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General introduction and outline of the thesis
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General introduction

Typhoid fever and invasive salmonellosis

Typhoid fever is an acute or sub-acute febrile illness that remains an important global 
burden with more than 27 million cases worldwide each year and an estimated 217,000 
deaths1-3. Pierre Louis named this disease in 1829, although major endemics were 
described in literature as early as 430 BC1,2,4-6. Typhoid fever, also referred to as enteric fever, 
is caused by the Gram-negative bacterium Salmonella enterica serovar Typhi (S. Typhi) 
and, to a lesser extent, by S. Paratyphi A. The highest incidence rates of this feco-orally 
transmitted disease are found among children in those areas of Central and Southeast 
Asia that lack clean water and adequate sanitation7. Recent reports suggest that it also 
remains endemic in Africa with sporadic outbreaks3. Furthermore, typhoid fever has 
become an important cause of travel-associated disease due to a surge in international 
travel over recent decades5. In many parts of the world there are a lack of reliable 
microbiological facilities to support the epidemiological studies necessary to estimate 
the real global burden of this disease3,5,8. Blood culture followed by microbiological 
identification is, aside from bone marrow culture which is rarely performed, the gold 
standard diagnostic test for typhoid fever9. Due to the low sensitivity of blood culture, 
diagnostic tests based on serology, antigen detection or DNA have been developed but 
still have considerable practical limitations2,3,9. 

S. Typhi infection is associated with interstitial inflammation of the intestine and usually 
progresses to a bacteremic disease but, unlike other Gram-negative bacteremia, does 
not characterize itself with neutrophilia or septic shock10,11. Mortality is thought to result 
from intestinal perforation leading to peritonitis with sepsis caused by commensal gut 
flora or can result from severe toxic encephalopathy associated with myocarditis and 
hemodynamic shock1. While infections with non-typhoid Salmonellae (NTS), such 
as S. enterica serovar Typhimurium and S. Enteriditis, usually cause a self-limiting 
diarrhea, bacteremia does occur in immunological impaired patients, and are under 
those circumstances regarded as an invasive salmonellosis12. Fluoroquinolones, such 
as ciprofloxacin and ofloxacin, remain the preferred antibiotic drug in areas where 
resistance is uncommon. In Asia where more than 90% of the strains show resistance 
against fluorquinolones; azithromycin, gatifloxacin or ceftriaxone are currently the best 
treatment options13. Relapse may complicate the illness and fecal carriage can become 
chronic due to colonization of the gallbladder. An estimated 1-6% percent of typhoid 
patients become chronic asymptomatic carriers shedding large numbers of bacteria in 
their stool14. Although typhoid fever can still be effectively treated with antimicrobial 
drugs, the growing rate of resistance makes the search for long-term solutions by 
prevention increasingly more important. Targeted vaccination programs of high-risk 
populations are currently being set-up by local governments and are combined with 
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provision of safe water and improved sanitation. However, current vaccines are poorly 
immunogenic in young children, the age with the highest incidence, and immunity lasts 
only a few years3,15. A better understanding of the complex bacterial and host interactions 
during typhoid fever will generate important insights for future treatment strategies 
directed against this debilitating disease.

Host-pathogen interactions 

The host response to invading microbial pathogens relies on both the innate and 
adaptive immune response, although recent reports suggest that both are more 
intertwined than was thought for decades. The innate immune response was long 
regarded as a non-specific first-line defense in contrast to the adaptive immune 
response, which is mediated by clonally distributed B and T lymphocytes that drive the 
specific antibody-directed and cell-mediated host defense. However, in the last decade 
the innate immune response has proven to be more advanced with its own explicit 
antimicrobial functions recognizing specific groups of microorganisms and mediating 
adaptive immune responses as well16. To discriminate invading pathogens from self, the 
innate immune response make use of intra- and extracellular receptors that recognize 
pathogen specific inner and outer surface molecules that are not found on host cells. 
These molecules, or motifs, have been termed pathogen associated molecular patterns 
(PAMPs) and can bind to pattern recognition receptors (PRRs) of the host cells involved 
in the innate immune response. Well known PAMPs include lipopolysaccharide (LPS) 
and flagella (bacterial tail), which are found on the outer membrane of Gram-negative 
bacteria17. During bacterial invasion, the PRRs recognize specific PAMPs, thereby eliciting 
a cascade of antimicrobial functions with the release of signaling and cytotoxic proteins 
for the rapid control of the infection (Figure 1)18. 

The host response during severe bacterial infection

Sepsis, most often caused by bacterial microorganisms, may be defined as the 
detrimental host response towards invading pathogens or their toxins18-20. Current 
insights on the pathogenesis of sepsis has shown that the severity and duration of this 
host-driven response syndrome is determined not only by host factors (e.g. age, medical 
history, medication) but also by pathogen specific factors (e.g. microbial load, virulence) 
(Figure 1)18. Paradoxically, this overwhelming systemic response, driven by both pro-
inflammatory responses and anti-inflammatory immunosuppressive responses, often 
leads to fatal multi-organ failure (MOF) and septic shock. The consequence of this hyper-
inflammation is collateral tissue damage and necrotic cell death, resulting in the release 
of damage associated molecular patterns (DAMPs), danger signals that can further 
propagate inflammation by acting on the same PRRs that are triggered by pathogens. 
Furthermore, during sepsis, the blood-coagulation system is triggered. Activation of 
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coagulation and the deposition of fibrinolytic clots are thought to contain inflammatory 
and bacterial activity at the site of infection. However, altered coagulation during 
inflammation may be detrimental, leading to disseminated intravascular coagulation 
and microvascular thrombosis, which is invariably associated with severe sepsis21. The 
pathogenesis of this distorted coagulation shows that molecules that drive coagulation 
are up regulated and molecules of anticoagulation are down regulated22. Knowledge on 
the role of the coagulation and fibrinolysis system in the pathogenesis of typhoid fever 
and its interplay with inflammation is very limited.
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Figure 1. The host response during sepsis

The host response to sepsis is characterized by both pro-inflammatory responses (top of panel, in red) 
and anti-inflammatory immunosuppressive responses (bottom of panel, in blue). Inflammatory responses 
are initiated by interaction between pathogen-associated molecular patterns expressed by pathogens (i.e. 
Salmonella Typhi), and pattern recognition receptors expressed by host cells at the cell surface (toll-like 
receptors; TLRs, and C-type lectin receptors; CLRs), in the endosome (TLRs), or in the cytoplasm (retinoic 
acid inducible gene 1–like receptors; RLRs, and nucleotide-binding oligomerization domain–like receptors; 
NLRs). The consequence of exaggerated inflammation is collateral tissue damage and necrotic cell death, 
which results in the release of damage associated molecular patterns, so-called danger molecules that 
perpetuate inflammation at least in part by acting on the same pattern-recognition receptors that are triggered 
by pathogens. (Partially adapted from Angus et al. N Eng J Med 2013; 369:840-51).
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Melioidosis and Burkholderia pseudomallei

As a comparator to typhoid fever we studied melioidosis, another severe bacterial illness 
caused by an intracellular pathogen prevalent in Southeast Asia, Burkholderia (B.) 
pseudomallei. Melioidosis is, in contrast to typhoid fever, a major cause of community-
acquired sepsis with high mortality rates due to hyper-inflammation and septic shock. 
The highest incidence rates of this disease are found among rice-farmers in Southeast 
Asia and the indigenous peoples of northern Australia23-25.  In endemic regions such 
as Northeast Thailand, the annual incidence may be up to 50 new cases per 100,000 
population23,26. Cases are also often reported in Malaysia, Singapore, Vietnam, Cambodia, 
Laos and Bangladesh26,27. As with typhoid fever, cases of melioidosis are more frequently 
seen in Western Europe following the surge of travel to Southeast Asia in recent years28. 
In endemic areas, B. pseudomallei can be isolated from wet soils and rice paddies23,24. 
Transmission occurs via percutaneous inoculation through injured skin or via inhalation 
of aerosols24. The Asian tsunami in 2004 exposed many people to B. pseudomallei and 
there was a peak of melioidosis cases due to inhalation, ingestion and aspiration of 
contaminated water, mud, and soil29,30. 

Melioidosis is thought to be an opportunistic infection as it has been shown that more 
than 80% of patients with melioidosis have one or more risk factors for the disease. 
Such risk factors for melioidosis are diabetes, heavy alcohol use, chronic pulmonary and 
renal disease, thalassemia and, to a lesser extent glucocorticoid therapy and cancer23,26. 
The disease is usually not fatal in immunocompetent patients provided that the 
infection is diagnosed early and appropriate antibiotics and intensive care facilities are 
available25. B. pseudomallei spreads rapidly throughout the body once it has penetrated 
the host. Pneumonia, seen in about 50% of all infected patients, is a common clinical 
feature but other disease manifestations occur such as genitourinary infections, skin 
infections, septic arthritis or osteomyelitis or parotitis24,25,31. Rarely, melioidosis may 
present as a chronic disease with subclinical symptoms lasting over 2 months24,31. 
During this chronic form symptoms may mimic other diseases such as tuberculosis32. 
Most importantly, sepsis and septic shock occur in about 20% of all infected patients 
in Southeast Asia with melioidosis. The mortality of melioidosis is therefore high and 
varies from 20 to 50% despite appropriate antibiotics23,25. Treatment is often difficult 
with slow fever clearance-times, and consists of an intensive phase of at least 10 to 14 
days of ceftazidime, meropenem, or imipenem administered intravenously, followed by 
oral eradication therapy, usually with trimethoprim–sulfamethoxazole (TMP-SMX) for 
3 to 6 months24. Vaccination programs would be the best strategy to reduce this fatal 
disease from spreading, but a human vaccine is currently not available for melioidosis24. 
Reducing the high mortality rates in poor income countries may depend on new 
therapeutic strategies resulting from fundamental research on bacterial pathogenesis 
and host–pathogen interactions. 
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Guide to this thesis

The overall aim of this thesis is to increase our insight into the pathogenesis of typhoid 
fever and to identify possible new treatment targets for this important disease. More 
specifically, we have focused on host-pathogen interactions in typhoid fever and 
explored the differences between typhoid fever and other invasive salmonellosis, and 
melioidosis. 

The key objectives were first to further characterize the innate immune response and the 
potential sepsis response syndrome during typhoid fever and secondly to obtain more 
insights in the pathogenesis of melioidosis, a disease known to cause severe sepsis. We 
performed additional studies evaluating epidemiology, etiology and diagnostic testing in 
typhoid fever. To explore our key objectives the thesis is divided into three parts. 

Part I starts with a general introduction of this thesis, and chapter 2 serves as a 
general overview discussing the pro-inflammatory response in sepsis caused by bacterial 
pathogens.

Part II focuses on host-pathogen interactions in invasive salmonellosis with chapter 3 
reviewing current knowledge on the pathogenesis in salmonellosis and typhoid fever. 
Chapter 4 and 5 describe our typhoid fever patient study and focus on the epidemiology, 
diagnostics and etiology of patients with fever presenting to hospital in Bangladesh. 
Chapter 6 reports on the activation of coagulation and fibrinolysis in patients with 
severe typhoid fever and chapter 7 addresses the role of granzymes, serine proteases 
causing cell death, activated intracellular or released during typhoid fever. The last two 
chapters of part II further discuss the role of innate immune receptors and molecules 
using murine infection models: chapter 8 describes two mouse models of invasive 
salmonellosis, the typhoid and colitis model, and further defines the role of intracellular 
inflammasome molecules during in vivo Salmonella Typhimurium infection. Finally, 
chapter 9 characterizes the role of S100A8/A9, a danger signal released during the pro-
inflammatory response, in human and mice with severe typhoid fever.  

Part III, describes our studies on the pathogenesis of human and murine melioidosis. 
Chapter 10 reports on the expression and potential role of neutrophil extracellular 
traps (NETs) in the host defense against sepsis induced by Burkholderia pseudomallei. 
In chapter 11, the expression of factor VII-activating protease (FSAP), which can release 
nucleosomes defined as extracellular DNA and histones and a substantial part of NETs, 
in melioidosis is studied. Finally, chapter 12 defines the role of S100A8/A9 in the host 
defense against human and murine melioidosis caused by B. pseudomallei. 
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We end this thesis with Part IV, a brief epilogue summarizing the results and conclusions 
presented in this thesis (chapter 13 and 14). We describe the new insights derived 
from this work and suggest potential future directions in which to continue this research.
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