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Melioidosis is a severe infectious disease caused by the Gram-

Burkholderia	 pseudomallei	 belongs to the 

negative bacterium Burkholderia	 pseudomallei that is characterized by 
pneumonia, sepsis and abscess formation throughout the body1-3. Infection 
occurs through percutaneous inoculation via skin defects, inhalation of aerosols 
or ingestion via drinking water1,4. 
Melioidosis is endemic in Northern Australia and Southeast Asia. However, a 
recent study estimated a high incidence of melioidosis in other geographical 
areas as well, such as Western sub-Saharan Africa and South America5. A 
tropical climate and acrisol soil types are associated with a higher presence 
of B. pseudomallei5. 
Due to the severity of the disease and the possible routes of transmission, 
Burkholderia	pseudomallei has been regarded as a potential bioterrorism agent6.  
Interestingly, not all infected individuals develop symptoms. However, certain 
risk factors such as diabetes, heavy alcohol use, chronic respiratory and renal 
disease may put patients at more risk for a fulminant course2.  

When infection with B. pseudomallei causes symptoms, pneumonia occurs in 
approximately 51%, bacteraemia in 50% and sepsis in approximately 20% of the 
cases2. Fatality rates vary from 10% when proper intensive care is available to 
50% in more remote, less developed areas2,7,8. Treatment of melioidosis consists 
out of an intensive phase, lasting for 10-14 days, followed by a 3-6 month 
eradication phase3. Intravenous ceftazidime or a carbapenem are suggested for 
the intensive phase, while options for the eradication phase are trimethoprim-
sulfamethoxazole, doxycycline or amoxicillin-clavulanate9. The large MERTH 
study recently demonstrated that trimethoprim-sulfamethoxazole monotherapy 
is as effective as trimethoprim-sulfamethoxazole plus doxycycline, with less side 
effects10.Despite these intensive antibiotic treatment options, relapse rates are 
approximately 5%3 and mortality still remains unacceptably high, demonstrating 
the need for additional therapy during melioidosis.

same Burkholderia genus as well and is considered to be avirulent in humans and 
much less virulent (by a factor of >100,000) than B. pseudomallei in hamsters 
and mice12. 
The genome of Burkholderia	pseudomallei	consists out of two chromosomes of 
4.07 and 3.17 megabase pairs13 and is highly complex and dynamic; 86% of the 
prototypic B. pseudomallei K96243 genome represents the core genome and 
is consistent in all strains, but the remaining 14% varies across isolates14. This 
variable region includes multiple genomic islands containing DNA acquired from 
other bacteria. Virulence has been partially attributed to these genomic islands, 
however until now little is known on their specific influence on clinical outcome.

Of interest, B. pseudomallei is capable of adapting its genome within its host, 
thereby altering its virulence and promoting its survival15,16. 

Multiple potential virulence factors of B. pseudomallei that could contribute 
to the pathogenesis of melioidosis have been identified. Among these are 
lipopolysaccharide (LPS)17, capsular polysaccharide18, flagellin19, Burkholderia 
Lethal Toxin 120 , the cluster 1 Type VI secretion system21, the Bsa Type III 
secretion system22 and the Burkholderia intracellular motility protein A 
(BimA)23.  It is speculated that the differential expression of virulence factors 
might influence symptoms and disease severity. For example, a recent study 
demonstrated an association between a BimA mutant and the occurrence of 
neurological symptoms 24. However, the contribution of other specific virulence 
factors during human melioidosis remains largely unknown.

Burkholderia genus, which contains over 40 species. This genus includes 
Burkholderia	mallei	which is the causative agent of glanders in horses among 
other solipeds. B. mallei shares 99% of its conserved genes with B. pseudomallei 
but rarely causes human disease11. Burkholderia	thailandensis	belongs to the 

General introduction 

Melioidosis

The bacterium and its virulence 
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Burkholderia	mallei	which is the causative agent of glanders in horses among 
other solipeds. B. mallei shares 99% of its conserved genes with B. pseudomallei 
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Upon invasion by microbial pathogens the host’s immune response is elicited, 
triggering both the innate and adaptive immune system. Innate immune 
receptors are involved in the first line of defense and recognize pathogen-
associated molecular patterns (PAMPs), such as LPS, and flagellin but will also 
recognize – and induce the production and release of -  damage-associated 
molecular patterns (DAMPs) also called alarmines or simply danger signals
Following recognition, these receptors ignite a cascade of intracellular processes 
leading to the production of chemo- and cytokines or the induction of other 
cellular functions involved in the host defense against invading pathogens, such 
as phagocytosis and killing. 

Host defense against infection: PAMPs, DAMPs, innate immune receptors 
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Prime examples of these pattern recognition receptors (PRRs) are the Toll-
like receptors (TLRs) and the intracellular inflammasome receptor complexes. 
Triggering Receptor Expressed on Myeloid cells (TREM)-1 and 2 are considered 
to be key regulators of the TLR pathway. 
TLRs play a central role in the initiation of cellular immune responses that 
can discriminate between different classes of pathogens25,26. TLR2 recognizes 
peptidoglycan and lipoproteins of Gram-positive bacteria, TLR4 is the principal 
receptor for LPS of Gram-negative bacteria,  and TLR5 binds to the flagellin 
of flagellated bacteria. Surprisingly, LPS of certain bacterial species such as 
Porphyromonas	gingivalis and  Leptospira interrogans signal via TLR2, which can 
be attributed to different lipid A structures27,28. Our laboratory has previously 
demonstrated that TLR2 plays an important protective role during experimental 
melioidosis. Of note, the LPS of B. pseudomallei was shown to be signalling via 
TLR229. The functional role of TLR4 in murine melioidosis seems to be limited29, 
despite the fact that genetic studies suggested  that TLR4 polymorphisms are 
associated with an increased susceptibility to melioidosis30 .
Furthermore, it has been reported that the presence of TLR5 has a favorable 
role during experimental melioidosis31. In contrast, impaired  TLR5 functionality 
in melioidosis patients has been associated with enhanced survival rates32. 

The inflammasomes, large intracellular protein complexes, detect infection 
and stress-associated signals and represent the most important intracellular 
PRRs33.  Important components of the inflammasome in both humans and mice 
are the ‘nucleotide-binding domain, leucine-rich repeat containing proteins’ 
(also known as NOD-like receptors, NLRs)34. The most studied members of this 
NLR are NLRP1, NLRP3 and NLRC4.  NLRP3 is a sensor that functions in a single 
inflammasome, whereas ‘adaptor apoptosis–associated speck-like protein 
containing a caspase activation and recruitment domain’ (ASC) is a common 
adaptor of several inflammasomes35. After recognition of PAMPs or DAMPs, 
the inflammasome platform assembles and proteolytically activates caspase-1, 
leading to the cleavage of pro-interleukin-1β (IL-1β) and pro-IL18 into their 
mature forms36. IL-1β and IL-18 are among the most potent proinflammatory 
cytokines that are involved in the acute phase response and play essential roles 
in the immune response to B. pseudomallei infection8,37-39. Caspase-1-activation 
can also trigger pyroptosis, a form of programmed cell death that effectively 
restricts intracellular bacterial growth40. NLRs can be activated by a wide variety 

of signals, including ATP, uric acid crystals but also bacterial type three secretion 
system (T3SS) needles, rod proteins and flagellin; all potential virulence factors 
of B. pseudomallei13,41. 

The PRR-induced host response to danger has to be tightly regulated. Triggering 
receptor expressed on myeloid cells (TREM)-1 and -2 are receptors that act as 
mediators, rather than initiators, of the innate immune response42-44.  Historically, 
TREM-1 was considered an amplifier of the TLR cascade, while TREM-2 was seen 
as an inhibitor of TLR signaling. Peptidoglycan recognition protein 1 (PGLYRP1) 
is the only known ligand and activator of TREM-145. Recently, apolipoprotein E 
was found to act as a ligand for TREM-2, facilitating phagocytosis by microglial 
cells 46. 
TREM-1 expression is upregulated in melioidosis and blocking TREM-1 with an 
antibody protected mice against mortality. The role of TREM-2 during melioidosis 
however has never been investigated.
The regulated activation of PRRs will lead to the production of numerous 
cytokines, essential for a an effective  immune response. The pleiotropic cytokine 
transforming growth factor-β (TGF-β) is regarded as one of the key regulators of 
the immune response47.
TGF-β is produced by many different body cells, including leukocytes, both 
of the innate and adaptive immune system and controls the differentiation, 
proliferation and activation of these immune cells48. TGF-β has multiple 
immunosuppressive properties, as evidenced by the observation that TGF-β 
knock-out (KO) mice develop multiorgan autoimmune inflammatory disease and 
die shortly after birth49. TGF-β possesses pro-inflammatory properties as well; 
TGF-β can induce interleukin (IL)-17 producing pro-inflammatory Th17 cells in 
the presence of IL-650 and functions as a chemoattractant for monocytes and 
granulocyte51. However, the role of this key cytokine in melioidosis is unknown. 

Calprotectin, a heterodimer of the cytoplasmic proteins S100A8 (myeloid-
related protein, MRP8) and S100A9 (MRP14), is abundantly found in neutrophils, 
which are known to play an essential role in the first line of defense against 
B. pseudomallei52,53. S100A8/A9 functions as a DAMP, stimulating the immune 
response54.  It is thought that during early bacterial entrapment, S100A8/A9 
participates in leukocyte migration55-57 and has direct antimicrobial effects58,59. 
In addition, endogenous S100A8/A9 increases inflammation via activation of 
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however has never been investigated.
The regulated activation of PRRs will lead to the production of numerous 
cytokines, essential for a an effective  immune response. The pleiotropic cytokine 
transforming growth factor-β (TGF-β) is regarded as one of the key regulators of 
the immune response47.
TGF-β is produced by many different body cells, including leukocytes, both 
of the innate and adaptive immune system and controls the differentiation, 
proliferation and activation of these immune cells48. TGF-β has multiple 
immunosuppressive properties, as evidenced by the observation that TGF-β 
knock-out (KO) mice develop multiorgan autoimmune inflammatory disease and 
die shortly after birth49. TGF-β possesses pro-inflammatory properties as well; 
TGF-β can induce interleukin (IL)-17 producing pro-inflammatory Th17 cells in 
the presence of IL-650 and functions as a chemoattractant for monocytes and 
granulocyte51. However, the role of this key cytokine in melioidosis is unknown. 

Calprotectin, a heterodimer of the cytoplasmic proteins S100A8 (myeloid-
related protein, MRP8) and S100A9 (MRP14), is abundantly found in neutrophils, 
which are known to play an essential role in the first line of defense against 
B. pseudomallei52,53. S100A8/A9 functions as a DAMP, stimulating the immune 
response54.  It is thought that during early bacterial entrapment, S100A8/A9 
participates in leukocyte migration55-57 and has direct antimicrobial effects58,59. 
In addition, endogenous S100A8/A9 increases inflammation via activation of 
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TLR-4, by catalyzing tumor necrosis factor (TNF)-a release in response to LPS, 
thereby contributing to endotoxin shock-induced lethality52,60. Recent studies 
revealed that S100A8/A9  is a major component of neutrophil extracellular 
traps (NETs)61. NETs are DNA-networks released by neutrophils that can ensnare 
and kill invading pathogens62. NETs exhibit antibacterial activity against B. 
pseudomallei, and NET-related components are abundantly expressed in the 
plasma of patients with melioidosis63,64.
Despite its antimicrobial effects, uncontrolled release of S100A8/A9 can be 
detrimental for the host by contributing to a hyper inflammatory state leading 
to organ damage and/or exhaustion of the immune system60. 
It is thought that S100A8/A9 might play an important role during melioidosis, 
however its exact function still remains to be determined. 
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Figure 1. Immunopathogenesis of Melioidosis.  Burkholderia	pseudomallei can invade 
macrophages and may then survive and replicate for prolonged periods. Although some 
bacteria are destroyed after phagocytosis, a proportion of the organisms escape endocytic 
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vacuoles and either break out directly to the extracellular space or infect other cells through 
actin-based membrane protrusions. Toll-like receptors (TLRs) expressed on host cells are the 
first to detect invading B.	pseudomallei, leading to nuclear factor-κB (NF-κB) induced activation 
of the immune response through the release of proinflammatory cytokines. The TLR response 
is tightly regulated: triggering receptor expressed on myeloid cells 1 (TREM-1) amplifies 
TLR-induced signals, and interleukin 1 receptor–associated kinase (IRAK)–like molecule 
(IRAK-M) dampens the immune response during melioidosis. Intracellular inflammasome 
receptors — most notably, the nucleotide-binding oligomerization domain (NOD)–like 
receptors (NLRs) NLRC4 and NLRP3 — recognize bacterial virulence factors and endogenous 
danger signals, leading to caspase 1–mediated release of interleukin-1β and interleukin-18, 
in addition to pyroptosis (caspase-dependent cell death that restricts intracellular bacterial 
growth). Interleukin-18 further induces protective interferon-γ production. Neutrophils are 
recruited toward the site of infection, and the complement and coagulation cascade becomes 
activated. As infection progresses, the adaptive immune response leads to T-cell recruitment 
in response to interferon-γ production, which gives rise to a cell-mediated immune response 
and the production of antibodies by B cells. Most of the data in this model are derived from 
in vitro studies and animal models of melioidosis. The apoptosis-associated speck-like protein 
containing a caspase recruitment domain (ASC) serves as an NLR adaptor molecule, whereas 
myeloid differentiation factor 88 (MyD88) serves as the central TLR adaptor molecule.
(Figure and text adapted from Wiersinga et al, Melioidosis, NEJM, 2012;367:1035-1044.)1

The overall aim of this thesis is to increase our insight into the interaction 
between B. pseudomallei and the innate immune system, thereby unraveling 
the pathogenesis of the fatal disease melioidosis. By investigating the role and 
contribution of specific immune receptors and its stimulatory molecules during 
experimental melioidosis, we aimed to identify potential novel treatment 
targets. 
Our key objective was to explore the role of TLRs and associated innate immune 
receptors during B. pseudomallei infection. In addition, this thesis describes 
the importance of essential cytokines and DAMPs in experimental melioidosis. 
Finally, we describe our first footsteps in identifying the potential incidence of 
melioidosis in central Africa.

After the general introduction, Part I describes studies on the interaction 
between TLRs and virulence factors of B. pseudomallei.
This part starts with Chapter 2 that reviews the current understanding on host-
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The overall aim of this thesis is to increase our insight into the interaction 
between B. pseudomallei and the innate immune system, thereby unraveling 
the pathogenesis of the fatal disease melioidosis. By investigating the role and 
contribution of specific immune receptors and its stimulatory molecules during 
experimental melioidosis, we aimed to identify potential novel treatment 
targets. 
Our key objective was to explore the role of TLRs and associated innate immune 
receptors during B. pseudomallei infection. In addition, this thesis describes 
the importance of essential cytokines and DAMPs in experimental melioidosis. 
Finally, we describe our first footsteps in identifying the potential incidence of 
melioidosis in central Africa.

After the general introduction, Part I describes studies on the interaction 
between TLRs and virulence factors of B. pseudomallei.
This part starts with Chapter 2 that reviews the current understanding on host-

pathogen interactions in melioidosis. It summarizes new insights on bacterial 
virulence factors, recognition of these by the host and innate immune responses.
Next, Chapter 3 focuses on TLR signaling of LPS of B. pseudomallei, one of its 
most well-known potential virulence factors, in human and animal models. In 
Chapter 4 we studied the interaction between another well-described virulence 
factor of B. pseudomallei, flagellin and its interaction with TLR-5. 

Part II focuses on the role of other innate immune receptors, often closely related 
to the TLRs, in the pathogenesis of melioidosis. The expression and role of TREM-
1 and -2 during melioidosis is described in Chapter 5. Then, Chapter 6 reviews 
the role of the TGF-β in experimental melioidosis. In Chapter 7 we investigated 
the effect of blocking the putative cytokine IL-1β during melioidosis. In addition, 
this chapter characterizes the expression and role of the inflammasome 
components ASC and NLRP3. The effect of glyburide, an antidiabetic drug that is 
associated with improved survival in melioidosis patients, and its effect on IL-1 
β production is further dissected in Chapter 8.The role of Calprotectin (S100A8/
A9), an important DAMP protein which is abundantly present in the circulating 
neutrophils during melioidosis, is illustrated in Chapter 9.
The final part, part III, provides studies on melioidosis in the central African 
country of Gabon. Chapter 10  reports on a seroprevalance study on melioidosis 
in Gabon and describes the findings of the first B. pseudomallei soil sampling 
expedition in this part of the world. In addition, the first human case of 
melioidosis in Gabon is described. Finally, Chapter 11 describes an experimental 
murine study on the virulence of a Gabonese B. pseudomallei isolate, compared 
to a well-defined Thai isolate, including a comparison of their genetic expression.
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This review summarizes current understanding on host-pathogen interactions in 
melioidosis, including new insights into the putative bacterial virulence factors, 
the intriguing intracellular life cycle of Burkholderia	pseudomallei, host recognition 
and innate immune responses. The B. pseudomallei genome has been described 
as well as a whole range of putative virulence factors including structural 
surface components such as lipopolysaccharide, other surface polysaccharides 
and flagella. Key virulence factors needed for the intracellular survival including 
a type III secretion system of B. pseudomallei have been identified and have 
highlighted some of the unique characteristics of this successful microorganism. 
The pro-inflammatory immune response, initiated by pathogen recognition 
receptors has been further dissected. The clinical manifestations of melioidosis 
can probably be seen as the consequences of a pathogen recognition receptor 
mediated dysregulation of the immune response to invading B. pseudomallei. 
Studies on host–pathogen interactions in melioidosis have identified potential 
new treatment targets.

A century of research on melioidosis and its causative agent Burkholderia	
pseudomallei, a facultative intracellular pathogen, has given us tremendous 
insights into the epidemiology, diagnosis and treatment of this dreadful disease. 
The burden of melioidosis however remains unacceptably high 1,2. Melioidosis 
causes significant morbidity and mortality in many tropical regions of the 
world. In endemic regions such as northeast Thailand, infections by the aerobic 
Gram-negative B. pseudomallei are still responsible for 20% of all community-
acquired septicaemias and up to 40% of sepsis related mortality 1,2. In the last 
decade however the research field has seen a large increase in groups working 
on the pathogenesis of melioidosis, in part because of increased interest in 
the pathogenesis of B. pseudomallei following its classification as a potential 
biological threat weapon by the US Centers for Disease Control and Prevention. 
As a result and in addition to the growing insights from animal models that 
more closely resemble clinical melioidosis, current knowledge of host–pathogen 
interactions and their consequences in melioidosis have increased tremendously. 
The subsequent identification of new potential treatment targets can hopefully 
lower the mortality associated with melioidosis in the not to distant future. 
Here we summarize current knowledge on host–pathogen interactions during 
melioidosis and the ensuing opportunities of potential therapeutics. This article 
is partly an update of an earlier review 3; new data was predominantly identified 
by searches of PubMed.
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This review summarizes current understanding on host-pathogen interactions in 
melioidosis, including new insights into the putative bacterial virulence factors, 
the intriguing intracellular life cycle of Burkholderia	pseudomallei, host recognition 
and innate immune responses. The B. pseudomallei genome has been described 
as well as a whole range of putative virulence factors including structural 
surface components such as lipopolysaccharide, other surface polysaccharides 
and flagella. Key virulence factors needed for the intracellular survival including 
a type III secretion system of B. pseudomallei have been identified and have 
highlighted some of the unique characteristics of this successful microorganism. 
The pro-inflammatory immune response, initiated by pathogen recognition 
receptors has been further dissected. The clinical manifestations of melioidosis 
can probably be seen as the consequences of a pathogen recognition receptor 
mediated dysregulation of the immune response to invading B. pseudomallei. 
Studies on host–pathogen interactions in melioidosis have identified potential 
new treatment targets.

A century of research on melioidosis and its causative agent Burkholderia	
pseudomallei, a facultative intracellular pathogen, has given us tremendous 
insights into the epidemiology, diagnosis and treatment of this dreadful disease. 
The burden of melioidosis however remains unacceptably high 1,2. Melioidosis 
causes significant morbidity and mortality in many tropical regions of the 
world. In endemic regions such as northeast Thailand, infections by the aerobic 
Gram-negative B. pseudomallei are still responsible for 20% of all community-
acquired septicaemias and up to 40% of sepsis related mortality 1,2. In the last 
decade however the research field has seen a large increase in groups working 
on the pathogenesis of melioidosis, in part because of increased interest in 
the pathogenesis of B. pseudomallei following its classification as a potential 
biological threat weapon by the US Centers for Disease Control and Prevention. 
As a result and in addition to the growing insights from animal models that 
more closely resemble clinical melioidosis, current knowledge of host–pathogen 
interactions and their consequences in melioidosis have increased tremendously. 
The subsequent identification of new potential treatment targets can hopefully 
lower the mortality associated with melioidosis in the not to distant future. 
Here we summarize current knowledge on host–pathogen interactions during 
melioidosis and the ensuing opportunities of potential therapeutics. This article 
is partly an update of an earlier review 3; new data was predominantly identified 
by searches of PubMed.

Introduction

Host-pathogen interactions during melioidosis

2

The genome of B. pseudomallei (strain 
K96243) is composed of two chromosomes of 4.07 and 3.17 megabase respectively 
4. Excitingly, the capacity of B. pseudomallei to rapid genetic modification and 
adaptability to niches within the human host was recently shown in a study in 
which fine-scale genotyping was employed on a comprehensive in vivo isolate 
collection derived from acute infections 5. In this elegant study, within-host 
evolution with substantial divergence from the putative founder genotype of B. 
pseudomallei was observed in four cases of acute melioidosis during a relative 
short period of infection 5. Indeed, the B. pseudomallei genome, which shares 
a core set of 2590 genes with other members of the Burkholderia	family 6, was 
shown to be highly dynamic 7-9. Whole-genome B. pseudomallei microarrays 
were used to determine patterns of gene presence and absence across 94 Asian 
strains derived from clinical, environmental and animal sources 7. 86% of the

Burkholderia	pseudomallei	genomics
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B. pseudomallei K96243 genome is common to all strains and thus represent 
the core genome. In contrast 14% of the B. pseudomallei genome is variably 
present across isolates and is termed the accessory genome. Interestingly, the 
B. pseudomallei accessory genome encompasses multiple genomic islands (GIs). 
GIs contain regions of DNA directly acquired by horizontal transfer from other 
microorganisms and are associated with bacterial virulence. The B. pseudomallei 
genome contains 16 GIs, that together make up 6.1% of the genome 4. Compared 
to strains derived from the environment, B. pseudomallei strains recovered from 
human patients are associated with the presence of GIs 7, although no association 
is found between the presence of GIs and clinical outcome 8. Further studies are 
needed however to characterize consequences of the B. pseudomallei genome 
variability to disease pathogenesis.

2 Recent work has provided new insights on how B. pseudomallei is capable 
of inflicting its dreadful consequences. Two studies aimed to identify B. 
pseudomallei target proteins that elicit the humoral response in infected 
humans identified an immunome of both surface and non-surface proteins 
which are upregulated during infection 10,11. Whether these immunogens are also 
virulence factors remains to be elucidated. B. pseudomallei has a high degree of 
phenotypic plasticity and recent intriguing data suggest that complex changes 
in the phenotype of B. pseudomallei is associated with altered interactions 
with the host 12. Switching between isogenic morphotypes occurred in a mouse 
model of melioidosis and different morphotypes were characterized by different 
virulence in vivo 12. 

Structural surface components as virulence factors and regulators of virulence

Quorum sensing is a cell-density-dependent commu-
nication system in  Gram-negative bacteria that uses N-acyl-homoserine 
lactones (AHLs) for the coordination of gene expression 2. The extracellular 
secretion of these AHLs is highly dependent on the B. pseudomallei BpeAB-OprB 
efflux pump 13. This efflux pump is notorious for being responsible for conferring 
antimicrobial resistance to aminoglycosides and macrolides as well as biofilm 
formation 2,14. B. pseudomallei mutants lacking QS systems were demonstrated 
to have reduced virulence both in vitro using diverse cell lines and in vivo in 
various animal models 2,15,16. The B. pseudomallei QS system, called BpsIR, 

Quorum sensing (QS)
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B. pseudomallei K96243 genome is common to all strains and thus represent 
the core genome. In contrast 14% of the B. pseudomallei genome is variably 
present across isolates and is termed the accessory genome. Interestingly, the 
B. pseudomallei accessory genome encompasses multiple genomic islands (GIs). 
GIs contain regions of DNA directly acquired by horizontal transfer from other 
microorganisms and are associated with bacterial virulence. The B. pseudomallei 
genome contains 16 GIs, that together make up 6.1% of the genome 4. Compared 
to strains derived from the environment, B. pseudomallei strains recovered from 
human patients are associated with the presence of GIs 7, although no association 
is found between the presence of GIs and clinical outcome 8. Further studies are 
needed however to characterize consequences of the B. pseudomallei genome 
variability to disease pathogenesis.

2

B. pseudomallei expresses several surface polysac-

The importance of flagella, which is essential for B. pseudomallei 

charides. Next to capsular polysaccharide and lipopolysaccharide (LPS) two 
other surface polysaccharides, termed type III and IV O-PS, have been identified 
18. Mutants defective in capsular polysaccharide and type IV O-PS significantly 
attenuate B. pseudomallei virulence in mice 18-20. Capsular polysaccharide might 
act as a barrier blocking access of the complement receptor-1 to C3 21. Recently 
three different LPS types among 1327 isolates from different geographic 
and clinical origins were identified by using gel electrophoresis (SDS-PAGE): 
two smooth LPS serotypes (A and B) possessing different ladder profiles and 
a rough LPS without ladder appearance 22. Of interest, the two less common 
types (smooth type B and rough type; together compromising 3% of isolates) 
were found more in clinical isolates and the rough type had a higher capacity to 
produce biofilm 22. In vitro studies in mouse macrophage cell lines using a LPS 
mutant, suggested a possible role for the O-antigenic polysaccharide moiety of 
LPS in internalization and intracellular survival of B. pseudomallei 23. Compared 
to E. coli LPS, B. pseudomallei LPS is a less potent activator of macrophages 24,25. 
Recently it was found that both murine and human macrophages produced 
lower levels of TNFα and IL-6 in response to B. pseudomallei LPS compared to 
B.	 thailandensis	LPS, a finding that is explained by the authors by the finding 
that B. pseudomallei synthesizes lipid A species with different fatty acyl chains 
(long-chain FA C14:0(2-OH) and Ara4N-modified phosphate groups) that allows 
it to induces weak immunological activities and thus evades early host defenses 
26. The fact that B. pseudomallei is apparently less capable of activating immune 
cells might at least in part explain why Toll-like receptor (TLR)-4 – which is 
regarded as the LPS receptor - does not have a role in host defence against 
experimentally induced melioidosis in mice 27. 

motility, has been highlighted by a number of studies in recent years 28-31. In vitro 
flagella clearly act as an immuno-stimulatory molecule causing upregulation 
of proinflammatory cytokines in both mononuclear cells and T cells 29,31. In 

various animal models 2,15,16. The B. pseudomallei QS system, called BpsIR, is 
composed of five bpsR genes and three bpsI genes 2,17.

Recent work has provided new insights on how B. pseudomallei is capable 
of inflicting its dreadful consequences. Two studies aimed to identify B. 
pseudomallei target proteins that elicit the humoral response in infected 
humans identified an immunome of both surface and non-surface proteins 
which are upregulated during infection 10,11. Whether these immunogens are also 
virulence factors remains to be elucidated. B. pseudomallei has a high degree of 
phenotypic plasticity and recent intriguing data suggest that complex changes 
in the phenotype of B. pseudomallei is associated with altered interactions 
with the host 12. Switching between isogenic morphotypes occurred in a mouse 
model of melioidosis and different morphotypes were characterized by different 
virulence in vivo 12. 

Surface polysaccharides

Flagella

Structural surface components as virulence factors and regulators of virulence

Quorum sensing is a cell-density-dependent commu-
nication system in  Gram-negative bacteria that uses N-acyl-homoserine 
lactones (AHLs) for the coordination of gene expression 2. The extracellular 
secretion of these AHLs is highly dependent on the B. pseudomallei BpeAB-OprB 
efflux pump 13. This efflux pump is notorious for being responsible for conferring 
antimicrobial resistance to aminoglycosides and macrolides as well as biofilm 
formation 2,14. B. pseudomallei mutants lacking QS systems were demonstrated 
to have reduced virulence both in vitro using diverse cell lines and in vivo in 
various animal models 2,15,16. The B. pseudomallei QS system, called BpsIR, 

Host-pathogen interactions during melioidosis
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2
B. pseudomallei can invade a range of phagocytic and nonphagocytic cells and 
there is experimental evidence from in vivo models that the intact intracellular 
life style is crucial to cause disease 34,35. After invasion this bacterium belongs to 
the few pathogens which are then able to escape from the vacuole and start to 
replicate within the host cell cytosol. In this compartment B. pseudomallei can 
induce actin rearrangement initiated at one pole of the bacterium, leading to 
intracellular actin tail formation and finally intercellular spreading 36. In addition, 
B. pseudomallei exhibits the striking and for a gram-negative bacterium unique 
ability to induce multi-nucleated giant cell formation 36,37. In recent years several 
genes have been identified that were shown to play a role for the pathogen to 
survive in its intracellular niche. B. pseudomallei harbours a variety of distinct 
secretion systems, including three type III (T3SS) secretions systems 38,39. 
T3SS1 and T3SS2 share similarities to the T3SS of the plant pathogen Ralstonia	
solanacearum 40 and have recently been shown to be involved in pathogenesis 
in a plant infection model 41, whereas T3SS3 resembles the inv/mxi/spa T3SS of 
Salmonella and Shigella and was shown to be essential for causing disease in 
mammalian models of infection 42. Mutants affecting components of the latter 
secretion and translocation apparatus (bsa) were impaired in escaping from the 
vacuole, intracellular replication and the induction of multinucleated giant cells 
35,42-44. A mutant lacking the apparatus component bsaQ showed also defects 
in secreting the effector protein BopE, suggesting that impaired secretion of 
effector components might contribute to the observed phenotypes 43. BopE 

In addition, flagella have been implicated in cell-invasion of phagocytic and 
non-phagocytic cells 30. Furthermore, in a mouse model of systemic infection, 
flagella deficient B. pseudomallei has been shown to be less virulent compared 
to the wildtype strain 32. Of interest, in a vaccine-driven study CpG-modified 
plasmin DNA encoding flagellin improved immunogenicity and provided partial 
protection against murine B. pseudomallei infection 28. Of note however, in a 
model of septic melioidosis using BALB/c mice in which the virulence of mutant 
B. pseudomallei strains were compared, it was observed that LPS and capsule 
mutants showed a marked reduction in virulence while a flagellin mutant was 
only slightly less virulent than the parent strain suggesting that LPS and capsule 
are more important virulence factors then flagella 33. 

The intracellular life cycle of B.pseudomallei and corresponding virulence factors
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2

Innate and adap-

B. pseudomallei can invade a range of phagocytic and nonphagocytic cells and 
there is experimental evidence from in vivo models that the intact intracellular 
life style is crucial to cause disease 34,35. After invasion this bacterium belongs to 
the few pathogens which are then able to escape from the vacuole and start to 
replicate within the host cell cytosol. In this compartment B. pseudomallei can 
induce actin rearrangement initiated at one pole of the bacterium, leading to 
intracellular actin tail formation and finally intercellular spreading 36. In addition, 
B. pseudomallei exhibits the striking and for a gram-negative bacterium unique 
ability to induce multi-nucleated giant cell formation 36,37. In recent years several 
genes have been identified that were shown to play a role for the pathogen to 
survive in its intracellular niche. B. pseudomallei harbours a variety of distinct 
secretion systems, including three type III (T3SS) secretions systems 38,39. 
T3SS1 and T3SS2 share similarities to the T3SS of the plant pathogen Ralstonia	
solanacearum 40 and have recently been shown to be involved in pathogenesis 
in a plant infection model 41, whereas T3SS3 resembles the inv/mxi/spa T3SS of 
Salmonella and Shigella and was shown to be essential for causing disease in 
mammalian models of infection 42. Mutants affecting components of the latter 
secretion and translocation apparatus (bsa) were impaired in escaping from the 
vacuole, intracellular replication and the induction of multinucleated giant cells 
35,42-44. A mutant lacking the apparatus component bsaQ showed also defects 
in secreting the effector protein BopE, suggesting that impaired secretion of 
effector components might contribute to the observed phenotypes 43. BopE 

shares homologies with the Salmonella SopE/E2 protein and was reported to 
exhibit guanine nucleotide exchange factor activities and contribute to invasion 
of B. pseudomallei to invade HeLa cells 45. Another effector protein, BopA, was 
shown to be involved in the evasion of autophagy, thus, protecting the pathogen 
from innate bactericidal mechanisms of the host 46. 
Beside three T3SS, B. pseudomallei additionally harbours six type VI secretion 
systems of which at least one has been implicated in macrophages invasion and in 
vivo virulence 35,47. Once inside the cytosol, B. pseudomallei is capable of inducing 
actin tails that enables the bacterium to move inside the host cell and eventually 
lead to the formation of membrane protrusions and direct cell-to-cell spread 
36,48. The gene which is essential for this process has recently been identified and 
termed BimA 49. B. pseudomallei actin tail formation is independent of N-WASP 
and Ena/VASP proteins 48, but the exact role of the Arp2/3 complex, a key factor 
for actin tail formation in other pathogens such as Shigella and Listeria, is still 
unclear. BimA could not be shown to induce actin polymerization in an Arp2/3 
dependent manner in vitro, although several subunits of the Arp2/3 complex are 
present throughout the actin tails 48,49. Thus, it is likely that additional co-factors 
on either the host and / or the bacterial side are involved in B. pseudomallei 
mediated actin tail formation that also lead to the recruitment of the Arp2/3 
complex to initiate actin polymerization.

tive immune mechanisms are critical in determining the outcome of bacterial 
infection. The compartmentalized gene-expression profile of important 
inflammatory molecules have been described in murine and human melioidosis 
50,51. Regarding essential innate immune mechanisms that contribute to resistance 
against melioidosis, it was shown that IFNγ has a key role with additionally vital 
roles played by TNFα, IL-12 and IL-18 2,52-55. The pro-inflammatory caspase-1 
was shown to contribute to resistance, likely by promoting INFγ 56. Depletion 
experiments in murine studies revealed that neutrophils are highly crucial for 
resistance 55. Activated neutrophils are rapidly recruited to the primary site of 
infection after B. pseudomallei challenge 55,57-59 and myeloid-differentiation-
primary-response-gene-88 (MyD88), the key signaling adaptor for most TLRs, 
the IL-1-receptor and IL-18 receptor, is crucially involved in protective neutrophil 
recruitment 59. In a randomized, placebo controlled trial involving 60 patient

In addition, flagella have been implicated in cell-invasion of phagocytic and 
non-phagocytic cells 30. Furthermore, in a mouse model of systemic infection, 
flagella deficient B. pseudomallei has been shown to be less virulent compared 
to the wildtype strain 32. Of interest, in a vaccine-driven study CpG-modified 
plasmin DNA encoding flagellin improved immunogenicity and provided partial 
protection against murine B. pseudomallei infection 28. Of note however, in a 
model of septic melioidosis using BALB/c mice in which the virulence of mutant 
B. pseudomallei strains were compared, it was observed that LPS and capsule 
mutants showed a marked reduction in virulence while a flagellin mutant was 
only slightly less virulent than the parent strain suggesting that LPS and capsule 
are more important virulence factors then flagella 33. 

The intracellular life cycle of B.pseudomallei and corresponding virulence factors

Innate immune defenses towards B.pseudomallei infection

Host-pathogen interactions during melioidosis
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2

The TLRs, together with other pattern recog-
nition receptors (PRRs), are the first to detect host invasion by pathogens, 
initiate immune responses and form the crucial link between innate and 
adaptive immunity (Figure) 67. PRRs recognize conserved motifs on pathogens 
termed “pathogen-associated-molecular-patterns” (PAMPs). B. pseudomallei 
expresses various potential PAMPs, including LPS, lipid-A, peptidoglycan, 
flagella, TTSS and DNA. Different components of one microorganism are 
recognized by different TLRs and related molecules such as CD14 and MD-2. 
Not surprisingly, an upregulation of CD14, MD-2, TLR1, TLR2, TLR3, TLR4, TLR5, 
TLR8, and TLR10 is seen in patients with melioidosis 27. The finding that mice 
lacking MyD88, the key TLR adaptor protein, demonstrate a strongly accelerated 
mortality during experimental melioidosis further support a critical role for 
TLRs in disease pathogenesis 59. In line, MyD88 regulates TNFα production in 
response to B. pseudomallei 24,59. B. pseudomallei can activate nuclear-factor-κB 

with severe melioidosis, granulocyte colony stimulating factor treatment, which 
increases neutrophil production, had no effect on mortality, but was associated 
with a slightly longer duration of survival 60. Of note, also macrophage depletion 
led to an highly increased susceptibility in mice 61. The INFγ mediated effector 
molecule nitric oxide (NO) does not seem to be crucial for resistance but 
NADPH-oxidase, which plays a role in both neutrophils and macrophages to 
eliminate bacterial pathogens, is highly important for resistance 61. Interestingly, 
caspase-1 seems to have an important function in macrophages to prevent 
rapid intracellular growth of B. pseudomallei by a still unknown mechanism 
56. Murine studies in which the CD4 and CD8 cells were depleted have shown 
that T cells, in particular CD4+ T cells, are important in both innate and adaptive 
immunity against B. pseudomallei infection 52,62. Of importance however no 
association between HIV infection and melioidosis exists 63. Antibody formation 
is important for protection against B. pseudomallei infection, but it does not 
seem to be essential for  primary resistance 52,64,65. Lastly, macrophage migration 
inhibitory factor (MIF) has emerged as a pivotal mediator of innate immunity 
and has been shown to be an important effector molecule in severe sepsis. MIF 
concentrations are markedly elevated during clinical melioidosis and correlate 
with patients’ outcomes 66. In experimental melioidosis MIF seems to modestly 
impair antibacterial defense 66.

Recognition of B. pseudomallei
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2

The TLRs, together with other pattern recog-
nition receptors (PRRs), are the first to detect host invasion by pathogens, 
initiate immune responses and form the crucial link between innate and 
adaptive immunity (Figure) 67. PRRs recognize conserved motifs on pathogens 
termed “pathogen-associated-molecular-patterns” (PAMPs). B. pseudomallei 
expresses various potential PAMPs, including LPS, lipid-A, peptidoglycan, 
flagella, TTSS and DNA. Different components of one microorganism are 
recognized by different TLRs and related molecules such as CD14 and MD-2. 
Not surprisingly, an upregulation of CD14, MD-2, TLR1, TLR2, TLR3, TLR4, TLR5, 
TLR8, and TLR10 is seen in patients with melioidosis 27. The finding that mice 
lacking MyD88, the key TLR adaptor protein, demonstrate a strongly accelerated 
mortality during experimental melioidosis further support a critical role for 
TLRs in disease pathogenesis 59. In line, MyD88 regulates TNFα production in 
response to B. pseudomallei 24,59. B. pseudomallei can activate nuclear-factor-κB 

(NF-κB) via TLR2 (probably in combination with TLR1 or TLR6), TLR4, and TLR5 
24,27,68. Whether the LPS of B. pseudomallei signals via TLR2 such as the LPS of e.g. 
Legionella	 pneumophila, Pseudomonas aeruginosa and Leptospira interrogans 
27,69,70 or via TLR4 as all other gram-negative bacteria 24,67 remains the subject of 
intense study. Methods and strains used and the possibility of contamination 
with alien LPS or lipoproteins should be carefully monitored in these studies. 
Surprisingly, during experimental melioidosis CD14 and TLR2 deficient mice 
display a markedly improved host defence as reflected by strong survival 
advantages together with decreased bacterial loads, reduced proinflammatory 
cytokine levels and reduced organ injury 27,71. In contrast, TLR4 deficient mice are 
indistinguishable from wild-type mice with respect to bacterial outgrowth and 
survival in experimentally induced melioidosis 27. This undermines the paradigm 
in immunology that TLR4 is the main receptor for Gram-negative bacteria. 
B. pseudomallei is capable of activating NF-κB without the TLRs 68. Using HEK-
cells no contribution towards B. pseudomallei infection of the intracellular 
PRRs NOD1/2 was seen in vitro 68. In the same cell system however mitogen-
activated-protein-kinase (MAPK) inhibitors cause impaired IL-8 induction by B. 
pseudomallei and reduced bacterial internalization pointing towards activation 
of the MAPK pathway 68. Interesting, this TLR-independent IL-8 induction 
required a functional TTSS. These results hint towards an important role of 
the inflammasome in B. pseudomallei infection, a large multiprotein complex 
formed among others by NOD-like receptors whose assembly can lead to the 
activation of caspase-1, which promotes the maturation of proinflammatory 
cytokines IL-1β, IL-18 and IL-33 72. B. pseudomallei was demonstrated to induce 
rapid cell death (pyroptosis) in macrophages in a caspase-1 dependent matter 73 
and a recent report could identify the T3SS3 apparatus component BsaK to be a 
ligand for the NLRC4 inflammasome 74. Beside caspase-1 mediated pyroptosis, B. 
pseudomallei is also considered to induce “classical” apoptosis in macrophages 
36,44. Macrophages lacking caspase-1 have been shown to underwent caspase-3 
dependent apoptosis 56.

with severe melioidosis, granulocyte colony stimulating factor treatment, which 
increases neutrophil production, had no effect on mortality, but was associated 
with a slightly longer duration of survival 60. Of note, also macrophage depletion 
led to an highly increased susceptibility in mice 61. The INFγ mediated effector 
molecule nitric oxide (NO) does not seem to be crucial for resistance but 
NADPH-oxidase, which plays a role in both neutrophils and macrophages to 
eliminate bacterial pathogens, is highly important for resistance 61. Interestingly, 
caspase-1 seems to have an important function in macrophages to prevent 
rapid intracellular growth of B. pseudomallei by a still unknown mechanism 
56. Murine studies in which the CD4 and CD8 cells were depleted have shown 
that T cells, in particular CD4+ T cells, are important in both innate and adaptive 
immunity against B. pseudomallei infection 52,62. Of importance however no 
association between HIV infection and melioidosis exists 63. Antibody formation 
is important for protection against B. pseudomallei infection, but it does not 
seem to be essential for  primary resistance 52,64,65. Lastly, macrophage migration 
inhibitory factor (MIF) has emerged as a pivotal mediator of innate immunity 
and has been shown to be an important effector molecule in severe sepsis. MIF 
concentrations are markedly elevated during clinical melioidosis and correlate 
with patients’ outcomes 66. In experimental melioidosis MIF seems to modestly 
impair antibacterial defense 66.
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2 Figure 1. Host-pathogen interactions in B. pseudomallei infection: where bacterial virulence 
meets the immune system. 
(left panel) Encounter between B. pseudomallei (arrows) and a mouse monocyte (scanning 
electron microscope picture; Dr. J. van Marle, Cell biology and Histology, AMC, Amsterdam).
(right panel) Proposed scheme of the first encounter between B. pseudomallei and the immune 
system. Putative virulence factors on the bacterial cell surface include quorum sensing, type 
III secretion system (TTSS), lipolysaccharide (LPS), capsular polysaccharides, flagella, bacterial 
DNA (CpG), actin tail formation and virulence factors essential for the intracellular life cycle 
of B. pseudomallei and other putative virulence factors. Mononuclear cells are probably the 
most important immune cells in early infection. The Toll-like receptors (TLRs) work together 
in recognizing the pathogen-associated-molecular-patterns (PAMPs) among which are they 
virulence factors on B. pseudomallei. TREM-1, of which the natural ligand is still unknown, causes 
amplification of the TLR-initiated inflammatory response. The complement receptors CR1, CR3 
and possibly FcγR mediate opsonin dependent phagocytosis. Recognition of B. pseudomallei 
will cause activation of proinflammatory genes via nuclear-factor-κB (NFκB) and will lead to the 
activation of the immune response via the release of pro-inflammatory cytokines. This will lead to 
activation of the innate and adaptive immunity together with activation of the complement- and 
coagulation system. Immunosuppression and apoptosis of immune cells will follow in order to 
counteract on the initiated overwhelming proinflammatory immune response. IL-1R-associated-
kinase-M (IRAK-M) is a negative regulator of the TLR-cascade. 
Reprinted with permission from Wiersinga WJ, van der Poll T: Immunity to Burkholderia 
pseudomallei. Curr Opin Infect Dis 2009; 22:102-108 with permission of the publisher.
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2

Accumulating evidence dem-
onstrates a bidirectional interaction between coagulation and inflammation 
during severe bacterial infection 76. The proinflammatory cytokines TNFα, 
IL-1, IL-6 and IL-12 – al of which have been shown to be upregulated during 
melioidosis 2,50 - are capable of activating the coagulation system in vivo. Indeed 
the coagulation system is strongly activated in severe melioidosis, involving 
all three major pathways with concurrent enhancement of procoagulant 
and impairment of anticoagulant and fibrinolytic mechanisms 77. The clinical 
importance of these findings is underscored by the notion that the extent of 
coagulation activation correlates with mortality, shedding light on one of the 
possible underlying mechanisms responsible for the high mortality observed in 
melioidosis 77. Urokinase receptor (uPAR, CD87), a glycosylphosphatidylinositol-
anchored protein, is considered to play an important role in inflammation and 
fibrinolysis. Recently, we found that uPAR deficiency does not influence the 
hemostatic and fibrinolytic responses during melioidosis. However, uPAR is 
crucially involved in the host defense in melioidosis by facilitating the migration 
of neutrophils towards the primary site of infection and subsequently facilitating 

do exist that regulate the immune response following the recognition of B. 
pseudomallei. Triggering-receptor-expressed-on-myeloid-cells (TREM)-1, which 
is known as an amplifier of TLRs, is upregulated during both human and murine 
melioidosis 75. Purified human TREM-1-negative-granulocytes showed reduced 
responsiveness to B. pseudomallei relative to TREM-1-positive-granulocytes 75. 
Next to amplification, negative regulators of the TLRs also exist 67. For instance, 
IL-1R-associated-kinase-M (IRAK-M) is a negative regulator of the TLR-cascade 
and has been found to be upregulated in melioidosis and to be associated with 
an immune depressed state (our own unpublished observations). Another 
mechanism trying to limit collateral damage is apoptosis, a physiological 
process by which cells are eliminated in a controlled manner. Intriguingly,  B. 
pseudomallei is also able to induce apoptosis by itself 2,73. Autophagy, a process 
in which intracellular bacteria are sequestered into double-membraned vesicles 
which are subsequently eliminated, suppresses the intracellular survival of B. 
pseudomallei 46. The bacterium on its turn tries to counteract this process via a 
TTSS protein named B. pseudomallei BopA 46.

Coagulation and fibrinolysis during melioidosis 

Regulation of the innate immune response in melioidosis Various mechanisms 
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the phagocytosis of B. pseudomallei 78. These insights can open a new window of 
research in the melioidosis field focusing on the interplay between coagulation 
and inflammation. Only recently the first patient with severe melioidosis was 
reported to be successfully treated with activated protein C 79, which seems to 
be a plausible intervention since patients with melioidosis have low circulating 
levels of protein C which correspond with poor outcome 77,80.

do exist that regulate the immune response following the recognition of B. 
pseudomallei. Triggering-receptor-expressed-on-myeloid-cells (TREM)-1, which 
is known as an amplifier of TLRs, is upregulated during both human and murine 
melioidosis 75. Purified human TREM-1-negative-granulocytes showed reduced 
responsiveness to B. pseudomallei relative to TREM-1-positive-granulocytes 75. 
Next to amplification, negative regulators of the TLRs also exist 67. For instance, 
IL-1R-associated-kinase-M (IRAK-M) is a negative regulator of the TLR-cascade 
and has been found to be upregulated in melioidosis and to be associated with 
an immune depressed state (our own unpublished observations). Another 
mechanism trying to limit collateral damage is apoptosis, a physiological 
process by which cells are eliminated in a controlled manner. Intriguingly,  B. 
pseudomallei is also able to induce apoptosis by itself 2,73. Autophagy, a process 
in which intracellular bacteria are sequestered into double-membraned vesicles 
which are subsequently eliminated, suppresses the intracellular survival of B. 
pseudomallei 46. The bacterium on its turn tries to counteract this process via a 
TTSS protein named B. pseudomallei BopA 46.
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B. pseudomallei is a facultative intracellular pathogen that can invade host 
cells, escape from endocytic vesicles, multiplies intracellular, induces actin-tail 
formation and membrane protrusions, leading to direct cell-to-cell spreading. 
A number of new virulence genes have been identified which are essential for 
intracellular life cycle of B. pseudomallei and its pathogenicity. Melioidosis can 
probably be seen as the clinical manifestation of a TLR orchestrated dysregulation 
of the immune response to invading B. pseudomallei. However despite the 
major advances in our understanding of important virulence factors and the 
host response during melioidosis large gaps remain in our understanding of the 
pathogenesis of this bewildering infection. Nonetheless, studies on immunity to 
B. pseudomallei have identified many new attractive possible treatment targets. 
One could imagine both therapies directed against virulence factors of B. 
pseudomallei and immunomodulatory agents directed against the host response. 
For instance, on the bacterial side, QS systems and inhibition of the BpeAB-OprB 
efflux pump are attractive targets for the development of novel antimicrobials 
for the treatment of B. pseudomallei infection 13,81. On the host defense side 
it was shown in a murine model that treatment with IFN-γ and ceftazidime 
elicited strong synergistic inhibition of B. pseudomallei growth demonstrating 
that immunotherapy with IFN-γ could significantly increase the effectiveness 
of conventional antimicrobial therapy for treatment of acute B. pseudomallei 
infection 82. Granulocyte-colony stimulating factor (G-CSF) increases neutrophil 
count and stimulates neutrophil function. Receipt of G-CSF is associated with a 
slightly longer duration of survival but is not associated with a mortality benefit 
in patients with severe sepsis who are suspected of having melioidosis in Thailand 
60. Given the findings that CD14 and TLR2 deficient mice are partially protected 
against a lethal dose of B. pseudomallei one could postulate that Inhibition 
of CD14 or TLR2 in addition to antibiotics might give a survival advantage 
27,71. Lastly, the role of coagulation and fibrinolysis in melioidosis is a new and 
exciting research area in which new treatment targets are being evaluated in 
preclinical models following recent data from the field of sepsis research. One 
hopes but also anticipates that in the coming 100 years of melioidosis studies 
new approaches will be developed that will over win this frightful disease.  

This work was supported by a VENI grant from the Netherlands Organization of 
Scientific Research to W.J. Wiersinga.
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The Gram-negative bacterium Burkholderia	pseudomallei causes melioidosis and 
is a CDC category B bioterrorism agent. Toll-like receptor (TLR)-2 impairs host 
defense during pulmonary B.pseudomallei infection while TLR4 only has limited 
impact. We investigated the role of TLRs in B.pseudomallei-lipopolysaccharide 
(LPS) induced inflammation. Purified B.pseudomallei-LPS activated only TLR2-
transfected-HEK-cells during short stimulation but both HEK-TLR2 and HEK-
TLR4-cells after 24 h. In human blood, an additive effect of TLR2 on TLR4-
mediated signalling induced by B.pseudomallei-LPS was observed. In contrast, 
murine peritoneal macrophages recognized B.pseudomallei-LPS solely through 
TLR4. Intranasal inoculation of B.pseudomallei-LPS showed that both TLR4-
knockout(-/-) and TLR2x4-/-, but not TLR2-/- mice, displayed diminished cytokine 
responses and neutrophil influx compared to wild-type controls. These data 
suggest that B.pseudomallei-LPS signalling occurs solely through murine TLR4, 
while in human models TLR2 plays an additional role, highlighting important 
differences between specificity of human and murine models that may have 
important consequences for B.pseudomallei-LPS sensing by TLRs and subsequent 
susceptibility to melioidosis. 

The category B bioterrorism agent, as classified by the Center for Disease 
Control and Prevention, Burkholderia	pseudomallei	is a facultative intracellular 
Gram-negative bacterium and the causative agent of melioidosis1-3. Melioidosis, 
an important cause of sepsis in Southeast Asia and Northern Australia, is 
characterized by pneumonia and the formation of multiple abscesses and is 
associated with case fatality rates of up to 40% despite appropriate antibiotic 
treatment 1,2. Among the multiple putative virulence factors that have been 
described for B.pseudomallei, such as Burkholderia lethal factor 1, type III and 
VI secretion systems, capsular polysaccharide and flagella, lipopolysaccharide 
(LPS) stands out for its omnipresence and the high antibody titers which are 
generated against it in patients4,5. Yet, in contrast to other Gram-negative 
pathogens, the LPS of B.pseudomallei is considered only weakly inflammatory6. 
In general LPS, which consists of lipid A, the core-oligosaccharide and the outer 
O-polysaccharide, plays an important role in cell integrity and in signalling to the 
host innate immune response7,8.

There are several lines of evidence that suggest an important role for LPS in 
the pathogenesis of melioidosis. First, high levels of antibodies to LPS are 
associated with a better outcome in patients with melioidosis suggesting 
that LPS needs to be recognized for an appropriate immune response4,5. In 
addition, the B.pseudomallei mutant strain SRM117 lacking an O-antigen is 
less virulent in animal models utilising hamsters, guinea pigs and diabetic rats 
when compared to the parent strain. This might be caused by the reduced 
resistance to opsonization, rendering the bacterium more susceptible to killing 
by macrophages and neutrophils9-12. Furthermore, administration of monoclonal 
antibodies (mAb) specifically directed against LPS of B.pseudomallei proved to be 
protective in a murine model of inhalational melioidosis13,14. However, the LPS of 
B.pseudomallei is reported to be less immunostimulatory in comparison to LPS 
derived from pathogenic Enterobacteriaceae6. In addition, systemic LPS levels at 
admission do not correlate with outcome in patients with melioidosis15,16.

In general the structure of the lipid A moiety of LPS is well conserved between 
strains and its presence sensed by the Toll-like receptor (TLR)-4 complex upon 
which the immune response is initiated8. While adequate cellular recognition of 
LPS can aid in the clearance of the invading pathogen, overstimulation of host 
cells by LPS can lead to septic shock. However, not all Gram-negative bacteria 
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suggest that B.pseudomallei-LPS signalling occurs solely through murine TLR4, 
while in human models TLR2 plays an additional role, highlighting important 
differences between specificity of human and murine models that may have 
important consequences for B.pseudomallei-LPS sensing by TLRs and subsequent 
susceptibility to melioidosis. 
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Control and Prevention, Burkholderia	pseudomallei	is a facultative intracellular 
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associated with case fatality rates of up to 40% despite appropriate antibiotic 
treatment 1,2. Among the multiple putative virulence factors that have been 
described for B.pseudomallei, such as Burkholderia lethal factor 1, type III and 
VI secretion systems, capsular polysaccharide and flagella, lipopolysaccharide 
(LPS) stands out for its omnipresence and the high antibody titers which are 
generated against it in patients4,5. Yet, in contrast to other Gram-negative 
pathogens, the LPS of B.pseudomallei is considered only weakly inflammatory6. 
In general LPS, which consists of lipid A, the core-oligosaccharide and the outer 
O-polysaccharide, plays an important role in cell integrity and in signalling to the 
host innate immune response7,8.

There are several lines of evidence that suggest an important role for LPS in 
the pathogenesis of melioidosis. First, high levels of antibodies to LPS are 
associated with a better outcome in patients with melioidosis suggesting 
that LPS needs to be recognized for an appropriate immune response4,5. In 
addition, the B.pseudomallei mutant strain SRM117 lacking an O-antigen is 
less virulent in animal models utilising hamsters, guinea pigs and diabetic rats 
when compared to the parent strain. This might be caused by the reduced 
resistance to opsonization, rendering the bacterium more susceptible to killing 
by macrophages and neutrophils9-12. Furthermore, administration of monoclonal 
antibodies (mAb) specifically directed against LPS of B.pseudomallei proved to be 
protective in a murine model of inhalational melioidosis13,14. However, the LPS of 
B.pseudomallei is reported to be less immunostimulatory in comparison to LPS 
derived from pathogenic Enterobacteriaceae6. In addition, systemic LPS levels at 
admission do not correlate with outcome in patients with melioidosis15,16.

In general the structure of the lipid A moiety of LPS is well conserved between 
strains and its presence sensed by the Toll-like receptor (TLR)-4 complex upon 
which the immune response is initiated8. While adequate cellular recognition of 
LPS can aid in the clearance of the invading pathogen, overstimulation of host 
cells by LPS can lead to septic shock. However, not all Gram-negative bacteria 
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produce LPS that can be recognized by the TLR4/MD2 complex, possibly as a 
result of their non-hexa-acyl lipid A structure8,17. For instance, Porphyromonas	
gingivalis-LPS contains multiple lipid A species that functionally interact with 
both TLR2 and TLR4 and Leptospiral LPS is predominantly recognized by TLR218,19.

Conflicting evidence exists regarding whether the LPS of B.pseudomallei signals 
through TLR2 or TLR4. We previously reported that a LPS compound derived 
from B.pseudomallei strain 1026b extracted by the hot aqueous-phenol 
method20 was recognized by TLR2 and not TLR4 in Human Embryonic Kidney 
(HEK293) cells stably transfected with CD14, CD14-TLR2, or CD14-TLR4/MD-221. 
In contrast, purified LPS derived from strain K96243 was shown to signal through 
TLR4 using the same in vitro model22. However, the in vivo role of TLR recognition 
of B.pseudomallei- LPS has not yet been investigated. 

In the present study we aimed to investigate the importance of LPS as a 
virulence factor of B.pseudomallei and the contribution of TLR2 and TLR4 in 
B.pseudomallei- LPS induced inflammation. We found that LPS of B.pseudomallei 
induces a strong inflammatory response. Moreover, we established that TLR4 
is the main receptor for LPS of B.pseudomallei in murine in vitro and in vivo 
models. Remarkably, in human in vitro models TLR2 plays an additional role in 
B.pseudomallei- LPS-signalling. 
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In the present study we aimed to investigate the importance of LPS as a 
virulence factor of B.pseudomallei and the contribution of TLR2 and TLR4 in 
B.pseudomallei- LPS induced inflammation. We found that LPS of B.pseudomallei 
induces a strong inflammatory response. Moreover, we established that TLR4 
is the main receptor for LPS of B.pseudomallei in murine in vitro and in vivo 
models. Remarkably, in human in vitro models TLR2 plays an additional role in 
B.pseudomallei- LPS-signalling. 

Material and methods

3

LPS was extracted from B.pseudomallei 

Lipid A components of 

1026b and purity was confirmed using a combination of previously published 
methods23,24. Cell pellets of to log-phase grown B. pseudomallei 1026b were 
digested for 16 hours at 4 °C with 15,000 Units of lysozyme (Sigma-Aldrich, 
Dorset, UK) per mg of bacteria, prior to digestion with 20 μg/ml of DNase 
I and RNase A (Sigma-Aldrich) for a further 16 h at room temperature. This 
was followed by a Proteinase K (Sigma-Aldrich) (50mg/ml) digestion step for 
6 hours at room temperature. The LPS was then treated by a modified hot 
phenol method.  Briefly, the cell paste and 90% phenol (Sigma-Aldrich) were 
independently heated to 70°C before adding the phenol to the cell paste at a 1:1 
ratio. The mixture was vigorously stirred by hand whilst maintaining 70°C. This 
mixture was dialysed against water until no phenol remained, after which it was 
lyophilised.  A further round of Proteinase K, DNase I and RNase A digestions 
preluded a final ultracentrifugation step at 100,000 x g for 3 hours. Pellets 
were solubilised with distilled water before being dialysed into further distilled 
water. The final product was purified by SDS-PAGE on a 12.5% separating gel and 
visualised by silver staining.
Protein contamination in the LPS preparation was tested by silver staining, 
Coomassie blue staining (Bio-Rad, Hercules, CA) and BCA assay (Thermo Fisher 
Scientific, Rockford, IL). In order to further confirm the purity of the LPS, different 
concentrations of LPS-binding cationic antimicrobial polymyxin B (PMB)25,26 were 
used in a stimulation assay using the murine alveolar macrophage cell line MH-S 
(American Type Culture Collection, Rockville, MD).

B.pseudomallei-LPS of strains 1026b and K9624327 were obtained by treatment 
of LPS as described20. Matrix-assisted laser desorption/ionisation time-of-flight 
mass spectrometry (MALDI-TOF-MS) of the lipid A component of B.pseudomallei-
LPS of strains 1026b and K96243 was performed in negative-ion mode on a 
Bruker UltraFlex MALDI-TOF/TOF instrument using 2,4,6-trihydroxyacetophenon 
as a matrix. Sample preparation and analysis were conducted as described28B.

Isolation and purification of LPS 

Isolation and mass spectrometric analysis of lipid A
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3

HEK-293 cells stably expressing human 

TLR2 deficient (TLR2-/-) and

CD14-TLR2 or CD14-TLR4/MD2 (kindly provided by Dr. Douglas Golenbock, 
University of Massachusetts Medical School, Worcester, Massachusetts) were 
used as described previously21. HEK-293 cells were cultured in DMEM medium 
enriched with 10% FCS, 1% L-glutamine, 1% PenStrep (100 units penicillin, 100 
ug streptomycin; Life technologies, Bleiswijk, the Netherlands) and blasticidine 
(10 ug/ml: InvivoGen San Diego, CA). HEK-cells were seeded at 2.5 x 105 /ml 
and stimulated with LPS of B.pseudomallei 1026b (100 ng/ml), ultrapure LPS 
of Escherichia	 coli	 O111:B4 (100 ng/ml: InvivoGen), PAM3CSK4 (100 ng/ml, 
InvivoGen) or medium for 6 or 24 hours. Supernatants were harvested and 
stored at -20°C until assayed for interleukin (IL)-8. 
In additional experiments, lipoprotein lipase (LPL)  (Sigma-Aldrich) was added to 
HEK-cells during LPS stimulation. The murine alveolar macrophage cell line MH-S 
was grown in RPMI 1640 medium supplemented with 10% FCS, 1% L-glutamine, 
1% PenStrep and 0.05 mM 2-mercaptoethanol (Sigma-Aldrich) and seeded at 
1.5 x106/ml, followed by stimulation with the stimuli as described above in the 
presence or absence of LPS-binding polymyxin B (25-100 ug/ml; Sigma-Aldrich). 
Supernatants were harvested at 6 and 24 h and stored at -20°C until assayed for 
murine tumor necrosis factor (TNF)-α. For selected experiments whole blood 
derived from healthy volunteers was collected; for these studies inhibitory 
anti-human TLR2 (2500 ng/ml) and TLR4 (1000 ng/ml) antibodies were used 
(InvivoGen) as described 29. Dose-response curves were performed prior to 
electing the appropriate dose of each stimulus and for the different cells used 
(data not shown).

TLR4-/- mice were kindly provided by Dr Shizuo Akira (Osaka University, Japan) 
and were backcrossed at least six times to a C57BL/6 background. TLR2-/-/TLR4-

/- double knock-out (TLR2x4-/-) mice were generated by intercrossing TLR2-/- and 
TLR4-/- mice30. Pathogen-free wild-type (WT) C57BL/6 mice were purchased from 
Charles River (Maastricht, the Netherlands). Age (10-12 week) and sex-matched 
animals were used in all experiments. 
 Blood and peritoneal macrophages were harvested from WT, TLR2-/- and TLR4-/- 
mice.  Blood was then transferred to V-bottom 96-well plates (Greiner Bio-One, 
Frickenhausen, Germany; 100 ul/well) and directly stimulated with 107 CFU/ml 

Cells and cell culture conditions

Mice and murine ex vivo stimulation experiments
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HEK-293 cells stably expressing human 

Lung inflammation was induced in mice as 

Human IL-8 levels were measured in the supernatants of HEK-cell TLR2 deficient (TLR2-/-) and

CD14-TLR2 or CD14-TLR4/MD2 (kindly provided by Dr. Douglas Golenbock, 
University of Massachusetts Medical School, Worcester, Massachusetts) were 
used as described previously21. HEK-293 cells were cultured in DMEM medium 
enriched with 10% FCS, 1% L-glutamine, 1% PenStrep (100 units penicillin, 100 
ug streptomycin; Life technologies, Bleiswijk, the Netherlands) and blasticidine 
(10 ug/ml: InvivoGen San Diego, CA). HEK-cells were seeded at 2.5 x 105 /ml 
and stimulated with LPS of B.pseudomallei 1026b (100 ng/ml), ultrapure LPS 
of Escherichia	 coli	 O111:B4 (100 ng/ml: InvivoGen), PAM3CSK4 (100 ng/ml, 
InvivoGen) or medium for 6 or 24 hours. Supernatants were harvested and 
stored at -20°C until assayed for interleukin (IL)-8. 
In additional experiments, lipoprotein lipase (LPL)  (Sigma-Aldrich) was added to 
HEK-cells during LPS stimulation. The murine alveolar macrophage cell line MH-S 
was grown in RPMI 1640 medium supplemented with 10% FCS, 1% L-glutamine, 
1% PenStrep and 0.05 mM 2-mercaptoethanol (Sigma-Aldrich) and seeded at 
1.5 x106/ml, followed by stimulation with the stimuli as described above in the 
presence or absence of LPS-binding polymyxin B (25-100 ug/ml; Sigma-Aldrich). 
Supernatants were harvested at 6 and 24 h and stored at -20°C until assayed for 
murine tumor necrosis factor (TNF)-α. For selected experiments whole blood 
derived from healthy volunteers was collected; for these studies inhibitory 
anti-human TLR2 (2500 ng/ml) and TLR4 (1000 ng/ml) antibodies were used 
(InvivoGen) as described 29. Dose-response curves were performed prior to 
electing the appropriate dose of each stimulus and for the different cells used 
(data not shown).

described previously31. In short, mice were lightly anesthetized by inhalation of 
isoflurane, after which 50 µl of LPS of B. pseudomallei 1026b (200 ug/ml) dissolved 
in PBS was administered intranasally. This dose of 10 µg LPS intranasally was 
based on a previous dose-finding experiment (data not shown).  After 6 h, mice 
were sacrificed by bleeding from the vena cava inferior. Bronchoalveolar lavage 
with two 0.5 ml aliquots of sterile saline was performed as described 31. The 6 
h time point was chosen as the ideal time to simultaneously assess cyto- and 
chemokine alterations and leukocyte recruitment 31. BAL fluid (BALF) differential 
cell counts were performed on Giemsa-stained cytospin preparations. After 
centrifuging the BALF samples at 650x g for 10 minutes, supernatants were 
harvested and stored at -20°C for cytokine analysis. 

supernatant by ELISA (Biosource, Etten-Leur, the Netherlands). Release of TNF–α, 
interleukin-6 (IL-6) and cytokine-induced neutrophil chemo-attractant (KC) was 
measured in supernatant and BALF by ELISA (R&D Systems, Minneapolis, MN) 
in accordance with the manufacturer’s recommendations. Cell counts in BALF 
were determined using a Beckman Coulter Counter (Miami, United States).

TLR4-/- mice were kindly provided by Dr Shizuo Akira (Osaka University, Japan) 
and were backcrossed at least six times to a C57BL/6 background. TLR2-/-/TLR4-

/- double knock-out (TLR2x4-/-) mice were generated by intercrossing TLR2-/- and 
TLR4-/- mice30. Pathogen-free wild-type (WT) C57BL/6 mice were purchased from 
Charles River (Maastricht, the Netherlands). Age (10-12 week) and sex-matched 
animals were used in all experiments. 
 Blood and peritoneal macrophages were harvested from WT, TLR2-/- and TLR4-/- 
mice.  Blood was then transferred to V-bottom 96-well plates (Greiner Bio-One, 
Frickenhausen, Germany; 100 ul/well) and directly stimulated with 107 CFU/ml 

of heat-killed B. pseudomallei 1026b or its O-antigen lacking mutant SRM1179,11, 
LPS of B. pseudomallei 1026b (100 ng/ml), LPS of E. coli (100 ng/ml), PAM3CSK4 
(100 ng/ml) or RPMI 1640 for 6 h or 24 h. Peritoneal macrophages were 
harvested by 5 ml peritoneal lavage with sterile PBS. Cells were resuspended in 
RPMI 1640 enriched with 1% L-glutamine, 1% penicillin/streptomycin, and 10% 
FCS and seeded in a 96-well plate at a concentration of 0.5 x 106 /ml and. The 
next day the cells were washed with RPMI 1640 to remove non-adherent cells 
and incubated with the same stimuli as used for whole blood; a MOI of 50 of 
heat-killed B. pseudomallei 1026b and SRM117 was used. Dose-response curves 
for these stimuli were performed prior to these experiments (data not shown). 

LPS-induced lung inflammation

Assays

Differential Toll-like receptor signalling of Burkholderia
pseudomallei lipopolysaccharide in murine and human models 
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Data were analyzed using GraphPad Prism for Windows 

The Animal Care and Use of Committee of the 

(version 5.01; GraphPad Software). Data were analyzed by Mann-Whitney U 
test. When > 2 groups were treated with the same stimuli, a Kruskall-Wallis test 
was performed first. Data are expressed as mean ± SEM values. P-values < 0.05 
were considered statistically significant.

University of Amsterdam approved all experiments, which were conducted 
according to national guidelines (DIX 102324/25).  Mice were sacrificed under 
ketamine (Eurovet, Bladel, the Netherlands) and medetomine (Pfizer, Capelle, 
Netherlands) or isoflurane anesthesia, and all efforts were made to minimize 
suffering. In addition, the biosafety committee of the University of Amsterdam 
approved all in vitro experiments.

Statistical analysis 

Ethics and safety statement
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Data were analyzed using GraphPad Prism for Windows To ensure that the LPS of B. 

The Animal Care and Use of Committee of the 

(version 5.01; GraphPad Software). Data were analyzed by Mann-Whitney U 
test. When > 2 groups were treated with the same stimuli, a Kruskall-Wallis test 
was performed first. Data are expressed as mean ± SEM values. P-values < 0.05 
were considered statistically significant.

pseudomallei 1026b was not degraded after extraction, 5 μg of LPS (0.5 mg/
ml) was run on a 12.5% gel and silver-stained, which demonstrated a typical LPS 
pattern32,33 (Figure 1A) and no protein contamination. In addition, the LPS was 
assessed for protein contamination by an enhanced BCA assay and Coomassie 
Blue staining (Figure 1B) which were negative (data not shown). Even though B. 
pseudomallei itself is not or just slightly growth-inhibited by its presence34, PMB 
was able to completely inhibit the inflammatory response induced by 50 µg/
ml of purified B. pseudomallei- LPS in the murine alveolar cell line MH-S (Figure 
1C). Of note, PMB by itself did not have an effect on MH-S cell viability, neither 
did it have any effect of the inflammatory response caused by PAM3CSK4, a 
synthetic TLR2-ligand (data not shown). These results underscore that there 
are no potential immune stimulatory contaminating agents present in the LPS 
preparation used.  
Since it is known that the structure of the lipid A component of LPS is of 
importance recognition by TLRs35, the isolated lipid A components of B. 
pseudomallei strains 1026b and K96243 were structurally analyzed by MALDI 
TOF mass spectrometry. As expected, the analyses revealed a high degree of 
heterogeneity of these isolates, which gave spectra that were very similar (Figure 
S1). We confirmed that the lipid A species in the LPS of both B. pseudomallei 
K96234 and B. pseudomallei 1026b were predominantly tetra-acylated with a 
small proportion that were penta-acylated (Table 1, Figures S1 and S2), which is 
in line with previous studies16

University of Amsterdam approved all experiments, which were conducted 
according to national guidelines (DIX 102324/25).  Mice were sacrificed under 
ketamine (Eurovet, Bladel, the Netherlands) and medetomine (Pfizer, Capelle, 
Netherlands) or isoflurane anesthesia, and all efforts were made to minimize 
suffering. In addition, the biosafety committee of the University of Amsterdam 
approved all in vitro experiments.

Extraction and purity of B. pseudomallei-LPS 

Results
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In order to investigate via which TLR the LPS of B. pseudomallei signals, we 
first stimulated HEK-293 cells stably transfected with either human CD14-TLR2 
or CD14-TLR4/MD2. In line with our previous experiments we confirmed that 
after 6 h of stimulation B. pseudomallei-LPS signals via TLR2 and not TLR4 in this 

B. pseudomallei-LPS functionally interacts with both human TLR2 and -4
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Observed	  

ion	  (m/z)	  

Acyl	  

Substitution	  
Proposed	  fatty	  acid,	  phosphate	  and	  Ara4N	  composition	  

1218.2	   triacyl	   2	  ×	  C16:0(3-‐OH),	  C14:0,	  2	  ×	  P	  

1364.5	   tetraacyl	   C14:0(3-‐OH),	  2	  ×	  C16:0(3-‐OH),	  C14:0,	  1	  ×	  P	  

1445.5	   tetraacyl	   C14:0(3-‐OH),	  2	  ×	  C16:0(3-‐OH),	  C14:0,	  2	  ×	  P	  

1460.4	   tetraacyl	   2	  ×	  C14:0(3-‐OH),	  2	  ×	  C16:0(3-‐OH),	  2	  ×	  P	  

1575.5	   tetraacyl	   C14:0(3-‐OH),	  2	  ×	  C16:0(3-‐OH),	  C14:0,	  2	  ×	  P,	  Ara4N	  

1671.8	   pentaacyl	   2	  ×	  C14:0(3-‐OH),	  2	  ×	  C16:0(3-‐OH),	  C14:0,	  2	  ×	  P	  

1686.5	   pentaacyl	   3	  ×	  C14:0(3-‐OH),	  2	  ×	  C16:0(3-‐OH),	  2	  ×	  P	  

Figure 1. Successful extraction and purification of B. pseudomallei-LPS
LPS from B. pseudomallei 1026b was purified by a modified hot phenol-water extraction method 
including proteinase K treatment. 10 μl of LPS (0.5 mg/ml) was fractionated by SDS-PAGE 
electrophoresis followed by silver staining (A) which showed the characteristic ladder pattern 
of LPS banding of Gram-negative bacteria, without any indications of protein contamination 
(detection limit of 0.5-5 ng) and Coomassie blue staining (B) which demonstrated no protein 
contamination as well (detection limit 50 ng). Contamination of the extracted LPS was also 
assessed by the addition of LPS-binding Polymyxin B (PMB) (C). For this purpose, the murine 
alveolar macrophage cell line MH-S was stimulated with RPMI 1640 medium 56, LPS of E. coli 
0111:B4 or B. pseudomallei 1026b and incubated with increasing concentrations of PMB for 
6h, followed by TNF-α measurement in the supernatant. Results are representative for three 
independent experiments. (M= ladder, B.ps= B. pseudomallei-LPS)

Table 1. The main MALDI-TOF-MS negative-ion peaks of lipid A component of B. pseudomallei 
1026b and their proposed interpretation. 
Lipid A of B.  1026b was analyzed by negative-ion MALDI-TOF-MS. Several negative-ion peaks were 
found and interpreted. Several peaks corresponding to single-charged lipid A ions were found 
and interpreted by comparison with calculated m/z values of variously substituted species of 
lipid A shown in Figure S2. Complex pattern of molecular ion peaks indicative of a heterogeneous 
mixture of species is often observed in MS spectra of lipid A isolated from bacterial LPS, for 
example B. pseudomallei, B.thailandensis16 and B. Mallei20. (m/z) = mass-to-charge ratio. 
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In order to investigate via which TLR the LPS of B. pseudomallei signals, we 
first stimulated HEK-293 cells stably transfected with either human CD14-TLR2 
or CD14-TLR4/MD2. In line with our previous experiments we confirmed that 
after 6 h of stimulation B. pseudomallei-LPS signals via TLR2 and not TLR4 in this 

cell system21 (Figure 2A). However, after 24 hours of stimulation the LPS of B. 
pseudomallei clearly interacted with both TLR2 and TLR4 (Figure 2B). To examine 
the signalling more carefully, we next performed the reverse experiment using 
human whole blood derived from healthy volunteers in combination with 
inhibitory anti-human TLR2 or TLR4 antibodies. After pre-incubation with an anti-
TLR2 or anti-TLR4 antibody, we stimulated whole blood with B. pseudomallei-
LPS (100 ng/ml) for 6 h. In concordance with the experiments with HEK-cells, 
these experiments demonstrated that B. pseudomallei-LPS signals mainly via 
TLR4 in a human in vitro system (Figure 2C). Interestingly, anti-TLR2 antibody 
tended to reduce the inflammatory response, but this was not significant 
(p=0.09). However, combining the anti-TLR2/4 antibodies did demonstrate an 
additional effect of TLR2 blockade. With regard to the inflammatory response 
induced by the whole bacterium, we did not observe any inhibitory effect on 
the inflammatory response induced by B. pseudomallei when these antibodies 
were used (data not shown). In all experiments, E.coli-LPS, used as positive 
control, was confirmed to signal only through TLR4. In addition, these results 
showed that the extent of cytokine responses induced by B. pseudomallei-LPS 
was comparable to those induced by E.coli-LPS.
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Figure 1. Successful extraction and purification of B. pseudomallei-LPS
LPS from B. pseudomallei 1026b was purified by a modified hot phenol-water extraction method 
including proteinase K treatment. 10 μl of LPS (0.5 mg/ml) was fractionated by SDS-PAGE 
electrophoresis followed by silver staining (A) which showed the characteristic ladder pattern 
of LPS banding of Gram-negative bacteria, without any indications of protein contamination 
(detection limit of 0.5-5 ng) and Coomassie blue staining (B) which demonstrated no protein 
contamination as well (detection limit 50 ng). Contamination of the extracted LPS was also 
assessed by the addition of LPS-binding Polymyxin B (PMB) (C). For this purpose, the murine 
alveolar macrophage cell line MH-S was stimulated with RPMI 1640 medium 56, LPS of E. coli 
0111:B4 or B. pseudomallei 1026b and incubated with increasing concentrations of PMB for 
6h, followed by TNF-α measurement in the supernatant. Results are representative for three 
independent experiments. (M= ladder, B.ps= B. pseudomallei-LPS)

Table 1. The main MALDI-TOF-MS negative-ion peaks of lipid A component of B. pseudomallei 
1026b and their proposed interpretation. 
Lipid A of B.  1026b was analyzed by negative-ion MALDI-TOF-MS. Several negative-ion peaks were 
found and interpreted. Several peaks corresponding to single-charged lipid A ions were found 
and interpreted by comparison with calculated m/z values of variously substituted species of 
lipid A shown in Figure S2. Complex pattern of molecular ion peaks indicative of a heterogeneous 
mixture of species is often observed in MS spectra of lipid A isolated from bacterial LPS, for 
example B. pseudomallei, B.thailandensis16 and B. Mallei20. (m/z) = mass-to-charge ratio. 

Figure 2. LPS of B. pseudomallei signals via both TLR2 and TLR4 in in vitro human models 
Human Embryonic Kidney (HEK)-293 cells, stably transfected with either CD14-TLR2 or CD14-
TLR4/MD2 were stimulated with purified LPS of B. pseudomallei 1026b (100 ng/ml), LPS of E. 
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After demonstrating the important role of both TLR2 and TLR4 in the signalling of 
B. pseudomallei-LPS in human cell models, we next examined the TLR-signalling 
in an ex vivo murine model. Whole blood and primary peritoneal macrophages 
harvested from WT, TLR2-/- and TLR4-/- mice were collected and stimulated with B. 
pseudomallei-LPS, heat-killed B. pseudomallei and its mutant SRM117 that lacks 
the O-antigen for 6 and 24 h. In this model, B. pseudomallei-LPS behaved in the 
same way as E. coli-LPS: TLR4-/- but not TLR2-/- murine whole blood (Figure 3A) 
and peritoneal macrophages (Figure 3B) showed a completely abolished TNF-α 
response upon stimulation. Interestingly, reduced TNF-α release was observed 
in whole blood derived from TLR4-/- but not TLR2-/- mice in response to both 
heat-killed B. pseudomallei and the SRM117 mutant (Figure 3A). Surprisingly, 
stimulation of TLR2-/- peritoneal macrophages with heat-killed B. pseudomallei 
demonstrated an equally hampered response as TLR4 deficient macrophages 
(Figure 3B). An even more remarkable finding was that this TLR-2-mediated 
response was O-antigen-dependent since it differed from the response to 
stimulation with mutant strain SRM117. Despite being less virulent in animal 
models9, B. pseudomallei mutant SRM117 induced a similar inflammatory 
response in WT blood and macrophages.
In a separate set of experiments whole blood and peritoneal macrophages 
derived from TLR2/4 double knock-out mice were exposed to B.pseudomallei- 
LPS; however no additional effect of TLR2 or double TLR deficiency was 
observed in the inflammatory response (data not shown).  Taken together, 
this set of experiments showed that – in sharp contrast to the human studies - 
B.pseudomallei-LPS interacts with TLR4 and not TLR2 in ex vivo murine models.

We have previously shown that intranasal inoculation with B.pseudomallei 
causes significant and rapid inflammation and neutrophil, but not monocyte, 
recruitment toward the lung36. To evaluate the role of B.pseudomallei-LPS 
during pulmonary inflammation, we intranasally inoculated WT, TLR2-/-, TLR4-

/- and TLR2x4-/- mice with B.pseudomallei-LPS to examine polymorphonuclear 
leukocyte (PMN) influx. BALF was obtained 6 h after LPS administration since 
this time point is representative for both neutrophil influx and local cytokine/
chemokine release. No differences in pulmonary neutrophil influx were seen 
between WT and TLR2-/- mice (Figure 4). However, when compared to WT mice, 
B.pseudomallei LPS-induced PMN influx was equally and strongly reduced in 
TLR4-/- and TLR2x4-/- mice (Figure 4).  

TLR4 – but not TLR2 - deficiency attenuates the murine cellular inflammatory 
response to B. pseudomallei-LPS 

TLR4 acts as the main TLR receptor for neutrophil recruitment during acute 
murine lung inflammation induced by B.pseudomallei-LPS
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A Bcoli 0111:B4 (100 ng/ml), PAM3CSK4 (100 ng/ml) or DMEM+ 10% FCS for 6h (A) or 24h (B) before 
measurement of interleukin (IL)-8 in the supernatant (n=3). Human whole blood was pre-treated 
for 30 minutes with respectively RPMI 1640 medium, anti-TLR2 antibody (2500 ng/ml), anti-
TLR4 antibody (1000 ng/ml) or both antibodies and hereafter stimulated with purified LPS of B. 
pseudomallei	1026b	(100 ng/ml), LPS of E. coli 0111:B4 (100 ng/ml), PAM3CSK4 (100 ng/ml) or 
RPMI 1640 for 6h after which TNF was measured (C) (n=3). An additive effect of TLR2 on TLR4 
mediated signalling induced by B. pseudomallei-LPS was observed. Data are presented as means 
± SEM. Results of two or three independent experiments were pooled.  Mann-Whitney- U tests 
were performed. *P< 0.05; **P< 0.01, ***P< 0.001 vs. control (or no antibodies). ‡ P< 0.05 anti-
TLR2 and 4 vs. anti-TLR4 alone. 
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After demonstrating the important role of both TLR2 and TLR4 in the signalling of 
B. pseudomallei-LPS in human cell models, we next examined the TLR-signalling 
in an ex vivo murine model. Whole blood and primary peritoneal macrophages 
harvested from WT, TLR2-/- and TLR4-/- mice were collected and stimulated with B. 
pseudomallei-LPS, heat-killed B. pseudomallei and its mutant SRM117 that lacks 
the O-antigen for 6 and 24 h. In this model, B. pseudomallei-LPS behaved in the 
same way as E. coli-LPS: TLR4-/- but not TLR2-/- murine whole blood (Figure 3A) 
and peritoneal macrophages (Figure 3B) showed a completely abolished TNF-α 
response upon stimulation. Interestingly, reduced TNF-α release was observed 
in whole blood derived from TLR4-/- but not TLR2-/- mice in response to both 
heat-killed B. pseudomallei and the SRM117 mutant (Figure 3A). Surprisingly, 
stimulation of TLR2-/- peritoneal macrophages with heat-killed B. pseudomallei 
demonstrated an equally hampered response as TLR4 deficient macrophages 
(Figure 3B). An even more remarkable finding was that this TLR-2-mediated 
response was O-antigen-dependent since it differed from the response to 
stimulation with mutant strain SRM117. Despite being less virulent in animal 
models9, B. pseudomallei mutant SRM117 induced a similar inflammatory 
response in WT blood and macrophages.
In a separate set of experiments whole blood and peritoneal macrophages 
derived from TLR2/4 double knock-out mice were exposed to B.pseudomallei- 
LPS; however no additional effect of TLR2 or double TLR deficiency was 
observed in the inflammatory response (data not shown).  Taken together, 
this set of experiments showed that – in sharp contrast to the human studies - 
B.pseudomallei-LPS interacts with TLR4 and not TLR2 in ex vivo murine models.

We have previously shown that intranasal inoculation with B.pseudomallei 
causes significant and rapid inflammation and neutrophil, but not monocyte, 
recruitment toward the lung36. To evaluate the role of B.pseudomallei-LPS 
during pulmonary inflammation, we intranasally inoculated WT, TLR2-/-, TLR4-

/- and TLR2x4-/- mice with B.pseudomallei-LPS to examine polymorphonuclear 
leukocyte (PMN) influx. BALF was obtained 6 h after LPS administration since 
this time point is representative for both neutrophil influx and local cytokine/
chemokine release. No differences in pulmonary neutrophil influx were seen 
between WT and TLR2-/- mice (Figure 4). However, when compared to WT mice, 
B.pseudomallei LPS-induced PMN influx was equally and strongly reduced in 
TLR4-/- and TLR2x4-/- mice (Figure 4).  

TLR4 acts as the main TLR receptor for neutrophil recruitment during acute 
murine lung inflammation induced by B.pseudomallei-LPS

Figure 3. LPS of B.pseudomallei signals solely via murine TLR4 
Murine whole blood (A) and peritoneal macrophages (B) harvested from wild-type (WT), TLR2-

/- and TLR4-/- mice were stimulated for 24h with RPMI 1640 + 10% FCS medium, LPS of E. coli 
0111:B4 (100 ng/ml), LPS of B.pseudomallei (100 ng/ml), heat-killed B.pseudomallei 1026b (100 
ng/ml), or its O-antigen lacking mutant SRM117 (both 107 CFU/ml) before measurement of 
murine TNF-α (n=4). Following a Kruskal-Wallis test, Mann-Whitney U-tests were performed. 
Data are means ± SEM. Results are representative of two or three independent experiments. 
*P< 0.05 vs. WT.
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coli 0111:B4 (100 ng/ml), PAM3CSK4 (100 ng/ml) or DMEM+ 10% FCS for 6h (A) or 24h (B) before 
measurement of interleukin (IL)-8 in the supernatant (n=3). Human whole blood was pre-treated 
for 30 minutes with respectively RPMI 1640 medium, anti-TLR2 antibody (2500 ng/ml), anti-
TLR4 antibody (1000 ng/ml) or both antibodies and hereafter stimulated with purified LPS of B. 
pseudomallei	1026b	(100 ng/ml), LPS of E. coli 0111:B4 (100 ng/ml), PAM3CSK4 (100 ng/ml) or 
RPMI 1640 for 6h after which TNF was measured (C) (n=3). An additive effect of TLR2 on TLR4 
mediated signalling induced by B. pseudomallei-LPS was observed. Data are presented as means 
± SEM. Results of two or three independent experiments were pooled.  Mann-Whitney- U tests 
were performed. *P< 0.05; **P< 0.01, ***P< 0.001 vs. control (or no antibodies). ‡ P< 0.05 anti-
TLR2 and 4 vs. anti-TLR4 alone. 
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Figure 4. B.pseudomallei- LPS-induced neutrophil influx is dependent on TLR4 in mice
Wild-type (WT), TLR2-/-, TLR4-/- and TLR2x4-/- mice were inoculated intranasally with 10 ug LPS 
of B.pseudomallei 1026b and analysed 6h later for lung neutrophil influx in bronchoalveolar 
fluid (BALF) (A). Representative Giemsa stained BALF slides are shown of WT, TLR2-/-, TLR4-/- and 
TLR2x4-/- mice obtained 6h post-LPS administration (magnification 20x) (B). Following a Kruskal-
Wallis test, Mann-Whitney U-tests were performed. Data are presented as means ± SEM. Results 
of two independent experiments were pooled (n= 16 per group).  ***P< 0.001 vs. WT.

Intranasal administration of B.pseudomallei-LPS resulted in a steep increase in the 
concentrations of TNF-α and IL-6 in BALF (Figures 5A-B). TLR4, but not TLR2, did 
profoundly influence this characteristic inflammatory response. B.pseudomallei-
LPS induced TNF-α and IL-6 levels determined 6 h after administration were 
found to be significantly lower in TLR4-/- and TLR2x4-/- mice, but not in TLR2-/- mice 
when compared to WT mice (Figures 5A-B). Of note, TLR2 deficiency resulted in 
increased IL-6 levels when compared to WT; however no additional effect of TLR2 
was seen in the TLR2x4-/- mice when compared to the TLR4-/- mice. In correlation 
with the strongly diminished neutrophil influx in TLR4-/- and TLR2x4-/- mice, an 
equally sharp decline in the production of the neutrophil attracting chemokine 
KC in BALF was seen (Figure 5C). These findings further confirm our conclusion 
that TLR4 acts as the main in vivo receptor for B.pseudomallei-LPS in mice.

B.pseudomallei-LPS induced pulmonary inflammation in mice is TLR4 dependent 
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Figure 4. B.pseudomallei- LPS-induced neutrophil influx is dependent on TLR4 in mice
Wild-type (WT), TLR2-/-, TLR4-/- and TLR2x4-/- mice were inoculated intranasally with 10 ug LPS 
of B.pseudomallei 1026b and analysed 6h later for lung neutrophil influx in bronchoalveolar 
fluid (BALF) (A). Representative Giemsa stained BALF slides are shown of WT, TLR2-/-, TLR4-/- and 
TLR2x4-/- mice obtained 6h post-LPS administration (magnification 20x) (B). Following a Kruskal-
Wallis test, Mann-Whitney U-tests were performed. Data are presented as means ± SEM. Results 
of two independent experiments were pooled (n= 16 per group).  ***P< 0.001 vs. WT.

Figure 5. TLR4-/- and TLR2x4-/-, but not TLR2-/- mice, display diminished cytokine responses to 
B.pseudomallei LPS-induced pulmonary inflammation in mice 
mTNF-α (A), interleukin (IL)-6 (B) and KC (C) levels were determined in bronchoalveolair fluid 
(BALF) of wild-type (WT), TLR2-/-, TLR4-/- and TLR2x4-/- mice 6h post-intranasal administration of 10 
ug LPS of B.pseudomallei. Following a Kruskal-Wallis test, Mann-Whitney U-tests were performed. 
Data are presented as means ± SEM. N= 7 or 9 per group and experiments were performed in 
duplicate. *** P< 0.001 vs. WT.

Intranasal administration of B.pseudomallei-LPS resulted in a steep increase in the 
concentrations of TNF-α and IL-6 in BALF (Figures 5A-B). TLR4, but not TLR2, did 
profoundly influence this characteristic inflammatory response. B.pseudomallei-
LPS induced TNF-α and IL-6 levels determined 6 h after administration were 
found to be significantly lower in TLR4-/- and TLR2x4-/- mice, but not in TLR2-/- mice 
when compared to WT mice (Figures 5A-B). Of note, TLR2 deficiency resulted in 
increased IL-6 levels when compared to WT; however no additional effect of TLR2 
was seen in the TLR2x4-/- mice when compared to the TLR4-/- mice. In correlation 
with the strongly diminished neutrophil influx in TLR4-/- and TLR2x4-/- mice, an 
equally sharp decline in the production of the neutrophil attracting chemokine 
KC in BALF was seen (Figure 5C). These findings further confirm our conclusion 
that TLR4 acts as the main in vivo receptor for B.pseudomallei-LPS in mice.

B.pseudomallei-LPS induced pulmonary inflammation in mice is TLR4 dependent 
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LPS recognition by the host is of crucial importance for the initiation of a swift 
host immune response to Gram-negative bacteria37. In the case of melioidosis, 
a main cause of community-acquired Gram-negative sepsis in Southeast Asia 
and Northern Australia however, essential insights on both the role of LPS as a 
putative virulence factor and its recognition by the innate immune system remain 
ill defined1,2. We now studied the recognition and contribution of TLR2 and TLR4 
in B.pseudomallei-LPS induced inflammation, linking in vitro experiments using 
human and murine cells with mouse studies involving LPS-induced pulmonary 
inflammation. Using these models we found that the LPS of B.pseudomallei 
induces a strong inflammatory response that is comparable to the response 
elicited by E.coli-LPS, supporting previous data38. Moreover, we established that 
TLR4 is the main receptor for LPS of B.pseudomallei in murine in vitro and in 
vivo models. Remarkably, in human in vitro models TLR2 has an additional role 
in the recognition of B.pseudomallei-LPS. Taken together these results further 
characterize B.pseudomallei-LPS as a key driver of the innate immune response in 
melioidosis. In addition, these findings underscore important species differences 
in the specificity of LPS-TLR interactions, which means caution should be applied 
when generalizations are made when extrapolating from murine disease models 
to humans39.

TLRs and CD14 are key pattern-recognition receptors of the innate immune 
system that are capable of recognizing ‘pathogen-associated molecular patterns’ 
(PAMPs) and form a crucial link between innate and adaptive immunity. The key 
role of TLRs in the pathogenesis of melioidosis is underscored by the finding that 
mice deficient in myeloid-differentiation-primary-response-gene-88 (MyD88), 
which is the key signalling adaptor protein for all TLRs, except for TLR3, show a 
strongly accelerated lethality upon intranasal infection with B.pseudomallei40. 
TLR4 has been implicated as the canonical LPS-receptor for Gram-negative 
bacteria, recognizing the lipid A part of LPS41. Efficient LPS signalling requires 
both the LPS-binding protein (LBP) and the surface-anchored receptor CD14, 
which has demonstrated to be involved in the recognition of B.pseudomallei42 - 
and the extracellular protein MD2.  Furthermore, the glycosylation status of LPS 
influences its signalling; smooth LPS, which contains the complete O-antigen, 
requires CD14 for its detection, whereas the O-antigen lacking rough LPS and 
lipid A do not43. B.pseudomallei-LPS seems to be largely conserved across this 
species. LPS profiling of >700 B.pseudomallei isolates using SDS-PAGE showed 

 that most isolates had a ‘typical’ ladder pattern of extracted LPS while a minority 
had an ‘atypical’ or rough pattern44. B.pseudomallei-LPS diversity may correlate 
with differential immunopathogenicity and virulence, such as biofilm formation 
among B.pseudomallei strains32,45. Observed differences in TLR-signalling of LPS 
might further be explained by different three-dimensional shapes of the lipid 
A part46, which are due to a different disaccharide backbone, the presence or 
absence of carboxyl or phosphate groups, numbers and (non)symmetrical 
position of acyl-groups47. Conical shaped lipid A such as that of E.coli signals via 
TLR4, while cylindrical shaped lipid A has been described to signal via TLR246. 
B.pseudomallei’s lipid A is known to be penta-acylated, while the lipid A part 
of most other virulent Gram-negative bacteria often possesses 6 acyl groups, 
and contains a fatty acyl mutation (C14:0(2-OH)16. In our study we found similar 
acylation patterns for the lipid A part of both B. pseudomallei 1026b and 
K96243, making it less likely that TLR signalling of LPS differs between these 
B.pseudomallei strains. A role for TLR2 in the recognition of B.pseudomallei-
LPS would not be unique: it is known that the LPS of Legionella	pneumophila,	
Leptospira interrogans and Porphyromonas	gingivalis	can signal via TLR28,18,19.  
Remarkably, the TLR2-mediated response was O-antigen-dependent since 
it differed from the response to stimulation with the O antigen mutant strain 
SRM117. One could hypothesize that differences in the recognition of smooth 
LPS (which includes O-antigen) and rough LPS (which lacks O-antigen) may play 
a role herein. Another explanation might be that O-antigen deficiency leads to 
changes in the expression of other B. pseudomallei associated PAMPs and thus 
TLR ligands.

We now demonstrate that, depending on the model used, B.pseudomallei-
LPS recognition occurs solely via TLR4 (murine models) or via a combination of 
TLR2 and -4 (human models. Our results underscore previous studies that have 
demonstrated important differences in TLR-signalling in humans and mice48,49. 
Moreover, in a study on Pseudomonas aeruginosa infection and cystic fibrosis 
(CF) it has been shown that P. aeruginosa adapts itself to the CF airway by 
synthesizing both hexa- and penta-acylated LPS. Human TLR4 can discriminate 
between these LPS-forms, whereas murine TLR4 cannot 50. This is thought to be 
mediated by an 82-aa region of human TLR4 that varies highly across species50. 
Using mass spectrometry, we confirmed that lipid A of B.pseudomallei has a tetra- 
and penta-acylated saccharide backbone, which could be the reason the TLR4 
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LPS recognition by the host is of crucial importance for the initiation of a swift 
host immune response to Gram-negative bacteria37. In the case of melioidosis, 
a main cause of community-acquired Gram-negative sepsis in Southeast Asia 
and Northern Australia however, essential insights on both the role of LPS as a 
putative virulence factor and its recognition by the innate immune system remain 
ill defined1,2. We now studied the recognition and contribution of TLR2 and TLR4 
in B.pseudomallei-LPS induced inflammation, linking in vitro experiments using 
human and murine cells with mouse studies involving LPS-induced pulmonary 
inflammation. Using these models we found that the LPS of B.pseudomallei 
induces a strong inflammatory response that is comparable to the response 
elicited by E.coli-LPS, supporting previous data38. Moreover, we established that 
TLR4 is the main receptor for LPS of B.pseudomallei in murine in vitro and in 
vivo models. Remarkably, in human in vitro models TLR2 has an additional role 
in the recognition of B.pseudomallei-LPS. Taken together these results further 
characterize B.pseudomallei-LPS as a key driver of the innate immune response in 
melioidosis. In addition, these findings underscore important species differences 
in the specificity of LPS-TLR interactions, which means caution should be applied 
when generalizations are made when extrapolating from murine disease models 
to humans39.

TLRs and CD14 are key pattern-recognition receptors of the innate immune 
system that are capable of recognizing ‘pathogen-associated molecular patterns’ 
(PAMPs) and form a crucial link between innate and adaptive immunity. The key 
role of TLRs in the pathogenesis of melioidosis is underscored by the finding that 
mice deficient in myeloid-differentiation-primary-response-gene-88 (MyD88), 
which is the key signalling adaptor protein for all TLRs, except for TLR3, show a 
strongly accelerated lethality upon intranasal infection with B.pseudomallei40. 
TLR4 has been implicated as the canonical LPS-receptor for Gram-negative 
bacteria, recognizing the lipid A part of LPS41. Efficient LPS signalling requires 
both the LPS-binding protein (LBP) and the surface-anchored receptor CD14, 
which has demonstrated to be involved in the recognition of B.pseudomallei42 - 
and the extracellular protein MD2.  Furthermore, the glycosylation status of LPS 
influences its signalling; smooth LPS, which contains the complete O-antigen, 
requires CD14 for its detection, whereas the O-antigen lacking rough LPS and 
lipid A do not43. B.pseudomallei-LPS seems to be largely conserved across this 
species. LPS profiling of >700 B.pseudomallei isolates using SDS-PAGE showed 

 that most isolates had a ‘typical’ ladder pattern of extracted LPS while a minority 
had an ‘atypical’ or rough pattern44. B.pseudomallei-LPS diversity may correlate 
with differential immunopathogenicity and virulence, such as biofilm formation 
among B.pseudomallei strains32,45. Observed differences in TLR-signalling of LPS 
might further be explained by different three-dimensional shapes of the lipid 
A part46, which are due to a different disaccharide backbone, the presence or 
absence of carboxyl or phosphate groups, numbers and (non)symmetrical 
position of acyl-groups47. Conical shaped lipid A such as that of E.coli signals via 
TLR4, while cylindrical shaped lipid A has been described to signal via TLR246. 
B.pseudomallei’s lipid A is known to be penta-acylated, while the lipid A part 
of most other virulent Gram-negative bacteria often possesses 6 acyl groups, 
and contains a fatty acyl mutation (C14:0(2-OH)16. In our study we found similar 
acylation patterns for the lipid A part of both B. pseudomallei 1026b and 
K96243, making it less likely that TLR signalling of LPS differs between these 
B.pseudomallei strains. A role for TLR2 in the recognition of B.pseudomallei-
LPS would not be unique: it is known that the LPS of Legionella	pneumophila,	
Leptospira interrogans and Porphyromonas	gingivalis	can signal via TLR28,18,19.  
Remarkably, the TLR2-mediated response was O-antigen-dependent since 
it differed from the response to stimulation with the O antigen mutant strain 
SRM117. One could hypothesize that differences in the recognition of smooth 
LPS (which includes O-antigen) and rough LPS (which lacks O-antigen) may play 
a role herein. Another explanation might be that O-antigen deficiency leads to 
changes in the expression of other B. pseudomallei associated PAMPs and thus 
TLR ligands.

We now demonstrate that, depending on the model used, B.pseudomallei-
LPS recognition occurs solely via TLR4 (murine models) or via a combination of 
TLR2 and -4 (human models. Our results underscore previous studies that have 
demonstrated important differences in TLR-signalling in humans and mice48,49. 
Moreover, in a study on Pseudomonas aeruginosa infection and cystic fibrosis 
(CF) it has been shown that P. aeruginosa adapts itself to the CF airway by 
synthesizing both hexa- and penta-acylated LPS. Human TLR4 can discriminate 
between these LPS-forms, whereas murine TLR4 cannot 50. This is thought to be 
mediated by an 82-aa region of human TLR4 that varies highly across species50. 
Using mass spectrometry, we confirmed that lipid A of B.pseudomallei has a tetra- 
and penta-acylated saccharide backbone, which could be the reason the TLR4 
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response to B.pseudomallei-LPS is much stronger in mice than in humans. In this 
respect it should be mentioned that TLR4-region genetic variants in humans are 
associated with susceptibility to melioidosis51. Of note however, this effect could 
also be attributed to a non-LPS TLR4 effect, since this promiscuous receptor not 
only recognizes LPS but also recognizes numerous endogenous danger signals 
called ‘danger-associated molecular patterns’ (DAMPs)52. 

Pneumonia is the most common manifestation of acute melioidosis1,53. Our 
study is, to our knowledge, the first to provide insights into the ability of 
B.pseudomallei- LPS to elicit broncho-alveolar inflammation. We demonstrated 
that B.pseudomallei- LPS elicits a profound inflammatory response, comparable 
to that induced by instillation of an equal dose of E.coli-LPS31. B.pseudomallei-
LPS induced the release of TNF-α, IL-6 and KC into BALF together with a marked 
influx of neutrophils into the alveolar space. Together with our in vitro data that 
show that the extent of cytokine responses induced by B.pseudomallei-LPS was 
comparable to those induced by E.coli-LPS, these results challenge current views 
that B.pseudomallei-LPS is only weakly inflammatory, which is in line with recent 
reports38. This effect was dependent on TLR4. TLR2 deficiency did not play a 
role in murine LPS recognition: either TLR2 deficiency on its own or TLR2/TLR4 
double deficiency did not significantly influence these inflammatory parameters. 

Our study has several limitations. Potential contamination with TLR2-stimulating 
agents such as lipopeptides is a well-known problem during LPS purification54. 
The LPS of B.pseudomallei used in this study was obtained by a modified aequous 
hot-phenol re-extraction method and we have confirmed its integrity and purity 
by both silver and Coomassie staining and a BCA protein assay. To further test 
potential contamination, in supplementary experiments, we studied whether 
digestion of B.pseudomallei LPS with lipoprotein lipase (LPL) could abolish the 
response in HEK-TLR2 cells; however LPL treatment did not impact on TLR-
signalling by B.pseudomallei-LPS (Figure S3). No TLR2 dependent response was 
observed in the murine in vitro stimulation experiments.  In addition, the LPS-
binding antimicrobial PMB was able to completely inhibit the inflammatory 
response induced by the purified B.pseudomallei-LPS. It has been demonstrated 
that TLR signalling might differ in established cell lines and primary cells55; this 
can be of particular relevance for our observation of B.pseudomallei- LPS - TLR2 
signalling when using a TLR overexpressing system of HEK-cells.  However, when 

we performed the reverse experiment on human whole blood with the use 
of blocking TLR antibodies we still observed a significant effect of TLR2 on the 
signalling of B.pseudomallei-LPS. Lastly, it should be noted that TLR expression 
is known to vary considerably across mammalian species49. Murine and human 
inflammatory responses towards LPS stimulation can be markedly different39. 
Our study now further accentuates the implications of these findings. 
 
In summary, we here demonstrate that LPS of B.pseudomallei is capable of 
inducing a strong inflammatory response in both human and murine models 
underscoring an important role for LPS as a virulence factor of B.pseudomallei. 
We conclude that the main receptor of B.pseudomallei-LPS is TLR4. However, 
in human ex vivo models there is an additional role of TLR2 in the signalling of 
B.pseudomallei-LPS. These data emphasize species differences in TLR-signalling 
in men and mice and clearly imply that extrapolation of murine data to humans 
should be carried out with great caution. Future research on these species 
discrepancies is therefore needed. 3

We are grateful to Marieke ten Brink and Joost Daalhuisen for their expert 
technical assistance.
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reports38. This effect was dependent on TLR4. TLR2 deficiency did not play a 
role in murine LPS recognition: either TLR2 deficiency on its own or TLR2/TLR4 
double deficiency did not significantly influence these inflammatory parameters. 

Our study has several limitations. Potential contamination with TLR2-stimulating 
agents such as lipopeptides is a well-known problem during LPS purification54. 
The LPS of B.pseudomallei used in this study was obtained by a modified aequous 
hot-phenol re-extraction method and we have confirmed its integrity and purity 
by both silver and Coomassie staining and a BCA protein assay. To further test 
potential contamination, in supplementary experiments, we studied whether 
digestion of B.pseudomallei LPS with lipoprotein lipase (LPL) could abolish the 
response in HEK-TLR2 cells; however LPL treatment did not impact on TLR-
signalling by B.pseudomallei-LPS (Figure S3). No TLR2 dependent response was 
observed in the murine in vitro stimulation experiments.  In addition, the LPS-
binding antimicrobial PMB was able to completely inhibit the inflammatory 
response induced by the purified B.pseudomallei-LPS. It has been demonstrated 
that TLR signalling might differ in established cell lines and primary cells55; this 
can be of particular relevance for our observation of B.pseudomallei- LPS - TLR2 
signalling when using a TLR overexpressing system of HEK-cells.  However, when 

we performed the reverse experiment on human whole blood with the use 
of blocking TLR antibodies we still observed a significant effect of TLR2 on the 
signalling of B.pseudomallei-LPS. Lastly, it should be noted that TLR expression 
is known to vary considerably across mammalian species49. Murine and human 
inflammatory responses towards LPS stimulation can be markedly different39. 
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In summary, we here demonstrate that LPS of B.pseudomallei is capable of 
inducing a strong inflammatory response in both human and murine models 
underscoring an important role for LPS as a virulence factor of B.pseudomallei. 
We conclude that the main receptor of B.pseudomallei-LPS is TLR4. However, 
in human ex vivo models there is an additional role of TLR2 in the signalling of 
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Supplementary material
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Figure S1: Negative-ion mode MALDI-TOF mass spectra of lipid A components of B.pseudomallei  
1026b (A) and K96243 (B). Based on peaks in these spectra and comparison to literature data 16 
acylation patterns of lipid A were proposed (Table 1). The spectra of the observed negative-ion 
peaks were similar for both strains.  (m/z) = mass-to-charge ratio. Da = dalton. 
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Figure S1: Negative-ion mode MALDI-TOF mass spectra of lipid A components of B.pseudomallei  
1026b (A) and K96243 (B). Based on peaks in these spectra and comparison to literature data 16 
acylation patterns of lipid A were proposed (Table 1). The spectra of the observed negative-ion 
peaks were similar for both strains.  (m/z) = mass-to-charge ratio. Da = dalton. 

Figure S2: Calculated m/z values for proposed structures of substituted lipid A backbone.
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Figure S3: Lipoprotein lipase treatment does not significantly alter TLR-2 signalling of 
B.pseudomallei-LPS.
Human Embryonic Kidney (HEK)-293 cells, stably transfected with either CD14-TLR2 or CD14-
TLR4/MD2 were stimulated with purified LPS of B.pseudomallei 1026b (100 ng/ml), LPS of E. coli 
0111:B4 (100 ng/ml), PAM3CSK4 (100 ng/ml) or DMEM+ 10% FCS.  Subsequently, lipoprotein 
lipase (200 or 2000 ng/ml) was added to the culture. 24h post-stimulation supernatant was 
collected and interleukin (IL)-8 was measured by ELISA (n=4). Data are presented as means ± 
SEM and were analysed by Kruskall- Wallis analysis followed by Mann-Whitney- U tests. *P< 0.05 
compared to controls.

4Chapter

Toll-like receptor 5 
(TLR5) plays a flagellin-
independent protective 
role during experimental 
melioidosis

70

Ch
ap

te
r

Boek.indd   70 03-05-16   13:28



HEK-TLR2

co
ntro

l

PAM3C
SK4

PAM3C
SK4 +

 20
0 n

g/m
L LPL

PAM3C
SK4 +

 20
00

 ng/m
L LPL

E co
li L

PS  

E co
li L

PS + 
20

0 n
g/m

L LPL

E co
li L

PS + 
20

00
 ng/m

L LPL

B. p
se

udo LPS

B. p
se

udo LPS + 
20

0 n
g/m

L LPL

B. p
se

udo LPS + 
20

00
 ng/m

L LPL
0

50
100
150
200
500

1000

1500

2000

IL
-8

 (p
g/

m
L)

* * *

**
*

HEK-TLR4

Contro
l

PAM3C
SK4

PAM3C
SK4 +

 20
0 n

g/m
L LPL

PAM3C
SK4 +

 20
00

 ng/m
L LPL

E co
li L

PS  

E co
li L

PS + 
20

0 n
g/m

L LPL

E co
li L

PS + 
20

00
 ng/m

L LPL

B. p
se

udo LPS

B. p
se

udo LPS + 
20

0 n
g/m

L LPL

B. p
se

udo LPS + 
20

00
 ng/m

L LPL
0

5000

10000

15000

IL
-8

 (p
g/

m
L) ** **

   A    B

Figure S3: Lipoprotein lipase treatment does not significantly alter TLR-2 signalling of 
B.pseudomallei-LPS.
Human Embryonic Kidney (HEK)-293 cells, stably transfected with either CD14-TLR2 or CD14-
TLR4/MD2 were stimulated with purified LPS of B.pseudomallei 1026b (100 ng/ml), LPS of E. coli 
0111:B4 (100 ng/ml), PAM3CSK4 (100 ng/ml) or DMEM+ 10% FCS.  Subsequently, lipoprotein 
lipase (200 or 2000 ng/ml) was added to the culture. 24h post-stimulation supernatant was 
collected and interleukin (IL)-8 was measured by ELISA (n=4). Data are presented as means ± 
SEM and were analysed by Kruskall- Wallis analysis followed by Mann-Whitney- U tests. *P< 0.05 
compared to controls.
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Burkholderia	pseudomallei	 is the causative agent of melioidosis, an important 
cause of sepsis in Southeast Asia. Recognition of pathogen-associated molecular 
patterns by Toll-like receptors (TLRs) is essential for an appropriate immune 
response during pathogen invasion. TLR5 is the most abundantly expressed TLR 
in melioidosis patients and a hypofunctional TLR5 variant has been associated 
with improved survival. We here studied the functional role of TLR5 and its 
ligand flagellin in experimental melioidosis. 
First, we observed differential TLR5 expression in the pulmonary and hepatic 
compartment upon infection with B. pseudomallei.  Next, we found that 
B.pseudomallei-challenged TLR5 deficient (Tlr5-/-) mice were more susceptible 
to infection when compared to wild-type (WT) mice as demonstrated by higher 
systemic bacterial loads, increased organ injury and impaired survival. This 
phenotype was flagellin independent; no difference in in vivo virulence was 
observed for the flagellin-lacking mutant MM36 compared to the wild-type 
B.pseudomallei 1026b and Tlr5-/- mice showed a similar impaired antibacterial 
defense when infected with MM36 or 1026b. 
However, the Tlr5-/- phenotype was gut microbiota dependent. Distinct 
differences in gut microbiota composition in terms of richness and diversity 
were observed between WT and Tlr5-/- mice. After gut microbiota depletion 
with broad-spectrum antibiotics, the difference in susceptibility to melioidosis 
of WT and Tlr5-/- mice disappeared. Further ex vivo experiments showed that 
TLR5-deficient macrophages display a markedly impaired phagocytosis of B. 
pseudomallei.
In conclusion, these data suggest that the detrimental effect of TLR5-deficiency 
in pulmonary B. pseudomallei infection is not flagellin, but gut microbiota-
dependent impacting on macrophage phagocytosis.

Abstract

4

Melioidosis is a severe infectious disease caused by the facultative intracellular 
Gram-negative bacterium Burkholderia	 pseudomallei,	 endemic in Southeast 
Asia and Northern Australia. Pneumonia is the most common symptom, often 
accompanied by abscess formation throughout the body and sepsis1,2.  B. 
pseudomallei is a classified Tier 1 select agent by the Centers for Disease Control, 
indicating the risk it possesses to harm animal and human health3. Case fatality 
rates for melioidosis are up to 40% despite appropriate antibiotic treatment 
and even in Australia, despite better equipped health care facilities, mortality is 
still high4. B. pseudomallei  possesses an impressive arsenal of virulence factors, 
including the type III Secretion system5,6, lipopolysaccharide (LPS)7,  and flagellin8-10. 
The importance of flagellin, essential for B. pseudomallei’s motility, in the 
pathogenesis of melioidosis has been highlighted by a number of studies in 
recent years11-15. B. pseudomallei’s flagellum, an extracellular propeller consisting 
of several thousand flagellin units16, causes up-regulation of pro-inflammatory 
cytokines in mononuclear cells12. In addition, flagella of B. pseudomallei have been 
implicated in cell invasion of phagocytic and non-phagocytic cells14. Furthermore, 
in a mouse model of systemic infection, flagellin-deficient B. pseudomallei has 
demonstrated to be less virulent compared to its wild-type strain 13. 

Toll-like receptor (TLR)-5 serves as the main receptor for bacterial flagellin17,18. In 
recent years it has become clear that TLRs, which are the first receptors to detect 
host invasion by pathogens and initiate the immune response, play a central 
role in the pathogenesis of melioidosis19-21. Previously, we reported that TLR5 
expression is up-regulated in both granulocytes and monocytes of melioidosis 
patients19. In fact, TLR5 is the most expressed TLR in whole blood leukocytes 
of patients with melioidosis22. Certain TLR5 polymorphisms are associated 
with impaired cytokine responses of whole blood when stimulated with B. 
pseudomallei flagellin23. In addition, patients with the hypofunctional genetic 
variant TLR51174C>T are protected from organ damage and death which suggests 
that TLR5 plays an important role in the hyperinflammation during melioidosis24. 
To the best of our knowledge, the in vivo interaction of flagellin and TLR5, and its 
effect on the host defense against B. pseudomallei infection has not been studied 
previously.  In this study we aimed to demonstrate the functional in vivo role of 
TLR5 during melioidosis in terms of bacterial dissemination and inflammation 
and give a mechanistic insight into how TLR5 impacts the dissemination of B. 
pseudomallei during infection.
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Burkholderia	pseudomallei	 is the causative agent of melioidosis, an important 
cause of sepsis in Southeast Asia. Recognition of pathogen-associated molecular 
patterns by Toll-like receptors (TLRs) is essential for an appropriate immune 
response during pathogen invasion. TLR5 is the most abundantly expressed TLR 
in melioidosis patients and a hypofunctional TLR5 variant has been associated 
with improved survival. We here studied the functional role of TLR5 and its 
ligand flagellin in experimental melioidosis. 
First, we observed differential TLR5 expression in the pulmonary and hepatic 
compartment upon infection with B. pseudomallei.  Next, we found that 
B.pseudomallei-challenged TLR5 deficient (Tlr5-/-) mice were more susceptible 
to infection when compared to wild-type (WT) mice as demonstrated by higher 
systemic bacterial loads, increased organ injury and impaired survival. This 
phenotype was flagellin independent; no difference in in vivo virulence was 
observed for the flagellin-lacking mutant MM36 compared to the wild-type 
B.pseudomallei 1026b and Tlr5-/- mice showed a similar impaired antibacterial 
defense when infected with MM36 or 1026b. 
However, the Tlr5-/- phenotype was gut microbiota dependent. Distinct 
differences in gut microbiota composition in terms of richness and diversity 
were observed between WT and Tlr5-/- mice. After gut microbiota depletion 
with broad-spectrum antibiotics, the difference in susceptibility to melioidosis 
of WT and Tlr5-/- mice disappeared. Further ex vivo experiments showed that 
TLR5-deficient macrophages display a markedly impaired phagocytosis of B. 
pseudomallei.
In conclusion, these data suggest that the detrimental effect of TLR5-deficiency 
in pulmonary B. pseudomallei infection is not flagellin, but gut microbiota-
dependent impacting on macrophage phagocytosis.

Melioidosis is a severe infectious disease caused by the facultative intracellular 
Gram-negative bacterium Burkholderia	 pseudomallei,	 endemic in Southeast 
Asia and Northern Australia. Pneumonia is the most common symptom, often 
accompanied by abscess formation throughout the body and sepsis1,2.  B. 
pseudomallei is a classified Tier 1 select agent by the Centers for Disease Control, 
indicating the risk it possesses to harm animal and human health3. Case fatality 
rates for melioidosis are up to 40% despite appropriate antibiotic treatment 
and even in Australia, despite better equipped health care facilities, mortality is 
still high4. B. pseudomallei  possesses an impressive arsenal of virulence factors, 
including the type III Secretion system5,6, lipopolysaccharide (LPS)7,  and flagellin8-10. 
The importance of flagellin, essential for B. pseudomallei’s motility, in the 
pathogenesis of melioidosis has been highlighted by a number of studies in 
recent years11-15. B. pseudomallei’s flagellum, an extracellular propeller consisting 
of several thousand flagellin units16, causes up-regulation of pro-inflammatory 
cytokines in mononuclear cells12. In addition, flagella of B. pseudomallei have been 
implicated in cell invasion of phagocytic and non-phagocytic cells14. Furthermore, 
in a mouse model of systemic infection, flagellin-deficient B. pseudomallei has 
demonstrated to be less virulent compared to its wild-type strain 13. 

Toll-like receptor (TLR)-5 serves as the main receptor for bacterial flagellin17,18. In 
recent years it has become clear that TLRs, which are the first receptors to detect 
host invasion by pathogens and initiate the immune response, play a central 
role in the pathogenesis of melioidosis19-21. Previously, we reported that TLR5 
expression is up-regulated in both granulocytes and monocytes of melioidosis 
patients19. In fact, TLR5 is the most expressed TLR in whole blood leukocytes 
of patients with melioidosis22. Certain TLR5 polymorphisms are associated 
with impaired cytokine responses of whole blood when stimulated with B. 
pseudomallei flagellin23. In addition, patients with the hypofunctional genetic 
variant TLR51174C>T are protected from organ damage and death which suggests 
that TLR5 plays an important role in the hyperinflammation during melioidosis24. 
To the best of our knowledge, the in vivo interaction of flagellin and TLR5, and its 
effect on the host defense against B. pseudomallei infection has not been studied 
previously.  In this study we aimed to demonstrate the functional in vivo role of 
TLR5 during melioidosis in terms of bacterial dissemination and inflammation 
and give a mechanistic insight into how TLR5 impacts the dissemination of B. 
pseudomallei during infection.

Introduction

Toll-like receptor 5 (TLR5) plays a flagellin-independent 
protective role during experimental melioidosis
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Materials and methods

4

 C57BL/6 mice (Charles River) were maintained at the animal care facility of 
the Academic Medical Center (University of Amsterdam), according to national 
guidelines, with free access to food and water. TLR5-deficient (Tlr5-/-) mice 
were originally provided by Dr. Shizuo Akira, Osaka University, Japan and 
were backcrossed for at least eight times on a C57BL/6 genetic background25.  
Experimental groups were age and sex matched in all experiments and had 
the same diet. The Animal Care and Use of Committee of the University of 
Amsterdam approved all experiments.

melioidosis was induced by intranasal inoculation with 5 × 102 colony forming 
units (CFUs)/50 μL B. pseudomallei strain 1026b or flagellin-lacking MM369, as 
previously described26-28. For survival experiments, mice were followed for 14 
days and checked every 6 hours (h) until death occurred. Sample harvesting, 
processing, and determination of bacterial growth were performed as 
described26,27,29 (S1 appendix). In order to deplete the gut microbiota, mice were 
treated in selected experiments with broad-spectrum antibiotics (ampicillin 
1 g/L, Sigma; neomycin sulfate 1 g/L, Sigma; metronidazole 1 g/L, Sanofi-
Aventis; and vancomycin 0.5 g/L, Sandoz) in their drinking water for 3 weeks 
as described30. Two days after cessation of antibiotic drinking water mice were 
inoculated with B. pseudomallei and sacrificed 24, 48 or 72h after infection. 
Pulmonary cell suspensions obtained from infected mice were evaluated by 
fluorescence-activated cell-sorting (FACS) analysis (BD Biosciences), as described 
elsewhere26,29.

was isolated using Isolate II RNA mini kit (Bioline) and treated with RNase-
Free DNase (Bioline), and was reverse transcribed using an oligo(dT) primer 
and Moloney murine leukemia virus RT (Promega), in accordance with the 
manufacturers’ recommendations. Gene expression is presented as a ratio of 
TLR5 expression to the housekeeping gene HPRT (S1 appendix). 

Mice

Experimental infection and determination of bacterial growth

Evaluation of TLR5 mRNA levels by RT-PCR 

Purchased specific pathogen-free 8- to 10-wk-old wild-type (WT) 

Experimental

Lung and liver total RNA of mice 

mice (n=8) was collected and DNA was isolated as described31. Gut microbiota 
analysis was performed with the IS-pro assay (IS-diagnostics) according to the 
protocol provided by the manufacturer. Briefly, IS-pro differentiates bacterial 
species by species specific length polymorphisms of the 16S–23S rDNA intergenic 
spacer (IS) region and adds high level taxonomic classification by phylum-specific 
fluorescently labelled PCR primers. The procedure consists of two separate 
standard PCRs: a first PCR is specific for the phyla Firmicutes, Actinobacteria, 
Fusobacteria, Verrucomicrobia (FAFV) and Bacteroidetes. A second PCR is specific 
for the phylum Proteobacteria. Resulting IS fragment analysis was performed on 
an ABI Prism 3500 Genetic Analyzer (Applied Biosystems). Data were analyzed 
with the IS-Pro proprietary software suite (IS-Diagnostics) and results presented 
as microbial profiles31,32.

harvested after infection, fixed in 100% formalin and embedded in paraffin. 
Sections of 4 μm were stained with hematoxylin–eosin, and analyzed as described 
previously19,33. Granulocyte (Ly6G) staining, using fluorescein isothiocyanate–
labeled rat-anti-mouse Ly-6G mAb (BD Pharmingen), was done exactly as 
described34. Stained areas were analyzed with ImageJ (version 2006.02.01; US 
National Institutes of Health) and expressed as the percentage of the total lung 
surface area.

monocyte chemoattractant protein-1 (MCP-1) and interferon (IFN)-γ were 
measured by cytometric bead array multiplex assay (BD Biosciences). Pulmonary 
and BALF keratinocyte chemoattractant (KC), TNF-α, IL-6 and IL-1β levels were 
measured by ELISA (R&D systems). Aspartate aminotransferase (AST) and 
alanine aminotransferase (ALT) levels were determined with the Cobas 8000 
module c702 (Roche Diagnostics) in accordance with the manufacturer’s 
recommendations.

Determination of the gut microbiome by IS-pro

Histology and immunohistology 

Assays
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were originally provided by Dr. Shizuo Akira, Osaka University, Japan and 
were backcrossed for at least eight times on a C57BL/6 genetic background25.  
Experimental groups were age and sex matched in all experiments and had 
the same diet. The Animal Care and Use of Committee of the University of 
Amsterdam approved all experiments.

melioidosis was induced by intranasal inoculation with 5 × 102 colony forming 
units (CFUs)/50 μL B. pseudomallei strain 1026b or flagellin-lacking MM369, as 
previously described26-28. For survival experiments, mice were followed for 14 
days and checked every 6 hours (h) until death occurred. Sample harvesting, 
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as described30. Two days after cessation of antibiotic drinking water mice were 
inoculated with B. pseudomallei and sacrificed 24, 48 or 72h after infection. 
Pulmonary cell suspensions obtained from infected mice were evaluated by 
fluorescence-activated cell-sorting (FACS) analysis (BD Biosciences), as described 
elsewhere26,29.

was isolated using Isolate II RNA mini kit (Bioline) and treated with RNase-
Free DNase (Bioline), and was reverse transcribed using an oligo(dT) primer 
and Moloney murine leukemia virus RT (Promega), in accordance with the 
manufacturers’ recommendations. Gene expression is presented as a ratio of 
TLR5 expression to the housekeeping gene HPRT (S1 appendix). 
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mice (n=8) was collected and DNA was isolated as described31. Gut microbiota 
analysis was performed with the IS-pro assay (IS-diagnostics) according to the 
protocol provided by the manufacturer. Briefly, IS-pro differentiates bacterial 
species by species specific length polymorphisms of the 16S–23S rDNA intergenic 
spacer (IS) region and adds high level taxonomic classification by phylum-specific 
fluorescently labelled PCR primers. The procedure consists of two separate 
standard PCRs: a first PCR is specific for the phyla Firmicutes, Actinobacteria, 
Fusobacteria, Verrucomicrobia (FAFV) and Bacteroidetes. A second PCR is specific 
for the phylum Proteobacteria. Resulting IS fragment analysis was performed on 
an ABI Prism 3500 Genetic Analyzer (Applied Biosystems). Data were analyzed 
with the IS-Pro proprietary software suite (IS-Diagnostics) and results presented 
as microbial profiles31,32.

harvested after infection, fixed in 100% formalin and embedded in paraffin. 
Sections of 4 μm were stained with hematoxylin–eosin, and analyzed as described 
previously19,33. Granulocyte (Ly6G) staining, using fluorescein isothiocyanate–
labeled rat-anti-mouse Ly-6G mAb (BD Pharmingen), was done exactly as 
described34. Stained areas were analyzed with ImageJ (version 2006.02.01; US 
National Institutes of Health) and expressed as the percentage of the total lung 
surface area.

monocyte chemoattractant protein-1 (MCP-1) and interferon (IFN)-γ were 
measured by cytometric bead array multiplex assay (BD Biosciences). Pulmonary 
and BALF keratinocyte chemoattractant (KC), TNF-α, IL-6 and IL-1β levels were 
measured by ELISA (R&D systems). Aspartate aminotransferase (AST) and 
alanine aminotransferase (ALT) levels were determined with the Cobas 8000 
module c702 (Roche Diagnostics) in accordance with the manufacturer’s 
recommendations.

Determination of the gut microbiome by IS-pro

Histology and immunohistology 

Assays

Feces of naive WT and Tlr5-/- 

Lungs, livers and spleens for histology were 

Plasma mouse tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-10, 

Toll-like receptor 5 (TLR5) plays a flagellin-independent 
protective role during experimental melioidosis
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4
blood, AM and BMDM of WT and Tlr5-/- mice (n=8) (S1 appendix). Whole blood 
and isolated cells were stimulated with medium (RPMI 1640), flagellin of S. 
Typimurium (100 ng/ml) (Invivogen) or heat-killed B.pseudomallei strain 1026b 
(107 colony forming units (CFU)/ml). At 20h of stimulation, supernatants were 
harvested and stored at -20°C until assayed for mTNF-α and IL-6.  For additional 
cytokine release assays, the murine alveolar macrophage cell line MH-S (ATCC) 
was used.
Furthermore, intracellular killing and phagocytosis of B. pseudomallei by BMDM 
before colony counts were performed (S1 appendix). 
To assess the presence of TLR5 ligands, human embryonic kidney stably 
transfected with TLR5 (HEK- Blue™TLR5) or the parent cell line (HEK-Blue™-Null) 
were stimulated with flagellin and plasma of B.pseudomallei-infected mice (S1 
appendix). 

mean (SEM). Differences between groups were analyzed by Mann-Whitney U 
test or Kruskal-Wallis analysis with post hoc Dunn’s test where appropriate. For 
survival analysis, Kaplan-Meier analysis followed by log-rank test was performed. 
These analyses were performed using GraphPad Prism version 6.00 (GraphPad 
Software). P values less than 0.05 were considered statistically significant.
Detailed	methods	are	provided	in	the	supplement.

Cellular function assays

Statistical analysis

Stimulation assays were performed using whole 

Values are expressed as mean ± standard error of the 

Alveolar macrophages were harvested from WT and Tlr5-/- mice by broncho-
alveolar lavage (BAL) as described19 and seeded at a final concentration of 2 × 
104 cells/100 μl. Cells were cultured in 96-well microtiter plates at 37 °C in 5% 
CO2 air overnight and washed with RPMI 1640 to remove nonadherent cells, 
before AM were used for further assays. 
BMDM were harvested as described29,35. In short, tibias and femurs were 
aseptically removed and flushed with PBS. The collected BMDM were cultured 
for 10 days in serum free medium, before being seeded at the required 
concentration (S1 appendix). 

Preparation of alveolar macrophages (AM) and bone-marrow derived 
macrophages (BMDM)

TLR5 expression is up-regulated in whole blood leukocytes of patients with 
melioidosis 19,22.  Since the majority of severe melioidosis cases present with 
pneumonia with bacterial dissemination to distant body sites1,2 and it is not 
feasible to study TLR5 expression at tissue level in patients, we used our murine 
model of pneumonia-derived melioidosis. This model is known to cause systemic 
dissemination and distant abscess formation after 24h of intranasal infection 
with 5 x 102 CFU of B. pseudomallei 1026b19,26,27. This enabled us to determine the 
TLR5 mRNA expression in lung (Figure 1A) and liver tissue (Figure 1B) of WT mice 
at 0, 24 and 72h post-infection. Consistent with the increased TLR5 expression 
observed in patients, mice showed increased TLR5 levels in liver tissue at 24h 
after infection. In lung tissue however, TLR5 expression was reduced at this time 
point. No differences were observed at 72h post-infection. 

Compartmentalized TLR5 expression in a murine model of pneumonia-
derived melioidosis
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blood, AM and BMDM of WT and Tlr5-/- mice (n=8) (S1 appendix). Whole blood 
and isolated cells were stimulated with medium (RPMI 1640), flagellin of S. 
Typimurium (100 ng/ml) (Invivogen) or heat-killed B.pseudomallei strain 1026b 
(107 colony forming units (CFU)/ml). At 20h of stimulation, supernatants were 
harvested and stored at -20°C until assayed for mTNF-α and IL-6.  For additional 
cytokine release assays, the murine alveolar macrophage cell line MH-S (ATCC) 
was used.
Furthermore, intracellular killing and phagocytosis of B. pseudomallei by BMDM 
before colony counts were performed (S1 appendix). 
To assess the presence of TLR5 ligands, human embryonic kidney stably 
transfected with TLR5 (HEK- Blue™TLR5) or the parent cell line (HEK-Blue™-Null) 
were stimulated with flagellin and plasma of B.pseudomallei-infected mice (S1 
appendix). 

mean (SEM). Differences between groups were analyzed by Mann-Whitney U 
test or Kruskal-Wallis analysis with post hoc Dunn’s test where appropriate. For 
survival analysis, Kaplan-Meier analysis followed by log-rank test was performed. 
These analyses were performed using GraphPad Prism version 6.00 (GraphPad 
Software). P values less than 0.05 were considered statistically significant.
Detailed	methods	are	provided	in	the	supplement.

Stimulation assays were performed using whole 

Values are expressed as mean ± standard error of the 

Alveolar macrophages were harvested from WT and Tlr5-/- mice by broncho-
alveolar lavage (BAL) as described19 and seeded at a final concentration of 2 × 
104 cells/100 μl. Cells were cultured in 96-well microtiter plates at 37 °C in 5% 
CO2 air overnight and washed with RPMI 1640 to remove nonadherent cells, 
before AM were used for further assays. 
BMDM were harvested as described29,35. In short, tibias and femurs were 
aseptically removed and flushed with PBS. The collected BMDM were cultured 
for 10 days in serum free medium, before being seeded at the required 
concentration (S1 appendix). 
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TLR5 expression is up-regulated in whole blood leukocytes of patients with 
melioidosis 19,22.  Since the majority of severe melioidosis cases present with 
pneumonia with bacterial dissemination to distant body sites1,2 and it is not 
feasible to study TLR5 expression at tissue level in patients, we used our murine 
model of pneumonia-derived melioidosis. This model is known to cause systemic 
dissemination and distant abscess formation after 24h of intranasal infection 
with 5 x 102 CFU of B. pseudomallei 1026b19,26,27. This enabled us to determine the 
TLR5 mRNA expression in lung (Figure 1A) and liver tissue (Figure 1B) of WT mice 
at 0, 24 and 72h post-infection. Consistent with the increased TLR5 expression 
observed in patients, mice showed increased TLR5 levels in liver tissue at 24h 
after infection. In lung tissue however, TLR5 expression was reduced at this time 
point. No differences were observed at 72h post-infection. 
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4

gated the functional role of TLR5 during experimental melioidosis and its effect 
on outcome. Therefore, we first infected WT and Tlr5-/- mice with 5 x 102 CFU B. 
pseudomallei intranasally and observed them for 2 weeks to determine mortality 
(Figure 1C). Tlr5-/- mice showed an accelerated mortality when compared to 
WT mice (P = 0.0014) indicating that TLR5 is protective during experimental 
melioidosis. To determine whether the increased mortality of Tlr5-/- mice was 
associated with differences in bacterial loads we performed quantitative cultures 
of lung (the primary site of the infection), whole blood and liver at 24, 48 and 
72h post-infection (Figures 1D-F).  Lower pulmonary bacterial counts were seen 
in the Tlr5-/- mice at 24h post-infection, while no differences were observed in 
broncho-alveolar lavage fluid (BALF; data now shown) and at later time points. 
However, relative to controls, Tlr5-/- mice displayed strongly increased bacterial 
loads in whole blood, liver (Figures 1E and F) and spleen (data not shown) 72h 
post-infection. Together, these data suggest that TLR5 plays an important role 
in limiting the dissemination of B. pseudomallei from the lungs to distant body 
sites. 

Intranasal inoculation with B. pseudomallei causes significant and rapid 
inflammation and granulocyte, but not monocyte, recruitment toward the 
lung26,36-38. To further evaluate the role of TLR5 in the antibacterial defense 
against B. pseudomallei, pulmonary inflammation and granulocyte recruitment 
into lung tissue were assessed. B. pseudomallei infection resulted in significant 

TLR5 deficiency facilitates bacterial growth and dissemination

TLR5 deficiency does not impact on neutrophil influx and lung injury

We next investi-

Figure 1. TLR5 deficiency impairs survival and bacterial containment   
TLR5 mRNA expression was quantified by RT-PCR in lungs (A) and livers (B) of wild-type mice at 
0, 24 and 72h post-infection with B.pseudomallei 1026b. Data are presented as mean ± SEM (n 
=4-5/group).  
Wild-type (WT) (black circles) and Tlr5-/- mice (white circles) were infected with 5 x 102 CFU of 
B. pseudomallei 1026b intranasally and were observed every 4-6 hours during 14 days to assess 
survival (C). (n = 20 mice /group). (Kaplan-Meier analysis, followed by log-rank tests). In addition, 
B.pseudomallei-infected WT and Tlr5-/- mice were sacrificed 24, 48 and 72h post-infection and 
bacterial loads were determined in lung homogenates (D), blood (E) and liver (F). Data are 
presented as mean ± SEM. (n = 7-8 mice/ group for each time point). *P < 0.05.  ***P < 0.001 
(Mann-Whitney U test). 
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gated the functional role of TLR5 during experimental melioidosis and its effect 
on outcome. Therefore, we first infected WT and Tlr5-/- mice with 5 x 102 CFU B. 
pseudomallei intranasally and observed them for 2 weeks to determine mortality 
(Figure 1C). Tlr5-/- mice showed an accelerated mortality when compared to 
WT mice (P = 0.0014) indicating that TLR5 is protective during experimental 
melioidosis. To determine whether the increased mortality of Tlr5-/- mice was 
associated with differences in bacterial loads we performed quantitative cultures 
of lung (the primary site of the infection), whole blood and liver at 24, 48 and 
72h post-infection (Figures 1D-F).  Lower pulmonary bacterial counts were seen 
in the Tlr5-/- mice at 24h post-infection, while no differences were observed in 
broncho-alveolar lavage fluid (BALF; data now shown) and at later time points. 
However, relative to controls, Tlr5-/- mice displayed strongly increased bacterial 
loads in whole blood, liver (Figures 1E and F) and spleen (data not shown) 72h 
post-infection. Together, these data suggest that TLR5 plays an important role 
in limiting the dissemination of B. pseudomallei from the lungs to distant body 
sites. 

Intranasal inoculation with B. pseudomallei causes significant and rapid 
inflammation and granulocyte, but not monocyte, recruitment toward the 
lung26,36-38. To further evaluate the role of TLR5 in the antibacterial defense 
against B. pseudomallei, pulmonary inflammation and granulocyte recruitment 
into lung tissue were assessed. B. pseudomallei infection resulted in significant 

We next investi-

Figure 1. TLR5 deficiency impairs survival and bacterial containment   
TLR5 mRNA expression was quantified by RT-PCR in lungs (A) and livers (B) of wild-type mice at 
0, 24 and 72h post-infection with B.pseudomallei 1026b. Data are presented as mean ± SEM (n 
=4-5/group).  
Wild-type (WT) (black circles) and Tlr5-/- mice (white circles) were infected with 5 x 102 CFU of 
B. pseudomallei 1026b intranasally and were observed every 4-6 hours during 14 days to assess 
survival (C). (n = 20 mice /group). (Kaplan-Meier analysis, followed by log-rank tests). In addition, 
B.pseudomallei-infected WT and Tlr5-/- mice were sacrificed 24, 48 and 72h post-infection and 
bacterial loads were determined in lung homogenates (D), blood (E) and liver (F). Data are 
presented as mean ± SEM. (n = 7-8 mice/ group for each time point). *P < 0.05.  ***P < 0.001 
(Mann-Whitney U test). 
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pulmonary damage, as illustrated by interstitial and peribronchial inflammation, 
pleuritis, edema and endothelialitis in all infected mice (Figures 2A-C). When we 
compared Tlr5-/- with WT mice however, no differences in lung pathology were 
observed at 24, 48 or 72h post infection (Figure 2C). Furthermore, granulocyte 
influx as determined by Ly6G immunostaining of lung tissue and cytometric 
analysis of BALF (Figures 2D and E) as well as pulmonary myeloperoxidase 
presence (MPO; Figures 2F) did not differ between WT and Tlr5-/- mice at 24 and 
72h. These results correspond with the bacterial counts in both lung and BALF at 
72h post-infection. Because the localized production of cytokines is an important 
part of the host defense against infection39,40 we measured these mediators in 
the pulmonary compartment. At 24h post-infection, diminished lung TNF-α and 
BALF KC levels were observed in Tlr5-/- mice compared to controls. However, 
after 72h no differences in cyto- (TNF-α, IL-6, IL-1β) and chemokine (KC) levels in 
lung homogenate or BALF of WT and Tlr5-/- mice were observed (Table 1).
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evaluate the role of TLR5 in the systemic inflammatory response after infection 
with B. pseudomallei, we determined pro- and anti-inflammatory cytokine levels 
in plasma (Table 1). At 24h post-infection with B. pseudomallei we found lower 
plasma IFN-γ, KC and MCP-1 levels in Tlr5-/- mice when compared to controls. 
However, at 72h post-infection plasma cytokine levels tended to be higher in 
Tlr5-/- mice with a significant increase of IFN-γ, most probably reflecting the 
increased bacterial loads in the blood (Table 1). Furthermore, we scored liver 
H&E stained histology slides obtained from infected WT and Tlr5-/- mice and 
performed routine clinical chemistry to evaluate hepatic and renal injury. Tlr5-

/- mice did show significantly more hepatic inflammation and damage 72h post-
infection compared with WT mice (mean histological score 5.1 ± 0.3 versus 3.0 
± 0.4; p < 0.01) (Figures 3A-C). Some mice showed signs of renal failure at 72h 
post-infection, however no differences were observed between groups (data 
not shown). Consistent with observed liver injury, plasma levels of aspartate 
aminotransferase (AST; 321 U/L ± 46 versus 88 ± 16; p < 0.001) and alanine 
aminotransferase (ALT; 301 U/L ± 30 versus 52 ± 14; p < 0.001) were higher in 
Tlr5-/- mice at 72h post-infection compared to controls (Figures 3D and E). 

TLR5 protects against systemic inflammation and liver damage To further

Figure 2. Local neutrophilic influx and lung damage is not influenced by TLR5
Representative lung slides of WT (A) and Tlr5-/- mice (B) 72h after infection with B. pseudomallei 
(original magnification 2x). Lung pathology was determined in WT (black bars) and Tlr5-/- mice 
(white bars) infected with 5 x 102 CFU B. pseudomallei at 24, 48 and 72h post-infection as 
described in the Methods section (C). Neutrophil influx was defined by Ly6G positivity (expressed 
as % of total lung surface; D), granulocyte influx measured by fluorescence-activated cell sorting 
(FACS) of broncho-alveolar lavage fluid (E) and pulmonary myeloperoxidase (MPO) activity (F). 
Data are expressed as mean ± SEM (n = 7-8 mice/ group per time point). *P < 0.05. (Mann-Whitney 
U test). ND = not detectable.

 
	   T=	  24h	   T=	  72h	  

pg/ml	   WT	   Tlr5-‐/-‐	   WT	   Tlr5-‐/-‐	  

	   Lung	  homogenate	  

TNF-‐α 	   1261	  ±	  149	   703	  ±	  158**	   2768	  ±	  501	   2769	  ±	  260	  

IL-‐6	   6085	  ±	  1326	   6641	  ±	  1464	   6054	  ±	  2422	   11396	  ±	  2719	  

KC	   19250	  ±	  2039	   13510	  ±	  1105*	   22613	  ±	  4760	   25890	  ±	  4372	  

	   	   	   	   	  

	   BALF	  

TNF-‐α 	   1291	  ±	  319	   2178	  ±	  652	   3449	  ±	  1422	   6097	  ±	  1800	  

IL-‐6	   1058	  ±	  140	   2722	  ±	  887	   16613	  ±	  2971	   11050	  ±	  3233	  

KC	   4902	  ±	  804	   1680	  ±	  217**	   23284	  ±	  6781	   27880	  ±	  7894	  

	   	   	   	   	  

	   Plasma	  

TNF-‐α 	   7	  ±	  1	   8	  ±	  1	   104	  ±	  36	   365	  ±	  113	  

IL-‐6	   412	  ±	  20	   316	  ±	  51	   2368	  ±	  820	   6054	  ±	  1671	  

IL-‐10	   BD	   BD	   BD	   BD	  

MCP-‐1	   454	  ±	  38	   255	  ±	  42*	   1221	  ±	  405	   5465	  ±	  1557	  

KC	   11760	  ±	  2754	   2608	  ±	  603**	   16410	  ±	  6111	   21086	  ±	  4375	  

IFN-‐γ 	   47	  ±	  5	   19	  ±	  3**	   68	  ±	  19	   1163	  ±	  452**	  
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evaluate the role of TLR5 in the systemic inflammatory response after infection 
with B. pseudomallei, we determined pro- and anti-inflammatory cytokine levels 
in plasma (Table 1). At 24h post-infection with B. pseudomallei we found lower 
plasma IFN-γ, KC and MCP-1 levels in Tlr5-/- mice when compared to controls. 
However, at 72h post-infection plasma cytokine levels tended to be higher in 
Tlr5-/- mice with a significant increase of IFN-γ, most probably reflecting the 
increased bacterial loads in the blood (Table 1). Furthermore, we scored liver 
H&E stained histology slides obtained from infected WT and Tlr5-/- mice and 
performed routine clinical chemistry to evaluate hepatic and renal injury. Tlr5-

/- mice did show significantly more hepatic inflammation and damage 72h post-
infection compared with WT mice (mean histological score 5.1 ± 0.3 versus 3.0 
± 0.4; p < 0.01) (Figures 3A-C). Some mice showed signs of renal failure at 72h 
post-infection, however no differences were observed between groups (data 
not shown). Consistent with observed liver injury, plasma levels of aspartate 
aminotransferase (AST; 321 U/L ± 46 versus 88 ± 16; p < 0.001) and alanine 
aminotransferase (ALT; 301 U/L ± 30 versus 52 ± 14; p < 0.001) were higher in 
Tlr5-/- mice at 72h post-infection compared to controls (Figures 3D and E). 

To further

Figure 2. Local neutrophilic influx and lung damage is not influenced by TLR5
Representative lung slides of WT (A) and Tlr5-/- mice (B) 72h after infection with B. pseudomallei 
(original magnification 2x). Lung pathology was determined in WT (black bars) and Tlr5-/- mice 
(white bars) infected with 5 x 102 CFU B. pseudomallei at 24, 48 and 72h post-infection as 
described in the Methods section (C). Neutrophil influx was defined by Ly6G positivity (expressed 
as % of total lung surface; D), granulocyte influx measured by fluorescence-activated cell sorting 
(FACS) of broncho-alveolar lavage fluid (E) and pulmonary myeloperoxidase (MPO) activity (F). 
Data are expressed as mean ± SEM (n = 7-8 mice/ group per time point). *P < 0.05. (Mann-Whitney 
U test). ND = not detectable.

4

Table 1. Compartmentalized cytokine responses in lung, broncho-alveolar lavage fluid (BALF) 
and plasma of WT and Tlr5-/- mice during experimental melioidosis. Pulmonary, broncho-
alveolar lavage fluid (BALF) and systemic cytokine levels after intranasal infection with 5 x 102 CFU 
wild-type B. pseudomallei 1026b. Wild-type (WT) and Tlr5-/- mice were sacrificed 24 or 72h after 
infection. Data are means ± SEM of seven or eight mice per group per time point. TNF-a = Tumor 
necrosis factor-a; IL = Interleukin; KC = keratinocyte chemoattractant; IFN-g = Interferon-g; BD = 
below detection limit. * P < 0.05; ** P < 0.01 (Mann-Whitney U test). 

 
	   T=	  24h	   T=	  72h	  

pg/ml	   WT	   Tlr5-‐/-‐	   WT	   Tlr5-‐/-‐	  

	   Lung	  homogenate	  

TNF-‐α 	   1261	  ±	  149	   703	  ±	  158**	   2768	  ±	  501	   2769	  ±	  260	  

IL-‐6	   6085	  ±	  1326	   6641	  ±	  1464	   6054	  ±	  2422	   11396	  ±	  2719	  

KC	   19250	  ±	  2039	   13510	  ±	  1105*	   22613	  ±	  4760	   25890	  ±	  4372	  

	   	   	   	   	  

	   BALF	  

TNF-‐α 	   1291	  ±	  319	   2178	  ±	  652	   3449	  ±	  1422	   6097	  ±	  1800	  

IL-‐6	   1058	  ±	  140	   2722	  ±	  887	   16613	  ±	  2971	   11050	  ±	  3233	  

KC	   4902	  ±	  804	   1680	  ±	  217**	   23284	  ±	  6781	   27880	  ±	  7894	  

	   	   	   	   	  

	   Plasma	  

TNF-‐α 	   7	  ±	  1	   8	  ±	  1	   104	  ±	  36	   365	  ±	  113	  

IL-‐6	   412	  ±	  20	   316	  ±	  51	   2368	  ±	  820	   6054	  ±	  1671	  

IL-‐10	   BD	   BD	   BD	   BD	  

MCP-‐1	   454	  ±	  38	   255	  ±	  42*	   1221	  ±	  405	   5465	  ±	  1557	  

KC	   11760	  ±	  2754	   2608	  ±	  603**	   16410	  ±	  6111	   21086	  ±	  4375	  

IFN-‐γ 	   47	  ±	  5	   19	  ±	  3**	   68	  ±	  19	   1163	  ±	  452**	  
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4

Figure 3. Increased hepatic injury in TLR5 deficient mice compared to controls in experimental 
melioidosis. Representative photographs of liver pathology slides of WT (A) and Tlr5-/- (B) mice 
72h post-infection (Original magnification 10x). 24, 48 and 72h after intranasal infection with 0.5 x 
102 CFU B.pseudomallei 1026b of WT (black bars) and Tlr5-/- mice (white bars) liver pathology was 
quantified as described in the Methods section (C). Plasma levels of aspartate aminotransferase 
(AST; D) and alanine aminotransferase (ALT; E) of WT and Tlr5-/- mice were determined at 24, 48 
and 72h after infection. Data represent mean ± SEM (n = 7-8 mice/group per time point). **P < 
0.01, ***P < 0.001 (Mann-Whitney U test). The star marks manifest necrosis.
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After having confirmed that purified flagellin of B. pseudomallei signals through 
TLR5 using HEK-Blue cells stably transfected with TLR5 (Figure 4A), we set out 
to determine the role of B. pseudomallei’s flagellin in our model. We assessed 
the in vitro virulence of the flagellin-lacking strain B.pseudomallei MM369 when 
compared to its parent strain 1026b. First, the cellular responsiveness of MH-S 
(murine alveolar macrophage) cells stimulated with both strains was determined. 
In MH-S cells the flagellin-lacking MM36 was slightly less potent in inducing 
inflammation 4h after infection when compared to 1026b, however this effect 
disappeared after 20h of stimulation (Figure 4B). Similar results were found in 
ex vivo experiments using naïve alveolar macrophages (AM) (data not shown). 
Next, to examine if the increased susceptibility of Tlr5-/- mice to B. pseudomallei 
was due to impaired flagellin-recognition, we infected WT and Tlr5-/- mice with 
5 x 102 CFU of the flagellin-lacking B. pseudomallei MM36. At predefined time 
points we sacrificed mice to investigate lung, whole blood and liver bacterial 
counts (Figures 4C-E). Similar to our previous experiments with the wild type 
strain B. pseudomallei 1026b, Tlr5-/- mice infected with B. pseudomallei MM36 
demonstrated higher bacterial loads in whole blood, liver and spleen (data 
not shown) when compared to controls. In addition, we determined cytokine 
levels in plasma, lung homogenate and BALF (Table 2). No differences were 
found in lung and BALF TNF-α and IL-6 levels. Pulmonary neutrophil-attracting 
KC levels were significantly lower at 24h post-infection in TLR5-deficient mice. 
In plasma, IFN-γ and MCP-1 levels were significantly higher in Tlr5-/- mice 72h 
post-infection with B. pseudomallei MM36 when compared to controls, which 
is in line with our observations in mice infected with B. pseudomallei 1026b. 
To assess the local and systemic inflammatory response more profoundly, lung 
and liver pathology was scored (Figures 4F and G) and we found again, similar 
to experiments using wild-type B. pseudomallei, that liver pathology was more 
severe in the Tlr5-/- mice when compared to WT mice. In concordance with the 
increased liver pathology, plasma levels of AST (357 U/L ± 66 versus 90 U/L ± 11; 
p < 0.05) and ALT (340 U/L ± 58 versus 47 U/L ± 5; p < 0.05) were higher in Tlr5-

/- mice 72h post-infection (Figures 4H and I). Taken together, these surprising 
results demonstrate that the protective effect of TLR5 in murine melioidosis is 
independent of B. pseudomallei’s flagellin. 

Protective effect of TLR5 during B. pseudomallei infection is flagellin independent
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Figure 3. Increased hepatic injury in TLR5 deficient mice compared to controls in experimental 
melioidosis. Representative photographs of liver pathology slides of WT (A) and Tlr5-/- (B) mice 
72h post-infection (Original magnification 10x). 24, 48 and 72h after intranasal infection with 0.5 x 
102 CFU B.pseudomallei 1026b of WT (black bars) and Tlr5-/- mice (white bars) liver pathology was 
quantified as described in the Methods section (C). Plasma levels of aspartate aminotransferase 
(AST; D) and alanine aminotransferase (ALT; E) of WT and Tlr5-/- mice were determined at 24, 48 
and 72h after infection. Data represent mean ± SEM (n = 7-8 mice/group per time point). **P < 
0.01, ***P < 0.001 (Mann-Whitney U test). The star marks manifest necrosis.
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After having confirmed that purified flagellin of B. pseudomallei signals through 
TLR5 using HEK-Blue cells stably transfected with TLR5 (Figure 4A), we set out 
to determine the role of B. pseudomallei’s flagellin in our model. We assessed 
the in vitro virulence of the flagellin-lacking strain B.pseudomallei MM369 when 
compared to its parent strain 1026b. First, the cellular responsiveness of MH-S 
(murine alveolar macrophage) cells stimulated with both strains was determined. 
In MH-S cells the flagellin-lacking MM36 was slightly less potent in inducing 
inflammation 4h after infection when compared to 1026b, however this effect 
disappeared after 20h of stimulation (Figure 4B). Similar results were found in 
ex vivo experiments using naïve alveolar macrophages (AM) (data not shown). 
Next, to examine if the increased susceptibility of Tlr5-/- mice to B. pseudomallei 
was due to impaired flagellin-recognition, we infected WT and Tlr5-/- mice with 
5 x 102 CFU of the flagellin-lacking B. pseudomallei MM36. At predefined time 
points we sacrificed mice to investigate lung, whole blood and liver bacterial 
counts (Figures 4C-E). Similar to our previous experiments with the wild type 
strain B. pseudomallei 1026b, Tlr5-/- mice infected with B. pseudomallei MM36 
demonstrated higher bacterial loads in whole blood, liver and spleen (data 
not shown) when compared to controls. In addition, we determined cytokine 
levels in plasma, lung homogenate and BALF (Table 2). No differences were 
found in lung and BALF TNF-α and IL-6 levels. Pulmonary neutrophil-attracting 
KC levels were significantly lower at 24h post-infection in TLR5-deficient mice. 
In plasma, IFN-γ and MCP-1 levels were significantly higher in Tlr5-/- mice 72h 
post-infection with B. pseudomallei MM36 when compared to controls, which 
is in line with our observations in mice infected with B. pseudomallei 1026b. 
To assess the local and systemic inflammatory response more profoundly, lung 
and liver pathology was scored (Figures 4F and G) and we found again, similar 
to experiments using wild-type B. pseudomallei, that liver pathology was more 
severe in the Tlr5-/- mice when compared to WT mice. In concordance with the 
increased liver pathology, plasma levels of AST (357 U/L ± 66 versus 90 U/L ± 11; 
p < 0.05) and ALT (340 U/L ± 58 versus 47 U/L ± 5; p < 0.05) were higher in Tlr5-

/- mice 72h post-infection (Figures 4H and I). Taken together, these surprising 
results demonstrate that the protective effect of TLR5 in murine melioidosis is 
independent of B. pseudomallei’s flagellin. 

Protective effect of TLR5 during B. pseudomallei infection is flagellin independent

Toll-like receptor 5 (TLR5) plays a flagellin-independent 
protective role during experimental melioidosis

83

Chapter

Boek.indd   83 03-05-16   13:28



4

Figure 4. TLR5’s protective role during experimental melioidosis is flagellin-independent
HEK-Blue cells stably transfected with TLR5 were stimulated with medium, increasing 
concentrations (1, 10 or 100 ng/ml) of flagellin of S. Typhimurium or B. pseudomallei 1026b 
for 20h after which OD was measured at 655 nm (A). The murine alveolar macrophage cell line 
MH-S was stimulated with medium, LPS of E. coli (100 ng/ml), heat-killed B. pseudomallei 1026b 
or MM36 (107 CFU/ml) for 4 and 20h, after which mTNF-α levels were measured (B). *P < 0.05 
compared to 1026b  (Kruskal-Wallis test, followed by separate Mann-Whitney U tests). WT (black 
bars) and Tlr5-/- mice (white bars) were intranasally infected with 0.5 x 102 CFU B. pseudomallei 
MM36, a flagellin-lacking mutant, and sacrificed at 24, 48 or 72h post-infection. Bacterial loads 
were determined in lung homogenates (C), blood (D) and liver (E). Lung (F) and liver (G) pathology 
was scored as described in the Methods section. Plasma aspartate aminotransferase (AST; H) 
and alanine aminotransferase (ALT; I) were measured at 24, 48 and 72h post-infection. Data are 
represented as mean ± SEM (n= 7-8 mice/ group per time point). *P < 0.05. **P <0.01. ***P < 0.001 
(Mann-Whitney U test).
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Figure 4. TLR5’s protective role during experimental melioidosis is flagellin-independent
HEK-Blue cells stably transfected with TLR5 were stimulated with medium, increasing 
concentrations (1, 10 or 100 ng/ml) of flagellin of S. Typhimurium or B. pseudomallei 1026b 
for 20h after which OD was measured at 655 nm (A). The murine alveolar macrophage cell line 
MH-S was stimulated with medium, LPS of E. coli (100 ng/ml), heat-killed B. pseudomallei 1026b 
or MM36 (107 CFU/ml) for 4 and 20h, after which mTNF-α levels were measured (B). *P < 0.05 
compared to 1026b  (Kruskal-Wallis test, followed by separate Mann-Whitney U tests). WT (black 
bars) and Tlr5-/- mice (white bars) were intranasally infected with 0.5 x 102 CFU B. pseudomallei 
MM36, a flagellin-lacking mutant, and sacrificed at 24, 48 or 72h post-infection. Bacterial loads 
were determined in lung homogenates (C), blood (D) and liver (E). Lung (F) and liver (G) pathology 
was scored as described in the Methods section. Plasma aspartate aminotransferase (AST; H) 
and alanine aminotransferase (ALT; I) were measured at 24, 48 and 72h post-infection. Data are 
represented as mean ± SEM (n= 7-8 mice/ group per time point). *P < 0.05. **P <0.01. ***P < 0.001 
(Mann-Whitney U test).
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Table 2. Compartmentalized cytokine responses in lung, broncho-alveolar lavage fluid (BALF) 
and plasma of WT and Tlr5-/- mice post-infection with flagellin-lacking B.pseudomallei MM36. 
Pulmonary, broncho-alveolar lavage fluid (BALF) and systemic cytokine levels after intranasal 
infection with 5 x 102 CFU of the flagella-lacking mutant B.	 pseudomallei	 MM36. Wild-type 
(WT) and Tlr5-/- mice were sacrificed 24 or 72h after infection. Data are means ± SEM of seven 
or eight mice per group per time point. TNF-a = Tumor necrosis factor-a; IL = Interleukin; KC = 
keratinocyte chemoattractant; IFN-g = Interferon-g; ND = not detectable.  * P < 0.05. *** P < 0.001 
(Mann-Whitney U test).

 T=	  24h T=72h 

pg/ml WT Tlr5-‐/-‐ WT Tlr5-‐/-‐ 

 Lung	  homogenate 

TNF-‐α  1328	  ±	  142 954	  ±	  180 4820	  ±	  1205 3837	  ±	  629 

IL-‐6 10030	  ±	  3071 8668	  ±	  1513 12489	  ±	  6622 31125	  ±	  8799 

KC 12634	  ±	  1460 2742	  ±	  401*** 15669	  ±	  6339 3638	  ±	  1319 

	   	   	   	   	  

 BALF 

TNF-‐α  729	  ±	  127 993	  ±	  138 10613	  ±	  3066 11694	  ±	  3199 

IL-‐6 925	  ±	  172 1373	  ±	  211 20890	  ±	  8197 29861	  ±	  8972 

KC 1433	  ±	  513 535	  ±	  138 20503	  ±	  12038 16984	  ±	  7700 

	   	   	   	   	  

 Plasma 

TNF-‐α  5	  ±	  1 3	  ±	  0* 76	  ±	  28 305	  ±	  119 

IL-‐6 253	  ±	  75 213	  ±	  65 2246	  ±	  973 4404	  ±	  1602 

IL-‐10 ND ND ND ND 

MCP-‐1 368	  ±	  28 187	  ±	  22 739	  ±	  300 4323	  ±	  1537* 

IFN-‐γ  30	  ±	  5 15	  ±	  2* 31	  ±	  9 301	  ±	  106* 
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curious by the fact that regardless of flagellin presence Tlr5-/- mice were more 
susceptible to B. pseudomallei infection, we decided to investigate this increased 
vulnerability more closely and performed the following set of experiments. First, 
to exclude a potential circulating – and unknown - TLR5 ligand we stimulated HEK-
TLR5 cells with plasma of mice that were either infected with B. pseudomallei 
1026b or MM36 and compared this with uninfected plasma (negative control) or 
direct flagellin stimulation (positive control). No other circulating TLR5 ligands 
could be detected in the plasma derived from infected mice (Figure 5A). It has 
been described that Tlr5-/- mice have a different composition of gut microbiota41-43 
and that vertical (parental) transmission and diet are major determinants of gut 
microbiota composition44,45. 
To investigate whether this could explain the observed phenotype, we first analyzed 
the gut microbiota of Tlr5-/- mice and their WT controls by IS-pro, a PCR-based 
profiling technique for high-throughput analysis which combines the differences of 
the 16S–23S rDNA interspace region length between bacterial species and direct 
taxonomic classification by phylum-specific fluorescent labelling of PCR primers31. 
We found significant differences in composition and diversity within the bacterial 
phyla Bacteroidetes and Firmicutes, in naive Tlr5-/- mice when compared to WT 
mice (S1 Figure).  In Tlr5-/- mice both phyla showed an overall lower diversity and 
more variation in diversity as compared to WT mice.
In order to functionally test the contribution of the gut microbiota in our model, we 
treated WT and Tlr5-/- mice with broad-spectrum antibiotics (ampicillin, neomycin, 
metronidazole and vancomycin) in their drinking water in order to deplete the 
gut microbiota for 3 weeks to deplete the gut microbiota using a standardized 
protocol30 prior to intranasal infection with 5 x 102 CFU B. pseudomallei 1026b. In 
line with our previous experiments, we found that TLR5 significantly impacts on 
the susceptibility of mice to B. pseudomallei (Figures 5B-D). However, this effect 
was gut microbiota dependent: antibiotic treatment of Tlr5-/- mice fully restored 
the impaired host defense during B. pseudomallei infection in terms of bacterial 
dissemination and inflammation (Figure 5). Antibiotic treatment led to bacterial 
counts both locally in the lung and systemically comparable to those in WT (blood 
and liver; Figure 5C and D). Correspondingly, systemic inflammation, determined 
by plasma TNF-α, IL-6,  MCP-1, IFN-γ and IL-12 levels 72h after infection, was 
significantly lower in Tlr5-/- mice in AB-treated mice versus non-treated mice (data 
not shown).  

Susceptibility of Tlr5-/- mice to infection is gut microbiota dependent Made

The early host response to B. pseudomallei infection is characterized by a 
coordinated series of effector functions that include cytokine production, killing 
and phagocytosis of the invading agent2. To obtain additional insights into the 
function of TLR5 in the host defense against B.	pseudomallei, we analyzed the 
requirement of TLR5 for cytokine production of isolated whole blood leukocytes, 
alveolar macrophages (AM) and bone-marrow derived macrophages (BMDM) 
upon stimulation with B. pseudomallei.  Stimulation of whole blood of Tlr5-/- mice 
with B. pseudomallei led to increased levels of pro-inflammatory cytokines, such 
as TNF-α (Figure 6A) and IL-6 (data not shown), compared to controls. Flagellin 
was only a weak stimulus of whole blood. In contrast, TLR5-deficient AM and 
BMDM released equal amounts of TNF-α upon 4 or 20h of stimulation with B. 
pseudomallei compared to WT cells (Figure 6B and C). Having thus found that TLR5 
only partially contributes to cellular responsiveness to B.	pseudomallei	in	vitro,	

Impaired phagocytosis of B. pseudomallei in TLR5-deficient macrophages
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curious by the fact that regardless of flagellin presence Tlr5-/- mice were more 
susceptible to B. pseudomallei infection, we decided to investigate this increased 
vulnerability more closely and performed the following set of experiments. First, 
to exclude a potential circulating – and unknown - TLR5 ligand we stimulated HEK-
TLR5 cells with plasma of mice that were either infected with B. pseudomallei 
1026b or MM36 and compared this with uninfected plasma (negative control) or 
direct flagellin stimulation (positive control). No other circulating TLR5 ligands 
could be detected in the plasma derived from infected mice (Figure 5A). It has 
been described that Tlr5-/- mice have a different composition of gut microbiota41-43 
and that vertical (parental) transmission and diet are major determinants of gut 
microbiota composition44,45. 
To investigate whether this could explain the observed phenotype, we first analyzed 
the gut microbiota of Tlr5-/- mice and their WT controls by IS-pro, a PCR-based 
profiling technique for high-throughput analysis which combines the differences of 
the 16S–23S rDNA interspace region length between bacterial species and direct 
taxonomic classification by phylum-specific fluorescent labelling of PCR primers31. 
We found significant differences in composition and diversity within the bacterial 
phyla Bacteroidetes and Firmicutes, in naive Tlr5-/- mice when compared to WT 
mice (S1 Figure).  In Tlr5-/- mice both phyla showed an overall lower diversity and 
more variation in diversity as compared to WT mice.
In order to functionally test the contribution of the gut microbiota in our model, we 
treated WT and Tlr5-/- mice with broad-spectrum antibiotics (ampicillin, neomycin, 
metronidazole and vancomycin) in their drinking water in order to deplete the 
gut microbiota for 3 weeks to deplete the gut microbiota using a standardized 
protocol30 prior to intranasal infection with 5 x 102 CFU B. pseudomallei 1026b. In 
line with our previous experiments, we found that TLR5 significantly impacts on 
the susceptibility of mice to B. pseudomallei (Figures 5B-D). However, this effect 
was gut microbiota dependent: antibiotic treatment of Tlr5-/- mice fully restored 
the impaired host defense during B. pseudomallei infection in terms of bacterial 
dissemination and inflammation (Figure 5). Antibiotic treatment led to bacterial 
counts both locally in the lung and systemically comparable to those in WT (blood 
and liver; Figure 5C and D). Correspondingly, systemic inflammation, determined 
by plasma TNF-α, IL-6,  MCP-1, IFN-γ and IL-12 levels 72h after infection, was 
significantly lower in Tlr5-/- mice in AB-treated mice versus non-treated mice (data 
not shown).  
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The early host response to B. pseudomallei infection is characterized by a 
coordinated series of effector functions that include cytokine production, killing 
and phagocytosis of the invading agent2. To obtain additional insights into the 
function of TLR5 in the host defense against B.	pseudomallei, we analyzed the 
requirement of TLR5 for cytokine production of isolated whole blood leukocytes, 
alveolar macrophages (AM) and bone-marrow derived macrophages (BMDM) 
upon stimulation with B. pseudomallei.  Stimulation of whole blood of Tlr5-/- mice 
with B. pseudomallei led to increased levels of pro-inflammatory cytokines, such 
as TNF-α (Figure 6A) and IL-6 (data not shown), compared to controls. Flagellin 
was only a weak stimulus of whole blood. In contrast, TLR5-deficient AM and 
BMDM released equal amounts of TNF-α upon 4 or 20h of stimulation with B. 
pseudomallei compared to WT cells (Figure 6B and C). Having thus found that TLR5 
only partially contributes to cellular responsiveness to B.	pseudomallei	in	vitro,	

Impaired phagocytosis of B. pseudomallei in TLR5-deficient macrophages

Figure 5. Antibiotic treatment of Tlr5-/- mice restores impaired bacterial clearance during B. 
pseudomallei infection. HEK-Blue cells, stably transfected with TLR5 were stimulated for 20h 
with medium (negative control), flagellin of S. Typhimurium (positive control) or plasma of B. 
pseudomallei (1026b)-infected WT or Tlr5-/- mice (A). TLR5 activity was measured as optical 
density (OD) (n = 4/group). 
WT (black circles) and Tlr5-/-mice (white circles) were pre-treated with broad-spectrum antibiotics 
(ampicillin, neomycin, metronidazole and vancomycin in their drjnking water) for 3 weeks to 
eradicate the gut microbiota prior to be intranasally infected with 5 x 102 CFU B. pseudomallei 
1026b. At 72h post-infection mice were sacrificed and bacterial loads were determined in lung 
homogenate (B), blood (C) and liver (D). All data are represented as mean ± SEM and pooled from 
2 experiments (n = 12-16 mice/group). A Mann-Whitney U test was performed when 2 groups 
were compared, when more than 2 groups were compared initially a Kruskal-Wallis test was 
performed. **P < 0.01, ***P< 0.001, compared to WT mice.
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we finally wished to determine if TLR5 plays a role in killing and/or phagocytosis 
of B. pseudomallei.  Both WT and TLR5-deficient macrophages did effectively 
kill B. pseudomallei for >99% (data not shown).  However, TLR5-deficient 
macrophages showed an impairment to internalize bacteria. Tlr5-/- macrophages 
demonstrated a markedly diminished capacity to phagocytose B. pseudomallei 
(Figure 6D). In summary, the observed impaired flagellin independent, but gut 
microbiota dependent antibacterial defense of Tlr5-/- mice in B. pseudomallei 
infection, characterized by increased bacterial loads and dissemination, might 
be partially explained by a diminished phagocytic capacity of TLR5-deficient 
macrophages, This potential mechanism has been described previously by our 
group46.

Figure 6. Decreased phagocytosis and intracellular killing capacity of TLR5 deficient BMDM 
Whole blood (A), alveolar macrophages (AM) (B) and bone-marrow derived macrophages 
(BMDM) (C) of WT and Tlr5-/- mice were stimulated with medium, flagellin of S. Typhimurium (100 
ng/ml) or heat-killed wild type B. pseudomallei 1026b (107 CFU/ml or a MOI of 50). Supernatant 
was collected after 20h of stimulation and assayed for mTNF-α. Additionally, BMDM of WT and 
Tlr5-/-mice were incubated at 37°C with CFSE labeled heat-killed B. pseudomallei 1026b after 
which phagocytosis was determined at t=30 and 60 min, as described in the Methods section (D). 
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we finally wished to determine if TLR5 plays a role in killing and/or phagocytosis 
of B. pseudomallei.  Both WT and TLR5-deficient macrophages did effectively 
kill B. pseudomallei for >99% (data not shown).  However, TLR5-deficient 
macrophages showed an impairment to internalize bacteria. Tlr5-/- macrophages 
demonstrated a markedly diminished capacity to phagocytose B. pseudomallei 
(Figure 6D). In summary, the observed impaired flagellin independent, but gut 
microbiota dependent antibacterial defense of Tlr5-/- mice in B. pseudomallei 
infection, characterized by increased bacterial loads and dissemination, might 
be partially explained by a diminished phagocytic capacity of TLR5-deficient 
macrophages, This potential mechanism has been described previously by our 
group46.

Figure 6. Decreased phagocytosis and intracellular killing capacity of TLR5 deficient BMDM 
Whole blood (A), alveolar macrophages (AM) (B) and bone-marrow derived macrophages 
(BMDM) (C) of WT and Tlr5-/- mice were stimulated with medium, flagellin of S. Typhimurium (100 
ng/ml) or heat-killed wild type B. pseudomallei 1026b (107 CFU/ml or a MOI of 50). Supernatant 
was collected after 20h of stimulation and assayed for mTNF-α. Additionally, BMDM of WT and 
Tlr5-/-mice were incubated at 37°C with CFSE labeled heat-killed B. pseudomallei 1026b after 
which phagocytosis was determined at t=30 and 60 min, as described in the Methods section (D). 
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In this study we show that TLR5 deficiency leads to increased bacterial loads, 
distant organ damage and impaired survival in experimental melioidosis. Strikingly, 
susceptibility to B. pseudomallei was flagellin-independent as demonstrated by 
the results obtained when WT and Tlr5-/- mice were infected with the flagellin-
lacking MM36. Instead, we found –through eradication by antibiotic treatment- 
that the gut microbiota plays a crucial role in the increased susceptibility of Tlr5-

/- mice. Further ex vivo experiments showed that TLR5-deficient macrophages 
display a markedly impaired phagocytosis of B. pseudomallei. These data are 
the first to demonstrate the functional in vivo role of TLR5 during melioidosis in 
terms of bacterial dissemination and inflammation and give a mechanistic insight 
into how TLR5 impacts the dissemination of B. pseudomallei during infection. 
 
TLR5 is the twenty-fifth most up-regulated gene of all 48,803 genes that were 
analyzed in the event of melioidosis22. Correspondingly, protein expression 
data show that TLR5 is the most abundantly expressed TLR in patients with 
melioidosis, even more so than TLR2 and TLR419. Given the fact that pneumonia 
with bacterial dissemination to distant body sites is a common presentation 
of melioidosis1,2,47 we used our well-established murine model of pneumonia-
derived melioidosis19,26,48 and found increased expression of TLR5 in liver 
tissue of WT mice 72h post-infection. Unexpectedly, we observed decreased 
pulmonary TLR5 expression. TLR5 is already abundantly expressed in lung tissue 
of uninfected mice49, but might be down-regulated as a result of stimulation of 
other TLRs, such as TLR240,50. Less pulmonary TLR5-expression could also lead 
to less invasion of the local epithelial cells and/or an unfavorable diminished 
early immune response, leaving more room for B. pseudomallei to thrive. 
 
To elucidate the role of TLR5 in the induction of antibacterial host defense, we 
infected WT and Tlr5-/- mice and found that TLR5-deficient mice were significantly 
more susceptible to B. pseudomallei infection as reflected by higher mortality, 
increased bacterial loads and more severe distant organ damage. 

TLR5 has previously shown to be involved in neutrophil recruitment in the 
lungs activation and local pulmonary cytokine responses to flagellin and 
flagellated bacteria 40,51-53, however we did not find an impaired neutrophilic 
influx in Tlr5-/- mice, either upon infection with B. pseudomallei 1026b or MM36. 
We confirmed that flagellin of B. pseudomallei does signal via TLR5 by stimulating 
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HEK-TLR5 cells with purified flagellin of B. pseudomallei. Furthermore, our study 
sheds new light into the ongoing debate of flagellin as a virulence factor of B. 
pseudomallei8,9,13,14. In our model of pneumonia derived melioidosis we did 
not observe differences in bacterial counts or inflammation when comparing 
WT mice infected with B. pseudomallei 1026b or the flagellin-lacking strain 
MM36. Similarly, we did not notice differences in cellular responsiveness of 
MH-S cells, alveolar macrophages or BMDM after stimulation with both strains 
(data not shown). In contrast, earlier reports found diminished virulence of 
flagellin-mutants when compared to their parent strain11-15. Differences in the B. 
pseudomallei parent strain, mouse strains and infection model should be taken 
into account when comparing these results. Lastly, it should be noted that – 
in addition to TLR5 – flagellin can also be recognized by the nod-like receptor 
NLRC418,54. NLRC4 can recognize cytoplasmically delivered flagellin and has been 
associated with the regulation of pyroptosis in experimental melioidosis55. TLR5 
and NLRC4 expression are induced as part of the type 1 interferon and TNF-α 
response; both pathways are prominent in the host response to melioidosis as is 
evidenced by earlier work demonstrating that mice lacking TLR5 or NLRC4 display 
increased mortality in experimental melioidosis22,36,56. The presence of NLRC4 
might in part explain why the phenotype of Tlr5-/-mice is flagellin independent.  
 
Since it has been described that Tlr5-/-mice have a different composition of 
gut microbiota41,42, we have analyzed the gut microbiota  and found that 
TLR5-deficient mice exhibit a less diverse microbiota. The basal inflammatory 
phenotype was not different between WT and Tlr5-/-mice: body weight, colon 
weight and serum amyloid A levels did not differ between strains which is in 
line with a previous report (data not shown)57. However, mechanistic studies 
in which we treated mice with broad-spectrum antibiotics prior to infection in 
order to eradicate the gut microbiota using a standardized protocol30 revealed 
that the observed increased susceptibility to B. pseudomallei infection of Tlr5-

/- mice disappeared after antibiotic treatment. This not only demonstrates that 
our observed phenotype is gut microbiota dependent but also contributes to the 
recent body of evidence that reveal the profound differences in gut microbiota 
composition between WT and TLR mutant mouse strains that could contribute to 
observed phenotypes; familial transmission associated with long-term breeding 
of isolated mouse colonies rather than a defective innate immunity most likely 
accounts for these marked compositional differences in gut microbiota43. 

We like to thank Marieke ten Brink, Joost Daalhuisen en Regina de Beer (Center 
for Experimental and Molecular Medicine) for their expert technical assistance.  
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HEK-TLR5 cells with purified flagellin of B. pseudomallei. Furthermore, our study 
sheds new light into the ongoing debate of flagellin as a virulence factor of B. 
pseudomallei8,9,13,14. In our model of pneumonia derived melioidosis we did 
not observe differences in bacterial counts or inflammation when comparing 
WT mice infected with B. pseudomallei 1026b or the flagellin-lacking strain 
MM36. Similarly, we did not notice differences in cellular responsiveness of 
MH-S cells, alveolar macrophages or BMDM after stimulation with both strains 
(data not shown). In contrast, earlier reports found diminished virulence of 
flagellin-mutants when compared to their parent strain11-15. Differences in the B. 
pseudomallei parent strain, mouse strains and infection model should be taken 
into account when comparing these results. Lastly, it should be noted that – 
in addition to TLR5 – flagellin can also be recognized by the nod-like receptor 
NLRC418,54. NLRC4 can recognize cytoplasmically delivered flagellin and has been 
associated with the regulation of pyroptosis in experimental melioidosis55. TLR5 
and NLRC4 expression are induced as part of the type 1 interferon and TNF-α 
response; both pathways are prominent in the host response to melioidosis as is 
evidenced by earlier work demonstrating that mice lacking TLR5 or NLRC4 display 
increased mortality in experimental melioidosis22,36,56. The presence of NLRC4 
might in part explain why the phenotype of Tlr5-/-mice is flagellin independent.  
 
Since it has been described that Tlr5-/-mice have a different composition of 
gut microbiota41,42, we have analyzed the gut microbiota  and found that 
TLR5-deficient mice exhibit a less diverse microbiota. The basal inflammatory 
phenotype was not different between WT and Tlr5-/-mice: body weight, colon 
weight and serum amyloid A levels did not differ between strains which is in 
line with a previous report (data not shown)57. However, mechanistic studies 
in which we treated mice with broad-spectrum antibiotics prior to infection in 
order to eradicate the gut microbiota using a standardized protocol30 revealed 
that the observed increased susceptibility to B. pseudomallei infection of Tlr5-

/- mice disappeared after antibiotic treatment. This not only demonstrates that 
our observed phenotype is gut microbiota dependent but also contributes to the 
recent body of evidence that reveal the profound differences in gut microbiota 
composition between WT and TLR mutant mouse strains that could contribute to 
observed phenotypes; familial transmission associated with long-term breeding 
of isolated mouse colonies rather than a defective innate immunity most likely 
accounts for these marked compositional differences in gut microbiota43. 

4

Since macrophages play a central role in any attempt to successfully clear an 
infection with B. pseudomallei6,58, we investigated the impact of TLR5 deficiency 
on its cellular functions. Although TLR5 did not play a major role in the in vitro 
cellular responsiveness of murine alveolar macrophages and BMDM towards B. 
pseudomallei, we did find that TLR5-deficient macrophages were significantly 
less capable to phagocytose B. pseudomallei when compared to WT cells. This 
in correspondence with the work of Descamps et al. who demonstrated that 
phagocytosis of P. aeruginosa by TLR5-deficient macrophages is impaired59. 
Our results give a mechanistic insight into the events following B. pseudomallei 
infection via the airways and extend our understanding of the role of TLR5 
in the defense against this important pathogen. Caution however is needed 
when extrapolating these data from mouse experiments to human disease. 
In contrast to mice, human carriers of a non-functional TLR5 polymorphism 
are in fact protected against death from melioidosis60. In this respect it is of 
interest that human non-functional TLR5 leads to a higher susceptibility to 
invasive aspergillosis61, recurrent urinary tract infections62 and Legionnaire’s 
disease63. Murine models like the one used here make use of a homogenous 
group of experimental animals, sex, and (relatively young) age exposed to a well-
controlled bacterial challenge, whereas patients form a heterogeneous group in 
which multiple factors modify disease outcome, including extent of pathogen 
exposure, older age, co-morbidities, co-medications, and genetic composition. 
Despite these caveats, the present study now describes the possible role 
of TLR5 in the host response in a clinically relevant model of melioidosis. 
 
In conclusion, these data suggest that the detrimental effect of TLR5-deficiency 
in pulmonary B. pseudomallei infection is not flagellin, but gut microbiota-
dependent and impacts on macrophage phagocytosis. Interventions to modulate 
TLR5 function are being designed for experimental pneumonia64. Manipulation 
of TLR5 function might be a target for immunomodulation in septic melioidosis.
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WT and Tlr5-/- mice were infected with 5 × 102 colony 

RT-PCRs were performed on cDNA samples that were 4-fold 

Lungs were scored for affected surface, 

Supplementary material

forming units (CFUs) /50 μL B. pseudomallei strain 1026b or flagellin-lacking 
MM36. In additional experiments, mice were pre-treated with antibiotics. 24,48 
or 72 hours after infection, mice were sacrificed and organs, blood and broncho-
alveolar  fluid (BALF) were harvested. 
Blood was obtained from the inferior vena cava. Broncho-alveolar lavage 
(BAL) was performed by instilling two 0.5 ml aliquots of sterile saline into the 
trachea1,2. Lung, spleen and liver were harvested and homogenized in four 
volumes of sterile isotonic saline. For bacterial quantification blood, BALF 
fluid (BALF) and organ homogenates were serially diluted by 10-fold in sterile 
isotonic saline and plated onto sheep-blood agar plates. Following overnight 
incubation at 37°C at 5% CO2 CFUs were counted. For cytokine measurements, 
homogenates were diluted 1:1 with lysis buffer (300 mM NaCl, 30 mM Tris, 2 
mM MgCl2, 2 mM CaCl2, 1% (v/v) Triton X-100, pH 7.4) with protease inhibitor 
mix (Complete protease inhibitor cocktail tablets, Roche) and incubated for 30 
min on ice, followed by centrifugation at 680 g for 10 min. Supernatants were 
stored at -20°C until analyses. 

diluted in H2O using FastStart DNA Master SYBR Green I (Roche in a 
LightCycler apparatus (Roche). The used primers for murine TLR5 were 
5’-ACCACACTTCAGCAGGATCA-3’ and 5’-ATCCAGGGAATCTGGGTGA-33. 
PCR conditions were as follows: 5 min at 95°C, 40 cycles of amplification (95°C 
for 15 s, 60°C for 5 s, and 72°C for 20 s). For quantification, standard curves 
were constructed by PCR on serial dilutions of concentrated cDNA; data were 
analyzed using LightCycler software as described by the manufacturer.

necrosis and/or formation of abscess, interstitial inflammation, endothelialitis, 
bronchitis, edema, thrombus formation, and pleuritis on a scale of 0 (absent) 
to 4 (most severe). The maximum lung pathology score was 32. Spleen and 
liver sections were scored on inflammation, necrosis/abscess formation, and 
thrombus formation using the scale given above. The maximum total spleen or 
liver inflammation score was 124,5. 

Mice experiments

PCR conditions

Histology and immunohistology
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and Tlr5-/- mice (n=8) was obtained through a caval punction. 50 µl of blood was 
transferred to designated wells of a 96-well V-bottom plate (Greiner Bio-one) 
and stimulated with 50 µl of medium (RPMI 1640), flagellin of S. Typimurium 
(100 ng/ml) (Invivogen, San Diego, CA, USA) or heat-killed B.pseudomallei strain 
1026b (107 colony forming units (CFU)/ml). After 20 hours at 37 °C and 5% CO2 air, 
plates were centrifuged at 1250 RPM for 5 min and supernatants were harvested 
and stored at -20°C until assayed for mTNF- α or IL-6. 
In addition, AM (2 x 104/well) and BMDM (5x 104 cells/well) were stimulated 
after overnight incubation. They were washed with medium and stimulated at 
37 °C and 5% CO2 air with medium, flagellin of S.	Typhimurium (100 ng/ml) or 
heat-killed B.pseudomallei 1026b (MOI 50). At 20h of stimulation, supernatants 
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macrophages. Total cell numbers were calculated using a haemocytometer. Cells 
were resuspended in RPMI 1640 (Life technologies, Bleiswijk, the Netherlands) 
containing 1 mM pyruvate, 2 mM L-glutamine, penicillin/ streptomycin (100 
units penicillin, 100 g streptomycin) and 10% FCS (Life technologies) at a final 
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(Greiner Bio-one).
BMDM were harvested as described previously6.
Tibias and femurs were aseptically removed from WT or Tlr5-/- mice, washed in 
70% ethanol en sterile PBS. Hereafter, the bone ends were cut and  they were 
flushed with sterile PBS. Next, the obtained cell suspension was centrifugated 
at 200 ×g for 10 minutes and the pellet was resuspended in serum-free 
medium (BM medium); RPMI 1640 containing 5% Panexin BMM® (PAN Biotech, 
Aidenbach, Germany), 50 µM β-mercaptoethanol (Sigma-Aldrich, Zwijndrecht, 
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murine GM-CSF (MT diagnostics, Breda, the Netherlands) before being seeded 
in three 75 mm2 flasks (Greiner Bio-one, Alphen a/d Rijn, the Netherlands).  
Cells were incubated at 37°C in 5% CO2 air and fed on day 5 and 7. Cells were 
harvested on day 10 or at indicated time points for further experiments. Cells 
were washed with PBS and counted by haemocytometer, before being seeded 
at the required concentration.
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To assess intracellular killing, BMDM were 

were harvested and stored at -20°C until assayed for mTNF-α and IL-6. 
For supplementary experiments, we used the murine alveolar macrophage cell 
line MH-S (ATCC, Manassas, VA, USA), seeded at a concentration of 106/ml in a 
96-well plate and stimulated the cells with medium, lipopolysaccharide (LPS) of 
E.coli (Invivogen) (100 ng/ml), heat-killed B. pseudomallei 1026b or MM36 (107 
CFU/ml) for 4 and 20h. The harvested supernatants were stored at -20°C until 
assayed for mTNF-α.

seeded in 96–well plates at 1x105 cells/100 µl and were left to attach for 3 hours 
at 37 °C in 5% CO2 air. The BMDM were then washed with medium and stimulated 
overnight with E. coli LPS (100 ng/ml). The following day, BMDM were washed 
twice with fresh medium and infected with to log-phase grown B.pseudomallei 
1026b (MOI 40) for 20 minutes at 37°C in 5% CO2 air, after which they were 
washed twice again and incubated with kanamycin 250µg/ml for 30 minutes at 
37 °C in 5% CO2 air 6. This was t=0h. BMDM were washed twice with sterile PBS 
and subsequently lysed with 0.1% Triton-X 100 (Sigma-Aldrich) for 5 minutes at 
selected time points 7Appropriate dilutions of these lysates were plated onto 
blood-agar plates and incubated at 37 °C for 24–48 h before colony counts were 
performed.  Phagoctyosis was performed as described 8. In short, BMDM (5 x 104 
cells/well) were stimulated with heat-killed, FITC-labeled B. pseudomallei (MOI 
100) for 30 and 60 min at 37 °C, after which they were washed twice with ice-
cold PBS 1x. BMDM were then suspended in 100 μl FACS buffer and quenched 
with 50 μl Trypan blue for 1 minute, followed by washing with FACS-buffer. 
Samples were analyzed directly after sample collection by flow cytometry using 
Flowjo®. Control wells were kept at 4 °C and their values were subtracted from 
the sample values. 

Bacterial killing and phagocytosis

4

murine TLR5 (HEK-Blue™-TLR5) (Invivogen) and their naked parent cell line 
HEK-Blue™-Null were cultured according to manufacturer’s instructions in 
DMEM 4.5 g/l glucose (Life technologies), 10% FCS, 50 U/ml penicillin, 50 mg/
ml streptomycin, 100 mg/ml Normocin™ and 2mM L-glutamine. Cells were 
stimulated with medium, flagellin of S.	 typhimurium (1-100 ng/ml) or flagellin 
of B. pseudomallei 1026b (1-100 ng/ml). In selected experiments, HEK-Blue™-
Null and HEK-Blue™-TLR5 were incubated with plasma of mice infected with 
B.pseudomallei 1026b or MM36 to assess the presence of circulating TLR5 
ligands in the systemic compartment during experimental melioidosis. At 20 
hours post-stimulation, levels of secreted embryonic alkaline phosphatase 
(SEAP) were determined by spectrophotometer at 650 nm. 

Human embryonic kidney (HEK)-cells 
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Figure S1 : Different gut microbiome diversity in Tlr5-/- mice.
IS-pro analysis of the gut microbiome was performed on faeces samples of  uninfected and 
infected WT and Tlr5-/- mice (n=8/group) .
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Triggering receptor expressed on myeloid cells (TREM) -1 and TREM-2 are key 
regulators of the inflammatory response that are involved in the clearance 
of invading pathogens. Melioidosis, caused by the “Tier 1” biothreat agent 
Burkholderia	 pseudomallei, is a common form of community-acquired sepsis 
in Southeast-Asia. TREM-1 has been suggested as a biomarker for sepsis and 
melioidosis. We aimed to characterize the expression and function of TREM-1 
and TREM-2 in melioidosis. 
Wild-type, TREM-1/3 (Trem-1/3-/-) and TREM-2 (Trem-2-/-) deficient mice were 
intranasally infected with live B. pseudomallei and killed after 24, and/or 72 h 
for the harvesting of lungs, liver, spleen, and blood. Additionally, survival studies 
were performed. Cellular functions were further analyzed by stimulation and/or 
infection of isolated cells. 
TREM-1 and TREM-2 expression was increased both in the lung and liver of 
B.pseudomallei-infected mice. Strikingly, Trem-2-/-, but not Trem-1/3-/-, mice 
displayed a markedly improved host defense as reflected by a strong survival 
advantage together with decreased bacterial loads, less inflammation and 
reduced organ injury.  Cellular responsiveness of TREM-2, but not TREM-1, 
deficient blood and bone-marrow derived macrophages (BMDM) was diminished 
upon exposure to B. pseudomallei. Phagocytosis and intracellular killing of B. 
pseudomallei by BMDM and alveolar macrophages were TREM-1 and TREM-2-
independent. 
We found that TREM-2, and to a lesser extent TREM-1, plays a remarkable 
detrimental role in the host defense against a clinically relevant Gram-negative 
pathogen: TREM-2 deficiency restricts the inflammatory response, thereby 
decreasing organ damage and mortality. 

Abstract

5

In sepsis, defined as a deregulated host response to a life-threatening infection, 
a careful balance between inflammatory and anti-inflammatory responses is 
vital1-3. Pathogen- or danger-associated molecular patterns are recognized by 
intracellular sensory complexes and cell surface receptors expressed on innate 
immune cells that can initiate the inflammatory and anti-microbial response. 
Well-known examples of these pattern recognition receptors (PRRs) are the Toll-
like receptor (TLR), nucleotide-oligomerization domain-like receptor (NLR) and 
C-type lectin receptor (CLR) families4.

 A more recently discovered group of innate immune receptors are the membrane-
bound triggering receptors expressed on myeloid cells (TREMs), which act as key 
modulators, rather than as initiators, of the inflammatory response5-7. 
TREM-1 and TREM-2 are the most studied members of the TREM-family, however 
their exact role in the pathogenesis of sepsis remains ill-defined. Upon recognition 
of partially still unspecified ligands, both receptors phosphorylate the adaptor 
molecule DNAX adaptor protein 12 (DAP12) after which the cellular response 
is initiated8,9. Only recently, binding of TREM-1 to a complex of peptidoglycan 
recognition protein 1 (PGLYRP1) and bacterially derived peptidoglycan has been 
demonstrated10. TREM-1 is expressed on neutrophils and monocyte subsets11 
and amplifies pro-inflammatory TLR-mediated responses in vitro 12. There are 
conflicting reports on the role of TREM-1 in in vivo infection models. TREM-1 
deficiency impaired bacterial clearance in a model of Klebsiella	 pneumonia-
induced liver abscess formation13, pneumococcal14  and Pseudomonas (P.) 
aeruginosa pneumonia15. However, blocking TREM-1 with an analogue synthetic 
peptide derived from the extracellular moiety of TREM-1 (LP17) actually improved 
survival during gram-negative sepsis16 and endotoxaemia17. Interestingly, in 
a murine pneumonia model of Legionella pneumonia no impact of TREM-1 
deficiency was found on bacterial clearance or neutrophil influx towards the 
primary site of infection18. 
TREM-2 is primarily expressed on macrophages, dendritic cells, microglia and 
osteoclasts 19-22 and has been suggested to bind to bacterial lipopolysaccharide 
(LPS) and lipotechoic acid 23. In contrast to TREM-1, TREM-2 acts as a negative 
regulator of inflammatory responses in macrophages and dendritic cells19,21. 
In addition, TREM-2 is involved in phagocytosis 24,25 and killing of bacteria 
by macrophages26. Blocking TREM-2 in vivo by a recombinant protein in a 
polymicrobial sepsis model revealed that TREM-2 is required for bacterial 
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In sepsis, defined as a deregulated host response to a life-threatening infection, 
a careful balance between inflammatory and anti-inflammatory responses is 
vital1-3. Pathogen- or danger-associated molecular patterns are recognized by 
intracellular sensory complexes and cell surface receptors expressed on innate 
immune cells that can initiate the inflammatory and anti-microbial response. 
Well-known examples of these pattern recognition receptors (PRRs) are the Toll-
like receptor (TLR), nucleotide-oligomerization domain-like receptor (NLR) and 
C-type lectin receptor (CLR) families4.

 A more recently discovered group of innate immune receptors are the membrane-
bound triggering receptors expressed on myeloid cells (TREMs), which act as key 
modulators, rather than as initiators, of the inflammatory response5-7. 
TREM-1 and TREM-2 are the most studied members of the TREM-family, however 
their exact role in the pathogenesis of sepsis remains ill-defined. Upon recognition 
of partially still unspecified ligands, both receptors phosphorylate the adaptor 
molecule DNAX adaptor protein 12 (DAP12) after which the cellular response 
is initiated8,9. Only recently, binding of TREM-1 to a complex of peptidoglycan 
recognition protein 1 (PGLYRP1) and bacterially derived peptidoglycan has been 
demonstrated10. TREM-1 is expressed on neutrophils and monocyte subsets11 
and amplifies pro-inflammatory TLR-mediated responses in vitro 12. There are 
conflicting reports on the role of TREM-1 in in vivo infection models. TREM-1 
deficiency impaired bacterial clearance in a model of Klebsiella	 pneumonia-
induced liver abscess formation13, pneumococcal14  and Pseudomonas (P.) 
aeruginosa pneumonia15. However, blocking TREM-1 with an analogue synthetic 
peptide derived from the extracellular moiety of TREM-1 (LP17) actually improved 
survival during gram-negative sepsis16 and endotoxaemia17. Interestingly, in 
a murine pneumonia model of Legionella pneumonia no impact of TREM-1 
deficiency was found on bacterial clearance or neutrophil influx towards the 
primary site of infection18. 
TREM-2 is primarily expressed on macrophages, dendritic cells, microglia and 
osteoclasts 19-22 and has been suggested to bind to bacterial lipopolysaccharide 
(LPS) and lipotechoic acid 23. In contrast to TREM-1, TREM-2 acts as a negative 
regulator of inflammatory responses in macrophages and dendritic cells19,21. 
In addition, TREM-2 is involved in phagocytosis 24,25 and killing of bacteria 
by macrophages26. Blocking TREM-2 in vivo by a recombinant protein in a 
polymicrobial sepsis model revealed that TREM-2 is required for bacterial 

Introduction

Triggering receptor expressed on myeloid cells 
(TREM)-2 impairs host defense in melioidosis

5

107

Chapter

Boek.indd   107 03-05-16   13:28



clearance and improves survival27. In contrast, TREM-2 plays a detrimental role 
during pneumococcal pneumonia25.

Melioidosis, considered to be an excellent model for Gram-negative sepsis, 
is caused by the Tier 1 biological treat agent Burkholderia	 pseudomallei28,29. 
Melioidosis is characterized by pneumonia and abscess formation and an 
important cause of community-acquired sepsis in Southeast Asia and Northern 
Australia28. The high mortality rate, that can approach 40%, and the emerging 
antibiotic resistance of B.pseudomallei30 emphasize the need to better 
understand the pathogenesis of melioidosis, which could ultimately lead to 
novel  treatment strategies. We previously found increased soluble (s) TREM-1 
plasma levels and TREM-1 surface expression on monocytes of patients with 
melioidosis31, suggesting an important role for TREM-1 in the host defense against 
B. pseudomallei.  Treatment with a peptide mimicking a conserved-domain 
of sTREM-1 partially protected mice from B. pseudomallei induced lethality31. 
 
In this study we now examine the role of TREM-1 and TREM-2 during 
experimental melioidosis, utilizing recently generated Trem-1/3-deficient (Trem-
1/3-/-)15 and Trem-2-deficient (Trem-2-/-) mice19 to determine their contribution 
to the host response against B. pseudomallei. We hypothesized that TREM-
1 deficiency would decrease inflammation and improve survival during 
experimental melioidosis while TREM-2 deficiency would instead lead towards 
increased inflammation and a worsened survival. Unexpectedly however, we 
found that TREM-2, but not TREM-1, plays an important detrimental role during 
melioidosis. TREM-2 deficiency improves survival of B. pseudomallei infected 
mice, by limiting inflammation and organ damage. These data identify TREM-2 
as a potential treatment target for sepsis caused by B. pseudomallei.

5

were purchased from Charles River (Leiden, The Netherlands). Trem-1/3-/-6,14 and 
Trem-2-/-19 mice were backcrossed >97% to a C57BL/6 genetic background. The 
Animal Care and Use of Committee of the University of Amsterdam approved 
all experiments (DIX102273), which adhered to European legislation (Directive 
2010/63/EU).

intranasal inoculation with 5 × 102 colony forming units (CFU) of B. pseudomallei 
strain 1026b (a clinical isolate) as described32-34. For survival experiments mice 
were observed 4-6 times daily, up to 14 days post-infection. Sample harvesting, 
processing, and determination of bacterial growth were performed as 
described33,34.  Chemo- and cytokine levels were determined in plasma, lung and 
liver. Distant organ damage was more closely assessed by plasma transaminases, 
lactate dehydrogenase (LDH) and blood urea nitrogen (BUN) levels.

were stained with haematoxylin and eosin and analyzed for inflammation and 
tissue damage, as described previously14,34. Granulocyte (Ly6G) staining was 
done exactly as described previously35.

phages (AM) and bone-marrow derived macrophages (BMDM) were harvested 
from naïve WT and Trem1/3-/- and Trem-2-/- mice as described34,36,37 and 

RNA mini kit (Bioline, Taunton, MA, USA), treated with DNase (Bioline) and 
reverse transcribed using an oligo(dT) primer and Moloney murine leukemia 
virus RT (Promega, Madison, WI, USA). Primers and RT-PCR conditions can be 
found in the supplemental data. Data were analyzed using the comparative Ct 
method.

Mice

Experimental infection and assays

(Immuno)histology 
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clearance and improves survival27. In contrast, TREM-2 plays a detrimental role 
during pneumococcal pneumonia25.

Melioidosis, considered to be an excellent model for Gram-negative sepsis, 
is caused by the Tier 1 biological treat agent Burkholderia	 pseudomallei28,29. 
Melioidosis is characterized by pneumonia and abscess formation and an 
important cause of community-acquired sepsis in Southeast Asia and Northern 
Australia28. The high mortality rate, that can approach 40%, and the emerging 
antibiotic resistance of B.pseudomallei30 emphasize the need to better 
understand the pathogenesis of melioidosis, which could ultimately lead to 
novel  treatment strategies. We previously found increased soluble (s) TREM-1 
plasma levels and TREM-1 surface expression on monocytes of patients with 
melioidosis31, suggesting an important role for TREM-1 in the host defense against 
B. pseudomallei.  Treatment with a peptide mimicking a conserved-domain 
of sTREM-1 partially protected mice from B. pseudomallei induced lethality31. 
 
In this study we now examine the role of TREM-1 and TREM-2 during 
experimental melioidosis, utilizing recently generated Trem-1/3-deficient (Trem-
1/3-/-)15 and Trem-2-deficient (Trem-2-/-) mice19 to determine their contribution 
to the host response against B. pseudomallei. We hypothesized that TREM-
1 deficiency would decrease inflammation and improve survival during 
experimental melioidosis while TREM-2 deficiency would instead lead towards 
increased inflammation and a worsened survival. Unexpectedly however, we 
found that TREM-2, but not TREM-1, plays an important detrimental role during 
melioidosis. TREM-2 deficiency improves survival of B. pseudomallei infected 
mice, by limiting inflammation and organ damage. These data identify TREM-2 
as a potential treatment target for sepsis caused by B. pseudomallei.

5

Materials and methods

were purchased from Charles River (Leiden, The Netherlands). Trem-1/3-/-6,14 and 
Trem-2-/-19 mice were backcrossed >97% to a C57BL/6 genetic background. The 
Animal Care and Use of Committee of the University of Amsterdam approved 
all experiments (DIX102273), which adhered to European legislation (Directive 
2010/63/EU).

intranasal inoculation with 5 × 102 colony forming units (CFU) of B. pseudomallei 
strain 1026b (a clinical isolate) as described32-34. For survival experiments mice 
were observed 4-6 times daily, up to 14 days post-infection. Sample harvesting, 
processing, and determination of bacterial growth were performed as 
described33,34.  Chemo- and cytokine levels were determined in plasma, lung and 
liver. Distant organ damage was more closely assessed by plasma transaminases, 
lactate dehydrogenase (LDH) and blood urea nitrogen (BUN) levels.

were stained with haematoxylin and eosin and analyzed for inflammation and 
tissue damage, as described previously14,34. Granulocyte (Ly6G) staining was 
done exactly as described previously35.

phages (AM) and bone-marrow derived macrophages (BMDM) were harvested 
from naïve WT and Trem1/3-/- and Trem-2-/- mice as described34,36,37 and 

RNA mini kit (Bioline, Taunton, MA, USA), treated with DNase (Bioline) and 
reverse transcribed using an oligo(dT) primer and Moloney murine leukemia 
virus RT (Promega, Madison, WI, USA). Primers and RT-PCR conditions can be 
found in the supplemental data. Data were analyzed using the comparative Ct 
method.

Mice

Experimental infection and assays

(Immuno)histology 

Whole blood and macrophage stimulation 

TREM-1 and TREM-2 expression

Pathogen-free 8- to 10-week-old male wild-type (WT) C57BL/6 mice 

Experimental melioidosis was induced by 

Paraffin-embedded 4-μm lung, liver and spleen sections 

Whole blood, alveolar macro-

Total RNA was isolated using the Isolate II 
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stimulated overnight with either medium, ultrapure LPS (Invivogen, San Diego, 
CA, USA) or B. pseudomallei (107 CFU/ml or MOI of 50), after which supernatant 
was harvested and stored at -20°C until assayed for TNFα.

5

previously38. In brief, AM and BMDM (5x 104 cells/well) were incubated with or 
without heat-inactivated FITC-labelled B. pseudomallei (MOI 50) for 60 and/or 
120 minutes at 37°C and 5% CO2 air and internalization was measured directly 
after collection by flow cytometry. 
Bacterial killing was evaluated as described36,39. In short, BMDM were incubated 
with to log-phase grown B. pseudomallei (MOI 30) for 20 minutes at 37°C in 5% 
CO2 air, after which they were washed and incubated with kanamycin 250 µg/
ml for 30 minutes at 37°C in 5% CO2 air (this point was taken as time zero)36. 
At designated time points the BMDM were washed and lysed and appropriate 
dilutions of these lysates were plated onto blood-agar plates and incubated at 
37°C for 24–48 h before CFU were counted. 

mean (SEM). Differences between groups were analyzed by Mann-Whitney 
U test. For survival analysis, Kaplan-Meier analysis followed by log-rank 
test was performed. These analyses were performed using GraphPad Prism 
version 5.01. Values of P< 0.05 were considered statistically significant. 
 
Detailed methods are provided in the supplement.

Phagocytosis and bacterial killing 

Statistical analysis

Phagocytosis was determined as described 

Values are expressed as mean ± standard error of the 

Septic melioidosis patients present with pneumonia and bacterial dissemination 
to distant body sites28,40. Since it is not feasible to study TREM-1 and TREM-2 
mRNA expression at tissue level in these patients, we used our well-established 
murine model of pneumonia-derived melioidosis in which mice are intranasally 
infected with a lethal dose of B. pseudomallei33,34. Mice were killed at 0, 24, and 
72h after infection (i.e., directly before the first predicted death), and TREM-1/-2 
mRNA expression was determined in lungs and livers. At baseline, TREM-1 and 
TREM-2 expression was low, corresponding with our previous data on sTREM-1 
levels in melioidosis patients31, TREM-1 was strongly up-regulated in lung and 
liver tissue (P<0.05 lung at 24h, P<0.01 liver at 72h; Figures 1A and 1B). TREM-2 
mRNA expression was increased in experimental melioidosis as well (P<0.05 in 
both lung and liver; Figures 1C and 1D). The increase in both TREM-1 and TREM-
2 expression was much more pronounced at the primary site of infection, the 
pulmonary compartment, when compared to the hepatic compartment. 

Increased TREM-1 and TREM-2 expression in the lung and liver during 
experimental melioidosis
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stimulated overnight with either medium, ultrapure LPS (Invivogen, San Diego, 
CA, USA) or B. pseudomallei (107 CFU/ml or MOI of 50), after which supernatant 
was harvested and stored at -20°C until assayed for TNFα.

previously38. In brief, AM and BMDM (5x 104 cells/well) were incubated with or 
without heat-inactivated FITC-labelled B. pseudomallei (MOI 50) for 60 and/or 
120 minutes at 37°C and 5% CO2 air and internalization was measured directly 
after collection by flow cytometry. 
Bacterial killing was evaluated as described36,39. In short, BMDM were incubated 
with to log-phase grown B. pseudomallei (MOI 30) for 20 minutes at 37°C in 5% 
CO2 air, after which they were washed and incubated with kanamycin 250 µg/
ml for 30 minutes at 37°C in 5% CO2 air (this point was taken as time zero)36. 
At designated time points the BMDM were washed and lysed and appropriate 
dilutions of these lysates were plated onto blood-agar plates and incubated at 
37°C for 24–48 h before CFU were counted. 

mean (SEM). Differences between groups were analyzed by Mann-Whitney 
U test. For survival analysis, Kaplan-Meier analysis followed by log-rank 
test was performed. These analyses were performed using GraphPad Prism 
version 5.01. Values of P< 0.05 were considered statistically significant. 
 
Detailed methods are provided in the supplement.

Phagocytosis was determined as described 

Values are expressed as mean ± standard error of the 

5

Septic melioidosis patients present with pneumonia and bacterial dissemination 
to distant body sites28,40. Since it is not feasible to study TREM-1 and TREM-2 
mRNA expression at tissue level in these patients, we used our well-established 
murine model of pneumonia-derived melioidosis in which mice are intranasally 
infected with a lethal dose of B. pseudomallei33,34. Mice were killed at 0, 24, and 
72h after infection (i.e., directly before the first predicted death), and TREM-1/-2 
mRNA expression was determined in lungs and livers. At baseline, TREM-1 and 
TREM-2 expression was low, corresponding with our previous data on sTREM-1 
levels in melioidosis patients31, TREM-1 was strongly up-regulated in lung and 
liver tissue (P<0.05 lung at 24h, P<0.01 liver at 72h; Figures 1A and 1B). TREM-2 
mRNA expression was increased in experimental melioidosis as well (P<0.05 in 
both lung and liver; Figures 1C and 1D). The increase in both TREM-1 and TREM-
2 expression was much more pronounced at the primary site of infection, the 
pulmonary compartment, when compared to the hepatic compartment. 

Increased TREM-1 and TREM-2 expression in the lung and liver during 
experimental melioidosis
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Figure 1. Increased TREM-1 and TREM-2 expression in experimental melioidosis.
TREM-1 and TREM-2 mRNA expression was determined in wild type (WT) mice prior to infection 
or at 24 or 72h post-infection with 5 x 102 CFU B.pseudomallei intranasally.  TREM-1 mRNA 
expression in lung (A) and liver (B) was determined. Likewise, TREM-2 mRNA expression was 
measured in lung (C) and liver (D) tissue. Data are presented as fold induction compared to the 
mRNA expression in uninfected mice (all RNA data are normalized to GAPDH). Data are mean ± 
SEM, n=4-5 mice/group. * P< 0.05, ** P < 0.01, compared to gene-expression at t=0h (Mann- 
Whitney U test).
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5

Having established that both TREM-1 and TREM-2 are highly up-regulated during 
melioidosis, we further investigated the involvement of these receptors in the 
outcome of melioidosis.  Therefore, we infected WT, Trem-1/3-/- and Trem-2-

/- mice intranasally with a lethal dose of B. pseudomallei and observed them 
for 14 days (Figures 2A and 2B). There was no significant difference in survival 
between Trem-1/3-/- and WT mice following a lethal B. pseudomallei challenge: 
95% of Trem-1/3-/- and WT mice died within 6 days after inoculation (Figure 2A). 
Strikingly however, Trem-2-/- mice were significantly protected: 70% of Trem-2-/- 
survived until the end of the 14-day observation period while all WT mice died 
within 6 days (P< 0.001; Figure 2B). 

Trem-2-/- mice, but not Trem-1/3-/- mice, are protected from B. pseudomallei-
induced mortality
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 BC+:       6/6           1/5                

that Trem-2-/- mice are protected during melioidosis, we determined bacterial 
loads in lung and BALF as well as in blood, liver and spleen 72h post-infection. 
Relative to WT mice, Trem2-/- mice displayed strongly reduced bacterial loads 
both at the primary site of infection (P<0.01 for lung and BALF; Figures 2C and 
2D) as well as in distant organs and the systemic compartment (P<0.01 for blood 
and spleen; Figures 2E-G). 72h post-infection 100% of WT but only 20% of Trem2-

/- mice had become bacteraemic. These findings indicate that TREM-2 plays a 
key deleterious role during experimental melioidosis by antagonizing bacterial 
clearance leading to increased dissemination of infection. 

Enhanced bacterial clearance in Trem-2-/- mice To substantiate the finding 

been described as a negative regulator of inflammation19,20, we next assessed 
the inflammatory response in the pulmonary compartment. Therefore we 
studied the extent of inflammation in lung homogenates and BALF. We 
observed markedly decreased levels of pro-inflammatory cytokines TNF-α, IL-
6, IL-1β and the chemokine KC in both lung homogenates and BALF of TREM-2 

deficient mice compared to controls (P<0.01-0.05; Table 1). To further obtain 
insight into the involvement of TREM-2 in the inflammatory response following 
B. pseudomallei infection, we semi-quantitatively scored lung histology slides 
generated from Trem-2-/- and WT mice. However, all mice displayed severe 
pulmonary inflammation and no differences were observed between the mouse 
strains (Figures 3A-C). Neutrophil recruitment to the lung is an essential part of 
the inflammatory host response to melioidosis32,41,42. Therefore, we investigated 
the granulocyte influx into the pulmonary compartment as analyzed by Ly6G-
immunostaining in WT and Trem-2-/- mice 72h post-infection with B. pseudomallei 
(Figures 3D-F).  Corresponding to the diminished bacterial loads and decreased 
levels of cyto- and chemokines in lung tissue, a reduced influx of granulocytes in 
lungs of Trem-2-/- mice was found (P<0.05, Figure 3D).  

Trem-2-/- mice demonstrate reduced lung inflammation 
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Having established that both TREM-1 and TREM-2 are highly up-regulated during 
melioidosis, we further investigated the involvement of these receptors in the 
outcome of melioidosis.  Therefore, we infected WT, Trem-1/3-/- and Trem-2-

/- mice intranasally with a lethal dose of B. pseudomallei and observed them 
for 14 days (Figures 2A and 2B). There was no significant difference in survival 
between Trem-1/3-/- and WT mice following a lethal B. pseudomallei challenge: 
95% of Trem-1/3-/- and WT mice died within 6 days after inoculation (Figure 2A). 
Strikingly however, Trem-2-/- mice were significantly protected: 70% of Trem-2-/- 
survived until the end of the 14-day observation period while all WT mice died 
within 6 days (P< 0.001; Figure 2B). 
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that Trem-2-/- mice are protected during melioidosis, we determined bacterial 
loads in lung and BALF as well as in blood, liver and spleen 72h post-infection. 
Relative to WT mice, Trem2-/- mice displayed strongly reduced bacterial loads 
both at the primary site of infection (P<0.01 for lung and BALF; Figures 2C and 
2D) as well as in distant organs and the systemic compartment (P<0.01 for blood 
and spleen; Figures 2E-G). 72h post-infection 100% of WT but only 20% of Trem2-

/- mice had become bacteraemic. These findings indicate that TREM-2 plays a 
key deleterious role during experimental melioidosis by antagonizing bacterial 
clearance leading to increased dissemination of infection. 

To substantiate the finding 

5

Figure 2. Survival of Trem-2-/- mice, but not of Trem-1/3-/- mice, is enhanced in
experimental melioidosis. 
Survival was observed for every 4-6h, up to a maximum of 14 days after intranasal inoculation with 
5 x 102 CFU B. pseudomallei in wild-type (WT; closed circles) and Trem-1/3-/- mice (open circles; A). 
Similarly, survival of WT (closed circles) and Trem-2-/- mice (open circles) was determined (B) (n = 
20 per group). The P value indicates significance of the difference in survival between Trem-2-/- 
and WT mice (Kaplan-Meier analysis, followed by a log-rank test). ns = not significant. 
In addition, WT (closed circles) and Trem-2-/- mice (open circles) were infected with 5 x 102 colony 
forming units (CFU) of B. pseudomallei intranasally (n = 5-6 mice per group) and sacrificed 72 h 
post-infection, in order to determine bacterial loads in lung homogenates (C), broncho-alveolar 
lavage fluid (BALF) (D), whole blood (E), liver (F) and spleen (G). Data are expressed as mean ± 
SEM, n= 5-6/group. ** P< 0.01. BC+ denotes positive blood cultures (Mann-Whitney U test).

been described as a negative regulator of inflammation19,20, we next assessed 
the inflammatory response in the pulmonary compartment. Therefore we 
studied the extent of inflammation in lung homogenates and BALF. We 
observed markedly decreased levels of pro-inflammatory cytokines TNF-α, IL-
6, IL-1β and the chemokine KC in both lung homogenates and BALF of TREM-2 

deficient mice compared to controls (P<0.01-0.05; Table 1). To further obtain 
insight into the involvement of TREM-2 in the inflammatory response following 
B. pseudomallei infection, we semi-quantitatively scored lung histology slides 
generated from Trem-2-/- and WT mice. However, all mice displayed severe 
pulmonary inflammation and no differences were observed between the mouse 
strains (Figures 3A-C). Neutrophil recruitment to the lung is an essential part of 
the inflammatory host response to melioidosis32,41,42. Therefore, we investigated 
the granulocyte influx into the pulmonary compartment as analyzed by Ly6G-
immunostaining in WT and Trem-2-/- mice 72h post-infection with B. pseudomallei 
(Figures 3D-F).  Corresponding to the diminished bacterial loads and decreased 
levels of cyto- and chemokines in lung tissue, a reduced influx of granulocytes in 
lungs of Trem-2-/- mice was found (P<0.05, Figure 3D).  

Trem-2-/- mice demonstrate reduced lung inflammation Since TREM-2 has 
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Figure 3. Reduced neutrophil influx in lungs of Trem-2 -/- mice, without affecting lung pathology. 
Lung pathology was determined in wild-type (WT; black bars) and Trem-2-/- mice (white bars) 
infected with 5 x 102 CFU B. pseudomallei at 72h post-infection as described in the Methods 
section (A). Representative lung slides of WT (B) and Trem-2-/- mice (C) (original magnification 
10x). Neutrophil influx was defined by Ly6G positivity (expressed as % of total lung surface; D). 
Representative photographs of Ly6G-immunostaining for granulocytes on lung slides of WT (E) 
and Trem-2 -/- mice (F) (original magnification 10x). Data are expressed as mean ± SEM, n = 5-6 
mice per group per time point. * P < 0.05. (Mann-Whitney U test).
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Figure 3. Reduced neutrophil influx in lungs of Trem-2 -/- mice, without affecting lung pathology. 
Lung pathology was determined in wild-type (WT; black bars) and Trem-2-/- mice (white bars) 
infected with 5 x 102 CFU B. pseudomallei at 72h post-infection as described in the Methods 
section (A). Representative lung slides of WT (B) and Trem-2-/- mice (C) (original magnification 
10x). Neutrophil influx was defined by Ly6G positivity (expressed as % of total lung surface; D). 
Representative photographs of Ly6G-immunostaining for granulocytes on lung slides of WT (E) 
and Trem-2 -/- mice (F) (original magnification 10x). Data are expressed as mean ± SEM, n = 5-6 
mice per group per time point. * P < 0.05. (Mann-Whitney U test).
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	   T=72h	  

pg/ml	   WT	   Trem-‐2-‐/-‐	  

	   Lung	  homogenate	  

TNF-‐α 	   1680	  ±	  222	   512	  ±	  156	  **	  

IL-‐6	   7025	  ±1408	   450	  ±	  66*	  

KC	   59588	  ±	  9304	   10580	  ±	  2233**	  

IL-‐1β	   31292	  ±	  4975	   1860	  ±	  516**	  

	  

	   BALF	  

TNF-‐α 	   7054	  ±	  1578	   1689	  ±	  171*	  

IL-‐6	   18478	  ±	  4471	   406	  ±	  204	  **	  

KC	   30702	  ±	  6626	   1055	  ±	  454**	  

IL-‐1β	   10469	  ±	  2424	   217	  ±	  81**	  

	  

	   Plasma	  

TNF-‐α 	   2324	  ±	  909	   91	  ±	  19**	  

IL-‐6	   2641	  ±	  526	   31	  ±	  5**	  

IL-‐10	   11	  ±	  3	   5	  ±	  0**	  

MCP-‐1	   1675	  ±	  453	   11	  ±	  1**	  

IFN-‐γ 	   158	  ±	  62	   17	  ±	  3**	  

IL-‐1β	   1123	  ±	  303	   125	  ±	  25*	  

Table 1. Cytokine response in lung homogenates, BALF and plasma of WT and Trem-2-/- mice 
during experimental melioidosis. Cytokine levels in lung homogenate, broncho-alveolar fluid 
(BALF) and plasma were measured after intranasal infection with 5 x 102 CFU wild-type B. 
pseudomallei. Wild-type (WT) and Trem-2-/- mice were sacrificed 72 h after infection. Data are 
represented as means ± SEM (n=5-6/group). TNF-a = Tumor necrosis factor-a; IL = Interleukin; 
MCP-1 = Monocyte Chemoattractant Protein-1; KC = Keratinocyte Chemoattractant; IFN-g = 
Interferon-g; * P< 0.05; ** P< 0.01. 
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5

To evaluate the role of TREM-2 in the systemic inflammatory response, we 
determined plasma cytokine levels 72h post-infection with B. pseudomallei. 
Consistent with the lower pulmonary cytokine levels and bacterial loads, we 
found that the plasma levels of TNF-α, IL-6, IL-1β, MCP-1, IL-10, IFN-γ and KC were 
all significantly reduced in Trem-2-/- mice compared to WTs (P<0.01-0.05, Table 
1). Furthermore, we obtained spleen pathology scores and performed routine 
clinical chemistry tests to evaluate hepatic, renal and systemic injury. In line 
with the observed decreased splenic bacterial loads, Trem-2-/- mice showed less 
inflammation compared to WT mice 72h after inoculation with B. pseudomallei 
(P<0.05; Figure 4A). Plasma AST levels of Trem-2-/- mice were decreased when 
compared to controls 72h post-infection, reflecting decreased hepatocellular 
injury in these animals  (P<0.05; Figure 4B). Consistently, we observed a trend 
towards lower ALT, BUN and LDH levels in Trem-2-/-  mice compared to controls 
suggesting less organ damage respectively (Figures 4C-E).

Trem-2 deficiency leads to decreased distant organ injury during experimental 
melioidosis
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Figure 4. Reduced distant organ damage in Trem-2-/- mice.
At 72h post-infection with 5 x 102 CFU B. pseudomallei intranasally splenic injury (A) in WT (black 
bars) and Trem-2-/- mice (white bars) was quantified as described in the Methods section. Plasma 
levels of aspartate transaminase (AST; B), alanine transaminase (ALT; C), Lactate dehydrogenase 
(LDH; D) and blood urea nitrogen (BUN; E) in WT and Trem-2-/- mice were determined. Data are 
expressed as mean ± SEM. n = 5-6 mice per group per time point. *P < 0.05 (Mann-Whitney U test).

Having established that TREM-2 plays an important deleterious role during 
experimental melioidosis and is involved in the inflammatory response, we next 
assessed what cells are responsible for these effects. It is known that blood 
monocytes, alveolar macrophages (AM) and BMDM express TREM-225, therefore 
we harvested these cells and first stimulated them overnight with the TLR4-
ligand LPS and B. pseudomallei. We found a clear trend towards lower TNF-α 
levels when whole blood, AM or BMDM of Trem-2-/- mice were stimulated with 
LPS (Figures 5A-C). This effect was even more pronounced after stimulation with 
B.	pseudomallei:	the TNF-α response of whole blood and BMDM derived from 
TREM-2 deficient mice was significantly reduced compared to controls (P<0.05; 
Figures 5A and 5B). Considering TREM-2’s known phagocytic properties24,25 
and the observed lower local and systemic bacterial loads in TREM-2-deficient 

mice, we determined the phagocytic capacity of AM and BMDM harvested 
from WT and Trem-2-/- mice. Despite a trend towards enhanced phagocytosis of 
FITC-labelled B. pseudomallei by TREM-2 deficient macrophages, no significant 
differences were found (Figures 5D and 5E). In line, TREM-2 did not impact on 
the intracellular killing of B. pseudomallei by BMDM (data not shown). 

Lack of TREM-2 leads to a reduced inflammatory response ex vivo, but does 
not impact on phagocytosis of B. pseudomallei by macrophages
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To evaluate the role of TREM-2 in the systemic inflammatory response, we 
determined plasma cytokine levels 72h post-infection with B. pseudomallei. 
Consistent with the lower pulmonary cytokine levels and bacterial loads, we 
found that the plasma levels of TNF-α, IL-6, IL-1β, MCP-1, IL-10, IFN-γ and KC were 
all significantly reduced in Trem-2-/- mice compared to WTs (P<0.01-0.05, Table 
1). Furthermore, we obtained spleen pathology scores and performed routine 
clinical chemistry tests to evaluate hepatic, renal and systemic injury. In line 
with the observed decreased splenic bacterial loads, Trem-2-/- mice showed less 
inflammation compared to WT mice 72h after inoculation with B. pseudomallei 
(P<0.05; Figure 4A). Plasma AST levels of Trem-2-/- mice were decreased when 
compared to controls 72h post-infection, reflecting decreased hepatocellular 
injury in these animals  (P<0.05; Figure 4B). Consistently, we observed a trend 
towards lower ALT, BUN and LDH levels in Trem-2-/-  mice compared to controls 
suggesting less organ damage respectively (Figures 4C-E).

Figure 4. Reduced distant organ damage in Trem-2-/- mice.
At 72h post-infection with 5 x 102 CFU B. pseudomallei intranasally splenic injury (A) in WT (black 
bars) and Trem-2-/- mice (white bars) was quantified as described in the Methods section. Plasma 
levels of aspartate transaminase (AST; B), alanine transaminase (ALT; C), Lactate dehydrogenase 
(LDH; D) and blood urea nitrogen (BUN; E) in WT and Trem-2-/- mice were determined. Data are 
expressed as mean ± SEM. n = 5-6 mice per group per time point. *P < 0.05 (Mann-Whitney U test).
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Having established that TREM-2 plays an important deleterious role during 
experimental melioidosis and is involved in the inflammatory response, we next 
assessed what cells are responsible for these effects. It is known that blood 
monocytes, alveolar macrophages (AM) and BMDM express TREM-225, therefore 
we harvested these cells and first stimulated them overnight with the TLR4-
ligand LPS and B. pseudomallei. We found a clear trend towards lower TNF-α 
levels when whole blood, AM or BMDM of Trem-2-/- mice were stimulated with 
LPS (Figures 5A-C). This effect was even more pronounced after stimulation with 
B.	pseudomallei:	the TNF-α response of whole blood and BMDM derived from 
TREM-2 deficient mice was significantly reduced compared to controls (P<0.05; 
Figures 5A and 5B). Considering TREM-2’s known phagocytic properties24,25 
and the observed lower local and systemic bacterial loads in TREM-2-deficient 

mice, we determined the phagocytic capacity of AM and BMDM harvested 
from WT and Trem-2-/- mice. Despite a trend towards enhanced phagocytosis of 
FITC-labelled B. pseudomallei by TREM-2 deficient macrophages, no significant 
differences were found (Figures 5D and 5E). In line, TREM-2 did not impact on 
the intracellular killing of B. pseudomallei by BMDM (data not shown). 

Lack of TREM-2 leads to a reduced inflammatory response ex vivo, but does 
not impact on phagocytosis of B. pseudomallei by macrophages
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5

Figure 5. TREM-2 deficiency reduces cellular responsiveness ex vivo.
Whole blood (A), bone marrow derived macrophages (BMDM; B) and alveolar macrophages 
(AM; C) of WT (black bars) and Trem-2-/- mice (white bars) were stimulated with medium, E.coli 
LPS (100 ng/ml) or heat-inactivated B. pseudomallei (107 CFU/ml or MOI of 50). Supernatant was 
collected after 20 h of stimulation and assayed for TNF-α. In addition, WT and Trem-2-/- BMDM 
(D) and AM (E) were incubated at 37°C with FITC labeled heat-inactivated B. pseudomallei after 
which time-dependent phagocytosis was determined. Data are presented as mean ± SEM and 
are representative of two or three independent experiments. n = 4 or 8 per group. * P< 0.05  
(Mann-Whitney U test).

In a final set of experiments we studied the role of TREM-1 in the host defense 
against B. pseudomallei using Trem-1/3-/- mice. In contrast to the data derived 
from Trem-2-/- mice, no differences in bacterial counts in lung or BALF were 
observed between B. pseudomallei-challenged Trem-1/3-/- and WT mice (Figures 
6A and 6B). In line, TREM-1 deficiency did not impact on lung pathology and 
cytokine levels, except for decreased KC levels, which did not influence pulmonary 
neutrophilic content as determined by Ly6-stainings (Figures 6E and 6F and Table 
2). However, TREM-1 did influence bacterial dissemination as bacterial loads in 
blood and liver were significantly decreased in Trem-1/3-/- mice compared to 
WTs 72h after infection (P<0.01; Figures 6C and 6D). We next evaluated TREM-
1’s role in systemic inflammation and end organ damage. At 72h post-infection, 
the levels of key regulatory cytokines in the systemic compartment (TNF-α, IL-6, 
IL-10, MCP-1 and IFN-γ) did not differ between Trem-1/3-/- mice and WT (Table 
2). Induced pathology of the spleen (Figure 6G) and liver (data not shown) was 
similar in Trem-1/3-/- and WT mice. In correspondence with the lower hepatic 
bacterial counts at 72h, we found lower levels of the hepatocellular injury 
markers AST and ALT levels in Trem-1/3-/- mice compared to WT mice (Figures 6H 
and 6I).  LDH levels, reflecting general organ injury, were elevated in Trem-1/3-

/- mice at 24 h, while they were reduced compared to their WT counterparts at 
72h post-infection (P<0.05; Figure 6J). No difference in plasma BUN levels was 
observed between mice strains (Figure 6K). 

Limited role of TREM-1/3 in the host defense during experimental melioidosis

TREM-1 is abundantly expressed on monocytes and macrophages following 
exposure to B. pseudomallei31. In line with previous findings11, Trem-1/3-/- 
BMDM produced less TNF-α in response to LPS stimulation (P<0.05; Figure 7B). 
Surprisingly, no differences in cellular responsiveness were found between AM 
and whole blood derived from WT and Trem-1/3-/-mice (Figures 7A-C). Lastly, we 
wished to determine whether TREM-1 contributes to phagocytosis and/or killing 
of B. pseudomallei. No differences in phagocytic and killing capacities between 
WT and TREM-1 deficient BMDM or AM were observed (Figures 7D and 7E, data 
not shown).

TREM-1 deficiency does not impact on ex vivo cytokine responsiveness and 
phagocytosis nor intracellular killing of B. pseudomallei
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Figure 5. TREM-2 deficiency reduces cellular responsiveness ex vivo.
Whole blood (A), bone marrow derived macrophages (BMDM; B) and alveolar macrophages 
(AM; C) of WT (black bars) and Trem-2-/- mice (white bars) were stimulated with medium, E.coli 
LPS (100 ng/ml) or heat-inactivated B. pseudomallei (107 CFU/ml or MOI of 50). Supernatant was 
collected after 20 h of stimulation and assayed for TNF-α. In addition, WT and Trem-2-/- BMDM 
(D) and AM (E) were incubated at 37°C with FITC labeled heat-inactivated B. pseudomallei after 
which time-dependent phagocytosis was determined. Data are presented as mean ± SEM and 
are representative of two or three independent experiments. n = 4 or 8 per group. * P< 0.05  
(Mann-Whitney U test).

In a final set of experiments we studied the role of TREM-1 in the host defense 
against B. pseudomallei using Trem-1/3-/- mice. In contrast to the data derived 
from Trem-2-/- mice, no differences in bacterial counts in lung or BALF were 
observed between B. pseudomallei-challenged Trem-1/3-/- and WT mice (Figures 
6A and 6B). In line, TREM-1 deficiency did not impact on lung pathology and 
cytokine levels, except for decreased KC levels, which did not influence pulmonary 
neutrophilic content as determined by Ly6-stainings (Figures 6E and 6F and Table 
2). However, TREM-1 did influence bacterial dissemination as bacterial loads in 
blood and liver were significantly decreased in Trem-1/3-/- mice compared to 
WTs 72h after infection (P<0.01; Figures 6C and 6D). We next evaluated TREM-
1’s role in systemic inflammation and end organ damage. At 72h post-infection, 
the levels of key regulatory cytokines in the systemic compartment (TNF-α, IL-6, 
IL-10, MCP-1 and IFN-γ) did not differ between Trem-1/3-/- mice and WT (Table 
2). Induced pathology of the spleen (Figure 6G) and liver (data not shown) was 
similar in Trem-1/3-/- and WT mice. In correspondence with the lower hepatic 
bacterial counts at 72h, we found lower levels of the hepatocellular injury 
markers AST and ALT levels in Trem-1/3-/- mice compared to WT mice (Figures 6H 
and 6I).  LDH levels, reflecting general organ injury, were elevated in Trem-1/3-

/- mice at 24 h, while they were reduced compared to their WT counterparts at 
72h post-infection (P<0.05; Figure 6J). No difference in plasma BUN levels was 
observed between mice strains (Figure 6K). 

Limited role of TREM-1/3 in the host defense during experimental melioidosis

5

TREM-1 is abundantly expressed on monocytes and macrophages following 
exposure to B. pseudomallei31. In line with previous findings11, Trem-1/3-/- 
BMDM produced less TNF-α in response to LPS stimulation (P<0.05; Figure 7B). 
Surprisingly, no differences in cellular responsiveness were found between AM 
and whole blood derived from WT and Trem-1/3-/-mice (Figures 7A-C). Lastly, we 
wished to determine whether TREM-1 contributes to phagocytosis and/or killing 
of B. pseudomallei. No differences in phagocytic and killing capacities between 
WT and TREM-1 deficient BMDM or AM were observed (Figures 7D and 7E, data 
not shown).

TREM-1 deficiency does not impact on ex vivo cytokine responsiveness and 
phagocytosis nor intracellular killing of B. pseudomallei
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Figure 6. Effect of TREM-1 deficiency on bacterial clearance, pulmonary neutrophil influx and 
organ damage during experimental melioidosis. 
WT (closed circles/black bars) and Trem-1/3-/- mice (open circles/ white bars) were 
intranasally infected with 5 x 102 CFU of B. pseudomallei and sacrificed 24 and 72 h post-infection, 
followed by determination of bacterial loads in lung homogenate (A), BALF (B), blood (C) and liver 
(D). Neutrophil influx as determined by % Ly6G positive surface of lung slides was calculated 
for WT and Trem-1/3-/- mice (E). Lung (F) and spleen (G) pathology was scored as described in 
the Methods section. Aspartate transaminase (AST; H), alanine  transaminase (ALT; I), lactate 
dehydrogenase (LDH; J) and blood urea nitrogen (BUN;  K) were measured as a marker for end 
organ damage. Data are expressed as mean ± SEM. n = 7-8 mice per group.  *P < 0.05; **P< 0.01 
(Mann-Whitney U test).
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	   T=24h	   T=72h	  

pg/ml	   WT	   Trem-‐1/3-‐/-‐	   WT	   Trem-‐1/3-‐/-‐	  

	   Lung	  homogenate	  

TNF-‐α 	   1406	  ±	  220	   1227	  ±	  215	   2135	  ±	  312	   2312	  ±	  386	  

IL-‐6	   2380	  ±	  293	   2913	  ±	  353	   17694	  ±	  3121	   29910	  ±	  4668	  

KC	   18817	  ±	  5116	   14277	  ±	  1981	   71606	  ±	  6071	   69866	  ±	  8092	  

	   	   	   	   	  

	   BALF	  

TNF-‐α 	   883	  ±	  100	   808	  ±95	   2472	  ±	  359	   3624	  ±	  831	  

IL-‐6	   1675	  ±	  285	   654	  ±	  97**	   6041	  ±	  942	   9449	  ±	  1914	  

KC	   992	  ±	  183	   711	  ±	  113	   19039	  ±	  1614	   12251	  ±	  1678*	  

	   	   	   	   	  

	   Plasma	  

TNF-‐α 	   12	  ±	  1	   9	  ±1	   616	  ±	  160	   307	  ±	  77	  

IL-‐6	   143	  ±	  36	   133	  ±	  19	   2868	  ±	  818	   2695	  ±	  313	  

IL-‐10	   8	  ±	  2	   20	  ±	  6	   199	  ±	  77	   81	  ±	  36	  

MCP-‐1	   263	  ±	  63	   92	  ±	  25*	   2335	  ±	  94	   2975	  ±	  226	  

IFN-‐γ 	   28	  ±	  4	   26	  ±	  4	   1606	  ±	  445	   1275	  ±	  242	  

Table 2. Cytokine responses in lung homogenates, BALF and plasma of WT and Trem-1/3-/- mice 
during experimental melioidosis. Cytokine levels in plasma, lung homogenate and broncho-
alveolar fluid (BALF) were measured after intranasal infection with 5 x 102 CFU wild-type B. 
pseudomallei. Wild-type (WT) and Trem-1/3-/- mice were sacrificed 24 and 72 h after infection. 
Data are represented as means ± SEM (n= 7 or 8/group per time point). TNF-α = Tumor necrosis 
factor-α; IL = Interleukin; MCP-1 = Monocyte Chemoattractant Protein-1; KC = Keratinocyte 
Chemoattractant; IFN-γ = Interferon-γ;* P < 0.05; ** P < 0.01. 
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	   T=24h	   T=72h	  

pg/ml	   WT	   Trem-‐1/3-‐/-‐	   WT	   Trem-‐1/3-‐/-‐	  

	   Lung	  homogenate	  

TNF-‐α 	   1406	  ±	  220	   1227	  ±	  215	   2135	  ±	  312	   2312	  ±	  386	  

IL-‐6	   2380	  ±	  293	   2913	  ±	  353	   17694	  ±	  3121	   29910	  ±	  4668	  

KC	   18817	  ±	  5116	   14277	  ±	  1981	   71606	  ±	  6071	   69866	  ±	  8092	  

	   	   	   	   	  

	   BALF	  

TNF-‐α 	   883	  ±	  100	   808	  ±95	   2472	  ±	  359	   3624	  ±	  831	  

IL-‐6	   1675	  ±	  285	   654	  ±	  97**	   6041	  ±	  942	   9449	  ±	  1914	  

KC	   992	  ±	  183	   711	  ±	  113	   19039	  ±	  1614	   12251	  ±	  1678*	  

	   	   	   	   	  

	   Plasma	  

TNF-‐α 	   12	  ±	  1	   9	  ±1	   616	  ±	  160	   307	  ±	  77	  

IL-‐6	   143	  ±	  36	   133	  ±	  19	   2868	  ±	  818	   2695	  ±	  313	  

IL-‐10	   8	  ±	  2	   20	  ±	  6	   199	  ±	  77	   81	  ±	  36	  

MCP-‐1	   263	  ±	  63	   92	  ±	  25*	   2335	  ±	  94	   2975	  ±	  226	  

IFN-‐γ 	   28	  ±	  4	   26	  ±	  4	   1606	  ±	  445	   1275	  ±	  242	  

Table 2. Cytokine responses in lung homogenates, BALF and plasma of WT and Trem-1/3-/- mice 
during experimental melioidosis. Cytokine levels in plasma, lung homogenate and broncho-
alveolar fluid (BALF) were measured after intranasal infection with 5 x 102 CFU wild-type B. 
pseudomallei. Wild-type (WT) and Trem-1/3-/- mice were sacrificed 24 and 72 h after infection. 
Data are represented as means ± SEM (n= 7 or 8/group per time point). TNF-α = Tumor necrosis 
factor-α; IL = Interleukin; MCP-1 = Monocyte Chemoattractant Protein-1; KC = Keratinocyte 
Chemoattractant; IFN-γ = Interferon-γ;* P < 0.05; ** P < 0.01. 
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Figure 7. No effect of TREM-1 deficiency on the cellular responsiveness and phagocytosis or 
intracellular killing of B. pseudomallei.
Whole blood (A), bone marrow derived macrophages (BMDM; B) and alveolar macrophages 
(AM; C) of WT and Trem-1/3-/- mice were stimulated with medium, E.coli LPS(100 ng/ml) or heat-
inactivated wild type B. pseudomallei  (107 CFU/ml  at a MOI of 50). TNF-α levels were measured 
in the supernatant obtained after 20 h of stimulation. BMDM (D) and AM (E) of WT and Trem-
1/3-/- mice were incubated at 37°C with FITC labeled heat-inactivated B. pseudomallei after which 
time-dependent phagocytosis was determined. Data are expressed as mean ± SEM and are 
representative of two or three independent experiments. n = 4 or 8 (for the whole blood assay) 
per group. *P< 0.05 (Mann-Whitney U test).
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Discussion 

TREM-1 and TREM-2 are innate immune receptors that have demonstrated to 
either amplify or regulate TLR and NLR signaling after recognition of pathogen-
associated molecular patterns. Our study is the first to examine the role of 
both TREM-1 and TREM-2 during experimental melioidosis. We observed 
increased TREM-1 and TREM-2 expression during experimental melioidosis, 
both at the local site of infection and systemically. Subsequently, we found 
that TREM-2 impairs the host defense against B. pseudomallei-induced sepsis, 
as demonstrated by an improved survival of infected Trem-2-/- mice as a 
direct result of diminished bacterial dissemination, decreased inflammation 
and less organ damage. Our ex vivo studies suggest that the protective 
effect of TREM-2 deficiency in part results from the diminished capacity of 
TREM-2-deficient macrophages to elicit a pro-inflammatory response which 
is an important contributor to organ injury in the event of sepsis. TREM-
1 was also found to play a detrimental role during B. pseudomallei infection, 
which is in line with our earlier finding that blocking TREM-1 could improve 
survival during melioidosis31. However when compared to TREM-2 the role 
of TREM-1 in the host response against B. pseudomallei seems to be limited. 
 
Previous studies have demonstrated that soluble TREM-1 levels are up-
regulated in plasma of patients with sepsis, pneumonia and melioidosis31,43,44. 
In addition, it is known that surface TREM-1 expression is increased on 
monocytes of melioidosis patients31.  However, soluble TREM-1 levels in 
septic patients do not always correlate to the expression of membrane-
bound TREM-1 on different myeloid cell types31,45. Less is known about the 
kinetics of TREM-2 expression during infection. A recent study demonstrated 
that during sepsis TREM-2 expression on ascites-retrieved cells of patients 
with abdominal sepsis was increased27. Correspondingly, TREM-2 was up-
regulated on AM of mice infected with S. pneumoniae25. In line with these 
earlier studies, we now show that both TREM-1 and TREM-2 mRNA expression 
is elevated in lung and liver tissue of mice infected with B. pseudomallei.  
 
The in vivo role of TREM-2 in infectious diseases remains ill defined. In a model 
studying P. aeruginosa keratitis TREM-2 deficiency increased corneal bacterial 
loads46. More recently, Chen et al. demonstrated that TREM-2 is required for 
efficient bacterial clearance in a murine polymicrobial sepsis model using a 
TREM-2 blocking recombinant protein27. In the same study it was shown that 
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TREM-1 and TREM-2 are innate immune receptors that have demonstrated to 
either amplify or regulate TLR and NLR signaling after recognition of pathogen-
associated molecular patterns. Our study is the first to examine the role of 
both TREM-1 and TREM-2 during experimental melioidosis. We observed 
increased TREM-1 and TREM-2 expression during experimental melioidosis, 
both at the local site of infection and systemically. Subsequently, we found 
that TREM-2 impairs the host defense against B. pseudomallei-induced sepsis, 
as demonstrated by an improved survival of infected Trem-2-/- mice as a 
direct result of diminished bacterial dissemination, decreased inflammation 
and less organ damage. Our ex vivo studies suggest that the protective 
effect of TREM-2 deficiency in part results from the diminished capacity of 
TREM-2-deficient macrophages to elicit a pro-inflammatory response which 
is an important contributor to organ injury in the event of sepsis. TREM-
1 was also found to play a detrimental role during B. pseudomallei infection, 
which is in line with our earlier finding that blocking TREM-1 could improve 
survival during melioidosis31. However when compared to TREM-2 the role 
of TREM-1 in the host response against B. pseudomallei seems to be limited. 
 
Previous studies have demonstrated that soluble TREM-1 levels are up-
regulated in plasma of patients with sepsis, pneumonia and melioidosis31,43,44. 
In addition, it is known that surface TREM-1 expression is increased on 
monocytes of melioidosis patients31.  However, soluble TREM-1 levels in 
septic patients do not always correlate to the expression of membrane-
bound TREM-1 on different myeloid cell types31,45. Less is known about the 
kinetics of TREM-2 expression during infection. A recent study demonstrated 
that during sepsis TREM-2 expression on ascites-retrieved cells of patients 
with abdominal sepsis was increased27. Correspondingly, TREM-2 was up-
regulated on AM of mice infected with S. pneumoniae25. In line with these 
earlier studies, we now show that both TREM-1 and TREM-2 mRNA expression 
is elevated in lung and liver tissue of mice infected with B. pseudomallei.  
 
The in vivo role of TREM-2 in infectious diseases remains ill defined. In a model 
studying P. aeruginosa keratitis TREM-2 deficiency increased corneal bacterial 
loads46. More recently, Chen et al. demonstrated that TREM-2 is required for 
efficient bacterial clearance in a murine polymicrobial sepsis model using a 
TREM-2 blocking recombinant protein27. In the same study it was shown that 

administration of TREM-2 overexpressing bone marrow derived myeloid cells 
improved survival during polymicrobial sepsis, but not endotoxaemia27. In sharp 
contrast, Gawish et al. demonstrated a beneficial effect of TREM-2 deficiency 
during endotoxaemia47. The same group also observed a survival benefit of 
Trem-2-/- mice during  S. pneumoniae pneumonia25, while no effect on mortality 
of TREM-2 deficiency was seen during E. coli sepsis47. To evaluate how TREM-
2 deficiency led to increased clearance of B.	 pseudomallei,	we assessed the 
functional roles of macrophages that express TREM-219,25. TREM-2 is known to 
be involved in direct killing27,46 and phagocytosis of bacteria by macrophages24,25. 
Interestingly, we did not find impaired bacterial killing or phagocytosis of B. 
pseudomallei by BMDM or AM of Trem-2-/- mice. Several characteristics of this 
facultative intracellular bacterium when compared to other bacteria might in 
part explain these discrepancies; B. pseudomallei is capable of invading both 
phagocytic and non-phagocytic cells48 and circumvents intracellular defense 
mechanisms efficiently in order to replicate and spread to adjacent cells49,50.  
 
TREM-2 is traditionally regarded as a negative regulator of the in vitro 
inflammatory response in response to TLR-ligands19,21,47 In contrast, our study 
now demonstrates that TREM-2 deficiency leads to a reduced inflammatory 
response to B.pseudomallei both ex vivo and in vivo suggesting that TREM-2’s role 
during inflammation may not be that upfront. This is in line with recent studies 
investigating the role of TREM-2 in models of pneumococcal pneumonia25, post-
stroke inflammation51 and DSS-induced colitis52. Different elements, can explain 
these inconsistencies: differences in mice strains used (BALB/C versus C57Bl/6), 
different experimental murine models (e.g. caecal ligation and puncture (CLP)- 
model versus a intranasal inhalation model for sepsis), differences in TREM-2 
blockade (e.g. by using TREM-2 deficient mice or TREM-2 antibodies) and lastly 
the difference of an in vitro approach in contrast to our ex vivo cellular challenge 
model. Interestingly, a recent study showed augmented inflammation by TREM-
2 deficient peritoneal macrophages in response to LPS47, while the same group 
observed the reversed phenotype in alveolar macrophages25, underlining possible 
cell-specific functions of TREM-2. Of importance, neutrophil recruitment to the 
lung, an important defense mechanism during melioidosis32,42, was reduced 
in Trem-2-/- mice during experimental melioidosis as a potential result of the 
decreased inflammatory response and production of chemokines following 
infection. In this respect, it is noteworthy, that IL-1β – which we and 
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others have shown to be involved in excessive deleterious neutrophil influx 
during experimental melioidosis37,53 - was also significantly reduced in Trem-2-

/- mice. Excessive inflammation and neutrophil influx and activation can lead 
towards multi-organ failure54, which is almost universally seen in lethal cases 
of melioidosis. Distant organ injury was significantly reduced in Trem-2-/- mice, 
potentially as a result of a reduced influx of inflammatory cells. Trem-2-/- mice 
displayed an evidently reduced inflammatory response, which resulted in 
a strong survival benefit.  In addition, it is well known that B. pseudomallei 
can replicate intracellularly28, and neutrophils may act as its permissive 
host cell53. We could therefore hypothesize that the reduced bacterial 
loads seen in TREM-2 deficient mice are a result of decreased intracellular 
bacterial replication at the infection site, due to reduced neutrophilic influx. 
 
Taken together, during melioidosis, TREM-2 deficiency resulted in a restricted 
inflammatory response, thereby decreasing organ damage and mortality. 
Future research should focus on the potential of anti-TREM-2 treatment of 
B.pseudomallei-infected mice. 

TREM-1 amplifies TLR-responses and therefore might dangerously enhance the 
inflammatory response to bacterial infection18. Controversial results have been 
found on the role of TREM-1 during bacterial infection. TREM-1 deficiency has 
shown to be detrimental during endotoxaemia17 and polymicrobial sepsis12,55, 
while in contrast, moderate levels of TREM-1 can improve survival during 
polymicrobial sepsis, but not endotoxaemia 56. Blockade of TREM-1 with a 
peptide called LP17 could partially protect mice from B. pseudomallei induced 
lethality31. In this study however, we observed, using the same infection model, 
that survival of B. pseudomallei-infected TREM-1-deficient mice was similar to 
WTs. This might be explained by the fact that these mice were completely TREM-
1-deficient and in addition lacked TREM-3, a DAP12-coupled activating receptor 
on murine macrophages, which supposedly acts as an activating receptor57. In 
contrast, in humans TREM-3 is a pseudogene57. However, since DAP12 is known 
to both potentiate and attenuate TLR-signaling, it is perhaps not surprising 
that the net-effect on bacterial clearance of B. pseudomallei is not affected.  
 
TREM-1 has other functions next to TLR-signaling enhancement, such as 
phagocytosis and the production of reactive oxygen species58. Furthermore, 
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others have shown to be involved in excessive deleterious neutrophil influx 
during experimental melioidosis37,53 - was also significantly reduced in Trem-2-

/- mice. Excessive inflammation and neutrophil influx and activation can lead 
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TREM-1 amplifies TLR-responses and therefore might dangerously enhance the 
inflammatory response to bacterial infection18. Controversial results have been 
found on the role of TREM-1 during bacterial infection. TREM-1 deficiency has 
shown to be detrimental during endotoxaemia17 and polymicrobial sepsis12,55, 
while in contrast, moderate levels of TREM-1 can improve survival during 
polymicrobial sepsis, but not endotoxaemia 56. Blockade of TREM-1 with a 
peptide called LP17 could partially protect mice from B. pseudomallei induced 
lethality31. In this study however, we observed, using the same infection model, 
that survival of B. pseudomallei-infected TREM-1-deficient mice was similar to 
WTs. This might be explained by the fact that these mice were completely TREM-
1-deficient and in addition lacked TREM-3, a DAP12-coupled activating receptor 
on murine macrophages, which supposedly acts as an activating receptor57. In 
contrast, in humans TREM-3 is a pseudogene57. However, since DAP12 is known 
to both potentiate and attenuate TLR-signaling, it is perhaps not surprising 
that the net-effect on bacterial clearance of B. pseudomallei is not affected.  
 
TREM-1 has other functions next to TLR-signaling enhancement, such as 
phagocytosis and the production of reactive oxygen species58. Furthermore, 

TREM-1 has been recently linked to trans-epithelial migration of neutrophils 
after infection with P. aeruginosa15. Blocking TREM-1 completely could therefore 
interfere with these important antibacterial mechanisms. We did not find a role 
for TREM-1 in the killing or phagocytosis of B. pseudomallei, which is in line with 
the fact that TREM-1/3 deficiency in neutrophils neither impacts on bacterial 
killing, phagocytosis and chemotaxis of P. aeruginosa15. This suggests that 
other phagocytic receptors on leukocytes are more important for the efficient 
eradication of B. pseudomallei38,41,59. 

In conclusion, we here demonstrate that murine melioidosis is associated 
with increased TREM-1 and -2 expression. TREM-2 deficiency is beneficial 
during experimental Gram-negative sepsis caused by a clinical relevant 
pathogen, resulting in lower bacterial loads, reduced organ damage, decreased 
inflammation and improved survival. When compared to TREM-2, TREM-1 plays 
a limited detrimental role during experimental melioidosis. These results provide 
new information on the expression and function of TREM-2 during melioidosis 
and may demonstrate its potential therapeutic usefulness.
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TREM-1 and -2 deficiency was confirmed by polymerase chain reaction. 

24 and 72 hours (h) after infection, mice were 

For RT-PCR on murine lung and liver tissues 

Supplementary material

All mice were kept at the animal care facility of the Academic Medical Center 
(University of Amsterdam) with unlimited access to food and water. 

sacrificed under intraperitoneal anesthesia containing ketamin (Eurovet Animal 
Health, Bladel, The Netherlands) and medetomidin (Pfizer Animal Health 
Care, Capelle aan den IJssel, The Netherlands).  Lungs, liver and spleen were 
harvested and homogenized at 4°C in 4 volumes of sterile saline using a tissue 
homogenizer (Biospec Products, Bartlesville, OK). Broncho-alveolar lavage (BAL) 
was performed by instilling two 0.5 ml aliquots of sterile saline into the airway 
through cannulation of the trachea with a sterile 22-gauge Abbocath-T catheter 
(Abbott, Sligo, Ireland).  Serial dilutions of organ homogenates, BAL fluid (BALF) 
and blood were plated on blood agar plates and incubated at 37°C at 5% CO2 
overnight. Lung homogenates were diluted 1:1 in Greenberger lysis buffer 
containing 300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mMCaCl2, 1% Triton X-100 
and protease inhibitors (Roche, Indianapolis, IN), incubated at 4°C for 30 min 
and centrifuged at 1730xg at 4°C for 10 min. Supernatants of lung and BALF and 
plasma were sterilized using 0.22 mm pore-size filters (Millipore, Billerica, MA) 
and stored at -20°C until further analysis. 

the following conditions were used: 6 min at 95°C, followed by 45 cycles of 
amplification (95°C for 10 s, 60°C for 5 s, and 72°C for 15 s). Data were analysed 
by the comparative Ct method using GAPDH as the housekeeping gene and 
presented as a fold induction compared to gene-expression in naïve mice. The 
forward primer used for mTREM-1 was (5’- 3’) TGTTGTGCTCTTCCATCCTG and 
the reverse was (5’- 3’) GGGATCGGGTTGTAGTTGTG. For mTREM-2 these were 
(5’- 3’) AGATGACCAAGATGCTGGAGA and (5’- 3’) ATGCTGGCTGCAAGAAACTT 
respectively. For mGAPDH the forward primer (5’- 3’) ATGGCCTTCCGTGTTCCTAC 
and reverse primer (5’- 3’) AGGAGACAACCTGGTCCTCA were used. 
Oligonucleotides were purchased from Eurogentec (Maastricht, The Netherlands). 

Mice

Experimental infection

TREM-1 and TREM-2 expression

5

IL-10, IL-12p70, monocyte chemoattractant protein-1 (MCP-1) and interferon 
(IFN)-γ were measured by cytometric bead array multiplex assay (BD Biosciences, 
San Jose, CA, USA). Keratinocyte chemoattractant (KC), TNF-α, IL-1ß and IL-6 
levels in lung and BALF were measured by ELISA (R&D systems, Minneapolis, 
MN). Alanine aminotransaminase1. and aspartate aminotransferase (AST), blood 
urea nitrogen (BUN) and lactate dehydrogenase (LDH) levels were determined 
with the Cobas 8000 module c702 (Roche Diagnostics). 

after infection, fixed in 100% formalin and embedded in paraffin. Sections of 4 
μm were stained with haematoxylin–eosin (HE), and analysed by a pathologist 
who was blinded to the groups2-4. Lung pathology was scored based on 
affected surface, necrosis and/or abscess formation, interstitial inflammation, 
endothelialitis, bronchitis, edema, thrombus formation, and pleuritis. Each 
parameter was graded on a scale of 0 to 4. The total “mean histological score” 
was expressed as the sum of the scores for each parameter, (maximum of 
32). Spleen and liver sections were scored on inflammation, necrosis/abscess 
formation, and thrombus formation using the scale given above (maximum 
score of 12).  
Granulocyte (Ly6G) staining was performed as previously described5. The Ly6G 
antibody detects Ly6G, formerly known as myeloid differentiation antigen Gr-1, 
a 21–25- kDa GPI-anchored protein that can be found on granulocytes, including 
neutrophils and eosinophils. Slides were counterstained with methylgreen 
(Sigma-Aldrich, St. Louis, MO, USA). The total tissue area of the Ly-6-stained 
slides was scanned with a slide scanner (Olympus dotSlide, Tokyo, Japan) and 
the obtained scans were exported in TIFF format for digital image analysis. The 
digital images were analyzed with IMAGEJ (version 1.47v, National Institutes of 
Health, Bethesda, MD, USA) and the immunopositive (Ly6 +) area was expressed 
as the percentage of the total lung surface area.

phages (AM) and bone-marrow derived macrophages (BMDM) were harvested 
from naïve WT and Trem1/3-/- and Trem-2-/- mice as described3,6,7. 50 µl of 
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a 21–25- kDa GPI-anchored protein that can be found on granulocytes, including 
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whole blood was stimulated with 50 µl of stimulus in a 96-well V-bottom plate 
(Greiner Bio-one, Alphen a/d Rijn, the Netherlands), either plain RPMI 1640 
(Life Technologies, Bleiswijk, The Netherlands), B. pseudomallei 2 x 107 CFU/ml 
or lipopolysaccharide (LPS) of E.coli O111:B4 (end concentration of 100 ng/ml) 
(Invitrogen, San Diego, CA, USA) overnight at 37 °C and 5% CO2 air after which 
supernatant was harvested and stored at -20°C until assayed. AM (5 x 104/well) 
and BMDM (1 x 105/well) were stimulated in a 96-well flat bottom plate (Greiner) 
either with RPMI + FCS 10% (Life technologies) B. pseudomallei (MOI 50) or LPS 
of E.coli (end concentration 100 ng/ml) at 37 °C and 5% CO2 air overnight after 
which the supernatants were stored at -20°C until assayed. 
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6

Melioidosis, caused by the gram-negative bacterium Burkholderia	pseudomallei, 
is an important cause of community-acquired sepsis in southeast-Asia and 
northern-Australia. An important controller of the immune system is the 
pleiotropic cytokine TGF-β, of which Smad2 and Smad 3 are the major signal 
transducers. In this study we aimed to characterize TGF-β expression and 
function in experimental melioidosis. TGF-β expression was determined in 
33 patients with culture proven infection with B pseudomallei and 30 healthy 
controls. We found that plasma TGF-β concentrations were strongly elevated 
during melioidosis. In line with this finding, TGF-β expression in C57BL/6 mice 
intranasally inoculated with B. pseudomallei, was enhanced as well. To assess 
the role of TGF-β we inhibited TGF-β using a selective murine TGF-β antibody. 
Treatment of mice with anti-TGF-β antibody resulted in decreased lung Smad2 
phosphorylation. TGF-β blockade appeared to be protective: mice treated with 
anti-TGF-β antibody and subsequently infected with B. pseudomallei showed 
diminished bacterial loads. Moreover, less distant organ injury was observed 
in anti-TGF-β treated mice as shown by reduced blood urea nitrogen (BUN) 
and aspartate aminotransferase (AST) values. However, anti-TGF-β treatment 
did not have an effect on survival. In conclusion, TGF-β is upregulated during 
B. pseudomallei infection and plays a limited but pro-inflammatory role during 
experimental melioidosis. 

Abstract

The pleiotropic cytokine transforming growth factor-β (TGF-β) is regarded as 
a key regulator of the immune response1. TGF-β is produced by many different 
body cells, including every leukocyte lineage, both of the innate and adaptive 
immune system. Its expression serves in both autocrine and paracrine modes 
to control the differentiation, proliferation, and state of activation of these 
immune cells2. TGF-β1, -β2 and -β3 are the three isoforms that have been 
identified in mammals, of which TGF-β1 is predominantly expressed. TGF-β 
is recognized by the transmembranous TGF-β receptor complex after which 
phosphorylation of Smad2 and Smad3 will result in the formation of hetero-
oligomeric complexes with Smad4. This complex then translocates to the 
nucleus and regulates transcriptional responses together with DNA binding 
cofactors1. TGF-β has multiple immunosuppressive properties, as evidenced 
by the observation that TGF-β knock-out (KO) mice develop multiorgan 
autoimmune inflammatory disease and die shortly after birth3,4. In addition, 
it is known that IFN-γ signalling pathways are dysregulated in the absence of 
TGF-β5. Of interest, macrophages become important producers of TGF-β upon 
activation by phagocytosis of apoptotic cells which could constitute a mechanism 
involving the anti-inflammatory effect of apoptotic cells6. Recent studies have 
intriguingly revealed additional potential pro-inflammatory roles of TGF-β in 
the inflammatory response. Interestingly, TGF-β can induce interleukin (IL)-17 
producing pro-inflammatory Th17 cells in the presence of IL-61,7 and functions as 
a chemoattractant for monocytes and granulocytes6,8.

It is known for many years that TGF-β levels are elevated in patients with sepsis9. 
However, the function of increased TGF-β expression in the host response 
against invading bacteria during sepsis remains unknown. Recent evidence 
suggests that TGF-β is vital in the regulation of the balance between the initial 
Toll-like receptor (TLR) induced protective response and the dysregulated 
immune response that sometimes follows in sepsis5. Melioidosis, caused by 
the gram-negative bacillus Burkholderia	 pseudomallei, is an important cause 
of community-acquired sepsis in Southeast-Asia and Northern-Australia 
and regarded as a good model to study gram-negative sepsis given both the 
homogeneity and severity of its clinical picture10-12. More than half of the cases 
of melioidosis present with pneumonia, frequently associated with bacterial 
dissemination to distant sites10,12,13. A recent gene expression study found that 
the TGF-β/Smad pathway is highly differentially regulated in melioidosis, ranking 
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and aspartate aminotransferase (AST) values. However, anti-TGF-β treatment 
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The pleiotropic cytokine transforming growth factor-β (TGF-β) is regarded as 
a key regulator of the immune response1. TGF-β is produced by many different 
body cells, including every leukocyte lineage, both of the innate and adaptive 
immune system. Its expression serves in both autocrine and paracrine modes 
to control the differentiation, proliferation, and state of activation of these 
immune cells2. TGF-β1, -β2 and -β3 are the three isoforms that have been 
identified in mammals, of which TGF-β1 is predominantly expressed. TGF-β 
is recognized by the transmembranous TGF-β receptor complex after which 
phosphorylation of Smad2 and Smad3 will result in the formation of hetero-
oligomeric complexes with Smad4. This complex then translocates to the 
nucleus and regulates transcriptional responses together with DNA binding 
cofactors1. TGF-β has multiple immunosuppressive properties, as evidenced 
by the observation that TGF-β knock-out (KO) mice develop multiorgan 
autoimmune inflammatory disease and die shortly after birth3,4. In addition, 
it is known that IFN-γ signalling pathways are dysregulated in the absence of 
TGF-β5. Of interest, macrophages become important producers of TGF-β upon 
activation by phagocytosis of apoptotic cells which could constitute a mechanism 
involving the anti-inflammatory effect of apoptotic cells6. Recent studies have 
intriguingly revealed additional potential pro-inflammatory roles of TGF-β in 
the inflammatory response. Interestingly, TGF-β can induce interleukin (IL)-17 
producing pro-inflammatory Th17 cells in the presence of IL-61,7 and functions as 
a chemoattractant for monocytes and granulocytes6,8.

It is known for many years that TGF-β levels are elevated in patients with sepsis9. 
However, the function of increased TGF-β expression in the host response 
against invading bacteria during sepsis remains unknown. Recent evidence 
suggests that TGF-β is vital in the regulation of the balance between the initial 
Toll-like receptor (TLR) induced protective response and the dysregulated 
immune response that sometimes follows in sepsis5. Melioidosis, caused by 
the gram-negative bacillus Burkholderia	 pseudomallei, is an important cause 
of community-acquired sepsis in Southeast-Asia and Northern-Australia 
and regarded as a good model to study gram-negative sepsis given both the 
homogeneity and severity of its clinical picture10-12. More than half of the cases 
of melioidosis present with pneumonia, frequently associated with bacterial 
dissemination to distant sites10,12,13. A recent gene expression study found that 
the TGF-β/Smad pathway is highly differentially regulated in melioidosis, ranking 
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6

above even the interleukin-1, TLR and NLR pathways14 (G.C.W.Koh, personal 
communication)12,13,15. It has been recognized that severe melioidosis probably 
can be seen as the clinical manifestation of a TLR mediated dysregulation of the 
immune response to invading B. pseudomallei16-18.

In the present study we aimed to characterize the expression and function 
of TGF-β in melioidosis. To do so, we analysed TGF-β expression patterns in 
patients with melioidosis and in a mouse model of B. pseudomallei infection. 
TGF-β function was investigated in experimental murine melioidosis using anti-
TGF-β antibodies. 

Public Health, Royal Government of Thailand and the Oxford Tropical Research 
Ethics Committee, University of Oxford, England. We obtained written informed 
consent from all subjects before the study. The Animal Care and Use of 
Committee of the University of Amsterdam approved all mouse experiments.  

diluted 1:2 in lysis buffer containing 300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 
2 mM CaCl2, 1% Triton X-100, and AEBSF (4-(2-aminoethyl-benzenesulfonyl 
fluoride), EDTA-NA2, Pepstatin and Leupeptin (all 8  µg/ml; pH 7.4) and incubated 
at 4°C for 30 min. Homogenates were centrifuged at 1500 x g at 4°C for 15 
minutes, and supernatants were stored at -20°C until assays were performed. 
Human and murine TGF-β was measured by ELISA according to the instructions 
of the manufacturer (both R&D systems, Minneapolis, MN). IL-1b, IL-6, IL-17, 

and 30 healthy controls in this study. Individuals were recruited prospectively 
at Sapprasithiprasong Hospital, Ubon Ratchathani, Thailand in 2004. Sepsis due 
to melioidosis was defined as culture positivity for B. pseudomallei from any 
clinical sample plus a systemic inflammatory response syndrome (SIRS)19. Study 
design and subjects have been described in detail17.

from Harlan Sprague Dawley Inc. (Horst, The Netherlands). Age-matched animals 
were used in each experiment. For the inoculum, B. pseudomallei strain 1026b 
was used and prepared as described20,21. Pneumonia was induced by intranasal 
inoculation of 3.0 x 102 or 7.5 x 102 colony forming units (CFU/ 50 μl). 72 hours 
after infection, mice were anesthetized and sacrificed by bleeding from the vena 
cava inferior17. Organs were harvested and homogenized after which CFUs were 
determined from serial dilutions of homogenates as described17. In depletion 
experiments mice were injected intraperitoneally with 200 μg of a monoclonal 
anti-TGF-β (1D11, anti-TGF-β1,-β2 and –β3, Bioceros) or an isotype-matched 
control  IgG antibody (anti-β-galactosidase, G113, Bioceros) 2 hours before and 
48 hours after bacterial inoculation22,23

Ethics Statement 

Assays

Patients

Murine melioidosis
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Materials and methods

Public Health, Royal Government of Thailand and the Oxford Tropical Research 
Ethics Committee, University of Oxford, England. We obtained written informed 
consent from all subjects before the study. The Animal Care and Use of 
Committee of the University of Amsterdam approved all mouse experiments.  

diluted 1:2 in lysis buffer containing 300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 
2 mM CaCl2, 1% Triton X-100, and AEBSF (4-(2-aminoethyl-benzenesulfonyl 
fluoride), EDTA-NA2, Pepstatin and Leupeptin (all 8  µg/ml; pH 7.4) and incubated 
at 4°C for 30 min. Homogenates were centrifuged at 1500 x g at 4°C for 15 
minutes, and supernatants were stored at -20°C until assays were performed. 
Human and murine TGF-β was measured by ELISA according to the instructions 
of the manufacturer (both R&D systems, Minneapolis, MN). IL-1b, IL-6, IL-17, 

and 30 healthy controls in this study. Individuals were recruited prospectively 
at Sapprasithiprasong Hospital, Ubon Ratchathani, Thailand in 2004. Sepsis due 
to melioidosis was defined as culture positivity for B. pseudomallei from any 
clinical sample plus a systemic inflammatory response syndrome (SIRS)19. Study 
design and subjects have been described in detail17.

from Harlan Sprague Dawley Inc. (Horst, The Netherlands). Age-matched animals 
were used in each experiment. For the inoculum, B. pseudomallei strain 1026b 
was used and prepared as described20,21. Pneumonia was induced by intranasal 
inoculation of 3.0 x 102 or 7.5 x 102 colony forming units (CFU/ 50 μl). 72 hours 
after infection, mice were anesthetized and sacrificed by bleeding from the vena 
cava inferior17. Organs were harvested and homogenized after which CFUs were 
determined from serial dilutions of homogenates as described17. In depletion 
experiments mice were injected intraperitoneally with 200 μg of a monoclonal 
anti-TGF-β (1D11, anti-TGF-β1,-β2 and –β3, Bioceros) or an isotype-matched 
control  IgG antibody (anti-β-galactosidase, G113, Bioceros) 2 hours before and 
48 hours after bacterial inoculation22,23

Ethics Statement 

Assays

Patients

Murine melioidosis

The patient study was approved by both the Ministry of 

For cytokine measurements, lung and spleen homogenates were 

We included 33 individuals with sepsis caused by B. pseudomallei 

Male C57BL/6 mice (age 8-10 weeks) were purchased 
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keratinocyte chemoattractant (KC), monocyte chemoattractant protein (MCP)-1 
and tumor necrosis factor (TNF)-α were determined by ELISA (BD Biosciences, 
San Jose, CA). For Western blot analysis lung homogenates were prepared as 
described above with addition of 1mM sodium orthovanadate (Sigma-Aldrich, 
St. Louis, MO). Samples were separated by SDS-PAGE and transferred onto 
activated PVDF membranes (Millipore, Etten Leur, The Netherlands). Membranes 
were blocked with either 5% (w/v) non-fat dry milk in Tris-buffered saline 
containing 0.1% Tween (TBS-T) (actin) or 5% bovine serum albumine (Sigma) in 
TBS-T (Smad 2/3, phospho-Smad 2/3).  Blots were probed with primary antibody 
(1:1000; BD Transduction Laboratories for Smad 2/3, Santa Cruz Biotechnology, 
Santa Cruz, CA, USA for phosphor-Smad 2/3 and actin) followed by incubation 
with a HRP conjugated secondary antibody. HRP activity was visualized with 
ECL-reagent (Amersham Pharmacia Biotech, Roosendaal, the Netherlands) 
using a Lumi-Imager (Roche Diagnostics, Almere, The Netherlands). Aspartate 
aminotransferase (AST), alanine aminotransferase (ALT), blood urea nitrogen 
(BUN)) and creatinine were determined with commercially available kits (Sigma) 
using a Hittachi analyzer (Boehringer Mannheim, Mannheim, Germany). 

mean (SEM). Differences between groups were analyzed by Mann-Whitney U 
test. Wilcoxon matched pairs test was used for analysis of continuous variables. 
For survival analysis, Kaplan-Meier analysis followed by log rank test was 
performed. These analyses were performed using GraphPad Prism version 
5.01, GraphPad Software (San Diego, CA). Values of P < 0.05 were considered 
statistically significant. 

Statistical analysis Values are expressed as means ± standard error of the 

insight into TGF-β expression during melioidosis, we first quantified TGF-β levels 
in plasma from 33 patients with culture proven B. pseudomallei infection and 30 
local healthy controls. TGF-β expression was significantly elevated in patients 
with melioidosis (5223 pg/ml ± 909.2) compared to controls (3144 pg/ml ± 433.8; 
p < 0.05; Figure 1). In five patients from whom blood could be obtained after 
recovery (14 days after admission), TGF-β levels showed complete normalization 
(Figure 1). The mortality rate in this cohort of patients was 44%.  It has been 
previously reported that TGF-β levels at admission are associated with poor 
outcome in patients with pneumonia induced sepsis24. However, in our cohort 
of septic patients, elevation of plasma TGF-β level was not associated with an 
adverse outcome: on admission, patients who went on to die did not have higher 
TGF-β concentrations than those who survived (data not shown). 

Figure 1. Transforming growth factor-β levels are elevated in melioidosis patients.
On admission, TGF-β levels in plasma of patients with culture proven melioidosis (n=33) were 
elevated compared to healthy controls (A) (n=30). Plasma levels of TGF-β decreased in melioidosis 
patients 2 weeks after successful antibiotic treatment (B)  (n=6). * P < 0.05.
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A large part of patients with melioidosis presents with pneumonia with bacterial 
dissemination to distant organs8,12,25. Considering that it is not feasible to study 
TGF-β expression at tissue level in patients, we made use of our well-established 

Elevated TGF-β levels in lung tissue during experimental pneumonia-derived 
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aminotransferase (AST), alanine aminotransferase (ALT), blood urea nitrogen 
(BUN)) and creatinine were determined with commercially available kits (Sigma) 
using a Hittachi analyzer (Boehringer Mannheim, Mannheim, Germany). 

mean (SEM). Differences between groups were analyzed by Mann-Whitney U 
test. Wilcoxon matched pairs test was used for analysis of continuous variables. 
For survival analysis, Kaplan-Meier analysis followed by log rank test was 
performed. These analyses were performed using GraphPad Prism version 
5.01, GraphPad Software (San Diego, CA). Values of P < 0.05 were considered 
statistically significant. 
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p < 0.05; Figure 1). In five patients from whom blood could be obtained after 
recovery (14 days after admission), TGF-β levels showed complete normalization 
(Figure 1). The mortality rate in this cohort of patients was 44%.  It has been 
previously reported that TGF-β levels at admission are associated with poor 
outcome in patients with pneumonia induced sepsis24. However, in our cohort 
of septic patients, elevation of plasma TGF-β level was not associated with an 
adverse outcome: on admission, patients who went on to die did not have higher 
TGF-β concentrations than those who survived (data not shown). 
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On admission, TGF-β levels in plasma of patients with culture proven melioidosis (n=33) were 
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patients 2 weeks after successful antibiotic treatment (B)  (n=6). * P < 0.05.
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6
Figure 2. Increased expression of TGF-β in lung tissue of wild type mice infected with B. 
pseudomallei. Elevated pulmonary TGF-β levels were observed in mice (n = 8) 72 hours after 
intranasal infection with 7.5 x 102 colony forming units of B. pseudomallei when compared to 24 
hours after infection. *** P < 0.001.
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To acquire further understanding of the function of TGF-β during melioidosis 
we treated wild type mice inoculated with 7.5 x 102 CFU of B. pseudomallei with 
a neutralizing anti –TGF-β antibody or control IgG antibody. We first evaluated 
whether the anti-TGF-β antibody was successful in inhibiting Smad signaling, 
which is the major pathway activated by TGF-β. Therefore we measured 
total and phosphorylated Smad2 and Smad3 expression using Western Blot 
analysis and found that mice treated with anti-TGF-β showed decreased Smad2 
phosphorylation. These data indicate inhibition of the Smad pathway (Figure 
3). To determine the effect of the inhibition of TGF-β and Smad2/3 signaling 
on inflammation we first measured cytokine levels in whole lung and spleen 
homogenates harvested from both the anti-TGF-β treated and control mice at 
72 hours post-infection with a lethal dose of B. pseudomallei. Despite decreased 
MCP-1 levels in lung homogenatse of anti-TGF-β treated mice, we could not 
demonstrate significantly lower levels of IL-1β, IL-6, and TNF-α in both lungs and 
spleens of these mice (Table 1). No difference in IL-17, a TGF-β driven cytokine, 

murine model of experimental melioidosis in which mice are intranasally 
infected with a lethal dose of B. pseudomallei17,21,26. At 72 h post-infection TGF-β 
concentrations measured in the pulmonary compartment were significantly 
elevated compared to baseline (Figure 2, p < 0.001), which is in full agreement 
with the observed increase in TGF-β level in patients.

Anti-TGF-β treatment results in decreased lung Smad2 phosphorylation and 
a diminished inflammatory response
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which is the major pathway activated by TGF-β. Therefore we measured 
total and phosphorylated Smad2 and Smad3 expression using Western Blot 
analysis and found that mice treated with anti-TGF-β showed decreased Smad2 
phosphorylation. These data indicate inhibition of the Smad pathway (Figure 
3). To determine the effect of the inhibition of TGF-β and Smad2/3 signaling 
on inflammation we first measured cytokine levels in whole lung and spleen 
homogenates harvested from both the anti-TGF-β treated and control mice at 
72 hours post-infection with a lethal dose of B. pseudomallei. Despite decreased 
MCP-1 levels in lung homogenatse of anti-TGF-β treated mice, we could not 
demonstrate significantly lower levels of IL-1β, IL-6, and TNF-α in both lungs and 
spleens of these mice (Table 1). No difference in IL-17, a TGF-β driven cytokine, 

murine model of experimental melioidosis in which mice are intranasally 
infected with a lethal dose of B. pseudomallei17,21,26. At 72 h post-infection TGF-β 
concentrations measured in the pulmonary compartment were significantly 
elevated compared to baseline (Figure 2, p < 0.001), which is in full agreement 
with the observed increase in TGF-β level in patients.

6

Figure 3. Decreased expression of phosphorylated Smad2 in mice receiving anti-TGF-β 
treatment. TGF-β signalling was evaluated by quantifying the total levels of Smad2 and Smad3 
and their phosphorylation in lung tissue by Western Blot 48 hours after intranasal infection with 
B. pseudomallei. The left 4 lanes show the expression of Smad2 (A) and Smad3 (B) in lung tissue 
of control mice and the right 4 lanes of mice that received anti-TGF-β treatment (2 x 200 ug 
TGFβ antibody). The bar graph shows the ratio of expressed phosphorylated Smad/total Smad 
corrected for actin loading levels. A significant decrease in p- Smad2 is demonstrated in mice 
that were treated with anti-TGF-β antibody (C). * P < 0.05.

was found in both organs. In addition, we evaluated the effect of TGF-β 
suppression on organ damage as reflected in kidney and liver function tests. 
A marked decrease in AST (88.0 U/L ± 65.8 versus 414.3 U/L ± 369.2) and BUN 
(5.7 ± 3.2 versus 18.4 ± 14.8) levels was seen in mice treated with anti-TGF-β 
demonstrating less organ damage in this group (Figure 4; p < 0.05).
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Figure 4. Less organ damage in mice receiving anti-TGF-β treatment.                                                                                                                     
Levels of blood urea nitrogen (BUN; A), creatinine (B), aspartate aminotransferase (AST; C) and 
alanine aminotransferase (ALT;D) were measured in B. pseudomallei infected mice (n = 8/group) 
that were treated with anti-TGF-β antibody and their controls at 72 hrs as parameters for organ 
damage. Expression of AST and BUN were decreased demonstrating less organ damage. * P < 
0.05. Data shown from single independent experiments.

Table 1. Pro-inflammatory cytokines and mediators in lung and spleen at t= 48 hrs
Mice (n = 8/group) were inoculated with 7.5 × 102 CFU of B.pseudomallei intranasally and treated 
with anti-TGF-β antibody or control IgG antibody. After 72 h, mice were sacrificed, lungs and 
spleens were removed and homogenized, and cytokines were measured. Data are expressed as 
mean ± SEM.*, P < 0.05.

 

	   T	  =	  48	  h	  

pg/ml	   WT	   +	  anti-‐TGFβ	  

	   Lung	  homogenate	  

IL-‐1β	   12416	  ±	  1626	   9036	  ±	  1540	  

IL-‐6	   14954	  ±	  5050	   5037	  ±	  2066	  

IL-‐172	   192.9	  ±	  14.92	   183	  ±	  17.86	  

KC	   18777	  ±	  3996	   10524	  ±	  2741	  

MCP-‐1	   22490	  ±	  3105	   13095	  ±	  3049	  

TNF-‐α	   4859	  ±	  671	   3392	  ±	  628.5	  

	   	   	  

	   Spleen	  

IL-‐1β	   710	  ±	  176.6	   827	  ±	  79.42	  

IL-‐6	   920.2	  ±	  453.8	   111.4	  ±	  47.73	  

IL-‐17	   62.59	  ±	  4.21	   84.58	  ±	  16.4	  

KC	   7300	  ±	  1840	   3061	  ±	  514.5	  

MCP-‐1	   3502	  ±	  1824	   831.8	  ±	  434.9	  

TNF-‐α	   239.7	  ±	  134.5	   180.7	  ±	  92.83	  

bacterial growth during melioidosis, we determined bacterial loads in lung 
homogenate (the primary site of infection), blood and spleen (to evaluate 
dissemination of the bacterium to distant sites) from B. pseudomallei infected 
mice treated with anti-TGF-β or control antibody. 5 out of 7 blood cultures were 
positive in the control group compared to 1 out of 7 in the anti-TGF-β treated 
group. (data not shown). In addition, bacterial growth was significantly decreased 
in lung and spleen of mice that were administered anti-TGF-β antibody, showing 
a protective effect of TGF-β inhibition (Figure 5; p < 0.05).

TGF-β facilitates bacterial growth
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Table 1. Pro-inflammatory cytokines and mediators in lung and spleen at t= 48 hrs
Mice (n = 8/group) were inoculated with 7.5 × 102 CFU of B.pseudomallei intranasally and treated 
with anti-TGF-β antibody or control IgG antibody. After 72 h, mice were sacrificed, lungs and 
spleens were removed and homogenized, and cytokines were measured. Data are expressed as 
mean ± SEM.*, P < 0.05.

bacterial growth during melioidosis, we determined bacterial loads in lung 
homogenate (the primary site of infection), blood and spleen (to evaluate 
dissemination of the bacterium to distant sites) from B. pseudomallei infected 
mice treated with anti-TGF-β or control antibody. 5 out of 7 blood cultures were 
positive in the control group compared to 1 out of 7 in the anti-TGF-β treated 
group. (data not shown). In addition, bacterial growth was significantly decreased 
in lung and spleen of mice that were administered anti-TGF-β antibody, showing 
a protective effect of TGF-β inhibition (Figure 5; p < 0.05).

TGF-β facilitates bacterial growth To determine whether TGF-β impacts on 

6
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Figure 5. Anti-TGF-β treatment results in diminished bacterial growth during experimental 
melioidosis. Mice (n = 8/group) were treated with anti-TGF-β antibody or control IgG antibody 
and inoculated with 7.5 x 102 colony forming units of B. pseudomallei intranasally. Bacterial 
numbers were quantified 72 hrs post-infection. Less growth was seen in the lungs (A) and spleens 
(B) of mice treated with anti-TGF-β antibody. * P < 0.05. Data shown from single independent 
experiments.

143

Chapter

Boek.indd   143 03-05-16   13:28



6

above demonstrated a protective effect of anti-TGF-β treatment on 
inflammation and bacterial growth during experimental melioidosis. Given that 
TGF-β is upregulated in patients with severe melioidosis and that anti-TGF-β 
treatment has anti-inflammatory effects and leads to less bacterial growth in 
lung and spleen, we next assessed the effect of TGF-β inhibition on survival in 
experimental melioidosis. Mice received anti–TGF-β antibody or control IgG 
antibody 2 hours prior and 48 hours after infection with low dose (3.0 x 102 CFU) 
or high dose (7.5 x 102 CFU) B. pseudomallei and were followed until death. No 
differences in time to death were observed between all groups, demonstrating 
no effect on survival of anti-TGF-β treatment despite its observed protective 
effect on inflammation both during low dose or high dose infection (shown for 
7.5 x 102 CFU B. pseudomallei in Figure 6).

No beneficial effect on survival of anti-TGF-β treatment The experiments 

Figure 6. No influence on survival of anti-TGF-β treatment during murine melioidosis.
Mice (n = 12/group) received either 2x 200 µg control antibody (black squares) or 2x 200 µg 
anti-TGF-β antibody (white squares) and were infected with 7.5 x 102 CFU, a lethal dose, of B. 
pseudomallei intranasally, after which they were followed until death. Mortality was assessed 
every 4 hours. No difference in survival was seen.
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above demonstrated a protective effect of anti-TGF-β treatment on 
inflammation and bacterial growth during experimental melioidosis. Given that 
TGF-β is upregulated in patients with severe melioidosis and that anti-TGF-β 
treatment has anti-inflammatory effects and leads to less bacterial growth in 
lung and spleen, we next assessed the effect of TGF-β inhibition on survival in 
experimental melioidosis. Mice received anti–TGF-β antibody or control IgG 
antibody 2 hours prior and 48 hours after infection with low dose (3.0 x 102 CFU) 
or high dose (7.5 x 102 CFU) B. pseudomallei and were followed until death. No 
differences in time to death were observed between all groups, demonstrating 
no effect on survival of anti-TGF-β treatment despite its observed protective 
effect on inflammation both during low dose or high dose infection (shown for 
7.5 x 102 CFU B. pseudomallei in Figure 6).

The experiments 

Figure 6. No influence on survival of anti-TGF-β treatment during murine melioidosis.
Mice (n = 12/group) received either 2x 200 µg control antibody (black squares) or 2x 200 µg 
anti-TGF-β antibody (white squares) and were infected with 7.5 x 102 CFU, a lethal dose, of B. 
pseudomallei intranasally, after which they were followed until death. Mortality was assessed 
every 4 hours. No difference in survival was seen.
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In the present study we aimed to characterize the expression and function of 
the pleiotropic cytokine TGF-β in melioidosis, linking observational studies in 
patients with culture-proven disease with functional studies in mice. Our study 
demonstrates that patients with severe melioidosis have strongly increased 
TGF-β levels in plasma. In line, TGF-β expression increased over time in mice 
intranasally inoculated with B. pseudomallei. To assess the function of TGF-β 
during melioidosis we used a depleting TGF-β antibody, which successfully 
inhibited the major TGF-β signaling Smad pathway. In mice treated with this anti-
TGF-β antibody diminished bacterial outgrowth was seen and less distant organ 
damage. However, the observed protective effects of anti-TGF-β treatment did 
not translate into an improved survival in our model of experimental melioidosis.  

To our knowledge this is the first report on the role of TGF-β in melioidosis. 
Earlier studies on TGF-β expression during severe bacterial infection are 
conflicting: in patients with sepsis both up- and downregulation of TGF-β have 
been described9,24,27. In patients with Chagas’ disease, caused by the parasite 
Trypanosoma cruzi, elevated levels of TGF-β are seen28. Of note, high levels of 
circulating TGF-β during sepsis caused by community-acquired pneumonia have 
been shown to correlate with higher APACHE II scores and mortality24. Our study 
demonstrates that severe melioidosis is characterized by high levels of TGF-β as 
well although we could not demonstrate a relation between TGF-β levels and 
mortality in our cohort of patients.  

In our study TGF-β inhibition led to less bacterial growth and decreased organ 
damage. The mechanism via which TGF-β inhibition exerts its protective effects 
during melioidosis remains to be clarified. TGF-β has shown in previous studies 
to control both the innate and adaptive immune system by its anti-inflammatory 
properties29. Yet, TGF-β can also induce differentiation of T helper cells into 
pro-inflammatory IL-17 producing T lymphocytes (Th17 cells)1,7. Surprisingly, 
decreased interleukin-17 levels have been found in diabetic melioidosis patients. 
To assess whether the protective effect of anti-TGF-β treatment was caused by 
inhibition of Th17 cells, we measured IL-17 levels in lung, spleen and plasma by 
ELISA. However, there was no difference in IL-17 production in mice treated with 
the anti-TGF-β antibody and their controls (Table 1). 
The function of TGF-β in immune responses depends heavily on its surroundings, 
per example on circulating cyto- and chemokines and differentiation state of 
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target cells. Although TGF-β might be upregulated in the event of invading 
pathogens, this does not always seem to contribute to efficient bacterial 
clearance. It has been described that TGF-β expression is upregulated and 
exploited by some pathogens, such as T. cruzi and Francisella tularensis to 
facilitate entry, replication, and persistence in the host. In these instances 
elevated TGF-β expression might suppress the killing activity of macrophages, 
thereby enhancing the intracellular proliferation the micro-organisms and 
facilitating virulence6. The facultative intracellular bacterium B. pseudomallei 
might use a similar mechanism to remain virulent after host invasion in order to 
try to escape from the immune response. 

Our study has several limitations.  We used a selective TGF-β antibody instead 
of TGF-β knockout mice resulting in incomplete suppression of TGF-β activity. 
As mentioned above, TGF-β KO mice die shortly after birth due to major 
inflammatory disease. We made use of TGF-β blocking antibodies, however 
it should be noted that currently no valid bioactivity assay exists to measure 
TGF-β activity. Nevertheless, the selective anti-TGF- β antibody was successful 
in inhibiting the Smad pathway largely. It has to be noticed however, that TGF-β 
can activate Smad-independent pathways as well1. 

In conclusion, TGF-β levels are strongly increased during severe melioidosis. 
Inhibition of TGF-β with a selective TGF-β antibody has a protective effect: 
inflammation was reduced and less bacterial growth and distant organ damage 
were seen. However, this protective effect did not improve survival. Although it 
is clear that TGF-β is involved in the pathogenesis of melioidosis its role in host 
defense against B. pseudomallei seems to be limited. 
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Melioidosis, caused by the Gram-negative bacterium Burkholderia	
pseudomallei, is a common cause of community-acquired sepsis in Southeast 
Asia and Northern Australia. The NLRP3-inflammasome and its downstream 
product interleukin-1 beta (IL-1β) have been proposed to play crucial roles in 
melioidosis. In this study we characterized the role of IL-1β more closely and 
we assessed its therapeutic potential.
MRNA expression of inflammasome components was determined in isolated 
leukocytes of 32 healthy controls and 34 patients with sepsis caused by 
B.pseudomallei.
Wild-type (WT), NLRP3-deficient  (Nlrp3-/-) and Asc-/- mice were infected with 
B.pseudomallei. In additional experiments, infected WT mice were treated with 
an anti-IL-1β antibody. After 24, 48 and 72 hours (h) mice were sacrificed and 
organs were harvested. Furthermore, survival studies were performed. 
Patients with melioidosis exhibited lower mRNA levels of caspase-1, NLRP3 
and ASC.  Bacterial dissemination and organ damage were increased in 
B.pseudomallei-infected Nlrp3-/- and Asc-/- mice, together with a reduced 
pulmonary cell influx. Anti-IL-1β treatment of B.pseudomallei challenged mice 
resulted in strongly reduced bacterial counts, organ damage and pulmonary 
granulocyte influx together with reduced mortality. Postponement of anti-IL-1β 
treatment for 24h post-infection still protected mice during melioidosis. 
Expression of caspase-1, NLRP3 and ASC is altered in melioidosis patients. In 
mice, both NLRP3 and ASC contribute to the host defense against melioidosis. 
Anti-IL-1β treatment protects mice against B.pseudomallei infection and might 
be a novel treatment strategy in melioidosis. 

Abstract

7

The National Select Agent Registry Tier 1 select agent Burkholderia	pseudomallei 
is the causative agent of melioidosis and a frequent cause of community-acquired 
sepsis in Southeast Asia and northern Australia1. Melioidosis is characterized 
by pneumonia and abscess formation in different organ systems. Septic shock 
occurs in one fifth of patients 1. Despite adequate use of antibiotics following 
diagnosis, mortality rates associated with septic melioidosis range from 20 to 
over 40% depending on the availability of intensive care facilities1. This, together 
with first reports on the emergence of antibiotic resistance in B.pseudomallei 
and underreporting2-4, highlights the importance of expanding our knowledge 
on the antimicrobial response in melioidosis that can lead to new therapeutic 
approaches.

In recent years the importance of the pattern recognition receptor (PRRs) in 
the host defense against B.pseudomallei infection has become apparent. Toll-
like receptors (TLR), which recognize conserved microbial structures, known as 
pathogen-associated molecular patterns (PAMPs), are the most studied PRRs. 
The inflammasomes, large protein complexes, detect infection and stress-
associated signals and represent the most important intracellular PRRs5. Nod-
like receptor (NLR) family, pyrin domain containing (NLRP)3 is a sensor that 
functions in a single inflammasome, whereas adaptor apoptosis–associated 
speck-like protein containing a caspase activation and recruitment domain, ASC, 
is a common adaptor of several inflammasomes6. After recognition of PAMPs 
or damage-associated molecular patterns (DAMPs), the inflammasome platform 
assembles and proteolytically activates caspase-1. Once activated, caspase-1 
cleaves pro-interleukin-1β (IL-1β) and pro-IL18 into their mature forms7. IL-1β and 
IL-18 are among the most potent proinflammatory cytokines that are involved 
in the acute phase response. Caspase-1-activation can also trigger pyroptosis, a 
form of programmed cell death that effectively restricts intracellular bacterial 
growth 8. NLRs can be activated by a wide variety of signals, including ATP, uric 
acid crystals but also bacterial type three secretion system (T3SS) needles, rod 
proteins and flagellin; all major virulence factors of B.pseudomallei1. 

We and others have previously shown that IL-1β and IL-18 expression is increased 
in septic melioidosis patients and both play essential roles in the immune 
response to B.pseudomallei infection4,9-11. Monocyte IL-1β mRNA expression and 
plasma IL-18 levels on admission correlate with poor outcome in patients with 
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product interleukin-1 beta (IL-1β) have been proposed to play crucial roles in 
melioidosis. In this study we characterized the role of IL-1β more closely and 
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and underreporting2-4, highlights the importance of expanding our knowledge 
on the antimicrobial response in melioidosis that can lead to new therapeutic 
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the host defense against B.pseudomallei infection has become apparent. Toll-
like receptors (TLR), which recognize conserved microbial structures, known as 
pathogen-associated molecular patterns (PAMPs), are the most studied PRRs. 
The inflammasomes, large protein complexes, detect infection and stress-
associated signals and represent the most important intracellular PRRs5. Nod-
like receptor (NLR) family, pyrin domain containing (NLRP)3 is a sensor that 
functions in a single inflammasome, whereas adaptor apoptosis–associated 
speck-like protein containing a caspase activation and recruitment domain, ASC, 
is a common adaptor of several inflammasomes6. After recognition of PAMPs 
or damage-associated molecular patterns (DAMPs), the inflammasome platform 
assembles and proteolytically activates caspase-1. Once activated, caspase-1 
cleaves pro-interleukin-1β (IL-1β) and pro-IL18 into their mature forms7. IL-1β and 
IL-18 are among the most potent proinflammatory cytokines that are involved 
in the acute phase response. Caspase-1-activation can also trigger pyroptosis, a 
form of programmed cell death that effectively restricts intracellular bacterial 
growth 8. NLRs can be activated by a wide variety of signals, including ATP, uric 
acid crystals but also bacterial type three secretion system (T3SS) needles, rod 
proteins and flagellin; all major virulence factors of B.pseudomallei1. 

We and others have previously shown that IL-1β and IL-18 expression is increased 
in septic melioidosis patients and both play essential roles in the immune 
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melioidosis4,9. The NLRP3 inflammasome is responsible for the production of 
IL-1β and IL-18 in murine melioidosis, while pyroptosis is thought to be NLRC4-
inflammasome dependent8,10.  IL-18 protects against B.pseudomallei infection 
due to its induction of interferon (IFN)-γ4,10.  IL-1β on the other hand has been 
suggested to play a deleterious role due to excessive recruitment of neutrophils, 
which may support intracellular growth of B.pseudomallei, tissue damage, and 
inhibition of IFN-γ production10. 

We now expand upon these previous studies by first investigating caspase-1, 
NLRP3 and ASC expression in patients with culture-proven melioidosis. Having 
found that these genes are down-regulated during melioidosis, we next aimed 
to further characterize the role of NLRP3 and ASC in the host defense against 
pneumonia-derived melioidosis in vivo. B.pseudomallei-infected Nlrp3-/- and Asc-

/- mice displayed increased bacterial dissemination and organ damage together 
with a reduced cell influx towards the primary site of infection compared to 
controls. Lastly, we evaluated whether treatment with a commercially available 
monoclonal IL-1β antibody could improve outcome in experimental melioidosis 
and found that anti-IL-1β treatment conferred marked protection against 
B.pseudomallei induced lethality. 

7

The study was approved by the Ministry of Public Health, Royal Government 
of Thailand, and the Oxford Tropical Research Ethics Committee, University of 
Oxford, England.
The Animal Care and Use of Committee of the University of Amsterdam approved 
all animal experiments (DIX 21AJ and 102327), which adhered to European 
legislation (Directive 2010/63/EU). 

and 30 healthy controls in this study. Individuals were recruited prospectively 
at Sapprasithiprasong Hospital, UbHospital, Ubon Ratchathani, Thailand as 
described9. In short, eligible patients aged 18-75 years, had culture-proven 
melioidosis, received active antimicrobial therapy for less than 48 hours (h) 
(ceftazidime, amoxicillin-clavulanate, meropenem or imipenem) and had at least 
three out of four criteria for the systemic inflammatory response syndrome 
(SIRS); a core temperature of ≤36°C or ≥38°C; a heart rate of ≥90 beats/min; 
a respiratory rate of ≥20 breaths/min, a PaCO2 of ≥32 mmHg, or the use of 
mechanical ventilation for an acute respiratory process; and a white cell count 
of ≤4 × 109/liter or ≥12 × 109/liter or a differential count showing >10% immature 
neutrophils. 32 healthy blood donors were recruited from the hospital’s blood 
bank and served as controls. 
on Ratchathani, Thailand in 2004. Sepsis due to melioidosis was defined as 
culture positivity for B. pseudomallei from any clinical sample plus a systemic 
inflammatory response syndrome (SIRS)19. Study design and subjects have been 
described in detail17.

Ethics Statement 
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due to its induction of interferon (IFN)-γ4,10.  IL-1β on the other hand has been 
suggested to play a deleterious role due to excessive recruitment of neutrophils, 
which may support intracellular growth of B.pseudomallei, tissue damage, and 
inhibition of IFN-γ production10. 

We now expand upon these previous studies by first investigating caspase-1, 
NLRP3 and ASC expression in patients with culture-proven melioidosis. Having 
found that these genes are down-regulated during melioidosis, we next aimed 
to further characterize the role of NLRP3 and ASC in the host defense against 
pneumonia-derived melioidosis in vivo. B.pseudomallei-infected Nlrp3-/- and Asc-

/- mice displayed increased bacterial dissemination and organ damage together 
with a reduced cell influx towards the primary site of infection compared to 
controls. Lastly, we evaluated whether treatment with a commercially available 
monoclonal IL-1β antibody could improve outcome in experimental melioidosis 
and found that anti-IL-1β treatment conferred marked protection against 
B.pseudomallei induced lethality. 

7

Materials and methods

The study was approved by the Ministry of Public Health, Royal Government 
of Thailand, and the Oxford Tropical Research Ethics Committee, University of 
Oxford, England.
The Animal Care and Use of Committee of the University of Amsterdam approved 
all animal experiments (DIX 21AJ and 102327), which adhered to European 
legislation (Directive 2010/63/EU). 

and 30 healthy controls in this study. Individuals were recruited prospectively 
at Sapprasithiprasong Hospital, UbHospital, Ubon Ratchathani, Thailand as 
described9. In short, eligible patients aged 18-75 years, had culture-proven 
melioidosis, received active antimicrobial therapy for less than 48 hours (h) 
(ceftazidime, amoxicillin-clavulanate, meropenem or imipenem) and had at least 
three out of four criteria for the systemic inflammatory response syndrome 
(SIRS); a core temperature of ≤36°C or ≥38°C; a heart rate of ≥90 beats/min; 
a respiratory rate of ≥20 breaths/min, a PaCO2 of ≥32 mmHg, or the use of 
mechanical ventilation for an acute respiratory process; and a white cell count 
of ≤4 × 109/liter or ≥12 × 109/liter or a differential count showing >10% immature 
neutrophils. 32 healthy blood donors were recruited from the hospital’s blood 
bank and served as controls. 
on Ratchathani, Thailand in 2004. Sepsis due to melioidosis was defined as 
culture positivity for B. pseudomallei from any clinical sample plus a systemic 
inflammatory response syndrome (SIRS)19. Study design and subjects have been 
described in detail17.

granulocytes and monocytes was isolated using the RNeasy Mini Kit System 
(Qiagen, Venlo, Netherlands), treated with RNA-free DNase (Promega, Madison, 
WI) and reverse transcribed using oligo(dT) primers and Moloney murine 
leukemia virus RT (Promega). Primers and RT-PCR conditions can be found in 
the online supplement (Table S1). Data were analyzed using the comparative Ct 
method. 

Ethics Statement 

Patients

Analysis of mRNA-levels by quantitative RT-PCR

All human subjects provided written informed consent. 

34 melioidosis patients were recruited at the Sappasithiprasong 

Total RNA of human 
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genetic background. Age- and sex-matched pathogen-free 8- to 10-wk-old 
male wild-type (WT) C57BL/6 mice were purchased from Charles River (Leiden, 
Netherlands). 

was induced by intranasal inoculation with 3 or 5×102 colony forming units (CFU) 
of B.pseudomallei strain 1026b (a clinical isolate) as described13. At 24 and/or 
72h post-infection, mice were euthanized and sacrificed by bleeding from the 
inferior vena cava, after which organs were harvested. In some experiments 
mouse monoclonal antibody directed against mouse IL-1β (α-IL-1β; 10 µg/g 
bodyweight) with comparable properties to canakinumab in humans 14 was 
administered intraperitoneally at 6 or 24h post-infection. In addition, selected 
animals received ceftazidime 600 mg/kg (GlaxoSmithKline, Brentford, England) 
intraperitoneally twice daily, starting 6h after inoculation until sacrifice13. 
For survival experiments, mice were observed every 6h for 11 days and α-IL-
1β administration was repeated at day 7. Sample harvesting, determination 
of bacterial growth, and assays are described in the online supplement (see 
supplementary data).

mean (SEM). Differences between groups were analyzed by Mann-Whitney U 
test or Kruskal-Wallis analysis followed by separate Mann-Whitney U tests.  For 
survival analysis, Kaplan-Meier analysis followed by log-rank test was performed. 
Analyses were performed using GraphPad Prism (version 6.00). Values of P<0.05 
were considered statistically significant.

Mice

Experimental infection and treatment regiments

Statistical Analysis

Nlrp3-/- and Asc-/- mice12 were backcrossed nine times to a C57BL/6 

Experimental melioidosis

Values are expressed as mean ± standard error of the 

the importance of NLRs in the release of IL-1β and the orchestration of the 
immune response, we first determined alterations of NLRP3, ASC and caspase-1 
expression in granulocytes and monocytes of 34 patients with culture-proven 
septic melioidosis and 32 matched healthy controls. Mortality in this patient 
cohort was 44%.  Caspase-1, NLRP3 and ASC mRNA levels were significantly lower 
in patients,consistent with the hypothesis that melioidosis alters expression of 
inflammasome components substantially (Table 1). When compared to controls, 
caspase-1 expression was markedly reduced in monocytes of patients (P<0.05), 
while NLRP3 and ASC expression was down-regulated in both granulocytes and 
monocytes (P<0.05 and P<0.01 respectively; Table 1). No differences in NLR 
mRNA expression were found between survivors and non-survivors (data not 
shown).

Table 1. Relative copy numbers of monocyte and granulocyte mRNA of healthy controls and 
melioidosis patients. Granulocyte and monocyte mRNA expression levels were determined in 
healthy controls and patients with culture-proven melioidosis. 34 septic melioidosis patients  
(17 males) and 32 healthy control subjects (22 males) were enrolled. The mean ages were 52 
years (18 to 86 years) and 41 years (21 to 59 years) for patients and controls, respectively. Blood 
cultures were positive for B. pseudomallei in 21 patients (61.7%). After inclusion all patients 
received appropriate antimicrobial therapy. The overall in-hospital patient mortality was 44% 
(14). Shown are monocyte and granulocyte mRNA expression levels (normalized for GAPDH). 
Data are expressed as mean ± SEM and analyzed by Mann-Whitney-U test. *P<0.05; **P<0.01 
compared to controls (Mann-Whitney U test).

Inflammasome mRNA expression in patients with severe melioidosis 
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test or Kruskal-Wallis analysis followed by separate Mann-Whitney U tests.  For 
survival analysis, Kaplan-Meier analysis followed by log-rank test was performed. 
Analyses were performed using GraphPad Prism (version 6.00). Values of P<0.05 
were considered statistically significant.

Nlrp3-/- and Asc-/- mice12 were backcrossed nine times to a C57BL/6 

Experimental melioidosis

Values are expressed as mean ± standard error of the 

7

Given
the importance of NLRs in the release of IL-1β and the orchestration of the 
immune response, we first determined alterations of NLRP3, ASC and caspase-1 
expression in granulocytes and monocytes of 34 patients with culture-proven 
septic melioidosis and 32 matched healthy controls. Mortality in this patient 
cohort was 44%.  Caspase-1, NLRP3 and ASC mRNA levels were significantly lower 
in patients,consistent with the hypothesis that melioidosis alters expression of 
inflammasome components substantially (Table 1). When compared to controls, 
caspase-1 expression was markedly reduced in monocytes of patients (P<0.05), 
while NLRP3 and ASC expression was down-regulated in both granulocytes and 
monocytes (P<0.05 and P<0.01 respectively; Table 1). No differences in NLR 
mRNA expression were found between survivors and non-survivors (data not 
shown).

Table 1. Relative copy numbers of monocyte and granulocyte mRNA of healthy controls and 
melioidosis patients. Granulocyte and monocyte mRNA expression levels were determined in 
healthy controls and patients with culture-proven melioidosis. 34 septic melioidosis patients  
(17 males) and 32 healthy control subjects (22 males) were enrolled. The mean ages were 52 
years (18 to 86 years) and 41 years (21 to 59 years) for patients and controls, respectively. Blood 
cultures were positive for B. pseudomallei in 21 patients (61.7%). After inclusion all patients 
received appropriate antimicrobial therapy. The overall in-hospital patient mortality was 44% 
(14). Shown are monocyte and granulocyte mRNA expression levels (normalized for GAPDH). 
Data are expressed as mean ± SEM and analyzed by Mann-Whitney-U test. *P<0.05; **P<0.01 
compared to controls (Mann-Whitney U test).

Inflammasome mRNA expression in patients with severe melioidosis 

Results

	  

	  
Controls	  

(n	  =	  32)	  

Patients	  

(n	  =	  34)	  

	   Granulocytes	   Monocytes	   Granulocytes	   Monocytes	  

Caspase-‐1	   1.04	  ±	  0.20	   0.89	  ±	  0.11	   0.85	  ±	  0.43	   0.54	  ±	  0.07*	  

NLRP3	   1.06	  ±	  0.19	   1.27	  ±	  0,25	   0.60	  	  ±	  0.13*	   0.51	  ±	  0.09**	  

ASC	   1.23	  ±	  0.25	   1.28	  ±	  0.28	   0.46	  ±	  0.10*	   0.42	  ±	  0.06*	  
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Having found that major changes occur in the caspase-1 regulatory molecules 
NLRP3 and ASC in patients, we next studied the involvement of NLRP3 and ASC in 
our murine melioidosis model. Wild-type, Nlrp3-/- and Asc-/- mice were intranasally 
challenged with live B.pseudomallei, resulting in a strong increase in IL-1β levels 
in lung (from 1660±326 pg/ml (24h) to 29571±3549 pg/ml (72h); P<0.001) and 
bronchoalveolair fluid (BALF; from 350±45 pg/ml (24h) to 2494±413 pg/ml (72h); 
P<0.01) of WT mice. IL-1β levels were strongly reduced in infected Nlrp3-/- and 
Asc-/- mice (Table 2). First, we evaluated how NLRP3 or ASC deficiency impacts 
on pulmonary bacterial growth and dissemination towards distant organs. 
No differences in local bacterial clearance of B.pseudomallei were observed 
between WT, Nlrp3-/- and Asc-/- mice (Figure 1A). However, at 72h post-infection 
bacterial loads in blood were increased in both Nlrp3-/- and Asc-/- mice compared 
to WTs (P<0.05 and P<0.01 for Nlrp3-/- and Asc-/- mice, respectively; Figure 1B). 
Hepatic and splenic bacterial loads were reflective of those in blood: compared 
to WTs Nlrp3-/- and Asc-/- mice displayed increased bacterial dissemination to 
spleen (data not shown) and liver (P<0.05-0.001; Figure 1C). Next, we assessed 
the pulmonary inflammatory response. 72h after infection total leukocyte 
counts were significantly reduced in BALF of Nlrp3-/- and Asc-/- mice (P<0.01, 
Figure 1D), predominantly caused by decreased neutrophil recruitment towards 
the pulmonary compartment as reflected by myeloperoxidase (MPO; Table 2). In 
the early phase of the host response KC levels were reduced in both Nlrp3-/- and 
Asc-/- mice (P<0.05-0.01; Table 2), explaining the reduced leukocyte influx. Thus, 
ASC and NLRP3 deficiency leads to diminished leukocyte recruitment towards 
the site of primary infection and facilitates dissemination of B.pseudomallei 
towards distant organs.

Both NLRP3 and ASC contribute to the antibacterial response in murine melioidosis
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Figure 1. NLRP3 and ASC contribute to bacterial clearance of Burkholderia pseudomallei. Wild-
type (WT) (black circles), Nlrp3-/- (grey circles) and Asc-/- (white circles) mice (n= 8/group) were 
intranasally infected with B.pseudomallei and sacrificed 24 or 72 h post-infection. At these time 
points bacterial loads were determined in lung homogenate (A), blood (B) and liver (C). Total 
cell influx was measured in BALF (D). Data are presented as means ± SEM. *P<0.05; **P<0.01, 
***P<0.001 compared to WT mice, # P< 0.05 compared to Nlrp3-/- mice (n= 6-8 mice/group) 
(Kruskal-Wallis test, followed by separate Mann-Whitney U tests). BC+ denotes blood culture 
positivity.

Table 2. Cytokine response in lung homogenates, BALF and plasma of wild-type (WT), 
Nlrp3-/- and Asc-/- mice during experimental melioidosis. Cytokine levels in lung homogenate, 
broncho-alveolar fluid (BALF) and plasma measured after intranasal infection with 5 x 102 
CFU B. pseudomallei. Wild-type (WT) and Nlrp3-/-  and Asc-/- mice were sacrificed 24 or 72 h 
after infection. Data are represented as means ± SEM (n=6-8/group). TNF-a = Tumor necrosis 
factor-a; IL = Interleukin; MCP-1 = Monocyte Chemoattractant Protein-1; KC = Keratinocyte 
Chemoattractant; MPO=  myeloperoxidase; IFN-g = Interferon-g; *P<0.05; **P<0.01; ***P<0.001 
compared to WT mice. ND = not detectable.

	   T=24h	   T=72h	  

pg/ml	   WT	   Nlrp3-‐/-‐	   Asc-‐/-‐	   WT	   Nlrp3-‐/-‐	   Asc-‐/-‐	  

	   Lung	  

TNF-‐α 	   806	  ±	  109	   645	  ±	  74	   482	  ±	  76	   1276	  ±	  131	   1004	  ±	  157	   814	  ±	  80	  

IL-‐6	   841	  ±	  119	   783	  ±	  105	   743	  ±	  171	   8066	  ±	  2164	   5735	  ±	  717	   12295	  ±	  	  ±	  1607	  

KC	   13083	  ±	  2098	   5950	  ±	  823**	   7792	  ±	  1870*	   41223	  ±	  9319	   53639	  ±	  4165	   55093	  ±	  4907	  

IL-‐1β	   1660	  ±	  326	   659	  ±56**	   617	  ±12**	   29571	  ±	  3549	   2083	  ±	  667***	   760	  ±	  104***	  

	   	   	   	   	   	   	  

	   BALF	  

TNF-‐α 	   1102	  ±	  332	   4200	  ±774***	   1492	  ±	  273	   6518	  ±	  2446	   13430	  ±	  2456	   13908	  ±	  1899	  

IL-‐6	   340	  ±	  20	   439	  ±	  49	   458	  ±	  52	   14777	  ±	  4636	   6265	  ±899	   23992	  ±	  6707	  

KC	   5105	  ±	  677	   1999	  ±	  283**	   2958	  	  ±	  336*	   36591	  ±	  8648	   60000	  ±	  598*	   60000	  ±	  598*	  

IL-‐1β	   350	  ±	  45	   280	  ±	  22	   245	  ±	  13*	   2494	  ±	  413	   1727	  ±	  368	   1677	  ±	  115	  

MPO	  (ng/ml)	   1327	  ±	  397	   3293	  	  ±	  612	   3990	  	  ±	  1000	   6757	  	  ±	  271	   5699	  	  ±	  524	   5217	  	  ±	  334**	  

	   	   	   	   	   	   	  

	   Plasma	  

TNF-‐α 	   8	  ±	  1	   13	  ±	  1**	   6	  ±	  1*	   1402	  ±	  1230	   2874	  ±	  1556*	   5343	  ±	  1763*	  

IL-‐6	   196	  ±	  28	   226	  ±	  28	   91	  ±	  8***	   5773	  ±	  1660	   10000	  ±	  267	   9734	  ±	  377	  

MCP-‐1	   189	  ±	  21	   145	  ±	  10	   83	  ±	  13**	   1728	  ±	  677	   4550	  ±	  354**	   2600	  ±	  394	  

IFN-‐γ 	   23	  ±	  2	   9	  ±	  1**	   4	  ±	  1**	   321	  ±	  173	   3051	  ±	  459***	   2301	  ±	  619**	  

IL-‐12p70	   12	  ±	  2	   16	  ±	  2	   9	  ±	  2	   7	  ±	  1	   200	  ±	  25**	   94	  ±	  25**	  

IL-‐10	   ND	   ND	   ND	   11	  ±	  3	   7	  ±	  1	   31	  ±	  10*	  

IL-‐1β	   -‐	   -‐	   -‐	   1133	  ±	  430	   252	  ±	  48	   150	  ±	  1*	  
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Having found that major changes occur in the caspase-1 regulatory molecules 
NLRP3 and ASC in patients, we next studied the involvement of NLRP3 and ASC in 
our murine melioidosis model. Wild-type, Nlrp3-/- and Asc-/- mice were intranasally 
challenged with live B.pseudomallei, resulting in a strong increase in IL-1β levels 
in lung (from 1660±326 pg/ml (24h) to 29571±3549 pg/ml (72h); P<0.001) and 
bronchoalveolair fluid (BALF; from 350±45 pg/ml (24h) to 2494±413 pg/ml (72h); 
P<0.01) of WT mice. IL-1β levels were strongly reduced in infected Nlrp3-/- and 
Asc-/- mice (Table 2). First, we evaluated how NLRP3 or ASC deficiency impacts 
on pulmonary bacterial growth and dissemination towards distant organs. 
No differences in local bacterial clearance of B.pseudomallei were observed 
between WT, Nlrp3-/- and Asc-/- mice (Figure 1A). However, at 72h post-infection 
bacterial loads in blood were increased in both Nlrp3-/- and Asc-/- mice compared 
to WTs (P<0.05 and P<0.01 for Nlrp3-/- and Asc-/- mice, respectively; Figure 1B). 
Hepatic and splenic bacterial loads were reflective of those in blood: compared 
to WTs Nlrp3-/- and Asc-/- mice displayed increased bacterial dissemination to 
spleen (data not shown) and liver (P<0.05-0.001; Figure 1C). Next, we assessed 
the pulmonary inflammatory response. 72h after infection total leukocyte 
counts were significantly reduced in BALF of Nlrp3-/- and Asc-/- mice (P<0.01, 
Figure 1D), predominantly caused by decreased neutrophil recruitment towards 
the pulmonary compartment as reflected by myeloperoxidase (MPO; Table 2). In 
the early phase of the host response KC levels were reduced in both Nlrp3-/- and 
Asc-/- mice (P<0.05-0.01; Table 2), explaining the reduced leukocyte influx. Thus, 
ASC and NLRP3 deficiency leads to diminished leukocyte recruitment towards 
the site of primary infection and facilitates dissemination of B.pseudomallei 
towards distant organs.

Both NLRP3 and ASC contribute to the antibacterial response in murine melioidosis
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Figure 1. NLRP3 and ASC contribute to bacterial clearance of Burkholderia pseudomallei. Wild-
type (WT) (black circles), Nlrp3-/- (grey circles) and Asc-/- (white circles) mice (n= 8/group) were 
intranasally infected with B.pseudomallei and sacrificed 24 or 72 h post-infection. At these time 
points bacterial loads were determined in lung homogenate (A), blood (B) and liver (C). Total 
cell influx was measured in BALF (D). Data are presented as means ± SEM. *P<0.05; **P<0.01, 
***P<0.001 compared to WT mice, # P< 0.05 compared to Nlrp3-/- mice (n= 6-8 mice/group) 
(Kruskal-Wallis test, followed by separate Mann-Whitney U tests). BC+ denotes blood culture 
positivity.

Table 2. Cytokine response in lung homogenates, BALF and plasma of wild-type (WT), 
Nlrp3-/- and Asc-/- mice during experimental melioidosis. Cytokine levels in lung homogenate, 
broncho-alveolar fluid (BALF) and plasma measured after intranasal infection with 5 x 102 
CFU B. pseudomallei. Wild-type (WT) and Nlrp3-/-  and Asc-/- mice were sacrificed 24 or 72 h 
after infection. Data are represented as means ± SEM (n=6-8/group). TNF-a = Tumor necrosis 
factor-a; IL = Interleukin; MCP-1 = Monocyte Chemoattractant Protein-1; KC = Keratinocyte 
Chemoattractant; MPO=  myeloperoxidase; IFN-g = Interferon-g; *P<0.05; **P<0.01; ***P<0.001 
compared to WT mice. ND = not detectable.

Results

	   T=24h	   T=72h	  

pg/ml	   WT	   Nlrp3-‐/-‐	   Asc-‐/-‐	   WT	   Nlrp3-‐/-‐	   Asc-‐/-‐	  

	   Lung	  
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MCP-‐1	   189	  ±	  21	   145	  ±	  10	   83	  ±	  13**	   1728	  ±	  677	   4550	  ±	  354**	   2600	  ±	  394	  

IFN-‐γ 	   23	  ±	  2	   9	  ±	  1**	   4	  ±	  1**	   321	  ±	  173	   3051	  ±	  459***	   2301	  ±	  619**	  

IL-‐12p70	   12	  ±	  2	   16	  ±	  2	   9	  ±	  2	   7	  ±	  1	   200	  ±	  25**	   94	  ±	  25**	  

IL-‐10	   ND	   ND	   ND	   11	  ±	  3	   7	  ±	  1	   31	  ±	  10*	  

IL-‐1β	   -‐	   -‐	   -‐	   1133	  ±	  430	   252	  ±	  48	   150	  ±	  1*	  
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To further investigate the impact of NLRP3 and ASC deficiency on the host response 
against melioidosis, we analyzed the expression of key regulatory cytokines in the 
systemic compartment of infected mice. TNF-α was elevated in NLRP3- and ASC-
deficient mice at 72h post-infection when compared to controls, corresponding 
with increased bacterial counts (P<0.05, Table 2). The same trend was observed 
for systemic IL-6, MCP-1, IL-12p70 and IL-10 levels (Table 2). Early production of 
IFN-γ, an essential cytokine for the initial host response in melioidosis 11,15, was 
impaired in Nlrp3-/- and Asc-/-, adding to the observed defective antimicrobial 
response in these mice (P<0.01 for both groups, Table 2). Lastly, we examined 
the contribution of NLRP3 and ASC to multi-organ failure, the primary cause 
of death in patients with melioidosis 1. B.pseudomallei-infection resulted in 
profound pulmonary inflammation as characterized by infiltrates and interstitial 
inflammation together with necrosis, edema, and thrombi (Figure 2A, Figure S1). 
At both time points, the extent of lung inflammation was significantly greater 
in Nlrp3-/- and Asc-/- mice when compared to WTs (P<0.05; Figure 2A). Next, we 
evaluated distant organ injury. Asc-/- mice displayed more spleen inflammation 
compared to controls (P<0.05, Figure 2B); this difference was not significant for 
Nlrp3-/-. Liver pathology did not differ between mice strains (data not shown), 
however evidence for increased hepatic inflammation in Asc-/- and Nlrp3-/- mice 
was found in elevated ALT (Figure 2C) and AST (data not shown) levels in both 
Nlrp3-/- and Asc-/- mice at 72h post-infection compared to WTs (P<0.05-0.01). 
Levels of LDH - a general parameter for cell damage - were similarly increased in 
Nlrp3-/- and Asc-/- mice (P<0.01-0.05; Figure 2D).

NLRP3 and ASC protect against organ damage during experimental melioidosis
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Figure 2. Increased organ damage in Nlrp3-/- and Asc-/- mice during experimental melioidosis . 
Local and systemic organ damage was assessed by evaluating histopathology in lung (A) and 
spleen (B) of WT (black bars), Nlrp3-/- (grey bars) and Asc-/-  (white bars) mice 24 and 72 h after 
intranasal infection with B.pseudomallei. Nlrp3-/- and Asc-/- mice showed increased liver injury as 
reflected by elevated concentrations of aspartate aminotransferase (AST; C) and general distant 
organ injury as reflected by elevated lactate dehydrogenase (LDH) concentrations (D) at 72h 
post-infection when organ damage was most profound. Data are presented as means ± SEM. 
*P<0.05; **P<0.01 compared to WT mice. ## P< 0.01 compared to Nlrp3-/- mice (n= 6-8 mice/
group) (Kruskal-Wallis test, followed by separate Mann-Whitney U  tests). N.P.= no detectable 
pathology.

Having established that both NLRP3 and ASC play key roles in the antibacterial 
host response against melioidosis and the development of organ damage, 
we next investigated whether therapeutic manipulation of this system could 
benefit outcome. IL-1β and IL-18 are the main downstream products of the 
NLRP3 inflammasome. Interestingly, their function in the host defense against 
B.pseudomallei seems to be opposite, since IL-18 is known to protect during 
B.pseudomallei infection, while IL-1β is suggested to play a deleterious role 4,10. 
We decided to evaluate the therapeutic potential of a commercially available 
anti-IL-1β antibody (α-IL-1β) in our melioidosis model. In order to mimic the 
clinical situation and as a comparison, mice received ceftazidime in selected 
experiments. Animals treated with α-IL-1β 6h post-infection showed strongly 
reduced bacterial counts in the lung already 24h after infection (P<0.01, Figure 
3A). The protective effect of α-IL-1β in the lung was even more pronounced at 
72h post-infection (P<0.001, Figure 3A) and resulted in diminished bacterial 
dissemination towards the systemic compartment (P<0.01 for blood, Figure 3B) 
and liver (P<0.05, Figure 3C). The protective effect of α-IL-1β on bacterial counts 
was almost comparable to treatment with ceftazidime, which is the antibiotic of 
choice for melioidosis in most endemic areas 1.

Anti-IL-1β treatment reduces pulmonary bacterial counts and dissemination 
towards distant organs
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To further investigate the impact of NLRP3 and ASC deficiency on the host response 
against melioidosis, we analyzed the expression of key regulatory cytokines in the 
systemic compartment of infected mice. TNF-α was elevated in NLRP3- and ASC-
deficient mice at 72h post-infection when compared to controls, corresponding 
with increased bacterial counts (P<0.05, Table 2). The same trend was observed 
for systemic IL-6, MCP-1, IL-12p70 and IL-10 levels (Table 2). Early production of 
IFN-γ, an essential cytokine for the initial host response in melioidosis 11,15, was 
impaired in Nlrp3-/- and Asc-/-, adding to the observed defective antimicrobial 
response in these mice (P<0.01 for both groups, Table 2). Lastly, we examined 
the contribution of NLRP3 and ASC to multi-organ failure, the primary cause 
of death in patients with melioidosis 1. B.pseudomallei-infection resulted in 
profound pulmonary inflammation as characterized by infiltrates and interstitial 
inflammation together with necrosis, edema, and thrombi (Figure 2A, Figure S1). 
At both time points, the extent of lung inflammation was significantly greater 
in Nlrp3-/- and Asc-/- mice when compared to WTs (P<0.05; Figure 2A). Next, we 
evaluated distant organ injury. Asc-/- mice displayed more spleen inflammation 
compared to controls (P<0.05, Figure 2B); this difference was not significant for 
Nlrp3-/-. Liver pathology did not differ between mice strains (data not shown), 
however evidence for increased hepatic inflammation in Asc-/- and Nlrp3-/- mice 
was found in elevated ALT (Figure 2C) and AST (data not shown) levels in both 
Nlrp3-/- and Asc-/- mice at 72h post-infection compared to WTs (P<0.05-0.01). 
Levels of LDH - a general parameter for cell damage - were similarly increased in 
Nlrp3-/- and Asc-/- mice (P<0.01-0.05; Figure 2D).
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Figure 2. Increased organ damage in Nlrp3-/- and Asc-/- mice during experimental melioidosis . 
Local and systemic organ damage was assessed by evaluating histopathology in lung (A) and 
spleen (B) of WT (black bars), Nlrp3-/- (grey bars) and Asc-/-  (white bars) mice 24 and 72 h after 
intranasal infection with B.pseudomallei. Nlrp3-/- and Asc-/- mice showed increased liver injury as 
reflected by elevated concentrations of aspartate aminotransferase (AST; C) and general distant 
organ injury as reflected by elevated lactate dehydrogenase (LDH) concentrations (D) at 72h 
post-infection when organ damage was most profound. Data are presented as means ± SEM. 
*P<0.05; **P<0.01 compared to WT mice. ## P< 0.01 compared to Nlrp3-/- mice (n= 6-8 mice/
group) (Kruskal-Wallis test, followed by separate Mann-Whitney U  tests). N.P.= no detectable 
pathology.

Having established that both NLRP3 and ASC play key roles in the antibacterial 
host response against melioidosis and the development of organ damage, 
we next investigated whether therapeutic manipulation of this system could 
benefit outcome. IL-1β and IL-18 are the main downstream products of the 
NLRP3 inflammasome. Interestingly, their function in the host defense against 
B.pseudomallei seems to be opposite, since IL-18 is known to protect during 
B.pseudomallei infection, while IL-1β is suggested to play a deleterious role 4,10. 
We decided to evaluate the therapeutic potential of a commercially available 
anti-IL-1β antibody (α-IL-1β) in our melioidosis model. In order to mimic the 
clinical situation and as a comparison, mice received ceftazidime in selected 
experiments. Animals treated with α-IL-1β 6h post-infection showed strongly 
reduced bacterial counts in the lung already 24h after infection (P<0.01, Figure 
3A). The protective effect of α-IL-1β in the lung was even more pronounced at 
72h post-infection (P<0.001, Figure 3A) and resulted in diminished bacterial 
dissemination towards the systemic compartment (P<0.01 for blood, Figure 3B) 
and liver (P<0.05, Figure 3C). The protective effect of α-IL-1β on bacterial counts 
was almost comparable to treatment with ceftazidime, which is the antibiotic of 
choice for melioidosis in most endemic areas 1.

Anti-IL-1β treatment reduces pulmonary bacterial counts and dissemination 
towards distant organs
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7

Figure 3. IL-1β blockade results in diminished pulmonary bacterial growth and dissemination.  
Wild-type mice (n=7-8/group) were infected with B.pseudomallei intranasally and received PBS 
or were treated post-infection with either ceftazidime (CAZ), anti-IL-1β antibody or both, starting 
6h post-infection. At 24 and 72h after bacterial inoculation mice were sacrificed. Blood and 
organs were harvested and plated on blood-agar plates in order to determine bacterial counts  
in lung (A), blood (B) and liver (C). Data are presented as means ± SEM. *P<0.05; **P<0.01; 
***P<0.001 versus controls. BC+ denotes blood culture positivity (Kruskal-Wallis test, followed 
by separate Mann-Whitney U tests).
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Although neutrophils are known to play a critical role in the host defense 
against melioidosis, excessive neutrophil recruitment towards the primary site 
of infection can contribute to increased inflammation and tissue damage. α-IL-
1β administration prevents neutrophil influx as visualized by Ly-6 staining and 
confirmed by lower MPO concentrations in lung homogenates 72h post infection 
(P<0.01, Figures 4A and B,	Figure S2). This effect was comparable to ceftazidime 
treatment (Figure 4). In correspondence, levels of neutrophil-attracting KC were 
decreased in α-IL-1β-treated mice 24h post-infection compared to controls (P 
<0.05, Table 3). At 72h after infection lung proinflammatory TNF-α and IL-6 
levels were reduced in α-IL-1β-treated mice consistent with decreased bacterial 
loads (P<0.05, Table 3). In terms of lung pathology, both α-IL-1β and ceftazidime 
treated animals demonstrated diminished pulmonary inflammation and abscess 
formation at 72h post-infection compared to controls (P<0.01) although this 
difference did not reach statistical significance for the α-IL-1β group (Figure 4C, 
Figure S3).

Strong reduction of neutrophil influx towards the primary site of infection in 
mice treated with α-Il-1β
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The protective effect of α-IL-1β was further demonstrated by diminished liver 
injury in those mice receiving this treatment. The extent of hepatic inflammation 
and necrosis was significantly less in α-IL-1β treated mice as examined by liver 
histology (P<0.05, Figure 5A, Figure S3). In accordance, AST levels, reflecting 
hepatocellular damage, were reduced in mice that were administered α-IL-1β 
compared to controls (P<0.05, Figure 5B). ALT (data not shown) and LDH (Figure 
5C) levels tended to be lower in α-IL-1β-treated mice however this did not reach 
statistical significance. Finally, to evaluate whether the beneficial effects of anti-
IL-1β treatment improved survival of mice during experimental melioidosis we 
infected WT mice with 3x102 CFU B.pseudomallei and administered anti-IL-1β 
antibody at 6h post-infection. Mice were subsequently monitored for 11 days. 
Administration of α-IL-1β 
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Figure 3. IL-1β blockade results in diminished pulmonary bacterial growth and dissemination.  
Wild-type mice (n=7-8/group) were infected with B.pseudomallei intranasally and received PBS 
or were treated post-infection with either ceftazidime (CAZ), anti-IL-1β antibody or both, starting 
6h post-infection. At 24 and 72h after bacterial inoculation mice were sacrificed. Blood and 
organs were harvested and plated on blood-agar plates in order to determine bacterial counts  
in lung (A), blood (B) and liver (C). Data are presented as means ± SEM. *P<0.05; **P<0.01; 
***P<0.001 versus controls. BC+ denotes blood culture positivity (Kruskal-Wallis test, followed 
by separate Mann-Whitney U tests).
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Although neutrophils are known to play a critical role in the host defense 
against melioidosis, excessive neutrophil recruitment towards the primary site 
of infection can contribute to increased inflammation and tissue damage. α-IL-
1β administration prevents neutrophil influx as visualized by Ly-6 staining and 
confirmed by lower MPO concentrations in lung homogenates 72h post infection 
(P<0.01, Figures 4A and B,	Figure S2). This effect was comparable to ceftazidime 
treatment (Figure 4). In correspondence, levels of neutrophil-attracting KC were 
decreased in α-IL-1β-treated mice 24h post-infection compared to controls (P 
<0.05, Table 3). At 72h after infection lung proinflammatory TNF-α and IL-6 
levels were reduced in α-IL-1β-treated mice consistent with decreased bacterial 
loads (P<0.05, Table 3). In terms of lung pathology, both α-IL-1β and ceftazidime 
treated animals demonstrated diminished pulmonary inflammation and abscess 
formation at 72h post-infection compared to controls (P<0.01) although this 
difference did not reach statistical significance for the α-IL-1β group (Figure 4C, 
Figure S3).

7

Figure 4. Anti-IL-1β treatment leads to diminished pulmonary neutrophil accumulation and 
damage in B.pseudomallei infection. Wild-type mice (n=7-8/group) were infected with 3 x 
102 CFU B.pseudomallei intranasally and received PBS or were treated 6 h post-infection with 
either ceftazidime (CAZ), anti-IL1β antibody or both. At 24 and 72 h post-infection, mice were 
sacrificed. Ly6G staining was performed and Ly6G-positive % of total lung surface was calculated 
(A). Granulocyte influx in lung was additionally determined by MPO assay (B). Local, pulmonary 
organ damage was assessed by calculating pathology scores (C). Data are presented as means ± 
SEM. *P<0.05. **P<0.01. ***P<0.001 versus controls (Kruskal-Wallis test, followed by separate 
Mann-Whitney U  tests).
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The protective effect of α-IL-1β was further demonstrated by diminished liver 
injury in those mice receiving this treatment. The extent of hepatic inflammation 
and necrosis was significantly less in α-IL-1β treated mice as examined by liver 
histology (P<0.05, Figure 5A, Figure S3). In accordance, AST levels, reflecting 
hepatocellular damage, were reduced in mice that were administered α-IL-1β 
compared to controls (P<0.05, Figure 5B). ALT (data not shown) and LDH (Figure 
5C) levels tended to be lower in α-IL-1β-treated mice however this did not reach 
statistical significance. Finally, to evaluate whether the beneficial effects of anti-
IL-1β treatment improved survival of mice during experimental melioidosis we 
infected WT mice with 3x102 CFU B.pseudomallei and administered anti-IL-1β 
antibody at 6h post-infection. Mice were subsequently monitored for 11 days. 
Administration of α-IL-1β 

Anti-IL-1β treatment protects against organ damage and improves survival 
in melioidosis

Therapeutic administration of a monoclonal anti-IL-1β 
antibody protects against experimental melioidosis

161

Chapter

Boek.indd   161 03-05-16   13:28



7

Figure 5. Reduction of organ damage in anti-IL-1β treated mice leads to improved survival. 
Distant organ damage was assessed by evaluating histopathology in liver (A) 24 and 72 h post-
infection with B.pseudomallei intranasally. Additionally, plasma levels of aspartate transaminase 
(AST; B) and lactate dehydrogenase (LDH; C) were determined 72 h post-infection when 
histopathological damage was most profound. Data are presented as means ± SEM. (n= 7-8/
group) *P<0.05; **P<0.01 compared to controls. Survival of B.pseudomallei- challenged wild-type 
mice (n=20/group) that either received PBS (control, closed circles) or were treated with anti-IL1β 
antibody (α-IL-1β) at 6 (open circles) or 24 h (open squares) post-infection was monitored (D). 
After 7 days (168 hours) a second dose of α-IL-1β antibody was administered. The infected mice 
were observed 4-6 times daily for 11 days (266 h). **P<0.01 versus controls (Kruskal-Wallis test, 
followed by separate Mann-Whitney U tests; for the survival experiment, Kaplan-Meier analysis 
followed by log-rank test was performed).
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resulted in a survival benefit (25% survival in anti-IL-1β treated animals versus 
10% in control mice, P<0.01, Figure 5D). Since B.pseudomallei-challenged 
animals first become symptomatic at 24h post-infection, we next evaluated 
the effectiveness of delayed treatment. Postponement of α-IL-1β treatment for 
24h after infection, which can be of considerable clinical benefit, did not affect 
the protective effect (P<0.01, Figure 5D). Taken together, anti-IL-1β treatment 
protects mice during B.pseudomallei infection as reflected in reduced bacterial 
loads, reduced neutrophil influx and diminished organ damage resulting in an 
improved survival.

	  

	   T=24h	   T=72h	  

pg/ml	   Control	   CAZ	   α-‐IL-‐1β	   CAZ	  +	  α-‐IL-‐1β	   Control	   CAZ	   α-‐IL-‐1β	   CAZ	  +	  α-‐IL-‐1β	  

	   Lung	  

TNF-‐α 	   2689	  ±	  351	   1545	  ±	  176**	   2131	  ±	  159	   1901	  ±	  237	   8684	  ±	  1285	   1587	  ±	  157**	   5256	  ±	  576*	   1930	  ±	  317**	  

IL-‐6	   3095	  ±	  534	   1584	  ±	  131**	   1986	  ±	  191	   1619	  ±	  70**	   3569	  ±	  478	   1220	  ±	  104***	   1965	  ±	  163*	   1198	  ±	  170**	  

KC	   34132	  ±	  6717	   10324	  ±	  1514**	   13851	  ±	  2673*	   9376	  ±	  2171**	   27253	  ±	  5325	   3633	  ±	  724***	   15049	  ±	  2944	   5027	  ±	  1432**	  

IL-‐1β	   -‐	   -‐	   -‐	   -‐	   34893	  ±	  4467	   2362	  ±	  978**	   ND***	   ND***	  

	  

	   Plasma	  

TNF-‐α 	   12	  ±	  2	   12	  ±	  3	   49	  ±	  19**	   15	  ±	  3	   123	  ±	  35	   17	  ±	  2***	   44	  ±	  6	   14	  ±	  2***	  

IL-‐6	   196	  ±	  27	   91	  ±	  19*	   219	  ±	  30	   83	  ±	  10***	   613	  ±	  237	   43	  ±	  18**	   118	  ±	  22	   41	  ±	  16**	  

MCP-‐1	   178	  ±	  16	   99	  ±	  19*	   164	  ±	  22	   73	  ±	  12***	   440	  ±	  133	   99	  ±	  14***	   185	  ±	  	  15**	   107	  ±	  18***	  

IFN-‐γ 	   9	  ±	  2	   8	  ±	  2	   45	  ±	  4***	   11	  ±	  1	   166	  ±	  55	   25	  ±	  9**	   112	  ±	  52	   34	  ±	  8**	  

IL-‐12p70	   14	  ±	  2	   ND	   ND	   ND	   17	  ±	  4	   13	  ±	  2	   ND	   ND	  

IL-‐10	   ND	   ND	   ND	   ND	   ND	   ND	   ND	   ND	  
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Figure 5. Reduction of organ damage in anti-IL-1β treated mice leads to improved survival. 
Distant organ damage was assessed by evaluating histopathology in liver (A) 24 and 72 h post-
infection with B.pseudomallei intranasally. Additionally, plasma levels of aspartate transaminase 
(AST; B) and lactate dehydrogenase (LDH; C) were determined 72 h post-infection when 
histopathological damage was most profound. Data are presented as means ± SEM. (n= 7-8/
group) *P<0.05; **P<0.01 compared to controls. Survival of B.pseudomallei- challenged wild-type 
mice (n=20/group) that either received PBS (control, closed circles) or were treated with anti-IL1β 
antibody (α-IL-1β) at 6 (open circles) or 24 h (open squares) post-infection was monitored (D). 
After 7 days (168 hours) a second dose of α-IL-1β antibody was administered. The infected mice 
were observed 4-6 times daily for 11 days (266 h). **P<0.01 versus controls (Kruskal-Wallis test, 
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protects mice during B.pseudomallei infection as reflected in reduced bacterial 
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7Table 3. Cytokine response in plasma and lung homogenates of B.pseudomallei-infected 
mice treated either with ceftazidime (CAZ), anti-IL-1β (α-IL-1β), both or PBS Cytokine levels 
in lung homogenate and plasma measured 24 and 72 h after intranasal infection with 3 x 102 
CFU wild-type B.pseudomallei. Mice were treated with ceftazidime (CAZ), anti-IL-1β antibody 
(α-IL-1β), both or were given PBS .  Data are represented as means ± SEM (n=7-8/group). TNF-a 
= Tumor necrosis factor-a; IL = Interleukin; MCP-1 = Monocyte Chemoattractant Protein-1; KC 
= Keratinocyte Chemoattractant; IFN-g = Interferon-g; *P<0.05; **P<0.01; ***P<0.001, when 
compared to control mice (Kruskal-Wallis test; followed by separate Mann-Whitney U tests).

	  

	   T=24h	   T=72h	  

pg/ml	   Control	   CAZ	   α-‐IL-‐1β	   CAZ	  +	  α-‐IL-‐1β	   Control	   CAZ	   α-‐IL-‐1β	   CAZ	  +	  α-‐IL-‐1β	  

	   Lung	  

TNF-‐α 	   2689	  ±	  351	   1545	  ±	  176**	   2131	  ±	  159	   1901	  ±	  237	   8684	  ±	  1285	   1587	  ±	  157**	   5256	  ±	  576*	   1930	  ±	  317**	  

IL-‐6	   3095	  ±	  534	   1584	  ±	  131**	   1986	  ±	  191	   1619	  ±	  70**	   3569	  ±	  478	   1220	  ±	  104***	   1965	  ±	  163*	   1198	  ±	  170**	  

KC	   34132	  ±	  6717	   10324	  ±	  1514**	   13851	  ±	  2673*	   9376	  ±	  2171**	   27253	  ±	  5325	   3633	  ±	  724***	   15049	  ±	  2944	   5027	  ±	  1432**	  

IL-‐1β	   -‐	   -‐	   -‐	   -‐	   34893	  ±	  4467	   2362	  ±	  978**	   ND***	   ND***	  

	  

	   Plasma	  

TNF-‐α 	   12	  ±	  2	   12	  ±	  3	   49	  ±	  19**	   15	  ±	  3	   123	  ±	  35	   17	  ±	  2***	   44	  ±	  6	   14	  ±	  2***	  

IL-‐6	   196	  ±	  27	   91	  ±	  19*	   219	  ±	  30	   83	  ±	  10***	   613	  ±	  237	   43	  ±	  18**	   118	  ±	  22	   41	  ±	  16**	  

MCP-‐1	   178	  ±	  16	   99	  ±	  19*	   164	  ±	  22	   73	  ±	  12***	   440	  ±	  133	   99	  ±	  14***	   185	  ±	  	  15**	   107	  ±	  18***	  

IFN-‐γ 	   9	  ±	  2	   8	  ±	  2	   45	  ±	  4***	   11	  ±	  1	   166	  ±	  55	   25	  ±	  9**	   112	  ±	  52	   34	  ±	  8**	  

IL-‐12p70	   14	  ±	  2	   ND	   ND	   ND	   17	  ±	  4	   13	  ±	  2	   ND	   ND	  

IL-‐10	   ND	   ND	   ND	   ND	   ND	   ND	   ND	   ND	  
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Discussion 

This study is the first to demonstrate that therapeutic blockade of IL-1β protects 
against experimental melioidosis. Moreover, we demonstrate that mRNA 
expression of NLRP3 and ASC, key components of the inflammasome receptor 
complex responsible for IL-18 and IL-1β activation, is down-regulated in patients 
with septic melioidosis. Using our well characterized mouse model, we confirmed 
that both NLRP3 and ASC contribute to the host defense against B.pseudomallei; 
Nlrp3-/- and Asc-/- mice displayed an impaired early local cytokine response and 
reduced cell influx towards the primary site of infection, when compared to 
controls, together with increased bacterial organ counts and inflammation at 
a later stage of infection. In contrast, blocking IL-1β, an essential product of 
the NLRP3-inflammasome, was beneficial for the host by enhancing bacterial 
clearance, controlling local neutrophil influx, the inflammatory response and 
organ damage. Together these data indicate that anti-IL-1β treatment protects 
mice against B.pseudomallei infection by reduction of organ damage resulting in 
an improved survival. 

We here show that the NLRP3 inflammasome is differentially regulated during 
melioidosis, since NLRP3, ASC and caspase-1 mRNA expression by monocytes 
was reduced in melioidosis patients. This finding is in concordance with a study 
among 26 patient with septic shock admitted to the ICU in which decreased ASC 
and caspase-1 mRNA expression was found on peripheral monocytes of patients 
compared to controls16. Potential regulatory mechanisms responsible for this 
observation could include inflammasome activation accompanied autophagy, 
a lysosome-mediated cytoprotective process that limits inflammasome activity 
by ASC ubiquitination17 or IFN-γ production by CD4+ T cells, which is known to 
inhibit IL-1β production by monocytes18. In addition, the observed decreased 
inflammasome mRNA expression in sepsis could be part of the leukocyte 
deactivation phenomenon which is a key feature of sepsis19. This could be due, 
in part, to the release of anti-inflammatory signals such as IL-10, which are 
known to down-regulate key inflammasome proteins20. It has to be underscored 
that - besides NLRP3 and ASC – NLRP1, AIM2 and NLRC4 are also involved in 
caspase-1 activation21. ASC can also regulate the NF-kB pathway, thus linking 
the inflammasome to the signalosome.  A recent meta-analysis that included 
eighteen studies demonstrated associations between IL-1 gene polymorphisms, 
including IL-1 receptor antagonist (IL-1ra) and IL-1β, and all-cause sepsis risk22. In 
patients with melioidosis, a human genetic polymorphism in the NLRC4 gene,  
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a caspase-1-dependent inflammasome that responds to flagellin, has been 
associated with better outcome23. No genetic polymorphisms associated with 
outcome in melioidosis have been described for NLRP3 or ASC. 

Both NLRP3 and ASC are important for an appropriate immune response against 
B.pseudomallei. The early inflammatory response was severely impaired in 
B.pseudomallei–challenged Asc-/- and  -to a lesser extent- Nlrp3-/- mice. At 72h 
however, the increased systemic inflammatory response in Nlrp3-/ and Asc-/- mice 
was more pronounced, correlating with the increased bacterial loads and organ 
damage. These data expand on an earlier study, reporting that mice deficient 
in caspase-1, ASC, and NLRP3 are more susceptible to B.pseudomallei-induced 
pneumonia than WT’s in terms of bacterial clearance10. We could however not 
confirm the differences in survival that were observed in that study between 
NLRP3- or ASC-deficient mice and WTs in our model (data not shown). 

The current data contribute to the insights previously derived from our group 
and others that IL-1β and IL-18 play opposing roles in the host defense against 
B.pseudomallei4,10.  IL-18 is protective by stimulating the production of IFN-γ in 
the presence of IL-12, as well as TNF-α, IL-1β, IL-8, and granulocyte-macrophage-
colony-stimulating factor (GM-CSF) leading to neutrophil recruitment to the 
primary site of infection24. Melioidosis patients show increased IL-18 levels 
that correlated with mortality4,11, while IL-18-/- mice are more susceptible to 
B.pseudomallei-infection4,10.  In contrast we now confirm that IL-1β, one of 
the most potent proinflammatory cytokines, can play a harmful role in the 
host response in melioidosis. IL-1β is produced by blood monocytes, tissue 
macrophages and dendritic cells at hardly detectable levels in healthy individuals, 
but production can be induced by microbial stimuli as well as by TNFα, IL-18, IL-
1α or IL-1β itself25. Activation of alternative IL-1β activating pathways could be 
one explanation for the increased IL-1β levels despite a potential downregulation 
of NLRP3 and ASC. Inflammasome- and caspase-1-independent cleavage of IL-1 
family precursors is described by neutrophil- and macrophage-derived neutral 
serine proteases such as proteinase 3 (PR3), elastase, and cathepsin-G and 
micro-organism proteases21.

Despite widespread availability of antibiotics, melioidosis remains a debilitating 
septic disease with a high mortality even in areas with a high-technological 
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setting such as  Northern Australia. Clearly new adjunctive treatment strategies 
that modulate the immune response are needed. Reports on the emergence of 
antibiotic resistance further underscore this2. Our data now add to the increasing 
amount of evidence that supports the use of anti-IL-1β as a new treatment 
strategy in melioidosis. Administration of IL-1 receptor antagonist (IL-1ra) directly 
after B.pseudomallei infection has been shown to work protective in mice10.  
Importantly, we previously showed that melioidosis patients taking the anti-
diabetic drug glyburide (=glibenclamide) have a lower mortality and attenuated 
inflammatory responses compared to patients not taking glyburide26. Using our 
murine melioidosis model, we found that glyburide acts as an anti-inflammatory 
agent by reducing IL-1β secretion accompanied by diminished cellular influx and 
reduced bacterial dissemination to distant organs13.

Anti-IL-1β treatment results in a rapid and sustained reduction in disease severity 
in patients with autoinflammatory syndromes such as familial Mediterranean 
fever or TNF receptor-associated periodic syndrome, and systemic inflammatory 
disorders such as rheumatoid arthritis, systemic juvenile idiopathic arthritis and 
Behcet’s disease25,27. Several IL-1-targeted agents have been approved for use in 
patients: anakinra is a IL-1 receptor antagonist (IL-1ra), rilonacept a decoy receptor 
binding to both IL-1α and 1β, and canakinumab is a neutralizing monoclonal anti-
IL-1β antibody25,27. Contradicting results have been reported on the role of IL-1β 
during sepsis. Blocking the IL-1β-receptor has proven to be protective during 
LPS-induced shock28, while mice lacking Il-β were not protected during (high-
dose) endotoxemia29-31. Another study demonstrated that IL-1β-deficiency was 
only partially protective during LPS- and TNF-induced shock and in a caecal 
ligation and puncture model32. One phase III randomized placebo-controlled 
multicenter trial that included 696 subjects has determined the therapeutic 
efficacy of recombinant human IL-1ra in the treatment of patients with severe 
sepsis33. Although IL-1ra treatment was safe and well tolerated, this trial failed to 
demonstrate a statistically significant reduction in mortality in patients treated 
with IL-1ra compared to standard therapy. The large heterogeneity of included 
patients in terms of origin of sepsis and causative organism has been suggested 
to be a potential reason for the observed lack of effect33. For future clinical trials 
a better defined homogeneously defined patient population, such as patients 
with pneumonia-derived sepsis caused by B.pseudomallei, will be necessary. 
It is important to bear in mind that therapies that are successful in animal 
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models, not always have the same effects in human subjects. For instance, the 
promising TLR4-antagonist Eritoran was able to tamper the endotoxin-mediated 
cytokine storm in mice, but did not affect mortality in septic patients34. And 
even when an agent, such as activated protein C, remains promising after a 
phase III trial, this effect may not be reproduced in a follow-up trial (PROWESS 
vs. PROWESS SHOCK)35. These findings underline that sepsis is a complicated 
and rapid developing disease entity, for which single-agent therapy might not 
be sufficient. It has been suggested to improve the value of animal models for 
sepsis by better mimicking a more realistic clinical scenario35, for instance by 
adding antibiotics as a treatment, like we have done here.

Our study was able to demonstrate a protective effect of anti-IL-1β treatment in a 
murine melioidosis model, using a homogeneous group of experimentalanimals 
in a well-controlled environment. Since melioidosis patients differ in their 
characteristics, such as genetic background, comorbidities, sex and route of 
infection, our findings cannot be directly extrapolated to humans. Another 
limitation of our study is that we have not analyzed NLRP3 and ASC mRNA 
expression in leukocytes that may have been sequestered intravascularly or into 
sites of infection or organ injury. Studies addressing tissue leukocyte NLRP3 and 
ASC expression in relation to their IL-1β release and compared to circulating cells 
will be of interest. Regardless of these limitations, the present study is the first 
to describe the possible protective role of specific IL-1β-blockade in a clinically 
relevant model of melioidosis. 

In conclusion, our study shows that NLRP3, ASC and caspase-1 mRNA expression is 
down-regulated in monocytes of melioidosis patients. The NLRP3 inflammasome 
and its adaptor ASC play an important role in melioidosis by inducing a 
protective early immune response including IFN-γ production, thereby reducing 
systemic bacterial dissemination and inflammation. In contrast, blocking IL-1β 
reduces inflammation, local and systemic bacterial loads and improves survival 
of B.pseudomallei-infected mice, even when therapy is initiated at a later time 
point when disease is already apparent. 
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Isolation of leukocytes was 

Lung, liver and spleen were harvested at 24 or 72 h after 

Plasma mouse tumour necrosis factor-α 

Supplementary material

performed as previously described 1. In short, heparin blood samples were 
drawn from the antecubital vein of melioidosis patients or healthy controls and 
immediately put on ice. Leukocytes were isolated using erylysis buffer. Monocyte- 
and granulocyte-enriched populations where isolated using Polymorphprep 
(Axis-Shield, Dundee, United Kingdom). Monocyte and granulocyte fractions 
were >98% pure as determined by their scatter patterns on flow cytometry. 
After isolation, leukocytes, monocytes, and granulocytes were dissolved in Trizol 
and stored at −80°C until used for RNA isolation. 

infection with B.pseudomallei and homogenized at 4°C in four volumes of 
sterile saline using a tissue homogenizer (Biospec Products, Bartlesville, OK). 
Broncho-alveolar lavage (BAL) was performed by instilling two 0.5 ml aliquots of 
sterile saline into the airway.  Serial dilutions of organ homogenates, BAL fluid 
(BALF) and blood were plated on blood agar plates and incubated at 37°C at 5% 
CO2 overnight before colony-forming units (CFU) were counted. For cytokine 
measurements, lung homogenates were lysed in Greenberger lysis buffer and 
their supernatants were stored at  −20°C until assayed for cytokines. 

(TNF-α), IL-6, IL-10, IL-12p70, monocyte chemoattractant protein-1 (MCP-1) and 
IFN-γ were measured by cytometric bead array multiplex assay (BD Biosciences, 
San Jose, CA). Keratinocyte chemoattractant (KC), TNF-α, IL-1ß and IL-6 in 
lung, BALF and plasma were measured by ELISA (R&D systems, Minneapolis, 
MN). Alanine aminotransferase, aspartate aminotransferase (AST) and lactate 
dehydrogenase (LDH) levels were determined with the Cobas 8000 module 
c702 (Roche Diagnostics). Myeloperoxidase, MPO, was measured by ELISA 
(Hycult-Biotechnology, Uden, Netherlands). BALF cell content was determined 
by Coulter Counter (Beckman, Coulter Inc. Brea, CA) and/or analyzed by flow 
cytometry (FACSCalibur, Becton Dickson, San José, CA) using directly labelled 
antibodies against Gr-1 (Gr-1 FITC, BD Pharmingen, San Diego, CA) and F4/80 
(F4/80 APC, AbD Serotec, Oxford, UK) 1,2. After staining, cells were fixed in 2% 
paraformaldehyde. Neutrophils were counted using the scatter pattern and Gr-
1+ gate and macrophages in the sidescatter high and F4/80+ gate.

Isolation and preparation of human leukocytes

Sample harvesting 

Assays and flow cytometry
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lung, BALF and plasma were measured by ELISA (R&D systems, Minneapolis, 
MN). Alanine aminotransferase, aspartate aminotransferase (AST) and lactate 
dehydrogenase (LDH) levels were determined with the Cobas 8000 module 
c702 (Roche Diagnostics). Myeloperoxidase, MPO, was measured by ELISA 
(Hycult-Biotechnology, Uden, Netherlands). BALF cell content was determined 
by Coulter Counter (Beckman, Coulter Inc. Brea, CA) and/or analyzed by flow 
cytometry (FACSCalibur, Becton Dickson, San José, CA) using directly labelled 
antibodies against Gr-1 (Gr-1 FITC, BD Pharmingen, San Diego, CA) and F4/80 
(F4/80 APC, AbD Serotec, Oxford, UK) 1,2. After staining, cells were fixed in 2% 
paraformaldehyde. Neutrophils were counted using the scatter pattern and Gr-
1+ gate and macrophages in the sidescatter high and F4/80+ gate.

Lung, liver and spleen were harvested for histology, fixed 
in 100% formalin and embedded in paraffin. Sections of 4 μm were stained with 
haematoxylin–eosin (HE), and analyzed by a pathologist who was blinded to the 
different groups. For lung, the following parameters were scored on a scale from 
0 (absent pathology)  to 4 (most severe pathology); interstitial inflammation, 
necrosis, endothelialitis, bronchitis, edema, pleuritis, presence of thrombi and 
percentage of lung surface with pneumonia. The total histopathology score 
was expressed as the sum of the scores of the individual parameters, with a 
maximum of 32. For liver and spleen parenchymal inflammation, necrosis 
and presence of thrombi were scored on a scale of 0 to 4, with a maximal 
total histopathology score of 12. Granulocyte staining was performed using 
fluorescein isothiocyanate-labeled rat-anti-mouse Ly-6G mAb (BD Pharmingen, 
San Diego, CA) as described previously 1.  Ly6G, formerly known as myeloid 
differentiation antigen Gr-1, a 21–25-kDa GPI-anchored protein can be found on 
granulocytes, including neutrophils and eosinophils. Slides were counterstained 
with methylgreen (Sigma-Aldrich, St Louis, MO, USA). The total tissue area of the 
Ly-6-stained slides was scanned with a slide scanner (Olympus dotSlide, Tokyo, 
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analysis. The digital images were analyzed with imageJ (version 2006.02.01, 
National Institutes of Health, Bethesda, MD, USA) and the immunopositive (Ly6 
+ ) area was expressed as the percentage of the total lung surface area.
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Gene	   	   Primer	  sequence	  (5’-‐3)	  

NLRP3	   Forward	   TGCCTTTGACGAGCACATAG	  

	   Reverse	   AGCAAACTGGAAAGGAAG	  

ASC	   Forward	   GCCGAGGAGCTCAAGAAGTT	  

	   Reverse	   CAGGCTGGTGTGAAACTGAA	  

Caspase-‐1	   Forward	   GAAGGCATTTGTGGGAAGAA	  

	   Reverse	   CATCTGGCTGCTCAAATGAA	  

GAPDH	   Forward	   AAGGTGAAGGTCGGAGTCAAC	  

	   Reverse	   TGGAAGATGGTGATGGGATT	  

Table S1. Primer sequences for real-time PCR. PCR conditions were as follows: a 6 min at 95°C 
hot start, followed by 45 cycles of amplification (95°C for 10 s, 60°C for 5 s, and 72°C for 15 s). 
NLRP3, NOD-like receptor family, pyrin domain containing-3; ASC, apoptosis-associated speck-
like protein containing a caspase activation and recruitment domain; GAPDH, glyceraldehyde 
3-phosphate dehydrogenase.

7

Figures

Figure S1. Increased pulmonary damage and inflammation in Nlrp3-/- and Asc-/-mice during
experimental melioidosis. Representative slides of lung tissue of WT (A), Nlrp3-/- (B) and Asc-/- (C)
mice at 72 h post-infection are shown (original magnification 2x).  

Figure S2. Decreased pulmonary neutrophilic influx in mice treated with anti-IL-1β antibody. 
Representative slides of Ly6G-stained lungs of control (A), CAZ-treated (B), α-IL-1β-treated (C) 
and CAZ + α-IL-1β-treated (D) mice at 72 h post-infection with B. pseudomallei are shown (original 
magnification 2x).
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7
Figure S3. Anti-IL-1β treatment reduces local and distant organ damage in B. pseudomallei-
infected mice. Representative slides of H&E-stained lungs and livers of B. pseudomallei-infected 
control (A, E), CAZ-treated (B,F), α-IL-1β-treated (C,G) and CAZ + α-IL-1β-treated (D,H) mice at 72 
h post-infection are shown (original magnification for lung 2x, for liver 10x). The cross  (†) marks 
areas of manifest necrosi
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Burkholderia	 pseudomallei	 infection (melioidosis) is an important cause of 
community-acquired Gram-negative sepsis in Northeast Thailand, where it is 
associated with a ~40% mortality rate despite antimicrobial chemotherapy. We 
showed in a previous cohort study that patients taking glyburide (=glibenclamide) 
prior to admission have lower mortality and attenuated inflammatory responses 
compared to patients not taking glyburide. We sought to define themechanism 
underlying this observation in a murine model of melioidosis.
Mice (C57BL/6) with streptozocin-induced diabetes were inoculated with 
B. pseudomallei intranasally, then treated with therapeutic ceftazidime in 
order to mimic the clinical scenario. Glyburide or vehicle was started before 
inoculation and continued until sacrifice. The minimum inhibitory concentration 
for glyburide was determined by broth microdilution.
Diabetic mice had increased susceptibility to melioidosis, with increased 
bacterial dissemination but no effect on inflammation compared to non-diabetic 
controls. Glyburide treatment did not affect glucose levels but was associated 
with reduced pulmonary cellular influx, reduced bacterial dissemination to both 
liver and spleen and reduced interleukin (IL)-1b production when compared 
to untreated controls. Other cytokines were not different in glyburide-treated 
animals. There was no direct effect of glyburide on B. pseudomallei growth in 
vitro or in vivo.
We show for the first time in any model of sepsis, that glyburide acts as an anti-
inflammatory agent by reducing IL1β secretion accompanied by diminished 
cellular influx and reduced bacterial dissemination to distant organs. 

Abstract

8

Melioidosis is a severe community-acquired sepsis in Southeast Asia, caused 
by infection with Burkholderia	pseudomallei,	an environmental soil saprophyte 
1. Its northern-most extent is southern China and its southern-most extent is 
northern Australia. B. pseudomallei has a myriad of clinical presentations ranging 
from acute pneumonia to chronic skin abscess1. More than half of patients 
are bacteremic, around half have pneumonia and mortality approaches 40%2. 
B. pseudomallei has recently been classed a tier 1 bioterror threat agent3 and is 
a good clinical model of Gram-negative sepsis4.
Diabetes is the most commonly identified risk factor for sepsis in general5 
and melioidosis in particular2, occurring in around a third of all patients. This 
is consistent with the fact that diabetes is associated with an impaired host 
response to B.	 pseudomallei:	 specifically, it impairs cytokine responses6-8 and 
macrophage killing of intracellular B. pseudomallei9.
Paradoxically, melioidosis patients with a pre-admission diagnosis of diabetes 
have a lower risk of mortality than patients without diabetes, which appears to 
contradict our current knowledge of the effect of diabetes on the host. We have 
shown previously, in a cohort study of 1,160 patients, that this reduction in risk 
is associated with glyburide use, and does not appear to be a characteristic of 
diabetes itself 2.

Glyburide USAN (= glibenclamide rINN) is a KATPchannel blocker and broad-
spectrum ATP-binding cassette (ABC) transporter inhibitor used to treat type 2 
diabetes. It costs less than USD 0.10 per dose and appears on the World Health 
Organization (WHO) model list of essential medicines10. Glyburide is readily 
available and is also one of the most frequently prescribed oral drugs for type 2 
diabetes worldwide. 
The relevant pharmacological mechanism of glyburide in diabetes is the 
inhibition of KATPchannels in pancreatic β-cells, which leads to the stimulation 
of insulin secretion. There is, however, evidence from experimental models that 
glyburide also has a wide range of anti-inflammatory effects11. We confirmed the 
anti-inflammatory effect of glyburide in a whole blood gene expression study of 
melioidosis patients on glyburide, however, the anti-inflammatory effect we saw 
was general, without any one pathway predominating2.

In this study, we used an experimental model of melioidosis to provide insights 
into mechanisms underlying the effect of glyburide on inflammation, the
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and melioidosis in particular2, occurring in around a third of all patients. This 
is consistent with the fact that diabetes is associated with an impaired host 
response to B.	 pseudomallei:	 specifically, it impairs cytokine responses6-8 and 
macrophage killing of intracellular B. pseudomallei9.
Paradoxically, melioidosis patients with a pre-admission diagnosis of diabetes 
have a lower risk of mortality than patients without diabetes, which appears to 
contradict our current knowledge of the effect of diabetes on the host. We have 
shown previously, in a cohort study of 1,160 patients, that this reduction in risk 
is associated with glyburide use, and does not appear to be a characteristic of 
diabetes itself 2.

Glyburide USAN (= glibenclamide rINN) is a KATPchannel blocker and broad-
spectrum ATP-binding cassette (ABC) transporter inhibitor used to treat type 2 
diabetes. It costs less than USD 0.10 per dose and appears on the World Health 
Organization (WHO) model list of essential medicines10. Glyburide is readily 
available and is also one of the most frequently prescribed oral drugs for type 2 
diabetes worldwide. 
The relevant pharmacological mechanism of glyburide in diabetes is the 
inhibition of KATPchannels in pancreatic β-cells, which leads to the stimulation 
of insulin secretion. There is, however, evidence from experimental models that 
glyburide also has a wide range of anti-inflammatory effects11. We confirmed the 
anti-inflammatory effect of glyburide in a whole blood gene expression study of 
melioidosis patients on glyburide, however, the anti-inflammatory effect we saw 
was general, without any one pathway predominating2.

In this study, we used an experimental model of melioidosis to provide insights 
into mechanisms underlying the effect of glyburide on inflammation, the
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best described of which is an inhibitory effect on the host inflammasome, an 
intracellular protein complex present in macrophages that activates caspase 1 
and cleaves pro-IL1β and pro-IL18 to their active forms when presented with 
an appropriate inflammatory stimulus12. We show for the first time, in an 
experimental model of sepsis, that glyburide acts as an anti-inflammatory 
agent by reducing IL1β secretion, cellular infiltration into the lungs and bacterial 
dissemination to distant organs.

8

(AMC), University of Amsterdam and were approved by the animal 
experimentation committee of the AMC (number DIX101725). 

-old C57Bl/6NCrl mice (Charles River) were made diabetic by injection with 
streptozocin 60 mg/kg daily for five days13; controls were injected with vehicle 
(see Supplementary methods for details). The model of melioidosis we used 
has been described in detail elsewhere14,15. Mice were infected with ~6×102 
Burkholderia	 pseudomallei 1026b intranasally 4–5 weeks after streptozocin 
treatment. In order to mimic our previous clinical cohort study, all animals were 
treated with full-dose antibiotics. All animals received ceftazidime 600 mg/
kg (GlaxoSmithKline, Brentford, England) intraperitoneally starting 24h after 
inoculation and continued twice daily until sacrifice16. Glyburide 50 mg/kg 
(Sigma-Aldrich, Zwijndrecht, The Netherlands) or vehicle was administered 
intraperitoneally starting 7 days before inoculation and continued until sacrifice. 
Eight animals from each group were sacrificed 48, 72 and 96 hours after 
inoculation. Lung, bronchoalveolar lavage fluid (BALF), liver, blood and spleen 
were collected for culture and cytokine assays. Further details are provided 
online (see Supplementary methods).

(LIX) and tumor necrosis factor-α (TNFα) were measured by sandwich ELISA (R&D 
Systems, Oxford, England). Cytokine levels in plasma were measured by particle 
immunoassay (mouse inflammation cytometric bead array, BD Biosciences, San 
Jose, California) because of limited sample quantity. Protein concentrations 
were measured using the DC™ protein assay (Bio-Rad, Hercules, California). 
The minimum inhibitory concentration (MIC) of glyburide was established by 
broth microdilution and was adapted from the CLSI guidelines for microdilution 
assays of non-fastidious organisms. Further details are given in the Supplementary 
methods.

Ethics 

Murine models of diabetes and melioidosis

Assays
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Eight animals from each group were sacrificed 48, 72 and 96 hours after 
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online (see Supplementary methods).

(LIX) and tumor necrosis factor-α (TNFα) were measured by sandwich ELISA (R&D 
Systems, Oxford, England). Cytokine levels in plasma were measured by particle 
immunoassay (mouse inflammation cytometric bead array, BD Biosciences, San 
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Assays

Mouse experiments were performed at the Academic Medical Center 

Specified pathogen-free 10-

In lung homogenates and BALF, interleukin (IL) 1β, IL6, IL10, CXCL5 
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8

(StataCorp, College Station, Texas). Bacterial loads and cytokine concentrations 
were log-normal. Linear regression was used in preference to ANOVA because it 
reports not just a p-value for each group, but also estimates size of difference and 
permits interaction testing. Models were fit by the method of variance-weighted 
least-squares, because the method does not assume homoscedasticity (i.e., it 
was not assumed that variance is the same at each time point) and because 
all explanatory variables could be treated as categorical. Responses were not 
assumed to vary linearly with time. Separate p-values were reported for each 
time point only when justified by a test for interaction. Graphs were plot in 
GraphPad Prism 5.0c for Mac OS X (GraphPad Software, San Diego, California).

Statistical analyses Statistical analyses were performed on Stata 11 
diabetes blood glucose levels began to rise one week after the fifth streptozocin 
dose was given and reached a plateau after a further week. Losses in the 
streptozocin-treated group were ~20% with this regimen, either from 
complications of the hyperglycemia or because the animals failed to become 
diabetic and had to be sacrificed. The mean blood glucose concentration 
at sacrifice was 26.7 mM in diabetic mice compared to 14.9 mM in controls 
(Figure 1A).
Having established a murine model of diabetes, we proceeded to examine the 
influence of diabetes on the pathogenesis of melioidosis. We infected diabetic 
mice with ~6×102 B. pseudomallei intranasally. So as to mimic the clinical 
situation more closely, all animals received ceftazidime treatment starting 24h 
after inoculation.
Mice were sacrificed after 48 (i.e., just after the first symptoms appear), 72 and 
96 hours (i.e., when animals showed signs of recovery following ceftazidime 
treatment) to determine bacterial loads in lungs and BALF (the primary site of 
the infection), liver, spleen and blood (to evaluate dissemination to distant body 
sites; Figure 1). We found that bacterial loads were higher in lung, BALF and 
liver of diabetic mice when compared to non-diabetic controls (Figure 1B). There 
were non-significant trends to higher bacterial loads in diabetic mice compared 
to non-diabetic controls in spleen and blood (data not shown). Having found 
that diabetes delays bacterial clearance, we sought to characterize the host 
response to infection by measuring cytokine responses in lung and BALF. We 
found no differences in cytokine responses in lung or BALF (IL1b, IL6, TNFa, 
Figure 1C) despite the higher bacterial loads in diabetic mice compared to non-
diabetic controls, suggesting that a state of relative immunosuppression exists 
in diabetes.

is structurally related to the sulfonamides, which are active against 
B. pseudomallei. If glyburide inhibits the growth of B.	pseudomallei, then the 
differences in the inflammatory response we observed in our clinical study2 
might be explained by a direct effect on the bacterium and not by an effect 
on the host response. In order to exclude the possibility that glyburide directly 
inhibits growth of B.	 pseudomallei,	 we measured the minimum inhibitory 
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mice with ~6×102 B. pseudomallei intranasally. So as to mimic the clinical 
situation more closely, all animals received ceftazidime treatment starting 24h 
after inoculation.
Mice were sacrificed after 48 (i.e., just after the first symptoms appear), 72 and 
96 hours (i.e., when animals showed signs of recovery following ceftazidime 
treatment) to determine bacterial loads in lungs and BALF (the primary site of 
the infection), liver, spleen and blood (to evaluate dissemination to distant body 
sites; Figure 1). We found that bacterial loads were higher in lung, BALF and 
liver of diabetic mice when compared to non-diabetic controls (Figure 1B). There 
were non-significant trends to higher bacterial loads in diabetic mice compared 
to non-diabetic controls in spleen and blood (data not shown). Having found 
that diabetes delays bacterial clearance, we sought to characterize the host 
response to infection by measuring cytokine responses in lung and BALF. We 
found no differences in cytokine responses in lung or BALF (IL1b, IL6, TNFa, 
Figure 1C) despite the higher bacterial loads in diabetic mice compared to non-
diabetic controls, suggesting that a state of relative immunosuppression exists 
in diabetes.
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differences in the inflammatory response we observed in our clinical study2 
might be explained by a direct effect on the bacterium and not by an effect 
on the host response. In order to exclude the possibility that glyburide directly 
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concentration (MIC) of glyburide, which was found to be >1000 µM (more than 
three orders of magnitude higher than the highest concentration achievable in 
humans17. It therefore seemed unlikely that glyburide is acting via a direct effect 
on the bacterium.

Blood glucose following
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of melioidosis pneumonia, the primary site of infection is the lungs. We found 
no effect of glyburide on bacterial loads in either lung tissue or in BALF at any 
of the three time points measured (P=0.64 and P=0.09 respectively; Figure 2A). 
However, glyburide reduced the systemic dissemination of B. pseudomallei from 
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three orders of magnitude higher than the highest concentration achievable in 
humans17. It therefore seemed unlikely that glyburide is acting via a direct effect 
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Figure 1. Murine model of diabetes and melioidosis. Note: BALF=bronchoalveolar lavage fluid; 
cfu=colony-forming units; IL=interleukin; STZ=streptozocin; TNFα=tumor necrosis factor-α. Sixty 
mice were injected with STZ 60 mg/kg daily for five days (marked by five vertical arrows on 
horizontal axis) and compared to 60 controls (treated with citrate buffer pH 4). This number was 
chosen to account for losses (~20%) due to animals not becoming diabetic or from complications 
of diabetes. The thick line represents STZ-treated mice; the thin line, control mice. Glucose levels 
in streptozocin-treated animals plateaued 14 days after the first dose of streptozocin was given. 
The error bars in the graph are ranges. The horizontal interrupted line is the 16.7 mM cut off 
used to define diabetes in mice: streptozocin-treated animals treated were not used if their 
blood glucose concentrations fell below this level (A). Animals were inoculated with ~6×102 cfu 
B. pseudomallei 4–5 weeks after streptozocin treatment. All mice were treated with ceftazidime 
starting 24 h after inoculation and continued until sacrifice at 48, 72 or 96 h (8 animals per group 
per time point). Glyburide-treated animals are indicated in with solid squares connected by thick 
black lines, while control animals are hollow squares connected by thin black lines. Bacterial 
loads were higher in lung, BALF and liver in diabetic animals (B). Error bars are 95% confidence 
intervals of the mean. When comparing diabetic animals with controls, no differences were seen 
in any of the cytokines measured (C).

We proceeded to examine the effect of glyburide on the host response to 
melioidosis, using the model of diabetes just described.
The host response is altered by changes in glucose concentration. The primary 
action of glyburide in diabetes is to reduce blood glucose concentration by 
stimulating insulin secretion by the b-islet cells of the pancreas. Streptozocin 
treatment destroys the b-cells of the pancreas, making animals hyperglycemic 
and unresponsive to the action of glyburide. This allowed us to dissect out the 
separate effects of glyburide on glucose and on the inflammatory response. 
Blood glucose measurements taken at sacrifice confirmed that in our model 
of diabetes, blood glucose concentrations are indeed unaltered by glyburide 
treatment compared to vehicle-treated controls (mean glucose 23.9 mM in 
glyburide-treated animals versus 21.8 mM in untreated controls, P=0.40).

Glyburide does not reduce glucose concentrations in the streptozocin model 
of diabetes

of melioidosis pneumonia, the primary site of infection is the lungs. We found 
no effect of glyburide on bacterial loads in either lung tissue or in BALF at any 
of the three time points measured (P=0.64 and P=0.09 respectively; Figure 2A). 
However, glyburide reduced the systemic dissemination of B. pseudomallei from 
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Figure 2. Bacterial loads in blood, liver and spleen are lower in glyburide-treated mice. 
Note: BALF=bronchoalveolar lavage fluid; cfu=colony-forming units. Mice were treated with 
glyburide or vehicle for 7 days prior to inoculation with ~6×102 cfu B. pseudomallei. All mice were 
treated with ceftazidime starting 24 h after inoculation and continued until sacrifice at 48, 72 
or 96 h (8 animals per group per time point). Glyburide-treated animals are indicated with solid 
squares connected by thick black lines, while control animals are hollow squares connected by 
thin black lines. Error bars are standard deviations. The horizontal interrupted line marks the limit 
of detection. There were no differences found in bacterial loads at the primary site of infection 
(lungs and BALF)(A). Bacterial loads in glyburide-treated animals were lower in liver and spleen 
compared to untreated controls (B). In blood (B), there was a trend to bacterial loads being lower 
in glyburide-treated animals compared to untreated controls, but no P-value is reported because 
a large number of points were below the limit of detection.

the mechanisms underlying the reduced bacterial dissemination following 
glyburide treatment, we next investigated the influence of glyburide on the 

the lungs to the systemic compartment: bacterial loads were lower in blood, 
liver and spleen all three time points measured in the glyburide treated animals 
when compared to control (Figure 2B).

Glyburide is associated with reduced cellular influx into the lungs To examine
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pulmonary inflammatory response during experimental melioidosis.
Melioidosis pneumonia is characterized by a florid influx of cells into the lungs, 
and these cells are predominantly neutrophils15. Although neutrophils form a 
critical part of the innate host response to melioidosis18, neutrophils may also 
contribute to mortality by causing damage to the respiratory tract and have 
been implicated in the pathogenesis of the acute respiratory distress syndrome19. 
In this study, we found that glyburide did not influence the wet weight of the 
inflamed lungs or the amount of protein in BALF (both are markers for capillary 
leakage; Figure 3A). We did, however, find that the total number of cells was 
reduced in glyburide-treated animals compared to controls. The majority of cells 
in this inflammatory infiltrate were neutrophils, but macrophages were also 
present in significant numbers. This difference in cell counts was most apparent 
at the 48 h time point (Figure 3B).
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Figure 2. Bacterial loads in blood, liver and spleen are lower in glyburide-treated mice. 
Note: BALF=bronchoalveolar lavage fluid; cfu=colony-forming units. Mice were treated with 
glyburide or vehicle for 7 days prior to inoculation with ~6×102 cfu B. pseudomallei. All mice were 
treated with ceftazidime starting 24 h after inoculation and continued until sacrifice at 48, 72 
or 96 h (8 animals per group per time point). Glyburide-treated animals are indicated with solid 
squares connected by thick black lines, while control animals are hollow squares connected by 
thin black lines. Error bars are standard deviations. The horizontal interrupted line marks the limit 
of detection. There were no differences found in bacterial loads at the primary site of infection 
(lungs and BALF)(A). Bacterial loads in glyburide-treated animals were lower in liver and spleen 
compared to untreated controls (B). In blood (B), there was a trend to bacterial loads being lower 
in glyburide-treated animals compared to untreated controls, but no P-value is reported because 
a large number of points were below the limit of detection.

the mechanisms underlying the reduced bacterial dissemination following 
glyburide treatment, we next investigated the influence of glyburide on the 

the lungs to the systemic compartment: bacterial loads were lower in blood, 
liver and spleen all three time points measured in the glyburide treated animals 
when compared to control (Figure 2B).
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pulmonary inflammatory response during experimental melioidosis.
Melioidosis pneumonia is characterized by a florid influx of cells into the lungs, 
and these cells are predominantly neutrophils15. Although neutrophils form a 
critical part of the innate host response to melioidosis18, neutrophils may also 
contribute to mortality by causing damage to the respiratory tract and have 
been implicated in the pathogenesis of the acute respiratory distress syndrome19. 
In this study, we found that glyburide did not influence the wet weight of the 
inflamed lungs or the amount of protein in BALF (both are markers for capillary 
leakage; Figure 3A). We did, however, find that the total number of cells was 
reduced in glyburide-treated animals compared to controls. The majority of cells 
in this inflammatory infiltrate were neutrophils, but macrophages were also 
present in significant numbers. This difference in cell counts was most apparent 
at the 48 h time point (Figure 3B).
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Figure 3. Diminished pulmonary leukocyte influx in glyburide-treated mice. Note: BALF 
(bronchoalveolar lavage fluid); IL1b=interleukin-1beta. Mice were treated with glyburide or 
vehicle for 7 days prior to inoculation with ~6×102 cfu B. pseudomallei. All mice were treated 
with ceftazidime starting 24 h after inoculation and continued until sacrifice at 48, 72 or 96 h (8 
animals per group per time point). Glyburide-treated animals are indicated with solid squares 
connected by thick black lines, while control animals are hollow squares connected by thin 
black lines. Error bars indicate standard deviations. A single P-value is reported unless there is 
evidence from a test of interaction that effects at each time point are different. No differences 
were found in wet weight of lung or in protein infiltration (A). Cellular infiltrate was reduced 
in glyburide-treated mice compared to untreated controls at the 48-hour time point and this 
difference was seen in both neutrophil and monocyte fractions (B). IL1b concentrations were 
lower in glyburide-treated mice compared to untreated controls at the 48-hour time point (C). 
This difference was greater in BALF than in lung tissue.

previously been reported to inhibit inflammasome assembly and the key 
function of the NLRP3 inflammasome is the activation and secretion of IL1b12. 
Since IL1b has been implicated in the recruitment of neutrophils into the 
inflamed lung, we hypothesized that glyburide might limit the influx of cells 
via a reduction in IL1b release20,21. In line with this hypothesis, we found that 
in glyburide-treated animals, concentrations of IL1b were 73.3% lower in lung 
tissue 48 hours after inoculation compared to controls (P<0.001, Figure 3C). In 
lung tissue, IL1b is present in both its mature and immature forms, and only 
mature IL1b is secreted into the alveolar space. IL1b in bronchoalveolar lavage 
fluid (BALF) should, therefore, be a better measure of inflammasome activation 
than lung tissue. We found that IL1b concentrations in BALF were 81.7% lower in 
glyburide-treated mice than controls (P<0.001, Figure 3C) at 48 hours.

Another role of the NLRP3 inflammasome is the activation and secretion of IL18, 
which stimulates natural killer and CD8+ cells to secrete gamma interferon (IFNg). 
Inflammasome inhibition would be expected to inhibit the secretion of mature 
IL18, and in turn reduce IFNg secretion22. Immature IL18 is constitutively expressed 
at high concentrations in unstimulated cells23. We therefore did not measure IL18 
in lung tissue. Instead, IL18 was measured in BALF, which should represent the 
mature secreted form of the cytokine only. At the 48-hour time point, we found 
no difference in IL18 concentrations (geometric mean 251 pg/ml in the glyburide-
treated animals versus 401 pg/ml in control animals, P=0.17, results not shown). 
We also found no differences in IFNg concentrations in lung or in blood (Figure 4A).

Glyburide is associated with lower IL1β concentrations in lung Glyburide has 
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order to determine if the effect of glyburide was isolated to IL1b, or whether it was 
a general anti-inflammatory effect, we assayed the pro-inflammatory cytokines, 
IL6, TNFa and CXCL5. The secretion of these three cytokines is unrelated to the 
inflammasome. We also considered the possibility that glyburide might be acting 
to promote secretion of the anti-inflammatory cytokine, IL10. Although there 
were differences in IL6 and TNFa at the 48 h time point, these differences were 
small and did not reach statistical significance. Overall, we found no evidence of 
an effect of glyburide on the secretion of CXCL5, IL6, IL10 or TNFa (Figure 4B).

Glyburide has no effect on cytokines unrelated to the inflammasome 
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Figure 3. Diminished pulmonary leukocyte influx in glyburide-treated mice. Note: BALF 
(bronchoalveolar lavage fluid); IL1b=interleukin-1beta. Mice were treated with glyburide or 
vehicle for 7 days prior to inoculation with ~6×102 cfu B. pseudomallei. All mice were treated 
with ceftazidime starting 24 h after inoculation and continued until sacrifice at 48, 72 or 96 h (8 
animals per group per time point). Glyburide-treated animals are indicated with solid squares 
connected by thick black lines, while control animals are hollow squares connected by thin 
black lines. Error bars indicate standard deviations. A single P-value is reported unless there is 
evidence from a test of interaction that effects at each time point are different. No differences 
were found in wet weight of lung or in protein infiltration (A). Cellular infiltrate was reduced 
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This difference was greater in BALF than in lung tissue.

previously been reported to inhibit inflammasome assembly and the key 
function of the NLRP3 inflammasome is the activation and secretion of IL1b12. 
Since IL1b has been implicated in the recruitment of neutrophils into the 
inflamed lung, we hypothesized that glyburide might limit the influx of cells 
via a reduction in IL1b release20,21. In line with this hypothesis, we found that 
in glyburide-treated animals, concentrations of IL1b were 73.3% lower in lung 
tissue 48 hours after inoculation compared to controls (P<0.001, Figure 3C). In 
lung tissue, IL1b is present in both its mature and immature forms, and only 
mature IL1b is secreted into the alveolar space. IL1b in bronchoalveolar lavage 
fluid (BALF) should, therefore, be a better measure of inflammasome activation 
than lung tissue. We found that IL1b concentrations in BALF were 81.7% lower in 
glyburide-treated mice than controls (P<0.001, Figure 3C) at 48 hours.

Another role of the NLRP3 inflammasome is the activation and secretion of IL18, 
which stimulates natural killer and CD8+ cells to secrete gamma interferon (IFNg). 
Inflammasome inhibition would be expected to inhibit the secretion of mature 
IL18, and in turn reduce IFNg secretion22. Immature IL18 is constitutively expressed 
at high concentrations in unstimulated cells23. We therefore did not measure IL18 
in lung tissue. Instead, IL18 was measured in BALF, which should represent the 
mature secreted form of the cytokine only. At the 48-hour time point, we found 
no difference in IL18 concentrations (geometric mean 251 pg/ml in the glyburide-
treated animals versus 401 pg/ml in control animals, P=0.17, results not shown). 
We also found no differences in IFNg concentrations in lung or in blood (Figure 4A).
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order to determine if the effect of glyburide was isolated to IL1b, or whether it was 
a general anti-inflammatory effect, we assayed the pro-inflammatory cytokines, 
IL6, TNFa and CXCL5. The secretion of these three cytokines is unrelated to the 
inflammasome. We also considered the possibility that glyburide might be acting 
to promote secretion of the anti-inflammatory cytokine, IL10. Although there 
were differences in IL6 and TNFa at the 48 h time point, these differences were 
small and did not reach statistical significance. Overall, we found no evidence of 
an effect of glyburide on the secretion of CXCL5, IL6, IL10 or TNFa (Figure 4B).

Glyburide has no effect on cytokines unrelated to the inflammasome In
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Figure 4. Glyburide does not influence production of other cytokines  Note: BALF bron-
choalveolar lavage fluid; IFNg = gamma interferon; IL = interleukin; TNFa=tumor necrosis factor-
alpha. Mice were treated with glyburide or vehicle for 7 days prior to intranasal inoculation with 
~6×102 B. pseudomallei. All mice were treated with ceftazidime starting 24 h after inoculation and 
continued until sacrifice at 48, 72 or 96 h (8 animals per group per time point). Glyburide-treated 
animals are indicated with solid squares connected by thick black lines, while control animals are 
hollow squares connected by thin black lines. Error bars indicate standard deviations. A single 
P-value is reported for each cytokine unless there is evidence from a test of interaction that 
effects at each time point are different. A horizontal interrupted line marks the limit of detection 
for the assay. IFNg release is stimulated by IL18, and is therefore inflammasome dependent (A). 
We found no influence of glyburide on IFNg responses. Glyburide is not known to influence the 
production of non-inflammasome cytokines (B). This was confirmed for IL6, IL10, CXCL5 and 
TNFa (B).
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Discussion 

We have developed a murine model of diabetes and shown that it is more 
susceptible to melioidosis than wild-type animals, as evidenced by higher bacterial 
loads. This adds to the growing body of evidence that diabetes per se increases 
susceptibility to melioidosis and direct effects of diabetes are not responsible for 
the improved survival seen in our previously reported clinical study2. Hodgson 
et al. report increased mortality from subcutaneous B. pseudomallei infection 
in a murine model of diabetes (BKS.Cg-Dock7(m)+/+Lepr(db)/J mice), and found 
a defect in intracellular killing by peritoneal macrophages taken from diabetic 
animals compared to non-diabetic animals 9. The reason behind the increased 
susceptibility in diabetes is unclear, but may relate to delayed or reduced 
cytokine production in diabetes7,8,24. 

We next presented evidence for an anti-inflammatory effect of glyburide in a 
diabetic mouse model of melioidosis and this anti-inflammatory effect appears 
specific to IL1b. This is consistent with the results of previous in vitro and in vivo 
reports12,25,26. To the best of our knowledge, this is the first time an inhibitory 
effect of glyburide on IL1b secretion has been described in any model of sepsis.
We hypothesized that the effect of glyburide was independent of its effect 
on glucose control. Although the majority of cases of diabetes in Thailand 
have type 2 diabetes, we elected to use a model of diabetes in which glucose 
concentrations were not responsive to glyburide, because alterations to plasma 
glucose and insulin concentrations are themselves associated with changes to 
the immune response5. 

A limitation of clinical studies of infection has always been that the interplay 
between the burden of infection and the inflammatory response has been 
difficult to tease out. Cytokine levels may be higher because bacterial burdens 
are higher, or bacterial burdens may be higher because of an ineffective 
innate host response27. Animal studies allow us to control the size of the initial 
inoculum and therefore the initial burden of infection. In this study, we found 
that bacterial loads in the lungs (the primary site of infection in our model) were 
not different between glyburide-treated and untreated mice. This excludes the 
possibility that the differences in IL1b levels in the lungs are due to an effect of 
glyburide on the burden of infection in the lungs.
We found that glyburide limits the cellular influx into the lungs, with effects on 
both neutrophil and monocyte numbers. Neutrophils are a crucial part of the 
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host response to melioidosis18, but neutrophils have also been implicated in 
the pathogenesis of the acute respiratory distress syndrome19. Glyburide was 
only associated with a reduction in the magnitude of the neutrophil response 
and not its complete ablation (neutrophils are not a normal constituent of BALF 
taken from the healthy lung). This balance between ‘enough’ and ‘too much’ 
is a common theme in the pathogenesis of sepsis and its complications28. A 
reduction in neutrophil influx into the lungs is consistent with our finding that 
glyburide is associated with a lower incidence of respiratory failure in patients 
with melioidosis2.
It is also worth noting that B. pseudomallei is a facultative intracellular pathogen 
and that it is capable of parasitizing macrophages29-31. Bacterial burdens in 
blood, liver and spleen were lower in our model, suggesting that glyburide 
reduces bacterial dissemination. The role of neutrophils and macrophages in 
the dissemination of B. pseudomallei is not known, but it is possible to speculate 
that the reduced influx of leukocytes into the lungs reduces the number of cells 
parasitized by the bacterium and therefore impairs the ability of B. pseudomallei 
to disseminate32.
We found no effect on cytokines unrelated to the inflammasome. Specifically, 
there was no effects seen on CXCL5, IL6, IL10 or TNFa secretion, which is again 
consistent with previous reports in the literature11,12 and rules out a more 
general anti-inflammatory effect. In this model, all animals were treated with 
full-dose ceftazidime in order to simulate the clinical study that motivated this 
experiment2. Under this regimen, all animals showed signs of recovery by 96 
hours and the fact that no differences were seen in cytokine responses at later 
time points is therefore not surprising.

The mechanism by which glyburide is able to inhibit IL1b secretion is not known. 
Lamkanfi et al. demonstrated that glyburide is able to inhibit assembly of the 
NLRP3 inflammasome in response to stimulation with lipopolysaccharide (LPS) 
and adenosine triphosphate (ATP)12. However, when Salmonella Typhimurium was 
used as a stimulus, glyburide was not able to prevent inflammasome assembly, 
as measured by caspase 1 cleavage (caspase 1 being a critical component of 
the NLRP3 inflammasome)12. This suggests that there are alternative pathways 
which permit the assembly of the NLRP3 inflammasome. The pathway that 
glyburide blocks when macrophages are confronted by a complex stimulus such 
as a whole bacterium is not known.
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In our model, glyburide-treatment reduced IL1b secretion in BALF, but did not 
block it completely. This means that there must have been some inflammasome 
assembly despite glyburide treatment, because only mature IL1b is secreted into 
BALF. Immature IL18 is also cleaved by the inflammasome, so our finding that 
inflammasome assembly is not completely blocked by glyburide in melioidosis 
is supported by the fact that we observed a slight but non-significant reduction 
in IL18.
We know that inflammasome-activation is necessary for the host response 
to B. pseudomallei infection33, so it seems implausible that inflammasome-
inhibition would be protective in clinical melioidosis. Although we and others 
have previously reported that IL18 protects against B. pseudomallei lung 
infection34, Ceballos-Olvera et al. recently demonstrated that the IL1b response 
appeared to be harmful to the host35. Our finding that glyburide seems to 
preferentially inhibit a potentially deleterious IL1b response while preserving 
the IL18 response would therefore be consistent with a beneficial effect of 
glyburide in clinical disease.

Our study does not exclude other mechanisms for the action of glyburide. Aside 
from an effect on the inflammasome, Hamon et al. have presented evidence 
that glyburide may block the secretion of mature IL1b by an inflammasome-
independent mechanism11. Glyburide has also been shown to have other anti-
inflammatory effects, including the prevention of ischemic reperfusion injury36,37, 
and an enhancement of intracellular killing of Leishmania	parasites38.

In conclusion, we have replicated our clinical finding that glyburide treatment 
exerts beneficial effects in melioidosis2, using an experimental model of 
melioidosis in diabetic mice. We now show for the first time in any model of sepsis 
that glyburide acts as an anti-inflammatory agent by reducing IL1β secretion, 
cellular infiltration into the lungs and bacterial dissemination to distant organs. 
Although glyburide has previously been shown to prevent IL1b maturation and 
secretion by inhibiting inflammasome assembly, the presence of still detectable 
levels of IL1b in BALF, coupled with smaller-than-expected effects on IL18 and 
IFNg, means inflammasome inhibition is incomplete, or that this may only explain 
partly the mechanism by which glyburide acts in the context of melioidosis.
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The C57Bl/6J substrain (Jackson Laboratories) is a 

B. pseudomallei 1026b is a 
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model for diet-induced type 2 diabetes, because it carries a spontaneous 17.8 
kb deletion in the nicotinamide nucleotide transhydrogenase gene, Nnt, that 
appeared in the Jackson Laboratories colony some time between 1951 and 1970 
1,2. We therefore elected to use the C57Bl/6N (Charles River) substrain for all 
mouse experiments because the C57Bl/6N substrain has an intact Nnt gene 3. 
The streptozocin model of diabetes permits a diabetic phenotype to be induced 
on any background, at any time, and the cohort become diabetic synchronously. 
A low-dose regimen of streptozocin was used because at this dose, streptozocin 
does not have a direct toxic effect on the kidneys 4, which might otherwise 
confound our results. Streptozocin 6 mg/ml (Sigma-Aldrich, Zwijndrecht, The 
Netherlands) was prepared fresh every day in citrate buffer (pH 4), then passed 
through a 0.2 µm polyethersulphone filter (VWR 514-0073) and administered 
intraperitoneally within 60 minutes of preparation. Streptozocin solutions are 
not stable for longer than 12 h and were therefore made up freshly each day5. 
Animals were allowed ad libitum access to food (801733 CRM, Tecnilab-BMI) 
and water, and were group-housed in polycarbonate cages with 12-hour light/
dark cycles, temperature 18–22°C, humidity 40–65%. Plasma glucose was 
checked weekly  (Bayer Contour meter) by cheek puncture 6. For 10-week-old 
mice not treated with streptozocin, glucose was 8.75±1.52 mM (mean±standard 
deviation) and for 16-week-old mice, 9.30±1.64 mM. We defined diabetes as a 
plasma glucose ≥16.7 mM 4.

clinical isolate collected in 1993 from a 29-year-old Thai female rice farmer with 
bacteremia, soft tissue, cutaneous lesions, septic arthritis and splenic abscesses 
7. Mice were infected with ~6×102 Burkholderia	pseudomallei 1026b intranasally 
4–5 weeks after streptozocin treatment. Glyburide 50 mg/kg (Sigma-Aldrich, 
Zwijndrecht, The Netherlands) or vehicle was administered intraperitoneally 
starting 7 days before inoculation and continued until sacrifice. Glyburide 
solutions were prepared in 20% dimethylsulfoxide (DMSO); control mice were 
given 20% DMSO. This dose of glyburide was chosen because it is equivalent 
to the highest human dose (20 mg daily to a 50 kg Thai male) after taking into 
account differences in pharmacokinetics (human t½ ≈ 8 hours, mouse t½ ≈ 1 hour) 
8. At sacrifice, mice were sedated with ketamine/medetomidine intraperitoneally 

Murine model of diabetes 

Experimental infection and glyburide treatment

8
centration of glyburide was established by broth microdilution and was adapted 
from the CLSI guidelines for microdilution assays of non-fastidious organisms9. 
The positive control was sulfamethoxazole 512 µg/ml and the negative control 
was DMSO 1%. Glyburide was assayed in doubling dilutions from 0.1 to 1000 
µM. The culture medium was cation-adjusted Mueller-Hinton broth (Sigma-
Aldrich). Antimicrobial solution 50 µl and inoculum 50 µl (B. pseudomallei final 
concentration 5 × 105 cfu/ml) were pipetted into each well of a flat-bottomed 
96-well plate. The final concentration of DMSO in every well was 1%. Cultures 
were incubated at 37°C (5% carbon dioxide) for 18 hours. Growth was defined 
as a pellet ≥2 mm or turbidity. The MIC of glyburide was read as the lowest 
concentration of glyburide that inhibited the growth of B. pseudomallei.

Glyburide minimum inhibitory concentration
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4–5 weeks after streptozocin treatment. Glyburide 50 mg/kg (Sigma-Aldrich, 
Zwijndrecht, The Netherlands) or vehicle was administered intraperitoneally 
starting 7 days before inoculation and continued until sacrifice. Glyburide 
solutions were prepared in 20% dimethylsulfoxide (DMSO); control mice were 
given 20% DMSO. This dose of glyburide was chosen because it is equivalent 
to the highest human dose (20 mg daily to a 50 kg Thai male) after taking into 
account differences in pharmacokinetics (human t½ ≈ 8 hours, mouse t½ ≈ 1 hour) 
8. At sacrifice, mice were sedated with ketamine/medetomidine intraperitoneally 

The minimum inhibitory con-
centration of glyburide was established by broth microdilution and was adapted 
from the CLSI guidelines for microdilution assays of non-fastidious organisms9. 
The positive control was sulfamethoxazole 512 µg/ml and the negative control 
was DMSO 1%. Glyburide was assayed in doubling dilutions from 0.1 to 1000 
µM. The culture medium was cation-adjusted Mueller-Hinton broth (Sigma-
Aldrich). Antimicrobial solution 50 µl and inoculum 50 µl (B. pseudomallei final 
concentration 5 × 105 cfu/ml) were pipetted into each well of a flat-bottomed 
96-well plate. The final concentration of DMSO in every well was 1%. Cultures 
were incubated at 37°C (5% carbon dioxide) for 18 hours. Growth was defined 
as a pellet ≥2 mm or turbidity. The MIC of glyburide was read as the lowest 
concentration of glyburide that inhibited the growth of B. pseudomallei.

 (12.5 mg/20 µg per 100 g weight), then exsanguinated by cardiac puncture. Death 
was confirmed by cutting the diaphragm. Glucose measurements were obtained 
prior to sedation as medetomidine itself elevates glucose concentrations. The left 
lung was lavaged with three 300 µl aliquots of sterile 0.9% saline then collected 
for culture. The right lung was collected for histopathology. Left lung, liver and 
spleen were homogenized in four volumes of sterile saline. Organ homogenates, 
blood and bronchoalveolar lavage fluid (BALF) were plated onto blood agar in 
serial dilutions to quantify bacterial burdens. The remaining lung homogenate 
was incubated for 30 minutes with Greenberger lysis buffer then centrifuged 
at 650 × g for 10 minutes. The supernatant was passed through a 0.2 µm filter 
(PVDF, Millex-GV, Millipore) to remove viable bacteria, then stored at –20°C 
for cytokine measurements. Heparinized blood was centrifuged at 700 × g for 
10 minutes; the plasma was filtered and stored at –20°C pending analysis.
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S100A8/A9 (calprotectin; MRP8/14) resides in the cytoplasm of neutrophils and 
functions as endogenous danger protein and promotes lipopolysaccharide-
induced systemic inflammation. Melioidosis, caused by the Gram-negative 
bacterium Burkholderia	 pseudomallei	 is an important cause of sepsis in 
Southeast Asia and associated with mortality up to 40%. Plasma S100A8/A9 
levels were determined in patients with B. pseudomallei induced sepsis (n=34) 
and healthy controls (n=32), and in mice infected with B. pseudomallei. S100A8/
A9 effects were investigated using S100A9 deficient (S100A9–/–) mice, which are 
unable to form S100A8/A9 heterodimers, and using recombinant S100A8/A9 
in vitro. Increased S100A8/A9 plasma levels were found in melioidosis patients 
and elevated levels correlated with poor outcome. In mice, B. pseudomallei 
infection resulted in gradually increasing S100A8/A9 levels in lungs and 
plasma. Recombinant S100A8/A9 prevented growth of B. pseudomallei in vitro. 
Strikingly, S100A9–/– mice displayed a markedly improved host defense upon B. 
pseudomallei infection as reflected in decreased bacterial loads and reduced 
inflammation when compared to controls together with a strong survival 
advantage. In conclusion, clinical and experimental melioidosis is associated 
with enhanced expression of S100A8/A9. Although S100A8/A9 contributes to 
containment of B. pseudomallei ex vivo, the abundant release of S100A8/A9 has 
an overall negative impact on the immune response of the intact host in vivo. 

Abstract

9

Melioidosis, a major cause of community-acquired sepsis in Southeast Asia 
and northern Australia, is characterized by pneumonia and multiple abscess 
formation, which can occur in virtually every organ1,2. Its causative agent, the 
Gram-negative intracellular bacterium Burkholderia	 (B.)	 pseudomallei,	 has 
recently been classified a Tier 1 select agent by the National Select Agent 
Registry3,4. Despite antibiotic treatment, melioidosis patients with bacteremia or 
pneumonia may have a mortality rate of up to 40%5,6, indicating that uncontrolled 
inflammation may be detrimental. Not surprisingly, melioidosis may be regarded 
as a good clinical model to study Gram-negative sepsis7,8.

Neutrophils constitute the central line of innate immune defense against B. 
pseudomallei infection2,9. Their ordnance is impressive and their functions range 
from killing and phagocytosis, to the production and release of antimicrobials 
and immunoregulatory cytokines2,10,11. The S100 proteins S100A8 (myeloid-
related protein, MRP8) and S100A9 (MRP14) comprise almost half of the total 
cytoplasmic protein content of neutrophils12,13. S100A8 and S100A9 typically 
form functional heterodimers, also called calprotectin, which can trigger a 
variety of inflammatory host responses14. S100A8/A9 heterodimers serve as 
archetypical danger signals (also called damage associated molecular patterns; 
(DAMPs), which are recognized by pattern recognition receptors and trigger 
inflammatory responses15. Abundant release of S100A8/A9 can be detrimental 
for the host in sepsis by contributing to a hyper-inflammatory state leading 
to organ damage and/or exhaustion of the immune system16. Endogenous 
S100A8/A9 has been shown to augment inflammation via activation of Toll-
like receptor (TLR)-4, by catalyzing tumor necrosis factor (TNF)-a release in 
response to lipopolysaccharide (LPS), contributing to endotoxin shock-induced 
lethality14,16. However, during early bacterial entrapment, S100A8/A9 is believed 
to be important for the host defense against multiple microorganisms due to its 
participation in leukocyte migration17-19 and its direct antimicrobial effects11,20.

Several lines of evidence suggest a key role for S100A8/A9 in melioidosis. Since 
S100A8 and S100A9 are the most abundant cytoplasmic proteins in neutrophils, 
which are essential for early bacterial containment in melioidosis9,21, S100A8/
A9 could very well play a key role in the host defense against B. pseudomallei. 
Recent studies revealed that S100A8/A9 is a major component of neutrophil 
extracellular traps (NETs)22: DNA-networks released by neutrophils that can 
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and northern Australia, is characterized by pneumonia and multiple abscess 
formation, which can occur in virtually every organ1,2. Its causative agent, the 
Gram-negative intracellular bacterium Burkholderia	 (B.)	 pseudomallei,	 has 
recently been classified a Tier 1 select agent by the National Select Agent 
Registry3,4. Despite antibiotic treatment, melioidosis patients with bacteremia or 
pneumonia may have a mortality rate of up to 40%5,6, indicating that uncontrolled 
inflammation may be detrimental. Not surprisingly, melioidosis may be regarded 
as a good clinical model to study Gram-negative sepsis7,8.

Neutrophils constitute the central line of innate immune defense against B. 
pseudomallei infection2,9. Their ordnance is impressive and their functions range 
from killing and phagocytosis, to the production and release of antimicrobials 
and immunoregulatory cytokines2,10,11. The S100 proteins S100A8 (myeloid-
related protein, MRP8) and S100A9 (MRP14) comprise almost half of the total 
cytoplasmic protein content of neutrophils12,13. S100A8 and S100A9 typically 
form functional heterodimers, also called calprotectin, which can trigger a 
variety of inflammatory host responses14. S100A8/A9 heterodimers serve as 
archetypical danger signals (also called damage associated molecular patterns; 
(DAMPs), which are recognized by pattern recognition receptors and trigger 
inflammatory responses15. Abundant release of S100A8/A9 can be detrimental 
for the host in sepsis by contributing to a hyper-inflammatory state leading 
to organ damage and/or exhaustion of the immune system16. Endogenous 
S100A8/A9 has been shown to augment inflammation via activation of Toll-
like receptor (TLR)-4, by catalyzing tumor necrosis factor (TNF)-a release in 
response to lipopolysaccharide (LPS), contributing to endotoxin shock-induced 
lethality14,16. However, during early bacterial entrapment, S100A8/A9 is believed 
to be important for the host defense against multiple microorganisms due to its 
participation in leukocyte migration17-19 and its direct antimicrobial effects11,20.

Several lines of evidence suggest a key role for S100A8/A9 in melioidosis. Since 
S100A8 and S100A9 are the most abundant cytoplasmic proteins in neutrophils, 
which are essential for early bacterial containment in melioidosis9,21, S100A8/
A9 could very well play a key role in the host defense against B. pseudomallei. 
Recent studies revealed that S100A8/A9 is a major component of neutrophil 
extracellular traps (NETs)22: DNA-networks released by neutrophils that can 
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ensnare and kill invading pathogens23. NETs exhibit antibacterial activity against 
B.	 pseudomallei, and NET-related components are abundantly present in the 
plasma of patients with melioidosis12,24. Finally, S100A8 and S100A9 leukocyte 
gene expression is known to be strongly upregulated in patients with culture-
proven melioidosis12.

In the present study, we aimed to characterize the expression and function 
of S100A8/A9 in melioidosis. For this we analyzed the levels of S100A8/A9 in 
patients and mice with melioidosis, and investigated whether S100A8/A9 
release correlated with outcome. The role of B. pseudomallei replication in vitro 
was explored using recombinant S100A8/A9. S100A9 deficient (S100A9–/–) mice, 
which are unable to form S100A8/A9 heterodimers, were used to investigate its 
function during experimental murine melioidosis. 

9

Health, Royal Government of Thailand, and the Oxford Tropical Research 
Ethics Committee, University of Oxford, UK, and written informed consent was 
obtained from all study subjects. The Animal Care and Use of Committee of the 
University of Amsterdam approved all murine experiments (DIX 100121AJ).

inactivated B. pseudomallei was labeled with carboxyfluorescein succinimidyl 
ester (CFSE; Invitrogen). 50 µl heparinized whole blood from mice was incubated 

pseudomallei (mean age, 52 years; range, 18–86 years; 50% men) and 32 
healthy control subjects (mean age, 41 years; range, 21–59 years; 71% men) 
were prospectively recruited at Sapprasithiprasong Hospital, Ubon Ratchathani, 
Northeast Thailand in 2004. Melioidosis was defined as culture positivity for 
B. pseudomallei from any clinical sample, sepsis was defined as melioidosis in 
context of the systemic inflammatory response syndrome25. Study design and 
subjects have been detailed previously6.

lar macrophages, and whole blood were harvested as described previously26,27 
and incubated with 1×106 heat-inactivated B. pseudomallei before the 
supernatant was assayed for cytokines. For the growth inhibition assays, 
recombinant mouse S100A8/A9 heterodimers were generated as described for 
the human heterodimer28. B. pseudomallei 1026b was grown to log-phase and 
diluted to approximately 10,000 CFU/ml in RPMI 1640 medium (Gibco). 100 µl of 
this bacterial suspension was added to 100 µl of recombinant murine S100A8/
A9 in Hanks’ balanced salt solution (end concentration 50 µg/ml unless indicated 
otherwise) without Ca2+ and Mg2+ (HBSS–/–; Gibco)11. Bacteria and S100A8/A9 
were incubated for 0, 8, or 24 hours at 37°C. Growth was assessed by plating 
out ten-fold dilutions of bacterial concentrations on blood-agar (BA) plates and 
overnight incubation at 37°C. 

Ethics statement 

Phagocytosis

Patients

Cell stimulation and growth inhibition assays
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Materials and methods

Health, Royal Government of Thailand, and the Oxford Tropical Research 
Ethics Committee, University of Oxford, UK, and written informed consent was 
obtained from all study subjects. The Animal Care and Use of Committee of the 
University of Amsterdam approved all murine experiments (DIX 100121AJ).

inactivated B. pseudomallei was labeled with carboxyfluorescein succinimidyl 
ester (CFSE; Invitrogen). 50 µl heparinized whole blood from mice was incubated 

pseudomallei (mean age, 52 years; range, 18–86 years; 50% men) and 32 
healthy control subjects (mean age, 41 years; range, 21–59 years; 71% men) 
were prospectively recruited at Sapprasithiprasong Hospital, Ubon Ratchathani, 
Northeast Thailand in 2004. Melioidosis was defined as culture positivity for 
B. pseudomallei from any clinical sample, sepsis was defined as melioidosis in 
context of the systemic inflammatory response syndrome25. Study design and 
subjects have been detailed previously6.

lar macrophages, and whole blood were harvested as described previously26,27 
and incubated with 1×106 heat-inactivated B. pseudomallei before the 
supernatant was assayed for cytokines. For the growth inhibition assays, 
recombinant mouse S100A8/A9 heterodimers were generated as described for 
the human heterodimer28. B. pseudomallei 1026b was grown to log-phase and 
diluted to approximately 10,000 CFU/ml in RPMI 1640 medium (Gibco). 100 µl of 
this bacterial suspension was added to 100 µl of recombinant murine S100A8/
A9 in Hanks’ balanced salt solution (end concentration 50 µg/ml unless indicated 
otherwise) without Ca2+ and Mg2+ (HBSS–/–; Gibco)11. Bacteria and S100A8/A9 
were incubated for 0, 8, or 24 hours at 37°C. Growth was assessed by plating 
out ten-fold dilutions of bacterial concentrations on blood-agar (BA) plates and 
overnight incubation at 37°C. 

Ethics statement 

Phagocytosis

Patients

Cell stimulation and growth inhibition assays

The study was approved by both the Ministry of Public 

Phagocytosis was assayed as described11,27,29. In brief, heat 

Thirty-four patients with culture-positive sepsis caused by B. 

Murine peritoneal and alveo-
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with 50 µl bacteria in PBS (end concentration 1x106 CFU/ml) at 4°C or 37°C. After 
0, 15 and 60 minutes, samples were put on ice to stop phagocytosis. Red blood 
cells were lysed using isotonic NH4Cl solution11 and neutrophils were labeled 
using anti-Gr-1-PE (Pharmingen) before degree of phagocytosis was determined 
by flow cytometry (FACSCalibur; Becton Dickson). The phagocytosis index of 
each sample was calculated: (geometric mean fluorescence × % positive cells at 
37˚C) - (the geometric mean fluorescence × % positive cells at 4˚C)27. 

River) and S100A9 deficient (S100A9−/−) mice (backcrossed >10 times to a C57BL/6-
background)30,31 were inoculated intranasally with 750 (LD100) or 150 (LD50) 
CFU B. pseudomallei 1026b in a 50 µL saline solution as described previously26,32. 
Eight animals per group were sacrificed 24, 48 and 72 hours after inoculation. 
In brief, bronchoalveolar lavage fluid (BALF), lung- and liver homogenates and 
EDTA blood were collected for bacterial culture and cytokine assays as described 
previously6,12. For the survival assay, 20 mice per group (WT versus S100A9−/−	

mice) were intranasally inoculated with 1800 CFU B. pseudomallei 1026b.

and livers were harvested at the indicated time points, fixed in 10% buffered 
formalin, and embedded in paraffin. Four µm sections were stained with 
haematoxylin and eosin (HE) and read by a pathologist blinded to groups. To score 
inflammation and damage, the entire organ surface was scored according to the 
presence of the following: necrosis/abscess formation, interstitial inflammation, 
endothelialitis, bronchitis, edema, and thrombus formation6,12,32. Granulocyte 
staining was done using FITC-labeled rat anti-mouse Ly-6G mAb (Pharmingen) 
and Ly-6G expression in the lung tissue sections was quantified by digital image 
analysis using the Olympus Slide system (Olympus) as described earlier33,34. 
For S100A8 and S100A9 immunostaining, paraffin sections were dewaxed, 
blocked with 10% fetal bovine serum, and incubated with rabbit anti-S100A9 
antibodies (5 µg/ml), rabbit anti-S100A8 antibodies (5 µg/ml) or rabbit IgG of 
irrelevant specificity (5 µg/ml, negative control) for 1 hour at room temperature. 
A Vectastain ABC-AP Kit (Vector) was used for visualization of stained proteins 
using biotinylated goat anti-rabbit IgG as secondary antibody. 

Mouse experiments

Histologic examination and S100A8/A9 immunohistochemistry

Pathogen-free 8- to 12-week-old C57BL/6 mice (Charles 

Mice lungs 

limit of detection 0.5 ng/ml)14. Pulmonary TNF-α, interleukin (IL)-6, IL-10, and 
keratinocyte-derived chemokine (CXCL1/KC) were measured by using specific 
ELISAs (R&D systems, Minneapolis, MN) according to the manufacturer’s 
instructions. Cytokine and chemokine concentrations in plasma (TNF-α, 
interferon (IFN)-γ, IL-6, IL-10, IL-12p70, and (MCP)-1) were measured by cytometric 
bead array (BD Biosciences, San Jose, CA). Aspartate transaminase (AST), alanine 
transaminase (ALT), lactate dehydrogenase (LDH) were measured in plasma with 
spectrophotometry (Roche Diagnostics).

Assays 
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limit of detection 0.5 ng/ml)14. Pulmonary TNF-α, interleukin (IL)-6, IL-10, and 
keratinocyte-derived chemokine (CXCL1/KC) were measured by using specific 
ELISAs (R&D systems, Minneapolis, MN) according to the manufacturer’s 
instructions. Cytokine and chemokine concentrations in plasma (TNF-α, 
interferon (IFN)-γ, IL-6, IL-10, IL-12p70, and (MCP)-1) were measured by cytometric 
bead array (BD Biosciences, San Jose, CA). Aspartate transaminase (AST), alanine 
transaminase (ALT), lactate dehydrogenase (LDH) were measured in plasma with 
spectrophotometry (Roche Diagnostics).

groups were analyzed by the Mann-Whitney U test unless mentioned 
otherwise. For survival studies, Kaplan-Meier analyses followed by log-rank 
tests to compare groups. Analyses were performed in GraphPad Prism version 
6.0 (GraphPad Software). P < 0.05 was considered to represent a statistically 
significant differences. 

Assays 

Statistical analysis

Human and murine plasma S100A8/A9 was measured by ELISA (lower 

Differences between human and controls or murine 
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Results

The majority of patients with melioidosis present with pneumonia with bacterial 
dissemination to distant body sites2,35. Given that it is not feasible to study 

Lung and plasma S100A8/A9 levels are increased during murine melioidosis

To obtain insight into S100A8/A9 expression during melioidosis, we first 
measured S100A8/A9 in plasma from 34 patients who were admitted with 
culture proven B. pseudomallei infection and in plasma from 32 local healthy 
controls. The mortality rate in this cohort of patients was 41% (14/34 died). 
S100A8/A9 complexes were markedly elevated in melioidosis patients with 
median plasma concentrations that were approximately 40-fold higher than 
those of healthy subjects (190 ng/ml; IQR [110–265] versus 7765 ng/ml; IQR 
[3883–20393], P<0.001; Figure 1A). Median plasma concentrations of S100A8/
A9 were associated with an adverse outcome: patients who died had higher 
S100A8/A9 concentrations on admission than patients who survived (6600 ng/
ml; IQR [2960–9770] versus 20435 ng/ml; IQR [5620–46698], P<0.01; Figure 1B), 
indicating a relevance of pro-inflammatory effects of S100A8/A9. 

Elevated plasma S100A8/A9 protein levels in patients with severe melioidosis 
correlate with poor outcome 

Figure 1.  Elevated plasma S100A8/A9 levels correlate with mortality in patients with 
melioidosis
S100A8/A9 levels in plasma from healthy controls (n=32) compared to plasma admission samples 
of patients (n=34) with sepsis caused by B. pseudomallei (A). Levels of S100A8/A9 in patients with 
melioidosis, survivors versus non-survivors (B). Median with IQR is displayed. Significance was 
determined via Mann-Whitney U test. * P<0.05, ***P<0.001.

lished that S100A8/A9 becomes strongly upregulated in both patients and mice 
with melioidosis, we sought to obtain insights into its function in melioidosis 
by testing the requirement of S100A8/A9 upon first encounter between the 
bacterium and the host. First, we tested the capacity of whole blood, alveolar 
macrophages and peritoneal macrophages harvested from WT and S100A9–/– 

mice to release TNF-α upon stimulation with heat-inactivated B. pseudomallei. 
However, S100A8/A9 deficiency did not affect cellular responsiveness to B. 
pseudomallei (Figure 3A). Next, we investigated the growth inhibiting properties 
of S100A8/A9 when encountering live B. pseudomallei in vitro. We grew bacteria 
in medium in the pre- or absence of S100A8/A9 for up to 24 hours and found 

00A8/A9 inhibits bacterial growth of B. pseudomallei in vitro 
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S100A8/A9 expression at tissue level in patients, we used instead a mouse model 
of melioidosis7,8. We intranasally challenged wild-type (WT) mice with a bacterial 
inoculum that causes 100% mortality in C57BL/6 mice after 4 days of infection 
and measured local and systemic S100A8/A9 concentrations 0, 24, 48 and 72 
hours after infection. S100A8/A9 levels became detectable in BALF at 24 hours 
after infection with B. pseudomallei; extremely high levels were found at 72 
hours (median 109.6 μg/ml, P<0.001 compared to uninfected mice; Figure 2A). In 
whole lung homogenates, S100A8/A9 was detectable at low levels in uninfected 
mice; reaching peak concentrations after 48 hours after infection (median 356.1 
μg/ml at 48 hours, P<0.001; Figure 2B). Consistent with the data obtained from 
patients with melioidosis, infected mice showed an upregulation of plasma 
S100A8/A9 levels reaching peak concentrations at 72 hours after infection 
(median 7053 ng/ml, P<0.05; Figure 2C). To obtain insight into the cellular source 
of S100A8/A9, we stained lung tissue slides obtained from naive and infected WT 
mice for S100A8 and S100A9 (Figure 2D-I). Positive immunostaining for S100A9 
was observed in untreated control animals in alveolar macrophages and less 
abundantly within the bronchial epithelium; the latter did not stain positive for 
S100A8 probably due to a lower affinity of anti-S100A8 to the target compared 
to anti-S100A9. After infection with B. pseudomallei there was a marked increase 
in S100A9 immunostaining of the epithelial submucosa, bronchial epithelial cells 
and inflammatory cells. During the course of the disease, expression of both 
S100A8 and S100A9 increased strongly, primarily as a consequence of alveolar 
macrophages and infiltrating neutrophils (Fig. 2H–I).

S100A8/A9 (calprotectin) impairs host defense 
against pneumonia-derived septic melioidosis 

lished that S100A8/A9 becomes strongly upregulated in both patients and mice 
with melioidosis, we sought to obtain insights into its function in melioidosis 
by testing the requirement of S100A8/A9 upon first encounter between the 
bacterium and the host. First, we tested the capacity of whole blood, alveolar 
macrophages and peritoneal macrophages harvested from WT and S100A9–/– 

mice to release TNF-α upon stimulation with heat-inactivated B. pseudomallei. 
However, S100A8/A9 deficiency did not affect cellular responsiveness to B. 
pseudomallei (Figure 3A). Next, we investigated the growth inhibiting properties 
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Figure 2. Increased S100A8/A9 levels and enhanced S100A8 and S100A9 expression in lungs 
during murine melioidosis
S100A8/A9 levels in bronchoalveolar lavage fluid (BALF) (A), whole lung homogenates (B), and 
plasma (C) were determined in naive mice (n=5-8) and 24, 48 and 72 hours after intranasal B. 
pseudomallei infection (n=3-8). Data are expressed as box-and-whisker diagrams depicting 
the smallest observation, lower quartile, median, upper quartile and largest observation. 
Significance was determined via Mann Whitney U test, * P<0.05, **P<0.01, *** P<0.001. S100A8 
and S100A9 were stained in lungs of naive and infected mice. Representative slides of S100A8 (D) 
and S100A9 (E) staining of naive mice, S100A8 (F) and S100A9 (G) staining 24 hours and S100A8 
(H) and S100A9 (I) staining 72 hours after infection. Magnification 10 ×.

that S100A8/A9 inhibits the growth of B. pseudomallei (P<0.001; Figure 3B). 
Recently, it was shown that S100A9 is able to enhance bactericidal effects of 
human neutrophils by improving their bacterial phagocytosis capacity11,36. We 
used neutrophils derived from S100A9–/– mice and compared their capacity to 
internalize CFSE-labeled B. pseudomallei with neutrophils derived from WT 
mice. Although S100A8/A9 is abundantly present in murine neutrophils, in our 
setting S100A9 did not impact their capacity to phagocytose B. pseudomallei 
(Figure 3C). Taken together, these data suggest that S100A8/A9 can contribute 
to the containment of B. pseudomallei growth ex vivo.

We went on to investigate the function of S100A8/A9 during experimental 
melioidosis. Therefore, we infected WT and S100A9–/– mice with a lethal dose 
of B. pseudomallei (750 CFU, LD100) and harvested BALF, lung, blood, and liver 
at predefined time points for quantitative cultures. At 24 hours post-infection, 
no differences in bacterial counts were observed (Figure 4). However, 72 hours 
after infection S100A9–/– mice displayed significantly decreased bacterial loads in 
BALF (Figure 4B; P<0.05). Interestingly, at this inoculum size bacterial counts in 
the liver were elevated suggesting a versatile compartment-dependent role for 
S100A9 (P<0.001; Figure 4D). To determine whether the effect of S100A8/A9 is 
dependent on the size of the infectious dose, we next infected mice with a lower 
inoculum (150 CFU B. pseudomallei, LD50) measuring bacterial counts and spread 
(Figure 4). At this inoculum size the detrimental role of S100A8/A9 became more 
pronounced: 72 hours after intranasal infection with B. pseudomallei (150 CFU), 
S100A9–/– mice demonstrated lower bacterial burdens in lungs, BALF, blood and 
liver (for all organs P<0.01). In contrast to what was found in vitro, the in vivo 
data suggest that S100A8/A9 deficiency impairs bacterial growth at the primary 
site of infection as well as dissemination towards distant organs.  
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Figure 2. Increased S100A8/A9 levels and enhanced S100A8 and S100A9 expression in lungs 
during murine melioidosis
S100A8/A9 levels in bronchoalveolar lavage fluid (BALF) (A), whole lung homogenates (B), and 
plasma (C) were determined in naive mice (n=5-8) and 24, 48 and 72 hours after intranasal B. 
pseudomallei infection (n=3-8). Data are expressed as box-and-whisker diagrams depicting 
the smallest observation, lower quartile, median, upper quartile and largest observation. 
Significance was determined via Mann Whitney U test, * P<0.05, **P<0.01, *** P<0.001. S100A8 
and S100A9 were stained in lungs of naive and infected mice. Representative slides of S100A8 (D) 
and S100A9 (E) staining of naive mice, S100A8 (F) and S100A9 (G) staining 24 hours and S100A8 
(H) and S100A9 (I) staining 72 hours after infection. Magnification 10 ×.

that S100A8/A9 inhibits the growth of B. pseudomallei (P<0.001; Figure 3B). 
Recently, it was shown that S100A9 is able to enhance bactericidal effects of 
human neutrophils by improving their bacterial phagocytosis capacity11,36. We 
used neutrophils derived from S100A9–/– mice and compared their capacity to 
internalize CFSE-labeled B. pseudomallei with neutrophils derived from WT 
mice. Although S100A8/A9 is abundantly present in murine neutrophils, in our 
setting S100A9 did not impact their capacity to phagocytose B. pseudomallei 
(Figure 3C). Taken together, these data suggest that S100A8/A9 can contribute 
to the containment of B. pseudomallei growth ex vivo.

9

Figure 3. S100A8/A9 inhibits bacterial growth of Burkholderia in vitro. Whole blood obtained 
from individual WT (white bars) and S100A9–/– mice (grey bars) was stimulated for 5 hours with 
1×106 heat-inactivated B. pseudomallei (B. ps) or Escherichia	 coli LPS before measurement of 
tumor necrosis factor (TNF)-α (A; n=3-4 per mouse strain; log-scale). Growth of B. pseudomallei 
(1026b; B) was assessed for a maximum of 24 hours in the presence of recombinant S100A8/
A9 (50 µg/ml; grey bars) or control (white bars). Bacterial growth was inhibited by S100A8/A9 
(n=3 per time point, per group; log-scale). Growth arrested, CFSE-labelled heat-inactivated B. 
pseudomallei bacteria were incubated with peripheral blood neutrophils (C) from WT (white) 
and S100A9–/– mice (grey) (n=4 per mouse strain, per time point) for 0, 15 and 60 minutes 
respectively after which phagocytosis was quantified (see Methods). Data are expressed as bar 
charts depicting the median with interquartile ranges. P value was determined via unpaired t 
tests. ***P<0.001.

We went on to investigate the function of S100A8/A9 during experimental 
melioidosis. Therefore, we infected WT and S100A9–/– mice with a lethal dose 
of B. pseudomallei (750 CFU, LD100) and harvested BALF, lung, blood, and liver 
at predefined time points for quantitative cultures. At 24 hours post-infection, 
no differences in bacterial counts were observed (Figure 4). However, 72 hours 
after infection S100A9–/– mice displayed significantly decreased bacterial loads in 
BALF (Figure 4B; P<0.05). Interestingly, at this inoculum size bacterial counts in 
the liver were elevated suggesting a versatile compartment-dependent role for 
S100A9 (P<0.001; Figure 4D). To determine whether the effect of S100A8/A9 is 
dependent on the size of the infectious dose, we next infected mice with a lower 
inoculum (150 CFU B. pseudomallei, LD50) measuring bacterial counts and spread 
(Figure 4). At this inoculum size the detrimental role of S100A8/A9 became more 
pronounced: 72 hours after intranasal infection with B. pseudomallei (150 CFU), 
S100A9–/– mice demonstrated lower bacterial burdens in lungs, BALF, blood and 
liver (for all organs P<0.01). In contrast to what was found in vitro, the in vivo 
data suggest that S100A8/A9 deficiency impairs bacterial growth at the primary 
site of infection as well as dissemination towards distant organs.  

S100A9-/- mice show reduced bacterial growth and dissemination during 
experimental melioidosis

S100A8/A9 (calprotectin) impairs host defense 
against pneumonia-derived septic melioidosis 
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Figure 4. Effect of S100A9 on bacterial dissemination Bacterial loads in wild-type (WT; white 
bars) mice compared with S100A9–/– mice (grey bars; data represent (8 mice per group) from 
lung tissue  (A), Bronchoalveolar fluid (BALF; B), blood (C), and liver tissue (D), 24 and 72 hours 
post-infection with 750 CFU B. pseudomallei given intranasally. In an additional experiment, 
we inoculated mice with 150 CFU of B. pseudomallei. (indicated as LD=lower dose). Data are 
expressed as box-and-whisker diagrams (log scale) depicting the smallest observation, lower 
quartile, median, upper quartile and largest observation.
Significance was determined via Mann-Whitney U. * P<0.01, **P<0.05, ***P<0.001.

Bacterial pneumonia is associated with neutrophil migration to the lung 
parenchyma, which is considered to be an important component of a protective 
innate immune response37-39. During melioidosis, neutrophils are essential for 
early bacterial containment; activated neutrophils are rapidly recruited to the 
lungs upon infection and neutrophil depletion leads to accelerated mortality 
in mice9,21. Since S100A8/A9 has been implicated as an important mediator of 
neutrophil recruitment during inflammation17-19,40,41, we next determined the 
extent of neutrophil influx in S100A9–/– and WT mice at 24 and 72 hours after 
intranasal challenge with B. pseudomallei by assessing the number of Ly-6G 

S100A9 deficiency does not influence neutrophil recruitment into the lungs 
or pulmonary pathology
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parenchyma, which is considered to be an important component of a protective 
innate immune response37-39. During melioidosis, neutrophils are essential for 
early bacterial containment; activated neutrophils are rapidly recruited to the 
lungs upon infection and neutrophil depletion leads to accelerated mortality 
in mice9,21. Since S100A8/A9 has been implicated as an important mediator of 
neutrophil recruitment during inflammation17-19,40,41, we next determined the 
extent of neutrophil influx in S100A9–/– and WT mice at 24 and 72 hours after 
intranasal challenge with B. pseudomallei by assessing the number of Ly-6G 
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positive cells in lung tissue sections (Figure 5A-E). The number of Ly-6G positive 
cells did not differ between groups at any time point although it was highly 
diverse after 72 hours for S100A9–/– mice. These data strongly argue against a 
role for S100A8/A9 in neutrophil influx into the lungs during B. pseudomallei 
derived-pneumonia. 

We next wondered whether lung pathology would be influenced by the pro-
inflammatory effects of S100A8/A9. We therefore analyzed HE-stained lung 
tissue slides obtained from infected WT and S100A9–/– mice using the semi-
quantitative scoring system described in the materials section. Already at 24 
hours after infection mild interstitial inflammation, edema, bronchitis, and 
endothelialitis were found in all mice; at later stages necrosis, thrombosis and 
abscess formation mimicking the human situation became apparent (Figure 5F-
J). Again, no differences were found between WT and S100A9–/– mice comparing 
total lung pathology at all time points. This suggests that the presence of 
S100A8/A9, although pro-inflammatory, is not essential for the induction of lung 
inflammation during B. pseudomallei pneumonia.

S100A8/A9 (calprotectin) impairs host defense 
against pneumonia-derived septic melioidosis 
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Figure 5. S100A9 independent neutrophil influx and lung injury during experimental melioidosis 
Representative neutrophil stainings (brown) of WT (A) and S100A9–/– mice (B) 24 hours, and of 
WT (C) and S100A9–/– mice (D) 72 hours after infection with B. pseudomallei. Quantitation of 
pulmonary Ly-6G positivity 24 and 72 hours after infection (E) in WT (white) and S100A9–/– mice 
(grey). There were no statistically significant differences between the groups. Representative 
slides of lung hematoxylin and eosin (HE) staining of WT (F) and S100A9–/– mice (G) 24 hours, 
WT (H) and S100A9–/– mice (I) 72 hours after intranasal B. pseudomallei infection. Lungs from 
both WT and S100A9–/– mice displayed advanced inflammation with necrosis, abscess formation 
and thrombosis (#). Total pathology score of the lung in WT (white) and S100A9-/- mice (grey) 
determined 72 hours post-infection according to the scoring system described in the methods 
section (J). Data are expressed as box-and-whisker diagrams depicting the smallest observation, 
lower quartile, median, upper quartile and largest observation (8 mice per group at each 
timepoint). Magnification 40 ×.

In vitro, extracellular S100A8/A9 has been shown to amplify the TNF-α response 
upon LPS stimulation, and in vivo this correlated with lower plasma TNF-α levels 
in S100A9–/– mice challenged with LPS14. To study the impact of S100A9 deficiency 
on cytokine release in melioidosis, we measured the levels of cytokines (TNF-α, 
IL-6, IL-10, IL-12p70, IFN-γ) and chemokines (MCP-1, KC) in lung homogenates and 
plasma harvested from S100A9–/– and WT mice after intranasal infection with 
B. pseudomallei. In whole lung homogenates, 24 hours after infection cytokine 
levels were similar between groups but at the later time point S100A9–/– mice 
displayed reduced IL-10 and KC concentrations (both P<0.05; Table 1). In line 
with these results, plasma levels of TNF-α, IL-6, IFN-γ and MCP-1 tended to be 
lower 72 hours post-infection in S100A9–/– mice when compared to controls 
but this did not reach statistical significance. Together, these data indicate that 
endogenous S100A8/A9 contributes to increased cytokine release in lung tissue 
during melioidosis.

Endogenous S100A8/A9 contributes to increased pulmonary cytokine 
release during experimental melioidosis

Gram-negative sepsis is associated with distant organ injury during late stage 
infection6,29,34. Since bacterial dissemination to the liver was shown to be 
dependent on S100A8/A9, we next examined whether this would influence 
hepatic injury in these animals. Although all mice displayed signs of inflammation 
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TNF-‐α 	   <	   5.0	  (5.1−6.8)	   5.0	  (5.0−39)	   5.8	  (5.7−10.4)	  

IFN-‐γ 	   12	  (9.0−14)	   15	  (12−18)	   4.8	  (3.6−14)	   6.3	  (5.6−9.3)	  

IL-‐6	   97	  (75−151)	   73	  (69−79)	   55	  (32−1161)	   69	  (45−276)	  

MCP-‐1	   131	  (81−208)	   114	  (84−140)	   66	  (24−229)	   46	  (29−78)	  

	   Lung	  

TNF-‐α 	   1061	  (641−1379)	   1039	  (797−1368)	   1391	  (699−4917)	   694	  (487−778)	  

IL-‐6	   2094	  (1499−2458)	   1574	  (1320−2004)	   1411	  (515−6456)	   711	  (484−857)	  

IL-‐10	   423	  (358−446)	   371	  (334−422)	   406	  (367−999)	   337	  (319−386)*	  

KC	  (ng/ml)	   ND	   ND	   13	  (5.0−30)	   4.6	  (4.3−5.7)*	  
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Figure 5. S100A9 independent neutrophil influx and lung injury during experimental melioidosis 
Representative neutrophil stainings (brown) of WT (A) and S100A9–/– mice (B) 24 hours, and of 
WT (C) and S100A9–/– mice (D) 72 hours after infection with B. pseudomallei. Quantitation of 
pulmonary Ly-6G positivity 24 and 72 hours after infection (E) in WT (white) and S100A9–/– mice 
(grey). There were no statistically significant differences between the groups. Representative 
slides of lung hematoxylin and eosin (HE) staining of WT (F) and S100A9–/– mice (G) 24 hours, 
WT (H) and S100A9–/– mice (I) 72 hours after intranasal B. pseudomallei infection. Lungs from 
both WT and S100A9–/– mice displayed advanced inflammation with necrosis, abscess formation 
and thrombosis (#). Total pathology score of the lung in WT (white) and S100A9-/- mice (grey) 
determined 72 hours post-infection according to the scoring system described in the methods 
section (J). Data are expressed as box-and-whisker diagrams depicting the smallest observation, 
lower quartile, median, upper quartile and largest observation (8 mice per group at each 
timepoint). Magnification 40 ×.

In vitro, extracellular S100A8/A9 has been shown to amplify the TNF-α response 
upon LPS stimulation, and in vivo this correlated with lower plasma TNF-α levels 
in S100A9–/– mice challenged with LPS14. To study the impact of S100A9 deficiency 
on cytokine release in melioidosis, we measured the levels of cytokines (TNF-α, 
IL-6, IL-10, IL-12p70, IFN-γ) and chemokines (MCP-1, KC) in lung homogenates and 
plasma harvested from S100A9–/– and WT mice after intranasal infection with 
B. pseudomallei. In whole lung homogenates, 24 hours after infection cytokine 
levels were similar between groups but at the later time point S100A9–/– mice 
displayed reduced IL-10 and KC concentrations (both P<0.05; Table 1). In line 
with these results, plasma levels of TNF-α, IL-6, IFN-γ and MCP-1 tended to be 
lower 72 hours post-infection in S100A9–/– mice when compared to controls 
but this did not reach statistical significance. Together, these data indicate that 
endogenous S100A8/A9 contributes to increased cytokine release in lung tissue 
during melioidosis.

Gram-negative sepsis is associated with distant organ injury during late stage 
infection6,29,34. Since bacterial dissemination to the liver was shown to be 
dependent on S100A8/A9, we next examined whether this would influence 
hepatic injury in these animals. Although all mice displayed signs of inflammation 
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Table 1. Cytokines and chemokine levels in plasma and lung homogenates during B. 
pseudomallei infection. Data are expressed as median (interquartile range) of n=8 mice per 
group per timepoint. Measurements are pg/ml unless otherwise noted. < indicates below 
detection limit. * P<0.05 for WT versus S100A9–/– mice (Mann-Whitney U test). Definition of 
abbreviations: IFN-γ: interferon-γ; IL: interleukin; KC: keratinocyte-derived- chemokine; MCP-1: 
monocyte chemoattractive protein; ND: not determined; TNF-α: tumor necrosis factor-α; WT: 
wild-type.
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S100A8/A9 (calprotectin) impairs host defense 
against pneumonia-derived septic melioidosis 

in their liver, microscopic examination did not reveal differences in terms of liver 
pathology between S100A9–/– and WT mice (Figure 6A). Markers of hepatocellular 
injury, AST and ALT, tended to be lower in S100A9–/– mice when compared to 
controls 72 hours after infection (Figure 6B-C). At this time point, WT mice also 
showed higher LDH concentrations (indicative for cellular injury in general) as 
compared to S100A9–/– mice but this did not reach statistical significance (median 
360; IQR [189−518] versus median 126; IQR [100−177], P=0.09; Figure 6D).

Finally, since S100A9–/– mice showed markedly decreased pulmonary bacterial 
growth, and pulmonary inflammation, we investigated whether this would 
influence mortality during experimental melioidosis. A marked survival benefit 
for S100A9–/– mice was seen after infection with a lethal dose of B. pseudomallei. 
Mortality was significantly delayed amongst S100A9–/– mice; at the moment 
when all WT mice had died, 50% of the S100A9–/– mice were still alive (P<0.001 
for the differences between both mouse strains; Figure 6E), indicating that 
S100A8/A9 impairs the defense against pneumonia-derived melioidosis.
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Figure 6. Delayed mortality of S100A9 deficient mice during experimental melioidosis 
Total pathology score (A) of the liver determined 72 hours post-infection according to the scoring 
system as described in the methods section (n=8 mice per genotype and time point). Aspartate 
aminotransferase (AST; B), alanine aminotransferase (ALT; C), and lactate dehydrogenase (LDH; 
D) were measured in plasma  (3-7 mice per group at each time point). Data are expressed as box-
and-whisker diagrams depicting the smallest observation, lower quartile, median, upper quartile 
and largest observation. Survival curve (E) of WT and S100A9–/– mice after intranasal inoculation 
with 1800 CFU of B. pseudomallei (n=20 mice per group). Mortality was assessed every 6 hours. 
Significance was determined by Kaplan-Meier analyses followed by log-rank testing. 

Discussion 
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Discussion 

Gram-negative sepsis caused by B. pseudomallei is a major challenge in the care 
of critically ill patients in Southeast Asia and Australia1,2. Despite the availability 
of effective antimicrobial therapy and supportive care, melioidosis related 
morbidity and mortality remains a considerable burden to health care in these 
regions, underscoring the need for novel innovative treatment modalities5. 
Severe sepsis is associated with the release of S100A8/A916, which in models 
of endotoxic shock and fulminant sepsis contributes to organ injury and 
mortality14,16. In contrast, S100A8/A9 has also been proven to be an important 
component of the protective innate immunity during early bacterial containment 
because of its antimicrobial properties11,20,42. In the present study we aimed 
to determine the role of S100A8/A9 in patients with melioidosis and by using 
an established clinically relevant murine melioidosis model7,8 characterized 
by lung inflammation and bacterial dissemination leading to organ pathology 
and death, allowing to study a potential role of S100A8/A9 in both the initial 
immune response as well as during the hyper-inflammatory phase. In summary, 
we here show that S100A8/A9 plasma levels are markedly elevated in patients 
with melioidosis and correlate with poor outcome. We found that intranasal B. 
pseudomallei infection resulted in local and systemic S100A8/A9 release and 
that S100A9 deficiency led to an increased survival, most likely as a consequence 
of diminished bacterial growth in lungs and subsequent bacterial dissemination 
towards distant organs together with a reduced inflammatory response. 

Severe sepsis results in systemic release of S100A8/A9 irrespective of the 
primary source of infection16. In the present study, systemic S100A8/A9 levels 
in patients and in mice gradually increased during the course of the infection. 
Our current finding of high S100A8/A9 concentrations at the primary site of 
infection from 24 hours onward is in accordance with previous investigations 
from our group reporting high local levels of S100A8/A9 in patients and mice 
with bacterial peritonitis16 and pneumonia caused by Klebsiella	pneumoniae or 
Streptococcus pneumoniae11,43. Of note, systemic S100A8/A9 levels in mice with 
melioidosis were at least ten times higher after 24 hours when compared to 
mice with Klebsiella pneumonia, which most likely reflects the fulminant nature 
of the septic syndrome induced by B. pseudomallei. In acute challenge models 
with high dose LPS injection, S100A8/A9 has been suggested to act as a danger 
signal enhancing the cytokine response of LPS via TLR4, thereby potentiating 
theharmful systemic inflammatory response syndrome14,16,44. Furthermore, 

S100A8/A9 (calprotectin) impairs host defense 
against pneumonia-derived septic melioidosis 
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S100A9 deficiency attenuated systemic inflammation and consequently 
improved survival in LPS-induced shock and E. coli induced peritonitis, starting 
to occur from 6 and 20 hours respectively14. Corroborating these studies, 
S100A9 deficiency clearly enhanced survival after intranasal B. pseudomallei 
challenge and diminished pulmonary inflammation. Several animal studies 
have implicated S100A8/A9 as a mediator of neutrophil recruitment. In murine 
air pouch models, pretreatment with blocking antibodies directed against 
S100A8 and S100A9 significantly reduced leukocyte migration in response 
to LPS 17 or monosodium urate crystals18. Anti-S100A8 and anti-S100A9 
antibodies also attenuated leukocyte influx into the pulmonary compartment 
during S. pneumoniae pneumonia41. Chemotaxis by S100A8/A9 may partly 
act via upregulation of adhesion molecule expression and induction of CXC 
chemokines40. In the present study however, we did not find evidence for a role 
for S100A8/A9 in chemotaxis probably due to the extremely high S100A8/A9 
levels which avoids the formation of a chemotactic gradient: the number of Ly-
6G positive cells in lung tissue slides were not affected by the loss of S100A8/
A9 in spite of reduced levels of the neutrophil attracting chemokine KC after B. 
pseudomallei infection. Similarly, we showed earlier that neutrophil numbers in 
lung tissue during Klebsiella pneumonia11 or in the peritoneal cavity during E. coli 
induced peritonitis did not differ between S100A9–/– and WT mice16. 

Recently, S100A8/A9 was found to inhibit Staphylococcus	 aureus growth 
through chelation of zinc and manganese20. Divalent ion-chelation also reduced 
the enzymatic activity of superoxide dismutase thereby inhibiting bacterial 
virulence42. In accordance, S100A9–/– mice showed higher bacterial loads after 
intravenous S. aureus injection20. In contrast, mouse studies investigating 
abdominal sepsis or urinary tract infection caused by E. coli16 or pneumonia 
caused by S. pneumoniae41 did not point to an antimicrobial role for S100A8/A9. 
We here demonstrate that growth of B. pseudomallei is inhibited by S100A8/
A9 in vitro, however in vivo we see the opposite, WT mice have higher bacterial 
loads during the course of infection than S100A9 deficient mice. During infection, 
neutrophils can kill pathogens through different mechanisms, including by the 
release of NETs composed of chromatin decorated with neutrophil derived 
proteins such as S100A8/A922,23,45. It may be the case that that the type three 
secretion system (T3SS) and the bacterial capsule of B. pseudomallei could play a 
role in evading early bacterial entrapment of NET-formation in vivo24, suggesting 
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that the beneficiary growth-inhibitory effect of S100A8/A9 plays a redundant 
role when encountering an intracellular bacterium such as B. pseudomallei. 
Furthermore, we have previously shown that the antimicrobial effect of S100A8/
A9 toward Klebsiella could be overcome by addition of zinc implicating chelation 
of divalent cations by S100A8/A9 as a key process herein. Interestingly, in the 
case of S.	 pneumoniae,	 S100A8/A9 is misused by the pathogen, facilitating 
bacterial growth by attenuating zinc toxicity toward the pathogen43. 

Although NETs exhibit antimicrobial functions, excessive NET formation can 
occur at the expense of injury to the host46. S100A9–/– mice showed decreased 
hepatocellular inflammation compared to WT mice in an E. coli induced sepsis 
model16,45. Bacterial trapping occurs primarily in the capillary beds of the liver 
and lungs, and excessive NET-formation could lead to hepatotoxicity47. We 
have previously shown that B. pseudomallei releases NETs in vivo. However, 
the abundant release of NETs did not lead to more lung and liver damage in 
mice nor did levels of NETs measured in patients with melioidosis correlated 
with mortality12 suggesting that these measured NETs are not the cause of the 
severe organ damage seen in patients and mice with melioidosis. Even though 
the absence of S100A8/A9 in S100A9–/– mice infected with B. pseudomallei did 
not lead to decreased lung and liver pathology 72 hours after infection, there 
was a trend towards reduced hepatocellular injury and significant less bacterial 
growth and cytokine release, which could explain the survival advantage in these 
mice. One could speculate that the enhanced survival in the S100A9 deficient 
mice is NET-independent.

 In conclusion, S100A8/A9 expression is increased during melioidosis and 
associated with poor outcome. Recombinant S100A8/A9 inhibited growth of B. 
pseudomallei in vitro. However, the beneficial antibacterial properties of S100A9 
did not contribute to a protective immune response in mice; on the contrary, 
the abundant release of S100A8/A9 during melioidosis markedly impaired 
host defense, as reflected by decreased bacterial growth and dissemination, 
diminished inflammation and a delayed lethality in S100A9–/– mice upon infection 
with B. pseudomallei. Inhibition of S100A9 may represent a novel treatment 
strategy for severe sepsis caused by B. pseudomallei.

S100A8/A9 (calprotectin) impairs host defense 
against pneumonia-derived septic melioidosis 
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The tier-1 classed bioterror threat agent Burkholderia	 pseudomallei is an 
environmental Gram-negative bacillus and the causative agent of melioidosis. 
Isolated reports on B. pseudomallei in soil and animals in East and West-Africa 
suggest that melioidosis may be more widely distributed than previously thought. 
Given its equatorial tropical climate, we hypothesized that B. pseudomallei 
could be present in the Central-African country of Gabon. We conducted a 
seroprevalance study, set up microbiology facilities at a large clinical referral 
center and prospectively screened all cultures derived from febrile patients for 
B. pseudomallei and related species; and determined whether this organism 
could be isolated form Gabonese soil. We identified both B. pseudomallei and 
B.	 thailandensis in the environment and discovered a novel B. pseudomallei 
sequence type causing lethal septic shock. Our data suggest that melioidosis is 
an emerging infectious disease in Central Africa but is unrecognized because of 
the lack of diagnostic microbiology facilities. 

Abstract

10

The tier 1 biothreat agent Burkholderia	 pseudomallei is an environmental 
Gram-negative bacillus and the cause of melioidosis, a disease characterized by 
sepsis, pneumonia and abscess formation in virtually any organ1-3. Burkholderia	
thailandensis	 is closely related to B. pseudomallei but rarely causes disease 
in humans or animals and is usually distinguished from B. pseudomallei by its 
ability to assimilate arabinose4-6. Melioidosis mainly affects individuals who are 
in regular contact with soil and water and is associated with a mortality of up to 
40% in resource poor environments. Southeast Asia and tropical Australia are 
the major endemic regions for melioidosis1-2. The northern tip of the Northern 
Territory in Australia and northeast Thailand represent hot spots, with annual 
incidence rates of up to 50 cases per 100,000 people1,7.

The emergence of melioidosis in Brazil is an example of increasing recognition in 
areas where the disease is probably endemic and has become apparent as a result 
of enhanced awareness and diagnostics1,8.  Human B. pseudomallei infection has 
been reported from Malawi, Nigeria, The Gambia, Kenya and Uganda; human 
cases appear to be few and isolated in Africa, although this could be due to 
both under recognition and underreporting1,9-12. A limited number of published 
reports on the isolation of B. pseudomallei from soil and animals in East and 
West Africa however does suggest that melioidosis could be widely distributed 
across this region13,14. 

Given the equatorial tropical distribution of B. pseudomallei and B.	thailandensis, 
we hypothesized that these bacteria are present in the Central-African country 
of Gabon, potentially causing disease. By conducting a seroprevalence study, an 
environmental survey and setting up microbiology facilities for B.  pseudomallei 
detection at a large referral hospital, we detected B. pseudomallei in soil and 
as a cause of lethal infection in Gabon. B.	thailandensis has not been previously 
reported from Central-Africa but environmental sampling revealed that this 
organism was also present in Gabon.
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both under recognition and underreporting1,9-12. A limited number of published 
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West Africa however does suggest that melioidosis could be widely distributed 
across this region13,14. 

Given the equatorial tropical distribution of B. pseudomallei and B.	thailandensis, 
we hypothesized that these bacteria are present in the Central-African country 
of Gabon, potentially causing disease. By conducting a seroprevalence study, an 
environmental survey and setting up microbiology facilities for B.  pseudomallei 
detection at a large referral hospital, we detected B. pseudomallei in soil and 
as a cause of lethal infection in Gabon. B.	thailandensis has not been previously 
reported from Central-Africa but environmental sampling revealed that this 
organism was also present in Gabon.

Introduction

Clinical, environmental and serologic surveillance 
studies of melioidosis in Gabon, 2012-2013
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Materials and methods

The study was performed in Moyen-Ogooué and Ngounié provinces (combined 
population 162,000) in Central Gabon, which covers an area of 56,285 
square kilometers, and predominantly consists of dense primary rain forest. 
A seroepidemiological surveillance study was performed using 304 serum 
samples from healthy non-febrile school children (age 12-20 years) living in 
and around Lambaréné, the capital of Moyen-Ogooué province; these children 
also participated in a chemoprophylaxis study for malaria as described15. 
A prospective analysis of community-acquired bloodstream infections was 
performed at Albert Schweitzer Hospital (HAS) in Lambaréné (population 
24,000), located in the Central African rainforest on the river Ogooué.  The 
rainy season starts in October and ends in June (including a short dry season 
in December/January). Mean annual rainfall is 1,981 mm (78 inches), which is 
equivalent to mean rainfall in northeast Thailand16. Studies were approved by 
Centre National de la Recherche Scientifique et Technologique (CENAREST), 
Libreville, and the scientific review committee of the Centre de Recherches 
Médicales de Lambaréné, HAS, Lambaréné, Gabon. 

To obtain data on the prevalence and causes of community-acquired bloodstream 
infections in Lambaréné we prospectively monitored all blood cultures taken 
from admitted febrile patients in the HAS for one year (June 1, 2012–May 31, 
2013) using BacT/Alert PF (bioMérieux, Marcy l’Etoile, France). Criteria for taking 
blood cultures were left to the discretion of the treating physician. Technicians 
and staff of the clinical microbiology laboratory received additional training on 
sample handling and processing17,18. All oxidase-positive Gram-negative bacteria 
that were not Pseudomonas aeruginosa were tested for B. pseudomallei using 
methods for subculture and identification as described below. Antimicrobial 
susceptibilities were determined by E-test (bioMérieux) on Mueller-Hinton-agar 
(bioMérieux); when available, breakpoints were defined as described19. 

Study Sites and Populations

Prospective Analysis of Community-acquired Bloodstream Infections

The study was performed in Moyen-Ogooué 

based on consensus guidelines,	and direct culture of soil in enrichment broth was 
performed17,23. 8 sites were selected on the basis of local maps, consultations 
with inhabitants, extensive inspection throughout Moyen-Ogooué (6x) and 
Ngounié (2x) provinces and known factors associated with the presence of 
B. pseudomallei namely wet soil (e.g. rice field) or land use (e.g. farmers with 
goats)17. Within each sampling area (50x50 sq meters) a fixed interval sampling 
grid was used to collect 100 samples per field at a distance of 5 m from each 
other. For each sample, 10 grams of soil was collected from 30 cm depth, stored 
away from direct sunlight and processed within 3 hours. Isolation of potential 
Burkholderia sp. from soil was done as described17,23. In brief, 10 gram of soil 
was diluted in 10 mL of TBSS-C50 broth containing colistin and crystal violet 
and vortexed for 30 seconds before incubation at ~42°C for 48 hours. 10 uL of 
supernatant was subcultured onto Ashdown-agar and incubated and examined 
every 24 hours for 7 days. B. pseudomallei was identified by colony-morphology, 
positive oxidase test, inability to assimilate arabinose, antibiotic susceptibility 
pattern (B. pseudomallei is generally resistant to gentamicin and colistin while 
susceptible to amoxicillin/clavulanic acid1,2), API 20NE (bioMérieux) and Bps 
specific latex-agglutination test18,24,25. Positive results were confirmed with 
molecular analysis (see below). Soil type was determined by standard lithological 
and pedological analysis of sediments; for this purpose 2 extra samples were 
collected per site from 30 cm depth26. Sediment properties were compared to 
the (geomorphological) location as described in the recently published Soil Atlas 
of Africa26.

Presence and titer of antibodies to B. pseudomallei were determined by the 
indirect-haemagglutination-assay (IHA) as described20,21, using pooled antigens 
prepared from two Thai B. pseudomallei isolates. An antibody titer of ≥1:40 was 
used as the cut-off value for seropositivity22.

Soil Sampling Study 

B. pseudomallei Antibody Detection by Indirect Haemagglutination Assay (IHA) 
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based on consensus guidelines,	and direct culture of soil in enrichment broth was 
performed17,23. 8 sites were selected on the basis of local maps, consultations 
with inhabitants, extensive inspection throughout Moyen-Ogooué (6x) and 
Ngounié (2x) provinces and known factors associated with the presence of 
B. pseudomallei namely wet soil (e.g. rice field) or land use (e.g. farmers with 
goats)17. Within each sampling area (50x50 sq meters) a fixed interval sampling 
grid was used to collect 100 samples per field at a distance of 5 m from each 
other. For each sample, 10 grams of soil was collected from 30 cm depth, stored 
away from direct sunlight and processed within 3 hours. Isolation of potential 
Burkholderia sp. from soil was done as described17,23. In brief, 10 gram of soil 
was diluted in 10 mL of TBSS-C50 broth containing colistin and crystal violet 
and vortexed for 30 seconds before incubation at ~42°C for 48 hours. 10 uL of 
supernatant was subcultured onto Ashdown-agar and incubated and examined 
every 24 hours for 7 days. B. pseudomallei was identified by colony-morphology, 
positive oxidase test, inability to assimilate arabinose, antibiotic susceptibility 
pattern (B. pseudomallei is generally resistant to gentamicin and colistin while 
susceptible to amoxicillin/clavulanic acid1,2), API 20NE (bioMérieux) and Bps 
specific latex-agglutination test18,24,25. Positive results were confirmed with 
molecular analysis (see below). Soil type was determined by standard lithological 
and pedological analysis of sediments; for this purpose 2 extra samples were 
collected per site from 30 cm depth26. Sediment properties were compared to 
the (geomorphological) location as described in the recently published Soil Atlas 
of Africa26.

Presence and titer of antibodies to B. pseudomallei were determined by the 
indirect-haemagglutination-assay (IHA) as described20,21, using pooled antigens 
prepared from two Thai B. pseudomallei isolates. An antibody titer of ≥1:40 was 
used as the cut-off value for seropositivity22.

Soil Sampling Study 

B. pseudomallei Antibody Detection by Indirect Haemagglutination Assay (IHA) 

Soil sampling for the presence of B. pseudomallei was 
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10

Valencia, CA) to perform multilocus sequence typing (MLST)27.  Primers used to 
amplify fragments of the 7 housekeeping genes were identical to those described 
at the Burkholderia	MLST site (http://bpseudomallei.mlst.net/misc/info2.asp). 
For isolate B.	 thailandensis D50 (see below) primer narK-up was replaced by 
nark-upAMC 5’-tctctactcgtgcgctgggg-3’. Sequences of the 7 gene fragments of 
African isolates were concatenated and combined with those from a selection of 
971 STs representing all B. pseudomallei, B. mallei and B.	thailandensis isolates 
in the B. pseudomallei MLST database. Concatenated sequences were aligned 
and analyzed in MEGA-6. A phylogenetic tree was constructed using Neighbour-
Joining algorithm using the Kimura 2-parameter model. Bootstrap test was for 
500 repetitions. Whole-genome sequencing (WGS) was performed using the 
MiSeq platform (Illumina, San Diego, CA) as described9.

Genetic and Phylogenetic analysis Genomic DNA was extracted using Qiagen 
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7-day history of fever, cough, weakness, headache, vomiting, and a painful 
knee. There were no complaints of cough or shortness of breath. She had 
poorly controlled diabetes mellitus and was taking glibenclamide. There was 
no history of cardiopulmonary or renal disease, was receiving no long-term 
medications besides glibenclamide, and was a non-smoker. She was a retired 
school teacher, but still engaged in family farming. Physical examination 
revealed a blood pressure of 160/90 mmHg, a pulse of 130 beats per minute 
and a temperature of 40.5°C. A wound with underlying abscess formation on 
the right leg was present, together with diffuse tenderness of the right knee 
with warmth, erythema and limitation of active and passive range of motion due 
to pain and effusion. Neurologic, cardiovascular, and respiratory examinations 
revealed no abnormalities. Laboratory findings obtained on admission showed 
an elevated blood sugar of 24 mmol/L, but creatinine (0.85 mg/dl), white-cell 
count (9,800 x 103 per cubic millimeter) and haemoglobin (9.2 gm/dL) levels 
were within normal ranges. No other blood or urine test or (chest)radiography 
was performed. On day 1 treatment was initiated with amoxicillin/clavulanic 
acid as empiric treatment for sepsis. On day 2 the abscess was incised and 
drained and on day 3 antibiotic therapy was switched to ceftriaxone. Cultures 
taken from blood, wound and synovial fluid all showed identical Gram-negative 
rods which were initially classified as Pseudomonas sp.  No other pathogens 
were detected. Her clinical condition proceeded to deteriorate, and she died on 
day 8 after admission from septic shock. A post-mortem examination was not 

A 1 year prospective study was conducted of community-acquired bloodstream 
infections in the HAS, which admits about 6,000 patients annually.  A total of 
941 bacterial blood cultures were taken from patients admitted with a febrile 
illness, of which 77 (8.2%) were positive. Eight (10.0%) bloodstream infections 
were due to Escherichia	coli, the most prevalent isolate overall together with 
Staphylococcus	aureus (6; 7.8%) and Salmonella enterica (6; 7.8% - 5 of which 
were non-typhoidal Salmonella). Other isolates that were isolated at least 5 
times included Streptococcus pneumoniae (5; 6.5%), Klebsiella	pneumoniae	 (5; 
6.5%) and Enterobacter sp. (5; 6.5%). B. pseudomallei was isolated from one 
patient (1.4%), who is described below. 

Case Report

Prospective Analysis of Community-acquired Bloodstream Infections

A 62-year-old Gabonese lady was admitted in January with a 

Results

Clinical, environmental and serologic surveillance 
studies of melioidosis in Gabon, 2012-2013
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pseudomallei was determined in 304 children healthy school children age 12-
20 years who lived in Moyen-Ogooué province, of whom 143 (47.0%) were 
male. Details of this cohort of healthy non-febrile children have been described 
previously15. Forty-three children (14.1%) had a detectable IHA titer; values 
ranged from 1:10 to 1:80 (median 1:10, interquartile range [IQR] 1:10–1:20). Five 

performed. After death, the Pseudomonas sp. was classified as B. pseudomallei 
(termed patient strain Gb100), which was confirmed by MLST and WGS (see 
below). This isolate was later determined to be susceptible to trimethoprim-
sulphamethoxazole, amoxicillin/clavulanic acid, ceftazidime and meropenem (Table 1).

Seroepidemiology Study The presence and titer of antibodies to B. 

 

	   	   	   	   	  

	  
Breakpoint	  
resistance	  

B.	  pseudomallei	  
patient	  strain	  

B.	  pseudomallei	  
soil	  strain	  C2	  

B.	  thailandensis	  
soil	  strain	  D50	  

Amikacin	   4α	   96	   96	   128	  

Tobramycinα	   4α	   16	   24	   24	  

Ciprofloxacin	   1	   0.75	   1.0	   0.5	  

Moxifloxacin	   1β	   0.75	   0.75	   0.75	  

Meropenem	   4	   0.75	   0.75	   0.75	  

Ceftazidime	   8	   2	   2	   2	  

TMP/SMX	   1/19	   1	   1	   1	  

Amoxi/clav	   8/2	   4	   4	   6	  

Pip/taz	   32/?γ	   1.5	   1.5	   3	  

Chloramphenicol	   8	   3	   3	   3	  

Tetracycline	   4δ	   1.5	   2	   8	  

Polymyxin	  B	   n/aε	   >1024	   >1024	   >1024	  

Table 1. Antibiotic susceptibility of Burkholderia pseudomallei and B. thailandensis strains 
from Gabon. Bacterial isolates were tested for their susceptibility to antimicrobial agents. 
Minimum inhibitory concentration (MICs; mg/L) were determined by E-test on Mueller-Hinton-
agar. When available breakpoints were defined as described [19]. αBreakpoint for gentamicin 
was used, βBreakpoint for ciprofloxacin used. γBreakpoint available for piperacillin only. 
δBreakpoint for doxycycline was used. εIntrinsic resistance. TMP/SMX denotes trimethoprim-
sulphamethoxazole, Amox/clav is amoxicillin/clavulanic acid, Pip/taz is piperacilline/tazobactam.

survey targeted around the residences of children included in the serosurvey 
study, the identified patient, and from land types associated with B. pseudomallei 
in other geographic locations, namely wet soil (e.g. rice field) or land use (e.g. 
farmers with goats). Based on this information, eight soil sampling locations in 
Moyen-Ogooué and Ngounié provinces were identified (Figure 1). Soil analysis 
revealed that the predominant soil type in this area was a ferralsol, which is red 
and yellow weathered soil, with the exception of the samples taken near Mouila 
village from a rice paddy, where the soil was defined as gleysol (clay, a hydric soil 
saturated with groundwater for long enough periods to develop a characteristic 
gleyic color pattern; Table 2). B. pseudomallei was isolated from 21 (3%) of 800 
soil samples taken from 3 (38%) of 8 sample sites; the maximum number of 
positive samples for one site was 14 (14%; Table 2). The biochemical profile of all 
isolates was in accordance with B. pseudomallei (API 20NE code 1156576). The 
antibiogram of B. pseudomallei soil strain C2 is shown in Table 1.

Environmental Surveillance

Figure 1. Environmental Survey. The left panel shows a map of Gabon with the location of the 
eight soil sampling sites. The right panel shows the rice field that served as soil sampling site 
number eight near Mouila village. 
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survey targeted around the residences of children included in the serosurvey 
study, the identified patient, and from land types associated with B. pseudomallei 
in other geographic locations, namely wet soil (e.g. rice field) or land use (e.g. 
farmers with goats). Based on this information, eight soil sampling locations in 
Moyen-Ogooué and Ngounié provinces were identified (Figure 1). Soil analysis 
revealed that the predominant soil type in this area was a ferralsol, which is red 
and yellow weathered soil, with the exception of the samples taken near Mouila 
village from a rice paddy, where the soil was defined as gleysol (clay, a hydric soil 
saturated with groundwater for long enough periods to develop a characteristic 
gleyic color pattern; Table 2). B. pseudomallei was isolated from 21 (3%) of 800 
soil samples taken from 3 (38%) of 8 sample sites; the maximum number of 
positive samples for one site was 14 (14%; Table 2). The biochemical profile of all 
isolates was in accordance with B. pseudomallei (API 20NE code 1156576). The 
antibiogram of B. pseudomallei soil strain C2 is shown in Table 1.

children (1.6%) had an IHA titer of ≥1:40, which has been used as cut-off value 
for seropositivity22. Of note, none of the children had an IHA titer >1:160, which 
is used in several centers in Thailand to support a diagnosis of melioidosis in 
patients with clinical features consistent with this diagnosis.

Environmental Surveillance We next conducted an extensive environmental 

Figure 1. Environmental Survey. The left panel shows a map of Gabon with the location of the 
eight soil sampling sites. The right panel shows the rice field that served as soil sampling site 
number eight near Mouila village. 
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10

with B. pseudomallei in the soil, is generally considered avirulent as it does not 
cause overt disease and has previously been reported from Southeast Asia and 
Australia5,28. We now identify B.	thailandensis to be present in the soil of Gabon 
(see below; Figure 2). Of interest, this strain, termed B.	thailandensis soil strain 
D50, was positive on Bps latex-agglutination. This Gabonese B.	 thailandensis 
strain, with API 20NE code 1157577, was susceptible to trimethoprim-
sulphamethoxazole, amoxicillin/clavulanic acid, ceftazidime and meropenem 
(Table 1).

Isolation of Burkholderia	thailandensis B.	 thailandensis, which can coexist 

 

	   Nearest	  village	  
Elevation	  

(m)	  
Latitude	   Longitude	   Land	  use	   Soil	  type	   Soil	  description	  

%	  Sample	  holes	  

positive	  

A	  

Lambaréné,	  Albert	  

Schweitzer	  

Hospital	  

34	   S	  00°40’40.5	   E	  010°13’49.7	   Football	  pitch	   Ferralsol	  

Yellowish	  brown,	  clay	  fluvial	  sediments,	  

not	  strongly	  humic,	  some	  gravels,	  poorly	  

sorted	  sediment,	  decalcified,	  Ap-‐horizon.	  

14%	  

B	  
Lambaréné,	  

Adouma	  
14	   S	  00°40’50.2	   E	  010°13’31.5	  

Riverbed	  that	  is	  

dry	  most	  of	  the	  

year	  

Ferralsol,	  

clay,	  orange,	  dry	  

Brownish	  yellow,	  clay	  fluvial	  sediments,	  

moderately	  humic,	  some	  gravels,	  Ap-‐

horizon	  with	  strong	  indicators	  for	  human	  

interference	  

0	  

C	   Makouké	   20	   S	  00°28’30.8	   E	  010°24’34.7	   Cattle	  ranch	  

Ferrasol,	  	  	  	  	  	  	  

Orange,	  little	  

stones,	  hard,	  

rocky,	  less	  hard,	  

orange	  

Yellowish	  brown,	  clay	  fluvial	  sediments,	  

not	  strongly	  humic,	  some	  gravels,	  poorly	  

sorted	  sediment,	  decalcified,	  Ap-‐horizon.	  

4%	  

D	   Lambaréné,	  Adiwa	   8	   S	  00°41’06.0	   E	  010°13’43.5	  

Next	  to	  school	  

(with	  Bps	  IHA	  

positivity)	  

Ferralsol	  

Brownish	  yellow,	  clay	  fluvial	  sediments,	  

moderately	  humic,	  some	  gravels,	  Ap-‐

horizon	  with	  strong	  indicators	  for	  human	  

interference	  

3%	  

E	  
Lambaréné,	  Petit	  

Paris	  3	  
35	   S010°42’40.4	   E	  010°15’20.7	   Cattle	  ranch	  

Savannah	  /	  

ferralsol	  

Yellowish	  grey,	  well	  sorted	  clay,	  weakly	  

humic	  
0	  

F	   Fougamou	   88	   S	  01°18’40.3	   E	  010°37’14.4	  
Savannah,	  

grassland	  

Savannah	  /	  

ferralsol	  

Yellowish	  grey,	  well	  sorted	  clay,	  weakly	  

humic	  
0	  

G	   Massika	  II	   55	   S	  00°40’40.7	   E	  010°13’51.4	   Football	  pitch	   Ferralsol	  

Reddish	  brown,	  clay	  fluvial	  sediments,	  not	  

strongly	  humic,	  sediment,	  decalcified,	  Ap-‐

horizon.	  

0	  

H	   Mouila	   92	   S	  01°51’27.8	   E	  011°02’37.7	   Rice	  paddy	   Gleysol	  

Greyish	  yellow	  clay	  with	  ferric	  concretions,	  

gleyic	  features,	  probably	  connected	  to	  rice	  

cultivation	  

0	  

Table 2. Geographical features and distribution of Burkholderia pseudomallei strains at eight 
sampling sites in Moyen-Ogooué and Ngounié provinces, Gabon.
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Figure 2. Phylogenetic Tree of B. pseudomallei and B. thailandensis strains from Gabon.
Phylogenetic analysis by multilocus sequence typing amplification (MLST) of the patient’s blood 
isolate Gb100, B. pseudomallei soil isolated C2 (isolated at site C) and B.	thailandensis	soil isolate 
D50 (isolated at site D) together with STs representing all B. pseudomallei and B.	thailandensis 
isolate accessible in the MLST database. Phylogenetic tree was constructed using the Neighbour-
Joining algorithm using the Kimura 2-parameter model. Bootstrap test was for 500 repetitions. 
ST labels were omitted for simplicity. Position of the isolates from Gabon including their closest 
relatives are indicated. 
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10

Gabon contained previously described MLST alleles but belonged to novel 
sequence types (ST). The patient isolate Gb100 (ST1127) and soil isolate C2 
(ST1128) were single locus variants and showed one nucleotide difference in 
the narK sequence only. Patient isolate Gb100 was also a single locus variant of 
ST707 (a single nucleotide substitution in ndh). The only B. pseudomallei strain 
with ST707 in the database was isolated in 2010 from a patient in the UK, six 
weeks after returning from a trip to Nigeria12. The soil isolate C2 ST1128 was a 
single locus variant of ST7 (a single nucleotide substitution in ndh) and ST879 
(single nucleotide substitution in lipA). ST7 was represented by two isolates 
in the MSLT database both isolated in 1963 from patients in Vietnam. The B. 
pseudomallei ST879 strain was isolated in 2011 from a patient in Spain, who had 
returned from a trip through Madagascar and 14 countries in West Africa11. The 
soil isolate D50 (ST1126) was a single locus variant of ST73. This ST is represented 
in the database by two B.	thailandensis strains, one isolated from a foal in France 
and one isolated from the environment in Kenya. Phylogenetic analysis of the 
Gabonese isolates together with 971 STs drawn from the MLST database using 
the aligned concatenated sequences of the 7 loci in the Neighbour-Joining 
algorithm with the Kimura 2-parameter model showed that the patient isolate 
and soil isolate C2, found near the community of the patient, grouped together 
with 7 different STs representing 9 B. pseudomallei strains isolated in Cambodia 
(two strains), Vietnam (two strains), Niger, Nigeria, Spain (imported), France 
(two strains; one imported) and UK (imported) (Figure 2). Again, both the patient 
isolate Gb100 and the soil isolate C2 are most closely related to ST879. The soil 
isolate D50 was found to group together with three different STs representing 
four B.	 thailandensis strains isolated from Kenya, France, USA and Cambodia. 
Using this approach we showed that the closest relatives of the strain that 
infected and eventually killed our patient were ST879 and the strain isolated 
from soil around her community. Our WGS sample data has been submitted to 
a project that is undertaking WGS on a large number of B. pseudomallei isolates 
from around the world. This approach is anticipated to offer superior resolution 
of the global phylogeny9.

Genetic Analysis of Gabonese Burkholderia	strains The three isolates from 
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Discussion 

This study has confirmed the presence of B. pseudomallei in the environment in 
Gabon, and detected a human case of melioidosis in Central-Africa. In addition, 
we isolated B.	thailandensis during environmental sampling in this part of the 
world. The low rate of antibody seropositivity in healthy children combined with 
the low prevalence of B. pseudomallei isolated from blood cultures in a local 
hospital, however, suggest that melioidosis is rare in this setting. 

Only 4 out of the 13 human melioidosis cases acquired in Africa that have 
been reported in the literature were PCR confirmed9-12,29-34. We now show with 
phylogenetic analysis that the newly identified patient isolate Gb100 groups 
with a B. pseudomallei isolate from a Spanish patient who had travelled across 
West Africa and Madagascar12. Of interest, B. pseudomallei seropositivity was 
reported in a WHO investigation into an outbreak of severe pneumonia in the 
northeastern of the Democratic Republic of Congo (personal communication 
Eric Bertherat, MD, Control of Epidemic Diseases, WHO Geneva and (35)). Notably 
however, in that study some of the melioidosis seropositive cases were later 
diagnosed to have plague, calling into question the value of serology based testing 
in this setting35. The predominant soil type in the sites at which B. pseudomallei 
was isolated from the soil was similar to the one in which B. pseudomallei strains 
were found in Cambodia26,36.  The low positivity rate for B. pseudomallei per 
site points towards a relative low abundance of B. pseudomallei in Gabonese 
soil when compared to highly endemic areas in Southeast Asia and Australia21,37. 
The true distribution of melioidosis in Africa remains uncertain, but we now can 
expand this area towards the Central African country of Gabon.

The genus Burkholderia	contains more than 30 species, of which B. pseudomallei 
and B. mallei are considered the most pathogenic 2,38. The closely related B. 
thailandensis coexists with B. pseudomallei in the soil in Southeast Asia and 
Australia and is generally considered avirulent5,28. The isolation of B.	thailandenis 
from Gabonese soil extends our knowledge of the geographic distribution of this 
species. Of interest, this strain was positive on Bps latex-agglutination, which 
is in line with a previous report of a Thai B.	thailandensis strain with a Bps-like 
capsular polysaccharide variant that also tested positive with the Bps latex-
agglutination assay39. Our phylogenic analysis shows a divergence between the 
Gabonese strain and the original B.	thailandenis E264 from Thailand, which is 
the most studied4,5. Evidence of the presence of this bacterium in Africa will  
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have implications for bacterial identification in clinical laboratories, diagnostic 
serology assays, and environmental studies. 

Our study has several limitations. B. pseudomallei serology can be misleading, 
with false positivity a major concern40. Clearly there is the need for an accurate, 
inexpensive, simple serological assay to assess exposure to B. pseudomallei. In 
the interim however, serological evidence of exposure should be based on assays 
with known sensitivity and specificity against culture confirmed melioidosis and 
to our understanding the IHA is best for melioidosis at the moment. Given the 
nature of working in a resource poor environment, only limited information 
is available on the clinical case; e.g. no imaging was performed to investigate 
the presence of deeper abscesses. Lastly, regarding the environmental study, 
B. pseudomallei is known for its capacity to survive in water and has been 
reported to be present in the air during severe weather events17; we however 
did not investigate this in the present study. Furthermore, we cannot dismiss 
the possibility of sample error during soil sampling although guidelines for 
environmental sampling of B. pseudomallei were followed17.

In summary, we have identified both B. pseudomallei and B.	 thailandensis in 
the Gabonese environment and discovered a novel B. pseudomallei sequence 
type that can cause lethal septic shock. It is likely that B. pseudomallei is an 
underrecognized cause of disease in Central-Africa. We propose that melioidosis 
does occur in Central-Africa but is unrecognized because of the lack of diagnostic 
microbiology facilities. 
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B. pseudomallei is known for its capacity to survive in water and has been 
reported to be present in the air during severe weather events17; we however 
did not investigate this in the present study. Furthermore, we cannot dismiss 
the possibility of sample error during soil sampling although guidelines for 
environmental sampling of B. pseudomallei were followed17.

In summary, we have identified both B. pseudomallei and B.	 thailandensis in 
the Gabonese environment and discovered a novel B. pseudomallei sequence 
type that can cause lethal septic shock. It is likely that B. pseudomallei is an 
underrecognized cause of disease in Central-Africa. We propose that melioidosis 
does occur in Central-Africa but is unrecognized because of the lack of diagnostic 
microbiology facilities. 

10
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Burkholderia	pseudomallei	 is the causative agent of melioidosis, an emerging 
tropical disease of high mortality. Sub-Saharan Africa represents potential 
melioidosis ‘hotspots’, however; to date, only few cases have been reported. 
Here we compared the inflammatory patterns induced by a B. pseudomallei 
strain recently isolated from a lethal case in Gabon with the Thai reference strain 
B. pseudomallei-1026b and B.	 thailandensis-E264 both ex vivo and in vivo. Ex 
vivo, no differences were observed in terms of cellular responsiveness between 
strains. When compared to the B. pseudomallei-1026b strain, the Gabonese 
isolate, however, was significantly less virulent in terms of bacterial dissemination, 
inflammatory response and organ damage in mice. Genomic comparison 
between strains showed differences in regions containing a fimbriae/adhesion 
virulence protein. In addition to a lack of microbiology facilities, differences in 
the virulence of Burkholderia strains could perhaps explain in part this disparity 
between predicted and observed cases in Sub-Saharan Africa. 

Abstract

11

The Tier 1 bio-threat agent Burkholderia	 pseudomallei	 is an environmental 
Gram-negative bacillus and the causative agent of melioidosis, a tropical 
infectious disease classically characterized by pneumonia and abscess formation 
throughout the body1-3. The Burkholderia	 genus contains over 40 species, of 
which B. pseudomallei and B. mallei are considered the most pathogenic1,4. 
Burkholderia	thailandensis is closely related to B. pseudomallei but rarely causes 
disease5 B. pseudomallei governs an impressive arsenal of virulence factors, 
including the capsular polysaccharide, lipopolysaccharide, type-III secretion 
systems, flagella, fimbriae, adhesion virulence proteins and the toxin named 
BPSL1549 Burkholderia Lethal Factor-16,7. However, the relative impact of each 
on clinical outcome in human infection remains largely unknown. One could 
hypothesize that potential differences in the virulence of B. pseudomallei strains 
explain in part differences in clinical occurrence of melioidosis around the globe. 

Melioidosis is endemic in Northern Australia and Southeast Asia with annual 
incidence rates of up to 50 patients per 100,000 people1,8. Limmathurotsakul et 
al. recently estimated that there are 165,000 human melioidosis cases per year 
worldwide, of which 89,000 people succumb to their disease9. It is estimated 
that melioidosis is widespread in Sub-Saharan Africa as well, with 24,000 cases 
of melioidosis occurring each year associated with a predicted mortality rate of 
62,5%9. In the literature, however, less than 20 cases of melioidosis from Africa 
have been reported. In addition to severe under-reporting as well as a lack of 
diagnostic facilities10,11, differences in the virulence of Burkholderia strains 
couldexplain this disparity. 
Therefore, in the present study, we determined the differences in patterns of 
virulence of a recently isolated Burkholderia	 pseudomallei	 strain from a fatal 
Gabonese case by comparing it to the virulence of the well-typed virulent Thai 
isolate 1026b and the non-pathogenic B.	thailandensis E264 by investigating the 
host response to these Burkholderia strains in mice ex vivo and in vivo4,12,13. In 
addition, we compared whole genome sequences on the presence of potential 
virulence factors of both strains. 
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between strains showed differences in regions containing a fimbriae/adhesion 
virulence protein. In addition to a lack of microbiology facilities, differences in 
the virulence of Burkholderia strains could perhaps explain in part this disparity 
between predicted and observed cases in Sub-Saharan Africa. 

The Tier 1 bio-threat agent Burkholderia	 pseudomallei	 is an environmental 
Gram-negative bacillus and the causative agent of melioidosis, a tropical 
infectious disease classically characterized by pneumonia and abscess formation 
throughout the body1-3. The Burkholderia	 genus contains over 40 species, of 
which B. pseudomallei and B. mallei are considered the most pathogenic1,4. 
Burkholderia	thailandensis is closely related to B. pseudomallei but rarely causes 
disease5 B. pseudomallei governs an impressive arsenal of virulence factors, 
including the capsular polysaccharide, lipopolysaccharide, type-III secretion 
systems, flagella, fimbriae, adhesion virulence proteins and the toxin named 
BPSL1549 Burkholderia Lethal Factor-16,7. However, the relative impact of each 
on clinical outcome in human infection remains largely unknown. One could 
hypothesize that potential differences in the virulence of B. pseudomallei strains 
explain in part differences in clinical occurrence of melioidosis around the globe. 

Melioidosis is endemic in Northern Australia and Southeast Asia with annual 
incidence rates of up to 50 patients per 100,000 people1,8. Limmathurotsakul et 
al. recently estimated that there are 165,000 human melioidosis cases per year 
worldwide, of which 89,000 people succumb to their disease9. It is estimated 
that melioidosis is widespread in Sub-Saharan Africa as well, with 24,000 cases 
of melioidosis occurring each year associated with a predicted mortality rate of 
62,5%9. In the literature, however, less than 20 cases of melioidosis from Africa 
have been reported. In addition to severe under-reporting as well as a lack of 
diagnostic facilities10,11, differences in the virulence of Burkholderia strains 
couldexplain this disparity. 
Therefore, in the present study, we determined the differences in patterns of 
virulence of a recently isolated Burkholderia	 pseudomallei	 strain from a fatal 
Gabonese case by comparing it to the virulence of the well-typed virulent Thai 
isolate 1026b and the non-pathogenic B.	thailandensis E264 by investigating the 
host response to these Burkholderia strains in mice ex vivo and in vivo4,12,13. In 
addition, we compared whole genome sequences on the presence of potential 
virulence factors of both strains. 

Introduction

Differences in inflammation patterns induced by African 
and Asian Burkholderia	pseudomallei isolates in mice
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Materials and methods

Male wild-type C57Bl/6 mice (Charles River, Leiden, the Netherlands) were 
used between 8 and 10 weeks of age. The Institutional Animal Care and Use 
Committee of the Academic Medical Center approved all experiments. B. 
pseudomallei strain 1026b has been isolated in the Sappasithiprasong Hospital 
in Ubon Ratchathani, from a blood culture of a septic 29-year-old Thai female 
rice farmer presenting with bacteremia with soft tissue, skin, joint and splenic 
involvement13. The Gabonese B. pseudomallei isolate was isolated from a 
blood culture of a 68-year-old diabetic septic female with soft tissue and joint 
involvement12. B.	thailandensis	E264 is an environmental isolate from Northeast 
Thailand5

Murine whole blood, peritoneal macrophages and alveolar macrophages were 
isolated as described4,14,15 and stimulated overnight with medium, E. coli LPS 
or Burkholderia isolates. Pneumonia was induced by intranasal inoculation 
with either 7.5 x 102 colony forming units (CFU) of B. pseudomallei 1026b,	the	
Gabonese B. pseudomallei isolate or B. thailandensis E264. Sample harvesting, 
processing and determination of bacterial growth were done as described4,14,15. 
Additional assays and pathology are described in the online supplement. Whole-
genome sequencing was performed using the MiSeq platform (Illumina, San 
Diego, CA, USA) as described previously11,12. Complete genome alignments and 
annotation of B. pseudomallei strain 1026b (NC_017831.1 and NC_017832.1) 
were obtained from GeneBank16. For full methods see online supplement.

Study Sites and Populations

11

246

Ch
ap

te
r

Boek.indd   246 03-05-16   13:29



Male wild-type C57Bl/6 mice (Charles River, Leiden, the Netherlands) were 
used between 8 and 10 weeks of age. The Institutional Animal Care and Use 
Committee of the Academic Medical Center approved all experiments. B. 
pseudomallei strain 1026b has been isolated in the Sappasithiprasong Hospital 
in Ubon Ratchathani, from a blood culture of a septic 29-year-old Thai female 
rice farmer presenting with bacteremia with soft tissue, skin, joint and splenic 
involvement13. The Gabonese B. pseudomallei isolate was isolated from a 
blood culture of a 68-year-old diabetic septic female with soft tissue and joint 
involvement12. B.	thailandensis	E264 is an environmental isolate from Northeast 
Thailand5

Murine whole blood, peritoneal macrophages and alveolar macrophages were 
isolated as described4,14,15 and stimulated overnight with medium, E. coli LPS 
or Burkholderia isolates. Pneumonia was induced by intranasal inoculation 
with either 7.5 x 102 colony forming units (CFU) of B. pseudomallei 1026b,	the	
Gabonese B. pseudomallei isolate or B. thailandensis E264. Sample harvesting, 
processing and determination of bacterial growth were done as described4,14,15. 
Additional assays and pathology are described in the online supplement. Whole-
genome sequencing was performed using the MiSeq platform (Illumina, San 
Diego, CA, USA) as described previously11,12. Complete genome alignments and 
annotation of B. pseudomallei strain 1026b (NC_017831.1 and NC_017832.1) 
were obtained from GeneBank16. For full methods see online supplement.

Results

To investigate the differences in inflammation induced by infection with 
the Gabonese B. pseudomallei isolate and B. pseudomallei 1026b, we first 
stimulated different murine cell types considered important for the regulation of 
inflammation in melioidosis. In terms of pro-inflammatory cytokine release, we 
observed no differences between the Gabonese isolate when compared with B. 
pseudomallei 1026b in whole blood (Figure 1A), peritoneal macrophages (Figure 
1B) or alveolar macrophages (Figure 1C). Interleukin-6 levels were comparable 
to tumor necrosis factor-α (data not shown).  
In vivo however, mice infected with 7.5 x 102 CFU of the Gabonese B. pseudomallei 
isolate showed markedly decreased bacterial loads in lung, liver and blood 72 
hours after intranasal inoculation when compared with the groups infected 
with B. pseudomallei 1026b (Figure 1D-F). Interestingly, bacterial loads of mice 
infected with the Gabonese B. pseudomallei isolate were similar to those in mice 
infected with the avirulent B	thailandensis. At this dose, none of the eight blood 
cultures of mice infected with the Gabonese B. pseudomallei isolate became 
positive. Only intranasal inoculation of the Gabonese isolate with a dose that 
was seven times higher than the B. pseudomallei 1026 dose, resulted in equal 
bacterial loads in lung, liver and blood between both strains 72 hours after 
infection (Figure 1D-F). 
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11

Figure 1. Comparative virulence of the different Burkholderia strains ex vivo and in vivo. 
Whole blood (A), peritoneal macrophages (PM; B) and alveolar macrophages (AM; C) were 
isolated from naïve wild-type C57BL/6 mice and were stimulated overnight with either medium, 
lipopolysaccharide of E.coli (100 ng/ml), heat-killed B. pseudomallei 1026b (B.ps) or the Gabonese 
B. pseudomallei isolate (B.gab). After 20 hours of stimulation, supernatants were harvested and 
assayed for mTNFα (n= 4 per group). Additionally, mice were infected with 7.5 x 102 CFU of either 
B. pseudomallei 1026b (B.ps), B.	 thailandensis (B.th) or the Gabonese B. pseudomallei isolate 
(B.gab) and were sacrificed at 72 hours post-infection and bacterial loads were determined in 
lung (D), whole blood (E) and liver (F). The dashed line marks the level of CFU detection. 0 out of 8 
blood cultures were positive for mice infected with the Gabonese B. pseudomallei isolate (B.gab). 
For the dose finding experiment, mice were infected with either 102, 103 or 5 x 103 CFU of the 
Gabonese B. pseudomallei isolate (B.gab) and sacrificed 72 hours post-infection. n=8 per group. 
Kruskal Wallis test was performed, followed by post-hoc Dunn’s test, *P	<	0.05,	***P<	0.001.

Local and systemic inflammation, as assessed by determination of chemo 
(monocyte chemotactic protein-1 (MCP-1), - and cytokine (interleukin (IL)-
6, IL-10, interferon-γ (IFN-γ) and tumour necrosis factor–α (TNF-α) levels was 
significantly reduced in mice infected with the Gabonese B. pseudomallei isolate 
when compared to the 1026b strain (See supplementary Table S1). Since local 
and distant organ damage is common in melioidosis, we next determined the 
severity of organ inflammation in all groups. Mice infected with the Gabonese 
B. pseudomallei isolate showed markedly attenuated pulmonary and liver injury 
when compared to the reference strain 1026b (Figure 2). Evidence of profound 
organ damage was further reflected in increased alanine aminotransferase 
(ALT), aspartate aminotransferase (AST) and lactate dehydrogenase (LDH) levels 
72 hours after infection in all mice (See supplementary Table 1). However, in 
line with the pathology data, mice infected with the Gabonese B. pseudomallei 
showed strongly reduced ALT, AST and LDH levels (See Supplemental Table 1 
(S1)). In addition, we observed lower creatinine and blood urea nitrogen (BUN) 
levels in Gabonese B. pseudomallei-infected mice, possibly due to better renal 
perfusion, since these mice appeared less septic (Table S1). In correspondence, 
with the pulmonary bacterial load and distant dissemination, the inflammatory 
response elicited by the Gabonese B. pseudomallei isolate in terms of local and 
systemic cytokine production as well as pathology and markers of organ damage 
was comparable to that of mice infected with B.	thailandensis (Table S1).
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Figure 1. Comparative virulence of the different Burkholderia strains ex vivo and in vivo. 
Whole blood (A), peritoneal macrophages (PM; B) and alveolar macrophages (AM; C) were 
isolated from naïve wild-type C57BL/6 mice and were stimulated overnight with either medium, 
lipopolysaccharide of E.coli (100 ng/ml), heat-killed B. pseudomallei 1026b (B.ps) or the Gabonese 
B. pseudomallei isolate (B.gab). After 20 hours of stimulation, supernatants were harvested and 
assayed for mTNFα (n= 4 per group). Additionally, mice were infected with 7.5 x 102 CFU of either 
B. pseudomallei 1026b (B.ps), B.	 thailandensis (B.th) or the Gabonese B. pseudomallei isolate 
(B.gab) and were sacrificed at 72 hours post-infection and bacterial loads were determined in 
lung (D), whole blood (E) and liver (F). The dashed line marks the level of CFU detection. 0 out of 8 
blood cultures were positive for mice infected with the Gabonese B. pseudomallei isolate (B.gab). 
For the dose finding experiment, mice were infected with either 102, 103 or 5 x 103 CFU of the 
Gabonese B. pseudomallei isolate (B.gab) and sacrificed 72 hours post-infection. n=8 per group. 
Kruskal Wallis test was performed, followed by post-hoc Dunn’s test, *P	<	0.05,	***P<	0.001.

Local and systemic inflammation, as assessed by determination of chemo 
(monocyte chemotactic protein-1 (MCP-1), - and cytokine (interleukin (IL)-
6, IL-10, interferon-γ (IFN-γ) and tumour necrosis factor–α (TNF-α) levels was 
significantly reduced in mice infected with the Gabonese B. pseudomallei isolate 
when compared to the 1026b strain (See supplementary Table S1). Since local 
and distant organ damage is common in melioidosis, we next determined the 
severity of organ inflammation in all groups. Mice infected with the Gabonese 
B. pseudomallei isolate showed markedly attenuated pulmonary and liver injury 
when compared to the reference strain 1026b (Figure 2). Evidence of profound 
organ damage was further reflected in increased alanine aminotransferase 
(ALT), aspartate aminotransferase (AST) and lactate dehydrogenase (LDH) levels 
72 hours after infection in all mice (See supplementary Table 1). However, in 
line with the pathology data, mice infected with the Gabonese B. pseudomallei 
showed strongly reduced ALT, AST and LDH levels (See Supplemental Table 1 
(S1)). In addition, we observed lower creatinine and blood urea nitrogen (BUN) 
levels in Gabonese B. pseudomallei-infected mice, possibly due to better renal 
perfusion, since these mice appeared less septic (Table S1). In correspondence, 
with the pulmonary bacterial load and distant dissemination, the inflammatory 
response elicited by the Gabonese B. pseudomallei isolate in terms of local and 
systemic cytokine production as well as pathology and markers of organ damage 
was comparable to that of mice infected with B.	thailandensis (Table S1).

Differences in inflammation patterns induced by African 
and Asian Burkholderia	pseudomallei isolates in mice

11
Figure 2. Diminished pulmonary and liver inflammation in mice infected with the Gabonese B. 
pseudomallei isolate. Mice were infected with 7.5 x 102 CFU of the Gabonese B. pseudomallei 
isolate (B.gab), B. pseudomallei 1026b (B.ps) or B.thailandensis	 (B.th). Seventy-two hours post-
infection pulmonary and hepatic injury and inflammation was assessed by calculating pathology 
scores (A, E). Representative slides of H&E stained lungs and livers of mice infected with either B. 
pseudomallei (B.ps; B, F), B.	thailandensis	(B.th; C, G) or B. Gabonensis (B.gab; D, H) are shown 
(original magnification 10x). n=8 per group. Kruskal Wallis test was performed, followed by post-
hoc Dunn’s test, **P	<	0.01,	***P	<	0.001.	The arrow indicates manifest inflammation.

To find the possible underlying cause of the observed decreased virulence of the 
Gabonese B. pseudomallei isolate when compared to B. pseudomallei 1026b, 
we used the Basic Local Alignment Search Tool (BLAST) algorithm to find regions 
unique to B. pseudomallei 1026b. The Gabonese B. pseudomallei isolate showed 
thirteen chromosomal putative protein regions (A-M) that corresponded poorly 
to those of strain 1026b (Figure 3, see supplemental Table (S2)). Genomic 
inspection of the found regions, on potential causal proteins, showed one 
region, namely E (Figure 3), contained a fimbriae and adhesion virulence protein 
(Type IV fimbrial biogenesis protein PilY1)17.
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Figure 3. Genome comparison of the Gabonese B. pseudomallei isolate with the reference strain 
B. pseudomallei 1026b: depiction of unique regions. Thirteen chromosomal putative protein 
regions (A-M) of B. pseudomallei strain 1026b that have low correspondence compared to the 
Gabonese B. pseudomallei genome. Within these regions most annotations classify the putative 
proteins to phage, integrase, transposase and hypothetical proteins. Unique B. pseudomallei 
regions are shown with the location, length and number of proteins.

To find the possible underlying cause of the observed decreased virulence of the 
Gabonese B. pseudomallei isolate when compared to B. pseudomallei 1026b, 
we used the Basic Local Alignment Search Tool (BLAST) algorithm to find regions 
unique to B. pseudomallei 1026b. The Gabonese B. pseudomallei isolate showed 
thirteen chromosomal putative protein regions (A-M) that corresponded poorly 
to those of strain 1026b (Figure 3, see supplemental Table (S2)). Genomic 
inspection of the found regions, on potential causal proteins, showed one 
region, namely E (Figure 3), contained a fimbriae and adhesion virulence protein 
(Type IV fimbrial biogenesis protein PilY1)17.

11

In the present study we aimed to characterize the virulence of a B. pseudomallei 
isolate derived from a fatal Gabonese melioidosis case using both ex vivo and 
in vivo experiments. Our experiments demonstrated that the Gabonese B. 
pseudomallei strain is just as virulent as the reference strain B. pseudomallei 
1026b ex vivo but, more importantly, less virulent in vivo. The majority of 
previous published studies about murine melioidosis are conducted with 
the “prototypical” strains 1026b or K96243 (isolated from 34-year old Thai 
diabetic female)13. To determine whether these strains differed in virulence, 
we conducted in vivo survival studies, which demonstrated equal lethality of 
the K96243 strain compared to 1026b, when the same inoculation dose was 
used (data not shown). Following these experiments, we chose to compare the 
well-typed 1026b strain with the recently discovered B. pseudomallei isolate of 
a Gabonese patient.

One may argue that the lower virulence of the Gabonese isolate is due to the 
fact that it has not been passaged through a mouse first, since it is known that 
‘serial passaging’ may increase virulence of bacterial strains by selecting the 
most virulent bacteria18. In addition, it is known that B. pseudomallei can rapidly 
genetically modify itself within the host19. Nonetheless the virulence of the 
Gabonese B. pseudomallei isolate did not differ pre- and post passaging, thereby 
remaining significantly less virulent than the 1026b strain (data not shown).

Our dose finding experiments demonstrate that a seven-fold higher dose of 
the Gabonese isolate is required to be equally virulent to the 1026b strain. It is 
important to keep in mind that the supposedly ‘a-virulent’ B.	thailandensis can 
become as lethal as the 1026b strain when a thousand fold higher dose is used 
in mice, demonstrating the potential harmfulness of even this ‘non-virulent’ 
bacterium4. This could potentially mean that, in order to cause melioidosis in 
humans, Gabonese isolates have to infect their host at a higher concentration 
when compared to their Asian counterparts. This could, in addition to severe 
underreporting, explain in some part the low number of melioidosis cases 
reported from Gabon and Africa.

Clinical B. pseudomallei isolates may have a broad genomic diversity13,19. In 
this study we compared the genomes of the Gabonese and the 1026b B. 
pseudomallei strain. This comparison identified a region that contains a fimbriae 
and adhesion virulence protein (Type IV fimbrial biogenesis protein PilY1), which 
was absent in the Gabonese strain17. Variation in this region could potentially 
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Figure 3. Genome comparison of the Gabonese B. pseudomallei isolate with the reference strain 
B. pseudomallei 1026b: depiction of unique regions. Thirteen chromosomal putative protein 
regions (A-M) of B. pseudomallei strain 1026b that have low correspondence compared to the 
Gabonese B. pseudomallei genome. Within these regions most annotations classify the putative 
proteins to phage, integrase, transposase and hypothetical proteins. Unique B. pseudomallei 
regions are shown with the location, length and number of proteins.

To find the possible underlying cause of the observed decreased virulence of the 
Gabonese B. pseudomallei isolate when compared to B. pseudomallei 1026b, 
we used the Basic Local Alignment Search Tool (BLAST) algorithm to find regions 
unique to B. pseudomallei 1026b. The Gabonese B. pseudomallei isolate showed 
thirteen chromosomal putative protein regions (A-M) that corresponded poorly 
to those of strain 1026b (Figure 3, see supplemental Table (S2)). Genomic 
inspection of the found regions, on potential causal proteins, showed one 
region, namely E (Figure 3), contained a fimbriae and adhesion virulence protein 
(Type IV fimbrial biogenesis protein PilY1)17.
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In the present study we aimed to characterize the virulence of a B. pseudomallei 
isolate derived from a fatal Gabonese melioidosis case using both ex vivo and 
in vivo experiments. Our experiments demonstrated that the Gabonese B. 
pseudomallei strain is just as virulent as the reference strain B. pseudomallei 
1026b ex vivo but, more importantly, less virulent in vivo. The majority of 
previous published studies about murine melioidosis are conducted with 
the “prototypical” strains 1026b or K96243 (isolated from 34-year old Thai 
diabetic female)13. To determine whether these strains differed in virulence, 
we conducted in vivo survival studies, which demonstrated equal lethality of 
the K96243 strain compared to 1026b, when the same inoculation dose was 
used (data not shown). Following these experiments, we chose to compare the 
well-typed 1026b strain with the recently discovered B. pseudomallei isolate of 
a Gabonese patient.

One may argue that the lower virulence of the Gabonese isolate is due to the 
fact that it has not been passaged through a mouse first, since it is known that 
‘serial passaging’ may increase virulence of bacterial strains by selecting the 
most virulent bacteria18. In addition, it is known that B. pseudomallei can rapidly 
genetically modify itself within the host19. Nonetheless the virulence of the 
Gabonese B. pseudomallei isolate did not differ pre- and post passaging, thereby 
remaining significantly less virulent than the 1026b strain (data not shown).

Our dose finding experiments demonstrate that a seven-fold higher dose of 
the Gabonese isolate is required to be equally virulent to the 1026b strain. It is 
important to keep in mind that the supposedly ‘a-virulent’ B.	thailandensis can 
become as lethal as the 1026b strain when a thousand fold higher dose is used 
in mice, demonstrating the potential harmfulness of even this ‘non-virulent’ 
bacterium4. This could potentially mean that, in order to cause melioidosis in 
humans, Gabonese isolates have to infect their host at a higher concentration 
when compared to their Asian counterparts. This could, in addition to severe 
underreporting, explain in some part the low number of melioidosis cases 
reported from Gabon and Africa.

Clinical B. pseudomallei isolates may have a broad genomic diversity13,19. In 
this study we compared the genomes of the Gabonese and the 1026b B. 
pseudomallei strain. This comparison identified a region that contains a fimbriae 
and adhesion virulence protein (Type IV fimbrial biogenesis protein PilY1), which 
was absent in the Gabonese strain17. Variation in this region could potentially 
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be responsible for observed differences in virulence between the African and 
Asian strains. However, more African strains need to be characterized in terms of 
genetic expression and virulence in order to validate our findings20.

In conclusion, we found that the Gabonese B. pseudomallei isolate was 
significantly less virulent compared to a well-defined Thai isolate 1026b. This 
study is the first to compare the virulence of an African and Asian B. pseudomallei 
strain both ex vivo and in vivo, thereby including genomic comparison. Recently, 
is has been predicted that the global burden of melioidosis is much higher than 
previously thought, with a worldwide mortality comparable to measles, dengue 
and leptospirosis9. Nevertheless, melioidosis remains to be rarely diagnosed in 
non-endemic regions. This study highlights the need for increased insight into the 
virulence and expression patterns influencing pathogenicity of B. pseudomallei 
isolates across the world.
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Mice studies were carried out under the guidance of the 

Pathogen-free wild-type (WT) C57BL/6 

Supplementary material

Animal Research Institute of the Academical Medical Center in Amsterdam 
(ARIA). All animals were maintained at the animal care facility of the Academic 
Medical Center with free access to food and water, according to National 
Guidelines for the Care and Use of Laboratory Animals, which are based on the 
National Experiments on Animals Act (Wet op de Dierproeven (WOD)) and the 
Experiments on Animals Decree (Dierproevenbesluit), under the jurisdiction 
of the Ministry of Public Health, Welfare and Sports, the Netherlands. The 
Institutional Animal Care and Use Committee of the Academic Medical Center 
approved all experiments (DIX 21BC and 21BW)  

mice were purchased from Charles River (Leiden, the Netherlands). Age (8-10 
weeks old) and sex-matched animals were used in all experiments. 
Whole blood, peritoneal macrophages and alveolar macrophages were 
harvested from naïve wild-type mice as described (n=4 per group)1,2. Mice 
were anesthetized and sacrificed by bleeding from the vena cava inferior. Blood 
was transferred to V-bottom 96-well plates (Greiner Bio-One, Frickenhausen, 
Germany; 100 ul/well) and directly stimulated for 20 hours with 100 μl E.coli 
lipopolysaccharide (end concentration of 100 ng/ml, Invivogen, San Diego, CA), 
107 CFU/ml of heat-killed B. pseudomallei 1026b3, 107 CFU/ml of the Gabonese 
B. pseudomallei isolate4 or RPMI 1640 medium (Gibco, Waltham, CA). 
Peritoneal macrophages were harvested by 5 ml peritoneal lavage with sterile 
PBS. Cells were resuspended in RPMI 1640 enriched with 1% L-glutamine 
(Gibco), 1% penicillin/streptomycin (Gibco), and 10% FCS (Gibco) and seeded in a 
F-bottom 96-well plate at a concentration of 0.5 x 106 /ml. Alveolar macrophages 
were collected by broncho-alveolair lavage with 3 x 0.5 ml sterile PBS and 
suspended in the same medium. The cells were seeded at a concentration of 0.2 
x 106 /ml. The next day the cells were washed with RPMI 1640 to remove non-
adherent cells and incubated with the same stimuli as used for whole blood; a 
MOI of 50 of heat-killed B. pseudomallei 1026b and the Gabonese isolate was 
used. Dose-response curves for these stimuli were performed prior to these 
experiments (data not shown).  After 20 hours of stimulation, supernatants of 
blood and macrophages were harvested and assayed for Tumor Necrosis Factor 
alpha (TNF-α). 

Ethics statement

Ex vivo stimulation experiments. 

11

described5. Prior to infection, mice were lightly anesthetized by inhalation of 
isoflurane. In the dose-finding experiment wild-type mice were infected with 
either 102, 103 or 5x103 CFU/ 50 μl NaCl 0.9% of the Gabonese B. pseudomallei 
isolate intranasally (n=8 per group). Mice were observed for survival during 72 
hours after infection, after which the mice were anesthetized with medetomidine/
ketamine and sacrificed by bleeding from the vena cava inferior. Bacterial 
loads were determined in lungs, livers and blood. In the following experiment, 
wild-type mice were infected with either 7.5 x 102 CFU/50 μl NaCl 0.9% of B. 
pseudomallei 1026b, B.	 thailandensis E264 or the Gabonese B. pseudomallei 
(n=8 per group). At 72 hours post-infection mice were sacrificed and bacterial 
loads were determined in blood, lungs and livers.  The second experiment has 
been repeated using the Gabonese B. pseudomallei isolate after serial passaging.

mice were intranasally infected with 0.5 x 102 CFU of the Gabonese B. pseudomallei 
isolate. The infected mice were sacrificed 72 hours after infection and the spleen 
was removed, homogenized, serially diluted in NaCl 0.9% and cultured on blood-
agar plates for 24 hours at 37°C and 5% CO2.  Isolated colonies were collected 
from the most diluted concentration in which they could be detected and grown 
in Luria Broth (Sigma-Aldrich, St. Louis, MO) overnight at 37°C. Sterile glycerol 
(Thermo Fisher Scientific, Waltsham, MA) was added to the bacterial culture at 
a 30% (vol/vol) final concentration and stocks were frozen at −80°C before being 
used for further experiments.  

lysis buffer containing 300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 
1% Triton X-100 and a protease inhibitor cocktail (Roche, Indianapolis, IN) 
and incubated at 4°C for 30 min. Hereafter homogenates were centrifuged at 
1730xg at 4°C for 10 minutes. Supernatants were sterilized using 0.22 mm pore-
size filters (Millipore,Billerica, MA) and stored at -20°C until further analysis6. 
Interleukin (IL)-6, IL-10, IL-12p70, monocyte chemotactic protein-1 (MCP-1), 
Interferon-γ (IFN-γ) and TNF-α were measured in blood and lung homogenates 
by cytometric bead array (CBA) multiplex assay (BD Biosciences, San Jose, CA), in 
accordance with the manufacturers’ instructions. 
Lactate dehydrogenase (LDH), aspartate transaminase (AST), alanine 

Experimental infection

Serial passaging of the Gabonese B. pseudomallei isolate

Assays
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Peritoneal macrophages were harvested by 5 ml peritoneal lavage with sterile 
PBS. Cells were resuspended in RPMI 1640 enriched with 1% L-glutamine 
(Gibco), 1% penicillin/streptomycin (Gibco), and 10% FCS (Gibco) and seeded in a 
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were collected by broncho-alveolair lavage with 3 x 0.5 ml sterile PBS and 
suspended in the same medium. The cells were seeded at a concentration of 0.2 
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MOI of 50 of heat-killed B. pseudomallei 1026b and the Gabonese isolate was 
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experiments (data not shown).  After 20 hours of stimulation, supernatants of 
blood and macrophages were harvested and assayed for Tumor Necrosis Factor 
alpha (TNF-α). 

Intranasal infection was performed as previously 

Wi ld- type(WT) 

For cytokine measurements, lung homogenates were diluted 1:2 in 

described5. Prior to infection, mice were lightly anesthetized by inhalation of 
isoflurane. In the dose-finding experiment wild-type mice were infected with 
either 102, 103 or 5x103 CFU/ 50 μl NaCl 0.9% of the Gabonese B. pseudomallei 
isolate intranasally (n=8 per group). Mice were observed for survival during 72 
hours after infection, after which the mice were anesthetized with medetomidine/
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mice were intranasally infected with 0.5 x 102 CFU of the Gabonese B. pseudomallei 
isolate. The infected mice were sacrificed 72 hours after infection and the spleen 
was removed, homogenized, serially diluted in NaCl 0.9% and cultured on blood-
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in Luria Broth (Sigma-Aldrich, St. Louis, MO) overnight at 37°C. Sterile glycerol 
(Thermo Fisher Scientific, Waltsham, MA) was added to the bacterial culture at 
a 30% (vol/vol) final concentration and stocks were frozen at −80°C before being 
used for further experiments.  

lysis buffer containing 300 mM NaCl, 30 mM Tris, 2 mM MgCl2, 2 mM CaCl2, 
1% Triton X-100 and a protease inhibitor cocktail (Roche, Indianapolis, IN) 
and incubated at 4°C for 30 min. Hereafter homogenates were centrifuged at 
1730xg at 4°C for 10 minutes. Supernatants were sterilized using 0.22 mm pore-
size filters (Millipore,Billerica, MA) and stored at -20°C until further analysis6. 
Interleukin (IL)-6, IL-10, IL-12p70, monocyte chemotactic protein-1 (MCP-1), 
Interferon-γ (IFN-γ) and TNF-α were measured in blood and lung homogenates 
by cytometric bead array (CBA) multiplex assay (BD Biosciences, San Jose, CA), in 
accordance with the manufacturers’ instructions. 
Lactate dehydrogenase (LDH), aspartate transaminase (AST), alanine 
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Paraffin-embedded 4 µm tissue sections were stained with 

The complete genome alignment and annotation of B. 

Data were analyzed using GraphPad Prism for Windows 

haematoxylin and eosin (H&E) and analyzed for inflammation and tissue 
damage as described2,5,7. All slides were coded and scored by a pathologist 
blinded for the experimental groups. To score lung inflammation and damage, 
the entire lung surface was analyzed with respect to the following parameters: 
surface with pneumonia, necrosis/abscess formation, interstitial inflammation, 
endothelialitis, bronchitis, edema, thrombus formation and pleuritis. Each 
parameter was graded on a scale of 0-4 (0: absent; 1: mild; 2: moderate; 3: 
severe; 4: very severe). The total lung inflammation score was expressed as the 
sum of the scores for each parameter, the maximum being 32. Liver damage 
was scored based on inflammation, necrosis/abscess formation and thrombus 
formation using the scale given above. The maximum total liver pathology score 
was 12. 

pseudomallei strain 1026b (NC_017831.1 and NC_017832.1) have been obtained 
from GeneBank8. The Gabonese B. pseudomallei strain has been sequenced 
and assembled at the Wellcome Trust Sanger Institute as previously described4. 
Because the strains have been annotated with different methods both strains 
were annotated using RAST9,10. The BLAST algorithm was used to find unique 
B. pseudomallei 1026b regions that could cause the difference in virulence. 
Regions of interest were those that showed less than 80 percent similarity 
between strains and were part of a region that contained at least more than two 
proteins11. These genomic B. pseudomallei 1026b areas were converted back to 
the initial GeneBank notations and scanned for virulence genes. 

(version 5.01; GraphPad Software). Differences between groups were analyzed 
by Mann-Whitney U test or Kruskal-Walllis with Dunns post-test analysis where 
appropriate. Values are expressed as means ± SEM. P-values <0.05 were 
considered statistically significant.

transaminase (ALT),
Blood Urea Nitrogen (BUN) were determined with were determined with the 
Cobas 8000 module c702 (Roche Diagnostics, Basel, Switzerland).

Pathology
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	   T=72h	  

	   B.ps	   B.th	   B.gab	  

	   Lung	  

TNF-‐α 	  (pg/mL)	   18521	  ±	  1176	   707.2	  ±	  93.52***	   1471	  ±	  261.4***	  

IL-‐6	  (pg/mL)	   40000	  ±	  267.3	   784.8	  ±	  100.1***	   1359	  ±	  222.3***	  

KC	  (pg/mL)	   60000	  ±	  267.3	   758.9	  ±	  115.5***	   2922	  ±	  380.7***	  

	   	   	   	  

	   Plasma	  

TNF-‐α 	  (pg/mL)	   1704	  ±	  487.9	   3.2	  ±	  0.3**	   5.7	  ±	  0.5**	  

IL-‐6	  (pg/mL)	   10000	  ±	  0.1	   17.5	  ±	  4.6***	   20	  ±	  4.8***	  

MCP-‐1	  (pg/mL)	   3606	  ±	  1052	   12.3	  ±	  1.5**	   26	  ±	  2.8***	  

IFN-‐γ 	  (pg/mL)	   3424	  ±	  822.5	   1.4	  ±	  0.2**	   7.1	  ±	  1***	  

IL-‐12p70	  (pg/mL)	   76.5	  ±	  55	   3.7	  ±	  1.5**	   6.7	  ±	  2.4**	  

IL-‐10	  (pg/mL)	   12.7	  ±	  3.4	   3.5	  ±	  2.8*	   1.1	  ±	  0.8**	  

	   	   	   	  

BUN	  (mmol/L)	   30.3	  ±	  1.5	   7.8	  ±	  0.4	   7.3	  ±	  0.2**	  

Creatinine	  (umol/L)	   50	  ±	  9.2	   7	  ±	  0.3***	   6.4	  ±	  0.4**	  

AST	  (U/L)	   659.2	  ±	  175.6	   80.9	  ±	  14**	   58.9	  ±	  6.8**	  

ALT	  (U/L)	   216.4	  ±	  91.7	   32.1	  ±	  6.5**	   27.7	  2	  ±	  2**	  

LDH	  (U/L)	   1857	  ±	  161.9	   273	  ±	  42.5**	   234.7	  2	  ±	  8.2**	  

Table S1. Cytokine response in plasma and lung homogenates and organ injury markers in 
mice infected with B. pseudomallei 1026b, B. thailandensis or the Gabonese B. pseudomallei 
isolate. Cytokine levels and markers for systemic organ injury were measured in plasma and/or 
lung homogenate 72 hours after intranasal infection. Mice were infected with 7.5 x 102 CFU of B. 
pseudomallei 1026b (B.ps), B.	thailandensis	(B.th) or the Gabonese B. pseudomallei isolate (B.gab). 
Data are represented as means ± SEM. N = 8 per group. TNF-a = tumor necrosis factor-a; IL = 
interleukin; MCP-1 = monocyte chemoattractant Protein-1; IFN-g = interferon-g; KC = keratinocyte 
chemoattractant; BUN = blood urea nitrogen; AST = aspartate aminotransferase; ALT = alanine 
aminotransferase LDH; lactate dehydrogenase; *P<0.05; **P<0.01; ***P<0.001, when compared 
to mice infected with B.	 pseudomallei	 1026b (Kruskal-Wallis test; followed by separate Mann-
Whitney U tests).
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Region	   Start	   Stop	  
Number	  of	  
nucleotides	  

Proteins	  in	  the	  regions*	  

Chr1	  A	   135537	   142823	  
	  

7286	  
	  

BP1026B_I0124	  –	  BP1026B_I0140	  

Chr1	  B	   1363987	   1372779	  
	  

8792	  
	  

BP1026B_I1266	  –	  BP1026B_I1273	  

Chr1	  C	   1710172	  
	  

1728095	  
	  

17923	  
	  

BP1026B_I1581	  –	  BP1026B_I1601	  

Chr1	  D	   1760564	  
	  

1772124	  
	  

11560	  
	  

BP1026B_I1623	  –	  BP1026B_I1631	  

Chr1	  E	   1784561	  
	  

1801183	  
	  

16622	  
	  

BP1026B_I1642	  –	  BP1026B_I1661	  

Chr1	  F	   2333701	  
	  

2378572	  
	  

44871	  
	  

BP1026B_I2083	  –	  BP1026B_I2142	  

Chr1	  G	   2383163	  
	  

2389088	  
	  

5925	  
	  

BP1026B_I2152–	  BP1026B_I2161	  

Chr1	  H	   2881096	  
	  

2889116	  
	  

8020	  
	  

BP1026B_I2595	  –	  BP1026B_I2600	  

Chr1	  I	   3932807	  
	  

3938403	   5596	  
	  

BP1026B_I3562	  –	  BP1026B_I3568	  

Chr1	  J	   3985379	  
	  

3994236	  
	  

8857	  
	  

BP1026B_I3623	  –	  BP1026B_I3636	  

Chr2	  K	   522030	  
	  

535839	  
	  

13809	  
	  

BP1026B_II0422	  –	  BP1026B_II0433	  

Chr2	  L	   2729852	  
	  

2731965	  
	  

2113	  
	  

BP1026B_II2199	  –	  BP1026B_II2201	  

Chr2	  M	   2755687	  
	  

2783156	  
	  

27469	  
	  

BP1026B_II2213	  –	  BP1026B_II2239	  

Table S2. Different genomic regions in the Gabonese B. pseudomallei isolate when compared 
with B. pseudomallei 1026b. The complete genome of B. pseudomallei strain 1026b and the 
Gabonese B. pseudomallei strain were annotated using RAST. Next, the BLAST algorithm was used 
to find regions unique to B. pseudomallei 1026b when compared to the genome of the Gabonese 
isolate.  Regions of interest were those that showed less than 80 percent similarity between 
strains and were part of a region that contained at least more than two proteins. These genomic 
B. pseudomallei 1026b areas were then converted back to the initial GeneBank notations and 
scanned for virulence genes. ** GeneBank gene locus_tag numbers.
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Melioidosis is a severe infectious disease caused by the Gram-negative, soil-
dwelling bacterium Burkholderia	 pseudomallei.	 This disease is endemic in 
Northern Australia and Southeast Asia, where it is a common cause of sepsis, 
with a high fatality rate, despite appropriate antibiotic therapy.
B. pseudomallei is considered a category B bioterrorism agent, since it causes 
serious disease and spreads easily via aerosols and ingestion. 
Chapter 1 gives a general introduction on the epidemiology and clinical 
symptoms of melioidosis. Furthermore, the pathogenesis of melioidosis and B. 
pseudomallei’s virulence factors, such as flagellin and lipopolysaccharide (LPS) 
are described. In addition, this chapter discusses certain pathogen recognition 
receptors (PRRs), including the Toll-like receptors (TLRs) and the intracellular 
inflammasome complexes, which are essential in the first line of defense against 
invading pathogens.

In Part I, we concentrate on B. pseudomallei’s virulence factors and their signalling 
via TLRs. Chapter 2 summarizes the current understanding on host-pathogen 
interactions in melioidosis, including new insights into the putative bacterial 
virulence factors, the intriguing intracellular life cycle of B. pseudomallei, host 
recognition and innate immune responses. It describes how melioidosis can be 
regarded as the clinical manifestation of a by TLR and other PRR’s orchestrated 
dysregulation of the immune response as a reaction to invading B. pseudomallei. 
One of B. pseudomallei’s potential virulence factors is LPS, found in the 
outer membrane of this Gram-negative bacterium. The immunostimulatory 
properties of B. pseudomallei’s LPS has often been debated, but in Chapter 3 we 
clearly demonstrate that it is indeed capable of inducing a strong inflammatory 
response in both human and murine models underscoring an important role for 
this virulence factor. In addition, we used both in vitro and ex vivo experiments 
and our murine melioidosis model to investigate via which TLR B. pseudomallei’s 
LPS signals.  We could conclude that TLR4 is the main receptor of B.pseudomallei-
LPS. However, in human ex vivo models there is an additional role of TLR2 in 
the signalling of B.pseudomallei-LPS.  Together these data emphasize species 
differences in TLR-signalling in men and mice. 
Next, we investigated the role of TLR5 and its ligand flagellin in Chapter 4.

Tlr5-/- mice were more susceptible to B. pseudomallei infection, compared to 
matched wild-type (WT) mice, as demonstrated by increased bacterial loads, 
distant organ damage and impaired survival in experimental melioidosis. 
Strikingly, susceptibility to B. pseudomallei was flagellin-independent as 

Summary 
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demonstrated by the fact that Tlr5-/-mice remained more susceptible compared 
to WT mice when infected with the flagellin-lacking B. pseudomallei MM36 
strain. Instead, we found –through eradication by antibiotic treatment- that 
the gut microbiome plays a crucial role in the increased susceptibility of Tlr5-

/- mice. In addition, we found a different composition of gut microbiota when 
comparing WT and Tlr5-/- mice. Ex vivo experiments showed that TLR5-deficient 
macrophages display a markedly impaired phagocytosis of B. pseudomallei. 
These data suggest that the function of TLR5 largely depends on the composition 
of the gut microbiome and that manipulation of the gut flora might be of additive 
value to the current treatment of melioidosis.

In Part II we investigate the role of other innate immune receptors and 
stimulatory molecules in the pathogenesis of melioidosis.

The function of Triggering receptor expressed on myeloid cells (TREM)-1 and 
-2 in experimental melioidosis is examined in Chapter 5. TREM-1 and TREM-
2 are innate immune receptors that have demonstrated to either amplify 
or regulate TLR and NLR signaling after recognition of pathogen-associated 
molecular patterns (PAMPs). We observed increased TREM-1 and TREM-2 
expression during experimental melioidosis, both at local (lung) and distant 
(liver) sites of infection. Subsequently, we found that TREM-2 impairs the 
host defense against B. pseudomallei-induced sepsis, as demonstrated by an 
improved survival of infected Trem-2-/- mice.  Trem-2-/- mice displayed diminished 
bacterial dissemination, decreased inflammation and less organ damage. Our 
ex vivo studies suggest that the protective effect of TREM-2 deficiency in part 
results from the diminished capacity of TREM-2-deficient macrophages to elicit 
a hyper-inflammatory response which is an important contributor to organ 
injury in the event of sepsis. TREM-1 was also found to play a detrimental role 
during B. pseudomallei infection, which is in line with our earlier finding that 
influencing TREM-1 signaling could improve survival during melioidosis. However 
when compared to TREM-2 the role of TREM-1 in the host response against B. 
pseudomallei seems to be limited.

In Chapter 6 we characterized the expression and function of the versatile 
cytokine transforming growth factor (TGF)-β in melioidosis. TGF-β is produced 
by all leukocyte lineages and influences proliferation and function of immune 
cells. In culture-proven melioidosis patients TGF-β levels are elevated. In line, 
TGF-β expression increased over time in mice intranasally inoculated with B. 
pseudomallei. We successfully inhibited TGF-β with an antibody to assess its 
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dwelling bacterium Burkholderia	 pseudomallei.	 This disease is endemic in 
Northern Australia and Southeast Asia, where it is a common cause of sepsis, 
with a high fatality rate, despite appropriate antibiotic therapy.
B. pseudomallei is considered a category B bioterrorism agent, since it causes 
serious disease and spreads easily via aerosols and ingestion. 
Chapter 1 gives a general introduction on the epidemiology and clinical 
symptoms of melioidosis. Furthermore, the pathogenesis of melioidosis and B. 
pseudomallei’s virulence factors, such as flagellin and lipopolysaccharide (LPS) 
are described. In addition, this chapter discusses certain pathogen recognition 
receptors (PRRs), including the Toll-like receptors (TLRs) and the intracellular 
inflammasome complexes, which are essential in the first line of defense against 
invading pathogens.

In Part I, we concentrate on B. pseudomallei’s virulence factors and their signalling 
via TLRs. Chapter 2 summarizes the current understanding on host-pathogen 
interactions in melioidosis, including new insights into the putative bacterial 
virulence factors, the intriguing intracellular life cycle of B. pseudomallei, host 
recognition and innate immune responses. It describes how melioidosis can be 
regarded as the clinical manifestation of a by TLR and other PRR’s orchestrated 
dysregulation of the immune response as a reaction to invading B. pseudomallei. 
One of B. pseudomallei’s potential virulence factors is LPS, found in the 
outer membrane of this Gram-negative bacterium. The immunostimulatory 
properties of B. pseudomallei’s LPS has often been debated, but in Chapter 3 we 
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ex vivo studies suggest that the protective effect of TREM-2 deficiency in part 
results from the diminished capacity of TREM-2-deficient macrophages to elicit 
a hyper-inflammatory response which is an important contributor to organ 
injury in the event of sepsis. TREM-1 was also found to play a detrimental role 
during B. pseudomallei infection, which is in line with our earlier finding that 
influencing TREM-1 signaling could improve survival during melioidosis. However 
when compared to TREM-2 the role of TREM-1 in the host response against B. 
pseudomallei seems to be limited.

In Chapter 6 we characterized the expression and function of the versatile 
cytokine transforming growth factor (TGF)-β in melioidosis. TGF-β is produced 
by all leukocyte lineages and influences proliferation and function of immune 
cells. In culture-proven melioidosis patients TGF-β levels are elevated. In line, 
TGF-β expression increased over time in mice intranasally inoculated with B. 
pseudomallei. We successfully inhibited TGF-β with an antibody to assess its 
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function in melioidosis and found diminished bacterial loads and less distant 
organ damage in mice treated with this anti-TGF-β antibody. However, the 
detected protective effects of anti-TGF-β treatment did not translate into an 
improved survival in our model of experimental melioidosis. 

Chapter 7 focuses on the role of the NLRP3 inflammasome and IL-1β in 
melioidosis. First, we demonstrated that mRNA expression of NLRP3 and ASC, 
key components of the inflammasome receptor complex responsible for IL-18 
and IL-1β activation, is down-regulated in patients with septic melioidosis. Next, 
we assessed the function of NLRP3 and ASC in vivo using our murine melioidosis 
model. Nlrp3-/- and Asc-/- mice displayed an impaired early local cytokine 
response and reduced pulmonary cell influx, when compared to controls, 
together with increased bacterial organ counts and inflammation at a later stage 
of infection. We found that blocking IL-1β, one of the end products of the NLRP3 
inflammasome, was highly protective, as demonstrated by enhanced bacterial 
clearance, controlled local neutrophil influx and reduction of the inflammatory 
response and organ damage. Together these effects improved survival in mice 
that were treated with anti- IL-1β. These findings suggest that anti-IL-1β treatment 
might be a potential adjunction to the current treatment of melioidosis.

Diabetes is one of the main risk factors to develop melioidosis. Intriguingly,  
the use of the oral anti-diabetic agent glyburide was previously shown to be 
associated with a decreased mortality in patients with melioidosis. In Chapter 8 
we demonstrate that diabetic mice have an increased susceptibility to melioidosis 
as underscored by an increased bacterial dissemination upon intranasal infection 
with B. pseudomallei to distant organs when compared to non-diabetic mice. 
Glyburide treatment was associated with reduced pulmonary cellular influx, 
bacterial dissemination to both liver and spleen and decreased interleukin (IL)-
1b production when compared to untreated controls, while other cytokines 
were not affected. This might suggest that glyburide exerts its positive effect 
through the inhibition of active IL-1b. Importantly, there was no direct effect of 
glyburide on the growth of B. pseudomallei.

Neutrophils constitute the central line of innate immune defense against B. 
pseudomallei infection. Their functions range from killing and phagocytosis, to 
the production and release of antimicrobial and immunoregulatory cytokines.

Chapter 9 discusses the role of the S100 proteins; S100A8 (myeloid-related 
protein, MRP8) and S100A9 (MRP14), the most abundant cytoplasmic proteins 
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function in melioidosis and found diminished bacterial loads and less distant 
organ damage in mice treated with this anti-TGF-β antibody. However, the 
detected protective effects of anti-TGF-β treatment did not translate into an 
improved survival in our model of experimental melioidosis. 

Chapter 7 focuses on the role of the NLRP3 inflammasome and IL-1β in 
melioidosis. First, we demonstrated that mRNA expression of NLRP3 and ASC, 
key components of the inflammasome receptor complex responsible for IL-18 
and IL-1β activation, is down-regulated in patients with septic melioidosis. Next, 
we assessed the function of NLRP3 and ASC in vivo using our murine melioidosis 
model. Nlrp3-/- and Asc-/- mice displayed an impaired early local cytokine 
response and reduced pulmonary cell influx, when compared to controls, 
together with increased bacterial organ counts and inflammation at a later stage 
of infection. We found that blocking IL-1β, one of the end products of the NLRP3 
inflammasome, was highly protective, as demonstrated by enhanced bacterial 
clearance, controlled local neutrophil influx and reduction of the inflammatory 
response and organ damage. Together these effects improved survival in mice 
that were treated with anti- IL-1β. These findings suggest that anti-IL-1β treatment 
might be a potential adjunction to the current treatment of melioidosis.

Diabetes is one of the main risk factors to develop melioidosis. Intriguingly,  
the use of the oral anti-diabetic agent glyburide was previously shown to be 
associated with a decreased mortality in patients with melioidosis. In Chapter 8 
we demonstrate that diabetic mice have an increased susceptibility to melioidosis 
as underscored by an increased bacterial dissemination upon intranasal infection 
with B. pseudomallei to distant organs when compared to non-diabetic mice. 
Glyburide treatment was associated with reduced pulmonary cellular influx, 
bacterial dissemination to both liver and spleen and decreased interleukin (IL)-
1b production when compared to untreated controls, while other cytokines 
were not affected. This might suggest that glyburide exerts its positive effect 
through the inhibition of active IL-1b. Importantly, there was no direct effect of 
glyburide on the growth of B. pseudomallei.

Neutrophils constitute the central line of innate immune defense against B. 
pseudomallei infection. Their functions range from killing and phagocytosis, to 
the production and release of antimicrobial and immunoregulatory cytokines.

Chapter 9 discusses the role of the S100 proteins; S100A8 (myeloid-related 
protein, MRP8) and S100A9 (MRP14), the most abundant cytoplasmic proteins 

in neutrophils, in melioidosis. These proteins can form a complex S100A8/A9 
(MRP8/14), also called calprotectin, which functions as a danger associated 
molecular pattern and stimulates the immune response. We found that 
S100A8/A9 plasma levels were markedly increased in patients with melioidosis 
and elevated levels correlated with poor outcome. In mice, B. pseudomallei 
infection resulted in gradually increasing S100A8/A9 levels in lungs and plasma. 
Recombinant S100A8/A9 prevented growth of B. pseudomallei in vitro. We 
observed that the capacity of human neutrophil extracellular traps to kill B. 
pseudomallei was S100A9-dependent. Strikingly however, S100A9 deficient 
mice displayed a markedly improved host defense upon B. pseudomallei 
infection as reflected by decreased bacterial loads and reduced inflammation 
when compared to WT controls together with a strong survival advantage. 
These findings demonstrate that excessive release of S100A8/A9, followed by 
an overwhelming immune response is harmful for the infected host, despite the 
antimicrobial properties of S100A8/A9 in vitro.

In Part III we focus on the incidence of melioidosis in the central African 
country of Gabon. In addition, we study the potential differences in 
virulence  between an isolated African and a Thai B. pseudomallei strain. 
Chapter 10 describes a seroprevalence and soil sampling study, carried out 
in Gabon that confirmed the presence of melioidosis in this part of Africa. 
Seropositivity was found in 5 out of 304 (1.2%) healthy school children. The 
environmental surveillance study demonstrated that B. pseudomallei could 
be isolated from 3% of all 800 sampling sites, with a maximum number of 
positive samples for one site of 14 (14%). In addition, a fatal case of melioidosis 
was described, concerning a diabetic Gabonese woman with an abscess on 
her right leg. Multilocus sequence typing led to the description of a novel B. 
pseudomallei sequence type that can cause lethal septic shock. This study 
demonstrates that melioidosis is likely to be underrecognized in Central-Africa, 
most probably in part due to the lack of diagnostic microbiology facilities. 
Finally, in Chapter 11 we characterized the ex vivo and in vivo virulence of the B. 
pseudomallei isolate derived from the fatal Gabonese melioidosis case mentioned 
above, using both ex vivo and in vivo experiments. Of interest, our murine 
experiments demonstrated that in vivo the Gabonese B. pseudomalleistrain is 
less virulent when compared to the Thai reference strain B. pseudomallei 1026b.
In addition to a lack of microbiology laboratories, differences in the virulence 
of Burkholderia strains could perhaps explain in part this disparity between 
predicted and observed cases in Sub-Saharan Africa. 
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In this thesis we aimed to expand our insight in the pathogenesis of melioidosis, 
more specifically the interaction between B. pseudomallei and the innate 
immune system.

Melioidosis is an important cause of sepsis-related death in Southeast Asia and 
Northern Australia despite available antibiotic treatments1. This highlights the 
need to gain a better understanding of the pathogenesis of melioidosis, thereby 
unraveling potential new treatment targets. 
The infected host possesses a well-designed immune system that recognizes both 
pathogen-associated as endogenous damage-associated molecular patterns, 
eliciting a powerful immune response, activating its immune cells. Virtually, all 
patients with melioidosis have sepsis. In sepsis, when a severe life-threatening 
infection leads to organ failure, there is a complex interaction between pro- 
and anti-inflammatory cytokines2.  As outlined above, inflammation is important 
for the active battle against the invading pathogen, however an overwhelming 
systemic inflammatory response can lead to detrimental tissue damage, 
potentially followed by organ failure and death. It is essential to find the right 
balance between the often competing pro- and anti-inflammatory pathways. 
This will determine the ultimate outcome of the battle between the bug and its 
host.

First, we examined the importance of B.pseudomallei’s virulence factors and 
their interaction with TLRs. We found that LPS of B. pseudomallei was a potent 
immunostimulatory agent, but that TLR signaling of this virulence factor differs 
in human and animal models.  In contrast, flagellin’s importance as a virulence 
factor of B. pseudomallei seems debatable, since bacterial loads and the 
inflammatory response in mice infected with a flagellin-lacking B. pseudomallei 
were comparable to those infected with wildtype B.pseudomallei. 
Of interest however, we did find that TLR5 plays an important protective role 
in experimental melioidosis. This could partially be explained by the different 
composition of the gut microbiome in wildtype and TLR5-deficient mice, since 
eradication of gut flora altered the susceptible phenotype of Tlr5-/- mice. Recently, 
our group found the gut microbiome has a protective role in the host defense 
against pneumococcal pneumonia-derived sepsis3. Furthermore, key defense 
functions of alveolar macrophages, such as cellular responsiveness towards 
pathogens and their phagocytosis, were influenced by the composition of the 
gut microbiota3. More research on the interaction of TLR5, the gut microbiome 
and the immune response during melioidosis is needed. 
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In this thesis we aimed to expand our insight in the pathogenesis of melioidosis, 
more specifically the interaction between B. pseudomallei and the innate 
immune system.

Melioidosis is an important cause of sepsis-related death in Southeast Asia and 
Northern Australia despite available antibiotic treatments1. This highlights the 
need to gain a better understanding of the pathogenesis of melioidosis, thereby 
unraveling potential new treatment targets. 
The infected host possesses a well-designed immune system that recognizes both 
pathogen-associated as endogenous damage-associated molecular patterns, 
eliciting a powerful immune response, activating its immune cells. Virtually, all 
patients with melioidosis have sepsis. In sepsis, when a severe life-threatening 
infection leads to organ failure, there is a complex interaction between pro- 
and anti-inflammatory cytokines2.  As outlined above, inflammation is important 
for the active battle against the invading pathogen, however an overwhelming 
systemic inflammatory response can lead to detrimental tissue damage, 
potentially followed by organ failure and death. It is essential to find the right 
balance between the often competing pro- and anti-inflammatory pathways. 
This will determine the ultimate outcome of the battle between the bug and its 
host.

First, we examined the importance of B.pseudomallei’s virulence factors and 
their interaction with TLRs. We found that LPS of B. pseudomallei was a potent 
immunostimulatory agent, but that TLR signaling of this virulence factor differs 
in human and animal models.  In contrast, flagellin’s importance as a virulence 
factor of B. pseudomallei seems debatable, since bacterial loads and the 
inflammatory response in mice infected with a flagellin-lacking B. pseudomallei 
were comparable to those infected with wildtype B.pseudomallei. 
Of interest however, we did find that TLR5 plays an important protective role 
in experimental melioidosis. This could partially be explained by the different 
composition of the gut microbiome in wildtype and TLR5-deficient mice, since 
eradication of gut flora altered the susceptible phenotype of Tlr5-/- mice. Recently, 
our group found the gut microbiome has a protective role in the host defense 
against pneumococcal pneumonia-derived sepsis3. Furthermore, key defense 
functions of alveolar macrophages, such as cellular responsiveness towards 
pathogens and their phagocytosis, were influenced by the composition of the 
gut microbiota3. More research on the interaction of TLR5, the gut microbiome 
and the immune response during melioidosis is needed. 

Next, we focused on other pathogen recognition receptors and important 
cytokines and their role in melioidosis.  In line with previous reports4, we 
observed that TREM-1 and TREM-2 expression is upregulated in melioidosis. 
While modulation of TREM-1 with the peptide LP17 protected mice from B. 
pseudomallei-induced mortality4, complete TREM-1 deficiency did not improve 
survival in murine melioidosis. In this respect is should be underlined that the 
use TREM-1 knock-out mice also lack TREM-3, an activating receptor in mice5. It 
might be that dampening of TREM-1-signalling is sufficient to improve survival, 
but that a basal level of TREM-1 remains required. 
Surprisingly, we found a clear protective effect of TREM-2 deficiency in 
experimental melioidosis. Traditionally, TREM-2 is regarded as a negative 
regulator of the immune response6. However, we found that TREM-2 deficient 
mice had a more controlled immune response, resulting in decreased 
inflammation and tissue injury. This may be due to the primary type of immune 
cells involved in each specific disease, since TREM-2 seems to have opposite 
roles in peritoneal and alveolar macrophages7,8. 

We demonstrated that inhibition of transforming growth factor (TGF)–β, a 
multipotent cytokine that is upregulated in human and murine melioidosis 
limited bacterial dissemination and organ damage. However, this did not lead to 
an improved survival. In contrast, we observed that anti- IL-1β treatment, either in 
the form of glyburide or a specific antibody, did lead to improved survival. In line, 
glyburide is associated with improved survival of diabetic melioidosis patients9. 
However, anti-IL-1β treatment of sepsis in a phase III trial has failed to improve 
clinical outcomes10. This discrepancy might be explained by the fact that glyburide 
decreases and thereby contains excessive IL-1β activation and production, 
while complete blockade of IL-1β has harmful effects in humans. In addition, 
the sepsis trial might have included a too heterogeneous group of patients. 
Therefore it would still be interesting to investigate the effect of (additional) 
anti-IL-1β treatment in melioidosis patients. A last potential treatment target 
could be calprotectin. (S100A8/A9). It was observed that calprotectin inhibited 
the growth of B. pseudomallei in vitro and S100A9 deficiency was beneficial in 
vivo during melioidosis, reducing inflammation, bacterial dissemination and 
survival. Previously, our group demonstrated that S100A8/A9 is misused by the 
Gram-positive bacterium Streptococcus pneumonia, via the reduction of zinc 
toxicity towards the bacterium11. Possibly, B. pseudomallei takes advantage of 
this effect as well. 
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The third and last part of this thesis describes the incidence of melioidosis and 
the prevalence of B. pseudomallei in Gabon. We, for the first time, found that 
melioidosis is indeed prevalent in Gabon and might be underrecognized due to 
a lack of diagnostic facilities. 
In addition, the observation derived from animal experiments that the Gabonese 
B. pseudomallei isolate seems to be less virulent when compared to the Thai 
reference strain could be another explanation for the observed low prevalence 
of melioidosis in Central Africa.  Follow-up research is ongoing to test this 
hypothesis. 
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The third and last part of this thesis describes the incidence of melioidosis and 
the prevalence of B. pseudomallei in Gabon. We, for the first time, found that 
melioidosis is indeed prevalent in Gabon and might be underrecognized due to 
a lack of diagnostic facilities. 
In addition, the observation derived from animal experiments that the Gabonese 
B. pseudomallei isolate seems to be less virulent when compared to the Thai 
reference strain could be another explanation for the observed low prevalence 
of melioidosis in Central Africa.  Follow-up research is ongoing to test this 
hypothesis. 

Management of sepsis currently relies on early recognition allowing a rapid 
start of correct supportive therapeutic measures, including administration 
of appropriate antibiotics, source control measures when necessary, and 
resuscitation with intravenous fluids and vasoactive drugs when needed2. Until 
now, no specific anti-sepsis therapy exists, even though increased knowledge 
on the pathogenesis of sepsis exists and several potential novel therapies have 
been tested in the past decades12. Despite appropriate antibiotic treatment 
melioidosis remains a main cause of sepsis and sepsis-related mortality in 
numerous tropical parts of the world. 
In this thesis we aimed to identify future targets for adjunctive immunotherapy 
in melioidosis.

The significant beneficial effect of anti-IL-1β treatment in experimental 
melioidosis warrants its further investigation for potential use in human. Anti-IL-
1β treatment is already successfully applied for the treatment of patients with 
various auto-inflammatory diseases. Our finding that eradication of the gut 
microbiome influences susceptibility of TLR5-deficient mice to B. pseudomallei 
deserves follow-up. Could manipulation of the gut flora change the susceptibility 
of the host to melioidosis? If so, it would be of interest to study if manipulation 
of the gut microbiota could influence the susceptibility to melioidosis or even 
be used as an therapeutic strategy. TREM-2 deficiency clearly had a protective 
effect on the survival of B. pseudomallei-infected mice. It would be therefore 
make sense to evaluate the potential therapeutic effect of a TREM-2 blocking 
antibody in melioidosis starting with the murine model.

Finally, one should increase the attention to areas in the world where 
melioidosis is thought to occur but is rarely diagnosed such as in Central Africa. 
A recent report estimated the prevalence of melioidosis around the world and 
demonstrated that this serious infectious disease is severely underreported in 
at least 45 countries with a large number of estimated cases and fatalities13. The 
authors estimate there to be 165,000 cases of human melioidosis cases per year 
worldwide, of which 89,000 die 13. This study emphasizes the need for global 
attention for the incidence, diagnostics and treatment of melioidosis.
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Dit proefschrift richt zich op de interactie tussen Burkholderia	 pseudomallei, 
de verwekker van de infectieziekte melioidosis en het afweersysteem van de 
gastheer. Hierbij is gekeken naar de rol van specifieke receptoren (celgebonden 
signaalontvangers) en andere eiwitten die een belangrijke rol spelen in de 
aangeboren afweer. 
De aangeboren afweer bestaat uit het eerste contact van het binnendringende 
micro-organisme en specifieke witte bloedcellen, zoals neutrofielen, ‘natural 
killer’ cellen en macrofagen. Na deze eerste interactie, wordt door een cascade 
aan processen, waarbij ontstekingseiwitten worden aangemaakt door deze 
witte bloedcellen, het adaptieve immuunsysteem voor een meer specifieke 
respons ingeschakeld.

Melioidosis is een ernstige infectieziekte veroorzaakt door de Gram-negatieve 
bacterie Burkholderia	 pseudomallei en een belangrijke oorzaak van sepsis, 
ook wel bloedvergiftiging genoemd, in Zuidoost Azië en Noord Australië. Deze 
ziekte wordt daarnaast gekenmerkt door longontsteking en abcesvorming 
in verschillende organen1-3. Besmetting vindt plaats door binnendringing van 
B. pseudomallei via huidwonden, inhalatie van aerosolen of het drinken van 
besmet (grond)water1,4.
Vanwege de ernst van de ziekte en de mogelijke transmissieroutes wordt  B. 
pseudomallei beschouwd als een mogelijk bioterrorisme agens5.
Het is opmerkelijk dat niet ieder geïnfecteerd individu symptomen ontwikkelt 
na infectie. Echter, bepaalde risicofactoren zoals diabetes, fors alcoholgebruik, 
chronische respiratoire  en nierziektes gaan vaker gepaard met een fulminante 
uiting van melioidosis2. In 51% van de melioidosis patiënten wordt een beeld van 
longontsteking gezien, bij  ongeveer 50% is er sprake van een bacteriemie en bij 
20% treedt sepsis met multi-orgaanfalen op2.
De mortaliteit van melioidosis varieert van 10%, indien er goede intensive 
care voorzieningen beschikbaar zijn, tot 50% in moeilijk bereikbare, minder 
ontwikkelde gebieden2,6,7. De antibiotische behandeling van melioidosis bestaat 
uit een intensieve fase, welke 10-14 dagen duurt en gevolgd wordt door een 3-6 
maanden durende onderhoudsfase3.
Voor de intensieve fase kan intraveneus ceftazidim of een carbapenem worden 
gebruikt, terwijl voor de onderhoudsfase orale cotrimoxazol, doxycycline of 
amoxicilline-clavulaanzuur  middelen van keuze zijn8. 
Ondanks de beschikbare intensieve antibiotische behandeling, wordt er bij 
circa 5% van de patiënten een terugval gezien (waarbij de bacterie weer 
detecteerbaar is in het bloed) en blijft de mortaliteit hoog, waaruit de noodzaak 
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voor aanvullende therapie tegen melioidosis blijkt.

B. pseudomallei beschikt over een zeer complex en variabel genoom9, waarbij 
86% van het genoom (=genetisch materiaal) gelijk is in de verscheidene B. 
pseudomallei stammen10. De overige 14% van het genoom bestaat uit ‘genoom 
eilanden’; genen die B. pseudomallei van andere bacteriën heeft overgenomen. 
Deze ‘eilanden’ bevatten vaak genen die betrokken zijn bij de pathogenese 
(= het ontstaan en beloop van) van melioidosis; zo coderen ze voor virulentie 
onderdelen en antibiotica resistentie. Het bijzondere aan  B. pseudomallei is dat 
deze bacterie in staat is om haar genoom aan te passen tijdens de infectie van 
een bepaalde gastheer, zodat zij het afweersysteem te slim af kan zijn11,12.
Virulentie factoren zijn stoffen die een micro-organisme zoals een bacterie 
gebruikt om te kunnen overleven en waarmee zij schade aan kan richten in haar 
gastheer. Bij B. pseudomallei gaat dit onder andere om lipopolysaccharide13, 
capsulair polysaccharide14, flagellin15, Burkholderia Lethal Toxin 116 , het 
cluster 1 Type VI secretion systeem17, het  Bsa Type III secretion systeem18 en 
het Burkholderia intracellular motility eiwit A (BimA)19.  De mate waarin deze 
virulentie factoren specifiek bijdragen aan de ontstaanswijze en ernst van 
melioidosis is onbekend.
Deze virulentie factoren, ook wel ‘pathogen-associated molecular patterns 
(PAMPs)’ genoemd, worden herkend door receptoren op en in neutrofielen en 
macrofagen, waarop een ontstekingsreactie volgt.
Voorbeelden van deze receptoren (pathogen-recognition receptors; PRR’s) zijn 
de Toll-like receptoren (TLRs), Triggering Receptor Expressed on Myeloid cells 
(TREM)-1 and -2 en intracellulaire receptorcomplexen genaamd inflammasomes. 
Activatie van het immuunsysteem door de invasie van micro-organismes leidt 
tot de aanmaak en activatie van belangrijke lichaamseigen eiwitten  die ofwel 
de immuunreactie versterken of afremmen, zoals transforming growth factor 
(TGF)-β en interleukin-1β.
Het doel van de in dit proefschrift beschreven studies is om meer inzicht verkrijgen 
in de wisselwerking tussen B. pseudomallei en de hierboven beschreven 
immuunreceptoren en belangrijke ontstekingseiwitten.  Daarnaast behandelt 
dit proefschrift de eerste stappen bij het verkennen van het voorkomen van 
melioidosis in centraal Afrika. De volgende samenvatting beschrijft kort de 
belangrijkste onderzoeksbevindingen en mogelijke gevolgen hiervan.
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Dit proefschrift richt zich op de interactie tussen Burkholderia	 pseudomallei, 
de verwekker van de infectieziekte melioidosis en het afweersysteem van de 
gastheer. Hierbij is gekeken naar de rol van specifieke receptoren (celgebonden 
signaalontvangers) en andere eiwitten die een belangrijke rol spelen in de 
aangeboren afweer. 
De aangeboren afweer bestaat uit het eerste contact van het binnendringende 
micro-organisme en specifieke witte bloedcellen, zoals neutrofielen, ‘natural 
killer’ cellen en macrofagen. Na deze eerste interactie, wordt door een cascade 
aan processen, waarbij ontstekingseiwitten worden aangemaakt door deze 
witte bloedcellen, het adaptieve immuunsysteem voor een meer specifieke 
respons ingeschakeld.

Melioidosis is een ernstige infectieziekte veroorzaakt door de Gram-negatieve 
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in verschillende organen1-3. Besmetting vindt plaats door binnendringing van 
B. pseudomallei via huidwonden, inhalatie van aerosolen of het drinken van 
besmet (grond)water1,4.
Vanwege de ernst van de ziekte en de mogelijke transmissieroutes wordt  B. 
pseudomallei beschouwd als een mogelijk bioterrorisme agens5.
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maanden durende onderhoudsfase3.
Voor de intensieve fase kan intraveneus ceftazidim of een carbapenem worden 
gebruikt, terwijl voor de onderhoudsfase orale cotrimoxazol, doxycycline of 
amoxicilline-clavulaanzuur  middelen van keuze zijn8. 
Ondanks de beschikbare intensieve antibiotische behandeling, wordt er bij 
circa 5% van de patiënten een terugval gezien (waarbij de bacterie weer 
detecteerbaar is in het bloed) en blijft de mortaliteit hoog, waaruit de noodzaak 

voor aanvullende therapie tegen melioidosis blijkt.
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de immuunreactie versterken of afremmen, zoals transforming growth factor 
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melioidosis in centraal Afrika. De volgende samenvatting beschrijft kort de 
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Deel I

In het eerste deel van dit proefschrift wordt de interactie tussen Toll like –
receptoren (TLR’s) en virulentie factoren van B. pseudomallei beschreven.
Hoofdstuk 2 geeft een duidelijk overzicht van nieuwe inzichten op het gebied van  
B.pseudomallei’s virulentie factoren. Tevens beschrijft het hoofdstuk de meeste 
recente bevindingen op het gebied van ‘pathogen-recognition’ receptoren van 
het aangeboren immuunsysteem tijdens melioidosis. In Hoofdstuk 3 wordt 
de rol van lipopolysaccharide (LPS) tijdens melioidosis onderzocht. LPS is een 
onderdeel van het celmembraan van de Gram-negatieve B. pseudomallei en 
wordt beschouwd als een virulentie factor. Wij toonden aan dat LPS een sterke 
ontstekingsreactie in zowel muizen als mensen kan induceren. Daarnaast hebben 
we door middel van in vitro (=in cellen) als in vivo (= in de muis) onderzoek 
aangetoond dat TLR4 in muizen de belangrijkste receptor is voor de signalering 
van LPS. Het is opmerkelijk te noemen dat LPS in menselijke cellen tevens via 
TLR2 signaleert. Deze resultaten benadrukken dat er inter-species verschillen 
zijn tussen mens en muis in de TLR-signalering. 

Figuur 1. Pathogenese van melioidosis. Burkholderia	pseudomallei kan witte bloedcellen, zoals 
macrofagen binnendringen. Een gedeelte van de geïnternaliseerde bacteriën wordt herkend en 
vernietigd, maar sommige overleven en kunnen zichzelf vermenigvuldigen in deze gastheercel, 
waarna ze in staat zijn andere cellen te infecteren.  Toll-like receptoren (TLR) zijn in staat in 
een vroeg stadium van infectie B. pseudomallei te herkennen en een potente immuunreactie te 
initiëren, door de productie van pro-inflammatoire cytokines te stimuleren. Deze TLR respons is 
strak gereguleerd: zo versterkt TREM-1 de TLR-geïnduceerde reacties en dempt interleukine 1 
receptor-associated kinase (IRAK) –M de immuunrespons juist tijdens melioidosis. Intracellulaire 
inflammasomes – vooral NLRC4 en NLRP3 - herkennen bepaalde bacteriële en endogene 
(=gastheereigen) moleculen, wat leidt tot caspase 1-gemedieerde afgifte van interleukine (IL)-
1β en IL-18 naast pyroptosis (caspase-afhankelijke celdood, waarmee de intracellulaire groei 
van bacteriën wordt geremd). IL-18 induceert interferon-γ productie, essentieel voor een goede 
immuunreactie, o.a. vanwege het rekruteren van T-cellen, wat ook leidt tot de activatie van 
B-cellen die antilichamen kunnen gaan produceren. Ook neutrofielen worden naar de plaats 
van infectie gelokt door aanwezige cytokines. Daarnaast wordt door de inflammatie-respons 
het complementsysteem en de stollingscascade geactiveerd.  (Afbeelding  en tekst (na vertaling) 
overgenomen uit Wiersinga et al, Melioidosis, NEJM, 2012; 367:. 1035-1044)
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receptor-associated kinase (IRAK) –M de immuunrespons juist tijdens melioidosis. Intracellulaire 
inflammasomes – vooral NLRC4 en NLRP3 - herkennen bepaalde bacteriële en endogene 
(=gastheereigen) moleculen, wat leidt tot caspase 1-gemedieerde afgifte van interleukine (IL)-
1β en IL-18 naast pyroptosis (caspase-afhankelijke celdood, waarmee de intracellulaire groei 
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immuunreactie, o.a. vanwege het rekruteren van T-cellen, wat ook leidt tot de activatie van 
B-cellen die antilichamen kunnen gaan produceren. Ook neutrofielen worden naar de plaats 
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Hoofdstuk 4 richt zich op de rol van TLR5 en zijn specifieke ligand flagellin. 
Flagellin is de bouwsteen van de flagel, een zweepstaartje, waarmee meerdere 
bacteriën, waaronder B. pseudomallei, zich kunnen voortbewegen en wordt 
herkend door TLR5.
Muizen die het gen voor TLR5  misten (Tlr5-/-) hadden in vergelijking met wildtype 
muizen een verhoogde mortaliteit en lieten meer orgaanbeschadiging en 
bacteriële verspreiding door het lichaam zien na infectie met B. pseudomallei. 
Dit was echter onafhankelijk van de aanwezigheid van de flagel.  Tlr5-/- muizen 
waren nog steeds gevoeliger voor infectie met B.	pseudomallei,	wanneer een 
flagel missende mutant werd gebruikt. Darmbacteriën kunnen een belangrijke 
invloed uitoefenen op immuuncellen in het gehele lichaam20. Wij konden 
aantonen dat Tlr5-/- en wildtype muizen een andere samenstelling hadden van 
hun darmflora. Door het langdurig toedienen van antibiotica konden we de 
darmflora elimineren bij zowel Tlr5-/- en wildtype muizen en zagen we dat de 
grotere gevoeligheid van Tlr5-/- muizen tijdens B. pseudomallei-infectie verdween. 
Het fenotype van Tlr5-/- muizen waarbij er meer bacteriële verspreiding was, kan 
gedeeltelijk verklaard worden door de verminderde fagocytose capaciteit van 
macrofagen. Fagocytose is een proces waarbij het membraan van een cel vaste 
deeltjes, zoals bacteriën omsluit en opneemt in de cel, om deze vervolgens af 
te breken. 
Deze data suggereren dat de functie van TLR5 grotendeels afhankelijk is van de 
samenstelling van de darmflora en dat manipulatie hiervan leidt tot een betere 
klinisch respons, mogelijk door het beïnvloeden van cellulaire functies, zoals 
fagocytose. Beïnvloeding van de samenstelling van de darmflora zou mogelijk 
een additionele therapeutische strategie tegen melioidosis kunnen vormen. 

Deel II

Het tweede deel van dit proefschrift omvat de studies die de rol van andere 
aangeboren immuunsysteem receptoren en cytokines tijdens melioidosis 
omschrijven. 
De functie van Triggering Receptor Expressed on Myeloid cells (TREM)-1 en 
-2 in  experimentele melioidosis, gebruik makende van het melioidosis muis 
model, wordt beschreven in Hoofdstuk 5. TREM-1 en TREM-2 zijn aangeboren 
immuunsysteem receptoren die de immuunrespons geïnitieerd door TLR en 
Nod-like receptors (NLRs) respectievelijk ofwel versterken of reguleren. 
TREM-1 en TREM-2 expressie is verhoogd in levers en longen van muizen tijdens 
experimentele melioidosis. TREM-2 bleek een beschadigende rol te spelen tijdens 
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B. pseudomallei geïnduceerde sepsis, zoals aangetoond door een verbeterde 
overleving van geïnfecteerde TREM-2 knockout (Trem-2 - / -) muizen. Tijdens 
geïnduceerde melioidosis was er sprake van minder bacteriële verspreiding, 
een beter gecontroleerde immuunrespons en minder orgaanschade. tijdens 
aanvullende in vitro studies, waarbij macrofagen geïsoleerd en gestimuleerd 
werden, observeerden we dat TREM-2 deficiëntie leidde tot een minder hevige 
ontstekingsreactie, wat de hypothese ondersteunt dat het beschermende effect 
van TREM-2 deficiëntie het voorkomen van een ‘hyper-ontstekingsreactie’ is. 
TREM-1 bleek ook een negatieve rol spelen tijdens B. pseudomallei infectie, wat 
overeenkomt met bevindingen uit een eerdere studie van onze groep21. Echter, 
de invloed van TREM-1 op de klinische respons was slechts beperkt en leidde 
niet tot een betere overleving. 
In Hoofdstuk 6 richtten we ons op de expressie en functie van het multipotente 
eiwit transforming growth factor (TGF) -β tijdens melioidosis. TGF-β wordt 
geproduceerd door vele cellen, waaronder leukocyten, en beïnvloedt de 
proliferatie en functie van verscheidene immuuncellen. In melioidosis patiënten 
waren de TGF-β waardes verhoogd. In B. pseudomallei- geïnfecteerde muizen 
zagen we tevens met de tijd toenemende expressie van TGF-β. Vervolgens 
hebben we de functie van TGF-β onderzocht door middel van een neutraliserend 
antilichaam. Het blokkeren van TGF-β signalering leidde tot minder orgaanschade 
en bacteriële verspreiding van B. pseudomallei tijdens experimentele melioidosis. 
Echter, de overleving van B. pseudomallei-geïnfecteerde muizen verbeterde niet. 
Doordat TGF-β zo veel verschillende eigenschappen heeft, was het specifieke 
mechanisme dat hiervoor verantwoordelijk was niet te achter halen. We konden 
wel aantonen dat het fenotype niet verklaart kan worden door af- of toename 
van belangrijke T-helper17 cellen, pro-inflammatoire cellen van het adaptieve 
immuunsysteem, waarvan de aanmaak door  TGF-β wordt aangestuurd.
Hoofdstuk 7 behandelt de rol van de NLRP3 inflammasome en anti-IL-
1β behandeling tijdens melioidosis. Inflammasomes zijn intracellulaire 
receptorcomplexen die verscheidene onderdelen van bacteriën, virussen 
en schimmels kunnen herkennen. Na binding aan een PAMP, komen de 
inflammasome componenten bijeen en activeren ze caspase-1 door middel 
van een protease. Hierop activeert caspase-1 de potente pro-inflammatoire 
eiwitten interleukin-1β (IL-1β) en IL1822, beide betrokken in de acute fase van 
de immuunrespons tegen B. pseudomallei7,23-25. Daarnaast induceert actief 
caspase-1 pyroptosis, wat een vorm van geprogrammeerde celdood is en zeer 
efficiënt is in het beperken van bacteriële groei26. De NLRP3 inflammasome is 
een van deze inflammasomes en zou een beschermende invloed hebben tijdens 
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wel aantonen dat het fenotype niet verklaart kan worden door af- of toename 
van belangrijke T-helper17 cellen, pro-inflammatoire cellen van het adaptieve 
immuunsysteem, waarvan de aanmaak door  TGF-β wordt aangestuurd.
Hoofdstuk 7 behandelt de rol van de NLRP3 inflammasome en anti-IL-
1β behandeling tijdens melioidosis. Inflammasomes zijn intracellulaire 
receptorcomplexen die verscheidene onderdelen van bacteriën, virussen 
en schimmels kunnen herkennen. Na binding aan een PAMP, komen de 
inflammasome componenten bijeen en activeren ze caspase-1 door middel 
van een protease. Hierop activeert caspase-1 de potente pro-inflammatoire 
eiwitten interleukin-1β (IL-1β) en IL1822, beide betrokken in de acute fase van 
de immuunrespons tegen B. pseudomallei7,23-25. Daarnaast induceert actief 
caspase-1 pyroptosis, wat een vorm van geprogrammeerde celdood is en zeer 
efficiënt is in het beperken van bacteriële groei26. De NLRP3 inflammasome is 
een van deze inflammasomes en zou een beschermende invloed hebben tijdens 
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experimentele melioidosis24. 
Wij toonden aan dat mRNA expressie van NLRP3 en ASC, de belangrijkste 
componenten van de NLRP3 inflammasome verlaagd is in septische melioidosis 
patiënten. Vervolgens onderzochten we de functie van NLRP3 en ASC in vivo 
met behulp van ons muizenmodel. Nlrp3	 - / - en Asc - / - muizen hadden een 
verminderde vroege pulmonale cytokine respons met daarbij minder influx van 
belangrijke neutrofielen in de long, in vergelijking met wildtype muizen. 
Dit leidde tot toegenomen bacteriële groei en verspreiding en een verhoogde, 
schadelijke systemische immuunrepons in een later stadium van de infectie. 
Echter, het blokkeren van IL-1β, een van de eindproducten van de inflammasome, 
werkte juist beschermend. Muizen behandeld met een anti-IL-1β antilichaam 
hadden een beter gecontroleerde lokale en systemische immuunrespons, 
minder orgaanschade en minder bacteriële verspreiding door het lichaam. Deze 
positieve effecten leidden ook tot een betere overleving, ook wanneer anti- IL-
1β behandeling werd gegeven aan al ernstig zieke muizen. Deze data laten zien 
dat er mogelijk een rol voor IL-1β  blokkade is in de behandeling van melioidosis.
Diabetes is de belangrijkste risicofactoren voor het ontwikkelen van melioidosis. 
Echter, het gebruik van het orale antidiabetische middel glyburide is zeer opvallend 
geassocieerd met een betere  overleving van diabetici met melioidosis27.
In Hoofdstuk 8 tonen we aan dat diabetische muizen toegenomen bacteriële 
groei en verspreiding laten zien na infectie met B. pseudomallei, in vergelijking 
met onbehandelde controle muizen. 
Behandeling met glyburide had geen evident effect op de regulering van 
glucose, maar leidde wel tot afname van bacteriële groei in zowel lever en milt, 
verminderde influx van immuuncellen in de longen en verlaagde interleukine 
(IL) -1β concentraties. Productie van andere ontstekingseiwitten werd niet 
beïnvloed. 
We vonden geen direct antimicrobieel effect van glyburide, derhalve postuleren 
wij dat glyburide door remming van IL-1β een beschermend effect heeft, mogelijk 
door het remmen van de influx van neutrofielen ter plekke van de infectie. 
Desondanks nemen neutrofielen een centrale plek in de aangeboren afweer 
tegen B. pseudomallei infectie. De functies van de neutrofiel variëren van het 
direct doden en fagocyteren van de bacterie tot het produceren en afgeven van 
antimicrobiële en immunoregulerende cytokinen. Hoofdstuk 9 bespreekt de rol 
van de S100 eiwitten; S100A8 (myeloïde-gerelateerd eiwit, MRP8) en S100A9 
(MRP14), de meest voorkomende intracellulaire eiwitten in neutrofielen, 
in melioidosis. Deze eiwitten kunnen het complex S100A8 /A9 (MRP8 / 14), 
ook wel calprotectine genoemd, vormen. S100A8 /A9  functioneert als een 
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direct doden en fagocyteren van de bacterie tot het produceren en afgeven van 
antimicrobiële en immunoregulerende cytokinen. Hoofdstuk 9 bespreekt de rol 
van de S100 eiwitten; S100A8 (myeloïde-gerelateerd eiwit, MRP8) en S100A9 
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‘damage-associated molecular pattern’ (DAMP), wat geproduceerd wordt door 
lichaamscellen als reactie op o.a. invaderende micro-organismes.  DAMPs 
worden ook herkend door ‘pathogen-recognition’ receptoren en kunnen 
daarmee de al gestarte immuunrespons extra stimuleren. 
Plasmaspiegels van  S100A8 / A9 zijn sterk verhoogd in patiënten met melioidosis 
en correleren met een slechte prognose. Ook in muizen, was er sprake van 
verhoogde S100A8 / A9 concentraties in longweefsel en plasma na infectie 
met B. pseudomallei infectie. Recombinant S100A8 / A9 was in staat om de 
groei van B. pseudomallei in vitro te belemmeren en S100A9 bleek essentieel 
voor neutrofielen om B.pseudomallei  te doden door middel van ‘neutrophil 
extracellular traps’ (NETs). 
Echter, muizen die het gen voor S100A9 misten (S100A9 - / -), hadden een betere 
afweer en een sterk toegenomen overleving tijdens experimentele melioidosis, 
in vergelijking met wildtype muizen. Onze resultaten tonen aan dat overmatige 
afgifte van S100A8 / A9, gevolgd door een overweldigende immuunrespons 
schadelijk kan zijn voor de geïnfecteerde gastheer, ondanks S100A8 / A9’s 
antimicrobiële eigenschappen in vitro.

Deel III

In deel drie van dit proefschrift beschrijven we onze eerste bevindingen over het 
voorkomen van melioidosis in Afrika, waarbij we ons focussen op Gabon. 
In Hoofdstuk 10 wordt seroprevalentie en bodemonderzoek in Gabon beschreven, 
waarbij de aanwezigheid van melioidosis kon worden aangetoond. In 5 van de 
304 (1,2%) schoolgaande kinderen konden antilichamen tegen B. pseudomallei, 
ofwel seropositiviteit, worden aangetoond. Het bodemonderzoek liet zien dat B. 
pseudomallei kon worden geïsoleerd uit 3% van de 800 grondmonsters, waarbij  
het maximum B. pseudomallei –positieve monsters op een van de locaties 14% 
was.  
Daarnaast beschrijven we de eerste casus van melioidosis in Gabon. Het ging 
hier om een dame met diabetes die een fatale septische shock op basis van 
een B. pseudomallei infectie ontwikkelde na het ontstaan van een abces in haar 
rechterbeen. Door middel van Multilocus Sequence Typing (MLST) werd het 
genoom van de uit deze patiënte geïsoleerde bacterie vergeleken met referentie 
stammen van B. pseudomallei en kon worden bevestigd dat het om een nieuw 
‘sequence type’ gaat. 
Deze studie ondersteunt de huidige inzichten dat melioidosis zich niet beperkt 
tot Zuidoost Azië en Noord Australië, maar dat deze ziekte waarschijnlijk niet 
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wordt herkend in grote delen van Afrika door het gebrek aan diagnostische 
voorzieningen op microbiologisch gebied.

Tenslotte, beschrijven we in Hoofdstuk 11 de virulentie van de uit de 
bovengenoemde Gabonese casus geïsoleerde B. pseudomallei stam. 
Onze experimenten toonden aan dat de virulentie van de Gabonese B. 
pseudomallei stam in vitro gelijk is aan dat van een Thaise referentie stam. 
Echter, wat belangrijker is, is dat in vivo de Gabonese B. pseudomallei stam veel 
minder virulent was. 
Naast een gebrek aan microbiologische laboratoria, kunnen virulentie verschillen 
van Burkholderia stammen mogelijk gedeeltelijk verklaren waarom het aantal 
voorspelde en waargenomen melioidosis gevallen in Sub-Sahara Afrika elkaar 
zo ontloopt. 

Tot slot

Melioidosis is een belangrijke oorzaak van sepsis in Zuidoost Azië en Noord 
Australië. Sepsis is het gecompliceerde resultaat van verscheidene processen 
geïnitieerd door het immuunsysteem, zowel anti- als pro-inflammatoir, als 
reactie op een infectie28.   
De eerste fase van de immuunreactie bestaat uit een ‘hyper-inflammatoire’ staat, 
waar door de hevige ontstekingsprocessen ook weefselschade en orgaanfalen 
kan ontstaan. 
Hierna volgt een ‘immunodepressieve’ fase, waarbij het immuunsysteem minder 
reactief lijkt te zijn en gedurende welke de mortaliteit het hoogst is. 
Ook tijdens melioidosis is het essentieel voor de gastheer om een gebalanceerde 
immuunreactie te ontketenen, waarbij de kans om te overleven zo groot 
mogelijk is. Ondanks tientallen jaren onderzoek, goed werkende antibiotica, 
betere ondersteunende therapieën en veelbelovende immunomodulerende 
anti-sepsis middelen, blijft de mortaliteit van melioidosis, net zoals bij sepsis, 
hoog (zie ook Hoofdstuk 12). 

Dit proefschrift toont dat IL-1β blokkade een duidelijk beschermend effect laat 
zien in met B. pseudomallei geïnfecteerde muizen. Voorts zou modulatie van 
de darmflora mogelijk kunnen bijdragen aan een betere immuunrespons van 
de geïnfecteerde gastheer. Daarnaast identificeert dit proefschrift TREM-2, de 
receptor die door haar afwezigheid een verbeterde overleving laat zien, als 
mogelijk therapeutisch target voor melioidosis. 
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Tot slot
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geïnitieerd door het immuunsysteem, zowel anti- als pro-inflammatoir, als 
reactie op een infectie28.   
De eerste fase van de immuunreactie bestaat uit een ‘hyper-inflammatoire’ staat, 
waar door de hevige ontstekingsprocessen ook weefselschade en orgaanfalen 
kan ontstaan. 
Hierna volgt een ‘immunodepressieve’ fase, waarbij het immuunsysteem minder 
reactief lijkt te zijn en gedurende welke de mortaliteit het hoogst is. 
Ook tijdens melioidosis is het essentieel voor de gastheer om een gebalanceerde 
immuunreactie te ontketenen, waarbij de kans om te overleven zo groot 
mogelijk is. Ondanks tientallen jaren onderzoek, goed werkende antibiotica, 
betere ondersteunende therapieën en veelbelovende immunomodulerende 
anti-sepsis middelen, blijft de mortaliteit van melioidosis, net zoals bij sepsis, 
hoog (zie ook Hoofdstuk 12). 

Dit proefschrift toont dat IL-1β blokkade een duidelijk beschermend effect laat 
zien in met B. pseudomallei geïnfecteerde muizen. Voorts zou modulatie van 
de darmflora mogelijk kunnen bijdragen aan een betere immuunrespons van 
de geïnfecteerde gastheer. Daarnaast identificeert dit proefschrift TREM-2, de 
receptor die door haar afwezigheid een verbeterde overleving laat zien, als 
mogelijk therapeutisch target voor melioidosis. 

Tenslotte, laten onze eerste onderzoeken naar melioidosis in centraal Afrika 
zien dat deze ernstige infectieziekte zich niet beperkt tot Azië en Australië. 
De klinische implicaties van onze bevindingen, met name op het gebied van 
mogelijke therapieën, zijn nog niet evident.  Het is te kort door de bocht om 
resultaten uit muizenstudies direct te extrapoleren naar mensen. Echter, het 
verdient de aandacht om de therapeutische mogelijkheden verder uit te diepen. 
Is TREM-2 blokkade door een antilichaam net zo effectief? Kan men in humane 
cellen door middel van TREM-2 blokkade de immuunrespons ook verminderen?
Leidt darmflora-manipulatie ook in wildtype muizen tot een verbeterde 
overleving?
Hoe zit het met de darmflora samenstelling in melioidosis patiënten? Is er een 
correlatie tussen ernst en mortaliteit van de ziekte en de samenstelling van 
iemands ‘gut microbiome’? Kan anti-IL-1β behandeling ook succesvol worden 
toegepast bij infectie met  ceftazidim-resistente B. pseudomallei?
Daarnaast is het essentieel voor de bestrijding van melioidosis om een beter 
beeld te krijgen van het voorkomen van melioidosis in landen die recent zijn 
aangemerkt als mogelijke hoog-incidentie landen29.
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Weekly Infectious Diseases Journal Club   2010-2014       1.0
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Oral presentation “ Protective effect of     2010        0.5
Transforming Growth Factor –β during melioidosis”. 
6th World Melioidosis Congress, Townsville, Australia

Poster presentation “ On the role of TOLL-like  2012        0.5
receptor  (TLR)-5 during Gram-negative sepsis 
caused by Burkholderia pseudomallei” . 
European Melioidosis Network Meeting,
Amsterdam, the Netherlands

Poster presentation “ On the role of TOLL-like  2012        0.5
receptor  (TLR)-5 during Gram-negative sepsis 
caused by Burkholderia pseudomallei” . 

7th International 
Federation of Shock Societies and the 35th annual
conference on Shock, Miami Beach, USA

Oral presentation “Differential Toll-like receptor    2013        0.5
signalling of Burkholderia pseudomallei 
lipopolysaccharide  in human and murine models”. 
7th World Melioidosis Congress, Bangkok, Thailand 

Poster presentation “ Toll-Like Receptor-5 (TLR5)    2013        0.5
contributes to flagellin-independent protective 
immunity during experimental melioidosis”. 
7th World Melioidosis Congress, Bangkok, Thailand 

Poster presentation ” A potential harmful role for    2013        0.5
Triggering Receptor Expressed on Myeloid cells  
(TREM)-1 and TREM-2 during experimental melioidosis”. 
7th World Melioidosis Congress, Bangkok, Thailand 

(Inter)national conferences
6th World Melioidosis Congress, Townsville, Australia  2010        1.0

Toll 2011, meeting-decoding innate immunity, Riva, Italy  2011        1.0

European Melioidosis Network Meeting,     2012        1.0
Amsterdam, the Netherlands

7th International Federation of Shock Societies and the   2012        1.0
35th annual conference on Shock, Miami Beach, USA

7th World Melioidosis Congress, Bangkok, Thailand   2012        1.0
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APROVE board membership     2011-2013       1

Organizer of “ Back to the future”; project to introduce   2012        1
high-school students to scientific research

Editorial boardmember  and co-author of     2013        1
“Promoveren doe je zo”
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Supervision master students’ scientific internship   2011        1
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Supervision bachelor students’ short internship   2012        0.2

Parameters of Esteem
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Spinoza (travel) grant, Academic Medical Center,    2010
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Awards and Prizes
AMC Young Talent Fund, Academic Medical Center,   2013
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proeven, het kritisch bekijken van mijn resultaten en het geven van jullie advies.
Het uitleggen van DNA-, RNA-sequencing en FACS aan een volledige leek zal niet 
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Heleen en Monique, dank voor al jullie hulp met het regelen van zaken die anders 
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Marieke en Joost, zonder jullie hulp zou dit boekje er niet zijn geweest, dank 
voor jullie flexibiliteit en het feit dat ik nu meer weet over de ‘Tour de France’ 
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blonde motormuis, dank voor je koelbloedigheid en je sarcasme op moeilijke 
momenten.  AJ, licht jaloers ben ik op het feit dat jij ervoor hebt gekozen je 
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droom i.p.v. het geijkte pad te volgen, daar kan ik nog best iets van leren. 
Arjan, beste ex-buurman, ik mis je op het werk en op het Borneo-eiland, jouw 
humor , danskwaliteiten en ICT-kennis waren onmisbaar voor mij.
Sacha en TREM-man Tijmen, dank voor jullie bemoedigende woorden en 
aansporing tijdens de laatste fase van mijn promotie. Wytske, ik heb de 
champagne die we gaan drinken op jouw promotie alvast koud gelegd!

Veel dank aan het LVIP en medewerkers voor hun gastvrijheid en de mogelijkheid 
om hun laboratorium te gebruiken. Ondanks verwoede pogingen van enkelen, 
ben ik nog steeds geen metal-fan.
Daarnaast dank aan alle ARIA-medewerkers voor hun hulp bij mijn 
muizenexperimenten.
Ook de KIT-medewerkers, met name Sandra en Erica, wil ik bedanken voor hun 
hulp in het ML-III laboratorium.

Tevens wil ik al mijn OLVG-collegae en supervisoren (Oost en West) bedanken 
voor hun steun in deze afrondende fase. Dankzij jullie is de sfeer fantastisch en 
was mijn start in de kliniek na enkele jaren muizendokter te zijn geweest heel 
erg fijn. 
Beste Yves en Ineke, dank voor jullie begrip en advies in deze drukke tijd!

Bedankt  mede- APROVE bestuursleden; Marije, Arthur, Inge, Charlotte, Jeroen, 
Ronak, Pier, Margriet, Mieke, Lisa, Simone, Olvert en Juliette, voor de gezellige en 
succesvolle activiteiten, het zakboek voor de promovendus en de memorabele 
symposia.

Uiteraard wil ik ook al mijn vrienden bedanken voor hun ‘moral support’.
Jullie zijn de afgelopen jaren, wonderlijk genoeg, niet weggelopen na al 
mijn geklaag over mislukte experimenten, niet geaccepteerde artikelen en 
weggegooide bacteriën. Het liefst wil ik jullie hieronder een voor een benoemen, 
maar dan zou mijn dankwoord een dankboek worden en dat schijnt niet te 
mogen.
Toch wil ik Emory en Johannes in het bijzonder bedanken voor hun hulp bij 
het vervaardigen van mijn proefschrift, zonder jullie zou het op een slechte 
uitvoering van een schoolkrant hebben geleken. Lin, dank voor het lenen van 
je vent!

Ook Stefan, Johnny, Chandra en Jolanda wil ik bedanken voor alle hulp in de 
vorm van oppassen, koken en/of mentale support ten tijde van onmogelijke 
dienstcombinaties van Kurdo en mij en samenvallende deadlines voor mijn 
proefschrift.

Graag wil ik ook mijn paranimfen bedanken. Jackie, dank voor je gezelligheid en 
al je hulp bij mijn melioidosis-proeven in het ML-III lab. Het was een voorrecht 
om met je samen te werken en met je kritische noot wist je onze proeven altijd 
net even iets beter te maken.  Ik denk dat de medische microbiologie zeer blij 
mag zijn dat jij hun team gaat versterken!
Adam, samen zijn we met de studie geneeskunde gestart, niet wetende dat onze 
paden weer zouden kruisen na 7 jaar geneeskunde. 
We hebben samen veel mee- en doorgemaakt en zijn daarbij (wederom) zeer 
goed bevriend geraakt; de ontelbare cappucino’s tijdens depressieve episodes, 
het bezoeken van congressen, onze huwelijken en de geboorte van ons beider 
kinderen.  
Op naar vele jaren vriendschap!

Lieve Rifka en Robin, dank voor jullie ‘expert-advise’ en het beschikbaar stellen 
van jullie huizen (over de gehele wereld) om me terug te trekken en aan mijn 
thesis te werken. 
Lieve Marius en Wendy, thank you for giving me a home away from home in 
Singapore. 

Lieve Johanna, Taib, Temo en Eleanor, jullie zijn de beste schoonfamilie die 
iemand zich kan wensen. Dank voor al jullie goede zorgen voor Livia, maar ook 
voor mij. 

Lieve Hoggar, ‘klein broertje’ dank voor je extreem slechte humor in tijden van 
ellende. Er is niemand die me zo op kan vrolijken als ik in de put zit. Ik ben trots 
op het feit dat je zo goed bezig bent ondanks alles. Een tip van je ‘grote’ zus; 
vergeet niet naar je hart te luisteren. 

Lieve vader, dank voor je relativeringsvermogen en het feit dat je, ongeacht op 
welk tijdstip ik ook bel, me altijd met raad en daad bijstaat. Je bent, ondanks 
mijn eigen twijfels, altijd blijven geloven dat het goed zou komen. 
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Lieve yemma, ‘een beetje van jezelf en een beetje van Allah’, dat was de spreuk 
waarmee je ons altijd aangaf dat niets je zomaar aan komt waaien. Ik heb diep 
respect voor het feit hoe jij je ambities zo goed wist te combineren met de liefde 
en zorg voor je kinderen.

Livia, mijn zonnestraaltje, wat ben ik gezegend met jou in mijn leven! Vanaf nu 
staat niets onze dagjes Artis meer in de weg.
Lieve Kur, ‘ my first, my last, my everything’. Dank voor al je liefde en steun, ook 
al waren de afgelopen maanden behoorlijk pittig. Op naar het achterna jagen 
van onze dromen, dat tropische eilandje lonkt! 
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