIX100121-AR and DIX21-CF, and sub-protocol DIX101613).

Animals
Homozygous Hsp90b1fl/fl  mice [5] were crossed with LysMcre mice [11] ( Jackson Laboratory, Bar 
Harbor, ME), to generate LysMcre-Hsp90b1-flox mice. Hsp90b1fl/fl Cre negative littermates were 
used as controls. All mice were backcrossed at least 8 times to a C57Bl/6 background and age- and 
sex matched when used in experiments. C57BL/6 mice were purchased from Jackson Laboratory. 
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All mice were used at age 8-10 weeks. 

Antibodies
PerCP-conjugated anti-CD115, FITC-conjugated anti-CD45, Fixable Viability dye eFluor 780, 
PerCP-conjugated anti-CD64, PE-conjugated anti-TLR2, PE-conjugated anti-TLR4/MD2, PE-
conjugated anti-CD29 and all matching isotypes were purchased from eBioscience (San Diego, 
CA). Alexa647-conjugated anti-Siglec-F, PE-conjugated anti-CD11b, FITC-conjugated anti-
GR-1, APC-conjugated anti-streptavidin Ab, PE-conjugated anti-CD18 (clone C71/16) and Fc 
Block were obtained from BD Biosciences (Bedford, MA). Biotinylated anti-CD31 Ab was ob-
tained from Biolegend (San Diego, CA). Rat anti-mouse anti-gp96 Ab was purchased from Enzo 
Life Sciences (Farmingdale, NY) and anti-rat IgG HRP from Santa Cruz (Dallas, TX). Biotinyla-
ted anti-F4/80 was obtained from Bio-Connect (Huissen, The Netherlands). CD18 blocking ab 
(purified NA/LE rat anti-mouse CD18; clone: GAME-46) and matching control Ab for in vivo 
studies were purchased from BD Biosciences.

Isolation, purification and identification of primary cells
Alveolar macrophages were isolated after bronchoalveolar lavage (BAL) with 10 mL PBS; peri-
toneal macrophages were harvested after peritoneal lavage with 5 mL PBS.  Macrophages were 
seeded in flat bottom 96 wells cell culture plates (Greiner bio-one, Alphen a/d Rijn, Netherlands) 
in RPMI medium (Gibco, Bleiswijk, The Netherlands) containing 10% FBS and antibiotics (Pe-
nicilline/Streptomycine) and allowed to adhere overnight prior to analysis, stimulation or phago-
cytosis. For ex vivo whole blood stimulation and to obtain granulocytes and monocytes for DNA 
and protein analysis, blood was collected in tubes containing EDTA or heparin by heart puncture. 
For whole blood stimulations, 100 μL of heparinized blood was pipetted in a 96 wells U-bottom 
cell culture plate (Greiner). To purify granulocytes and monocytes for DNA and protein analysis, 
erythrocytes in EDTA blood were lysed with an ammonium chloride containing buffer; mono-
cytes were identified as CD11b+/GR-1dim/CD115+, granulocytes as CD11b+/GR-1high/CD115-, 
and the fraction of CD11b-  cells with a low Forward and Side Scatter pattern were identified as 
lymphoid cells [12]. Cells were sorted on a FACSAria II cell sorting machine (BD Biosciences). 

Quantitative PCR
Deletion efficiency of Hsp90b1 was determined after extracting DNA from purified cells using the 
Nucleospin Blood Kit (Machery Nagel, Düren, Germany). The residual amount of the “floxed” 
region of Hsp90b1 in various primary cells of LysMcre-Hsp90b1-flox and littermate control mice 
was quantified using primer sequences 5’- GAGGAGCTTAGACTCGGGATTG-3’ (forward) 
and 5’- GCCCCAAGAACGTTCGAGAA-3’ (reverse) normalized to Socs-3 with primer 
sequences 5’-ACCTTTCTTATCCGCGACAG-3’ (forward) and 5’- TGCACCAGCTT-
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GAGTACACAG-3’ (reverse) in a SybrGreen reaction on a LightCycler System (LC480, Ro-
che Applied Science, Mannheim, Germany). The amount of remaining “floxed” Hsp90b1 region 
was calculated using the 2-deltaCt (ΔΔCt) method using the amount of genomic DNA from 
littermate mice for the no-deletion control. The deletion efficiency was calculated as (1 – residual 
Hsp90b1-flox) x 100.

Western Blot
Cells were lysed in cell lysis buffer (Cell Signaling Technology, Danvers, MA) followed by centri-
fugation at 10.000 g for 10 minutes to spin down nuclei. Supernatants were stored at -80° C until 
further analysis. Samples were first reduced with B-ME were separated by 10% polyacrylamide 
SDS gel electrophoresis and transferred to polyvinylidene difluoride (PVDF) membranes (Mil-
lipore, Billerica, MA). Membranes were blocked in block buffer containing 5% nonfat dry milk 
proteins and 0.1% Tween 20 in 50 mM Tris, 150 mM NaCl (pH 7.4; TBS), washed with 0.1% 
Tween 20 in TBS and incubated overnight with gp96 antibody in block buffer at 4° C. After 
washing with 0.1% Tween 20 in TBS, membranes were probed with secondary Ab for 2 hours 
at room temperature in blocking buffer. After washing with 0.1% Tween 20 in TBS, membranes 
were incubated with Lumi-LightPlus Western Blotting Substrate (Roche Applied Science, Mann-
heim, Germany) and positive bands were detected using the ImageQuant LAS 4000 (GE Health-
care Life Sciences, Amersham, UK).

Flow Cytometry
Cells were stained with Fixable Viability dye eFluor 780 and incubated with Fc Block prior to 
surface staining of TLR2, TLR4, CD11b, CD18 and CD29. For lung macrophages, lung cell 
suspensions were acquired according to methods described by others [13]. Alveolar macrophages 
were identified as CD45+/CD64+/SiglecF+ or CD45+ /CD11c+/SiglecF+ cells. In peritoneal lava-
ge fluid, peritoneal macrophages were identified as F4/80+ cells. In blood, GR-1dim/CD115+ cells 
were considered monocytes, while GR-1high/CD115- were marked as granulocytes. gMFI’s were 
corrected for isotype controls. Flow cytometry analyses were performed using a FACSCANTO 
II machine (BD Biosciences).

Stimulation of macrophages
Alveolar and peritoneal macrophages were seeded in flat bottom 96 wells cell culture plates  (Grei-
ner Bio-one) at a density of approximately 30.000 and 50.000 respectively per well in RPMI 
complete and left to adhere overnight. Cells were stimulated for 20 hours with the indicated 
concentrations of heat-killed K. pneumonia, LPS derived from Klebsiella pneumoniae (Sigma) or 
Pam3CSK4 (InvivoGen, Toulouse, France) diluted in RPMI complete medium in a final volume 
of 200 microliter.
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Phagocytosis assay
For phagocytosis, FITC labeled heat killed K. pneumoniae  was added to alveolar or peritoneal 
macrophages (at a bacterium:cell ratio of 100:1) for 1 hour at 37° C of at 4° C as a control. To stop 
phagocytosis, samples were put on ice and non-phagocytized bacteria were washed away with ice 
cold PBS. Cells were then incubated for one minute with Trypan Blue Solution (0.4%, Gibco) 
to quench extracellular fluorescence caused by bacteria that might have adhered to the outside of 
cells. The phagocytic index was calculated by multiplying the gMFI of FITC positive cells with the 
percentage of FITC positive cells. Final phagocytic index numbers were calculated by subtracting 
phagocytic index of 4° C samples.

Induction of pneumonia and sampling of organs
Pneumonia was induced by intranasal inoculation with ~900 or ~9000 CFUs) of K. pneumoniae 
serotype 2 (ATCC 43816; American Type Culture Collection, Manassas, VA). Mice were eutha-
nized after 6 or 24 hours of infection and organs were harvested and processed exactly as described 
[14-16]. Survival was monitored in separate experiments.

Histopathology
Histologic examination of lungs was performed as described [14,15]. In brief, lungs were fixed in 
10% buffered formalin, and embedded in paraffin. 4 µm sections were stained with haematoxylin 
and eosin (HE) and analyzed by a pathologist blinded for groups as described earlier. To score lung 
inflammation and damage, the entire lung surface was analyzed with respect to the following pa-
rameters: bronchitis, edema, interstitial inflammation, intra-alveolar inflammation, pleuritis, en-
dothelialitis and percentage of the lung surface demonstrating confluent inflammatory infiltrate. 
Each parameter was graded 0–4, with 0 being ‘absent’ and 4 being ‘severe’

Assays
TNF-α, IL-1β,  IL-6, CXCL1, CXCL2, CXCL5, CCL2, CCL20, Lipocalin-2, G-CSF and GM-
CSF were measured by ELISA (R&D Systems, Minneapolis, MN). 

Statistical analysis 
Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, 
median, upper quartile, and largest observation unless indicated otherwise. Differences between 
control and LysMcre-Hsp90b1-flox mice were analyzed by Mann Whitney U test. Serial data were 
tested by Kruskal-Wallis test, followed by Mann-Whitney tests. Survival curves are depicted as 
Kaplan-Meier plots and compared using log-rank test. These analyses were done using GraphPad 
Prism (San Diego, CA). P< 0.05 was considered statistically significant.
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Results

Characterization of LysMcre-Hsp90b1-flox mice
Cre-mediated Hsp90b1 deletion in LysMcre-Hsp90b1-flox mice was highly efficient in alveolar 
macrophages, granulocytes and peritoneal macrophages; monocytes showed partial deletion, 
while Hsp90b1 expression was unaffected in lymphocytes (Figure 1A). In accordance, gp96 pro-
tein was not detectable in alveolar or peritoneal macrophages derived from LysMcre-Hsp90b1-flox 
mice, while partial depletion of gp96 was found in monocytes (Figure 1B). Despite highly ef-
ficient Cre-mediated deletion of Hsp90b1 in granulocytes, only partial depletion of gp96 protein 
was observed in these cells, which is in accordance with the original characterization of LysMcre-
Hsp90b1-flox mice, and has been attributed to the short life span of granulocytes in combination 
with a relatively long half-life of gp96 [5].
Since gp96 is a master chaperone for TLRs [4,5], we analyzed LysMcre-Hsp90b1-flox macropha-
ges, monocytes and granulocytes for the expression of TLR2 and TLR4 (previously found impor-
tant for host defense against Klebsiella [14]) by flow cytometry (Figure 1C). LysMcre-Hsp90b1-
flox alveolar and peritoneal macrophages displayed a virtually complete absence of TLR2 and 
TLR4 expression. TLR expression was very low on blood monocytes and granulocytes of both 
mouse strains. Cell-surface expression of many integrin subunits is dependent on gp96, including 
the α subunit CD11b and the β subunit CD18 [7]. In accordance, LysMcre-Hsp90b1-flox  ma-
crophages displayed very low surface expression of CD11b and CD18, while expression of the 
gp96 independent integrin subunit CD29 [7] was unaffected (Figure 1C). LysMcre-Hsp90b1-flox  
monocytes and granulocytes showed modestly reduced expression of gp96 dependent integrin 
subunits. 
Together, these data indicate that LysMcre-Hsp90b1-flox mice display a virtually complete func-
tional deficiency of gp96 in macrophages with a modestly reduced gp96 function in monocytes 
and granulocytes. 

LysMcre-Hsp90b1-flox macrophages are hyporesponsive to K. pneumoniae
To investigate the role of gp96 in cellular responsiveness, we stimulated alveolar and peritoneal 
macrophages with heat killed Klebsiella, the TLR4 agonist LPS or the TLR2 agonist Pam3CSK4 
(Figure 2A). Both alveolar and peritoneal macrophages isolated from LysMcre-Hsp90b1-flox mice 
failed to release TNF-α, CXCL1 and CXCL2 upon incubation with either one of these stimuli, 
while control macrophages produced high amounts of these proinflammatory mediators. Alve-
olar macrophages deficient in gp96  also showed a reduced capacity to phagocytose Klebsiella 
(Figure 2B). Because CD18 integrin complexes have been described to be important in phagocy-
tosis [17,18], control and LysMCre-Hsp90b1-flox peritoneal macrophages were incubated with 
control or anti-CD18 antibody prior to phagocytosis. Although pretreatment with anti-CD18 
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Figure 1. Characterization of LysMcre-Hsp90b1-flox mice. DNA of primary cells derived from control and LysMcre-

Hsp90b1-flox mice (n = 4 per group) was isolated and LysMcre-mediated deletion efficiency of Hsp90b1 was calculated by 

using control mice as reference (A). Expression of the gp96 protein isolated from  control and LysMcre-Hsp90b1-flox mice 

(n = 4 per group, pooled) was examined by western blot, using β actin as a loading control (B). Surface expression of TLRs 

and integrin family members on alveolar macrophages (CD45+/CD64+/ SiglecF+ cells), peritoneal macrophages (F4/80+ 

cells), monocytes (Gr1dim/ CD115+ cells) and granulocytes (Gr1+/ CD115- cells) was assessed by flow cytometry (n=4 or 

5 per group) (C). For each examined TLR or integrin, a representative graph (left) and geomean fluorescence intensitiy 

(gMFI) per group (right) is shown. Open histograms with dotted lines, shaded histograms/bars and open histograms/

white bars represent isotype controls, control cells and LysMcre-Hsp90b1-flox cells respectively. AM (alveolar macropha-

ges), PM (peritoneal macrophages), M (monocytes), Gr (granulocytes), C (control mice), cKO (conditional knockout 

mice, LysMcre-Hsp90b1-flox mice). Data in bars are expressed as mean (SE) and compared using Mann-Whitney test. * 

p< 0.05.

antibody significantly reduced expression of this integrin on control macrophages, this did not 
lead to impaired phagocytosis (Figure 2C). These results demonstrate that LysMCre-Hsp90b1-
flox macrophages are impaired in their ability to produce inflammatory mediators and to phago-
cytose Klebsiella, whereby the latter effect is independent of reduced CD18 expression.
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Figure 2. LysMcre-Hsp90b1-flox macrophages are hyporesponsive to K. pneumoniae. Alveolar macrophages (30.000 

cells/well) and peritoneal macrophages (50.000 cells/well) from control and LysMcre-Hsp90b1-flox mice were stimulated 

with Pam3CSK4 (1 μg/ml), LPS derived from K. pneumoniae (100 ng/ml) or heat killed K. pneumoniae (2e7 CFU/ml) 

for 20 hours after which levels of TNF-α, CXCL1 and CXCL2 in supernatant were determined (A). To assess phagocy-

tic ability, alveolar macrophages (100.000 cells/well) were incubated with FITC labeled heat killed K. pneumoniae (in 

a bacterium:cell ratio of 100:1) (B). To determine the role of CD18 during phagocytosis, peritoneal macrophages were 

pretreated with 10ug/ml control or anti-CD18 antibody 30 minutes before incubating with FITC labeled heat killed K. 

pneumoniae (C). After pretreatment, residual CD18 expression was determined by flow cytometry (C, left). Phagocytic 

index was calculated by multiplying the gMFI of FITC positive cells with the percentage FITC positive cells, and subtrac-

ting the phagocytic index of  4° control samples (B and C, right). Data shown represent means and variation amongst cells 

from 4 different mice stimulated separately. Comparison was done using the Mann-Whitney test. * p< 0.05, ** p< 0.01.
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LysMcre-Hsp90b1-flox mice have a strongly impaired host defense against K. pneumoniae in 
vivo
LysMcre-Hsp90b1-flox and control mice were intranasally infected with ~9000 CFUs of K. pneu-
moniae. LysMcre-Hsp90b1-flox mice had higher bacterial loads in their lungs compared to control 
mice, a difference that already was present at 6 hours and increased to almost 100-fold at 24 hours 
(P  <  0.01, Figure 3A). Cultures of distant organs harvested at 6 hours did not show bacterial 
growth; remarkably, at 24 hours post infection bacterial loads in blood and spleen were not dif-
ferent between mouse strains. Using the same bacterial dose, we performed an observational study 
to determine the impact of gp96 deficiency on survival (Figure 3A). Although LysMcre-Hsp90b1-
flox mice all died shortly after 24 hours of infection, the infection was also rapidly fatal in most 
control mice, which led us to believe that the infectious challenge might have been too high to 
reveal a detrimental effect of gp96 deficiency on survival. Thus, we repeated the observational 
study using a 10-fold lower bacterial inoculum (~900 CFUs, Figure 3B). Whereas all control 
mice were still alive after 48 hours, all LysMcre-Hsp90b1-flox mice died during the first two days 
(P < 0.0001). In accordance, in a separate experiment using this lower bacterial dose LysMcre-
Hsp90b1-flox mice had much higher bacterial burdens in their lungs at 24 hours after infection 
than control mice (P < 0.01, Figure 3B); at this time point most LysMcre-Hsp90b1-flox mice had 
positive blood (7 of 8) and spleen (8 of 8) cultures, while Klebsiella could be cultured from blood 
of 1 of 8, and from spleen of 5 of 8 of control mice (P < 0.01 and P < 0.05 respectively ). Together 
these data suggest that macrophage deletion of gp96 results in a strongly impaired defense during 
Klebsiella pneumonia.  

Figure 3. Impaired bacterial defense and survival in LysMcre-Hsp90b1-flox mice during Klebsiella pneumonia. Con-

trol  and LysMcre-Hsp90b1-flox mice were intranasally infected with ~9000 CFUs (A) or ~900 CFUs (B) of K. pneu-

moniae. In mice infected with high dose Klebsiella (7-8 mice per group), bacterial loads in lung, blood and spleen were 
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determined 6 and 24 hours after infection. Survival of control (white symbols) and LysMcre-Hsp90b1-flox (black symbols) 

mice (8 mice per group) is shown in Kaplan-Meier curves (A). In mice infected with low dose Klebsiella, bacterial loads 

in lung, blood and spleen were determined 24 hours after infection. Survival of control (white symbols) and LysMcre-

Hsp90b1-flox (black symbols) (14-16 mice per group) is shown in Kaplan-Meier curves (B). BC+ = number of positive 

blood cultures. Bacterial loads are expressed as box-and-whisker diagrams depicting the smallest observation, lower quarti-

le, median, upper quartile, and largest observation. Survival curves were compared using the Log-Rank test. Bacterial loads 

were compared to control mice using the Kruskal-Wallis and  Mann-Whitney test. * p < 0.05, ** p < 0.01, *** p < 0.001.

LysMcre-Hsp90b1-flox mice demonstrate an attenuated early inflammatory response in the 
lung after infection with Klebsiella
To obtain insight in the mechanism by which LysMcre-Hsp90b1-flox mice are compromised in 
their defense against Klebsiella in the lungs, we examined the early inflammatory response in the 
airways. At 6 hours after infection LysMcre-Hsp90b1-flox mice had higher cell numbers in their 
bronchoalveolar lavage (BAL) fluid than control mice (P < 0.001), which was caused by higher 
macrophage numbers (P < 0.001, Figure 4A). Differences in macrophage numbers after infection 
were not caused by enhanced influx since uninfected LysMcre-Hsp90b1-flox mice also had more 
macrophages in their BAL fluid relative to control mice (Supplementary Figure 1A); conside-
ring that macrophage numbers in lung tissue, determined by flow cytometry, were not different 
between mouse strains (Supplementary Figure 1B), this result likely can be explained by a better 
lavage-ability of gp96 deficient macrophages due to reduced integrin expression. Importantly, ho-
wever, granulocyte recruitment upon infection with Klebsiella was strongly impaired in LysMcre-
Hsp90b1-flox mice (P < 0.01 versus control mice, Figure 4A).  We next measured cytokines and 
chemokines implicated in granulocyte recruitment in lungs early after infection with Klebsiella 
(Figure 4B). LysMcre-Hsp90b1-flox mice demonstrated lower tumor necrosis factor (TNF)-α 
and interleukin (IL)-1β levels, while CXCL1 and CXCL2 levels were not significantly different 
between groups. Considering the important role for lipocalin-2 in host defense during Klebsiella 
pneumonia [19], we also measured the pulmonary levels of this mediator, and found no difference 
between mouse strains (Figure 4B). These results suggest that LysMcre-Hsp90b1-flox mice show a 
defective granulocyte influx after infection with Klebsiella via the airways at least in part due to a 
diminished release of macrophage derived mediators.   

C
ha

pt
er

 2



CHAPTER 2

28

Figure 4. Early inflammatory response in  lungs of LysMcre-Hsp90b1-flox mice  is attenuated after infection with Kleb-

siella. Total number of cells, macrophages and granulocytes were determined in bronchoalveolar lavage fluid (BALF) of 

control and LysMcre-Hsp90b1-flox mice (8 mice per group) 6 hours after infection with ~9000 CFUs of K. pneumoniae 

(A). Cytokine and chemokine levels were measured in lung homogenates of these mice (B). Data are expressed as box-

and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile, and largest observation. 

Comparison was done using the Mann-Whitney test. * p < 0.05, ** p < 0.01, *** p < 0.001.

Myeloid gp96 is not required for the inflammatory response during late stage pneumonia
We next investigated whether macrophage gp96 is required for lung inflammation during late 
stage pneumonia.  At 24 hours after infection with ~9000 Klebsiella CFU, both lung tissue slides 
from LysMcre-Hsp90b1-flox and control mice displayed signs of severe pneumonia. The extent 
of lung pathology did not differ between groups (Figure 5A). To obtain further insight in the 
role of myeloid gp96 in lung inflammation during severe pneumonia, we measured lung levels 
of several inflammatory mediators (Figure 5B). LysMcre-Hsp90b1-flox mice overall had higher 
concentrations of these mediators in their lungs, significantly so for CXCL1 and CXCL2.  We 
also measured the levels of inflammatory proteins in lungs harvested from LysMcre-Hsp90b1-
flox and control mice 24 hours after infection with ~900 Klebsiella CFU (Figure 5B).  Similar to 
the results obtained after infection with the higher dose, lung levels of inflammatory mediators 
were higher in LysMcre-Hsp90b1-flox mice, significantly so for IL-6, G-CSF, GM-CSF, CCL2, 
CCL20, CXCL1, CXCL2 and lipocalin-2 (LCN2). Together these data indicate that in spite 
of the strongly diminished responsiveness of gp96 deficient macrophages, LysMcre-Hsp90b1-flox 
mice can mount a profound inflammatory response in their lungs during late stage pneumonia. 
These results suggest that in the presence of high bacterial loads (and thus a potent proinflamma-
tory stimulus) gp96 is not essential anymore for abundant cytokine and chemokine production 
in the lung. 
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Figure 5. Myeloid gp96 is not required for the inflammatory response during late stage pneumonia. Representative lung 

histology slides of control and LysMcre-Hsp90b1-flox mice and total pathology scores determined 24 hours after infection 

as described in Methods section (A). Inflammatory mediators were measured in lung homogenates 24 hours after infection 

with ~900 (“low dose”) or 9000 (high dose) CFUs of K. pneumoniae (B). Data are expressed as box-and-whisker diagrams 

depicting the smallest observation, lower quartile, median, upper quartile, and largest observation. Comparison was done 

using the Mann-Whitney test.  * p < 0.05, ** p < 0.01, *** p < 0.001.

Anti-CD18 treatment does not affect host defense against K. pneumoniae
Gp96 deletion resulted in an almost complete disappearance of CD18 expression on macrophages, 
with a more modest effect on granulocyte CD18 (Figure 1). To obtain insight into the possible 
role of reduced CD18 expression in the impaired host defense against K. pneumoniae in LysMcre-
Hsp90b1-flox mice, wild-type mice were treated with a CD18 antibody of which the capacity to 
block CD18 function was established previously  [20,21] via the airways (targeting alveolar ma-
crophages) or intravenously (targeting circulating granulocytes). Mice were euthanized 24 hours 
after infection with ~9000  Klebsiella CFU, i.e., at the time point at which LysMcre-Hsp90b1-flox 
mice showed much higher bacterial loads than control mice (Figure 3). We established the effi-
cacy of anti-CD18 blockade by flow cytometry using an anti-CD18 antibody different from the 
one used in vivo but binding the same site. Alveolar macrophages harvested from mice treated 
with anti-CD18 via the airways had 10% residual CD18 expression relative to mice administered 
with a control antibody (Figure 6A). Blood granulocytes from mice treated with anti-CD18 intra-
venously had 38% residual CD18 expression (Figure 6B). Hence, these two routes of anti-CD18 
administration reproduced the extent of CD18 deficiency in LysMcre-Hsp90b1-flox mice.  Ho-
wever, neither route of anti-CD18 treatment influenced bacterial loads in lungs or distant organs 
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(Figure 6A,B). Together, while these results do not exclude a role for low CD18 expression in the 
responses studied, they do argue against a role for gp96 mediated CD18 expression in host defense 
during Klebsiella pneumonia.

Figure 6. Pretreatment with anti-CD18 antibody does not impair bacterial defense. C57BL/6 mice (n=8 per group) 

were treated intranasally (A) or intravenously (B) with 50 µg/mouse or 30 µg/mouse respectively of control or anti-CD18 

antibody 30 minutes prior to intranasal infection with ~9000 CFUs of K. pneumoniae. To determine success of the pretre-

atment, residual CD18 expression was assessed on alveolar macrophages (A) and granulocytes (B). Bacterial loads in lung, 

blood and spleen were determined 24 hours after infection. Data are expressed as box-and-whisker diagrams depicting 

the smallest observation, lower quartile, median, upper quartile, and largest observation. Comparison was done using the 

Mann-Whitney test. * p < 0.05.
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Discussion

Gp96 is one of the most abundant glycoproteins in the ER and serves as a chaperone supervising 
the correct folding and modification of proteins, a process known as “ER quality control” [22]. 
TLRs and integrins are important client proteins of gp96, as reflected by their strongly reduced 
surface expression on gp96 deficient cells [4-7]. We here generated myeloid specific gp96 defi-
cient (LysMcre-Hsp90b1-flox) mice, which upon cell-specific analysis of gp96 protein levels and 
surface expression of gp96 dependent TLRs and integrins appeared to lack gp96 predominantly 
in macrophages. We then used an established model of lower respiratory tract infection caused 
by the common human pathogen K. pneumoniae [14,15,23] to show that LysMcre-Hsp90b1-flox 
mice have a strongly impaired host defense during severe pneumonia, as reflected by an enhanced 
bacterial growth accompanied by a reduced survival. Our results further reveal that this enhanced 
susceptibility most likely is caused by a reduced TLR dependent responsiveness of alveolar macro-
phages resulting in a diminished cytokine-mediated recruitment of neutrophils and diminished 
phagocytosis. 
Macrophages harvested from LysMcre-Hsp90b1-flox mice were virtually unresponsive to Kleb-
siella, as reflected by an almost complete absence of TNF-α, CXCL1 and CXCL2 release, which 
corresponded with a strongly reduced surface expression of TLR2 and TLR4, receptors involved 
in cellular recognition of this bacterium [14]. These data are in agreement with earlier investigati-
ons that reported attenuated cytokine production by gp96 deficient macrophages [5] and B cells 
[4] upon exposure to purified TLR ligands.  Previous studies examined the role of TLRs and the 
common TLR adaptor myeloid differentiation primary response gene (MyD)88 expressed by dif-
ferent cell types in protective immunity during infection with K. pneumoniae. TLR2 and TLR4 
expressed by hematopoietic cells were found important for host defense against Klebsiella pneu-
monia [14], while the reduced resistance of TLR9 deficient (Tlr9-/-) mice could be restored by 
adoptive transfer of wild type bone-marrow derived dendritic cells [24]. Using the Cre-lox recom-
bination system, we found that myeloid but not endothelial cell expression of MyD88 is essential 
for host defense after infection with Klebsiella [23]. While these studies highlight the importance 
of myeloid MyD88 during Klebsiella pneumonia, several questions remained unanswered. First, 
our earlier investigations involved MyD88 elimination in all myeloid cells, comprising both mo-
nocytes/macrophages and granulocytes [23]. Second, MyD88 not only serves as a TLR adaptor 
protein (mediating signaling of all TLRs except TLR3) but also for the IL-1R1 signaling pathway 
[25]. Since gp96 is indirectly responsible for correct functioning of TLR mediated responses but 
does not involve IL-1R1 signaling [4,5], we attempted to address these unanswered questions by 
making use of LysMcre-Hsp90b1-flox mice, in which according to our characterization gp96 pro-
tein is not detectable in alveolar and peritoneal macrophages, while partial expression is found 
in monocytes and granulocytes. The almost complete absence of TLR2 and TLR4 expression 
on macrophages confirmed the role of gp96 as a master chaperone for these receptors [5]. CD18 
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and CD11b expression were almost absent in LysMcre-Hsp90b1-flox macrophages while largely 
preserved in LysMcre-Hsp90b1-flox monocytes and granulocytes. Hence, (functional) gp96 defi-
ciency is principally restricted to macrophages in LysMcre-Hsp90b1-flox mice. By administration 
of a blocking anti-CD18 antibody via the airways or intravenously we showed that reduction of 
available CD18 to an extent similar to that detected in LysMcre-Hsp90b1-flox mice could not 
reproduce the increased bacterial growth observed in these conditional knockout animals, sug-
gesting that the effect of gp96 deficiency on CD18 dependent integrins likely does not play a 
significant role in host defense during Klebsiella pneumonia. Taken together, these data suggest 
that deficient TLR signaling by macrophages drives the hypersusceptible phenotype of LysMcre-
Hsp90b1-flox mice. These results therefore add important knowledge to our earlier findings with 
LysMcre-Myd88-flox mice, which suffered from a global myeloid cell deficiency of both TLR and 
IL-1R1 signaling [23]. 
Macrophage gp96 deficiency had a more severe impact on host defense during infection with the 
lower (~900 CFU) Klebsiella dose. Indeed, after instillation of the higher (~9000 CFU) inocu-
lum bacterial growth was accelerated at the primary site of infection in LysMcre-Hsp90b1-flox 
mice, but the spread to distant organs was unaltered when compared with control mice. In con-
trast, after administration of the lower Klebsiella dose, the infection disseminated much easier in 
LysMcre-Hsp90b1-flox mice, indicating that up to a certain bacterial threshold macrophage TLR 
signaling is essential for containment of the infection to the lungs. Our results suggest two distinct 
mechanisms contributing to the impaired defense against Klebsiella in the airways of LysMcre-
Hsp90b1-flox mice:  a reduced capacity of alveolar macrophages to respond to this bacterium by 
releasing pro-inflammatory cytokines, and a diminished ability of these cells to phagocytose Kleb-
siella.  The reduced lung levels of TNF-α and IL-1β in LysMcre-Hsp90b1-flox mice may jeopardize 
an adequate innate immune response by providing a less potent chemotactic gradient for neutrop-
hil influx to the site of infection [26-29], an important defensive mechanism in pneumonia [30]. 
In particular, adequate TNF-α release early after invasion of Klebsiella of the lower airways has 
been shown of utmost importance for protective immunity [31,32]. In contrast to the TNF-α 
and IL-1β  levels, LCN2, an anti-microbial peptide known to be TLR4 dependent and expressed 
by mouse tracheal epithelial cells [19,33],  was not diminished  in  LysMcre-Hsp90b1-flox mice 
compared to control mice. This confirms previous findings that LCN2 is mainly produced by 
epithelial cells and not macrophages [19].

Besides TLRs, another important group of client proteins for gp96 include integrin subunits [4-
7]. There are 26 integrin subunits that can form 24 different integrin pairs, of which 14 have been 
shown to be gp96 dependent [7,34]. The β2 subunit (CD18) combines with four different inte-
grin subunits to form integrins that are expressed by monocytes/macrophages (CD11a/CD18, 
CD11b/CD18, CD11c/CD18 and CD11d/CD18) and granulocytes (CD11a/CD18, CD11b/
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CD18 and CD11d/CD18), all of which are gp96 dependent [7,17,34]. As expected, almost 
no CD18 and CD11b expression could be detected on alveolar and peritoneal macrophages of 
LysMcre-Hsp90b1-flox mice, while substantial expression of these integrin molecules remained 
detectable on monocytes and granulocytes, reflecting the extent of gp96 deletion in these cells. 
Our experiments using a blocking anti-CD18 argue against a role for CD18 dependent integrins 
in host defense during Klebsiella pneumonia.  In addition, while the integrins CD11b/CD18 
(complement receptor 3, CR3) and CD11c/CD18 (p150, 95) have been implicated in phagocy-
tosis, the reduced phagocytic ability displayed by LysMcre-Hsp90b1-flox mice when exposed to 
Klebsiella could not be explained due to diminished CD18 expression, considering that a blocking 
anti-CD18 antibody did not impact on phagocytosis. Of note, TLRs are known to be involved in 
the phagocytosis of microbial pathogens [35-37], suggesting that the observed impaired phagocy-
tosis in gp96 deficient macrophages is the result of inadequate TLR signaling rather than reduced 
expression of CD18 and CD18 related integrin subunits.  
Our study is limited in that it does not provide information on the regulation of gp96 expression 
during pneumonia. In the setting of rheumatoid arthritis, expression of gp96 was found to be 
increased in synovial tissue and to correlate with disease activity [38]. 
In conclusion, our data indicate that macrophage gp96 is crucial for protective immunity during 
lower airway infection caused by K. pneumoniae. In preliminary experiments we found no evidence 
for such a protective role of gp96 in the respiratory epithelium (using crossings of Hsp90b1-flox 
mice with mice expressing Cre recombinase controlled by the Clara-cell specific CC10 promoter). 
Together these data place macrophage TLR signaling in the center of an adequate host defense in 
the airways after infection with a clinically relevant human pathogen. 
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Supplementary Figure 1. Macrophage numbers in uninfected mice. Macrophage numbers were determined in BALF 

(A) and in lung cell suspensions by FACS analysis (B) of control and LysMcre-Hsp90b1-flox mice (n = 4-6 per group 

respectively). Lung tissue macrophages were identified as CD45+/CD64+/ SiglecF+ cells. Differences were analyzed by 

Mann Whitney test. ** p < 0.01.
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Abstract

Klebsiella pneumoniae is an important cause of sepsis. The common Toll-like receptor adapter 
myeloid differentiation primary response gene (MyD)88 is crucial for host defense against 
Klebsiella. Here we investigated the role of MyD88 in myeloid and endothelial cells during Klebsiella 
pneumosepsis. Mice deficient for MyD88 in myeloid (LysM-Myd88-/-) and endothelial (Tie2-
Myd88-/-) cells showed enhanced lethality and bacterial growth.  Tie2-Myd88-/- mice reconstituted 
with control bone marrow showed an unremarkable antibacterial defense. Myeloid or endothelial 
cell MyD88 deficiency did not impact on lung pathology or distant organ injury during late stage 
sepsis, while LysM-Myd88-/-  mice demonstrated a strongly attenuated inflammatory response in 
the airways early after infection.  These data suggest that myeloid but not endothelial MyD88 is 
important for host defense during gram-negative pneumonia derived sepsis.
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Introduction

Globally, lower respiratory tract infections are in the top ten causes of death, both in high- 

and low-income countries [1] . Pneumonia is the most common cause of sepsis and frequently 
caused by gram-negative pathogens from the family of Enterobacteriaceae, including Klebsiella 
(K.) pneumoniae [2–4]. Increasing rates of extended-spectrum β-lactamases producing 
Enterobacteriaceae are a major health concern and make the development of new therapies urgent, 
since infection with such pathogens is associated with increased mortality [5–7]. 
Infection is detected by sensors of the innate immune system collectively called pattern 
recognition receptors [8,9]. Toll-like receptors (TLRs) prominently feature herein, able to detect 
a variety of conserved microbial patterns as well as “danger signals” released from host cells as a 
consequence of injurious inflammation. As such, TLRs play an important role in the initiation 
and amplification of the host response [8,9]. The universal adaptor for all TLRs except TLR3 is 
myeloid differentiation primary response gene (MyD)88, that propagates the signal of activated 
TLRs intracellularly, leading to NFκB and MAP kinase activation. In addition, MyD88 mediates 
IL-1β and IL-18 receptor signaling [10].  We and others recently demonstrated the importance of 
MyD88 dependent signaling for survival and antibacterial defense during K. pneumoniae infection 
[3,11,12]. During respiratory tract infection different MyD88 expressing cells may contribute 
to host defense, including innate immune cells, such as alveolar macrophages, intraepithelial 
dendritic cells and migrated leukocytes, and parenchymal cells, such as lung epithelium and 
endothelium [13–15].  By creating chimeric mice using bone marrow transplantation, we 
reported the importance of MyD88 in both radiosensitive (hematopoietic) cells and radioresistant 
(parenchymal) cells for antibacterial defense and survival during Klebsiella pneumonia derived 
sepsis [12] 
Whereas the role of hematopoietic cells in host defense against bacteria is undisputed, there are only 
few reports about the specific contribution of the vascular endothelium to the pathophysiology 
of infection and sepsis. Some evidence points to an attenuation of tissue and organ injury during 
polymicrobial sepsis when endothelial NFκB signaling was specifically targeted, without an effect 
on bacterial clearance [16–19]. However on the other hand the specific expression of endothelial 
TLR4 was reported to be sufficient for adequate bacterial clearance in a model of gram-negative 
infection [20]. Therefore, we here aimed to study the role of MyD88 dependent signaling in 
myeloid and endothelial cells during K. pneumoniae pneumosepsis  by using mice with cell-specific 
targeted deletion of Myd88. We demonstrate that myeloid, but nor endothelial cell MyD88 is 
important for host defense during pneumonia derived sepsis caused by Klebsiella.
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Methods

Ethics statement
Experiments were carried out in accordance with the Dutch Experiment on Animals Act and 
approved by the Animal Care and Use Committee of the University of Amsterdam (Permit 
number: DIX 100121, sub-protocols DIX102300 and DIX101613) or carried out according 
to the recommendations in the guide for the care and use of laboratory animals conformed to 
Swedish animal protection laws and applicable guidelines (djurskyddsmyndigheten DFS 2004:4) 
and approved by the local Ethical Committee (Dnr A 29-09).

Animals 
Homozygous Myd88fl/fl mice [21] were crossed with LysM-Cre [22] or Tie2-Cre mice [23], both 
obtained from the Jackson Laboratory (Bar Harbor, Maine), to generate myeloid (LysM-Myd88-/-) 
and endothelial cell (Tie2-Myd88-/) specific MyD88 deficient mice. Myd88fl/fl Cre negative littermates 
were used as controls. All mice were backrossed at least 8 times to a C57Bl/6 background and age- 
and sex matched when used in experiments. 

Induction of pneumonia and sampling of organs
Pneumonia was induced by intranasal inoculation with ~ 6x103 colony forming units (CFU) of 
K. pneumoniae serotype 2 (ATCC 43816; American Type Culture Collection, Manassas, VA) and 
survival was monitored or in separate experiments mice were euthanized after 6 or 24 hours of 
infection when organs were harvested and processed exactly as described  [12,32]. 

Measurements of inflammatory proteins and clinical chemistry
Lung (and cell supernatant) levels of IL-1β, TNF-α, IL-6, IL-10, CXCL-1 and CXCL-2 were 
measured by ELISA (R&D Systems, Minneapolis, MN). Plasma levels of TNF-α, IL-6, and IL-
10 were measured by using a cytometric bead array multiplex assay (BD Biosciences). MPO was 
measured by ELISA from HyCult Biotechnology (Uden, the Netherlands).Lactate dehydrogenase 
(LDH) and aspartate aminotransferase (AST were measured using kits from Sigma and a Hittachi 
analyzer (Boehringer Mannheim). 

Histopathology
Histologic examination of lungs was performed exactly as described [32]. For granulocyte 
immunohistochemic stainings lung tissue slides were deparaffinized and rehydrated. Endogenous 
peroxidase activity was quenched by a solution of 0.3% H2O2 (Merck). Slides were then digested 
by a solution of pepsin 0.025% (Sigma, St. Louis, MO, USA) in 0.1 M HCl. After being rinsed, the 
sections were incubated in Ultra V Block (Thermo Scientific, Fremont, CA) and then exposed to a 
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FITC-labeled anti-mouse Ly6-G and Ly6-C monoclonal antibody (BD Pharmingen, San Diego, 
CA). After washes, slides were incubated with a rabbit anti-FITC antibody (Nuclilab, Ede, The 
Netherlands) followed by further incubation with Brightvision poly-horseradish peroxidase anti 
Rabbit IgG (Immunologic, Duiven, The Netherlands), rinsed again and developed using Bright 
DAB (Immunologic, Duiven, the Netherlands). The sections were counterstained with methyl 
green and mounted in Pertex mounting medium (Histolab, Gothenburg, Sweden). The Ly-6G 
and Ly-6C+ percentage of total lung surface was determined with imageJ software (Rasband, 
W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.
gov/ij/, 1997-2011).

Harvest of primary cells for genetic and functional characterization of LysM-Myd88-/- and 
Tie2-Myd88-/- mice
Peritoneal lavage was performed with 5 ml sterile PBS under isoflurane anesthesia and lavage fluid 
was collected in PBS containing a final concentration of 10% FBS, 1% antibiotics (penicillin- 
streptomycin- amphotericin B (Gibco, Paisley, United Kingdom); heart puncture was performed 
and blood was collected in EDTA or heparin containing tubes; BAL was performed with 10 ml 
PBS in portions to obtain alveolar macrophages and spleens were harvested. For whole blood 
stimulation, 100 μl of heparinized blood was pipetted in a 96 wells U-bottom cell culture plate 
(Greiner bio-one, Alphen a/d Rijn, Netherlands). Spleens were crushed through a 40μm mesh and 
after lysis of erythrocytes with an ammoniumchloride containing lysis buffer, splenocytes were 
seeded in RPMI complete (containing 10% FBS, 1% antibiotics, 10mM L-glutamine, Gibco) at a 
density of 500.000 cells per well in 96 wells U-bottom culture plate (Greiner bio-one). Peritoneal 
and alveolar macrophages were seeded in flat bottom 96 wells cell culture plates  (Greiner Bio-
one) at a density of approximately 50.000 and 30.000 respectively per well in RPMI complete and 
left to adhere overnight. Cells were stimulated for 20 hours with the indicated concentrations of 
heat-killed K. pneumoniae or LPS derived from Klebsiella pneumoniae (Sigma) diluted in RPMI 
complete medium in a final volume of 200 microliters.
Whole blood leukocyte genomic DNA was isolated from fresh EDTA blood and primary cells 
using the Nucleospin Blood Kit (Machery Nagel, Düren, Germany) and in addition, from FACS 
purified monocytes, neutrophils and lymphocytes.  For this, erythrocyte lysis of EDTA blood with  
ammoniumchloride containing lysis buffer was performed and cells were stained for cell surface 
molecules using FITC-conjugated anti-mouse Ly6-C &Ly6-G (Gr-1), PE-conjugated anti-mouse 
CD11b (BD Biosciences) and biotinylated anti-mouse CD115 (eBioscience), secondary staining 
was performed with streptavidin-APC (BD Biosciences). Monocytes were identified as Gr-1dim/
CD-115+ and neutrophils as Gr-1high/ Cd115- within the fraction of CD11b+ cells, the fraction 
of Cd11b-  cells with a low Side Scatter and Forward Scatter pattern were identified as lymphoid 
cells [49].
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Real-time PCR
Total RNA was reverse transcribed using oligo (dT) primer and Moloney murine leukemia virus 
reverse transcriptase (Invitrogen, Breda, The Netherlands).  
We quantified the residual amount of the “floxed” region of MyD88 in LysM-Myd88-/- 

and Tie2-Myd88-/- mice in blood and particular cell types  using the primer sequences 
5’-ACGCCGGAACTTTTCGAT-3’ (forward); 5’-TTTTCTCAATTAGCTCGCTGG-3’ 
relative to the unaffected Socs-3 gene with primer sequences 5’- ACCTTTCTTATCCGCGACAG- 
3’ (forward) and 5’- TGCACCAGCTTGAGTACACAG-3’ (reverse) in a SybrGreen reaction 
on an LightCycler system (LC480, Roche Applied Science, Mannheim, Germany). The amount 
of remaining “floxed” MyD88 region in LysM-Myd88-/- and Tie2-Myd88-/- mice was calculated 
using  the 2-deltaCt (ΔΔCt) method using the amount of genomic DNA from Myd88fl/fl mice  for 
the no-deletion control [21]. The deletion efficiency was calculated as (1 - residual Myd88fl) x100. 

Bone marrow transplantation 
BM transplantation was done as described previously[12]. Three groups were generated: Tie2-
Myd88-/- (recipient) + control BM (donor),  Tie2-Myd88-/- + Tie2-Myd88-/-  BM and control + 
control BM mice. Myd88fl/fl mice and BM were used as control.  

Statistical analysis 
Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, 
median, upper quartile, and largest observation (in vivo experiments) or as means ± standard error 
of the mean (tables, cell stimulation experiments); Comparison of these data was done by Mann 
Whitney U test.. Differences in the proportion of positive cultures were analyzed by Fisher’s exact 
test. Survival curves are depicted as Kaplan-Meier plots and compared using log-rank test. These 
analyses were done using GraphPad Prism (San Diego, CA). P< 0.05 was considered statistically 
significant.
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Results

LysM-Myd88-/- and Tie2-Myd88-/- mice demonstrate a strongly impaired host defense during 
gram-negative pneumosepsis
To investigate the relative contribution of MyD88 dependent signaling in myeloid and endothelial 
cells to protective immunity during gram-negative pneumosepsis we crossed mice homozygous for 
the conditional Myd88 flox allele (Myd88fl/fl mice)[21] with mice expressing Cre under control 
of the myeloid cell LysM promoter (to generate LysM-Myd88-/- mice)[22] or the endothelial cell 
Tie2 promoter (to generate Tie2-Myd88-/- mice)[23]. We infected LysM-Myd88-/- , Tie2-Myd88-/- 
and Myd88fl/fl Cre negative control mice with K. pneumoniae via the airways and monitored 
mortality during a 5-day follow up (Figure 1A). LysM-Myd88-/- and Tie2-Myd88-/- mice displayed 
massive mortality within the first 2 days after infection with median survival times of 1.8 and 
1.5 days respectively, while control mice had a median survival time of 2.9 days (both p< 0.001 
versus control mice). Notably, Tie2-Myd88-/- mice showed an accelerated mortality relative to 
LysM-Myd88-/- mice (p< 0.01 for the difference between groups). To obtain insight in the cause 
of early lethality of LysM-Myd88-/- and Tie2-Myd88-/- mice we next infected mice with Klebsiella 
in a separate experiment and harvested lungs, blood, spleen and liver for quantitative cultures 24 
hours post infection (i.e. shortly before the first deaths were expected to occur), seeking to collect 
data representative for host defense at the primary site of infection and bacterial dissemination. At 
this time point, both LysM-Myd88-/- and Tie2-Myd88-/- mice had ≥ 2-log more bacteria in their 
lungs relative to control mice (p< 0.01 and 0.001 respectively compared to controls, Figure 1B). 
Moreover, bacterial counts were significantly higher in blood and spleen of LysM-Myd88-/- and 
Tie2-Myd88-/- mice (both p< 0.05 compared to control mice, Figure 1C and D). In addition, 
Tie2-Myd88-/- mice had significantly higher amounts of bacteria in their livers (p< 0.01 compared 
to control mice, Figure 1E). Tie2-Myd88-/- mice had higher bacterial counts when compared 
with LysM-Myd88-/-  mice in all body sites, although these differences did not reach statistical 
significance. Together these data indicate that LysM-Myd88-/- and Tie2-Myd88-/- mice demonstrate 
a strongly enhanced bacterial growth and dissemination during gram-negative pneumonia derived 
sepsis, resulting in accelerated mortality. 

LysM-Myd88-/- and Tie2-Myd88-/- mice show modest alterations in the inflammatory and 
injurious response during gram-negative pneumosepsis
To obtain insight in local inflammation at the primary site of infection we harvested lungs from 
LysM-Myd88-/-, Tie2-Myd88-/- and control mice 24 hours post infection for semi-quantitative 
histopathology, focusing on key histological features characteristic for severe pneumonia (Figure 
2). The extent of lung pathology did not differ between groups. LysM-Myd88-/- mice had lower 
myeloperoxidase (MPO) concentrations in whole lung homogenates, indicative of a reduced 
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Figure 1. Impaired survival and bacterial defense in LysM-Myd88-/- and Tie2-Myd88-/- mice. Control, LysM-Myd88-/- 

and Tie2-Myd88-/- mice were intranasally infected with  ~6 x103 CFU K. pneumoniae. Survival of control (dark grey 

symbols, n=37), LysM-Myd88-/- (light grey symbols, n=9) and Tie2-Myd88-/- mice (white symbols, n=13) expressed as 

Kaplan-Meier plot (A), bacterial loads in lung (B), blood (C), spleen (D) and liver (E), of control (dark grey bars, n=8), 

LysM-Myd88-/- (light grey bars, n=8)  and Tie2-Myd88-/- mice (white bars, n=5 mice). Data are expressed as box-and-

whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile, and largest observation.  BC+ 

= number of positive blood cultures. Survival curves were compared with Log-Rank test Bacterial loads were compared to 

control mice determined with Mann-Whitney U test:  * p < 0.05, ** p < 0.01, *** p < 0.001.

neutrophil content. In accordance, the number of Ly6+ cells was lower in LysM-Myd88-/- mice 
relative to controls. To obtain further insight in the role of MyD88 in cells targeted by LysM- and 
Tie2-driven Cre recombinase in lung inflammation during Klebsiella pneumonia, we measured the 
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levels of the proinflammatory cytokines IL-1β, TNF-α, IL-6, the anti-inflammatory cytokine IL-
10 and the neutrophil attracting chemokines CXCL-1 and CXCL-2 in lung homogenates (Table 
1). The pulmonary concentrations of all mediators were similar in LysM-Myd88-/-, Tie2-Myd88-/- 
and control mice, with the exception of TNF-α levels which were significantly lower in Tie2-
Myd88-/- mice (p<0.01 compared to controls).  Plasma IL-6 levels were significantly increased in 
LysM-Myd88-/-  and Tie2-Myd88-/- mice (p<0.05 to 0.01 respectively compared to controls, Table 
1) likely as a result of higher bacterial loads. In addition, we determined E-selectin levels in both 
lung homogenates and plasma as a reflection of endothelial cell activation [24] and observed that 
lung levels of E-selectin were significantly increased in Tie2-Myd88-/- mice, probably as a result of 
the higher bacterial burden (p<0.05 compared to control mice) (Supplementary Figure 1). 
The model of Klebsiella  pneumonia and sepsis used here is associated with rises in the plasma 
concentrations of LDH (indicative for cellular injury in general) and AST (reflecting hepatocellular 
injury) in the late stage of infection [25]. To study if the absence of MyD88 in myeloid and/or 
endothelial cells affected the degree of liver and cellular injury we determined the plasma levels of 
these parameters but observed no differences (Supplementary Figure 2). 
Together these data suggest that the increased mortality in LysM-Myd88-/-  and Tie2-Myd88-/- 
mice occurred as a result of overwhelming bacterial growth rather than as a result of pulmonary 
or distant organ injury.

 Figure 2. Lung inflammatory response. Mice were intranasally infected with ~6 x103 CFU K. pneumoniae; Histological 
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scores 24 hours after infection determined as described in the Methods section, in control (dark grey, n=8), LysM-Myd88-/- 

(light grey, n=8) and Tie2-Myd88-/- mice (white, n=5) (A). Panel (B) shows representative lung histology of control, 

LysM-Myd88-/- and Tie2-Myd88-/- mice H&E staining, original magnification 20x. Neutrophil influx compared  between 

mouse groups as reflected by Ly6 lung surface positivity (C) and whole lung MPO levels (D). Panel E shows representative 

images of Ly-6 staining on lung slides from control, LysM-Myd88-/- and Tie2-Myd88-/- mice; Data are expressed as box-

and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile, and largest observation. 

* p < 0.05, ** p < 0.01.

Table 1. Inflammatory response in LysM-MyD88-/-  and Tie2-MyD88-/- during K. pneumonia pulmonary tract infection 

Control, LysM-MyD88-/-  and Tie2-MyD88-/- mice were inoculated with ~6x103 CFU K. pneumoniae and sacrificed 24 

hours later. Homogenates were prepared from right lungs. Cytokine and chemokine levels are presented in pg/ml lung 

homogenate or plasma. Data are mean (SE) of 5-8 mice per group. *p< 0.05, ** p< 0.01 vs control mice. Bd= below 

detection.

Genetic and functional characterization of primary cells from LysM-Myd88-/- and Tie2-
Myd88-/- mice
To determine the efficiency of Cre-induced Myd88 deletion in specific cell types, we performed 
qPCR to quantify the remaining Myd88fl/fl in blood total leukocytes, granulocytes, monocytes 
and lymphocytes, in alveolar and peritoneal macrophages, in splenocytes and in lung endothelial 
and epithelial cells (Figure 3A). As expected, the deletion efficiency of Cre in LysM-Myd88-/-  was 
very high in the myeloid compartment, especially in macrophages, granulocytes and to a lesser 
extent monocytes; lymphocytes and endothelial cells were unaffected. As anticipated, the Myd88fl/

fl allele was almost completely absent in endothelial cells of Tie2-Myd88-/- mice. Of note, however, 
excision of the Myd88fl/fl allele was also virtually complete in all hematopoietic cell types of Tie2-
Myd88-/- mice, as well as in lymphocytes and (accordingly) in splenocytes. Next, to determine the 

Co LysM-MyD88-/- Tie2-MyD88-/-

Lung

TNF-α 2632 (295) 2181 (204) 1610 (159)**

IL-1β 3523 (410) 2989 (341) 2559 (350)

IL-6 3417 (587) 5112 (697) 4798 (1666)

IL-10 bd bd bd

CXCL-1 3502 (855) 5083 (1091) 5675 (1479)

CXCL-2 28270 (4621) 37871 (6138) 27254 (8982)

Plasma

TNF-α 12 (4) 85 (41) 55 (20)*

IL-6 240 (47) 2364 (1251)* 783(96)**

IL-10 bd bd bd

CCL-2 468 (330) 141 (48) 1297 (428) *
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Figure 3. Genetic and functional characterization of primary cells from LysM-Myd88-/-  and Tie2-Myd88-/- mice

The residual amount of the MyD88fl/fl allel in blood and primary cells  LysM-Myd88-/- and Tek-Myd88-/- mice was quantified 

via  qRT-PCR relative to the unaffected Socs-3 gene . The amount of remaining  “floxed” MyD88 region in LysM-MyD88-/- 

and Tek-MyD88-/- mice was calculated using  the 2-deltaCt (ΔΔCt) method using the amount of genomic DNA from Myd88fl/

fl mice  for the no-deletion control. The deletion efficiency was calculated as (1 - residual Myd88fl) x100% (A). 

Whole blood (B), alveolar  and peritoneal macrophages (C,D) and splenocytes (E) derived from control, LysM-Myd88-/-  

and Tie2-Myd88-/- mice (n=3 per group) were in vitro stimulated with LPS derived from Klebsiella pneumoniae (1μg/ml 

) or heat killed K. pneumoniae in two concentrations (2x 105 CFU/ml or 2 x107/ml) for 20 hours. Data are expressed as 

mean (SE). * p< 0.05, ** p< 0.01, *** p< 0.001.
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functional consequences of these Cre-mediated cell-specific Myd88 deletions, we incubated whole 
blood leukocytes, alveolar and peritoneal macrophages and splenocytes obtained from LysM-
Myd88-/-, Tie2-Myd88-/- and control mice with K. pneumoniae LPS or heat-killed K. pneumoniae, 
using TNFα release as readout; we focused on these cell types since they confer protective functions 
during infection and sepsis [26–28]. In agreement with the genetic characterization of cells from 
LysM-Myd88-/- and Tie2-Myd88-/-  mice, whole blood leukocytes from both genotypes showed 
a clearly reduced responsiveness to Klebsiella and Klebsiella LPS, with Tie2-Myd88-/-  leukocytes 
showing the largest defect (Figure 3B). In addition, LysM-Myd88-/- and Tie2-Myd88-/-  alveolar 
and peritoneal macrophages displayed strongly reduced TNFα release upon stimulation (Figure 
3C,D), while the strongest defect in splenocyte responsiveness was seen in Tie2-Myd88-/-  cell 
cultures (Figure 3E). Together these results indicate that Tie2-Myd88-/-  mice are not only MyD88 
deficient in endothelial cells, but also in hematopoietic and lymphoid cells, while in LysM-
Myd88-/- mice MyD88 deficiency is restricted to hematopoietic cells. This finding likely explains 
the enhanced susceptibility of Tie2-Myd88-/-  mice, relative to LysM-Myd88-/- mice, after infection 
with K. pneumoniae.

MyD88 dependent signaling in the hematopoietic compartment is crucial for antibacterial 
defense while MyD88 in endothelial cells is not important
Having established that Tie2-Myd88-/- mice have strongly impaired MyD88 signaling in 
hematopoietic cells, we decided to restore the hematopoietic compartment of Tie2-Myd88-/- mice 
with bone marrow (BM) of Myd88fl/fl control mice after lethal irradiation, thereby creating mice 
with a more exclusive MyD88 deficiency in endothelial cells. In order to adequately estimate the 
effect size, we created two control groups: Tie2-Myd88-/- mice transplanted with Tie2-Myd88-/- 
BM and control mice transplanted with control BM. After 6 weeks of recovery, we infected 
mice with K. pneumoniae intranasally and sacrificed them 24 hours later. In addition, to check 
the efficiency of the BM transplantation to restore the responsiveness of relevant cell types from 
Tie2-Myd88-/- mice to Klebsiella, we euthanized 2-3 uninfected mice of each recipient group and 
repeated cell stimulation experiments as described above. These experiments revealed that transfer 
of control BM in Tie2-Myd88-/- mice fully restored the capacity of blood leukocytes, and alveolar 
and peritoneal macrophages, and partially that of splenocytes, to produce TNFα upon exposure 
to Klebsiella in vitro (Figure 4A-D). The response of cells obtained from the two control groups 
transplanted with isogenic BM (control mice + control BM and Tie2-Myd88-/- mice + Tie2-
Myd88-/- BM) replicated the impaired response of untransplanted Tie2-Myd88-/- mice relative to 
control mice. Importantly, after 24 hours of infection, lung bacterial loads of Tie2-Myd88-/- + 
control BM mice were indistinguishable from control + control BM mice, while the difference 
between Tie2-Myd88-/- + Tie2-Myd88-/- BM mice and control + control BM mice phenocopied 
the difference between Tie2-Myd88-/- and control mice observed in untransplanted mice (p< 0.001, 
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Figure 5A). In line, lung bacterial levels were significantly lower in Tie2-Myd88-/- + control BM 
mice compared to Tie2-Myd88-/- + Tie2-Myd88-/- BM mice (p< 0.01). Bacterial numbers in blood 
and spleen confirmed the protective effect of reconstitution of the hematopoietic compartment 
of Tie2-Myd88-/- mice with MyD88 sufficient BM (p< 0.05 versus Tie2-Myd88-/- + Tie2-Myd88-/- 

BM mice, Figure 5B,C). The extent of lung pathology, lung MPO levels and the number of Ly6+ 
cells in lung tissue were not different between groups (Supplemental Figure 3). Moreover, lung 
and plasma cytokine/chemokine and E selectin concentrations were not affected by the selective 
absence of endothelial MyD88 in Tie2-Myd88-/- + control BM mice, except for slightly lower lung 
levels of IL-10 compared to control + control BM mice (supplemental table; supplemental Figure 
4) ). Also, the plasma levels of AST and LDH did not differ between groups (supplemental Figure 
4). Together, these data indicate that endothelial cell MyD88 has no role in antibacterial defense 
or in lung or distant organ injury after infection with Klebsiella via the airways. 

Figure 4. Bone marrow transfer restores responsiveness of hematopoietic cells from Tie2-Myd88-/- mice to Klebsiella. 

Whole blood (A), alveolar and peritoneal macrophages(B,C)  and splenocytes (D) derived from control mice transplanted 

with control bone marrow (Co+ Co BM, grey bars) and Tie2-Myd88-/- mice transplanted with control bone marrow 

(Tie2-Myd88-/-  + Co BM, white dotted bars) or  Tie2-Myd88-/- bone marrow (Tie2-Myd88-/- + Tie2-Myd88-/-  BM, white 

bars). (n=2-3 per group) were in vitro stimulated with LPS derived from Klebsiella pneumoniae (1μg/ml ) or heat killed K. 

pneumoniae in two concentrations (2x 105 CFU/ml or 2 x107/ml) for 20 hours. Data are expressed as mean (SE).  * p<0.05, 

** p< 0.01.  ND = not determined.
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Figure 5.  The absence of MyD88 in the hematopoietic compartment determines the impaired antibacterial defense of 

Tie2-Myd88-/- mice.  Control and Tie2-Myd88-/- mice were irradiated and injected with control or Tie2-Myd88-/- bone 

marrow cells. Six weeks after transplantation, mice were infected with 6 x103 CFU K. pneumoniae and sacrificed after 24 

hours. Bacterial loads in lung (A), blood (B), spleen (C) of control mice transplanted with control bone marrow (Co+ Co 

BM, grey bars, n=8) and Tie2-Myd88-/- mice transplanted with control bone marrow (Tie2-Myd88-/-  + Co BM, white 

dotted bars) or  Tie2-Myd88-/- bone marrow (Tie2-Myd88-/- + Tie2-Myd88-/-  BM, white bars). Data are expressed as box-

and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile, and largest observation. 

* p < 0.05, ** p < 0.01.

LysM-Myd88-/- mice demonstrate an attenuated early inflammatory response
Mice with a complete MyD88 deficiency show a strongly impaired antibacterial defense after 
infection with Klebsiella via the airways caused by a mitigated early inflammatory response at the 
primary site of infection [11]. We wished to determine whether a similar mechanism is at play in 
LysM-Myd88-/-  mice. Thus, LysM-Myd88-/- and control mice were infected with K. pneumoniae 
intranasally and lungs and bronchoalveolar lavage (BAL) fluid was harvested 6 hours later. LysM-
Myd88-/-  mice showed higher bacterial loads in whole lung homogenates, but not in BAL fluid 
(Figure 6A). Importantly, LysM-Myd88-/-  mice displayed a strongly attenuated influx of neutrophils 
into the bronchoalveolar compartment (Figure 6B), which was associated with markedly reduced 
levels of TNFα, CXCL-1 and CXCL-2 in BAL fluid; IL-6 concentrations in BAL fluid did not 
differ between groups (Figure 6D). Hence, these data suggest that LysM-Myd88-/- mice replicate 
the phenotype of Myd88-/-  mice with regard to an attenuated innate immune response in the 
airways during early Klebsiella pneumonia.
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Figure 6. LysM-Myd88-/- mice demonstrate an attenuated early inflammatory response. Control and LysM-Myd88-/-- 

mice were intranasally infected with  ~6 x103 CFU K. pneumoniae. Bacterial loads in lung (A) and BALF (B), number 

of neutrophils (C) and levels of TNF-α, CXCL-1, CXCL-2 and IL-6 (D) in BALF of control (dark grey symbols, n=8) 

and LysM-Myd88-/- mice (light grey symbols, n=8). Data are expressed as box-and-whisker diagrams depicting the smallest 

observation, lower quartile, median, upper quartile, and largest observation.  * p < 0.05, ** p < 0.01.

Discussion

Several MyD88 dependent TLRs are known to be important for the innate immune response to 
respiratory tract infection with K. pneumoniae, particularly TLR4 and TLR9, and during late 
stage infection or in the presence of high bacterial numbers, TLR2 [29–32]. Since TLRs and 
other innate immune sensors are widely distributed among different cell types in the airways, 
comprising both hematopoietic and non-hematopoietic cells, our laboratory engaged in several 
studies seeking to dissect the cell-specific contribution of TLR and MyD88 signaling in host 
defense during Klebsiella pneumonia derived sepsis  [12,32]. Using BM chimeras we reported 
that TLR2 and TLR4 expression in hematopoietic cells are crucial for antibacterial defense, while 
MyD88 in hematopoietic and parenchymal cells is equally important [12,32]. BM transplantation 
can introduce artefacts caused by the irradiation and/or incomplete replacement of recipient 

2

3

4

5
*

Co
LysM-Myd88-/-

C
FU

/m
l lu

ng
 (L

og
)

2

3

4

C
FU

/m
l B

AL
F 

(L
og

)

0

200

400

600

800 **

 T
NF

 p
g/

m
l B

AL
F

0

50

100

150

200

IL
-6

 p
g/

m
l B

AL
F

0

500

1000

1500 **

 C
XC

L-
1 

pg
/m

l B
AL

F

0

50

100

150
*

 C
XC

L-
2 

pg
/m

l B
AL

F

A C B 

D 

Figure 6 

0

5000

10000

15000
*

ne
ut

ro
ph

ils
/m

l B
AL

F

C
ha

pt
er

 3



CHAPTER 3

56

hematopoietic cells, and cannot provide detailed information about the specific cell type that 
is affected [33]. In the present study we used the Cre-lox system to study the role of myeloid 
and endothelial cell specific MyD88 signalling in the host response during Klebsiella induced 
pneumosepsis. We demonstrate that while myeloid MyD88 contributes significantly to host 
defense, endothelial cell MyD88 has no role herein. 
Endothelial cells are resident cells implicated in sepsis pathogenesis and the induction of organ 
injury[34]. Earlier investigations examined the contribution of TLR and NFκB signaling within 
the vascular endothelium to the host response during experimental sepsis. Inhibition of endothelial 
NFκB signaling by overexpression of a degradation-resistant form of the NF-κB inhibitor I-κBα 
under the control of the endothelial cell specific VE-cadherin-5 promoter attenuated tissue 
inflammation and organ injury during endotoxemia and abdominal sepsis [16–19]. In addition, 
these mice displayed strongly reduced coagulation activation upon administration of endotoxin 
[19]. Endothelial cell specific NFκB inhibition did not influence the clearance of Listeria 
monocytogenesis, Streptococcus pneumoniae or Salmonella enterica after intravenous infection 
[16–19]. However, transgenic Tie2 driven overexpression of TLR4 in Tlr4-/- mice, resulting in 
mice with TLR4 expression restricted to endothelial cells, was sufficient for adequate bacterial 
clearance after intraperitoneal infection with Escherichia coli [20]. We used mice with Tie2 driven 
expression of Cre recombinase to delete endothelial MyD88 in Myd88fl/fl mice and observed a 
strongly impaired host defense as reflected by very high bacterial loads and increased mortality. 
However, from our genetic and functional characterization of primary cells harvested from 
Tie2-Myd88-/- mice it is clear that Tie2 driven Cre mediated excision of the Myd88 flox allele 
was not restricted to endothelial cells but also occurred in hematopoietic cells. While the current 
finding is supported by previous reports [23,35], the lack of specificity of the Tie2 promoter is 
not fully recognized in literature. Similarly, the VE-cadherin-5 promoter is reported to drive Cre 
recombinase gene expression not only in endothelial cells but also in a subset of hematopoietic 
cells[36]. To generate mice with endothelial cell specific MyD88 deficiency, we reconstituted Tie2-
Myd88-/- mice with BM of control mice. These mice were indistinguishable from control mice 
with regard to antibacterial defense, inflammation and distant organ injury, strongly suggesting 
that endothelial cell MyD88 does not play an important role in the host response during Klebsiella 
induced pneumosepsis.  Although this “negative” finding may seem to contrast with previous 
studies on the role of endothelial cells in severe infection [16–20], our approach clearly differs 
from these earlier investigations, both with regard to the target of genetic manipulation (deletion 
of MyD88 versus inhibition of NFκB [16–19] and endothelial cell overexpression of TLR4 on 
an otherwise TLR4 deficient background [20]) and the sepsis model used (pneumonia versus 
abdominal or intravenous infection [16–20]).
LysM-Cre mediated deletion of the floxed Myd88 allele resulted in MyD88 deficiency especially 
in macrophages and neutrophils, and to a lesser extent monocytes[22,37]. Clearly, these myeloid 
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cell MyD88 deficient mice showed a strongly compromised host defense after infection with 
Klebsiella, as reflected by enhanced mortality, increased bacterial numbers at the primary site of 
infection and an impaired early neutrophil influx and cytokine/chemokine release in the airways. 
Thus, MyD88 expressed by alveolar macrophages and neutrophils is essential for initiation of an 
adequate early innate immune response in the lung after infection with Klebsiella via the airways 
and the absence thereof results in uncontrolled bacterial growth and death. The phenotype of 
LysM-Myd88-/- mice was very similar to the previously documented phenotype of Myd88-/- mice 
during Klebsiella pneumonia [3,11,12], underlining the importance of myeloid cell MyD88 during 
respiratory tract infection. 
While innate immunity is important for antibacterial defense, it can also cause harm by 
hyperinflammation induced organ injury [38,39]. Deficiency of MyD88 has been shown to be 
protective in polymicrobial sepsis, in which especially liver injury was found to be associated 
with MyD88 dependent signaling [39,40]. A recent study demonstrated that mice with selective 
expression of MyD88 in myeloid cells displayed enhanced hepatocellular injury during abdominal 
sepsis induced by cecal ligation and puncture [41]. Here we found no evidence for a role of either 
myeloid or endothelial cell MyD88 in hepatocellular damage during pneumonia derived sepsis 
caused by K. pneumoniae. Hence, although MyD88 may contribute to organ injury during sepsis, 
its role likely depends on the type and primary source of the infection. 
Using MyD88 BM chimeras, we recently reported a role for both hematopoietic and parenchymal 
MyD88 in host defense in this model[42]. Since we could not demonstrate a role for endothelial 
cell MyD88 in the present investigation, MyD88 expressed in the respiratory epithelium may be 
involved. Indeed, lung epithelial cells have been implicated in host defense during respiratory tract 
infection [15]. The importance of MyD88 dependent signaling in lung epithelial cells was recently 
elegantly demonstrated in a model of Pseudomonas pneumonia in epithelial specific MyD88 
knock-in mice [43,44]. Selective expression of MyD88 in the airway epithelium was sufficient for 
neutrophil recruitment to the site of infection and bacterial clearance [44]. In addition, transgenic 
overexpression of IB-α in alveolar and bronchial epithelium in mice resulted in a reduced 
neutrophil influx into BAL fluid upon intrapulmonary delivery of LPS [45,46] and an increased 
growth of the gram-positive pathogen Streptococcus pneumoniae upon intratracheal infection [47]. 
Studies using mice in which Myd88 is deleted specifically in respiratory epithelium are warranted 
to establish the role of epithelial MyD88 in host defense against Klebsiella pneumonia derived 
sepsis. However, our first preliminary results with mice generated from intercrossings of Myd88fl/

fl mice and mice with Cre recombinase controlled by the surfactant protein C promoter [48], 
resulting in mice with a targeted deletion of Myd88 in distal airway epithelium, suggest that 
epithelial cell MyD88 does not contribute to protective immunity during Klebsiella pneumonia. 
Therefore, our earlier data using MyD88 BM chimeras [12] may have been confounded by 
incomplete replacement of recipient (MyD88 sufficient) hematopoietic cells.  
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In conclusion, to our knowledge, we here report for the first time on the role of MyD88 in myeloid 
and endothelial cells in severe bacterial infection, using a clinically relevant model of gram-
negative pneumonia derived sepsis characterized by gradual growth of bacteria at the primary 
site of infection followed by dissemination, tissue injury and death. While myeloid MyD88 was 
crucial for protective immunity, endothelial MyD88 played no role herein. Our data provide new 
insights in the pathophysiology of gram-negative sepsis and may be helpful for the development of 
therapeutics aimed at specific cell types.
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Supplementary Figure 1. Lung endothelial cell activation as reflected by e-selectin is higher in Tie2-MyD88-/- mice. 

Control, LysM-MyD88-/- and Tie2-MyD88-/- mice were inoculated with ~6x103 CFU K. pneumoniae and sacrificed 24 

hours later. Homogenates were prepared from right lungs.  E-selectin levels are presented in pg/ml lung homogenate or 

plasma. Data are mean (SE) of 5-8 mice per group. *p< 0.05 vs control mice.

Supplementary Figure 2. Absence of hematopoietic or endothelial Myd88 does not impact on organ injury. Control, 

LysM-MyD88-/-  and Tie2-MyD88-/- mice were inoculated with ~ 6x103 CFU K. pneumoniae and sacrificed 24 hours later. 

Plasma levels of LDH  and AST after 24 hours. Data are expressed as box-and-whisker diagrams depicting the smallest 

observation, lower quartile, median, upper quartile, and largest observation.
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Supplementary Figure 3. Local inflammatory response is not affected by the absence of MyD88 expression in the 

endothelial compartment. Control and Tie2-MyD88-/- mice were irradiated and injected with control or Tie2-MyD88-/- 

bone marrow cells. Six weeks after transplantation, mice were infected with 6 x103 CFU K. pneumoniae.  Histological scores 

24 hours after infection were determined of control mice transplanted with control bone marrow (Co+ Co BM, grey bars, 

n=8) and Tie2-MyD88-/- mice transplanted with control bone marrow (Tie2-MyD88-/-  + Co BM, white dotted bars) or  

Tie2-MyD88-/- bone marrow (Tie2-MyD88-/- + Tie2-MyD88-/-  BM, white bars) (A).  Panel (B) show representative lung 

histology of Co+ Co BM mice, Tie2-MyD88-/-  + Co BM mice and Tie2-MyD88-/- + Tie2-MyD88-/-  BM , H&E staining, 

original magnification 20x. Neutrophil influx  as reflected by Ly6-G and Ly6-C lung surface positivity (C) and whole lung 

MPO levels (D). Panels  E shows representative images of Ly-6G and Ly-6C staining on lung slides Co+ Co BM  mice, 

Tie2-MyD88-/-  + Co BM mice and Tie2-MyD88-/- + Tie2-MyD88-/-  BM; Data are expressed as box-and-whisker diagrams 

depicting the smallest observation, lower quartile, median, upper quartile, and largest observation. * p < 0.05, ** p < 0.01, 

*** p < 0.001 compared to control mice determined with Mann-Whitney U test.
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Supplementary Figure 4. Systemic inflammation is not affected by the absence of MyD88 expression in the endothelial 

compartment, but lung e-selectin is higher. Control and Tie2-MyD88-/- mice were irradiated and injected with control 

or Tie2-MyD88-/- bone marrow cells. Six weeks after transplantation, mice were infected with 6 x103 CFU K. pneumoniae 

and sacrificed 24 hours later. Homogenates were prepared from right lungs.  E-selectin levels of (Co+ Co BM, grey bars, 

n=8) and Tie2-MyD88-/- mice transplanted with control bone marrow (Tie2-MyD88-/-  + Co BM, white dotted bars) or  

Tie2-MyD88-/- bone marrow (Tie2-MyD88-/- + Tie2-MyD88-/-  BM, white bars) are presented in pg/ml lung homogenate 

(A) or plasma (B). Plasma levels of LDH (C) and AST (D) after 24 hours. Data are expressed as box-and-whisker diagrams 

depicting the smallest observation, lower quartile, median, upper quartile, and largest observation. *p< 0.05 vs control 

mice.

0

10000

20000

30000

40000

50000

E-
se

le
ct

in
 (p

g/
m

l p
la

sm
a)

0

2000

4000

6000

8000 *

E-
 s

el
ec

tin
(p

g/
m

l lu
ng

)

0

100

200

300

400

LD
H

 (U
/L

)

0

100

200

300

400

AS
T 

(U
/L

)

A B 

C D 

Supplemental figure 4 

C
ha

pt
er

 3



CHAPTER 3

66

Supplementary Table 1. Inflammatory response in LysM-MyD88-/-  and Tie2-MyD88-/- during K. pneumoniae 

pulmonary tract infection. Control and Tie2-MyD88-/- mice were irradiated and injected with control or Tie2-MyD88-/- 

bone marrow cells. Six weeks after transplantation, mice were infected with 6 x103 CFU K. pneumoniae and sacrificed 

after 24 hours. Homogenates were prepared from right lungs. Cytokine and chemokine levels are presented in pg/ml lung 

homogenate or plasma. Data are mean (SE) of 5-8 mice per group. *p< 0.05, ** p< 0.01 vs control mice transplanted with 

control bone marrow.

Recipient Co Tie2-MyD88-/- Tie2-MyD88-/-

Bonemarrow Co Co Tie2-MyD88-/-

Lung

TNF-α 1122 (37) 1138 (58) 958 (55)

IL-1β 1912 (691) 3991 (1021) 2091 (435)

IL-6 3697 (1336) 5142 (1403) 6222 (694)

IL-10 47 (3) 30 (4)* 35 (5)

CXCL-1 4358 (1194) 7580 (2371) 11340 (2560)*

CXCL-2 18487 (2479) 26592 (5357) 22539 (1449)

Plasma

TNF-α 10 (3) 102 (30) 136 (85)**

IL-6 814 (565) 2110 (1248) 3380 (1278)**

IL-10 bd bd bd

IL-12 bd bd bd

CCL-2 311 (149) 3085 (1793) 3771 (1061)**
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Abstract

Klebsiella (K.) pneumoniae is a common cause of pneumonia. Previous studies have documented 
an important role for Toll-like receptors (TLRs) expressed by myeloid cells in the recognition 
of K. pneumoniae and the initiation of a protective immune response. Lung epithelial cells also 
express TLRs and can participate in innate immune defense. The aim of this study was to examine 
the role of the common TLR adaptor protein myeloid differentiation factor (MyD)88 in lung epi-
thelium during host defense against K. pneumoniae induced pneumonia. For this we first crossed 
mice expressing cre recombinase under the control of the surfactant protein C (SftpCcre) or the 
club cell 10Kd (CC10cre) promoter with reporter mice to show that SftpCcre mice mainly ex-
press cre in type II alveolar cells, while CC10cre mice express cre almost exclusively in bronchiolar 
epithelial cells. We then generated mice with cell targeted deletion of MyD88 in type II alveo-
lar (SftpCcre-MyD88-lox) and bronchiolar epithelial (CC10cre-MyD88-lox) cells, and infected 
them with K. pneumoniae via the airways. Bacterial growth and dissemination were not affected 
by the loss of MyD88 in SftpCcre-MyD88-lox or CC10cre-MyD88-lox mice compared to control 
littermates. Furthermore, inflammatory responses induced by K. pneumoniae in the lung were not 
dependent on MyD88 expression in type II alveolar or bronchiolar epithelial cells. These results 
indicate that MyD88 expression in two distinct lung epithelial cell types does not contribute to 
host defense during pneumonia caused by a common human gram-negative pathogen.
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Introduction

Pneumonia is a global health care problem, often leading to hospitalization and associated with high 
health care costs [1]. One of the most common gram-negative bacteria that can cause pneumonia 
and a range of other serious infections is Klebsiella (K.) pneumoniae [2,3]. Multidrug-resistant 
strains are emerging rapidly urging the development of alternative therapies, and understanding 
the mechanisms involved in the pathogenesis of Klebsiella associated infections is of great value 
[4].
Respiratory pathogens come into contact with their human host through inhaled air and/or 
migration into the lower airways from the nasopharynx. For causing invasive disease one of the first 
barriers to cross is the epithelium lining the airway, which consists of several cell types that vary in 
their function depending on the airway level [5]. Clearance of pathogens at the epithelial level can 
initially be achieved by the production of mucus and ciliary function. Before the physical barrier is 
breached, epithelial cells can initiate processes leading to the recruitment of inflammatory cells such 
as granulocytes and macrophages to help prevent further invasion of pathogenic microorganisms 
[6]. Although our current understanding of innate immune defense mechanisms mostly originates 
from studies involving phagocytic leukocytes, accumulating evidence suggest a more than passive 
role for epithelial cells in host defense, supporting the idea that these cells are perfectly capable of 
recognizing pathogens and producing various antimicrobial products by themselves [6-9].
Immune cells express Toll-like receptors (TLRs) allowing for recognition of pattern associated 
molecular patterns (PAMPs) and initiation of innate immune defense [10]. Several TLRs including 
TLR2, 4 and 9 have been implicated in immune protection against K. pneumoniae infection 
[11,12], and the common adapter protein to all TLRs (except TLR3), myeloid-differentation 
factor (MyD)88, has been shown to be crucial for adequate host responses during K. pneumoniae 
induced pneumonia [13-15]. Although these pattern recognition tools are also expressed by 
lung epithelial cells [16-21], evidence for involvement of lung epithelium in defense against K. 
pneumoniae is mostly limited to in vitro investigations [19,22,23] and in vivo studies that suggest 
an indirect role deduced from experiments in which non-hematopoietic cells turned out to be of 
significant importance during Klebsiella induced pneumonia [14]. Direct involvement of epithelial 
MyD88 in antibacterial defense against pathogens including K. pneumoniae was demonstrated 
using mice with cell-specific targeted deletion of MyD88 in the intestinal epithelium [24]. More 
recently, utilizing the same (Cre-lox) technique for generating cell-specific MyD88 knockout mice, 
we showed that myeloid but not endothelial MyD88 is crucial for protective immunity during 
Klebsiella pneumonia [15]. To our knowledge, the effects of cell-specific deletion of MyD88 in 
lung epithelium on the innate immune responses against K. pneumoniae induced pneumonia has 
not been examined yet. Therefore, in this study we aimed to establish the role of lung epithelial 
MyD88 in lower respiratory tract infection caused by K. pneumoniae by using type II alveolar and 
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bronchiolar cell-specific MyD88 deficient mice.

Methods

Animals
Mice expressing cre recombinase under the control of the surfactant protein C promoter 
(SftpCcre mice) [25,26] and mice expressing cre recombinase under the control of the club 
cell 10kd promoter (CC10cre mice) [27] were mated to ROSAmT/mG reporter mice ( Jackson 
Laboratory, Bar Harbor, Maine) to generate SftpCcre-mTmG-lox and CC10cre-mTmG-lox mice 
respectively, to test for cre activity. Homozygous MyD88fl/fl mice [28] were crossed with SftpCcre 
mice to generate type II alveolar epithelial specific MyD88 deficient (SftpCcre-MyD88-lox) mice, 
or with to CC10cre mice to generate bronchiolar epithelial specific MyD88 deficient (CC10cre-
MyD88-lox) mice. MyD88fl/fl cre negative littermates were used as controls in all experiments. All 
genetically modified mice were backcrossed at least 6 times to a C57Bl/6 background and age- and 
sex matched when used in experiments. Mice were infected at 8-12 weeks of age. Experiments 
were carried out in accordance with the Dutch Experiment on Animals Act and approved by the 
Animal Care and Use Committee of the University of Amsterdam.

Immunohistochemistry
Lungs of SftpCcre-mTmG-lox and CC10cre-mTmG-lox mice were fixed in 10% buffered formalin, 
and embedded in paraffin until further analysis. For tissue analysis, 4 µm sections were deparaffinized 
by incubating three times in xylene for seven minutes. Rehydration was performed in an ethanol 
series (100% EtOH for 3 minutes, 100% EtOH, 100% EtOH, 96% EtOH, 90% EtOH, 80% 
EtOH, 70% EtOH and 50% EtOH for 1 minute). After deparaffination and rehydration the 
sections were washed in PBS for 5 minutes and pressure cooked in Antigen unmasking solution 
(Vector H-3300). Sections were blocked for 30 minutes in TNB (0.1 M Tris-HCl, pH=7.5; 0.15 
M NaCl; 0.5% Blocking Reagent (Roche, Basel, Switzerland) followed by incubation overnight 
with chicken-green fluorescent protein (GFP) antibody (Abcam, Cambridge, UK) or rabbit anti-
prosurfactant protein c antibody (Merck Millipore, Billerica, MA) diluted in TNB. Sections were 
washed three times for five minutes in TNT buffer (0.1M Tris-HCl, pH 7.5; 0.15M NaCl, 0.05% 
Tween) before incubation for two hours with Alexa 488 goat anti-chicken antibody or Alexa 680 
goat anti-rabbit antibody (both from Thermo Fisher Scientific, Waltham, MA) diluted in TNB. 
Afterwards, the sections were washed three times for five minutes with TNT and mounted in 
glycerol/PBS (1:1).

Induction of pneumonia and sampling of organs
Pneumonia was induced by intranasal inoculation with ~10,000 colony forming units (CFUs) 
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of K. pneumoniae serotype 2 (ATCC 43816; American Type Culture Collection, Manassas, VA). 
Mice were euthanized after 6 or 40 hours of infection and organs and bronchoalveolar lavage fluid 
(BALF) were harvested and processed exactly as described [11,15,29]. Survival was monitored in 
a separate experiment. 

Assays
Chemokine (C-X-C motif ) ligand (CXCL)1, chemokine (C-X-C motif ) ligand (CXCL)2, 
chemokine (C-X-C motif ) ligand (CXCL)5, chemokine (C-C motif ) ligand (CCL)20, 
granulocyte colony-stimulating factor (G-CSF), tumor necrosis factor (TNF)-α, interleukin 
(IL)-1β and interleukin (IL)-6 were measured by ELISA’s (R&D Systems, Minneapolis, MN); 
myeloperoxidase (MPO) was measured by ELISA from Hycult Biotechnology (Uden, The 
Netherlands).

Histopathology
Histologic examination of lungs was performed as described [11,14,15,29]. To score lung 
inflammation and damage, the entire lung surface was analyzed with respect to the following 
parameters: bronchitis, edema, interstitial inflammation, intra-alveolar inflammation, pleuritis, 
endothelialitis and percentage of the lung surface demonstrating confluent inflammatory infiltrate. 
Each parameter was graded 0–4, with 0 being ‘absent’ and 4 being ‘severe’.

Statistical analysis
Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, 
median, upper quartile, and largest observation unless indicated otherwise. Differences between 
control and SftpCcre-MyD88-lox or CC10cre-MyD88-lox mice were analyzed by Mann Whitney 
U test or One-sample t test. Survival curves are depicted as Kaplan-Meier plots and compared 
using log-rank test. These analyses were done using GraphPad Prism (San Diego, CA). P< 0.05 
was considered statistically significant.
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Results

Expression of cre recombinase in SftpCcre and CC10cre mice
To investigate the distribution of cre expression in SftpCcre and CC10cre mice, these mice were 
crossed with ROSAmT/mG reporter mice to generate SftpCcre-mTmG-lox and CC10cre-mTmG-lox 
mice respectively. In SftpCcre-mTmG-lox and CC10cre-mTmG-lox mice cre mediated excision of 
the membrane-targeted Tomato (mT) cassette leads to cell-specific expression of the membrane-
targeted enhanced green fluorescent protein (GFP) (mG) cassette [30]. Cre lox recombination 
indeed resulted in GFP expression, which in SftpCcre-mTmG-lox mice was predominantly 
detected throughout lung parenchyma where type II alveolar epithelial cells are located (Figure 
1A). Notably, however, GFP could also be detected in the bronchioles, although to a lesser extent. 
In CC10cre-mTmG-mice cre activity was almost exclusively detected in bronchioles and virtually 
absent in lung parenchyma (Figure 1D). To verify that the cells in lung parenchyma of SftpCcre-
mTmG-lox mice expressing GFP were type II alveolar epithelial cells, we stained sections for 
pro-surfactant protein C (Figure 1B). Figure 1C clearly confirms that Cre activity in SftpCcre-
mTmG-lox mice was indeed mainly located in surfactant protein C producing (i.e., type II 
alveolar epithelial) cells. In contrast, surfactant protein C positive cells in CC10cre-mTmG-lox 
mice (Figure 1E) did not show any expression of GFP (Figure 1F). These results demonstrate that 
cre recombinase in SftpCcre mice is mainly active in type II alveolar epithelial cells, whereas in 
CC10cre mice cre is active in the bronchiolar epithelium.

MyD88 in type II lung epithelial cells does not impact survival or bacterial clearance during K. 
pneumoniae induced pneumonia
To determine the impact of MyD88 deficiency in type II lung epithelial cells on survival, we 
performed an observational study in which we infected SftpCcre-MyD88-lox and matching control 
mice with K. pneumoniae via the airways (Figure 2A). More than 90% of all mice in both groups 
died within four days of infection, and no difference in rate of survival was observed between 
SftpCcre-MyD88-lox and control mice. In accordance with these results, 40 hours after infection 
with the same bacterial dose no difference in bacterial load could be found in lungs or distant 
organs (Figure 2B, left and right panel respectively). Although during this late stage of Klebsiella 
infection lung tissue slides from both SftpCcre-MyD88-lox and control mice displayed signs of 
severe pneumonia, the degree of lung damage was the same between the two groups (Figure 2C).
To establish a possible role of lung epithelial cells in early host defense, we also examined the 
bacterial loads in lungs of mice 6 hours after infection (Figure 2B, left panel). At this early time 
point however, deficiency of MyD88 in type II epithelial cells did not impact clearance of K. 
pneumoniae in the lungs as both SftpCcre-MyD88-lox and control mice had similar bacterial 
loads. No bacteria could be cultured in distant organs 6 hours post infection. Taken together, these 
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data suggest that deletion of MyD88 in type II lung epithelial cells does not impact host survival 
or bacterial clearance during Klebsiella pneumonia. 

Figure 1. Expression of cre recombinase in SftpCcre and CC10cre mice. To test for cre activity, SftpCcre and CC10cre 

mice were mated to ROSAmT/mG reporter mice to generate SftpCcre-mTmG-lox and CC10cre-mTmG-lox mice respectively. 

Cre mediated excision of the mT cassette leading to cell-specific expression of the mGFP in lungs of SftpCcre-mTmG-lox 

and CC10cre-mTmG-lox mice is shown here (green, A and D), while the same lung sections were also stained with pro-

surfactant protein C (red, B and E); merged images are depicted at the bottom of the figure (C and F).

C
ha

pt
er

 4



CHAPTER 4

76

Figure 2. Survival and bacterial defense are not impaired in SftpCcre-MyD88-lox mice during Klebsiella pneumonia. 

Control and SftpCcre-MyD88 -lox mice were intranasally infected with ~10.000 CFUs of K. pneumoniae. Survival of 

control and SftpCcre-MyD88-lox mice (18-15 mice per group) is shown in Kaplan-Meier curves (A). To assess bacterial 

defense, bacterial loads in lungs were determined 6 and 40 hours after infection (7-8 mice per group) (B, left panel). In 

contrast to 6 hours after infection, bacteria were present in distant organs 40 hours after infection (B, right panel). Lungs 

were analyzed histologically as described in the Methods section and the total pathology scores 40 hours after infection 

are depicted here, along with a representative lung histology slide for each group (C). Survival curves were compared 

using the Log-Rank test. Bacterial loads and pathology scores are expressed as box-and-whisker diagrams showing the 

smallest observation, lower quartile, median, upper quartile and largest observation. Bacterial loads and pathology scores 

of SftpCcre-MyD88-lox mice were compared to control mice using the Mann-Whitney test.

MyD88 in type II lung epithelial cells does not influence early inflammatory response in the 
lung after infection with Klebsiella pneumoniae
Lung epithelial cells are thought to be involved in the initiation of the host defense and the 
attraction of inflammatory cells to the site of infection, especially since these cells are most likely 
the first of all cells to encounter a pathogen during its invasion through the airways [7,8,31,32]. 
Therefore, we determined cell numbers in BAL fluid as well as MPO levels in lung tissue of 
SftpCcre-MyD88-lox and control mice 6 hours after infection with K. pneumoniae (Figure 3A 
left and right panel respectively. Epithelial MyD88 deficiency did not result in impaired cell influx 
into the bronchoalveolar space or lower MPO concentrations, suggesting unaltered neutrophil 
influx. At this early time point, we also measured the concentrations of proinflammatory cyto- 
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and chemokines in BAL fluid known to be derived predominantly from epithelial cells (CXCL1, 
CXCL2, CXCL5, CCL20 and G-CSF; Figure 3B), while myeloid cell derived inflammatory 
proteins were measured in lung homogenates (TNF-α, IL-1β and IL-6; Figure 3C) [7,8,17,33,34]. 
With the exception of CXCL1 levels, which were strongly reduced in SftpCcre-MyD88-lox mice 
compared to their littermate controls (p < 0.001), levels of all other inflammatory mediators 
measured were not significantly different between the two mouse strains. Likewise, CXCL1 
levels in whole lung homogenates were lower in SftpCcre-MyD88-lox mice when compared with 
control mice at 6 hours after infection; all other epithelial derived mediators measured in lung 
homogenates were not different between mouse strains at either 6 or 40 hours post infection 
(Supplementary Table 1). Since CXCL1 is a chemokine involved in the influx of neutrophils, 
we examined BALF cells and determined neutrophil numbers. The lower level of CXCL1 
found in SftpCcre-MyD88-lox mice however did not result in a lower amount of neutrophils (or 
macrophages) in BALF (Supplementary Figure 1). In conclusion, these data strongly argue against 
a significant role of MyD88 in type II lung epithelial cells during Klebsiella induced pneumonia. 

Figure 3. Early inflammatory response in lungs of SftpCcre-MyD88-lox mice is unaltered after infection with Klebsiella. 

Total number of cells in BALF and MPO levels in lung homogenates of control and SftpCcre-MyD88-lox mice (8 per 

group) were determined 6 hours after infection with ~10.000 CFUs of K. pneumoniae (A). CXCL1, CXCL2, CXCL5, 
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CCL20 and G-CSF were measured in BALF (B), while TNF-α, IL-1β and IL-6 were determined in lung homogenates. 

Data are expressed as box-and-whisker diagrams showing the smallest observation, lower quartile, median, upper quartile 

and largest observation. Comparison was done using the Mann-Whitney test. *** p < 0.001.

MyD88 in bronchiolar epithelial cells does not impact bacterial clearance during K. pneumoniae 
induced pneumonia
To determine the role of MyD88 in bronchiolar epithelial cells we infected CC10cre-MyD88-
lox and control littermate mice with K. pneumoniae via the airways; mice were sacrificed 6 or 
40 hours after infection and lungs and other organs were harvested to determine bacterial loads 
(Figure 4A left and right panel). The amount of bacteria in the lung post infection was similar 
in both groups at both time points. Furthermore, there was no difference in bacterial loads in 
blood, spleen or liver at 40 hours. No bacteria could be detected in these distant organs 6 hours 
after infection. These results suggest that bronchiolar MyD88 is not involved in limiting bacterial 
growth or dissemination during Klebsiella induced pneumonia. Akin the results obtained in 
SftpCcre-MyD88-lox mice, CC10cre-MyD88-lox mice showed similar lung pathology at 40 hours 
after infection as littermate control mice (Figure 4B). 

Figure 4. Bacterial defense is not impaired in CC10cre-MyD88-lox mice during Klebsiella pneumonia. Control and 

CC10cre-MyD88 -lox mice were intranasally infected with ~10.000 CFUs of K. pneumoniae. Bacterial loads in lungs 

were determined 6 and 40 hours after infection (8-9 per group) (A, left panel) and in blood, spleen and liver 40 hours 

after infection (A, right panel). Lungs were analyzed histologically as described in the Methods section and the total 

pathology scores 40 hours after infection are depicted here, along with a representative lung histology slide for each group 

(B). Bacterial loads and pathology scores are expressed as box-and-whisker diagrams showing the smallest observation, 

lower quartile, median, upper quartile and largest observation. Bacterial loads and pathology scores of CC10cre-MyD88-

lox mice were compared to control mice using the Mann-Whitney test.
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MyD88 in bronchiolar epithelial cells does not influence early inflammatory response in the 
lung after infection with Klebsiella pneumoniae
Next, we sought to examine early inflammatory responses in CC10cre-MyD88-lox mice after 
infection with K. pneumoniae. Similar to results seen with the SftpCcre-MyD88-lox mice, 
MyD88 deficiency in bronchiolar epithelial cells did not affect cell influx in BALF and did not 
result in different MPO levels compared to littermate controls (Figure 5A left and right panels). 
Inflammatory mediator levels in BALF harvested at 6 hours after infection from CC10cre-MyD88-
lox mice were comparable with those in matching control mice (Figure 5B), and mediator levels 
in whole lung homogenates obtained 6 or 40 hours post infection were not different between 
mouse strains (Supplementary Table 2). Similarly, pulmonary levels of TNF, IL-1β and IL-6 were 
comparable among both groups (Figure 5C). In summary, MyD88 in bronchiolar epithelium was 
found to be dispensable with regard to host defense inflammatory responses during infection with 
Klebsiella. 

Figure 5. Early inflammatory response in lungs of CC10cre-MyD88-lox mice is unaltered after infection with Klebsiella. 

Total number of cells in BALF and MPO levels in lung homogenates of control and CC10cre-MyD88-lox mice (8 per 

group) were determined 6 hours after infection with ~10.000 CFUs of K. pneumoniae (A). CXCL1, CXCL2, CXCL5, 

CCL20 and G-CSF were measured in BALF (B), while TNF-α, IL-1β and IL-6 were determined in lung homogenates. 

Data are expressed as box-and-whisker diagrams showing the smallest observation, lower quartile, median, upper quartile 

and largest observation. Comparison was done using the Mann-Whitney test.
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Discussion

Lung epithelial cells form a physical barrier that is important for preventing pathogenic 
microorganisms and toxic particles from entering the systemic circulation, and in addition are 
equipped with tools to contribute to host defense. For example, they can assist in the clearance 
of unwanted particles through mucociliary function, produce antimicrobial molecules, or 
ensure recruitment of immune cells to sites of infection [7-9,32]. Central to innate immunity 
is the recognition of pathogens by TLRs and consequently the activation of MyD88, which 
triggers a cascade of events eventually leading to the production of antimicrobial cytokines and 
chemokines [10,35].We here examined the effect of loss of epithelial MyD88 on host defense in 
the lung, by generating type II lung epithelial specific MyD88 deficient (SftpCcre-MyD88-lox) 
mice and bronchiolar epithelial specific MyD88 deficient (CC10cre-MyD88-lox) mice. We used 
an established model of lower respiratory tract infection induced by an important gram-negative 
human pathogen, K. pneumoniae, to show that host defense of neither SftpCcre-MyD88-lox 
nor CC10cre-MyD88-lox mice is impaired during severe pneumonia. Loss of MyD88 in type II 
or bronchiolar epithelial cells did not affect bacterial clearance or recruitment of immune cells 
to lung, and early inflammatory responses as reflected by the production of epithelial specific 
chemokines were not altered compared to littermate controls. Therefore, data shown here argue 
against involvement of MyD88 signaling in two distinct airway epithelial cell types during 
infection with K. pneumoniae.
Alveolar type I and type II cells are located at the lowest level of the respiratory tract, the alveolus 
[36]. While type I cells are responsible for gas exchange and cover ~ 95% of the alveolar surface, 
type II cells are distinct in that they secrete surfactant protein C which helps maintain optimal 
surface tension in the alveolus preventing the air space from collapsing. Furthermore, type II cells 
are of interest considering their assumed role in innate immunity. Several reports have shown that 
type II epithelial cells express TLRs and are responsive to bacterial components [16,17,19-21]. 
Moreover, transgenic mice in which NF-κB activation was selectively inhibited in surfactant protein 
C expressing cells demonstrated reduced influx of neutrophils in the lung and lower pulmonary 
levels of TNF-α, IL-1β, CXCL1 and CXCL2 after lipopolysaccharide (LPS) inhalation [37], as 
well as impaired killing of Streptococcus (S.) pneumoniae [38]. A different approach for studying 
innate immunity of airway epithelial cells using TLR2 deficient mice and reconstituting TLR2 via 
intranasal inoculation of adenovirus, revealed the importance of TLR2 signaling for an adequate 
host defense response against Mycoplasma (M.) pneumoniae [39]. Here however we show that 
type II epithelial MyD88 expression is dispensable for host defense against K. pneumoniae. 
Club cells or CC10 producing cells, previously known as Clara cells, are present in the terminal 
bronchioles [40,41]. These epithelial cells are non-ciliated and capable of responding to LPS 
[42,43]; in vivo NF-κB activation in these cells was shown to be important for adequate neutrophil 
influx and chemokine and cytokine production in response to LPS [44]. Very recently, the role 
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of MyD88 in club cells during pneumococcal pneumonia was studied [45]. Club cell MyD88 
expression played an important role in the production of proinflammatory cytokines and control 
of bacterial growth early during infection. In this report however, we did not observe any effect of 
loss of MyD88 expression in bronchiolar epithelial cells. 
The data presented here indicate that in contrast to M. pneumoniae and S. pneumoniae, K. 
pneumoniae does not trigger type II epithelial or bronchiolar MyD88 induced responses. 
Although host defense against both M. pneumoniae and S. pneumoniae is known to be TLR2(-
MyD88) mediated [46,47], TLR4 in particular is required for antibacterial responses against K. 
pneumoniae [11]. Moreover, we recently demonstrated that early inflammatory response during 
respiratory infection with Pseudomonas (P.) aeruginosa is dependent on MyD88 expression in 
type II epithelial cells, and that MyD88 mediated responses rely on the recognition of flagellin by 
TLR5 [48].These findings suggest that TLR2 driven epithelial MyD88 activation during infection 
with M. and S. pneumoniae and that TLR5/flagella driven MyD88 activation during infection 
with P. Aeruginosa, can contribute substantially to host defense, while epithelial TLR4-MyD88 
activation during K. pneumoniae infection is dispensable, possibly due to the presence of a much 
stronger myeloid TLR4-MyD88 activation [15]. Interestingly, although TLR2, TLR4 and TLR5 
have been demonstrated to be physically present on the surface of various epithelial cells in vitro 
[16-21], the functional expression of TLR4 in particular is somewhat debatable, since in the 
absence of serum in cell culture medium (containing CD14, an important accessory protein to 
TLR4), alveolar type II cells are TLR4 unresponsive [49].
Previously, we have performed bone marrow transplantation studies to investigate the role of 
MyD88 expression in different cell compartments in mice with pneumonia induced by Klebsiella 
[14,15]. We found that MyD88 expression in both radiation-resistant and radiation-sensitive cells 
contributes to defense against K. pneumoniae. Radiation-sensitive cells include hematopoietic 
cells while radiation-resistant cells include structural cells such as endothelial and epithelial cells. 
While we have already showed that endothelial MyD88 does not play a significant role during 
Klebsiella infection [15], our results here argue against substantial influence of MyD88 expression 
in epithelial cells, and suggest that radiation-resistant cells other than endothelial cells or the lung 
epithelial cells investigated here are responsible for the MyD88 dependent protection observed 
in the bone marrow chimera studies. A possible explanation could be that cumulative MyD88 
expression in both endothelial and epithelial cells rather than the separate expression of MyD88 
in only one of these cell types is crucial for host defense during pulmonary infection caused by K. 
pneumoniae. Alternatively, the dose of K. pneumoniae used here could have been too high, since 
both control and SftpCcre-MyD88-lox mice died within four days following nasal administration 
of +/- 10.000 CFUs of K. pneumoniae. In contrast, 50% of the chimeric control mice used in the 
bone marrow transplantation studies infected with more or less the same dose of bacteria were still 
alive after 48 hours [14]. Although the major differences in genetic background that exist between 
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the littermate and experimental mice used here and the purchased wildtype and transgenic mice 
used in the bone marrow transplantation studies could be an explanation for this difference in 
survival, it would be interesting to know whether using a significantly lower dose would impact 
survival of SftpCcre-MyD88-lox mice. 
Interestingly, of the many cytokines and chemokines we measured, only CXCL1 was significantly 
reduced in mice failing to express MyD88 in alveolar type II cells. Although activated respiratory 
epithelial cells are able to induce neutrophil infiltration in the lung following LPS exposure [44], 
decreased levels of CXCL1 did not result in altered cell numbers in BALF of SftpCcre-MyD88-
lox mice infected with K. pneumoniae. Most likely, other chemokines which are also involved in 
neutrophil influx and which are not affected by MyD88 deletion in alveolar type II cells, are able 
to compensate for the loss of CXCL1-induced neutrophil migration.
Our study has limitations. Although we have used reporter mice to verify in which cells cre 
recombinase mediated deletion takes place, in the data presented here we did not provide direct 
evidence that MyD88 is in fact deleted in SftpCcre-MyD88-lox and CC10cre-MyD88-lox mice. 
In a recent report however, we have demonstrated that the percentage of MyD88 deletion in 
SftpCcre-MyD88-lox mice was 82.7%, while MyD88 expression in macrophages was fully intact 
[50]. Furthermore, although we do not expect significant background immunofluorescence, we 
have not included lung sections of cre negative mice mated to reporter mice to prove this. 
In conclusion, we here demonstrate that MyD88 in two distinct lung epithelial cell types, type 
II alveolar and bronchiolar epithelial cells, does not contribute to bacterial defense against K. 
pneumoniae. Because airways are easily accessible, lung epithelial cells are ideal candidates for cell 
targeted therapeutics as an adjunct to antibiotics. Further investigations however are needed to 
dissect which clinically relevant microorganisms are affected by innate immune epithelial defense.
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Supplementary Table 1. Epithelial derived cytokine and chemokine levels measured in lung homogenates of SftpCcre-

MyD88-lox mice after infection with K. pneumoniae. Control and SftpCcre-MyD88-lox mice were intranasally infected 

with ~10.000 CFUs of K. pneumoniae. CXCL1, CXLC2, CXCL5, CCL20 and G-CSF levels were measured in whole 

lung homogenates harvested 6 or 40 hours after infection (8-7 mice per group). All data presented here are medians in pg/

ml with their interquartile ranges in square brackets. The Mann-Withney test was used to compare both mouse groups and 

calculate the p value. * p < 0.001.

Supplementary Table 2. Epithelial derived cytokine and chemokine levels measured in lung homogenates of CC10cre-

MyD88-lox mice after infection with K. pneumoniae. Control and CC10cre-MyD88-lox mice were intranasally infected 

 T=6h T=40h 

 Control SftpCcre-
MyD88-lox p value Control SftpCcre-

MyD88-lox p value 

CXCL1 1107 [1017] 449 [124] 0.0002* 11726 [44444] 6217 [9861] 0.66 

CXCL2 1418 [1096] 968 [798] 0.34 8848 [8617] 11562 [11330] 0.54 

CXCL5 18655 [12879] 17164 [6833] 0.75 7805 [7454] 4989 [1491] 0.37 

CCL20 829 [351] 584 [153] 0.75 11415 [25645] 17813 [13083] 1.00 

G-CSF 447 [196] 388 [335] 0.83 7530 [10229] 8598 [10390] 0.95 

       
 

 T=6h T=40h 

 Control CC10cre-
MyD88-lox p value Control CC10cre-

MyD88-lox p value 

CXCL1 447 [242] 537 [439] 0.07 304829 [29721] 32605 [71003] 0.61 

CXCL2 1241 [484] 1530 [540] 0.25 9391 [9007] 15090 [11636] 0.76 

CXCL5 51287 [10394] 39195 
[38264] 0.44 18903 [5880] 15425 [16067] 0.84 

CCL20 5914 [4411] 5030 [2554] 0.65 18646 [23434] 13236 [9675] 0.46 

G-CSF 755 [955] 740 [492] 0.96 4572 [8948] 9398 [11583] 0.39 
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with ~10.000 CFUs of K. pneumoniae. CXCL1, CXLC2, CXCL5, CCL20 and G-CSF levels were measured in whole 

lung homogenates harvested 6 or 40 hours after infection (9-8 mice per group). All data presented here are medians in pg/

ml with their interquartile ranges in square brackets. The Mann-Withney test was used to compare both mouse groups and 

calculate the p value. * p < 0.001.

Supplementary Figure 1. Neutrophil influx is not altered in BALF of SftpCcre-MyD88-lox mice following infection 

with K. pneumoniae. Control and SftpCcre-MyD88-lox mice were intranasally infected with ~10.000 CFUs of K. 

pneumoniae (8 mice per group). Six hours after infection total numbers of neutrophils (A), lymphocytes (B) and 

macrophages (C) were determined using cytospin preparations stained with Giemsa stain (Diff-Quick; Dade Behring 

AG, Düdingen, Switzerland). Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower 

quartile, median, upper quartile, and largest observation. Comparison was done using the Mann-Whitney test.
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Abstract

Pseudomonas (P.) aeruginosa is a flagellated pathogen frequently causing pneumonia in hospitalized 
patients and sufferers of chronic lung disease. Here we investigated the role of the common Toll-like 
receptor (TLR) adaptor myeloid-differentiation factor (MyD)88 in myeloid versus lung epithelial 
cells in clearance of P. aeruginosa from the airways. Mice deficient for MyD88 in lung epithelial 
cells (Sftpccre-MyD88-lox mice) or myeloid cells (LysMcre-MyD88-lox mice), and bone marrow 
chimeric mice deficient for TLR5 (the receptor recognizing Pseudomonas flagellin) in either 
parenchymal or hematopoietic cells were infected with P. aeruginosa via the airways. Sftpccre-
MyD88-lox mice demonstrated a reduced influx of neutrophils into the bronchoalveolar space 
and an impaired early antibacterial defense after infection with P. aeruginosa, while the response 
of LysMcre-MyD88-lox mice did not differ from control mice. The immune enhancing role of 
epithelial MyD88 was dependent on recognition of pathogen-derived flagellin by epithelial TLR5, 
as demonstrated by an unaltered clearance of mutant P. aeruginosa lacking flagellin from the lungs 
of Sftpccre-MyD88-lox mice, and an impaired bacterial clearance in bone marrow chimeric mice 
lacking TLR5 in parenchymal cells. These data indicate that early clearance of P. aeruginosa from 
the airways is dependent on flagellin-TLR5-MyD88 dependent signaling in respiratory epithelial 
cells.
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Introduction

Pseudomonas (P.) aeruginosa pneumonia frequently occurs in hospitalized patients and is 
associated with high mortality rates and substantial financial costs [1,2]. In addition, Pseudomonas 
often colonizes the airways of patients suffering from chronic lung diseases such as cystic fibrosis, 
chronic obstructive pulmonary disease and bronchiectasis. Colonization by Pseudomonas induces 
chronic inflammation and contributes to a further decline in lung function [3,4]. Moreover, 
antibiotic multiresistance of Pseudomonas is an increasing problem [5,6]. Hence, studies on 
induction of host defense during airway infection by Pseudomonas and mechanisms by which this 
pathogen initiates inflammation are of great importance. 
Toll-like receptors (TLRs) occupy a prominent position in the innate immune system by virtue 
of their capacity to recognize bacterial components [7,8]. Pseudomonas possesses ligands for 
several TLRs, including TLR2 (lipoprotein), TLR4 (lipopolysaccharide, LPS), TLR5 (flagellin) 
and TLR9 (cytosinephosphate-guanosine DNA) [9], all of which rely on the common adapter 
myeloid-differentiation factor (MyD)88 for intracellular signaling [7,8]. The importance of TLR 
dependent signaling for clearance of this pathogen was illustrated by the strongly impaired defense 
of MyD88 deficient (MyD88-/-) mice during Pseudomonas pneumonia [10-12]. The interplay 
between TLR2, TLR4 and TLR5 and the redundancy of these receptors during Pseudomonas 
infection have been elegantly demonstrated by experiments in which Tlr2-/-, Tlr4-/- and Tlr2-/-/
Tlr4-/- mice were infected with wild-type (WT) or a flagellin deficient strain of P. aeruginosa 
[13,14]. In addition, a recent study in TLR5-/- mice demonstrated that TLR5 contributes to the 
early antibacterial response and the recruitment of neutrophils during Pseudomonas pneumonia 
[15]. 
Several cell types express TLRs in human and murine lung tissue, most notably airway epithelial 
cells, neutrophils, and alveolar macrophages [9]. Respiratory epithelial cells are assumed to play an 
important role in the initiation of the host response and the attraction of inflammatory cells when 
they first encounter a pathogen [16]. The importance of MyD88 dependent signaling in non-
hematopoietic cells for the induction of an effective innate host response against Pseudomonas 
was demonstrated in a mouse bone marrow (BM) chimera model [17]. In accordance, selective 
expression of MyD88 in lung epithelial cells in otherwise MyD88 deficient mice was sufficient 
to control bacterial growth, although this effect was largely dependent on MyD88 mediated in 
IL-1β receptor signaling [18]. Additional studies making use of TLR5 BM chimeras revealed 
that the expression of TLR5 on residential cells is crucial for the induction of a proinflammatory 
response to purified flagellin in the lungs [19,20]. However, at present the relative contribution 
of TLR5 dependent signaling in resident and hematopoietic cells to the innate immune response 
during infection with a flagellated pathogen is unknown. Therefore, in the present study we aimed 
to investigate the cell-type specific role of MyD88 in myeloid versus lung epithelial cells and the 
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role of the interaction between TLR5 and flagellin herein. To this end we performed experiments 
in myeloid and epithelial cell-specific MyD88 deficient mice using WT and flagellin-deficient P. 
aeruginosa, as well as TLR5 BM chimeras. 

Methods

Animals 
Homozygous MyD88fl/fl mice [21] were crossed with LysMcre [22] ( Jackson Laboratory, Bar 
Harbor, Maine), or Sftpccre mice [23,24], to generate myeloid (LysMcre-MyD88-lox) and type 
II lung alveolar epithelial (Sftpccre-MyD88-lox) specific MyD88 deficient mice respectively. 
MyD88fl/fl Cre negative littermates were used as controls in all experiments. In studies using TLR5-

/- mice, generated as described [19], WT C57Bl/6 mice were obtained from Harlan (Horst, The 
Netherlands) as controls. All genetically modified mice were backcrossed at least 8 times to a 
C57Bl/6 background and age- and sex matched when used in experiments. Mice were infected 
at 9-12 weeks of age. The Animal Care and Use Committee of the University of Amsterdam 
approved all experiments.

Induction of pneumonia and sampling of organs
Pneumonia was induced by intranasal inoculation with 5x106 colony forming units (CFU) of 
P. aeruginosa PAO1 or PAO1ΔfliC,[14] as described [25,26]. This infectious dose is non-lethal, 
causing serious discomfort several hours after infection, with a gradual recovery thereafter. 
After 6 or 24 hours of infection mice were euthanized after injection anesthesia with ketamine/
medotomidine and heart puncture as described before [27]. For bronchoalveolar lavage (BAL) 
the trachea was exposed through a midline incision; after cannulation of the trachea and occlusion 
of the left main bronchus with suture thread lavage of the right lung was performed by instilling 
2 × 0.3 mL of sterile phosphate-buffered saline; the left lung was preserved for histopathology 
after fixation in 10% formalin. Lung was homogenized in sterile saline (1:5, weight/vol) using a 
tissue homogenizer (Biospec Products, Bartlesville, Oklahoma), and CFUs were determined in 
lung homogenates, BAL fluid (BALF) and blood from serial dilutions plated on blood agar plates, 
incubated at 37°C for 16 hours before colonies were counted. Cell counts were determined for 
each BALF sample in a hemocytometer (Beckman Coulter, Fullerton, CA, USA) and differential 
cell counts were performed on cytospin preparations stained with Giemsa stain (Diff-Quick; 
Dade Behring AG, Düdingen, Switzerland). For cytokine and chemokine measurements lung 
homogenates were lysed in an equal volume of lysis buffer (150mM NaCl,15mM Tris, 1mM MgCl, 
1mM CaCl2, 1% Triton, pH 7.4) with protease inhibitors (Roche Complete Protease Inhibitor 
cocktail) on ice for 30 minutes and spun down. BALF and lung homogenate supernatants were 
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stored at -20 oC until further analysis..

Assays
Tumor necrosis factor (TNF)-α, interleukin (IL)-6 and CCL2 were measured by using a 
cytometric bead array multiplex assay (BD Biosciences, San Jose, CA) or ELISA (R&D Systems, 
Minneapolis, MN). Interleukin (IL)-1β, chemokine (C-X-C motif ) ligand (CXCL)1, chemokine 
(C-X-C motif ) ligand (CXCL)2, chemokine (C-X-C motif ) ligand (CXCL)5, chemokine 
(C-X-C motif ) ligand (CXCL)20 and granulocyte colony-stimulating factor (G-CSF) were 
measured by ELISA’s (R&D Systems, Minneapolis, MN); myeloperoxidase (MPO) was measured 
by ELISA from Hycult Biotechnology (Uden, The Netherlands).

Bone marrow transplantation 
BM chimeric mice were generated exactly as described [27,28]. Recipient groups (6 weeks of 
age) received a lethal total body irradiation of two times 4.5 Gy with three hours between the 
two doses, using a 137Cs irradiator (CIS Bio International, Gif, France) at a dose rate of 0.5 Gy/
min, followed by intravenous injection of 5x106 BM cells and 2x105 splenocytes (to protect the 
irradiated recipient mice from immediate infections) isolated from donor animals as described 
before [28]. Engraftment was checked by flow cytometry based on differential expression of 
CD45.1 and CD45.2 by donor and recipient cells exactly as described [28]. BM chimeras were 
infected at 12 weeks of age and euthanized 6 hours after infection for analyses.

Histologic examination 
For histologic examination left lungs were harvested and instantly fixed in formalin. After 
paraffin embedding 5 μm sections were made and stained with hemotoxylin and eosin. These lung 
tissues were scored by a pathologist blinded for experimental groups at a scale of 0 (absent) to 4 
(very severe) with respect to the following parameters: interstitial damage, endothelialitis, peri-
bronchitis, oedema, thrombus formation and pleuritis and the surface of the lung that was affected 
by confluent pneumonia, as described [28]. These scores were then added up to calculate the total 
lung inflammation score. Granulocyte immunohistochemical stainings were prepared using a 
FITC-labeled anti-mouse Ly6-C/G mAb (BD Biosciences, San Jose, CA) exactly as described 
before [29].

Statistical analysis 
Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, 
median, upper quartile, and largest observation (in vivo experiments) or as means ± standard 
error of the mean (tables). For experiments with 2 groups, the Mann–Whitney U test was used to 
determine statistical significance. For comparisons between more than two groups Kruskall-Wallis 
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test was used as a pretest, followed by Mann Whitney U tests where appropriate. All analyses were 
done using GraphPad Prism (San Diego, CA). p < 0.05 was considered statistically significant.

Results

Sftpccre-MyD88-lox mice have impaired early bacterial clearance after infection with 
Pseudomonas via the airways
To investigate the relative contribution of MyD88 dependent signaling in respiratory epithelial 
and myeloid cells in host defense during Pseudomonas pneumonia, we generated mice deficient for 
MyD88 in type II alveolar epithelial cells (Sftpccre-MyD88-lox mice) or myeloid cells (LysMcre-
MyD88-lox mice). In two separate experiments Sftpccre-MyD88-lox mice and LysMcre-MyD88-
lox were infected with P. aeruginosa (strain PA01) via the airways, and lung bacterial loads were 
compared with those measured in Cre negative MyD88fl/fl littermates at 6 or 24 hours thereafter. 
At 6 hours after infection Sftpccre-MyD88-lox mice had 10-100 fold higher bacterial burdens in 
lungs (Figure 1A) and BALF (Figure 1C) when compared with littermate controls (p < 0.001); the 
impaired antibacterial defense in Sftpccre-MyD88-lox mice was further illustrated by the fact that 
50% (4/8) of these animals had a positive blood culture for Pseudomonas, versus none of 8 control 
mice (p < 0.05). In contrast, bacterial loads in lung and BALF of LysMcre-MyD88-lox and control 
mice were similar at this early time point (Figure 1B and D) and neither group had positive blood 
cultures. At 24 hours post infection, lung bacterial loads in Sftpccre-MyD88-lox and LysMcre-
MyD88-lox mice were similar to those in their respective littermate control mice (Figure 1A and 
B). These data suggest that epithelial MyD88, but not myeloid MyD88, contributes to an effective 
early clearance of Pseudomonas from the airways. 
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Figure 1. Sftpccre-MyD88-lox mice have impaired early bacterial clearance after infection with Pseudomonas. Control, 

Sftpccre-MyD88-lox and LysMcre-MyD88-lox mice were intranasally infected with 5x106 colony forming units of 

Pseudomonas aeruginosa and sacrificed after 6 or 24 hours. Bacterial loads in lung (A, B) 6 and 24 hours after infection and 

in bronchoalveolar lavage fluid 6 hours after infection (C,D) of control (grey bars, n =4-8), Sftpccre-MyD88-lox (white 

bars, n = 8) and LysMcre-MyD88-lox mice (striped bars, n = 4-7 mice). Data are expressed as box-and-whisker diagrams 

depicting the smallest observation, lower quartile, median, upper quartile, and largest observation. Values were compared 

to control mice determined with Mann-Whitney U test:  *** p<0.001.

Sftpccre-MyD88-lox mice have an impaired early pulmonary inflammatory response during 
Pseudomonas infection
The impaired early bacterial clearance in Sftpccre-MyD88-lox mice at 6 hours post infection 
coincided with a markedly diminished influx of neutrophils into the bronchoalveolar space of 
these animals at this early time point, as demonstrated by reduced neutrophil counts in BALF 
(Figure 2A, p < 0.01 versus control mice). The number of neutrophils in lung tissue did not differ 
between Sftpccre-MyD88-lox and control mice, as reflected by similar MPO concentrations in 
whole lung homogenates (Figure 2C) and equal numbers of Ly6+ neutrophils in lung tissue slides, 
quantified by digital image analysis (Figure 3A; representative pictures in Figure 3C). In LysMcre-
MyD88-lox mice BALF neutrophil counts, lung MPO levels and the number of Ly6+ neutrophils 
in lung tissue were not altered relative to control animals (Figure 2B and 2D, and Figure 3B and 
3D respectively). These results indicate that epithelial MyD88 is important for a swift influx of 
neutrophils into the alveolar space during Pseudomonas pneumonia, while myeloid MyD88 has a 
limited role herein. 

Figure 2. Sftpccre-MyD88-lox mice have impaired neutrophil influx into the alveolar space. Control, Sftpccre-MyD88- 

lox and LysMcre-MyD88-lox mice were intranasally infected with 5x106 colony forming units of Pseudomonas aeruginosa. 
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Neutrophil numbers in BALF (A, B) and myeloperoxidase levels in lung (C,D) 6 hours after infection of control (grey 

bars, n = 4-8), Sftpccre-MyD88-lox (white bars, n = 8) and LysMcre-MyD88-lox mice (striped bars, n = 4 mice). Data 

are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile, and 

largest observation. ** p<0.01 as compared to control mice determined with Mann-Whitney U test. Other differences 

between groups shown in this figure were not significant: p=0.20 (panel B), p=0.29 (panel C) and p=0.20 (panel D).

Figure 3. No difference in number of neutrophils in lung tissue between Sftpccre-MyD88-lox and control mice. Number 

of Ly6+ cells in lung tissue (A-D) 6 hours after infection of control (grey bars, n = 4-8), Sftpccre-MyD88- lox (white bars, 

n = 8) and LysMcre-MyD88-lox mice (striped bars, n = 4 mice). Data are expressed as box-and-whisker diagrams depicting 

the smallest observation, lower quartile, median, upper quartile, and largest observation.

The extent of lung pathology, quantified at 6 and 24 hours after infection according to the scoring 
system described previously [28], was similar in Sftpcre-MyD88-lox and LysMcre-MyD88-lox mice 
when compared with their respective controls (Figure 4A-D, Table 1). Total lung inflammatory 
scores within the groups were significantly higher after 24 hours when compared to the scores after 
6 hours. To obtain insight into the contribution of MyD88 dependent signalling in myeloid and 
respiratory epithelial cells to the early release of inflammatory mediators in the lungs, we measured 
the concentrations of proinflammatory cytokines and chemokines in whole lung homogenates 
harvested from Sftpc-MyD88-lox, LysMcre-MyD88-lox and control mice 6 hours after infection 
with Pseudomonas (table 2). Sftpccre-MyD88-lox mice displayed higher (CXCL1, IL-6) or 
unaltered (CXCL2, TNF-α, IL-1β, G-CSF) lung levels of neutrophil attracting mediators; of all 
mediators measured, only CCL20 levels were significantly lower in lungs of Sftpccre-MyD88-lox 
mice (p < 0.001 compared to controls, table 2). 
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Figure 4. Lung inflammation in Sftpccre-MyD88-lox and LysMcre-MyD88-lox mice during P. aeruginosa infection. 

Control, Sftpccre-Myd88- lox and LysMcre-Myd88-lox mice were intranasally infected with 5x106 CFU P. aeruginosa 

and sacrificed after 6 or 24 hours. Total lung inflammation score as described in the methods (A, B) 6 and 24 hours after 

infection of control (grey bars, n =4- 8), Sftpccre-Myd88- lox (white bars, n = 8) and LysMcre-Myd88-lox mice (striped 

bars, n = 4-7 mice). Panels C and D show representative representative images of H&E staining on lung slides from control, 

Sftpccre-Myd88- lox and LysMcre-Myd88-lox mice 6 and 24 hours after infection. Data are expressed as box-and-whisker 

diagrams depicting the smallest observation, lower quartile, median, upper quartile, and largest observation. Differences 

were determined using the Mann-Whitney U test. * p<0.05, ** p<0.01.
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Table 1. Total lung inflammation score parameters. Grading of histology was based on seven different parameters 

including: interstitial damage, endothelialitis, peri-bronchitis, edema, thrombus formation, pleuritic and the percentage 

of lung surface affected. Each item was scored on a scale of 0-4 by an experienced pathologist blinded for the experimental 

groups. The scores presented here are the median scores of each group and their interquartile ranges in parentheses. Scores 

of each individual item were added up to calculate the total lung inflammation scores. 

* Percentages of lung surface that was affected by inflammation as seen through the microscope were graded as follows: 0% 

= 0, 1-25% = 1, 26-50% = 2, 51-75% = 3, 76-100% = 4.

Remarkably, while mediator levels in lungs of LysMcre-MyD88-lox and control mice were largely 
similar, the former mouse strain showed reduced TNF-α and IL-1β concentrations (p < 0.05 
relative to controls). Together these data suggest that epithelial and myeloid MyD88 differentially 
contribute to proinflammatory mediator release in the lungs, wherein epithelial MyD88 in 
particular mediates CCL20 release, whereas myeloid MyD88 is important for TNF-α and IL-
1β production. Considering the attenuated neutrophil influx into the bronchoalveolar space of 
Sftpccre-MyD88-lox mice we also measured neutrophil attracting chemokines in BALF of these 
animals (Table 3); CXC chemokines were either higher (CXCL1) in Sftpccre-MyD88-lox mice 
or similar (CXCL2, CXCL5) when compared with controls. 

 T = 6h T = 24h 
 Control Sftpccre -

MyD88-
lox 

Control LysMcre -
MyD88-

lox 

Control Sftpccre -
MyD88-

lox 

Control LysMcre -
MyD88-

lox 

Interstitial 
damage 3 [1] 4 [1] 3 [0.5] 3 [1] 3 [0.5] 4 [1] 4 [0.5] 3 [1] 

Endothelialitis 3 [0] 3 [1] 2 [0.5] 3 [0.5] 3 [0.5] 3 [1] 3 [0] 3 [0] 

Peri-bronchitis 2.5 [1] 2.5 [1] 1 [0.5] 1.5 [1.5] 3 [0.5] 3 [0] 3 [0] 3 [1] 

Edema 3 [1] 4 [1] 2 [0.5] 3 [0] 3 [1.5] 3 [0.5] 3 [0] 3 [0] 

Thrombus 
formation 0 [0] 0 [0] 0 [0.5] 0 [0] 0 [0] 0 [0] 0 [0] 0 [0] 

Pleuritis 1 [0.5] 1.5 [1] 0.5 [1.5] 0 [0] 3 [1] 2 [0.5] 2 [1] 2 [0] 

Percentage of 
lung surface 

affected* 
0 [0] 0 [0] 0 [1] 0 [2.5] 2 [1.5] 2 [1] 1 [0.5] 1 [1] 

Total lung 
inflammation 

score 
13 [3.5] 14 [2.5] 9 [3] 10 [1] 17 [2] 18 [1] 16.5 [2] 16 [2] 
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Table 2. Lung cytokine and chemokine levels after infection with P. aeruginosa via the airways of mice deficient 

for MyD88 in epithelial or myeloid cells. Lung cytokine and chemokine levels in Sftpccre-MyD88-lox and LysMcre-

MyD88-lox mice after P. aeruginosa airway infection. Mice were infected with 5x106 CFU P. aeruginosa and sacrificed 

after 6 hours. Homogenates were prepared from right lungs. Cytokine and chemokine levels are presented in pg/ml lung 

homogenate. Data are represented as mean (SE) of 4-8 mice per group. *p<0.05, ** p<0.01, *** p<0.001 vs matching control 

mice. MyD88: myeloid-differentiation factor 88; P. aeruginosa: Pseudomonas aeruginosa; CFU: colony forming unit; 

TNF-α: tumor necrosis factor- α; IL-1β: interleukin-1β; IL-6: interleukin-6; CXCL1: chemokine (C-X-C motif ) ligand 

1; CXCL2: chemokine (C-X-C motif ) ligand 2; CCL2: chemokine (C-C motif ) ligand 2; CCL20: chemokine (C-C 

motif ) ligand 20; G-CSF: granulocyte colony-stimulating factor; CFU: colony forming units;  SE: standard error.

Table 3. CXC chemokine levels in bronchoalveolar lavage fluid of mice deficient for MyD88 in epithelial cells after 

infection with P. aeruginosa via the airways. Control and Sftpccre-MyD88-lox mice were intranasally infected with 5x106 

CFU P. aeruginosa. Six hours after infection, mice were sacrificed, the right lung was lavaged and cytokine levels were 

determined in BALF supernatant. Data are presented in pg/ml BALF as mean ± SEM. N=8 mice per group. ** p<0.01. 

MyD88: myeloid-differentiation factor 88; P. aeruginosa: Pseudomonas aeruginosa; BALF: bronchoalveolar lavage fluid; 

CFU: colony forming unit; CXCL1: chemokine (C-X-C motif ) ligand 1; CXCL2: chemokine (C-X-C motif ) ligand 2; 

CXCL5: chemokine (C-X-C motif ) ligand 5.

Lung Control Sftpccre-MyD88-

lox

Control LysMcre-MyD88-

lox

TNF-α 2939 (494) 2499 (623) 1951 (294) 489 (192)*

IL-1β 8200 (994) 6978 (1447) 6902 (1523) 1513 (351)*

IL-6 3572 (689) 11566 (1043)** 4070 (1131) 4277 (1764)

CXCL1 16211 (3316) 49598 (7699)** 16029 (5692) 9377 (3386)

CXCL2 7280 (716) 5391 (560) 6134 (753) 3839 (1380)

CCL2 4452 (833) 7199 (1006) 3166 (499) 4134 (1208)

CCL20 18306 (1431) 6853 (581)*** 12376 (2915) 8873 (1555)

G-CSF 12496 (1870) 9224 (1836) 3818 (438) 1749 (581)

BALF Control Sftpccre-MyD88-

lox

CXCL1 2626 (256) 4448 (509)**

CXCL2 1969 (257) 1905 (184)

CXCL5 9158 (1128) 7791 (623)
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Sftpc-MyD88-lox mice have unremarkable antibacterial response and neutrophil recruitment 
after infection with flagellin-deficient Pseudomonas
We hypothesized that epithelial cell MyD88 might initiate a protective immune response 
during Pseudomonas airway infection by recognition of bacterial flagellin via TLR5. To test 
this possibility, we infected Sftpccre-MyD88-lox and control mice with flagellin-deficient 
Pseudomonas (PAO1ΔfliC) [14]. We expected that if flagellin drives TLR dependent MyD88 
activation in respiratory epithelial cells, the impaired host defense of Sftpccre-MyD88-lox mice 
seen after infection with WT Pseudomonas PAO1 would not be demonstrable after infection 
with PAO1ΔfliC. Indeed, bacterial loads were similar in lungs and BALF of Sftpccre-MyD88-
lox and control mice at 6 hours after infection with PAO1ΔfliC (Figure 5A and B). In addition, 
neutrophil numbers in BALF (which were reduced in Sftpccre-MyD88-lox mice after infection 
with WT PAO1; Figure 2A) did not differ between mouse strains after infection with PAO1ΔfliC 
(Figure 5C). Lung MPO concentrations (Figure 5D) did not differ between Sftpccre-MyD88-lox 
and control mice. Similar to our findings in Sftpccre-MyD88-lox mice after infection with WT 
PAO1, lung cytokine and chemokine levels were similar in the two mouse strains after infection 
with PAO1ΔfliC, with the exception of CCL20 (Table 4). 

Figure 5. Sftpc-MyD88-lox mice have unremarkable antibacterial response and neutrophil recruitment after infection 

with flagellin-deficient Pseudomonas. 

Control and Sftpccre-MyD88- lox mice were intranasally infected with 5x106 colony forming units of the unflagellated 

Pseudomonas aeruginosa strain PAO1ΔFliC. Bacterial loads in lung (A) and bronchoalveolar lavage fluid (B), neutrophil 

numbers in bronchoalveolar (C) and myeloperoxidase levels in lung (D) 6 hours after infection of control (grey bars, n 

= 8) and Sftpccre-MyD88- lox mice (white bars, n = 8). Data are expressed as box-and-whisker diagrams depicting the 

smallest observation, lower quartile, median, upper quartile, and largest observation. Differences between groups were 

not significant.

FIGURE 5

C
FU

/m
l B

A
LF

 (L
og

)

0

1

2

3

ne
ut

ro
ph

ils
 x

 1
06 /m

l B
AL

F

A B

C D

Control
Sftpccre-MyD88 -lox

1

2

3

4

5

6

7

C
FU

/m
l lu

ng
 (L

og
)

1

2

3

4

5

6

7

0

2000

4000

6000

M
PO

 (n
g/

m
l)



Role of MyD88 in Pseudomonas Pneumonia

101

Table 4. Lung cytokine and chemokine levels after infection with flagellin deficient P. aeruginosa via the airways of 

epithelial cell MyD88 deficient mice. Lung cytokine and chemokine levels in Sftpccre-MyD88-lox mice after airway 

infection with a flagellin deficient P. aeruginosa strain. Sftpccre-MyD88-lox mice and control mice were infected with 

5x106 CFU P. aeruginosa PAO1ΔfliC and sacrificed after 6 hours. Homogenates were prepared from right lungs. Cytokine 

and chemokine levels are presented in pg/ml lung homogenate. Data are represented as mean (SE) of 4-8 mice per group. 

*** p<0.001 vs matching control mice. MyD88: myeloid-differentiation factor 88; P. aeruginosa: Pseudomonas aeruginosa; 

CFU: colony forming unit; TNF-α: tumor necrosis factor- α; IL-1β: interleukin-1β; IL-6: interleukin-6; CXCL1: 

chemokine (C-X-C motif ) ligand 1; CXCL2: chemokine (C-X-C motif ) ligand 2. CCL2: chemokine (C-C motif ) 

ligand 2; CCL20: chemokine (C-C motif ) ligand 20; G-CSF: granulocyte colony-stimulating factor; CFU: colony 

forming units;  SE: standard error.

TLR5 expressed by parenchymal cells drives early clearance of Pseudomonas from the lungs
Previous studies have indicated that TLR5 facilitates clearance of Pseudomonas from the airways 
[15]. To establish that an interaction between flagellin and epithelial TLR5 drives the clearance 
of Pseudomonas from the airways, we continued with experiments using TLR5-/- mice. First, we 
confirmed a beneficial role for TLR5 in antibacterial defense during Pseudomonas pneumonia 
by showing higher bacterial loads in lungs and BALF of TLR5-/- mice 6 hours after infection, 
when compared with WT mice (p < 0.01, Figure 6A and B). The number of neutrophils in BALF 
was similar in both groups (Figure 6C). To dissect the contribution of parenchymal (P) and 
hematopoietic (H) TLR5 in the TLR5-mediated clearance of Pseudomonas from the airways, we 
created BM chimeras for TLR5 according to previously described methods [27,29]. To this end, 
irradiated WT recipient mice were infused with TLR5-/- BM and vice versa, thereby creating WT 
mice reconstituted with TLR5-/- BM (P+/H-) and TLR5-/- mice reconstituted with WT BM (P-/

Lung Control Sftpccre-MyD88-

lox

TNF-α 2691 (475) 2583 (581)

IL-1β 9894 (1454) 7752 (1539)

IL-6 21990 (4709) 27528 (6660)

CXCL1 44694 (7782) 108085 (35964)

CXCL2 8349 (1141) 6729 (581)

CCL2 8137 (1710) 8902 (1271)

CCL20 9625 (827) 5349 (238)***

G-CSF 23557 (2480) 19552 (2045)
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H+), as well as two groups transplanted with autologous BM as controls for the BM transfer 
procedure: WT mice transplanted with WT BM (P+/H+) and TLR5-/- mice transplanted with 
TLR5-/- BM (P-/H-). All mice were infected with P. aeruginosa PAO1 and euthanized 6 hours 
later for analyses. The impaired antibacterial defense found in TLR5-/- mice was reproduced: 
TLR5 P-/H- mice had significantly higher bacterial loads in their lungs and BALF compared 
to TLR5 P+/H+ mice (p < 0.05 to < 0.01) (Figure 6D and E). Clearly, TLR5 expression on 
parenchymal cells was more important for clearance of Pseudomonas from the respiratory tract 
than TLR5 expression on hematopoietic cells: TLR5 P-/H+ mice had significantly higher 
bacterial loads in lungs and BALF than TLR5 P+/H+ mice (p < 0.01 and p < 0.05), while 
median lung and BALF CFU counts did not differ between TLR5 P+/H- and TLR5 P+/H+ 
mice, hinting to an insignificant role for hematopoietic TLR5 in antibacterial defense during P. 
aeruginosa pneumonia.

Figure 6. Parenchymal TLR5 mediates bacterial clearance after infection with Pseudomonas via the airways. TLR5-

/- and WT mice were intranasally infected with 5x106 colony forming units of Pseudomonas aeruginosa. Bacterial loads 

in lung (A) and bronchoalveolar lavage fluid (B) and neutrophil influx (C) 6 hours after infection of WT (grey bars) and 

TLR5-/-  mice (white bars). WT (P+) and TLR5-/- (P−) mice were irradiated and injected with WT (H+) or TLR5-/- (H−) 

bone marrow cells. Six weeks after transplantation, mice were infected with 5x106 colony forming units Pseudomonas 

aeruginosa. Bacterial loads in lung (D) and bronchoalveolar lavage fluid (E) of TLR5 chimeras 6 hours after infection (n 

= 11–12 per group). Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, 

median, upper quartile, and largest observation. ** p<0.01 compared to WT mice with Mann-Whitney U test in panels 

A, B and C. *p<0.05, **p<0.01 vs P+/H+ mice determined with Mann–Whitney U test as a follow-up test on Kruskall–

Wallis test in panels D and E.
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Discussion

P. aeruginosa is an important cause of pneumonia in hospitalized patients and sufferers from 
chronic lung disease [1,2]. Previous studies have documented the importance of MyD88 and TLR 
dependent signaling for the early induction of bacterial clearance during Pseudomonas airway 
infection [10-13]. In the present study we aimed to identify the role of MyD88 dependent signaling 
in myeloid cells versus type II alveolar lung epithelial cells using the Cre-lox system in a model of 
acute P. aeruginosa pneumonia. We demonstrate that mice with a selective deficiency of MyD88 
in lung epithelial cells (but not mice with myeloid specific MyD88 deficiency) have an impaired 
clearance of P. aeruginosa from the airways. Additional studies provided evidence that epithelial 
MyD88 drives pulmonary host defense during Pseudomonas pneumonia by TLR5 mediated 
recognition of flagellin. Indeed, MyD88 expression in lung epithelial cells was dispensable for an 
adequate immune response during infection with a mutant Pseudomonas strain lacking flagellin, 
and BM chimeric mice deficient for TLR5 in parenchymal (including epithelial) cells showed a 
similarly impaired bacterial clearance as epithelial cell MyD88 deficient mice after infection with 
WT Pseudomonas. Together these data suggest that early MyD88 dependent signaling in lung 
epithelial cells mediates clearance of Pseudomonas from the airways by a mechanism that depends 
on the presence of flagellin (expressed by the pathogen) and TLR5 (expressed by the host).  
Previously, several reports pointed to a prominent role for parenchymal cells in host defense 
during acute P. aeruginosa pneumonia, first illustrated in a model of MyD88 BM chimeras [17]. 
MyD88-/- mice transplanted with WT BM showed impaired neutrophil attraction and a delayed 
bacterial clearance during early stage infection, reproducing the phenotype of Sftpccre-MyD88-
lox mice described here, while WT mice transplanted with MyD88 deficient BM were as capable 
to reduce bacterial loads as control WT chimeras [17]. While our experiments were performed 
using mice with selective deficiency in alveolar type II cells, our results are in accordance with an 
earlier report in which a different approach was used to study the effect of epithelial MyD88 in 
response to P. aeruginosa; herein MyD88 was over-expressed in CC10 positive (Clara) epithelial 
cells in otherwise MyD88 deficient mice and these Clara epithelial cell selective MyD88 transgenic 
mice showed enhanced bacterial clearance and an increased number of migrating neutrophils into 
the lung after infection with P. aeruginosa when compared with complete MyD88-/- mice [18]. 
This protective effect of selective MyD88 overexpression in lung epithelium was due to its role 
in IL-1 receptor signaling since it could be partially blocked by an IL-1 receptor antagonist [18]. 
Of note, however, in this study an unflagellated P. aeruginosa strain was used [18], which is of 
importance since mice deficient for the IL-1 receptor had an improved bacterial clearance of a 
flagellated Pseudomonas strain [30,31]. These data signify our current data on the importance of 
MyD88 dependent signaling in lung epithelial cells in early neutrophil recruitment and bacterial 
clearance during infection with P. aeruginosa by a TLR5-flagellin dependent mechanism. In 
accordance, airway instillation of P. aeruginosa resulted in rapid NF-κB activation in the lungs that 
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was primarily localized to the bronchial epithelium, and NF-κB inhibition reduced neutrophil 
influx and impaired bacterial clearance [32]. Interestingly, while neutrophil numbers in BALF 
were reduced in Sftpccre-MyD88-lox mice upon infection with Pseudomonas, neutrophil counts 
in lung tissue, determined by MPO levels in whole lung homogenates and quantitative Ly6 
staining of lung tissue slides, were not altered, suggesting that epithelial MyD88 contributes to 
transmigration of neutrophils from the interstitium into the bronchoalveolar space. The reduced 
neutrophil numbers could not be explained by altered cytokine or chemokine levels, as these were 
relatively unchanged in Sftpccre-MyD88-lox mice. A previous study reported reduced cytokine 
and chemokine levels in mice with a general deficiency of MyD88 with Pseudomonas pneumonia 
[33]; we only observed a selective impairment in CCL20 production in Sftpccre-MyD88-lox mice 
early after infection with either WT or flagellin deficient P. aeruginosa, suggesting that cells other 
than type II lung epithelial cells are involved in MyD88 dependent production of inflammatory 
mediators. CCL20 was shown to be specifically produced by type II alveolar cells in response 
to LPS (a TLR4 ligand) [34], which may explain that Sftpccre-MyD88-lox mice still produced 
less CCL20 in response to a flagellin deficient mutant strain. Of note, CCL20 exerts bactericidal 
activity towards Pseudomonas [35], suggesting that impaired CCL20 production may contribute 
to the impaired bacterial clearance in Sftpccre-MyD88-lox mice. In contrast, levels of CXCL1 and 
IL-6 were higher in Sftpccre-MyD88-lox mice; although the production of these cytokines was 
found to be MyD88 dependent in both alveolar macrophages and epithelial cells in vitro [36] and 
in MyD88-/- mice in vivo [37], the presence of high bacterial loads most likely caused cells other 
than alveolar type II cells to produce high levels of these inflammatory mediators.  Lung IL-1β 
and TNF-α levels were markedly reduced in LysMcre-MyD88-lox mice early after infection. In 
accordance, a previous study localized IL-1β production primarily to alveolar macrophages, not 
epithelial cells, after infection with Pseudomonas [38], and data from BM chimeras indicated that 
the production of IL-1β and TNF-α is induced in a MyD88 dependent way in radiosensitive cells 
[17].
Earlier reports have suggested that TLR2, TLR4 and TLR5 have redundant roles in the detection 
of P. aeruginosa by demonstrating that either the presence of flagellin or LPS is sufficient for 
efficient bacterial clearance [13,37]. However, in these studies the use of a flagellin deficient 
Pseudomonas strain probably concealed the role of TLR5 since this strain is also less motile and 
therefore less virulent [13,39]. Later, the importance of TLR5 for bacterial clearance was shown 
in TLR5-/- mice infected with the PAK strain of P. aeruginosa [15]. Our data confirmed this 
beneficial role of TLR5 in airway infection by P. aeruginosa PA01, and further revealed for the 
first time, using TLR5 BM chimeras, that parenchymal (most likely epithelial) cells mediate this 
effect. In accordance, lung inflammation induced by purified flagellin relied on TLR5 expression 
by parenchymal cells [19,40], and mice pretreated with purified flagellin were protected from 
P. aeruginosa induced mortality by a TLR5 dependent effect likely mediated by lung epithelial 
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cells [41]. Notably, Pseudomonas flagellin not only is sensed by TLR5, but can also activate the 
NLRC4 inflammasome [42]. Unlike TLR5-/- and TLR5 P-/H+ mice, Nlrc4-/- mice demonstrated 
enhanced clearance of Pseudomonas from the airways [38]. Together these data suggest that 
flagellin triggered induction of NLRC4 inflammasome signaling (ascribed primarily to the 
alveolar macrophage) [38] and TLR5 signaling (in epithelial cells) have opposite effects on P. 
aeruginosa clearance during pneumonia. 
The extent of inflammatory responses showed some variation between experiments. This can 
potentially be explained by modest differences in genetic background of mouse strains (Sftpccre-
MyD88-lox and LysMcre-MyD88-lox mice, while both backcrossed on a C57BL/6 background 
were bred separately) and/or modest differences in the exact bacterial inoculum. Importantly, 
however, in all instances littermate controls were used and genetically modified and control 
mice were always infected at the same time with the exact same bacterial inoculum, allowing for 
adequate comparison between groups. The bacterial dose used does not cause lethality. In our 
hands, only very high doses of Pseudomonas are associated with mortality after infection via the 
airways (10-100 fold higher as used here). Considering that our main interest lied in regulation 
of the early host response to Pseudomonas and its impact on bacterial clearance, and considering 
restrictions on mortality studies in mice in our country, we did not study the influence of cell-
specific MyD88 deficiency on lethality. Of note, an earlier report demonstrated dose dependent 
responses in bacterial clearance in TLR5 deficient mice infected with aerosolized P. aeruginosa, 
wherein TLR5 deficiency was associated with impaired clearance of low but not high bacterial 
doses [15]. As the method of administration differed with that used here (aerosolized vs. intranasal 
inoculation respectively) the total amounts of CFUs are difficult to compare. 
Previous experiments using human epithelial cells demonstrated that recognition and induction 
of inflammation of Pseudomonas flagellin is TLR5-MyD88 mediated [43], which is in line with 
our findings. A regulatory role for inhibitory proteins such as Tollip was also found. Our study is 
limited in that we did not test whether the lack of response to flagellin deficient Pseudomonas is 
due to possible inhibitory effects on TLR5.
In conclusion, we demonstrate here in vivo that early clearance of P. aeruginosa from the airways 
is dependent on flagellin-TLR5-MyD88 dependent signaling in respiratory epithelial cells. The 
current results further elaborate insight in the pathophysiology of Pseudomonas pneumonia and 
may be helpful for the development of therapeutics aimed at specific cell types as an adjunctive 
therapy to antibiotics for which this pathogen is increasingly resistant.
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Abstract

Asthma is a highly prevalent chronic allergic inflammatory disease of the airways affecting people 
worldwide. House dust mite (HDM) is the most common allergen implicated in human allergic 
asthma. HDM induced allergic responses are thought to depend on activation of pathways 
involving Toll-like receptors and their adaptor protein myeloid differentiation factor 88 (MyD88). 
We here sought to determine the role of MyD88 in myeloid and type II lung epithelial cells in 
the development of asthma-like allergic disease using a mouse model. Repeated exposure to 
HDM caused allergic responses in control mice characterized by influx of eosinophils into the 
bronchoalveolar space and lung tissue, lung pathology and mucus production, and protein leak 
into bronchoalveolar lavage fluid. All these responses were abrogated in mice with a general 
deficiency of MyD88 but unaltered in mice with MyD88 deficiency specifically in myeloid or type 
II lung epithelial cells. We conclude that cells other than myeloid or type II lung epithelial cells are 
responsible for MyD88 dependent HDM induced allergic airway inflammation.



Role of MyD88 in Houst Dust Mite Induced Lung Inflammation

113

Introduction

Asthma is a chronic pulmonary disorder that affects around 300 million people globally, and 
asthma related symptoms have been shown to be present in 5-16% of the world’s population 
[1,2]. Asthma is characterized by bronchial hyper-responsiveness leading to obstruction and 
inflammation of the airways, giving rise to symptoms such as wheezing, coughing and chest 
tightness. This hyper-reactivity of the bronchi can be triggered by exposure to various stimuli 
including the most common aeroallergen house dust mite (HDM). Up to 85% of asthmatic 
patients are allergic to HDM [3].
Allergens like HDM can be sampled in the airway lumen by dendritic cells (DCs) that have close 
interactions with airway epithelial cells (AECs). AECs can produce cytokines that activate and 
cause maturation of DCs, that in turn trigger T-helper 2 (Th2) cell responses [4].  Although 
the Th2 cell response is undeniably a crucial hallmark feature of asthma, its activation depends 
on innate immune functions of AECs and DCs. Many components of HDM can contribute to 
its allergenicity and HDM extracts frequently contain pathogen-associated molecular patterns 
(PAMPs) that can be detected by pattern recognition receptors (PRRs) such as Toll like receptors 
(TLRs) [3].
While traditionally the expression and function of TLRs have been investigated in specialized 
immune cells, AECs are amongst the first cells that come into contact with PAMPS entering the 
airways. Lung epithelial cells express various TLRs and thereby are able to detect and respond 
to aeroallergens [5,6].  Experiments using mice lacking TLR4 on either hematopoietic or 
radioresistant structural cells (including AECs) showed that activation and migration of DCs is 
regulated by expression of TLR4 on structural cells, suggesting a primary role for airway epithelium 
in the initiation of allergic responses [7]. Several types of airway epithelial cells exist that can come 
into contact with HDM, such as bronchiolar cells and the epithelial cells that form the alveolus, 
type I and type II alveolar epithelial cells. Of these, type II alveolar type II (which are known for 
their secretion of surfactant proteins) are of particular interest because of their role during innate 
immunity against bacteria [8,9].
Myeloid differentiation factor 88 (MyD88) is an important adaptor protein for all TLRs 
except TLR3 [10]. MyD88 mediates TLR driven signalling pathways, eventually leading to the 
production of inflammatory cytokines and chemokines. Using an animal model in which mice 
were repeatedly exposed to HDM to induce an asthma-like allergic disease, cardinal features of 
allergic asthma such as eosinophilia and Th2 responses were found to be dependent on MyD88 
[11]. We are the first to investigate the cell-specific role of MyD88 during asthma. For this we 
made use of the Cre-Lox system to generate myeloid- and type II lung epithelial-specific MyD88 
knockout mice which were then subjected to repeated HDM exposure to mimic allergic asthma. 
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Methods

Animals
MyD88 gene deficient (knockout [KO]) mice were provided by Dr. S. Akira (Research Institute 
for Microbial Diseases, Osaka, Japan) and backcrossed at least six times to a C57Bl/6 genetic 
background. Age- and sex-matched C57Bl/6 control mice were obtained from Harlan Nederland 
(Horst, The Netherlands). Homozygous MyD88fl/fl [12] mice were crossed with lysozyme M (LysM) 
cre mice [13] (obtained from the Jackson Laboratory, Bar Harbor, Maine), or surfactant protein 
C (Sftpc) cre mice [14] (kindly provided by B.L. Hogan (Duke University School of Medicine, 
Durham, North Carolina) , to generate myeloid (LysMcre-MyD88-lox) and lung epithelial cell 
(Sftpccre-MyD88-lox) specific MyD88 deficient mice. MyD88fl/fl Cre negative littermates were 
used as controls. All mice were backcrossed at least six times to a C57Bl/6 background and age- and 
sex matched when used in experiments. Animals were housed in standardized specific pathogen 
free conditions and all experiments were approved by the Animal Care and Use Committee of the 
University of Amsterdam.

Harvest of primary cells for genetic characterization of Sftpccre-MyD88-lox mice
Macrophages and splenocytes were harvested exactly as previously described [15]. In short, 
peritoneal lavage was performed with 5 ml sterile PBS under isoflurane anesthesia and lavage fluid 
was collected in PBS containing a final concentration of 10% FBS, 1% antibiotics (penicillin, 
streptomycin and amphotericin B, Gibco, Paisley, United Kingdom); macrophages were seeded 
in flat bottom 96 wells cell culture plates (Greiner Bio-one, Alphen a/d Rijn, Netherlands) at 
a density of approximately 30.000 per well in RPMI complete  (containing 10% FBS, 1% 
antibiotics, 10 mM L-glutamine, Gibco) and left to adhere overnight before harvesting the cells 
for genetic analysis. To obtain splenocytes, spleens were harvested and first filtered through a 40 
μM,filter (BD Falcon, Franklin Lakes, NJ). Erythrocytes in the splenic cell suspension were lysed 
using ammoniumchloride containing lysis buffer, and then seeded RPMI complete at a densitiy of 
500.000 per well in 96 wells U-bottom culture plates (Greiner Bio-one).
Lung epithelial cells were isolated from the mouse lung according to a protocol adapted from 
Raoust et al. [16]. Briefly, mice were euthanized and the trachea was cannulated. Lungs were 
washed three times with PBS to remove alveolar macrophages. Lungs were then perfused with 
10-20 mL PBS supplemented with 1% antibiotics and 1% heparin (5000 IU/mL, LEO Pharma 
BV, Amsterdam, The Neterlands) injected into the right heart ventricle until lungs were cleared 
of blood. Two mL of dispase (BD, Biosciences, Bedford, MA) were then instilled into the lungs 
through the cannulated trachea. Lungs were removed and places in a sterile tube prefilled with 
1mL of dispase and the suspension was incubated for 45 minutes in a 37°C incubator to speed 
up enzymatic digestion. After removing visible large bronchi from the lungs suspended in 4mL of 
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F12K nutrient mixture (Kaighn’s modification, Invitrogen) with 0.01% DNase I (Sigma, St Louis, 
MO) and 1% antibiotics solution, the cell isolate was filtered through nylon mesh filters (sizes 100, 
70 and 40 μM, BD Falcon, Franklin Lakes, NJ). The obtained cell suspension was then centrifuged 
at 400 g for 10 minutes at 4°C to collect the cell pellet, which was respuspended in F12K medium 
supplemented with 2% FCS, 1% antibiotics solution and 2mM L-glutamine. To further purify 
lung epithelial cells, cells were sorted on a FACSAria II cell sorting machine (BD Biosciences), and 
the CD45-Epcam+ cells were identified as lung epithelial cells. Staining antibodies were purchased 
from eBioscience (San Diego, CA, USA). 

Quantitative PCR
The deletion efficiency of MyD88 was determined after extracting DNA from purified 
macrophages, splenocytes and lung epithelial cells using the Nucleospin Blood Kit (Machery 
Nagel, Düren, Germany). The residual amount of the ‘floxed’ region of MyD88 in primary cells 
of Sftpccre-MyD88-lox and littermate control mice was quantified using the primer sequences 5’-
ACGCCGGAACTTTTCGAT-3’ (forward); 
5’-TTTTCTCAATTAGCTCGCTGG-3’ (reverse) normalized to unaffected Socs-3 
gene with the primer sequences 5’-ACCTTTCTTATCCGCGACAG-3’ (forward) and 
5’-TGCACCAGCTTGAGTACACAG-3’ (reverse) in a SybrGreen reaction on a LightCycler 
System (LC480; Roche Applied Science, Mannheim, Germany). The amount of remaining ‘floxed’ 
MyD88 region was calculated using the 2−deltaCt (ΔΔCt) method, using the amount of genomic 
DNA from littermate mice for the no-deletion control. The deletion efficiency was calculated as 
(1−residual MyD88fl/fl) × 100.

HDM-induced mouse asthma model
HDM allergen whole body extract (Greer Laboratories, Lenoir, NC), derived from the common 
European HDM species Dermatophagoides pteronyssinus (Der p), was used to induce allergic lung 
inflammation as described [17].  Briefly, mice were inoculated intranasally on day 0, 1 and 2 with 
25 µg HDM (sensitization phase) and on day 14, 15, 18 and 19 with 6.25 µg HDM (challenge 
phase). Controls received isotonic sterile saline intranasally on each occasion. Inoculum volume 
was 20 µl for every HDM and saline exposure and inoculation procedures were performed during 
isoflurane inhalation anesthesia. The experiment was ended at day 21 by euthanizing the mice 
and the subsequent collection and processing of samples: in one experiment bronchoalveolar 
lavage fluid (BALF) and heparinized blood was collected, in a separate experiment one lung was 
obtained for pathology and one lung for homogenization using procedures as described in ref [17] 
and below. 

Bronchoalveolar lavage and tissue handling
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BALF was harvested after exposing the trachea through a midline incision and instilling and 
retrieving 1 mL of sterile saline 0.9% (in 500 μl aliquots). Cell counts were determined for each 
BALF sample in a hemocytometer (Beckman Coulter, Fullerton, CA) and differential cell counts 
by cytospin preparations stained with Giemsa stain (Diff-Quick; Dade Behring AG, Düdingen, 
Switzerland).

Pathology
Lungs were embedded in paraffin after fixation in 10% formalin; 4 μm thick sections of the area 
that contained the full-sized lung were stained with hematoxylin-eosin. Pathology and PAS was 
scored (in a double blinded manner) by an experienced pathologist unaware of the treatment or 
genotype of the mice. Parameters of allergic lung inflammation were: interstitial inflammation, 
peribronchial inflammation, edema and endothelialitis, each graded on a scale of 0 to 4 (0: absent, 
1: mild, 2: moderate, 3: severe, 4: very severe). The total pathology score was expressed as the sum 
of the score for all parameters [17]. Periodic Acid Schiff (PAS)-D staining for carbohydrates in 
mucus was performed to quantify the amount of mucus. The amount of mucus per lung section 
was scored in a semiquantitative fashion on a scale from 0-8 (0-4 for plug formation, 0-4 for mucus 
extent) [17]. Eosinophil staining was performed using a monoclonal antibody against major basic 
protein (MPB; kindly provided by Dr. Nancy Lee and Prof. James Lee, Mayo Clinic, Arizona, 
Scottsdale, AZ). Entire sections were digitized with a slide scanner using the 10x objective 
(Olympus dotSlide, Tokyo, Japan). Images were exported in the TIFF format for quantification. 
Influx of eosinophils was determined by measuring the MBP immunopositive area by digital 
image analysis (ImageJ 1.46, National Institute of Health, Bethesda, Maryland), and subsequently 
expressed as a percentage of the total lung area. The average of ten pictures was used for analysis of 
eosinophilic pulmonary influx [17].

IgM assay
Total IgM in BALF was measured using rat anti-mouse IgM as a capture Ab, biotinylated goat 
anti-mouse IgM as a detection Ab and purified mouse IgM as standard (all from SouthernBiotech, 
Birmingham, Alabama, USA). 

Statistical analysis
Values are expressed as mean + SE. Differences between groups were tested by Mann-Whitney U 
test. GraphPad Prism version 5.0, GraphPad Software (San Diego, CA) was used for all analyses. 
Values of P < 0.05 were considered statistically significant.
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Results

General, but not myeloid or lung epithelial, MyD88 deficiency prevents HDM-induced 
eosinophil influx 
To confirm that MyD88 is indispensable for HDM induced allergic airway inflammation [11], we 
exposed MyD88KO and control mice to repeated intranasal inoculation of HDM and determined 
cell influx in the lungs. As shown in Figure 1A, exposure to HDM but not to saline led to an 
increased cell influx in control mice, whereas MyD88KO mice did not respond to HDM (P < 
0.001) and showed cell numbers comparable to those found in saline controls. The predominant 
cell type found in BALF of control mice were eosinophils, which could not be detected in BALF 
of MyD88KO mice (Figure 1B), corroborating previous results reported by others [11]. Moreover, 
because of the absent migration of granulocytes into the alveolar space, most cells that could be 
found in BALF of MyD88KO mice were identified as (most likely resident) macrophages (Figure 
1B). To determine a more cell specific role for MyD88, we made use of the Cre Lox system to 
generate mice deficient for MyD88 in myeloid cells (LysMcre-MyD88-lox mice) or in alveolar 
epithelial cells (Sftpccre-MyD88-flox mice). Previously, we have demonstrated that the MyD88fl/

fl allele was deleted in 83.5% of macrophages and in only 9.6% and 19.1% of splenocytes and 
lung epithelial cells respectively isolated from LysMcre-MyD88-lox mice [15]. As expected, the 
efficiency of cre-induced MyD88 deletion in Sftpccre-MyD88-flox mice was very high in isolated 
lung epithelial cells (82.7%), whereas only 11.7% deletion was observed in splenocytes and no 
deletion in macrophages (Supplementary table 1). When treated with HDM, absence of MyD88 
in either myeloid or epithelial cells could not reproduce the results obtained with MyD88KO 
mice, i.e., total cell and eosinophil influx of both LysMcre-MyD88-lox and Sftpccre-MyD88-lox 
mice was similar to that found in their respective controls (Figure 1A, C and D). 
We also determined eosinophil influx into lung tissue by staining for MBP. As illustrated in Figure 
2A, the percentage of MBP positive lung surface was significantly lower in MyD88KO mice 
compared to control mice (P < 0.05). However, HDM exposure of lungs of LysMcre-MyD88-lox 
mice resulted in even slightly more accumulation of tissue eosinophils when compared to littermate 
controls, while the percentage of MBP staining did not differ between Sftpccre-MyD88-lox mice 
and their controls (Figure 2B and C). Thus, although these results clearly confirm an essential role 
for MyD88 in the migration of eosinophils into the alveolar space and lung tissue as a reaction to 
HDM exposure, neither myeloid nor epithelial expression of this adaptor protein is responsible 
for MyD88 dependent eosinophil influx.
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Figure 1. General, but not myeloid or type II lung epithelial cell, MyD88 deficiency abrogates HDM-induced 

eosinophil influx into the bronchoalveolar space. MyD88 KO (clear bars), LysMcre-MyD88-lox (horizontally striped 

bars) and Sftpccre-MyD88-lox (vertically striped bars) mice were exposed to either saline (n = 4 per group) or HDM (n 

= 7-8 per group) and compared to their matching controls (grey bars). (A) Total cell influx in BALF in saline (NaCl) or 

HDM exposed mice. (B-D) Total number of eosinophils, granulocytes, macrophages and lymphocytes in BALF of mice 

exposed to HDM. Data are expressed as box-and-whisker diagrams depicting the smallest observation, lower quartile, 

median, upper quartile, and largest observation. Total cells of mutant mice were compared to their matching control mice 

using the Mann-Whitney U test:  * P < 0.05, ** P < 0.01, *** P < 0.001. Data are representative of at least two independent 

experiments.

General, but not myeloid or lung epithelial, MyD88 deficiency reduces HDM-induced lung 
pathology
The HDM model used here is characterized by allergic inflammation eventually leading to 
pulmonary pathological features such as perivascular inflammation, interstitial inflammation, 
peribronchitis and edema [17-19]. Using a semi-quantitative scoring system to quantify lung 
pathology as a result of HDM exposure, we found that MyD88KO mice developed significantly 
less lung inflammation compared to control mice (Figure 3A, P < 0.01). However, MyD88 
expression in myeloid or lung epithelial cells did not influence HDM-induced lung pathology 
(Figure 3B and C). In accordance with these histological data, protein leak into the alveolar 
compartment, as measured by BALF IgM concentrations, was strongly attenuated in MyD88KO, 
but not in LysMcre-MyD88-lox or Sftpccre-MyD88-lox mice (Figure 3D). 
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Figure 2. General, but not myeloid or type II lung epithelial cell, MyD88 deficiency abrogates HDM-induced 

eosinophil influx into lung tissue. Lung tissue of MyD88KO (clear bars, A), LysMcre-MyD88-lox (horizontally striped 

bars, B) and Sftpccre-MyD88-lox (vertically striped bars, C) mice (n = 7-8 per group) exposed to HDM was stained 

for MBP to visualize tissue eosinophils. On the right of each graph representative slides are shown of matching control 

and transgenic mice. Graphs show the percentage of lung surface stained positive for eosinophil MBP of mutant mice 

compared to their matching controls (grey bars) using the Mann-Whitney U test. Data are expressed as box-and-whisker 

diagrams depicting the smallest observation, lower quartile, median, upper quartile, and largest observation.  * P < 0.05. 

General, but not myeloid or lung epithelial, MyD88 deficiency attenuates airway mucus 
formation caused by HDM exposure
Lung tissue slides were stained for PAS-D and scored for mucus production (Figure 4). Whereas 
HDM induced significant mucus production in control mice, this was strongly reduced in 
MyD88KO mice (Figure 4A, P < 0.05). Mucus production was not different between LysMcre-
MyD88-lox, Sftpccre-MyD88-lox and their respective control mice (Figure 4B and C), further 
indicating that MyD88 expression in cells other than myeloid or epithelial is crucial for 
development of HDM-induced airway inflammation.
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Figure 3. General, but not myeloid or type II lung epithelial cell, MyD88 deficiency attenuates HDM-induced lung 

pathology and protein leak. Lung tissue of MyD88KO (clear bar, A), LysMcre-MyD88-lox (horizontally striped bar, B) 

and Sftpccre-MyD88-lox (vertically striped bar, C) mice (n = 7-8 per group) exposed to HDM was graded for interstitial 

and peribronchial inflammation, edema, endothelialitis and pleuritis. The total pathology score was expressed as the sum 

of the score of all parameters, and results were compared to matching control mice (grey bars). Shown in panels A to C are 

the scores depicted in diagrams (left) and representative lung histology slides (right). (D) IgM concentrations in BALF of 

HDM treated mice to assess protein leak into the alveolar compartment. Data are expressed as box-and-whisker diagrams 

depicting the smallest observation, lower quartile, median, upper quartile, and largest observation. ** P < 0.01.
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Figure 4. General, but not myeloid or type II lung epithelial cell, MyD88 deficiency attenuates HDM-induced airway 

mucus formation. Lung tissue slides stained for PAS-D and scored for mucus production of MyD88KO (clear bar, A), 

LysMcre-MyD88-lox (horizontally striped bars, B) and Sftpccre-MyD88-lox (vertically striped bar, C) mice (n = 7-8 per 

group), after repeated exposure to HDM. Results are compared to matching controls (grey bars). Data are expressed as box-

and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile, and largest observation. 

On the right of each graph representative slides are shown of matching control and transgenic mice. * P < 0.05.

Discussion

Asthma is a widespread chronic disease that causes significant morbidity and mortality worldwide 
[1,2]. Traditionally, asthma is considered to be a T-lymphocyte mediated disease. Recently, 
however, the innate immune host response has been implicated in the pathophysiology of asthma. 
TLR4 and MyD88 have been reported to be crucial for the development of asthma, and several 
studies have suggested that activation of lung epithelial cells via TLR mediated detection of 
inhaled allergens triggers responses that eventually lead to activation of DCs and T-cell immunity 
[7,11,20]. We are the first to use cell specific conditional knockout mice to study the role of 
MyD88 in a murine asthma model. Although HDM-challenged MyD88KO mice showed no 
signs of allergic inflammation, mice with specific deletion of MyD88 in myeloid or lung epithelial 
cells developed allergic lung inflammation in the same manner as their littermate controls. 
Our results confirm an earlier study reporting that MyD88 is indispensable for the development 
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of experimentally induced asthma [11]. Indeed, in our model, general expression of MyD88 
was crucial for HDM induced eosinophil influx, lung pathology and mucus formation, all 
considered hallmarks of allergic asthma.  Many cells express MyD88, of which myeloid cells 
such as macrophages are prominent [21,22]. Pulmonary macrophages have been implicated in 
allergic airway diseases and have been suggested to be responsible at least in part for preserving 
inflammation and inflammation associated lung damage as seen during asthma [23]. Nonetheless, 
LysMcre-MyD88-lox mice demonstrated an unaltered response to HDM when compared with 
their littermate controls, suggesting a non-important role of macrophage MyD88 during asthma. 
Indeed, cre-mediated deletion of floxed MyD88 driven by the LysM promoter has been shown to 
result in high deletion efficiency in macrophages, whereas deletion of MyD88 is only partial in 
CD11C+ DCs [13]. This implies that the role of airway macrophages in regulating inflammatory 
responses during asthma is not mediated via MyD88 dependent signalling [23]. 
Airway epithelium lines the airways and provides a natural physical barrier to inhaled substances 
and helps remove potentially hazardous matter by means of ciliary clearance. However, it has 
become more evident that epithelial cells possess far more features and are capable of detecting 
and mounting immune responses on their own [5,24-26]. Since lung epithelial cells are the first 
cells that come into contact with allergens like HDM, it has been proposed that these cells are 
important regulators of the inflammatory processes responsible for asthmatic disease [20,27]. 
Evidence for involvement of airway epithelial cells in the pathogenesis of asthma is provided by a 
study in which bone marrow chimeras that lack expression of TLR4 on radioresistant structural 
cells were unable to mount HDM induced inflammatory responses [7]. In the present study we 
used the Cre-lox system to generate mice deficient for MyD88 in surfactant protein C producing 
(type II) epithelial cells [28] to show that these mice were able to respond to repeated HDM 
exposure. Lack of MyD88 in these lung epithelial cells did not prevent these mice from developing 
eosinophil influx and lung pathology in response to HDM. These results do not exclude a role of 
MyD88 in respiratory epithelial cells in general. For example, bronchial epithelial cells, which do 
not express surfactant and therefore are not deficient for MyD88 in Sftpccre-MyD88-lox mice 
[29], may mediate MyD88 dependent effect in HDM induced airway inflammation. This might 
explain previous results supporting a role for lung epithelial cell TLR4 mediated responses to 
HDM [7]. 
Across experiments littermate control mice showed variation in some of their responses to HDM. 
This can at least in part be explained by the fact that specific control mice were used for each 
transgenic mouse type to resemble the genetic profile as much as possible. Moreover, genetically 
modified mice and corresponding (control) littermates were always compared in parallel in the 
same experiment, thereby excluding potential bias introduced by variations in HDM responses 
between separate experiments. 
Our laboratory previously studied LysMcre-MyD88-lox and Sftpccre-MyD88-lox in models of 
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bacterial pneumonia, using pathogens that at least in part trigger innate immune responses by TLR-
MyD88 signalling [15,30]. These investigations showed that the immune response to Klebsiella 
pneumoniae (which mainly signals via TLR4) mainly relies on myeloid MyD88, whereas that to 
Pseudomonas aeruginosa (which in contrast to Klebsiella potently activates TLR5) is dependent 
on epithelial cell MyD88 [15,30]. Together these data suggest that the relative importance of 
myeloid and epithelial cell MyD88 for the induction of innate immune responses in the airways is 
dependent on the interaction between ligands and the cell-specific expression of different MyD88 
dependent receptors. 
Our study has limitations. We were not able to reveal which MyD88 expressing cells are 
responsible for initiation of an inflammatory response during allergic asthma. Besides bronchial 
epithelial cells, other cells such as mast cells and DCs have been implicated in the pathogenesis 
of asthma and may mediate MyD88 dependent effects in this model [27,31]. We did not cross 
LysMcre-MyD88-lox and Sftpccre-MyD88-lox mice, which could have provided insight into a 
possible interplay between myeloid and epithelial cell MyD88 in the response to HDM. In our 
studies we focused on hallmark features of asthma such as eosinophilic inflammation and mucus 
formation. An earlier study demonstrated a clear role for MyD88 in induction of Th2 cytokine and 
interleukin-17 cytokine responses [11]. In our model we were unable to confirm this finding due 
to non-significant increases in lung cytokine levels upon HDM administration in wild-type mice 
(data not shown), most likely due to the relative long interval between the final HDM challenge 
and organ harvesting for analyses (2 days). Also, total serum IgE levels were high in MyD88 
deficient mice before being challenged with HDM (data not shown), consistent with previous 
reports [11], which makes this readout less suitable to use in these animals. Furthermore, we did 
not study the effect of cell-specific MyD88 deficiency on airway resistance, previously reported to 
be abrogated in full MyD88 knockout mice [11].
Understanding the exact mechanisms responsible for the development of chronic airway diseases 
such as asthma should enable the development of more cell targeted therapeutics for patients.  
The present study confirms a previous report on the pivotal role for MyD88 in allergic airway 
inflammation induced by the common human allergen HDM in mice [11], but for the first 
time by making use of cell specific tissue knockout mice demonstrates that macrophages and 
type II epithelial cells are not involved in this MyD88 dependent effect. Further investigations 
are warranted to dissect in which cell type MyD88 plays a critical role in HDM-induced lung 
inflammation. 
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Supplementary Table 1. Cre-mediated deletion of MyD88. DNA of primary cells derived from Lysmcre-MyD88-lox 

and Sftpccre-MyD88-lox mice and their respective controls (n = 4 per group) was isolated to calculate cre-mediated 

deletion efficiency of MyD88. This was done by quantifying the residual amount of MyD88fl/fl allele via qPCR relative 

to the unaffected Socs-3 gene. The amount of remaining “floxed” MyD88 region in LysMcre-MyD88-lox and Sftpccre-

MyD88-lox mice was calculated using the 2−deltaCt (ΔΔCt) method, and using the amount of genomic DNA from 

the corresponding control mice for the no-deletion control. The percentage of MyD88 deletion was then calculated as 

(1-residual MyD88fl/fl) x 100. The percentages of MyD88 deletion in LysMcre-MyD88-lox presented here were adapted 

from data previously reported by our group [1]. *The value “0” here represents a calculated number of percentage deletion 

that was negative.

 LysMcre-MyD88-lox Sftpccre-MyD88-lox 
Cell population Percentage of 

MyD88 deletion 
Percentage of 
MyD88 deletion 

   
   
Macrophages 83.5 0* 

Splenocytes 9.6 11.7 

Lung epithelial cells 19.1 82.7 
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Summary and general discussion

Despite antibiotic treatment and improvement in supportive care in the last century, infectious 
diseases are still one the most frequent causes of morbidity and mortality worldwide [1]. 
Pneumonia is an important infectious disease affecting the respiratory tract, and identifying the 
important steps in host defense leading to either death or survival of the affected host may provide 
us with new therapeutic options much needed in this time of emerging antibiotic resistance. 
Understanding innate immunity in the lungs may also prove valuable for the development of 
new drugs in the management of another important lung disease: asthma. Asthma was recently 
estimated to affect 334 million people worldwide [2], and because of the chronic nature of this 
disease, global health costs are enormous. 
The general objectives of the studies presented in this thesis are to extend our knowledge of the 
molecular mechanisms underlying inflammatory and infectious diseases in the lung and to discover 
cell-specific contributions to host defense. The airway space is an environment under continuous 
exposure to pathogenic microorganisms and aeroallergens that can potentially harm the host. If 
the epithelial barrier function fails, an intricate innate defense system is initiated aimed to limit any 
further damage. Unfortunately, not rarely the interaction between pathogen associated patterns 
(PAMPs) and the innate immune system leads to some if not severe inflammatory injury, resulting 
in serious organ damage. Sepsis is a condition characterized by organ damage during a microbial 
infection [3]. A clear-cut role for each cell involved and the ability for communication between 
these cells are essential conditions for a well-functioning host defense system. To study these cell-
specific roles in immunity, experimental models with conditional knockout mice were used in all 
studies included in this thesis. 
Activation of innate immunity begins with the ability to recognize specific molecular patterns 
of pathogens or allergens. Toll-like receptors (TLRs) are central to this and are expressed by 
many cells, not only specialized immune cells, but also parenchymal cells such as lung epithelial 
cells [4-6]. Correct expression of TLRs is therefore pivotal, which involves gene transcription as 
well as post-transcriptional processes. In the first study presented in this thesis (Chapter 2), we 
investigated the regulatory function of gp96 in relation to correct functioning of TLR expression 
and signaling. Gp96 is a chaperone responsible for post-transcriptional folding and expression of 
these receptors [7,8], and to study its role during pulmonary infection with K. pneumoniae, we 
generated conditional knockout mice with gp96 deletion in macrophages achieved by making 
use of the Cre-Lox recombination technique. Abolishing gp96 function resulted in almost 
absent TLR2 and TLR4 expression on macrophages, two receptors essential for recognition of 
K. pneumoniae [9]. Moreover, we found that the mortality rate and the number of bacteria in the 
lungs and more distant organs were much higher in mice with an absence of gp96 in macrophages. 
The protective function of gp96 was furthermore illustrated by an impaired cytokine response 
and diminished granulocyte recruitment during the early stage of infection. Thus, the inability to 
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initiate TLR signaling pathways in macrophages had detrimental consequences for the transgenic 
mice compared to control mice, demonstrating that TLR-mediated immune responses in these 
cells are vital for adequate protection.
To continue investigating cell-specific TLR signaling pathways involved in K. pneumoniae induced 
host defense, we focused on MyD88, the universal adaptor protein found downstream in the 
signaling pathway of most TLRs.  Although MyD88 is known to be very important for an adequate 
immune response to K. pneumoniae  [10,11], it was not known which cell types were essential for 
MyD88 mediated protection. Therefore, we investigated the consequences of Klebsiella induced 
pulmonary infection in the absence of MyD88 in different cell types, including myeloid, endothelial 
and lung epithelial cells. Chapter 3 addressed the role of myeloid and endothelial MyD88. We first 
used mice with targeted deletion of MyD88 in myeloid cells. When infected with K. pneumoniae, 
these mice were found to succumb very rapidly compared to control mice. Moreover, growth of 
Klebsiella was amplified in the absence of myeloid MyD88. In conclusion, these first findings 
indicate that myeloid MyD88 is extremely important for host defense during infection with K. 
pneumoniae. Our second aim in this chapter was to study endothelial MyD88, and for this we 
attempted to generate conditional knockout mice in the same manner. Genetic analyses however 
demonstrated an almost complete deficiency of MyD88 in these mice. Nonetheless, to achieve 
specific endothelial MyD88 deficient expression, we reconstituted these mice with myeloid cells 
with normal MyD88 expression. Thus, chimeric mice created in this way were only deficient in 
endothelial MyD88, and subjecting these mice to K. pneumoniae allowed us to study the role of 
MyD88 in endothelial cells. In contrast to myeloid MyD88 however, MyD88 deficiency in these 
cells did not impact susceptibility or immune responses to Klebsiella infection in anyway. The 
results from these experiments revealed that in contrast to myeloid MyD88, endothelial MyD88 
did not contribute significantly to protection against Klebsiella pneumonia.
In Chapter 4, we examined the role of the lung epithelium in host defense. Previously, cells other 
than those derived from the myeloid lineage were found to be involved during pneumonia [11]. 
Since we could not identify an immune defense role for endothelial MyD88, we focused on the cells 
present in majority in the lungs: lung epithelial cells. These cells form the first barrier to prevent 
pathogens from invading and the ability to exhibit innate immune responses is well established 
[5,6,12-14]. Evidence for involvement of lung epithelial cell triggered immune defense during 
infection with K. pneumoniae was limited [14-16], and this prompted us to investigate their role 
in host defense. Since pneumonia is a disease of the lower airways, we chose to investigate the 
bronchiolar and alveolar type II cells because of their location at the lowest level of the respiratory 
tract [17]. Moreover, these cells have been shown to be perfectly capable of inducing TLR related 
responses  [5,6,12,14,18-24]. We therefore performed experiments with mice deficient for MyD88 
in bronchiolar epithelial cells and mice deficient for MyD88 in alveolar type II cells, and these 
mice were infected with K. pneumoniae to induce pneumonia. To our surprise, MyD88 in neither 
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type of epithelial cell had a significant impact on infection severity. Inflammatory markers were 
unaffected and this indifference was further confirmed by bacterial levels in lungs and other organs 
very much similar to those found in control mice. Thus, we concluded that bacterial defense against 
K. pneumoniae does not depend on MyD88 expression in bronchiolar or alveolar type II cells. 
K. pneumoniae is a gram-negative bacterium that belongs to the family of Enterobacteriaceae. 
P. aeruginosa is also a gram-negative bacterium but belongs to the family of Pseudomonadaceae. 
Akin those triggered by Klebsiella, Pseudomonas induced inflammatory responses rely on intact 
MyD88 expression  [25-28]. One of the main differences between both bacteria is the presence 
of flagellin on the membrane of Pseudomonas strains. In Chapter 5, we compared cell-specific 
immune responses during pneumonia caused by P. aeruginosa. In addition to the generation 
of bone marrow chimeric mice, we once again generated conditional knock out mice to assess 
MyD88 signaling in myeloid and lung epithelial cells during pulmonary infection. Opposite to 
what was found during Klebsiella induced pneumonia, Pseudomonas induced pneumonia was 
shown to initiate an antibacterial immune response that depends on epithelial MyD88 but not 
myeloid MyD88. We further demonstrated that epithelial MyD88 driven response is triggered by 
the presence of flagellin on Pseudomonas and through its recognition by TLR5, since epithelial 
MyD88 expression seemed indispensable when infection was induced by a flagellin deficient 
Pseudomonas strain. These findings illustrate that epithelial innate immune defense can be crucial 
during infection, but that its role is dependent on the type of bacteria causing the infection.
Finally, in Chapter 6 we examined cell-specific MyD88 signaling in asthma, a non-infectious 
inflammatory disease. Asthma is an allergic airway disease that causes chronic inflammation, and 
common allergens such as HDM can trigger the clinical symptoms that typify asthma. Molecular 
pathways induced by the aeroallergen HDM involve TLR and MyD88 driven responses [29-31]. 
Asthma-like allergic disease was simulated using an established experimental model in which mice 
were repeatedly exposed to HDM. The influx of eosinophils in the lungs and the damage in the 
lungs as characterized by increased pulmonary tissue inflammation and mucus production that 
normally accompanies this disease model, was demonstrated to be absent in mice with absolute 
MyD88 deficiency. Because both myeloid and lung epithelial cells are thought to play key roles 
in asthma pathogenesis [32,33], we also induced asthma-like allergic airway inflammation in 
mice deficient for MyD88 in myeloid or lung alveolar type II cells and compared inflammatory 
responses. Selective deletion of MyD88 in myeloid or alveolar type II cells, however, did not affect 
inflammatory response in any way. Thus, although we confirmed that the general expression of 
MyD88 is essential for the development of asthma [31], we were not able to demonstrate any 
significant role for either myeloid or alveolar type II MyD88. We concluded that cells other 
than myeloid or type II alveolar cells are responsible for the observed MyD88 dependent HDM 
induced response.
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Conclusions

Many cells are equipped to initiate innate immune responses whenever needed to. In this thesis, 
we studied several important cell types residing in the lungs that can potentially contribute to 
host immunity during infection or allergic inflammation. It is known that TLRs and their 
signaling pathways play an essential part herein, but knowledge about cell-specific contribution 
is very limited. We underlined the importance of TLRs during K. pneumoniae by studying 
the endoplasmic reticulum chaperone gp96, and we found that immune responses are severely 
affected if macrophage TLR expression is lacking. After exploring the pathway more downstream 
of TLRs by focusing on the universal TLR adaptor MyD88, our findings led us to conclude that 
only myeloid MyD88, but not endothelial, bronchiolar or alveolar type II MyD88, drives innate 
immunity in response to infection with K. pneumoniae in the lung. Cell-specific contribution 
however may differ depending on which TLR is mainly triggered, and we illustrated this by 
showing that during respiratory infection with P. aeruginosa, TLR-driven immune protection 
is not dependent on myeloid but on epithelial MyD88 expression. We found this difference to 
be caused by the presence of flagellin on Pseudomonas species, and its recognition to occur via 
epithelial TLR5 which results in MyD88-dependent signaling responses. With the emergence 
of global resistance to most antibiotics, the need for additional therapeutic options is now more 
important than ever, and future studies elaborating on our work in understanding the host 
mechanisms leading to either protection or disease could prove very valuable.
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Nederlandse samenvatting en algemene discussie
Infectieziekten zijn nog steeds een van de meest voorkomende oorzaken van ziekte en sterfte, 
ondanks de vooruitgang die geboekt is op het gebied van behandeling in de afgelopen eeuw 
[1]. Antibiotica zijn stoffen (veelal door schimmels geproduceerd) die bacteriën onschadelijk 
kunnen maken door ze kapot te maken of door de groei af te remmen. Hoewel de ontdekking 
van antibiotica door Alexander Flemming in 1928 ervoor heeft gezorgd dat de meeste infecties 
goed te behandelen zijn, ontstaan er nu steeds meer bacteriën die resistent zijn tegen de gangbare 
antibiotica. Daardoor zal de behandeling van infecties in de toekomst mogelijk niet meer zo 
vanzelfsprekend zijn. Het is dus nodig om andere manieren te vinden om infecties te bestrijden. 
Een manier is om gebruik te maken van het afweersysteem. Ons lichaam beschikt over allerlei 
gespecialiseerde cellen die samen onze immuniteit bepalen. Door te begrijpen wat er gebeurt 
wanneer ziekteverwekkers als bacteriën ons lichaam proberen in te dringen en ziekte veroorzaken, 
kunnen we wellicht nieuwe behandelopties ontwikkelen.  
In 1997 werd een ontdekking gedaan die onze manier van denken over onze afweer compleet 
deed veranderen. Voor deze ontdekking werd door de desbetreffende onderzoekers B. Beutler 
en J. Hoffmann in 2011 zelfs de nobelprijs gewonnen. Zij ontdekten namelijk dat veel cellen 
van ons afweersysteem beschikken over specifieke sensoren die in staat zijn om de verschillende 
ziekteverwekkers te herkennen, van elkaar te onderscheiden, en een specifieke afweerreactie in 
gang te zetten. Deze sensoren worden Toll-like receptoren (TLRs) genoemd, en activatie van deze 
receptoren zet een hele cascade aan reacties in de cel in gang waarbij talloze verschillende eiwitten 
betrokken zijn. Het goed begrijpen en ontrafelen van de verschillende mechanismen die in gang 
worden gezet na contact met een ziekteverwekker kan bijdragen aan het ontwikkelen van nieuwe 
therapieën. 
Het doel van dit proefschrift is om een bijdrage te leveren aan de kennis over de moleculaire 
mechanismen die de basis vormen voor het ontstaan van ontsteking en infectie. Hierbij is 
voornamelijk aandacht besteed aan het ontstaan van longontsteking ofwel pneumonie, een van 
de meest voorkomende infectieziekten ter wereld. De long is een omgeving waarin continue 
blootstelling plaatsvindt aan potentiële ziekteverwekkers. Gelukkig beschikken wij over een 
natuurlijke barrière in de long, het zogenaamde epitheel. Dit longepitheel bestaat uit cellen die 
de binnenzijde van onze longen bekleden, en ervoor zorgen dat bijv. bacteriën niet ongehinderd 
ons lichaam kunnen binnendringen. Wanneer deze epitheel barrière faalt, zal het afweersysteem 
geactiveerd worden om verdere schade te beperken. Helaas komt het toch nog vaak voor dat er 
ernstige schade ontstaat aan één of meer organen. Wanneer dit gebeurt spreken we van sepsis, 
een ernstige aandoening met soms wel tot 50% kans op sterfte [2-4]! Het afweersysteem lijkt 
hierbij een zeer belangrijke rol te spelen. Een duidelijke functie voor elke cel en de communicatie 
tussen de cellen tijdens zo’n infectie zijn vanzelfsprekend essentiële voorwaarden voor het 
goed functioneren van de afweer. Om te begrijpen welke cellen er precies een rol spelen in het 
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afweersysteem, hebben we gebruik gemaakt van experimentele muismodellen waarbij muizen 
zodanig genetisch gemodificeerd zijn dat ze in een specifiek celtype een specifiek eiwit missen, 
zogenaamde conditionele knockout muizen. Door een longontsteking na te bootsen in deze 
muizen, kan vastgesteld worden wat precies de cel specifieke impact is van het missen van dat 
eiwit. In dit proefschrift is vaak de bacterie Klebsiella (K.) pneumoniae gebruikt om longontsteking 
te induceren. Dit is een veel voorkomende ziekteverwekker die longontsteking kan veroorzaken.
De activatie van het immuunsysteem begint met het vermogen om specifieke moleculaire 
patronen van ziekteverwekkers te herkennen. Hierbij staan zoals eerder genoemd TLRs centraal, 
en niet alleen gespecialiseerde cellen zoals de witte bloedcellen beschikken over deze receptoren, 
maar ook bijv. longepitheel cellen [5-7]. Deze receptoren bevinden zich over het algemeen aan de 
oppervlakte van de cel, om zo in aanraking te kunnen komen met (delen van) ziekteverwekkers. 
Gp96 is een eiwit dat zich in cellen bevindt en ervoor zorgt dat TLRs op de juiste manier aan 
de oppervlakte van cellen terechtkomen [8,9]. In Hoofdstuk 2 van dit proefschrift hebben we 
gekeken naar hoe belangrijk de aanwezigheid van TLRs is in macrofagen tijdens een longinfectie 
veroorzaakt door K. pneumoniae. We hebben genetisch gemodificeerde muizen gemaakt met 
macrofagen die geen gp96 bevatten. Macrofagen zonder gp96 bleken inderdaad geen TLRs tot 
expressie te brengen. De belangrijkste bevinding was dat muizen met gp96-loze macrofagen veel 
eerder stierven aan de gevolgen van de infectie en meer moeite hadden om de afweerrespons 
op gang te brengen. We concludeerden dus dat de afweerreactie die tijdens een infectie met K. 
pneumoniae ontstaat pas goed kan geschieden als macrofagen hun TLRs tot expressie kunnen 
brengen. 
Na het bestuderen van gp96, zijn wij ons vervolgens gaan richten op een ander belangrijk eiwit dat 
een rol speelt iets verderop in de TLR cascade: MyD88. Dit eiwit is een zogenaamd adaptor eiwit 
dat het signaal van bijna alle TLRs doorgeeft zodat het uiteindelijk resulteert in de productie van 
cytokinen. Dat MyD88 belangrijk is tijdens een infectie met K. pneumoniae is eerder aangetoond 
[10,11]. In welk celtype MyD88 belangrijk is was echter nog niet eerder uitgezocht, en om dit te 
onderzoeken hebben wij gebruik gemaakt van genetisch gemodificeerde muizen zonder MyD88 
expressie in een bepaald cel type. Zo hebben we in Hoofdstuk 3 de rol van MyD88 onderzocht 
in myeloide cellen en endotheelcellen. Muizen die geen myeloid MyD88 hadden en geïnfecteerd 
werden met K. pneumoniae werden veel zieker en stierven veel sneller aan de gevolgen van de infectie 
dan de normale controle muizen. De bacteriën konden in de conditionele knockout muizen veel 
harder groeien en de immuunrespons was duidelijk gestoord. Deze resultaten laten dus zien dat 
MyD88 expressie in myeloide cellen onmisbaar is voor de overleving en adequate immuunrespons 
tijdens een pneumonie veroorzaakt door K. pneumoniae. In datzelfde hoofdstuk hebben we op 
dezelfde wijze getracht de rol van MyD88 in endotheelcellen te bestuderen. De conditionele 
knockout muizen die gemaakt werden voor dit doel bleken een gestoorde MyD88 expressie 
echter niet alleen te hebben in endotheelcellen zoals de bedoeling was, maar ook in myeloide 
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cellen. Maar door vervolgens myeloide cellen met intacte MyD88 expressie te transplanteren 
in deze conditionele knockout muizen, lukte het ons toch alsnog om muizen te genereren met 
alleen een MyD88 deficiëntie in endotheelcellen. Na het infecteren van deze chimere muizen 
bleek dat het gebrek aan MyD88 in endotheelcellen geen invloed had op het verloop van een 
Klebsiella geïnduceerde pneumonie. Op basis van de bevindingen in dit hoofdstuk hebben wij 
dan ook geconcludeerd dat MyD88 expressie in myeloide cellen, maar niet in endotheelcellen een 
belangrijke rol speelt tijdens de immuunrespons tegen K. pneumoniae infectie in de long.
De laatste groep cellen die wij in dit kader hebben onderzocht zijn de longepitheel cellen. In 
Hoofdstuk 4 zijn muizen gebruikt met een deletie van het voor MyD88 coderende gen in twee 
soorten longepitheelcellen, namelijk bronchiolaire epitheelcellen en alveolaire type II cellen. Beide 
celtypen komen laag in de luchtwegen voor en zijn in staat om zelf een immuunrespons op gang 
te brengen wanneer ze in aanraking komen met een pathogeen [6,7,12-20]. Uit de bevindingen 
van de experimenten met de conditionele knockout muizen bleek MyD88 in zowel bronchiolaire 
als alveolaire type II cellen geen rol van betekenis te spelen. Ook de productie van cytokinen en 
de bacteriële uitgroei van K. pneumoniae was onaangedaan door het gebrek van epitheel MyD88. 
K. pneumoniae is een gram-negatieve bacterie en behoort tot de familie van de Enterobacteriaceae. 
Pseudomonas (P.) aeruginosa is ook een gram-negatieve bacterie maar behoort tot de familie van de 
Pseudomonadaceae. Ook de afweer tegen deze bacterie is afhankelijk van intacte MyD88 expressie 
[21-24]. Eén van de grootste verschillen tussen beide bacteriën is de aanwezigheid van een flagel 
op de membraan van Pseudomonas stammen. In Hoofdstuk 5 hebben wij de immuunrespons 
van verschillende celtypen tijdens een door Pseudomonas veroorzaakte pneumonie bestudeerd. 
Door onder andere wederom gebruik te maken van  conditionele knockout muizen hebben 
gekeken naar de rol van MyD88 in myeloide en alveolaire type II cellen. In tegenstelling tot de 
bevindingen met K. pneumoniae bleek dat het opwekken van een antibacteriële respons tijdens 
een P. aeruginosa pneumonie niet afhankelijk is van MyD88 in myeloide cellen, maar van MyD88 
in alveolaire type II cellen. Deze MyD88 afhankelijke respons kan op gang gebracht worden door 
herkenning van de flagel via TLR5. Uit onze resultaten bleek namelijk dat epitheel MyD88 geen 
rol van betekenis heeft wanneer de flagel op de membraan van P. aeruginosa ontbreekt. Al met 
al laten deze bevindingen zien dat de epitheel geïnduceerde immuunrespons belangrijk kan zijn 
tijdens een infectie, maar dat dit afhangt van de bacterie die de infectie veroorzaakt.
Tot slot hebben wij in Hoofdstuk 6 de cel-specifieke rol van MyD88 signalering tijdens astma 
bestudeerd, een niet-infectieuze ontstekingsziekte. Astma is een allergische luchtwegaandoening 
die chronische ontsteking in de longen veroorzaakt, en gepaard gaat met kenmerkende symptomen 
als kortademigheid en hoesten. Dit klinisch beeld kan bij aangedane personen uitgelokt worden 
door allergenen die veel voorkomen in de lucht, zoals bijvoorbeeld die afkomstig van de huisstofmijt 
(in het Engels: house dust mite, HDM). Het is bekend dat TLRs en MyD88 een grote rol spelen bij 
HDM geïnduceerde ontsteking [25-27]. Wij hebben gebruik gemaakt van een dierexperimenteel 
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model waarin astma gesimuleerd werd door muizen herhaaldelijk bloot te stellen aan HDM en zo 
allergie te induceren. De toename van eosinofiele witte bloedcellen in de long en de longschade 
die normaal kenmerkend zijn voor dit model, ontbraken bij muizen met totale MyD88 deficiëntie. 
Omdat zowel myeloide als epitheelcellen een rol spelen in de pathogenese van astma [28,29], 
hebben wij vervolgens deze allergische luchtwegaandoening ook geïnduceerd in muizen met 
selectieve deficiëntie van MyD88 in deze cellen. MyD88 in geen van beide type cellen bleek echter 
een significante impact te hebben op de allergische ontstekingsverschijnselen. Wij concludeerden 
dan ook dat andere cellen dan myeloide en alveolaire type II cellen verantwoordelijk zijn voor de 
geobserveerde MyD88 afhankelijke respons die HDM kan induceren.

Conclusies
Veel cellen beschikken over het vermogen om een immuunrespons op gang brengen wanneer dat 
nodig is. In dit proefschrift hebben wij verschillende cellen bestudeerd die zich in de long bevinden 
en potentieel zouden kunnen bijdragen aan de immuniteit tijdens infectie of allergische ontsteking. 
Het is bekend dat TLRs en de TLR gerelateerde signalerings cascaden hierin een belangrijke rol 
spelen, maar kennis over de cel-specifieke bijdrage is nog erg beperkt. Wij hebben bevestigd dat 
TLRs tijdens infectie met K. pneumoniae belangrijk zijn door de functie van het chaperone eiwit 
gp96 te bestuderen. Hierbij hebben wij aangetoond dat de immuunrespons erg gestoord is als TLR 
expressie in macrofagen ontbreekt. Door ook verderop in de TLR cascade te kijken naar MyD88, 
hebben we laten zien dat alleen myeloid MyD88, maar niet endotheel, bronchiolaire of alveolaire 
type II MyD88 expressie verantwoordelijk is voor de immuunrespons die ontstaat ten gevolge van 
infectie met K. pneumoniae in de longen. Dat de cel-specifieke bijdrage kan verschillen afhankelijk 
van welke TLR geactiveerd wordt, hebben we geïllustreerd aan de hand van de experimenten met 
P. aeruginosa. Omdat deze bacterie anders dan de K. pneumoniae een flagel heeft, wordt in geval 
van longinfectie de epitheel specifieke TLR5-MyD88 cascade geactiveerd. Deze reactie van het 
luchtweg epitheel bleek belangrijk voor de afweer tegen P. aeruginosa, terwijl MyD88 in myeloide 
cellen tijdens infectie met deze bacterie geen bijdrage leverden. Daarmee toonden wij aan dat ook 
het in epitheel, dat normaal gezien wordt als alleen een fysieke barrière, wel degelijk ook meer 
dan een passieve rol kan spelen in de immuniteit, maar dat dit afhangt van het type infectie en 
bacterie. Met de opkomst van serieuze antibiotica resistentie wordt gevreesd voor een einde van 
het huidige tijdperk waarin de meeste infecties goed met antibiotica te behandelen zijn. Daarom 
is het nu meer dan ooit noodzakelijk om aanvullende behandelopties te ontwikkelen, en het 
onderzoek gepresenteerd in dit proefschrift als ook toekomstig onderzoek naar het begrijpen van 
de mechanismen die maken dat een gastheer ziek wordt of juist beschermd is voor een infectie, zijn 
hiervoor zeer belangrijk.
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Dankwoord

Mijn eerste kennismaking met de CEMM afdeling begon in 2007, toen ik besloot om aan een 
“projectje” te beginnen in het kader van mijn wetenschappelijke stage voor de geneeskunde 
opleiding. Ik besloot dit naar aanleiding van een zeer fijn gesprek met mijn huidige promotor Tom 
van der Poll, die mij wist te enthousiasmeren om voor drie maanden in het laboratorium proefjes te 
komen doen. Ik werd gekoppeld aan mijn huidige co-promotor, Alex de Vos, en al snel bleek dat ik 
na drie maanden niet uitgekeken was, en besloot ik toen om er een jaar van te maken. De beslissing 
om na mijn geneeskunde opleiding terug te komen en mijn promotieonderzoek te doen bij deze 
groep was eigenlijk vanzelfsprekend, en ik ben Tom en Alex daar nog steeds dankbaar voor. Tom, 
dank voor de kansen die je mij hebt geboden. Ik denk dat er maar weinig mensen zijn met jouw 
staat van dienst die zo “down to earth” kunnen zijn, en dat heb ik altijd gewaardeerd. En het blijft 
indrukwekkend dat je zoveel promovendi tegelijk onder je hoede kan nemen, maar tegelijkertijd 
altijd bereikbaar bent en elke promovendus de aandacht kan geven die hij/zij nodig heeft. Ik heb 
ontzettend veel geleerd sinds ik bij jou ben komen werken, bedankt daarvoor! Alex, in 2007 beviel 
de samenwerking zo goed dat het voor mij een belangrijke reden was om niet snel meer weg te gaan 
uit jullie laboratorium. Mijn huidige labvaardigheden heb ik denk ik geheel aan jou te danken. Ik 
heb jouw inzicht in het voorbereiden en vooruit denken van proefjes altijd bewonderd, en daar 
veel van geleerd. Ik zal onze samenwerking missen.
Kees, het was geloof ik niet eens de bedoeling dat jij mijn andere co-promotor ging worden. Maar 
toen ik eenmaal aan mijn promotieonderzoek begon bleek al gauw dat ik meer dan eens jouw 
expertise nodig had. Ook van jou heb ik veel geleerd en ik heb genoten van de wetenschappelijke 
discussies die wij hebben gehad. Jouw bijdrage aan dit proefschrift werd zo groot dat het niet meer 
dan logisch was om je als tweede promotor te vragen. Dank!

Dit proefschrift heeft niet tot stand kunnen komen zonder de hulp van een groot aantal mensen. 
Ik wil allereerst ook de leden van de promotiecommissie bedanken voor hun bereidheid om het 
eindresultaat van mijn promotieonderzoek kritisch te beoordelen. In het bijzonder wil ik Sylvia 
Knapp bedanken, die helemaal uit Oostenrijk is gekomen hiervoor. 

Joost en Marieke, jullie hebben een aanzienlijk aandeel gehad in het tot stand komen van 
mijn proefschift. Veel dank voor alle hulp maar vooral ook voor de gezelligheid tijdens de vele 
muizenproeven. Marieke, wij komen elkaar vast nog wel tegen in Diemen.

Ik wil ook alle analisten en andere ondersteunende mensen bedanken die mij wegwijs hebben 
gemaakt in het lab. Regina en Daniëlle, ik heb het altijd goed met jullie kunnen vinden, bedankt 
voor jullie hulp. Ik zal jullie gezelligheid missen. Sanne, Miranda, Monique en Hakima, jullie ook 
erg bedankt voor jullie hulp. Heleen en Monique, bedankt voor jullie ondersteuning.
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Sandrine Florquin en Joris Roelofs, bedankt voor het beoordelen van de weefselcoupes. Berend 
Hooijbrink, dank voor al het FACS werk. Rajiv Mohan, bedankt voor de immunofluorescentie 
kleuringen die jij voor mij hebt gedaan. Saskia Bots, als student heb je mij veel geholpen met 
verschillende projecten waarvoor dank.

Mijn dank is ook groot aan alle Tommies door de jaren heen. De gezelligheid begon toen ik 
nog als student in het lab was met Masja Leendertse, Marcel Schouten, Jacobien Hoogerwerf, 
Mark Dessing, Joppe Hovius, Rianne van der Windt, Marieke van Zoelen, Jan Willem Duitman 
en natuurlijk Joost Wiersinga, met wie ik nog als student naar mijn eerste echte congres ging 
(uitgaansleven in Cambrigde is top he Joost). Arjan Hoogendijk, ik heb veel van jouw technische 
vaardigheden kunnen leren, waarvoor dank. En met de Tommies die ik heb leren kennen tijdens 
mijn promotieonderzoek heb ik het langst plezier beleefd.  Ik zal nooit meer vergeten dat jullie op 
onze bruiloft waren en zo veel sfeer maakten, met jullie is het echt altijd feest. Floor (ex-buurvrouw, 
de ritten samen naar het AMC waren altijd erg gezellig), Achmed (ons zaalvoetbalteam was echt 
top!), Maryse (blauw staat je nog steeds erg goed), Tijmen (de sfeermaker van het lab), Dana (ik 
ken niemand met langer haar dan jij), Sacha (plaatjes, plaatjes, plaatjes), Katja (salmonella guru), 
Anne (altijd erg leuk om met jou te brainstormen over alles en nog wat), Jeroen en Duncan (ons 
“hoekje” is niet meer hetzelfde), Lauren (Barbara!), Brendon (brother from another mother), 
Daan (vooruit, astma bestaat), en natuurlijk ook Joris, Alex W., Mischa, Jack, Joost, Jeroen, Ingrid 
en Chao. Dorith, je hebt me veel geholpen met de laatste loodjes, je bent een topper in wording. 
Miriam, wat hebben wij veel kilometers op de fiets samen afgelegd, van jou heb ik geleerd dat 
je best door de regen kan fietsen. Gelukkig zien we elkaar zo nu en dan nog steeds. Lonneke, 
werkvrouw, ik ben blij dat ik tegelijk met jou ben begonnen aan het promotieonderzoek.  Samen 
hebben we alle fases doorlopen die je als onderzoeker meemaakt, en we hebben daardoor alle 
mooie en ook minder mooie momenten (lees frustraties) met elkaar kunnen delen. Ik ben blij dat 
we zulke goede vrienden zijn geworden.

Tassili, para-nimf, wij kennen elkaar vanaf het begin van de geneeskunde opleiding. Toen klikte 
het al tussen ons maar we zijn elkaar daarna even uit het oog verloren. Gelukkig kwamen we elkaar 
weer tegen omdat we beiden bij dezelfde groep onderzoek besloten te doen. En sindsdien is onze 
vriendschap weer hernieuwd, en is dit keer het contact blijvend versterkt door ook de vriendschap 
die is ontstaan tussen onze beide gezinnen.
Marjolein, mijn andere para-nimf, we kennen elkaar al sinds ons dertiende levensjaar. 
Behalve natuurlijk als beste vriendin kon en kan ik nog steeds goed met je sparren over allerlei 
wetenschappelijke onderwerpen. Bedankt voor je steun en ik kijk nu al uit naar jouw promotiedag.

Dankwoord
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En tot slot mijn familie. Mijn moeder is waarschijnlijk de grootste reden dat ik nu ben waar ik 
ben. Jij hebt mij en mijn broertje altijd gestimuleerd in onze ambities, en gezorgd dat ons niks 
tekort kwam om onze doelen te bereiken. Er zijn geen woorden om te beschijven hoe dankbaar 
ik je daarvoor ben. Moraad, jij bent altijd de creatieve geweest van ons twee, en dat bewijs je weer 
met de mooie voorkant van dit proefschrift. Bedankt. En dan mijn vader. Helaas heb jij belangrijke 
momenten als deze niet meer mee kunnen maken, maar ik hoop dat waar je ook bent, je trots kan 
zijn.

Zoals velen altijd tegen mij zeggen heb ik veel vrouwen om mij heen in mijn leven, maar ik eindig 
dit dankwoord met de twee belangrijkste. Lieve Désirée, er is geen andere vrouw die mij zo goed 
begrijpt als jij. Jij hebt mij altijd gesteund in wie ik ben en in alles wat ik doe. En door jou heb ik 
ook nog eens een lieve schoonfamilie erbij gekregen, en ik wil dan ook met name jouw ouders, 
Anna en André, voor hun steun bedanken. Ik hoop altijd een goede echtgenoot voor jou te zijn en 
een goede vader voor onze lieve dochter Félicia. 


	Cover
	Table of contents
	Chapter 1
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6
	Chapter 7
	Chapter 8
	Addendum en portofolio



