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IN
T

R
O

D
U

C
T

IO
N Sepsis, also known as blood infection, 

is a life-threatening organ dysfunction caused 
by a dysregulated host response to infection 
(Singer et al., 2016). Sepsis is not a disease, 
but rather a heterogeneous syndrome in 
which the severity is classified into two clinical 
stages – sepsis and septic shock – depending 
on the degree of organ dysfunction. In 2017 
the World Health Organization prioritized 
sepsis as a global health focus due to its high 
incidence, mortality and morbidity, and sepsis 
is estimated to affect more than 31 million 
people worldwide per year (Fleischmann 
et al., 2016). In the high-income countries, 
sepsis incidence was 437 cases per 100,000 
people over the past ten years (2005-2015), 
and the mortality rate varied from 17–26% 
(Fleischmann et al., 2016). In middle- and 
low-income countries, sepsis is expected to 
have a similar, or even higher, incidence and 
mortality rate due to poverty and the lack of 
adequate hygiene, public health programs 
and supportive equipment for patient care 
(Rosenthal et al., 2016). Sepsis is also a threat 
for neonates and children. It is estimated that 
sepsis affects 3 million neonates and 1.2 million 
children every year, with a mortality of 11–
19% (Fleischmann- Struzek et al., 2018). The 
outcome in sepsis varies between individuals, 
including in the degree of inflammation (hyper-
inflammation vs. hypo-inflammation) and the 
degree of organ damage. Kidney, heart, lung, 
liver, gut and brain failure are all possible 
outcomes of sepsis patients, yet the factors 
that drive this process are not yet known 
(Iskander et al., 2013).

The inter-individual differences in 
sepsis development and outcome can be 
attributed to three main sources: pathogen-
related factors, host non-genetic factors 
(such as age, immunosuppressive diseases, 
immunosuppressive medication, diabetes and 
indwelling catheters) and host genetic variations  
(Fleischmann-Struzek et al., 2018) (figure 1).



9

Pathogen-related factors in sepsis
Sepsis can be caused by any type of 

infection at different sites in the body. The 
infectious pathogens can differ according to 
which species are regionally endemic and to 
environmental factors, ranging from bacterial 
and fungal infections in high-income countries 
to dengue virus and hantavirus infections in 
middle- and low-income countries (Southeast 

Asia Infectious Disease Clinical Research 
Network, 2017). However, bacterial and fungal 
infection are the most frequent causes in 
sepsis. Among positive blood-culture cases, 
Gram-negative bacteria, Gram-positive 
bacteria and fungi have been detected in 
62%, 47% and 17% of patients, respectively 
(Vincent et al, 2009).

Figure  1.  
Overview of the factors that can affect sepsis onset and the variability in host response 
that leads to organ dysfunction. These factors can be pathogen-related or host- specific, 
i.e. non-genetic or genetic. However, how these factors lead to injuries in different organs 
remain elusive. Since endothelial cells and immune cells are considered central in sepsis 
pathogenesis, in this thesis we explore how specific pathogens and host genetics affect the 
function of immune and endothelial cells.
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Moreover, development of sepsis is also 
associated with particular sites of infection. 
Vincent et al. (2009) found that sepsis was 
initiated from infections in the lung (64% of 
cases), abdomen (20%), blood stream (15%) 
and renal and genitourinary tract (14%). 
Gram-positive bacterial sepsis is also more 
likely develop into organ dysfunction (31%) 
than Gram-negative bacterial or fungal sepsis 
(25-28%) (Esper et al, 2006). However, 
although sepsis can be induced by various 
types of pathogens, the clinical presentation 
of sepsis patients converges on some 
common phenotypes, and sepsis treatment 
was therefore generalized based on signs 
and symptoms. Broad-spectrum antibiotics, 
anti-inflammatory drugs and vasopressors  
(if necessary) are commonly used to treat 
sepsis. Recent research has now shown that 
sepsis pathogenesis can vary drastically 
depending on the type of infectious pathogens 
(Grewal et al., 2013; Yang et al., 2018). 
Therefore, more research needs to be done to 
explain the relationship between the types and 
sites of infection and the frequency of acute  
organ dysfunction.

Host non-genetic and genetic factors
In addition to the characteristics of the 

infectious pathogens, host comorbidities such 
as age, frailty, use of immune-suppressive 
medicines and chronic health issues (cancer, 
cirrhosis AIDS, diabetes mellitus) are 
important factors in sepsis development and 
outcome (Cohen et al., 2015). In the US, 65% 
of sepsis cases are recorded in patients aged 
65 and older, with an odds- ratio for mortality 
of 2.26 (Martin, Mannino & Moss, 2006). Type 
2 diabetes mellitus, chronic renal disease, 
dementia and liver cirrhosis patients are at 
high risk for mortality in sepsis (Tiwari et al., 
2011; Mansur et al., 2015; Bouza, Martinez-
Ales & Lopez-Cuadrado, 2019). However, the 
impact of comorbidities on organ dysfunction 
has been suggested to vary according to the 

site of infection, with intra-abdominal infections 
having a worse prognosis than community-
acquired pneumonia (Sinapidis et al., 2018).

While more insights into the association 
between comorbidities and organ dysfunction 
and mortality are needed, on the other side 
of the puzzle greater light is being shed on 
the association between genetic factors and 
sepsis. Sepsis pathogenesis can be divided 
into two main stages: the development 
from local infection to systemic infection 
and the progression to organ dysfunction. 
Studies comparing immune defense 
between populations of different ethnicities 
have demonstrated that host genetics can 
predispose the host to different responses to 
infections. For instance, in terms of Salmonella 
typhimurium and Listeria monocytogenes 
infections in the American population, 
individuals of African descent have stronger 
inflammatory responses and the ability to kill 
intracellular bacteria compared to individuals 
of European descent (Nedelec et al., 2016). 
Moreover, a genome-wide association study 
(GWAS) on sepsis onset in neonates and 
premature babies has also suggested a strong 
association between genetic variations and 
the onset of sepsis (Srinivasan et al., 2017). 
On the other hand, although no GWAS has 
been conducted to identify genetic risks for 
organ dysfunction in sepsis, one GWAS have 
identified a genetic locus that is associated 
with patient survival: rs4957796 (Rautanen 
et al., 2015). The genetic contributions to 
sepsis progression and end-organ damage 
remain un-elucidated, and studies are needed 
to functionally validate the suggestive loci in 
sepsis pathogenesis identified thus far.

Host predisposition, including host non- 
genetic and genetic factors, affects the host’s 
responses to pathogens. Although there is a 
gap in sepsis pathogenesis between systemic 
infection and end-organ damage, immune 
cell dysregulation and vascular leakage are 
ubiquitous symptoms among sepsis patients 
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and are suggested to be central to sepsis 
pathophysiology (Van Der Poll et al., 2017).

Immune response in sepsis
Immune cells are the frontier cells 

protecting the body against infection and 
are comprised of innate immune cells and 
adaptive immune cells. Innate immune 
cells include natural killer cells, mast cells, 
eosinophils, basophils, neutrophils, dendritic 
cells, monocytes and macrophages. These 
cells can recognize and kill infectious 
pathogens while presenting the pathogenic 
signatures to other cell types in the body, 
particularly the adaptive immune cells. The 
adaptive immune cells are made up of B cells 
and T cells, which can mediate pathogen 
clearance in a pathogen-specific manner. B 
cells secrete antibodies, while T cells secrete 
cytokines and attach to the infected cells. 
Both processes can induce programmed cell 
death, apoptosis or clearance of pathogens 
by phagocytes. These immune cells circulate 
in the blood stream or take up residence in 
different host tissues. Upon infection, immune 
cells play a central role in orchestrating host 
inflammation, in balancing pro-inflammatory 
signals and anti- inflammatory signals to kill 
the pathogens and in the return to normal 
homeostasis when the infection is cleared. In 
this thesis we use peripheral blood drawn from 
the vein and peripheral blood mononuclear 
cells (PBMCs). PBMCs are composed of most 
of the cell types of the innate and adaptive 
immune response, except for mast cells, 
eosinophils, basophils and neutrophils.

The dysregulated responses of the 
immune system observed in sepsis are 
known as the hyper-inflammation and hypo-
inflammation stages. In hyper-inflammation, 
excessive inflammatory mediators, such as 
TNF-α, IL-1β, IL-12 and IL-18, are produced 
and circulated. In hypo-inflammation, there 
is a reduction in T-cell activation, leukocyte 
movement and inflammatory responses. 

In the past, cytokines serving as markers 
for each stage were used to differentiate 
whether patients were in the hyper- or hypo-
inflammation group. However, due to the 
dynamic and complex interaction and feedback 
between cytokines, these two process are 
now thought to happen simultaneously and 
are associated with mortality in sepsis patients 
(Wiersinga et al., 2014; Davenport et al., 
2016). Moreover, once activated, the immune 
cells can interact with different components of 
the host defense system to regulate the host 
response, including complement, coagulation 
and different cell types such as the vascular 
endothelium (Van Der Poll et al., 2017). In 
sepsis this interaction is crucial as failure to 
regulate these interactions results in systemic 
inflammation, increased abnormal blood 
coagulation (coagulopathy) and vascular 
leakage. However, the extent to which host 
predisposition and pathogenic characteristics 
affect these interactions remains unknown.

Endothelial response in sepsis
The endothelium consists of a 

monolayer of cells lining the blood vessels. 
It maintains vascular homeostasis, regulates 
blood coagulation and coordinates with the 
immune cells to respond to infection. Being 
non-classical innate cell, endothelial cells 
express molecules that are inherent to innate 
immune cells such as Toll-like receptors, 
NOD-like receptors and RIG-I receptors to 
respond to pathogenic substances such as 
lipopolysaccharide (LPS) or to foreign genetic 
materials (RNA and DNA) (Dauphinee, Karsan, 
2006; Davey et al., 2006). In sepsis, endothelial 
leakage leads to loss of barrier function that 
allows excessive inflammatory mediators, 
pathogens and fluid to access the tissue. This 
then causes tissue edema, potentially leading 
to organ dysfunction. Although endothelial and 
immune cell interaction are known to play a 
role in initiating inflammation and maintaining 
vascular homeostasis, how endothelial cells 
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respond to different types of pathogens and 
their interaction with immune cells in sepsis 
remain to be studied. Chapter 1 presents 
an intensive review of what is known about 
endothelial heterogeneous response in 
different organs in sepsis.

Current approaches in sepsis research
In the past 40 years, more than 20,000 

studies have been published that aimed to 
elucidate sepsis pathogenesis and identify 
targeted molecular therapies. Despite 
promising effects in in vitro and in vivo models, 
clinical trials of the drugs identified in these 
studies have had disappointing outcomes. 
To date, no drug has been successfully 
approved for sepsis treatment. The translation 
of sepsis research into clinical treatment thus 
still faces many challenges, mainly driven by 
the heterogeneity of sepsis in patients. In the 
past, sepsis was described as a consequence 
of infection in the host, with an emphasis on 
the hyper-inflammation of the host immune 
responses (sepsis-2) that led to a focus 
on inflammation for both classification of 
patients and research. Basic knowledge 
on the cellular responses to different types 
of infectious pathogens has been growing 
rapidly. However, most research has been  
conducted as hypothesis-driven studies 
looking at specific pathways, and 
knowledge of the cellular interaction with  
pathogens on a global scale is still lacking. 
In vivo studies, on the other hand, move 
us a step closer to the host reaction 
by providing physiological factors such 
as blood flows, interaction between all  
tissues and metabolism. Mouse, rabbit and 
baboon models have often been challenged 
with an endotoxin, LPS, delivered either 
intravenously or intraperitoneally to mimic 
endotoxemia models. Cecal ligation and 
puncture animal models are also used to 
mimic peritonitis-induced sepsis (Seok 
et al., 2013). However, these animal  

models are over simplified in comparison to  
humans and exhibit different hemodynamics 
and sensitivity to toxicity (Fink, 2014). 
Observations of how new therapeutic 
agents effect on sepsis in preclinical 
studies should thus be viewed skeptically  
(Fink, 2014).

Sepsis has now been redefined with a  
focus not only on systemic infections, but also 
on organ damage. Given the contributions 
of pathogen characteristics and non-genetic 
and genetic factors of the host to sepsis 
heterogeneity, a functional genomics approach 
can be used to acquire a global view of the 
changes in the host with a deep understanding 
at molecular mechanistic levels. It can not only 
distinguish patients based on their genotype, 
comorbidities and pathogen characteristics, 
it can also provide insights into the disease 
pathogenesis in those patients. By integrating 
multi-omics information (transcriptomics, 
proteomics, microbiomics and metabolomics) 
in patients versus controls, we can explain 
the mechanisms underlying the differences 
between groups. In complement to studies 
conducted in patients, which are often 
restricted in sample size and intervention 
approach, in vitro and in vivo experiments 
can be done to further investigate the 
mechanisms suggested by patient studies. 
Moreover, sepsis studies should be designed 
to observe the global view of host responses, 
for example accounting for immune responses 
and their interaction with different cell types. 
Collectively, in the future, we hope to develop 
markers and specific treatments for certain 
groups of patients based on the infectious 
pathogens and predisposing host factors 
(Wong et al., 2015).
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Chapter 1 is a review of the role of 
endothelial cells in organ-specific failure 
in sepsis. In this chapter we describe the 
heterogeneity of endothelial cells derived 
from different organs and the impact of this 
heterogeneity on the failure of specific organs, 
including lung and kidney.

In chapters 2 and 3, we explore the 
contribution of genetics to disease-onset and 
survival of sepsis patients. In chapter 2, we 
give an overview of the genetic variants that 
are associated with sepsis onset or sepsis 
survival based on the three current sepsis 
GWAS. We interpret the fact that there are many 
suggestive loci that do not reach genome-wide 
significance as a reflection of the limited of 
sample size against the broad heterogeneity 
of sepsis. However, by annotating and 
integrating the effects of suggestive GWAS 
loci with expression quantitative trait loci, gene 
expression and cytokine production, we can 
delineate the potential causal effect of these 
loci in sepsis. We also examine the causal 
effect of the GWAS SNP rs4957796 by looking 
at the alteration in transcription binding sites 
and the function of genes located nearby in 
endothelial cells. 

In chapter 3, we investigate the genetic 
contribution to the amount of 92 circulating 
cytokines and inflammatory mediators in a 
more homogeneous group of sepsis patients: 
those with candidemia. We first identify the 
differences in protein profile between patients 
and healthy individuals. Then, for the set 
of proteins that differs between patients 
and controls, we explain how genetics can 
contribute to protein levels. To do so, we 
associate genetic polymorphisms with the 
abundance of proteins. Here we use cytokine 
levels measured in an in vitro setting where 

PBMCs are challenged with Candida albicans 
yeast. We also aim to explain the mortality and 
susceptibility using the cytokine profiles.

In chapter 4 we delineate the interaction 
of leukocytes and endothelial cells in the 
context of infection. For the first time, we 
systematically profile leukocyte responses to 
a wide range of infections at RNA-level and 
investigate the effect of pathogens on leukocyte 
interaction with the vascular endothelium. 
We also reveal the transcriptomic changes 
in endothelial cells upon direct exposure to 
different types of infection: Gram-positive 
bacteria, Gram-negative bacteria and fungi. 
We then investigate the effect of IL1, TNF-α 
and IFN pathways on the interaction between 
leukocytes and endothelial cells and their 
dependence on different types of pathogens.

Chapter 5 discusses what the findings 
in this thesis have added to the field. We also 
discuss the current stages of sepsis research 
and perspectives.

OUTLINE OF THE THESIS 
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Sepsis, a dysregulated host response due 
to infection is associated with high morbidity 
and mortality which is a result of multiple organ 
dysfunction syndrome (MODS). There are 
currently no therapeutic treatments available 
for patients with sepsis which is partly attributed 
to our incomplete understanding of why and 
how organs fail in patients with sepsis. Clinical 
manifestations of organ failure differ from one 
organ to another despite a systemic pathogenic 
insult. The lungs become drowned in fluids 
with extensive neutrophil sequestration, while 
the kidney appears to shut down with minimal 
morphological changes and limited leukocyte 
infiltration. For years, a dysregulated immune 
system was thought to be the central mediator 
of organ failure. However, the endothelium is 
gaining increasing attention due to its crucial 
role in maintaining organ homeostasis, 
vascular barrier, coagulation and inflammation. 
All of these processes are disrupted in the 
failing organs of sepsis patients, yet this occurs 
heterogeneously within and between organs.

In this review, we summarize 
recent advances in our understanding 
of heterogeneous endothelial responses 
which may mediate organ-specific failure 
phenotypes in patients with sepsis. We have 
focussed on sepsis-associated acute kidney 
injury (sepsis AKI) and acute respiratory 
dysfunction syndrome (ARDS) and consider 
differences and similarities of endothelial 
behaviour between the kidney and lung 
and how this information might be useful for 
guiding microvascular targeted therapy for 
patients with sepsis and multiple organ failure. 

Background
Sepsis is a life-threatening condition 

characterized by an overwhelming, 
heterogeneous and progressive host 
dysregulation as a result of infection (Singer 
et al., 2016). Despite recent advances in 

early sepsis recognition and prompt antibiotic 
administration protocols, sepsis continues to 
be the leading cause of death among critically 
ill patients in intensive care units (ICU) 
worldwide (Mayr, Yende and Angus, 2014). The 
fatal outcome of patients with sepsis is due to 
multiple organ dysfunction syndrome (MODS), 
with mortality being directly associated with 
the number of failing organ systems and the 
degree of organ damage (Angus and van der 
Poll, 2013).

The pathophysiological mechanisms 
driving organ injury and failure in patients 
with sepsis is poorly understood. For a long 
time, decreased oxygen delivery and a 
dysregulated immune system were thought to 
be the main drivers of organ failure. However, 
three decades of clinical trials targeting these 
defective responses have failed to improve 
patient outcome (Seeley and Bernard, 2016). 
The complexity of sepsis, the heterogeneity 
between patients and the relatively late 
diagnosis underlie poor outcome and the 
failure of multiple one-size-fits-all clinical trials 
(Marshall, 2014). Current therapeutic options 
are still limited to antibiotic administration and 
supporting organ function in the ICU. Despite 
years of research, we still do not know exactly 
why and how organs fail in patients with sepsis. 
Likewise, why some patients develop MODS 
while others do not. However, predisposing 
factors that increase sepsis susceptibility 
such as age, having comorbid disease, 
immunodeficiency and genetic factors all 
likely contribute.

Intriguingly, the clinical manifestations 
of sepsis-associated organ dysfunction differ 
from one organ to another despite a similar 
systemic pathogenic insult (Table. 1). Lungs 
become drowned in fluids with massive 
neutrophil sequestration primarily due to ‘leaky’ 
microvasculature (Hendrickson and Matthay, 
2018), while the kidney appears to shut down 
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with minimal morphological alterations and 
limited neutrophil infiltration (Lerolle et al., 
2010; Takasu et al., 2013; Aslan et al., 2018). In 
other words, each organ responds differently to 
the same systemic insult. These observations 
have led us to question what regulates 
organ- specific responses in sepsis. Is there 
a common cell-type and/or response which 
dictates the way an organ fails in sepsis? If 
there is, how does that differ between organs? 
And more importantly, how will these organ-
specific responses influence treatment options 
for patients with multiple organ failure?

When patients with sepsis enter the ICU, 
multiple cellular cascades encompassing 
inflammation, coagulation and metabolic 
changes run in parallel in various cells within 
different organs leading to impaired function 
(Angus and van der Poll, 2013). One cell type  
which is common to all organs is the endothelium, 
which is known to play an important role in 
maintaining organ homeostasis (Aird, 2007). 
While aberrant endothelial responses have 
been shown to predict mortality in critically ill 
patients (Duffy et al., 2011), endothelial cells 
(ECs) phenotypically differ between organs 
within vascular compartments of the same 
organ, and even between adjacent ECs 
within the same vessels (Dayang et al., 2019). 
Different pathogens and/or inflammatory 
stimuli can initiate endothelial inflammatory 
activation, leukocyte infiltration, endothelial 
permeability and coagulation yet this occurs 
heterogeneously within and between organs. 
Hence, what is the contribution of the inter- 
and intra-organ endothelial heterogeneous 
response to sepsis on the specific way organs 
fail in patients with multiple organ failure?

The aim of this review was to summarize 
recent advances in our understanding of  
inter-organ heterogeneous endothelial 
responses that may mediate organ-specific 
failure phenotypes in patients with sepsis.  

Implications for patient care and potential  
directions for future treatment strategies will 
also be discussed.

The endothelium as a 
heterogeneous entity of cells with 
specialized functions 

1. Endothelial phenotypes
The macrovasculature and organ 

microvasculature are lined by cells that tightly 
interact with each other to form a semi-
permeable barrier called the endothelium. The 
endothelial lining maintains organ homeostasis 
by regulating various functions including the 
trafficking of fluid, solutes, hormones and 
macromolecules (Mehta and Malik, 2006). It 
is now well established that EC phenotypes 
vary between different organs, between 
different microvascular compartments within 
the same organ, and between neighbouring 
ECs of the same blood vessel type (Aird, 
2007). Yet, how each organ determines the 
functional properties of its endothelium is 
currently not well understood. Endothelial 
properties are to a certain extent dependent 
on the surrounding tissue microenvironments, 
such as flow, and interaction with adjacent 
specialized cells (i.e. pericytes, podocytes, 
epithelial cells etc). Inflammatory cues and 
signals from parenchyma cells can induce 
posttranscriptional modifications since they 
are in direct contact with ECs. Most, but not, 
all organ-specific EC gene signatures are 
rapidly lost when they are removed from their 
in vivo microenvironment and grown in culture 
(Lacorre et al., 2004; Burridge and Friedman, 
2010). However, certain heterogeneous gene 
expression profiles have also been observed 
in cultured organ-specific ECs suggesting 
that epigenetic control may mediate at least 
certain properties of ECs (Chi et al., 2003; 
Marcu et al., 2018).
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2. Glycocalyx
The endothelial barrier is comprised 

of inter-endothelial junctions and various  
non- cellular components, such as the 
glycocalyx and extracellular matrix (Weinbaum,  
Tarbell and Damiano, 2007). A complex 
network of macromolecules including 
proteoglycans and sialoproteins forms the 1 
to 3 μm glycocalyx layer on the apical side of 
endothelium (Van den Berg, Vink and Spaan, 
2003; Weinbaum, Tarbell and Damiano, 2007). 
Endothelial glycocalyx make-up in various 
organs are reported to be organ-specific and 
vascular bed specific (Schmidt et al., 2012). 
Pulmonary artery ECs were coated with 
α-galactose carbohydrates, while pulmonary 
microvascular ECs found to be enriched with α- 
and β-N- acetylgalactosamine carbohydrates 
(King et al., 2004). The implication of the 
glycocalyx composition differences on 
endothelial barrier susceptibility to sepsis is 
not known. The extent of which inflammatory 
mediators and leukocytes might disrupt the 
glycocalyx may partly drive organ failure such 
as acute kidney injury (AKI) or acute respiratory 
distress (ARDS). The exact mechanisms 
regulating glycocalyx degradation are not yet 
fully understood but may be organ and vascular 
bed-specific (Uchimido, Schmidt and Shapiro, 
2019). Significant experimental evidence 
shows that damage of the glycocalyx in sepsis 
compromises the endothelium by promoting 
permeability (Colbert and Schmidt, 2016). 
Additionally, excessive fluid resuscitation in 
patients with sepsis is thought to degrade the 
endothelial glycocalyx (Chappell et al., 2014). 
Nevertheless, therapeutic strategies that 
aimed to preserve glycocalyx integrity have 
failed to improve the outcome of patients with 
sepsis (Chelazzi et al., 2015).

3. Barrier integrity
The cleft between ECs are sealed by 

tight- and adherens- junctions, which are both 
functionally coupled to the cell-matrix complex 

(Wallez and Huber, 2008). Mechanical 
strength and stability of the barrier is provided 
by adherens junctions (Dejana and Orsenigo, 
2013)(Dejana, Bazzoni and Lampugnani, 
1999). Additionally, tight junctions such as 
Claudin- 5 are only expressed in peripheral 
endothelium (Komarova and Malik, 2010). Gap 
junctions, containing connexins (i.e. Cx43, 
Cx40, and Cx37) mainly function to regulate 
cell-to-cell communication (Bazzoni and 
Dejana, 2004). The Angiopoietin/Tie2 receptor 
system is also involved in the maintenance of 
barrier function. Angiopoietin 1 (Ang1) and 
Angiopoietin 2 (Ang2) ligands bind to the 
Tie2 receptor (Matijs van Meurs, Kümpers, 
et al., 2009). In quiescent conditions, Ang1 
is released by pericytes and binds to the 
Tie2 receptor ensuring barrier maintenance  
(Davis et al., 2007). However, during 
inflammation, Ang2 is produced by ECs 
and competitively binds to the Tie2 receptor 
disrupting the vascular barrier (Leligdowicz  
et al., 2018). Disruption of the various systems 
controlling vascular barrier integrity will lead 
to vascular leakage resulting in oedema, and 
other detrimental consequences. Additionally, 
recent studies found that the expression 
of endothelial junction molecules needed  
to maintain endothelial integrity, VE-cadherin, 
Occludin and Claudin-5 were distinct  
in various mouse organs (Aslan et al., 
2017). Hence, endothelial phenotypes and  
junction molecule composition varies between 
different microvascular beds in different  
organ systems which can have a major  
impact on the dynamics and regulation of 
vascular permeability.

4. Coagulation
ECs also maintain the fluidity of the 

blood by governing factors that are involved 
in coagulation and fibrinolysis, such as tissue 
factors (TFs), Endothelial protein C receptor 
(EPCR), plasminogen activator inhibitor 
Type 1 (PAI-1) and von Willebrand factor 
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(vWF) (Aird, 2007). Endothelial coagulation 
factors are stored in endothelial storage 
granules known as Weibel-Palade bodies 
until needed (Levi, Van Der Poll and Schultz, 
2012). vWF is heterogeneously distributed, 
with higher expression noted in larger vessels 
such as veins, compared to the capillaries 
(Pusztaszeri, Seelentag and Bosman, 2006; 
Yuan et al., 2016). Moreover, vWF is mosaically 
expressed within individual vessels (Yuan et 
al., 2016). Although it is now established that 
coagulation plays an important role in sepsis-
induced organ dysfunction, it is not completely 
clear why specific organs such as the kidney 
and lung are more susceptible to developing 
(micro)vascular thrombosis than other organs 
such as the heart or liver (Levi, Van Der Poll 
and Schultz, 2012). Inflammation does not only 
lead to activation of coagulation, but coagulant 
activation can also result in inflammation. Pro- 
inflammatory cytokines activate the coagulant 
system and concomitantly downregulate 
anticoagulant pathways. A detailed overview 
of organ-specific responses of the coagulant 
system has been reviewed in detail elsewhere 
(Levi, Van Der Poll and Schultz, 2012). 
Incorporation of different extracellular signals, 
cell responses and EC signaling mechanisms 
in different vascular bed regions may explain 
why the pro- or anti-coagulant response of EC 
may differ between organs (Rosenberg and 
Aird, 1999).

5. Endothelial activation
The EC is well equipped for recognising 

and responding to hostile or toxic components 
in the blood stream. In sepsis, ECs recognize 
damage-associated molecular pattern 
(DAMPs) and pattern associated molecular 
pattern (PAMPs) by pattern recognition 
receptors. LPS is a major component of the 
Gram-negative bacteria cell wall found in the 
blood of patients with sepsis (Dauphinee and 
Karsan, 2006). For a long time, the molecular 
mechanisms controlling LPS-mediated 

activation of ECs was thought to be controlled 
via similar mechanisms as those described 
for immune cell activation (Dauphinee and 
Karsan, 2006). However, in contrast to immune 
cell activation, recent studies have identified 
RIG-I as an additional receptor controlling 
LPS-mediated endothelial activation together 
with the well- known TLR4 receptor (Moser et 
al., 2016; Yan et al., 2017).

During inflammation, the endothelium 
becomes activated and expresses adhesion 
molecules, such as E-selectin, VCAM-1, 
ICAM-1 which facilitates leukocyte rolling, 
adhesion, arrest, and transmigration (Ley et 
al., 2007; Nourshargh, Hordijk and Sixt, 2010). 
Initial rolling of leukocytes is also characterized 
by the binding of VCAM-1 and ICAM-1 to 
cognate leukocyte integrin, such as Very late 
antigen-4 (VLA-4), which results in leukocyte 
arrest and adhesion (Berlin et al., 1995). 
Once the EC-leukocyte interaction is robust, 
it can withstand circulatory shear stress, 
and undergo paracellular or transcellular 
transmigration (Phillipson et al., 2009). In the 
context of sepsis, most studies have focused 
on understanding endothelial responses to 
endotoxin such as LPS or proinflammatory 
cytokines such as TNFα, both found in the 
plasma of patients with sepsis. Previous 
studies have assumed that LPS and TNFα 
signalling downstream of their receptors 
converged into similar pathways. However, an 
increasing number of studies provide evidence 
that this may not be the case (Wang et al., 
2014; Moser et al., 2016). Additionally, distinct 
EC subpopulations of HUVEC in vitro were 
identified each having distinct inflammatory 
phenotypes that were controlled by different 
regulatory signalling mechanisms (Dayang 
et al., 2019). This appeared to be a common 
response of ECs since similar findings were 
observed using ECs isolated from the lung 
(Dayang et al., 2019). A subpopulation of cells 
which remained quiescent despite exposure to 
LPS was identified (Dayang et al., 2019). Why 
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these cells remain quiescent in the presence 
of LPS or an inflammatory stimulus such as 
TNFα is currently unknown. Nevertheless, 
understanding the molecular mechanisms 
controlling this quiescent phenotype may be 
exploited in order to identify and generate 
therapeutic strategies to inhibit endothelial 
activation in the setting of sepsis.

The endothelium can be exposed to  
different types of infectious pathogens 
bacteria, fungi or viruses. The impact of 
these pathogens on endothelial activation 
has not been extensively studied. However, 
recent work from our laboratory found that 
some pathogens such as S. pneumoniae 
and C. albicans could not induce endothelial 
activation directly (Kieu Le, unpublished 
observations). Instead, these pathogens likely 
interact with immune cells initiating the release 
of various proinflammatory mediators which 
subsequently activates the endothelium.  
It remains to be elucidated whether this 
also happens in vivo. Interestingly, EC 
responses initiated by mediators released 
from PBMCs stimulated with different 
pathogens were not dependant on the type of  
pathogen (Kieu Le, unpublished observations). 
Hence, humoral factors released by PBMCs 
stimulated with different pathogens induce 
similar endothelial responses.

Organ-specific failure phenotypes in 
sepsis and the role of the endothelium

A role for aberrant endothelial behaviour 
and leukocyte influx promoting organ failure 
in sepsis is well established (Singbartl and 
Ley, 2004), yet the precise mechanisms and 
organ-specific responses poorly understood. 
In order to understand the pathophysiology 
of organ dysfunction in sepsis, animal 
models and/or cell culture models are 
extensively used. As described above in vivo 
observations show that the extent endothelial 
inflammatory activation differs between the 
microvasculature of various organs. Likewise, 

leukocyte recruitment is organ- and stimulus-
specific (Liu and Kubes, 2003; Devi et al., 
2013; Rossaint and Zarbock, 2013). Each 
organ has specialized capillaries by which 
EC-leukocyte interactions can take place. 
Both the kidney and lungs are particularly 
vulnerable in patients with sepsis which often 
leads to Acute Kidney Injury (AKI) and Acute 
Respiratory Distress Syndrome (ARDS) 
respectively. Examination of post-mortem 
organs from patients with sepsis and multiple 
organ failure revealed some sequestration 
and aggregation of neutrophils in renal 
microvascular compartments (Nuytinck  
et al., 1988; Thijs and Thijs, 1998; Brealey 
and Singer, 2000; Aslan et al., 2018) yet 
major infiltration of neutrophils was found 
within the pulmonary microvasculature  
of patients (Brealey and Singer, 2000). 
However, other organs and cellular systems 
are also compromised, with different 
endothelial-regulated processes being 
affected (Table. 1). The microvasculature plays 
an important role in mediating the failure of all 
organs yet how these endothelial responses 
are mediated clearly differs per organ. The 
role of the endothelium in mediating kidney 
and lung failure phenotypes will be discussed 
further in more detail.
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Organ Clinical features Pathophysiology Available treatment

Kidney Proteinuria

↑ blood Creatinine

↓ Urine Output

↓ Glomerular

filtration rate (GFR)

Disturbed microvascular integrity

Epithelial cell injury/cycle arrest/apoptosis/

necrosis, ↓ metabolism due to excessive 

inflammation.

Capillary leukocyte infiltration

Renal

Replacement

Therapy (RRT)

Lung Impaired 

oxygenation

Pulmonary oedema

↓ compliance

Fibrosis

Microvascular hyperpermeability

Acute inflammatory infiltrates and 

neutrophil accumulation

Disrupted lung alveolar-capillary barrier

Perivascular oedema

Fibrosis

Mechanical

ventilation with  

low tidal volume 

and positive end-

expiratory pressure 

(PEEP)

Liver

Jaundice

Cholestasis

Hypoxic hepatitis

Impaired bile and bile acid transport

Adhesion of neutrophils to SECs

Thrombi formation & microvascular 

hypoperfusion

↑ cytokines & Fibrin deposition

Hepatocyte injury, Endotoxin and bacteria 

spill over

None

Heart

Myocardial depression

Severe biventricular 

dysfunction

Arrhythmia

Abnormal calcium  

homeostasis-cardiomyocyte injury

Focal mitochondrial injury

Defects in cardiomyocyte  

coupling due to abnormal cardiac gap 

junctions

Impaired coronary microcirculation

Endothelial activation

Inotropic agents

Betablockers

Brain /CNS

Confusion / Delirium

Impaired cognition

Amnesia

Impaired endothelial integrity  

(microvasculature & BBB),  

Hyperinflammation leading to

microglial activation

Light sedation

Early

rehabilitation

Cardiovascular

Ventricular dilatation

↓ ejection fraction

↓ contractility

Vasoplegia

Myocardial depression

Impaired calcium homeostasis,

↑ NO & phosphate production

Endothelial inflammatory activation

Inotropic agents

Betablockers

Table 1. Organ-specific failure phenotypes in sepsis
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Sepsis-associated Acute Kidney Injury 
(Sepsis-AKI).  
Renal endothelial activation, 
inflammation and leukocyte infiltration

Approximately 50% of patients with 
sepsis admitted to the intensive care develop 
AKI which is associated with high mortality 
(Poston and Koyner, 2019). Recent advances 
in our understanding of AKI have identified that 
aberrant renal microvascular responses play a 
major role in driving renal failure in patients with 
sepsis (Kellum and Prowle, 2018). The kidney 
microvasculature composed of arterioles, 
venules, and two capillary networks, namely 
the glomerulus and the peritubular capillary 
plexus (Ince et al., 2016) regulate blood flow 
within the kidney and mediate inflammation, 
permeability and coagulation. Glomerular 
ECs are highly fenestrated and covered by 
a rich glycocalyx layer that allow filtration of 
water and small solutes as well as supporting 
podocyte structure (Singh et al., 2007; 

Haraldsson, Nystrom and Deen, 2008). The 
peritubular capillaries are also fenestrated 
and contribute to tubular reabsorption as well 
as supporting renal tubule cell function (Jen, 
Haragsim and Laszik, 2011).

In sepsis, the renal microvascular 
endothelial compartments produce adhesion 
molecules from the selectin family (P-selectin 
and E-selectin), and integrin family (VCAM-
1 and ICAM-1) mediating leukocytes rolling, 
tethering, adherence and subsequent 
infiltration into the tissues (Nourshargh and 
Alon, 2014). However, an association between 
leukocyte adherence and the distinct adhesion 
molecule expression profiles in specific renal 
microvascular compartments is difficult to 
establish (Matijs van Meurs, Kurniati, et al., 
2009; Molema, 2010; Asgeirsdottir et al., 
2012). Although not extensive, leukocytes, 
predominantly neutrophils, guided by 
endothelial activation, were found to localize 
predominantly in the glomerular and 

Gastrointestinal

Mucosal bleeding

Paralytic ileus

Endothelial cell injury and microcirculation 

dysfunction

Epithelial hyperpermeability

Altered microbiome

Proton pump

inhibitor Early

enteral nutrition

Probiotics

Selective

digestive

decontamination

Coagulation Bleeding

Microthrombi

Tissue ischemia

Diffuse

intravascular

coagulation (DIC)

Intravascular coagulation

Endothelial injury

Systemic thrombin generation

Antithrombin

Thrombomodulin

Concentrated

platelets

Immune system
Hyperinflammation

Immunosuppression

Secondary infection

Virus reactivation

Balance between hyper- and  

anti-inflammatory responses disturbed
Immunotherapy
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peritubular capillaries (Kuligowski, Kitching 
and Hickey, 2006; Kitching, Holdsworth and 
Hickey, 2008; Aslan et al., 2018).

In mice, LPS and TNF-α induced 
expression of E-selectin was predominantly 
found in the glomeruli and to a lesser extent 
in the arterioles (Dayang et al., 2019). In 
contrast, VCAM-1 is highly expressed in the 
arterioles and venules, while expressed to a 
lesser extent in the glomeruli (M. van Meurs et 
al., 2009; Asgeirsdottir et al., 2012; Dayang et 
al., 2019). E- selectin was predominantly found 
expressed in the glomeruli and to a lesser extent 
in the arterioles upon LPS challenge (Dayang 
et al., 2019). In contrast, VCAM-1 was highly 
expressed in the arterioles and venules, while 
expressed to a lesser extent in the glomeruli 
(M. van Meurs et al., 2009; Asgeirsdottir et 
al., 2012; Dayang et al., 2019) Despite high 
VCAM-1 expression in the arterioles during 
sepsis, comparable to levels in the venules, 
leukocyte adherence on the surface of renal 
arterioles rarely occurs. In a mouse model 
of experimental sepsis, cecal ligation and 
puncture (CLP), E-selectin and P-selectin 
expression was found in the glomeruli and 
peritubular capillaries. ICAM-1 expression 
was observed in the peritubular capillaries 
but not in the glomeruli (Herter et al., 2014). 
Recent work from our laboratory revealed that 
the inflammatory response of neighbouring 
ECs within a specific renal microvascular 
compartment were distinct (Dayang et al., 
2019). The molecular mechanisms controlling 
renal heterogeneous inter- and intra-vascular 
endothelial activation in vivo are currently 
poorly understood but may involve regulatory 
non-coding RNAs, such as miR-126 in the 
regulation of VCAM-1 in the renal vasculature 
(Asgeirsdottir et al., 2012).

Blocking E-selectin, P-selectin or 
both in septic mice significantly diminished 
neutrophil infiltration into the kidney and 
preserved kidney morphology (Herter et al., 
2014). Moreover, neutrophil depletion was 

found to protect CLP-induced renal injury in 
mice (Herter et al., 2014), highlighting the 
significance of endothelial activation and 
subsequent neutrophil infiltration in relation 
to sepsis-associated renal failure. Similar 
findings have been observed in human post-
mortem kidney biopsies from sepsis patients 
with acute kidney injury (AKI). Monocytes 
were found to aggregate in the glomerular 
capillaries, cortical and medullary capillaries 
which was not observed in critically ill trauma 
patients with systemic inflammation (Lerolle et 
al., 2010; Aslan et al., 2018).

Activated ECs also produce cytokines 
and chemokines that can initiate and 
orchestrate inflammation. In a rat model 
of acute renal microvascular injury, in situ 
hybridization of renal tissue revealed co-
localization of endothelially produced IP-10/
CXCL10 mRNA with infiltrating T cells in the 
tubulointerstitial compartment (Panzer et al., 
2006). In the same kidney, glomerular IP10/
CXCL10 expression was absent, while MCP-
1/CCL2 was detectable and associated with 
monocyte infiltration (Panzer et al., 2006). In 
CLP mice, monocytes were found to undergo 
CX3CR1-dependent crawling 6 hours after 
CLP induction yet no monocytes were 
found to transmigrate into the parenchyma. 
Interestingly, monocyte inhibition exacerbated 
CLP-induced renal injury suggesting that 
monocytes may mediate anti-inflammatory 
effects (Chousterman et al., 2016). The 
concept that monocytes may play an anti-
inflammatory role in the kidney was supported 
by Hato and colleagues, which showed 
macrophages elicited a renal protective effect 
by low-dose LPS preconditioning (Hato et al., 
2015). Organ-specific inflammatory models 
recently revealed that leukocyte activation 
and recruitment differs between the kidney 
and lung and that endothelial activation 
is differentially regulated in these organs, 
which contradicts assumptions that leukocyte 
recruitment into organs is regulated similarly 
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for each organ. Recently reviewed in detail 
elsewhere (Maas, Soehnlein and Viola, 2018).

Together these studies imply that 1) the 
interaction of distinct immune cell subsets 
with the endothelium is characterized by 
EC heterogeneous expression of adhesion 
molecules and specific chemokine signals 
within different renal microvascular 
compartments, and 2) in certain circumstances, 
leukocyte-endothelial interactions do not 
necessarily promote inflammation causing 
functional and structural failure but that their 
role in the resolution of inflammation may be 
as important.

Renal vascular barrier dysfunction
As mentioned above, minimal histological 

changes were observed in renal biopsies from 

septic patients, likewise in the kidneys from 

experimental sepsis mice (Maiden et al., 

2016), which corroborates the observation 

that the microvascular barrier in the kidney 

of sepsis patients is uncompromised (Aslan 

et al., 2017). Loss of the glycocalyx leads 

to functional impairment of the glomerular 

barrier in sepsis (Ince et al., 2016). In CLP-

induced rats, an increase in urine albumin 

was correlated with a decrease in glycocalyx 

components, syndecan-1, hyaluronic acid, 

and sialic acid (Adembri et al., 2011). Likewise, 

loss of the glycocalyx was observed in LPS 

and TNFα-challenged mice (Xu et al., 2014). 

TNF-/- mice were found to be resistant to LPS-

induced glomerular permeability and were 

not able to induce heparanase expression in 

response to LPS injection therefore protecting 

the barrier from heparan sulphate degradation 

(Xu et al., 2014), a common glycocalyx 

degradation pathway (Schmidt et al., 2012). 

The interaction of TNF-α and syndecans 

leads to structural rearrangement of ECs that 

increases paracellular permeability, allowing 

extravasation of macromolecules, such as 

albumin (Christaki and Opal, 2008).

In normal healthy mice, the expression 

level of tight junction molecules Occludin and 

Claudin-5 were 20-fold and 100-fold higher 

in the lungs compared to kidney, respectively 

(Aslan et al., 2017), which implies that a 

different endothelial barrier regulation exists 

in different organs under quiescent conditions. 

Moreover, Occludin and Claudin-5 mRNA 

induction was greatly increased in the kidney, 

and to a lesser extent in the lungs of the same 

LPS-challenged mice. Additionally, expression 

of adherence junction molecule, VE-cadherin 

was unaltered in the kidney but was increased 

in the lungs of LPS challenged mice (Aslan et 

al., 2017). VE-Cadherin plasma protein levels 

are associated with AKI in septic patients (Yu 

et al., 2019).
The Ang/Tie2 system also plays an 

important role in maintenance of vascular 
integrity. In human sepsis renal biopsies, 
Renal Ang1 mRNA levels were lower in 
human sepsis patient biopsies compared to 
control patients therefore disturbing the Ang2/
Ang1 ratio (Aslan et al., 2014). Loss of plasma 
Ang1 in patients with sepsis is associated with 
poor outcome (Fang et al., 2018). Moreover, 
plasma Ang1 levels and the Ang2/Ang1 ratio 
have recently been identified to characterize 
AKI and ARDS patient phenotypes (Bos et al., 
2017; Famous et al., 2017). In mice, kidney and 
lung Tie2 mRNA and protein was diminished in 
response to LPS challenge (Matijs van Meurs, 
Kurniati, et al., 2009). However, the temporary 
loss of both Tie2 mRNA and protein was not 
associated with major changes in glomerular 
function which suggests that other factors 
regulate glomerular microvascular integrity 
(Haraldsson, Nystrom and Deen, 2008). 
Structurally, fenestrations in the glomerular 
EC contribute to permeability. In sepsis, the 
size and number of fenestrations are reduced 
leading to glomerular EC permeability. 
VEGF, a potent molecule known to increase 
endothelial permeability, is increased during 
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sepsis (Pierrakos and Vincent, 2010). VEGF 

produced in the kidney is suggested to 

play a role in the regulation of glomerular 

permeability (Hippenstiel et al., 1998). VEGF 

release during septic AKI may also contribute 

to distant organ injury and multiple organ 

failure (Chelazzi et al., 2015).

In summary, loss of the glycocalyx, 

altered fenestrations, altered expression of 

junction molecules, a dysbalanced Ang/Tie2 

system all contribute to impaired endothelial 

integrity in the kidney associated with sepsis.

Sepsis-associated Acute Respiratory 
Dysfunction Syndrome (ARDS)
Lung endothelial activation,  
inflammation and leukocyte infiltration

The primary function of the lung is gas 

exchange for which it is equipped with a large 

surface of epithelial cells separated from the 

blood stream by ECs. The lung is directly 

exposed to infectious and toxic agents from 

the environment and is therefore equipped 

with an extensive innate immune system 

(Chen et al., 2018). Approximately 40% of 

septic patients suffer from acute respiratory 

distress syndrome (ARDS) or acute lung 

injury (ALI), which is associated with a poor 

outcome (Fujishima et al., 2016). In ARDS, 

gas exchange is hampered due to thickening 

of the alveolar membrane and flooding of cells 

and protein-rich exudate into the alveolus 

leading to oedema (Ware and Matthay, 2000). 

Often patients with sepsis and ARDS need to 

be ventilated. However, the force exercised 

by mechanical ventilation can aggravate lung 

inflammation and is therefore also detrimental 

to the lungs. Ultimately the lung fails due to 

decreased ventilation and diffusion which 

cannot be compensated for by supportive 

mechanical ventilation. 

Infiltration of inflammatory cells is a 

major hallmark of sepsis induced acute 

respiratory distress syndrome (ARDS) (Ware 

et al., 2004; Abraham et al., 2006). In sepsis, 

various leukocyte subtypes but predominantly 

neutrophils were shown to infiltrate lung 

tissues. The expression of endothelial 

adhesion molecules and associated infiltrating 

neutrophils correlated with organ function 

impairment in lung biopsies from patients 

with ARDS (Windsor et al., 1993). Leukocytes 

tend to adhere to the post-capillary venules, 

but some studies have indicated that the lung 

capillaries are the preferred site of adherence 

and extravasation (Rossaint and Zarbock, 

2013). Neutrophils located in the capillaries 

of 2-15μm diameter were retained longer 

allowing the neutrophils to be in direct physical 

contact with ECs yet contact alone does not 

initiate neutrophil transmigration (Rossaint 

and Zarbock, 2013; Margraf, Ley and Zarbock, 

2019). Neutrophils were shown to migrate 

across inflamed ECs via their interaction with 

platelets in murine models of Escherichia coli, 

Klebsiella- and LPS- induced pneumonia. 

Platelets and inflamed vascular endothelium 

communicate and attract neutrophils via 

interactions between P-selectin on platelets 

and P-selectin ligand (PSGL-1) on neutrophils 

(Zarbock, Singbartl and Ley, 2006; Zarbock, 

Polanowska- Grabowska and Ley, 2007; 

Grommes et al., 2012). Platelet depletion 

reduced neutrophil accumulation in lung 

tissue indicating that neutrophils require 

aggregation with activated platelets to 

establish an interaction with ECs during 

bacterial infection (Zarbock, Polanowska- 

Grabowska and Ley, 2007). A large pool 

of neutrophils normally reside in the lung 

parenchyma (Kreisel et al., 2010) which upon 

bacteria-challenge extravasated immediately, 

forming extravascular clusters that co-

localized with monocytes in the parenchymal 

area. Correspondingly, monocyte depletion 

resulted in reduced neutrophil recruitment 

and transendothelial migration (Kreisel et al., 

2010). How neutrophils are recruited and the 
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role of the adhesion molecules seems to be 

inflammatory stimulus dependent as reviewed 
elsewhere (Margraf, Ley and Zarbock, 2019).

Alveolar macrophages were the first 
cells to detect LPS upon intra-tracheal LPS 
delivery rather than the ECs (Hollingsworth 
et al., 2005). However, pulmonary ECs are 
suggested to play an essential role in regulating 
responses to bacterial products, such as LPS. 
Andonegui and colleagues found endothelial 
TLR4 expression was sufficient to sequester 
neutrophils into the lungs after LPS challenge 
(Andonegui et al., 2003). These observations 
demonstrate the uniqueness of leukocyte 
infiltration in the lungs in sepsis, which differs 
from the rest of the organs mainly due to 
major differences in the microvascular make-
up, with EC heterogeneity playing a major role 
(Margraf, Ley and Zarbock, 2019).

Lung vascular barrier dysfunction
The clinical presentation of lungs 

‘drowning’ with fluids in sepsis is a clear 
indicator of a compromised vascular barrier 
integrity. Plasma from septic patients 
increases pulmonary EC permeability in 
vitro (Leligdowicz et al., 2018). As already 
mentioned, vascular barrier integrity is 
regulated by endothelial junctional molecules. 
During sepsis, leukocytes interact with 
the glycocalyx, resulting in its degradation 
(Schmidt et al., 2012) leading to pulmonary 
oedema (Maniatis and Orfanos, 2008), which 
is the hallmark of acute lung injury in sepsis.

The endothelial glycocalyx is pivotal in 
regulating the alveolar endothelial integrity. 
In an LPS-induced murine model, lung ECs 
express high levels of heparanase, which 
mediates degradation of glycocalyx in the lung 
microvascular beds, resulting in an increased 
vascular leakage (Uchimido, Schmidt and 
Shapiro, 2019). In human biopsies, low levels 
of heparanase are found in normal healthy 
lung vascular beds, whereas during damage 
the levels of heparanase are increased. A 

heparanase inhibitor was found to attenuate 
pulmonary endothelial hyperpermeability 
after sepsis onset in a CLP-induced murine 
model (Schmidt et al., 2012). Inhibition of 
gap junction molecule connexin43 (Cx43) 
induced EC permeability in an experimental 
lung injury model (Parthasarathi, 2012). VE-
cadherin expression in mice is 200 times 
higher in the lungs compared to the kidney 
and following LPS injection, VE-cadherin 
expression in lungs was reduced, but not in 
the kidney (Aslan et al., 2017). Endocytosis of 
VE-cadherin induces gaps between ECs in 
the lungs, leading to increased permeability 
(Lee and Slutsky, 2010). High mobility group 
protein B1 (HMGB1) was also shown to 
induce gaps in between ECs (Wang, 1999), 
and is implicated in sepsis- associated ARDS 
(Ueno et al., 2004).
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02
Functional annotation of  
genetic loci associated with 
sepsis prioritizes immune and 
endothelial cell pathways
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ABSTRACT
Due to limited sepsis patient cohort 

size and extreme heterogeneity, only one 
significant locus and suggestive associations 
at several independent loci were implicated 
by three genome-wide association studies. 
However, genes from such loci may also 
provide crucial information to unravel 
genetic mechanisms that determine sepsis 
heterogeneity. Therefore, in this study, 
we made use of integrative approaches 
to prioritize genes and pathways affected 
by sepsis associated genetic variants. By 
integrating expression quantitative trait 
loci (eQTL) results from the largest whole-
blood eQTL database, cytokine QTLs from 
pathogen-stimulated peripheral blood 
mononuclear cells (PBMCs), publicly 
available blood transcriptome data from 
pneumoniae-derived sepsis patients 
and transcriptome data from pathogen-
stimulated PBMCs, we identified 55 potential 
genes affected by 39 independent loci. By 
performing pathway enrichment analysis at 
these loci we found enrichment of genes for 
adherences-junction pathway. Finally, we 
investigated the functional role of the only 
one GWAS significant SNP rs4957796 on 
sepsis survival in altering transcription factor 
binding affinity in monocytes and endothelial 
cells. We also found that transient deficiency 
of FER and MAN2A1 affect endothelial 
response to stimulation, indicating that 
both FER and MAN2A1 could be the causal 
genes at this locus. Taken together, our 
study suggests that in addition to immune 
pathways, genetic variants may also affect 
non-immune related pathways. 

Key words: 
Sepsis GWAS, cytokine QTLs, eQTL, 
functional genomics, PBMC transcriptome, 
endothelial response,  FER locus 

INTRODUCTION
Sepsis is a major global health problem 

primarily caused by bacterial and fungal 
infections. It is a life-threatening organ 
dysfunction characterized by a dysregulated 
host immune response (Singer et al., 
2016).  The global burden of sepsis is high, 
with an estimated worldwide incidence of 
more than 30 million cases per year leading to 
nearly 6 million annual deaths (Fleischmann-
Struzek et al., 2018). Regretfully, current 
strategies using a “one-size-fits-all” treatment 
approach for sepsis have failed because of 
the extreme heterogeneity in disease outcome 
(Vandervelden, Malbrain, 2015). It is becoming 
increasingly clear that the heterogeneity is 
determined by impact of multiple risk factors 
including host genetic variation and pathogens 
(Fleischmann-Struzek et al., 2018). Therefore, 
identifying the critical genetic factors that 
affect sepsis patient outcome will help us to 
unravel genetic mechanisms that determine 
sepsis heterogeneity.

Up to now, three genome-wide association 
studies (GWAS) have been conducted to 
identify risk genes for sepsis. Two GWAS were 
conducted to identify associations between 
single nucleotide polymorphisms (SNPs) 
and 28-day sepsis mortality (Rautanen et al., 
2015, Scherag et al., 2016). Another GWAS 
was conducted in a cohort of extremely 
premature infants to identify genetic loci 
associated with sepsis onset (Srinivasan et 
al., 2017). However, only one study identified 
a genome-wide significant association at non-
coding SNPs in the intron of Fps/Fes related 
tyrosine kinase (FER) gene in patients with 
28-day survival of sepsis due to pneumonia 
(Rautanen et al., 2015). Although, these 
studies identified associations with several 
common polymorphisms, it is unclear how 
these SNPs affect sepsis outcome. Moreover, 
which genes and pathways in these loci 
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affect sepsis survival remains to be studied. 
Identifying these specific genes and pathways 
is crucial to better understand the molecular 
mechanisms underlying sepsis heterogeneity.

System genetic approaches have been 
very effective for many complex human 
diseases, to translate genetic associations into 
functional understanding (Gallagher, Chen-
Plotkin, 2018). By integrating multiple molecular 
phenotypes such as gene expression, protein 
levels, metabolites etc. with SNPs that were 
associated with human diseases, studies have 
shown that it is possible to prioritize potential 
causal genes affected by GWAS SNPs and 
obtain insights into functional pathways that 
affect human disease (Matzaraki et al., 2017). 
Given the polygenic nature of many complex 
phenotypes, SNPs that are associated with 
suggestive significance also provide crucial 
biological insights. Moreover, as GWAS SNPs 
function in cell-type and context-dependent 
manner (Tak, Farnham, 2015), integrating 
such context- specific molecular data with 
sepsis-associated SNPs may be more 
effective to obtain mechanistic insights into 
sepsis heterogeneity.

Therefore, in this study, we used 
pathogen- and cell-type specific gene 
expression levels, cytokine responses 
and genotype data from population-based 
cohorts to integrate molecular responses with 
sepsis associated SNPs. We show that about 
35% of the SNPs affect gene expression 
(eQTLs) in blood and less than 30% of sepsis 
associated SNPs affect cytokine production 
by peripheral blood mononuclear cells 
(PBMCs) in response to pathogens. Next, 
we show that the genome-wide significant 
SNP rs4957796 in the FER locus affects 
transcription factor binding efficiency in both 
monocytes and endothelial cells, and FER 
and Mannosidase Alpha Class 2A Member 1 
( MAN2A1) could be the causal genes in this 
locus via regulating endothelial function.

Taken together, our study provides 
evidence for genetically determined variability 
in endothelial pathways, in addition to 
leukocyte responses, as one of the important 
factors to explain sepsis heterogeneity. 
Therefore, more studies on the effect of the 
SNPs on different pathways such as barrier 
function or endothelial function are needed.

RESULTS
Annotation of 39 independent loci 
from three sepsis GWAS

Two genetic studies were conducted to 
identify SNPs associated with sepsis survival 
in adult (28-day mortality) and one study on 
sepsis onset in extremely premature infants. 
We extracted 25 SNPs that are associated with 
sepsis survival with evidence for suggestive 
association  (P < 10-5), which includes 11 
SNPs from Rautanen et al., and 14 loci from 
Scherag et al. study (Rautanen et al., 2015, 
Scherag et al., 2016). Using the same criteria 
we extracted 30 SNPs that are associated 
with sepsis onset in infants from Srinivasan et 
al. study (Srinivasan et al., 2017) (table S1). 
Among these 55 SNPs, we filtered by locus 
position, for loci located within 1 Mb from each 
other, and selected a SNP with the lowest 
P-value as the representative. As a result, 
we found 39 independent loci from the three 
GWAS. We then extracted  218 proxy SNPs 
(R2≥ 0.95, D’=1) for these 39 independent 
SNPs using 1000 Genome CEU as a 
reference population (table 1). As previously 
reported, none of these loci were shared 
between the three studies. Although, this may 
be because of the insufficient study power, 
it also emphasizes the clinical heterogeneity 
among patients between cohorts, which could 
be partly determined by genetic variations. 
Therefore, we followed up these independent 
loci to prioritize potential causal candidate 
genes and pathways affected by them. 
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Expression QTL mapping and 
differential expression analyses 
prioritized potential causal pathways 
for sepsis

To identify potential causal genes 
affected by sepsis-associated SNPs, we 
made use of expression-QTL (eQTL) analysis. 
For this we extracted results from the largest 
eQTL study (eQTLGen) that included nearly 
35,000 blood samples (Vosa et al, 2018). We 
found significant association of SNPs from 
13 independent loci with expression levels of 
45 unique genes (Table 1). Interestingly, three 
loci that were associated with sepsis onset in 
extremely premature infants affected the most 
number of nearby genes (Table 1). In particular, 
SNPs rs12490944, rs41461846 and rs3844280 

Study
Independent 
loci

cis-eQTL 
(blood)

eQTL-P 
value

cytokine QTL
cQTL-P  
value

Rautanen A

rs2709532 No No

rs72661895 No No

rs4957796 No No

rs79423885 No No

rs76881522 No No

rs12114790 CSGALNACT11

INTS10
9,50E-66
3,27E-09

IL1b_C.a lb i canscon id ia_
PBMC_24h
I L 6 _ C . a l b i c a n s hy p h a e _
PBMC_24h
TNFA_C.alb icansconidia_
PBMC_24h

0,010228723
0,026800224
0,040662939

rs9566343 No IL22_C.a lb i canscon id ia_
PBMC_7days
IL6_LPS100ng_PBMC_24h

0,009406105
0,022034182

rs6501341 No No

rs2096460 URB1 1

C21orf119
6,8893E-152
1,5728E-21

No

Scherag A

rs382422 WLS 2 8,66E-12 IFNy_C.a lb icanscon id ia_
PBMC_7days

0,006355623

rs150811371 No  No  

rs945177 No  No  

rs9529561 No  No

rs2641697
 

CRISPLD2 1,2

KIAA0513 2

1,18E-08
6,31E-07

IL6_S.aureus_PBMC_24h
 

0,029215619
 

rs7211184 No  No

rs58764888 No  No

rs72862231 No  No

affected 14, 10 and 5 genes, respectively.
Moreover, it is shown that differentially 

expressed genes in response to infectious 
agents are more likely to be associated 
with susceptibility to infectious diseases 
(Chen et al., 2008) and more than 90% of 
the lead SNPs that have eQTL effects are 
located within 100kb of the eQTL genes 
(Võsa et al., 2018). Therefore, as a second 
strategy to prioritize potential causal genes 
at sepsis-associated loci, we tested the 
expression levels of all genes located 
within a 200 kb window of all 39 loci with 
suggestive association (P < 9.99 x 10-5) in 
stimulated peripheral blood mononuclear 
cells (PBMCs) transcriptome. For this, we 
used RNAseq data from PBMCs that were 



39

rs150062338 No  No

rs10933728 No  No

rs115550031 DGKQ 1 5,95E-06 No No

rs62369989 No  IL17_C.a lb i canscon id ia_
PBMC_7days

0,011402725

rs117983287 No  No  

rs409443 No  No  

Srinivasan L

rs3100127 PTPN7
LGR6 2

3,48E-91
6,01E-16

No

 rs41461846 CYP27A1 2

RQCD1
VIL1 1

TTLL4 1

STK36
USP37 1

SLC11A1 1,2

ZNF142
PRKAG3 2

BCS1L

3,2717E-310
3,2717E-310
4,3769E-101
1,3023E-79
9,0469E-76
4,9084E-71
3,4111E-61
2,6409E-55
6,0805E-38
1,8409E-37

No
 

rs72998754 No  No

rs3844280 BRK1 1

LINC00852
FANCD2 1

IRAK2 1,2

CRELD1

1,83E-180
6,43E-19
8,65E-12
6,97E-11
5,51E-06

No

rs12490944 RBM6 1

HYAL3 2

MON1A 1

UBA7 2

APEH
AMT
NICN1
IFRD2
NAT6
KLHDC8B 2

QRICH1
TCTA
MST1 2

FAM212A

2,01E-195
2,98E-98
1,56E-79
5,21E-59
5,64E-27
3,54E-21
2,61E-20
4,12E-10
2,39E-08
4,60E-08
2,34E-07
1,42E-05
1,57E-05
1,74E-05

No

rs17599816 No  No

rs6462728 AOAH 1,65E-26 IL17_C.albicansconidia_PB-
MC_7days
IL6_C.albicansconidia_PB-
MC_24h

0,010838542
0,020869368

rs2237499 LINC00265
RALA 1

CDK13

4,59E-91
5,32E-18
7,48E-14

IL1b_LPS100ng_PBMC_24h
TNFA_C.albicansconidia_PB-
MC_24h
IL6_LPS100ng_PBMC_24h
IL1b_E.Coli_PBMC_24h

0,000626831
0,012141737
0,017978737
0,033518435

rs4730486 IMMP2L 3,2717E-310 No  

rs513793 No  No

rs11597285 No  No  

rs74487835 No  No  

rs16913666 No  No  
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Table 1. 
Summary table of genes and cytokines of which the expression levels are associated with 
genetic variations at 39 GWAS suggestive loci. 13/39 loci could alter RNA expression level 
of 45 nearby genes, cis-eQTL. 1 Gene locates within 200kb window surrounding the suggestive 
GWAS loci. 2eQTL genes of which RNA expression levels are differentially expressed in stimulated 
PBMCs. 11/39 loci could alter cytokine levels upon stimulation, cytokine-QTL.

rs11840143 No  IL22_C.albicansconidia_PB-
MC_7days
IFNy_C.albicansconidia_PB-
MC_7days

0,021643788
0,049325944

rs13380717 No  IFNy_C.albicanshyphae_PB-
MC_7days
IL22_C.albicanshyphae_PB-
MC_7days
TNFA_E.Coli_PBMC_24h
IL1b_E.Coli_PBMC_24h

2,51E-06
0,003182544
0,032629607
0,043946978

rs645505 NAPG 5,33E-06 No  

Figure 1. 
Expression QTL mapping and differential expression analyses prioritized potential genes. 
A. Among 45eQTL genes, there are 12 genes that are differentially expressed in at least 1 condition 
in stimulated PBMCs. B. Expression levels of  cis genes that have not eQTL effect in blood, but 
differentially expressed upon stimulation in PBMC. Heatmap was plotted based on log2(Fold-
change) of RNA expression levels in P.aeruginosa, S.pneumoniae and C.albicans-stimulated 
PBMCs. RNA expression levels were measured after 4h or 24h of stimulation. Colors represent 
the RNA expression levels, red: significantly induced genes, blue: significantly suppressed genes; 
grey: not significantly different between stimulated and non-stimulated PBMCs.
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stimulated with Pseudomonas aeruginosa 
(P . aeruginosa), Streptococcus pneumoniae 
(S. pneumoniae) or Candida albicans (C. 
albicans) for 4 or 24 hours. We found that 
12 out of 45 cis-eQTL genes (26,67%) were 
also differentially expressed in at least 1 
condition (Figure 1A). In addition, we also 
found another 10 cis-genes, which were 
not implicated by eQTL mapping as causal 
genes, to be differentially expressed in at 
least one of the stimulations in PBMC (Figure 
1B). In the end, by combining these two 
strategies, we prioritized 55 potential causal 
genes for sepsis.

Subsets of prioritized genes are also 
associated with severity of sepsis

Next, we tested whether some of the 
prioritized sepsis-associated genes show any 
correlation with the severity of sepsis. To perform 
this analysis, we made use of publicly available 
blood transcriptome data from pneumoniae-
derived sepsis patients (Davenport et al., 
2016). Out of 55 prioritized genes, we found 
7 genes that are differentially expressed 
between severe and mild sepsis patients  
(Figure 2). Among them, expression of  
CSGALNACT1 is increased in severe patient 
group whereas KLHDC8B, BCS1L and 
NAT6 expression levels were decreased. 
Interestingly, except CSGALNACT1, all the 
other 6 genes were eQTL genes for SNPs 
associated with sepsis onset. This observation 
suggests that some of the genes associated 
with disease onset could also be involved in 
determining disease severity.

There was no evidence for enrichment 
of these six genes for particular pathways; 
however, CYP27A1 and SLC11A1 are known 
to be involved in sepsis. CYP27A1 is one of 
the key enzymes involved in synthesizing 
bile acid in the liver. Studies have shown that 
CYP27A1 down regulation in sepsis reduce 
the amount of circulating bile acid, which may 
be beneficial for sepsis patients (Matsuzaki 

et al., 2002, Bhogal, Sanyal, 2013). SLC11A1 
encodes for iron channel, involved in cation 
metabolism and host resistance to infection. 
SLC11A1 was shown to be associated with 
active tuberculosis (Bellamy et al., 1998, Velez 
et al., 2009, Li et al., 2011).

Around 23% of the loci affect cytokine 
production by leukocytes in response 
to sepsis causing pathogens. 

In addition to a global screening for the 
effect of 39 suggestive loci on transcriptome 
response, we also tested their effects in 
regulating inflammatory cytokine responses, 
a prominent phenotype in sepsis. We tested 
if SNPs that are associated with sepsis 
survival or sepsis onset affect production of 
cytokines by leukocytes upon stimulation by 
intersecting our 218 SNPs with cytokine QTL 
from stimulated PBMCs (Li et al, 2016). 

We found that nine independent loci 
affect the production and secretion of six 
different cytokines in the context of Gram-
negative bacteria, Gram- positive bacteria 
and fungi (table 1 and figure 3), albeit with 
nominal statistical significance (P<0.05). Only 
two loci, among these nine loci, are found 
to be significantly associated with cytokine 
production in PBMCs after correcting for 
multiple testing (P< 0.0012) (table 1). In 
particular, SNP rs2237499 affected IL-1β 
levels upon LPS (Gram-negative bacterial 
infection), whereas SNP rs13380717 altered 
IFN-Y levels in response to C. albicans hyphae 
infection. In summary, only around 23% of the 
sepsis-associated variants affected cytokine 
production. These results suggest that the 
other non-cytokine processes are also 
important for explaining sepsis heterogeneity
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Figure 3. Suggestive GWAS loci could influence the production of cytokines from PBMC  
in response to infection. Heat map shows cytokine- QTL (cQTL) effect of the suggestive SNPs  
(P value<=0.05), based on 500 FG cytokine QTL data (Li et al, 2016).
Empty boxes indicate no cQTL relationship between the SNPs and cytokine production. Color 
darkness  was scaled base on -log10(P value).

Figure 2. Subsets of prioritized genes are 
also associated with severity of sepsis. 
Among  55 genes, there are 7 genes that are 
DE in patients (FC>1,5 and FDR<=0,05). Heat 
map shows RNA expression levels of 7 genes 
in both discovery and validation cohort. Colors 
represent expression levels by fold-change 
between two groups: severe patients SR1 
vs mild patients SR2. Blue: significantly lowly 
expressed in the severe group, red: significantly 
highly expressed in the severe group, white: 
non-significantly different between the severe 
and mild groups (Davenport et al, 2016).
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Figure 4: Pascal pathway enrichment for 39 independent suggestive-GWAS loci 
(Lamparter et al, 2016). Y axis: pathways enriched by Reactome and KEGG database.  
X axis: -log(10) of q value.

Sepsis associated genes are enriched 
for adherence junction pathway

To test if genes affected by sepsis 
survival associated SNPs are enriched for 
particular biological pathways, we made 
use of Pascal pathway prioritization tool 
(Lamparter et al., 2016). Based on the SNP 
location, and the P value of each SNP, the 
Pascal software will calculate gene score of 
nearby genes, and the probability of each 
gene in involving in any signaling pathways. 
We initially performed gene prioritization and 
pathway enrichment analyses for each study 
separately. However, because of less number 
of loci from each study, we were unable to 
see strong enrichment of any pathways.  We, 
therefore, combined all 39 independent loci 
from 3 studies and performed enrichment 
analysis. Interestingly, the enrichment analysis 
showed significant enrichment of genes for 
adherences-junction pathway (Figure 4).

Particularly, the enrichment analysis was 
based on 36 genes located within 100kb of 39  
SNPs. Among those, there are 17 genes that 
overlapped with the 55 prioritized genes above 
(data not shown). These findings strengthen 
the common notion that disruption in barrier, 
especially vascular wall leakage is a critical 
process, which lead to organ dysfunction and 
mortality in sepsis. 

Regulatory function of GWAS  
SNP rs4957796 at FER locus in 
endothelial cells

We showed that many of the sepsis 
associated SNPs affect gene expression or 
alter cytokine levels in response to infections in 
blood. However, we didn’t find any association 
with expression or with cytokine responses for 
SNP rs4957796, which is the only genome-
wide significant SNP from a GWAS, at FER 
locus (table 1). This SNP is associated with the 
survival of pneumonia-derived septic patients. 

However, how the SNP contributes to the 
disease severity or which genes are affected by 
this SNP is not clearly established. Therefore, 
we conducted experiments in both immune 
cells and endothelial cells (HUVECs), which 
play central roles in sepsis pathogenesis (Van 
Der Poll et al., 2017)

To gain further insight into the function 
of this SNP, we tested if the SNP could alter 
the binding site of transcription factors. The 
alteration of nucleotide composition can lead 
to changes in the binding of these transcription 
factors, hence, affecting expression levels of 
genes. Based on weight matrix prediction this 
SNP is located in the binding motif of several 
transcription factors (figure S1). Next, we tested 
the expression of these transcription factors 
both in stimulated PBMCs and endothelial 
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cells. We found that ARID5A, E4BP4, HLF, 
Jundm2 and Ncx_2 differentially expressed in 
PBMCs upon stimulation. On the other hand, 
these transcription factors (ARID5A, BBX, 
E4BP4, FOXL1, Jundm2, Mef2, TBP and 
p300) were expressed in endothelial cells, 
yet the expression levels were not altered by 
stimulation of IL1β, TNFα or LPS. Next, we 
performed electrophoresis molecular shift 
assay (EMSA) to validate if the SNP can alter 
binding affinities of transcription factors in 
endothelial cells (HUVECs) and monocytes 
(THP-1). We found that the alteration of T (the 
risk allele) to C allele  (the alternative allele) 
resulted in changes in the competition of at 
least two transcription factors in binding to 
the locus (Fig. 5A). The effects were shared 
between both cell types. These findings 
indicated that the genome-wide significant 
SNP at FER locus could alter the binding of 
transcription factors in endothelial cells as well 
as in monocytes to influence the expression 
of cis-genes. Therefore, future studies should 
generate large scale endothelial cell gene 
expression data upon relevant stimulations to 
establish the link between sepsis associated 
SNPs and cis-genes.

Both FER and MAN2A1 alter endothelial 
cell responses to stimulation

Previous studies have speculated that 
FER could be a potential causal gene at this 
locus (Rautanen et al., 2015). However, the 
expression levels of this gene in blood of 
sepsis patients did not show any correlation 
with the severity of sepsis (Davenport et al., 
2016). As SNPs can alter expression levels of 
multiple cis-genes, we tested if the expression 
of other nearby genes are associated with 
the disease severity using the data from 
Davenport et al 2016 and found MAN2A1 
to be differentially expressed between the 
two patient groups. We first checked the 
responses of endothelial cells to sepsis-
mimicking pathogens, Gram-negative bacteria 

(LPS), Gram-positive bacteria (Streptococcus 
pneumoniae) and fungus (Candida albicans). 
We saw that endothelial cells only respond to 
LPS (Figure S2). We then performed transient 
knockdown experiments on both FER and 
MAN2A1 genes in endothelial cells using 
gene-specific siRNAs. Interestingly, both 
FER and MAN2A1 deficiency in HUVECs 
altered the cell response to LPS stimulation. 
We found that the knockdown of MAN2A1 
showed stronger effect on the expression 
of both adhesion molecules (E-selectin 
and ICAM-1) and cytokine genes (IL8)  
(Figure 5B). Although, it is still needed to 
establish the connection between SNP and 
these two genes, these preliminary results 
highlight the role of more than one causal 
gene at this locus.
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Figure 5: Validation of rs4957796 SNP. A. EMSA (electrophoresis molecular shift assay) of 
oligos resembling the sequence of 30 nts surrounding the top SNP: rs4957796, containing 
either T or C allele. The shift in the position of the probe carrying T or C allele indicated the 
effect of nucleotide alteration at rs4957796 in changing the binding affinity of transcription factor.  
B. Effect of FER or MAN2A1 deficiency in HUVEC on the expression of adhesion molecules and 
cytokines. RNA expression levels of E-selectin, VCAM-1, ICAM-1 and IL6 in HUVEC after 4 hours 
of stimulation were measured by RT-qPCR. Each dot represents one sample. Data represent for 
3 replications.
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Host genetic variation is an important 
factor in explaining susceptibility to infectious 
diseases in general, and sepsis heterogeneity 
in particular. Up to now, there are three 
genome-wide association studies on sepsis 
were conducted. However, due to limited 
sepsis patient cohort size and extreme 
heterogeneity, only one significant locus was 
identified by a GWAS. Nevertheless, the 
suggestive associations implicated by these 
three studies may provide novel insight into 
genes and pathways that are relevant for 
understanding sepsis heterogeneity. 

In this study, we took advantage of existing 
molecular data and integrative functional 
genomics approach to reveal potential causal 
genes and pathways associated with sepsis 
heterogeneity. Firstly, we show that less than 
30% of the sepsis associated loci affect 
cytokine production in response to pathogens. 
Some of these cytokine-affecting SNPs may 
be regulated via their effect on expression 
levels of its nearby genes (eQTL genes). For 
example, a WLS gene is located in cis-region 
of a SNP that affects IFN gamma production in 
PBMCs in response to Candida conidia (table 
1). In NK T cells, it is shown that the WLS 
gene can activate IFN gamma production 
independent of Wnt/B-catenin pathway (Kling 
et al., 2018). Another SNP that is associated 
with IL17 and IL6 levels upon Candida 
albicans conidida stimulation in PBMCs is 
close to AOAH gene (Table 1). AOAH codes for 
acyloxyacyl hydrolase that can deacylate and 
inactivate LPS, a toxin presented on Gram-
negative bacteria wall. Studies have shown 
that AOAH can drive TH17 T cell differentiation 
via secreting IL-6 in mice (Janelsins, Lu & 
Datta, 2013). Therefore, it is likely that some of 
these genes may affect sepsis via regulating 
cytokine levels in response to infections.

On the other hand, it is possible that 
because of the lack of sufficient statistical 
power in these studies, some of these 
associations could be false positive findings. 
Nevertheless, it is interesting to observe that 
more than 70% of the loci were not correlated 
with cytokine levels suggesting the role of other 
functional pathways in sepsis. In concordance 
with this we also show that, by applying 
PASCAL gene prioritization tool, cis-genes 
are enriched for adherens junction pathway. 
However, pathway enrichment analysis on 
only eQTL genes did not reveal any pathways. 
It may be due to the fact that genetic effects 
on gene expression can be very tissue and 
stimulation specific (Gallagher, Chen-Plotkin, 
2018). Therefore the expression quantitative 
trait analysis in healthy blood samples may 
not reflect the effect of sepsis-associated 
genetic variants. More studies are needed to 
investigate the effect of genetic variants on 
different pathways such as coagulation, blood 
pressure, barrier dysfunction, vascular leakage 
that are pivotal for sepsis pathogenesis. Our 
EMSA assays on a SNP located within FER 
locus also suggested that some of these 
sepsis associated SNPs may affect more 
than one causal genes. Therefore, these 
factors need to be taken into account when 
we establish causal genes from association 
studies. Nevertheless, eQTL mapping shows 
that 33% suggestive sepsis-associated loci 
can affect expression levels of 55 potential 
causal genes and some of these genes are 
differentially regulated in patients with severe 
sepsis compared to mild sepsis patient group. 
These genes are of interest to perform further 
functional studies to understand their role in 
sepsis onset and survival.

Our study also has several limitations. 
When we compared the sepsis associated 
SNPs from all three GWAS, we found that none 
of the SNPs were replicated in each other’s 
study. This could be either due to the limited 

DISCUSSION
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sample size and/or the extreme heterogeneity 
among sepsis patients caused by several 
factors including age of patients, type of 
infectious agents, clinical treatments etc. 
Therefore, in the future, a large-scale meta-
analysis on stratified groups of sepsis patients 
should be done to identify genetic variations 
determining sepsis onset, sepsis severity or 
sepsis mortality. Moreover, to overcome the 
heterogeneity of sepsis, GWAS on sepsis-
associated phenotypes such as vascular 
leakage, hypertension, organ damage will 
also be informative to gain further insights 
into sepsis endo-phenotypes. Secondly, 
eQTL mapping results were extracted only 
from whole blood of healthy individuals in this 
study. Given the prominent role of endothelial 
and other cell types in sepsis, future studies 
should focus on generating tissue and context-
specific gene expression data to reveal causal 
genes for sepsis. 

To conclude, our approach in this study 
provides evidence for genetically determined 
variability in endothelial pathways, in addition 
to leucocyte responses, as one of the important 
factors to explain sepsis heterogeneity. Future 
challenge is therefore to exploit the impact of 
genetic variation on endothelial cell related 
processes using both experimental and 
clinical studies, to develop new treatment 
options for sepsis.
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Identification of Proxy SNPs. 
218 proxy SNPs from 39 independent 

loci were extracted from Haploreg using D’=1, 
R2>=0.95 using 1000 Genome CEU as a 
reference population.

Integration of suggestive GWAS loci with 
eQTL data and cytokine QTL data. 

We made use of published eQTL data 
from eQTLgen (http://www.eqtlgen.org) and 
in house-cytokine QTL from 500FG (Li et 
al, 2016). We extracted only genome-wide 
significant eQTL signals from eQTLgen. 
Briefly, cis-eQTLs were defined as FDR 
<0,005 ( P< 1,829 x 10-5)  (11).  For cytokine 
QTL from the 500FG, we extracted reported 
P-value from each SNP. From 39 independent 
loci, there were report from 11 loci, to adjust 
for the total amount of test, our FDR threshold 
is 0,0012 (P<= 0,05/39).

PBMC and HUVEC transcriptome. 
We made use of in house PBMC 

transcriptome data (chapter 4). Briefly, PBMCs 
were isolated from 8 healthy volunteers 
(Ethical Committee of Radboud University 
Nijmegen ( nr 42561.091.12)  and stimulated 
by 3 different pathogens: Pseudomonas 
aeruginosa, Streptococcus pneumoniae and 
LPS for 4 and 24 hours. Pooled donor- HUVEC 
were purchased from Lonza, and stimulated 
by TNF-α, IL-1β or LPS for 6 and 24 hours. 
More details can be found in the Material and 
method section of chapter 4.

Electrophoresis mobility shift assay (EMSA). 
EMSA were performed using LightShift 

Chemiluminescent EMSA Kit (Thermo 
Scientific) according to the manual instruction. 
In brief, the protocols contain 3 main parts, 
including: probe biotination, nuclei extraction 
and mobility shift assay on polyacrylamide 
gel. Probe biotination. Probes containing 
nucleotide sequence of 30 bp around the 
SNP were designed carrying either T allele 

MATERIALS AND METHODS
or C allele at the SNP position. The probes 
were then labeled with biotin at the 3’ end 
using Pierce Biotin 3’ End DNA labeling kit 
(Thermo Scientific). After labeled, probes 
were annealed to make double stranded DNA 
probes. Labeling efficiency was evaluated 
following the recommended protocol. Nuclei 
extraction. 10 million cells were used to isolate 
the nuclei. Cells were suspended in lysis buffer 
(10mM Tris-Cl pH8.0, 300mM sucrose, 10mM 
NaCl, 2mM MgAc2, 6mM CaCl2 and 0.2% of 
NP-40 (Igepal) for 5 minutes. Nuclei pellets 
were harvested and resuspended in 100µl of 
Nuclear Extract Buffer (20mM Tris-Cl (pH8.0), 
420mM NaCl, 1,5mM MgCl2, 0,2mMEDTA, 
25% glycerol, 1mM DTT and 1X protease 
inhibitor cocktail) for 10 minutes on ice. After 
centrifugation at 14.000rpm for 15 minutes, 
supernatant containing nuclear extract 
was collected and protein concentration 
was determined using Bradford assay. Gel 
mobility assay. Mobility assay was performed 
according to the instruction. Briefly, 5-10µg 
of total proteins from the nuclei extract was 
used with 20fmol of Biotin End-labeled target 
DNA. Unlabeled target DNA was also used 
as a binding competition in the presence or 
absence of protein from nuclei extract. Images 
were obtained using BioRad system.

Cell culture. 
To mimic the context of sepsis in which 

inflammation involves the role of endothelial 
cells and blood cells, we used Primary Human 
Umbilical Vein Endothelial  cells (HUVEC) 
(Lonza, The Netherlands) as endothelial 
cells and THP-1 (ATCC, The Netherlands) 
as monocytes. Pooled donor-HUVECs 
were purchased from Lonza (C2519A, The 
Netherlands). Cells were cultured in EBM-2TM 
medium (Lonza) supplemented with EGM-2 
MV SingleQuot Kit Supplements & Growth 
Factors (Cat. No. 3202, Lonza) and antibiotics  
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100IU/ml of penicilin (Astellas Pharma, The 
Netherlands) and 50µg/ml of Streptomycin 
(Rotexmedica GmbH, Germany). Cells were 
used from passage 3-7 and cultured at 37oC,  
5% CO2 and saturating humidity. THP-1 cells 
(ATCC, The Netherlands) were cultured in 
Gibco TM RPMI 1640 containing L-glutamine 
+/ HEPES + (Cat. No.1640 52400-025) 
supplemented with 10% (v/v) heat-inactivated 
FBS (Gibco), 1%(v/v) Pen/Strep 10.000U/
ml (Gibco). THP-1 cells were kept at 37oC, 
5% CO2 and saturating humidity. Cells were 
freshly passed  twice a week to keep a density 
of 200.000-800.000 cells/ml and used up to 
passage 28.  

Knock down experiment in HUVEC. 
HUVEC were seeded to reach the 

confluency of 70% before transfection. siFER 
and siMAN2A1 were delivered into HUVEC 
by Lipofectamine 2000 (Invitrogen). 20pmol of 
siRNA sequence was transfected into 1 million 
cells according to instructed protocol. After 
transfection, cells were rested for 48 hours 
before subsequent stimulation with LPS derived 
from E.coli (serotype 04:B4) (1µg/ml). Cells 
were lysed in Trizol (Ambion, ThermoFisher) 
and kept at -80oC until RNA isolation.

Gene expression by RT-qPCR. 
Gene expression levels were measured 

by RT-qPCR (reverse transcriptase-quantititive 
PCR) using Sybrgreen platform. Briefly, total 
RNA was isolated by Trizol according to the 
instructed protocol. RNA concentration was 
measured by Nanodrop. RNA quality was 
controlled in random samples by measuring 
RNA Integrity Score (Agilent). 100-5000ng 
of total RNA was loaded for cDNA synthesis 
using ReverAid H Minus First Strand cDNA 
synthesis kit (ThermoScientific). Primers (refer 
to table 1) were designed with primer3 and 
conditions were optimized for each primer 
set. Melting curves were used to access the 

specificity of each reaction. GAPDH was 
used as a house-keeping gene. qPCR was 
performed in a ViiA7 real-time PCR (Applied 
Biosystems) following the standard protocol: 
15 mins at 95oC and 40 cycles of two steps: 
amplification (60oC for 60 seconds) and 
denaturation (95oC for 15 seconds). Gene 
expression levels were calculated based on 
the comparison of CT values between target 
gene(s) and the housekeeping gene (ϪCT) . 
Average messenger RNA levels relative to 
GAPDH from the duplicate were calculated 
by 2- ϪCT. Data were shown as mean 
+-SD. Student t-tests were used to compare 
between conditions: P <=0,05 (*); P<=0,01 
(**); P<=0,001 (***). GraphPad Prism software 
(version 6.0) was used to make graphs and 
determine significant differences.
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 Rautanen et al Scherag A et al Srinivasan L et al

Cohort  description 28 days survivals 

of sepsis patients 

with pneumonia

28 days survivals 

of sepsis patients

Sepsis onset  

in extremely  

premature infants

Discovery cohort Total N= 1553

Death= 359

Survivor= 1194

Total N= 740

Death= 149

Survivor= 591

Total= 757

Sepsis= 351

No sepsis= 406

Replication cohort Total N= 538

Death= 106

Survivor= 432

Total N= 936

Death= 95

Survivor= 841

None

Reported SNPs (P<= 10e-5) 11* 14 30

Independent loci (1MB window) 9 14 16

Proxy SNPs (R2>=0,95 &D’=1) 28 121 68

Supplementary table S1: Number of suggestive GWAS loci associated with sepsis 
survivals and sepsis onset in three cohorts (P value<=10e-5). * among these 11 SNPs, there 
is one SNP reached GWAS significance (rs4957796).

Supplementary tables and figures

Primer Sequence (5’-3’)

MAN2A1_forward CGCAGAAAATGATACACACGG

MAN2A1_reverse CGTGGCTCTTTCCTAAACAGG

GAPDH_forward CTGCATTTCATTCCAGTTCAGG

GAPDH_reverse TCTGTCCAGTGATTCAGCCA

FER_forward CAAATCAGCAAGCAAGAGAGC

FER_reverse TGAACTTAGGGCGATTTTCAGG

ICAM1_forward GGCCGGCCAGCTTATACAC 

ICAM1_reverse TAGACACTTGAGCTCGGGCA

VCAM1_forward TCAGATTGGAGACTCAGTCATGT 

VCAM1_reverse ACTCCTCACCTTCCCGCTC

Eselectin_forward CCCGAAGGGTTTGGTGAG 

Eselectin_reverse TAAAGCCCTCATTGCATTGA

IL8_forward TCTGCAGCTCTGTGTGAAGG

IL8_reverse ACTTCTCCACAACCCTCTGC

Probe_Sense (T) CAAAATTTATAAATATTACATCATTGAAATTAT

Probe_Antisense (T) ATAATTTCAATGATGTAATATTTATAAATTTTG

Probe_Sense (C) CAAAATTTATAAATATCACATCATTGAAATTAT

Probe_Antisense (C) ATAATTTCAATGATGTGATATTTATAAATTTTG

Table 2: Primer sequences
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Figure S1. rs4957796  could be located at an enhancer area of genes.

Position Weight 
Matrix ID
(Library from 
Kheradpour and 
Kellis, 2013)

Strand Ref Alt Match on:
Ref: 
TAATTACATAGCACAAAATTTATAAATATTACATCATTGAAATTATTTGCTTTTAAGAA
Alt: 
TAATTACATAGCACAAAATTTATAAATATCACATCATTGAAATTATTTGCTTTTAAGAA

Arid5a - 14.4 10.9                   DNYHBHAATATTRB

Bbx - 14.7 14.8                              HWVTTCAWTGAAHWD

E4BP4 - 13.2 1.2                           NVTTACRTAAYD    

Foxa_known4 - 12.5 9.6                   WRARYAAAYAWKNMV

Foxi1 - 10.4 12.1                   WAWRYAAAYAHVH

Foxl1_1 - 12.7 12.3                 DHDVHATAAAYAHDDN       

HLF + 12.9 1                            RTTACRYMAT

Jundm2 + 10.7 6.5                         DBKRTGACGTCAYMVN        

Mef2_known1 + 2.2 11.2                  VKSDYTAWAWAWAVCYMM    

Mef2_known2 + 5.1 7.1                 RWKCTAWWAATAGMHY        

Mef2_known4 + 1.7 11.3                  VKSDHTAWAWWWVMCY      

Ncx_2 - 11.5 10                WWDYWWTTAATTDWYWV

TATA_known1 + 13.9 12.7                 NHDWWWTWWAWWWDRN

p300_disc6 + 16.6 4.6                            ATTAYRWCA

Supplementary figure S2. 
Endothelial response to differnt 
types of stimulation. RNA 
expression levels, measured by RT-
qPCR, of E-selectin, VCAM-1, ICAM-
1 and IL-8 in HUVECs after 4 hours of 
stimulation with LPS, S.pneumoniae 
or C.albicans. Each dot represent 
one sample. Data represent for three 
independent experiments.
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CHAPTER

03
Circulatory protein profiles  
in plasma of candidaemia  
patients and the contribution of 
host genetics to their variability
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ABSTRACT
Circulatory inflammatory proteins, 

such as cytokines and chemokines, play a 
significant role in anti-Candida host immune 
defence. However, little is known about the 
genetic variation that contributes to the 
variability of inflammatory responses in 
response to C. albicans. To systematically 
characterize inflammatory responses in 
Candida infection, we profiled 92 circulatory 
inflammatory proteins in 42 candidaemia 
patients.  Given the significant differences 
in inflammatory protein profiles between 
patient and healthy individuals, we correlated 
genome-wide single nucleotide polymorphism 
(SNP) genotypes with protein abundance 
(QTLs) produced by peripheral blood 
mononuclear cells, stimulated with C. albicans 
yeast, from 436 individuals of European 
origin from the 500 Functional Genomics 
(500FG) cohort in the Human Functional 
Genomics Project and Lifelines Deep cohort. 
We identified 10 genome-wide significant 
protein-QTLs modulated CCL4, VEGF-A, 
IL-8, CXCL9, MCP-1, MCP-2 and MCP-3 
in response to C. albicans. Furthermore, 
we investigated whether differences in 
susceptibility and survival of candidaemia 
patients can be explained by modulating 
levels of inflammatory proteins. Our genetic 
analysis suggested that there is a distinct 
genetic contribution between inflammatory 
responses to Candida infection, susceptibility, 
and survival, indicating a different biology 
underlying these phenotypes that could 
provide new therapeutic opportunities.

Keywords: inflammatory proteins, 
protein-QTLs, C. albicans, candidaemia, 
susceptibility, survival

INTRODUCTION
Candida species are by far the most 

common fungal pathogens that cause both 
invasive and mucosal fungal infections. They 
have been described as the fourth most 
common cause of nosocomial bloodstream 
infection in the United States1,2. Invasive 
candidiasis causes more than 250,000 new 
systemic infections on a yearly basis and 
leads to more than 50,000 deaths3. Most 
humans are colonized with C. albicans shortly 
after birth, which remains as part of a normal 
human’s microbiota. Infection occurs only if the 
epithelial barrier function is impaired and/or 
there are microbiome imbalances and/or the 
host immune system is compromised. Under 
these conditions, Candida can invade tissue 
and reach blood circulation. The bloodstream 
carries Candida to almost all vital organs, 
leading to systemic infections and, eventually, 
to organ failure followed by death.  

Protective immunity to Candida involves 
both innate and adaptive cellular and humoral 
responses4,5. Cytokines and chemokines are 
a group of low molecular weight proteins 
that contribute significantly to anti-Candida 
host immune defence by acting as mediators 
between immune and non-immune cells, by 
enhancing the antifungal activity of immune 
cells and by attracting inflammatory immune 
cells to the site of infection. Previous studies 
have shown the capacity of C. albicans to 
induce production of various cytokine and 
chemokines6–8. Some of these proteins in the 
circulation have also been extensively explored 
as disease biomarkers to determine onset, 
progression, patient susceptibility, or predict 
efficacy of a treatment 9–11. However, proteins 
are inherently influenced by genetic and non-
genetic factors. Therefore, the identification of 
these factors would help to stratify patients 
based on their risk, and those at high risk 
would benefit most by prophylactic antifungal 
treatment or adjunctive immunotherapy.
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By studying genetics of only six 
different cytokines in the context of Candida-
stimulation, we have shown that SNPs 
affecting cytokine responses are associated to 
susceptibility to candidaemia12–14, suggesting 
that modulation of cytokines can determine 
disease susceptibility. Of note, among 
candidaemia patients with a combination of 
several well-described risk factors, the disease 
prognosis is generally poor and survival rates 
differ greatly among them, indicating that 
genetic variation determines patient survival 
as well15. Given that genetic factors regulate 
the excess levels of proteins in circulation 
or dysregulated production, which can, 
subsequently, determine susceptibility and 
patient survival, it is important to assess the 
impact of these genetic factors on a wide range 
of inflammatory proteins in circulation during 
C. albicans infections. In the current study, 
therefore, we hypothesized that modulation of 
circulatory inflammatory proteins contributes 
to susceptibility to candidaemia and patient 
survival (Fig. 1A). However, all previous 
studies with C. albicans as stimulant studied 
a narrow spectrum of inflammatory proteins, 
such as cytokines and chemokines6–8, and 
a systematic study of inflammatory proteins 
released in the blood circulation upon  
C. albicans and their impact on susceptibility 
and patient survival is lacking.

Thus, the aims of the present study were 
to identify (i) the abundance of differentially 
regulated plasma proteins in circulation of 
patients (Fig. 1B) (ii) (non)-genetic factors that 
may influence the abundance of inflammatory 
proteins in circulation (Fig. 1C and D) and, (iii) 
finally, to investigate the impact of these genetic 
loci on susceptibility to candidaemia and patient 
survival. For this, we profiled 92 inflammatory 
proteins in the plasma of a candidaemia patient 
cohort and of two independent population-
based cohorts, the 500 Functional Genomics 

(500FG) cohort within the Human Functional 
Genomics Project (http://www.humanfunction-
algenomics.org) and Lifelines Deep cohort 
(https://www.lifelines.nl/researcher/biobank-
lifelines/additional-studies/lifelines-deep) 
using the Olink inflammatory array (http://
www.olink.com).

We observed a significantly different 
circulatory protein profile in plasma from 
candidaemia patients compared to healthy 
individuals. In addition, we identified 10 
independent novel protein quantitative trait 
loci (pQTLs, P < 5x10-8). Of note, pQTLs 
showed a poor enrichment for genetic variants 
associated with candidaemia susceptibility 
and patient survival. This finding indicates a 
distinct genetic contribution in candidaemia 
susceptibility, patient survival and inflammatory 
responses in Candida infection. We finally 
investigated whether pQTLs also contribute to 
other complex infectious diseases. 
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Figure 1. Overview of our hypotheses and studies. (A) Three scenarios can explain susceptibility 
to candidaemia and patient survival: (1) Distinct genetic variation (SNP1 or SNP2) determines 
susceptibility to candidaemia or patient survival, (2) same genetic variation contribute to the 
two phenotypes (susceptibility or survival) and (3) the two phenotypes can be determined by 
modulating the levels of inflammatory proteins (same or different pQTLs) in blood circulation. (B) 
By obtaining the protein profiling of plasma proteins in candidaemia patients (n = 42) and healthy 
individuals from Lifelines cohort (n = 89), we compared the abundance of differentially regulated 
plasma proteins in blood circulation between patients and healthy subjects. (C) We also studied 
the effect of non-genetic factors available for 360 individuals from 500FG cohort on the regulation 
of various inflammatory proteins. (D) In addition to non-genetic factors, we studied the effect of 
host genetics on the regulation of inflammatory responses by mapping pQTLs in a joint analysis 
of 500FG and Lifelines Deep cohorts. For pQTL mapping, we profiled the proteins released from  
C. albicans-stimulated PBMCs isolated from healthy individuals and obtained the imputed genotypes 
of the studied individuals. Lastly, (E) we investigated whether pQTLs determine susceptibility to 
candidaemia and patient survival. For this, we used data from our previous GWAS of candidaemia 
patients (n = 178) and case-matched controls (n=175) on candidaemia susceptibility (chapter 3) 
and, in the current study, we performed a QTL mapping of variants associated with survival. In 
addition, we tested for association with 14-, 30- and 90-day survival by following up a subgroup of 
candidaemia patients (n = 148), who passed away (1) within 14 days, (2) between 14 and 30 days, 
and (3) between 30 and 90 days. The rest of the patients (n = 83 patients) survived longer than 90 
days (survivors). Protein profiling of candidaemia and population-based cohorts were done using 
the same inflammatory array from OLINK technology. Stimulations of PBMCs with C. albicans were 
performed for 24 hours using C. albicans yeast. GWAS: genome-wide association study; QTL: 
quantitative trait loci; PBMCs: peripheral blood mononuclear cells.
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RESULTS
Overview of inflammatory responses 
in candidaemia patients

To systematically study the inflammatory 
responses in candidaemia patients compared 
to healthy individuals, we first assessed the 
abundance of 92 inflammatory proteins in the 
plasma of 42 candidaemia patients and 89 
healthy individuals from the Lifelines Deep 
cohort using the OLINK inflammatory array 
(Fig. 1B). Out of 92 proteins, 64 proteins 
were included for the differential abundance 
analysis based on their detectability in at 
least 90% of the samples tested. A complete 
list of the proteins measured is provided in 
Table S1. Significant differences in the levels 
of the majority of inflammatory proteins 
were observed in patient plasma samples 
compared to baseline healthy plasma samples 
(56 out of 64 proteins with P < 0.05, Figure 
S1), indicating a high inflammation status in 
patients compared to healthy controls. Of the 
significantly differentially expressed proteins, 
fifteen inflammatory proteins showed more 
than 1.5 fold differences (Table S2).

To explore further the co-regulation 
patterns of plasma proteins in patients 
compared to healthy individuals, we 
performed unsupervised clustering of protein 
responses that were detected in at least 90% 
of the samples and were expressed in both 
patients and controls (Nproteins = 62). Clustering 
indicated that there is a clear distinction in 
inflammatory responses between patients 
and healthy controls. Ten patients formed a 
distinct cluster from the rest of the patients 
and present a similar clustering pattern as 
healthy controls, with the exception of MMP-
1 expression. MMP1- expression seems to be 
very strong in all patients compared to controls, 
suggesting that MMP-1 plays an important role 
in inflammation in patients (Figure S2). 

Overview of inflammatory  
protein profiles in PBMCs from 
healthy individuals in response to  
C. albicans stimulation

By comparing circulatory protein profiles 
between candidaemia patients and healthy 
controls, we identified significant differences 
in inflammatory protein profiles (Figure 
S1). We, therefore, tested whether some of 
these proteins are produced by PBMCs in 
response to C. albicans stimulation (Fig. 1D). 
We obtained PBMCs from 360 individuals of 
European origin from the 500FG and profiled 
92 inflammatory proteins in response to  
C. albicans yeast, of which 32 were detected 
in at least 90% of the samples (Table S3). 
Firstly, we compared the abundance of 
the 32 proteins between stimulated and  
un-stimulated (using RPMI medium) 
conditions and observed increased inter-
individual variation in inflammatory proteins 
upon stimulation compared to samples 
stimulated with RPMI medium (Figure S3). 
This observation suggested the role of 
different factors in regulating the abundance 
of these proteins. 

We could identify up-regulation of 29 
proteins out of 32 proteins measured in at least 
90% of PBMC samples that show more than 
1.5 fold change compared to RPMI stimulated 
samples (Table S4). In candidaemia patients, 
we identified 64 proteins measured in at least 
90% of the samples, of which 15 showed 1.5 
fold difference compared to baseline healthy 
samples (Lifelines cohort). These observations 
suggest that, in addition to PBMCs, many 
other cell types may contribute to the 
abundance of different proteins in circulation. 
Next, we compared the correlation structure 
between the circulatory proteins released 
from PBMCs by performing an unsupervised 
clustering of the protein responses.  Clustering 
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revealed three distinct clusters (Fig. 2), in 
which a large cluster consisted of 27 proteins 
(out of 32 that were detected in at least 90% 
of the samples) and two small clusters with 
only two (IL-8 and MCP-1) and three (CSF-1,  
MCP-2, and MIP-1 alpha) proteins respectively. 
To explore if any of these clusters are different in 
patients, we performed unsupervised clustering 
of inflammatory proteins released from PBMCs 
and patients. We observed different clustering 

patterns of protein responses between PBMC 
samples and patients (with the exception of one 
patient) (Figure S4), suggesting the presence of 
additional factors contributing to the inflammatory 
responses in patients. MMP-1 expression seems 
to be stronger in patients compared to 500FG 
samples, providing more evidence that MMP-1 
expression is a distinctive protein signature for 
patients compared to controls (as mentioned 
above) and to Candida-stimulated PBMCs.

Figure 2. Clustering of inflammatory responses induced in C. albicans stimulated 
PBMCs revealed three distinct clusters, with the majority of them organized around 
common pathways. The correlation structure between inflammatory proteins in C. albicans 
stimulated PBMCs is shown. Unsupervised hierarchical clustering was performed using Spearman 
correlation as the measure of similarity. The red color depicts the strong positive correlation 
whereas blue color indicates the strong negative correlation. PBMCs were stimulated with  
C. albicans yeast for 24 hours.
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Minimal effect of non-genetic host 
factors and cell counts on inflammatory 
proteins in response to C. albicans 

Given the increased inter-individual 
variation in inflammatory proteins upon 
Candida - stimulation (Figure S3), we next 
aimed to identify whether host non-genetic 
factors determine these person-to-person 
differences in inflammatory responses. It is 
possible that different cell-count proportions 
in individuals can explain this inter-individual 
variation. To test whether cell-counts 
influence the levels of inflammatory proteins, 
in addition to protein data measured in 
Candida-stimulated PBMCs isolated from 
500FG cohort (n = 360), we used the FACS 
measurements that were previously performed 
in the same cohort, where different immune 
cell populations were counted in detail 
together with non-genetic host factors16,17. We 
analyzed the correlation structure between 
cell counts (CD14+ monocytes, CD4+ T cells, 
CD3+CD56- T cells, lymphocytes, CD3-CD56+ 
NK cells, CD19+ B cells and CD8+ T cells) 
and protein measurements from Candida-
stimulated PBMCs. We observed weak 
correlations between cell counts and protein 
levels, suggesting a minor effect of cell-count 
differences on protein production capacity 
(mean correlation coefficient across CD14+ 
monocytes = 0.234, CD4+ T cells = -0.056, 
CD3+ CD56- T cells = -0.038, lymphocytes = 
-0.025, CD3- CD56+ NK cell = 0.01, CD19+ 
B cells  = 0.019 and CD8+ T cells = 0.011) 
(Figure S5A). 

It has been well established that age 
and gender influence immune responses and, 
also, we have previously reported a strong 
impact of age and gender on the production 
of six different cytokines (IL-1β, TNFα, IL-6, 
IFNγ, IL-22 and IL-17)16,18. To systematically 
investigate the impact of non-genetic factors, 
including age and gender, in our 32 circulating 
proteins released from PBMCs, we correlated 
age, gender, BMI, oral contraceptive use, and 

circulating mediators (resistin, adiponectin, 
alpha-1 Antitrypsin, leptin and CRP) with 
our proteins. BMI, oral contraceptive use 
and circulating mediators had no detectable 
effect on in vitro protein production in PBMCs 
(Table S5 and S6). In contrast, three of the 
inflammatory proteins (MMP-1 and CXCL5 
and CCL23) were significantly correlated with 
age (P < 0.05) (Figure S5B and Table S5). In 
addition, TNFRSF9, PD-L1, IL-1aplha, IL-18, 
IL-12B, EN-RAGE, CXCL9 and CSF-1 showed 
a significant (positive) correlation with gender 
(P < 0.05) (Figure S5B and Table S5). 

Identifying genetic variation affecting 
inflammatory proteins in response to 
C. albicans 

Next, we investigated whether host 
genetic variation affects the inter-individual 
differences in inflammatory responses to  
C. albicans stimulation. For this, we used the 
genome-wide SNP genotype data and protein 
measurements of Candida-stimulated PBMCs 
isolated from our population-based cohorts 
consisting of 360 individuals from 500FG 
cohort and 76 individuals from Lifelines Deep 
cohort. Upon quality control and intersection 
of the proteins from the two cohorts, we 
obtained a total of 32 inflammatory proteins 
(Figure S6 and S7 and Table S3 and S7). 
For pQTL mapping, we selected SNPs that 
showed a minor allele frequency (MAF) >= 1% 
and passed other quality filters (see Materials 
and Methods). Using the protein and genotype 
data, we mapped protein-QTLs (pQTLs) in the 
two cohorts and performed a joint analysis by 
combining the two cohorts (n = 436). 

In detail, raw protein levels were log2-
transformed and then mapped to genotype 
data using a linear model with age and gender 
as covariates. Given that a strong influence 
of age, sex and cytomegalovirus (CMV, not 
measured here) on immunological traits has 
been previously reported, we used age and 
gender as covariates on our model16,19,20. 
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Our joint analysis revealed 10 independent 
trans-pQTLs with MAF > 1% that reached 
genome-wide significance level (P < 5x10-8,  
Pheterogeneity > 0.05, FDR 0.10) (Table 1, Fig. 3 and 
Figure S8). These include one independent 
pQTL for CCL4, one for VEGF-A, two for IL-8, 
two for CXCL9, one for MCP-1, two for MCP-2 
and one for MCP-3 (Fig. 3A-G).

Prioritizing cis-genes from genome-
wide significant pQTLs indicates 
those involved in inflammation, 
WNT signaling, apoptosis and lipid 
metabolism as potential causal genes

We hypothesized that genes that are 
differentially expressed in PBMCs in response 
to C. albicans are potential causal genes at 
our genome-wide significant pQTL loci. To 

Chr SNP BP Allele1 Allele2 MAF Protein Z score P value cis-genes

1 rs2501301 22344027 T C 0.05 CCL4 5.88 4.17x10-9 CELA3Ba, 

CDC42-IT1b, 

HSPG2c

3 rs1398749 111456265 A G 0.09 MCP-1 -5.56 2.70x10-8 ABHD10d, CD96d, 

ZBED2c

3 rs358011 55125391 T C 0.24 VEGFA 5.84 5.23x10-9 WNT5Ac,e

3 rs6771739 184506578 T C 0.43 CXCL9 5.51 3.69x10-8 EPHB3c

5 rs392422 80332413 A G 0.05 IL8 -5.84 5.34x10-9 CTC-

281B15.1b,SSBP2c, 

FAM151Bc

7 rs34774255 2747852 T C 0.38 CXCL9 5.52 3.50x10-8 AMZ1f, CARD11f

8 rs1699130 107338659 C G 0.07 IL8 -5.65 1.64x10-8 OXR1f

10 rs2488633 86351356 A G 0.02 MCP-2 -5.62 1.93x10-8 CDHR1c

10 rs1572285 115907856 T C 0.12 MCP-2 -5.83 5.70x10-9 CASP7c

16 rs247426 75438172 T C 0.05 MCP-3 5.52 3.36x19-8 ZNRF1e, ZNRF1c

Table 1. Genome-wide significant protein-QTL loci that were identified in the joint analysis.  
aProxy SNP (LD >= 0.8) is a missense variant.  bpQTL or proxies (LD >= 0.8) shows a  
cis-eQTL effect upon C. albicans stimulation in PBMCs (P < 0.05). cGene is differentially expressed 
upon C. albicans stimulation at 24 hours. dProxy SNP shows an eQTL effect in blood. eGene is 
differentially expressed upon C. albicans stimulation at 4 hours. fGene is in close proximity to 
pQTL. MAF: Minor allele frequency in our 500FG and Lifelines Deep cohorts, Chr: chromosome, 
BP: base-pairs

investigate this, we tested the expression 
levels of all genes located within a 500 kb cis-
window of the pQTLs in PBMCs stimulated 
with C. albicans at 4 and 24 hours. We 
identified Wnt family member 5A (WNT5A) 
gene as differentially expressed at both 4 
and 24 hours.  Single-stranded DNA binding 
protein 2 (SSBP2), family with sequence 
similarity 151 member B (FAM151B) and 
caspase 7 (CASP7) genes at 24 hours. Of 
those, WNT5A gene belongs to the WNT 
gene family that signals through both the 
canonical and non-canonical WNT pathways. 
Of note, the Wnt/β-Catenin signaling pathway 
exerts immunomodulatory functions during 
inflammation and infection21,22. The other 
prioritized gene, CASP7, a member of the 
cysteine-aspartic acid protease (caspase) 
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Fig. 3. Genome-wide pQTL mapping identified 10 C. albicans yeast-response pQTLs.  
Manhattan plot showing the genome-wide QTL mapping results for C. albicans-induced (A) 
CCL4, (B) VEGF-A, (C) IL-8, (D) CXCL9, (E) MCP-1, (F) MCP-2 and (G) MCP-3 levels. The y-axis 
represents the –log10P values of pQTLs. Their chromosomal positions are shown on the x axis. 
The horizontal red dashed line represents the genome-wide significance threshold for association 
(P < 5x10-8).

family, is involved in the activation cascade 
of caspases that are critical molecules in 
apoptosis, necrosis, and inflammation23. 

In addition, to identify causal genes, we 
made use of publicly available expression-
QTL datasets (eQTLs) from healthy blood 
donor samples24,25. We identified a proxy SNP 
rs4682062 in strong linkage disequilibrium 
(LD) with rs1398749 on chromosome 3  
(r2 > 0.8; using the European population as a 
reference) to influence the expression of two 
genes, the abhydrolase domain containing 
10 (ABHD10, P 1.58x10-27) and CD96  
(P  1.50x10-5) genes, in whole blood. CD96 gene 
encodes a protein (also known as TACTILE) 

that belongs to immunoglobulin superfamily 
and negatively controls cytokine production 
by natural killer (NK) cells26. The ABDH10 
gene encodes for an enzymatic degrader 
of mycophenolic acid acyl-glucoronide27. In 
general, the mammalian alpha beta hydrolase 
domain (ABHD) proteins have been recently 
described as novel potential regulators of 
lipid metabolism and signal transduction27. 
Given that eQTL effects may act in a context-
specific manner28, we also mapped Candida-
response eQTLs. Three SNP proxies in high 
linkage disequilibrium (LD >= 0.8) with pQTL 
rs2501301 at chromosome 1, influence the 
expression of a non-coding RNA, CDC42-
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IT1, and pQTL rs392422 at chromosome 5 
influences another non-coding RNA, CTC-
281B15.1 in response to C. albicans (Table 1). 

Lastly, pathway enrichment analysis 
of Candida-induced pQTLs with a P value  
< 9.99x10-4 showed an over-representation 
of genes involved in hemostasis (P 8.99x 
10-5) and metabolism of lipids and lipoproteins 
(P 2.47x10-3) (Figure S9), indicating the 
importance of hemostasis and lipid metabolism 
in inflammatory responses in response to  
C. albicans. 

Pleiotropy of loci affecting  
protein levels

To test the presence of potential 
pleiotropic effects between the GWAS pQTLs 
identified in the joint analysis and measured 
proteins, we performed an unsupervised 
clustering of pQTLs based on the negative 
log10 of the P values. For this analysis, we 
extracted all possible associations of genome-
wide significant pQTLs with the 32 proteins in 
the same allelic direction between the two 
cohorts and P value of heterogeneity >= 0.05.  
We observed that all genome-wide significant 
loci influence multiple distinct proteins (Fig. 
4A), indicating the pleiotropic effects of the 
pQTLs on the proteins. To account for the 
multiple testing, we next inspected all genome-
wide significant trans-pQTLs that had at least 
two associations with distinct proteins at  
P < 0.05/(10*32) = 1.56x10-4 (Table S8). This 
cut-off represents a conservative approach to 
correct for the multiple testing for all identified 
GWAS SNPs (n = 10) with all protein traits 
(n = 32). SNP rs248863 was removed as 
it influences only MCP-2 at P threshold of 
1.56x10-4. We observed a locus at intergenic 
variant rs6771739 on chromosome 3 and a 
second locus at intronic variant rs34774255 
on chromosome 7 that influences 17 and 11 
distinct proteins respectively at P < 1.95x10-4 
in the same direction (Fig. 4B to C, and Figure 
S10). Of note, both loci influence the levels of 

CXCL9 in trans, indicating that this chemokine 
may have a key regulatory role in inflammation 
in response to C. albicans infection.

Moreover, two loci at intergenic variant 
rs358011 (Fig. 4D) and intronic variant 
rs247426 (Fig. 4E) on chromosomes 3 and 
16 respectively influence six distinct proteins 
each in the same direction. The variant 
rs358011 influences the inflammatory protein 
VEGF-A and the rs247426 influences MCP-3 
in trans at a genome-wide significance level 
(Table 1, Figure S10). These pleiotropic effects 
suggest that MCP-3 and VEGF-A may have 
important roles in inflammation induced by 
C. albicans. Lastly, unsupervised clustering 
revealed that different loci influence same 
proteins in opposite direction (Figure S10). 
For instance, the locus at intronic variants 
rs1699130 on chromosome 8 increases the 
expression of MCP-1 and IL-8 and two loci 
at intronic variants rs1398749 and rs392422 
on chromosomes 3 and 5 respectively show 
an opposite effect. In addition, the locus at 
intronic variants rs247426 on chromosome 
16 increases the expression of MCP-2 and 
MCP-3 and a different locus at rs1572285 on 
chromosome 10 decreases their expression. 
However, more studies are needed to explain 
the mechanism by which these opposite 
effects occur.

Contribution of pQTLs that 
influence circulatory inflammatory 
proteins to susceptibility and 
survival to candidaemia

Next, we aimed to investigate whether genetic 
variation that influences inflammatory proteins 
(pQTLs) in blood circulation may determine 
susceptibility and survival to candidaemia. We 
previously performed the first GWAS on the 
largest candidaemia cohort to date to identify 
genetic variants that determine susceptibility to  
candidaemia14. Our candidaemia cohort 
consisted of 178 patients and 175 case-matched 
controls. To investigate the contribution of 
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Figure 4. Potential pleiotropy between genome-wide significant pQTLs and measured 
inflammatory proteins. Heatmap (A) shows the –log10(P) of all possible associations of the 
genome-wide significant pQTLs and the 32 measured inflammatory proteins, which show the 
same allelic directions between 500FG and Lifelines Deep cohorts, and Pheterogeneity >= 0.05. 
Regional association plots showing the –log10P for SNPs centered on the most strongly associated 
signal (purple diamond) (B) rs6771739 associated with CXCL9 levels, (C) rs34774255 associated 
with CXCL9 levels, (D) rs358011 associated with VEGF-A and (E) rs247426 associated with  
MCP-3 levels upon C. albicans yeast stimulation of PBMCs.

pQTLs to candidaemia susceptibility, we 
performed enrichment analysis of pQTLs for 
susceptibility variants. For this, we grouped 
the pQTLs identified in the joint analysis at four 
different P thresholds (5x10-4, 5x10-5, 5x10-6, and  
5x10-7) and extracted the P values of 
association to candidaemia susceptibility for 
each group of pQTLs. We observed that there 
is a poor enrichment of pQTLs in susceptibility 
variants at all four different P thresholds.  
(Fig. 5A to D). These results suggest that 
there is a distinct genetic contribution 
between candidaemia susceptibility and 
circulating inflammatory protein responses 
upon Candida stimulation.

In addition, to determine genetic 
variants that are associated with survival, we 
performed a within-case QTL mapping on a 
genome-wide scale by assigning the actual 
day of survival as quantitative trait using our 
survival cohort of 148 candidaemia patients. 
For the QTL mapping, we used the genotype 
and survival data of 65 candidaemia patients 
(non-survivors), of which 31 passed away 
within 14 days, 18 passed away between 14 
and 30 days and 16 passed away between 30 
and 90 days, as described in Materials and 
Methods. This analysis showed a common, 
intergenic genetic variant (MAF1000G = 0.2), 
rs12565126, on chromosome 1 that reached 
genome-wide significance (P 1.8x10-10)  
(Fig. 6A and B). To examine the effect of SNP 
genotypes of rs12565126 on the survival, we 
compared differences between SNP genotype 
strata using a log-rank test by stratifying our 

65 non-survivors and 83 survivors by SNP 
genotype. No significant difference in survival 
was observed between the different genotype 
strata. However, Kaplan-Meier plot showed 
that individuals carrying the T allele tend to 
have an increased probability to survive longer 
compared to those homozygotes for CC allele 
(Fig. 6C).

Furthermore, to test whether the genome-
wide significant rs12565126 is associated 
with early or late survival (up to 90 days), we 
performed a case/control association analysis 
with 14, 30 and 90-day survival on a genome-
wide scale. To test for association (1) with 14-
day survival, we used 31 non-survivors that 
passed away within 14 days and 83 survivors, 
with (2) 30-day survival, we used 49 non-
survivors that passed away within 30 days and 
83 survivors and with (3) 90-day survival, we 
used 65 non-survivors that passed away within 
90 days and 83 survivors. We run an additive 
model using gender and the first two principal 
components as covariates. These analyses 
showed that rs12565126 was significantly 
associated with 14-day survival (P 0.03, OR 
6.9) and 30-day survival (P 0.02, OR 3.6). 
We did not observe a significant association 
with 90-day survival at a P threshold for 
significance < 0.05 (P = 0.54). 

Lastly, to investigate the contribution 
of pQTLs to survival, we performed 
enrichment analysis of pQTLs for variants 
associated with survival as identified in the 
quantitative analysis. For this, we followed 
the same approach as in enrichment analysis  
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Figure 5. A distinct genetic contribution between candidaemia susceptibility and circulating 
inflammatory protein responses upon Candida stimulation was observed. pQTLs identified 
in the joint analysis between 500FG and Lifelines Deep cohorts were grouped at four different  
P thresholds (5x10-4, 5x10-5, 5x10-6 and 5x10-7) and P values of association with susceptibility to 
candidaemia were extracted and plotted for each group (y axis). Violin plots show the distribution 
of P values of association with susceptibility for each different threshold for pQTL effect. The 
black line within the box plots indicate the median and dashed black line represents a P value of 
significance 0.05. pQTLs above the dashed line were considered to be significantly associated 
with candidaemia.

of pQTLs for candidaemia susceptibility, 
and we grouped the pQTLs at four different 
P thresholds (5x10-4, 5x10-5, 5x10-6, and  
5x10-7) and extracted the P values of 
association with survival for each group  
(Fig. 7). We observed that there is a poor 
enrichment of pQTLs in variants associated 
with survival.  All in all, our enrichment 
analysis of pQTLs for variants associated 
with susceptibility and survival showed  
that distinct genetic variation contributes 
to the three phenotypes studied here: 
inflammatory responses upon Candida 
stimulation, susceptibility to candidaemia and  
patient survival.

Contribution of pQTLs that influence 
circulatory inflammatory proteins to 
complex infectious diseases

Given that the genome-wide pQTLs 
in response to Candida infection showed 
pleiotropy, we next investigated whether genetic 
variants that were previously associated with 
other infectious diseases are pQTLs. For this, 
we selected infectious diseases that showed 
at least ten independent associations per 
study in European populations, which are 
reported in the National Human Research 
Institute GWAS catalog (https://www.ebi.
ac.uk/gwas/). Next, we identified all pQTLs that 
were associated with inflammatory proteins at  
P <= 0.001 and P value for heterogeneity  >= 
0.05 and tested whether SNPs associated 
with infectious diseases or their proxies 

(r2 > 0.8) were also pQTLs. We found 
seven intronic SNPs or proxies (r2 >= 0.8) 
associated with infectious diseases that were 
also pQTLs. Two loci were associated with 
cytomegalovirus antibody response, another 
two loci with severe influenza A (H1N1) 
infection, one locus with hepatitis B, one locus 
with acquired immunodeficiency syndrome 
(AIDS) progression and one locus associated 
with yeast infection (vulvovaginal candidiasis) 
(Table S9). A fine-mapping study on HLA region 
found variants associated with vulvovaginal 
candidiasis on a genome-wide level29–32. 
One interesting gene in the locus associated 
with vulvovaginal candidiasis (in a window 
of 500kb around the SNP), which influences 
CCL23 in response to C. albicans response, is 
ubiquitin specific peptidase 13 (USP13) gene. 
This gene is involved in various processes, 
such as autophagy and endoplasmic 
reticulum-associated degradation33,34. When 
using more stringent P values to call pQTLs, 
the number of disease-associated SNPs 
that were pQTLs was dropped to few SNPs  
(n < 10) as the number of available pQTLs was 
reduced. These preliminary results indicate 
that inflammatory proteins studied here have 
an important role as underlying mediators in 
other infectious diseases as well.
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Figure 6. QTL mapping with patient survival. (A) Manhattan plot of the log10 P values 
identified in the genome-wide QTL mapping on survival in 65 candidaemia cases.  
Each dot represents a SNP and all analyzed SNPs are plotted on the X–axis ordered by 
chromosomal position. SNP rs12565126 at chromosome 1 reached genome-wide significance 
level (shown in red, P < 5x10-8). (B) Regional association plot at rs12565126 locus associated with 
survival. The corresponding P values (as –log10 values) of all SNPs in a window of 500kb around 
the genome-wide significant SNP (purple diamond) were plotted against their chromosomal 
position. Estimated recombination rates are shown in blue to reflect the local LD structure, based 
on the European (CEU) population, around the associated top SNP and its correlated proxies 
are shown in a color scale.  Highly correlated SNPs are shown in red and the rest of the colors 
represent weakly correlated SNPs. (C) Kaplan-Meier plot using 65 non-survivors and 83 survivors 
stratified by the SNP genotypes of rs1256512. Gender used as covariate. The lines represent 
survival curves of the two-genotype strata (CC , TC+TT). At time zero, the survival probability is 
1.0 (or 100% of the patients are alive). The numbers of patients that are still alive through time are 
shown in parentheses in the bottom plot.
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Figure 7. A distinct genetic contribution between patient survival and circulating 
inflammatory protein responses upon Candida stimulation was observed. Same approach 
was followed as described in Fig. 5. pQTLs at four different P thresholds (5x10-4, 5x10-5, 5x10-6 
and 5x10-7) showed a poor enrichment for variants associated with survival. Axis x show the 
32 inflammatory proteins and y axis represent the neg log10 of P values of association with 
survival. Violin plots show the distribution of P values of association with survival for each 
different threshold for pQTL effect. The black line within the box plots indicate the median and 
dashed black line represents a P value of significance 0.05. pQTLs above the dashed line were 
considered to be significantly associated with patient survival.

DISCUSSION
The incidence of opportunistic invasive 

fungal infection has been increased over 
the last decades. This increase can be 
explained by the use of aggressive and 
intensive chemotherapeutic regimens, of 
immunosuppressive therapy for autoimmune 
disorders, and of transplantation that have 
led to a rise in the number of susceptible 
human hosts35. The development of specific 
and mechanistically relevant biomarkers  
in Candida infections, are therefore, important 
tools in identifying patients at high-risk and, 
thus, clinicians can provide the most beneficial 
prophylactic and/or treatment strategy. In this 
study, we performed a systematic proteomic 
analysis of plasma levels of 92 inflammatory-
related proteins in blood circulation in response 
to Candida infection. To our knowledge,  
this is the first effort to date to evaluate a 
great number of inflammatory proteins and 
evaluate the role of host (non)-genetics in 
regulating inflammatory protein levels in  
Candida infection.

We observed significant differences 
in inflammatory responses in candidaemia 
patients compared to healthy individuals, and 
also increased inter-individual variation in 
inflammatory responses in PBMCs stimulated 
with C. albicans compared to RPMI medium 
stimulated samples. When comparing the 
clustering pattern of inflammatory responses 
between patients and healthy controls 

from Lifelines cohort, we observed different 
clustering patterns as expected and, of note, 
MMP-1 expression was stronger in patients 
compared to controls. MMP-1 belongs to the 
family of matrix metalloproteinases (MMPs) 
that act as processing enzymes that cleave 
most structural extracellular matrix (ECM) 
proteins but, also, cell surface receptors, 
cytokines, chemokines, clotting factors, 
cell-cell adhesion molecules, and other 
proteinases36. Previous studies indicated that 
MMPs play a critical role in infection and in 
the host defence against infection and, of 
particular interest, can be used as drug 
targets in infections caused by gram-negative 
bacteria and in septic shock37. Furthermore, 
we observed different clustering patterns of 
inflammatory responses between patients and 
Candida-stimulated supernatants of PBMCs, 
suggesting the presence of additional factors 
that contribute to the inflammatory responses 
in patients that are missing in PBMC fraction. 
These factors could be different cell types 
(e.g. neutrophils) or blood coagulation factors 
and platelets that may interact with the 
inflammatory proteins that are not present in 
the PBMC fraction.

To explain the observed inter-individual 
variations in inflammatory responses, we 
investigated the contribution of (non)-genetic 
factors to inflammatory responses. Although 
age and gender has a well-described influence 
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on cytokine responses, our correlation 
analysis of non-genetic factors measured 
in 500FG cohort with the inflammatory 
responses showed minimal effect, with few 
exceptions. Three of the inflammatory proteins  
(MMP-1, CXCL5 and CCL23) were significantly 
correlated with age (P < 0.05) and TNFRSF9, 
PD-L1, IL-1aplha, IL-18, IL-12B, EN-RAGE, 
CXCL9, and CSF-1 showed a significant 
(positive) correlation with gender (P < 0.05) 
(Figure S6 and Table S5). 

In addition, we identified 10 independent 
significant pQTLs with MAF > 1% that 
reached genome-wide significance level  
(P < 5x10-8, FDR 0.10) that influence CCL4, 
VEGF-A, IL-8, CXCL9, MCP-1, MCP-2 
and MCP-3. These pQTLs are trans-QTLs 
that influence inflammatory responses 
indirectly through regulatory loops. Pathway 
enrichment analysis of Candida-induced 
pQTLs with a P value < 9.99x10-4 showed 
an over-representation of genes involved 
in hemostasis and metabolism of lipids 
and lipoproteins (Figure S9), indicating the 
importance of hemostasis and lipid metabolism 
in inflammatory responses in response to  
C. albicans. Of note, we previously observed 
that C. albicans yeast induces transcription of 
genes in PBMCs involved in inflammation, as 
expected, and immune-hemostasis interaction 
(chapter 2). Furthermore, we showed that 
Candida-induced cytokine-QTLs (cQTLs) in 
PBMCs that are associated with candidaemia 
susceptibility are enriched in lipid metabolism 
processes (chapter 3). Altogether, hemostasis 
and lipid metabolism seem to play a critical 
role in Candida-induced inflammatory 
responses and, thus, it would be interesting 
to further investigate their role in host immune 
defence against C. albicans. 

To study the concordance of genetic 
effects on circulating proteins and expression 
levels in response to C. albicans, we also 
mapped Candida-response cis-eQTLs in 
PBMCs. The genome-wide significant pQTL 

rs392422, which influences IL-8, found to 
affect the expression of a gene belonging to 
the non-coding RNA class, CTC-281B15.1 
(ENSG00000247572) (P 0.03). Also, three 
SNP proxies (rs191505409, rs187581857 
and rs149399639) in high LD >= 0.8 with the 
genome-wide significant pQTL rs2501301 
affect the expression of the non-coding RNA, 
CDC42-IT1 (ENSG00000230068) in response 
to C. albicans (P 0.03, 0.009 and 0.009 
respectively). The role of non-coding RNAs in 
regulating inflammation, including well-known 
mediators, such as TNFα, IL-1, IL-6, and IL-8 
has been previously described38, and, thus, 
we can assume that regulation of inflammation 
during C. albicans infection can happen at the 
transcriptional level through non-coding RNAs 
and at translation level as well. 

Another interesting finding of this study 
was that the genome-wide significant trans-
pQTLs showed pleiotropic effects. In particular, 
a locus at chromosome 3 and a second locus 
at chromosome 7 influence 17 and 11 distinct 
proteins respectively at P < 1.56x10-4 in the same 
direction. Both loci regulate different factors, 
such as various pro-inflammatory cytokines 
and chemokines, vascular endothelial growth 
factors (VEGF-A), pro-inflammatory mediators 
with effects on endothelial cells (OSM)39 and 
transforming growth factors (TGF-α) (Table 
S8). This observation reflects the fact that 
an inflammatory response is the result of 
complex interactions between inflammatory 
and endothelial cells that can be regulated 
by the same genetic variation. In addition, 
we observed that SNPs associated with 
other complex infectious diseases, such 
as influenza A (H1N1) infection, hepatitis 
B, AIDS, vulvovaginal candidiasis and 
cytomegalovirus antibody response, were also 
pQTLs, highlighting the role of inflammatory 
proteins as critical mediators in many complex 
infectious diseases.

Moreover, we investigated the contribution 
of pQTLs to susceptibility to candidaemia 
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and patient survival. We observed a poor 
enrichment of pQTLs with SNPs associated 
with candidaemia susceptibility and survival. 
This finding suggests that distinct genetics 
determines circulatory inflammatory protein 
responses during Candida infection, 
candidaemia susceptibility and patient 
survival. This observation agrees with 
previous studies on other diseases, such 
as Crohn’s disease, where distinct genetic 
contributions to prognosis and susceptibility 
were identified40. Another interesting finding of 
the within-case QTL mapping using 65 non-
survivors revealed a genome-wide significant 
SNP (rs12565126) at chromosome 1 that is 
associated with survival. Despite the limited 
number of our survival cohort, Kaplan-Meier 
analysis showed that individuals carrying the 
T allele (rs12565126) tend to survive longer 
compared to homozygotes for the C allele 
(Fig. 6C). 

There are also limitations to our study. 
First, because of relatively small sample size, 
we cannot exclude that some of the pQTLs with 
rare allele frequencies were false positives in 
this analysis. In addition, the experimental 
setup of ex vivo PBMC stimulation for 24 
hours with C. albicans yeast provides only 
the opportunity to study the interactions 
between immune cells, such as monocytes, 
T and B cells, missing the neutrophils and 
platelet fractions. Also, the time-dependent 
dynamic interactions are missing as PBMCs 
were stimulated for 24 hours. Lastly, it would 
be interesting to capture inflammatory 
responses upon stimulation with C. albicans 
hyphae as well, as the transition to hyphae 
contributes to C. albicans virulence. Despite 
these limitations, we provided an important 
groundwork by performing a comprehensive 
analysis of (non)-genetic variation that affects 
circulatory inflammatory responses in human 
blood circulation in response to C. albicans that 
can trigger critical future work to understand 
better the contribution of genetics to the 

inflammatory responses against C. albicans 
and how they shape susceptibility and survival 
in candidaemia patients. In addition, our 
genetic analysis suggested a distinct genetic 
contribution to inflammatory responses in 
response to Candida infection, susceptibility 
to candidaemia and patient survival, which 
points to different biology implicated in the 
pathogenesis of these phenotypes that could 
provide new therapeutic opportunities. 
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Study populations
Population-based cohorts

500FG. To understand the variation 
in circulating inflammatory production in 
humans in response to C. albicans in vitro, 
we used a population-based cohort, the 
500FG, composed of healthy individuals 
of Western European ancestry from the 
Human Functional Genomics Project (HFGP, 
see www.humanfunctionalgenomics.org).  
The 500FG cohort is composed of 534 well-
characterized healthy individuals, 237 males 
and 296 females all between 18 and 75 years 
old. The HFGP study was approved by the 
Ethical Committee of Radboud University 
Nijmegen, the Netherlands (no. 42561.091.12). 
Experiments were conducted according  
to the principles expressed in the Declaration 
of Helsinki and venous blood samples 
were drawn after written informed consent  
was obtained. 

Demographic Data collection in 500FG.  
Volunteers, after donating blood in 

the hospital, received an extensive online 
questionnaire about lifestyle, diet, and 
disease history. Based on the results of this 
questionnaire, 45 volunteers were excluded 
for various reasons, e.g., they were under 
medication, non-European ancestry, or had a 
chronic disease. These exclusion criteria were 
taken to minimize false positive effects on the 
protein production capacity in vitro.

Lifelines Deep population cohort.  
Participants of the LifeLines Deep 

population cohort were enrolled after 
giving informed consent, following an 
institutional review board protocol approved 
by the University Medical Centre Groningen 
(Groningen, the Netherlands). Blood samples 
for DNA isolation and subsequent genotyping 
analysis were collected in EDTA Vacutainer® 
tubes (BD Biosciences, San Jose, CA, USA).

Patient cohort. 
Adult candidaemia patients were enrolled 

after informed consent (or waiver as approved 
by the Institutional Review Board) at the 
Duke University Hospital (DUMC, Durham, 
North Carolina, USA). Enrollment occurred 
between January 2003 and January 2009 
and, in total, 178 candidaemia cases and 175 
case-matched controls of European ancestry 
were tested for disease association. The 
demographic and clinical characteristics of 
the candidaemia cohort have been described 
previously41. Patients must have had at least 
one positive blood culture for a Candida 
species, with the majority of them infected 
by C. albicans41. Case-matched controls were 
recruited from the same hospital wards as 
candidaemia cases so that co-morbidities and 
clinical risk factors for infection were similar. 
One hundred forty-eight candidaemia patients 
at DUMC were followed prospectively for up 
to 90 days and mortality dates were recorded 
for these individuals. Thirty-one out of 148 
passed away within 14 days, 18 out of 148 
passed away between 14 and 30 days and 16 
out of 148 individuals passed away between 
30 and 90 days (non-survivors). Eighty-three 
out of 148 individuals survived longer than the 
specified period of 90 days and we defined 
them as survivors in this study.

Genotyping, quality control and 
imputation of the 500FG cohort

DNA obtained from the 500FG cohort was 
genotyped using the commercially available 
Illumina HumanOmniExpressExome-8 v1.0 
SNP chip. Genotype calling was performed 
using Opticall 0.7.0 using default settings42. 
We applied quality control per sample to 
exclude samples with a call rate ≤ 0.99 and 
quality control per SNP to exclude variants 
with a Hardy-Weinberg equilibrium ≤ 0.0001, 

MATERIALS AND METHODS
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a call rate ≤ 0.99 and a minor allele frequency 
(MAF) ≤ 0.001. We identified 17 ethnic outliers 
by merging multi-dimensional scaling plots 
of samples with 1000 Genomes data, and 
these outliers were excluded from further 
analysis12. The quality control filters resulted 
in a dataset of 483 samples containing 
genotype information on 518,980 variants for 
further imputation. The strands and variants-
identifiers were aligned to the reference 
Genome of the Netherlands (GoNL, Genome 
of the Netherlands Consortium, 201443) 
dataset using Genotype Harmonizer44 . The 
data were phased using SHAPEIT2 v2 using 
GoNL as a reference panel45,46. We selected 
SNPs that showed an INFO score ≥ 0.8 upon 
imputation for further cytokine QTL mapping.

Genotyping, quality control and 
imputation of the candidaemia cohort

Isolated DNA obtained from case 
and control samples was genotyped 
using the commercially available SNP 
chips, HumanCoreExome-12 v1.0 and 
HumanCoreExome-24 v1.0 BeadChip from 
Illumina (https://www.illumina.com). Genotype 
calling was performed using Optical 0.7.0 
using the default settings42. Strands of variants 
were aligned and identified against the 1000 
Genome reference panel using Genotype 
Harmonizer44. We then imputed the samples 
on the Michigan imputation server using the 
human reference consortium as a reference 
panel, and we filtered variants with an R2 of 
0.3 for imputation quality47. After excluding 
imputed variants with a MAF < 0.10 and 
variants within the HLA region, we applied 
quality control per sample and removed 15 
individuals (5 cases and 10 controls) due to 
excess/reduced heterozygosity and cryptic 
relatedness. Next, we applied SNP quality 
control filters to exclude SNPs with a MAF of 

< 0.05 and a Hardy-Weinberg equilibrium of 
P < 1x10-6 in control samples only. We also 
identified 25 ethnic outliers (12 cases and 13 
controls) by multidimensional scaling analysis 
(MDS) (performed in PLINK on the N x N 
matrix of genome-wide IBS pairwise distance) 
of candidaemia patients and case-matched 
controls for the two first principle components 
(Figure S11A). The quantile-quantile (QQ) plot 
that shows the distribution of the observed –
log10 for the whole-genome SNPs against the 
theoretical distribution of expected –log10 
indicated no or little evidence of population 
stratification (Figure S11B). The genomic 
inflation factor based on median chisq was 
equal to 1 ( λ = 1). Quality control filters 
resulted in a dataset of 161 cases and 152 
disease-matched control samples containing 
genotype information on 5,326,313 SNP 
variants for further testing for association with 
candidaemia susceptibility. 

Genotyping and genotype imputation 
of the Lifelines Deep cohort

Genotyping and genotype imputation 
of the Lifelines Deep cohort have been 
published elsewhere48. DNA isolation was 
performed by the Qiagen robots using 
Autopure LS kits. Genotyping of DNA from 
the LifeLines Deep cohort was performed 
using both the HumanCytoSNP-12 BeadChip 
and the ImmunoChip platforms (Illumina, 
San Diego, CA, USA). First, SNP quality 
control was applied independently for both 
platforms where SNPs were filtered on MAF 
above 0.001, a Hardy-Weinberg equivalent 
P value >1e−4 and a call rate of >0.98 using 
Plink49. The genotypes generated from both 
platforms were merged into one dataset. 
After merging, SNPs were again filtered on 
MAF 0.05 and a call rate of 0.98, resulting 
in a total of 379,885 genotyped SNPs. Next, 
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genotypes were imputed using the Genome of 
the Netherlands (GoNL) reference panel50–52. 
The merged genotypes were pre-phased 
using SHAPEIT2 and aligned to the GoNL 
reference panel using Genotype Harmonizer 
(http://www.molgenis.org/systemsgenetics/) 
in order to resolve strand issues44. Imputation 
was performed using IMPUTE2 version 2.3.0 
against the GoNL reference panel53. 

PBMC collection and Candida 
stimulation experiments

Venous blood from the cubital vein 
of healthy volunteers was drawn in 10 ml 
EDTA Monoject tubes (Medtronic, Dublin) 
after obtaining written informed consent. 
PBMC isolation was performed as previously 
described54. In short, the PBMC fraction was 
obtained using density centrifugation of EDTA 
blood diluted 1:1 in pyrogen-free saline over 
Ficoll-Paque (Pharmacia Biotech, Uppsala). 
Cells were then washed twice in saline and 
suspended in RPMI medium supplemented 
with gentamicin (10 mg/mL), L-glutamine 
(10 mM) and pyruvate (10 mM). Addition of 
antibiotics such as gentamycin is a standard 
method used to avoid contamination of 
cultures, and it does not influence the ability 
to induce cytokine production by PBMCs 
or macrophages (data not shown). PBMCs 
were counted in a Coulter counter (Beckman 
Coulter, Pasadena) and re-suspended in a 
concentration of 5x106 cells/mL. A total of 
5x105 PBMCs were added in 100 μL to round-
bottom 96-well plates (Greiner) and incubated 
with 100 μL of stimulus (heat killed Candida 
albicans yeast of strain ATCC MYA-3573, 
UC 820, 1x106/mL) or RPMI medium. After 
24 hours, the supernatants were collected 
and stored at −20°C until assayed using 
commercial available ELISA kits (PeliKine 
Compact or R&D Systems) or, for high-
throughput protein profiling, OLINK technology 
(https://www.olink.com/). 

Proteomic profiling of circulating 
inflammatory proteins 
Supernatant samples of PBMCs stimulated 
with C. albicans yeast and plasma samples 
obtained from candidaemia patients were 
analyzed using the proximity extension assay 
(PEA). We selected the Olink® inflammatory 
panel (Olink Bioscience AB, Uppsala, 
Sweden). This panel includes 92 inflammatory 
proteins. The protein analysis is reported 
as Normalized Protein Expression (NPX) 
values, which are Cq values normalized 
by the subtraction of values for extension 
control, as well as inter-plate control. The 
scale is shifted using a correction factor 
(normal background noise) and reported in 
Log2 scale. The normality test performed on 
both raw and log-transformed data using 
Shapiro-Wilk normality test, and a P > 0.05 
was used a threshold for normal distribution. 
We further validated the correlation between 
protein concentrations of IL-6 measured by 
OLINK technology in log2 picogram/ml (NPX 
values) and by ELISA (Figure S12). We used 
Spearman’s correlation as the measure of 
similarity between the two meausurements.

Clustering Analysis 
To analyze the similarities and 

dissimilarities between the measured 
inflammatory proteins in PBMC supernatants 
and patient plasma, we performed 
unsupervised hierarchical clustering using 
Spearman’s correlation as the measure of 
similarity. To identify whether different cell 
counts in PBMC fraction have an impact on 
the circulating proteins, we obtained cell count 
data measured by FACS for total lymphocytes, 
T cells, B cells, monocytes and NK-cells from 
487 individuals from the 500FG cohort, as 
previously described17. Then, we tested the 
correlation between cell counts in log2 scale 
with NPX using Spearman’s correlation as the 
measure of similarity. All statistical analyses 
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regarding the protein data were performed in 
R version 3.3.2 (https://www.R-project.org/).

Protein QTL mapping
We performed a joint analysis of pQTLs 

by combining two different population-
based cohorts (500FG and Lifelines Deep 
cohorts). Lack of protein measurements for all 
available individuals restricted us to select 360 
individuals from 500FG and 76 samples from 
Lifelines Deep cohort for whom both genotype 
and protein data were available. The number 
of proteins measured in at least 90% of the 
PBMC samples in 500FG (Table S3) and 
Lifelines (Table S7) was 32 and 46 respectively. 
For mapping, we selected proteins that were 
detected in both cohorts in at least 90% of the 
samples and, upon quality control of protein 
distribution (Figure S7 and S8), we obtained 
a total of 32 inflammatory proteins (Table S3 
and S7). Shapiro test was used to test for 
normality under the null hypothesis that the 
protein distribution is normal. If P value < 0.05, 
the distribution is non-normal. The majority 
of proteins expressed in PBMCs from 500FG 
followed a non-Gaussian distribution, with the 
exception of three proteins, CD40, VEGF-A 
and TNFRSF9 (Figure S7 and Table S3). Non-
Gaussian distribution was also observed for 
proteins expressed in PBMCs from Lifelines 
Deep cohort, with the exception of few proteins 
(Figure S8 and Table S7). 

To correct the protein distributions 
for QTL mapping, we used a linear model 
adjusting for age and gender. NPX values of 
protein levels were used and the correlation 
between protein production and genotype 
was tested independently for both cohorts 
using the R-package Matrix-eQTL55. To jointly 
test the effect of genetic variation on protein 
levels measured in both 500FG and Lifelines 
cohort, we used METAL (http://www.sph.
umich.edu/csg/abecasis/metal/) and removed 
pQTLs with opposite direction and those that 

show significant heterogeneity (P < 0.05) 
between the two cohorts56. We considered  
P < 5x10-8 to be the threshold for genome-
wide significant pQTLs. 

Measurements of circulating 
mediators & correlation analysis of 
non-genetic factors

The circulating mediators resistin, leptin, 
adiponectin, CRP and alpha-1 antitrypsin 
(AAT) were measured in EDTA plasma using 
the R&D Systems DuoSet ELISA kits following 
the Manufacturer’s protocol. To identify the 
effect of non-genetic factors, such as age, 
gender, BMI, oral contraceptive use and 
circulating mediators (resistin, adiponectin, 
alpha-1 Antitrypsin, leptin and CRP) on levels 
of circulatory inflammatory proteins in 500FG, 
we performed a rank-based regression 
analysis using “Rfit”, as previously described16. 

Pleiotropy
To test all reported genome-wide 

significant pQTLs for pleiotropy, we initially 
inspected all genome-wide significant trans-
pQTLs whether they show association with 
multiple distinct proteins. To correct for the 
multiple testing burden for all genome-wide 
pQTLs, we next inspected all genome-wide 
significant trans-pQTLs that had at least two 
associations with distinct proteins at P < 0.05/
(10*32) = 1.56x10-4 This cut-off represents a 
conservative approach to the multiple testing 
burden for all identified GWAS SNPs (n = 10) 
with all protein traits (n = 32). The resulting 
association matrix was then clustered and 
visualized based on the negative log10 of 
the P values of association. For clustering 
analysis, we used an unsupervised clustering 
approach using Spearman’s correlation as the 
measure of similarity.
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RNA sequencing, expression analysis 
and eQTL mapping

RNA sequencing data from PBMCs of 
eight individuals stimulated by C. albicans 
were generated and published elsewhere13. 
Sequencing reads were mapped to the human 
genome using STAR (version 2.3.0)57. The 
aligner was provided with a file containing 
junctions from Ensembl GRCh37.71. Htseq-
count of the Python package HTSeq (version 
0.5.4p3) was used (The HTSeq package, 
http:// www-huber.embl.de/users/anders/
HTSeq/doc/overview.html) to quantify the 
read counts per gene based on annotation 
version GRCh37.71, using the default union-
counting mode. Differentially expressed genes 
were identified by statistics analysis using 
DESeq2 package from bioconductor58. The 
statistically significant threshold (FDR P <= 
0.05 and fold change >= 2) was applied. To 
assess the effect of genetic variation on gene 
expression, gender and age were included as 
known covariates in a linear model. All eQTL 
mapping was done using Matrix-eQTL55.

Genome-wide case-control 
association analysis with 
susceptibility to candidaemia 

The associations between the genetic 
variants and candidaemia susceptibility were 
described in chapter 3. Briefly, associations 
were tested by Fisher’s exact test using PLINK 
1.9 (www.cog-genomics.org/plink/1.9/)59. The 
genomic inflation factor (λ = 1) indicated that 
there was no population stratification effect 
(Figure S11B). A P value significance threshold 
of < 5x10-8 was set to call genome-wide 
significant associations. 

Survival analysis and QTL mapping 
for patient survival 

To determine genetic variants that are 
associated with survival, we performed a 
within-case QTL mapping on a genome-wide 
scale by assigning the actual day of survival 

as quantitative trait using PLINKv1.0949. 
Multidimensional scaling analysis (MDS) of 
candidaemia cohort, including non-survivors 
(n = 65) showed genetic homogeneity 
between non-survivors (Figure S11A).  
Gender was included as known covariate in 
a linear model to map QTLs that influence 
patient survival. Regional association plots of 
loci associated with survival were prepared 
using a web-based plotting tool, LocusZoom60. 
Lastly, survival analysis was done using the 
R package survival and visualized with the R 
package survminer. We stratified the 65 non-
survivors and 83 survivors based on the SNP 
genotype and evaluated differences between 
SNP genotype strata by using a log-rank 
test. Gender was included as covariate in the 
survival analysis. 

Within-case genome-wide association 
testing for patient survival 

To identify genetic variants that are 
associated with 14-, 30-, and 90-day survival, 
we run a within-case genome-wide association 
study using our survival cohort of 148 
candidaemia patients. To test for association 
(1) with 14-day survival, we used 31 non-
survivors that passed away within 14 days and 
83 survivors, with (2) 30-day survival, we used 
49 non-survivors that passed away within 
30 days and 83 survivors, and with (3) 90-
day survival, we used 65 non-survivors that 
passed away within 90 days and 83 survivors. 
Gender and the first two principal components 
calculated in MDS analysis (Figure S11A) 
were included as covariates in an additive 
model using SNPTEST v.2.5.4-beta346,61,62. 

Enrichment analysis of pQTLs for 
genetic variants associated with 
susceptibility to candidaemia and 
patient survival 

We first called pQTLs at four different 
thresholds (5x10-4, 5x10-5, 5x10-6, and 5x10-7). 
Next, we intersected the pQTLs with variants 
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associated with candidaemia susceptibility, 
and those associated with survival (identified 
by quantitative analysis). We then extracted 
P values of association with susceptibility 
and survival for the pQTLs binned at the four 
different thresholds. All graphs were visualized 
using the R package ggplot2.

Extraction of SNPs associated with 
infectious diseases

SNPs associated with a number 
of infectious diseases that showed  
P < 1x10-6 were extracted using the 
GWAS catalog (https://www.genome.gov/
gwastudies/). We selected diseases that were 
studied in European populations, and for 
which at least ten independent associations 
were reported per study. We then intersected 
the SNPs associated with infectious diseases 
and their proxies (r2 >= 0.8) with pQTLs that 
showed P < 0.001 in our study.
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Figure S1: Protein expression of inflammatory proteins in plasma of candidaemia patients 
compared to plasma from healthy individuals (Lifelines cohort). P values were calculated 
using Wilcoxon rank sum test, and P < 0.05 was considered to be the threshold for significance.

SUPPLEMENTARY FIGURES
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Figure S3

Figure S2. Unsupervised clustering of inflammatory responses in patients and healthy 
controls from Lifelines cohort revealed distinct clustering patterns among plasma 
proteins between patient and control samples. Unsupervised hierarchical clustering was 
performed using the measurements of 64 proteins that were expressed in both plasma of patients 
and healthy controls. These proteins were measured in at least 90% of the plasma samples in 
candidaemia patients and healthy individuals.
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Figure S3. Protein expression of inflammatory proteins that were detected in at least 90% of 
the supernatants of PBMC samples stimulated with C. albicans yeast compared to samples 
stimulated with RPMI medium. P values were calculated using Wilcoxon rank sum test, and  
P < 0.05 was considered to be the threshold for significance. Samples were stimulated with  
C. albicans yeast or RPMI medium for 24 hours, as described in Material and Methods section.
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Figure S4. Unsupervised clustering of inflammatory proteins profiled in Candida-stimulated 
PBMCs and patients showed different clustering patterns between these two groups, 
suggesting that additional factors in plasma of patients contribute to the inflammatory 
responses in patients.
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Figure S6. Density plots of the distribution of the 
inflammatory proteins released from PBMCs stimulated 
with C. albicans yeast isolated from healthy individuals 
of 500FG cohort. Majority of proteins follow non-normal 
distribution after log2 transformation with the exception of three 
proteins, CD40, VEGF-A and TNFRSF9. Related to Table S3.
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Figure S7. Density plots of the distribution of the inflammatory proteins released from 
PBMCs stimulated with C. albicans yeast isolated from healthy individuals of Lifelines 
cohort. Majority of proteins follow non-normal distribution after log2 transformation. Related 
to Table S7.
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Figure S8. Box plots showing the association of genotypes obtained from genome-wide 
significant pQTLs with Candida-induced protein levels that identified in the joint analysis 
between the 500FG and Lifelines Deep cohorts. Boxplot of (A) SNP rs2501301 with CCL4 
levels, (B) SNP rs1398749 with MCP-1 levels, (C) SNP rs358011 with VEGF-A levels, (D) SNP 
rs392422 with IL-8 levels, (E) SNP rs1699130 with IL-8 levels, (F) SNP rs2488633 with IL-8, (G) 
SNP rs1572285 with MCP-2, (H) SNP rs247426 with MCP-3, (I) SNP srs247426 with CXCL9, 
and (J) rs34774255 with CXCL9 levels. The numbers of individuals per genotype are shown in 
parentheses below each box plot.  P values were obtained using Wilcoxon Rank-Sum test to 
compare if there are statistically significant differences of protein levels between SNP genotypes. 
P < 0.05 was considered to be the threshold of significance. Related to Table 1.
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Figure S11. (A) Multidimensional scaling analysis (MDS) to check for population stratification in 
candidaemia cohort. Dimensions were calculated on the basis of the identity-by-descent (IBD) 
pairwise distance among all individuals and the first–dimension values were plotted against the 
second-dimension values. Non-survivors (n = 65), survivors (n = 83) and candidaemia cases (for 
which we do not have survival data available) are highlighted in different colors. (B) Quantile-
quantile (QQ) plot of log10 (P values) of primary GWAS P-values to those expected for a null 
distribution. The genetic inflation factor λ for all SNPs was 1, indicating no population stratification.
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Figure S12. A positive Spearman correlation coefficient was observed between protein 
concentrations of IL-6 in log2 picogram/ml measured with ELISA and NPX values as 
measured with OLINK technology.
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Protein Uniprot no. Gene Ensembl_id
Chromosome_
gene

Start_gene End_gene

4E-BP1 Q13541 EIF4EBP1 ENSG00000187840 8 37888020 37917883

ADA P00813 ADA ENSG00000196839 20 43248163 43280376

CASP-8 Q14790 CASP8 ENSG00000064012 2 202122754 202152434

CCL11 P51671 CCL11 ENSG00000172156 17 32612687 32615199

CCL19 Q99731 CCL19 ENSG00000172724 9 34689567 34691274

CCL20 P78556 CCL20 ENSG00000115009 2 228678558 228682280

CCL23 P55773 CCL23 ENSG00000274736 17 34340097 34345005

CCL25 O15444 CCL25 ENSG00000131142 19 8052767 8062650

CCL4 P13236 CCL4 ENSG00000275302 17 34431220 34433014

CD244 Q9BZW8 CD244 ENSG00000122223 1 160799950 160832692

CD40 P25942 CD40 ENSG00000101017 20 44746906 44758384

CD5 P06127 CD5 ENSG00000110448 11 60869930 60895323

CD6 Q8WWJ7 CD6 ENSG00000013725 11 60739113 60787848

CDCP1 Q9H5V8 CDCP1 ENSG00000163814 3 45123769 45187914

CSF-1 P09603 CSF1 ENSG00000184371 1 110453233 110473616

CST5 P28325 CST5 ENSG00000170367 20 23856572 23860380

CX3CL1 P78423 CX3CL1 ENSG00000006210 16  57372458 57385048

CXCL1 P09341 CXCL1 ENSG00000163739 4 74735109 74737019

CXCL10 P02778 CXCL10 ENSG00000169245 4 76942269 76944689

CXCL11 O14625 CXCL11 ENSG00000169248 4 76954840 76957350

CXCL5 P42830 CXCL5 ENSG00000163735 4 74861359 74864446

CXCL6 P80162 CXCL6 ENSG00000124875 4 74702273 74704477

CXCL9 Q07325 CXCL9 ENSG00000138755 4 76922623 76928641

DNER Q8NFT8 DNER ENSG00000187957 2 229357629 229714558

EN-RAGE P80511 S100A12 ENSG00000163221 1 153346184 153348075

FGF-19 O95750 FGF19 ENSG00000162344 11 69698232 69704642

FGF-21  Q9NSA1 FGF21 ENSG00000105550 19 48755559 48758330

FGF-23 Q9GZV9 FGF23 ENSG00000118972 12  4368227 4379728

Flt3L P49771 FLT3LG ENSG00000090554 19 49977818 49990894

HGF P14210 HGF ENSG00000019991 7 81331444 81399452

IL-10 P22301 IL10 ENSG00000136634 1 206940948 206945839

IL-10RB Q08334 IL10RB ENSG00000243646 21 33266358 33,310,187 

IL-12B P29460 IL12B ENSG00000113302 5 158741791 158757481

IL-18 Q14116 IL18 ENSG00000150782 11 112013974 112034840

IL-18R1 Q13478 IL18R1 ENSG00000115604 2 102979093 103015217

IL-6 P05231 IL6 ENSG00000136244 7 22766766 22771621

IL-7 P13232 IL7 ENSG00000104432 8 78675743 78805523

IL-8 P10145 CXCL8 ENSG00000169429 4 74606223 74609433

SUPPLEMENTARY TABLES



99

LAP TGF-

beta-1

P01137 TGFB1 ENSG00000105329 19 41836812 41859831

LIF-R P42702 LIFR ENSG00000113594 5 38474963 38608354

MCP-1 P13500 CCL2 ENSG00000108691 17 32582296 32584220

MCP-2 P80075 CCL8 ENSG00000108700 17 32646066 32648421

MCP-3 P80098 CCL7 ENSG00000108688 17 32597235 32599261

MCP-4 Q99616 CCL13 ENSG00000181374 17 32683471 32685629

MIP-1 

alpha

P10147 CCL3 ENSG00000277632 17 34415603 34417506

MMP-1 P03956 MMP1 ENSG00000196611 11 102660641 102668966

MMP-10 P09238 MMP10 ENSG00000166670 11 102641233 102651359

OPG O00300 TNFRSF11B ENSG00000164761 8 119935796 119964383

OSM P13725 OSM ENSG00000099985 22 30658819 30662829

PD-L1 Q9NZQ7 CD274 ENSG00000120217 9 5450503 5470567

SCF P21583 KITLG ENSG00000049130 12 88492793 88580851

SIRT2 Q8IXJ6 SIRT2 ENSG00000068903 19 39369195 39390502

SLAMF1 Q13291 SLAMF1 ENSG00000117090 1 160608100 160647295

ST1A1 P50225 SULT1A1 ENSG00000196502 16 28605196 28623625

STAMPB O95630 STAMBP ENSG00000124356 2 74056043 74094295

TGF-alpha P01135 TGFA ENSG00000163235 2 70674412 70781147

TNFB P01374 LTA ENSG00000226275 6 31539876 31542100

TNFRSF9 Q07011 TNFRSF9 ENSG00000049249 1 7975931 8003225

TNFSF14 O43557 TNFSF14 ENSG00000125735 19 6663148 6670599

TRAIL P50591 TNFSF10 ENSG00000121858 3 172223298 172241297

TRANCE O14788 TNFSF11 ENSG00000120659 13 43148291 43182149

TWEAK O43508 TNFSF12 ENSG00000239697 17 7452375 7461207

uPA P00749 PLAU ENSG00000122861 10 75670862 75677258

VEGF-A P15692 VEGFA ENSG00000112715 6 43737946 43754223

Table S1. Inflammatory proteins measured with high-throughput technology OLINK in 
plasma samples of candidaemia patients. Out of 92 proteins measured, 64 were detected in 
at least 90% of the samples.  
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Protein Pvalue Fold_change Log2_Fold_change

CASP-8 <2E-16 4,540 2,183

TGF-alpha <2E-16 4,185 2,065

OSM <2E-16 4,122 2,044

EN-RAGE 1,60E-15 3,292 1,719

MCP-3 <2E-16 3,049 1,608

MIP-1 alpha <2E-16 2,898 1,535

TNFSF14 <2E-16 2,437 1,285

IL-6 <2E-16 2,177 1,122

MCP-4 9,30E-16 2,149 1,104

FGF-21 7,00E-12 1,910 0,933

MMP-1 <2E-16 1,904 0,929

IL-8 <2E-16 1,820 0,864

CXCL11 <2E-16 1,722 0,784

ST1A1 9,00E-09 1,712 0,775

CCL4 <2E-16 1,614 0,691

IL-18 <2E-16 1,497 0,582

CXCL1 <2E-16 1,484 0,570

CCL20 9,4E-14 1,480 0,565

CD5 4,90E-16 1,459 0,545

LIF-R <2E-16 1,441 0,527

SIRT2 2,50E-08 1,430 0,516

CXCL6 <2E-16 1,419 0,505

CDCP1 3,8E-11 1,412 0,498

FGF-23 0,0022 1,410 0,495

HGF <2E-16 1,400 0,485

STAMPB 1,60E-09 1,395 0,480

4E-BP1 1,5E-07 1,371 0,455

MCP-1 <2E-16 1,326 0,407

CD40 <2E-16 1,246 0,317

LAP TGF-beta-1 7E-15 1,241 0,312

CCL19 1,4E-12 1,228 0,296

CCL23 <2E-16 1,201 0,265

CXCL10 1,2E-07 1,151 0,203

CCL11 2,3E-14 1,144 0,194

VEGF-A 4,40E-16 1,128 0,174

IL-18R1 1,4E-10 1,110 0,151

PD-L1 4,30E-05 1,108 0,148

CXCL9 0,0078 1,083 0,115

OPG 3,20E-08 1,063 0,089

IL-10RB 6,20E-06 1,039 0,055

DNER 0,0018 1,012 0,018
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Flt3L 0,0071 0,957 -0,063

TWEAK 0,0061 0,950 -0,074

SCF 0,00096 0,929 -0,106

SLAMF1 0,028 0,924 -0,114

ADA 0,023 0,924 -0,114

CST5 1,30E-05 0,910 -0,137

FGF-19 0,0021 0,898 -0,156

IL-7 0,0013 0,853 -0,229

CD244 1,20E-09 0,820 -0,287

CCL25 1,50E-06 0,817 -0,291

MMP-10 3,60E-12 0,796 -0,330

IL-12B 0,00053 0,793 -0,334

TRAIL <2E-16 0,778 -0,362

TNFB 6,30E-09 0,687 -0,542

TRANCE <2E-16 0,510 -0,972

CD6 0,087 1,106 0,146

IL-10 0,86 1,072 0,100

TNFRSF9 0,061 1,059 0,083

MCP-2 0,065 1,043 0,060

CX3CL1 0,14 1,036 0,051

uPA 0,15 1,007 0,010

CSF-1 0,27 1,004 0,006

CXCL5 0,75 0,992 -0,011

Table S2. Fold change of expression of inflammatory proteins in plasma of candidaemia 
patients compared to baseline healthy plasma samples. Proteins were measured by the high-
throughput technology OLINK using the inflammatory array.
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Protein
Pvalue_
shapiro_
test

Uniprot 
no.

Gene Ensembl_id
Chromosome 
_gene

Start_
gene

End_gene

CCL11 4,48E-11 P51671 CCL11 ENSG00000172156 17 32612687 32615199

CCL20 1,79E-07 P78556 CCL20 ENSG00000115009 2 228678558 228682280

CCL23 0,0000057 P55773 CCL23 ENSG00000274736 17 34340097 34345005

CCL4 6,07E-21 P13236 CCL4 ENSG00000275302 17 34431220 34433014

CD40 0,665 P25942 CD40 ENSG00000101017 20 44746906 44758384

CD5 0,000239 P06127 CD5 ENSG00000110448 11 60869930 60895323

CSF-1 0,0261 P09603 CSF1 ENSG00000184371 1 110453233 110473616

CXCL1 1,53E-11 P09341 CXCL1 ENSG00000163739 4 74735109 74737019

CXCL10 9,79E-10 P02778 CXCL10 ENSG00000169245 4 76942269 76944689

CXCL11 7,29E-09 O14625 CXCL11 ENSG00000169248 4 76954840 76957350

CXCL5 0,00143 P42830 CXCL5 ENSG00000163735 4 74861359 74864446

CXCL9 9,28E-08 Q07325 CXCL9 ENSG00000138755 4 76922623 76928641

EN-RAGE 0,00000015 P80511 S100A12 ENSG00000163221 1 153346184 153348075

Flt3L 0,00401 P49771 FLT3LG ENSG00000090554 19 49977818 49990894

IL-12B 5,31E-21 P29460 IL12B ENSG00000113302 5 158741791 158757481

IL-18 0,000428 Q14116 IL18 ENSG00000150782 11 112013974 112034840

IL-1alpha 7,15E-08 P01583 IL1A ENSG00000115008 2 113531492 113542971

IL-6 0,00000167 P05231 IL6 ENSG00000136244 7 22766766 22771621

IL-8 3,13E-25 P10145 CXCL8 ENSG00000169429 4 74606223 74609433

LAP TGF-

beta-1

2,15E-08 P01137 TGFB1 ENSG00000105329 19 41836812 41859831

MCP-1 4,22E-18 P13500 CCL2 ENSG00000108691 17 32582296 32584220

MCP-2 1,11E-23 P80075 CCL8 ENSG00000108700 17 32646066 32648421

MCP-3 1,71E-21 P80098 CCL7 ENSG00000108688 17 32597235 32599261

MIP-1 

alpha

6,23E-29 P10147 CCL3 ENSG00000277632 17 34415603 34417506

MMP-1 0,00000118 P03956 MMP1 ENSG00000196611 11 102660641 102668966

OSM 6,56E-07 P13725 OSM ENSG00000099985 22 30658819 30662829

PD-L1 0,0278 Q9NZQ7 CD274 ENSG00000120217 9 5450503 5470567

TGF-

alpha

0,00009 P01135 TGFA ENSG00000163235 2 70674412 70781147

TNF 1,03E-07 P01375 TNF ENSG00000228321 6 31544292 31546112

TNFRSF9 0,105 Q07011 TNFRSF9 ENSG00000049249 1 7975931 8003225

uPA 1,09E-08 P00749 PLAU ENSG00000122861 10 75670862 75677258

VEGF-A 0,3 P15692 VEGFA ENSG00000112715 6 43737946 43754223

Table S3. Inflammatory proteins measured with high-throughput techonology OLINK in 
supernatants of PBMCs isolated from individuals of 500FG cohort. We used proteins that 
were detected in at least 90% of the samples for further analysis. Shapiro test was used to test 
for normality under the null hypothesis that the protein distribution is normal. If P value < 0.05, 
the distribution is non-normal. Most proteins followed non-normal distribution (yellow highlighted).
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Table S4. Fold change of expression of inflammatory proteins in supernatant samples of 
PBMCs stimulated with C. albicans yeast compared to supernatant samples stimulated 
with RPMI medium. Samples were stimulated either with C. albicans yeast or RPMI for 24 hours 
and proteins were measured by the inflammatory array of the high-throughput OLINK technology.

Protein Fold_change Log2_Fold_change

IL-12B 19,15 4,26

CXCL9 9,76 3,29

MCP-2 7,63 2,93

IL-1alpha 6,68 2,74

MIP-1 alpha 6,51 2,70

MCP-3 6,43 2,69

TGF-alpha 5,78 2,53

IL-6 4,71 2,24

CCL23 4,25 2,09

CCL20 4,21 2,07

CXCL11 4,16 2,06

IL-18 4,09 2,03

TNF 3,88 1,96

CXCL1 3,87 1,95

CXCL10 3,74 1,90

CCL4 3,69 1,88

CSF-1 3,39 1,76

CXCL5 3,13 1,65

uPA 3,07 1,62

CCL11 3,05 1,61

MMP-1 2,62 1,39

EN-RAGE 2,47 1,30

MCP-1 2,35 1,23

PD-L1 2,25 1,17

OSM 2,23 1,16

TNFRSF9 1,83 0,87

Flt3L 1,66 0,73

VEGF-A 1,57 0,65

IL-8 1,56 0,64

CD40 1,38 0,46

LAP TGF-beta-1 1,38 0,46

CD5 1,35 0,43
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Protein Gender Age Oral_contraceptive BMI

IL-8 -9,77E-01 -5,30E-01 -8,85E-01 4,60E-01

CXCL1 -6,78E-01 1,64E-01 4,80E-01 -7,87E-01

MCP-1 -1,46E-01 -3,76E-01 6,20E-01 4,48E-01

CXCL5 -5,47E-02 4,72E-02 6,81E-02 -1,37E-01

TNFRSF9 9,92E-04 8,56E-01 -2,30E-01 -9,12E-01

IL-18 1,15E-03 1,14E-01 -1,20E-01 -8,69E-01

CXCL9 1,50E-03 4,60E-01 -1,58E-01 -7,77E-01

EN-RAGE 9,90E-03 1,37E-01 -2,98E-01 -5,72E-01

CSF-1 9,90E-03 4,09E-01 -7,63E-01 -9,77E-01

PD-L1 1,62E-02 4,01E-01 -2,38E-01 9,24E-01

IL-12B 1,62E-02 8,97E-01 -9,08E-01 9,08E-01

IL-1alpha 2,55E-02 5,26E-01 -5,58E-01 -8,42E-01

TNF 6,01E-02 4,60E-01 -4,48E-01 -5,96E-01

MCP-3 1,11E-01 2,38E-01 -1,00E+00 -4,57E-01

CCL23 1,14E-01 9,82E-03 -5,72E-01 -4,09E-01

CXCL11 1,59E-01 3,45E-01 -8,56E-01 -8,56E-01

CCL11 1,73E-01 2,99E-01 -9,08E-01 -5,35E-01

uPA 1,76E-01 1,54E-01 -3,22E-01 -3,30E-01

CD40 2,51E-01 3,07E-01 -4,27E-01 -5,99E-01

CXCL10 2,62E-01 2,83E-01 -5,99E-01 -5,63E-01

OSM 3,07E-01 6,67E-02 -6,49E-01 -2,51E-01

CD5 3,69E-01 5,57E-01 -1,00E+00 -6,00E-01

Flt3L 3,76E-01 4,98E-01 -4,98E-01 -6,78E-01

MIP-1 alpha 4,39E-01 6,81E-01 6,49E-01 -8,69E-01

CCL4 4,57E-01 6,27E-01 -9,30E-01 -5,96E-01

TGF-alpha 4,60E-01 3,30E-01 -4,60E-01 -7,77E-01

LAP TGF-beta-1 8,34E-01 6,38E-02 -6,82E-01 -1,37E-01

MMP-1 8,42E-01 9,90E-03 -9,77E-01 -2,63E-01

MCP-2 8,56E-01 -9,77E-01 5,90E-01 -9,08E-01

VEGF-A 8,56E-01 6,70E-02 -8,56E-01 -4,60E-01

IL-6 8,96E-01 1,73E-01 7,42E-01 -4,60E-01

CCL20 9,77E-01 6,01E-02 9,77E-01 -4,57E-01

Table S5. Correlations of gender, age, oral contraceptive use and BMI with inflammatory 
proteins released from PBMCs upon stimulation with C. albicans yeast for 24 hours. 
Inflammatory proteins were detected in at least 90% of the samples. Correlation calculated using 
a rank based regression model, as described in Materials and Methods. The P values were 
FDR corrected.
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Table S6. Correlations of circulating mediators, resistin, adiponectin, and alpha-1 Antitrypsin 
(AAT),  leptin and CRP, with inflammatory proteins released from PBMCs upon stimulation with  
C. albicans yeast for 24 hours. Inflammatory proteins were detected in at least 90% of the 
samples.  Correlation calculated using a rank based regression model, as described in Materials 
and Methods. The P values were FDR corrected.

Protein Resistin Adiponectin AAT Leptin hsCRPall

CCL11 -9,97E-01 1,00E+00 -1,00E+00 -9,27E-01 1,00E+00

CCL20 -1,00E+00 -9,09E-01 1,00E+00 -9,09E-01 -1,00E+00

CCL23 -1,00E+00 -1,00E+00 9,68E-01 -9,27E-01 -1,00E+00

CCL4 -9,14E-01 -9,14E-01 9,68E-01 9,14E-01 1,00E+00

CD40 9,68E-01 -8,70E-01 9,68E-01 -9,14E-01 -1,00E+00

CD5 9,14E-01 -9,14E-01 9,14E-01 1,00E+00 1,00E+00

CSF-1 1,00E+00 -1,00E+00 9,68E-01 -1,00E+00 1,00E+00

CXCL1 -9,56E-01 -9,68E-01 1,00E+00 -9,09E-01 1,00E+00

CXCL10 -8,70E-01 -9,14E-01 9,14E-01 9,87E-01 -9,97E-01

CXCL11 -5,55E-01 -9,02E-01 9,14E-01 9,68E-01 -9,89E-01

CXCL5 1,00E+00 -1,00E+00 -9,68E-01 -9,14E-01 1,00E+00

CXCL9 -9,27E-01 -9,25E-01 9,09E-01 1,00E+00 -1,00E+00

EN-RAGE 1,00E+00 -9,68E-01 9,68E-01 -9,09E-01 -9,14E-01

Flt3L -9,68E-01 -8,70E-01 9,27E-01 -1,00E+00 -1,00E+00

IL-12B 9,68E-01 -8,70E-01 9,97E-01 9,97E-01 9,87E-01

IL-18 -9,27E-01 -9,81E-01 8,70E-01 1,00E+00 -9,68E-01

IL-1alpha -9,56E-01 -9,14E-01 9,14E-01 -9,68E-01 -9,27E-01

IL-6 -9,14E-01 -9,14E-01 9,14E-01 -9,68E-01 9,27E-01

IL-8 1,00E+00 9,81E-01 -1,00E+00 -1,00E+00 9,68E-01

LAP TGF-beta-1 -1,00E+00 -1,00E+00 -9,28E-01 -8,70E-01 -9,68E-01

MCP-1 1,00E+00 9,14E-01 -9,74E-01 1,00E+00 1,00E+00

MCP-2 9,88E-01 9,09E-01 -9,35E-01 -9,85E-01 8,70E-01

MCP-3 -9,09E-01 1,00E+00 9,51E-01 -9,56E-01 9,97E-01

MIP-1 alpha -1,00E+00 9,68E-01 -8,70E-01 -8,70E-01 9,56E-01

MMP-1 -9,14E-01 -8,70E-01 9,27E-01 -8,70E-01 -1,00E+00

OSM -1,00E+00 -9,14E-01 9,14E-01 -9,02E-01 -9,68E-01

PD-L1 -9,68E-01 -9,56E-01 9,14E-01 9,28E-01 -9,14E-01

TGF-alpha -1,00E+00 -9,14E-01 9,09E-01 -9,14E-01 -9,27E-01

TNF -9,14E-01 -8,70E-01 1,00E+00 -1,00E+00 1,00E+00

TNFRSF9 -1,00E+00 -9,14E-01 9,14E-01 1,00E+00 -9,37E-01

uPA -9,88E-01 -9,02E-01 9,68E-01 -9,09E-01 -9,88E-01

VEGF-A 1,00E+00 -9,09E-01 9,14E-01 -9,09E-01 -9,56E-01



106

Protein
Pvalue_
shapiro_
test

Uniprot 
no.

Gene Ensembl_id
Chromo-
some 
_gene

Start_gene End_gene

IL-8 0,24494 P10145 CXCL8 ENSG00000169429 4 74606223 74609433

VEGF-A 0,39842 P15692 VEGFA ENSG00000112715 6 43737946 43754223

MCP-3 2,3E-15 P80098 CCL7 ENSG00000108688 17 32597235 32599261

CDCP1 1E-06 Q9H5V8 CDCP1 ENSG00000163814 3 45123769 45187914

CD244 7,8E-07 Q9BZW8 CD244 ENSG00000122223 1 160799950 160832692

OPG 0,67677 O00300 TNFRSF11B ENSG00000164761 8 119.935.796 119.964.383

LAP TGF-
beta-1

0,90091 P01137 TGFB1 ENSG00000105329 19 41836812 41859831

uPA 0,0845 P00749 PLAU ENSG00000122861 10 75670862 75677258

IL-6 2E-13 P05231 IL6 ENSG00000136244 7 22.766.766 22.771.621

MCP-1 0,33235 P13500 CCL2 ENSG00000108691 17 32582296 32584220

CXCL11 0,00299 O14625 CXCL11 ENSG00000169248 4 76954840 76957350

CXCL9 1,1E-05 Q07325 CXCL9 ENSG00000138755 4 76922623 76928641

IL-1alpha 0,00608 P01583 IL1A ENSG00000115008 2 113531492 113542971

OSM 0,00052 P13725 OSM ENSG00000099985 22 30658819 30662829

CXCL1 9,1E-12 P09341 CXCL1 ENSG00000163739 4 74735109 74737019

CCL4 1,1E-13 P13236 CCL4 ENSG00000275302 17 34431220 34433014

CD6 0,00158 Q8WWJ7 CD6 ENSG00000013725 11 60739113 60787848

IL-18 0,2158 Q14116 IL18 ENSG00000150782 11 112013974 112034840

TGF-
alpha

0,00014 P01135 TGFA ENSG00000163235 2 70674412 70781147

MCP-4 0,00127 Q99616 CCR3 ENSG00000181374 3 46283872 46308197

CCL11 1,2E-06 P51671 CCL11 ENSG00000172156 17 32612687 32615199

TNFSF14 0,01397 O43557 TNFSF14 ENSG00000125735 19 6663148 6670599

MMP-1 5,2E-05 P03956 MMP1 ENSG00000196611 11 102660641 102668966

IL-18R1 4,8E-05 Q13478 IL18R1  ENSG00000115604 2 102979093 103015230

PD-L1 0,33276 Q9NZQ7 CD274 ENSG00000120217 9 5450503 5470567

CXCL5 1,7E-07 P42830 CXCL5 ENSG00000163735 4 74861359 74864446

HGF 0,60735 P14210 HGF ENSG00000019991 7 81331444 81399452

IL-12B 0,00055 P29460 IL12B ENSG00000113302 5 158741791 158757481

MMP-10 0,03751 P09238 TIMP2 ENSG00000166670 17 76849059 76921472

IL-10 0,53933 P22301 IL10 ENSG00000136634 1 206940947 206945839

TNF 0,00949 P01375 TNF ENSG00000228321 6 31544292 31546112

CCL23 0,55242 P55773 CCL23 ENSG00000274736 17 34340097 34345005

CD5 0,00044 P06127 CD5 ENSG00000110448 11 60869930 60895323

CCL3 3,3E-16 P10147 CCL3 ENSG00000277632 17 34415603 34417506

Flt3L 0,06923 P49771 FLT3LG ENSG00000090554 19 49977818 49990894

CXCL10 2,2E-06 P02778 CXCL10 ENSG00000169245 4 76942269 76944689

EN-RAGE 3,7E-08 P80511 S100A12 ENSG00000163221 1 153346184 153348075

CD40 1E-05 P25942 CD40 ENSG00000101017 20 44746906 44758384

IFN-
gamma

0,02047 P01579 INFG ENSG00000111537 12 68548548 68553527
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LIF 0,00202 P15018 LIF ENSG00000128342 22 30636436 30642840

MCP-2 1,6E-14 P80075 CCL8 ENSG00000108700 17 32646066 32648421

TNFRSF9 0,37469 Q07011 TNFRSF9 ENSG00000049249 1 7975931 8003225

TWEAK 0,14131 O43508 TNFRSF12A ENSG00000006327 16 3070313 3072383

CCL20 0,0009 P78556 CCL20 ENSG00000115009 2 228678558 228682280

TNFB 0,18356 P01374 LTA ENSG00000226979 6 31540060 31542101

CSF-1 0,99778 P09603 CSF1 ENSG00000184371 110453233 110473616

Table S7. Inflammatory proteins measured with high-throughput techonology OLINK in 
Candida-stimulated supernatants of PBMCs isolated from individuals of Lifelines Deep 
cohort. We used proteins that were detected in at least 90% of the samples for further analysis. 
Shapiro test was used to test for normality under the null hypothesis that the protein distribution 
is normal. If P value < 0.05, the distribution is non-normal. Most proteins followed non-normal 
distribution (yellow highlighted).
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Protein Chr SNP Allele1 Allele2 Zscore P-value Direction HetPVal

CCL4 1 rs2501301 T C 5,877 4,17E-09 ++ 0,3763

MIP1alpha 1 rs2501301 T C 4,284 1,84E-05 ++ 0,8404

VEGFA 3 rs358011 T C 5,84 5,23E-09 ++ 0,3636

TGFalpha 3 rs358011 T C 4,536 5,73E-06 ++ 0,6925

OSM 3 rs358011 T C 4,457 8,30E-06 ++ 0,5756

CCL23 3 rs358011 T C 4,079 4,52E-05 ++ 0,305

IL6 3 rs358011 T C 4,015 5,94E-05 ++ 0,873

TNF 3 rs358011 T C 3,928 8,56E-05 ++ 0,9293

MCP1 3 rs1398749 A G -5,56 2,70E-08 -- 0,7

IL8 3 rs1398749 A G -4,662 3,13E-06 -- 0,4147

IL8 5 rs392422 A G -5,836 5,34E-09 -- 0,08817

MCP1 5 rs392422 A G -3,847 1,20E-04 -- 0,1841

IL8 8 rs1699130 C G -5,647 1,64E-08 -- 0,2991

MCP1 8 rs1699130 C G -3,844 1,21E-04 -- 0,2684

MCP2 10 rs1572285 T C -5,825 5,70E-09 -- 0,6382

MCP3 10 rs1572285 T C -3,86 1,14E-04 -- 0,9336

MCP2 10 rs2488633 A G -5,618 1,93E-08 -- 0,2206

MCP3 16 rs247426 T C 5,522 3,36E-08 ++ 0,522

IL6 16 rs247426 T C 4,448 8,68E-06 ++ 0,1817

IL12B 16 rs247426 T C 4,442 8,91E-06 ++ 0,8081

MCP2 16 rs247426 T C 4,175 2,98E-05 ++ 0,1633

CXCL1 16 rs247426 T C 3,94 8,13E-05 ++ 0,1007

IL1alpha 16 rs247426 T C 3,787 1,52E-04 ++ 0,5071

CXCL9 3 rs6771739 T C 5,505 3,69E-08 ++ 0,09539

IL1alpha 3 rs6771739 T C 5,359 8,39E-08 ++ 0,9907

IL18 3 rs6771739 T C 5,213 1,86E-07 ++ 0,1958

TGFalpha 3 rs6771739 T C 4,8 1,58E-06 ++ 0,7381

IL6 3 rs6771739 T C 4,765 1,89E-06 ++ 0,5573

CCL4 3 rs6771739 T C 4,641 3,47E-06 ++ 0,3647

MMP1 3 rs6771739 T C 4,444 8,82E-06 ++ 0,9576

MCP3 3 rs6771739 T C 4,42 9,87E-06 ++ 0,6512

PDL1 3 rs6771739 T C 4,306 1,66E-05 ++ 0,3858

CXCL10 3 rs6771739 T C 4,227 2,37E-05 ++ 0,6944

OSM 3 rs6771739 T C 4,044 5,26E-05 ++ 0,1792

CCL23 3 rs6771739 T C 4,004 6,24E-05 ++ 0,9545

Flt3L 3 rs6771739 T C 3,996 6,43E-05 ++ 0,2451

CXCL11 3 rs6771739 T C 3,986 6,71E-05 ++ 0,4731

TNF 3 rs6771739 T C 3,95 7,80E-05 ++ 0,4371

CD40 3 rs6771739 T C 3,937 8,25E-05 ++ 0,1137

VEGFA 3 rs6771739 T C 3,935 8,30E-05 ++ 0,1148

CXCL9 7 rs34774255 T C 5,515 3,50E-08 ++ 0,6533
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CXCL10 7 rs34774255 T C 5,034 4,80E-07 ++ 0,9942

IL6 7 rs34774255 T C 4,724 2,31E-06 ++ 0,4156

MCP3 7 rs34774255 T C 4,428 9,50E-06 ++ 0,3858

CCL4 7 rs34774255 T C 4,255 2,09E-05 ++ 0,2908

IL18 7 rs34774255 T C 4,173 3,01E-05 ++ 0,451

IL1alpha 7 rs34774255 T C 4,14 3,48E-05 ++ 0,4343

TNF 7 rs34774255 T C 4,107 4,02E-05 ++ 0,7667

OSM 7 rs34774255 T C 4,059 4,93E-05 ++ 0,1729

IL12B 7 rs34774255 T C 3,898 9,72E-05 ++ 0,6718

CXCL1 7 rs34774255 T C 3,897 9,74E-05 ++ 0,529

Table S8. The genome-wide significant pQTLs identified in the joint analysis show at least 
two associations with distinct proteins at P < 0.05/(10*32) = 1.56x10-4, indicating potential 
pleiotropy between genome-wide significant pQTLs and measured inflammatory proteins. 
The cutoff reflects a conservative approach to the multiple testing for all identified genome-wide 
significant pQTLs (10) with all tested proteins (32). Only associations at P < 1.56x10-4 with the same 
allelic direction between 500FG and Lifelines Deep cohort are shown in the table. SNP rs2488633 
showed a single association at the P threshold of 1.56x10-4 and, therefore, was excluded from the 
analysis of pleiotropic effects of genome-wide significant pQTLs on proteins. Chr: chromosome; 
HetPVal:P value for heterogeneity between 500FG and Lifelines Deep cohorts; Direction shows 
the allelic direction between 500FG and Lifelines Deep cohorts.
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CHAPTER

04
Leukocyte-endothelial cell 
interaction in infections: 
the role of IL-1, TNF and 
IFN pathways
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In sepsis, dysregulated immune responses 
to infections cause damage to the host. Previous 
studies have attempted to capture pathogen-
induced leukocyte responses. However, the 
impact of mediators released after pathogen-
leukocyte interaction on endothelial cells, and 
how endothelial cell responses vary depending 
on the pathogen-type is lacking. Here, we 
comprehensively characterized the transcriptomic 
responses of human leukocytes and endothelial 
cells to Gram negative-bacteria, Gram positive-
bacteria, and fungi. We showed that the common 
response of leukocytes to various pathogens 
converges on endothelial activation. By exposing 
endothelial cells to leukocyte-released mediators, 
with or without the presence of IL-1RA and 
TNF-α antibody, we identified specific roles for 
IL-1 and TNF-α in driving the majority of, but not 
exclusively, endothelial activation. Furthermore, 
interferon (IFN) pathways are strongly induced in 
endothelial cells by leukocyte-released mediators, 
but independently from IL-1 and TNF-α. Our study, 
therefore reveals a role for IFN, together with IL1 
and TNFα signaling, in mediating leukocyte-
endothelial interaction in infections.

Abstract figure:

Sepsis is a life-threatening organ 
dysfunction caused by a dysregulated host 
response to infection (Singer et al., 2016). 
Despite advances in early recognition, sepsis 
affects around 30 million people worldwide 
every year and has a mortality rate of 20-
40% (Fleischmann et al., 2016). Sepsis is 
known to be a heterogeneous syndrome 
with various outcomes that depend on 
pathogenic characteristics as well as on 
host susceptibility. Despite decades of 
research, sepsis pathophysiology remains 
poorly understood. However, it is known 
that an interaction between innate immune 
cells and endothelial cells is central for the 
pathogenesis of sepsis, with recognition of 
infectious pathogens as a first step towards full 
activation of inflammation. The activated cells 
interact with different blood compartments and 
organ cell types such as platelets, adaptive 
immune leukocytes and parenchymal cells 
(van der Poll et al., 2017). Failure in properly 
regulating the cell responses and interaction 
often leads to multiple organ failure, and even 
mortality in sepsis patients. 

ABSTRACT INTRODUCTION
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Recent studies have employed 
transcriptomic approaches to characterize 
the global response of immune cells, 
particularly peripheral blood mononuclear 
cells (PBMCs) to various pathogens. After 
microbial recognition, innate immune cells are 
prone to inflammatory and stress responses 
while reducing apoptosis signaling, resulting 
in the release of cytokines, chemokines and 
damage-associated molecular pattern factors 
into the circulation (Jenner, Young, 2005). 
Gene expression profiles of whole blood 
from human volunteers challenged with a low 
dose of endotoxin also showed a reduction 
in integrin-α and integrin-β chain expression, 
indicating changes in the host immune system 
in adherence to and interaction with other cell 
types (Calvano et al., 2005). Nevertheless, 
we still know relatively little about the impact 
of this transcriptomic alteration of immune 
cells on its interaction with other cell types, 
specifically on endothelial cells.

Endothelial cells are a monolayer of cells 
lining the blood vessel that is actively involved 
in homeostasis and that can also interact with 
immune cells to regulate inflammation (Pober, 
Sessa, 2007). The endothelium is activated 
not only by inflammatory cytokines such as 
IL-1β and TNF-α (Molema, 2010), but also 
by endotoxins such as lipopolysaccharides 
(LPS) via the Toll like receptor-4 (TLR4) 
and RIG-I pathways (Faure et al., 2000, 
Moser et al., 2016). Upon activation, the 
endothelium secretes cytokines (IL-6 and 
IL-8) and expresses adhesion molecules 
(E-selectin, VCAM-1 and ICAM-1) to facilitate 
leukocyte extravasation. The increased influx 
of neutrophils and monocytes into the tissue 
during sepsis could then indirectly lead to 
tissue damage by secreting exaggerated 
amount of inflammatory mediators and reactive 
molecules (Ince et al., 2016). In the context of 
sepsis, the endothelium can be exposed to 
different types of infectious pathogens such 
as bacteria (Streptococcus pneumoniae) or 

fungi (Candida albicans). However, the impact 
of these pathogens on endothelial activation 
has not been studied systemically.

Given the ability of endothelial cells 
to respond to pathogens and interact with 
immune cells, it is important to characterize 
endothelial responses upon exposure to the 
mixture of various cytokines, chemokines 
and proteins secreted by activated immune 
cells, as well as to different types of infectious 
pathogens. Therefore, in this study, we 
applied a two-step in vitro stimulation model 
to comprehensively characterize: 1) the 
transcriptomic responses and inflammatory 
proteins secreted by PBMCs in response to 
a variety of stimulating pathogens, including 
Gram-negative bacteria, Gram-positive 
bacteria and fungi; and 2) the transcriptomic 
responses of endothelial cells exposed to 
humoral signals from activated peripheral 
blood that has been exposed to various 
pathogens. Through this work, we were able 
to identify the role of IL-1 and TNF-α in driving 
most, but not all, endothelial activation and 
we show that, independent of IL-1 and TNF-α 
interferon (IFN) pathways in endothelial cells 
are strongly induced by humoral signals from 
activated leukocytes.

Our study provides crucial insights into 
the role of pathways mediating leukocyte-
endothelial interactions, including IL-1, 
TNF-α and IFN pathways. Further studies 
are required to validate the function of IFN 
pathways in endothelial function and IFN’s 
role in determining sepsis progression.

INTRODUCTION
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Pathogen-dependent early and late 
transcriptional responses of PBMCs

To identify pathogen-dependent 

transcriptional responses in leucocytes, 

we first studied the global transcriptional 

changes of human PBMCs upon various 

stimuli. PBMCs were isolated from eight 

healthy individuals and stimulated by five types 

of pathogens: Pseudomonas aeruginosa (P. 

aeruginosa), Streptococcus pneumoniae (S. 

pneumonia), Mycobacterium tuberculosis (M. 

tuberculosis), Candida albicans (C. albicans) 

and Aspergilus Fumigatus (A. fumigatus) 

for 4 and 24 hours. We performed RNA 

sequencing followed by differential expression 

analysis to identify differentially expressed 

(DE) genes between stimulated samples and 

un-stimulated samples (RPMI control). This 

identified 4,189 protein-coding genes that 

were significantly differentially regulated in 

response to at least one of the stimulations 

(Adjusted P ≤ 0.05, FC ≥ 2-fold). Among 

those DE protein-coding genes, we observed 

both common genes, which respond to all 

pathogens, and pathogen-specific genes at 

4 hours (Fig.1A) and 24 hours of stimulation 

(Fig.1B).

We observed that the Gram-negative 

bacteria P. aeruginosa altered the expression 

levels of more than 2000 genes at 4 hours. In 

contrast, we found fewer genes to be differently 

regulated in response to C. albicans (666 

genes) and Gram-positive bacteria (956 

genes) at 4 hours (Fig.S1A). At 24 hours, we 

found more genes being differentially regulated 

by different pathogens. This indicates that        

P. aeruginosa is one of the stronger inducers 

of early response in leukocytes (Fig.S1B). 

In contrast, C. albicans induced three times 

more genes, indicating it is a strong immune 

stimulator at the later time points.

Next we performed pathway enrichment 

analyses on pathogen-specific DE genes 

(Supplemental table S1). Pathway enrichment 

analysis of P. aeruginosa-specific genes at 

4 hours showed significant enrichment of 

DE genes for several immune pathways, 

including cytokine responses, IFN signaling, 

TNF signaling, IL-1 signaling, apoptosis 

and inflammasome activation. Interestingly,            

S. pneumonia-specific DE genes are enriched 

for the suppression of inflammatory pathways 

and TCR signaling at both 4 and 24 hours. In 

contrast, C. albicans specific pathways are 

enriched for antigen presentation and initiating 

inflammatory responses (Supplemental table 

S1). Overall, the distinct pathways enriched 

with DE genes by each pathogen highlight the 

induction of different inflammatory responses 

in PBMCs: TNF signaling, IL-1 signaling and 

IFN signaling. The transcriptome response, 

thus reflects complex cytokine responses 

of PBMCs that are needed to interact with 

different cell types, depending on the type of 

infectious pathogens.

Common responses of PBMCs to a 
variety of pathogens converge on 
endothelial cells

Next we tested whether common genes 

that are differentially regulated in response 

to all pathogens are enriched for particular 

pathways. At 4 hours of stimulation, there 

were 123 genes that responded to all five 

pathogens (Fig.1C). Of note, some of the 

pathways that were activated at the early 

time point (4 hours) also remained active at 

24 hours. Among 123 common genes that 

are either induced or repressed at 4 hours, 

50% show consistent differences at 24 hours. 

Interestingly, chemokine genes such as CCL2, 

CCL3, CCL7, CXCL8 (IL-8) and IL10 are more 

RESULTS



117

Figure 1. Core transcriptional responses of PBMC to different stimulations affect EC. 
The expression levels (log2-fold change) of differentially expressed (DE) genes in PBMC upon 
stimulation at (A) 4h and (B) 24h. Color represents log2-fold change value. Number of shared and 
specific DE genes at (C) 4h and (E) 24h. Pathways enriched for common DE genes at (D) 4h and 
top-10 pathways enriched at (F) 24h. Orange and blue indicate pathways enriched by upregulated 
and suppressed genes, respectively. Data are represented as (A-B) mean expression levels from 
PBMC isolated from eight individuals, (D and F) –log10 q value.
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strongly induced at 24 hours, indicating the role 

of chemokine signaling in communicating with 

different cell types at later time points (Fig.S2). 

Pathway enrichment of the 123 common genes 

showed the enrichment of genes involved in 

initiating chemokine responses as well as in 

arranging cell-cell interaction, assembling 

cell junctions. Interestingly, expression levels 

of the cadherin genes CDH5 and CDH6 are 

reduced, suggesting a repression of adherens 

junction interaction (Fig.1D). At 24 hours, 

we found 236 DE genes shared between all 

pathogens (Fig.1E). The up-regulated genes 

were enriched for the interaction of immune 

cells with the extracellular matrix and vascular 

cell wall, as well as for regulation of trafficking 

through gap junction (Fig.1F). These results 

show that the common pathways induced in 

leukocytes in response to different sepsis-

causing pathogens are also involved in 

regulating the interaction of immune cells 

with the cellular matrix and in interaction with 

endothelial cells at the vasculature. Endothelial 

cells are known as a non-classical innate 

immune cell type that recognize and respond 

to bacterial lipopeptides via Toll-like receptor 

signaling. Endothelial responses to infection 

produce cytokines and chemokines, alter 

leukocyte migration, facilitate coagulation and, 

ultimately, contribute to controlling infection 

(Khakpour, Wilhelmsen & Hellman, 2015). 

Therefore, based on the complexity of cytokine 

signals released by leukocytes to different 

types of infection and their convergent effect 

on endothelial cells, it is crucial to understand 

the impact of leukocyte humoral signals on 

endothelial cells and their coordination to fight 

against infections.

Minimal impact of heat-killed pathogens 
on endothelial inflammatory responses

In sepsis, endothelial barrier disruption 

is commonly observed in septic shock, where 

organ function fails (Opal, van der Poll, 

2015). However, not much is known about 

whether different type of pathogens can 

activate vascular endothelial cells directly. 

We therefore investigated if HUVECs can 

respond to direct stimulation by LPS, heat-

killed S. pneumoniae or heat-killed C.albicans. 

Transcriptome profiles of HUVECs after 

6 hours direct stimulation showed strong 

response of HUVECs to LPS in contrast to 

heat-killed pathogens (Fig.2A-B).

We found 203 genes that significantly 

respond to LPS, whereas only 22 and 26 

genes were induced by S. pneumoniae and 

C. albicans, respectively (Fig.2B). There 

were 16 genes in HUVECs that responded 

to all stimulations (Fig.2C), and these 

were enriched for alteration in semaphorin 

interaction. RNAseq data also showed 

significant differences in the expression 

levels upon stimulation of the inflammatory 

markers: IL-8 (CXCL8), E-selectin (SELE), 

and VCAM-1 (VCAM1). However, the small 

changes in RNA levels of these markers upon 

S. pneumonie and C.albicans stimulation did 

not significantly alter protein levels (Fig.2D-E). 

Therefore, direct activation of endothelial cells 

by pathogens has minimal effect on inducing 

endothelial cell inflammatory responses. We 

therefore hypothesized that in response to 

pathogens, the leukocytes produce mediators 

that activate endothelial cells much more 

strongly than direct pathogen stimulation.

Leukocyte-released mediators significantly 
induce endothelial cell activation

During bloodstream infection, endothelial 

cells are in contact with both infectious 

pathogens and immune cells. RNAseq 

data from activated PBMCs indicated up-

regulation of several cytokine pathways 

upon  stimulation with different types of 

pathogens. We therefore investigated the 
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Figure 2. Heat-killed pathogens do not directly alter EC activation. (A) Mean RNA expression 
level (VST) of 213 DE genes responding to either LPS, S. pneumoniae or C. albicans on EC. Color 
scales by VST value, ranging from weak to strong expression (6-16). Data are represented as 
mean of 3 replications. (B) Number of shared and unique genes induced in EC upon stimulation. 
(C) List of 16 common DE genes (with protein names), and their pathway enriched by Reactome. 
(D&E) Protein expression levels of E-selectin, VCAM1, ICAM1, IL6 and IL8 in EC at 6h and 24h 
after stimulation with LPS, S. pneumoniae and C. albicans, respectively. Data are shown as mean 
(SD), representative for 3 independent experiments. 

effect of cytokines from stimulated immune 

cells on endothelial cells. To mimic the 

humoral interaction between immune cells 

and endothelial cells, we first stimulated 

PBMCs with either LPS, S.pneumoniae or 

C. albicans for 24 hours, then harvested the 

supernatant, neutralized the LPS-trace by 

polymyxin B (Moser et al., 2016), and exposed 

HUVECs to the supernatant containing 

cytokine signals from the activated PBMCs. 

After 6 hours of exposure, we measured the 

expression levels of inflammatory markers 

on endothelial cells. We observed strong 

activation of endothelial cells at protein level. 

Interestingly, whereas direct exposure of 

HUVECs to heat-killed pathogens did not 
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induce endothelial activation, the exposure to 

supernatants from S. pneumonia-stimulated 

PBMCs (Spneu_Sup) and C. albicans-

stimulated PBMCs (C.alb_Sup) significantly 

induced the expression levels of adhesion 

molecules (E-selectin, VCAM-1 and ICAM-

1) and cytokines (IL-6 and IL-8) (Fig.3A-C). 

Endothelial cells, together with PBMCs, 

are the main source of IL-6. We conclude 

that endothelial cells become activated by 

heat-killed pathogens via cytokines and 

other inflammatory mediators released from 

activated PBMCs.

To further characterize the genes and 

pathways activated in HUVECs outside the 

conventional markers, we performed RNAseq 

to look at the transcriptome of endothelial cells 

exposed to PBMC supernatants (Fig.3D-E). 

We found 72 genes induced by LPS_Sup, 

180 genes induced by Spneu_Sup and 222 

genes induced by Calb_Sup. Among these, 65 

genes are shared between all supernatants, 

which is 90% of the LPS_Sup responding 

genes, 36% of Spneu_Sup responding genes 

and 29% of Calb_Sup responding genes 

(Fig.3E). Among the 65 shared genes, 60 are 

uniquely induced by supernatant and five are 

also commonly induced by direct stimulation 

(CXCL8, F3, RND1, SELE, VCAM1). Pathway 

enrichment for the 60 unique genes shows a 

strong enrichment for cytokine signaling, IFN 

signaling, IL-1 signaling and TNF signaling 

(Fig.3F & S3). Since LPS, hence LPS_Sup, 

cannot represent the complexity of PBMC 

responses to bacteria, we also looked at 

the genes shared between Spneu_Sup and 

Calb_Sup. Interestingly, here we found 85 

commonly responding genes, which is 47% 

of the S.pneu_Sup and 38% of the Calb_Sup 

responding genes. Pathway enrichment for 

these genes also indicated strong enrichment 

for cytokine signaling, particularly for 

interleukins, IFN and IL-1 (Fig.3G). Altogether, 

this evidence suggests that the activation of 

endothelial cells by mediators released from 

PBMCs is mostly shared and independent of 

the type of infectious pathogens.

IL-1 and TNF-α are major mediators, 
yet there are contributions from other 
cytokines secreted by PBMCs on       
EC activation.

Although blocking of IL-1 or TNF-α has 

resulted in inconsistent results due to study 

design, recent clinical trials in stratified 

patients have shown IL-1- or TNF-blocking 

therapy to be affective in improving sepsis 

survival (Qiu et al., 2011, Panacek et al., 2004, 

Rajasekaran et al., 2014). Therefore, we are 

intrigued to investigate the effect of IL-1 and 

TNF-α presented in the PBMC-supernatant 

on inducing endothelial activation, and if other 

mediators have roles in PBMC secreted-

mediators. Before adding the supernatants to 

HUVECs, we either neutralized TNF-α in the 

supernatants with TNF-α antibody or blocked 

the effect of IL-1α and IL-1β by adding IL-1RA 

(Anakinra), or both. Blocking dose efficiency 

was 100% for IL-1 and approximately 75% for 

TNF-α (Fig.S4). We found that TNF-α secreted 

by activated PBMCs was the main mediator 

for endothelial expression of adhesion 

molecules (E-selectin, VCAM-1 and ICAM-1). 

However, it was not the sole mediator. IL-1α 

and/or IL-1β also activated the expression 

of E-selectin, but not VCAM-1 and ICAM-1 

(Fig.4A-C). Moreover, neutralization of both 

TNF-α and IL-1 in the supernatant secreted by 

activated PBMCs almost completely inhibited 

endothelial activation, indicating an additive 

effect of TNF-α and IL-1 on endothelial cell 

activation (Fig.4A-C). On the other hand, 

TNF-α had no effect on the induction of 

IL-6 secretion by endothelial cells. This is in 

contrast to IL-1 blockage, which inhibited 

endothelial IL-6 secretion. However, the extent 
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to which IL-1 regulates IL-6 expression on 

endothelial cells depends on other mediators 

that are co-secreted by PBMCs in response 

to a specific pathogen. Neutralization of 

IL-1 in the PBMC supernatant reduced the 

amount of IL-6 secretion only in the case of C. 

albicans. Of note, cytokine levels secreted by 

endothelial cells do not completely return to 

baseline levels even after blocking TNF-a and 

IL-1, which suggests that other pathways may 

be involved in producing endothelial cytokines 

at a marginal level.

Up-regulation of IFN pathways in 
endothelial cells by humoral mediators 
from PBMCs is independent of IL-1 
and TNF-α

As IL1 and TNF-α are the major mediators 

that induce a strong response in endothelial 

cells, we tested the effect of blocking IL-1 and 

TNF-α on endothelial transcriptional responses 

(Fig.4D-F). Comparison of DE genes in 

HUVECs exposed to supernatants before and 

after TNF-α Ab and IL-1RA treatment revealed 

differential expression of 15, 47 and 81 genes 

in the context of LPS, S. pneumoniae and C. 

albicans, respectively (Fig.4E). Interestingly, 

these genes were totally shared between 

different supernatants and are enriched for 

for IFN-α/β and IFN-γ pathways (Fig.4F). The 

enrichment was much stronger in the case of 

C. albicans stimulation suggesting C. albicans  

is one of the strong stimulators of IFN-

inducing mediators. Notably, in the context 

of S. pneumoniae and C. albicans, we found 

the differential expression both IFN-induced 

genes and the upstream genes, including 

DDX58 (RIG-I), NLRC5 and TLR3. These 

results indicate that the IFN-α/β and IFN-γ 

pathways are up-regulated in endothelial 

cells by mediators released by leukocytes in 

response to sepsis-causing pathogens, and 

are independent on IL-1 and TNF-α.

Validation of an IL-1- and TNF-α-
independent effect of IFN-α/β/γ on 
endothelial response

In view of the above data, to test if IL-1- 

and TNF-α-independent effect on endothelial 

cells was mainly driven by IFN-α/β/γ, we made 

use of previously published microarray gene 

expression data (Indraccolo et al., 2007). 

We compared whether the genes induced 

by direct activation of HUVEC by IFN-α/β/γ 

are also induced in our experiment after 

blocking IL-1 and TNF-α. We found that 62% 

of genes induced in HUVECs after exposure 

to Candida-induced supernatant with IL-1 and 

TNF-α blocking agents are also present in the 

list of differential expressed genes induced by 

IFN-α (Fig.5A), which suggests the presence of 

IFN-α in the mediators released by leukocytes. 

We also found high levels of circulatory IFN-γ 

in the supernatants from Candida-stimulated 

leukocytes (Figure.5B). In addition, we also 

confirmed the up-regulation chemokines such 

as CXCL11 and TRAIL which is known to be 

present at higher levels in the endothelium 

following treatment with IFN-α (Indraccolo et 

al., 2007). Of notice, protein levels of these 

proteins are not dependent on IL-1 and 

TNF-α (Fig.5B).
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Figure 3. Leukocyte-mediators significantly induce EC activation. (A-C) Protein levels of 
E-selectin, VCAM1 and ICAM1 measured by flow cytometry, and secreted IL6 and IL8 measured 
by ELISA on EC after 6h exposed to PBMC medium. For IL6 and IL8, the amount of cytokines 
presented in PBMC medium were plotted in the 3rd and 4th column, whereas EC produced-
cytokines were plotted in other columns. Colors represent 3 different individuals of whom PBMC 
were isolated. (D) RNA expression levels (VST) of 255 DE genes in EC induced by PBMC 
medium. (E) The number of shared and unique DE genes between various conditions. (F) Top 
5 pathways enriched by 60 common genes induced by all PBMC medium. (G-I) Top 5 pathways 
enriched by genes responded to (G) Spneu_Sup and Calb_Sup, (H) only Calb_Sup and (I) only 
Spneu_Sup. Data are shown as (A-C) representative of 3 independent experiments (mean and 
S.D), (D-E) mean from 3 biological replications, (F-I) -log10 of q value.
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Figure 4. IFN pathways remain active in EC after neutralization of IL1 and TNF-α in 
leukocyte-mediators. (A-C) Protein abundance on EC after exposure to (A) LPS-activated 
PBMC medium, (B) S. pneumonia-activated PBMC medium, (C) C. albicans-activated PBMC 
medium with or without IL1RA and TNFα Ab for 6h. Colors of dots indicate different PBMC donors. 
(D) RNA expression levels (VST) of 255 DE genes activated in EC by PBMC medium with or 
without blocking. (E) Percentage of genes independent from IL1 and TNFα. Number of genes 
that are dependent (dark shade) and independent (light shade) of IL1 and TNF α. (F) Genes 
expressed independent of IL1 and TNFα are strongly enriched for IFN signaling. Data are shown 
as (A-C) mean (SD), representative of 3 independent experiments, (D) mean expression value of 
3 biological replications, (F) -log(10) of q value.
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Figure 5: Validation of IFNs effect on EC. (A) Number share and unique genes induced by 
IFN-α on ECs (Indraccolo et al., 2007) and leukocyte- mediators after blocking of both IL-1 and 
TNF-α on ECs. (B, C, D) Protein levels of IFN-α downstream genes: CXCL11 and TRAIL, and 
IFN-gamma produced by stimulated leukocytes (before the dash line) and EC (after the dash 
line) in the supernatants, measured by Olink®. Data are shown as mean (SD), represented for 2 
independent experiments. Colors correlate to 3 donors of whom PBMCs were isolated.

IFN-a induced genes

DE genes after blocking
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Sepsis is not a homogeneous disease, 
but rather life-threatening organ dysfunction 
syndrome caused by a dysregulation of host 
response to infection (Singer et al., 2016). 
Given the heterogeneity of sepsis patients, 
many clinical trials targeting the hyper-
inflammatory response in sepsis, including 
corticosteroids and anti-cytokine therapies 
(e.g. anti-IL1 and anti TNF-α) have yielded 
disappointing results (Opal et al., 1997, Lv 
et al., 2014). Understanding the impact of 
the complex interactions between causal 
cell types in a pathogen-specific manner is 
therefore crucial to delineate the molecular 
basis of heterogeneity in sepsis outcome. In 
the present study, we applied an integrative 
genomics approach to not only characterize 
the global transcriptional response of 
leukocytes and endothelial cells to many 
sepsis-causing pathogens, but to also identify 
important molecular pathways induced during 
leukocyte-endothelium cross-talk in regulating 
overall immune response in sepsis.

First, to identify leukocyte responses to 
three classes of infectious pathogens (Gram-
negative bacteria, Gram-positive bacteria 
and fungi) we assessed the transcriptional 
response of PBMCs to P. aeruginosa, S. 
pneumoniae, M. tuberculosis, C. albicans and 
A. fumigatus. This allowed us to identify several 
pathways that were induced in a pathogen-
specific manner. The S. pneumoniae-specific 
transcriptome revealed the repression of 
genes involved in IFN signaling and antigen 
presentation, while P. aeruginosa-specific 
genes were enriched for the TNF-α and 
cytokine signaling pathways. These findings 
suggest that pathogen-specific responses in 
leukocytes could influence pathophysiology 
found sepsis patients, partly underlying the 
heterogeneity observed in sepsis. However, 
our analysis also identified core pathways 

that were induced in PBMCs in response to 
all pathogens as reported before (Jenner, 
Young, 2005). This suggests that the common 
genes that correspond to core pathways such 
as antigen presentation, cell-cell signaling, 
immune regulatory pathways, are absolutely 
necessary to fight against all types of bacterial 
or fungal infections. Importantly, we found 
a strong enrichment of genes involved in 
leukocyte interaction with endothelial cells 
and cellular matrix. This finding suggests that 
the core leukocyte response to pathogens 
converges on endothelial cells, and therefore 
that studying leukocyte-endothelium cross-
talk is critical in the context of sepsis.

Second, by characterizing the global 
transcriptional response of endothelial cells 
to sepsis causing pathogens, we emphasize 
the role of leukocyte-endothelial cross-talk 
during infections. Although endothelial cells 
are not considered classical immune cells, 
HUVECs have been shown to express TLR4 
and RIG-I, pattern recognition receptors for 
LPS-mediating responses to regulate cytokine 
responses and endothelial activation (Faure 
et al., 2000, Moser et al., 2016). We indeed 
observed very strong activation of endothelial 
transcriptional pathways in response to LPS in 
comparison to direct stimulation of endothelial 
cells using other bacterial and fungal 
pathogens. These findings are in line with 
the observation of Filler et al. who showed 
that heat-killed C. albicans were not sufficient 
to induce strong expression of cytokines 
and adhesion molecules in endothelial 
cells in comparison to live and germinating 
C. albicans (Filler et al., 1996). Our study 
mapped the whole transcriptomic response 
to various pathogens including heat-killed  
S. pneumoniae and heat-killed C. albicans, 
which to our understanding, has not been 
reported before. Moreover, we showed that 

DISCUSSION
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endothelial responses to Gram-positive 
bacteria and fungi are strongly affected 
by inflammatory signals from activated 
leukocytes. More than 66% of responding 
genes in HUVECs stimulated by PBMC 
humoral signals are shared across all stimuli. 
Although we expected to find activation of 
endothelial cells in response to circulatory 
mediators released by leukocytes, it was 
interesting to find a strong induction of IFN 
pathways together with IL-1 and TNF-α 
pathways. Whereas IL-1 and TNF-α pathways 
have been investigated as a strategy to 
improve sepsis outcome, by studying the 
impact of humoral signals from leukocytes 
on endothelial cells, we observed a stronger 
enrichment of IFN-α/β and IFN-γ signaling 
than IL-1 and TNF-α signaling in endothelial 
cells. This suggests that, together with IL-1 and 
TNF-α, IFN pathways can result in aberrant 
responses within endothelial cells. Moreover, 
by neutralizing IL-1 with Anakinra and TNF-α 
with TNF-α blocking antibody in leukocyte 
humoral signals, we confirmed that IL-1 and 
TNF-α are the major mediators involved in 
activating endothelial cells. Intriguingly, we also 
identified different downstream mechanisms 
in regulating endothelial adhesion molecules 
such as E-selectin, VCAM-1 and ICAM-1. 
E-selectin is strongly regulated by IL-1 and 
TNF-α, whereas ICAM-1 and VCAM-1 are 
driven more by TNF-α. We also found that 
activated endothelial cells are a major source 
of IL-6 production, corroborating a previous 
study (Podor et al., 1989).

Interestingly, even after blocking IL-1 
and TNF-α, we were able to identify strong 
activation of IFN-α/β and IFN-γ pathways in 
endothelial cells. Several studies have already 
identified IFN-α/β pathway in leukocytes in 
response to bacteria (Boxx, Cheng, 2016) and 
fungi (Smeekens et al., 2013). In endothelial 
cells, although, IFN-α/β has been shown 

to promote endothelial proliferation in vitro 
(Gomez, Reich, 2003), and reduce intracellular 
NO generation and impair fibrinolysis of 
HUVECs in vitro (Jia et al., 2018), the precise 
impact of IFN-α/β on endothelial function in 
the context of bloodstream infection or sepsis 
is not clear. Since NO production from the 
endothelium maintains blood pressure and 
blood flow (Gamboa et al., 2007) and reduced 
NO bioactivity is associated with sepsis 
severity (Winkler et al., 2017), it will be relevant 
to study the effect of neutralizing IFNs to 
improve sepsis outcomes. In fact, it is currently 
being discussed whether IFN-β should be 
neutralized during the hyper-inflammatory 
phase in sepsis patients due to its contribution 
to pro-inflammation and/or whether it needs 
to be supplemented while patients are in the 
hypo-inflammatory phase given its ability 
to restore and reverse immunosuppression 
(Rackov et al., 2017).

Further studies should investigate which 
inflammatory mediator(s) from activated 
leukocytes induced IFN-α and IFN-β signaling 
in endothelial cells. We observed the mRNA 
expression of IFN-α/β receptors (IFNAR1, 
IFNAR2) in endothelial cells across all the 
stimulatory pathogens we studied, but could 
not detect IFN-α or IFN-β in the medium 
of activated leukocytes (data not shown). 
Nevertheless, we observed a high amount of 
IFN- γ released by leukocytes in response to  
C. albicans and also increased RNA 
expression of IFN- γ receptor (IFNGR1) in 
endothelial cells. We also observed that  
C. albicans-stimulated leukocytes secrete 
the most potent mix of mediators for inducing 
endothelial activation, which suggests that  
C. albicans could be a good model to represent 
the broad impact of leukocyte signals on 
endothelial cells. One could use it, for 
example, as a model to study the interaction 
of leukocytes and endothelial cells with more 
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MATERIALS AND METHODS

functional assays to study the biological effect 
of IFN-activation on endothelial function.

Interestingly, we also observed that 
TLR3 (TLR-3), DDX58 (RIG-I) and NLRC5, 
together with IRF-1, -2, -3 and -7 were highly 
expressed in endothelial cells exposed 
exclusively to C. albicans- and S. pneumoniae-
derived supernatants. RIG-I and IRF-1 are 
important mediators of endothelial activation 
in response to LPS and TNF-α as described 
previously (Moser et al., 2016, Yan et al., 2017, 
Venkatesh et al., 2013). Nevertheless, what 
regulates the expression of these upstream 
molecules, either cytosolic DNA  or other 
mediators presented in the supernatants, 

PBMC isolation
Venous blood samples were collected 

from healthy volunteers after obtaining 
informed consents and following the ethical 
committee approvals for working with blood. 
Blood from healthy individuals was collected 
in EDTA tubes (BD vacutainer). PBMCs were 
quickly isolated within 3 hours of collection. 
Blood was diluted with 1 volume of DPBS 
(Gibco, ThermoFisher Scientific) before 
adding to Ficoll-Paque (Pharmacia Biotech). 
Gradient centrifugation was performed for 
30 minutes at 400g, using no break. After 
centrifugation, the layer containing PBMCs 
was collected using a Pasteur pipette. PBMCs 
were washed twice with PBS, counted 
(BioRad cell counter) and adjusted to reach 
the final concentration of 2 million cells/ml in 
RPMI 1640 (Gibco, ThermoFisher Scientific), 
supplemented with 10% heat-inactivated Fetal 
Cow Serum (Gibco, ThermoFisher Scientific), 
gentamicin 10mg/ml, L-glutamine 10mM and 
pyruvate 10mM. Cells were seeded into wells 
to settle overnight before stimulation. 

PBMCs stimulation
To study PBMC transcriptomes upon five 

types of heat-killed pathogens, PBMCs were 
stimulated with various pathogens, including 
heat-killed Streptococcus pneumonia (ATCC 
49619, serotype 19F) at 1 million cells/ml, 
heat-killed Candida albicans (ATCC MYA-
3573, UC 820) at 1 million cells/ml, heat-
killed Aspergillus fumigatus (V05-27) at 1 
million cells/ml, Mycobacterium tuberculosis 
(H37Rv) at 1 million cells/ml and heat-killed 
Pseudomonas aeruginosa at 1 million cells/
ml (Li et al., 2016). Cells were also stimulated 
with only RPMI 1640 as a negative control. 
RNA was isolated from PBMCs at 4 and 24 
hours after stimulation. 

Endothelial cells culture and 
direct stimulation

Primary Human Umbilical Vein 
Endothelial Cells (HUVECs)  were used 
to study the response of endothelial cells 
upon infection. Pooled donor HUVECs 
were purchased (Lonza) and cultured in  

remains elusive. Although we characterized 
the global transcription and protein expression 
levels during leukocyte and endothelial cells 
cross-talk, follow-up studies are needed to 
understand the consequences of up-regulated 
IFN signaling in endothelial cells during sepsis. 
In addition, it will be important to also study 
the impact of interaction between neutrophils 
together with leukocytes and endothelial 
cells in human-relevant model systems. In 
conclusion, our work presents evidences to 
propose that activation of IFN pathways in 
endothelial cells has an important role in the 
context of sepsis. 
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EBM-2TM medium (Lonza) supplemented with 
EGM-2 MV SingleQuot Kit Supplements & 
Growth Factors (Lonza) at 37oC, 5% CO2 and 
saturating humidity. Passage 3-5, confluent 
cells were used for all experiments. 

For direct stimulation, HUVECs 
were stimulated with either heat-killed 
Streptococcus pneumonia (ATCC 49619, 
serotype 19F) at the concentration of 1 million 
cells/ml, heat-killed Candida albicans (ATCC 
MYA-3573, UC 820) at 1million cells/ml, LPS 
(Escherichia coli 026:B61, Sigma, St. Louis, 
MO, USA) at 1000ng/ml, IL-1β (Biosource 
Netherlands) at 10ng/ml, TNF-α (Biosource 
Netherlands) at 10ng/ml for 6 or 24 hours.

Leukocyte-endothelial cell interaction
To study the effect of soluble factors 

released by activated PBMCs on endothelial 
cells, PBMCs were diluted to 2 million cells/
ml and stimulated with three different types of 
pathogens at the ratio of 2 cells:1 pathogen 
heat-killed Streptococcus pneumonia, heat-
killed Candida albicans and LPS (10ng/ml). 
RPMI medium was used as the negative 
control. Supernatants were collected after 24 
hours of stimulation, aliquoted, filtered (0.45 
µm filter) and kept at -20oC before either 
exposing to HUVECs or measuring cytokine 
amount with OLINK and ELISA. 

The supernatants from activated PBMCs 
were thawed overnight at 4oC and warmed 
up shortly to 37oC. Polymyxin B (InvivoGen) 
was added to the supernatants at the final 
concentration of 100 µg/ml to neutralize residual 
LPS (Moser et al., 2016). The supernatants 
were then added to HUVECs. To study the 
effect of IL-1 and TNF-α secreted by activated 
PBMCs on endothelial cells, LEAF-purified 
TNF-α Antibody (Biolegend) and/or IL-1RA 
(Anakinra) were added to the supernatants at 
the final concentration of 4 µg/ml and 300 ng/
ml, respectively, incubated at 37oC for 1 hour 
before adding to HUVECs (https://patents.
google.com/patent/US7227003). HUVECs  

were incubated with the supernatants from 
stimulated PBMCs for 6 and 24 hours. At time 
of harvesting, conditioned medium and cells 
were collected for ELISA, RNA isolation and 
flow cytometry. 

RNA isolation
Cells were harvested and lysed in lysis 

buffer of MirVanva MagMax RNA isolation 
kit. RNA was isolated according to the 
manufactures instructions. RNA concentration 
was measured based on Optical density 
(OD260) using the Nanodrop machine 
(NanoDrop Technologies). RNA integrity was 
determined using the Bioanalyzer (Agilent 
D2000). All samples had RIN score >9.

RNA sequencing and pathway 
enrichment analysis

 For PBMC sequencing, 1000ng of total 
RNA (RIN score ≥ 9) were submitted for RNA 
library preparation using the NEXTflex TM 
Rapid Directional RNA-seq kit, BioScientific. 
NGS libraries were enriched for polyA tail 
RNA. Samples were sequenced using the 
Illumina NextSeq 500 platform, single-end 
read. Samples were randomly assigned into 
different flows and sequenced to reach 12-15 
million reads per sample. Sequencing reads 
were then mapped to the human genome 
using STAR (version 2.3.0) with a reference 
to Ensembl GRCh37.71. Read counts per 
gene was quantified by Htseq-count, Python 
package HTseq (version 0.5.4p3) using the 
default union-counting mode (The HTSeq 
package, http://www-huber.embl.de/
users/anders/HTSeq/doc/overview.html). 
Differentially expressed genes were identified 
by statistical analysis using the DESeq2 
package from Bioconductor. A statistically 
significant threshold (FDR P ≤ 0.05 and fold 
change ≥ 2) was applied.

For endothelial RNA sequencing, 500ng 
of total RNA (RIN score ≥ 9) were sent to 
GenomeScan. mRNA (polyA) enriched 
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libraries were constructed, and sequenced with 
the NextSeq 500 platform, single end, 75bp 
with 15-20 million reads/ sample. Fragments 
were  aligned using Hisat2. Raw counts were 
calculated with String Tie. Normalization and 
differential test were done with DEseq2. The 
statistically significant threshold FDR P ≤ 0.05 
and fold change ≥ 2 was applied.

Pathway analysis was performed using 
gene set enrichment analysis on differential 
expressed genes using the default setting 
from ConsensusPathDB-human database 
(http://cpdb.molgen.mpg.de)

Flow cytometry
To determine the protein expression 

of adhesion molecules on the HUVEC 
membrane, cells were washed with PBS, 
detached using trypsin, washed with PBS, 
and re-suspended in ice-cold FACS buffer 
(PBS supplemented with 5% FCS). The 
cells were divided equally into separate 
FACS tubes. The cells were stained using 
the following antibodies: PE-conjugated anti-
human E-selectin (CD62E) (ITK, diagnostic 
BV), APC-anti human VCAM-1 (CD106) (ITK, 
diagnostic BV) , FITC- anti human ICAM-1 
(CD54) (ITK, diagnostic BV) and IgG isotope 
controls (IgG isotope controls (ITK, diagnostic 
BV) for 30 minutes on ice. The cells were 
washed once and resuspended in FACS buffer.  
Samples were analyzed using MACSQuant 
Analyzer 10 system (Miltenyi Biotec). Multi-
color compensation was calibrated using 
positive control cell population (LPS activated 
HUVECs). Data were presented as Geometric 
Mean of Flourescence Internsity (MFI).

ELISA
Cytokine levels secreted by PBMCs 

and/or HUVECs were determined 
using the ELISA Duo kits, IL-6 (R&D),  
IL-1β (R&D), IL-1α (R&D), TNF-α (R&D) and 
IL-8 (R&D), according to the manufacturer’s 
instructions. Data were presented as pg/ml. 

OLINK
To further quantify the levels of other 

secreted proteins upon various stimulations, 
supernatant samples were analyzed 
by proximity extension assay provided 
commercially by  Proseek Multiplex analysis 
(Olink Bioscience, Uppsala, Sweden) using 
their inflammation panel (https://www.olink.
com/products/inflammation). In brief, for 
each marker, a pair of nucleotide probe-
conjugated antibodies was incubated with the 
sample. Only when binding to target antigen 
presented in the sample, the pair of probes 
are in proximity, enabling the probes to anneal 
and amplify during Realtime PCR. Internal 
control was used to minimize variation within 
runs. The output data  is an arbitrary unit of 
normalized log2 expression scale (NPX- 
normalized protein expression). The NPX 
value is different for each protein due to the 
sensitivity of each of the probes. The range 
and estimated inversion from NPX value to 
absolute amount (ng/µl) can be found in Olink 
website. Data were shown as NPX value. 

Statistical methods
For RNAsequencing data, differentially 

expressed genes were identified by statistical 
analysis using the DESeq2 package from 
Bioconductor. A statistically significant 
threshold (FDR P ≤ 0.05 and fold change ≥ 2) 
was applied. For pathway analysis, significant 
threshold (FDR <=0,05) was used to identify 
significant pathways. For FACS and ELISA, 
graphs and statistical tests were performed 
using GraphPrism. ELISA and FACS data 
were checked for normality distribution with 
Omnibus K2 test. One way ANOVA with Turkey 
multiple comparison tests were performed 
to identify significant differences between 
conditions and control for direct stimulation.
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Refer to figure 3C
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Condition Gene group Reactome pathways
-log10 
(qValue)

P.aeruginosa_4h Upregulated genes DDX58/IFIH1-mediated induction of interferon-

alpha/beta

1,28

P.aeruginosa_4h Upregulated genes PTK6 Activates STAT3 1,26

P.aeruginosa_4h Upregulated genes Interleukin-1 family signaling 1,23

P.aeruginosa_4h Upregulated genes Homologous DNA Pairing and Strand Exchange 1,19

P.aeruginosa_4h Upregulated genes Postsynaptic nicotinic acetylcholine receptors 1,18

P.aeruginosa_4h Upregulated genes Activation of Nicotinic Acetylcholine Receptors 1,18

P.aeruginosa_4h Upregulated genes Acetylcholine binding and downstream events 1,18

P.aeruginosa_4h Upregulated genes Keratan sulfate biosynthesis 1,14

P.aeruginosa_4h Upregulated genes SMAC binds to IAPs 1,14

P.aeruginosa_4h Upregulated genes SMAC-mediated dissociation of IAP:caspase 

complexes 

1,14

P.aeruginosa_4h Upregulated genes SMAC-mediated apoptotic response 1,14

P.aeruginosa_4h Upregulated genes FasL/ CD95L signaling 1,14

P.aeruginosa_4h Upregulated genes Interleukin-18 signaling 1,14

P.aeruginosa_4h Upregulated genes Ligand-dependent caspase activation 1,07

P.aeruginosa_4h Upregulated genes Sema3A PAK dependent Axon repulsion 1,07

P.aeruginosa_4h Suppressed genes G alpha (q) signalling events 1,78

P.aeruginosa_4h Suppressed genes Arachidonate production from DAG 1,59

P.aeruginosa_4h Suppressed genes Neuronal System 1,33

P.aeruginosa_24h Upregulated genes Cytokine Signaling in Immune system 5,90

P.aeruginosa_24h Upregulated genes Programmed Cell Death 3,99

P.aeruginosa_24h Upregulated genes Apoptosis 3,30

P.aeruginosa_24h Upregulated genes TNFR2 non-canonical NF-kB pathway 3,02

P.aeruginosa_24h Upregulated genes Interleukin-1 processing 2,77

P.aeruginosa_24h Upregulated genes TNF signaling 2,74

P.aeruginosa_24h Upregulated genes Intrinsic Pathway for Apoptosis 2,49

P.aeruginosa_24h Upregulated genes RIP-mediated NFkB activation via ZBP1 2,49

P.aeruginosa_24h Upregulated genes Regulation of TNFR1 signaling 2,49

P.aeruginosa_24h Upregulated genes Death Receptor Signalling 2,39

P.aeruginosa_24h Upregulated genes Immune System 2,36

P.aeruginosa_24h Upregulated genes TNFR1-induced NFkappaB signaling pathway 2,36

P.aeruginosa_24h Upregulated genes ZBP1(DAI) mediated induction of type I IFNs 2,35

P.aeruginosa_24h Upregulated genes TNFs bind their physiological receptors 2,24

P.aeruginosa_24h Upregulated genes NOD1/2 Signaling Pathway 2,07

P.aeruginosa_24h Upregulated genes Toll Like Receptor 4 (TLR4) Cascade 2,04

P.aeruginosa_24h Upregulated genes RIPK1-mediated regulated necrosis 1,98

P.aeruginosa_24h Upregulated genes Regulated Necrosis 1,98

P.aeruginosa_24h Upregulated genes Toll Like Receptor 3 (TLR3) Cascade 1,95

P.aeruginosa_24h Upregulated genes TRIF(TICAM1)-mediated TLR4 signaling 1,91

Supplemental table S1
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P.aeruginosa_24h Upregulated genes MyD88-independent TLR4 cascade 1,91

P.aeruginosa_24h Upregulated genes SMAC binds to IAPs 1,87

P.aeruginosa_24h Upregulated genes SMAC-mediated dissociation of IAP:caspase 

complexes 

1,87

P.aeruginosa_24h Upregulated genes SMAC-mediated apoptotic response 1,87

P.aeruginosa_24h Upregulated genes TP53 Regulates Transcription of Genes 

Involved in Cytochrome C Release

1,84

P.aeruginosa_24h Upregulated genes TP53 Regulates Transcription of Cell Death 

Genes

1,82

P.aeruginosa_24h Upregulated genes Toll-Like Receptors Cascades 1,75

P.aeruginosa_24h Upregulated genes Signaling by Interleukins 1,69

P.aeruginosa_24h Upregulated genes Cytosolic sensors of pathogen-associated DNA 1,67

P.aeruginosa_24h Upregulated genes Apoptotic factor-mediated response 1,67

P.aeruginosa_24h Upregulated genes Caspase activation via extrinsic apoptotic 

signalling pathway

1,62

P.aeruginosa_24h Upregulated genes TAK1 activates NFkB by phosphorylation and 

activation of IKKs complex

1,47

P.aeruginosa_24h Upregulated genes Apoptotic cleavage of cell adhesion  proteins 1,42

P.aeruginosa_24h Upregulated genes Regulated proteolysis of p75NTR 1,42

P.aeruginosa_24h Upregulated genes Interferon Signaling 1,35

P.aeruginosa_24h Upregulated genes Ovarian tumor domain proteases 1,35

P.aeruginosa_24h Upregulated genes Apoptotic cleavage of cellular proteins 1,35

P.aeruginosa_24h Upregulated genes DEx/H-box helicases activate type I IFN and 

inflammatory cytokines production 

1,34

P.aeruginosa_24h Suppressed genes Extracellular matrix organization 2,41

P.aeruginosa_24h Suppressed genes Integrin cell surface interactions 1,92

P.aeruginosa_24h Suppressed genes Signaling by MST1 1,63

P.aeruginosa_24h Suppressed genes Neutrophil degranulation 1,63

P.aeruginosa_24h Suppressed genes O-glycosylation of TSR domain-containing 

proteins

1,58

P.aeruginosa_24h Suppressed genes Collagen biosynthesis and modifying enzymes 1,50

P.aeruginosa_24h Suppressed genes Choline catabolism 1,50

P.aeruginosa_24h Suppressed genes Glycerophospholipid catabolism 1,37

S.pneumoniae_4h Upregulated genes Interferon gamma signaling 1,54

S.pneumoniae_4h Suppressed genes CRMPs in Sema3A signaling 2,35

S.pneumoniae_4h Suppressed genes Cytokine Signaling in Immune system 1,84

S.pneumoniae_4h Suppressed genes Semaphorin interactions 1,84

S.pneumoniae_4h Suppressed genes Signaling by Interleukins 1,84

S.pneumoniae_4h Suppressed genes Immune System 1,84

S.pneumoniae_4h Suppressed genes Phase I - Functionalization of compounds 1,70

C.albicans_24h Upregulated genes Antigen processing-Cross presentation 2,06

C.albicans_24h Upregulated genes Reuptake of GABA 2,06

C.albicans_24h Upregulated genes Cross-presentation of particulate exogenous 

antigens (phagosomes)

1,70
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C.albicans_24h Upregulated genes TRIF-mediated programmed cell death 1,69

C.albicans_24h Upregulated genes Immune System 1,69

C.albicans_24h Upregulated genes Transport of small molecules 1,69

C.albicans_24h Upregulated genes TRAF6-mediated induction of TAK1 complex 

within TLR4 complex

1,68

C.albicans_24h Upregulated genes G alpha (i) signalling events 1,66

C.albicans_24h Upregulated genes Glycosphingolipid metabolism 1,66

C.albicans_24h Upregulated genes RHO GTPases Activate NADPH Oxidases 1,66

C.albicans_24h Upregulated genes Activation of IRF3/IRF7 mediated by TBK1/IKK 

epsilon

1,66

C.albicans_24h Upregulated genes Chemokine receptors bind chemokines 1,59

C.albicans_24h Upregulated genes Regulation of TLR by endogenous ligand 1,55

C.albicans_24h Upregulated genes Ligand-dependent caspase activation 1,55

C.albicans_24h Upregulated genes Naجع dependent neurotransmitter transporters 1,49

C.albicans_24h Upregulated genes The canonical retinoid cycle in rods (twilight 

vision)

1,42

C.albicans_24h Upregulated genes ER-Phagosome pathway 1,36

C.albicans_24h Upregulated genes IKK complex recruitment mediated by RIP1 1,33

C.albicans_24h Upregulated genes Other interleukin signaling 1,33

C.albicans_24h Upregulated genes Caspase activation via extrinsic apoptotic 

signalling pathway

1,33

Table S1. Significant pathways enriched by pathogen-specific gene sets in PBMCs upon 3 types 
of stimulations, including P.aeruginosa, S.pneumoniae and C.albicans at 2 time points (4 hours 
and 24 hours) (refer to Fig.1C and Fig.1E).
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In this thesis we aimed to understand the heterogeneity in sepsis by delineating the contribution 
of pathogens and host genetics factors. Using a functional genomics approach, we integrated 
multi-omics data with functional experiments in the laboratory to understand the molecular 
mechanisms behind sepsis heterogeneity. In this final chapter, I will discuss the impact of 
our findings for future research in sepsis, and the possibilities for better delineating sepsis 
heterogeneity with functional genomics approaches.

General discussion
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Host immune responses in sepsis are 
not solely determined by leukocytes, 
but also by the leukocyte-endothelial 
cell interaction.

It is known that the innate immune 
defense includes various cell types and 
processes. The body barriers, composed of 
the epithelium and endothelium, serve as 
the frontier in preventing pathogen invasion.  
Different cell types can participate in different 
manners: engulfing the pathogens, responding 
to Pathogen- Associated Molecular Pattern 
(PAMP) and Damage- Associated Molecular 
Pattern (DAMP) factors. We have also 
now shown that, in addition to leukocytes, 
endothelial cells actively regulate inflammation. 
Endothelial cells can secrete cytokines 
and increase the total amount of circulating 
inflammatory cytokines, as I showed at both 
the transcriptome level (chapter 4) and the 
protein level (Appendix). Upon exposure to 
endotoxin, endothelial cells can actively secrete 
cytokines such as IL-6 and IL-8; chemokines 
such as CXCL1, CXCL6 and CX3CL1; and 
extracellular matrix proteinases such as 
MMP10 (Figure S1). Moreover, although whole 
lysates from various pathogens induce strong 
variations in leukocyte response, they do not 
activate endothelial cells directly. Instead, 
endothelial responses to whole pathogen 
lysates are dependent on inflammatory 
mediators secreted by activated leukocytes 
(Figure S2) likely due to the limited presence of 
pathogen-recognizing motifs (Molema, 2010). 
The cytokines secreted by endothelial cells 
upon stimulation are also significantly different 
in the serum of candidemia patients than the 
cytokines found in healthy controls (chapter 
3), indicating the important role endothelial 
cells play in determining the total amount of 
cytokines and chemokines circulated in sepsis.

Inflammation is central to the fight against 
infectious pathogens, but it should not 
be the sole focus in sepsis research. 

Systemic inflammatory response to 
infection has been used as the clinical criteria 
to recognize sepsis patients (Bone et al., 1992, 
Levy et al., 2003). However, although this 
emphasizes the critical roles of infection and 
regulation of inflammation in sepsis, it does 
not capture other important host responses. 
In 2016, the definition of sepsis was updated 
to focus on organ failure in the host as the 
consequence of sepsis, while emphasizing 
a dysregulated host response to infection as 
an etiology (sepsis-3). In accordance with the 
sepsis-3 definition, we show in chapters 2-4 
that other cellular processes in the host are 
also important to sepsis onset and mortality.

Vascular and intestinal barrier functions 
are important in sepsis. 

By performing pathway enrichment 
analysis on genes from genetic loci associated 
with sepsis, we showed an enrichment of 
genes for the adherens junction pathway, 
indicating a role for barrier function in sepsis 
(chapter 2). Binding to adherens junction 
molecules is known to be a factor in microbial 
competence. To promote colonization, 
opportunistic pathogens can attach their 
cellular wall to the different proteins that 
constitute the adherens junctions. For 
example, Streptococcus pneumonia targets 
E-cadherin on the epithelial surface (Anderton 
et al., 2007) while Listeria monocytogenes 
attach to E-cadherin to promote colonization 
intracellularly (Lecuit et al., 2000). Pathogens 
can also target different proteins depending 
on the host cell type. Candida albicans, for 
example, adheres to N-cadherin on endothelial 
cells and to E-cadherin on oral epithelial cells 
to promote extracellular colonization (Phan et 
al., 2007). Bacteria can also secrete proteases 
that cleave the adherens junctions, such as 
Sap5p from Candida albicans (Villar et al., 
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2007) and α-hemolysin from Staphylococcus 

aureus (Inoshima et al., 2011), thereby 

facilitating deep invasion of bacteria into 

tissues. Therefore, a compromised barrier on 

the host tissues will allow bacterial invasion 

of the host. Together with the tight junction, 

the adherens junction constitutes the barrier 

that prevents the pathogens from spreading 

more widely. The endothelial barrier protects 

the tissues and organs from infiltration of fluid, 

whereas the intestinal barrier protects the 

body from the invasion of the gut microbiota.

The endothelial barrier maintains 

vascular integrity and vascular leakage is a 

common manifestation in sepsis (Van Der Poll 

et al., 2017). However, the level of leakage is 

different in each organ, probably due to the 

specific characteristics of the endothelium in 

different vascular beds (Aslan et al., 2017). 

In fact, Hakanpaa et al were able to inhibit 

vascular leakage in an LPS-challenged sepsis 

mouse model by neutralizing β1-integrin, 

thereby protecting cardiac failure (Hakanpaa 

et al., 2018). However, it remains to be studied 

how endothelial responses to infection in 

different vascular beds and organs contribute 

to organ dysfunction in sepsis.

On the other hand, the intestinal barrier 

is made up of epithelial cells. Epithelial cells 

can be damaged due to apoptosis, induced 

by pro-inflammatory cytokines such as TNF-α 

and IFN-ϒ (Cao et al., 2013). Recently, Cao 

et al confirmed the disruption of the intestinal 

barrier in an LPS-challenged mouse sepsis 

model. The ability to balance proliferation and 

apoptosis of the epithelium was disrupted in 

sepsis, which resulted in decreased mucosa 

thickness and increased permeability (Cao et 

al., 2018). The intestinal barrier is, therefore, 

pivotal for protecting the body from the 

microbiota in the gut. The loss of a barrier in 

the gut during inflammation could serve as 

the gateway for the spreading of pathogens 

into the blood stream. Although Tamburini et al 

observed that the dominant bacteria in the gut 

are also present in the blood stream of sepsis 

patients (Tamburini et al., 2018), more research 

is needed to determine if the gut bacteria are 

the source of infection that causes sepsis, or if 

inflammation in sepsis allows the penetration 

of the gut bacteria to the bloodstream.

The role of the IFN pathway in coagulation.
Inflammation can initiate coagulation 

via two factors: cells and cytokine mediators. 

In sepsis, coagulation is abundant and 

disseminated in the blood vessels. 

Coagulation, or blood clotting, is a stable net 

formed by fibrin, an end product initiated by 

the adhesion of platelets to the vascular wall, 

the endothelium. Coagulation can be activated 

by an intrinsic pathway (initiated by damage 

to the blood vessel surface) or by an extrinsic 

pathway (responding to infection via the 

presence of tissue factor). During inflammation, 

the endothelium expresses Willebrand Factor 

(vWF) to support the anchoring of platelets 

to the blood vessel (Reininger, 2008). The 

endothelium also produces tissue factor 

to initiate the extrinsic pathway, as well as 

plasminogen activator inhibitor Type 1 (PAI-1) 

to inhibit the degradation of the fibrin clot (Levi 

& van der Poll, 2017). On the other hand, pro-

inflammatory cytokines such as IL-6 and IL-1 

can also facilitate coagulation (van der Poll 

et al., 1994; Boermeester et al., 1995). But 

are they the only cytokines that can induce 

coagulation? In chapter 4, we observed that 

IFN pathways were induced in endothelial 

cells by inflammatory mediators secreted by 

leukocytes, and this occurred independently of 

IL1 and TNF-α. We noticed that the activation 

of IFN pathways did not induce a major 

inflammatory response in endothelial cells. 

To date there is little evidence on the role of 

the IFN pathway in endothelial cells, although 
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recent work suggested that IFN pathways 

can impair fibrinolysis, leading to malleable 

coagulation (Jia et al., 2018).

As a proof of principle, we performed an 

experiment in which endothelial cells were 

seeded in a microfluidic device that mimics 

flow in the blood vessels. Endothelial cells 

were pre-activated by exposure to TNF-α or 

leukocyte-induced mediators (chapter 4), 

before washing and perfusion with whole 

blood (Figure 2). Here we observed that 

leukocyte-derived mediators induced more 

platelet adherence than TNF-α and that the 

size of the platelet clumps varied depending 

on the type of pathogen used to stimulate 

leukocytes. The TNF-α dose used in the 

Figure 2. Blood coagulation could be another readout for immune cell-endothelial cell 
interaction in sepsis. Platelet coverage on Human Umbilical Vein Endothelial cells (HUVECs) 
cultured in a microfluidic channel perfused with human whole blood, flow direction from left to 
right. Scale bar, 100 µm. Provided by Hugo Albers and Andries Van der Meer, Twente University.

control (10 ng/ml) is higher than the amount 

of TNF-α in the supernatants, therefore other 

mediators should have a role in inducing 

different patterns of coagulation (Figure 2). 

Further experiments are needed to investigate 

whether the variation in platelet adherence is 

caused by IFNs or other cytokines and whether 

it will result in different levels of coagulation.

While there is an on-going discussion 

on the use of IFN type I (IFN-β) for sepsis 

trials, the reasoning behind this trial was 

mainly due to its ability to restore and reverse 

immunosuppression. Therefore, more studies 

on the effect of IFN on endothelial function and 

on coagulation are needed to pre-clinically 

identify the effect of IFN- type I in sepsis.
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Functional genomics approaches could 
complement GWAS to pinpoint genes 
and pathways involved in sepsis

Genetic variations can predispose the 
host to acquire infectious diseases, as well 
as influence their responses to different 
treatments. To identify genetic susceptibility 
factors for infectious diseases, Genome Wide 
Association Studies (GWAS) were conducted 
by focusing on specific types of infectious 
pathogens (virus, bacteria and parasites). 
These studies successfully identified a 
number of loci that predispose carriers to 
infection (Mozzi, Pontremoli & Sironi, 2018). 
Interestingly, most of the identified variants 
were located within genetic loci that are well 
known to be involved in the first responses 
of the innate and adaptive immune system to 
specific features of infectious pathogens. For 
example, variants in the HLA locus were the 
ones most frequently associated with viral 
infections, whereas variants located in Toll-like 
receptor and cytokine genes were commonly 
found to be associated with bacterial infection. 
However, with the current set up for sepsis 
cohort, only one variation was found. It may be 
important to conduct GWAS for sepsis using 
larger cohorts to find genetic variations in 
pathogenic genes and pathways and thereby 
to identify better drug-targets based on host 
genetics. However, this approach remains 
challenging given the practical limits on cohort 
sizes and the extreme clinical heterogeneity 
among sepsis patients.

In addition to GWAS using patient cohorts 
well characterized for clinical parameters and 
infectious pathogens, use of a functional 
genomics approach could be an alternative 
strategy for identifying critical genes and 
pathways and understanding heterogeneity in 
sepsis susceptibility. For example, a genetic 
study in candidemia identified three genome-
wide significant loci: CD58, LCE4A-C1orf68 
and TAGAP (Kumar et al., 2014). Interestingly, 
by applying a functional genomics approach 

to suggestive loci from this study (P <= 10e-
5), Matzaraki et al further prioritized genes 
involved in coagulation and complement 
activation such as SERPINA1 and MAP3K8 
(Matzaraki et al., 2017). Those genes are now 
being validated, and could potentially serve 
as drug targets. Using the same approach, 
we identified 55 genes for sepsis, of which 
the RNA expression levels could be altered 
by genetic variation in 39 suggestive loci. 
Moreover, we also found that these 39 loci 
can also regulate cytokine levels in response 
to various infectious agents. Could these 
genetic variants alter cytokine responses in 
inflammation and sepsis by regulating RNA 
expression of these 55 genes? Further studies 
are required to investigate these gene and 
cytokine pairs: CSGALNACT1 and IL-1β, IL-6, 
TNF-α and IL-22; WLS and IFN-ϒ; CRISPR2 
and IL-6; AOAH and IL-17; and RALA and IL-
1β, TNF-α and IL-6. What these applications do 
show is that the functional genomics approach 
is a promising strategy that can produce 
insights into the mechanisms by which SNPs 
affect disease etiology.

Genetic predisposition for disease 
onset and severity are different and 
have few shared genes

In chapter 2 we identified six genes 
potentially affected by genetic variants 
associated with sepsis onset to be 
significantly different between patients with 
different severity: KLHDC8B, BCS1L, NAT6, 
CSGALNACT1, CYP27A1 and SLC11A1. 
Little is known about the role of NAT6, 
CSGALNACT1 and KLHDC8B in infection 
or sepsis pathogenesis but CYP27A1 and 
SLC11A1 are known to be involved in sepsis 
(chapter 3). CYP27A1 controls the production 
of circulating bile acid and its down regulation 
is considered protective for sepsis patients 
(Matsuzaki et al., 2002; Bhogal & Sanyal, 2013). 
SLC11A1 controls cation metabolism and host 
resistance to infection via formation of an iron 
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channel (Velez et al., 2009). However, further 
studies are needed to test the contribution of 
these genes to sepsis severity. There is no 
evidence for the role of BCS1 in infection, but 
it is potentially a new candidate gene to study 
further. BCS1 encodes for a chaperone protein 
that supports the assembly of complex III in 
the mitochondrial respiratory chain (https://
www.uniprot.org/uniprot/Q9Y276#function). 
Under normal conditions, the mitochondrial 
respiratory chain provides energy (ATP) for the 
cell. It has been shown that the interference 
of respiratory chain activity could result in 
fewer ATP products, which leads to cytopathic 
hypoxia and even apoptosis (Mantzarlis, 
Tsolaki & Zakynthinos, 2017). Studies should 
be conducted to delineate the role of BCS1-
medicated reduction in mitochondrial function 
and whether supplementation of BCS1 can 
restore mitochondrial dysfunction in sepsis. 

Ex-vivo stimulation studies can help 
identify the role of host genetic variation 
in determining the inter-individual 
variability in response to infection

As a complementary approach that helps 
to overcome the challenges of conducting 
studies in patient cohorts, ex-vivo stimulation 
using biomaterials from population-based 
cohorts has been instrumental in identifying 
genetic polymorphisms that significantly 
affect host responses to various types of 
pathogens. Using isolated blood and peripheral 
blood mononuclear blood cells (PBMCs) 
and stimulating them in vitro with various 
pathogens, Li et al identified 12 loci regulate 
cytokine responses (cytokine QTLs) to viral, 
bacterial and fungal infections (Li et al., 2016).

With regards of Candida stimulation, three 
loci were identified that affect TNF-α, IL-22 and 
IL6. By expanding the cytokine profile from six 
cytokines to 92 secreted proteins (chapter 3), 
we identified ten more loci that regulate seven 
proteins: CCL4, VEGF-A, IL8, CXCL9, MCP-1, 
MCP-2 and MCP-3 in PBMCs upon Candida 

albicans stimulation. These chemokines act 
as chemo-attractants to recruit neutrophils, 
basophils and monocytes to the site of infection. 
This study showed that genetics plays a major 
role in regulating the host responses to Candida 
stimulation by regulating the interaction 
between different cell types, at least within 
leukocytes and with endothelial cells. However, 
these kinds of genetic effects on cytokine levels 
are dependent on cell types and stimulation 
conditions (i.e. they are context-specific 
QTLs). Thus, expanding the screening panel 
to include other proteins involved in sepsis-
related phenotypes (such as blood coagulation 
and organ damage), together with experiments 
on relevant cell types and stimulations is 
necessary to widen our understanding on the 
role of genetics in infection.
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When confronting infection, our immune 
system senses and scales the threat of the 
infected pathogen in order to mount a proper 
response that is sufficient to eliminate the 
threat with minimal damage to the tissue. 
This complex and highly regulated immune 
homeostasis can be achieved if the immune 
cells can sense five characteristics of the 
infection episode: 1) formation of phagocytic 
synapses, 2) microbial viability, 3) activity of 
virulence factors, 4) features of invasiveness 
and 5) site of infection (Blander & Sander, 
2012). Our in vitro stimulation experiments 
therefore only capture part of the immune 
response. In the following paragraphs, I 
discuss the limitations of our experimental 
model to study sepsis and how we can 
improve it in the future.

Differences between heat-killed and live 
pathogens in studying inflammation

The use of heat-killed pathogens has 
the advantage of easy handling of infectious 
agents in the lab due to their reduced toxicity, 
and there is no outgrowth of bacteria during 
long experiments. In our in vitro model, we 
observe immune responses to PAMP and 
toxin, that were specific for each type of 
pathogen (chapter 4). For instance, heat-killed 
Streptococcus pneumoniae activated TLR1, 
TLR2 and TLR6 on immune cells at 4 and 24 
hours after stimulation, indicating the presence 
of pneumolysin toxin. However, we missed 
some aspects of the interaction between 
the immune cells and pathogens. Boldrick 
et al (2001) followed the transcriptomic 
changes of PBMCs upon exposure to live 
Bordetella pertussis or heat-killed Bordetella 
pertussis for 12 hours (Boldrick et al., 2001). 
They showed that the heat-killed pathogen 
induced consistently high RNA expression 
of TNF-α, MIP-1β, IL1-α and IL-1β over time, 

LIMITATIONS AND CHALLENGES
whereas live bacteria induced a transient 
increase of those genes that was followed 
by gene suppression. The authors therefore 
suggested that, through interactions with the 
immune cells, the live pathogen can increase 
its survival by suppressing host expression 
of antimicrobial genes. On the other hand, 
Sander et al (2011) showed that live bacteria 
can induce inflammasome activation in 
macrophages and dendritic cells together 
with the common pathways induced by the 
killed pathogens (Sander et al., 2011). Killed 
pathogens can induce IL-1β intracellularly 
(precursor of IL-1β), but cannot induce the 
cleavage of the precursor and secrete IL-1β 
into the environment like the live pathogen can. 
They also suggested that supplementation of 
bacterial RNA into the killed pathogen mix 
can induce the same immunity in both in vitro 
stimulations and humoral responses in mice 
(Sander et al., 2011; Barbet et al., 2018). Future 
studies on the host response to pathogens 
may need to add supplements to the heat-
killed pathogen mix before stimulation to 
overcome the differences between heat-killed 
and live pathogens.

Stimulation of PBMCs may recapitulate 
blood stream infection, however, there are 
roles of other cell types in fighting pathogens

Our in vitro model focused on the 
peripheral blood response to infection. We 
identified inflammatory mediators secreted 
by PBMCs and their impact on endothelial 
transcriptome and cytokine responses 
(chapter 2-4). Cytokines secreted by stimulated 
PBMCs reflected 32 out of 55 inflammatory 
cytokines that circulated in candidemia patient 
serum (chapter 3). On the one hand, this 
indicates that in vitro stimulation studies on 
PBMCs can represent cytokine responses in 
sepsis. But there are also roles for other cell 
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types. Peripheral blood consists of not only 
PBMCs, but also granulocytes or neutrophils 
(40-80% of blood volume) and basophils 
(1% of blood volume) and there are studies 
suggesting important role for neutrophils and 
basophils in sepsis. Neutrophils are critical 
in engulfing and killing bacterial and fungal 
infection and controlling the pathogen burden 
and the spread of infection. Neutrophils can 
kill pathogens by phagocytosis. In candidiasis 
patients, the impairment of neutrophil 
degranulation results in dissemination of 
pathogens and is associated with high 
mortality (Swamydas et al., 2016). Neutrophils 
also secrete neutrophil extracellular traps 
(NETs). NETs consists of chromatin that 
grabs around the host proteins (histones, 
cytosol- and granule-derived proteins) and the 
infected microbes. Due to their antimicrobial 
properties, NETs can kill the pathogens as 
well as trap the microbes, preventing their 
dissemination in the early stage of infection 
(Urban et al., 2006; Bianchi et al., 2011)). 
Neutrophils can also secrete cytokines and 
chemokines, thereby contributing to disease 
progress (as extensively reviewed in (Tecchio, 
Micheletti & Cassatella, 2014). In contrast to 
neutrophils, basophils are less abundant in 
peripheral blood, and the number of studies 
examining the role of basophils in sepsis is 
small. Recently, Piliponsky et al showed that 
basophils are a significant source of TNF in 
a Cecal Ligation Peritoneal- (CLP) mouse 
sepsis model. Basophil-derived TNF has a 
role in enhancing neutrophil and macrophage 
responses to infection (Piliponsky et al., 
2019). Future studies of the host response to 
infection and sepsis should therefore include 
neutrophils and basophils when possible.

The interaction between the immune 
cells and endothelial cells is regulated 
by more factors than just cytokines

Our in vitro study focused on investigating 
the impact of inflammatory mediators secreted 

by activated PBMCs on endothelial cells in a 
static condition and in an indirect manner. 
Therefore, there are other aspects that we 
should improve in the future by incorporating 
flow, characteristics of the endothelial cells 
and direct contact between the immune 
cells and endothelial cells. Upon infection, 
leukocytes migrate from the blood stream 
into the tissue, initiated by their adhesion to 
the vascular wall. The force created by the 
blood flow - shear stress -can affect leukocyte 
adhesion. Moreover, vascular health such 
as integrity, leakage and coagulation are 
also moderated by the flow (O’Neil & Heller, 
2005). Baratchi et al showed that shear stress 
can affect cellular polarization and adherens 
junctions by regulating the clustering and 
translocation of the Transient Receptor 
Potential V4 channel on the cell membrane, 
a receptor for Ca2+ influx (Baratchi et al., 
2017). On the other hand, as discussed in 
chapter 1, endothelial cells derived from 
different vascular beds and organs respond 
differently to stimulation. In this project, we 
used Human Umbilical Vein Endothelial Cells 
(HUVECs) from a pool of donors to represent 
endothelial responses. In addition to their 
lack of vascular-specific response, pooled-
HUVECs cannot be used to reconstruct the 
effects of individual genetic predisposition on 
cellular response to stimulation. Moreover, 
the interaction between immune cells and 
endothelial cells is bidirectional. As proof of 
principle, we stimulated HUVECs with LPS, 
collected the supernatant after 24 hours of 
stimulation, neutralized LPS with polymyxin 
B and exposed the supernatant to PBMCs. 
We observed that the mix of cytokines and 
chemokines secreted by endothelial cells 
in response to LPS activated immune cell 
response. Therefore, future studies should 
incorporate these three factors into the model 
to study how systemic inflammation can result 
in organ damage in each organ.



148

As introduced in the preface of this thesis, 
sepsis is a common syndrome caused by 
different infectious pathogens. However, there 
is no common molecular pathway to target 
for treatment in all patients with sepsis. The 
last 40 years of pharmaceutical efforts have 
shown that drugs developed from a model 
mimicking a subgroup of sepsis patients 
cannot benefit the broad and heterogeneous 
pool of patients in general. Here I would like 
to propose future approaches one could take 
to better understand sepsis. These include the 
translational research from bedside to bench 
and back and functional genomics strategies 
that can contribute to our understanding of 
sepsis pathogenesis and the development 
of targeted, personalized, and precision 
medicine for sepsis.

Sepsis patients should be classified into 
subgroups for studies and treatments

There are three main factors that create 
the differences between sepsis patients. 
For one thing, sepsis pathogenesis is 
dependent on several factors including the 
type of infectious pathogen. Sepsis driven 
by Gram-negative bacteria, for instance, has 
a distinctive mechanism when compared to 
other types of infection (Yang et al., 2018). 
Host genetic predisposition has been found 
via variants in multiple genes, that are involved 
in determining various host responses such 
as regulation of the amount of cytokines 
secreted in inflammation and barrier integrity. 
However, the impact of genetic variation to 
sepsis can also vary depending on the initial 
sites of infection (Rautanen et al., 2015, 
Scherag et al., 2016, Srinivasan et al., 2017). 
In addition, host non-genetic factors such as 
comorbidities, health frailty and age are also 
known to be critical factors in determining 
sepsis outcomes. Therefore, sepsis syndrome 

PERSPECTIVES should be sub classified based on the three 
main factors: pathogen-related factors, host 
non-genetic factors and genetic factors.

Biobanking is necessary to build up a 
database for sepsis patients

Along with patient’s clinical phenotype 
data, patients’ biomaterials including 
urine, blood, feces and biopsies should 
be collected and stored in a biobank in a 
Findable, Accessible, Interoperable and 
Reusable (FAIR) way. Such a biobank will 
allow researchers to access multilayer 
data from patients that covers the genome, 
transcriptome, proteome, metabolome and 
microbiome. It will also be a great resource 
for revealing insights into the similarities and 
differences between each group of patients 
or even each individual. By integrating clinical 
phenotypes with multi-layers of molecular 
omics data in a longitudinal setting, one will 
generate important hypotheses, which can be 
taken up further to validate and investigate the 
molecular mechanisms in the laboratory using 
relevant models.

Preclinical models for sepsis should 
study sepsis-induced organ dysfunction 
in humans

With well-defined phenotypes, we can 
investigate the impact of host genetics, organ-
specific tissue characteristics and how these 
factors shape host responses to infectious 
pathogens. Organ-on-chip technology, for 
example, may allow us to dissect the role 
of each factor, and their interactions, in 
determining different sepsis outcome, in a 
physiologically relevant way. In the blood 
vessel model built on a microfluidic device, 
one can imitate the initial encounter between 
the host and pathogens as well as control 
genetic predisposition by using cells derived 
from induced Pluripotent Stem Cells (iPSCs) 
taken from the same individual. Pathogen-
related factors and, to some extent, host 
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medication use (e.g. immune suppressive 
therapy, drugs for diabetes or antibiotics) can 
also be introduced to the model. Moreover, 
organ-on-chip technology allows us to study 
the interaction between different tissue 
compartments within an organ, or even 
between different organs (Maoz et al., 2018). 
Experiments should be conducted on those 
platforms, which provide readouts that are 
relevant to sepsis, including cytokine profiles, 
leukocyte adherence and immigration, 
vascular leakage, blood coagulation and 
organ dysfunction. Such phenotype readouts 
will bring preclinical studies closer to the clinic 
and therapeutic development.

Metabolome and microbiome may provide 
opportunities to rewrite sepsis outcomes

It is thought that tissue homeostasis 
is important for maintaining organ function 
and the recovery of patients during and after 
sepsis. It includes the balance between cell 
death and proliferation as well as controlling 
the metabolome. Upon exposure to microbial 
stimuli, immune cells such as monocytes 
switch their metabolic pathway from oxidative 
phosphorylation to glycolysis (Kelly & O’Neill, 
2015), or induce both processes depending 
on the type of pathogens and the toll-like 
receptors activated (Lachmandas et al., 
2016). The oxidative phosphorylation pathway 
is a multiple steps process (the TCA cycle) 
that occurs on the mitochondrial membrane. 
Oxidative phosphorylation produces various 
products that, in turn, are the substrates for 
cytokine synthesis and provide a lot of ATP, 
the energy for phagocytosis. However, upon 
activation of TLR, glucose influx is enhanced, 
activating HIF-1α to induce glycolysis. 
Glycolysis, on the other hand, serves as 
a quick but less efficient source of energy. 
Glycolysis is also beneficial for the host cells 
when it enhances IL-1β secretion (Tannahill 
et al., 2013) and uses the mitochondrial 
membrane for synthesizing ROS, an 

antimicrobial agent (Palsson-McDermott & 
O’Neill, 2013). Other evidence has shown that 
the metabolic products play important roles in 
creating memory in innate immune cells via 
epigenetic modification which enable cells to 
produce a stronger response to future infection 
episodes (trained immunity). Substrates from 
metabolism, such as fumarate from the TCA 
cycle of the oxidative phosphorylation pathway 
is essential for epigenetic modification 
(H3K4me3 and H3K27Ac) to boost trained 
immunity (Arts et al., 2016). Glucose, glutamine 
and cholesterol are also important in priming 
trained immunity in monocytes. More studies 
need to be conducted to investigate the long-
term effects of the metabolic switch during 
infection and during sepsis and to determine 
whether trained immunity can be rewired and 
normalized to reach tissue homeostasis after 
sepsis. Studies on role of metabolic pathways 
are crucial since in the end, we cannot edit our 
genetic background, but we can manipulate 
the environment, lifestyle and the diet.

Microbiome can protect the host 
from infection

Early in evolution of life, multicellular 
organisms began serving as an ecological 
niche for unicellular species. Trillions of 
symbiotic microbes have evolved to live in the 
human body, displaying a mutual relationship 
with their human host. Microbiota can be found 
in the gut and skin, contributing to health and 
disease. Other evidence has shown that 
a selective group of microbial species can 
protect the host from infection. For example, 
Proteobacteria, a phylum of Gram-negative 
bacteria, have been shown to increase the 
IgA repertoire and abundance in the serum, 
to increase IgA-induced anti-microbial 
properties, and to thereby protect their mouse 
host from sepsis (Wilmore et al., 2018). 
Moreover, products of microbial metabolism 
can boost the immune responses. Butyrate 
from commensal bacteria reduces glycolysis 
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in macrophages and enhances the maturation 
of the autophagolysosome to degrade 
captured or invasive pathogens (Schulthess 
et al., 2019). Future efforts that profile the 
microbiome within different subtypes of 

In this thesis, we used a functional 
genomics approach to study sepsis 
heterogeneity. In chapter 1, we discussed 
differences in the pathophysiology of sepsis-
associated organ failure. We focused on inter-
organ heterogenic endothelial responses in 
the kidneys and lungs and their contribution 
to organ failure. In chapter 2, we explored 
the functions of genes potentially affected 
by genetic variants associated with sepsis 
onset or sepsis survival. Here we showed 
enrichment of genes associated to sepsis 
for adherens junctions, indicating that barrier 
function has an important role in sepsis 
pathogenesis and host survival. In chapter 
3, we investigated the genetic contribution 
to the amount of cytokines and inflammatory 
circulating proteins in Candida albicans 
infection and in candidemia. From the in vitro 
stimulation experiments, we identified ten 
independent novel protein quantitative trait 
loci, showing that genetics can predispose 
variant carriers to different extent of 
inflammatory responses in infection, at least 
in cytokine production. However, we also 
showed poor correlation of genetic variants 
that contribute to inter-individual variation in 
cytokine response in infection to the onset and 
survival of candidemia patients. This indicates 
that pathways other than just cytokine 
responses from immune cells (Peripheral 
Blood Mononuclear Cells) are involved in 
candidemia susceptibility and survival. In 
chapter 4, we delineated the influence of 
leukocyte-secreted mediators on endothelial 

sepsis patients in order to identify microbial 
species or microbial products that contribute 
to pathogenesis and patient recovery will have 
a strong impact on patient care.

CONCLUSION AND REMARKS
responses. We observed that endothelial 
cells actively contributed to inflammation 
in infection, either by directly responding to 
endotoxin challenge or via mediators secreted 
from activated leukocytes. IL-1 and TNF-α are 
major mediators secreted by leukocytes that 
activate endothelial inflammatory responses. 
We also showed that IFN type I (IFN-α, IFN-β) 
and IFN type III (IFN-ϒ) are independent of 
the IL-1 and TNF-α pathway. The role of IFN 
pathways in endothelial function in sepsis 
therefore remains in need of investigating.

In conclusion, this thesis emphasizes 
the human genetic contributions and the 
interaction between different pathogens and 
the host immune system in infection and 
sepsis. We also emphasize the role of the 
endothelium as an amplifier that can tune 
immune responses. Although the central role 
still lies with inflammation, there are more 
cellular processes and pathways contribute 
to sepsis heterogeneity, in particular to 
barrier integrity and coagulation. We hope 
that the outcomes of our functional genomics 
approach convinces readers of the multi-
faceted nature of sepsis pathogenesis and 
that this work encourages future studies that 
combine patient materials and in vitro studies, 
with the goal of moving forward toward the 
development of new drugs and therapies 
specifically for the different subsets of sepsis 
patients and identification of which group of 
patients will benefit from which current therapies.
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1) Understanding endothelial 
heterogeneous responses may explain organ-
specific failure in sepsis.
2) Functional genomics approaches 
could complement GWAS to pinpoint genes 
and pathways involved in sepsis.
3) Genetic predisposition for sepsis 
onset and severity are different and have few 
shared genes.
4) Host immune responses in sepsis are 
not solely determined by leukocytes, but also 
by the leukocyte-endothelial cell interaction. 
5) Inflammation is central to the fight 
against infectious pathogens, but it should not 
be the sole focus in sepsis research. 
6) Barrier functions, including the 
vascular and intestinal barriers are important 
for sepsis onset and mortality.
7) Interferon pathways should be tested 
in a preclinical model for sepsis.
8) Among the stimuli used in this thesis, 
Candida albicans is the most potent stimulus 
to study the effect of leukoctye-released 
mediators on endothelial cells.
9) Microbiome and metabolome could 
be a way to rewrite sepsis outcomes.

TAKE HOME  
MESSAGES
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To further strengthen the observation on 
endothelial activation upon various stimulation 
at transcriptome levels (chapter 4), we also 
measured the amount of cytokines secreted 
by endothelial cells upon endotoxin challenge 
(Figure S1) or upon stimulation with leukocyte-
derived inflammatory mediators (Figure S2). 
Here we observed a consistent trend in the 
amount of cytokines secreted that agreed with 
our RNAseq data (chapter 4). Among the 91 
chemokines, cytokines and extracellular matrix 
proteinase measured, we detected 68 proteins 
secreted by endothelial cells. Cytokines such 
as IL6 and IL8; chemokines such as CXCL1, 
CXCL6 and CX3CL1; and extracellular matrix 
proteinase such as MMP10 are secreted upon 
LPS challenge (Figure S1). In agreement with 
our RNAseq analysis (chapter 4), endothelial 
cell responses in secreting inflammatory 
mediators were more pronounced when the 
cells were exposed to mediators secreted by 
leukocytes upon whole pathogen stimulation 
(Figure S2). Despite different numbers of 
genes being activated, there were no major 
differences in the amount of cytokines between 
S.pneumoniae- and C.albicans-stimulated 
leukocyte-derived mediators. Endothelial 
cells secreted IL6, uPA, OPG, IL18R1 and 
CX3CL1 (Figure S2). Among these, IL18R1 
and CX3CL1 were the most highly expressed 
in candidemia patients versus healthy controls 
(Chapter 3), indicating that endothelial cell 
cytokines contribute to sepsis. 

APPENDIX ON THE 
DISCUSSION CHAPTER
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Figure S1. Endothelial cells contributed to the total amount of cytokines secreted upon 
direct exposure to LPS. A. Heatmap shows the average of log2(protein expression) levels 
measured by OLINK® in each condition, ranging from 0-15 (color legends indicated next to the 
heatmap). HUVECs were stimulated with either RPMI (as the negative control) or LPS for six 
hours (ns=3). B. Boxplots of log2(protein expression) (NPX value) for representative proteins 
from each cluster in the heatmap.
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Figure S2. Endothelial cells contributed to the total amount of cytokines secreted upon 
exposure to C.albicans-activated leukocyte-derived mediators.  A. Heatmap shows the 
average of log2(protein expression) levels measured by OLINK® in each condition, ranging 
from 0-15 (color legends next to heatmap). The first two columns are the supernatants from 
24-hour-activated PBMCs with either RPMI or C.albicans (ns=3). The supernatants were then 
added to HUVECs for another 6 hours. The latter two columns are the supernatants collected 
from 6-hour-stimulated HUVECs (ns=3). B. Boxplots of log2(protein expression) (NPX value) for 
representative proteins from each cluster in the heatmap.
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ENGLISH SUMMARY
In everyday life, we are in contact with 

microorganisms that spread around in our 
environment, on our skins, food and air. 
However, we don’t normally get sick thanks 
to the protection of the so-called “immune 
system”. The immune system can recognize 
the infectious pathogens such as bacteria, 
fungi and virus, and release a large number of 
chemicals (immune mediators) to trigger other 
cells and processes in the body to eliminate 
the pathogens. This process is called 
inflammation, a part of the immune response. 
In an ideal condition, the immune response 
is regulated so that it is sufficient to kill the 
infectious pathogens but not to harm the other 
cells, tissues and organs in the body.  However, 
once the immune system over-works to fight 
the infections, it can cause life-threatening 
damage to various organs in the body. Such 
syndrome is called sepsis, or sometimes, 
septicemia, blood infection. Every year, there 
are more than 31 million sepsis cases with the 
mortality rates of 17-26%. Until now, there is no 
specific therapy prescribed for sepsis patients, 
making it a global health focus with high 
incidence rate, mortality and morbidity. Patient 
symptoms are highly varied on the degree 
of inflammation and organ damage. These 
differences among patients can be attributed 
to two main issues: 1) how pathogenic is the 
infectious pathogen(s) ?; 2) does the host have 
any predisposition factors for sepsis (genetics, 
age, use of immunosuppressive medications, 
diabetes, etc.). 

In this thesis, we aim to understand these 
questions, hence sepsis heterogeneity by 
using functional genomics approach.

In Chapter 1, we discussed the recent 
advances on the pathophysiology of organ 
failure in sepsis

We primarily focused on the kidney 
and the lung, the most commonly failed 
organs in critically ill patients with sepsis. 
Despite a similar systemic insult caused by 
infection, each organ displays different clinical 
manifestations and pathobiology. We also pay 
particular attention to the role of endothelial 
cells, lining the blood vessel, in each organ. 
We described that endothelial responses to 
infections are different among organs and to 
some extent shows organ-specificity. Given 
the heterogeneous in endothelial responses 
in organ-failures, future research looking 
into endothelial heterogenic response may 
partially explain organ failure in sepsis.

In Chapter 2, we explored how genetics can 
affect the onset or survival of sepsis patients.

Each individual is unique based on 
the sequence of their genome. Therefore, 
by sequencing and comparing the genome 
of patients and healthy individuals (GWAS 
studies), researchers have identified some 
genetic variants (SNPs) that are associated 
with the disease. However, due to the broad 
symptoms and heterogeneity of sepsis, 
it was difficult to point out which genetic 
variants could be the causal of the disease. 
In this chapter, we aimed to identify which 
genes and pathways affected by these 
genetic loci reported from GWAS, to gain 
insights into the mechanism determining 
differences between patients. We performed 
integrative analyses using sepsis GWAS loci, 
expression quantitative trait loci (QTL), gene 
expression data from patients and cytokine 
QTLs to prioritize 55 genes that potentially 
can cause sepsis onset or sepsis mortality. 
Interestingly, by performing enrichment 
analysis to find the common function of genes 

APPENDICES
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nearby GWAS loci, we found that these 
genes can affect adherence junction, which 
determines the intact of the blood vessel 
(endothelial) barrier. We therefore suggested 
that these GWAS genetic variants can affect 
the disease by altering the immune and 
endothelial pathways.

In Chapter 3, we investigated the 
contribution of genetics in a subgroup of 
sepsis patients, Candidemia.

We combined both clinical and ex-vivo 
stimulation data. By comparing the amount 
measured in serum, we identified 32 immune 
mediators (cytokines and inflammatory 
circulating proteins) differ between patients 
and healthy individuals. For these 32 proteins, 
we tested how genetic variants (SNPs) could 
contribute to the variability in protein levels 
(pQTLs) by using ex-vivo experiments. In 
particular, we stimulated leukocytes from a 
larger number of individuals with Candida 
albicans yeast, measured the level of immune 
mediators secreted and integrated with the 
genotypes of the individuals.  We found genetic 
variants in 10 loci that can alter the levels of 7 
immune mediators in the context of Candida 
infection. Furthermore, we also investigated 
if differences in patient susceptibility and 
survival can be explained by modulating the 
levels of immune mediators. Interestingly, we 
found that genetic background determining 
these three traits are different. It indicates that 
multiple processes, other than the secretion of 
immune mediators are contributing to patient 
susceptibility and survival, in Candidemia, or 
sepsis in general.

In chapter 4, we delineated the responses 
of endothelial cells and the influence of 
immune mediators secreted by leukocytes 
on endothelial cells in responses to 
sepsis-mimicking pathogens.

We systematically profiled leukocyte 
transcriptomes in responses to a wide 
range of pathogens, including Gram-positive 
bacteria, Gram-negative bacteria and fungi. 
We also revealed the transcriptomic changes 
in endothelial cells upon direct exposure 
to different types of infections. Besides 
pathogen-specific responding genes, there 
are a set of genes responding to all pathogens, 
indicating the existence of a set of core genes 
in leukocytes, which is responsible for fighting 
against infections in general. Endothelial cells, 
on the other side, do not response to direct 
exposure to Gram-positive bacterial and 
fungal lysates. We further investigated the 
effect of secreted mediators from pathogen-
treated leukocytes on endothelial responses. 
We found a strong activation of pathways 
in endothelial cells, especially IL-1, TNF-α 
and IFN pathways, in response to leukocyte-
secreted mediators. Interestingly, after blocking 
IL-1 and neutralizing TNF-α in leukocyte-
released mediator mixture, we showed that 
IFN pathway activation in endothelial cells is 
independent of IL-1 and TNF-α. Our study, 
thus demonstrated the important roles of 
endothelial cells in amplifying inflammatory 
signals released by leukocytes in the context 
of infections.  

In chapter 5,  I summarized and speculated the 
implications of our findings in understanding 
sepsis heterogeneity.

Although inflammation is central to the 
fight against infectious pathogens, it should 
not be the sole focus in sepsis research. 
Vascular and intestinal barrier functions are 
also important in sepsis. I also highlighted the 
role of ex-vivo studies in identifying the role of 
host genetic variation in determining the inter-
individual variability in response to infection. 
I also discussed challenges in our current 
models and future perspectives.  



160

NEDERLANDSE SAMENVATTING
Micro-organismen zitten op onze huid 

en ons voedsel, en ook zweven zij rond in 
de lucht die ons omringt. Dit maakt dat wij 
mensen dagelijks in contact staan met deze 
organismen. En hoewel velen van hen bekend 
staan als veroorzaker van ziektes, raken wij 
doorgaans niet geïnfecteerd. Dit komt doordat 
wij een ‘immuunsysteem’ bij ons dragen, dat ons 
beschermt tegen infectie. Dit immuunsysteem 
is in staat om ziekteverwekkers zoals 
bacteriën, schimmels en virussen, ook 
wel ‘pathogenen’ genoemd, te herkennen. 
Daaropvolgend worden stoffen uitgescheiden, 
waarmee lichaamscellen worden geactiveerd 
om het lichaam te verdedigen tegen de 
indringers, en worden processen in werking 
gezet om deze te elimineren. Dit proces is 
onderdeel van de ‘immuunrespons’ en wordt 
‘inflammatie’ genoemd. Idealiter worden in 
de immuunrespons pathogenen gedood en 
lichaamseigen, gezond, weefsel en organen 
gespaard. Echter, soms komt het voor dat 
de balans tussen doden van een pathogeen 
en behouden van lichaamseigen weefsel en 
organen is verstoord, wat kan resulteren in een 
levensbedreigende situatie genaamd ‘sepsis’, 
of bloedvergiftiging. Jaarlijks zijn er wereldwijd 
meer dan 31 miljoen gevallen van sepsis, 
in 17-26% van de gevallend leidend tot de 
dood. Momenteel bestaat er geen specifieke 
behandeling voor sepsis, wat de noodzaak 
van het doen van onderzoek naar de oorzaak 
en behandeling onderstreept. 

Niet alle gevallen van sepsis zijn gelijk. 
Verschillen in het ziektebeloop bij sepsis 
kunnen worden toegewezen aan: 1) verschillen 
in ziektemechanismen tussen verschillende 
ziekteverwekkers, en 2) verschillen in de 
ontvankelijkheid voor deze pathogenen, 
zoals door erfelijkheid (‘genetica’), leeftijd, 
immuunsysteem onderdrukkende medicatie, 
suikerziekte etcetera. 

Deze thesis beschrijft onderzoek naar 
de invloed van al deze factoren op sepsis, 
middels de zogenaamde ‘functional genomics’ 
aanpak, om verschillen in ziektebeloop bij 
sepsis te verklaren.

In hoofdstuk een worden recente 
ontwikkelingen in onderzoek naar de 
oorzaak van het falen van orgaanfunctie 
bij sepsis samengevat. We hebben ons 
hier met name gericht op de twee meest 
frequent betroffen organen, de nieren en de 
longen. We beschrijven specifiek de rol van 
endotheelcellen, de cellen die de binnenwand 
van de bloedvaten bekleden. Afhankelijk van 
het orgaan, reageren deze cellen anders 
op infectie. Mogelijk ligt in deze cellen een 
oorzaak van orgaan falen in sepsis.

Hoofdstuk twee en drie beschrijven de 
invloed van erfelijke varianten op de kans 
op het krijgen van sepsis. Iedereen draagt 
varianten in de erfelijke informatie, het DNA, bij 
zich die hij of zij van zijn ouders heeft geërfd. 
Deze varianten, ‘SNPs’, beslaan zo’n 0,5% 
van ons DNA en dragen bij aan verschillen in 
uiterlijke kenmerken, maar ook in hoe ziekten 
zich manifesteren. In grote erfelijkheidsstudies 
(GWAS) zijn SNPs gevonden die statistisch 
gezien geassocieerd zijn met sepsis. Wat de 
functie van die varianten precies is in sepsis, 
is grotendeels onduidelijk.

In hoofdstuk twee identificeren wij 
de functionele eenheden in het DNA, 
‘genen’, en processen die door met 
sepsis geassocieerde SNPs worden 
beïnvloed. We hebben de invloed van SNPs 
op RNA-expressie levels van aanliggende 
genen, alsook op de expressie van immuun 
mediatoren onderzocht. Zo vonden wij 
55 genen die mogelijk sepsis kunnen 
veroorzaken, of aanleiding van dood door 
sepsis kunnen zijn.
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Een deel van deze genen is betrokken bij 
het in standhouden van bindingen tussen 
endotheelcellen, ‘zonula adhaerens’, en dus 
bij de bloedvatwand barrière. Samenvattend 
kunnen GWAS SNPs sepsis beïnvloeden door 
immuun- en endotheel functie te verstoren. 

In hoofdstuk drie onderzoeken wij 
in een subgroep van patiënten, leidend 
aan sepsis met de candidabacterie, 
‘candidemie’, naar de invloed van SNPs 
op de immuunrespons en overleving. 
Wij vergelijken bloedserum waarden van 
patiënten met gezonde vrijwilligers, en vinden 
32 immuun mediatoren (zoals cytokines en 
ontstekingseiwitten), die verschillend zijn 
tussen de twee groepen. Voor elk van deze 
32 eiwitten testten wij in ex-vivo stimulatie 
experimenten welke SNPs mogelijk een 
verschil in eiwit expressie daarvan zouden 
kunnen geven. We vonden 10 plekken op het 
genoom, ‘loci’, die de expressie van 7 immuun 
mediatoren in de context van candidemie 
beïnvloedden. Deze overlappen echter niet 
met de genetische varianten zoals beschreven 
in hoofdstuk twee. Dit geeft aan dat niet enkel 
de uitscheiding van immuun mediatoren, 
maar ook andere processen bijdragen aan 
de overleving van en de gevoeligheid voor 
sepsis, en in het bijzonder candidemie.

In hoofdstuk vier hebben we 
de respons in kaart gebracht van 
endotheelcellen en de invloed van 
immuun mediatoren, zoals die worden 
uitgescheiden door witte bloedcellen, 
‘leukocyten’, en endotheelcellen, op 
pathogenen die sepsis nabootsen. We 
hebben systematisch de transcriptionele 
respons van leukocyten op een variëteit aan 
pathogenen, waaronder Gram-positieve 
bacteriën, Gram-negatieve bacteriën 
en schimmels, onderzocht. Daarnaast 
hebben we de transcriptionele respons 
van endotheelcellen bekeken. We vonden 
pathogeen-specifieke responsgenen, maar 
ook een algemene set van respons genen, 

wat lijkt te wijzen op een vaste set genen in 
leukocyten, die verantwoordelijk is voor basale 
afweer tegen infecties. Endotheelcellen laten 
geen directe reactie zien na stimulatie met 
Gram-positieve bacteriën en schimmels. We 
hebben verder onderzocht of deze cellen wel 
reageren op immuun mediatoren die worden 
uitgescheiden door gestimuleerde leukocyten, 
en vonden dat, na stimulatie met immuun 
mediatoren, IL-1, TNF-α en IFN-processen 
worden geactiveerd. Door blokkeren van de 
cytokine IL-1, en wegvangen van TNF-α in 
de leukocytaire immuun mediatoren-mix, 
lieten we zien dat IFN-proces activatie in 
endotheelcellen afhankelijk is van deze 
cytokines. Onze studie onderstreept het 
belang van endotheelcellen in het versterken 
van ontstekings-signalen, zoals die worden 
uitgescheiden door leukocyten in de context 
van infecties.

Tenslotte vat ik in hoofdstuk vijf het 
belang van onze bevindingen voor het 
begrijpen van de verschillen in ziektebeloop 
bij sepsis samen, en bediscussieer ik mijn 
toekomstvisie daarop. 
Hoewel inflammatie centraal staat bij de 
afweer tegen infectieuze ziekteverwekkers, 
zou dit niet de enige focus moeten zijn in 
onderzoek naar sepsis. De functie van onze 
natuurlijke barrières, zoals die aanwezig 
is in onze bloedvaten en de darmen, is ook 
van belang. In deze thesis heb ik getracht 
te illustreren wat de rol kan zijn van ex-vivo 
studies in het identificeren van effect van 
genetica op de interindividuele verschillen in 
immuunrespons, in het kader van infectie en 
sepsis. Daarnaast bespreek ik uitdagingen 
in het hier gebruikte model, en speek ik mijn 
visie op de toekomst uit.
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Trong cuộc sống hằng ngày, con người 
chúng ta tiếp xúc với hàng ngàn vi sinh vật 
trong môi trường, thực phẩm, không khí và 
ngay cả trên da. Tuy nhiên, chúng ta vẫn 
khỏe mạnh là nhờ sự bảo vệ của hệ miễn 
dịch trong cơ thể mỗi người. Hệ miễn dịch 
có thể nhận biết các vi sinh vật lạ xâm nhập 
vào cơ thể (vi khuẩn, vi nấm, vi rút) và tiết ra 
một lượng lớn các chất điều hòa miễn dịch, 
qua đó kích hoạt các tế bào và cơ quan tiêu 
diệt các vi sinh vật nhiễm, bảo vệ cơ thể. 
Quá trình này được gọi là phản ứng viêm, 
một phản ứng quan trọng của hệ miễn dịch. 
Trong điều kiện lý tưởng, hoạt động của hệ 
miễn dịch được điều hòa ở một mức độ hợp 
lý để đảm bảo các vi sinh vật bị tiêu diệt 
và không ảnh hưởng đến cơ thể con người. 
Tuy nhiên, khi bị mất kiểm soát, như trong 
trường hợp bệnh nhiễm trùng máu, hệ miễn 
dịch có thể gây tổn thương nghiêm trọng 
đến các cơ quan trong cơ thể, đe dọa tính 
mạng người bệnh. Mỗi năm, trên thế giới có 
hơn 31 triệu ca bệnh nhiễm trùng máu, tỉ lệ 
tử vong vào khoảng 17-26%. Khi mắc bệnh, 
người bệnh có những triệu chứng, phản ứng 
viêm khác nhau và các cơ quan bị tổn hại 
ở mức độ khác nhau. Sự khác biệt này phụ 
thuộc vào hai vấn đề mấu chốt: 1) tính gây 
bệnh của vi sinh vật nhiễm và 2) các nhân 
tố mẫn cảm của người bệnh (gien, độ tuổi, 
việc sử dụng các thuốc ức chể miễn dịch...). 

Trong luận văn này, chúng tôi sử dụng 
phương pháp nghiên cứu gien học chức 
năng (functional genomics approach) nhằm 
lý giải nguyên nhân dẫn đến sự khác biệt 
giữa các ca bệnh.

Trong chương một, chúng tôi thảo 
luận về các tiến bộ trong việc nghiên cứu 
nguyên nhân gây ra các tổn thương ở 
các cơ quan khi mắc bệnh. Chúng tôi mô 
tả các quá trình sinh lý bệnh khác nhau ở 

thận và phổi, hai cơ quan thường xuyên bị 
tổn hại ở các bệnh nhân nhiễm trùng máu 
nặng. Ở mỗi cơ quan, chúng tôi tập trung 
vào các phản ứng của tế bào nội mô mạch 
máu trong diễn tiến bệnh. Các tế bào nội 
mô ở các cơ quan khác nhau phản ứng khác 
nhau và sự khác biệt đó đôi khi còn mang 
tính chất đặc thù của từng cơ quan. Do vậy, 
chúng tôi suy luận rằng sự khác biệt và tính 
đặc trưng trong cách tế bào nội mô phản 
ứng với nhiễm trùng, nhiễm trùng máu có 
thể lý giải phần nào sự tổn thương của các 
cơ quan khi mắc bệnh.

Trong chương hai và ba, chúng tôi 
khám phá sự khác biệt di truyền giữa các cá 
thể, làm thế nào chúng (sự khác biệt) có thể 
làm nhiễm trùng dễ dàng phát triển thành 
bệnh nhiễm trùng máu hoặc ảnh hưởng đến 
sự sống sót của người bệnh. Bộ gien người 
được cấu tạo dựa trên bốn hợp chất cơ bản 
được sắp xếp theo trình tự, kí hiệu là A, T, 
G, C. Thông thường, sự sắp xếp trình tự 
này giống nhau khoảng 99,5% giữa người 
với người, trong khi 0,5% còn lại tạo nên 
sự khác biệt di truyền giữa các cá thể. Sự 
khác biệt di truyền này tạo ra khác biệt về 
ngoại hình, nhưng trong một số trường hợp, 
gây ra bệnh. Các nhà nghiên cứu gien học, 
bằng cách giải mã và so sánh trình tự gien 
của người bệnh và người khỏe (Genome 
Wide Association Study, GWAS- nghiên 
cứu sự liên hệ giữa các biển thể trên trình 
tự gien với một tính trạng nào đó) đã tìm ra 
các biến thể di truyền trên bộ gien (Single 
nucleotide polymorphisms, SNPs) có liên 
quan đến bệnh. Tuy nhiên, xác định cụ thể 
biến thể nào là nguyên nhân gây ra bệnh và 
làm cách nào các biến thể di truyền này gây 
ra các hậu quả khác nhau vẫn đang là một 
thách thức lớn.

Trong chương hai, mục đích của 
chúng tôi là tìm ra gien và các quá trình 
sinh học tế bào có thể bị ảnh hướng bởi

TÓM TẮT
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các biến thể di truyền (đã được tìm ra 
trước đó bởi các nghiên cứu GWAS). Bằng 
cách kết hợp GWAS với các phương pháp 
dự đoán ảnh hưởng của biến thể di truyền 
đến sự biểu hiện của gien ở mức độ phiên 
mã ra RNA (eQTL) và dịch mã ra protein 
(pQTL), cũng như so sánh sự khác biệt ở 
mức độ biểu hiện gien giữa người khỏe và 
bệnh, chúng tôi đã chỉ ra 55 gien có khả 
năng gây ra bệnh nhiễm trùng máu và ảnh 
hưởng đến khả năng sống sót của người 
bệnh. Chúng tôi cũng tìm ra rằng vùng gien 
thường chứa các biến thể này có chức năng 
duy trì sự liên kết giữa các tế bào nội mô, 
đảm bảo rằng mạch máu không bị rò rỉ. Do 
vậy, chúng tôi suy luận rằng các biến thể 
di truyền có thể ảnh hưởng đến bệnh bằng 
cách tác động lên chức năng của cả hệ 
miễn dịch và hệ tế bào nội mô.

Trong chương ba, chúng tôi tìm hiểu 
về vai trò của di truyền trong các trường 
hợp nhiễm trùng máu gây ra bởi vi nấm 
Candida. Bằng cách đối chiếu huyết thanh 
giữa người khỏe và người bệnh, chúng tôi 
tìm ra 32 sản phẩm điều hòa hê miễn dịch 
(cytokines và các sản phẩm protein tiết lưu 
thông trong máu) có mức độ hiện diện khác 
nhau giữa hai nhóm người. Chúng tôi cũng 
tìm ra 10 vị trí trong bộ gien có liên quan 
đến mức độ hiện diện của 7 trong số 32 sản 
phẩm điều hòa miễn dịch này. Tuy nhiên, 
chúng tôi nhận thấy các biến thể di truyền 
này khác với các biến thể liên quan đến sự 
phát triển bệnh hay sự sống sót của bệnh 
nhân. Điều này chứng tỏ rằng bên cạnh việc 
điều hòa sản phẩm miễn dịch, sự khác biệt 
di truyền giữa các cá thể còn điều hòa các 
quá trình sinh học khác tham gia vào quá 
trình sinh lý bệnh nhiễm trùng máu, do vi 
nấm gây ra nói riêng và nhiễm trùng máu 
nói chung.

Trong chương bốn, chúng tôi đi sâu 
vào tìm hiểu phản ứng của các tế bào 

nội mô mạch máu và sự tương tác giữa 
tế bào nội mô và tế bào miễn dịch máu 
trắng bằng mô hình thí nghiệm. Chúng 
tôi liệt kê tất cả các gien được biểu hiện 
(transcriptome) khi tế bào máu trắng phản 
ứng với các vi sinh vật khác nhau như vi 
khuẩn Gram-dương, vi khuẩn Gram-âm và 
vi nấm. Mặc dù được kích thích bởi các vi 
sinh vật khác nhau, các tế bào máu trắng 
thường biểu hiện một số gien nhất định. Các 
gien này có thể là cách thức thông dụng 
mà các tế bào máu trắng dùng để tiêu diệt 
các vi sinh vật nhiễm. Mặc khác, chúng tôi 
cũng liệt kê các gien được biểu hiện ở tế 
bào nội mô. Chúng tôi nhận thấy rằng tế 
bào nội mô tuy không phản ứng trực tiếp 
với vi khuẩn Gram-dương và vi nấm, nhưng 
thú vị thay, các tế bào này lại phản ứng với 
các chất điều hòa miễn dịch tiết ra bởi các 
tế bào máu trắng. Khi được kích hoạt, các 
tế bào nội mô này tiết ra nhiều chất điều 
hòa miễn dịch hơn, tham gia điều hòa phản 
ứng miễn dịch nói chung. Kết quả này cho 
thấy tầm quan trọng của tế bào nội mô trong 
việc khuếch đại tín hiệu miễn dịch tiết ra bởi 
các tế bào máu trắng trong nhiễm trùng và 
nhiễm trùng máu.

Trong chương năm, chúng tôi tóm 
tắt và thảo luận các ứng dụng từ kết quả 
nghiên cứu này trong bệnh nhiễm trùng 
máu. Mặc dù phản ứng viêm ở các tế bào 
máu trắng có vai trò chủ chốt để chống lại 
các vi sinh vật nhiễm, nghiên cứu về bệnh 
nhiễm trùng máu cần chú trọng đến các quá 
trình khác trong cơ thể, điển hình là sự rò rỉ 
của thành mạch máu. Tôi cũng nhấn mạnh 
vai trò của mô hình thí nghiệm ex-vivo trong 
việc xác định vai trò của biến thể di truyền 
đến sự phản ứng khác nhau của người bệnh 
trong nhiễm trùng và nhiễm trùng máu. Tôi 
cũng thảo luận thêm về các vấn đề gặp phải 
trong mô hình nghiên cứu của chúng tôi và 
các biện pháp khắc phục trong tương lai.
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