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Chapter 13
 Summary, general discussion and conclusion
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Summary

Although eradicated in Europe and North America, typhoid fever caused by Salmonella 
Typhi remains a common cause of bacterial infection in middle and low-income 
countries and a potential life-threatening disease when left untreated1. As a comparator 
to typhoid fever, melioidosis caused by Burkholderia pseudomallei, is a common cause 
of community-acquired sepsis in Northeast Thailand and Northern Australia with high 
mortality rates despite sufficient bacterial eradication with antimicrobial treatment2. In 
this thesis we aim to increase our insight into the pathogenesis of typhoid fever and 
melioidosis and to identify potential new treatment targets. More specifically, we have 
focused on host-pathogen interactions in typhoid fever and explore the differences 
between typhoid fever and other invasive salmonellosis, and melioidosis. We performed 
additional studies evaluating diagnostic tests in typhoid fever.

Part I of this thesis serves as an overview of the host response during bacterial 
infections with a brief introduction about typhoid fever and melioidosis. Chapter 2 
gives a general introduction on the systemic inflammatory response syndrome (SIRS), 
which can be elicited by invading pathogens, and highlights recent insights in its 
pathogenesis. The predominantly cytokine-mediated, pro-inflammatory response 
of the host to invading pathogens has always been considered the hallmark sign of 
sepsis. Molecular components of this response can be divided into cytokines, plasma 
cascades and acute phase proteins, while the predominant cellular components are 
leukocytes and the endothelium. High throughput genetic profiling studies have led 
to increased insights into leukocyte regulation during sepsis. New players in the pro-
inflammatory cytokine network include interleukin (IL-)17, high-mobility group box 
(HMGB)-1 protein, macrophage migration inhibitory factor (MIF), myeloid-related 
proteins MRP8 (S100A8) and MRP14 (S100A9) and soluble triggering receptor expressed 
on myeloid cells (TREM)-1. Activation of coagulation with concurrent down regulation 
of anticoagulant systems and fibrinolysis is almost universally present in septic patients 
with SIRS. Increasing evidence points to an extensive cross talk between inflammation 
and coagulation, in which the protease-activated cell receptors (PARs) play an important 
role. Excessive activation of the complement system, in which C5a plays a central 
role, is a key feature of severe sepsis. Further dissection of the role of host-pathogen 
interactions, the cytokine network, the coagulation cascade, the complement system 
and their multidirectional interactions in sepsis will pave the way for new treatment 
targets that can modify the excessive and collective activation of all these systems. In 
the next two parts of this thesis we aim to increase our understanding of the host-
pathogen interactions during severe bacterial illnesses. In this thesis we have analyzed 
the effects of separate proteins involved in the innate immune response during typhoid 
fever, other invasive salmonellosis and melioidosis. 
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In part II we further characterize the innate immune response during typhoid fever 
and invasive salmonellosis. Chapter 3 gives a general introduction into the world of 
both typhoid and non-typhoidal salmonellosis (NTS) and highlights recent advances in 
this research field. The full genome of numerous Salmonella enterica serovars have 
now been sequenced. The S. Typhi genome, when compared to that of S. Typhimurium, 
harbors numerous inactivated or disrupted genes. This can partly explain the different 
immune responses that both serovars induce upon entering their host. Similar 
genome degradation is also observed in the ST313 S. Typhimurium strain implicated 
in invasive infection in sub-Saharan Africa. Virulence factors, most notably, type three 
secretion systems, Vi antigen, lipopolysaccharide and other surface polysaccharides, 
flagella, and various factors essential for the intracellular life cycle of S. enterica, have 
been characterized. Genes for these factors are commonly carried on Salmonella 
Pathogenicity Islands (SPIs). Plasmids also carry putative virulence associated genes as 
well as those responsible for antimicrobial resistance. The interaction of Salmonella 
pathogen associated molecular patterns (PAMPs) with Toll-like receptors (TLRs) 
and NOD-like receptors (NLRs), leads to inflammasome formation, activation and 
recruitment of neutrophils and macrophages and the production of pro-inflammatory 
cytokines, most notably IL-6, IL-1β, tumor necrosis factor (TNF)-α and interferon-gamma 
(IFN)-γ. The gut microbiota may be an important modulator of this immune response. 
S. Typhimurium usually causes a local intestinal immune response whereas S. Typhi, 
by preventing TLR induced neutrophil attraction, evades the local response but then 
causes a systemic infection. Although more is becoming known about the pathogenesis 
of invasive salmonellosis, host-pathogen interactions are still ill defined. 

To explore these host-pathogen interactions in more detail we studied fever patients in a 
tertiary hospital in Bangladesh. Chapter 4 describes the etiology of fever in hospitalised 
patients in Bangladesh. Febrile ilnesses are among the most common causes of hospital 
admission in countries such as Bangladesh but causative pathogens are often not 
identified. In this study, adults and children admitted to Chittagong Medical College 
Hospital with fever were investigated with a malaria smear, a blood culture, real-time 
PCRs to detect multiple bacterial organisms, and dengue test. In total, 304 febrile patients 
were enrolled in 6 months: 160 children and 144 adults. Clinical syndromes included: 
enteric fever (56, 18.4%), lower respiratory tract infection (48, 15.8%), non-specific 
febrile illness (47, 15.4%), CNS infection (36, 11.8%), upper respiratory tract infection 
(25, 8.2%), urinary sepsis (23, 7.6%), diarrhea/dysentery (22, 7.2%), and malaria was 
suspected in seven patients. The most common pathogen detected in blood by culture 
or PCR was Salmonella Typhi in 39 patients. Rickettsia typhi and Orientia tsutsugamushi 
were detected by PCR in two and one patient respectively and two patients were dengue 
positive. The 18 tested S. Typhi isolates had intermediate susceptibility to ciprofloxacin 
and six were resistant to chloramphenicol, ampicillin and co-trimoxazole (MDR). A total 
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of 29 (9%) patients died during their hospital admission: 15/160 (9.4%) of the children 
and 14/144 (9.7%) adults; 2/56 (3.6%) patients with enteric fever, 5/48 (10.4%) patients 
with lower respiratory tract infections, and 12/36 (33.3%) patients with encephalitis/
meningitis. Enteric fever, lower respiratory tract infections and CNS infections were 
common among febrile patients admitted to this hospital in Bangladesh. One third of 
CNS infection patients died. Affordable and accurate rapid diagnostic tests to determine 
causative pathogens would be of great clinical utility for patient management in this 
setting. Therefore, in chapter 5, diagnostic accuracies for three rapid diagnostic tests 
(RDTs) were determined for typhoid fever in the same cohort of febrile adults and 
children. In total, 34 (11.3%) had confirmed typhoid fever: 19 positive by blood culture 
for S. Typhi (3 blood PCR positive); 15 blood culture negative but PCR positive for S. 
Typhi in blood. The respective sensitivity and specificity of the three RDTs in patients 
using a composite reference standard of blood culture and/or PCR confirmed typhoid 
fever were 36% and 89% for LifeAssay, 54% and 74% for the CTK IgM and/or IgG, and 21% 
and 97% for the SD Bioline RDT IgM and/or IgG. The LifeAssay RDT had a sensitivity of 
63% and a specificity of 91% when modified with a positive cut-off of ≥ 2+ and analyzed 
using a Bayesian latent class model. These RDTs demonstrated low diagnostic accuracies 
and better tests are needed. 

Gastrointestinal bleeding has been described as the most common complication 
of typhoid fever, occurring in up to 10% of patients, and which may be fatal. The 
coagulopathy in typhoid fever is ill defined. In chapter 6 the activation of coagulation, 
anticoagulation, and fibrinolysis was evaluated in 28 hospitalized patients with typhoid 
fever from the Bangladesh study and compared to 38 healthy local controls. Typhoid 
fever patients showed a strong activation of their coagulation system, as reflected 
by elevated thrombin generation and high plasma levels of fibrinogen, D-dimer and 
prothrombin fragment F1+2 in concert with consumption of coagulation factors 
resulting in a prolonged prothrombin-time and activated-partial-thromboplastin-time. 
Concurrently, the anticoagulant proteins, protein C and antithrombin, were significantly 
lower in comparison to healthy controls. Patients also demonstrated evidence of 
activation and inhibition of fibrinolysis, as reflected by elevated concentrations of tissue-
type plasminogen activator, plasminogen activator inhibitor type-1, plasmin alpha2-
antiplasmin complexes, soluble form of the urokinase-type plasminogen activator 
receptor and lower platelet counts. Furthermore, strong activation of endothelial cells 
was seen as reflected by increased levels of von Willebrand factor and endothelial cell 
specific molecule-1. The extent of coagulation activation correlated with the stage of 
the disease; repeated testing during convalescence showed a return toward normal 
values. These data show that activation of coagulation is an important clinical feature 
of typhoid fever and is associated with severity of disease. Chapter 7 addresses the 
role of intra- and extracellular granzymes released during typhoid fever. Granzymes are 
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serine proteases promoting cytotoxic lymphocytes mediated eradication of intracellular 
pathogens via the induction of cell death and which can also play an extracellular role 
in inflammation. We analyzed soluble protein levels of extracellular granzyme A and 
B in healthy volunteers and patients with confirmed S. Typhi infection at the time of 
admission and during convalescence, and investigated whether the levels correlated 
with interferon (IFN)-γ release, a cytokine significantly expressed in typhoid fever. 
The presence of intracellular granzyme A, B and K in subsets of lymphocytic cells 
was determined using flow cytometry. Patients demonstrated a marked increase of 
extracellularly released granzyme A and B in acute phase plasma and both correlated 
with the level of IFN-γ release. Extracellular levels of granzyme B but not granzyme 
A were associated with disease stage; lower levels of granzyme B were found during 
convalescence in plasma from patients compared to day of admission. Peripheral blood 
mononuclear cells of typhoid fever patients had a higher percentage of lymphocytic 
cells expressing intracellular granzyme A, granzyme B, but not granzyme K, compared 
to controls. In patients and controls, the main producers of the intracellular granzymes 
were T lymphocytes. In conclusion, granzymes are markedly elevated in human typhoid 
and correlate with stage of disease.  

The last two chapters of part II discuss the role of innate immune receptors and 
molecules in murine Salmonella infection. We first established two mouse models of 
invasive salmonellosis. We orally inoculated mice with Salmonella Typhimurium after 
pre-treating the mice with streptomycin (an antibiotic), to induce local inflammation 
at the site of infection (the gut), a model similar to non-typhoidal salmonellosis in 
humans (colitis model). Alternatively we fasted the mice for 12 hours to induce a 
clinical syndrome comparable to the systemic illness seen in typhoid fever patients 
(typhoid model). In chapter 8 we use these two models to study the inflammasome, 
an intracellular protein complex triggered by exposure to intracellular pathogens, its 
components or other endogenous proteins. Inflammasome activation leads to the 
activation of and subsequent release of pro-inflammatory cytokines such as IL-1β and 
IL-18. The role of specific inflammasome molecules (ASC and NLRP3) was further 
characterized in the colitis and typhoid mouse model. IL-18 release was reduced in ASC 
knock out (KO) mice but not NLRP3 KO or wild type (WT) mice during S. Typhimurium 
infection (both models). Despite this reduction in IL-18 release, bacterial counts and 
cytokine levels did not differ between WT and KO mice in either model. In the colitis 
model small differences were seen with regard to splenic and hepatic inflammation, 
although this was IL-18 independent. Our results revealed a surprisingly limited role 
for ASC and NLRP3 during in vivo S. Typhimurium infection despite its role in cytokine 
maturation. In chapter 9 we aim to characterize the expression and function of 
S100A8/A9 in patients with typhoid fever and in the typhoid mouse model. Typhoid 
fever patients demonstrated a marked increase of S100A8/A9 in acute phase plasma and 
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feces and this increase correlated with the duration of fever prior to admission. S100A8/
A9 directly inhibited the growth of S. Typhimurium and S. Typhi in vitro in a dose and 
time dependent fashion. WT mice inoculated with S. Typhimurium showed increased 
levels of S100A8/A9 in both the liver and the systemic compartment but S100A9 KO mice 
were indistinguishable from WT mice with respect to bacterial growth, survival, and 
inflammatory responses, as determined by cytokine release, histopathology and organ 
injury.  S100A8/A9 is markedly elevated in human typhoid, correlates with duration of 
fever prior to admission and directly inhibits the growth of S. Typhimurium and S. Typhi 
in vitro. Despite elevated levels in the murine invasive Salmonella model, S100A8/A9 
does not contribute to an effective host response against S. Typhimurium in mice.  

Part III describes our studies on the pathogenesis of human and murine melioidosis. 
The innate immune response is both driven by pathogen recognition via specific inner 
and outer surface molecules but also driven by danger signals released by cells from the 
host. In the last decade it was discovered that immune cells could release traps composed 
of DNA and other toxic granules to entrap and kill bacteria. However, these traps can 
behave as a double-edged sword and could become detrimental if released excessively. 
Chapter 10 reports on the expression and role of neutrophil extracellular traps (NETs) 
in the host defense against sepsis induced by B. pseudomallei. In Thai patients with 
melioidosis, markedly elevated levels of nucleosome and neutrophil-elastase (both 
components of NETs) were seen when compared to controls. In vitro, NETs killed B. 
pseudomallei effectively, and neutrophils stimulated with B. pseudomallei showed 
increased elastase and DNA release in a time and dose dependent matter. In mice, NETs 
disruption with intravenous DNase administration resulted in decreased nucleosome 
levels. Although DNase treatment of mice resulted in diminished liver inflammation, 
no differences were observed in bacterial dissemination or systemic inflammation. 
Taken together, B. pseudomallei is a potent inducer of NETosis as reflected by greatly 
increased levels of NET related-components in patients with melioidosis. Although NETs 
exhibited antibacterial activity against B. pseudomallei, NET formation did not protect 
against bacterial dissemination and inflammation during B. pseudomallei-induced 
sepsis. Chapter 11 shows that factor VII-activating protease (FSAP), which can release 
nucleosomes from late apoptotic cells, is markedly elevated in melioidosis patients 
when compared to controls. Diabetes mellitus (DM) is the most important risk factor 
for melioidosis. Since half of our patients with melioidosis were diabetic, we were able 
to dissect the contribution of diabetes towards FSAP activation in this cohort of patients. 
The FSAP levels markedly increased in patients with melioidosis after adjusting for the 
effect of DM in a regression model. As expected, FSAP activation was correlated with 
nucleosome release. No difference in FSAP activation on admission was seen between 
survivors and non-survivors, but the extent of FSAP activation correlated with stage of 
the disease; repeated testing during convalescence showed a return toward normal 
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values. Together these data indicate that patients with Gram-negative sepsis caused 
by B. pseudomallei have abundant FSAP activation, which significantly correlates with 
stage of disease.  The presence of DM however, does not influence the extent of FSAP 
activation. 

Finally, chapter 12 defines the role of S100A8/A9 in the host defense against human 
and murine melioidosis caused by B. pseudomallei. 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 deficient 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 summary, clinical and experimental melioidosis is associated with an 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. 

Discussion

Our study in Bangladesh shows that despite antimicrobial treatment 4% of patients with 
enteric fever still die. During severe bacterial infection uncontrolled activation of the 
innate immune response can lead to detrimental systemic inflammation, intravascular 
coagulation, tissue injury, and eventually death3,4. Typhoid fever has always been regarded 
as systemic infection without features of sepsis5. The presence of the Vi antigen on the cell 
surface of S. Typhi leads to capsule formation, which ultimately prevents innate immune 
cell recognition6. As a consequence, in patients with typhoid fever there is no rapid 
recruitment of neutrophils to the site of infection and limited amounts of cytokines are 
released. The classical hyper pro-inflammatory response as seen in sepsis is only seen in 
a small number of patients with typhoid fever. However, recent insights - such as the ones 
described in this thesis - do show that specific features of the pro-inflammatory innate 
immune response are being triggered in almost all hospitalized typhoid fever patients. 
For example the extensive abnormalities in coagulation and fibrinolysis are comparable 
to the ones seen in patients with sepsis. In typhoid fever this could potentially lead to 
gastrointestinal bleeding which is a feared and well-known complication in severe cases. 
Furthermore, high levels of danger signals such as S100A8/A9, or cytotoxic granules 
(granzymes) are found in the plasma of patients with typhoid fever and suggest extensive 
tissue damage and cell death. Whether patients with enteric fever will benefit from 
treatment strategies that target this hyper-inflammatory host response is questionable. 
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In the early eighties, steroids have been reported to be of benefit in severe typhoid 
cases. This however was in an era when high mortality rates were observed due to the 
limited availability of antibiotic drugs leading to delays in starting effective therapy, and 
when antimicrobials such as the fluoroquinolones, azithromycin and cephalosporins 
had only just appeared on the market7. In contrast to typhoid fever, severe melioidosis 
is a classic example of the initial exacerbated hyper-inflammatory host response. During 
the initial phase, danger signals and NETs are released rapidly for early containment of 
the infection. However, too much inflammation is detrimental to the host. Antibodies 
directed against S100A8/A9 could potentially serve as a new treatment strategy in 
melioidosis in an effort to dampen the B. pseudomallei induced hyper-inflammatory 
response. However, current insights in the pathogenesis of sepsis has shown that the 
severity and duration of this host-driven response syndrome are determined not only by 
host factors but also by pathogen specific factors8. In this perspective, future research 
should also take into account the bacterial genotype during the host response and the 
amount of bacteria ingested. In addition, recent work suggests that most patients with 
sepsis die in a phase of immunosuppression. As a consequence, it has been suggested 
that one should activate the immune response during sepsis instead of dampening it9-11. 

Future directions

It has been known since the time of Pasteur that improving sanitation and providing clean 
drinking water can prevent microbial spread12. In Europe and Northern America typhoid 
fever is almost eradicated due to our efforts in public health interventions and improved 
living conditions1. In other areas of the world, and despite several decades of intensive 
clinical research, the incidence of typhoid fever and other bacterial infections such as 
melioidosis remains high with unnecessary mortality as a consequence1,13. In contrast to 
melioidosis, several typhoid fever vaccines exist and potential vaccine candidates will be 
available in the near future1. Unfortunately, current vaccines lack high immunogenicity 
in children and some are rather expensive. For melioidosis no vaccines so far have been 
developed13. Furthermore, bacterial strains mutate during every epidemic and could 
potentially lead to new disease phenotypes in humans. For example, a distinct genotype 
of S. Typhimurium, ST313, has emerged as a new pathogenic species in sub-Saharan 
Africa, and might have adapted to cause invasive disease in human beings. Recent analysis 
of S. Typhimurium isolates from the unusually invasive infections, have shown loss of 
gene function similar to S. Typhi isolates14. These observations suggest that a similar 
process of adaption to the human host may be occurring in African S. Typhimurium 
as has been observed in S. Typhi6. Studies on host-pathogens interactions in typhoid 
fever and melioidosis have not only shed light on the pathogenic mechanisms, but have 
also identified potential new treatment targets, which await further investigation. Table 
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1 summarizes some important questions for future Salmonella investigation. Future 
research on host-pathogen interactions is not only intriguing but is also a necessity in 
the light of growing antimicrobial resistance.

Table 1: Questions for future research.

Genomics

Can bacterial genotype be linked to the clinical disease phenotype in humans?

Is there a true association between bacterial genotype and/or the presence of a multidrug 
resistant plasmid and disease severity? If there is an association, what is the mechanism? 

Diagnostics 

What is needed to develop beter rapid diagnotic tests for the diagnosis of typhoid fever?

Does the level of IFN-γ in plasma of patients correspond to the number of bacteria ingested 
and could it potentially serve as an indicator of bacteremia?

Host response

Is there a difference between S. Typhi and S. Paratyphi induced enteric fever in the host gene 
expression pathways?

What is the role of DAMPs during severe typhoid fever? Are these danger associated molecular 
patterns causing the damage that occurs in the gut or do they function as signals only?

Could S100A8/A9 be a potential driver of fever in typhoid fever?

Is the recently described S. Typhi exotoxin the activator of the extensive endothelial 
inflammation we found during typhoid fever15?

Is a change in gut flora the reason that typhoid patients still have an altered immune profile nine 
months after infection16? Moreover, do these patients have an increased risk for re infection 
with other invasive Salmonellae?

Treatment

Can we exploit a better understanding of disease pathogenesis to lead to new therapeutic 
approaches? Potential immunomodulating treatment strategies for invasive salmonellosis 
could target the pathogen directly, e.g. based on drugs targeting T3SS or flagella, or target key 
host response proteins, e.g. TLR4, NLRC4 or IFN-γ depending on the phase of the immune 
response

Are steroids beneficial in severe typhoid fever as has previously been suggested7? And if so, 
what is the mechanism behind these observations?

Partially adapted from: de Jong et al. PLoS Pathogens, 20126
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Conclusion

These studies have contributed to our knowledge on the role of the innate immune 
response in typhoid fever, other invasive salmonellosis, and melioidosis. The results 
have challenged the concept that typhoid fever is only a bacteremic disease without the 
‘classic’ features of sepsis. Although patients with melioidosis and mice challenged with 
B. pseudomallei show a more severe septic response with higher mortality rates, typhoid 
patients do show a profound dysregulation of their immune response with high levels of 
dangers signals present in their plasma indicating extensive tissue damage together with 
prominent coagulation abnormalities. Of interest, we identified S100A8/A9 as a potential 
new treatment target for melioidosis. Further characterization of the innate immune 
response to S. Typhi and B. pseudomallei can contribute to the development of new 
preventive and therapeutic strategies in these patients.
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