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Summary and general discussion
Sepsis, defined as a life-threatening organ dysfunction caused by a dysregulated host 
response to infection1, remains an increasing cause of morbidity and mortality worldwide2. 
In this thesis, we have explored the epidemiology, outcome and host response in critically ill 
patients admitted with sepsis to, or developing sepsis while on, the intensive care unit (ICU). 
For this, we have used the Molecular Diagnosis and Risk Stratification of Sepsis (MARS) data 
collection initiative and biobank study as backbone. Two tertiary teaching hospitals in the 
Netherlands participated in the inclusion of extensive clinical, microbiological, interventional, 
outcome and follow up data of 8305 consecutively admitted critically ill patients during a 
study period of 3 years. Additionally, biomarkers reflective of the host response in sepsis were 
determined in a subset of this cohort, using both a targeted approach (by measuring soluble 
plasma protein biomarkers reflective of pathways implicated in sepsis pathogenesis) and 
an unbiased approach (by analyzing the whole genome expression profiles in whole blood 
leukocytes). The MARS project aimed to generate rapid and accurate tools providing insight 
in disease severity, host response and causative pathogens in critically ill patients with sepsis, 
initiating and guiding individualized therapy and predicting course of disease, severity and 
outcome. In this thesis, consecutively ICU admitted patients with sepsis, or noninfectious 
disease as a comparator, were analyzed to provide insight into factors contributing to disease 
severity, host response and outcome in the setting of two Dutch ICUs.

Immune suppression and secondary infections in sepsis
The recent understanding that sepsis is associated with activation of both pro- and anti-
inflammatory pathways concomitantly3,4, has resulted in an increased focus on the 
possibility of a net immune suppressive phase during sepsis. This phase is characterized by 
exhaustion, apoptosis and hyporesponsiveness of immune cells, increasing susceptibility 
to the development of nosocomial infections5-7. These alterations are assumed to be sepsis 
specific, and not or to a more limited extent detectable in patients with noninfectious critical 
illness5-7. The subject of immune suppression has become of increasing interest now that the 
majority of sepsis deaths occur more than one week after admission to the ICU8-11. This so 
called ‘late sepsis mortality’ has been ascribed to the development of nosocomial infections 
in immunoparalysed patients. Opposite from the use of anti-inflammatory agents in many 
unsuccessful sepsis trials12,13, immune stimulation has recently been advocated as a novel 
treatment strategy for sepsis, targeting immune suppression5-7. However, immune stimulatory 
therapy could have deleterious effects14 and should ideally only be used in patients who 
might benefit. Overall, knowledge on the host response of ICU-acquired infections is essential 
and the consequential attribution to mortality is important when preventive strategies are 
initiated. Therefore, in Part I of this thesis we focused on immune suppression in critically ill 
sepsis patients and the subsequent development of ICU-acquired infections. If the assumption 
holds true that the immunological features of immune suppression reported in sepsis patients 
increase the susceptibility to secondary infections and are more prominent than in critically 
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ill patients without sepsis, it is expected that ICU-acquired infections occur more often in 
patients admitted with sepsis than in patients admitted with a noninfectious condition. 
Contrary to this hypothesis, ICU-acquired infections complicated sepsis admissions in 13.5%, 
and noninfectious admissions in 15.1% (Chapter 2). Additionally, after the first week, ICU-
acquired infections occurred with a comparable incidence in noninfectious admissions as 
in admissions for sepsis and occurred even more often in noninfectious admissions in the 
first week after ICU admittance. These findings suggest that ICU-acquired infections are not 
merely a feature of sepsis, but are at least equally prevalent in noninfectious admissions. 
In both sepsis and noninfectious admissions the incidence of ICU-acquired infections was 
increased in subgroups of patients with organ failure and shock on admission, suggesting 
the severity of disease and the consequentially increased length of ICU stay with increased 
exposure to invasive supportive treatments as most influencing factors. In accordance, 
SOFA scores were higher in patients who went on to develop an ICU-acquired infection, 
compared to patients not developing ICU-acquired infections. Additionally, a multivariate 
competing risk analysis identified increased disease severity (higher APACHE-IV scores) as 
an independent risk factor for the development of such infections. These findings were 
confirmed in a subgroup analysis including only sepsis patients with a probable or definite 
infection likelihood (Chapter 3), where disease severity and the proportion of shock were 
higher in sepsis patients developing ICU-acquired infections. Importantly, the overall 
contribution of ICU-acquired infections to mortality was modest, and the attributable 
mortality was higher in patients with a noninfectious admission diagnosis than in those 
with a sepsis admission diagnosis, i.e., 21.1% and 10.9% by day 60 respectively. This finding 
was consistent in subgroup analyses that included patients with more severe disease on 
admission (Chapter 2). The relatively low population attributable mortality suggests that 
other factors (e.g., organ failure and shock) contribute more to sepsis mortality. However, 
since our study was not designed to relate sepsis to noninfectious admissions, we refrained 
from directly comparing the two groups because of major differences between them. Still, 
even in the hallmark study identifying immune suppression in sepsis15 important differences 
between sepsis and noninfectious patients were present in terms of length of ICU stay, age 
and preexisting comorbid conditions. Nonetheless, the important conclusion that ICU-
acquired infections are not solely a sepsis related problem should be drawn before pleading 
for immune stimulatory therapy exclusively in critically ill patients with sepsis. Together these 
data suggest that immunoparalysis is not an exclusive feature of sepsis and that severity of 
disease and administration of invasive supportive treatments pose critically ill patients at 
risk for ICU-acquired infections irrespective of their admission diagnosis. Individualized, 
rapid and guided therapy should support future research and treatment in the heterogeneity 
of critical illness. 
We did find characteristics of ICU-acquired infections in sepsis patients suggestive of 
immune suppression. In patients with sepsis, more opportunistic pathogens caused ICU-
acquired infections, and more patients developed more than one ICU-acquired infection 
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during ICU stay, when compared with patients with a noninfectious admission diagnosis. 
Also, in sepsis patients whole blood leukocyte gene expression at the time of an ICU-
acquired infection showed decreased expression of genes involved in leukocyte glucose 
metabolism when compared to the leukocyte transcriptome at ICU admission, suggesting 
immune suppression16 (Chapter 2). This difference was not identified in patients with 
sepsis experiencing noninfectious ICU-acquired complications (acute kidney injury, acute 
respiratory distress syndrome and acute myocardial infarction). This result suggests that 
during ICU admission impairment of glucose metabolism in immune cells may contribute to 
the occurrence of nosocomial infections in patients admitted with sepsis. 
To obtain insight into pathogenetic mechanisms initiated shortly after ICU admission for 
sepsis and subsequently contributing to the development of an ICU-acquired infection, we 
compared the host response in sepsis patients who acquired such an infection with the host 
response in those who did not (Chapter 2, Chapter 3 and Chapter 4). First, on admission, 
an exploratory analysis of gene expression profiles in whole blood leukocytes did not reveal 
differences between those who did and those who did not develop an ICU-acquired infection 
(Chapter 2). This comparable leukocyte genomic response with up-regulation of multiple 
pro- and anti-inflammatory pathways, and down-regulation of adaptive immunity pathways 
in patients with sepsis on ICU admission, suggests the existence of both hyperinflammation 
and immunoparalysis. Analyses of the responsiveness of whole blood leukocytes obtained 
the day after ICU admission to a bacterial stimulus (lipopolysaccharide) did not identify a 
relation with the subsequent development of ICU-acquired infections (Chapter 4). Critically 
ill patients showed a decreased capacity to mount a proper cytokine response compared to 
healthy subjects; however, no differences were found between patients who did and those 
who did not acquire an infectious complication during ICU stay. These findings together 
argue against an already identifiable difference between these two groups on admission to 
the ICU. However, sepsis patients who developed an ICU-acquired infection did demonstrate 
an increase in plasma biomarkers providing insight into sepsis pathogenesis compared 
to those who did not (Chapter 3). The more dysregulated proinflammatory, vascular and 
procoagulant host response on ICU admission remained when corrected for disease severity 
and source of infection, and these differences increased even further in the days thereafter. 
Together, this suggests an increased derailment of the immune response in patients going on 
to develop a nosocomial infection, and that this aberrant reaction is not captured by genomic 
or functional analyses of blood leukocytes done in this thesis. Our host response analyses in 
patients with sepsis demonstrate concurrent immune suppression and hyperinflammation, 
both on ICU admission and upon development of secondary infections. Even though our 
data do not provide insight in the host response in noninfectious critically ill patients, 
literature suggests a comparable phenomenon with sustained and concurrent activation 
of multiple proinflammatory, anti-inflammatory and immune suppressive pathways in 
trauma patients17. We argue that this so called persistent inflammation, immunosuppression 
and catabolism syndrome (PICS)18 is present irrespective of the inciting event, sepsis or 
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noninfectious injury, and renders both sepsis and noninfectious critically ill patients at risk 
for ICU-acquired infections.

Diabetes and glucose levels in sepsis 
The incidence of diabetes is rising19, affecting approximately 347 million people worldwide20. 
The overall risk of mortality is doubled in the diabetic population21 and diabetes is associated 
with increased susceptibility to infection and sepsis22,23. In patients with sepsis, diabetes 
is one of the most common comorbidities, present in 20-35% of cases24-27. The diabetes 
related low-grade chronic inflammation and activation of the vascular endothelium and the 
coagulation system28-30 are of special interest in patients with sepsis, since these also occur 
as part of their dysregulated host response4. Moreover, factors associated with mortality, 
such as glucose levels31-33 and body mass index (BMI)34,35, affect patients with and without 
diabetes differently36-38. Therefore, in Part II of this thesis, we focused on the effect of 
preexisting diabetes (Chapter 5), admission glucose levels (Chapter 6), and a combination 
of the two (Chapter 7) in critically ill patients with sepsis. In Chapter 5 preexisting diabetes 
was shown not to associate with alterations in disease presentation, host response and 
outcome in sepsis patients. Patients with or without diabetes displayed comparable levels 
of plasma protein biomarkers and in line with this, no differences in whole blood leukocyte 
gene expression profiles could be identified. In addition, neither preadmission insulin nor 
metformin affected any of these outcome parameters in sepsis patients with diabetes 
despite the previously established immune modulatory effects of these antidiabetic 
drugs39-44. In Chapter 5 we therefore conclude that regardless of the increased susceptibility 
of diabetes patients to sepsis, once admitted to the ICU the host response and outcome are 
not influenced by the low-grade chronic inflammation of preexisting diabetes. In Chapter 6 
the association of admission hyperglycemia with host response and outcome was assessed. 
In acute critical illness, a graded stress response aiming to restore homeostasis45 may result 
in hyperglycemia via an interplay of catecholamines, cortisol and cytokines leading to 
excessive hepatic glucose production, insulin resistance and glucose tolerance46. In its mild 
form, hyperglycemia is suggested to be protective via facilitating glucose uptake45; however, 
severe hyperglycemia is associated with increased susceptibility to sepsis, altered tissue 
metabolism and organ failure47. Indeed, we here showed that in sepsis patients specifically, 
severe hyperglycemia on ICU admission was associated with adverse outcome, i.e., increased 
mortality by day 30. Since diabetes is one of the most common comorbidities in patients 
with sepsis25 and strongly influences glucose levels, hyperglycemia was analyzed in both 
patients with and without preexisting diabetes. Both groups displayed the association of 
hyperglycemia with mortality. Unlike previous studies36,48, we did not find a protective effect 
of diabetes on hyperglycemia associated mortality. Interestingly, we could not confirm the 
hypothesized deterioration of the host response related to hyperglycemia. On the contrary, 
hyperglycemic patients without preexisting diabetes showed diminished alterations in 
plasma host response biomarker levels indicative of activation of the cytokine network, 
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the vascular endothelium and the coagulation system. We therefore conclude in Chapter 
6 that hyperglycemia was associated with mortality by a mechanism other than a further 
derailment of the host response to infection.
To further investigate if diabetes influences the association of glucose with disease 
presentation and outcome in patients with sepsis, the Dutch National Intensive Care 
Evaluation registration was consulted, in which 92% of all Dutch ICUs participate (Chapter 7). 
In this extensive cohort, including approximately 130,000 sepsis patients, we confirmed that 
preexisting diabetes was not associated with increased mortality 90 days after ICU admission. 
Subsequent analysis included the effect of diabetes on mortality in different categories of 
lowest (ranging from severe, to mild, to no hypoglycemia) and highest (ranging from no, to 
mild, to severe hyperglycemia) glucose levels within the first 24 hours after admission to 
the ICU. In this comprehensive analysis, the presence of diabetes was never additionally 
associated with increased risk for adverse outcome compared to the absence of diabetes. 
Nevertheless, alterations in glucose levels within the first 24 hours after ICU admission were 
indeed associated with mortality, especially in patients without diabetes. In patients with 
diabetes, only severe hypoglycemia in the absence of hyperglycemia influenced mortality 
risk, whereas in patients without preexisting diabetes, multiple combinations of abnormal 
glucose levels affected outcome. These data suggest that patients with diabetes may tolerate 
wider glucose ranges than non-diabetes patients, a finding confirmed in glucose control 
studies, where wide ranges of glucose were more harmful in patients without diabetes 
compared to those with diabetes49. In accordance, the level of diabetes control prior to ICU 
admission has been shown of influence. Patients with poor diabetes control tolerate wider 
glucose ranges, and are especially less harmed by the negative effect of hyperglycemia49. 
From Part II of this thesis, we conclude that preexisting diabetes does not alter sepsis 
related disease presentation, host response or outcome. Dysregulated glucose levels on ICU 
admission show an association with sepsis related mortality, dependent on diabetes status. 
The deleterious effect of hyperglycemia unlikely is the result of a more dysbalanced host 
reaction to infection. 

Other preexisting and acquired factors influencing sepsis
Patients with sepsis display a disturbance of the coagulation system among others50. 
In sepsis, both bacterial toxins and pro-inflammatory responses result in coagulation 
activation, primarily aimed to trap and kill the invading pathogen, contributing to recovery. 
Due to accompanying compromised anticoagulant mechanisms, patients with sepsis may 
present with on the one hand excessive hemorrhage and on the other hand macrovascular 
thrombi formation50, a syndrome known as disseminated intravascular coagulation. The 
consequential excessive bleeding combined with hypoperfusion renders patients with sepsis 
at increased risk for organ dysfunction, aggravated even further by loss of endothelial lining 
and vasodilatation leading to hypotension. Platelets are part of the clotting system and 
have recently been shown to play a crucial role in the host response to infection, especially 
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in preclinical investigations51. In Chapter 8 we meticulously studied the association of 
thrombocytopenia with presentation, outcome and host response in critically ill sepsis 
patients. We found that, irrespective of disease severity, thrombocytopenia was associated 
with a more disturbed host response and that patients admitted with platelet counts below 
100x109/L had an increased risk for sepsis related mortality. These findings may be explained 
by several mechanisms. First, even though activated platelets may amplify inflammation in 
the early stage of infection, they have the capacity to attenuate cytokine release in more 
advanced sepsis, which could explain the enhanced cytokine response in thrombocytopenic 
patients. Also, platelets secrete soluble factors that enhance epithelial barrier function and 
have the capacity to physically block the vascular lining, which could be involved in enhanced 
endothelial cell activation and the more disturbed endothelial barrier function in sepsis 
patients with thrombocytopenia. Interestingly, whole blood leukocyte gene expression 
suggested an impairment in leukocyte adhesion, extravasation and diapedesis in patients 
with platelet counts below 50 x109/L, indicating a disturbance in recruitment of effector cells 
to the site of interest. We therefore conclude from Chapter 8 that thrombocytopenia in 
critically ill sepsis patients independently contributes to a more disturbed host response and 
increased mortality.
In Chapter 9 we focused on the association of gender with disease severity, host response 
and outcome. Even though previous evidence suggests increased susceptibly of males 
towards the development of infections24,25,52-55, literature on the association of gender with 
sepsis related mortality is not consistent. We indeed found that ICU admitted sepsis patients 
were more frequently males, which may in part reflect increased vulnerability. However, no 
differences were found in disease presentation, complications or outcome between male and 
female sepsis patients. In line with this, the host response was comparable between males 
and female, with the exception of endothelial cell activation, which was more pronounced in 
women; this result was absent in patients >55 years of age, indicating hormonal influences. 
In gene expression analyses of blood leukocytes harvested < 24 hours after ICU admission, 
male patients displayed increased expression of genes involved in cell activity, translation 
and transcription. We therefore conclude that, even though sepsis patients admitted to the 
ICU were more frequently males, disease presentation, host response and outcome were 
comparable to females. 

Pneumonia in patients with sepsis
In the final part of this thesis, we focused on pneumonia (Part IV). Pneumonia is the third 
most common cause of death globally56 and the most common source of infection in 
patients admitted with sepsis4,57. Patients presenting with pneumonia contracted in the 
community display different clinical and microbiological features compared to patients 
admitted with pneumonia developed in a health care setting. Already hospitalized patients 
are suggested to be more susceptible to infections causes by nosocomial pathogens and 
we therefore hypothesized that these patients display a more immune suppressed state 
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(Chapter 10). However, contrarily to our hypothesis, patients with community- and hospital- 
acquired pneumonia were largely similar in terms of clinical presentation, outcome and host 
response. Gene expression profiling of blood leukocytes showed an under expression of type-I 
interferon signaling in patients admitted with hospital-acquired pneumonia when compared 
with those with community-acquired pneumonia. However, this finding was not reproduced 
when patients were matched for potential confounders related to comorbid conditions 
(especially chronic obstructive pulmonary disease) and microbiology. Patients with hospital-
acquired pneumonia overexpressed genes related to cell-cell junction remodeling and cell 
mobility pathways. This finding was in line with the lower plasma protein levels of matrix 
metalloproteinase-8 and soluble E-selectin, both indicative of an increased capacity for 
leukocyte-endothelium adhesion and diapedesis. From this chapter we conclude that, 
contrary to what we expected, patients with pneumonia contracted in the community were 
comparable to patients with hospital-acquired pneumonia in terms of disease severity, 
outcome and host response, with the exception of the differences listed above.
Advancing age enhances the susceptibility to infections58 and the incidence of community-
acquired pneumonia increases strongly with increasing age59. This is, in part, explained by 
the presence of comorbid conditions. However, changes in the immune response towards 
a sustained low-grade inflammation, also known as inflamm-aging60,61, may also play a role. 
In Chapter 11 we determined the differences in inflammatory responses between young 
and old individuals during the first days after admission to the hospital for community-
acquired pneumonia. We found comparable levels of pro- and anti-inflammatory cytokines 
in older individuals, in spite of more severe disease. We therefore concluded that older age 
is associated with a reduced capacity to mount a proper immune response, possibly caused 
by age-related defects in the immune system. Additionally, we found decreased levels of 
protein C-reactive protein in older individuals, which may be related to physiological ageing 
of, amongst others, the liver resulting in a diminished synthetic function and decreased 
production of this acute phase protein. We concluded that elderly patients with community-
acquired pneumonia were admitted with more severe disease showing an absolute 
(C-reactive protein) and relative (cytokines) reduction in their immune response.

Overall conclusions
In patients with sepsis, multiple risk factors for unfavorable outcome have been suggested, 
such as age, gender, premorbid conditions, acute disease conditions58 and the increased 
susceptibility to nosocomial infections5-7. In this thesis, we studied the relationship of these 
host factors with disease severity, host response and outcome. We found that gender and 
premorbid diabetes were not associated with alterations in the host response, disease 
severity or outcome in critically ill sepsis patients. However, factors that were of influence 
included advanced age, dysregulated glucose levels and thrombocytopenia. In addition to 
this, ICU-acquired infections did not occur more often in patient admitted with sepsis and 
bear an overall low attributable mortality. The studies described in this thesis are unique 
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in that they integrated detailed clinical and microbiological data with comprehensive host 
response measurements in one of the largest sepsis cohorts in the world. The MARS cohort 
undoubtedly will be of great value for future studies seeking to increase the knowledge 
of sepsis pathogenesis and to discover new biomarkers that can stratify sepsis patients 
according to predominant pathogenetic derailments thereby potentially guiding targeted 
therapies. 
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