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Summary

This thesis aimed to evaluate the role of the medium-chain-fatty-acid (MCFA)-GPR84
signalling axis in sepsis. Sepsis is a life-threatening condition where the dysregulated host
response to an infection can lead to death by organ failure. Several bodily systems can be
affected in sepsis, including metabolism on a cellular and physiological level. GPR84 is a
receptor present on innate immune myeloid cells and is upregulated in response to
inflammatory stimuli. In sepsis, GPR84 expression is strongly upregulated and is an integral
biomarker member of a transcriptomic signature that has been shown to accurately predict
sepsis in a neonatal sepsis study. The ligands that it binds comprise MCFAs with a chain
length of 10 or 12 carbons. These lipids are currently understudied and their presence in
relevant amounts in the human body has been doubted in the science community.
Moreover, their presence in the inflammatory context, such as during infection or in sepsis,
has not been studied previously. Furthermore, their potential origin, if present, remains to
be elucidated as well. | hypothesize that the MCFA-GPR84 axis is a key regulated host
response in sepsis. To address this hypothesis, it is pivotal to test whether MCFAs are
present in the blood and whether their concentrations change in sepsis patients and if so,
to determine their possible origin. To this end, | established a lipid quantification method
using liquid-chromatography tandem mass spectrometry (LC-MS/MS) that was able to
reliably measure MCFAs and a range of longer chain fatty acids and acylcarnitines.
Employing this method on plasma samples from a sepsis cohort led to the measurement of
C10:0 and C12:0, with C10:0 being significantly increased in sepsis and C12:0 significantly
decreased in some types of sepsis compared to controls. Notably, the measured lipid levels
were heterogeneous and only a subset of patients showed increased C10:0 levels.
Furthermore, | found using transcriptomic data that oloeyl-acp-hydrolase (OLAH), the gene
encoding an enzyme pivotal in cellular MCFA production, is upregulated in sepsis. OLAH’s
cellular role has previously been established with regards to MCFA production by the
mammary gland during lactation, upregulation of OLAH in sepsis is likely caused by cortisol.
| found that a synthetic glucocorticoid (dexamethasone) lead to increased OLAH gene
expression in immune cell lines in vitro, in addition, the glucocorticoid receptor was found
as potential transcription factor regulating OLAH in an in silico approach. Also, peripheral

blood mononuclear cells were found to be able to produce C10:0 in vitro. Further analyses



were conducted in relation to a broader range of lipids and their levels in the plasma of
sepsis patient to determine the plasma lipid profile associated with sepsis. In these
investigations | found increased short-chain and medium-chain acylcarnitines and
decreased poly-unsaturated fatty acids, namely arachidonic acid and eicosapentaenoic
acid. An altered plasma lipid profile seems to be indicative of sepsis and was partially shown
to be associated with mortality and severity. Finally, the transcriptional regulation of GPR84
and its temporal expression pattern was examined using an in silico approach and in vitro
experiments. These results indicate that GPR84 is likely a secondary immune response
gene, upregulated after around 2 hours of an inflammatory stimulus in myeloid cell types.
Overall, it appears that the MCFA-GPR84 signalling axis is likely activated in a subset of
sepsis patients, most likely those with increased cortisol and at a higher risk of
complications and mortality. This tentatively indicates that C10:0-GPR84 signalling in sepsis
is detrimental to survival. In conclusion, the data of my thesis supports the hypothesis that
the MCFA-GPR84 signalling axis is a key regulated host response with the limitation that
this is likely only the case in a subset of patients. In these patients though this signalling
axis could likely be a mediator of the increased mortality observed in patients with strongly

elevated cortisol.
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NON-SURVIVORS. THE PLS-DA REDUCES ALL DATA PROVIDED INTO PRINCIPAL COMPONENTS THAT BEST SEPARATE THE
GROUPS BY COMBINING AND WEIGHING THE TRANSFORMED FEATURES, I.E., LIPID MEASUREMENTS. B) SHOWS THE
LOADINGS PLOT OF THE PLS-DA, INDICATING THE FEATURES, I.E., LIPIDS, THAT SHOWED THE STRONGEST EFFECT ON THE

CLASSIFICATION OF SAMPLES INTO THEIR GROUPS. THE X-AXIS INDICATES THE VIP SCORE, VIP = VARIABLE IMPORTANCE IN
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Overview Lipids

Note: | generated this overview of the lipids as a hopefully helpful “cheat sheet” to anyone

reading my thesis. Names in bold are the names that will be used throughout my thesis in

combination with the abbreviation provided in the first column. For lipids where the

abbreviation could indicate several lipids, only the name for the lipid actually measured in

my thesis and the associated structure are shown (e.g., C18:3 can be y-linolenic acid or a-

linolenic acid, but only a-linolenic acid is shown as | did not measure y-linolenic acid).

Molecular structures obtained from Chemspider (A. Chemist, ChemSpider SyntheticPages,

2001, http://cssp.chemspider.com/123)

Table 1 Overview of lipids measured in the thesis

Abbrevi | Tradition | IUPAC Molecular structure Chemical Comme
ation al/alterna | name formula nt
tive name
C2:0 Ethanoic | Acetic acid o C2H407 SCFA,
acid, )J\ saturat
HO CH;
Vinegar ed
acid
C3:0 Propionic | propanoic 0 C3He0:2 SCFA,
acid acid HOJ\/CHE saturat
ed
C3-OH Lactic 2-hydroxy- o C3HeO3 SCFA,
acid propanoic HOJ']\/\OH saturat
acid ed
C4:0 Butyric Butanoic o C4Hs03 SCFA,
acid acid HOJI\/\CH, saturat
ed
C6:0 Caproic | Hexanoic 0 CeH1202 MCFA,
acid acid HO)K/\/\CH3 saturat
ed

XiX



c8:0 Caprylic Octanoic o CsH1602 MCFA,
acid acid HoJ\/\/\/\CHa saturat
ed
C10:0 Capric Decanoic /\/W\/j; C10H2002 MCFA,
acid acid ’ saturat
ed
C10- 2- 2-hydroxy- on C10H2003 MCFA,
20H hydroxy- | decanoic \/\/\/\/L\f saturat
capric acid ed,
acid hydrox
ylated
C12:0 Lauric Dodecanoi W C12H240; MCFA,
acid ¢ acid saturat
ed
C12- 2- 2-hydroxy- y o ) C12H2403 MCFA,
20H hydroxy- | dodecanoi | WW\/J\f saturat
lauric c acid ed,
acid hydrox
ylated
C14:.0 Myristic | Tetradecan )\/\/\N\/\/\c C14H280; LCFA,
acid oic acid J saturat
ed
Cl6:0 Palmitic | Hexadecan )‘\/\/\/\/\/\/\/\ Ci6H3202 LCFA,
acid oic acid saturat
ed
C18:0 Stearic Octadecan | I - C18H3602 LCFA,
acid oic acid saturat
ed
C18:1 Oleic acid | (2)- PPN Ci1gH340, PUFA,
octadec-9- omega-
enoic acid 9

XX
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C18:2 Linoleic (92,122)- B R Ci1gH320: PUFA,
acid octadeca- omega-
9,12- 6
dienoic
acid
Cc18:3 o- (92,122,15 | b~ — - C18H3002 PUFA,
linolenic | 2)- omega-
acid octadeca- 3
9,12,15-
trienoic
acid
C20:4 Arachido | (5z2,8Z,11zZ, | | . . C20H3202 PUFA,
nic acid 147)-icosa- omega-
5,8,11,14- 6
tetraenoic
acid
C20:5 Eicosape |(5z8z11z, | « | C20H3002 PUFA,
ntaenoic | 147,17%)- omega-
acid icosa- 3
5,8,11,14,1
7-
pentaenoic
acid
C22:6 Docosah |(4z,7z,10z, | . I C22H3202 PUFA,
exaenoic | 137,167,19 omega-
acid Z)-docosa- 3
4,7,10,13,1
6,19-
hexaenoic
acid

XXi
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Abbreviatio | Name Alternative name Molecular Chemical
n structure formula
C2:0- Acetylcarnitine °C>'\ CoH17NO4
carnitine u I\A

C3:0- Propionylcarnitine | Propanoylcarnitine, \;TH\ ) C10H1sNO
carnitine f’lk/ 4

C4:0- Butyrylcarnitine Butanoylcarnitine ’\j\/\w C11H21NOg
carnitine /“\/H ;

C6:0- Hexanoylcarnitine | Caproylcarnitine '\ \ Ci3H26NO
carnitine fw .

C8:0- Octanoylcarnitine Ci5H29NO4
carnitine */ R

C10:0- Decanoylcarnitine '”‘;'i"'_f J C17H3sNO
carnitine Lo 4

C12:0- Dodecanoylcarniti | Lauroylcarnitine . C19H3sNO4
carnitine ne o

C14:0- Myristoylcarnitine | Tetradecanoylcarniti | = C21H2NO
carnitine ne : 4

C16:0- Palmitoylcarnitine | Hexadecanoylcarnitin C23H46NO4
carnitine e

C18:0- Stearoylcarnitine Octadecanoylcarnitin | =+ C25HsoNO4
carnitine e

C18:1- Oleoylcarnitine (9Z)-Octadecenoyl-L- C25HagNOg4
carnitine carnitine

C18:2- Linoleoylcarnitine | Octadecadienyl-L- C25Ha6NO4
carnitine carnitine
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3NPH
"_OH"
373-L1
6-0OAU
AC
acetyl-CoA
adj.
APACHE Il score
ATAC-seq
ATP

AUC
BMDM

C

Ca2+
cAMP
CCCL
CHO
COX-2
CREB

CRP

CXCL
DAG

DHA
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1 Introduction

1.1 Sepsis

Sepsis is a life-threatening health condition that has been around for centuries but whose
pathophysiology we are only starting to understand in the past decades. The word sepsis
is thought to originate from Hippocrates (460—370 BC) and was used by him to describe a
process that would let tissues rot, generate foul odours in swamps and lead to wounds
festering®. Since then, our understanding of infections and the immune system has grown
exponentially; not only are we aware of pathogenic microorganisms, e.g. bacteria, viruses
and fungi, as the cause of infections, but also of the immune system as driver of
inflammatory processes. The inflammatory reaction, despite commonly being
uncomfortable and potentially dangerous to the host, is understood to be a vital part of
our response to pathogenic microorganisms in the body. The World Health Organization
(WHO) describes sepsis in a recent report as “[...]Jthe clinical deterioration of common and
preventable infections such as those of the respiratory, gastrointestinal and urinary tract,
or of wounds and skin”2. The official definition from 2016 states that sepsis is a “life-
threatening organ dysfunction caused by a dysregulated host response to infection”3. A key
feature of this is that an invading microorganism can trigger an immune response that
adversely affects several bodily systems and is potentially fatal. To the patient this might
initially feel like a strong flu, gastroenteritis or chest infection, including symptoms like
muscle pain, shivering, confusion, lethargy and breathlessness®. As sepsis progresses,
patients can lose consciousness, become delirious and require extensive medical attention
including medication, mechanical ventilation and enteral feeding®. The disease course is
heterogeneous; some patients die within hours after onset of symptoms, while others
remain in a critical condition for weeks before resolution or eventual death. Sepsis
survivors often suffer from physical weakness due to loss of muscle, cognitive decline and
fatigue for a prolonged time. Especially elderly sepsis survivors suffer from a loss in physical
performance without recovery to baseline functioning, while younger survivors can recover
to their pre-sepsis physical performance®. In addition, sepsis survivors have an increased
mortality in the follow-up period to their septic episode, assessed in two studies to be 21%

and 17.6% in the 1t year, due to infections, cardiovascular disease and cancer’?2.



1.1.1 Incidence

Sepsis occurs in low-, middle- and high-income countries; it can affect all age groups and is
a danger to both healthy and pre-disposed persons. Reports of its incidence vary and are
scarce for low- and middle-income countries despite these carrying the main burden; a
meta-analysis by Fleischmann et al. (2016) however estimates the global annual burden to
be 50.9 million sepsis cases, with an estimated death toll of 5.3 million deaths®. This
estimation is based on data from high-income countries and hence thought to be probably
underestimating the real burden of sepsis. The Global Burden of Disease Consortium
analysed sepsis incidence and disease using a model based on hospital data and death
certificates leading to an estimation of 48.9 million cases of sepsis in 2017, among which
20.3 million occurred in children below the age of 5, leading to death in 11 million cases in
the overall population and 2.9 million in children below the age of 5. This means that sepsis
was the cause of death in 19.7% of deaths in 20171°. Among the vulnerable populations,
highlighted in this report and a report by the WHO are neonates, infants, pregnant women
and elderly people?!!. Sepsis is the second most common cause of deaths in neonates
globally*2. In the UK, sepsis incidence is estimated at ~245 000 cases in 2017 with related
deaths at 47 8601°.

1.1.2 Sepsis definitions and diagnosis

The high mortality of sepsis has been attributed in part to the often-late diagnosis of the
condition. There is no fast and unequivocal diagnosis method available, yet time is of
considerable importance in treating sepsis effectively!®3. An explanation for this lack is the
complexity and heterogeneity of sepsis, which we are only starting to understand. This is
also reflected in the evolving definitions of sepsis that are directly linked to its diagnosis.
Its first official definition was given only in 1991; this was also the time when our
understanding of sepsis changed from being caused by a toxin in the blood to an infection
with detrimental immune response. Initially sepsis was described as a condition with four
degradations: systemic inflammatory response syndrome (SIRS), sepsis, severe sepsis and
septic shock. Each degradation was characterized by clinical manifestations: presence of
clinical symptoms including increased heart rate, changes in body temperature and blood
cell count (SIRS), SIRS and proven infection (sepsis), sepsis and organ dysfunction (severe
sepsis), sepsis and persistent hypotension despite fluid resuscitation (septic shock). These
degradations were kept in the 2001 consensus definition while signs and symptoms for
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diagnosis were added. The 2013 consensus definition decreased the number of
degradations to sepsis and septic shock and provided for both a general definition and
clinical criteria. The organ dysfunction described to define sepsis would be diagnosed using
the sequential organ failure assessment (SOFA) score, a scoring system already used in
critical care. The SOFA score consists of a point system in which a score between 1 and 4 is
given to the severity of dysfunction of each of six components: respiratory, cardiovascular,
hepatic, coagulation, renal and neurological systems (Table 2). An acute change in score of
at least two points is required for the diagnosis of sepsis. This point system requires some
laboratory measurements, which can slow down diagnosis. To alleviate this, the alternative
scoring system quick SOFA (qSOFA) allows for quick diagnosis at the bedside based on high
respiratory rate, an altered mental state and low blood pressure. Septic shock was defined
as a subset of sepsis presenting with circulatory, cellular and/or metabolic abnormalities
that considerably increase mortality. A patient is assessed to have septic shock when a
persistent hypotension requires prolonged treatment with vasopressors and the serum
lactate concentration exceeds 2 mmol/I3. Blood cultures are taken in patients with
suspected sepsis, however their diagnostic value is limited, with one study stating only 53%

of cases being blood culture positive!4.



Table 2 The SOFA score currently in use per the Sepsis-3 definition. Source: Singer, M. et al.
The third international consensus definitions for sepsis and septic shock (sepsis-3). JAMA -
Journal of the American Medical Association 315, 801-810 (2016) (removed since no

copyright license was obtained in time).
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1.1.3 Treatment

As mentioned before, time is of considerable importance in treating sepsis. That is why
upon sepsis diagnosis, the patient will be treated immediately with broad-spectrum
antibiotics. A delay in antibiotic treatment is thought to lead to an increased mortality and
increased progression to septic shock per hour delay*’, though contested recently in a
meta-review that claims no benefit to mortality by earlier antibiotic treatment!® and a
randomized controlled trial where earlier antibiotics did not improve survival®.
Confirmation of bacterial presence will be done via blood cultures, potentially leading to
refinement of the antibiotic therapy. Further interventions to be implemented within the
first 1 to 3 hours after septic shock diagnosis are fluid resuscitation and vasopressors to
reduce hypotension and subsequent hypoperfusion!3. Mechanical ventilation or oxygen
masks are used to improve oxygenation of the blood, and sometimes blood transfusions
are used to improve haemoglobin levels. Patients in an advanced stage might require
regulation of their blood glucose levels, enteral feeding and dialysis. Sometimes
corticosteroids are used, despite their use being disputed®. Previous studies on
corticosteroids show conflicting results on survival benefits, and a recent large-scale
randomized Australian study with 3800 sepsis patients showed no survival benefit but an
improvement in some secondary outcomes including time till resolution of shock?. As
evident from the definition of sepsis, the dysregulated immune response in sepsis affects
several bodily and organ systems and may lead eventually to death by multiple organ
failure; patients who survive the initial septic response often die due to opportunistic
infections during the following phase of immunosuppression. Notably, only corticosteroids
target the immune response, while other treatments, apart from antibiotics, aim at
restoring the homeostatic state of different bodily functions. Despite a high research
interest into blockage of certain immune responses and several clinical trials, none of these
immunomodulatory treatments have been approved for sepsis treatment yet. There is
hence still a dire need for improved treatment, and due to the heterogeneity of sepsis,
personalized treatment is thought to be the key?'.

1.1.4 The immune system

The immune system consists of several cells and acellular components that work together

to protect our body from outside threats. The immune system has two arms: the innate



and the adaptive arm. The innate immune system is generally quick to respond, non-
specific and evolutionary conserved. Its cells are monocytes, macrophages, neutrophils,
eosinophils, basophils, mast cells, dendritic cells, NK cells and megakaryocytes. The
adaptive immune system is thought to be acquired, slower to respond and specific to the
infection. Its cells are T- and B-cells?2. The arms of the immune system complement each
other and depend on cross-talk to elicit an effective response to infection without excessive
harm to the body. Therefore, the immune system must regulate itself using pro- and anti-
inflammatory signals, including cytokines and lipid mediators. Binding of a cytokine to its
receptor on an immune cell will influence the behaviour of the immune cell and in some
cases, its phenotype. During the inflammatory response, many pro-inflammatory cytokines
will be released, leading to increased recruitment and activity of immune cells. The
inflammatory response needs to be resolved after successful elimination of the threat. This
is mediated by pro-resolving processes, which actively affect the immune response towards
resolution, and is seen as different from anti-inflammatory signalling despite overlap in
functions and effect. Resolution and inflammation do not occur in distinct, separate phases,
but rather co-occur partially, with elements of resolution increasing while inflammation

decreases as the immune response progresses?3.

1.1.5 The inflammatory response to an infection

Our environment is crowded with microorganisms, including viruses, fungi, bacteria and
parasites. Many of these microorganisms can invade the human body, and several have
developed sophisticated techniques in order to do so. The first hurdle a pathogen faces are
the outer defensive layers of our body: the skin barrier, the mucus layer and the epithelial
layer in our respiratory, gastro-intestinal and genito-urinary system. A pathogen who has
overcome this first obstruction and entered the body will face the cellular and acellular
defence mechanisms of the innate and adaptive arms of the immune system.

A pathogen entering the body will be quickly recognized by cells of the innate immune
system. These can recognize pathogens based on common molecular signatures, called
pathogen associated molecular patterns (PAMPs). These PAMPs are distinct from human
molecular patterns, hence allowing the body to differentiate between invaders and its own
tissues. By utilizing receptors recognizing PAMPs, the innate immune system can fight
pathogens it has not previously encountered. An important class of these receptors are
toll-like receptors (TLR) able to recognize e.g., bacterial lipopolysaccharides (LPS) on the
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outer membrane and viral RNA intracellularly?*. Recognition of a pathogen by a TLR will
lead to activation of a common and of alternative signalling pathways. The common
pathway will lead to release of pro-inflammatory cytokines by NF-kB activation, including
interleukin-6 (IL-6), IL-1B, IL-12 and tumour necrosis factor a (TNF-a). Activation of the
immune system also leads to the production of prostaglandins from arachidonic acid, e.g.,
PGE,, which will be part of the inflammatory response?>. The alternative signalling pathway
depends on the type of TLR and the associated pathogen, including antiviral type |
interferons (IFN) after activation of TLR3, TLR4, TLR7, TLR8 and TLR9?*. Cytokines and
chemokines released will alert and attract further immune cells?2. These can move towards
the infection by sensing the gradient of chemokines, e.g., IL-8, in a process called
chemotaxis. The majority of cells present initially are neutrophils, followed by monocytes
and dendritic cells. The release of pro-inflammatory cytokines and mediators leads to a
pro-inflammatory environment at the site of infection, which poises the immune cells for
their pathogen-killing effector functions?3. Especially monocytes, macrophages and
neutrophils will kill by eating pathogens: phagocytosis. Upon physically encountering the
invading microorganism, these cells engulf it into a vesicle called the phagosome. The
phagosome will unite itself with a second vesicle inside the cell to form the phagolysosome
and kill the contained microorganism utilizing reactive oxygen species (ROS), diverse
hydrolytic enzymes and a low pH?®. Neutrophils often die after phagocytosis. Especially
bigger microorganisms will trigger the extracellular release of high quantities of ROS and
lytic enzymes from granules by neutrophils and nitrous oxide (NO) by monocytes and
macrophages. Prolonged stimulation by pathogens will lead to neutrophil death by
apoptosis, necroptosis or neutrophil extracellular trap (NET) formation. NET formation is a
still controversial topic with many uncertainties, however commonly agreed on are the
presence of cell components including nuclear or mitochondrial DNA, histones and
granules in NETs. These NETSs either just immobilize bacteria or kill them, and probably kill
the neutrophil as well, which is disputed?’”. Monocytes take part in the inflammatory
response by migrating to the site of infection, releasing high amounts of cytokines, e.g., IL-
12 and IFN-y, and phagocytosing pathogens. At the site of infection monocytes can
differentiate into macrophages due to being exposed to high amounts of cytokines and
other inflammatory signals. If these are pro-inflammatory, the macrophage will be
programmed to be more pro-inflammatory, and vice versa for anti-inflammatory signals. In
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vitro macrophages are divided into 3 types (M0, M1, M2) based on their differentiation, in
vivo it is likely more accurate to describe macrophages on a functional spectrum rather
than with distinct types and associated functions?’. The innate and adaptive immune
system is connected by dendritic cells. These cells take up pathogenic particles and present
them as antigens to T-cells in order to activate them.

The response of the adaptive immune cells occurs later than the innate immune response
and includes the generation of antibodies by B-cells and the maturation of T-cells to
different subtypes depending on cytokines and other signalling molecules in the
environment. Activation of T-cells requires the presentation of an antigen by either a
dendritic cell, a B-cell or a macrophage and a co-stimulatory signal. The different T-cell
subtypes will regulate the immune response differently by releasing different mediators.
This includes mediators important in monocyte differentiation. T-cells also play an
important role in the resolution of inflammation?3.

The interaction of the immune system with pathogens does not happen in a vacuum
separated from other bodily systems, but rather requires and involves several of them. An
inflamed wound for example presents itself with swelling, redness, localized heat, pain and
a loss of function. The heat, swelling and redness are mediated by the involvement of the
cardiovascular system: an increase in blood flow and capillary dilatation facilitating
increased immune cell invasion. Cardiovascular dilatation is mediated by hormonal
signalling involving the pituitary gland — adrenal axis. A fever that might be developed
during an infection is caused by cytokines instigating brain cells to release lipid mediators
that mediate hormone release from the nervous system leading to an upregulation of the
body temperature. The body temperature itself will affect the pathogens, but also affects
the immune response?8. Coagulation is an important mechanism initiated in case of vessel
damage. It leads to the forming of a blood clot, which can occlude blood flow and hence
cease bleeding; this is required for the damage to be repaired. Coagulation will be activated
in response to a pro-inflammatory environment, including DAMPs, NETs, and an activated

complement system, and in response to vessel damage.

1.1.6 Resolution of the immune response

Resolution is required to protect the body from damage by excessive inflammation. Similar
to inflammation, it is a highly regulated process involving a multitude of mediators. These
mediators regulate each other in positive feedback loops and will also increase anti-

8



1 Introduction

inflammatory signalling, including IL-10. Resolution stops the inflammation and leads to
tissue repair and homeostasis, preventing scarring and fibrosis. It is important to note that
several resolution pathways are elicited as part of the pro-inflammatory response and that
some pro-inflammatory mediators can also signal pro-resolution. A selective inhibition of
pro-inflammatory signalling can negatively impact the resolution of the inflammation; for
example the inhibition of COX-2, the enzyme necessary to produce pro-inflammatory
prostaglandin (PGE>) is detrimental to resolution since COX-2 is also required for pro-
resolution lipoxin synthesis?3.

Important hallmarks of resolution are the inhibition of further recruitment of neutrophils,
promotion of the apoptosis and programmed cell death of neutrophils, clearance of
apoptotic cells by macrophages and the re-programming of monocytes to pro-resolving
monocytes. Histologically, absence of neutrophils is a sign of successful resolution.
Monocytes and macrophages play an important role in the resolution and will switch from
a pro- to an anti-inflammatory polarization, also called classical and alternative, as the
immune response progresses to resolution. Signalling by T-cells is pivotal for this
polarization. T-cells will be activated by antigen presentation and move to the site of
infection where they regulate the response. Alternative macrophages will release anti-

inflammatory cytokines and remove dead neutrophils?3.

1.1.7 The immune response in sepsis

Our understanding of the immune response in sepsis is improving and various aspects have
been characterized. What was initially thought to be a hyperinflammatory response and
later on understood to be followed by an immunosuppressive period is now often
interpreted as a simultaneous occurring of hyper innate immune activation and adaptive
immune suppression?>39(Figure 1). It is important to bear in mind that the septic response
is heterogeneous with differences due to age groups3!, the causing infection and further
underlying factors3C. What causes these immune features to arise, how to address them
and many of the interactions between different factors still remain poorly understood. The
immune response in sepsis is described as dysregulated, with an increased activation of the
innate immune system and suppression of the adaptive immune system32%32, Cell counts
of immune cells in sepsis show increased monocyte, neutrophil and myeloid suppressor
cell populations. In addition, myeloid suppressor cells and a proportion of neutrophils are
immature cells contributing to functional deficiencies of the response. Immature
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neutrophils have deficits in oxidative burst, cell migration, complement activation and
bacterial clearance, while myeloid suppressor cells suppress adaptive immune responses®.
Our understanding of the immune response in sepsis has been driven forward by
transcriptomic studies on patient populations and healthy controls and the systems biology
analyses of these, elucidating underlying signalling mechanisms. A transcriptomic approach
by Smith et al. (2014) in neonatal bacterial sepsis found an upregulation of innate immune
and metabolic genes and downregulation of adaptive immune response genes (Figure 2)32.
An in-depth analysis of the data elucidated macrophage activation markers, signatures of
increased chemokine signalling and FcyR-mediated phagocytosis on the one hand, on the
other hand signs of T-cell suppression including signatures of impaired T-cell proliferation,
cytokine production and T-cell receptors. In addition, decreased priming of T-cells by
antigen presentation and co-stimulatory signals was deemed likely due to decreases in T-
cell receptor gene expression, HLA-DR genes, which are required for antigen presentation,
and decreases in expression of co-stimulatory genes. Simultaneously, inhibitory signalling
pathways affecting the innate immune system, including negative regulators of IL-1, TLR-
signalling and NF-kB were upregulated as well32. A transcriptomic analysis by Wynn et al.
(2011) of differences between paediatric age groups found a significantly lower white
blood cell count, neutrophil count and percentage of neutrophils in neonates (aged <28
days), compared to infants (aged 1-12 months), toddlers (2-5 years) and school-age
children (6-10 years)3. In contrast, lymphocytes were increased in neonates and the
percentage of monocytes was the same as in other age groups. The global gene expression
pattern differed among age groups, with neonates and school—age children differing the
most and only minor differences occurring between infants, toddlers and school-age
children. In neonates a higher proportion of downregulated gene probes was found,
especially within adaptive immunity and the antigen presentation pathway3!. The
downregulation of adaptive immunity and the antigen presentation pathway is in
accordance with findings by Smith et al. (2014).

As mentioned before, the immune response does not occur in a vacuum but rather
interacts with several bodily systems. This interaction is thought to be part of sepsis
pathology and lead to organ dysfunction. One affected organ system is the vasculature. The
endothelial lining of the blood vessels is highly responsive to mediators released by the
immune response. Increased release of pro-inflammatory cytokines, including TNF-a, IL-1,

10



1 Introduction

IL-6 and interferon, strong activation of the complement system and increased release of
NETs are thought to be part of a vicious cycle with a destructive endothelial response3334,
This destructive endothelial response leads to microvascular disruption by increased
coagulopathy and hence presence of thrombi in the vasculature33. In addition, arterial
vasodilation can lead to loss of vascular tone which affects both blood flow and cardiac
function. Vascular dysfunction hence likely leads to or at least contributes to organ
dysfunction by decreasing and disrupting blood flow to the organs. Pro-inflammatory
signalling and vascular damage can also affect the lungs, both in patients with and without
an infection localized to the lungs. Increased alveolar permeability leads to the
development of oedema, and damages to the alveoli can affect the breathing capability of
the patient. The aforementioned vascular dysfunction is also linked to cardiac dysfunction.
The disrupted systemic blood flow affects the proper functioning of the heart. A further
avenue by which the immune response in sepsis might lead to organ dysfunction is by

affecting metabolism on a cellular and physiological level, further described below.
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Figure 1 A diagram depicting the immune response in sepsis. It is characterized by a
dysregulated innate immune response with persistent inflammation accompanied by a
suppressed adaptive immune response. After the initial response that can lead to death by
organ failure, sepsis also leads to poor health in the long term in survivors due to a pro-
longed innate immune activity and decreased adaptive immune system. Sepsis survivors

frequently die in the months and years following their initial sepsis episode. Graph taken
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e Combined innate immune, metabolic and adaptive immune — DYSF

Figure 2 These graphs show the difference in expression as fold change to control in controls
(blue dots) and septic neonates (red dots) of highly significant genes. The red lines indicate
genes of the adaptive immune response, the green lines are metabolic genes and the blue
lines are innate immune response genes. These results indicate an increased expression of
innate immune genes, metabolism genes and a decrease in adaptive immune genes. Graphs

taken from Smith et al. (2014) with author permission.

13



1.1.8 Metabolism in the immune response and sepsis

Metabolism is defined as the chemical reactions occurring within a living organism3>. A key
function of metabolism is to make energy available to the body. Metabolism consists of
two processes: catabolism, the breaking down of bigger molecules to smaller ones to gain
energy, and anabolism, the energy-requiring process of building bigger molecules that are
needed for cellular processes. Also, the catabolism of bigger molecules can free up smaller
building blocks required for the synthesis of cellular components. Catabolism hence has a
dual function in providing energy and building blocks. In the body, metabolism occurs both
on a cellular level and physiologically, i.e., several organs contribute different functions to

the overall metabolism of the body.

1.1.9 Metabolism on a physiological level

The metabolism of our body is tightly regulated and aimed at achieving homeostasis3>. In
other words, the metabolic system is regulated to meet the body’s energy demands
without exceeding it. Excess energy is stored to be released when needed, i.e., in times of
high energy demand or in between meals. A key organ in energy homeostasis is the liver.
The liver receives the majority of amino acids, carbohydrates and lipids from the digestive
system via the portal vein3®, with the remaining amino acids, carbohydrates and lipids
entering the systemic circulation directly. In the liver glucose is stored as glycogen and lipids
as triacylglycerol (TAG). The liver releases these throughout the day to provide a steady
energy supply meeting the body’s energy demand3>3’. The main energy storage organ
however is the fat tissue, which stores lipids. Importantly, glucose and lipids do not just
originate from the diet but can also be synthesized in the body, for example in the liver or
kidney®’. The distribution of nutrients within our body depends on our blood circulation.
When needed and hence regulated to do so, the liver, kidney or fat tissue release these
molecules into the systemic circulation. Changes in circulation, i.e., widening and tightening
of different blood vessels, can direct the blood flow to increase or decrease blood supply,
and hence the supply of nutrients, to specific tissues and organs. Both metabolism and
blood flow are regulated by the sympathetic nervous system3’. Hormones also play an
important role in the immediate and more long-term regulation of metabolism?’. Insulin,
glucagon and the catecholamines adrenaline and noradrenaline have an immediate effect
on the body’s metabolism. An example is that a blood glucose spike, which should occur
after a meal, is followed within minutes by a spike in insulin. The hormone insulin allows
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for cells to take up glucose and is hence pivotal for the body’s utilization of this nutrient
and for the regulation of glucose levels in the blood. Adrenaline and noradrenaline
decrease insulin secretion and stimulate glucose production, leading to increased glucose
levels. Hormones like glucagon, growth hormone and cortisol have a less immediate effect
and can affect the body’s metabolism on a scale of hours or days, for example by altering
insulin sensitivity. In order to achieve homeostasis of the metabolic system, the free fatty
acid and glucose levels are monitored by the body and their levels influence hormone

secretion and hence metabolism as well.

1.1.10 Cellular metabolism
Within the cell, energy can be harvested from lipids by oxidative phosphorylation, from
glucose by glycolysis and from various nutrients, including amino acids, using the
tricarboxylic acid cycle3®. These are catabolic pathways breaking down molecules into
smaller metabolites or “building blocks”. Other metabolic pathways exist but are not
further explained here for sake of simplicity. The metabolism of a cell will correspond to
situation-specific requirements; in other words, cells change their metabolism when their
behaviour changes to satisfy the need for building blocks and changed energy
requirements. As a result, cellular metabolism does not just passively provide the required
energy or building blocks, but also regulates the immune response. The field of
immunometabolism focuses on this intersection of metabolism and immunity. Within this
field especially the role of glycolysis has received much attention. A switch in cellular
metabolism to glycolysis is required for an effective immune response due to its role in
effector functions of several immune cells, including phagocytosis and inflammatory
cytokine production in macrophages, antigen presentation and the release of effector
cytokines by T-cells3®. Firstly, an induction of glycolysis and simultaneous inhibition of
oxidative phosphorylation leads to an increase in acetyl-CoA moieties, ATP and lipids38. The
presence of aforementioned acetyl-CoA moieties is required for histone modifications
underlying altered transcriptional activity in the immune response®. Glycolysis will also
fuel protein synthesis and secretion. The metabolic switch can be initiated by e.g. TLR
signalling that activates hexokinase, a rate-limiting enzyme in glycolysis, a key metabolic
biomarker gene (Figure 2)32%°, In line with this, an immunotolerogenic state of the cell is
described for cells utilizing fatty acid oxidation, whereas LPS-activated effector cells shift to
glycolysis and fatty acid synthesis*.
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1.1.11 Lipid metabolism in the cell

Since lipids are the main focus of my studies, | will introduce these molecules in more detail.
Fatty acids can be divided into saturated fatty acids and mono- or poly-unsaturated fatty
acids. Saturated fatty acids contain only single bonds between their carbons, whereas
mono- or poly-unsaturated fatty acids contain one or several double bonds in their carbon
chain, respectively. Based on the position of the first double bond, poly-unsaturated fatty
acids (PUFAs) are divided into omega-3 or omega-6 lipids. The straight chain saturated fatty
acids C14:0, C16:0 and C18:0 are dietary lipids, and C16:0 and C18:0 are among the most
common lipids in our diet*!. In addition, these lipids can be synthesized in our bodies. In
this process, C16:0 is the most commonly synthesized lipid by the process of lipid synthesis
by fatty acid synthetase in the cytoplasm?'. C16:0 can be further elongated to C18:0 in a
separate process. To store lipids they will be esterified, and it is likely that C18:0 will be
desaturated to C18:1, oleic acid, before esterification*!. Esterification with glycerol leads to
the formation of triacylglycerols. C18:1 can also originate from the diet. C18:2 is the most
common PUFA in the diet*2. Further PUFAs in our diet are C18:3, C20:4, C20:5 and C22:6.
Apart from C18:2 and C18:3, all of these lipids can be synthesized in the body as well*3.
Furthermore, these lipids can be oxidized in mitochondria to generate energy. In order to
enter the mitochondria, most lipids require the use of carnitine for molecular shuttling
across the membrane®. This depends partially on the chain length of the lipid, where
shorter lipids can potentially diffuse into the mitochondria as well as being shuttled*.
However, the transport of carnitine-bound fatty acids is more efficient and seems to be the
preferred method even for lipids able to diffuse®®. This can be seen from a set of
experiments which firstly prove that medium-chain fatty acids can diffuse into
mitochondria and secondly, that inhibiting the carnitine shuttle led to a strongly decreased
uptake of medium-chain fatty acids into mitochondria®®. After entering the mitochondria,
the fatty acids will release the carnitine and bind acetyl-CoA instead before being either
oxidized or elongated to longer fatty acids*’.

Since in sepsis the immune response is activated, it is conceivable that metabolism should
be changed accordingly. Indeed, metabolism in general, and lipid metabolism as well, has
been shown to change in sepsis, as has been acknowledged in the latest paper setting out
the consensus sepsis-3 definition3. This is evidenced in previous studies by both

transcriptomic and proteomic changes showing alterations in enzymes and other
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molecules impacting (lipid) metabolism and availability*®4°, and by changes to lipids and
other metabolites that indicate metabolic alterations®®°1. Smith et al. found transcriptomic
signatures of changes to metabolism in sepsis (Figure 2). Increased expression of glucose
transporters and hexokinase indicated an increase in glycolytic flux32. They also found
significant increases in expression of lipid-binding receptors GPR43 and GPR84, which
poses the question if their lipid ligands are altered in sepsis. Sharma et al. analysed the
differences in the proteome between healthy volunteers and sepsis patients at admission
and 7 days after admission*®. Amongst the proteins whose levels they found most changed
were proteins involved in fatty acid metabolism (decreased), lipid transport (decreased)
and lipid uptake (increased).

How do the changes in lipid metabolism relate to lipid functions in the body? Firstly, an
important function of lipids is to provide energy to the body’s cells. That is also why the
human body stores lipids, for example in fat and liver tissue, which can be liberated from
storage when needed?>3. Any immune reaction, but especially the aberrant immune
reaction in sepsis, requires a high amount of energy to sustain itself>2. A shift towards fatty
acid metabolism has been argued to be the result of a depletion of other energy sources,
as seen in a meta-study by Golucci et al.(2018)°* and a mouse study by Irahara et
al.(2018)>. Golucci et al. (2018) performed a meta-study concatenating the information
from 29 studies on lipid profiles in sepsis. They conclude that the increased energy demand
depletes the available carbohydrates within 12-24 hours in sepsis, leading to a shift towards
fatty acid metabolism evidenced by an increase in triacylglycerols in the circulation. The
TAG are likely released from fat storage, and are accompanied by a decrease in cholesterol,
low-density lipoproteins and high density lipoproteins, the latter decrease being associated
with sepsis severity>*. Irahara et al.(2018) conducted a study inducing sepsis in mice using
either a low (1mg/kg body weight) or high (5mg/ kg body weight) dose of E. coli LPS>>. Their
results suggest a shift towards a higher fatty acid utilization in the acute phase of
inflammation, i.e., the first 48 hours after LPS exposure, but saw a decrease in free fatty
acid (FFA) and TAG in the circulation in contrast to the Golucci et al. findings. Interestingly,
Irahara et al. did find increased FFA and TAG levels in the liver of septic mice and
hypothesized a transport of FFA to the liver for energy storage, while Golucci et al.
hypothesized that impaired circulation to the liver in human sepsis patients leads to

reduced clearance of various substances, including fats, from the blood. The observed
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differences between the sepsis mouse model and studies in human patients might hence
be caused by differences in blood circulation to the liver. Since hormones and the
sympathetic system regulate the metabolic system, it would have been interesting to know
the hormone levels in these studies. Furthermore, the human study would have been
impacted by both parental or enteral feed and intravascular fluids (1V) given to the patients,
while in the mouse study mice had access to standard chow. Parenteral or enteral feed
administered to the patients should hence contribute to their energy needs being met. This
feed should contain all required nutrients, i.e., lipids, carbohydrates, protein and
micronutrients, though it is worth noting that patients receive fewer calories than the daily
reference intake for adults®®®’. Patients with sepsis often have increased levels of
adrenaline and noradrenaline in their blood, which might lead to hyperglycaemia due to
attenuated insulin release. In fact, in the clinical setting glucose levels of sepsis patients are
monitored with the aim to avoid hyperglycaemia by administering insulin in the IV when
blood glucose levels reach 181 mg/I, i.e. 1 mmol/l,*®, which is an actually relatively high
glucose level. In a study by Finfer et al., 69% of sepsis patients treated according to this rule
required insulin administration®.

In addition to the role of lipids in metabolism and immunometabolism discussed above,
lipid mediators play a direct role in the regulation of inflammation®?. Lipid mediators
constitute of the so-called eicosanoids, e.g., prostaglandins, leukotrienes, and specialised
pro-resolving mediators (SPM) including lipoxins*?, however the presence and function of
SPM is subject to discussion at the moment>8-°, These lipid mediators originate from C20:4
(arachidonic acid), C20:5 (eicosapentaenoic acid), and C22:6 (docosahexaenoic acid). C20:5
and C22:6 are omega-3 PUFAs and can originate from the omega-3 PUFA C18:3, whereas
C20:4 is an omega-6 PUFA that can be metabolized from the omega-6 PUFA C18:2. Omega-
3-PUFAs cannot be converted into omega-6-PUFAs or vice versa. Omega-3 PUFAs are often
classified as anti-inflammatory and omega-6-PUFAs as pro-inflammatory, based on the
signalling molecules they give rise to. Arachidonic acid (C20:4) gives rise to prostaglandins,
leukotrienes and lipoxins*2. Arachidonic acid becomes available for conversion into lipid
mediators after TLR stimulation and will initially lead to an increase in prostaglandins and
leukotrienes as they play a role in the initiation of inflammation, at a later stage lipoxins
are generated that play a role in resolving inflammation. It is hence important to note that

omega-6-PUFA metabolites are not exclusively pro-inflammatory. C20:5 and C22:6 can give
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rise to resolving lipids. In addition, omega-3-PUFAs can impede omega-6-PUFA metabolism
in the cell by acting as a competitive substrate. Furthermore, mediatory functions of so
called octadecanoids, originating from C18:0 and C18:1, have been identified but are less
researched so far®.62,

Since metabolism and the immune system are tightly interconnected, it has been
attempted by several research groups to measure metabolites that would correlate with
survival in sepsis. Liu et al. recruited patients in an early stage of sepsis and measured
metabolites to find indicators of survival®®. They found 43 metabolites with significantly
different levels. Increased in non-survivors were TCA cycle metabolites, lactic acid, and
metabolites indicating liver injury (bile acids), muscle tissue damage and -catabolism
(creatine, creatinine, branched chain amino acids) and disruption of intestinal environment
and kidney damage (indoxylactate, indoxysulfate). Decreased levels were found of long-
chain and short chain fatty acids and C2:0-carnitine in non-survivors which the authors
hypothesized indicated an increased -oxidation of lipids. The study authors hypothesized
that increased lactate production and enhanced catabolism indicate an energy scarcity in
combination with hypoxia and energy generation inefficiency®. An analysis conducted by
Langley et al. (2014) integrating lipidomics with proteomics lead the authors to conclude
that carnitine shuttling in sepsis non-survivors is decreased due to a decrease in fatty acid
transport proteins®. They found differences for 6 acylcarnitines between sepsis survivors
and healthy controls, and, more strikingly, that short-chain and medium-chain-
acylcarnitines and branched-chain acylcarnitines differed between sepsis survivors and
non-survivors. The hypothesized mitochondrial dysfunction would severely impact any
lipid oxidation and the metabolic functioning of the cell in general>1.6364,

1.1.12 Bacterial sepsis

Bacteria, fungi and viruses can cause sepsis. It is, however, often referred to as caused by
bacteria and much research focusses on bacterial sepsis. This is in part because blood
cultures are routinely taken to confirm presence of bacteria in the blood and monitor the
effectiveness of antibiotic treatment. When a blood culture is negative, it leaves
uncertainty about the type of infection and the presence of infection. Bacteria can also play
a role in immunity as part of the microbiota. The microbiota is defined as all

microorganisms colonizing the human body, foremost the skin and intestines. It influences
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our health in various ways, including providing colonization resistance to other bacteria,
crosstalk with our immune system and the digestion of food in the intestines. The
composition of the microbiota determines its effect, and sometimes bacteria are part of
our microbiota that are detrimental to our health. In addition, sometimes the microbiota
is “incomplete” leading to vulnerabilities that can be exploited by pathogens. It has been
hypothesized that sepsis causing pathogens can enter the body via the gut, but evidence is
weak: Stewart et al. found that in 6 out of 7 preterm babies within a cohort that developed
late-onset sepsis, the causing pathogen (identified by blood culture) was the most
prevalent or second most prevalent intestinal colonizer before the onset of sepsis®®.

The intestinal microbiota digest food components leading to the release of a multitude of
metabolites, some of which will nourish our intestinal lining and other tissues in our body
after entering the blood stream. These metabolites are also important for the crosstalk
between our microbiota and immune system. A well-researched example are the short
chain fatty acids (SCFA) butyrate, acetate and propionate, which are the cognate ligands
for the receptor GPR43.

1.1.13 GPR43

The G-protein coupled receptor GPR43 binds mainly acetate and propionate, and with
weaker activation, butyrate®. These are produced when the intestinal microbiota breaks
down fibre, with the concentration ratio in the colon being roughly 60:25:15. In blood
acetate will be the most prevalent SCFA®’. A high-fibre diet will increase SCFA production
and is thought to be associated with reduced systemic inflammation®. The receptor is
expressed on neutrophils, monocytes, macrophages, dendritic cells, eosinophils and
regulatory T-cells (Tregs). Its expression is upregulated by inflammatory mediators.
Activation leads to downregulation of IL-6 and IL-1B, which are inflammatory cytokines and
to chemotaxis of neutrophils. Furthermore, GPR43 is known to inhibit NF-kB signalling, IL-
6 and IL-15869,

1.1.14 Biomarkers

Biomarkers in sepsis have been researched for both diagnostic and treatment use. A
biomarker is a compound that can be measured in order to diagnose a disease or
pathological condition, e.g., the measurement of glucose in urine to diagnose diabetes

mellitus. The measurement of CO, bilirubin and lactate are current biomarkers used to
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identify underlying dysfunctions present in sepsis. The need for better diagnosis requires
biomarkers to be measured fast, give a reliable indication of sepsis and at best stratifies the
patient cohort into subtypes indicating which medical attention is required?!. Biomarkers
that have been considered for sepsis diagnosis are molecules whose concentration are
altered in the blood, e.g., C-reactive protein (CRP) and procalcitonin, and host gene
signatures. CRP and procalcitonin, despite being significantly higher in sepsis cases than
controls, were found to be not sufficient to diagnose sepsis as singular markers*4. The use
of transcriptomic analysis of whole blood taken within 24 hours of admission led Smith et
al. to a 52-gene classifier differentiating robustly between bacterial sepsis and controls.
These host signatures include gene expression of the innate and adaptive immune system
and of metabolism, including GPR43 and GPR84. This classifier only recognises bacterial
and not viral sepsis cases32. Wong et al. have developed a prognostic marker that stratifies
paediatric septic shock patients into risk groups and in addition has shown to have
predictive value, too, which could inform treatment choices’®. PERSEVERE is based on
transcriptomic data identifying gene signatures measured in blood taken within 24 hours
of admission significantly associated with mortality in paediatric septic shock patients. A
subset of genes was chosen based on their biological function and the possibility to
measure the gene-product (the protein encoded by the gene) in the blood. This led to a
classifier of 5 proteins called PERSEVERE: C-C chemokine ligand 3, IL-8, heat shock protein
70 kDa 1B, granzyme B and matrix metallopeptidase 8. The inclusion of more proteins and
mMRNA lead to the improved model PERSEVERE-XP which was deemed to have a negative
likelihood ratio in the clinically useful range and a positive likelihood ratio in the modestly
useful range’. The relevance of stratifying patient cohorts lies both in the option to
improve treatment for specific patient cohorts and in enabling studies to test effect on
mortality with enough power by selecting high-risk cohorts.

1.2 G-protein coupled receptors

A vital component of the regulation of every process in our body, both on an organismal
and a cellular level, is the communication between tissues and between cells. This
communication is mediated by membrane receptors that bind molecules present in their
direct vicinity. Not just our own body produces these ligands; our diet, our microbiota and

pathogenic organisms all contain and/or release molecules known to interact with human
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receptors. Medication frequently exerts its desired effect on the human body by receptor
interaction or affecting molecules that bind to receptors. The largest class of receptors in
humans is called G-protein coupled receptors (GPCR)’2. Every cell in our body harbours
numerous GPCRs that transmit signals from the extracellular compartment to the
intracellular compartment. Between them, GPCRs can bind a pleiotropy of different
compounds, ranging from ions, e.g. Ca?* and H*, to complex large molecules like hormones,
e.g. dopamine, histamine and adrenaline. GPCRs are involved in a broad variety of
processes, including reception of taste, mood regulation and the immune response’3. A
recent analysis indicates that 25-36% of all registered drugs target GPCRs, hence attesting
to the pivotal role of GPCR in several conditions and diseases’?.

GPCRs are coupled to G-proteins. Upon binding of a ligand, the receptor will commonly
signal through G-proteins, which transduce the signal to cytosolic or membrane-bound
effectors. These effectors activate a signalling cascade that will result in the release of
secondary messengers, e.g., CAMP or Ca?*, which in turn lead to cellular effects including
the activation of other signalling cascades, changes in gene expression or chemotaxis. This
general principle is illustrated in Figure 3. Apart from the name-giving G-proteins, the
receptors also signal through other proteins, most notably arrestins. Signalling through G-
proteins is also called canonical signalling, whereas G-protein independent signalling is
called non-canonical’®. There is a variety of G-proteins, effectors and secondary
messengers and one receptor can often activate several of these. Two receptors can have
different effects despite overlapping signalling mechanisms, and different signalling
mechanisms can lead to similar downstream effects’>. This principle is impressively shown
when looking at the regulation of systemic functions by GPCRs; despite several receptors
transducing signals through the same G-protein type (further explained below) outcomes

are divergent; simultaneously, different transducers can lead to similar effects.
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Figure 3 The general signalling pathways that can be initiated when a ligand binds to a G-
protein coupled receptor. In canonical signalling, upon binding of the ligand, the
transducers Ga and Gpy dissociate and are able to transduce the signals by regulating
effectors. These effectors can lead to the synthesis or release of secondary messengers,
which will activate distinct signalling pathways and downstream effects. In non-canonical
signalling, an effector, most notably arrestin, can inhibit G-protein mediated signalling,
often via receptor internalization which leads to receptor recycling or degradation. This
effector can also activate its own distinct signalling pathways and downstream effects,
some of which overlap with canonical signalling activated pathways. Parts of the figure
were drawn by using pictures from Servier Medical Art. Servier Medical Art by Servier is
licensed under a Creative Commons Attribution 3.0 Unported License

(https://creativecommons.org/licenses/by/3.0/).
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1.2.1 Structure of G-protein coupled receptors and different conformational states
G-protein coupled receptors (GPCR) are situated in the cell membrane and consist of 7
transmembrane helices connected by alternating intra- and extracellular loops (Figure 4).
The N-terminus and C-terminus stick out into the extra- and intracellular compartment,
respectively (Figure 5 a, right side). The binding pocket for ligands is formed by the
transmembrane helices, while the extracellular loops form the ‘entrance’ to the pocket
and, in case of some GPCR, restrict access’®. This is called the orthosteric binding site.
Numerous GPCRs appear to have a second or more additional binding pockets, called the
allosteric binding sites. The binding pocket binding the typical ligand is called the
orthosteric binding pocket, while the allosteric binding pocket binds distinct ligands’4. This
general structure is common to all GPCR, with distinct structural features of binding
pockets, intra- and extracellular loops and the N- and C-terminus further determining
receptor-specific functional features including which ligands it binds, which downstream
signalling molecules it interacts with and its signalling activity.

The structure of a GPCR is not rigid, but rather thought to change between different states
or conformations. A change in conformation will occur in presence of a ligand, but can also
occur in its absence, and is required for receptor activation. The associated energy cost of
changing conformation makes changes unlikely to occur by chance, some GPCRs are
however known to signal constitutively. The conformations harbour different degrees of
being active or inactive and dictate the energy required to activate receptor signalling”*.
This means that receptor signalling is not a simple switch between ‘active’ and ‘inactive’
operated by a ligand. Figure 6 shows an illustration of the ‘landscape’ of conformation
states of GPCRs. Mechanistically, upon binding of an activating ligand, the receptor will
contract its extracellular compartment, which also affects the intracellular conformation
and its interaction with any transducers, e.g. G-proteins. Furthermore, both binding to the
orthosteric and the allosteric pocket can affect receptor conformation, and binding of an
allosteric ligand might enhance the effect of ligand binding at the orthosteric site’’. Binding
of both a ligand and a transducer, e.g., a G-protein, might be necessary for a complete shift

in conformation to a fully activated state.
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Figure 4 The general structure of GPCR in a two-dimensional depiction showing the
extracellular N-terminus and extracellular loops, transmembrane helices and intracellular
loops and C-terminus. Parts of the figure were drawn by using pictures from Servier Medical
Art. Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0

Unported License (https://creativecommons.org/licenses/by/3.0/).
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Adenosine A

Figure 5 Three structures of GPCR, bovine rhodopsin (purple), avian b1AR (yellow) and
human Adenosine A2A (green) are imposed onto human b2AR (blue) and shown from two
different angles. b) Each of the receptors is shown in the inactive state, the ligands shown

inhibit receptor signalling. The receptors are shown as viewed from the extracellular
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surface, the viewer hence looks at the binding pocket from the top. ECL = Extracellular loop,
ICL = intracellular loop, TM = transmembrane, H8 = Helix 8. Picture taken from Rosenbaum
et al. (2009), license for re-use obtained from Springer Nature (license number

5602540288428).
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Figure 6 The conformational landscape of GPCR. R' and R" are inactive-like states, whereas
R* and R** are active-like states. The black line (Apo) indicates the absence of ligand,
whereas blue indicates the presence of either agonist or G-protein, and green indicates the
presence of both. On the y-axis the required activation energy is shown. Adapted from
Wootten et al. (2018), license for re-use obtained from Springer Nature (license number

5602541091077)
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1.2.2 Ligands

There are different types of ligands: agonists, inverse agonists and antagonists. Agonists
nudge the conformation of the receptor towards a more active state and can lead to
receptor signalling. Inverse agonists, on the other hand, stabilize the receptor in an inactive
conformation, inhibiting further signalling. Antagonists will have no effect on the state of
the receptor, but prevent the binding of other ligands, hence inhibiting activation of the
receptor. Ligands also differ in their affinity — how easily they bind to the receptor — and
their efficacy — the quantitative downstream effect of ligand binding relating to time
elapsed. A ligand with high efficacy would e.g. lead to a comparably fast GDP/GTP exchange
on the Ga protein leading to quantitatively more downstream signalling than a ligand with
lower efficacy in the same time-frame’476,

1.2.3 G-proteins

G-proteins are heterotrimeric guanine nucleotide (GTP/GDP) binding regulatory proteins;
in other words they consist of three distinct units that together bind guanosine
triphosphate (GTP) and guanosine diphosphate (GDP). The subunits are called a-, - and y-
subunit. In the inactive state they will be bound as one complex at the intracellular site of
the receptor. When the receptor is activated, the f— and y-subunits (GBy) will remain
tightly together, whereas the o subunit (Ga) dissociates when its bound GDP is replaced
by GTP. GDP to GTP exchange is required for G-protein signalling. Both the Go. and
GPy proteins can transduce signals. There are 16 different Ga, 5 G} and 13 Gy genes in
humans. The different G-unit proteins can combine into a multitude of different
combinations. The Ga proteins are subdivided into 4 types, and these types are often used
to classify G-protein coupled receptors’#76. G-proteins exert their signalling effects by
coupling to effectors that increase secondary messengers. The secondary messengers are
cyclic adenosine monophosphate (cAMP), Ca?*, inositol triphosphate (IP3), diacylglycerol
(DAG) and arachidonic acid’®78. The types of G-protein subunits determine which effectors
are activated.

1.2.4  Gaiand Gas signalling

The most studied Ga protein signalling is the activation and inhibition of cAMP signalling
by Gas and Gai, respectively. Gas and Ga, have opposing effects on signalling by regulating

adenylylcylases (AC), the enzymes leading to cAMP release from ATP. Despite Goi often
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being described as pro-inflammatory and Gas as anti-inflammatory, the effect of their
signalling is not that clear-cut. cAMP signalling will activate phosphokinase A (PKA), which
phosphorylates several metabolic enzymes, Mitogen Associated Protein Kinase (MAPK),
the transcription factor cAMP Response-Element Binding protein (CREB) and inhibits
phospholipase C 3 27°. Genes that harbour a binding site for CREB include Interleukin 2 (/L-
2), IL-6, IL-10 and tumor necrosis factor o (TNF-a)®°. Logically, Gass signalling would lead to
increased expression of these CREB related genes, whereas Ga; would inhibit it.
Furthermore, CREB is thought to influence NF-kxB signalling, though it is unclear, or at least
situation-dependant, if it enhances or inhibits it®. Apart from PKA, cAMP has also been
found to activate the Exchange Protein directly Activated by cAMP (EPAC1 and EPAC2).
EPAC1 is ubiquitously expressed, whereas EPAC2 is restricted to certain tissues including
brain and steroidogenic tissues882, Albeit less studied than PKA, EPAC1 has been found to
regulate phagocytosis and intracellular killing in alveolar macrophages®!. The effects of
cAMP signalling elucidated by Aronoff et al. using PKA and EPAC specific agonists and
inhibitors in rodent alveolar and peritoneal macrophages is displayed in (Figure 7). Aronoff
et al. found that Gas signalling inhibits FcR-mediated phagocytosis, and that this was
mediated via EPAC in alveolar macrophages. A Gos induced reduction in TNF-a in alveolar
macrophages was mediated only via PKA, whereas the phagocytes’ decreased ability to kill
previous ingested bacteria could be caused via both PKA and EPAC13L. Interestingly, they
further found that cAMP signalling is different in dendritic cells and macrophages. While a
PKA agonist induced IL-6 and IL-10 secretion in alveolar macrophages, it suppressed IL-6 in
dendritic cells. The secretion of TNF-a and chemokine (C-C motif) ligand 3 (CCL3) was
decreased in both cell types. In addition, EPAC had no effect on cytokine secretion in
macrophage cells, but was able to suppress CCL3 in dendritic cells®3. This illustrates that
the effects of a G-protein and its effectors are also cell-dependant, adding another layer of
complexity to our understanding of canonical GPCR signalling. In addition, signalling by Gots
in this context was neither distinctly pro- nor anti-inflammatory. Another point worth
raising is that despite CREB activation and inhibition playing a major role in the downstream
effects of Gas and Gai signalling, respectively, CREB can also be activated by pathways

independent of cAMP20,
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Figure 7 An overview of pathways downstream of Gas and Gaj- protein signalling with
effects in macrophages as elucidated by Aronoff et al. Gas protein stimulates adenylyl
cyclase (AC), while Ga; inhibits it. AC converts ATP to cAMP, the secondary messenger that
activates PKA and EPAC. PKA can increase IL-6 and IL-10 secretion, inhibit TNF-a and CCL3
secretion and inhibit phagocytic lysis. EPAC has no effect on cytokine secretion but inhibits
both FcR-mediated phagocytosis and the lysis of phagocytosed bacteria. Parts of the figure
were drawn by using pictures from Servier Medical Art. Servier Medical Art by Servier is
licensed under a Creative Commons Attribution 3.0 Unported License

(https://creativecommons.org/licenses/by/3.0/).
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1.2.5 Gogsignalling

The Gog protein canonically activates phospholipase [, which cleaves
phosphatidylinositol4,5-bisphosphate (PIP2) into inositol triphosphate (IP3) and
diacylglycerol (DAG). IP3 releases Ca?* from the endoplasmic reticulum, while DAG
activates protein kinase C (PKC). Other phospholipases activated by Gogq will lead to the
release of arachidonic acid. Ca?* and PKC can affect several downstream pathways,
including inhibition of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway and activation
of the MAPK pathway. These pathways play important roles in cell survival and
proliferation’®8*. Gay’s main signalling mechanism is, however, deemed to be Ca?*
mobilization, which has ubiquitous effects by binding to and activating intracellular
proteins®. Gg-coupled receptors are frequently hormone receptors or chemokine
receptors on immune cells’®.

1.2.6  Gauz/s signalling

Goug/1s proteins are thought to play a role in cellular motility, cell growth and
differentiation. Among the effectors activated by both Gaiz and Gois are members of the
Rho family of small GTPases, which in turn affect the actin cytoskeleton®. The Jun N-
terminal kinase (JNK) pathway has also been found to be regulated by Gouiz/138¢ and Rho
GTPases, which could provide a feasible pathway since JNK can affect the
cytoskeleton®’(Figure 8).

Gaus is thought to increase motility and chemotaxis of immune cells via the cytoskeleton
in response to growth factors activating receptor tyrosine kinase (RTK). It remains to be
studied further if the activation of Gaus in this context is mediated by GPCR transactivation
by RTK or non-canonical signalling of RTK’®. Hee Ha et al. found several transcription factors
to be differently activated in ligand stimulated Gouiz 7 and WT cells, one of the highest hits
being CREB. They then established CREB activation via the Ras/Mek/Erk pathway by Gaii,

in an ovarian cancer cell line in ligand treated cells88.
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Figure 8 Diagram of Gauiz/13 signalling. Goz has been shown to activate several
transcription factors via the RAS-MEK-ERK pathway in an ovarian cancer cell line. Gaz/13
proteins are known to activate Rho and lead to chemotauxis, this is potentially mediated via
JNK which is known to be affected by Gaiz/1z and Rho and affect the cytoskeleton (green)
but has not been conclusively proven. Blue arrows indicate the potential interaction of G-
protein and RTK or the non-canonical signalling of RTK leading to chemotaxis; this
interaction requires further investigation. Parts of the figure were drawn by using pictures
from Servier Medical Art. Servier Medical Art by Servier is licensed under a Creative
Commons Attribution 3.0 Unported License

(https.//creativecommons.org/licenses/by/3.0/).
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1.2.7 GPy signalling

Not all GPCR elicit Gy signalling®°. Most Gy signalling is mediated from Gai-uncoupling.
This is due to its high abundance and a relatively high threshold required for Gy signalling
to be effective. GPy signalling can interact with Ga signalling from both the same receptor
and other receptors. Gy affects Goy and Gais signalling by inhibiting adenylyl cyclase or
enhancing its effect. This will depend on both the subtypes of G and Gy as well as the
adenylyl cyclase isoform.’1GPy subtypes enhancing Gos stimulated adenylyl cyclase activity
usually originate from a Gai-GBy heterotrimer coupled to a different receptor, hence
leading to the contradictory occurrence of Ga,-coupled receptor signalling increasing cAMP
signalling®°°. Adenylyl cyclase subtypes and their prevalence differ among cell types, and
Ga and GPy proteins might interact differently with different subtypes®. As a result,
signalling by these G-proteins might differ cell-type dependently, leading to contradicting
outcomes of one receptor in different cell types. Pertussis toxin, which is known to inhibit
Gai proteins, inhibits Gy as well when it is bound to Ga®°. GPyalso regulates
phospholipase CB, K* channels and voltage gated Ca?* channels’* and the PI3K/Akt
pathway®® and can hence also affect Gayq signalling.

1.2.8 Non-canonical signalling pathways

Among non-canonical signalling pathways, arrestin signalling is the most studied. Arrestins
can block G-proteins and lead to GPCR internalization, hence abrogating GPCR signalling,
or on the contrary enable additional signalling pathways by providing a scaffold for MAPK
when bound to the receptor’. Similar to GPCRs’ ability to bind different types of Ga,
receptors are able to switch between G-proteins and other effector proteins. Which
pathway will be activated depends strongly on the ligand bound to the receptor, since
different ligands can induce different conformational changes. The conformational changes
affect scaffolding proteins and will affect which molecules can be bound on the intracellular
site of the receptor. If a ligand typically leads to increased activation of one pathway over
other pathways, this is called biased agonism’4°3. The ability of different ligands to elicit
different responses while binding to the same receptor has to be considered in discussing
a receptor’s function.

To conclude, GPCR signalling is a complex process whose outcome is dictated by its various

participants, notably the ligand, the GPCR structure, the transducers and potentially other
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receptors the GPCR or its transducers may interact with. Each participant in this interaction
adds a layer of complexity. In addition, the cellular context plays an important role, leading
to limitations of transferring insights from one cell type to another with regards to the

function of a receptor.
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1.3 GPR&4

1.3.1 Discovery

GPR84 was discovered independently in 2001 by two research groups. Wittenberger et al.
(2001) employed a data mining strategy of conserved GPCR sequences against an
expressed sequence tags (ESTs) database and found the gene sequence of GPR84°. Yousefi
et al. (2001) conducted a qPCR scan of human peripheral blood neutrophil-derived RNA
converted to cDNA using degenerate primers aimed at sequences conserved in chemokine
receptors and discovered GPR84%,

1.3.2 Receptor structure

The GPR84 protein sequence has been analysed and despite similarities to known
receptors, differences in consensus sequences lead Wittenberger et al. (2001) to conclude
that it cannot be classified into any of the known GPCR families®®. Yousefi et al. (2001)
compared its sequence to several other chemotactic receptors and found it to be only
distantly related®>. GPR84 has been described to have an orthosteric and two allosteric
binding pockets. The binding pockets and binding to it was investigated by Mahmud et al.
(2017), who found that apart from MCFA more complex compounds could bind to the
orthosteric pocket as well. Antagonists and a different class of agonists couple to different
allosteric binding sites’’. When an agonist was bound at the allosteric binding site, efficacy
of orthosteric binding was increased. Binding of diindolylmethane (DIM) to the allosteric
pocket lead to inhibition of forskolin induced cAMP release similar to the inhibition caused
by binding of embelin to the orthosteric site’”.

1.3.3 GPR84 ligands — putative physiological ligands

Wang et al. (2006) screened for the ligands of GPR84 using transfected cells and chimeric
Ga proteins in a Ca%* mobilization assay and found MCFA of chain length C9-C14 to be the
most potent agonists. Chimeric G-proteins are hybrids of different types of Ga-proteins,
for example a Gog/Gaii chimeric protein can be activated via its Ga, portion but elicit Goyg
signalling, e.g. an increase in Ca%*. The MCFA decanoic acid (C10:0), undecanoic acid (C11:0)
and dodecanoic acid (C12:0) had the strongest effects. These results were further
confirmed by GTPys incorporation into the membrane upon stimulation, and inhibition of
forskolin-induced cAMP increases that could be reversed by pertussis toxin®6. These MCFA

occur naturally in coconut oil, palm kernel oil, dairy products and breast milk, and are
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thought not to be produced by the human body itself, with exception of the mammary
gland during lactation?’. Later on, Suzuki et al. (2013) claimed that hydroxylated MCFA (2-
hydroxy decanoic acid, 3-hydroxy decanoic acid, 2-hydroxy dodecanoic acid and 3-hydroxy
dodecanoic acid) were ligands based on GTPys incorporation into the membrane upon
stimulation and an IP assay. A study into the binding of hydroxylated dodecanoic acid
confirmed the binding of 2-hydroxy and 3-hydroxy dodecanoic acid to GPR84, and found 4-
hydroxy and 12-hydroxy dodecanoic acid to be ligands as well®’. The latter observation is
in contradiction with results obtained by Suzuki et al. (2013). Hydroxy-MCFA can be
components of LPS or occur when MCFA are hydroxylated as part of B-oxidation in
mitochondria**®®. Some hydroxy-MCFA might also occur as quorum sensing molecules
from bacterial strains. Schulze et al.(2022) examined 2-hydroxy-C10:0 in the cis and trans
enantiomer and concluded that the trans-enantiomer had a higher potency, while both
could activate the receptor (CAMP inhibition assay, EC50 2-cis-hydroxy decanoic acid 12
uM, EC50 2-trans-hydroxy decanoic acid 4 pM)®°. There is no consensus yet if MCFA are the
physiological ligands. This is due to the relatively low concentrations at which MCFA are
found in the blood of healthy humans, and the relatively high doses of MCFA required for
receptor activation and downstream effects®®1%, The feasibility of (dietary) MCFA as
physiological GPR84 ligands has been evaluated sceptically and thoroughly by Luscombe et
al. in 2020. Apart from the already mentioned doubts due to concentrations, a relatively
low affinity and efficacy of the receptor to these ligands are cited and a lack of
spatiotemporal overlap in presence of GPR84 and dietary MCFA°!, Most papers employ
alternative ligands, both natural and synthetic, to investigate GPR84 signalling and

function.

1.3.4 GPR84 ligands — synthetic ligands

There are only few other natural agonists documented for GPR84: embelin,
diindolylmethane (DIM) and a fatty acid produced by a marine bacterium. Embelin is a
metabolite originally isolated from the plant Embelia Ribes and used as a traditional
Chinese medicine. It was discovered as an efficacious ligand by Gaidarov et al. (2018) and
able to mediate both cellular signalling and cellular functions, as discussed in the sections
on GPR84 signalling and GPR84 expression and function®?. In short, embelin can both affect

cAMP signalling and B-arrestin recruitment®>192, Even though embelin is a natural ligand,
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its physiological occurrence in the human body seems unlikely. Diindolylmethane is a
brassica derivative and could hence occur in the body after ingestion and digestion of
different types of cabbage. The fatty acid produced by a marine bacterium contains a
cyclopropane ring and had no effect on cAMP signalling. It did lead to B-arrestin
recruitment 53- and 25-fold more potent than decanoic and dodecanoic acid, respectively,
and had 54% potency compared to embelin. The synthesis of cyclopropane containing
MCFA remains to be further elucidated and its occurrence in a wider population of bacteria
is unsure!®?, Synthetic ligands for GPR84 are numerous and consist of all different types of
ligands, including biased ligands. Structurally several of the natural and synthetic ligands
show an aliphatic carbon chain similar to MCFA, including ZQ16, embelin and 6-n-
octylaminouracil (6-OAU)®°2, Experiments on embelin, which consists of a hydrophilic
head group and the aforementioned carbon chain with a chain length of 11, explored the
importance of the carbon chain by testing alternative versions with different carbon chain
lengths. A U-shaped relationship between carbon chain length and receptor activation as
measured by cAMP inhibition was found. In other words, embelin variants with a very short
(<C6) or very long alkyl chain (C13-C15) showed the least activation, and alkyl chains of
medium length the highest (C7-C11). Embelin variants with extreme chain length (C3 and
C15) showed no detectable activity®2. In contrast to this finding, other ligands including DIM
and several antagonists are composed entirely of indole and benzene rings. These
differences might be explained by the binding pockets they bind to, but need further
elucidation”’. A variety of derivatives of DIM were also found to activate GPR84, with the
changes to molecular structure impacting the downstream activated signalling pathway°3.
1.3.5 G-protein signalling

GPR84 has been found to couple to Gaii proteins according to several studies. To start with,
Wang et al. (2006) found GPR84 mediated Ca?* mobilization in transfected CHO cells
occurred in presence of the chimeric G-protein Ggio but not in presence of Ggss indicating
the requirement for the Gai subpart.. In absence of chimeric proteins, agonists did not
induce Ca%* mobilization, indicating as well that it is not a Goq coupled receptor. MCFA-
GPR84 signalling inhibited a forskolin-induced cAMP increase, which could be abrogated by
pertussis toxin%. In a separate study, Gpr847- bone marrow derived macrophages (BMDM)

and biogel-elicited peritoneal macrophages showed significantly higher cAMP levels after
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forskolin treatment, both in absence and presence of LPS, than their WT counterparts,
showing that GPR84 signalling suppresses cAMP%4, In another set of experiments it was
examined if GPR84 could couple to Gaiz/13 proteins using chimeric G-proteins consisting of
a Gas protein hybdrized with either Gouz or Gais. HEK293 cells, an embryonic kidney cell
line, transfected with both GPR84 and either Gas-Gaiz or Gos-Gois and treated with
embelin, showed modest dose-dependant increases of cAMP. These increases were
potentiated by treatment of pertussis toxin, which silenced Goi-mediated inhibition of
cAMP. That the observed increase in cAMP was GPR84 mediated was confirmed by
repeating the experiment on parental HEK293 cells using the same chimeras. In this
instance, no cCAMP increase was observed?®?.

Interestingly, human monocyte derived macrophages (HMDM) showed dose-dependant
increases in cAMP upon agonist treatment in presence of either PGE; or HE-NECA, which
are Gs-protein coupled receptor agonists. This effect was abrogated by pertussis toxin,
indicating its dependance on Ga. signalling. Hence a crosstalk between Gas receptors and
GPR84 elicited Gai signalling seems likely to explain these results. To explore this further,
assays to investigate the downstream effectors of GPCR signalling were investigated.
Embelin was found to induce both Erk and Akt phosphorylation dose-dependantly in IFN-y
primed macrophages, and this process was pertussis toxin sensitive. In addition, using the
PI3K inhibitor wortmannin lead to inhibition of Akt phosphorylation. This indicates that the
PI3K/Akt pathway was activated by embelin in a Gai-dependant manner, probably by Gy
signalling which couples to PI3K. Even though the authors did not have a negative control
like GPR847 cells or a GPR84 specific antagonist, they corrobate this finding by
demonstrating that another GPR84 agonist had the same effect®2. Both agonists were
demonstrated previously to be highly specific for GPR84. A separate study conducted in
transfected CHO cells also found ERK signalling induced by GPR84 activation, using both
decanoic acid and hydroxydecanoic acid as ligands'®. In contrast to these findings, GPR84
was found to be able to signal through Gauis in macrophages and neutrophils in a more
recent study utilizing a GPR84 and GA15 knockdowns'%. In this study, GA15 knockdown led
to reduced ERK phosphorylation and Ca?* signalling in response to 6-OAU. In addition to G-
protein signalling, GPR84 has also been found to be able to activate the B-arrestin pathway.

This non-canonical signalling pathway leads to some overlapping functions with the

38



1 Introduction

canonical G-protein signalling. Some GPR84 ligands are able to activate both pathways,
whereas others are biased towards one pathway. Pillaiyar et al.(2017) studied the effects
of different diindolylmethane derivatives and found that while DIM potently activates both
pathways, several derivatives had a strong bias to either the canonical or non-canonical
pathway!%,

1.3.6 Regulation of GPR84 expression

It is important to note that GPR84 expression at a basal level is thought to be low, but
significantly upregulated in presence of various inflammatory stimuli, including pro-
inflammatory cytokines TNF-a, IL-13, IFNy, presence of viral or bacterial agents, or PAMPs
including LPS and zymosan'9%107.108 |t js not upregulated in response to IL-6 or PGE;'%’. The
upregulation in response to LPS was found to be partially TNF-a and IL-1 dependant, since
genetic ablation of these pro-inflammatory cytokines significantly reduced Gpr84
expression in a microglial model'®’. The variation in PAMPs and cytokines able to elicit
expression indicates that GPR84 expression is regulated by pro-inflammatory pathways
activated by TLRs. Previous promoter analysis and experiments utilizing NF-kB inhibitors
indicate a TNF-a — NFkB axis leading to GPR84 upregulation in murine 3T3-L1 adipocytes.
In this experiment, GPR84 expression could be induced by TNF-o, but was abrogated when
IkB, a NF-kB inhibitor, was administered!®. In a similar experiment, both TNF-o. and LPS
could upregulate GPR84 expression in a microglial cell line despite the presence of
dexamethasone, a glucocorticoid. Dexamethasone can disrupt NF-kB signalling by
abrogating the interaction of its p65 unit with interferon regulatory factor 3 (Irf3), which
affects roughly 50% of all NF-xB regulated genes'®’. Taken together, these findings indicate
a role for GPR84 as part of the inflammatory response.

1.3.7 Expression in tissues and cells

The first study aiming to characterize the receptor found it to be predominantly expressed
in immune cells, more specifically neutrophils, eosinophils, CD4+ T-Cells, CD8+ T-cells, B
cells, RAW264.7 cells, which is a murine cell line with similarities to macrophages, and
resident peritoneal macrophages. Mice ablated from the GPR84 gene did not show any
changes to the overal number and distribution of these different cell subtypes compared
to their wild type (WT) peers and ex vivo no difference in T- and B-cell proliferation in

response to stimulants was found'°. The expression of Gpr84 in different tissues was also

39



examined by Recio et al. in mice injected with LPS and sacrificed after either 2 or 8h. In
both time points, significantly higher Gpr84 expression was found in adipose tissue, bone
marrow, brain and lungs compared to mice injected with sterile salt solution. In addition,
after 8h expression in kidney and intestines was significantly higher, too. The strongest
upregulation was found in bone marrow, hence indicating a strong increase in expression
of Gpr84 on myeloid cells!®. This is in concordance with the previous finding by
Venkataraman et al. (2005) that GPR84 is expressed on neutrophils, eosinophils and
macrophages'*?. Also, an experiment with THP-1 cells, which are a human transformed cell
line thought to mimic monocytes and macrophages, showed a stronger elevation of GPR84
expression in response to LPS in adherent, differentiated THP-1 cells than in non-adherent
THP-1 cells. This indicates expression in both monocytes and macrophages, albeit higher in
adherent macrophages than monocytes!?’. In addition, GPR84 expression in brain and fat
tissue was confirmed later by separate studies. Microglia, which are a subtype of
macrophages present exclusively in the brain, exhibited upregulated Gpr84 expression in
both LPS-treated mice and an experimental autoimmune encephalomyelitis (EAE)
model??’, Nagasaki et al. (2012) showed the expression of Gpr84 in response to
inflammatory stimuli in 3T3-L1 cells, a murine adipocytic cell line!®. In a mouse model of
lung injury, Gpr84 was significantly upregulated in alveolar macrophages, specifically in a
subpopulation found to secrete increased amounts of pro-inflammatory cytokines and
have enhanced phagocytic ability*'. Another study found GPR84 to be present in the
epithelial lining of the oesophageal mucosa in reflux esophagitis in an animal model and in
patient tissues''2. Further studies indicate a role of GPR84 in pain, in brain-related diseases,
in kidney injury and fibrosis, in skeletal muscle and in the adipose tissue?!00,104107,109,113,114
Upregulation of GPR84 expression is also often found in infectious diseases or infection
models, including patients suffering from COVID-1911>116, sepsis32117, Brucella infection of
a murine cell line'%, treatment of whole blood with superantigens. In a study of cancer and
immunotherapy, GPR84 expression was found to be increased in several types of cancer
tissue compared to normal tissue, its expression correlated with the expression of
inflammatory genes in these tissues!!®. At least two studies identified GPR84 to be part of
gene classifiers for sepsis3¥''’, one study found it as part of a gene identifier for

119

Alzheimer’s'!® and another study found that GPR84 is part of a prognostic gene classifier

indicating worse outcome and higher immune activation in glioblastoma??°, Despite GPR84
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expression being widespread, it seems to be consistently associated with inflammation.
One exemption is the increased presence of GPR84 in the epithelial cells of the gastric
mucosa in breastfed mouse pups that disappears upon weaning; in this context GPR84
expression appears to be diet-dependant!??,

1.3.8 Functions of GPR84 - Cytokine and chemokine secretion

GPR84 affects cytokine and chemokine secretion upon activation as indicated by a variety
of mostly in vitro experiments. The first to research this was Venkatamaran et al. (2005)
who extracted T cells from WT and Gpr847/-mice and stimulated them ex vivo with
lipopolysaccharide (LPS) or antibodies leading to an increase in IL-4 secreted from Gpr84 -
/T cells, but no differences in IFN-y, IL-2 secretion or NFAT, STAT6 or NFkB as detected by
ELISA and western blot, respectively!'®. This indicates a very limited role of GPR84 in
inflammatory immunoregulation of the adaptive arm by regulation of IL-4 secretion.
GPR84’s role in immunoregulation appears to be more prevalent in the innate arm of
immunity. It is important to note that inflammatory stimulation is required and will alter
the outcome of GPR84 activation. In vitro experiments utiliziing PMNs and U937
macrophages showed that in presence of LPS, GPR84 ligands mediated significantly
increased IL-8 (PMNs), a chemokine that attracts neutrophils, or TNF-a. production (U937),
as measured by ELISA. The same experiments without LPS showed significantly less
production of cytokines. As a control the experiment was repeated using a siRNA knock-
down technique which decreased GPR84 expression by 90% in U937 cells; these siRNA
treated cells showed significantly less production of TNF-a in presence of ligand compared
to control cells. There was no significant difference in TNF-a production between control
and knock-down cells in absence of ligand. It can thus be concluded that ligand-GPR84
signalling enhances LPS induced TNF-a. secretion of these cells?2. Miiller et al. (2017) also
investigated the modulation of TNF-« expression by GPR84. To start with, they confirmed
the significant increase of GPR84 on the cell surface 24 and 48 hours after LPS stimulation
in a glycoproteomic analysis of both THP-1 cells and monocytes obtained from healthy
volunteer blood. Furthermore, they added MCFA to monocytes and THP-1 cells in presence
and absence of a pre-stimulation with LPS and a second addition of it. When adding a high
dose of MCFA to pre-stimulated monocytes this significantly increased TNF-a expression,

both in presence and absence of a second dose of LPS. In absence of MCFA pre-stimulated
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monocytes and THP-1 cells’ TNF-a expression in response to LPS was significantly lower
than in cells which had not been stimulated before. Unfortunately, no control was included
in which GPR84 signalling would be inhibited or ablated, and hence it cannot be concluded
for sure that the effect was mediated by GPR84. The authors describe this experiment as a
model for endotoxin tolerance in monocytes!?3, Other cytokines have been found to be
altered by GPR84 signalling as well. After stimulation with LPS and treatment with MCFA,
RAW?264.7 cells, a murine macrophage cell line, secrete IL12p40 in a MCFA dose-
dependant manner®. A gene expression microarray performed on murine Gpr84”7- and WT
peritoneal macrophages stimulated with LPS showed significantly higher expression of Tnf-
a, 1I-6, chemokine (C-C motif) ligand 2 (Ccl2), Ccl3 and nitric oxidase 2(Nos2) in wild type
macrophages. Even though not significant, after induction with LPS expression of
prostaglandin synthase E2 (Ptges2) and //12b was 1.5 times higher in WT cells, and
expression of //10 was 1.5 times lower!%*, In the murine cell line MH-S, DIM stimulation of
LPS-treated cells led to significantly higher expression levels of several inflammation and
chemotaxis related genes, including 116, 1112b, and Cxcl2. Similar results were found in
murine BMDMs: stimulation of WT BMDMs with 6-OAU and LPS led to significantly higher
expression of Tnf-a, 116, Ccl2, 1112b, Ccl5, Cxcl1 and Fcy receptor 1(Fcyrl) compared to
vehicle. This effect was not observed in Gpr84 7~ cells. These results were confirmed on a
protein level for TNF-a, IL6 and CCL2 by ELISA. In a separate study, peritoneal exudates of
Gpr847- and WT mice were challenged with LPS, WT immune cells secreted significantly
more IL6, CXCL1, CXCL2 and neutrophil gelatinase associated lipocalin (NGAL)®2. In contrast,
experiments on LPS-stimulated primary murine microglia in cell culture found several pro-
inflammatory cytokines, including 1I-6, Tnf-¢, II-1 and Cxcl1, to be unaffected or even
significantly decreased when GPR84 ligands were added. Addition of agonist also lead to
less translocation of p65 into the nucleus, hence indicating that NF-kB signalling was
decreased by GPR84 signalling in microglia’'3. This difference between microglia and
macrophages might be due to cell-specific functions. The cytokine and chemokine profile
indicates an important role for GPR84 in the onset of inflammation including in the
chemotaxis of cells and the secretion of inflammatory cytokines by monocytes,

macrophages and neutrophils.
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1.3.9 Chemotaxis

Suzuki et al. (2013) found GPR84 expression to be high in human polymorphonuclear cells
(PMN), in other words neutrophils, eosinophils and basophils, and macrophages. They
hypothesized that GPR84 would have a chemotactic function in these cells and confirmed
this using in vitro transwell migration assays and in vivo using the rat air pouch model. In
the transwell migration assay PMN prepared from human blood, Chinese hamster ovary
cells (CHO) transfected with GPR84 and differentiated U937 cells, a macrophage-like cell
line, exhibited migration towards both a synthetic ligand for GPR84 and MCFA (2-OH-C12:0,
3-OH-C12:0). CHO cells without the GPR84 insert did not show any migration. When
inoculating the synthetic ligand into an air pouch in the skin of a rat, PMNs and
macrophages showed significantly increased numbers in the pouch after 4 hours compared
to a pouch inoculated with vehicle. Furthermore, injection of the synthetic ligand into the
jugular vein increased chemokine (C-X-C motif) ligand 1(Cxcl1) expression, the rodent
homologue to IL-8, but no increased expression of various tested pro- and anti-
inflammatory cytokines. It is important to note that both migration and all animal
experiments were conducted in absence of an inflammatory stimulus'??. Chemotaxis of
neutrophils in response to a natural ligand (embelin) was also demonstrated by Gaidarov
et al (2018) in a transwell migration assay®? and by Sundqvist et al. to a synthetic GPR84
ligand (ZQ16)%°. Puengel et al. examined migration of human neutrophils, murine
neutrophils and murine monocytes in response to embelin and MCFA and found significant
chemotactic activity of all cells in response to embelin, and of human neutrophils to
MCFA®*, In contrast to these findings no increased migration of monocytes or
macrophages to nerve injury occurred in WT mice compared to Gpr847- mice!%,

1.3.10 Phagocytosis

Phagocytosis is an effector function which is important in the eradication of pathogenic
microorganisms. Phagocytosis of fluorescent bacteria by BMDMs was increased in
presence of 6-OAU in wild type cells, but not in Gpr847 cells®. Also, transfection of RAW
264.7 cells to overexpress zebrafish GPR84 lead to significantly increased phagocytosis of

fluorescent bacterial?.
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1.3.11 Granule secretion

Another important effector function is the release of ROS and enzymes from granules,
especially in neutrophils. Sundqvist et al. researched this using human blood-derived
neutrophils and the synthetic GPR84 ligand ZQ16. They found a minor though significant
effect of ZQ16 on granule mobilization in unstimulated cells. TNF-o. primed neutrophils
secreted significantly more ROS than naive neutrophils when treated with ZQ16 or the
positive control. Mediation of this effect through GPR84 was confirmed by demonstrating
the inhibition of ROS secretion when adding a GPR84 antagonist, which had no effect on
the positive control®. Another study on human blood derived neutrophils also found ROS
production in response to ZQ16 and, albeit weaker, another synthetic ligand. This study
found that both the canonical, G-protein coupled, and the non-canonical B-arrestin
mediated pathway could lead to ROS production mediated by GPR84 in neutrophils!?6. A
similar experiment in human primary neutrophils showed no ROS secretion in response to
GPR84 agonist embelin alone, but addition of embelin and known inducers of ROS lead to
enhanced ROS secretion compared to ROS induction without embelin®2. Peters et al. also
found ROS release in inflammatory THP-1 cells in response to decanoic acid and
hydroxylated decanoic acid, confirmed to be GPR84-mediated using a knockdown. In
response to the same ligands, peripheral mononuclear cells showed increased NET

formation as evidenced by loss of nuclei and staining of DNA outside of cells.

1.3.12 Pre-clinical studies on GPR84 antagonism as remedy for inflammation and fibrosis

The antagonistic inhibition of GPR84 has been explored in various studies as a mean to
reduce fibrosis and/or inflammation and alleviate their consequences. Fibrosis is the
scarring of inflamed or damaged tissue when extracellular tissue accumulates leading to
stiffening and thickening of the tissue'!4. Fibrosis can occur as a result of different
inflammatory or metabolic diseases and commonly impacts the functioning of the affected
tissue. In a heart failure rat model, rats were treated with PBI-4050, a synthetic antagonist
that has been shown to inhibit GPR84 activity and its expression'?’. This led to improved
heart function and a reduction in restrictive respiratory lung syndrome and lung scarring
compared to vehicle treated controls. The same compound, PBI-4050, has also been tested
in murine fibrosis and found to alleviate fibrosis in several different murine fibrosis models,

including chronic kidney disease models, liver injury, pulmonary fibrosis''#128, The
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causative effect of GPR84 on fibrosis was confirmed using KO mice, since wild type mice
showed more severe fibrosis than KO mice in the fibrosis model. That the alleviation of
fibrosis by the antagonist was mediated via GPR84 was also confirmed using KO mice, since
fibrosis was not alleviated by the antagonist in the KO mice. In some fibrosis models though
a different receptor, GPR40, was found to play a role as well. Both GPR40 and GPR84 can
bind PBI-4050. A study with a similar antagonist, PBI-4547, investigated the effect of this
antagonist on metabolic disruptions and non-alcoholic fatty liver disease (NAFLD)%°. In this
study, mice were fed a high-fat-diet in a placebo and an antagonist treated group. Mice
treated with the antagonist had better insulin sensitivity, lower body fat and lower fasting
glucose levels than controls on the same diet. In addition, the treated mice exhibited few
indicators of NAFLD, including significantly reduced steatosis in the liver and reduced liver
triglyceride levels. Since PBI-4547 can bind other receptors apart from GPR84, Gpr847- mice
were used to establish if the effects were mediated by GPR84. PBI-4547 had no effect in
KO mice compared to vehicle treated KO mice. Another study into NAFLD used yet two
other antagonists, CpdB and CpdA®?*. In their fibrosis mouse model, fibrosis was also
ameliorated by their GPR84 antagonists, similarly to the other study. Antagonist treated
mice had significantly less infiltration of monocytes and neutrophils into their livers upon
induced injury and when initiating NAFLD using a diet model. In addition, histologically, less
ballooning and less fibrosis was present in antagonist treated mice. In this study no knock-
out was used as negative control, however specificity of the ligand to GPR84 was examined
and confirmed. Further studies investigated the use of antagonists to treat colitis. A later
study sought to identify the applicability of an antagonist on inflammatory bowel
disease®®. The compound under study proceeded to phase Il trials after successfully
reducing neutrophil infiltration and inflammation scores in IBD mouse models. In phase |l
trials in humans the antagonist did not reach the desired efficacy, however it is currently
being tested in phase Il trials for idiopathic pulmonary fibrosis'3l. In a separate study,
Gpr847- mice developed significantly less severe colitis in a dextran sulphite sodium (DSS)
model than their WT controls!32, When treating WT mice with an antagonist in the same
DSS colitis model, inflammation and severity were significantly lower than in vehicle
treated mice. The severity was determined by weight loss, immune cell infiltration and

mucosal damage, all of which were less severe in both KO and antagonist-treated mice.
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To sum up the findings on GPR84’s role in immune function, there are strong indications
that it is a chemotactic, pro-inflammatory receptor that only exerts its function in

inflammation primed cells.
1.4 “Omics” and other high throughput approaches to decipher biological activity

1.4.1 Transcriptomics as window into cellular activity and regulation

There are several molecular systems entities one can analyse to understand the biology of
the body better: the genome, the transcriptome, the proteome and the lipidome. While
the body’s genetic code is relatively stable, the transcriptome, proteome and lipidome are
acutely dynamical systems, that are under stringent control, responding to different
physiological and cell specific situations. Great advances have been made in the analysis of
these different “-omics” and “multi-omics” are popular as comprehensive approaches to
analysing cellular and tissue-specific activity.

In transcriptomics, all mRNA transcripts are quantified using methods such as microarrays
or RNAseq technologies. Analysing the mRNAs present will provide a snapshot of a cell’s or
tissues’ transcriptional activity. In addition to this untargeted approach, a targeted
approach to analyse a fraction of the transcriptome is possible by utilizing qPCR for target
genes only. By comparing the transcriptome of, for example, sepsis patients with non-
sepsis controls, the gene expression significantly altered in sepsis can be revealed. The gene
expression is an indication but not proof of the presence of proteins and hence provides a
prediction of cellular activities at play. Gene expression is tightly regulated on several
levels. First of all, transcriptional regulation by transcription factors will activate or repress
the transcription of genes in a context-specific manner, secondly microRNA can inhibit gene
translation on a post-transcriptional level as microRNA can capture or alter mRNA
decreasing or abolishing its function. Thirdly, on a post-translational level proteins are
inactivated or activated by post-translational modification or broken down at differing
rates, and these rates and modifications depend on the physiological situation, e.g. post-
translational modifications to a protein can alter its stability. Thus, quantity of mRNA
transcripts of a gene is not strictly proportionate to presence of protein and in fact no direct
indication of protein activity. Nevertheless, transcriptomic studies in combination with
statistical analyses can yield important insights into cellular and physiological processes and

further our understanding of complex processes.
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1.4.2 Bigdata

The availability of publicly available transcriptomic data in the 21st century in science is a
proud example of collaboration within the scientific community. Many transcriptomic
datasets are shared online either as raw or processed datasets or as part of curated
databases. These datasets and other datasets generated from high-throughput studies
enable researchers to address diverse questions without entering the lab. By combining
several datasets or approaches, very powerful analyses are possible. This however requires
both technical know-how and computing power. However, the collaboration within big
data analysis does not only consist in the sharing of data, but also in the making available
and freely sharing of tools. Many research groups and institutions generate and provide
sophisticated tools that make complex analyses possible without requiring programming
knowledge or -power from the individual researcher using their tools. Instead, curated
databases can be queried using online interfaces or free-to-use software packages, and

valuable hypothesis generating insights are only the click of a mouse away.

1.4.3 Transcriptional regulation of gene expression

The regulation of gene expression by transcription factors is an important regulatory
mechanism that allows our body to tailor the function of its cells to their specific context.
Transcription factors (TFs) can activate, enhance or repress the transcription of genes and
thereby regulate the presence of proteins that exert their function within the cell. They are
defined as proteins able to bind to DNA in a sequence-specific manner that regulate gene
expression. They do so both in a tissue-specific way, as about 1/3 of all transcription factors
are expressed tissue-specific, and in response to stimuli'33. For example, in inflammation
transcription factors will be activated downstream of inflammatory signalling cascades; and
these transcription factors will initiate the transcription of genes required for the
inflammatory response. This leads to the production of cytokines, chemokines, and other
mediators, the priming of immune cells for their effector functions and is required for the
onset of resolution as well. Since some transcription factors are only present in certain cell
types, different cell types will partially express different genes and hence exert different
functions. TFs initiate transcription by binding to their binding site in the promoter region
of a gene, which is a stretch of DNA upstream of and very close to the transcription site of
the gene. In addition, transcription factors binding to so-called enhancers or silencers
regulate transcription by facilitating or disabling, respectively, access of transcription
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factors to the promoter and of the RNA polymerase to the DNA, e.g., by moving or
disassociating histones from the chromatin and hence opening up the chromatin. While in
simpler organisms genes tend to be regulated by singular TFs binding to longer stretches
of DNA, in eukaryotes with big genomes genes are usually regulated by several
transcription factors in cooperation that each bind to relatively short stretches of DNA34,
The cooperation of transcription factors can occur as direct protein-protein interaction
where dimerization of TFs (or assembly of even more than two) is necessary for binding to
the DNA, or as indirect protein-protein interaction where the binding of several
transcription factors to DNA is necessary to open up the chromatin by moving or removal
from the histone. The latter is called collaborative competition or indirect co-operativity
and often requires the TF binding sites (TFBS) to be close. An interesting example of this is
the occurrence of repeated TFBS for the same TF close to transcription initiation site, also
called homotypic clusters. TFs can however also collaborate when further apart, when
binding of one TFs leads to conformational changes of the DNA making a distant stretch of

DNA accessible to other transcription factors®>.

1.4.4 Analysis of transcriptional regulation

There are several ways to analyse transcriptional regulation of genes in the laboratory and
in silico tools are based on insights and data gained from these experiments. Typically
experiments either examine chromatin openness and mechanism relating to it, or the
binding and actions of transcription factors themselves. The majority of data online stems
from Chip experiments. In Chip experiments, DNA-binding proteins are crosslinked with the
DNA and precipitated using antibodies. The genomic locations attached to precipitated TF-
antibody complexes will be analysed using either sequencing (ChipSeq), qPCR (Chip-qPCR),
microarray (Chip-Chip), or sequencing after exonuclease treatment (Chip-exo)**3. Chip
experiments allow for identification of genomic locations specific TF bind to and are high-
throughput approaches. Transcription factors can also be analysed in vitro and in vivo using
genetic mutation of model organisms or cell lines, for example KO models, knock-in or
overexpression of transcription factors followed by transcriptomic analysis of gene
expression. This approach will show which genes are regulated by one transcription factor.
An example of experimental examination of the openness of chromatin is the mouse atlas
of cis-regulatory genes that was established by combining RNAseq for transcriptomics and

136

ATAC-seq for chromatin accessibility on mouse tissues!*®. ATAC-seq relies on the
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preferential binding of a transposase (enzyme) to open chromatin, which fragments the
DNA upon binding. The released DNA fragments will be sequenced allowing the
identification of open chromatin regions. The analysis of this data and subsequent
validation by Chipseq, allowed the study authors to establish relationships between
transcription factors and their expression, open chromatin regions and TFBS therein, and
cell types. The data is available to browse via a web-interface that allows for the search of
individual genes for their tissue-specific expression, open chromatin regions associated
with the gene and predicted transcription factors based on TFBS in these open chromatin
regions'?’.

1.4.5 Measurements of metabolites using LC-MS/MS techniques

As part of this work, metabolites will be measured using LC-MS/MS, liquid chromatography
— tandem mass spectrometry. In the following | will introduce how chromatography and
spectrometry work with a focus on the specific techniques used in this thesis.
Chromatography and spectrometry are distinct techniques that were developed
separately; and are now often used coupled, as this enhances detection sensitivity. See

Figure 9 for the depiction of a LC-MS/MS machine.

1.4.6 Liquid chromatography

In liquid chromatography, components in the sample are separated based on their physical
and chemical properties. The sample will be injected onto the column and the column will
be flushed with a liquid phase*3(Figure 9 C, left side). Sample components will adhere to
the column and be released into the liquid phase based on their affinity to liquid phase and
column. In order to release all components of interest, the composition of the liquid phase
will be altered throughout the run. As a result, the components will release from the
column at different times. There are different types of physical properties that can be used
for separation, e.g., hydrophobicity or charge of the component. For example, if a column
is coated with a hydrophobic compound, and the liquid phase is hydrophilic, hydrophobic
compounds will have stronger affinity to the column than hydrophilic compounds that
might not or barely adhere to the column. The hydrophobic compounds will be slowed
down by their adherence to the column, while hydrophilic compounds will travel faster
through the column. Hence, hydrophilic compounds will release earlier from the column

than hydrophobic compounds. In order to facilitate release of the hydrophobic compounds
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as well, the liquid phase will be adjusted to contain higher amounts of solvents that the
hydrophobic compounds are soluble in. The type of columns and liquid phases will be
chosen based on the type of compounds to be quantified. The liquid chromatography
mechanism is illustrated in Figure 9. To quantify the chosen lipids, a column coated in
apolar, hydrophobe C18:0 (stearic acid) was chosen. Hydrophobicity of lipids typically
increases with the molecule size, e.g., the chain length of the fatty acids. In other words,
smaller fatty acids are rather hydrophilic due to the short chain length and the acid group,
and hence have a stronger affinity towards a hydrophilic liquid phase rather than the
hydrophobic column coating. Bigger lipids have a stronger affinity to the column than to a
hydrophilic liquid phase. By flushing with acidified water first, hydrophilic lipids are
released in the beginning of the run. Increasing the percentage of an organic solvent,
methanol in this method, enables the release of hydrophobic lipids over time. The time at
which the compound is released from the column is called the retention time; since the
retention time is specific to the compound within the method and can be used as part for
the identification of compounds. Previously, liquid chromatography has been used by itself
by connecting a detector behind the column. This approach would result in a
chromatogram with peaks of detection signal intensity for every component and the time
of release on the x-axis. Coupling liquid chromatography instead with mass spectrometry
greatly improves the sensitivity of detection and the ability to distinguish and identify

components.

1.4.7 Mass spectrometry

In mass spectrometry, compounds will be sensitively detected based on their mass to
charge ratio, i.e., the mass of a compound in relation to its charge will be used to identify
it. In addition, the amount of every compound can be sensitively calculated based on the
measurements. Consequently, known compounds can be quantified precisely based on
their molecular mass. Importantly, the mass spectrometer can only detect ions, in other
words charged compounds. The ionization of the sample compounds is hence the first step
that prepares the compounds for measurement. In addition, the ions have to be present in
gas-phase. When the mass spectrometer is coupled to a liquid chromatographer, the liquid
portion of the effluent need to be evaporated to release the ionized compounds of interest
into gas-phase before measurement. Commonly in LC-MS, including this approach, electro
spray ionization is used. Electrospray ionization turns the liquid sample gaseous and ionizes
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it simultaneously (Figure 9 C, right side). Eluate off the liquid chromatography machine is
released in small amounts off the capillary into a chamber, called the source (Figure 9 A,
right side of Figure 10 C). The stark voltage difference between the capillary and the walls
of the source lead to an electrostatic field that turns the injected liquid into a fine mist of
charged droplets. In positive ion mode, electrochemically generated cations migrate away
from the positively charged capillary, while in negative ion mode the charges are reversed
and anions migrate away from a negatively charged capillary. The ion mode will be chosen
based on the compounds to be measured and their preference to lose or accept electrons.
In other words, a compound unlikely to accept electrons is hard to detect in negative ion
mode since it will not accept the negative charge and hence also not migrate through the
chamber. The liquid in the droplets evaporates as the droplets pass through the chamber,
in this machine under influence of both high temperature and nitrogen gas, releasing the
ions into gas phase. The released ions will be detected by the detection system of the mass
spectrometer; in this approach a linear ion trap quadrupole is employed. Every component
will be detected with a specific mass to charge value. A component with two charges would
for example have a m/z value corresponding to half its mass. Since in this approach all
components measured only receive a singular charge, this does not require further
consideration. In addition, tandem mass-spectrometry allows for further identification of
the components. In tandem MS or MS/MS, the detected component is fragmented after
initial measurement and the fragments or “daughter ions” are measured as well. Since the
fragments a molecule breaks into are specific to the molecule, this adds certainty to the
identification of the molecule. For an overview of the steps in LC-MS/MS, see Figure 9 B.
To summarize, the MS-component of the system determines the mass and quantity of
every component and its fragments, and the results are computationally combined with

the results from the liquid chromatography.
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1 Introduction

Figure 9 Overview of a liquid-chromatography-mass spectrometer. A) Photograph of the LC-
MS machine used in this study, and a schematic representation of a LC-MS system.
(attribution: Cwszot | Daguil929 | CasJu | YassineMrabet, CCO, via Wikimedia Commons)
B) Flow diagram of the steps involved in quantification of components, and the machine
parts and software required to execute these. C) shows the mechanism of liquid
chromatography (left side) and the electro spray ionization (middle figure, attribution:
Andreas Dahlin, CC BY 2.0 <https://creativecommons.org/licenses/by/2.0>, via Wikimedia

Commons) and the machine part in which the electro spray ionization is carried out.
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The described technical set-up of lipid analysis allows for different analysis approaches with
different aims and outcomes. First off, the machine can be set up for targeted and
untargeted analysis. In targeted analysis, the user defines which compounds they want to
potentially detect and knows their retention times and m/z values. The machine will be
programmed to only quantify compounds corresponding to the defined list of compounds,
which leads to greater sensitivity of the results. Untargeted analysis, in contrast, will
quantify all compounds with all retention times and all m/z ratios the machine is able to
detect. This can lead to the identification of new compounds, but especially when analysing
complex samples can lead to the presence of many peaks that may overlap. In this analysis,
a targeted approach was chosen to focus only on lipids of interest. This means that lipids
will be identified due to their retention time in combination with both their derivatized

mass and the mass of the fragment.
1.5 Rationale

Sepsis still is and is increasingly a major cause of death all around the globe, with a heavy
burden on the neonatal population. Gaps in our knowledge of the underlying complex
mechanisms is hampering the progress in diagnosis and treatment urgently needed. To
address these gaps requires a scientific approach that connects systematic changes with
cellular signalling mechanisms and that bridges the domains of metabolism and immunity.
An important player in cellular signalling is G-protein coupled receptors (GPCRs) that
transmit signals from the surface to the inside of the cell and can regulate several
processes. Two GPCRs have been shown to be significantly upregulated in neonatal sepsis,
GPR43 and GPR84, and act as integral members of a gene signature that accurately predicts
sepsis. Whereas GPR43 is well-researched and known to bind SCFA originating from the
microbiota, GPR84 and its ligands and downstream effects still require further elucidation.
GPR43 is an immunomodulatory GPCR upregulated in response to inflammatory stimuli, it
dampens the immune response, is chemotactic and is present on neutrophils and T-cells.
GPR84 is also upregulated in response to inflammatory stimuli, e.g., LPS, and thought to be
pro-inflammatory and chemotactic and has MCFAs as putative, though disputed, ligands. It
is expressed by a variety of cells, especially by myeloid cells. Here, | hypothesize that MCFA-
GPR84 signalling axis is a key player in the regulation of the sepsis immune response. To

shed light on the possible role of this axis in sepsis | will investigate its ligands, where and
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how GPR84 is expressed, and the possible source of MCFAs for downstream GPR84
signalling in an inflammatory context.

While MCFAs have been proposed as ligands for GPR84 and are present in the human body
their concentrations in healthy volunteers have been consistently measured lower than
concentrations necessary to activate GPR84. To date the measurement of MCFAs in the
context of an inflammatory disease has not been reported. This raises a key unanswered
guestion of whether MCFAs are altered systemically in sepsis. To investigate this central
question, | will establish a protocol for reliable extraction and quantitative measurement
by LC-MS of MCFA from whole blood. This protocol will be used to measure MCFA in
healthy controls and septic neonates and adults.

In addition, this protocol will be used to inquire into potential local production of MCFA in
inflammation. To date the cellular synthesis of MCFAs in mammals is known to occur in
mammary gland epithelial cells and only during lactation. The enzyme responsible for
generating MCFAs in mammals is OLAH and is thought to be restricted in its expression to
lactating mammary tissue. It is not known whether immune cells have the capacity for
regulating OLAH and producing MCFAs. Hence, | will perform further in silico investigations
into the transcriptional regulation of OLAH and in which contexts and on what cells it is
expressed, followed by the culturing of a selection of cells to measure MCFA production in
the supernatant.

The last and very important question raised in the context of testing my hypothesis aims at
better understanding the regulatory network governing expression of GPR84 in sepsis.
Understanding the transcriptional regulation will provide insights into the cell-specific and
context specific expression. These investigations will be based on in silico analyses of
available data sources.

All in all, the outlined approach will give important insights into the GPR84 signalling axis

from ligand generation and regulation to key immune cell targets in the context of sepsis.
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2 Materials and methods

All centrifugation steps were performed in a microcentrifuge or benchtop centrifuge from
Thermo Fisher Scientific (Thermo Fisher Scientific, Waltham, Massachusetts, United

States).
2.1 Optimization of a method for reliable lipid detection from blood samples

2.1.1 Materials

All lipids were bought at highest purity grade possible from Sigma-Aldrich (St. Louis,
Missouri, United States). All solvents purchased were HPLC grade and purchased from
Fisher Scientific (Waltham, Massachusetts, United States). Derivatisation reagents were
purchased from Fluorochem (Hadfield, United Kingdom) (3-nitrophenylhydrazine (3-NPH))
and Sigma Aldrich (3-NPH, N-Ethyl-N'-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC) and pyridine). For the quenching reaction, mercaptoethanol, succinic acid and formic

acid were purchased (Sigma Aldrich, St. Louis, Missouri, United States).

2.1.2 LC-MS/MS conditions

All samples were run on a LC/MS system consisting of a Nexera XR LC-20AD XR (Shimadzu,
Kyoto, Japan) liquid chromatograph coupled to a SCIEX 4000 QTRAP LC MS/MS system
(Shimadzu, Kyoto, Japan) with Turbo Spray ESI.

Declustering potential, collision energy and CX were determined by tuning compounds on
the MS. Derivatized 25 uM stock solutions of every fatty acid were injected onto column
using a syringe. The autotune option of the SCIEX analyst software (AB Sciex, Danaher,
Washington D.C., U.S.A) automatically tuned and determined the optimal settings.
Software

Peak area calculation by integration of peaks, calculation of amounts on column after
calibration curve integration and lipid/IS ratios were performed by MultiQuant software
(Sciex, Danaher, Washington D.C., U.S.A). Statistical analysis and visualization of all results
was performed in Excel 2016 (Windows Office, Redmond, Washington, U.S.A) and
GraphPad Prism version 8.4.3 for Windows (GraphPad Software, San Diego, California USA).

2.1.3 Derivatization optimization
The derivatisation reaction as previously described by Han et al.'*® was conducted to find

optimal reaction conditions. In short, a mix of primary MCFA standards was prepared in
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75% acetonitrile and 75% methanol. The mix was derivatized by addition of 200 mM 3-
NPH solution and 120 mM EDC- 6% pyridine solution in either 50% acetonitrile or 50%
methanol in a 2:1:1 ratio, and subsequent incubation for either 0.5, 1, 2 or 3h in a
waterbath at 40°C. The reaction was stopped by incubation for 1 minute on ice. The
reaction mixture was then filled up to 2ml with respectively 75% acetonitrile or 75%
methanol and frozen at -20 °C for measurement the next day. On day of measurement
samples were defrosted and centrifuged (10 min at 18 000 g) and supernatant was
transferred to clean HPLC vials. All samples were measured by LC-MS/MS.

Calibration curves were made by generating a mix of primary standards at the highest
concentration and dilution with solvent to the lower concentrations required. All dilutions
were derivatized as described and measured by LC/MS in ascending order.

Effect and necessity for derivatisation of pyridine was established by derivatisation of a
lipid mix with 3-NPH and EDC in the presence and absence of pyridine and subsequent
measurement by LC-MS/MS.

The quenching method was chosen by derivatisation of an internal standard mix and
subsequently using different quenching methods. The quenching methods constituted in
addition of one or a combination of chemicals: 120mM mercaptoethanol solution diluted
1:1 with 75% MeOH, 120mM mercaptoethanol solution and 1M succinic acid solution, 1M
succinic acid solution diluted 1:1 with 75% MeOH, 0.5% formic acid solution in 75% MeOH,
and subsequent incubation for 30 minutes at 40°C in a waterbath. Levels of primary lipids
and internal standards measured by LC/MS were compared among methods to determine
reduction in derivatisation of contaminants and the effect of quenching on derivatized
lipids.

2.1.4 Detection limits on the machine

To determine detection limits on the LC-MS/MS machine, calibration curves of internal
standards were generated spanning a range of concentrations equalling 0.25 pg till 3 to
5000 pg of deuterated lipid injected onto column during measurement by LC-MS.
Calibration curve samples were derivatized as described previously and measured by LC-

MS/MS in ascending order of concentration.
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2.1.5 Extraction from blood in PAXgene buffer

BloodPAX samples were obtained from a healthy volunteer under the ethics SMREC 16/04.
Extraction methods were tested by addition of IS mix to a bloodPAX sample or a PBS in PAX
sample. For the biphasic layer method, internal standard mix in 75% acetonitrile, 10l 0.5%
formic acid and 200ul ethyl acetate were subsequently added to 50ul sample. The sample
was first vortexed for 10 minutes at 4°C, then centrifuged for 10 minutes at 18 000 g at 4°C.
The top layer was transferred to a glass vial, evaporated in a SpeedyVac and re-suspended
in 40ul acetonitrile. This suspension was derivatized and quenched with the above-
described method and lipids were measured by LC-MS. For the protein crash method,
internal standard mix and 450 ul of ethanol were added subsequently to the sample,
followed by the same processing steps as described for the biphasic layer extraction from
mixing by vortex till measurement on the machine. For the Bligh Dyer method, the

previously published and commonly used protocol was followed!4°.

2.1.6  Whole blood extraction

Whole blood samples with EDTA were obtained from a healthy volunteer under the ethics
code SMREC 16/04. All extraction methods tested were amended with 10 second of mixing
by vortex after addition of solvents and internal standards mix and sonication in a sonicator
on iced water for 1 minute. The biphasic layer extraction was performed as described above
and in a modified version in which evaporation in the SpeedyVac was replaced by
evaporation using a N;-blower. The protein crash method was modified so that after
addition of internal standard mix and 200 pl of methanol, samples were sonicated as
described above, mixed by vortex and subjected to centrifugation as previously, and 100 pl
of the top layer was transferred for derivatisation without prior evaporation and re-
suspension.

An internal standard mix was prepared based on previous recorded measurements as
detailed by the human metabolome database!*! and used for the following blood to MeOH
ratio experiment. The constellation of the internal standards mix is recorded in Table 3. A
pooled blood sample of neonatal sepsis cases and healthy controls (n=22) was used. The
MeOH to blood sample ratio was optimized by extracting blood samples in differing sample
to MeOH ratio’s with addition of the same amount of internal standards using the
previously established protein crash method. The ratio’s used were 10ul sample to 240 ul
MeOH, 20 ul sample in 230 ul MeOH, 30 pul sample in 220 pl MeOH, 40 pl sample in 210 ul
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MeOH and 50 pl sample in 200 pl MeOH. Extractions were done with 5 replicates and 5
blanks were extracted, in which 250 pl pure MeOH were extracted. 10 ul of IS mix was
added to all samples. The calculated lipid concentrations resulting from this experiment
were used to validate the internal standard concentrations in the previously prepared

internal standard mix.
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Compound name Abbreviated Concentration
(all deuterated) compound IS (uM) in
internal

standard mix

Acetic acid C2:0-d3 50
propionic acid C3:0-d2 15
butyric acid C4:0-d3 15
Hexanoic acid C6:0-d3 25
Octanoic acid C8:0-d15 10
Decanoic acid C10:0-d3 25
Dodecanoic acid C12:0-d23 10
myristic acid C14:0-d27 10
palmitic acid C16:0-d2 25
stearic acid C18:0-d35 25
arachidonic acid C20:4-d8 25
Acylcarnitine C2:0- 2.5
carnitine-d3
propanoylcarnitine  C3:0- 2.5
carnitine-d3
butyroyl-carnitine C4:0- 2.5
carnitine-d3
hexanoylcarnitine C6:0- 2.5
carnitine d3
octanoylcarnitine C8:0- 2.5
carnitine-d3
decanoylcarnitine C10:0- 2.5
carnitine-d3
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dodecanoylcarnitine C12:0- 2.5 Table 3 The concentration of the internal
carnitine-d3 standards in the internal standards mix.
myristoylcarnitine C14:0- 2.5
carnitine-d3
palmitoylcarnitine C16:0- 2.5
carnitine-d3
stearoylcarnitine C18:0- 2.5
carnitine-d3

61



2.2  Measurement of lipids in plasma of adult sepsis patients and healthy controls

Plasma samples from the ILTIS study were extracted, derivatized and measured according
to the method optimized previously using the same materials. The recruitment of sepsis
patients for the ILTIS study was approved by the Health and Care Research Wales Research
Ethics Committee under reference 17/WA/0253, protocol number SPON1609-17 and IRAS
project ID 231993. Recruitment of healthy adult volunteers was approved by Cardiff
University’s School of Medicine Research Ethics Committee under reference 18/04.

2.2.1 Calibration curve

A calibration curve was prepared with concentrations of lipids in the range expected to be
encountered in the samples. The calibration curve included internal standards at the same
concentration as when added to the samples.

2.2.2  Sample preparation and measurement

Samples were extracted batchwise in randomized batches. Per batch 5 blanks (10 pl
methanol) were extracted in parallel with the samples. 10 ul of sample were mixed with

250 pl of methanol containing internal standards at concentrations as described in
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Compound name Abbreviated Concentration
(all deuterated) compound IS (uM) in
internal

standard mix

Acetic acid C2:0-d3 50
propionic acid C3:0-d2 15
butyric acid C4:0-d3 15
Hexanoic acid C6:0-d3 25
Octanoic acid C8:0-d15 10
Decanoic acid C10:0-d3 25
Dodecanoic acid C12:0-d23 10
myristic acid C14:0-d27 10
palmitic acid C16:0-d2 25
stearic acid C18:0-d35 25
arachidonic acid C20:4-d8 25
Acylcarnitine C2:0- 2.5
carnitine-d3
propanoylcarnitine  C3:0- 2.5
carnitine-d3
butyroyl-carnitine C4:0- 2.5
carnitine-d3
hexanoylcarnitine C6:0- 2.5
carnitine d3
octanoylcarnitine C8:0- 2.5
carnitine-d3
decanoylcarnitine C10:0- 2.5

carnitine-d3



Table 3. dodecanoylcarnitine C12:0- 2.5 Samples were
sonicated in carnitine-d3 iced water for 1
minute, myristoylcarnitine C14:0- 2.5 vortexed at 1400
rom for 10 carnitine-d3 minutes at 4°C,
then palmitoylcarnitine  C16:0- 2.5 centrifuged at 18
000 g for 10 carnitine-d3 minutes. 100 pl of
supernatant  stearoylcarnitine C18:0- 2.5 were derivatized
by addition carnitine-d3 of 50 ul 3-NPH

solution and 50 ul EDC and
pyridine solution and subsequent incubation for 30 minutes at 40°C in a waterbath. The
reaction was quenched by addition of 100 ul 0.5% formic acid solution in 75% methanol
and incubation for 30 minutes at 40°C in a waterbath. Until measurement samples were
stored at -20°C. Before quantification on the machine, samples were spun down and
supernatant was transferred to be measured. A QC samples was prepared by pooling

aliquots from all extracted samples. The QC sample was measured after every 10 other
measurements on the machine.

2.2.3 Data analysis

Peaks were integrated using MultiQuant and concentrations in samples were calculated
based on internal standards using excel. For lipids with a corresponding deuterated lipid
included in analysis, concentrations were calculated based on the lipid to IS ratio and the
used internal standard concentration. For other lipids a calibration curve of the lipid to a
similar deuterated lipid ratio was used. All further analysis was conducted using R, and
GraphPad Prism version 8.4.3 for Windows (GraphPad Software, San Diego, California USA)
and MetaboAnalyst 4.0 and higher (metaboanalyst.ca, University of Alberta (Wishart
group))*#2,

2.3 Lipid measurements in neonatal suspected sepsis cases and neonatal controls
For the nSep cohort, sampled were extracted, derivatized and measured according to the
method optimized previously and with no modifications to the method used for the ILTIS
cohort. The calibration curves were prepared according to the same protocol as for
calibration curves used in the ILTIS cohort. The study was approved by the Wales Research

Ethics Committee 2 (Ethics REC reference 19/WA/0008).
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2.4  Mapping the transcription factor network associated with GPR84 expression

To obtain the data to analyse transcriptional regulation in sepsis, two paediatric datasets
were downloaded and merged, and the data from a neonatal sepsis study was obtained.
The data of two paediatric datasets (GEO accession numbers: GDS4273; GDS4274) were
downloaded as raw CEL files from the Gene Expression Omnibus (GEO) from NCBI and
RMA-normalized using the limma package in R. Data from the neonatal sepsis dataset was
analysed and wrangled using the tidyverse package and the oligo package. Visualizations
were made using the ggplot2 and EnhancedVolcano package in R for Volcano plots.
Correlations between transcription factors and GPR84 were computed using the Hmisc
package in R.

To obtain insights into transcription factors likely regulating the upregulated genes in
sepsis, the Chea3 tool was used using the browser interface. A list of upregulated genes in
paediatric sepsis and neonatal sepsis was obtained respectively by filtering the list of genes
as obtained from oligo for a logFC bigger than 1 between controls and sepsis cases in excel.
The results from the analysis were downloaded from Chea3 as an excel file. A figure
displaying the association with regulation in different tissues was obtained by using the
global network feature, choosing the GTEx TF option, choosing to colour nodes by tissue
specific (A) and GO pathways (B) and displaying the top 50TFs.

To find out which transcription factors can bind the regulatory region of GPR84, the
ENCODE database hits for GPR84 were obtained from the Harmonizome website

(https://maayanlab.cloud/Harmonizome/). Hits for GPR84 in the Signalling Pathways

Project database were obtained using the web interface, choosing to browse the cistromics
database with the single gene option in human tissues. The results were downloaded as
excel file and further filtered based on tissues. The overlap between the databases were
computed using the BioVenn web interface.

The tidyverse package in R was used to generate a table of all transcription factors in the
analysis with columns denoting if a transcription factor had a hit in the analysis. To generate
a Venn diagram, the BioVenn web interface was used.

Functional relationships were identified and visualized using STRING via the web interface.
All High Confidence and Medium Confidence were used as input for the “multiple proteins

query”. For the first visualization, a miminum confidence of 0.6 was set and only
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experiments, neighbourhood, gene fusion and databases were used as possible input. The
TFs were clustered using MCL clustering with an inflation parameter of 3 and disconnected
TFs were hidden. For the second visualization, the same minimum confidence of 0.6 was
used, and only physical interactions were chosen to be visualized. This network was also
clustered using MCL clustering with an inflation parameter of 3 and disconnected nodes
are hidden.

The promoter region for GPR84 was identified using the European mirror of the UCSC
genome browser and the EPD database. Tracks indicating transcriptional regulation were
chosen to be displayed and the transcription start site (TSS) was obtained from the EPD
database. The chosen promoter region was displayed using the function to add a User-
specified track. The nucleotide content of the promoter sequence was obtained using
PROMO when searching for TFBS in the promoter region.

PROMO was used to identify TFBS in the promoter region previously identified, setting the
factors and species to “Human” and the SearchSites function with the standard setting
(Maximum matrix dissimilarity rate = 15). The results were transferred into an excel file. To
produce an alignment between mouse and human GPR84 promoter to identify the
conserved subpart, Dialign was used in the web interface. The result was downloaded, and
the conserved sequence of the human promoter was extracted by choosing all bases that
were within the sequence that showed alignment over the majority of the stretch. Genes
correlating with GPR84 with a Pearson correlation >0.77 were chosen. Correlations were
computed using Pearson correlation in MORPHEUS on a subset of the paediatric sepsis
dataset containing only sepsis cases. Before using Pearson correlation, transcriptomics data
were normalized using Robust Z-score. The promoters for these genes were obtained using
the EPD database and taking the 1300 bp around the transcription start site (TSS) as was
done for GPR84. TFBS were identified using PROMO, setting Species and Factors to Human,
and the MultiSearchSites option. The standard setting for the dissimilarity matrix was used
(15) and TFBS needed to be detected in 12 out of 16 sequences. The overlap between the
searches was calculated and visualized using BioVenn.

The human TFBS PWM of all TFs identified as High and Medium Confidence were selected
in JASPAR in the online tool. These PWMs were queried against the conserved promoter
sequence identified in the previous analysis. The result was downloaded as an excel list and

manually examined for pairs and clusters of TFBS corresponding to interacting TFs.
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The tool EnhancerControl was used to establish tissue-specific expression of murine Gpr84
and to find out which TFs bind to the regulatory regions identified in their experiments to
regulate Gpr84. Gpr84 was queried using the web interface and the results were
downloaded. The location of the open chromatin regions identified by EnhancerControl
were compared to the genomic region of the murine TSS as identified by EPD.

Enrichr was used to find out more about potential transcriptional regulation of GPR84
based on co-expression and data from KD and KO experiments.

The timecourse of expression of GPR84 and transcription factors was visualized using
timecourse data from an experiment where murine bone marrow derived macrophages
were infected in vitro with murine cytomegalovirus. The data was supplied in a log-
normalized format by a colleague. Fold change to t=0 was calculated in excel and this data
was visualized using the R packages ggplot2, viridis, plotly, hrbrthemes and kableExtra.
Data was wrangled using the tidyverse and the janitor package.

For the in vitro timecourse of expression, THP-1 cells were grown in Roswell Park Memorial
Institute 1640 (RPMI-1640) medium supplied with 10% foetal calf serum (FCS), L-glutamine,
penicillin and streptomycin. THP-1 cells were distributed into 12 well plates 24 hours prior
to experimentation. At t=0 cells were treated with either LPS (100ng/ml), dexamethasone
(100nM) or both (same concentrations as when separate). Cells were sampled at t=0,
2,4,6,8h by spinning down supernatant in eppendorfs while incubating the bottoms of the
wells with RLT buffer with 1% mercaptoethanol. Clear supernatant was taken off and the
RLT +mercaptoethanol buffer was transferred from the bottom of the well to the
corresponding pellet. The pellet was lysed by pipetting and frozen at -20 degrees till RNA
extraction. RNA was extracted using the Qiagen RNeasy Plus extraction kit following the
protocol. RNA yield was quantified using Nanopore and cDNA was made using the RT SSIV
and random hexamer primers (Qiagen), qPCR was performed using perfeCTa LowRox
toughmix (Qiagen) with Tagman primers (Qiagen) on a Quantstudio 3 Real-Time qPCR
machine (ThermoFisher Scientific). Expression fold changes were calculated using the

delta-delta Cycle Threshold (ddCt) method.

67



2.5 The biosynthesis of GPR84 ligands

2.5.1 Cell culture - General remarks

For cell culture reagents and media components were either kept at 4°C (cell medium,
phosphate buffered saline solution (PBS)) or -20°C (trypsin, fetal calf serum, L-glutamine,
hormones and growth factors). All sterile handling steps, i.e., media preparation,
experiments on cells and cell strain maintenance, were performed in a Biosafety level 2
(BSL2) hood. Before use the hood was cleaned with both MycoPlasma-Off (Cambio,
Cambridge, United Kingdom) and 70% ethanol, and all reagents and instruments used in
the hood were cleaned outwardly with 70% ethanol. After use the hood was cleaned using
detergent, Mycoplasma-Off and 70% ethanol. After preparation of complete medium, this
was kept tightly closed at 4°C. Care was taken to only use complete medium up to 6 months
after initial preparation to avoid negative effects from L-glutamine degradation. All cells
were grown in Thermo Scientific Nunc EasYFlasks (Thermo Fisher Scientific, Waltham,
Massachusetts, United States) with filter cap to ensure air flow. These flasks are treated for
cell adhesion and work equally well for suspension cells. Cells were split regularly as
required by cell type and experimental planning. When splitting cells, a visual inspection
was performed to control cellular health and density. Cells were generally grown in 5-7 ml
of medium in T-25 flasks, 20-25 ml medium in T-75 flasks and 30 ml in T175 flasks. The
incubator was set to 37°C and 5% CO.. When a new cell line was introduced into the
laboratory, it was incubated in a separate incubator and tested for mycoplasma after
reaching sufficient density using the MycoAlert Mycoplasma testing kit (Lonza, Basel,
Switzerland).

2.5.2 General techniques

2.5.3 Cell maintenance

Cells were generally maintained according to the specifications set out in ATCC. Cell
medium was warmed in a waterbath set at 37°C before use. When obtaining cells frozen,
these were quickly thawed in the waterbath at 37°C and transferred into their
corresponding cell medium, warmed to 37°C. Cellular suspension was then subjected to
centrifugation in a benchtop centrifuge and the cellular pellet was resuspended and
transferred into a T-25 flask. When the cellular suspension reached the required density, it

was transferred to a T-75 or T-175 flask with the appropriate amount of medium. Cells were
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maintained by regular splitting, i.e., a fraction of the present cells were transferred into
fresh medium and incubated until the desired density for another split or for cellular
experiments was reached. When splitting suspension cells, i.e., THP-1 cells, a fraction was
obtained by taking the appropriate volume of the cellular suspension. For adherent cells,
i.e., HUVEC cells, the medium was discarded, and cells were washed with PBS before being
incubated with trypsin (both Gibco, Thermo Fisher Scientific, Waltham, Massachusetts,
United States). Release of the cells was checked under the microscope until 70% of the cells
released into the medium. The disassociation was then stopped using the addition of
medium and the cells were subjected to centrifugation in a benchtop centrifuge (180 g, 2
minutes, room temperature). The pellet of cells was resuspended in fresh medium and a

fraction of this was used to seed cells into a fresh flask.

2.5.4 Freezing

In order to freeze cells, cells were grown to confluency, and using the same techniques as
when splitting disassociated and/or collected from the flasks and subjected to
centrifugation. Cell pellets were suspended in fetal calf serum containing 25%
dimethylsulfoxide (DMSO) and transferred into cryogenic vials (Thermo Fisher Scientific,
Waltham, Massachusetts, United States). Vials were transferred into a Mr. Frosty freezing

container (Thermo Fisher Scientific, Waltham, Massachusetts, United States).

2.5.5 Charcoal-treatment of serum

For experiments researching lipid synthesis or ligand binding to the receptor, fetal bovine
serum (FBS) was subjected to charcoal treatment to decrease any potentially present lipids.
The aim of this was to ensure there would be no high background of lipids that could
obstruct detection of lipid production, and that there would be no background lipids
present that could activate the receptor. Cell-culture grade dextran-coated charcoal was
dissolved in 10 mM Tris solution (pH 8.0), at a concentration of 1g/ 16 ml. The resulting
slurry was added to FBS, 1ml slurry per 10 ml FBS. Using a magnetic stirrer, the solution
was stirred over night at 4°C. Next it was subjected to centrifugation at 1000 g, 10 minutes,
4°C. The supernatant was transferred to a new vessel and 1 ml of previously prepared
charcoal slurry added per 50 ml starting volume FBS. This solution was incubated at 55°C

for 1 hour and then subjected to centrifugation at 1000 g, for 10 minutes at 4°C. The

69



resulting slurry was filtered using a 0.45 um filter and stored in aliquots at -20°C degrees

until use.

2.5.6  Sampling for RNA extraction

RNA was extracted using RNeasy extraction kit (Qiagen), cDNA was made using RT SSIV and
random hexamer primers (Qiagen), gPCR was performed using perfeCTa LowRox toughmix
(Qiagen) with Tagman primers (Qiagen) on a Quantstudio 3 Real-Time gPCR machine

(ThermoFisher Scientific).

2.5.7 Sampling for lipid quantification

When sampling for lipid quantification, sampling technique differed based on cells being
adherent or not. For lipid quantification from supernatant, in adherent cell types,
supernatant was sampled directly from the well in which the cells were growing and
transferred into a glass vial. Cells were then scraped using a sterile cell scraper (Thermo
Fisher Scientific, Waltham, Massachusetts, United States) and transferred to an eppendorf
for centrifugation (2700 g, 10 minutes) using a benchtop centrifuge (Eppendorf, Hamburg,
Germany). In non-adherent cells the cellular suspension was transferred to an eppendorf
for centrifugation (2700 g, 10 minutes) using a benchtop centrifuge (Eppendorf, Hamburg,
Germany). After centrifugation, the supernatant was sampled (for lipid quantification). All

samples were frozen at -80°C after sampling.

2.5.8 RNA sampling and extraction

Depending on the cell type, RNA was either extracted using a modified trizol extraction
method as described by Toni et al**3, or using the RNeasy Plus extraction kit((Qiagen,
Hilden, Germany)) according to the supplied protocol. Trizol extraction was used for all
primary cells, e.g. peripheral blood mononuclear cells (PBMCs) and neutrophils. The
RNeasy Plus extraction kit was used for RNA extractions from cell lines. In both cases all
reagents and disposables used were sterile and RNAse-free. When sampling into trizol
(Thermo Fisher Scientific, Walthamstow, U.S.A), cellular suspensions were subjected to
centrifugation (7500 g, 5 minutes, room temperature) while 1 ml of trizol was added to the
empty corresponding cell well. This was done to ensure collection of all cellular RNA, since
PBMCs and neutrophils will be in suspension but can adhere if activated. Cell pellets were
then resuspended in the trizol from their corresponding experimental well with repeated

pipetting, kept at room temperature for 3 minutes and frozen at -80°C. Before extractions
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all samples were thawed at room temperature. All trizol extractions were performed in a
BSL2 hood. For trizol extractions, 200 pl chloroform (Thermo Fisher Scientific,
Walthamstow, U.S.A) was added to the trizol suspension, samples were shaken for 15
seconds and incubated at room temperature for 3 mins, and then subjected to
centrifugation (12 000 g, 15 minutes, 4°C). The upper aquaeus phase was transferred to a
new eppendorf and the chloroform extraction was repeated once on the transferred
sample. The RNA was precipitated by mixing the obtained solution with 250 pl isopropanol,
mixing by inverting the tubes and incubating at room temperature for 10 minutes. After
centrifugation (12,000xg, 10min, 4°C) all supernatant was discarded and the remaining
pellet was washed with repeated ethanol washes. To this end, 1ml of 75% ethanol solution
was added to the pellet, centrifuged (7500xg, 5 min, 4°C) and the supernatant discarded.
This step was repeated twice. The washed pellet was dried and solubilized in RNAse free
water (Qiagen, Hilden, Germany) and stored at -80°C if not immediately processed.

For RNA extraction using the RNeasy kit (Qiagen, Hilden, Germany), cells were sampled
using RLT lysis buffer, either by resuspending cell pellets using repeated pipetting or by
adding RLT buffer onto adherent cells after taking off the supernatant. The RNA extraction
was performed according to the instructions in the RNeasy kit. DNA was removed using
gDNA spin columns, by loading the sample unto the column and centrifuging. The filtered
sample was than washed in several consecutive steps in the provided RNeasy spin columns,
using the provided buffers. Finally, RNA was eluted off the column using RNase-free water.
RNA was quantified using a Qubit™ RNA High Sensitivity (HS) (Invitrogen, Thermo Fisher
Scientific, Walthamstow, U.S.A) on a Clariostar plate-reader (BMG Labtech, Germany). To
this end, a mastermix containing 0.5 pl of Quant-iT RiboGreen reagent and 99.5 ul buffer
per sample was prepared and distributed into a black-walled, clear-bottomed 96-well
microplate (Thermo Fisher Scientific, Walthamstow, U.S.A). As reference the provided
standards were used to generate a calibration curve. RNA concentrations were calculated
based on the obtained calibration curve.

cDNA was made using RT-PCR using the SuperScript IV reverse transcription system
(Qiagen). RNA was mixed with RNAse-free water to obtain the desired amount of RNA per
reaction in 11pl. 1 pl random hexamers and 1 pl dNTPs (10 mM) were added. After
incubation for 5 minutes at 65°C a mastermix containing 4 pl 5x SSIV buffer, 1 ul DTT, 1 ul

RNAseOUT inhibitor and 1 ul SSIV Reverse Transcriptase per reaction was added. The qPCR
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was performed using Tagman probes and perfeCTa LowRox toughmix (Qiagen). Per well 5
pl toughmix, 0.5 ul Tagman probe and 4.5 pl cDNA at desired dilution were added. qpCR
was measured on a quantStudio 3 Real-Time qPCR system (Thermo Fisher Scientific,
Waltham, Massachusetts, United States) using the deltaCt program. The Tagman probes
used were: beta-2-microglobulin (B2M, Hs00187842_m1), TATA-box binding protein (TBP,
Hs00427620_m1), peptidylprolyl isomerase A (Hs03045993 gH), oleoyl-acp-hydrolase
(OLAH, Hs00217864_m1), medium chain acyl-CoA dehydrogenase (ACADM,
Hs00936576_m1), G-protein coupled receptor 84 (GPR84, Hs00220561_m1); all with FAM-
MGB fluorophore, low ROX.

2.5.9 HUVEC

A human umbilicial vein endothelial cell line (HUVEC) that was immortalized using
overexpression of the telomerase reverse transriptase (tert) was obtained from the Cardiff
cell biobank. The HUVEC-tert cells were incubated in endothelial cell growth medium MV2
containing Fetal Calf Serum(0.05 ml/ml), Epidermal Growth Factor (recombinant human)
(5 ng/ml), Basic Fibroblast Growth Factor (recombinant human) (10 ng/ml), Insulin-like
Growth Factor (Long R3 IGF) (20 ng/ml), Vascular Endothelial Growth Factor 165
(recombinant human) (0.5 ng/ml), Ascorbic Acid (1 pg/ml), Hydrocortisone (0.2 ug / ml). To
establish OLAH expression in full medium and in medium lacking fetal calf serum and
hydrocortisone, cells were seeded at a density of 100 000 cells/ cm? in either full or reduced

medium and incubated for 24 hours at 37°C and 5% CO..

2.5.10 Extraction of immune cells from healthy donor blood using Ficoll-density gradients

Healthy volunteers were recruited and consented under the departmental ethics for blood
collection. Per volunteer, 50 ml of blood were collected using butterfly needles. After
collection of blood, the blood was immediately processed using the density gradient
centrifugation method. The blood was diluted with buffer (phosphate buffered saline, 2
mM EDTA, Sigma Aldrich, St. Louis, Missouri, United States) in a 1:4 blood to buffer ratio.
This dilution was slowly layered onto Ficoll-Paque reagent (Histopaque, Sigma-Aldrich, St.
Louis, Missouri, United States). A gradient was generated by subjecting these samples to
centrifugation for 30 minutes at 400 g at room temperature with deceleration disengaged.
The layer containing PBMCs was sampled and purified using several washing steps. Firstly,

the layer was transferred to a clean tube and washed after addition of buffer by subjecting
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it to centrifugation at 300 g for 10 minutes. The supernatant was removed, and the pellet
was washed again by adding 50 ml of buffer and subjecting the cells to centrifugation at
200 g for 10 minutes. The latter step was repeated once.

To obtain neutrophils, the pellet containing red blood cells and neutrophils was treated
with ACK-lysis buffer. The pellet at the bottom of the tube after centrifugation was treated
with twice its volume of ACK lysis buffer. After incubation at room temperature for 5
minutes, the solution was spun at 200g for 5 minutes. The supernatant was removed, and
the remaining pellet treated again with twice its volume ACK lysis buffer followed by
incubation and centrifugation as before. This step was repeated 3-4 times until a relatively
clean neutrophil pellet was evident.

The obtained cells were transferred into RPMI cell medium supplemented with charchoal-
treated serum, counted and seeded into plates. Cells were immediately treated with either
LPS (end concentration 100ng/ml), dexamethasone (end concentration 100nM) or both,
and samples were taken after 3 and 6 hours from treated neutrophils and 3 hours, 6 hours

and 24 hours for PBMCs.
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3 Optimization of a method for reliable lipid detection from blood

samples

Fatty acids (FA) are carboxylic acids with a long aliphatic chain and are either saturated (no
carbon-carbon double bonds) or unsaturated (one or more carbon-carbon double bonds).
They are classified according to their chain length as short chain (2-6 carbons; SCFA),
medium chain (8-12 carbons; MCFA) and long chain (>12 carbons, LCFA) fatty acids. In
human biology there is a considerable interest in SCFA, as they are thought to be generated
by the gut microbiota and directly influence the host’s health4*. Research in this domain
points to the bacterial fermentation of complex carbohydrates in the gut as pivotal for
human health; the resulting SCFA bind to G-protein coupled receptors, most notably
GPR43. Some of the effects ascribed to the SCFA-GPR43 signalling are appetite regulation,
improvement of the intestinal epithelial barrier and induction of cell death in cancer
cells'4>~1%7_ Furthermore, SCFA can also bind to receptor GPR109a and GPR41%8, Unlike
SCFA, little is known about the role and presence of MCFA in the body, specifically during
the inflammatory response. Though MCFA are present in the human diet, e.g. in palm
kernel oil, coconut oil or dairy, measurements of MCFA in healthy volunteers have
indicated only low, and frequently not detectable, concentrations in the blood4%-151,
Further research indicates that MCFA are quickly resorbed from the blood stream after a
meal high in these fatty acids!®*'>2, Medium-chain fatty acids have been suggested as
possible ligands of GPR84%6. GPR84 expression is strongly upregulated in the blood of sepsis
patients32. This leads to the question if MCFA are present in the blood of sepsis patients. In
addition, measuring a range of lipids, since technically possible, allows for a better
understanding of potential lipid changes in sepsis.

Firstly, the concentrations of different subsets of acylcarnitines, i.e. SCFA, MCFA or LCFA
esterified to carnitine, have been found to be significantly altered in sepsis survivors
compared to non-survivors®°. Carnitine is the molecular shuttle that facilitates transport of
fatty acids into the mitochondrion for B-oxidation, an important step for energy generation
from lipids.** An analysis conducted by Langley et al. (2014 ) integrating lipidomics with
proteomics, lead the authors to conclude that carnitine shuttling in sepsis non-survivors is

decreased due to a decrease in fatty acid transport proteins®.. Liu et al. (2016) also found
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a significant difference in the LCFA palmitic acid and stearic acid>°. Accordingly, the method
developed here was also optimized to measure SCFA (since GPR43 has been shown to be
upregulated in sepsis as well32); LCFA due to their role in metabolism and inflammation,
and acylcarnitines due to previous studies showing altered concentrations in sepsis. In this
chapter | developed a method to accurately measure these lipids in patient blood samples.
The methods to reliably and sensitively measure metabolites (including lipids) in complex
biological mixtures include the use of a gas-chromatography (GC) or liquid-chromatography
(LC) coupled to a mass spectrometer'3®153 In order to measure lipids, they need to be
extracted from the samples, in some cases derivatized and then quantified. In our approach
a liquid chromatography-mass spectrometry (LC-MS/MS) system with electrospray
ionisation is used. The advantage of using LC-MS/MS over GC-MS/MS is the possibility to
measure a wider range of metabolites, shorter run times and better sensitivity>41>5,

Owing to their small molecule size and consequent hydrophilicity, SCFA and MCFA are
usually difficult to detect using LC-MS methods with electrospray ionisation'°®, However,
derivatisation of the lipids is commonly employed and greatly improves their detection in
LC-MS?™%6, Derivatisation is a chemical reaction which converts a chemical compound into a
product of similar chemical structure, called a derivative. As a result, these molecules will
have the chargeability and hydrophobicity that enables their efficient ionization during
electrospray ionisation, one of the initial and vital processes in mass spectrometry. In
addition, derivatisation ensures that no native lipids potentially present in LC-MS solvents
(a particular issue with fatty acids) will contribute to background as the non-derivatised
analyte is clearly distinguishable This effectively decreases the background signal when
using a targeted LC-MS/MS approach and hence improves sensitivity of detection. When
performing LC-MS/MS, derivatized molecules are fragmented in a consistent fashion; the
fragments offering an additional mean of identifying the compound. Han et al. (2015)
described the detection of SCFA by LC-MS/MS after derivatisation with 3-
nitrophenylhydrazine hydrochloride (3-NPH; Figure 10)*’. During the derivatisation
reaction 3-NPH is covalently bound to the compound by nucleophilic addition/elimination
at the carboxylic acid group. This reaction also requires 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and pyridine which stabilizes the pH of the
reaction'®1>°, This is a suitable method for this approach, since all compounds to be

measured have an exposed carboxylic acid group and this method has been used on both
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fatty acids and acylcarnitines'>”1%9, The approaches described by Han et al. use either
methanol or acetonitrile as solvents to carry out the derivatisation reactions. Due to the
lower solubility of MCFA than SCFA, both methanol and acetonitrile were tested in the
different reaction solvents to develop this method and the derivatisation time was
optimized. Further, the LC-MS/MS method was optimised to obtain good chromatography
and to avoid carry-over of analytes between samples. Lastly, the efficient extraction of
analytes from the samples is an important first step that required extensive testing and
optimization for the sample types used in this study. Optimised extraction of samples
eliminates any components present in the sample that could interfere with the
measurement of the intended compounds, for example by blockage of the column or thin
tubes of the liquid chromatographer!32. Simultaneously, the compounds to be measured
need to be recovered reliably in the sample mixture. Due to short chain and medium chain
fatty acids suspected to be present even in HPLC-grade solvents, a quenching reaction after
derivatisation has been introduced. The quenching reaction ensures that background levels
of fatty acids will not be derivatized after the initial derivatisation has been conducted. For
example, Chan et al. (2017) described addition of 2-mercaptoethanol to reduce
functionality of EDC and addition of succinic acid to exhaust the derivatisation agent*>.

Extraction of lipids has been previously documented from serum, plasma or whole blood.
While extracting analytes from whole blood can provide information about the presence
of compounds in both cells and the extracellular matrix combined, processing serum or
plasma provides information exclusively on their presence in the extracellular matrix. To
obtain serum or plasma requires for blood samples to be processed shortly after collection
and higher volumes to be collected due to loss of volume during processing. In my studies
whole blood was also used in sample cohorts due to organizational restraints on sample
processing. Several extraction methods were compared to extract all the lipids earlier
specified (SCFA, MCFA, LCFA, acyl-carnitines) from whole blood. The methods tested
included biphasic layer extraction with two different solvents and the protein crash
method. The biphasic layer extraction relies on the partitioning of compounds between
two immiscible layers of liquids of opposing polarity, namely an agueous and organic layer.
The fatty acids are then analysed in the solvent organic layer post collection, evaporation,
and reconstitution in solvents suitable for LC-MS injection. The protein crash method relies

on extracting analytes and removing proteins by crashing them out using organic solvent
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and consecutive centrifugation. This method requires no evaporation and reconstitution of

extracts prior to LC-MS/MS analyses'®?,
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Figure 10 Derivatization of fatty acyls using 3PNH and EDC as described by Han et al
(2015)(A) and derivatisation of acylcarnitine as described by Meierhofer (2019) (B). :
Catalysed by EDC the carboxylic group of the fatty acid and the acylcarnitine, respectively,
binds covalently to the nitrous group of 3-nitrophenylhydrazine.This reaction releases one
molecule of water (not depicted). Pyridine is required as it stabilizes the pH of the reaction
mixture. Han et al. (2015) found best derivatisation results by heating the samples to 40 °C
with 30 minutes of reaction time being sufficient, and both acetonitrile and methanol as

solvents were adequate!>’.

The fatty acid depicted as example is octanoic acid, and the
depicted acylcarnitine is hexanoylcarnitine. Chemical structures were generated using
chemspider (A. Chemist, ChemSpider SyntheticPages, 2001,

http://cssp.chemspider.com/123).
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Results

3.1 Results

3.1.1 Derivatisation optimization

Firstly, since derivatisation with 3-NPH had been established for SCFA'>’, | sought to
confirm whether the published conditions (with additional tested variations) were suitable
for derivatisation of MCFA, the focus of this study. To this end, 40 ul MCFA standards (C8:0;
C10:0; C12:0; C8:0d15; all 50 uM, n=3) were derivatized in 75% aqueous methanol or 75%
aqueous acetonitrile for different durations (0.5, 1, 2 and 3h) with 20 ul 3-NPH (200 mM)
and 20 pl EDC-pyridine (120 mM, 6% pyridine v/v) at 40°C*’. To account for background
levels of MCFA in solvent and, reagents, parallel ‘blank’ samples (solvent only) were also
derivatized. Derivatised MCFA from the various treatments were measured on the LC-
MS/MS as described below (see section LC-MS/MS conditions for machine settings).
Regardless of reaction solvent (acetonitrile or methanol), all measured MCFA were
successfully derivatised with maximal derivatised lipid achieved after 30 minutes (Figure
11). This is consistent with previous findings>’. However, significantly higher levels of C10:0
and C12:0 MCFA were derivatised when using 75% aqueous methanol compared to
acetonitrile as the reaction solvent (t-test, p=0.0001, 30 minutes of incubation), which may
be explained by higher solubility of fatty acids with increasing chain length in aqueous
methanol compared to aqueous acetonitrile.

We subsequently confirmed these conditions (75% aqueous methanol; 30 min
derivatisation) were able to derivatise FA standards of varying length (SCFA and LCFA) over
large concentration ranges. Equally, we confirmed they were suitable for the derivatisation
of acyl carnitines which has been done previously by Han et al.162 and explored in detail by
Meierhofer!®. The linearity of LC-MS/MS response vs analyte concentration can be
observed in Figure 12 for a range of deuterated lipids. More information on the linearity of

detection can be found in the paragraph on LC-MS/MS conditions.
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Figure 11 Derivatisation of MCFA under different experimental conditions. LC-MS/MS Peak
areas of different compounds derivatized using either 75% methanol or 75% acetonitrile as
reaction solvents. The tested time periods ranged from 30 minutes to 3 hours. Derivatisation
was carried out in a waterbath set to 40°C. Data are averages (n=3, error bars indicate
standard deviation). Background was measured using both an acetonitrile and a methanol

blank that was subtracted from the samples.
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Figure 12 Calibration curves of a selection of deuterated FFA and acylcarnitine standards.
The x-axis shows the amount injected on the LC-MS/MS column (picograms; calculated
based on the input amount of standards stocks before derivatisation). The y-axis shows the
areas as measured by LC-MS/MS. The lines indicate the interpolated curve based on the
datapoints, the goodness of fit showed R? values above 0.99 for all lipids except C18-d35
(R?=0.985).
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3.1.2 Quenching optimization

Background levels of several fatty acids including SCFA and MCFA were found to be present
in blank solvent samples that underwent the derivatisation process. Potential sources of
these background FA can be from reagents and solvents and are often unavoidable when
extracting and working up samples prior to derivatisation!>®. Hence, they need to be
accounted for in analyses of samples for accurate analyte quantification e.g., via the use of
blank samples and subsequent subtraction. However, since the derivatisation reagent is
used in high concentrations and is present in the final samples, another source of
background levels of FA can be further unwanted derivatisation of background FA in LC-MS
solvents during the final analysis stage, since derivatisation is possible at a range of
temperatures®’. That is why we sought to test and include a post derivatisation reagent
‘quenching’ step to eliminate this issue.

Here blank samples (HPLC grade methanol) were processed through the derivatisation
method and then analysed (LC-MS/MS see section LC-MS/MS conditions) directly or post
an additional post derivatisation ‘quenching step’, and then subsequently compared. To
account for possible deleterious effects of quenching reagents on FA recovered from blood
samples in future experiments, all blank samples tested also contained a mixture of
deuterated internal standards since deuterated FA are not present as background
contaminants. Quenching steps tested were addition of mercaptoethanol (20 ul 120 mM
mercaptoethanol, 20 ul HPLC grade water (referred to as just “water” from here on));
formic acid (200 pl 0.1% formic acid in water); mercaptoethanol and succinic acid (20 pl
120 mM mercaptoethanol and 20 pl 1M succinic acid); or a high amount of succinic acid
alone (20 pl 1M succinic acid, 20 pl water). To the control sample, 40 pl of water were
added. Following addition of quenching reagents all samples were incubated at 40°C for 30
minutest®3158, Subsequently, results are presented in Figure 13 as the ratio of the lipid
measured in the sample that underwent derivatisation + quenching: to the sample that
underwent derivatisation alone. For non-deuterated lipids, a ratio below 1 indicates the
quenching reaction reduced background lipid contamination post derivatisation (values >1
indicates that the quenching reaction actually introduced contamination). For
supplemented deuterated standards a value below 1 indicates that the quenching reaction

has potential deleterious effects on lipid levels following the derivatisation reaction.

81



Firstly, integratable FA peaks (LC-MS) were recorded for a large number of FA in all blank
samples, confirming that background FA contamination would be an issue in sample
processing and needs to always be taken into account. Secondly, since additional
quenching did not reduce the measured levels of FA in blank samples post derivatisation
beyond values of ca 0.5 (50%) for most FA, this suggests that the majority of background
FA contamination occurs pre/during derivatisation and can only be taken into account by
processing blanks samples alongside real samples for deductive purposes.

When comparing the various quenching methods, formic acid quenching reduced the
amount of background fatty acids derivatized for all lipids except C10:0 (Figure 13 G,H) but
did not negatively affect the deuterated internal standards. For example, background levels
of C8:0 and C12:0 were reduced by 7.9% and 21.7%, respectively. C10:0 levels go up by
around 20%, but its background concentrations were 3 to 6 times lower than those of C8:0
and C12:0 to start with. In other words, if this quenching method introduces any
background contamination of C10:0, then the levels introduced are negligible since the
absolute amounts introduced are comparably small. Quenching with mercaptoethanol and
succinic acid (Figure 13 C,D) or succinic acid alone (Figure 13 E,F) reduced the amount of
derivatized background fatty acids for several fatty acids but reduced the amount of
deuterated acetic acid internal standard, suggesting deleterious effects. Formic acid
guenching was hence deemed to be the most suitable quenching method.

The final optimised method for derivatisation and quenching is as follows: samples will be
incubated with 3-NPH (200 mM in 75% methanol) and EDC-pyridine (120 mM, 6% v/v in
75% methanol) in a ratio of 2:1:1 and then quenched by addition of a 0.1% formic acid

solution.
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Figure 13 The effect of different quenching methods on contaminating fatty acids. 4
different quenching methods were compared to the control (no quenching) to check which
method could reduce background levels of fatty acids measured on the machine. The y-axis

depicts the ratio of the lipids measured in the “sample” that underwent derivatisation and
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quenching, to the lipids measured in the control — a similar sample that only underwent
derivatisation but no quenching. All samples were diluted to the same volume to assure
comparability. On the left side all lipids that are measured are contaminants, since no not
deuterated lipid standards were added. On the right side, internal deuterated standards are
depicted. These were added right before derivatisation and are used here as an indication

of deleterious effects of the quenching methods on derivatized lipids
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3.1.3 LC-MS/MS conditions

LC-MS/MS conditions were optimized by my colleague Dr. Daniel White based on settings
presented by Han et al.»’, for consistent and satisfactory chromatography and to avoid
carry-over of sample between samples. LC-MS/MS chromatograms for a range of
acylcarnitines and fatty acids and can be seen in Figure 14 and Figure 15, respectively.
Analytes were resolved on a C18 column (100mm x 2.1mm x 2.6um, 100 A; Kinetex by
Phenomenex, Torrence, California (U.S.A)), kept at 50°C. Separation was obtained using
100% H20 + 0.1% formic acid as mobile phase A and 100% methanol + 0.1% formic acid as
mobile phase B using a linear gradient: 15% mobile phase B for 2.47 minutes; then mobile
phase B increasing to 55% up to 11.12 minutes; then mobile phase B increasing to 100% up
to 20 minutes; held at 100% B for 12 minutes, then 10 minutes re-equilibration at 15%
mobile phase B. The mobile phase flow rate was 0.2 mL min. Samples were kept at 4°C in

the autosampler and a 2 pl injection volume was employed.
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Figure 14 A) Example chromatogram of free fatty acids (standard mix, 50 uM, the
deuterated standards were added as internal standard mix at concentrations as set out in
the methods chapter) run on the optimised LC-MS/MS system. For most lipids only the
unlabelled standard is indicated, the deuterated standard is typically visible overlapping
(often they dont have the exact same RT, there is slight difference) with its corresponding
standard. B) shows a closer look at the lipids that elute up to 18 minutes into the run. C)
shows a closer look at lipids eluting after 18 minutes. With some exemptions, peaks are

broader and flatter for smaller lipids and narrower and higher for longer lipids.
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Figure 15 Example chromatogram of acylcarnitines (standard mix) run on the optimised LC-

MS system. All carnitines are present at 10 uM, and the deuterated standards were added

as internal standard mix whose concentrations are set out in the methods chapter. For all

lipids only the not deuterated standard is indicated, the deuterated standard is typically

visible overlapping with its corresponding standard. At this stage of optimization C18:2 and

C18:3 standards were not used yet.
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Fatty acids were detected in negative ion mode and acyl-carnitines in positive ion mode.
Declustering potential and collision energy were determined by direct injection of
standards onto the mass spectrometer (Table 4). Retention times of lipids for scheduling
were routinely confirmed using a standard mixture of lipids (all at 50uM; typical retention
times indicated in Table 4). Deuterated internal standards were measured using the same
settings as their corresponding standard lipids, with exception of Q1-mass.

To confirm the suitability of both the derivatisation reaction and the settings of the
equipment titration curves of lipids were generated. The range of these curves were based
on expected amounts in patient samples with a generous range above and below. The
range in which we can reliably quantify the compounds is determined by the linear range
of detection, i.e., all amounts that when plotted against their measurements fall onto a
straight line. For deuterated standards, linearity was achieved for most lipids even in the
lower range of the calibration curve (Figure 12). The short chain fatty acids could be
detected upwards of 2.5 pg (C3-d2), 10 pg (C4-d3) and 25 pg (C2-d3) on column. FFA with
a longer carbon chain could be detected at 0.5 pg on column with exception of C10-d3 that
could be detected upwards of 2.5 pg on column. These amounts would correspond to ~5
MM C2-d3; ~1.8 uM C4-d3; ~0.5 uM C3-d2; ~0.3 uM C10-d3; and between ~0.08-0.04 uM
for other FFA in samples with the finally established extraction method. Deuterated
acylcarnitines could be detected at amounts on column upwards of 0.5 pg (SCFA-carnitines)
or 0.25 pg, (MCFA and LCFA-carnitines) corresponding to between ~0.027 and ~0.046 uM
in samples, a similar range as reported by Han et al.'®2. These results confirm great
sensitivity achieved by the machine in measuring derivatized lipids with this method. The
upper limit for linear detection was generously above the expected concentrations in
sample. Calibration curves made of lipid stocks with addition of deuterated lipids indicate
the range in which these lipids can be measured reliably in extracts (Figure 16). Minimum
and maximum values at which these lipids could be detected in the linear range are shown
in Table 5 The table shows the concentration range in which measurements by LC-MS/MS
were in the linear range. The calibration curve was prepared by dilution of lipid stocks and
subsequent derivatisation, and | calculated to what concentrations of lipids in samples
before extraction that would correspond. In addition, the corresponding amount on
column (in pg) that was injected per measurement, of each compound, is indicated in the

right column.
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Comparing the ranges in which free fatty acids can be detected (post blank/background
subtraction) as amounts on column to the ranges of corresponding deuterated standards
consistently shows higher minimum values for not deuterated fatty acids. This could be
caused by background levels of these fatty acids introduced during sample preparation.
Background levels of acetate have been described in pyridine, and Zeng and Cao showed
that pyridine was not essential for the derivatisation reaction!>®. However, derivatisation
of MCFA was greatly reduced without pyridine (data not shown). Subsequently, pyridine
was deemed necessary for derivatisation. Since acetic and propionic acid are typically
present in relatively high concentrations, their detection should fall within the
concentration range with the established method. The background problem is not
apparent for acylcarnitines, which can be detected in a very low range similar to the ranges
in which deuterated acylcarnitines were detected. The range of detection was hence
deemed suitable, and | proceeded using this derivatization method and these settings on
the machine.

The quantification of lipid concentration was done by obtaining peak areas per lipid using
Multiquant software (SCIEX, AB Sciex LLC, Framingham, U.S.A). Only peaks at least 5 times
higher than the background and with at least 10 scans per peak were integrated. To
quantify lipids, known concentrations of deuterated internal standards were added in the
first step of the extraction process. For every lipid that had a corresponding deuterated
internal standard available, concentrations in sample were calculated using the area ratio
of the measured lipid to the internal standard, taking into account the sample volumes etc.
For some lipids, no directly corresponding deuterated internal standards were
commercially available. These were C3-OH, C18:1, C18:2, C18:3, C20:5 and C22:6 and C18:1
carnitine. In these cases, amounts of lipid would be calculated using a calibration curve
based on a standard of the primary lipid and the closest (carbon number) internal standard
available. Regardless of quantification approach, the MS response of fatty acids/acyl
carnitines was always confirmed to lie within the linear dynamic range of MS response
based on comparisons with standard curves for both deuterated and primary standards

(see Figure 12 and Figure 16).
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Table 4 MS settings for the detection of fatty acids and acyl carnitines. Declustering
potential (DP), collision energy (CE), mass in Q1 and mass in Q3. The retention time (RT) is

an indication since retention times vary between runs due to various factors.

lipid DP CE Q1 m/z Q3 m/z  Indicated RT
Fatty acid
C2:0 -35 -26 194.1 137.1 3.28
C3:0 -49 -27 208.1 137.1 5.66
C3-OH (LACTIC) -76 -26 224.1 137.1 3.26
C4:0 -90 -28 222.1 137.1 8.2
C6:0 -100 -30 250.2 137.1 12.05
C8:0 -120 -34 278.2 137.1 14.53
C10:0 -127 -36 306 137.1 16.24
C10-20H/30H -115 -32 322.6 137.1 15.56
C12:0 -134 -41 334.3 137.1 17.55
C12-20H/30H -115 -36 350.3 137.1 17.26
C14:0 -120 -42 362.4 137.1 18.57
C16:0 -137 -44 390.4 137.1 19.37
C18:0 -140 -50 418.5 137.1 20.07
C18:1 -138 -48 416.5 137.1 19.58
C18:2 -140 -44 414.4 137.1 19.12
C18:3 -134 -42 412.4 137.1 18.76
C20:4 -145 -42 438.5 137.1 19.17
C20:5 -135 -42 436.4 137.1 18.8
C22:6 -148 -44 462.3 137.1 19.25
Carnitines
C2:0 carnitine 76 27 339.3 220.1 1.86
C3:0 carnitine 76 27 353.0 220.1 3.15
C4:0 carnitine 76 35 367.3 220.1 6
C6:0 carnitine 91 29 395.3 220.1 9.62
C8:0 carnitine 101 39 423.4 220.1 12.04
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C10:0 carnitine
C12:0 carnitine
C14:0 carnitine
C16:0 carnitine
C18:0 carnitine
C18:1 carnitine
C18:2 carnitine
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Figure 16 Calibration curves of a selection of free fatty acids (left side) and acylcarnitines
(right side). The x-axis depicts the concentration in sample in uM that corresponds to the
concentration in a blood sample with the established extraction method calculated from
the stock concentration before derivatisation. The y-axis depicts the areas as measured by

LC-MS/MS. All depicted standard curves have a R*>-goodness-of-fit value of above 0.99.

93



Table 5 The table shows the concentration range in which measurements by LC-MS/MS
were in the linear range. The calibration curve was prepared by dilution of lipid stocks and
subsequent derivatisation, and | calculated to what concentrations of lipids in samples
before extraction that would correspond. In addition, the corresponding amount on column

(in pg) that was injected per measurement, of each compound, is indicated in the right

column.

Range of concentration in sample before Range of amount on column

extraction and derivatisation (M) (pg)
C2:0 5-500 24.9-2487.2
C3:0 2.5-2.500 13.3-2666.7
Ca:0 0.5-0.500 2.8-5692.3
C3-OH 25-500 143.6-5743.6
C6:0 2.5-2.500 16.0-6414.4
C8:0 5-500 35.6-3564.1
C10:0 0.5-0.500 3.9-3923.10
C10-20H 2.5-2.500 20.7-4135.9
C12:0 0.5-0.500 4.3-2141.0
C12-20H 0.1-0.100 0.9-2245.5
C14:0 1-100 9.3-929.2
C16:0 1-100 10.9-1001
C18:1 0.25-50 2.7-533.9
C18:2 0.025-50 0.3-531.3
C18:3 0.01-25 0.1-264.4
C20:4 0.025-100 0.3-1124.4
C20:5 0.05-1000 0.6-11189.8
C22:6 0.5-1000 5.9-11853.9
Carnitines
C2-carnitine 0.02-200 0.2-1738.5
C4-carnitine 0.02-100 0.2-905
C6-carnitine 0.01-50 0.09-470.5
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C8-carnitine

C10-carnitine
C12-carnitine
Cl14-carnitine
Cl16-carnitine
C18-carnitine

C18:1-carnitine

Results

0.02-50
0.005-50
0.02-50
0.01-50
0.01-20
0.01-20
0.01-50

0.9-506.8
0.2-542.8
0.5-578.2
0.1-614.7
0.1-260.1
0.1-274.5
0.1-722.3
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3.1.4 Analyte recovery from whole blood

| sought to develop an analyte (FFA/acyl carnitines) extraction procedure from whole blood
prior to derivatisation (see above). In addition to measuring endogenous lipids in the
samples, extraction efficiency was based on the recovery of deuterated internal standards,
C3:0-d2, C8:0-d15, C12:0-d23, C6:0-d3-carnitine, spiked into blood samples prior to
extraction. PBS control/blank samples were extracted in parallel to blood samples for the
subsequent determination and correction for background levels of lipids (see above).
Several extraction procedures were evaluated. The biphasic layer extraction!®?; a modified
biphasic layer extraction; and the protein crash method'%!, were compared by extracting
whole blood (50 uL; n=5) and PBS samples (50 puL n=5) spiked with 11.2 ul of internal
standard mix (50 uM) containing above mentioned internal standards. As the biphasic layer
extraction protocol necessitates the evaporation and reconstitution of FA extracts, the
modified biphasic layer extraction protocol aimed to reduce potential volatilization of fatty
acids (especially volatile SCFA) by utilizing a gentler method of evaporation (N2 blower)
compared to vacuum evaporation. The protein crash method did not include any
evaporation and reconstitution steps, instead a proportion of the resulting supernatant
was directly derivatized. Additionally, a brief sonication step was introduced to ensure lysis
of all blood cells. An overview of the extraction methods used is provided in Figure 17.
Standard recovery results were compared to blank samples (n=3; 100% methanol) spiked
with the same levels of deuterated internal standard mix before derivatisation. Internal
standard recovery was calculated as the ratio of measured (LC-MS/MS) internal standard
concentrations in extracted blood samples: concentration in these spiked blank samples.
While there were no significant differences in recovery of deuterated MCFA (Figure 18 A,
C), the protein crash method recovered significantly more deuterated C3:0 and deuterated
C6:0-carnitine(Figure 18 B, D). In fact, there was no recovery of deuterated C3:0 by biphasic
layer extractions, and it is likely that the volatile SCFA evaporated during the evaporation
step. Likewise, there was also no recovery of deuterated C6:0-carnitine using the biphasic
layer extraction and very little using the modified method, and this is probably caused by
minimal partitioning of this acylcarnitine into the recovered solvent layer. Recovery of C3:0-
d2 and C6:0-d3-carnitine by the protein-crash method were on average 38% and 65%,
respectively. The protein crash method extracted carnitines above background level for all

carnitines, whereas the biphasic layer extraction showed higher extraction at longer chain
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lengths of fatty acids indicating that extraction efficiency using this method might depend
on the acyl chain length (Figure 20). In addition, the protein crash method was the only
method that led to an extraction of significantly higher than background levels for all fatty
acids that were detected in quantifiable amounts (Figure 19, two-way ANOVA). C12-
20H/30H could not be detected with any of the extraction methods. For most fatty acids
tested, the background levels were lower when using the protein crash method. It is also
noteworthy that there is less variation between replicate samples with this method, as can
be seen from the tighter error bars. Finally, C3-OH, i.e., lactic acid, is expected in relatively
high amounts in the blood and we saw much higher values for this lipid when using the
protein crash extraction. In conclusion the protein crash method was deemed the most

suitable extraction method due to its robustness and best recovery.
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Figure 17 Overview of methods utilized to extract fatty acids and carnitines from whole

blood. This overview was created using BioRender.com.
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Figure 18 Percentage recovery of deuterated fatty acids and acylcarnitines (spiked internal
standards) by different extraction methods from PBS and blood. The extraction methods
used were the biphasic layer extraction using ethyl acetate or dichloromethanol (modified
biphasic) or the protein crash method. The internal standards were spiked into 50 ul blood
or PBS samples before extraction and compared to peak areas of the internal standards
spiked into blank samples (100% methanol) at the same concentration directly before
derivatization without extraction. Recovery was calculated as percentage of peak areas
from extracted samples by peak area of directly derivatized solvent. All extractions were
done with n=5. The statistical test performed is a 2-Way ANOVA. Significance levels
displayed are: *= p< 0.05, ** =P <0.01, *** =P <0.001, **** = P <0.0001.
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Figure 19 Short- and medium chain fatty acids extracted from 50 ul PBS or 50 ul blood using
the biphasic method, the modified biphasic method and the protein crash method. The y-
axis shows the areas as measured by LC-MS/MS. When comparing areas measured, keep in
mind that the methods lead to different fraction of initial sample being derivatised.
Significance was calculated using two-way ANOVA. Significance levels displayed are: *= p<

0.05, ** =P <0.01, *** =P <0.001, **** = P <0.0001. All extractions were done with n=5.
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Figure 20 Acylcarnitines extracted from blood and PBS using the biphasic method, modified
biphasic method and protein crash method. The y-axis shows the peak area that was
measured by LC-MS/MS. Due to the poor recovery of the internal standard, the peak area
was deemed a better representation of extraction than the calculated amount in sample.

All extractions were done with n=5.
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Since the protein crash lipid extraction method is not exhaustive, it is important to
investigate potential saturation effects during analyte recovery. By varying the amount of
blood added while keeping the total extract volume the same, i.e., by only varying the
volume of the methanol extraction solvent, it becomes evident which ratio of solvent to
blood is best to reliably extract the maximum lipids from the blood sample without
saturating extraction efficiency. Here 10, 20, 30, 40 or 50 pl of blood were spiked with
deuterated internal standard mix (10 uL; concentration and composition set out in
materials and methods chapter) and MeOH to reach a final volume of 260 pl at the start of
extraction. Blank extractions (50 pl HPLC water instead of blood, n =5) were used to account
for background levels of FFA. As final step of the extraction, 100 ul of supernatant were
transferred for derivatisation.

Post derivatisation samples were analysed on the LC-MS/MS as previously described (see
section LC-MS/MS conditions). When comparing the LC-MS/MS analyte areas measured for
deuterated internal standards in this experiment, these are very similar for most
deuterated lipids and there is no clear reduction/ increase as a function of MeOH to blood
ratio (Figure 21). This supports efficient recovery of internal standards regardless of blood
volume.

When looking at LC-MS/MS areas for recovered analytes extracting from only 10 pul of blood
was sufficient for recovery of all fatty acids and carnitines above background levels (Tukey’s
multiple comparison’s test). As expected, the lipid to IS ratio increases with increasing
volumes of blood in the extraction mix. However, it is important to note that the increase
in ratio is not proportional to the increase in volume of blood extracted from, i.e., it was
not linear beyond circa 20 pL blood in most cases. This would imply saturation of the
extraction mechanism and was particularly noted for C3-OH (Figure 22 D), C10:0 (Figure 22
G) or C2:0 carnitine (Figure 23 A).

It is also noteworthy that variation between replicates increases when extracting from a
higher blood volume in this experiment, again indicative of potential saturation of
extraction effects. To further explore the variability, the % of covariance (%CV) between
replicate extractions was calculated for all FFA and carnitines (Figure 24). For both fatty
acids and carnitines, the %CV increased with increasing blood volumes. For carnitines, the
%CV remained below 10% when extracted from 10 pl whole blood and was above 10%

when extracting from higher volumes. The %CV of fatty acid extractions was below 10% for
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almost all extractions from 10 ul, with C10:0, C12:0 and C10-20H being just above this
threshold (11%, 10.2% and 10.1% respectively). Extracting from 10 pl blood was hence

chosen as the most suitable approach.
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Figure 21. The figure shows the areas as measured by LC-MS/MS for the extracted
deuterated standards (FFA, A, Acylcarnitines, B) for all extractions as average of the 5
replicates with standard deviation on the error bars. The x-axis depicts the amount of blood

used in the extraction, and the y-axis the area measured by LC-MS/MS.
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Figure 22 Lipids to internal standards ratios of FFA measured in samples with varying blood
to MeOH ratio and the control sample containing no blood. 50, 40, 30, 20, 10 ul or O ul blood
were mixed with 10 ul internal standard mix and a corresponding MeOH volume to an end
volume of 260 ul as part of a protein crash extraction. The ratio of lipid to IS from the 0 ul
blood sample was subtracted from the other samples for background correction. The y-axis
depicts the ratio of the measured lipid to its corresponding or closest FFA as set out in the
explanation above. The line indicates the average, and the dots indicate replicate

measurements. This experiment was conducted with n=>5.
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Figure 23 Lipids to internal standards ratios of acylcarnitines measured in samples with
varying blood to MeOH ratio and the control sample containing no blood. 50, 40, 30, 20, 10
ul or 0 ul blood were mixed with 10 ul internal standard mix and a corresponding MeOH
volume to an end volume of 260 ul as part of a protein crash extraction. The ratio of lipid to
IS from the 0 ul blood sample was subtracted from the other samples for background
correction. The y-axis depicts the ratio of the measured lipid to its corresponding or closest
FFA. C18:1 carnitine to internal standard ratio was calculated based on deuterated C18:0

carnitine. This experiment was conducted with n=5.
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Figure 24 The plot shows the percentage of covariation for every lipid on the y-axis set out
against the volume of blood extracted from. The total extraction volume was kept constant.
This analysis indicates how much the extraction matrix impacts the reliability of lipid

quantification. Fatty acids are shown in A) and acylcarnitines are shown in B).
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3.1.5 Efforts to decrease the background in extraction and derivatization

Efforts were made to decrease the background in free fatty acids that could be observed in
blanks after extraction. Firstly water and methanol were compared as blank solvents. To
this end, aliquots of both HPLC water and methanol were extracted and derivatised
according to the established protocols (see above) and levels of lipids (determined by LC-
MS/MS) were compared. As is evident from Figure 25, the HPLC water is likely not a source
of contamination or at least would contain similar levels of contamination to methanol.
Another potential source of background FFA are the derivatisation reagents themselves®2.
Subsequently, since derivatsation reagents are likely used in excess, | tested if | could
reduce the levels of derivatisation reagent used. To this end, | serially diluted the
derivatisation reagents and used these diluted reagents to derivatize methanol (blanks)
aliquots containing internal standards in triplicate. As can be seen in Figure 26, using less
derivatisation reagent led to lower observed levels of deuterated internal standards,
indicating that derivatisation was reduced. In addition, the backgrounds measured did not
reduce proportionally to the reduction in derivatisation reagent, it hence seems likely that
the reduction in derivatisation has a bigger impact than a reduction in background
introduced by the derivatisation reagents.

The most reliable way of assessing background is to extract from a series of blanks during
every extraction batch and then subsequently subtract blank signals (background) from all
samples prior to further data processing. This approach was subsequently employed in all

studies.
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Figure 25 Levels of FFA in blank solvents. Bar plots of background measured when extracting
from either a 10 ul methanol (MeOH) or water (H20) “sample” according to the established
protocol. There were no significant differences between MeOH and water extracts (2-way

ANOVA,.
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Figure 26 The fold change of measured lipid after derivatisation with different dilutions of
derivatisation reagent. The derivatisation reagent was diluted to 75%, 50% or 25% of the
concentration in the established protocol. The percentage of derivatisation reagent used is
plotted against the areas measured per deuterated lipid. The percentage derivatisation

reagent relates to the established protocol (100%).
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3.2 Discussion

The aim of this investigation was to optimize a method that would allow for reliable FFA
and acylcarnitine quantification from a low volume blood sample using LC-MS/MS. The
most important aspect of the method was to achieve reliable measurement of medium-
chain fatty acids (MCFA), with the measurement of further fatty acids (SCFA, LCFA) and
acylcarnitines being a secondary desirable aim. The final established method consists of
three consecutive parts: lipid extraction using the protein crash method, derivatisation
using 3-NPH and EDC-pyridine, and the measurement by LC-MS/MS (Figure 27). The
establishment of this method will contribute to our understanding of how these lipids
change in sepsis but could also be used in future approaches in other conditions and most
likely other complex mixtures. This would especially be relevant in relation to the
measurement of MCFA, that previously have been neglected in many lipid studies. Both
GC-MS and LC-MS machines are prevalent in laboratories performing lipid measurements,
and the establishment of a LC-MS/MS method hence allows for a more widespread
measurement of MCFA.

To evaluate the quality of the method, its components should fulfil certain requirements.
The derivatisation process should lead to sensitive detection of analytes above background
levels (present in solvents, reagents etc). The derivatisation with 3-NPH and EDC under the
established conditions allows for detection of MCFA and LCFA at a picogram on column
range that will be sufficient for detection of biologically relevant concentrations in the
blood above background levels. The detection of acylcarnitines (very low/ND background
levels) is very sensitive and should be sufficient despite the low expected concentrations in
blood samples. The quantification of SCFA showed relatively high background levels and
subsequent higher limits of detection as evidenced by the calibration curves. Attempts to
address this issue by leaving out pyridine (a reported source of contamination®®) from the
derivatisation reaction, led to failure of derivatisation. Also, deuterated SCFA internal
standards showed a higher limit of detection than other deuterated lipids despite not
detected background levels. This indicates the LC-MS/MS has a lower detection sensitivity
for the SCFA compared to other lipids. Acetic acid (C2:0) is reported in relatively high
concentrations in the blood but also shows the highest background levels. Propionic (C3:0)

and butyric acid (C4:0) are reported in lower concentrations, which come close to the limit
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of detection we found in our method evaluation!*!. The chosen derivatisation method
hence appears robust and suitable for the measurement of all targeted lipids from low
blood volumes (10 pL) except for SCFA. However, in all cases blank extractions are required
for subtraction of background levels of analytes in sample extracts prior to data processing.
The quenching of the derivatisation reaction should reduce the amount of contaminating
lipids measured without affecting the detection of already derivatized lipids and internal
deuterated standards. Overall, the success of the quenching methods was rather modest
and partially showed deleterious effects on measurements of deuterated, hence non-
contaminating, lipids. None of the methods reduced the SCFA background without also
showing negative effects on C2-D3. As a result, quenching with formic acid was chosen
since it does not affect already derivatized lipids and partially reduced the measurement of
contaminating LCFA.

The extraction of lipids should lead to robust results with little variation between the lipids
extracted per replicate, little sample input volume required, and the successful extraction
of all lipids specified. Efficient extraction and derivatisation of analytes from whole blood
was most successful using the protein crash method. Though adequate for extraction of
MCFA, biphasic layer extraction was poor for recovery of deuterated propionic acid and
C6:0-carnitine. This method employs partitioning of compounds into two layers and the
evaporation of the lipid-containing layer to obtain the lipids. It is likely that the relatively
volatile SCFA evaporate in the evaporation step, whereas acylcarnitines potentially only
partially partition into the solvent layer due to their chemical nature e.g., size and polarity.
For all extraction methods differences in extraction efficiencies for different lipids were
noted; it was hence decided to use corresponding internal standards for all lipids to be
measured, contingent on availability. The normalization to internal standards should
account for the moderate extraction efficiencies of some lipids, since the extraction
efficiency for deuterated and not deuterated lipids from the sample will be the same. Since
the input concentration of the deuterated lipids is known, the concentrations in the sample
of the measured lipids can be calculated. For lipids where no exactly corresponding internal
standard was available, calibration curves were established based on lipid to deuterated
standard ratio using the closest deuterated standard available. This was the case for lactic
acid (C3-OH), oleic acid (C18:1), linoleic acid (C18:2), linolenic acid (C18:3),
eicosapentaenoic acid (C20:5) and docosahexaenoic acid (C22:6). C3-OH was calculated
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using deuterated C3:0; C18:1, C18:2 and C18:3 were calculated based on deuterated stearic
acid (C18:0); eicosapentaneoic acid (C20:5) and docosahexaenoic acid (C22:6) were
calculated based on deuterated arachidonic acid (C20:4). Another requirement for the
method to be successful is the detection of lipids above background. This was evaluated by
comparing PBS extractions to blood extractions. Only the protein crash method led to
significant extraction above background for most fatty acids evaluated fulfilling this
requirement. C10-20H/30H and C12-20H/30H could not be measured with different
extraction approaches and hence might either not be present in the healthy volunteer
samples used or not extracted successfully, since measurement of deuterated standards
on the machine worked well. Furthermore, it is important to note that in the extractions a
relatively high background of SCFA can be observed (Figure 19). This background persisted
despite the change from acetonitrile to methanol earlier in the method development
process after confirming presence of acetic and propionic acid in acetonitrile (data not
shown). Further efforts to decrease the background as evidenced by the experiments
outlined were not successful. When reducing the amount of derivatization reagents (a
potential source of background levels) derivatization is affected negatively. In addition,
background levels were measured at the same level regardless of if a HPLC pure methanol
“sample” or a HPLC pure water “sample” was extracted. Apart from these experiments,
several precautions during sample processing were established: every pipette tip was
washed with methanol before pipetting any solvent and only glass vials were used for every
step of the process. Despite these efforts, a background persists in all experiments and this
background varies; it is hence not entirely possible to predict if it will be possible to reliably
measure SCFA with this method in patient samples. Using a rigorous background correction
and quality control however will indicate this. | hence chose to process 5 blank samples of
HPLC grade water alongside every batch of samples in order to estimate the background,
and the background measured in the blank samples will be subtracted as average from all
samples in the batch.

In a last experiment both the optimal blood sample volume and the robustness of the
protein crash extraction method was evaluated. When using one step extraction processes
(i.e. not repeated solvent addition and recovery) such as the protein crash method, it is
important to ascertain whether the extraction solvent is in sufficient volume to blood

sample, to fully recover the analytes of interest i.e. it is not saturated. The results show that
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a lower whole blood volume (10 pl) in a total extract volume of 260 pL led to reliable

measurement of lipids above background; least variability between replicates (<10% CV)

and was in a linear extraction range for most FFA/acylcarnitines. The extraction of 10 pl

blood samples with the protein crash method was hence chosen as reliable and suitable

method for lipid extraction from whole blood samples.

ﬁProtein crash extraction

¢ 10 pl sample, 250 pl methanol
with internal standards mix

*Vortex
¢ Centrifugation

N o ction

b Derivatisation

©100 pl extract with 50 pl 3-NPH
and 50 pl EDC-pyridine,
incubation

e Quenching with 0.5% formic
acid in 75% MeOH, incubation

N

ﬁMeasurement by LC-MS/MS
e Calculation based on ratio of
lipid to internal standard
e Use of blanks to determine
background and subtract it
e Calibration curves for lipids with
no internal standard

(- \ /o c o rement

Figure 27 The optimized workflow as established in this chapter for free fatty acid and

acylcarnitine quantification in blood samples.
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4 Measurement of lipids in plasma of adult sepsis patients and

healthy adult volunteers

In this chapter, | present the measurement of lipids in the plasma of adult sepsis patients
and healthy adult volunteers. The lipids measured are straight chain fatty acids with a chain
length from 2 carbons to 18 carbons, hydroxylated MCFA, the poly-unsaturated fatty acids
C18:1 (oleic acid), C18:2 (linoleic acid), C18:3 (a-linolenic acid), C20:4 (arachidonic acid),
C20:5 (eicosapentaenoic acid), C22:6 (docosahexaenoic acid) and acylcarnitines. Some of
these lipids have been shown to change in sepsis in previous research%°!, while some of
these lipids to my knowledge have not been measured before in sepsis, e.g. C8:0 (octanoic
acid), C10:0 (decanoic acid) and C12:0 (dodecanoic acid). Any changes occurring in the
measured lipids would be connected to the origin of these lipids, their function, and cellular
and physiological metabolism. The measured lipids can have different origins. Short chain
fatty acids are foremost generated by the intestinal microbiota, whereas saturated MCFA
and LCFA are more likely obtained from the diet but can also be generated in the body.
Generally, most lipids can be synthesized in the body, while only few lipids can be obtained
exclusively via the diet, e.g., C18:2 (linoleic acid) and C18:3 (a-linolenic acid). Acylcarnitines
present in the plasma would most likely originate from inside the host cells, as dietary
acylcarnitines will not directly pass into the blood. Acylcarnitines play an important role in
cellular metabolism since they facilitate the transport of lipids into the mitochondria where
they can be oxidized for energy generation. Since lipid metabolism has been described as
being altered in sepsis it is relevant to measure both the free fatty acids and the
acylcarnitines*®4%>463 Notably, most publications on lipid changes in sepsis cite overall lipid
changes, i.e., from measuring non-esterified fatty acids or triglycerides, without specifying
separate lipid species. Other studies perform untargeted approaches and only report
significantly changed metabolites or the top changed metabolites. As a result, few
information on the lipids | measured is published in previous studies, especially regarding
the FFA. Previous studies have seen decreases in long-chain PUFAs in sepsis'®* and changes
to acetate and lactate'>166.167 | could not find information on the remaining FFA. Rogers

et al. measured several of the lipids also measured in my approach, however, they
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compared survival in critically ill patients in the ICU and none of the here measured FFA
were significantly altered between these two groups?!®2.

Measuring these lipids in sepsis will address several questions. Firstly, it assesses the
viability of the established method for the physiological and pathophysiological
measurement of a range of lipids in a well characterised cohort. Since the method was
optimized on whole blood, this will also assess how suitable the method is for plasma
samples. Secondly, this serves to address the questions about lipid concentrations and lipid
metabolism in sepsis patients in contrast to healthy volunteers. The central question is if
MCFA are present in adequate concentrations to activate the receptor and if they are
elevated compared to healthy controls. Evaluating overall which lipids are decreased and
increased in sepsis patients indicates underlying changes in metabolism. In addition, this
also provides an initial investigation for exploring any connections between clinical
parameters and lipid measurements.

To obtain reliable measurements of lipids by LC-MS/MS it is important to consistently
adhere to a set of standard operating procedures for sample analysis. These standard
procedures have been set out in the chapter detailing the optimization of the method.
When analysing a cohort of clinical samples, it is common to check the performance of the
method and prove the reliability of the results in combination of the presentation of the
results. Furthermore, only lipids whose measurements are deemed reliable enough will be
included in the study. In this study, due to potential backgrounds of certain lipids, the
background of each lipid will be measured in every batch of extractions by extracting 5
blank samples of 10 ul HPLC water alongside the plasma samples. This background will be
subtracted per lipid from every sample. If a lipid cannot be detected above background
levels in the majority of samples, it will be excluded, unless the presence in a subset of
samples is an expected possibility from a biological point of view. A final measure is the use
of a quality control sample to evaluate machine performance during the run. During longer
runs the performance of the machine can be affected by various factors affecting its reliable
measurement, e.g., when relatively dirty samples lead to a build-up on the spray plate,
hence impacting ionization and subsequently detection sensitivity. Therefore, a quality
control (QC) sample is run after every 10 plasma samples and the measurements of the
quality control sample over time will be evaluated. Though variability in lipid measurement

in the quality control are common, a high variability in measurements of a lipid in the
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quality control sample indicates that the machine is not reliably measuring this lipid. The
variability is evaluated as coefficient of variation, which is the ratio from the standard
deviation to the average measurement of the QC expressed as a percentage. In previous
metabolomic studies of human tissues %CV of up to 50% have been accepted®®170 though
a %CV of 20% is often cited in LC-MS studies!’*172, In addition, a lipid has to be detected in
the quantifiable range in all measurements of the quality control sample to qualify as being
detected reliably.

The cohort used in this chapter is part of the Innate-like T-cells in Sepsis (ILTIS) study (IRAS
ID: 231993). This study enrolled adults on the intensive care unit within 36 hours of
admittance who were diagnosed with sepsis based on the sepsis-3 definition. The control
group consists of healthy volunteers that are age matched. The data presented is from 52
sepsis patients and 18 healthy volunteers. Although this sample size is small this is a
phenotypically well characterised cohort, and any significant alterations would warrant

further investigation.
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4.1 Results

4.1.1 Demography of study populations

A summary of the demographics of the study population is summarized in Table 6. As can
be seen, the median age is well matched, as it is 61 years in the patient population and 55
in the volunteers. The age range of healthy volunteers does not extend as high up as the
age range of sepsis patients. The sepsis cohort has a higher percentage of males than the
volunteer, 59.6% versus 44.4%. Among the comorbidities were cancer (n=2), chronic heart
disease (n=1), chronic renal disease (n=1) and immunosuppression (n=2).

Roughly half of the cases had a confirmed infection (n=27), with several cases of pneumonia
and urosepsis. Confirmed infections were overwhelmingly bacterial with only four viral flu
cases diagnosed. 29 sepsis patients required mechanical ventilation, for an average of 10
days, and 20 patients received renal replacement therapy in ICU. Mortality in this cohort

was at 21% within 60 days, or 11 patients out of 52.
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Table 6 Demography of sepsis patients and healthy controls included in this study

n

Median age (age range)

Gender (%male)

Ethnicity

British White

Asian or Asian British

Comorbidities

Cancer
Chronic heart disease
Chronic renal disease

Immunosuppression

Sepsis cause

Post-operation
Bacterial

Flu

Type of sepsis

Pneumonia (confirmed/
unconfirmed infection)
Urosepsis (confirmed/
unconfirmed infection)
Sepsis (confirmed/

unconfirmed infection)

Average APACHE Il score (range)

Mechanical ventilation in ICU

(average duration in days)

Renal RT (replacement therapy) in

ICU

Non-survivors 7 days (average

age)
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Sepsis patients
52
61 yrs (19-84)

59.6%
- 49
- 2
7
- 2
-1
-1
- 2
- 14
- 33
- 4
- 12(9/3)
- 9(1/8)
- 30(17/13)
17.8 (5-33)
29 (10, 3-58)
20
4 (69 yrs)

Healthy controls
18

55 yrs (25-66)
44.4%
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Non-survivors 30 days (average 9 (69 yrs) -
age)
Non-survivor 60 days (average 11 (69 yrs) -

age)

Non-survivor 1 year (average age) 12 (67 yrs) -
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4.1.2 Evaluation of the reliability of lipid measurements in this cohort

Before analysing the results from a biological standpoint, | evaluated if the method to
measure the lipids performed reliably, i.e., if the measurement of lipids in this cohort meets
scientific standards set out in recent publications’>%74, Lipids whose measurements do not
fulfil all criteria as set out in the introduction will be excluded. All samples were processed
using the method established in Chapter 3 and described in further detail in Materials and
Methods section 1. In short, 10 ul of plasma were mixed by vortex with 250 ul of ice-cold
methanol containing internal standards, and then subjected to centrifugation at 4000 g. A
100 pul aliquot of the supernatant was derivatized with 50 pl 3-nitrophenylhydrazine (3-
NPH) and 50 ul 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) before
measurement by LC-MS/MS.

To ensure correct measurements, it was evaluated if lipids were quantified above
background and if the measurements lay in the linear range. The background was detected
by using 5 extracted blanks per extraction batch: 10 ul aliquots of HPLC water were
extracted alongside each extraction batch. Most lipids could be detected in the majority of
samples in concentrations higher than their measured concentrations in the background
samples. C2:0 (acetic acid), C3:0 (propionic acid) and C4:0 (butyric acid) were detected at
levels below background in the majority of samples, and the remaining measurements
should hence be excluded as well from further consideration. Hydroxylated MCFA, i.e., C10-
20H/30H and C12-20H/30H, were not detected at all and/or not quantified above
background, in the majority of samples. The hydroxylated MCFA have been rarely detected
before in blood, and if, only at very low concentrations*. In the majority of sepsis patients
and healthy controls no hydroxylated C10:0 (decanoic acid) could be detected; only 11
samples showed detectable concentrations. Since hydroxylated C10:0 (C10-20H/30H) was
initially not detected in the quality control measurements, but appeared in later quality
control measurements, it cannot be ruled out that the measurements of hydroxylated
C10:0 in these samples are artefacts. For this reason, all C10-20H/30H measurements are
not considered in further analysis. In contrast, hydroxylated C12:0 (C12-20H/30H) could
be measured in a larger portion of samples than hydroxylated C10:0. This lipid was detected
above background in 30 samples from both patients and healthy controls. However,
hydroxylated C12:0 could not be detected in the QC. Hence, C12-20H/30H was also

excluded from further analysis. The medium-chain fatty acids C8:0 (octanoic acid), C10:0
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(decanoic acid) and C12:0 (dodecanoic acid) were measured below background in a smaller
subset of samples, however since they were quantifiable in the majority of samples this is
acceptable. Three lipids were quantified outside of the higher end of the linear range in
most of the samples: C3-OH (lactic acid), C16:0 (palmitic acid) and C18:1 (oleic acid). To
measure these lipids 10-fold dilutions of all samples and the QC were prepared and
measured again in one consecutive run. The values reported for mean and QC in these
lipids are based on the diluted sample measurements (Figure 28) and were calculated taking
the dilution factor into account. The calculated concentration hence represents the
concentration in the undiluted sample.

An important parameter to evaluate is the machine performance of the LC-MS/MS with
the method used. All samples were run on a Nexera XR LC-20AD XR (Shimadzu) liquid
chromatograph coupled to a SCIEX 4000 QTRAP LC MS/MS system (Shimadzu) with Turbo
Spray ESI in one continuous run. To evaluate machine performance, a quality control
sample - a pool of all samples - was measured after every 10 samples measured. Consistent
measurement of lipids indicates robust machine performance. Since it is a pool of all
samples, the background subtracted is the average of all extracted blanks of all batches. As
can be seen in Figure 28, most lipids and carnitines were measured in the quality control in
a consistent manner. The lipids C3:0 (propionic acid) and C12-20H/30H were not measured
above background in most or all samples of the quality control, confirming the previous
decision to exclude these lipids. Coefficient of Variability (%CV) was used to assess
variability in measurements. Fatty acids present in a relatively low amount in the quality
control, e.g., C3:0 (propionic acid), C4:0 (butyric acid) and C6:0 (hexanoic acid), are not
quantified reliably as seen by the high %CV values of well above 200% (Figure 28C). These
fatty acids are present in a concentration outside the range in which their reliable
measurement is possible. Any variability occurring in measurements of these lipids in the
tested cohort could hence be due to variability in quantification within this range rather
than reflecting actual variability in concentrations. That is why C6:0 (hexanoic acid) will be
excluded as well as C3:0 (propionic acid) and C4:0 (butyric acid) which were also already
excluded due to the failure to detect them in most samples. The remaining free fatty acids
have %CV below 16%, with several showing very low %CV below 5%. When comparing this
to the %CV of 20% usually deemed acceptable as set out in the introduction, these values

are well below the acceptance level and indicate reliable measurement of these lipids. All
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carnitines can be detected with %CV values below 10 and hence the measurements of
these analytes can be deemed very reliable as well. In conclusion, for further analysis, |
decided not to consider, C2:0 (acetic acid), C3:0 (propionic acid), C4:0 (butyric acid), C6:0
(hexanoic acid), C10-20H/30H (hydroxylated decanoic acid) and C12-20H/30H
(hydroxylated dodecanoic acid), while the quantification of the remaining lipids appears

reliable.
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(LACTIC) 24273 2.6 9
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C16:0 91.9 2.0 9 .
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Ci8:1 147.7 3.8 9 C16 carnitine  0.010 8.19 11
C18:2 31.1 3.8 9
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Figure 28 Measurement of lipids in the quality control. A) Measurement of free fatty acids
across 13 measurements (undiluted samples) or 9 (diluted samples) of the quality control

sample. C) and D) Tables summarizing the mean, %CV and n of quality control
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measurements for FFA and acylcarnitines. B) Measurements of acylcarnitines across 11
quality control measurements. QC1 is the first quality control measurement and QC13, 9
and 11 are the last quality control measurement for FFA diluted and undiluted and
acylcarnitines, respectively. The difference in how many quality control sample
measurements were performed is caused by differences in how many measurements were
executed per run, i.e., when sample measurements were repeated due to technical issues

such as leaks in the liquid chromatography or moving peaks.
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4.1.3 Measurements of potential ligands for GPR84

The first question was whether MCFAs that are able to activate GPR84 are present in
plasma and potentially increased in sepsis. Previous studies report that the MCFA C10:0
(decanoic acid), C12:0 (dodecanoic acid) and hydroxylated C10:0 and C12:0 activate the
receptor?®97.122_Since the hydroxylated MCFAs could not be detected reliably in plasma, |
can only answer this question for C10:0 and C12:0. Firstly, C10:0 (decanoic acid) could be
detected in nearly every sample. It is significantly increased in sepsis compared to healthy
controls (p=0.043, Wilcoxon-test). It is noteworthy that in most patients the C10:0 levels
were low and at similar levels to those observed in healthy controls, while a subgroup (13
patients) shows clearly elevated levels at about 4 - 28 times the median (median:1.9 uM,
range outliers: 8.5 — 53.6 uM). In Figure 29 dashed lines are shown in the C10:0 and C12:0
plots to indicate the concentration levels required to activate the receptor using as the
reference value the EC50 values obtained in cCAMP assays by Wang et al. (C10:0 4.5 uM,
C12:0 8.8 uM)®®. As can be seen in Figure 29, a subset of patients had elevated C10:0 levels
in their plasma in the range that would activate the receptor in vitro. For C12:0 (dodecanoic
acid) on the other hand, concentrations in healthy controls and sepsis patients are very
similar and the spread of values in the patient population is less extreme. The subset of
patients with sufficiently high plasma levels to activate the receptor is very small. In
addition, some healthy controls had sufficiently high plasma levels as well. In roughly 20%
of the samples, C12:0 could not be detected. In conclusion, it seems that in a subset of

patients the concentrations required to activate GPR84 can be reached systematically.
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Figure 29 Boxplots of the concentrations in uM of potential GPR84 ligands in the plasma of
sepsis patients (n=52) and of healthy controls (n=18); A) C10:0 or decanoic acid, B) C12:0 or
dodecanoic acid, C) all samples with C10:0 levels below 10 uM. The dashed line indicates
the EC50 concentration required to activate GPR84 as evaluated by Wang et al. using a
CcAMP assay®®(C10:0 4.5 uM, C12:0 8.8 uM). The statistical test performed was a Mann-
Whitney-Wilcoxon test with a significance level of 0.05. The lower half of each box in the
boxplot depicts the 2" quartile of values, with the upper half depicting the third quartile.
The extended lines depict the first and last quartile of values, with any points reaching below

or above these lines being statistical outliers.
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4.1.4 Measurements of additional straight chain lipids

Further fatty acids were measured in the range from C8:0 (octanoic acid) to C22:6
(docosahexaenoic acid) and C3-OH (lactic acid). These fatty acids were measured in order
to understand lipid metabolism better and explore any connections between changes in
other fatty acids and the changes observed in MCFA. First, C3-OH or lactic acid, was
measured in high concentrations with very similar concentrations measured in controls and
in sepsis patients (Figure 30 A). This is surprising since increased lactic acid is proposed as
biomarker for sepsis®°; | hence would have expected to see increased concentrations in at
least a subset of sepsis patients compared to healthy controls. The concentrations
measured in healthy controls are higher than reported, as lactic acid is typically reported
between 500 and 2200 uM according to the HMDB*L. Furthermore, a concentration above
2000 puM is an indicator of septic shock as defined in the sepsis-3 definition?, a value that is
exceeded by the average for both cohorts. The reason underlying this discrepancy is not
readily clear as the quality control measurements show a low %CV of 2.6% and the
measurements are in the linear range of the calibration curve. This argues against possible
variation due to technical reliability of the measurements and may suggest variation arising
from the manner of sample collection for the controls as well as the small sample size of
the population. Sample collection and storage has previously been found to significantly
affect measured lactate levels from both volunteers and patients’>~77, In this connection,
about a third of the controls show levels above the normal range and all below septic
shock range of 4mmols/I. In both the sepsis patient group and controls approximately
half show sepsis 3 levels (<2 mmols/l) with 7 individuals displaying levels in the septic
shock range.

C8:0 or octanoic acid is present in significantly higher concentrations in sepsis patients than
in healthy controls (p=0.0011, Mann-Whitney-Wilcoxon-test), with concentrations
observed in healthy controls being very low or not detectable (Figure 30B and F). The levels
observed in the controls is in line with previously published data that medium chain fatty
acids are present in low amounts in the blood of healthy fasted and non-fasted
volunteers'0:178,

C14:0 (myristic acid), C16:0 (palmitic acid), and C18:0 (stearic acid), show no difference in

sepsis patients and healthy controls, with a wider spread of values in sepsis patients than
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in controls (Figure 30C, D, E). There is a small but non-significant increase apparent in C16:0
(palmitic acid).

C18:1 (oleic acid), is significantly increased in sepsis, while C18:2 (linoleic acid) and C18:3
(a-linolenic acid), are not (Figure 31 A, B, C). The further LCFA C20:4 (arachidonic acid),
C20:5 (eicosapentaenoic acid) and C22:6 (docosahexaenoic acid) are significantly lower in
the plasma of sepsis patients than in healthy controls (Figure 31 D, E, F).

Overall, it seems that straight chain saturated fatty acids with a chain length of longer or
equal to 12 are not changed in sepsis, while medium chain fatty acids with a chain length
of 8 or 10 are increased in a subset of patients. In terms of unsaturated fatty acids, only
C18:1 (oleic acid) is significantly increased while C20:4 (arachidonic acid), C20:5
(eicosapentaenoic acid) and C22:6 (docosahexaenoic acid) are decreased, and C18:2
(linoleic acid) and C18:3 (a-linolenic acid) are not significantly affected. It is noteworthy
that most lipids show a great heterogeneity with several plasma concentrations quantified

outside of the upper quartile of values.
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Figure 30 Concentrations in uM in the plasma of sepsis patients and healthy controls; A) C3-

OH or lactic acid, B) C8:0 or octanoic acid, C) C14:0 or myristic acid, D) C16:0 or palmitic

acid, E) C18:0 or stearic acid, F) C8:0 in all samples with concentrations up to 15 uM. The

statistical test performed is a Mann-Whitney-Wilcoxon test with a significance level of 0.05.
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Figure 31 Concentrations in uM in the plasma of sepsis patients and healthy controls; A)
C18:1 or oleic acid, B) C18:2 or linoleic acid, C) C18:3 or co-linolenic acid, D) C20:4 or
arachidonic acid, E) C20:5 or eicosapentaenoic acid, F) C22:6 or docosahexaenoic acid. The

statistical test performed is a Mann-Whitney-Wilcoxon test with a significance level of 0.05.
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4.1.5 Measurements of acylcarnitines

Apart from free fatty acids, acylcarnitines with a range from acetylcarnitine (C2:0 carnitine)
to oleoyl-carnitine (C18:1-carnitine) were measured. Since acylcarnitines play a pivotal role
in facilitating lipid transport into mitochondria, measuring them will give further insights
into potentially changed lipid metabolism inside the cell. The transport of lipids into the
mitochondria is necessary for both oxidative phosphorylation, the energy-generating
breakdown of lipids, and lipid synthesis in mitochondria. Boxplots depicting acylcarnitine
measurements in sepsis patients and healthy controls can be seen in Figure 32. Significant
differences between sepsis patients and healthy controls can be observed for all
acylcarnitines with a chain length between C2:0 and C:10, except C3:0 carnitine
(propionylcarnitine), and stearoylcarnitine (C18:0-carnitine) (Figure 32 A-F, J). The short-
and medium chain fatty acylcarnitines with a chain length between 2 and 10 are increased
in sepsis patients, whereas stearoylcarnitine (C18:0-carnitine) is decreased in the plasma
of sepsis patients. C3:0 carnitine (propionylcarnitine) is near to significance (p=0.062).
Overall, and as expected, acylcarnitines are measured in low, mostly submicromolar
concentrations. The acylcarnitine measured in the highest concentrations is acetylcarnitine

with concentrations in the low micromolar range (Figure 32 A).
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Figure 32 Boxplots depicting the acylcarnitine concentrations measured in plasma samples
of sepsis patients and healthy controls. Shown are A) acetylcarnitine (C2:0-carnitine), B)
propionylcarnitine  (C3:0-carnitine), C)  butyrylcarnitine  (C4:0-carnitine), D)
hexanoylcarnitine (C6:0-carnitine), E) octanoylcarnitine (C8:0-carnitine), F) decanoyl-
carnitine (C10:0-carnitine) G) dodecanoylcarnitine (C12:0-carnitine), H) myristoylcarnitine
(C14:0-carnitine), 1) palmitoylcarnitine (C16:0-carnitine), J) stearoylcarnitine (C18:0-
carnitine) and K) oleoylcarnitine (C18:1-carnitine). The statistical test performed is a Mann-

Whitney-Wilcoxon test with a significance level of 0.05.
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4.1.6 Identification of lipids significantly altered in sepsis

An analysis using the metaboanalyst tool**? was performed to further explore the
metabolic changes observed in sepsis. My intention was to generate a better overview and
hence understanding of the metabolic changes in sepsis in this study. In addition, | aimed
to use any insights as starting point to understand the factors that might be causing the
heterogeneity in lipid levels among sepsis patients. Metaboanalyst is a platform for
metabolomics analysis enabling various statistical approaches to metabolomics data and
visualizations. First off, a Volcano plot provides a concise overview of lipids significantly
different and how they are changed in sepsis. It plots the log,-transformed fold change
versus the —logio-transformed p-value and typically only the measurements above the fold
change and significance threshold are shown. The statistical test performed was a Kruskal-
Wallis-test with multiple testing adjustment on log10-transformed lipid concentrations. In
addition, dashed lines indicate a log2 FC of 1, i.e., a fold change of 2, but lipids with a lower
fold change are also depicted. As can be seen in Figure 33, C20:4 (arachidonic acid) and
C20:5 (eicosapentaenoic acid) were significantly decreased, while several carnitines that
bind small-chain to medium-chain fatty acids were significantly increased in the plasma.
Also, C8:0 (octanoic acid) and C10:0 (decanoic acid) were significantly increased. All of the
lipids that were found to be significantly changed in the previous analysis are also
significant in this analysis. It becomes apparent in the volcano plot that some of the
significant lipids have a fold change lower than 2. While the boxplots and associated
statistical tests provide a more granular view unto lipid changes, the volcano plot identifies

the most robustly changed and thus, most likely, the most important lipids.
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Figure 33 Volcano plot depicting lipid concentrations altered in the plasma of sepsis patients

compared to healthy controls. The y-axis depicts the negative log10 of the p-value, hence

the higher the value the higher the significance. The x-axis depicts the log2 of the fold

change calculated based on not-normalized lipid concentrations. The dashed lines at

log2(FC) 1 indicate a 2-fold change on raw data. Significance was calculated using the

Kruskal-Wallis test on log10-transformed lipid concentrations and is adjusted for multiple

testing. Dashed lines indicate a log2(FC) of 1 and a —log10 p-value that corresponds to p=0.1

after multiple testing correction.
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4.1.7 Explorative, unsupervised investigation of lipids altered in sepsis

Several of the lipids exhibited a wide range of measurements among the sepsis patients. |
hypothesized that the different levels of lipids may be correlated to subsets of patients. To
examine if this wide range of measurements indicates separate subgroups of patients, |
generated a heatmap of lipid measurements in the patients and controls (Figure 34 A), with
the colour bar on top identifying survivors, non-survivors, and healthy controls, and a
second bar identifying controls, urosepsis, pneumonia and sepsis cases. The lipid
measurements are log-normalized and centre-scaled. Both lipids and samples are clustered
using the Ward.D clustering method, and Euclidean distance measures in metaboanalyst.
A heatmap could show distinct clusters of patients and controls and using the colour bars
on top could help identify the reason for these clusters. However, the heatmap reveals a
high level of heterogeneity and the clusters are not very striking. The samples are
agglomeratively divided into two clusters, one cluster containing healthy controls and the
majority of sepsis patients, and the other cluster containing a smaller subset of sepsis
patients. This indicates that the subcluster of sepsis patients on the left has a lipid profile
different from both controls and other sepsis patients. Furthermore, a few sepsis survivors
cluster with the healthy controls. Sepsis non-survivors do not cluster together but are
distributed over several clusters. Looking at the different sepsis causes as indicated by the
colours of the second colour bar, it is also apparent that the different types do not form
separate clusters. The lipids are first divided into two clusters, with each cluster then
containing another two clusters consisting of several subclusters. The bottom cluster
contains one cluster with the MCFA C8:0 (octanoic acid), C10:0 (decanoic acid), C12:0
(dodecanoic acid) and all acylcarnitines with a fatty acid chain length between 2 and 10,
and another cluster with the remaining acylcarnitines with a fatty acid chain length
exceeding 10. The top cluster contains all long-chain fatty acids, with one cluster containing
C20:4 (arachidonic acid), C20:5 (eicosapentaenoic acid) and C22:6 (docosahexaenoic acid),
and the other cluster containing C14:0-C18:0 and C18:1 (oleic acid), C18:2 (linoleic acid)
and C18:3 (a-linolenic acid). The relationship between the lipids will be further explored in
a separate analysis (Correlation between lipids).

To further explore the clustering of patients based on the lipid measurements, Principal
Component Analysis (PCA) was performed in metaboanalyst. The PCA is an unsupervised
analysis method that arranges samples that vary in a similar way in an n-dimensional space
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based on the provided variables, i.e., measured concentrations of the FFAs, after
converting these into abstract principal components. Hence, the principal components are
generated based on abstracted, differently weighted values of measurements that are
supposed to best explain the variance, not the grouping, in the data. Figure 34 B shows the
PCA plot in 3D. The distribution of patients and controls in the 3D plot confirms the
impression that differences in lipid profiles are present between different subgroups but
due to their heterogeneity do not appear very stark, as no distinct groupings of samples
become apparent in the plot. This makes sense as the differences found are
heterogeneous, i.e., several lipids have high average fold changes but also show a great
spread of values, especially in the sepsis group. We hence see a PCA with samples relatively
spread out without establishing distinct groupings.

| decided to further explore the PCA outcome using 2D-plots of the PCA instead, i.e., biplots.
In the 2Dplot of PC1 and PC2 (Figure 34 C) one can see that there is a trajectory from healthy
controls to sepsis survivors to non-survivors, moving from left to right, i.e., along the x-axis
or PC1. Some of the lipids that are part of PC1 are C8:0 and C10:0. When looking at a biplot
of PC2 and PC3 (Figure 34 D), a group of 10 patients and 1 control appears to be further
apart from the other samples. Evaluating the position of this group in the biplot it is
apparent that this group is more dissimilar to the lipid profile of non-survivors than most
survivors and controls. This group consists of 1 non-survivor, 9 survivors and 1 control.
Among the patients in this group, 2 had pneumonia causing sepsis and 8 had sepsis of
undefined aetiology (OUA). Looking at the metadata of this group, | can see that they had
fewer mechanical ventilation interventions (3/10) than typical for sepsis and pneumonia
(compare Table 7 A), were in the majority female (7/10), slightly younger than the average
sepsis patient (average 55.3 years) and stayed on average slightly shorter than the typical
pneumonia/ sepsis OUA patient (10.2 days, range 3-26.5). When looking at the loadings
plot (Figure 34 E), this group of samples is at a 180° angle to the C12:0 loadings arrow. This
indicates that this group is distinct from other samples based on their C12:0 measurements,
and that their C12:0 measurements are lower than those of any samples moving in
direction of the arrow. These samples are also further to the right than many samples, and
with the C8:0 and C10:0 arrows pointing to the left, this would indicate that these samples
are also further apart from other samples due to relatively lower concentrations of C8:0

and C10:0. | double-checked the C8:0, C10:0 and C12:0 concentrations for this group of
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samples and found that all of these samples had indeed comparably low concentrations of
all of these three lipids. | would tentatively suggest that this is a group of patients and 1
control with lipid profiles that might indicate survival, however the data is not very strong.
Another possible explanation for the heterogeneity in the sepsis measurements could be
the cause or type of sepsis, i.e., pneumonia, urosepsis or sepsis of undefined aetiology
(OUA). In the PCA plot of sepsis causes, the urosepsis patients overlap strongly with the
healthy controls (Figure 34 F). Pneumonia and sepsis OUA patients overlap partially with the
healthy controls but are clearly more distant than urosepsis patients. In addition,
pneumonia and sepsis OUA patients show great overlap with each other. It appears likely
that part of the heterogeneity of lipid measurements is dictated by the sepsis cause. | will
explore this further in one of the following paragraphs after another analysis of survival in

relation to the lipid profile.
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Figure 34 A) shows the heatmap of all samples and all lipids measured (log-normalized and

centre-scaled). Both lipids and samples are clustered using D. ward clustering, distances are
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Euclidean. The colour scale in the heatmap goes from 4 (increased) to -4 (decreased) and
the colour indicates the z-score of the lipid measurement within the row for each sample.
B) shows a 3D-plot of a PCA on the data with the colours indicating controls, survivors and
non-survivors. C), D) and F) are also PCA plots of the exact same data but shown as biplots.
In C) the datapoints are coloured based on their belonging into either the control, survivor
or non-survivor group, with PC1 being the x-axis and PC2 the y-axis. D) shows the biplot of
controls, survivors and non-survivors with PC2 as the x-axis and PC3 as the y-axis. F) shows
the same PCA as C), but the datapoints are coloured based on their belongings into either
the control, pneumonia, sepsis or urosepsis group. The coloured “halos” indicate the 95%
confidence regions of the groups. E) also shows a biplot with PC2 on the x-axis and PC3 on
the y-axis, and it shows both the spread of samples, indicated by their numbers, and the

loadings of the principal components as indicated by the red arrows.
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4.1.8 Lipid concentrations and survival

Next, | conducted a partial least square — discriminant analysis (PLS-DA) in metaboanalyst.
In contrast to PCA, this is a supervised method, i.e., the tool is aware of the group every
sample belongs!’®. PLS-DA tries to compute which variables best predict group
membership using multivariate regression. | chose to do this analysis in order to find out
which lipids were affected by survival. Many factors can influence the variance in lipid
measurement, which could obscure the potential variance caused by survival in an
unsupervised method, i.e., in the PCA | did. Since there is a risk of “overfitting” the data in
supervised methods, classification performance will be evaluated using leave-one-out-
cross-validation. In the 2D PLS-DA plot (Figure 35A), the survivors and non-survivors were
slightly further apart compared to the PCA, and both groups overlapped less with the
controls. Looking at which lipids drove the differentiation into groups, we see mostly lipids
that were also present in the volcano plot with significant and relatively high fold changes,
e.g., C20:4 (arachidonic acid), C20:5 (eicosapentaenoic acid), C22:6 (docosahexaenoic acid),
carnitines bound to SCFA, MCFA and C18:0 (stearic acid), and the FFA C8:0 (octanoic acid)
and C10:0 (decanoic acid). In contrast to previous analysis, C12:0 (dodecanoic acid) and
C16:0 (palmitic acid) were also found in this analysis. The coloured bar at the right of the
loadings plot (Figure 35B) shows the relative concentrations between the three groups. As
indicated by the colours, most lipid levels followed a trajectory from low to high or vice
versa from controls to survivors to non-survivors. In contrast to this, C12:0 (dodecanoic
acid) and C16:0 (palmitic acid) did not have this clear trajectory. It is important to note that
since the colour bar only depicts averages without considering the variance, the colours
could be misleading. The method evaluation using cross-validation indicated that the
model had a moderate ability to accurately predict the groups, and the results should hence
be regarded with caution (Figure 35D). The PLS-DA seemed best at differentiating controls
from survivors and non-survivors, and less good at differentiating survivors and non-
survivors, since these groups still overlapped a lot. When performing PLS-DA on only
survivor and non-survivor samples, the model was overfitted as evident from low and
negative Q2 values in the cross-validation (Figure 35 D). In other words, we cannot reliably
differentiate survivors and non-survivors in this dataset using PLS-DA. To statistically test if
any lipids were altered between survivors and non-survivors, | conducted fold change

analysis and non-parametric tests on these groups with and without multiple testing

145



adjustment in metaboanalyst. As can be seen in Figure 35C, 5 lipids had a fold change bigger
than 1.5 between survivors and non-survivors (C8:0 (octanoic acid), C10:0 (decanoic acid),
C3:0 carnitine (propionylcarnitine), C8:0 carnitine (octanoylcarnitine), C14:0 (myristic
acid)). A further 5 lipids had a fold change above 1.2 (C18:1 carnitine (oleoylcarnitine),
C16:0 carnitine (palmitoylcarnitine), C20:4 (arachidonic acid), C16:0 (palmitic acid), C18:1
(oleic acid)). Before multiple testing adjustment, the difference between survivors and non-
survivors was significant for C3:0 carnitine (propionylcarnitine) and nearly significant for
C10:0 (decanoic acid) in a Mann-Whitney-Wilcoxon-test, but none of these changes were
significant after applying a false discovery rate of 0.1. Finally, | decided to see if a logistic
regression model based on these changed lipids could potentially predict non-survival
within this cohort. To this end, | used the metaboanalyst tool and uploaded only the data
of non-survivors and survivors of sepsis. Using logistic regression as model, | generated ROC
curves for several lipid combinations from the lipids shown in the table in Figure 36B. This
led to models with moderate to good predictive ability within this cohort. The best
performing model was based on C3:0-carnitine, C8:0, C16:0-carnitine, C20:4, C16:0 and
C14:0. C10:0 was not included since it does not have an added effect when C8:0 is included.
As can be seen in

Figure 36, the area under the curve (AUC) in “training” was ~0.9. Since | did not have any
data for a validation cohort, and the ILTIS cohort was too small to split it, | used 10-fold
cross validation instead. In cross-validation, the AUC was ~0.82. The sensitivity and the
specificity had similar values in cross-validation: sensitivity 0.75, specificity 0.84. This
means that the model was moderately good at predicting non-survival, with more non-
survivors wrongly classed as survivors than survivors classed as non-survivors. | think that
this is a good indication that plasma lipids could predict non-survival in sepsis and
implicates metabolic changes in poorer outcome in sepsis. However, since | could not
validate the data in a separate cohort, this is just a preliminary finding.

An increase in SCFA —and MCFA- acylcarnitines would have been in agreement with a study
by Langley et al. (2013), that found an increase in SCFA- and MCFA-acylcarnitines to be
associated with non-survival’l. Based on the results | cannot draw any conclusion but
cannot exclude that part of the heterogeneity is attributable to survival. It is apparent
looking at the heatmap of all measurements (Figure 34A) that factors apart from survival

must have contributed to the heterogeneity in measurements. A connection of lipid
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concentrations with survival could also indicate a connection with severity of disease or

other factors that influence survival and warrants further analysis.
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Figure 35 A) shows the 2D-plot of the PLS-DA performed on all data with the groups of

controls, survivors and non-survivors. The PLS-DA reduces all data provided into principal

components that best separate the groups by combining and weighing the transformed

features, i.e., lipid measurements. B) shows the loadings plot of the PLS-DA, indicating the

features, i.e., lipids, that showed the strongest effect on the classification of samples into

their groups. The x-axis indicates the VIP score, VIP = Variable Importance in Projection, i.e.,

how much the variable contributes to the projection of the samples in the model. The panel

next to it indicates the average concentration in the group in relation to the other groups,
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with blue indicating a relatively low average concentration and red indicating a relatively
high average concentration. C) shows a table of the lipids with the highest fold-changes
between survivors and non-survivors as calculated from average concentration in the non-
survivor population divided by the average concentration in the survivor population. The p-
values are obtained from Wilcoxon tests, and the right column shows the False Discovery
Rate (FDR). D) shows the result from the cross-validation of the model which determines
which number of components best projects the model. Accuracy, R2 and Q2 examine the

model’s performance. Higher values indicate better performance with 1 being the

maximum.
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Figure 36 A) shows the table of AUC value, sensitivity and specificity of the model in training

and 10-fold cross-validation. B) shows the ROC of the model.
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4.1.9 Disease severity and sepsis cause

| previously found that urosepsis patients were more similar to healthy controls than to
pneumonia or sepsis patients in their lipid profile. This raised the question how else they
differed and specifically if they were maybe less ill than pneumonia or sepsis patients. To
better understand this, | created a table containing several variables that indicate, albeit
indirectly, the severity of disease. In addition, | created another table with the same
variables for the survivors and non-survivors to establish which variables could be
connected to non-survival and hence severity. Not all information was available for all
patients, that is why | display the data from 49 patients instead of 52 in this table. Looking
at Table 7 A, it is evident that all urosepsis patients survived while 30% of pneumonia and
sepsis patients died. The difference between survival in urosepsis patients and not
urosepsis patients was not statistically significant (Fisher’'s exact test, p=0.09).
Furthermore, urosepsis patients stayed for shorter times in the hospital and received less
often and for a shorter time mechanical ventilation than sepsis and pneumonia patients
(Table 7A). The difference in both frequency and length of mechanical ventilation between
urosepsis patients and other patients was statistically significant (Fisher’s exact test,
p=0.00029, Kruskal-Wallis-test with Dunn’s correction, groupwise comparison: pneumonia
vs urosepsis p=0.0008, sepsis OUA vs urosepsis p=0.0348). The length of the stay was on
average shorter and also shows a smaller range than in pneumonia and sepsis, however
the difference is only statistically significant when comparing urosepsis with pneumonia
(Kruskal-Wallis-test with Dunn’s correction, groupwise comparison: pneumonia vs sepsis
OUA p=0.1209, pneumonia vs urosepsis p=0.0024, sepsis OUA vs urosepsis p=0.1101).
Taken together this could indicate that sepsis severity in urosepsis patients was less, since
this cohort required fewer interventions and on average stayed for shorter times in the
hospital. Another difference is the higher age, both on average and looking at the age
range, and the lower percentage of males in this cohort (33% compared to 60%). Both these
parameters (age, sex) do not differ statistically significant between the cohorts (Kruskal-
Wallis-test, Fisher’s exact test).

The percentage of urosepsis patients requiring renal replacement therapy is very similar to
sepsis and pneumonia patients (44% compared to 40% each) and not statistically significant
different (Fisher’s exact test). Due to the disease localisation, it seems likely that urosepsis

would affect the kidneys, and it is hence remarkable that the percentage of patients
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requiring renal replacement therapy is not higher than in other sepsis types. It seems that
the urosepsis cases in this cohort were typically less severe than the pneumonia and sepsis
cases which may explain the stronger overlap with healthy controls rather than sepsis OUA
and pneumonia cases. In order to check how much the used variables would indicate
severity, | also made a table showing their values for survivors and non-survivors. Table 7
B shows that the percentage of patients receiving either intervention (mechanical
ventilation or renal replacement therapy) is higher in the non-survivors than in the
survivors, and that hospital stays and the duration of mechanical ventilation are slightly
longer in non-survivors than in survivors. However, the difference in length of stay or
ventilation is not statistically significant between survivors and non-survivors (Mann-
Whitney-Test p= 0.2439, p=0.0937). The frequency of renal replacement therapy is not
statistically significant between survivors and non-survivors, but the frequency of
mechanical ventilation is (Fisher’s exact test p=0.0471). AP2 is short for APACHE Il and
describes the score calculated in hospitals to predict mortality in patients and should hence
also indicate severity. It is calculated in the first 24 hours of a patient’s hospital stay based
on the worst values for a range of variables that indicate immune system activation and
organ dysfunction or damage. In this cohort, the AP2 score seems to perform poorly at
predicting mortality, since there is little difference between survivors and non-survivors in
AP2 score. Furthermore, AP2 score is highest in the urosepsis cohort that showed the least

(none) mortality.
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Table 7 A and B show several indirect indicators of severity and the values associated with

these for either A) different sepsis causes or B) survivors and non-survivors. AP2 stands for

Apache Il score, a scoring system for predicting mortality in the hospital.
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4.1.10 Lipid concentrations in the plasma of patients with different sepsis causes

As it was seen on a global level that lipid concentrations differed between urosepsis and
pneumonia and sepsis, | decided to examine this in greater detail by looking at the
concentration levels of several lipids in the different sepsis causes. As can be seen in Figure
37, for several free fatty acids the levels were different in urosepsis from pneumonia and
sepsis when comparing levels visually. For some, this was confirmed by the statistical tests
performed: C8:0 (octanoic acid) concentrations were significantly different in urosepsis and
both pneumonia and sepsis, for C12:0 (dodecanoic acid) urosepsis showed significantly
decreased concentrations compared to sepsis and in C20:4 (arachidonic acid) and C20:5
(eicosapentaenoic acid) concentrations in pneumonia and sepsis were significantly lower
than healthy controls, whereas there was no significant difference between urosepsis and
healthy controls, albeit that a non-significant decrease is evident. The acylcarnitines shown
on the other hand display no differences between urosepsis and pneumonia sepsis, neither
visually nor statistically. The result for C12:0 (dodecanoic acid) caught my attention since
the concentrations in urosepsis showed a different trend compared to healthy controls
than pneumonia and sepsis, and concentration in urosepsis was significantly higher than in
sepsis. These opposing changes could have negated statistical significance when comparing
all sepsis cases to the healthy controls. | hence performed a Mann-Whitney-test comparing
C12:0 (dodecanoic acid) levels in sepsis to healthy controls after excluding urosepsis and
found a significant p-value (0.018).

Sepsis can be caused by different pathogens and hence | next sought to examine the effect
of specific pathogens on lipid concentrations. This is shown for the lipid C10:0 (decanoic
acid) as an example in Figure 37 I. There was no discernible effect of the pathogen type on
the lipid concentrations, however the data lacked power since there were very few data
points for some of the pathogen types. Furthermore, the clinical parameters that are
routinely measured, e.g., white blood cell counts, bilirubin, etc., did not correlate with the
lipid concentrations (data not shown). This would indicate that in this cohort, the lipids did

not correlate with different types of organ dysfunction and immune activation markers.
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Figure 37 Dotplots showing lipid concentrations in the separate sepsis causes (A-H) and (1)

the C10:0 (decanoic acid) concentrations in sepsis caused by different organisms and
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healthy controls (HC). The lines indicate the mean value of the group, and the y-axis depicts
the concentration in the plasma sample in uM. The statistical test performed is a repeat
Kruskal-Wallis-test comparing all groups using Dunn’s multiple testing correction yielding
an adjusted p-value with significance level p=0.05. Not significant test results are not
shown. The significance levels displayed are: *= p< 0.05, ** =P <0.01, *** =P <0.001, ****

=P <0.0001.
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4.1.11 Correlation between lipids

In order to gain insight in the pathophysiology of lipid concentrations changes in the plasma
of sepsis patients, it could be helpful to understand the relationships between the lipids.
Lipids with a shared function and/or shared pathway are likely to be affected in a similar
way. To explore this, | computed the Pearson correlation between all lipids and generated
a heatmap using the metaboanalyst tool. As can be seen in Figure 38, C8:0 (octanoic acid)
and C10:0 (decanoic acid) correlated with each other, but only showed weak correlations
with other lipids, including straight chain lipids longer or equal to C12:0 (dodecanoic acid).
The correlation between C8:0 (octanoic acid) and C10:0 (decanoic acid) was statistically
significant and had a Pearson correlation of 0.71. C12:0 (dodecanoic acid) only showed
weak correlation with other lipids. In contrast, all acylcarnitines, except C3:0-carnitine,
correlated with acylcarnitines with similar chain length, and correlations were higher the
closer in chain length the acylcarnitines were. For example, C10:0-carnitine correlated with
C6:0-carnitine (r=073.), C8:0-carnitine(r=0.92) and C12:0-carnitine (r=0.71). C3:0-carnitine
did not show any strong correlations with other acylcarnitines and for example correlates
with C2:0-carnitine with an r = 0.44, which is its strongest correlation. Acylcarnitines do not
correlate with free fatty acids with correlation coefficients above 0.7, though some show
weak (0.4<r<0.5) but statistically significant correlations with free fatty acids with a chain
length longer than 14, including lipids with a chain length of 18 and a double bond.
Another group of lipids that correlates with each other is C14:0 (myristic acid), C16:0
(palmitic acid), C18:0 (stearic acid), C18:1 (oleic acid), C18:2 (linoleic acid) and C18:3 (o.-
linoleic acid). Among these, C18:0 shows significant but relatively weak (r="0.5)
correlations with C14:0, C18:1, C18:2, C18:3 and a stronger correlation with C16:0 (r=0.77).
C14.0, C16:0, C18:1, C18:2, C18:3 show significant and strong correlations (0.76< r >0.93).
The last group of lipids correlating with each other is 20:4, 20:5, and C22:6 (0.77< r <0.86).
These lipids also show mostly significant but weaker correlations with the group containing
C14:0, C16:0, C18:1, C18:2 and C18:3 (0.28< r <0.0.65).

These correlations were computed using Pearson’s correlation; and since lipid
concentrations are likely dictated by several factors which introduces heterogeneity, it is
warranted to additionally use Spearman’s correlation. Spearman’s correlation is a ranking-
based system and can detect non-linear correlations. Spearman’s correlation was overall
in line with Pearson’s correlation findings, though correlation coefficients and significance
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found for several lipid pairings were higher in Spearman’s correlation. This was especially
the case for C20:4 (arachidonic acid), C22:6 (docosahexaenoic acid) and C20:5
(eicosapentaenoic acid) correlations with other LCFA and the correlation between LCFA-
acylcarnitines and LCFA.

Overall, the lipids in sepsis can be tentatively divided into groups of similar behaviour: C8:0
and C10:0, short-chain to medium-chain acylcarnitines, long-chain acylcarnitines, and long-
chain fatty acids that could be divided into two groups (C14:0 (myristic acid), C16:0
(palmitic acid), C18:0 (stearic acid), C18:1 (oleic acid), C18:2 (linoleic acid), C18:3 (o-
linolenic acid); C20:4 (arachidonic acid), C20:5 (eicosapentaenoic acid), C22:6
(docosahexaenoic acid) or be seen as one. There might be a shared factor between LCFA

and LCFA-acylcarnitines.
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Figure 38 Correlation heatmap of all lipids measured in this analysis. The lipids are log-
normalized and centre-scaled, the colour indicates the Pearson’s r correlation value ranging

from-1to 1.
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4.1.12 Main findings

- (C8:0 and C10:0 increase significantly in sepsis

- Cl12:0increases in urosepsis compared to sepsis OAU, and is decreased in the sepsis
cohort compared to healthy controls if urosepsis cases are excluded from the sepsis
cohort

- Several acylcarnitines increase significantly in sepsis: C2:0, C4:0, C6:0, C8:0-
carnitine

- C20:4, C20:5, C22:6 decreased

- Less severity and mortality in urosepsis cases in this sepsis cohort
4.2 Discussion

In this chapter | set out to measure a range of lipids in the plasma of a cohort of adults
diagnosed with sepsis in the intensive care unit and a group of healthy volunteers as control
group. This aimed to answer several questions: 1) if the method performs reliably, 2) if
MCFA able to bind GPR84 are present and/or increased in sepsis, 3) how lipid metabolism
changes in sepsis and how this relates to any potential differences observed in MCFA
concentrations. In this discussion, | would like to address these questions in the order set
out in the introduction. This means that | will first discuss how the established technique
performed in measuring the lipids and then discuss my findings about lipid metabolism in
sepsis. The established method performed at its best for longer fatty acids and carnitines
and underperformed for shorter lipids. As a result, all lipids smaller than C8:0 were
excluded since those measurements were not deemed reliable. This problem can be
explained by a combination of factors. The first factor is the previously mentioned
background levels of SCFA for C2:0, C3:0 and C4:0. Background levels of SCFA are commonly
a problem and despite my best efforts | could not prevent the contamination of SCFA, as
was evident from the detection of SCFA in the blank controls. Background levels were
especially high for acetic acid. The second factor are the higher limit of detection for these
fatty acids on the mass-spectrometer. The higher limit of detection means that the machine
is less sensitive for this type of lipid than for other lipids, e.g., those with a longer carbon
chain. Hence, a higher threshold concentration of lipid needs to be present in order to be
accurately measured. This problem especially occurred for propionic acid where the limit

of detection was just below the anticipated concentrations. The third factor is that the
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extraction efficiency is higher for longer chain fatty acids than shorter chain lengths. For
SCFA, lower extraction efficiency could contribute to an unfortunate ratio of background
lipids to measured sample lipids since much of the background is likely introduced by
derivatisation, as is discussed in Chapter 3. The stringent use of extracted blanks for every
batch of samples allowed me to detect the high background and hence prevented the
reporting of false positives. In this experiment the extracted blanks were aliquots of HPLC
water which were extracted alongside samples. The measurement of detected lipids was
deemed reliable if they could be detected in the majority of samples and with a coefficient
of variability (%CV) within a reasonable range. This was the case for all lipids except
hydroxylated MCFA (C10-20H/30H and C12-20H/30H) that were neither detected in most
samples nor showed consistent measurements in the quality control. | would conclude for
the evaluation of this method that it performed reliably well for most lipids in this cohort.
Further, the most important questions to answer in this chapter were 1) if MCFA are
increased in sepsis and 2) if so, if they are increased to a level that could potentially activate
GPR84 present on immune cells. The relevant potential ligands are C10:0 and C12:0, which
could both be detected reliably. C10:0 is significantly increased in sepsis cases, while C12:0
is not. In the MCFA plots in the results section, the EC50 obtained by Wang et al. is used,
as it was the first study to determine the EC50 for MCFA binding to GPR84. However,
further studies have performed binding assays for GPR84 and found partially similar and
partially quite different values (Table 8). The EC50 for C10:0 in different ligand assays lies
between 1.78 and 7.42 uM in 7 out of 10 tested assays, and between 20 and 48 uM in the
remaining 3 assays. For C12:0, fewer assays were performed. The range of concentrations
found as EC50 values for this lipid ranges from 2.17 and 10.5. The studies and assays in
which relatively high EC50 values were found for C10:0 did not test C12:0 or were not able
to detect binding by C12:0. It seems likely that the differences in observed EC50 values
come from differences in the sensitivity of the tests performed and other experimental
factors. Since the EC50 for C10:0 was found in the lower range in the majority of assays, |
will assume that range to more likely reflect the actual EC50 of GPR84 and stick to the
values measured by Wang et al.(2006)%® For C12:0, the range is relatively narrow and to
use the value obtained by Wang et al. as guideline is relatively conservative. C10:0 is
present in concentrations exceeding the EC50 values described by Wang et al. (2006) in a

subset of patients, but not in the healthy controls. C12:0 on the other hand displays
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concentrations exceeding said EC50 values in a subset of both patients and controls. When
cross-examining the different sepsis causes and C12:0 concentrations, C12:0 is decreased
in pneumonia and sepsis OUA and increased in urosepsis, with concentrations in urosepsis
being significantly higher than in sepsis OUA. However, due to the spread of concentrations
among each group of patients and volunteers, it seems feasible that C12:0 has the potential
to activate the receptor in those patients showing levels that exceed the EC50. In healthy
controls, the receptor is not expected to be present on the immune cells and the lipids
should hence not have any effect mediated via GPR84. An interesting aspect to consider in
this regard is also the fact that the concentrations measured are systemic concentrations,
while concentrations could differ in different parts of the body. This would depend on the

source of these fatty acids, which will be further explored in a later chapter.
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Table 8 Overview of the EC50 (and K;) values obtained for C10 (decanoic acid) and C12:0
(dodecanoic acid) in different ligand binding assays for GPR84. Adapted from Chen et al.
(2020)131

C10:0( C12:0(

(LM) (uM) Type of assayt  Cell type used in assay Study
[ 3°S] GTPyS Wang et al.
4.6 10.5 assay EC50 CHO/ human GPR84 cells (2006)°®

[ 3S] GTPYS Flp-In TREx 293/FLAG-human GPR84-eYFP Mahmud et

25 assay EC50 cells. al. (2017)”
B-arrestin Koese et al.
6.08 3.49 binding CHO/B-arrestin2/human GPR84 cells (2020)°
calcium assay Southern et
30 nd EC50 iCHO/Gqi5/human GPR84 cells al. (2013)8!

calcium assay CHO/aequorin reporter/Gal6,Ggs5,Ggo5, Wang et al.

48 EC50 and Ggi9/human GPR84 cells (2006)°°
cAMP assay Wang et al.

4.5 8.8 EC50 CHO/ human GPR84 cells (2006)%
cAMP assay Koese et al.

8.87 EC50 CHO/ human GPR84 cells (2020)%°
cAMP assay Pillaiyar et al.

7.42 EC50 CHO/B-arrestin2/human GPR84 cells (2017)%08

cAMP assay Flp-In TREx 293/FLAG-human GPR84-eYFP Mahmud et
20 EC50 cells. al. (2017)”7
cAMP assay Sf9 insect/Gai/human GPR84 cells. Nikaido et al.

48 EC50 hCHO/aequorin (2015)82
radioligand Koese et al.
1.78 2.17 binding assay Ki CHO/ human GPR84 cells (2020)°
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In this cohort, several lipids are significantly different in sepsis cases than in controls, but
most lipids are not changed significantly. The most significantly decreased lipids in sepsis
are C20:4 (arachidonic acid) and C20:5 (eicosapentaenoic acid). These are the precursors
for immune mediators*?. The decrease of these precursors and an assumed increase in
immune-lipid mediators is in line with the dynamics expected in pro-inflammatory immune
activation and is consistent with the sepsis patients exhibiting an inflammatory reaction.
Previous studies have found increases in the lipid mediators originating from these
precursors, e.g., eicosanoids and resolvins!®, while the decrease in C20:4, C20:5 and C22:6
in the plasma of sepsis patients has also been documented!®. A study focusing on
arachidonic acid (C20:4), on the other hand, finds a slight increase in arachidonic acid in
whole blood samples of sepsis patients compared to healthy volunteers. Their
measurements of gene expression of relevant genes, arachidonic acid metabolites and
arachidonic acid analogues however revealed several significant changes, indicating the
altered arachidonic acid metabolism in sepsisi®. It is interesting to note that previous
studies indicate that the supplementation of sepsis patients with oil preparations
containing C20:5 and C22:6 would have a beneficial effect on survival, as indicated by a
recent meta-study*® and studies in murine sepsis models8®, Comparing the C20:4 and
C20:5 levels for different types of sepsis, it seems that both lipids are less decreased in most
urosepsis patients, as their concentrations are not significantly lower than in healthy
controls, even though they are also not significantly higher than in pneumonia and sepsis
OUA patients. This could mean that most urosepsis patients have either a more localized
inflammation, hence affecting the systemic lipid precursor levels to a lesser extent, or a
lower inflammatory response compared to other sepsis patients.

Acylcarnitines as a lipid class show the most changes in sepsis. All acylcarnitines binding a
C2:0 to C8:0 fatty acid, with exemption of C3:0-carnitine, are increased significantly and
with a fold change above 2. C3:0-carnitine is increased with near-significance (p=0.063).
Acylcarnitines play an important role in cellular metabolism since the binding of fatty acids
to carnitine is required for the transfer into the mitochondria where fatty acids can be
oxidized for energy generation***. Inside the mitochondria acylcarnitines are converted to
acetyl-coA-esters and then available for lipid catabolism or anabolism#*. An increase in
acylcarnitines outside of cells is thought to originate from mitochondrial shutdown or

overloading*4851, C3:0-carnitine is thought to originate from branched chain amino acid
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catabolism, which also occurs in mitochondria'®’. The different origins might explain why
C3:0 carnitine is the only SCFA-acylcarnitine not significantly increased in sepsis and not
correlating with any other acylcarnitines measured. Concentrations of acylcarnitines in the
plasma of healthy controls are very low, in line with previous publications. Furthermore,
C18:0-carnitine is decreased in the plasma of sepsis patients, though with a fold change
less than 2-fold. The occurrence of increases in SCFA- to MCFA-acylcarnitines in sepsis have
been cited previously and were found to be associated with mortality in sepsis>>%188,
Previous publications finding increases in SCFA- and MCFA-acylcarnitines explain these by
perturbation of cellular lipid metabolism which is then assumed to be detrimental for
survival.

Finally, the MCFAs C8:0 (octanoic acid) and C10:0 (decanoic acid) are significantly increased
in sepsis with a FC above 2. This finding has not been previously reported in the literature
and as far as | know has not been previously researched. The literature typically cites food
as source for MCFA, however this seems unfeasible in this setting since it requires a radical
dietary change in a subset of patients. Albeit possible, i.e., by enteral or parenteral feeding;
it seems unlikely since samples were taken within 36hrs after diagnosis of sepsis. In
addition, it is unlikely that C8:0/C10:0 levels but not C12:0 levels would be affected by
enteral or parental feed. Furthermore, enteral feed typically contains unsaturated LCFA
C18:1 (oleic acid), C18:2 (linoleic acid), C18:3 (a-linolenic acid) as their main lipids, and no
correlation between MCFA and these lipids was found. This potentially points to a biological
mechanism occurring in sepsis, rather than a dietary effect, leading to the increase in these
lipids in a subset of patients.

Many of the lipids display great heterogeneity in measurements within the patient group.
Generally, sepsis is a disorder with great heterogeneity, e.g., disease severity, disease
cause, affected organs and site of infection can differ greatly. | examined which of these
factors might contribute to the heterogeneity in lipid measurements, especially with a
focus on C8:0 (octanoic acid) and C10:0 (decanoic acid). Sepsis cause was found to have a
significant effect on lipid concentrations for some of the free fatty acids (e.g., C8:0, C12:0),
but not for acylcarnitines. For several of the lipids where differences between sepsis causes
were not significant, a trend seems to be visible. In contrast, no significant correlations with
clinical measurements indicating organ dysfunctions were found; also none with AP2
scores, and there were no significant differences in lipids for causative microorganism and
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mortality. In case of mortality a trend can be observed for some lipids including
propionylcarnitine (C3:0-carnitine) and a significant difference has been reported by other
groups in case of acylcarnitines®! including C3:0-carnitine. This study likely lacked the
power to find significant differences in lipids between survivors and non-survivors. Based
on the results obtained | would expect that in a bigger study the lipids C3:0-carnitine
(propionylcarnitine), C8:0 (octanoic acid), C10:0 (decanoic acid), C8:0-carnitine
(octanoylcarnitine) and C14:0 (myristic acid) would be significantly different between
survivors and non-survivors. This is also implicated by the logistic regression model that
yielded acceptable sensitivity and specificity in differentiation survivors from non-survivors
within the ILTIS cohort. The data on mortality in the ILTIS cohort needs to be regarded as
preliminary, since the logistic regression model was only preliminary and there was a lack
of power. It does however indicate that this could be an interesting subject for further
studies.

The differences and similarities in lipids between the different sepsis causes indicates that
there are shared and divergent changes occurring in these patients. A potential hypothesis
| would like to propose is that the localization of infection plays a role. A meta-analysis into
site of infection and sepsis outcome indicated that the site of infection had a strong effect
on survival. In this meta-study, urogenital infections lead to better survival rates than for
example respiratory tract and intra-abdominal infections'®. Additionally, it is described in
the sepsis-3 paper as a sepsis key concept that “specific infections can cause a local organ
dysfunction without eliciting a dysregulated systemic host response”3. Simultaneously, a
SOFA score sufficient to identify a patient as having sepsis according to the Sepsis-3
definition can be reached with the dysfunction of one organ alone. If this was the case for
these urosepsis patients, it would explain why we observe fewer changes to systemic lipid
levels in these patients than in other sepsis patients, with the kidney/urethra being a focus
of infection. In other words, it is possible for a patient to be classed as having sepsis
according to the sepsis-3 criteria, without the elicitation of a dysregulated systemic host
response, if the infection is localized and causes local organ dysfunction. This could
hypothetically be the case in urosepsis patients in this cohort. However, without additional
information on the difference between urosepsis and pneumonia and sepsis on a patient-
level, this cannot be further explored in this study. Since the percentage of urosepsis

patients in this study is comparable to other sepsis studies®, understanding the
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differences between urosepsis and sepsis from other causes might be possible from
existing data and relevant to other studies as well.

Looking at the correlation between the lipids measured, several groups of lipids that
correlate with each other become evident. It is likely that correlating lipids share a common
pathway or origin. In fact, several of these tentative groupings are known to share a
common pathway, e.g. the eicosanoid pathway in case of C20:4, C20:5, C22:6. It is
interesting that C20:4 and C20:5 correlate positively despite being competitive substrates
for the enzyme COX*?. C14:0 (myristic acid), C16:0 (palmitic acid), C18:1 (oleic acid), C18:2
(linoleic acid), C18:3 (a-linolenic acid) also correlate with each other. C14:0, C16:0, C18:0
and C18:1 could be synthesized by the cells itself, while C18:2 and C18:3 are known to have
a dietary origin®3. These lipids show no significant differences between sepsis and controls
but exhibit heterogeneity within each group. One exception is C18:1, which is significantly
increased, while C16:0 and C18:2 show a non-significant increase in sepsis. The pathway or
origin of these lipids is likely only partially affected in sepsis or at least at the early timepoint
at which samples were taken. Changes in levels of C8:0 (octanoic acid) and C10:0 (decanoic
acid) are highly correlated, which could indicate that their origin is distinct from the
pathways affecting LCFA and PUFAs. Since C8:0 and C10:0 concentrations are only
significantly altered in a subset of sepsis patients, it is feasible that their pathway is only
affected in a subset of sepsis patients.

In conclusion, this small cohort study yielded interesting insights into lipid metabolism in
sepsis and hence requires to be confirmed in a separate cohort of sepsis patients and
controls. Preferably, a bigger cohort size should be obtained to increase the power of the
study. Furthermore, using a different cohort, i.e., neonatal or paediatric patients, would
provide insights if differences are age-dependant. Apart from this, some interesting
findings and questions have been generated in this study. Notably, the increase in MCFAs
in sepsis and the differences between urosepsis and pneumonia and sepsis. It would be
beneficial to look at other types of data from sepsis patients, e.g., transcriptomic or
proteomic data, to generate hypotheses for underlying mechanisms, or perform in vitro or

in vivo experiments to explore any potential mechanisms.
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5 Lipid measurements in neonatal suspected sepsis cases and

neonatal controls

In this chapter | present the measurement of lipids with the previously established method
in a cohort of suspected sepsis cases in neonates and neonatal controls. Neonates are
among the most vulnerable populations to sepsis as described by the WHO and have a
relatively high mortality rate compared to other populations!?. The developing neonatal
immune system is thought to react differently to infection compared to immune responses
in older patients3>3. A theory proposed by Harbeson et al. stated that the different and
higher energy demand in early life affects the immune response®3. That is why it is
especially relevant to examine lipid changes in sepsis in this cohort. Furthermore, the
diagnosis of sepsis in neonates is especially challenging, as they may show fewer or
different clinical signs to other age groups when developing sepsis. In this cohort, blood
samples were taken as timely as possible after suspicion of sepsis and 24 hours after the
initial sample. All samples presented in this chapter were sampled 24 hours after the initial
sample. The study design aimed to classify all suspected cases retrospectively into
confirmed sepsis, clinical sepsis and not sepsis; however, this classification had not been
completed by the time | analysed my data'®. That is why | will present the data labelled as
suspected sepsis and controls. The reason to present the unclassified data is that it allows
for an insight into the ranges of lipids present in the blood and, using clustering and PCA,
can show us if there are groups within this population distinguished by their lipid profiles.
In contrast to the ILTIS study presented in chapter 4, all samples in this cohort were whole
blood samples. This means that any lipids measured may originate from both the intra- and
the extracellular milieu in the blood.

5.1 Results

5.1.1 Cohort

In total, 88 suspected sepsis cases and 22 controls were sampled. Controls were sampled
from neonates who had their blood taken for routine testing, i.e., to measure blood sugar
levels or test for jaundice. All neonates were recruited in the neonatal intensive care unit
(NICU). Neonates were included as suspected sepsis cases when their blood was taken for

sepsis screening (e.g., blood cultures, CPR testing) and before they were started on
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antibiotics'®. Clinicians on the study estimated that about 10-20% of suspected sepsis
cases would develop sepsis. This would hence mean that between 8 and 18 neonates in

this cohort had sepsis.

5.1.2 Quality control

The samples were processed exactly the same as the ILTIS samples were processed.
Extraction and derivatisation were performed in two separate batches, the background of
each batch was measured by extraction and derivatisation of 5 blank samples. The
background was subtracted from all obtained measurements. In addition, per batch 1
quality control sample was prepared. As previously, this sample was measured by LC-
MS/MS after every 10 samples submitted. In Table 9, the quality control measurements
and the associated %CV is visible. C4:0 (butyric acid) and C4:0-carnitine (butyrylcarnitine)
were excluded from further consideration since the %CV exceeded 15% and the lipids could
not be detected in every quality control sample. C8:0 (octanoic acid) and C3:0-OH (lactic
acid) were excluded due to technical difficulties leading to insufficient reliable

measurements for these lipids. All other lipids were detected reliably.
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Table 9 The coefficient of variation in quality control 1 and 2. QC1 was measured 7 times
and QC2 was measured 6 times. C8:0 and C3:0-OH were not measured due to technical

difficulties.

QcC1, Qc2,

%CV %CV
C2 carnitine 1.90 1.83
C3 carnitine 2.25 6.88
C4 carnitine 441 141.81
C6 carnitine 5.77 2.10
C8 carnitine 3.73 3.82
C10 carnitine 3.91 5.53
C12 carnitine 2.55 1.87
C14 carnitine 0.59 2.09
C16 carnitine 1.27 1.31
C18 carnitine 0.91 2.14
C18:1 carnitine  2.23 4.60
c2:0 11.90 4.32
C3:0 9.67 3.95
C4:0 70.08 36.61
C6:0 6.26 3.80
C10:0 3.89 9.49
C12:0 6.45 10.80
C14:0 1.92 2.25
Cl6:0 0.98 5.78
C18:0 1.11 2.47
C18:1 3.00 2.82
C18:2 3.68 5.53
c18:3 6.11 7.18
C20:4 1.60 2.66
C20:5 1.69 8.00
C22:6 1.49 1.47
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5.1.3 Measurements of free fatty acids

In order to see the spread of values in suspected cases and controls, boxplots of all lipids
were prepared. Firstly, the observed concentrations were within the expected micromolar
range. The measurements show great heterogeneity in both groups and bigger
heterogeneity in the suspected cases cohort. Significant differences between suspected
sepsis cases and controls were detected for C6:0 (hexanoic acid, Mann-Whitney-Wilcoxon-
test p=0.0083), C10:0 (decanoic acid, Wilcoxon-test p=6.5°), C12:0 (dodecanoic acid,
Wilcoxon-test p=27°), C18:2(linoleic acid, Mann-Whitney-Wilcoxon-test p=1.7"7), C18:3
(linolenic acid, Mann-Whitney-Wilcoxon-test p=57). C14:0 (myristic acid) and C16:0
(palmitic acid) had near-significant changes (Mann-Whitney-Wilcoxon-test p=0.082, p=0.1
respectively). C6:0 and C16:0 concentrations were increased, whereas C10:0, C12:0, C14:0,

C18:2 and C18:3 concentrations were decreased.
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Figure 39 Boxplots of short chain- and medium chain fatty acids measured in whole blood
samples of a cohort of suspected sepsis cases and a control cohort. For C10:0 two boxplots
are shown (D and E) in order to be able to show the full range (E) and the lower range (D)
containing the majority of measurements. The statistical test performed was a Wilcoxon
test with a significance level of 0.05. The lower half of each box in the boxplot depicts the
2" quartile of values, with the upper half depicting the third quartile. The extended lines
depict the first and last quartile of values, with any points reaching below or above these

lines being statistical outliers.
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Figure 40 Boxplots of long chain fatty acids measured in whole blood samples of a cohort
of suspected sepsis cases and a control cohort. For C18:2 (D, E) and C18:3 (F,G) two boxplots

are shown in order to show the full range and the lower range containing the majority of

172



Results

values. The statistical test performed was a Wilcoxon test with a significance level of 0.05.
The lower half of each box in the boxplot depicts the 2™ quartile of values, with the upper
half depicting the third quartile. The extended lines depict the first and last quartile of

values, with any points reaching below or above these lines being statistical outliers.
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5.1.4 Measurements of acylcarnitines

Boxplots of acylcarnitines were prepared for the same reason as for the previously shown
lipids: to evaluate the spread of values. Firstly, the concentrations are in the expected range
of between submolar to the low micromolar range, with only C2:0-carnitine showing
concentrations in a higher micromolar range (~2-25 uM). C8:0-carnitine, C10:0-carnitine,
C16:0-carnitine, C18:0-carnitine were significantly changed in suspected sepsis compared
to controls (Wilcoxon-test, p=0.0084, p=0.00092, p=1,3%, p=2.8"7, respectively). C8:0- and

C10:0-carnitine were decreased and C16:0- and C18:0-carnitine were increased.

174



Results

A C2:0 carnitine B C3:0 carnitine C C6:0 carnitine
Wilcoxon, p = 0.26 Wilcoxon, p=0.45 o 0.05 Wilcoxon, p 50.35
= =67 = M
2 2 2
32| . e 3004]
=3 = = 3 :
¢ 151 °le <4 © 0.03] A b3t .
£ . £ £ ORK .
2 v 8 . 8 LN .
o . . = = 2%, -
c 1 [ c c 1 .,
£10 h . £ . £0.02 ey .
S . s S kel LYY 0
] cetal g g oS - f
5 5 o "1, : H goony :
g . on l_ N g 13 g “
g T ke 8 I 8
01 Ut 0 0.001
Suspected Sepsis Control Suspected Sepsis Control Suspected Sepsis Control
C8:0 carnitine C10:0 carnitine C12:0 carnitine
»  Wilcoxon, p =0.00092 «  Wiloxon, p=018

Wilcoxon, p = 0.0084

o
=
<

0.0207

o
°
=

=}
=}
=
o

o

g

0.0107

concentration in plasma sample (uM)
concentration in plasma sample (uM)
concentration in plasma sample (uM)

0.02{ .
. v
0.005+ r 3 % I—re— -
. ; ’
ote 30
0.000] ! s 4 'S Control oo s d Sepsi Control
Suspectéd Sepsis Cor‘“ml uspecte epsis ontrol uspecte epsis ontrol
C14:0 carnitine C16:0 carnitine C18:0 carnitine
0.20] Wilcoxon, p=0.33 20 cep. . Wilcoxon, p = 1.3e-06 . Wilcoxon, p = 2.8-07
s s 50207
3 3 3
o o o
Eo.s| E1s1 g
% . 5 ©0.157
8 8 8
© © ©
ool il % 5
20.10{ :, . 2101 20.101
£ 3% wes = £
c - . < =
S RS 4 e N S 8
2 .l - ] g o %,
£0.051 % . £0.51 A ole £0.051 5
@ - @ . = 1] ]
g e o g S [ — g
g g . 8 . —F g L
0.001 . 0.0 0.00
Suspected Sepsis Control Suspected Sepsis Control Suspected Sepsis Control

—

C18:1 carnitine

5 Wilcoxon, p =0.11
s
2
24
=3
5
< 3!
g 3
2
o
£21
c
S .
® o .
5 - e*
o ad :
5 (T 3
3 D T

01 cc

Suspectéd Sepsis Control

Figure 41 Boxplots of acylcarnitines measured in whole blood samples of a cohort of
suspected sepsis cases and a control cohort. The statistical test performed was a Wilcoxon
test with a significance level of 0.05. The lower half of each box in the boxplot depicts the
2" quartile of values, with the upper half depicting the third quartile. The extended lines
depict the first and last quartile of values, with any points reaching below or above these

lines being statistical outliers.
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5.1.5 Lipid profile changes in suspected sepsis cases

Next, | looked at global changes in lipids. Firstly, | generated a Volcano plot using
metaboanalyst to depict the lipid changes within one plot (Figure 42). In contrast to the
usual volcano plot, also the lipids that do not have a fold change above the desired
threshold are visible. This shows that most lipids found to be significant in the previous
analysis are significant according to this analysis as well, but that the fold changes for most
lipids are relatively low and for several quite close to no change at all, i.e., a log2FC=0. Next,
| generated a heatmap of the lipids in all samples. This heatmap is clustered. The objective
of this heatmap was to show any groupings of samples in connection with lipids. Ideally, a
distinguishable cluster of suspected sepsis cases would become apparent, with the
possibility that these are sepsis cases. The presence of such a cluster would mean that there
is the possibility to distinguish sepsis from not sepsis based on the lipid profile in whole
blood. As can be seen in Figure 43 A, the samples are mainly clustered into three to four
clusters with several subclusters. One of those clusters contains most of the control
samples (most right cluster). The cluster most left in the heatmap is clustered differently
from the other three clusters. Comparing the colours of the heatmap for the samples in
this cluster to those of all other clusters, the cooler colours for the MCFA and LCFA clusters
seem the most consistent difference. So possibly there is a subgroup of samples defined by
lower MCFA and LCFA concentrations in this cohort. Exploring this further using principal
component analysis, one subgroup further away from most samples is visible in the 3D PCA
plot (Figure 43B). To understand better which principal components are driving this
separation, | also generated 2D PCA plots (Figure 43 D,E,F). As can be seen from the
different PCA plots, there is little separation of the samples into subgroups along PC3.
Taken together PC2 and PC1 lead to separation of subgroups, and the subgroup visible in
the 3D plot was also visible in the 2D plot of PC2 and PC1. In this plot it seems to be more
apparent that there were two subgroups rather than one further apart from a main group
of samples. Looking at the 2D PCA plot that contains the loadings, it is visible that C6:0,
C20:5, C10:0 and C18:3 had the biggest effect on the spread of samples within the plot, as
these are the longest arrows (Figure 43 C). From the table of loadings, it is apparent that
the main loading of PC2 was C6:0 (-0.88), followed by C20:5 (-0.38), C2:0-carnitine (0.14)
and C10:0 (-0.14). For PC1, the main loadings were C20:5(-0.68), C18:3 (-0.41), C6:0(0.41),

C10:0 (-0.35) and C18:2 (-0.2). As the subgroups were separated along these two principal
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components, it seems indicated that this is a subgroup of patients (and controls) with a

different lipid profile regarding these lipids specifically.
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clustering, distances are Euclidean. The colour scale in the heatmap goes from 4 (increased)
to -4 (decreased) and the colour indicates the z-score of the lipid measurement within the
row for each sample. B)3D PCA plot of all samples. C) 2D PCA plot with red arrows indicating
the loadings. Instead of dots sample names are shown. D, E, F show the 2D PCA plots with
respectively PC1 and PC2, PC2 and PC3 and PC1 and PC3 as axes. The coloured “halos”

indicate the 95% confidence regions of the groups.
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5.1.6 Correlations between lipids

The final question | wanted to explore with this data, was about the relationship between
the lipids. To explore this, | generated a heatmap of correlations between the lipids using
Pearson’s correlation in metaboanalyst. This analysis can give insights into which lipids
behave similarly and hence might be affected by the same pathways or come from the
same origins. As can be seen in Figure 44, there are three main clusters of correlating lipids.
The first cluster (going from left to right) contains C10:0, C20:5, C18:2 and C18:3. The next
cluster contains C8:0-, C10-, and C12:0-carnitine, C12:0 — C18:0, C20:4 and C22:6. The
furthest to the right cluster contains C2:0, C3:0, C6:0, and the remaining carnitines, i.e.,
SCFA-acylcarnitines and LCFA-acylcarnitines. In the middle cluster, the MCFA-acylcarnitines
show strong corelations between each other and weaker correlations to the LCFA in the
cluster. The MCFA-acylcarnitines in the middle cluster also show correlations with C6:0-
carnitine (r = 0.55-0.77, p=0-3.961%) and a weak correlation with C2:0-carnitine (r=0.22-
0.34, p=0.000189-0.02). C12:0-carnitine correlates with C14:0-carnitine (r=0.61, p=5.66"13).
The cluster furthest to the right contains several lipids that do not strongly correlate with
most other lipids in the cluster. A good example for this observation is C6:0, which was a
dominating factor in the PCA. C6:0 only shows weak correlations with all other lipids. The
strongest correlation is with C2:0-carnitine (r=-0.41, p=6.4%). Potentially interesting also is
the moderate correlation between C2:0 and C3:0-carnitine (r = 0.5, p=1.47"14) and the weak

negative correlation between C2:0 and C18:1 carnitine (r = -0.41, p=6.471%).
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5.2 Discussion

Due to the lack of a defined clinical diagnosis of sepsis for this data it is not possible to draw
unequivocal conclusions about sepsis from the results in this chapter. | think however that
it is possible to achieve insights into slightly different related questions. Firstly, the reliable
measurement of almost all lipids in this cohort shows that the established method works
for whole blood samples in addition to the plasma samples in chapter 4. In this chapter the
measurement of C2:0, C3:0 and C6:0 was successful, but not of C4:0. A determining factor
in this is likely the higher abundance of C2:0, C3:0 and C6:0 in the samples. In future
endeavours, measurement of C4:0 might be possible with a machine that shows higher
detection sensitivity for the SCFA. Another important finding in this chapter is that several
lipids were significantly different between control neonates and neonates suspected of
sepsis. To understand this finding better | would like to explain the cohort better. Neonates
in the NICU are closely monitored and hence potential signs of a development towards
sepsis are found early, yet the clinical deterioration towards sepsis is not a uniform process.
This also means that the suspected sepsis cases in this study are a heterogeneous
population of infants with varying levels of unwellness or sickness. Since the signs of sepsis
can be hard to diagnose, many false positives are likely. Treatment, i.e., antibiotics, are
usually started very quickly. Depending on several factors, including the potential
antibiotics resistance of any infecting pathogen, this treatment might be effective quickly
or not effective at all. As the samples | analysed where post antibiotic treatment | cannot
rule out that this was a confounding factor when compared to controls. Although it is worth
noting that all suspected cases were treated, hence the sub-stratification of lipid levels in
this group would unlikely be due to the antimicrobial treatment. In addition, in terms of
suspected cases that do not develop sepsis, it is not possible to distinguish between
suspected sepsis cases that were not on a sepsis trajectory and those cases that did not
develop sepsis due to their response to the early treatment. Since the samples | used in
this study were taken 24 hours after the initial suspicion of sepsis and hence after the
commencement of treatment, some of the neonatal patients could potentially already see
an improvement of their health. This adds to the heterogeneity of the cohort. It is
interesting that despite this assumed heterogeneity within the cohort, significant

differences can be observed compared to the controls. One possible interpretation is that
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even (relatively mild) unwellness leads to changes to the lipid profile in the blood. This
seems feasible, since in boxplots and PCAs no subgroup of the cohort consisting of potential
sepsis cases is distinctly visible. In the future when the samples are classified and clinical
data can be connected to the samples, it would be interesting to not just analyse if lipids
are significantly different between sepsis and non-sepsis, but also if there is a trajectory in
the lipid profiles that matches a trajectory in severity from unwellness towards sepsis.
C10:0 and C12:0, of special interest due to being GPR84 ligands, are present in lower
concentrations in this cohort compared to the other study. C12:0 is present in the
suspected sepsis cases in decreased amounts that are all below the previously handled cut-
off value of 8.8 uM. C10:0 is present in sufficient amounts to activate the receptor in only
six samples (<4.5 uM).

When looking at the PCA of all samples based on the lipid measurements, there were one
or two subgroups that appeared differently from other samples. Among the lipids
influencing the distribution of the samples were lipids found to be altered in the plasma of
sepsis patients in the previous study in chapter 4, i.e., C10:0, C2:0-carnitine and C20:5.
However, comparing the ILTIS study with the nSep study is problematic due to both the
difference in age group and, mostly, the difference in sample type. Indeed, in this study,
some of the significantly changed lipids show changes contrary to those in ILTIS, while some
lipids significant in this study were not significant in ILTIS and vice versa. Of course, it is
possible that, due to heterogeneity of measurements, lipids would be significantly
decreased or increased in sepsis in the nSeP cohort, and that this is masked by the
suspected sepsis cases that are not sepsis. In other published work that have conducted an
analysis of metabolites that change in whole blood samples of bacterial sepsis from adult
patients admitted to emergency room; the only lipid measured to be significantly altered
that was also measured in the nSep cohort was C14:0 (myristic acid), which was
increased'®. In the nSep cohort, C14:0 on average appears to be decreased in the
suspected sepsis cases. However, this lipid shows great heterogeneity and there are several
top outliers.

The acylcarnitines measured in this study show trends different to what is reported in the
literature and in the ILTIS study. In sepsis, SCFA- and MCFA-acylcarnitines have been found
to be increased, especially when comparing non-survivors to survivors of sepsis>1-188:50,192,

However, all of these studies employed either plasma or serum. In this cohort, there are
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no significant increases in this group of acylcarnitines. Instead, C8:0- and C10:0-carnitine
are even significantly decreased, albeit with a low fold change. Additionally, the LCFA-
acylcarnitines C16:0- and C18:0-carnitine are increased. In the ILTIS cohort, C16:0-carnitine
showed no significant changes and C18:0-carnitine was significantly decreased. These
differences could be due to the sample type. It would be interesting to explore differences
in acylcarnitine changes in plasma or serum and whole blood or cell pellets in future
studies. This could lead to a better understanding of the changes in acylcarnitines relating
to cellular metabolism and secretion. In addition, it could aid in understanding if changes
are caused by cellular metabolism or physiological metabolism. Stringer et al. researched
differences in the serum and whole blood metabolome in healthy volunteers and found
that not all metabolic pathways could be analysed from serum?®3,

Finally, the relationship between the lipids was analysed using correlation analysis. One
interesting cluster is C10:0, C20:5, C18:2 and C18:3. C20:5, C18:2 and C18:3 are commonly
derived from the diet as only C20:5 can be produced endogenously and only in low
amounts*3. C10:0, in the neonatal cohort, is quite likely present in the diet as it is contained
in breast milk1>2%°* A correlation between these lipids could hence reflect a shared origin
from the diet. However, further fatty acids, including C12:0, C14:0 and C16:0, should also
be present in breast milk, and these do not correlate with this cluster of lipids. Another
cluster observed that contains the LCFA C14:0, C16:0, C18:0 and C18:1 could potentially
reflect the synthesis of these in the body, as these fatty acids can be produced in the same
pathway. In this cohort, many correlations were found that were not present in the ILTIS
cohort. This could be both due to the different age, and hence different diet and
metabolism, or due to the fact that this is whole blood instead of plasma. Future studies
comparing changes inside and outside of cells in sepsis would hence also be interesting

relating to these lipids.
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6 Mapping the transcription factor network associated with GPR84

expression in sepsis

In this chapter | aim to elucidate the transcriptional regulation of GPR84 to gain insight into
the regulatory pathways driving expression of GPR84 in sepsis. The expression of GPR84 is
for the most part undetectable or at very low basal levels of gene expression in cells
suggesting that it is not required for normal constitutive or tissue specific cellular
functions'00110.69,111,113,114 = However, GPR84 gene expression consistently shows
upregulation in both human and murine cells in response to inflammatory stimuli,
especially in myeloid cell types®110, Apart from myeloid cells, expression has also been
shown in fat tissue, kidney, liver, intestines, T-cells, B-cells and brain after inflammatory
stimulil®. Most studies examining GPR84 in vitro use primary cells or cell lines that are
monocyte- or macrophage-like cells, neutrophils, or adipocytes®>109123, One previously
published paper mentions analysis of transcriptional regulation of GPR84, disclosing only
the role of NFkB as finding!%. They further confirmed a role of NFkB in transcriptional
regulation of GPR84 in an experimental approach in a murine adipocyte cell line. Other
transcription factors that regulate GPR84 expression have not been identified yet. In sepsis,
GPR84 expression is significantly increased in cases versus healthy controls32. Elucidating
the transcriptional factor network interacting with GPR84 and its promoter structure is
informative in identifying the cellular and molecular pathways governing its expression.
Certain transcription factors regulate cell-specific expression; while others act in response
to stimuli, integrating hormonal and cellular signalling pathways. Their activity can be
temporally defined, leading to distinct waves of gene expression in response to a stimulus.
In the first hours after a stimulus, these are defined as the primary response genes, delayed
primary response genes and secondary response genes!®>. Genes of the primary response
genes often code for transcription factors that regulate genes of the secondary response.
This signalling hierarchy leads to temporal patterns in gene expression in response to a
stimulus. Which TFs regulate a gene allows for a prediction of its temporal expression which
can be confirmed using laboratory techniques. Firstly, timecourse experiments into the

expression of GPR84 in cells treated in vitro will elucidate the temporal order of its
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expression. In combination with the in silico analysis | seek to test whether GPR84 is part
of the early immune response.

There are many tools and databases available online to query the transcriptional regulation
of a gene. | evaluated different approaches, leading to a combinatorial method resulting in

a High Confidence network of transcription factors regulating GPR84 in sepsis.

Most databases and analysis tools for transcriptional regulation use a compendium of data
from different experimental approaches. The Signalling Pathways Project and the ENCODE
consortium curated online databases containing experimental data on transcriptional
regulation that can be queried in the browser°®1%7, The Signalling Pathways Project initially
focused on nuclear receptor regulated processes in transcriptomic data, but since
expanded to the several layers of signal transduction in cells and tissues, and included a
cistromic database, that is data on cis-regulatory mechanisms of transcriptional
regulation!®®. The cistromic data was mined mostly from Chip-Atlas processed SRA datasets
from NCBI, but also includes data from smaller scale experiments. Their “ominer” tool
allows for the search of transcription factors in combination with cofactors for singular
genes, among other options, and displays results as ChlP-atlas generated MACS2-peak
values per transcription factor within 10kb of the presumed transcription start site of the
queried gene. The ENCODE Consortium is a big collaborative effort between several
international research groups with the aim to annotate the human genome further using
several high-throughput approaches!®’. These approaches seek to understand the spatial
organization of the DNA and the regulation of transcription. Functional units that are
annotated include enhancers, promoters, silencers, DNA and histone methylation sites and
transcription factor binding sites. ENCODE-originating annotation of the human genome
can be accessed in the UCSC genome browser, using the ENCODE website or looked up on
the Harmonizome website which provides a comprehensive compendium of data-sources
with information on genes and proteins'®8. Data from ENCODE is used in the online tools
remap and Chea3. Remap is an online tool that allows for the search of enrichment of
transcription factor binding peaks from curated ChlP-seq, ChIP-exo, DAP-seq experiments
from the NCBI, ENCODE and other databases. Rather than providing transcription factors
regulating a gene as output, it uses the Chip-derived data to annotate regulatory regions in

query sequences'®. Chea3 uses data from several sources, including GTEx co-expression,
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Enrichr queries, remap Chipseq data, ENCODE Chipseq data, to predict transcription factors
regulating the response to a stimulus??. As an input a set of upregulated genes in response
to an experimental stimulus or a clinical condition is required; integrating various data
sources on transcriptional regulation, the transcription factors most likely regulating the
response will be computed, using a scoring system. Another in silico approach analyses
datasets for co-expression of genes and transcription factors, since the expression of a
transcription factor can be upregulated in situations where the transcription factor is
active. The power in this approach is gained by using a vast amount of data but limited by
the fact that not all transcription factors need to be expressed to exert their function or
might be expressed timewise differently from the genes they regulate. ARCHS4 utilizes this
approach in its compendium of data analysis tools?°?, data from ARCHS4 is integrated into

Chea3.

6.1.1 Transcription factor binding site analysis

The promoter sequence can be annotated with predicted transcription factor binding sites
(TFBS) based on primary sequence using the following in silico approach. Transcription
factors bind to relatively specific nucleotide sequences, e.g. NFKB1 in humans is thought to
bind to nucleotide sequences starting with 3 to 4 guanines and ending in 3 to 4 cytosines
with 3 to 5 other bases inbetween?%2, The nucleotide sequence a TF typically binds to is
usually depicted as a motif or sequence logo that reflects the position weight matrix of
preferred binding by the TF for each base in each position!*3. These motifs can be queried
against a promoter sequence generating hits of TFBS using a scoring system, using online
tools like TRANSFAC or JASPER. These tools do not take into account other factors
influencing transcriptional factor binding, e.g., chromatin accessibility and transcription
factor interactions, or validate the binding sites with experimental data. All hits are hence
predictions of potential binding sites, and the false positive rate is typically high?03204,

An overview of the analysis performed in this chapter can be seen in Figure 45.
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Figure 45 A flow diagram of the analysis steps performed in this chapter and the resulting

interpretation of GPR84’s transcriptional regulation they contributed to.
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6.2 Results

6.2.1 Transcriptional regulation in sepsis

Transcription factor gene expression in sepsis

| first sought to characterise transcription factor expression changes in sepsis. For this
purpose, | have chosen to use a transcriptomics dataset of paediatric sepsis cases and
healthy controls and to independently confirm the results in a neonatal sepsis dataset. |
downloaded the raw data of the paediatric sepsis dataset from GEO and normalized it. The
normalized data of the neonatal sepsis dataset was provided to me by a colleague. First,
transcription factor gene expression altered in sepsis was established. Lambert et al. have
curated a list of over 1600 human transcription factors that was used to select genes in the
dataset!33,

Several transcription factors are significantly up- or downregulated in both datasets as is
apparent in these volcano plots (Figure 46, Figure 47). Among the transcription factors
most strongly altered in paediatric sepsis are LTF, DACH1 and BCL6, while in neonatal sepsis
itis SPI1, JUNB, GATA1 and NFIX. In paediatric sepsis, 558 TFs are significantly altered, with
15 TFs upregulated with a logFC > 1, and 30 TFs downregulated with a logFC < -1. In
neonatal sepsis, 571 TFs are significantly altered, with 61 TFs upregulated with a logfFC > 1
and 55 downregulated with a logFC < -1 (Table 10). Most upregulated TFs in paediatric
sepsis cases are also upregulated in neonatal sepsis (11/15), but there is a vast difference
in overall numbers of upregulated and downregulated TFs, with more TFs up- and
downregulated in neonatal sepsis. A possible explanation is that the transcriptional
response in neonates and older children might differ, an observation that has also been
made by Wynn et al. based on a paediatric sepsis dataset that contains a neonatal cohort3*.
The paediatric sepsis dataset used here is a combination of two datasets including the
dataset used by Wynn et al. and hence also contains a few neonatal sepsis cases. In
addition, neonates in Wynn’s cohort were full-term babies, while the neonatal sepsis
cohort consists exclusively of pre-term babies. The transcription factors upregulated
contain several TFs involved in the immune response and associated with immune cells,
including CEBPB, SPI1 and NFE2.

Next, | sought to identify co-regulated transcription factors with GPR84 in sepsis. The

correlation of expression of TF and GPR84 in sepsis cases was computed in R using Pearson
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correlation for the paediatric sepsis dataset. Pearson’s correlation was chosen as
appropriate method due to the sufficient size of the cohort. Statistically significant Pearson
correlations were found but none above or below the reasonable correlation threshold of
0.7 or -0.7 respectively. The strongest positive correlation between GPR84 and a TFs was
found for DACH1 (0.68), ZNF438 (0.65), BATF (0.63), RUNX1 (0.63) and KLF7 (0.63). The
strongest negative correlation can be found with MYCL (-0.54), ZNF225 (-0.53) and ZXDA (-

0.53). Since these are rather weak correlations, no conclusions can be drawn.
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Figure 46 Volcano plot of transcription factor expression in a neonatal sepsis dataset
showing the -Log10 of the significance on the y-axis and the Log2 Fold change comparing
sepsis cases to healthy controls. The dashed lines indicate a Log2 fold change of 1 and a p-

value of 0.05 as —Log10 value, respectively.
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Figure 47 Volcano plot of transcription factor expression in a dataset of paediatric sepsis
showing the -Log10 of the significance on the y-axis and the Log2 Fold change comparing
sepsis cases to healthy controls. The dashed lines indicate a Log2 fold change of 1 and a p-

value of 0.05 as —Log10 value, respectively.
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Table 10 This table shows the significantly up- and downregulated transcription factor

genes identified in the paediatric sepsis transcriptomics data and the neonatal sepsis

transcriptomics data.

Downregulate
d in paediatric

sepsis

EOMES

ZNF600

NR1D2
STAT4

HMGN3

BACH2

SATB1

RORA

GATA3

ZNF83

ZNF121

DNMT1

ZNF266

CXXC5

BCL11A

Log2
Fold

change

-1.83

-1.50

-1.39
-1.37

-1.31

-1.31

-1.22

-1.20

-1.20

-1.19

-1.17

-1.12

-1.12

-1.11

-1.11

Upregulated
in paediatric

sepsis

NFE4

LTF

DACH1
BCL6

PLSCR1

NFIL3

NFE2

ETS2

ZNF438

CEBPD

CEBPA

SPI1

MTF1

CEBPB

PRDM5

Log2
Fold

change

1.11

3.86

1.96
1.68

1.52

1.44

1.32

1.28

1.25

1.24

1.23

1.21

1.16

1.16

1.15

Downregulat
ed in
neonatal

sepsis

BCL11B

LEF1

ZNF831
MXD4

ETS1

RORA

KDM2B

REXO4

ZNF816

HOXB2

ZNF439

CENPB

ELF2

EOMES

BCL11A

Log2
Fold

change

-1.97

-1.76

-1.74
-1.68

-1.60

-1.58

-1.56

-1.55

-1.55

-1.40

-1.36

-1.34

-1.34

-1.33

-1.30

upregulated
in neonatal

sepsis

SPI1

NFIX

IRF7
JUNB

GATA1

CEBPD

HLX

LTF

NFKB2

MTF1

ETS2

RELB

NFIL3

KLF1

ZFPM1

Log2
Fold

change

2.98

2.49

2.47
2.47

2.35

2.23

2.16

2.04

2.01

1.89

1.84

1.80

1.75

1.71

1.66

Overla
pping
TFs

CEBP

MTF

SPI1
CEBP

ZNF4
38
ETS2
NFE2
NFIL

PLSC
R1
BCL6
LTF
EOM
ES
STAT

BAC

H2
SATB
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E2F5

ZNF573

ZNF420
ZNF439
KDM2B
ZFP62
LEF1
ZBTB41
MEF2C
ZFP3
ZNF260
TCF7
TSHZ1
ETS1
ZNF329
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-1.09

-1.09

-1.08
-1.08
-1.08
-1.07
-1.05
-1.04
-1.04
-1.03
-1.03
-1.03
-1.03
-1.00
-1.00

ZNF721 -1.30
ZNF529 -1.28
ZNF22 -1.28
ZNF101 -1.28
ZNF827 -1.27
SATB1 -1.25
ZNF559 -1.25
KLF12 -1.24
ZNF789 -1.20
STAT4 -1.19
ZNF683 -1.18
ZFP90 -1.17
ZNF30 -1.17
BACH2 -1.16
NFX1 -1.16
ZNF33B -1.16
ZBTB25 -1.16
ZNF285 -1.15
TCF7 -1.15
FOXO01 -1.14
RUNX3 -1.14
ZNF234 -1.14
ZNF544 -1.12
ZNF428 -1.12
ZBTB14 -1.11
REPIN1 -1.10
ZSCAN26 -1.10
RXRB -1.09
THAP1 -1.09
ZNF146 -1.08
ZNF32 -1.08

RFX2

BCL6

CEBPB
CREB5
MXD3
PLSCR1
ARID3A
NR1H2
MXD1
PLAGL2
TRAFD1
BATF2
MBD6
FOX03
ZNF438
STAT3
CUX1
TCF7L2
TFE3
RBCK1
TEF
ELF4
KMT2B
STAT1
GFI1B
RELA
SP2
ZNF366
NFE2
FOS
ARID5A

1.65

1.65

1.65
1.65
1.61
1.58
1.57
1.56
1.55
1.54
1.53
1.49
1.45
1.43
1.42
1.42
141
141
1.39
1.36
1.32
1.30
1.27
1.25
1.25
1.23
1.23
1.23
1.20
1.19
1.18

ROR

DNM
T1
E2F5
LEF1
TCF7
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ZNF512B
ZBTB24
HSF2
CENPX
ATMIN
DNMT1
ZSCAN2
E2F5
CXXC1

-1.07
-1.07
-1.05
-1.04
-1.03
-1.03
-1.02
-1.01
-1.00

MAFG
EPAS1
BATF
PA2G4
TFDP2
NCOA1
FOX04
PBX1
ZNF282
cic
CEBPE
ATF6
PPARG
TAL1
IRF3

1.12
1.12
1.11
1.09
1.08
1.08
1.07
1.05
1.05
1.04
1.04
1.04
1.02
1.01
1.01
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6.2.2 Functional enrichment of transcription factors in sepsis

Since a transcription factor does not need to be upregulated in order to be active,
transcription factors active in sepsis in both datasets were predicted using Chea3. As input
Chea3 requires a list of upregulated genes in response to a stimulus?. | hence obtained
the top upregulated genes in both neonatal and paediatric sepsis and provided these as
query lists into Chea3 in two separate analyses. Chea3 then generates a list of statistically
enriched TFs, among other types of output, computed using a background list of control
genes using Fisher’s exact test to compare the hits for the control list and the provided
query list. The hits are found when Chea3 utilizes a comprehensive approach querying the
query and the control gene lists against several databases with different types of
experimental data on transcriptional regulation, including data from Enrichr and ENCODE.
Every hit per upregulated gene in these databases is taken into account. The output list of
transcription factors is ranked depending on the type and number of libraries the hits for a
transcription factor were found in and the number of genes the hit was found for.

The lists generated by Chea3 of statistically enriched TFs in paediatric and neonatal sepsis
had much overlap, e.g., ~74% among the 250 highest ranking TFs. The transcription factors
found were strongly associated with immune cells of the blood and the immune response
(Figure 48A, B). This association is automatically computed by Chea3 based on the top
ranked TFs and GTEXx tissue data, a database for gene expression and regulation in different
tissues?9°. This prediction is hence based on the expression of the enriched TFs in different
tissues. Apart from association with blood and immune response, association with fat
tissue was also found (Figure 48 A) and lymphocyte differentiation, epidermis development
and central nervous system neuron tissue development (Figure 48B). Filtering the 250 top
ranked TFs for TFs with at least one hit in one of the libraries for GPR84 lead to a list of 60
TFs based on the paediatric sepsis gene list and 62 TFs based on the neonatal sepsis gene
list (Supplementary table 1). The overlap between these hits was ~82% or 51 TFs in
common. Among these transcription factors were SPI1, CEBPB and NFKB1. When
comparing TFs enriched according to this analysis with TFs that are significantly up- or
downregulated in sepsis, 113 out of the top 250 enriched TFs are also significantly different
expressed, of which 81 are upregulated and 32 are downregulated. This aligns with the

previous statement that some transcription factors do not need to be upregulated to be
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active. As expected, the transcription factors enriched in the sepsis response are important

in regulating the immune response and several are immune cell specific.
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Figure 48 Depiction of transcription factors and their association with tissues (A) and GO
pathways (B) based on GTE:X - TF data. Figure generated by Chea3 based on TFs predicted
to regulate upregulated genes of a transcriptomics dataset of paediatric sepsis cases. Each
dot represents a TF, and the colour of the dot indicates the tissue (A) or GO pathway (B).

The top 50 ranking TFs enriched in sepsis are surrounded by a grey circle.
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6.2.3 Physical transcription factor interactions with the GPR84 promoter according to
existing Chip data
Since the binding of transcription factors to gene regulatory regions is a pivotal component
of transcriptional regulation, | then sought to find out what transcription factors have been
shown to physically bind the GPR84 regulatory region. To do this | queried publicly available
data from high throughput Chip experiments. As previously mentioned TFs likely binding to
a putative gene’s promoter according to ENCODE can be looked up using Harmonizome®®8,
ENCODE defines the putative promoter region of a gene as the 1000 bp around the TSS.
This yields a list of 32 TF. The Signalling Pathways Project yields an excel file with MACs-
peak values and vyields 153 distinct TF for all cell types and 77 TF for immune cells
specifically (Supplementary table 2)°¢. 17 TF overlap between these two databases (Figure
49). Filtering TFs identified by SPP by cell type of the ChipSeq experiment, shows that the
majority of overlapping TFs (16/17) have been identified in experiments on immune cells.
Among the TFs found to overlap between the datasets are SPI1, CEBPB, MEF2A, STATS3,
ZNF384, CTCF and MYC. Among the transcription factors found are both common
transcription factors and transcription factors specific for immune cells and the immune

response.
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Figure 49 Venn diagram of Chip hits found in ENCODE and the Signalling Pathways Project
(SPP) databases using online tools Harmonizome and Ominer. Venn created using

BioVenn2%®
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6.2.4 High confidence networks of transcription factors regulating GPR84 in sepsis

To identify which TFs interact with GPR84 and to rank them as High and Medium
confidence hits, the information from previous analyses was aggregated with exclusion of
the TFBS analysis. Results from the TFBS analysis were excluded because a focus on
experimentally derived data to yield functionally relevant results with high confidence was
sought. Supplementary table 3 showcases a list of all TF identified by one or several
approaches, with exemption of the TFBS analysis, with a separate column indicating if a TF
had a hit in the corresponding analysis. The overlap between the data is also visualized in
a Venn diagram (Figure 50). Taken into account this compounded information, High
Confidence and Medium Confidence TFs that likely regulate GPR84 expression in sepsis
were identified. If a TF is enriched according to Chea3 and had a hit in one of the libraries
for GPR84, this means that the TF is probably regulating gene expression of several
upregulated genes in sepsis including GPR84. Among the libraries used by Chea3 are Chip
based libraries, but also co-expression libraries. A hit in the SPP database in combination
with a hit in Chea3 hence adds additional confidence that a TF is active in sepsis and
regulates GPR84 by binding to its regulatory sequence. TFs that with High Confidence
regulate GPR84 in sepsis were hence identified by both Chea3 and SPP. Medium
Confidence hits were required to be predicted as enriched by Chea3 without a hit for GPR84
but with a hit in the SPP Chip data. Medium Confidence are quite likely to regulate GPR84
since they are likely active in sepsis and able to bind the promoter. Some of the TFs with a
hit for GPR84 in the Chea3 libraries do not have a hit in the SPP database, however Chea3
uses ENCODE Chip data. As seen in previous analysis, ENCODE identified some Chip hits
that were not present in SPP data. The TFs enriched in sepsis with a hit in the ENCODE
database were sought to be identified as Medium Confidence hits, but no additional TFs
were identified this way. High Confidence and Medium Confidence hits are shown in Table
11. TFs that were identified in the SPP database but are not enriched in sepsis are likely TFs
that can regulate GPR84 expression in conditions that differ from sepsis. TFs identified by
Chea3 with a hit for GPR84 are relatively likely to regulate GPR84 expression in sepsis,
however they were not included as Medium Confidence hits in an effort to be conservative.
To identify functional relationships between the transcription factors found, networks
were visualized using STRING2%/(Figure 51, Figure 52). Looking at the first network a large

immune TF cluster is evident containing FOS and JUN, JUN-like transcription factors JUNB
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and JUND, FOSL1 and FOSL2. In this cluster also contained are ATF3, TCFL2, IRF1, GTF2B,
IRF4, EGR1, CREB1, HIF1A and CEBPA. Several of these transcription factors are known to
be part of the immune response. Further clusters containing STAT1, STAT2, STAT3, STAT5A
and ZEB1; NFKB1, RELA and POU2F2; GATA1, GATA2, TAL1, MYB, RUNX1, TCF12, ELF1 and
MEF2A are apparent. When looking at clusters in transcription factors with physical
interaction, a smaller cluster containing FOS, JUN, JUNB, JUND, FOSL1, FOSL2 and ATF3
presents itself rather than the bigger cluster based on functional interactions. Most clusters
from functional analysis undergo only small changes compared to clusters based on
physical interaction, e.g. the cluster containing NFKB1 and RELA loses POU2F2 and clusters
with CEBPB instead. This indicates that many of the functional interactions detected in the
first network rely on physical interaction. Among the transcription factors identified are
several genes associated with gene expression in immune cells specifically, e.g. SPI1 and
CEBPB. Several of the transcription factors are involved in immune responses, e.g. NFKB1,
STAT transcription factors, GATA1 and GATA2. NFkB was previously found to regulate

GPR84'%, and was also found in this analysis as high confidence TF hit.

202



Results

Chea3 hits for GPRS4

Figure 50 Venn diagram showing the overlap between the results from two analysis

approaches.

Table 11 High Confidence and Medium Confidence TFs driving GPR84 expression in sepsis

High Medium
Confidence Confidence
RUNX1 FOS
CEBPB JUN
STAT1 IRF1
CREB1 MAX
SPI1 MYB
SP1 TCF12
GATA1l ETS1
FOSL1 CEBPA
ELF1 ELF3
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STAT?2

ZEB1

NFYC

Figure 51 STRING network of transcription factors predicted to regulate GPR84 in sepsis
with high and medium confidence. The edges indicate the evidence for interaction,
confidence of interaction is minimum 0.6. Turquoise edges indicate interactions from
curated databases, purple indicates interactions that were experimentally determined. The
nodes were clustered using MCL clustering with an inflation parameter of 3. The edges
indicate that proteins have a specific joint shared function, independent of if they physically

interact.
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Figure 52 STRING network of physical associations between High Confidence and Medium
Confidence TFs. Edges indicate confidence, minimum confidence being 0.6. Edges stand for
physical interaction between the proteins. Nodes were clustered using MCL clustering with

inflation parameter of 3.
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6.2.5 The role of regulatory regions in the transcriptional regulation of GPR84
Identification of the promoter and regulatory hallmarks adjacent to the transcription
start site

The regulatory regions and their architecture can provide important insights into the
transcriptional regulation of a gene. To define the genomic region around the transcription
start site of GPR84 including regulatory regions and chromatin landmarks, the UCSC
genome browser was used since it provides a visual summary for these features?%8. | also
used this to identify the putative promoter sequence. The GPR84 gene sequence is situated
on the negative strand on the 12 chromosome. There are two GenCode Transcripts for
the gene, one being identical to the curated RefSeq gene. Both transcripts span the same
genomic region. Visualizing it in the UCSC genome browser shows promoter sites predicted
upstream on the negative strand by ENCODE, Genehancer and ORegAnno (Figure 53). Most
in silico tools use a putative region of 1kb (=1000 base pairs) or 10kb around the
transcription start site (TSS) as putative promoter. To obtain a putative promoter sequence
the EPD website in conjunction with the UCSC browser was used. EPD annotates a TSS very
close to GPR84's first exon. The TSS predicted by EPD is in a different position than the TSS
predicted by Genecards (visible in Figure 53). When looking at the area around the TSS
predicted by EPD, several other features of a promoter are apparent (Figure 54). Firstly, a
promoter sequence needs to be open so that TFs can bind. Adjacent to the TSS is a stretch
of DNA with DNAse | hypersensitivity. DNAse | is an enzyme that cuts DNA and can only do
so if the DNA is accessible, but not when it is condensed. In addition, a stretch with Chipseq
TF clusters are found around the TSS. Lastly, one can see that the sequence around this TSS
is more highly conserved than the sequence further away from the TSS. Evolutionary
conservation of a sequence indicates that the sequence is functional. The majority of
promoters contain CpG islands, which means that stretches of the promoter harbour
cytosine and guanine nucleotides at percentages that are relatively high compared to the
rest of the genome?®. Depending on the stringency used, a sequence will be a CpG island
at >55%, >60% or >65% GC-content?!. Notably no CpG islands were annotated for this
promoter. The percentages of A, C, G and T in the sequence were ~27.6%, ~19.6%, ~25.9%
and ~26.9%, hence the GC-content is markedly lower than 55%. Based on these findings
taken together, | chose the DNA stretch of 1000 base pairs upstream and 300bp

downstream of the TSS predicted by EPD, annotated in Figure 54 as black bar titled “User
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supplied track”, for further analysis. It appears that the promoter is likely a relatively closed
structure, which could indicate the requirement of opening the promoter before

transcription can be induced by transcriptional factors.
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Figure 53 Annotation of the genomic region around GPR84 from UCSC genome browser?*™.

Tracks relating to gene expression regulation were chosen including predicted promoter

sites and enhancers from GeneHancer, Encode and ORegAnno.
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with tracks relating to transcriptional regulation including DNAse | Hypersensitivity,

sequence conservation, CpG Islands and TF ChipSeq clusters.
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Transcription factor binding sites in the putative promoter sequence

Querying a primary sequence for TFBS based on weighted position matrices from the
TRANSFAC database allows for the identification of putative transcription factors regulating
a gene for which no experimental data is available. This analysis was focused on the
previously identified putative 1300 bp promoter region for human GPR84. Information
about TFBS can be used to establish the promoter architecture which allows for further
insights into the transcriptional regulation of a gene. Using PROMO?!2, 552 putative TFBS
from 65 different TF were found in the human GPR84 promoter. To reduce the number of
false positives in this approach, evolutionary conserved TFBS and TFBS in co-expressing
genes were analysed. The presence of TFBS in promoters of genes correlating with GPR84
indicates the TFBS to be actually functional, since genes with correlating expression are
likely to be regulated by the same transcription factors. In addition, TFBS that are functional
are more likely to be evolutionary conserved than randomly occurring motifs. To find
evolutionary conserved TFBS, the promoters of human and murine GPR84 were aligned
using Dialign?!3. The 500bp long subpart of the human promoter that alighed with the
murine promoter was extracted and queried in PROMO for TFBS. This yielded a list of 359
TFBS of 44 different TFs. To analyse TFBS in promoter sequences of correlating genes, genes
correlating with a Pearson correlation higher than 0.77 in the paediatric sepsis dataset were
obtained, yielding a list of 16 genes including GPR84. To obtain their promoter sequences
from EDP, the 1300 bp around the TSS were used as was done for GPR84. PROMO was used
to find TFBS present in at least 75% or 12/16 sequences. This search resulted in 57 different
TFs found. There is a strong overlap between the three searches performed (Figure 55),
with 44/65 TFBS found in the GPR84 promoter also found only in the conserved subpart,
and 40 of the TFBS in the conserved subpart also found consistently in correlating gene
promoters. shows the TFBS that were found. Among these are hormonal receptors
(progesterone receptor, PR and glucocorticoid receptor, GR) and transcription factors
involved in immune cells (CEBPB, PAX5).

A second approach to identify and confirm TFBS was performed using JASPAR. JASPAR
allows the user to query TFs against a promoter sequence and predicts potential TFBS
based on TFBS motifs. The previously established lists of High Confidence and Medium
Confidence TFs was queried against the conserved subpart of the promoter identified in

the previous analysis. This search yielded a list of 213 TFBS for 44 TFs, which was manually
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examined for potential homotypic and heterotypic clusters. Among potential TFBS clusters
identified are GATA2 TFBS pairs, a cluster of TFBS of Ets family TF, and STAT family TF pairs.
Two NFKB1 binding sites were identified, in contrast to previous PROMO analysis of the

same sequence.
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Table 12 shows the TFBS found in the human GPR84 promoter, the TFBS found in the

majority of genes correlating with GPR84 in sepsis, and the TFBS found in the promoter

sequence that is conserved in humans and mice.

Human GPR84

promoter TFBS

TFBS in promoters of

correlating genes

TFBS in conserved subpart

of human GPR84 promoter

GR-alpha
AP-2alphaA
RXR-alpha
YY1

AhR
AhR:Arnt
ENKTF-1
GR-beta
C/EBPbeta
NF-1

TFII-1
c-Myb
ER-alpha
ATF3

IRF-2

Pax-5

p53

TFIID

NFI/CTF
HNF-3alpha

GR
USF2

MEF-2A

HNF-1C

FOXP3

HOXD9

GR-alpha
AP-2alphaA
RXR-alpha
YY1
ENKTF-1
GR-beta
C/EBPbeta
NF-1

TFII-I
c-Myb
ER-alpha
ATF3
Pax-5

p53

TFIID

NFI/CTF

HNF-3alpha

GR
USF2

MEF-2A

HNF-1C
FOXP3
HOXD9

HOXD10

IRF-1
NF-AT1

GR-beta
C/EBPbeta

GR
GR-alpha
FOXP3
PRB
PRA

c-Ets-2

HNF-3alpha

C/EBPalpha

NF-Y

SRF

TFII-I
c-Myb

AR
LEF-1
VDR

PXR-1:RXR-alpha
STAT4

c-Ets-1
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HOXD10
IRF-1
NF-AT1
PR B

PR A
XBP-1

C/EBPalpha
NF-Y
c-Jun

T3R-betal

POU2F1
GATA-1

VDR

PXR-1:RXR-alpha

STAT4
c-Ets-1
RAR-beta
LEF-1
TCF-4
SRY
TCF-4E

c-Ets-2
SRF
AR
Elk-1

MAZ
PEA3

NF-AT1

STAT1beta

214

PR B

PRA

XBP-1
C/EBPalpha

c-Jun

T3R-betal
POU2F1
GATA-1
VDR

PXR-1:RXR-alpha

STAT4
c-Ets-1

RAR-beta

LEF-1

SRY
TCF-4E
c-Ets-2
AR
Elk-1
MAZ
PEA3

NF-AT1
STAT1beta
AP-1
NF-kappaB1

Ik-1
E2F-1

NF-AT2

EBF

Elk-1
AP-2alphaA
TFIID
USF2

NFI/CTF
RXR-alpha

T3R-betal

PEA3

GATA-1

HOXD9

HOXD10
NF-kappaB1

1k-1

ELF-1

PU.1
E2F-1
RAR-beta

POU2F1
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AP-1 PPAR-alpha:RXR-alpha

NF-kappaB1 ETF

Ik-1

ELF-1

PU.1

E2F-1

c-Fos

NF-AT2

GATA-2

COUP-TF1

Figure 55 Overlap in TFBS between the human GPR84 promoter sequence (B), a conserved
subpart of the human GPR84 promoter (C), and TFBS found in at least 75% of genes
correlating with GPR84 (A).
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The role of enhancers in regulating GPR84

Genes are regulated by promoters and enhancers, with some genes depending more on
enhancers or promoters than others. It is hence important to not solely focus on promoters
in analysing transcriptional regulation. That is why | sought to understand better the role
of enhancers in the regulation of GPR84. Yoshida et al. used extensive mouse experiments,
in which they performed ATAC-seq, Chipseq and microarray analysis on 86 cell types
obtained of mice. Using the obtained data, they were able to draw conclusions about the
relation between open chromatin regions, transcription factors and gene expression in
these cell types, i.e., the expression of a gene in different cell types can be linked with the
transcription factors bound in open chromatin regions that are typically open when this
gene is expressed. Yoshida et al. computed that immune processes, GPCR signalling and
lipid transport are foremost distal enhancer regulated processes, and that Gpr84 is
regulated to ~32% by its promoter and to ~64% by distal enhancers'3®. Yoshida et al.
provide an online tool that allows for the querying of the data they established from their
mouse experiments, EnhancerControl (http://rstats.immgen.org/EnhancerControl/). For a
gene queried against their data, the tool provides a prediction in which cell types and
tissues the gene is expressed based on the open chromatin regions (OCRs) its expression is
associated with. The tool also lists transcription factors binding to open chromatin regions
associated with the gene based on Chipseq. As can be seen in Figure 56, Gpr84 in mice is
mostly expressed in granulocytes, monocytes, macrophages and dendritic cells. Based on
the relative proximity (~100-500bp) of two of the associated open chromatin regions to the
TSS, it is likely they are within the promoter sequence, whereas the third OCR is further
from the TSS (~6000 bp) and hence likely a distal enhancer. TFs found to bind in the distal
open chromatin region include KIf transcription factors, which are typical for distal
enhancers, Sfpil which is the mouse homolog to SPI1, Rela, Jund, Nfe2 and Fos. In the other
two open chromatin regions, Relb, Rela, Nfkb1, Gatal, Gata2, EIf1 and TCF12 have been
found. These transcription factors are in line with expression in immune cells in response
to inflammation.

Enrichr is an online tool that allows for finding of “knowledge” on a gene including co-
expression among vast databases (ARCHS42°!) and data from cell line and mouse
experiments, e.g. KD and KO of transcription factors and their effect on gene expression

and vice versa?'4. The knowledge obtained from this website is shown in Supplementary
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table 4. GPR84 is co-expressed with several TF including CEBPB, RELB, NFxB1 and NFxB2,
several leucine zipper TF (BATF, ATF3,BATF2, ATF5) and zinc finger proteins (ZNF385A,
ZNF438, ZNF267).
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Figure 56 Cell types predicted to express Gpr84 based on three open chromatin regions
(Gpr84_1, Gpr84_2, Gpr84_3) associated with Gpr84 expression in mice, as established by

the EnhancerControl tool based on data from Yoshida et al.*3%, legend added in Inkscape.
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6.2.6 Experimental data on cell-specific and temporal expression patterns
Time course of expression in several in vitro set-ups
Transcription factors follow a temporal hierarchy in their expression that dictates a
temporal hierarchy of the expression of genes in the response to a stimulus, e.g., the
inflammatory response to an infection. This is most evident in the initial hours of the
response. In order to understand where in this temporal hierarchy GPR84 is expressed,
time course data was analysed. A dataset of normalized gene expression in bone marrow-
derived macrophages from mice infected with murine cytomegalovirus (MCMV) or treated
with IFNy was previously generated in our research group. In these two datasets,
expression was measured every 20 minutes using microarrays. To examine this in the
human system, THP-1 cells were treated with LPS and with dexamethasone in a 24-hour
time course measuring after 2,4,6,8 and 24 hours (Figure 57 A). Dexamethasone is thought
to inhibit NF-kB regulated genes!®” and is often used as sepsis treatment?>, in addition, it
is a glucocorticoid, and glucocorticoids are commonly secreted in sepsis?®. Expression of
GPR84 was measured using qPCR. Another experiment was performed on neutrophils and
PBMCs extracted from healthy volunteer blood using Ficoll gradients and ACK lysis of red
blood cells. After extracting the cells, they were treated with LPS and dexamethasone for
time course experiments with measurements at 3 hours, 6 hours in case of neutrophils and
3 hours, 6 hours and 24 hours in case of PBMCs. These experiments mostly aimed at
examining the cell-specific expression of GPR84 and give limited insight into temporal
expression patterns (Figure 57 B, C).
In MCMV infection of murine bone macrophages, expression of Gpr84 is not induced until
after the first 2 hrs have passed in this model (Supplemental figure 1). After 2 hours of
infection, there is a sudden increase in expression that peaks after 6 hours with a Log, FC
of around 2.5. The gene expression then slowly decreases over time but stays on a relatively
high level. In the IFNy treated cells, there is a small increase within the first 2 hours that
goes down again (Supplemental figure 1), however it is comparably small and likely
insignificant. After 2 hours of IFNy treatment, there is a strong increase in expression very
similar to the increase in expression in MCMYV infected cells. It is important when looking
at this data to keep in mind that this experiment only had an n=1. Looking at the THP-1 cells
(Figure 57 A), it is apparent that expression starts to increase after 2 hours and peaks at 4
and 8 hours in LPS-treated cells, Overall, a 2-Way ANOVA revealed an effect of both time
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and treatment on the expression of GPR84 in THP-1 cells. A follow-up Tukey’s multiple
comparisons test reveals that the difference in expression is significant at t=4 between
dexamethasone and LPS and dexamethasone treated cells, and between all treated cells at
t=6. In IFNy treated murine cells, a peak is present after around 8 hours. Adding
dexamethasone in combination with LPS does not inhibit the upregulation of GPR84 in
response to LPS in THP-1 cells, as can be seen by the comparable expression levels in these
cells. Dexamethasone treatment alone does not induce GPR84 expression. This is in line
with expectations based on previous studies, since GPR84 is usually upregulated in
response to inflammatory stimuli. The expression after the peak does not seem to decrease
in LPS-treated cells within 24 hours but decreases in LPS and dexamethasone treated cells.
In neutrophils and PBMCs, GPR84 seems to behave similarly as in THP-1 cells. In
neutrophils, a mixed effects analysis showed that the time elapsed had significant effect on
GPR84 expression (p=0.0074), while the treatment had a near-significant effect (mixed-
effects-analysis, p=0.06). Visually, the biggest increase can be observed in response to LPS
after 3 hours. In neutrophils that are simultaneously treated with LPS and dexamethasone,
there is a trend that expression by dexamethasone treated cells is lower than in only LPS
treated neutrophils. In PBMCs, a mixed-effects-model showed a significant effect of both
time and treatment. A follow-up multiple-comparisons-test comparing treatments at every
timepoint found significant differences between LPS and dexamethasone at t=3 (p=0.0009)
and t=6 (p=0.011). After 24 hours, there was a significant difference between LPS and
dexamethasone compared to LPS alone, dexamethasone alone and untreated cells
(p=0.047, p=0.021, p=0.025). This treatment shows the highest peak in PBMCs of GPR84
expression after 24 hours. This result is inconsistent with the expected decrease in
expression over time after a stimulation.

The expression of GPR84 in untreated cells is relatively high in cells obtained from the
blood; it is at similar levels to LPS and dexamethasone treated cells. Dexamethasone
treated cells show lower expression of GPR84 which is only slightly elevated above
baseline. This shows that the processing of the cells in the laboratory induced gene
expression and that this gene expression is downregulated by dexamethasone. The stress
that cells experience when handled, e.g. during centrifugation, can lead to the upregulation

of inflammatory genes.
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The expression pattern of MCMV infected BMDMSs show no upregulation of Gpr84 before
2 hours of treatment. A classical primary response gene is upregulated within 2 hours of
the stimulus, hence GPR84 does not seem to be a classical primary response gene. The
upregulation of GPR84 in response to inflammation relatively early but not immediately
after a stimulus can also be seen in THP-1 cells, as the expression peaks around 8 hours.
Overall, the expression pattern seems similar to the MCMV infected BMDMs and IFNy
treated BMDMs. The time course of GPR84 expression in PBMCs and neutrophils does not
allow for any firm conclusions about the time course of expression in these cells due to the
lack of granularity. The peak at the 3-hour timepoint points to an early expression of GPR84,
though the actual peak expression time may be earlier or later, though likely before 6
hours. Also, expression in these cells starts to decrease earlier than in THP-1 cells or
infected murine BMDMs. While the general expression pattern shows many similarities,
the magnitude of response is bigger in both cell types obtained from volunteer blood, as
the fold changes were in the tenfold (PBMCs) to hundredfold range (neutrophils),
compared to a 5 times fold change in THP-1 cells and a Log2 FC of ~2.7 in MCMV infected
BMDMs. Since THP-1 is a cell line it is not surprising that these cells behave slightly different
to blood derived cells. There are many potential explanations for this, and the only direct
comparison one can fairly make is between PBMCs and neutrophils. Comparing these, it
seems apparent that neutrophils express higher levels of GPR84 than PBMCs. One of the
transcription factors found to potentially regulate GPR84 expression was NFkB, which was
also found in an experimental investigation by Nagasaki et al.1%. NFkB is typically active
downstream of TLRs, that sense viral and bacterial infections, e.g by binding LPS. It can also
be activated as a result of IFNy signalling. The finding in this study that LPS, IFNy and viral
infection upregulate GPR84 would hence align with the idea of it being a NFkB regulated
gene. In addition, glucocorticoid signalling is thought to interfere with NFkB transcriptional
regulation, and in this study the glucocorticoid dexamethasone seems to downregulate

GPR84 expression.
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Figure 57 GPR84 expression in A) THP-1 cells, B) Neutrophils and C) PBMCs treated with
either dexamethasone (Dex), LPS and dexamethasone (LD), LPS or untreated (Untr) as fold
change to time-point 0 with the time in hours on the x-axis. Data from THP-1 cells was
obtained in 3 separate experimental repeats (n=3), whereas Neutrophil and PBMC data

originated from the cells from 4 healthy volunteers(n=4).
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6.3 Discussion

Here | identified a network of TFs that likely regulate the expression of GPR84 in sepsis.
GPR84 is a highly inducible gene upon immune stimulation, e.g., infections, LPS, or
inflammatory cytokines, from a low or undetectable level of basal gene expression. In line
with this and previously published experimental evidence, several transcription factors
were found that act downstream of TLR activation. The temporal expression pattern of
GPR84 can be expected to be early in the infection based on the transcription factors
regulating it, since several are known to be active early in the inflammatory response, e.g.,
NFkB, CREB, FOS and JUN. This is confirmed by previously published observations and the
time course analysis of GPR84 expression in MCMYV infected murine cells. Genes expressed
early in the infectious response can be divided into primary and secondary response genes.
These two types differ in the transcription factors they are regulated by, their temporal
expression patterns and their promoter architecture®®>?19217  Several features of the
GPR84 promoter architecture were elucidated. In the following | will link the transcriptional
network and the architectural features of GPR84 as presented in this chapter to propose
that it has the characteristics of a secondary response gene. Further down, the implications
of the transcriptional network and the regulatory regions for the expression of GPR84 in
different tissues will be discussed. The identification of immune cell specific transcription
factors, e.g. SPI1 and CEBPB, indicates the expression of GPR84 especially in cells of the
innate immune system. Firstly, the method used to identify transcription factors regulating
GPR84 in sepsis will be reviewed.

Discussion of the method

Reliable identification of transcription factors regulating a gene using in silico methods
contains several pitfalls, which requires careful consideration of methodologies and a
combined approach to gain reliable results. In order to answer the question what
transcription factors regulate GPR84 in sepsis, it is not just necessary to identify
transcription factors likely present and able to bind the promoter sequence, but actually
likely to do so causing an effect. This requires the binding site to be accessible and often
the binding of other factors to form a complex or cluster of transcription factors. Thus, in

this approach emphasis was put on the identification of clusters of TFs, and the
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combination of several data sources to establish binding, presence, and possible functional

effect of TFs.

Analysis of TF binding to the promoter region

Transcription factors potentially able to bind the GPR84 promoter were analysed using
either Chip databases or by analysing TFBS in the promoter. Differences in TF found
between Chip databases can be partially explained by the fact that ENCODE looks at 1000bp
upstream of the TSS, whereas SPP looks at a region within 10kb of the TSS, hence a 10x
longer stretch of DNA. With regards to the SPP method, it is very unlikely that the promoter
region of GPR84 is actually 10kb long, as the maximum length of a promoter has been
calculated to be 6 kb2'’. This means that the SPP database likely leads to the identification
of some false positives. Another contributing factor to the differences in TF found is that
most TF in ENCODE were only tested in a limited number of cell lines, primary cells and
tissue, most of which were epithelial, whereas the Signalling Pathways Project contains
many datasets on immune cells'®’. GPR84 is typically not expressed in epithelial cells, and
its promoter region is hence likely not accessible for TF in epithelial cells. The use of Chip
databases for identification of TFs regulating a gene limits the potential hits hence to TFs
that were experimented on in the right cell type.

This constraint is not a problem when using TFBS analysis of a putative promoter sequence.
For the analysis of TFBS, motifs or position-weight-matrices are queried against the
promoter sequence. These motifs are saved in dedicated databases, notably JASPAR?%3 and
TRANSFAC?'8, The JASPAR database can be accessed and queried on the JASPAR website.
TRANSFAC is a database that is partially commercial, the public database can be queried
using the PROMO tool?*2. Since transcription factors bind only to specified nucleotide
patterns; presence of such a pattern in a promoter can hence indicate the TF that regulates
the gene associated with it. The pitfall to this approach is that many binding sites are short
sequences that can occur by chance or these putative binding sites may not be functional
in the physiological situation due to further regulatory mechanisms®33, It is estimated that
out of 1 million TFBS identified per analysis, only 1000 are actually functional?®. There are
different approaches to mitigate this high number. First of all, the analysis of promoter
sequences of the same gene in evolutionary distant species to find evolutionary conserved

TFBS. If a TFBS is functional and used, then it is also more likely to be evolutionary
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conserved. To do this, the promoter sequences can be aligned and TFBS can be queried in
parts of the sequence that overlap. That is why | decided to align the mouse and human
promoter and use the part of the sequence conserved in the human promoter to find TFBS.
Despite the conservation of transcriptional regulation of a gene, the actual position and
spacing of TFBS has been shown to be much less conserved?®®. That is why it is likely that
TFBS annotated on the conserved human sequence might not be found or located
differently in the murine sequence. Using this approach might lower the number of false
positives, but has been shown previously to still generate false positives?®.

Another potential approach to reduce the number of false positives is to analyse a set of
genes that are correlating in a transcriptomic dataset. The logic behind this approach is that
correlating genes are likely to be regulated by the same transcription factor; a transcription
factor binding site found consistently in this gene set is hence more likely to be functional.
Even though these approaches will reduce total number of false positives, it is estimated
that this reduction is not sufficient to reach trustworthy results?®®. In a TFBS analysis
approach it is more likely to find TFBS that are short rather than longer ones, and this bias
will not be overcome by analysing several promoters. A cut-off value needs to be chosen in
how many promoters a TFBS has to be present to count as a hit, and this cut-off value
directly affects the number of false positives versus false negatives. In addition, when TFs
bind as part of a cluster, they may bind to sequences different from their typical motifs. In
this analysis, several TFs were found that were not identified in other analyses of
transcriptional regulation of GPR84. NFkB, which was mentioned in the literature, was not
found when using PROMO, potentially due to its relatively long TFBS. It is likely that this
approach yielded false positives as well as false negatives, based on the constraints
mentioned above. Notably, when querying the same sequence used in PROMO using
JASPAR, two binding sites for NFKB were annotated. This might indicate a difference in
stored PWMis or a flaw in PROMO. Noticeably all three analyses yielded a fair amount of
overlap. The TFBS that overlapped could be both true positives, and false positives that the
analysis is skewed to find, e.g., short TFBS. In conclusion, further analysis with a different
approach is warranted.

Analysis of gene regulatory regions

Transcription factors for a gene regulate its transcription by binding to its respective

promoter and/or distal regulatory regions, generally called cis-regulatory modules (CRM).
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Common cis-regulatory modules are enhancers and silencers?%®. Looking at Figure 53one
can see that three different research consortia identified the promoter of GPR84 with a
small to moderate amount of overlap but diverge considerably on the overall length of the
promoter. This is because the reliable identification of gene regulatory regions is tricky and
the laboratory methods to do so have only been developed in recent years?!®. The
identification of promoters is easier than the identification of CRM due to the knowledge
of typical motifs in promoters and their typical position just upstream of the TSS. Since
promoters are always very close to the genes they regulate, it is easy to identify which
promoter belongs to which gene. Several online tools use the sequence surrounding the
transcription start site as putative promoter, using a size of between 1000bp up to 10 000
bp. Most TFBS will occur close to the TSS, and Hurst et al. calculated that 3000 bp away
from the TSS, the frequency of TFBS equals the background frequency caused by random
hits?!”. They hence propose 6000 bp as maximum promoter size; it is important to note
though that this is an extreme estimate. In their further computational analysis Hurst et al.
use sequences up to 1000 and 2000 bp distance from the promoter. As mentioned, the
promoter is characterized by several features, including an open chromatin structure and
TFBS. When evaluating the sequence around the TSS predicted by EPD, a DNA stretch with
DNAse | hypersensitivity is apparent very close to the TSS. DNAse | hypersensitivity is an
indicator that the chromatin is opened, since the DNAse enzyme is only able to cut open
chromatin.

CRM, in contrast to promoters, can be far from the genes they regulate, up- or downstream
and can even be present in exons and introns. Among the possible ways to identify CRM is
the computation of enriched TFBS clusters, the experimental identification of regions with
increased TF binding using Chip methods, including the identification of so-called “Highly
Occupied Target” (HOT) regions, or Chip methods aimed at co-factors typically binding to
CRM, and post-translational modifications of histones. To identify distal enhancer regions
has been attempted among others by the Ma’Ayan group leading to the Genehancer tool,
and by the ENCODE consortium°7.22°, The enhancers they identified can be seen partially
in Figure 53 1 as they are part of the UCSC genome browser. Despite the potential merit in
analysing enhancer sequences due to their likely heavy involvement in regulation of GPR84,
potential human enhancer sequences were not taken into account for further analysis. This

was prompted by the general difficulties in reliably identifying enhancer regions, and
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linking them to a specific gene?'®. Instead, EnhancerControl was chosen as a reliable source
of information since it relies on extensive mouse experiments combining several
approaches. The pitfall of the data is that it is murine instead of human. A compendium of
data on transcriptional regulation is accessible via Enrichr. The transcription factors GPR84
is co-expressed with among a multitude of datasets include CEBPB, which is a myeloid
transcription factor, and NFkB1 and NFkB2. This is in line with previous findings as GPR84
is upregulated by LPS, likely regulated by NFkB and is present in myeloid cells. The downside
to the co-expression data is that the type of relationship and the direction of relationship
is unclear. Potential explanations for a correlation between GPR84 and a TF could be two
genes being subject to the same transcriptional regulation in response to a similar stimulus,
the expression in the same cell type, or an increase in TF expression due to effects
downstream of GPR84 activation. The co-expression of GPR84 with NFkB indicates the
expression in an inflammatory environment without further information on the
relationship between GPR84 and NFkB. GPR84 is co-expressed with ZNF385A whose
genomic location is in fact upstream of the GPR84 gene; the co-expression in this case is
hence very likely a co-regulation. Other data that is available in Enrichr is the difference in
expression of GPR84 in KD and KO models of genes encoding transcription factors. This is a
very limited dataset which provides robust insights; it is important to keep in mind that
regulatory dynamics can be complex and contain compensatory mechanisms.

Analysis of transcriptional regulation in sepsis

Focusing on the transcriptional regulation of GPR84 in sepsis allows for the combination of
several approaches in order to improve predictive strength of the results. In addition,
working on a sepsis dataset means that results obtained will be directly relevant to
understanding the role of GPR84 in sepsis. As part of the response to sepsis the expression
of transcription factors is strongly changed, as can be seen in Figure 46 and Figure 47.
Correlations of GPR84 with transcription factors in sepsis were analysed. In addition to the
constraints on correlation analysis mentioned above, many transcription factors can be
active without the need for de novo synthesis and hence transcription of the gene. As a
result, an absence of correlation in gene expression does not indicate an absence of
relation between the transcription factor and the gene. In fact, no correlation between TFs
and GPR84 was found strong enough to warrant any implication of a relationship and the

results of this analysis were hence not further taken into account. The reason for not
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finding any strong correlations could be differences in the temporal expression patterns of
the genes or other confounding factors.

Chea3 was used to predict transcription factors regulating the transcriptional response to
sepsis, using a list of upregulated genes in sepsis as input. Since the data that Chea3 uses is
not limited to Chip data, transcriptional regulation independent of a promoter can be found
by this approach. In addition, since transcription factors found are enriched based on a
large set of upregulated genes, it is likely that they are functionally active. Only some of the
transcription factors found in this approach are also upregulated in sepsis, indicating as
well that TFs either don’t require to be upregulated or might not be upregulated at time of
sampling. A second list of TFs was generated based on the Chea3 output with enriched TFs
by filtering for TFs with a hit for GPR84 in at least one of the libraries Chea3 uses.

In order to identify High Confidence and Medium Confidence hits the results from previous
analysis specific for sepsis were combined with the Chip results from SPP. Since Chea3
predicts TF based on, among others, ENCODE and ARCHS4 data, this data was not included
again into this analysis. To summarize the combined approach, if a TF has a hit in Chea3 it
is likely present and functionally active in sepsis; if it has a hit for GPR84 as well in Chea3 it
is relatively likely to regulate GPR84. Since Chea3 hits are not necessarily Chip hits, a hit
with SPP makes it likely that the GPR84 promoter in fact has a binding site for the
transcription factor found, adding further certainty to the functional regulatory
relationship of the TF with regards to GPR84. Despite the compounded confidence by this
approach, false positives are still possible, e.g. due to the long DNA stretch taken into
account in the analysis performed by SPP. If a hit is found in Chea3 without a hit for GPR&4,
it is likely a transcription factor associated with the body’s response to sepsis without
directly regulating GPR84.

To understand the putative TF network that regulates GPR84 better, TFs were visualized
and clustered using Stringdb. Since human transcription factors typically bind as hetero-or
homotypic clusters, the identification of clusters adds a layer of certainty to hits found.
Annotating these clusters as promoter architecture using JASPAR to find TFBS in the
putative promoter sequence prove to be a less promising endeavour than hoped. As
previously mentioned, sequence-based analysis is riddled by false positives. In this
approach, more than 200 TFBS were found in a 500bp sequence, many of which overlapped

strongly, e.g., because many TFBS are highly similar to each other. To overcome annotating
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false positives, the identification of clusters was attempted. Clusters found are described
in the results section. It is noteworthy that several of these clusters consist of TFs with
shorter TFBS, e.g., a hit for a GATA2 binding site can consist of only 5 bp. Some cooperating
TF pairs might not have been found because one or several of the TFs might typically bind
in the enhancer region rather than the promoter region. An example of this is the
cooperative binding of SPI1 and CEBPB that has been observed in the regulation of IL1[3
expression. While SPI1 binds in this case in the promoter, CEBPB binds in a distal enhancer;
their interaction is facilitated by long distance DNA looping. Finding a cluster does not
necessarily indicate a cluster, due to the high amount of hits the likelihood of finding an
“accidental” cluster is increased as well. A more refined approach is warranted, preferable
overcoming the pitfalls of sequence-based analysis. Notably the scientists providing the
JASPAR tool warn themselves against the pitfalls in using TFBS analysis with reference to a
review?%* and the recommendation to analyse only conserved sequences.

To conclude, a network of TFs consisting of several TF clusters was found that likely
regulates GPR84. Using a combination of data sources allows for high confidence in these
results, however further experimental validation is still warranted.

GPR84: Primary or secondary immune response gene?

Inducible genes can be divided into primary and secondary response genes. Primary
response genes are the genes that are expressed directly after a stimulus, typically within

~30 minutes of the stimulus occurring®®>

. These genes are also often called immediate early
genes. These genes are defined as being expressed without de novo protein synthesis
occurring, since they are regulated by transcription factors that are present in the cell and
activated, e.g., by phosphorylation, downstream of the initial stimulus, e.g., NFkB or CREB.
Delayed primary response genes are expressed 2-4 hours after the initial stimulus without
requiring protein synthesis. Primary response genes are usually mediators of the cellular
response, many are transcription factors regulating the response to the stimulus, or
mediators regulating the cellular response as e.g. receptors or cytokines that work in an
autocrine fashion®>. Secondary response genes are expressed typically later than primary
response genes and require de novo protein synthesis to be expressed. Delayed primary
response genes and secondary response genes are typically effectors of the response to
the stimulus. Many secondary response genes are regulated by transcription factors that

are primary response genes. In summary, in the inflammatory response, the activation of
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TLR receptors leads to the activation of transcription factors inducing expression of primary
response genes, that in turn further regulate the inflammatory response by activating
transcription of secondary response genes, which encode the effectors of the inflammatory
response?t0:221,

Primary and secondary response genes differ in their promoter architecture. The
architecture of the promoter determines in part its accessibility. Features that play a role
in this are CpG islands and TATA boxes. About 70% of promoters have CpG islands. Even
though CpG islands theoretically allow for methylation and hence inaccessibility of a
sequence, CpG islands in the genome of healthy cells are rarely methylated?!°. On the
contrary, CpG islands are associated with higher accessibility of the sequence since they
are less likely to be stably bound by nucleosomes. CpG islands are commonly found in
constitutively expressed genes but are also present in induced genes. Among induced
genes, CpG island promoters are more common in primary response genes than in
secondary response genes??!, To better understand the promoter architecture, | compared
the GPR84 promoter to the promoter of a known immediate early gene, EGR1. Firstly, as
shown in Figure 54, part of the GPR84 promoter sequence seems to have high accessibility
since it is DNAse | hypersensitive. Looking at the accessibility of the DNA around the TSS of
EGR1, it is apparent that much longer stretches are DNAsel hypersensitive. These stretches
surround the gene. The DNA of the gene appears to be relatively DNAse | hypersensitive
too, though lesser so than the probable promoter region. Comparing CpG islands, EGR1 has
a long CpG island around its TSS, whereas GPR84 has none. Taken together this indicates
lesser accessibility to the GPR84 promoter than to the EGR1 promoter. Another feature of
promoters of immediate early genes is the pre-loading of polymerase Il, allowing for rapid
start of transcription?”2?1, Both GPR84 and EGR1 have Chip peaks for polymerase Il in their
promoters, however the peak for EGR1 is far higher (~7 compared to ~0.2).The pre-loading
of Polymerase Il to promoter sequences appears to require the presence of high affinity
TATA boxes.??1?17 Concomitantly, presence of TATA boxes is more prevalent in primary
than secondary response genes. TATA boxes are DNA sequences with a consensus
sequence starting with TATA, followed by TATA/ AAAA, AATA, TAAA, followed by A or G?22,
They typically occur ~30 bp away from the TSS and bind the transcription factor TATA-
binding protein (TBP). At a p-value cut-off of 0.001, EPD does not predict a TATA box in the
area around the GPR84 TSS, but it finds two potential TATA boxes for EGR1. This is in line
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with the higher Chip peaks for polymerase Il in the TSS region of EGR1. To conclude,
GPR84’s promoter has the architectural features of the promoter of a secondary response
gene, with its chromatin probably more inaccessible and little to none polymerase Il pre-
loading compared to the promoter of a primary response gene.

As mentioned before, primary response genes are regulated by TFs that do not need to be
transcribed first. Among these TFs are NFkB, SRF and CREB, which were also among the hits
found for GPR84 regulation. Several of the TFs found as hits for GPR84 however are primary
response genes, including EGR1, FOS and JUN, and variations of FOS and JUN, and several
members of the ETS-family (ETS1, ELF1, ELF3). This would indicate that GPR84 is a
secondary response gene. In addition, genes with a bound nucleosome at the promoter
need to move the nucleosome before being transcribed. This necessity is more common in
secondary than in primary genes and in low CpG promoters than CpG island promoters, as
was researched by Ramirez-Carrozzi et al’'°. They found that primary and secondary
response genes could be further divided by their dependence on Switch/ Sucrose non
Fermentable (SWI/SNF), a complex that moves nucleosomes, for gene expression. In an
approach using KD of genes coding for proteins involved in transcriptional regulation in a
cell line, coupled with LPS induction, they distinguished for a set of 67 primary and
secondary response genes which ones depended on IRF3 or SWI/SNF presence to be
expressed. Most primary response genes did not rely on SWI/SNF, whereas most of the
secondary genes required SWI/SNF. Transcription factors that might be able to induce
nucleosome remodelling by SWI/SNF include TFs of the STAT family and of the IFN family.
Both of these families had several hits for GPR84 (IRF1, IRF4, STAT1, STAT2, STAT3). The
regulation by primary response genes is another indication that GPR84 is a secondary
response gene. It is likely that expression of GPR84 requires nucleosome re-modelling,
however this warrants further investigation.

To further examine the temporal pattern of GPR84 expression, a transcriptomics time
course dataset from murine bone marrow derived macrophages infected with murine CMV
was analysed. As apparent in Figure 57, GPR84 expression sharply increases from 2 hours
on. For several primary response genes, peaks are visible within the first two hours (data
not shown). | also conducted time course experiments on THP-1 cells, and PBMCs and
neutrophils extracted from volunteer blood. Since these time courses had less

measurement timepoints within the first few hours within stimulation, | cannot conclude
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from these experiments how GPR84 is expressed during the initial response. However,
there were similarities in peak times and the temporal dynamics to the expression pattern
observed in CMV infected murine macrophages.

To conclude, based on its architecture, transcriptional regulation and temporal expression
pattern, GPR84 is most likely a secondary response gene. However, this could only be
proven using an experimental approach detecting if its expression is sensitive to protein
synthesis inhibition.

Tissue specific expression of GPR84

Some TFs are active in a tissue-specific way and can lead to the tissue-specific expression
of genes. These TFs can often bind to promoters and enhancers. By binding to enhancers,
they change the chromatin structure to make promoters of tissue-specific genes accessible.
A well-known example of this is the TF SPI1 whose expression is required for macrophage,
B-cell and neutrophil differentiation. During the developmental stage of macrophages, SPI1
has been shown to mark enhancers with H3 lysine 4 monomethylation (H3K4mel),
facilitating binding of p300 when cells were stimulated with LPS?23. Binding of SPI1 has also
been shown to lead to chromatin remodelling, and the finding that it leads to H3K4mel
marks in enhancers has been confirmed by Heinz et al?%°. SPI1 was consistently found to
regulate GPR84, including according to Chipseq data, the Chea3 analysis, the analysis of
TFBS and the analysis using EnhancerControl of TFs binding to regulatory regions in murine
cells. According to EnhancerControl Sfpil, the murine homolog of SPI1, binds in the distal
enhancer, which is in line with the tissue-specific expression explained above. The cell types
predicted by EnhancerControl are in agreement, since they were neutrophils, macrophages
and dendritic cells. EnhancerControl did not predict B-cells, which can be regulated by SPI1,
or other cells of the adaptive immune system. In their paper Yoshida et al. analysed which
TFs might regulate tissue specific expression. Many of the TFs found to regulate alveolar
macrophages, PC macrophages, neutrophils have been found to regulate GPR84 in sepsis.
Furthermore, some of the transcription factors regulating ¢cDC, pDC and microglia were
found. When looking at the TFs binding GPR84 regulatory regions according to
EnhancerControl, in agreement with its own prediction of cell types, the TFs predicted to
regulate aforementioned cell types expressing GPR84 were found. Reason for this is

probably the tendency of tissue-specific TFs to bind enhancers rather than promoters.
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Looking at the expression of GPR84, it is induced strongest in neutrophils from volunteer
blood, but it is also induced in PBMCs. This is in line with findings that GPR84 is strongly
expressed in granulocytes, but also in other cells of the immune system, especially
activated monocytes and macrophages1%1%,

Expression response to LPS and dexamethasone

Upregulation of genes by NFkB can be glucocorticoid-sensitive, however different modes
of interaction between the glucocorticoid receptor and NFkB have been observed??*. This
is a relevant factor in sepsis, as glucocorticoid levels can be increased in sepsis patients. In
addition, glucocorticoids may be used as treatment. To establish the effect of co-occuring
LPS and dexamethasone on GPR84 expression, gene expression in THP-1 cells, volunteer
blood-derived neutrophils and PBMCs treated with LPS and dexamethasone was measured.
In THP-1 cells and PBMCs, dexamethasone does not affect the upregulation of GPR84 by
LPS. In neutrophils upregulation of GPR84 is affected by dexamethasone as gene expression
was lower in cells treated with the combination compared to cells treated with only LPS.
This is in line with the anti-inflammatory regulatory effects of glucocorticoids, potentially

by inhibiting NFkB mediated activation?%.
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7 Biosynthesis of ligands for GPR84

In the following chapter | aim to elucidate the potential origin of the putative ligands for
GPR84. As was seen in chapter 4, MCFAs are present in the blood of sepsis patients and
healthy controls, with a significant increase of decanoic acid in sepsis patients. This increase
raises the question where the increased amounts of decanoic acid (and octanoic acid) stem
from. Testing whether there could be a systemic immune cell origin of MCFAs would enable
us to better understand the MCFA-GPR84 axis in sepsis.

Potential sources for MCFA could be the diet, the intestinal microbiota, pathogens present
in the blood of the patient or host cells” metabolism. A steady source like the diet or the
microbiota would provide the baseline levels of MCFAs observed in both sepsis patients
and healthy controls but might not explain the difference in MCFAs concentrations in
healthy controls and sepsis patients. Nevertheless, in scientific articles concerning GPR84,
MCFAs are often referred to as derived from the diet!!, Potential dietary sources are palm
kernel oil, coconut oil and milk and dairy products, with MCFAs most likely present as
triglycerides. Measurements of decanoic acid in the plasma of fasting and non-fasting
healthy volunteers showed no detection of decanoic acid in fasting individuals and only low
micromolar levels (0.1-1.6 pM) in a subset of non-fasting volunteers'®. A study into
triacylglycerol ingestion and digestion in rats as part of weaning has shown that released
MCFA (C8:0-C12:0) are absorbed rapidly in the upper intestinal tract and transported to
the liver??. In humans, MCFA ingestion has been deemed to be likely relatively low10%:14°,
One important exception are epilepsy patients who ingest a fat-rich diet as part of their
treatment®>!. MCFA concentrations have been measured in the blood of paediatric epilepsy
patients treated with a medium chain triglyceride emulsion in a 24-hour time course with
regular measurements. The emulsion constituted around 50-60% of their dietary caloric
intake, mainly C8:0 and C10:0 (81% and 15% of the emulsion, respectively). The increase of
MCFA in the blood after a meal was marked, with peaks at up to ~880 uM for C8:0 and 21
UM for C10:0 and declined overnight when no feeding occurred. These experiments show
that diet derived MCFA can contribute a low baseline of MCFA concentrations in the blood
with spikes related to mealtimes. It seems unlikely but not impossible that the observed
increases in MCFA C8:0 and C10:0 in the sepsis patientsin the ILTIS cohort would stem from

the diet.
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Another study measuring C6:0-C12:0 in plasma of fasting individuals that were either
healthy volunteers, suffered from ulcerative colitis, or had cancer or adenoma, found low
baseline MCFA levels in healthy sera that were elevated in colorectal and/ or high-grade
dysplasia adenoma, e.g. to around 3 pM for C10:0%78. The MCFA decanoic acid allowed for
discrimination of colorectal cancer from ulcerative colitis, breast cancer and healthy
controls with a sensitivity of >80%. Furthermore, dodecanoic acid was significantly elevated
to ~6 uM in the sera of high-grade dysplasia adenoma cases compared to healthy controls,
breast cancer patients and colorectal cancer patients. This illustrates that either the
malignant process in colorectal cancer or cancer associated inflammation or, alterations to
the microbiome might affect MCFA levels. Regardless, it sets a precedent of increased
MCFA concentrations in relation to the health status. In addition, early studies in mouse
and rat models of adenocarcinoma found MCFA production by grafted tumours in
connection with expression of thioesterase Il or OLAH?*?’. This would support the notion
that MCFA production in cancer may also be derived from pathophysiological human
tissue.

How do human cells produce fatty acids? Human cells synthesize LCFA in the cytosol by
repeated elongation of a shorter fatty acid; in this process an elongation cycle that adds 2
carbons to the initial fatty acid is repeated until the fatty acid has the required length. It is
released from the cycle by an enzyme that cleaves the synthesized fatty acid off the carrier
molecule. The enzymes responsible for this operate in a chain-length specific manner, i.e.,
different enzymes are responsible for hydrolysis of fatty acids of different chain length
ranges. The hydrolysis enzyme specific for MCFA is called oleoyl-ACP-hydrolase (OLAH) or
thioesterase 2 (TE2). Previously, its expression has been documented to be specific to the
lactation process with a localised production in mammary tissue that is only switched on
after delivery of the baby??®. The de novo synthesis of medium chain fatty acids by
mammary tissue has been proven by the measurement of deuterated MCFAs in breast milk
from women ingesting deuterated compounds??%22°, The high ratio of MCFA in breast milk
to sera concentrations illustrates the strict localisation of the synthesis process and
secretion during lactation?3%228, The concentration of MCFA C8:0, C10:0 and C12:0 in
breast milk is relatively high, ~14%23! and 11.2%23? of total lipids per weight in studies of
fatty acids in breast milk. Another study evaluated medium-chain triglycerides to make up

12 to 16% of total fat in breast milk, depending on the diet of the lactating mothers?33,
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Epithelial cells extracted from breast milk were grown in vitro supplemented with
radioactively labelled acetate leading to the production of labelled lipids with a chain length
shorter than 16 carbons?3?. Of total moles of lipids produced by cells from breast milk (i.e.,
labelled lipids present in cells after incubation with labelled acetate), 3.6% were C8:0,
11.9% were C10:0 and 35% were C12:0 proving that MCFA in breast milk are de novo
synthesized by epithelial cells. This opens the question if the enzyme OLAH could be
present in other cell types that might contribute toward MCFA levels in sepsis, and if the
observed concentrations are hence resulting from immune cell MCFA synthesis.

Other potential MCFA sources have been sparsely investigated. | was not able to find any
studies that would confirm or even test the production of medium-chain fatty acids by the
gut microbiota. A study utilising untargeted metabolomics analysing the colonic luminal
metabolome of matched germ free and conventional mice sought to identify and
distinguish bacterial and host metabolites. Among the metabolites identified were several
lipids, including hexanoic acid and PGE;, but no medium-chain fatty acids with a chain
length between C8 and C12 were reported?34. There is evidence however that bacteria
should be able to produce medium-chain fatty acids, and since medium-chain fatty acids
can be a part of metabolism or bacterial cells, it is feasible that both commensal and
pathogenic bacteria could produce medium chain fatty acids®®23>23¢_ First off, hydroxylated
MCFA have been shown to be contained in LPS preparations and in the LPS of specific, albeit
not all, gram-negative bacteria?3>23’. A paper by Kutschera et al. investigating a plant
receptor binding hydroxylated MCFA found activation of the receptor by some, but not all
LPS preparations and confirmed the presence of hydroxylated MCFA in those LPS
preparations that caused a response®®. This is explained by the fact that the lipid
component of LPS contains three fatty acids whose chain length and hydroxylation are
species-specific, and hence some species but not all harbour MCFAs in their LPS. The
production of MCFAs by bacteria is also of industrial interest as a cheaper method of
manufacturing these lipids23®. All in all, both commensal and pathogenic bacteria appear to
be potential sources of MCFA; however, the extent of bacterial MCFA production both in
guantity and commonality, remains unknown. As a result, current knowledge does not
allow for speculation if bacteria derived MCFAs might play a role in activating the receptor

or not in a physiological setting. But this does not exclude that possibility.
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Another way how host cells could contribute to the MCFA levels in the blood is the release
of lipids by adipocytes. However, the human body typically stores fat as esterified LCFA?38,
This possibility remains open until tested.

In this chapter | performed both experimental work and in silico analysis focusing on the
potential production of MCFA by cellular metabolism. | sought to examine the expression
of OLAH in different conditions and cells and its transcriptional regulation in silico with

follow-up experiments in vitro into expression of OLAH and MCFA production.
7.1 Results

7.1.1 Systemic expression of OLAH in paediatric and neonatal sepsis patients.

Since the enzyme OLAH is pivotal in MCFA synthesis, the expression of its gene in sepsis
was analysed in two transcriptomic datasets (neonatal sepsis: GSE2550432, paediatric
sepsis: GSE2637831). These are the same datasets previously used in chapter 3. The
neonatal sepsis dataset consists of gene expression data of 35 control neonates and 26
infected neonates. The paediatric sepsis dataset studied gene expression in a cohort of
neonates, infants, toddlers and children up to the age of 10; 180 were patients diagnosed
with sepsis and 52 were controls. The expression of OLAH is significantly upregulated in
both paediatric sepsis and neonatal sepsis (Figure 58, Kruskal-Wallis-test, p= 6.7, p=9.6°

respectively).
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Figure 58 OLAH expression in neonatal sepsis (A) and paediatric sep3i$ (B). The gene

expression was measured by microarrays, data is RMA-normalized. Significance was

calculated using the Kruskal-Wallis test.
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7.1.2 The promoter region of OLAH

The promoter region of a gene can give insights into the expression pattern of the gene.
Exploring the promoter region of OLAH in the UCSC genome browser, one can see that the
region upstream of the transcription start site has no CpG island and only very short
stretches that are DNAse | hypersensitive. Furthermore, none of the transcription factor
ChipSeq clusters queried: neither Pol2 in CD4+ cells nor for the set of transcription factors
and cell types queried by ENCODE3 (Figure 59, also accessible under the link:
https://genome-euro.ucsc.edu/s/LindaMoet/OLAH). Exploring in which cell types the
DNAse | hypersensitive stretches were found for OLAH, it is evident that they were
foremost detected in epithelial, fibroblasts, endothelial cells and epithelial cells of different
tissues. When a promoter region is closed (transcriptionally repressed state), the
nucleosome may be methylated. Depending on which amino acids in histones are
methylated different accessibility of the promoter region can arise. An H3K4me3
modification (trimethylation of histone 3 at lysine position 4) would increase accessibility
of the promoter, yet this mark is also not detected near the OLAH gene. This indicates that
the promoter is typically closed, and that gene transcription requires the opening of the

promoter region.

7.1.3 Enhancers in the transcriptional regulation of OLAH

Since the promoter of OLAH appears to be quite closed, it is interesting to analyse the role
of any enhancers on OLAH expression. To this end the FANTOMS database was used that
predicts enhancers regulating a gene based on CAGE data. The expression of the enhancers
in different cell types is presented and gives an indication in which cells the gene regulated
by the enhancer is expressed. For OLAH, two enhancers are predicted; the associated tables
of cell-specific expression are shown in Table 13 and Table 14. This analysis indicates the
expression of OLAH in different epithelial cells, immune cells including monocytes,
neutrophils, dendritic cells, T-cells and B-lymphocytes.

7.1.4  Cell specific expression of OLAH in sepsis

Since the expression of OLAH is seen in datasets coming from transcriptomic data from
blood samples, it is a feasible assumption that cells present in the blood express OLAH.
Which cells express OLAH is both relevant for further experimental design and to

understand the metabolic response in sepsis. Data available from the EBI gene expression
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atlas?3?

indicates a differential expression of OLAH in monocytes, neutrophils, and to a
lesser extent lymphocytes. This data comes from 2 separate experiments in which cells of
sepsis patients were sorted and gene expression was measured. Gene expression was
compared to sorted cells of healthy volunteer blood in both studies. One study reported a
whole blood FC in OLAH expression in meningococcal sepsis compared to healthy controls
of 5.1, while another adult sepsis study reported a FC of 6.9. The former study reported a
FC of 5 in monocytes at time point zero and a FC of 4.4 after 8 hours. For lymphocytes a
fold change of 2.2 after 8 hrs was reported as earliest available time point. The other sepsis
study reported a FC of 4.5 in neutrophils and no fold change in monocytes, CD8+ cells and
CD4+ cells. All FC values were Logz-normalized. Due to different gating strategies, not all
cell types were included in both studies. These results indicate that the fold change in OLAH
expression in sepsis is higher in monocytes and neutrophils than in lymphocytes. For
further studies into lipid production and OLAH expression, the monocyte-like cell line THP-

1 was chosen, and immune cells obtained from healthy volunteers. Also, further research

into cell-specific expression of OLAH was required, whose results are shown further below.
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Figure 59 The genomic region around OLAH as shown in the UCSC genome browser. On the

left the names of the displayed tracks are shown. Every track indicates a different genomic

feature. The region coding for the OLAH gene is indicated in the top track called GENCODE

V41. The arrows indicate the reading direction of the gene. EPDnew v006 is a database for

experimentally validated promoters based on transcription start site mapping from

experimental high-throughput data. RAMPAGE indicates the transcription start site based

on cDNA sequencing data. Fantomb5 also predicts, in this case, the transcription start site.
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Table 13 Expression of the first enhancers found to be likely regulating OLAH according to
FANTOMS. The table shows the expression of the enhancers in different cell types, both as

percentage of total expression of the enhancers and as tags per million.

Name ¢ Percentage Bar Percentage of Expression ¢ Tags Per Million s
hepatocyte - 15.50% 0423
lymphocyte of B lineage L 13.92% 0.379
neutrophil L] 9.16% 0.250
fibroblast of tunica adventitia of artery L 8.83% 0.241
acinar cell - 6.32% 0.172
mesothelial cell L] 6.13% 0.167
tendon cell u 5.65% 0.154
dendritic cell L] 4.90% 0.133
neuronal stem cell u 4.66% 0.127
fibroblast of pulmonary artery L] 4.16% 0.113
mast cell Ll 3.37% 0.092
retinal pigment epithelial cell 1 3.14% 0.085
T el 0 2.70% 0.074
epithelial cell of prostate 1 1.48% 0.040
skeletal muscle cell ! 1.16% 0.032
monocyte ! 1.10% 0.030
mammary epithelial cell [ 1.09% 0.030
ciliated epithelial cell ! 1.07% 0.029
chondrocyte [ 1.06% 0.029
fibroblast of periodontium ! 0.92% 0.025
sensory epithelial cell I 0.86% 0.023
astrocyte I 0.77% 0.021
skin fibroblast ! 0.62% 0.017
mesenchymal cell I 0.54% 0.015
preadipocyte I 0.54% 0.015
respiratory epithelial cell 0.37% 0.010

Table 14 Expression of the second enhancer found to be likely reqgulating OLAH according to
FANTOMS. The table shows the expression of the enhancers in different cell types, both as

percentage of total expression of the enhancers and as tags per million.

Significantly Overrepresented —
Name ¢ Percentage Bar Percentage of Expression ¢ Tags Per Million
neuronal stem cell — 40.08% 0.851
osteoblast - 12.75% 0.207
lymphocyte of B lineage L 12.06% 0.196
Tcell = 7.46% 0.121
reticulocyte = 6.75% 0.110
gingival epithelial cell L] 5.60% 0.091
mast cell L 4.33% 0.070
enteric smooth muscle cell 1 2.42% 0.039
lens epithelial cell 1 2.38% 0.039
ciliated epithelial cell 1 1.80% 0.029
vascular associated smooth muscle cell 1 1.62% 0.026
dendritic cell ! 0.91% 0.015
preadipocyte [ 0.86% 0.014
respiratory epithelial cell ! 0.59% 0.010
blood vessel endothelial cell | 0.39% 0.006
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7.1.5 Transcriptional regulation of OLAH in sepsis

The transcriptional factors regulating OLAH expression were analysed in order to
understand its function and expression better. Since OLAH is upregulated significantly in
sepsis, it is logical that transcription factors regulating OLAH are activated in sepsis. The
approach chosen largely followed the approach described for the analysis of GPR84
expression. Transcription factors enriched in sepsis were computed using the online tool
Chea3. Additionally, transcription factors likely to bind the OLAH promoter were extracted
from the signalling pathways web
tool*®®(http://www.signalingpathways.org/ominer/query.jsf). The overlap of these two
tools contains the transcription factors likely to regulate OLAH in sepsis as they can likely
bind the promoter and are also likely to be present. The result is visualized as a network
generated by STRING in Figure 60. In contrast to the previous analysis of GPR84 expression,
TFs enriched in sepsis were not filtered for the gene of interest. This is due to a very low
number of transcription factors having a hit in Chea3 for OLAH. Among possible
explanations for this are firstly a transcriptional regulation of OLAH distinct from most
upregulated genes in sepsis or secondly a transcriptional regulation pattern hard to detect
in the studies that provide data to the Chea3 database. Using this approach, several
hormone receptors are found including the androgen receptor (AR), progesterone receptor
(PGR) and the glucocorticoid receptor (GR/NR3C1). These hormone receptors function as
transcription factors when bound by their respective hormones. Furthermore,
transcription factors that play a role in the immune response were found, including CREB1,
IRF1 and IRF4, NFKB and RELA'3®, These transcription factors would be active downstream
of, for example, TLR signalling or, TNF-a. (NFKB and RELA) or, interferon signalling (STAT
transcription factors, IRF1, IRF4). The transcription factors PPARG, RXRA and RARA are also
found to interact with the OLAH promoter and are expected regulators of lipid
metabolism?%°. The results found seem to align with the differential gene expression of
OLAH as reported by the differential gene expression from the EBI gene expression atlas.
The tool reports differences in expression in testis in different conditions, upregulated
expression in response to the glucocorticoid dexamethasone in various experiments, and
differential, increased gene expression in infectious diseases including previously
mentioned sepsis studies, COVID-19, and bacteraemia. Table 15 shows the top 25

differentially expression experiments or datasets in which OLAH expression was the most
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changed. Furthermore, a paper analysing the effects of glucocorticoid medication in cancer
using two datasets found OLAH to be significantly upregulated in the glucocorticoid treated
group in a prostate cancer cohort?*'. Some of the transcription factors found are typical for
innate immune myeloid cells, i.e. SPI1, CEBPB, CEBPA'3¢, which would be in line with the
increase in systemic expression observed in sepsis patients and the increased expression
found in sorted immune cells of sepsis patients. Hence, despite being less rigorous in the
analysis approach than previously, the results of the transcriptional regulation analysis
seem biologically indicative of the signalling of immune cell transcriptional regulation. |
used these results as basis for testing hypotheses about OLAH expression. Specifically, |
wanted to examine whether OLAH is upregulated in response to inflammatory stimuli and
glucocorticoids on immune cells.

| first sought to identify if glucocorticoid treatment in sepsis leads to higher OLAH
expression since glucocorticoids are used as a treatment in sepsis?®. The paediatric dataset
generated by the Hector Wong group used previously in chapter 4 contains the information
on the use of glucocorticoids within the cohort?*?. In this cohort, OLAH expression is only
slightly and insignificantly increased in glucocorticoid treated patients compared to
patients not treated with glucocorticoids (Figure 61). This indicates that OLAH expression
is not the result of glucocorticoid medication. However, the presence of endogenous
glucocorticoids in patients’ blood was not measured, and glucocorticoids can be released
by the body itself during the immune response®. Hence, the induction of OLAH by
endogenous glucocorticoids is still feasible as potential mechanism regulating its
expression?!>,

Next, | wanted to look at the role of inflammation and infection in regulating OLAH
expression in immune cells in other independent studies. | identified two datasets
containing different immune cells stimulated with different stimuli. The first
transcriptomics dataset, GSE46903, is focused on macrophages but also includes
monocytes, B-cells, dendritic cells, T-cells and NK-cells?*3. In this dataset, macrophages
treated with various inflammatory stimuli (IFNy, TNFo-PGE>-P3C, IL-4, LPS) did not
upregulate OLAH (Figure 64). T-cells showed a moderate increase in OLAH expression in
response to CD3-CD28 stimulation, whereas dendritic cells did not show OLAH upregulation
in response to LPS. NK-cells, B-cells and monocytes were not stimulated in this dataset and
show a similar baseline OLAH expression as macrophages and T-cells (Figure 64). Another
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dataset, GSE17762, explores the transcriptomic response to IFNy by B-cells, monocytes, NK
cells, CD8 positive cells and CD4 positive cells (Figure 63), and the effect of different
interferons (IFNy, IFNa, IFNS, IFNO, IL-12, TNFa)) on PBMCs isolated from human blood
(Figure 62)%**. In this dataset, no increased expression of OLAH was found in response to
any of the interferons in any of the cell types. This shows that OLAH very likely is not an

interferon or NFkB regulated gene.
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Figure 60 TF network likely regulating OLAH expression in sepsis, generated using STRING.
The confidence of interaction between proteins was set to a minimum of 0.6, the colours of
the connecting lines indicate the type of evidence for interaction. Turquoise indicates the
interaction stems from curated databases; purple connections indicate experimentally
determined interactions. The interaction indicates a shared function rather than a physical

interaction. Transcription factors were clustered using a MCL inflation parameter of 3.

246



Results

Table 15 shows the 25 (experimental) conditions in which OLAH expression is the most

affected. The data is obtained from the ebi gene expression atlas, accessed 24/10/2022.

Comparison
'dexamethasone; 1 micromolar' vs 'vehicle'

Experiment name
RNA-seq in GR18 cell line to identify genes reg

log_2 fold change

'sepsis' vs 'normal’ in 'whole blood' Next generation sequencing of human immune; 6.9
‘ejaculatory azoospermia; Johnsen score count 5' vs 'normal; Johnsen score count 10' Transcription profiling of human testis samples_
'meningococcal sepsis; blood' at '24 hour' vs '; normal; blood' at '0 hour' Transcription profiling by array of human peripl 5.1
'valproic acid; 15 millimolar' vs 'control' at '2 day' RNA-seq of Primary Human Hepatocytes (PHH) 5

'monocyte; meningococcal sepsis' at '0 hour' vs 'monocyte; normal' at '0 hour' Transcription profiling by array of human peripl 5

'untreated; air-liquid interface (day 14)' vs 'untreated; submerged (day 8)' Genome-wide expression profiling of an in vitrc 4.7

'TGFbeta3' vs 'control' at '7 day' Transcription profiling by array of human bone 4.7

'ejaculatory azoospermia; Johnsen score count 3.2' vs 'normal; Johnsen score count 10' Transcription profiling of human testis samples;

'dexamethasone; 100 nanomolar' vs 'ethanol' at '24 hour' Transcription profiling of human acute lymphol 4.5

'sepsis' vs 'normal’ in 'neutrophils' Next generation sequencing of human immune. 4.5

'monocyte; meningococcal sepsis' at '8 hour' vs 'monocyte; normal' at '0 hour' Transcription profiling by array of human peripl 4.4

'valproic acid; 15 millimolar' vs 'control' at '3 day' RNA-seq of Primary Human Hepatocytes (PHH) 43

'wild type; 4-hydroxytamoxifen; senescent cell' vs 'wild type non-senescent cell' Analysis of the senescent transcriptome upon € 4.3

'interleukin 13; 100 nanogram per milliliter; air-liquid interface (day 14)' vs 'untreated; submerged (day 8)' Genome-wide expression profiling of an in vitrc 43

'dexamethasone; 1 micromolar' vs 'ethanol' RNA-seq in GR18 cell line to identify genes regt 4.2

'breast carcinoma’ vs 'normal’ RNA-seq of blood platelets from six tumor typ_
'ejaculatory azoospermia; Johnsen score count 2' vs 'normal; Johnsen score count 10 Transcription profiling of human testis samples;

'CD3/CD28 beads' vs 'none' in 'none’ RNA-Seq of T cells sorted from human PBMCs, 4.1

'squamous cell carcinoma' vs 'normal’ RNA-seq of a panel of non-melanoma skin cant 4

'wild type ZFP36L1; 4-hydroxytamoxifen; senescent cell' vs 'wild type non-senescent cell' Analysis of the senescent transcriptome upon € 3.9

'12 hour' vs '0 hour' in '"MCF-10A-H1047R’
‘24 hour' vs '0 hour' in 'MCF-10A-H1047R'

Knock-in of PIK3CA-H1047R into MCF-10A
Knock-in of PIK3CA-H1047R into MCF-10A

‘died; Pneumococcal Meningitis and HIV negative' vs 'alive; normal and HIV negative' Transcription profiling by array of children bloo 3.8
0.24
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Figure 61 The OLAH expression in healthy controls (CTRL), corticosteroid treated sepsis
patients (YES) and patients not treated with corticosteroid treatments (NO). For a subset of
patients, it was unknown if they were treated with corticosteroids (UNKNOWN). The gene
expression is RMA-normalized and log-transformed. The lower half of each box in the
boxplot depicts the 2" quartile of values, with the upper half depicting the third quartile.
The extended lines depict the first and last quartile of values, with any points reaching below
or above these lines being statistical outliers. The statistical test performed was a Kruskal-

Wallis-test.

247



OLAH expression
D0GpPMIFN  )BpMIFNC 50 pMIFNg IFNa IFND
15- 15- 15- 15- 15

1.0- 1.0- 1.0- ‘1.0-%_" ‘1.0-L\
m ]\J Treatment
0.5

0.5- 05- 05- 05- —+ (.006 pMIFNg
0.6 pM IFNg
60 pM IFNg
IFNa

IFMNB

IFMg

IFMNo

L12

Mock

THFa

e
=1
|

0.0- 0.0- 0.0- 0.0-
IFNg IFNo IL12 Mock TNFa

1.0—\/\/‘ 10 m-x\/\__ 10 1.0—}/(\,_,,

05- 05- 05- 05- 05-

Expression
N
o

NI I B B B

D0 D0 0D 00 D0

051012@®5 0510®@5  051012@®5 0 5102@5 05101205
Time (h)

Figure 62 The expression of OLAH in PBMCs treated with different cytokines. The data was
obtained from a public repository and stems from an experiment on blood derived PBMCs
from healthy volunteers?**. The error bars represent the standard deviation. Apart from
time-point 0, there was only one replicate per timepoint and treatment. Gene expression is

RMA-normalized and log-transformed.
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Figure 63 The expression of OLAH in different cell types (B-cell, CD4+ T-cell, CD8+ T-cell,

Monocyte, NK cell) in a time course with either mock treatment or 0.6 pM IFNy. The cells

were obtained from healthy volunteer blood?*3. The error bars represent the standard

deviation. Apart from time-point 0, there was only one replicate per timepoint and

treatment. Gene expression is RMA-normalized and log-transformed.
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OLAH expression in different cell types
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Figure 64 The expression of OLAH in different cell types at Oh, 24h and 96h after treatment
with different activating compounds?**. Cells were obtained from healthy volunteer blood.
The error bars represent the standard deviation. Gene expression is RMA-normalized and

log-transformed.
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7.1.6 Induction of OLAH expression in the THP-1 cell line

To examine if OLAH expression is induced by glucocorticoids and how this is affected by
inflammatory stimuli, THP-1 cells were treated with LPS (100ng/ml), with dexamethasone
(10 uM) and with a combination of the two (100ng/ml LPS, 10 uM dexamethasone) for a
time course of up to 24 hours. The RPMI medium contained charcoal-treated foetal calf
serum, a treatment intended to remove all lipids in the serum. Cells were harvested after
each timepoint for RNA extraction prior to gene expression analysis, and the data was
collected from 3 repeat experiments. THP-1 cells are a monocytic-like cell line derived from
the blood from a patient suffering from acute monocytic leukaemia?*>. Dexamethasone is
a glucocorticoid used to treat inflammatory conditions that binds the glucocorticoid
receptor. Gene expression was measured after t=2, 4, 6, 8, 24 and compared to the baseline
at t=0. The results are depicted in Figure 65. Untreated cells were used as control for every
timepoint to confirm that gene expression was not affected by the handling of the cells and
any vehicles used. One can see for this experiment that there were no gene expression
changes in the untreated cells. The strongest increase in expression was observed in cells
treated with both dexamethasone and LPS (up to 7.8 fold change), followed by cells treated
with dexamethasone alone (5 fold change). Treatment with LPS alone did not lead to any
changes in gene expression. It is evident that gene expression changed quickly as
expression is increased after 2 hours of stimulation in both dexamethasone and LPS and
dexamethasone treated cells. Expression peaks 8 hours after stimulation and remains
above baseline after 24 hours, especially for cells treated with both LPS and
dexamethasone. Since OLAH expression was only induced in treatments containing
dexamethasone, it seems that this is the decisive factor. In other words, OLAH is likely

upregulated in response to dexamethasone.
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Figure 65 OLAH expression in THP-1 cells after treatment with different stimuli:
Dexamethasone (Dex), LPS and dexamethasone (LD), LPS and no stimuli/untreated (Untr).
Depicted is the time course of expression with time in hours on the x-axis and the fold
change compared to the baseline expression at t=0 on the y-axis. The expression data was

collected in three separate experimental repeats. The error bars depict the SEM.
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7.1.7 MCFA production by THP-1 cells

Since OLAH was upregulated in THP-1 cells | hypothesized this would lead to MCFA
production by these cells. To examine lipid production in THP-1 cells supernatant was
harvested during the previously described time course experiment and prepared for lipid
measurement using the previous established method for lipid measurement in whole
blood.

To this end, THP-1 cells were induced with LPS, dexamethasone and both, as previously. In
initial experiment lipid concentrations were measured in the supernatant after 24 and 48
hours. The concentrations of C8:0 and C10:0 were detectable in the supernatant, however
they were not in the quantifiable range. Lipids were also sampled in the repeated time
course that was conducted for gene expression. Again, C8:0 and C10:0 measurements were
not in the quantifiable range. C12:0 concentrations were at the lower end of the
guantifiable range in 2 of 3 experimental repeats. The background of C12:0 as measured in
extracted blanks was relatively high, albeit still lower for several samples, than the
concentrations measured in samples. There was a high variability of measurements
between the experimental repeats and hence also no statistical significance (data not
shown). As a consequence, THP-1 cells were not further used as model cells for lipid
metabolism, and further experiments into lipid production by immune cells were

conducted with primary blood cells extracted from healthy volunteers.
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7.1.8 OLAH expression in endothelial cells and MCFA production

Endothelial cells line the vasculature and hence can release molecules into the
bloodstream. These cells are epithelial cells, and as discussed previously mammary tissue
which produces MCFAs during lactation utilise OLAH present in epithelial cells. | hence
decided to examine OLAH expression and MCFA production by endothelial cells. To this
end, human umbilical vein endothelial cells (HUVEC) were obtained from the Cardiff Cell
Bank and treated in a time course experiment similar to the previous experiment. Cells
were seeded into plates and treated with LPS, dexamethasone or both in combination for
up to 48 hours. The RNA was sampled, and gene expression was analysed using gPCR. The
strongest upregulation was found in dexamethasone treated cells, with a modest
upregulation of a fold change of 2 compared to baseline levels. Simultaneously to sampling
RNA, cell pellets and supernatant were sampled for lipid analysis. To this end supernatant
was sampled first, then the remaining supernatant was removed, and the cells were
scraped in 50 pl HPLC water. Lipids were extracted and quantified using the previously
established method. No MCFAs could be detected in the linear range and/or above
background in the supernatant of these incubations. Hence, no further experiments into
OLAH expression and MCFA production by endothelial cells were conducted. Since this

experiment was only conducted in two experimental repeats, this warrants caution.
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Figure 66 The OLAH expression in endothelial cells shows as the fold change compared to
the expression at timepoint 0. The x-axis depicts the time in hours. This data comes from 2

experimental repeats.
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7.1.9 OLAH expression blood cells and MCFA production

Since results from my previous analysis indicated that both neutrophils, monocytes and T-
cells (lesser extend) express OLAH in sepsis, | decided to perform experiments on
neutrophils and PBMCs extracted from healthy volunteer blood. The obtained cells were
transferred into cell medium and were immediately treated with either LPS,
dexamethasone or a combination of both, and samples were taken after 3 and 6 hours from
treated neutrophils and 3 hours, 6 hours and 24 hours for PBMCs.

These timepoints were chosen due to the limited lifespan of neutrophils and PBMCs after
extraction from the blood. At every sampling time point, samples were taken for RNA
extraction and for lipid extraction from cell pellets and supernatant. As can be seen in
Figure 67 A,B, OLAH expression increased strongly in several of the treatments. In
neutrophils, the strongest increase was in the dexamethasone treated cells, followed by
cells treated with both LPS and dexamethasone. The increase in OLAH in LPS treated
neutrophils was comparably negligible. The OLAH expression after 6 hours is significantly
higher in dexamethasone treated cells compared to LPS and untreated cells (Kruskal-Wallis-
Test with follow-up Dunn’s multiple comparisons test, all p-values adjusted: Dex vs LPS
p=0.0159, Dex vs LD p=0.325, Dex vs Untr p=0.0389). In PBMCs, the strongest increase was
also seen in dexamethasone treated cells followed by cells treated with both LPS and
dexamethasone. The difference between untreated cells and stimulated cells is not
significant after 24 hours (Kruskal-Wallis-Test with follow-up Dunn’s multiple comparisons
test, all p-values adjusted: Untr vs Dex p=0.0843, Untr vs LD p=0.843, Untr vs LPS p=0.99).
The expression was highest at 6 hours in neutrophils and 24 hours in PBMCs.

When looking at MCFA concentration changes in the supernatant of treated neutrophils
(Figure 67 D), large variation is evident. Despite moderate increases in C10:0 and C12:0,
the high variability of measurements means that there is no significant increase in these
fatty acids. Hence, neutrophils do not produce any meaningful amounts of MCFA in this
experiment. Due to the variability further experiments are required to assess any
significant changes.

When looking at MCFA concentration changes in the supernatant of treated PBMCs (Figure
67 C), itis evident that C8:0 does not increase. C10:0 is significantly increased after 24 hours
compared to timepoint 0 when aggregating the datapoints from all treatments and

experimental repeats at this timepoint to compare with timepoint 0 (Mann-Whitney test,
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p=0.0003). When comparing the lipid concentrations in different treatments at 24 hours to
timepoint 0, then only LPS +dexamethasone treated cells and Untreated cells reach
significance, while the other two treatment types are more or less close to significance
(Kruskal-Wallis-test with follow-up Dunn’s multiple comparisons test, all p-values adjusted:
LPS p=0.0813, LD p=0.0238, Dex p=0.0573, Untr p=0.0397). There is no significant
difference between the different treatments after 24 hours (Kruskal-Wallis-test, p=0.9679).
This means that PBMCs release a significant amount of C10:0 within 24 hours, but that this
is independent of the treatment of the cells. Analysing the increase in C12:0 in PBMCs, this
is not significant at either 6 hours or 24 hours, neither in any treatment compared to
untreated cells nor compared to timepoint 0. Further experiments into MCFA production

could corroborate any tentative findings made in this experiment.
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Figure 67 Expression of OLAH as fold change compared to t=0 in A) neutrophils and B)
PBM(Cs extracted from healthy volunteer blood (n=5) in a time course of A) 6 hours and B)
24 hours. MCFA were extracted from supernatant samples taken simultaneously and
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quantified by previous established method yielding concentration in uM as result. Results
shown show C) MICFA in PBMCs and D) MCFA in neutrophil time course experiments. Error
bars depict SEM in all plots. Dex = Dexamethasone, LD = LPS + Dexamethasone, Untr =

Untreated.
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7.1.10 ACADM expression

MCFA can be oxidized in the mitochondria of the cells. This requires the activity of the
enzyme medium-chain acyl-CoA dehydrogenase (MCAD), encoded by the gene ACADM.
The oxidation of longer chain fatty acids requires a different enzyme: long-chain acyl-CoA
dehydrogenase (LCAD), encoded by the gene ACADL. | hypothesized that any changes in
production of MCFA might be accompanied by changes in lipid oxidation as well, either in
sepsis or other conditions affecting lipid metabolism. An increased consumption of MCFA
could offset an increased production, while a decrease in consumption should magnify
MCFA levels. To this end | explored the ACADM expression in the same datasets | examined
for OLAH expression. The transcriptional regulation of ACADM has been examined before,
and | hence chose to not analyse this myself. In neonatal sepsis, expression of ACADM is
slightly but significantly decreased (t-test, logFC = -0.995, adj. p= 1.187e-08). In paediatric
sepsis, ACADM did not change significantly. In transcriptomic datasets of different cell
types, no differences in ACADM expression are evident. When looking at the information
on human ACADM on the European bioinformatics (ebi) website, it appears evident that
ACADM is expressed in many tissues. Differential expression is found for cell differentiation
(e.g., activated B-cells vs. memory B-cell, logoFC = 3.2), different infections models (e.g.,
Francisella tularensis novicida infection of human PBMCs vs. uninfected, log> FC =-2.7), LPS
treatment in THP-1 cells (100ng/ml LPS treatment vs. none on WT THP-1, log2 FC = -1.3)
and in neutrophils in sepsis (logz FC=1.9). To explore this further, | analysed the ACADM
expression in the previous time course experiments | conducted. | found that my results for
ACADM expression are not in line with the results in the ebi datasets. In my experiment,
the expression increased in THP-1 cells in all treatments to similar levels, in blood cells it
increased in untreated cells and dexamethasone treated cells but not in LPS or LPS +
dexamethasone treated cells (Figure 68). The fact that expression increases in all
treatments in THP-1 cells indicates that a different factor is responsible for the increase in
expression that is common to all treatments, potentially the handling of the cells. It is also
worth noting that all tested cell types had detectable ACADM expression before treatment,

indicating that this is likely a constantly expressed gene.
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Figure 68 ACADM expression in A) THP-1 cells (n=3), B) Neutrophils (n=2) and C) PBMCs
(n=3). The time is depicted in hours on the x-axis, and the y-xis shows the fold change of

ACADM expression to t=0. The error bars depict the SEM.
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7.1.11 Expression of genes involved in lipid metabolism pathways in sepsis

Finally, | decided to evaluate overall gene changes relating to lipid metabolism pathways in
sepsis to see if there is a general shift in gene expression skewing metabolism towards net
production of MCFA by immune cells. To this end | used the previously used dataset of
neonatal gene expression and filtered it for genes involved in lipid metabolism. | generated
this list of genes using REACTOME. Figure 69 shows gene expression changes in genes
involved in lipid metabolism in neonatal sepsis. Firstly, many genes are changed. 75 out of
209 genes show significant changes (~¥35%). | examined the roles of genes significantly
different with fold changes above 1.5 using gene descriptions on genecards (accessible via
https://www.genecards.org/)?*¢. In the mitochondrial metabolism pathway, the majority
of significantly changed genes is downregulated. Having a closer look at mitochondrial
metabolism, it is noticeable that ACADM is decreased while ACADVL is increased. ACADL is
not significantly affected. Two genes encoding enzymes required for LCFA and VLCFA [3-
oxidation are increased, ACADVL and HADHB. Paradoxically, HADHA is decreased. HADHA
and HADHB are genes encoding the a and the B subunit of a protein involved in the [3-
oxidation of LCFA. Furthermore, genes involved in [-oxidation of SCFA and MCFA are
decreased, i.e., ACADM, HADH, ECHS1. In addition to mitochondria, peroxisomes can [3-
oxidize fatty acids, a mechanism that is thought to occur increasingly when mitochondria
are overloaded. Looking at gene changes within peroxisomes, several genes involved in -
oxidation are increased: ABCD1, ACOX1 and CRAT. The CRAT encoded protein is responsible
for the synthesis of short, medium and branched chain acylcarnitines. However, CROT,
which is decreased, plays a role in B-oxidation of C6-C10 acylcarnitines. This indicates that
while B-oxidation of LCFA is likely increased, B-oxidation of SCFA and MCFA is likely
hampered. This could lead to an accumulation of acylcarnitines of this kind since the
synthesis of acylcarnitines binding these fatty acids is increased. Another important factor
in P-oxidation is the carnitine shuttle. The carnitine shuttle plays a role in both
mitochondrial and peroxisomal import of fatty acids. CPT2, one of the genes involved in
transport of fatty acids into mitochondria and peroxisomes is also increased. Another gene
involved in transport of lipids is SLC27A2, which can transport LCFA with <22 carbons into

cells, peroxisomes and the endoplasmatic reticulum. The increased expression could lead
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to sequestering of C22:6 and other LCFA of applicable length into the cells, but also their
import into the mentioned cell organelles.

Next, | looked at production of lipids and uptake/ storage of lipids as triglycerides. DGAT2
and LPIN2 are upregulated. Their encoded proteins play a dual role in triglyceride synthesis
and in regulating lipid metabolism. On the contrary, also MGLL is upregulated that
separates acylglycerols into glycerol and fat, and LPIN1, that has a similar role to LPIN2, is
downregulated. It is hard to say if triglyceride metabolism is skewed towards catabolism or
synthesis. In terms of biosynthesis of lipids, many genes are significantly changed. Many of
these genes encode proteins with the same function but slightly different substrate
specificity. Several long-chain-acyl-CoA-synthetases are upregulated. These catalyse the
reaction of free fatty acids into their acyl-CoA, an important step prior to further processing
in the cells including B-oxidation and synthesis. The upregulated ACSL can mediate the
conversion of FFA with a minimum chain length of C12:0 up to C20:0, including arachidonic
acid (C20:4) and arachidonic acid derived mediators (epoxy-eicosatrienoic acid). A further
type of genes differentially regulated are HACD1-3, these encode 3-Hydroxyacyl-CoA
Dehydratases and play an important role in the LCFA elongation cycle during lipid
synthesis?*’. HACD1 is upregulated, whereas HACD2 and HACD3 are downregulated.
HACD2 and HACD3 are thought to be redundant?*’. ELOVL are genes encoding further
protein in this LCFA elongation cycle, with the different proteins being lipid-specific in their
function. ELOVL4-7 are differentially regulated, with ELOVL4 being downregulated and
ELOVL5-7 upregulated. ELOVL4 leads to the synthesis of ultra-long chain fatty acids,
whereas ELOVL5 and ELOVL6 play a role in elongating C20:4, C20:5 and C12:0-C16:0,
respectively?*®. Notably the ACSL, HACD and ELOVL genes are all endoplasmatic reticulum
associated. Lipid synthesis in the endoplasmatic reticulum leads to the production of lipid
mediators and membrane lipids?*8. There is a separate lipid biosynthesis reaction that takes
place in mitochondria and cytoplasm, involving OLAH (upregulated) and FASN (expressed
but not upregulated) that can lead to the production of MCFA. Finally, several genes in the
arachidonic acid pathway are upregulated. This may lead to an increased production of
lipid mediators from arachidonic acid.

Overall, the analysis of gene expression of lipid metabolism genes indicates points toward
LCFAs being increasingly used in sepsis, both as precursors for lipid mediators and to
generate energy from [-oxidation. SCFA and MCFA seems to be less used in these
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pathways; however, MCFA production is potentially increased. However, caution should be

used in any inference as gene expression does not necessarily predict protein or lipid levels

264



Results

Wis1|ogelsW SULILIED + WSI|ogelsw pioe Alle) eSsWD @ WSIOGeISW PIE JIUOPIYDEIY X SisayIuAsolq v

S

WSHOGB15W 3pLUSDA[SLIL ¥ WSI|OCE1SW [BLUOSIX013d I WSI|OGE13W [ELPUOYIOUN &

z-
QOwvNd ¥
ST-
7103
75391d X €dovH =
ZXHd3
Ty X X (FOVH 2Tddd ¥ HAd W WavIv
HOYH . EERIL T
TY4NAN & TSHO3
gV + :n_tdaoq.OO P
0ZVSTIIS+ FovH W [Loav * 0
¥IAOT3 88/T1QSH INIdT ¥ 1o W T¥330 @ 103y,
.................. Ll ks imemtitet .-l btututudadri i bodetv vt ittt
850
ZOvNYd + S mvmw% X 5150v VD ¥ 908 ¢ .o e
() TNZdA) X Zdds VYHAVH
SYZTIIs + ¥i31
zdos
0
[ ] 99 X014 % SN0 YOWIHd W N ¢
75av4 539ld X ¥ilddd ¥ 7ado ¥ anav o
TN i rask :
(£ 58] ] EYLT0TS ass AL A Tvvov 1 S0
|||||||||||||||||||||||||||||||||| mT T e e e e e e e gt e e -
Ty Fe2ld X 1 =
YUxd+ TdITAIN + a150v evieo1s B dlod K0
DIDIAYIN X TaovH ZNId1 W
€150V saHay W
® SO K 1vi) W 1
1504 TSwxdl X TOW ¥
L ENMd W Txoov
X0V HY10
® Taoay M
dVSXOTY X
1098y T8TdAD X 71507 ST
71voa ¥
1$91d X
z
L ZIXOY X HIsow
11837
ST

Figure 69 Genes involved in lipid metabolism significantly up- or downregulated in sepsis.

The y-axis shows the Log; fold change compared to healthy control neonates.
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7.2 Discussion

In this chapter | aimed to elucidate a potential source of MCFA in the context of sepsis. |
focused on the potential production of MCFA by the body, more specifically cells present
in the blood and endothelial cells. In this regard the expression and transcriptional
regulation of OLAH was thought to be pivotal and hence also investigated. This
investigation was used as starting point for experiments into lipid production. Finally, since
my interest in MCFAs stems from their potential role as ligands for GPR84, | tried to
establish an assay that could confirm or dismiss their role.

Previous studies have firmly established that cellular MCFA production requires the
enzyme OLAH?27249230 e find the gene for this enzyme expressed and statistically
significantly upregulated in both whole blood studies of sepsis patients and in flow sorted
immune cells of sepsis patients. | analysed the transcriptional regulation of OLAH to
establish the potential mechanism that leads to increased expression of OLAH in sepsis. In
this chapter | used the same approach for this analysis as in chapter 6 but | used a less
stringent rule to choose the transcription factors in the final step of analysis. The analysis
hence has a higher likelihood of false positives which warrants the additional confirmation
using further datasets. | found both inflammatory transcription factors and the
glucocorticoid receptor as potential candidates for transcriptional control of OLAH. These
transcription factors are likely to play an important role in sepsis. In addition, different
hormones were found and transcription factors from the PPAR-family. | did not further
pursue the latter two findings, since | did not find suitable datasets (PPAR transcription
factors) for this or had no further indications that it might be relevant in sepsis (hormones).
Further analyses both in silico and in vitro into the expression of OLAH established that
glucocorticoids, but not inflammatory signals alone lead to upregulation of OLAH. This
confirms that most likely those transcription factors found related to the inflammatory
response, e.g., IRF1, IRF4, NFKB, RELA, were either false positives or contribute a
modulatory role to its regulation. The transcription factors (SPI1, CEBPB, CEBPA) found
indicated that OLAH was expressed in myeloid immune cells. Looking at the data of immune
cells treated with inflammatory signals, it is apparent that OLAH is expressed at detectable
levels in various immune cells before stimulation. In my own in vitro experiment, OLAH is

expressed at detectable levels in the cells obtained from healthy volunteers before
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stimulation as well. Looking at the data on differential gene expression from the ebi gene
expression atlas, OLAH differential expression in different epithelial cell lines is presented.
This further supports the prediction that OLAH is expressed in epithelial cells and immune
cells is correct. This is also in line with the data from Fantom5 that predicts the enhancers
of a gene and its gene expression based on the enhancers. Since endothelial cells could also
contribute to systemic lipid levels, | tested the OLAH expression in endothelial cells.
However, | found it to be lower than in blood or THP-1 cells with a lesser upregulation in
response to dexamethasone. Any contribution to lipid levels by endothelial cells hence
seems unlikely. | think it is likely that the transcriptional regulation of OLAH is stringently
and dominantly regulated via enhancer control rather than a promoter-led transcriptional
regulation. Firstly, the predicted promoter region shows the phenotypic features of a
closed region, which would hence require to be opened. This phenotypic characterisation
stems from the UCSC genome browser that accesses different data sources to visualize the
genome and its features. Opening of a genomic region for transcription is commonly
initiated by enhancers; the activity of cell-specific enhancers would explain the cell-specific
expression of OLAH. My in silico analysis found the glucocorticoid receptor as transcription
factor likely regulating OLAH. My in vitro experiments support this, since in both THP-1 cells
and immune cells obtained from healthy volunteer blood, OLAH expression is significantly
upregulated in response to dexamethasone, a glucocorticoid receptor ligand. This provides
experimental support for the in silico analysis of transcriptional regulation.

Next, | sought to examine the lipid levels in my time course experiments of different cells
in response to LPS and dexamethasone. Due to the constraints in working with cells
obtained from healthy volunteer blood, only relatively short time courses could be
performed. Taking into account the time difference from increased expression of a gene
until increased presence of the protein, it might be possible for the later times of the time
course of PBMCs that the protein is present in increased amounts. However, to see an
effect of an increased amount of enzyme, additional time would also be needed in which
the enzyme performs its activity and cells can accumulate increased amounts of the lipid.
In light of this reasoning, it is not surprising that no differences in MCFA levels between
different treatments was found in my analysis. However, there was a significant increase in
C10:0 (decanoic acid) in PBMCs. Seen that PBMCs expressed OLAH before treatment, it is

possible that the cells were producing the C10:0 using OLAH. | think that this is a likely
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explanation, though other explanations could be possible, e.g., the liberation of C10:0 by
lipases or the breakdown of longer lipids. If | would have had more time, | would have
established a more relevant cell culture model that allows for longer time course
experiments. Firstly, the knockdown of OLAH would have been pivotal in proving or
disproving an association between lipid production and OLAH expression in immune cells.
Secondly, when trying to establish if there is a connection between induction of OLAH
expression and lipid production, a time course of extending beyond 24hrs would be more
likely to yield measurable changes. To this end one could mature monocytes derived from
healthy volunteers into adherent macrophages, try different cell lines, e.g., a neutrophil
cell line or potentially T-cell lines if shown to express OLAH. In order to keep the cells alive
while also avoiding a high background, the cells would need to be cultured in standard
medium first and then transferred to the medium containing lipid-depleted serum after
about 24 to 36 hours. Another option would be to culture the cells in standard medium for
the first 24 hours and then switch to a medium containing a labelled glucose or acetate the
cells might use for any de novo lipid production. This would allow one to distinguish newly
produced lipids from background lipids; if the cells however use a different compound in
addition to the provided labelled compound to generate MCFAs, this production might be
missed. By using a knockdown in combination with the time course, the role of OLAH in
lipid production by immune cells could be proven or disproven.

In an additional analysis | looked at the expression of ACADM, the gene encoding an
enzyme (MCAD) pivotal for MCFA catabolism in the mitochondria for energy generation. |
reasoned that the presence of MCAD influences the presence of MCFA as well.
Unfortunately, the results of this are not clear-cut. The upregulation of ACADM in THP-1
cells shows a different pattern to PBMCs, while in neutrophils no clear up- or
downregulation is evident. The results in THP-1 cells are in disagreement with results
reported in the ebi gene expression atlas for LPS stimulation of THP-1 cells, since the atlas
indicates a down-regulation of ACADM. In addition, it reports a downregulation of ACADM
in PBMCs when infected with a bacterium, while in my study ACADM was not upregulated
in response to LPS. The reported increase in ACADM in sepsis according to ebi is also not in
agreement with the found downregulation and unchanged expression in neonatal and
paediatric sepsis, respectively. It is hence unclear how ACADM expression might change in

response to different stimuli. This analysis however does provide the information that
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ACADM is commonly expressed at a basal level in immune cells. This expression indicates
a readiness of the cells to use MCFAs which maybe indicates an availability of MCFAs to the
cells consistent enough to warrant a certain baseline level of presence of this enzyme. My
analysis of gene expression changes in neonatal sepsis of genes associated with lipid
metabolism found a skewing of B-oxidation towards increased utilization of LCFA and
decreased utilization of MCFA. This is a preliminary result based on only one
transcriptomics dataset and would require further validation by lipidomic and proteomic
data and potentially an experimental model. To characterize the genes | used genecards,
which is a reviewed resource of scientific information?*®, Further validation of the roles of
the differentially expressed genes by literature research is warranted.

In conclusion, | have shown data supporting the notion that immune cells have the capacity
to produce MCFAs and notably could produce C10:0 to increased levels in presence of
glucocorticoids. Unfortunately, | was not able to prove or disprove my hypothesis that
OLAH expression leads to MCFA production in this chapter, but | think that future research

using the outlined experiments could elucidate this interesting topic significantly.
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8 Discussion

In this thesis | aimed to gain insights into the MCFA-GPR84 signalling axis in sepsis. GPR84,
a pro-inflammatory receptor, has been found to be significantly upregulated in sepsis and
is an integral innate immune-metabolic biomarker for neonatal sepsis. | hypothesize that
MCFA-GPR84 axis is a key regulated host response in sepsis. The first aim of my thesis was
to examine if GPR84s putative ligands, the MCFA C10:0 and C12:0, would be present and/or
elevated in sepsis. The presence of these lipids in sepsis, or even in inflammatory
conditions, has been insufficiently researched. To this end | developed a method to
measure these MCFA in blood samples. A range of other lipids was also included in the
method to enhance the findings and resulting understanding of lipid changes. The data
obtained from lipid measurements with said method in a patient cohort (ILTIS) was
combined with metadata to yield insights into lipid profile changes in sepsis with regards
to different characteristics, i.e., the type of sepsis or survival. Apart from the presence of
MCFA, another important question pertained to their origin. MCFA are relatively
understudied compared to SCFA and LCFA, and their origin (and presence) in the human
context has been barely studied with exemption of lactation. In addition to GPR84s ligands
in sepsis, | was also interested in its expression and transcriptional regulation in sepsis. To
this end, | analysed the transcriptional regulation of GPR84 in silico and examined its
expression in different cell types. This analysis yields some indication into GPR84
expression pattern in sepsis which should be tied to its function. The main findings of my
thesis are summarized in Table 16.

8.1.1 Main findings

The first finding of my thesis that | would like to highlight is the statistically significant
increase in C10:0 (decanoic acid) in the plasma of adult sepsis patients. This is an important
finding for two reasons: firstly, since C10:0 is one of the putative ligands for GPR84, this
means that GPR84 likely will be activated in sepsis. In a subset of patients, the C10:0
concentrations were systemically high enough to activate the receptor according to
different in vitro studies looking at receptor activation. Secondly, the fact that C10:0 is
increased implies that a mechanism associated with sepsis leads to an increase in this lipid.
This was not the only lipid significantly changed in sepsis; several lipids were significantly

different between sepsis cases and controls in the ILTIS cohort. Among those that | would
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like to point out is C8:0, since it strongly correlates with C10:0, and was significantly
increased in the plasma of sepsis cases in the ILTIS cohort. Furthermore, C12:0, which has
been proposed as a ligand for GPR84, was significantly decreased in sepsis of unknown
origin and sepsis caused from pneumonia. In the neonatal cohort nSep, C12:0 was
significantly decreased in suspected sepsis cases compared to controls. The data hence
suggest that in sepsis C10:0 is the more likely GPR84 ligand.

In line with my expectations based on known lipid mediator pathways, the precursors for
lipid mediators, C20:4 and C20:5, were significantly decreased in sepsis cases. SCFA- and
MCFA- acylcarnitines were significantly increased, a finding that has been reported
previously for sepsis in different studies®®°1188192 An interesting observation in the ILTIS
cohort was that urosepsis patients showed fewer changes to their lipid profiles than
patients experiencing sepsis caused by pneumonia or undefined aetiology. Fewer
interventions, no mortality and shorter hospital stays indicate that these sepsis cases were
milder as well. This indicates a connection between severity and lipid profile in sepsis. The
nSep cohort was analysed despite the suspected sepsis samples not yet being classified into
“sepsis” and “not sepsis” at the time of writing my thesis. These samples showed some
significant changes between suspected sepsis cases and healthy controls, including a
significant decrease in C12:0 and a significant increase in C6:0 (hexanoic acid), and C16:0-
carnitine (palmitoyl-carnitine). Some of the lipids in this cohort show a different alteration
than in the ILTIS cohort, however, due to the lack of information on the samples and the
different sample type and age of the cohort, this cannot be further interpreted. In addition,
and similar to the ILTIS cohort, the heterogeneity in lipid concentrations was high for
several of the lipid species. Overall, the preliminary nSep results indicate that it might be
possible to use lipid profiles from whole blood as indicators of wellbeing and unwellness.
This is also based on the assumption that the majority of suspected sepsis cases did not
have sepsis, and hence the observed alterations might be caused by dynamics relating to
milder unwellness. Returning to my focus on MCFA and GPR84, | analysed if immune cells
might feasibly produce MCFAs. In this analysis | found that OLAH, the gene encoding the
enzyme required for MCFA production, is upregulated in, paediatric and neonatal sepsis,
and my in vitro and ex vivo analyses suggests that its expression is induced by
glucocorticoids. Treatment with a glucocorticoid (dexamethasone) did not lead to

significantly higher MCFA levels outside of the tested immune cells within 24 hours of
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induction compared to cells undergoing no treatment or LPS stimulation. However, a
uniform and significant increase in C10:0 when comparing concentration levels at
timepoint 24 and 0 was found in PBMCs in all treatment types including the untreated cells.
The transcriptional regulation of GPR84 was analysed as well. Both the transcription factors
likely regulating GPR84, the promoter architecture and its temporal expression suggest that
it is a secondary immune response gene regulated by inflammatory stimuli. Overall, these
findings paint a picture of a MCFA-GPR84 axis consisting of a glucocorticoid mediated
increase in C10:0 leading to GPR84 activation in sepsis; GPR84 signalling hence likely plays
a role in sepsis as part of the secondary immune response and secondary to a
hypothalamus-pituitary-adrenal (HPA)-induced cortisol increase. It is likely that the C10:0-
GPR84 axis is only active in a subset of patients, as C10:0 was only found increased in a

subset of patients.

8.1.2 The increase of C10:0 (and C8:0) in plasma of sepsis patients and the decrease of
C12:0
The first key feature to note about the increase of C10:0 (and C8:0) in adult sepsis is that it
only appears to occur in a subgroup of sepsis patients. Since C8:0 and C10:0 were
correlated, | will discuss C8:0 as well in this context despite it not being a ligand for GPR84.
C12:0, which is thought to be a ligand for GPR84, was decreased in most adult sepsis cases
to levels likely not able to activate the receptor. There was also no correlation between
C10:0 or C8:0 and C12:0, meaning that what leads to increases of C8:0 and C10:0 has no
effect on C12:0 levels. Different explanations are possible for the observed C8:0 and C10:0
increase in sepsis. Firstly, the increased expression of OLAH in sepsis could lead to an
increase in production of C8:0 and C10:0. OLAH is a cytosolic enzyme that releases MCFA
from the FFA biosynthesis cycle. When both OLAH and the enzyme releasing LCFA from the
biosynthesis cycle are present, OLAH outcompetes the enzyme that would release LCFA,
leading to an increased release of MCFA from the synthesis cycle?>°. Despite OLAH being
robustly upregulated in neonatal and paediatric sepsis, there are differences apparent in
its expression levels between patients. Furthermore, two adult and paediatric studies find
differential expression of OLAH within sepsis cohorts: Banerjee et al. found that OLAH was
significantly upregulated in sepsis non-survivors compared to survivors and in patients with
a more complicated sepsis course among the survivors in a paediatric sepsis cohort?°?. Basu
et al. examined gene expression differences between paediatric sepsis cases that
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developed acute kidney injury and those that did not?>2. In this cohort, OLAH was among
the top differentially expressed genes (up in acute kidney injury). Acute kidney injury in
sepsis is associated with higher severity and mortality, e.g., in the cohort examined by Basu
et al. the mortality in sepsis-shock associated kidney injury patients was 45% compared to
10% in sepsis patients that did not develop kidney injury. It is worth noting that these
studies did not specifically investigate OLAH or GPR84 and neither commented on the
possibility of MCFA generation in sepsis.

| wondered if a possible secondary mechanism amplifying the heterogeneity in C8:0 and
C10:0 in sepsis could play a role. Two factors potentially affecting plasma lipids
concentrations could be the breakdown of these lipids within cells and the release of these
lipids into the plasma. For this reason | explored the potential breakdown of these lipids
since the mechanism of release of these lipids into the plasma is unknown?>3. That is why |
investigated ACADM, the gene encoding MCAD. MCAD is pivotal for the breakdown of
MCFA in the mitochondria after these are imported or have diffused into mitochondria?>3.
MCAD acts on MCFA-CoA and mediates the first step in B-oxidation of MCFA-CoA. In
neonatal sepsis, ACADM expression was decreased. Other datasets and data from my in
vitro experiments gave a mixed picture of ACADM gene expression in response to
inflammation, glucocorticoids, infection and in sepsis, though in the majority of datasets
ACADM expression was decreased. A decrease in ACADM has also been found in a
microarray study of a mouse burn sepsis model®®* and in a proteomic study of the
monocytes of adult sepsis patients®®> MCAD was significantly decreased compared to
control cells. It hence seems likely that MCFA will not be metabolized in the mitochondria
in sepsis. However, this could lead to an increase in MCFA-acylcarnitines rather than
MCFAs. This is further discussed below. A further mechanism that could potentially affect
the C8:0 and C10:0 concentrations outside of cells is the export of these lipids out of the
cells. It is generally thought that C8:0 and C10:0 can move between compartments using
diffusion®, however studies by Violante et al. suggest a more nuanced mechanism. In their
studies on mitochondrial and peroxisomal function, Violante et al. find that when inhibiting
the carnitine shuttle, 50% less C10:0 reached the inside of mitochondria®°®. This indicates
that C10:0 both diffuses and uses the carnitine shuttle. They also tried to establish how
acylcarnitines move from the intra- to the extracellular compartment; however, they could
not determine which transporter would potentially be involved. Apart from their studies, |
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did not find further information on the potential mechanism of acylcarnitine export out of
the cells.

The decrease of C12:0 seems to be caused by a different pathway than the hypothetical
pathway for C8:0 and C10:0, as these lipids do not correlate at all. In nSep, C12:0 was also
the most decreased lipid when comparing suspected sepsis cases to controls. Interestingly,
a decrease in C12:0 in the skeletal muscle of a murine sepsis model has been found
recently®*’. The decrease of C12:0 in whole blood and skeletal muscle in addition to in the
plasma leads me to hypothesize that the decrease is caused by an intracellular
consumption rather than just an increased uptake by cells. Looking at the results of the
gene expression in neonatal sepsis, | can generate a hypothesis as to why C12:0 is
decreased. The pathway of FA biosynthesis is increased; however, this is not the FA
biosynthesis pathway that generates LCFA from acetyl-CoA in the cytoplasm, but the
biosynthesis pathway in the endoplasmatic reticulum that can lead to increased LC-PUFAs
and lipid mediators. This pathway can use acetyl-CoA as substrate, but also other longer
lipids. An increase in lipid mediators in sepsis has been found in previous studies. The
enzymes in this pathway operate with a relative chain specificity. Among the genes
upregulated, it appears that only those are upregulated that would bind fatty acids with a
chain length of 12 carbons or longer. | hence think it would be possible that C12:0 is used

to generate lipid mediators in the endoplasmatic reticulum.

8.1.3 Acylcarnitines in sepsis

Acylcarnitines in sepsis have been identified and have attracted previous attention
compared with MCFAs, and they have been measured in several sepsis studies in patient
populations. Apart from that, much about the dynamics of acylcarnitines is known from
studies into genetic disorders and fasting studies, including in the context of metabolic
diseases.

In studies on acylcarnitines in sepsis, an increase in certain acylcarnitines have been found
to be associated with non-survival?®>12>8, Langley et al. combined transcriptomic data with
proteomic data and clinical metadata in a cohort of adult sepsis patients diagnosed based
on sepsis-3 criteria®. Based on their analysis they concluded that the increased
acylcarnitines were not a result of increased renal dysfunction. Langley et al. instead

hypothesize that the increased acylcarnitine is caused by a defective carnitine shuttle,

274



Discussion

failing to facilitate B-oxidation in mitochondria. This idea has also been suggested in other
publications and the idea that mitochondrial defects in sepsis lead to altered metabolism
appears to be widely accepted3®18, In addition, Langley et al. also found that cortisol was
increased in the non-survivor group and that lipid transport proteins were decreased.
Chung et al. measured acylcarnitines in a targeted approach and correlated the
acylcarnitine measurements to clinical parameters and measured cytokines®. In this
study, only C2:0-carnitine was associated with non-survival in sepsis. In addition, they
found that acylcarnitine levels (C2:0-, C6:0-, C8:0-, C10:0-carnitine) correlated weakly but
significantly with severity as measured by the SOFA score, and they found several SCFA-
/MCFA-acylcarnitines to correlate weakly but significantly with different indicators of organ
dysfunction. They conclude that these acylcarnitines are increased due to renal
dysfunction, hepatobiliary dysfunction, thrombocytopenia and hyperlactatemia. In
addition, they found significantly increased C2:0-, C6:0, C8:0 and C10:0-carnitine in patients
with acute kidney injury caused by sepsis compared to sepsis patients without acute kidney
injury. However, the correlations between acylcarnitines and clinical measurements were
relatively weak (~r = 0.3-0.5), with stronger findings for correlation of C14:0- and C16:0-
carnitine with lactate (~r = 0.6). | would hence regard these findings cautiously. Chung et
al. explain their differences in findings to Langley et al. regarding renal dysfunction causing
acylcarnitine level increases with the difference in recruitment strategy, as Langley et al.
included several patients with chronic kidney disease and cirrhosis, and Chung et al.
excluded any patients with a history of kidney disease. Furthermore, Puskarich et al.
examined acylcarnitine differences between survivors and non-survivors in a placebo-
treated and a carnitine treated patient population'®, In this comparably small study, they
do not find significant differences between survivors and non-survivors in comparison with
the placebo group. In the treatment group they find similar changes to Langley et al., with
increased C2:0, C3:0, C4:0, C5:0, C6:0 and C8:0-carnitine in non-survivors. Based on their
analysis of renal creatinine, they exclude an effect of renal dysfunction on acylcarnitine
levels. Mickiewicz et al. conducted a metabolomic analysis of sepsis patients vs. SIRS in the
ICU and found increased C2:0-carnitine to differentiate between these two groups'®®. Liu
et al. performed untargeted metabolomics to identify metabolites significantly different
between sepsis survivors and non-survivors and found C2:0-carnitine decreased in non-
survivors and C4:0-, C6:0, C8:0, C10:0, C12:0, C16:0 and C18:0-carnitine increased in non-
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survivors®®, Their finding regarding C2:0-carnitine differs from the findings of all other
groups cited above.

Changes to metabolism in sepsis have been likened to starvation, including the increased
release of cortisol3. Several studies have examined the effect of fasting on serum amino
acids and acylcarnitines. A study into serum changes of amino acids and acylcarnitines
found that healthy volunteers who fasted overnight, i.e., no food intake between dinner
and breakfast, had consistently elevated acylcarnitines and decreased amino acids in the
morning?>°. The study authors explained this change with a depletion of glucose overnight
and a resulting switch to mitochondrial lipid oxidation leading to increased acylcarnitines.
They found the range of acylcarnitines to be significantly higher after overnight fast
compared to after breakfast in a very wide range of acylcarnitines, including all even-chain
acylcarnitines from C2:0 to C16:0, C18:1-, C18:2, C18:3-carnitine with exemption of C4:0-
carnitine and C18:0-carnitine. A similar study with similar findings was conducted in healthy
1 to 7 year old children who fasted for 20 hours?®°. Increases in acylcarnitines, especially
unsaturated LCFA (C14-C18) were found. Saturated even-chain acylcarnitines were also
increased, in a measured range of C2:0 to C18:3. C3:0-carnitine was also measured in this
cohort but was not found to increase in fasting. Other studies focus on fasting in people
having genetic mutations in fatty acid oxidation related genes. Mutations in fatty acid
oxidation related genes are relatively rare (1 in 5000 to 10 000 births) and can be diagnosed
based on acylcarnitine profiles in the blood, i.e., patients with a mutation in the ACADM
gene will be diagnosed based on increased MCFA-acylcarnitines in the plasma?!. These
studies could be especially interesting in relation to sepsis, since gene expression of several
metabolic genes were changed in sepsis. By comparing the lipid profiles in fatty acid
oxidation disorders and those in sepsis, one could find indications how [-oxidation is
altered in sepsis. In one study, an infant with LCHAD fasted simultaneously with her twin
sister?®2, Fasting increased the acylcarnitines and FFA (measured as dicarboxylic acids,
hydroxy-acids and as total non-esterified fatty acids) in the plasma of both siblings, albeit
to a higher degree in the patient than in the sister. The LCHAD patient who was on an MCT-
rich diet had increased levels of SCFA and MCFA-acylcarnitines after fasting, which was
attributed to her diet. In a different study in adults with varying FAO gene mutations, the
authors found that both fasting (overnight) and exercise lead to increased acylcarnitines in
the plasma, and that these acylcarnitines were specific to the FAO gene mutations of the
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participants?®3, For example, patients with CPT2-mutations showed elevated levels of
C18:1-carnitine after fasting and exercise. In addition, total FFA in the plasma were
elevated after fasting in all participants, indicating increased lipolysis. Unfortunately, |
could not find any fasting studies with participants with ACADM mutations. However, a
study on muscle cells from healthy volunteers that were non-diabetic, young and lean,
provides some relevant insights. Despite the apparent health of the volunteers, the
scientists found differences in their respiratory quotient (RQ). The RQ is an indicator of the
ratio of carbohydrate to fat oxidation. A higher RQ is thought to indicate a risk of metabolic
syndrome, weight gain and is more often found in obese people and people with a family
history of type 2 diabetes. The volunteers were divided into a “low RQ” and “high RQ”
group after measuring the relevant criteria after an overnight fast. Skeletal muscle cells
were sampled from every volunteer and incubated in vitro with labelled C16:0 (palmitic
acid). After 24 hours of incubation supernatant and cells were sampled. While intracellular
acylcarnitine content was similar in both groups, there were significantly increased
amounts of labelled and unlabelled MCFA-acylcarnitines in the supernatant of the high RQ
muscle cells. In addition, the concentration of extracellular acylcarnitines was several folds
higher than the intracellular concentration. An analysis of gene expression found that high
RQ muscle cells had decreased expression of ACADM compared to the low RQ muscle cells.
The authors conclude that muscle cells with decreased ACADM expression have incomplete
B-oxidation and that the resulting excess acylcarnitines are released into the supernatant
to avoid intracellular accumulation. Relating these findings to my analysis of gene
expression changes of lipid metabolic pathways in neonatal sepsis, it seems likely that
acylcarnitines are increased due to incomplete -oxidation due to downregulated ACADM
expression. In this context it is also important to note that peroxisomes can oxidize lipids
as well and do this using different enzymes than mitochondria. This could be used as a
compensatory mechanism for mitochondrial overload in sepsis. Several peroxisomal genes
were upregulated in neonatal sepsis, which could indicate increased peroxisomal activity.
In vitro studies using KO cells of either the mitochondrial carnitine shuttle (CPT2) or a
pivotal peroxisomal enzyme (PEX13), respectively, and incubation with a chemical
mitochondria inhibitor (L-AC) prove that in mitochondrial impairment peroxisomes will
convert C12:0 to C12:0-carnitine, C10:0-carnitine, C8:0-carnitine and C6:0-carnitine®>3.
Peroxisomes do not produce acetyl-carnitine (C2:0-carnitine) as end-product of oxidation.
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Despite the hypothesized mitochondrial impairment and increased peroxisomal
impairment, C2:0-carnitine is significantly increased in the plasma of sepsis patients in the
ILTIS cohort. C2:0-carnitine is also the end product of glucose and amino acid catabolism.
In animal models, glucose was quickly depleted after induction of infection/sepsis, which
could explain observed increases in C2:0-carnitine in these models>81%2 Human sepsis
patients are usually treated with glucose. The breakdown of proteins and amino acids in
sepsis has been observed, evidenced by the measurement of branched chain fatty acids
and acylcarnitines with odd-chain length fatty acids, including C3:0-carnitine®!, and the
measurement of increased amino acids'®®. The accumulation of C2:0-carnitine despite the
likely impaired mitochondrial metabolism could also reflect a heterogeneous response
within the patient, i.e., some cells having a functional metabolism and others not, or a
temporal pattern where increased metabolism is followed by impaired metabolism, leading
to the accumulation of acylcarnitines of various chain length up to C10:0-carnitine as
observed in the ILTIS cohort and other cohorts®®>1°2, The above stated results and
conclusions do not support the hypothesis that fatty acid oxidation is impaired at the level
of the carnitine shuttle as suggested by Langley et al.>! or that the acylcarnitine profile is
similar to a general fasting response3®.Instead, | would propose that the observed
acylcarnitine profile in sepsis is in line with impaired mitochondrial fatty acid oxidation at
the level of ACADM, likely in combination with a fasting response and increased

peroxisomal oxidation.

8.1.4 Unsaturated fatty acid changes in sepsis

In sepsis and in animal models of sepsis, increased levels of triacylglycerides and free fatty
acids have been found®®*. These increases were explained with depletion of glucose and
hence increased lipolysis. This would be in line with the increases in circulating
triacylglycerides and non-esterified fatty acids observed in fasting studies?°>263, In the ILTIS
cohort, C18:1 is increased in the plasma of sepsis patients and C18:2 shows a non-
significant increased trend. These increases could hence be caused by increased lipid
mobilization in response to glucose depletion. In contrast, other long-chain PUFAs are
decreased, i.e., C20:4 (arachidonic acid), C20:5 (eicosapentaenoic acid) and C22:6
(docosahexaenoic acid). This finding is in line with previous studies and has been explained
by an increased production of lipid mediators*®*. In addition, decreased plasma LC-PUFAs
with a chain length of >20C has been found to be associated with mortality in human sepsis
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patients'®, while eicosanoid and SPM metabolism was one of the pathways with highest
fold-changes between survivors and non-survivors in a meta-analysis?®4. The increased
production of lipid mediators has been found in both human and animal studies and makes
sense from a biological perspective!®3264-266 | ooking at the transcriptomic changes in
neonatal sepsis, several of the genes involved in conversion of FFA to lipid mediators are
upregulated, i.e., ELOVL5, and genes involved in the arachidonic acid metabolism are
changed as well. This makes sense, both as inflammation induces the conversion of
arachidonic acid to eicosanoids, and since it has previously been found that the arachidonic
acid metabolism pathway is differently activated in immune cells from sepsis patients
compared to those of healthy volunteers'®4. The observed decreases in C20:4, C20:5, C22:6
hence likely reflect an increased production of lipid mediators. If the increases in the
associated pathways in non-survivors are causative and dysfunctional or merely a reflection

of a more severe response in non-survivors remains to be examined.

8.1.5 Urosepsis compared to sepsis OUA and pneumonia sepsis

In the ILTIS cohort, urosepsis cases were found to have a lipid profile more similar to
healthy controls than other sepsis patients. This, and the non-existent mortality, fewer
interventions and shorter hospital stay in this cohort, indicate a milder disease. | have been
assured by clinicians that urosepsis indeed is often less severe than other types of sepsis,
and have found in the literature a lower mortality and severity in urosepsis®. This indicates
that changes in the lipid profile might indicate severity of disease, a finding echoed by
previous publications in relation to acylcarnitines and lipids not measured in this

approach?68267,

8.1.6 Cortisol in sepsis

As mentioned before, Langley et al. found increased cortisol associated with non-survival
in sepsis®!. An increase in cortisol has also been found to be associated with non-survival
in a study measuring cortisol levels in a patient cohort of severe sepsis and septic shock??®.
Systemic cortisol was measured in samples taken usually in the morning, and as soon as
possible and latest within 24 hours after recruitment. All patients were divided into 4
groups based on their cortisol levels. The group with the highest cortisol (serum cortisol
>1242 nmol/l) had a significantly increased mortality rate: in this group 81% of patients

died, compared to a mortality rate of 51% in the whole cohort. It is important to note that
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this group of patients contained more cancer patients and slightly older patients than the
other groups (25% compared to 17%, 10% and 10%, mean age 65 compared to 56, 56 and
66). The authors propose that the higher mortality in the high cortisol group might be
caused by a disproportionate cortisol response to the infection. In this study no increased
mortality was found in the low cortisol group, though a decreased cortisol response to
infection has previously been regarded as increasing mortality?'®. The cortisol response in
sepsis is of interest to my studies, since OLAH is likely a GR-regulated gene and its
expression should hence be affected by the cortisol levels. OLAH is strongly upregulated in
non-survivors and in more severe sepsis cases with a higher mortality rate?>'22, The
increased expression of OLAH in these groups could be caused by increased cortisol.
Whether OLAH contributes to increased mortality and severity depends on the effects of
the likely consequently produced MCFA. This leads me to link OLAH to the MCFA-GPR84
signaling axis in sepsis.

8.1.7 The role of GPR84 in sepsis

Based on my analysis of transcriptional regulation, | would suggest that GPR84 is a
secondary response gene to inflammation and is especially involved in innate immune cells.
These findings are in line with the previously published literature on GPR84. The receptor
has been repeatedly characterized as pro-inflammatory, and it hence seems likely that it
plays a pro-inflammatory role in sepsis as well. This could be priming phagocytes for
increased phagocytosis, chemotaxis, ROS release and the increased release of pro-
inflammatory cytokines by immune cells. Generally, these types of functions could lead to
a more effective immune response to the insult but would be detrimental in case of already
excessive inflammation. However, it has been previously and is still an ongoing discussion
how the immune response is dysfunctional in sepsis, and which mechanism within sepsis
lead to severity and mortality. Undisputedly though, mortality is caused by organ damage.
Hence, rather than discussing the immune response in sepsis, | would like to focus on organ
damage in sepsis and GPR84’s potential role in it. The lipids likely activating GPR84 have
only been found elevated in a subset of patients and were implicated with non-survival,
just as OLAH has been previously implicated with non-survival and elevated cortisol as well.
Could GPR84 signalling contribute a detrimental effect in sepsis? Mouse model studies into
kidney and liver fibrosis, among other types of fibrosis, found positive effects from Gpr84
KO and the use of GPR84 antagonists. In these studies, the use of Gpr84 KO or GPR84
280



Discussion

antagonists, led to less immune cell infiltration into the affected organs and less fibrosis.
The fact that a GPR84 antagonist reduced immune cell infiltration to the injured liver might
indicate that GPR84 was playing a role in the chemotaxis of immune cells to the organ. A
study measuring gene expression in human liver biopsies of healthy controls and patients
with non-alcoholic fatty liver disease (NAFLD) found increased expression of GPR84 in
NAFLD livers and that GPR84 expression correlated positively with the inflammation
grading of the NAFLD activity score'?*. Chemotaxis and increased local inflammation due
to GPR84 could likely also occur in sepsis when kidney or liver injury occurs. Any MCFA-
GPR84 signalling potentially occurring in the organ might then exacerbate fibrosis, as in the
mouse models. This could be an interesting avenue for further research and has

therapeutic potential, as the safety of several antagonists has already been shown?31,
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Table 16 shows the main findings of my thesis.
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Main findings

C10:0 is increased in sepsis

C12:0 is decreased in sepsis OUA (of undefined aetiology) and sepsis

caused by pneumonia

Lipid profiles are different in sepsis, but many lipids do not change

Acylcarnitines are significantly changed in the plasma of sepsis patients in

line with previous findings

Urosepsis is milder in the ILTIS cohort then pneumonia caused sepsis and

sepsis OUA and shows fewer changes to lipid profile

OLAH gene expression is increased in sepsis

OLAH gene expression is regulated by glucocorticoids

GPR84 is likely a secondary immune response gene regulated by
inflammatory signals, i.e., TLR4 — NFkB, but also others, and a foremost

enhancer regulated gene
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8.1.8 Pitfalls

In these studies, | have focused on metabolic changes in the plasma and blood and
evaluated the scientific literature with a focus on changes as measured in these body fluids.
However, sepsis is a condition that affects several organs, and the observed changes in
plasma and blood can originate from many sources. When observing metabolomic changes
in the blood or plasma, it is essentially impossible to untangle the origin of the metabolomic
changes. The reason for this focus is the comparable ease of access to this type of samples
for my studies; a convenience that is also reflected in the studies conducted by the wider
research community. Studies involving other organs are usually conducted in animal
studies. One such study, for example, finds changes in the skeletal muscle tissue in a murine
sepsis model on a proteomic and metabolomic level?*’. Skeletal muscle metabolism could
be a (major) contributor to acylcarnitine changes, as it is thought that the majority of the
body’s carnitine is stored in this tissue, and it has been shown that skeletal muscle can
release acylcarnitines into the plasma?®l. In addition, GPR84 has been implicated in a
murine model to regulate mitochondrial function in skeletal muscle?®®. While any
dysfunction of immune cells, as at least partially measurable by e.g., transcriptomics and
proteomics of the blood, undeniably will play a role in sepsis, organ dysfunction and -failure
are what ultimately leads to mortality. It would hence be relevant to research changes to
e.g., kidney and liver, as they are metabolically active organs that are often affected in
sepsis. In addition, GPR84 signalling might be relevant within these organs due to GPR84’s
implication in fibrosis as discussed above. The potential presence of MCFA in these organs
in sepsis or other conditions has not been previously evaluated.

Another complication in measuring the lipids in sepsis is the heterogeneity of
measurements. This has been previously observed in other studies as well, both in the
sepsis context and in other fields?632%°, This is caused by the several factors that impact on
lipid concentrations, including the fasted/fed state, exercise, the diet, and metabolism that
could be influenced by comorbidities and other personal factors. In order to achieve valid
findings in any patient cohort, it is hence necessary to control any external factors as well
as possible and to use adequately sized and hence powered cohorts. In sepsis, the
heterogeneity of the condition is a further complicating factor. As a researcher, the
recruitment conditions for such a study will hence be a trade-off between inclusivity (bigger

cohort, less rules), in order to accurately reflect the general patient population with the
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cohort, and the need to exclude conditions that could lead to confounding or outlier results
(stricter recruitment rules). Essentially, when putting too many constraints on recruitment,
it will be hard to achieve the necessary cohort size for an adequately powered study. Within
the ILTIS cohort, the urosepsis patients had a different lipid profile to sepsis OUA and
pneumonia-sepsis, which had the potential to confound some results. Simultaneously, if |
excluded the urosepsis patients, | would probably not have been able to draw some of the
study’s conclusions. A good solution to this pitfall might be the diligent documentation of
patients’ metadata and rigorous analysis of any potential confounding effects. In addition,
differing recruitment strategies between studies impact comparisons of results and
validation of findings. In sepsis studies, this can be the correct choice of the control cohort.
Studies typically recruit patients in the ICU found to not have sepsis, SIRS patients or
healthy controls. The use of healthy controls, as done in the ILTIS cohort, might be
problematic since this does not evaluate if differences occur due to inflammation (present
in SIRS) or unwellness (patient in ICU), or if they are caused by sepsis. This means that any
found lipid changes might not be specific to sepsis. This is also illustrated by the fact that
suspected sepsis cases had a partially different lipid profile to healthy controls in the nSep
cohort, despite the fact that most likely most suspected sepsis cases did not have sepsis. In
addition, the recruitment of healthy volunteers could introduce differences in sampling, as
samples will be taken (likely) by different staff, in a different location, under different
circumstances, i.e., time till cold storage or processing might differ. Differences in sample
handling have been found to affect measurement of lactate!’>’¢, and it is possible that
this is the case for other compounds as well.

In discussing the potential downstream effects of MCFAs in sepsis | have entirely focused
on those effects mediated by GPR84; however, further mechanisms affected by increased
MCFA are possible. Firstly, the receptor GPR40 has also been shown to bind MCFA. This
receptor can bind both saturated medium to long-chain fatty acids and poly-unsaturated
fatty acids?’?. However, the activation by saturated MCFAs was lower than in response to
some of the tested PUFA and saturated LCFA. GPR40 has a very different expression profile
to GPR8&4, since it is foremost expressed in brain and pancreas. With regards to the immune
system, it only shows low expression in monocytes in a study, and only negligible to none
expression levels in other immune cells?’°. Activation of this receptor would likely interfere

with GPR84-mediated effects, at least, in some tissues. Namely, GPR40 can be activated by
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some GPR84 antagonists and has been found to have beneficial effects on kidney injury,
where antagonism of GPR84 also alleviated kidney damage!*?7, Since GPR40 can bind
several different fatty acids, some of which are decreased in sepsis, it remains unclear if
the total pool of its ligands is increased or decreased in sepsis. Secondly, some studies
suggest that MCFAs and other saturated fatty acids could mediate immune regulatory
effects, likely by binding to TLR4, leading to increased immune response activation?72273,
Several fatty acids are able to bind TLRs, one study finding the highest activation in
response to C14:0 and C16:0 in a macrophage cell line?’3, another finding the strongest
activation in response to C12:0%72,
Another pitfall in my studies | would like to point out is the mixing of several different
datasets. Using several datasets can confirm robustness of results, if findings are repeatedly
found. However, a more robust statistical analysis in lipid changes in connection with
transcriptomic changes could have been conducted if the data came from the same set of
samples. Instead, there is a certain level of mismatch due to different datasets used, i.e.,
the lipid measurements were conducted in an adult cohort, but none of the transcriptomic
datasets are derived from an adult cohort. It would have been relevant to confirm if any
observed changes in transcriptomics in neonatal and paediatric sepsis patients also occur
in adult patients. Since most of my findings come from the measurement of samples, in
silico analysis of different datasets and some in vitro experiments, further validation is
warranted. While some of these findings align well with previously published findings,
further mechanistic studies, i.e., extensive in vitro studies or animal models, could confirm
the generated hypotheses.
When | conducted my studies into immune cell expression of OLAH and subsequent FFA
production, | could have chosen my cell model more wisely in order to enable longer time
courses. To this end | could have cultured the PBMCs for longer and used labelled glucose
or acetate to determine FFA production. This would have omitted the use of charcoal-
stripped FCS and any potential background issues, hence leading to better sensitivity. Using
adhering cells also means that cells can be washed more easily and hence be sampled for
lipid analysis as well.
8.1.9 Future directions
For future studies there are several interesting questions generated in this thesis. Also,
additional work to further confirm or refute the hypothesis - that the MCFA-GPR84 axis is
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a key regulated host response in sepsis — could be beneficial. One of the generated
guestions is about the effects of cortisol in affecting metabolism and the immune system
in sepsis. To this end, a clinical study linking lipid measurements with transcriptomics and
cortisol measurements could be very elucidating. In such an approach, one could look at
the role of increased cortisol on gene expression and any resulting lipid changes. If this was
coupled with ex vivo studies on blood cells obtained from sepsis patients and controls,
valuable insights into metabolic dysfunction, gene expression and transcriptional
regulation could be obtained. The blood cells could be extracted from the blood similar to
this work and incubated for a time course with regular lipid measurements. Then it could
be possible to examine if immune cells from sepsis patients with higher severity and/or
higher cortisol levels are programmed to produce C8:0, C10:0 or C12:0. By linking
transcriptomics and cortisol measurements, it can be evaluated how endogenous cortisol
affects gene expression in sepsis to explore potentially detrimental pathways in non-
survivors linked to cortisol. Linking lipid measurements to cortisol could confirm if cortisol
in sepsis does indeed lead to increased C8:0 and C10:0 levels, as | hypothesized in this
thesis. Furthermore, if linking lipid measurements and transcriptomics, it could be
evaluated which pathways affect the lipid profile associated with non-survival. In this
context the PPAR transcription factor family would also be relevant. Its potential role could
be indicated by using Chea3 to establish enriched transcription factors in different groups
of patients. Such a comprehensive approach could evaluate hypotheses produced in this
thesis and in the scientific literature.

Using animal models could provide additional insights into the role of GPR84 and OLAH in
sepsis. Using a murine sepsis model combined with a GPR84 KO mouse could be used to
evaluate if GPR84 affects metabolite levels, severity and survival in the sepsis model. An
animal model could also be used to measure lipid levels in different tissues, e.g., in the
kidney or liver. If increased levels of C10:0 or C12:0 were present in any of these tissues,
then this could lead to chemotaxis and increased inflammation due to GPR84. Naturally, it
would be easier to first evaluate if kidney or liver cells are able to produce these fatty acids
using in vitro incubations of relevant cell lines. Furthermore, the role of OLAH could be
evaluated in an animal model; however, it seems indicated that OLAH shows a different

expression profile in mice than in humans. The suitability of mice for such a model would
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need to be tested first, and the use of an alternative animal might be more suitable but
could provide additional challenges.

In this approach, | focused on the MCFA C10:0 and C12:0 as potential GPR84 ligands. The
most interesting ligand appeared to be C10:0, as it was increased in both the plasma of
sepsis patients and in the extracellular medium of incubated PBMCs. However, very
recently a paper found 2-cis-decenoic acid and trans-2-decenoic acid as GPR84 ligands®.
These metabolites are thought to originate from bacteria. While bacteria seemed like a
very feasible source for GPR84 ligands, | did not investigate them further in this approach
due to time and organizational constraints. In the future, it would be interesting to explore
this idea further. Firstly, it would be relevant and technically feasible to include 2-cis-
decenoic acid and 3-cis decanoic acid into the list of metabolites measured with the LC-MS
approach. Like this, their presence could be detected in samples when using this approach.
Furthermore, it would be interesting to use bacterial pathogens obtained from sepsis
patients to probe their production of GPR84 ligands. | would like to point out that the
potential origin of GPR84 ligands from bacteria does not contradict with a potential
production of GPR84 ligands by the body itself. Rather, these could be two additive
mechanisms amplifying each other’s effect. In other words, if the host increases MCFA
production during infection, increasing chemotaxis and phagocytosis towards the infection
site, then this would amplify the chemotaxis and phagocytosis induced by GPR84 ligands
originating from the invading bacterium. The binding of bacterial ligands would provide an
explanation as to the (evolutionary) function of GPR84, as hypothesized by Schulze et al.*®
and mentioned by Kutschera et al.?®, who stated that GPR84 might be a bacterial
metabolite-sensing receptor. It could be interesting to explore if MCFA are produced by
host cells as part of a healthy immune response, or if this is a hallmark of dysfunctional
metabolism.

In conclusion, this work found a changed lipid profile to be associated with sepsis in the
ILTIS cohort and found indications that this lipid profile might be partially associated with
the severity of disease and likelihood of survival. These findings require further validation
in more patient cohorts. Since one of the lipids significantly changed is a putative ligand for
GPR84 (C10:0), it seems likely that the C10:0-GPR84 axis plays a role in sepsis. It appears
feasible that PBMCs produce C10:0, and this production is likely associated with the gene

OLAH, upregulated in response to glucocorticoids. Both high cortisol and OLAH expression
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have been associated with non-survival in the literature, and OLAH expression with kidney
damage in sepsis. Furthermore, GPR84 has been associated with kidney damage. Based on
these findings | would like to hypothesise that increased cortisol in sepsis leads to
upregulated OLAH expression, subsequently increased C10:0, amplifying C10:0-GPR84
signalling which leads to kidney damage. In my studies | did not further investigate the
effects of GPR84 signalling in sepsis. As a result, | cannot say via which mechanism C10:0-
GPR84 signalling would affect severity and mortality in sepsis. Based on previous studies
on GPR84 this might be both by exacerbating organ damage and/or by amplifying the
inflammatory immune response. Even an effect on the metabolic response is possible.
Regardless of the mechanism, if the link with severity and mortality proves to be true, then
GPR84 antagonism could be a treatment option in severe sepsis. Circling back to my
hypothesis - MCFA-GPR84 axis is a key regulated host response in sepsis - | would conclude
that the data of my thesis supports the notion that the MCFA-GPR84 axis is likely part of
the host response in sepsis, with the limitation that this is likely only the case in a subset of
patients with increased cortisol. If the MCFA-GPR84 axis is a key player in sepsis would

require further investigation as outlined in the future directions of this thesis.
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Figure 70 Overview picture of an immune cell depicting several of my main research findings from
the thesis. Speech bubbles with orange background indicate biologic processes, green outlined,

rounded figures contain genes, blue lined squares indicate lipids.
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Figure 71 Second overview picture with a more in-depth view of processes within the cell that might
lead to the observed lipid concentrations. Blue arrows indicate potential fluxes of lipids within the
cell. Two circle arrows indicate a synthesis or catabolic cycle. Lipid mediators and other arrows are

marked with dashed lines to indicate a level of uncertainty, as the export mechanisms for these
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lipids are not quite sure, and the lipid biosynthesis in endoplasmatic reticulum can lead to membrane

synthesis and lipid mediators. In this context lipid mediators appear more likely.
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10 Supplementary materials

Supplementary table 1 depicts the Chea3 TF enrichment hits for paediatric sepsis and

neonatal sepsis filtered for hits with a hit for GPR84 in one of the databases. The right

column indicates the overlap in TF hits between the two datasets.

TF enriched paediatric sepsis with hit

for GPR84
SPI1
HLX
MTF1
NFE2
CEBPB
ZNF467
ZNF438
PLSCR1
CEBPE
TFEC
ZNF267
BATF2
BATF
RELB
IKZF1
RUNX2
ATF3
RUNX1
CSRNP1
IRF2
FLI1
NFE2L2
GFI1B
GATA1
NFKB1
NFKB2

314

TF enriched neonatal sepsis with hit

for GPR84
SPI1
MTF1
CEBPB
HLX
BATF2
ZNF467
NFE2
CEBPE
PLSCR1
TFEC
RELB
IRF2
ZNF438
BATF
NFKB2
ZNF267
IKZF1
CSRNP1
GFI1B
GATA1
ATF3
STAT1
NFKB1
ETS2
ZBTB17
RUNX1

overlap

SPI1
MTF1
CEBPB
HLX
BATF2
ZNF467
NFE2
CEBPE
PLSCR1
TFEC
RELB
IRF2
ZNF438
BATF
NFKB2
ZNF267
IKZF1
CSRNP1
GFI1B
GATA1
ATF3
STAT1
NFKB1
ETS2
RUNX1
NFE2L2



ZEB2
FOSL1
ZNF697
RFX8
VDR
STAT1
AHR
MSC
ELK3
SNAI1
PBX2
ETS2
MITF
NR1H3
ELF1
MITF
NCOA1l
TCF7
SP1
ETV3L
KLF9
Cuxi
SPIC
NR2F2
KLF3
CREB1
SOX9
CREM
NR4A3
MEIS1
LEF1
KLF4
HOXB7

References

NFE2L2
PBX2
ELF1
EGR2
TCF7
VDR
RUNX2
EGR1
IRF3
MSC
MAFB
AHR
SNAI1
FOSL1
ETV3L
RFX5
KLF9
RFX8
SP1
MITF
ZNF143
KLF4
ZEB2
LEF1
MYC
NFYB
CREB1
SPIC
ZNF697
NR2F2
SMAD1
HOXB7
ESRRA

PBX2
ELF1
TCF7
VDR
RUNX2
MSC
AHR
SNAI1
FOSL1
ETV3L
KLF9
RFX8
SP1
MITF
KLF4
ZEB2
LEF1
CREB1
SPIC
ZNF697
NR2F2
HOXB7
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TWIST1 NANOG
FOXP1

Supplementary table 2 TFs binding to the GPR84 regulatory region according to Chip hits
from the ENCODE and Signalling Pathways Project (SPP) databases.

ENCODE hits for SPP hits all cells SPP hits immune Overlap
GPR84 cells ENCODE
and all
SPP hits
ATF2 FOS|4HT CTCF ATF2
BCLAF1 JUN|DEX RUNX1 CEBPB
CEBPB CTCF NFYB CTCF
CHD4 E2F4|4HT MYB EBF1
CTCF IRF1 STAT1|IFNG FOXM1
EBF1 RUNX1 GABPA IKZF1
EZHZ GATA3 ETS1 MAX
FOXM1 MAX SPI1 MEF2A
H2AFZ CEBPB CEBPA MTA3
HDAC2 NFYB USF1 MYC
IKZF1 MYB MAX NFYB
MAFK STAT1|IFNG SP1 SPI1
MAX GABPA GATAl STAT3
MEF2A TCF12 STAT3 STAT5A
MTA3 CREB1 FOXM1 TBP
MYC ETS1 STATS5A ZNF384
MYOG SPI1 E2F4 MAFK
NFIC CEBPA BHLHE40
NFYB HEYL PAX5
PML ELF3 FOSL1
POLR2A USF1 YY1
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RBBP5
RUNX3
SPI1
STAT1
STAT3
STAT5A
TAF1
TBL1XR1
TBP
WRNIP1
ZNF384

References

GATA4
FOXA1
FOXA1|CREB1
JUND

FOSL2

SP1

TCF21

RELA

MXI1
MEF2A
GATA1

ATF2

STAT3
SREBF1|22RHC; INS
FOXM1
STATSA
HIF1A
YY1|ATRA
E2F4

MYC

MAZ
BHLHE40
ZBTB17
ZNF280D
E2F1|BICALU
PAX5

FOSL1

FOS

ZNF83

ELF1

YY1

IRF1|IFNG

RELA|BAY082

TFAP4
MYC|IFNA1
MAZ
MXI1
BCL3
RELA|TNF
SREBF2
HMGN3
GATA2
EBF1

FOS
CEBPB
CREB1
TAL1
IKZF1
SPI1|ROSI
SMAD1
ELF1

SRF
POU2F2
TCF12
JUN|IFNG
LYL1
MEF2A
PBX3
TCF3
NFKB1
ATF3
E2F6
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318

JUN

SRF
NANOG
IRF1|IFNG

RELA|BAY082

KLF11
ZBTB7A
NFYA

REST
TFAP4
MYC|IFNA1
E2F1|HES6
FOXH1
TEAD4
ATF3

BCL3
RELA|TNF
TCF7L2
SOX2
SREBF2
EGR1
MAFK
USF1|ATRA

FOXA1|17BE2

HMGN3
E2F1
GATA2
ARNT
EBF1
E2F6

GABPA|R1881

MYC
IRF1|IFNA1L
ERG

JUN

NFYA
REST

ATF1
ZNF143
RELA

TBP

IRF4
ZBTB7A
MYC|IFNG
ATF2
JUND
UBTF
ZNF384
JUN|IFNA1
IRF3

HEY1

SP2

MTA3
EGR1
TEAD4
RUNX1T1



References

TAL1
CREB1|FOXA1
KLF5

PBX3

SOX9
KLF11|ROSI
CREB1|DEX
FOXA2

IKZF1

TBP
SPI1|ROSI
FOXA1 | DEX
SIX2

SMAD1
POU2F2
CTCF | DEX
SP2
JUN|IFNG
LYL1
FOXA1|R1881
E2F1|BICALU |HES6
MYC|DHT
TP53
ERG|DHT
TCF3

JUNB

ZNF143
NFKB1
SMARCC1
FOXA1|DHT
GTF2B
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320

PDX1
IRF1|IFNA1
ERG

oTX2
CDX2|125DVD3
GLI2
FOXP1|DHT
ZNF263
ATF1
ARID3A
IRF4

IRF3
STAT2
MYC|4HT
GTF2F1
FOXP1
HEY1

ZEB1
CEBPB|FORSK
SIX5
MYC|IFNG
ETV5
FOXP2
E2F3

UBTF
STAT3|4HT
ZNF384
BARX1
JUN|IFNA1
MYBL2
MTA3



References

USF1|DEX
NFYC
CDX2
ZKSCAN1
HOXA6
MEIS1
RUNX1T1
HOXA4

Supplementary table 3 List of all TFs identified in at least one analysis and columns

indicating if a TF was found in this analysis or not.

Transcription

Chea3_all_ Chea3_GPR8 Cistromics_GPR upregulated_TF_in_

factor hits 4hits 84hits sepsis
HLX v v

MTF1 v v v
NFE2 v v v
CREBS5 v

CEBPB v v v v
NFE4 v v
INF467 v v

ZNF438 v v v
PLSCR1 v v v
CEBPE v v

TFEC v v

MXD1 v

ZINF746 v

NFIL3 v v
INF267 v v

BCL6 v v
JDP2 4

LYL1 v v

ELF4 4
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BATF2
TET2
CEBPA
BATF
STATS5A
LTF
SP110
BACH1
FOXN2
BORCS8MEF2B
IRF7
IRF9
TRAFD1
STAT3
ZNF641
TFE3
TFEB
IRF5
RELB
IRF1
TAL1
ARID5A
IKZF1
CEBPD
FOSL2
STATSB
DNTTIP1
ETV6
RUNX2
SNAI3
GTF2B
ATF3
ATF6
RUNX1
HIF1A
CSRNP1
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ZBTB34
JUNB
IRF2
FLI1
MAFG
NFE2L2
GFI1B
JAZF1
GLMP
GATA1
PPARG
KLF2
NFKB1
GFI1
TIGD3
PRDM1
HHEX
SP100
NFKB2
RARA
ZNF319
USF1
BATF3
KLF1
RXRA
STAT4
AKNA
ZEB2
IRF8
PHF21A
FOSL1
MLX
ZNF697
MAX
KLF6
RFX8

NN N N N N N N N N N N N N N N N N N N N N N N N N N N NN NN VAN
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VDR
STAT1
MNT
TBX21
AHR
NR4A1
MSC
MXI1
NR1H2
ELK3
EGR1
JUN
POU2F2
SNAI1
CREBL2
TCF7L2
ASCL2
TRERF1
ZNF394
MAFK
PBX2
FOSB
VENTX
FOXP3
ARNTL
MEF2A
CREB3
ETS1
REL
ETS2
FOX0O4
SMAD3
MAFF
ZNF217
MAFB
ARID3B
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NR1H3
ELF1
DDIT3
ARID3A
BHLHE40
PPARD
MBD2
ZNF341
ZBTB7B
ARNTL2
RELA
ZBED1
MBNL2
RUNX3
TGIF1
ATF5
NAIF1
EPAS1
MITF
L3MBTL3
ARID5B
STAT2
ZNF710
NR3C1
NFATC1
ZBTB48
SP140
C110RF95
NCOA1
STAT6
ZNF346
FOXO3
FOS
EHF
MYB
ZNF792

NN N N N N N N N N N N N N N N N N N N N N N N N N N N NN NN VAN
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TSHZ3
CREB3L2
TCF7
TWIST2
SP140L
MEF2B
ZNF276
ZNF281
MBD4
SPIB
ERG
SP1
JUND
NKX23
ETV3L
KLF9
NRF1
IRF4
RAG1
MTERF2
KLF10
CuUXx1
LIN54
ZBTB10
PBX1
ZEB1
SPIC
NR2F2
KLF13
ZBED2
ZNF18
SP2
GATA2
KLF3
ZBTB49
ZNF331
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CREB1
HBP1
SRF
ZNF586
RBPJ
ZNF75D
USF2
NFYC
ZNF117
ZNF469
ZNF672
SOX9
CREM
NR4A3
SREBF1
ZHX1
KLF11
FOXJ2
ZNF274
MEIS1
ELF3
LEF1
ZNF516
GZF1
SATB1
SKIL
KLF4
HOXB7
ZBTB22
ZNF296
SNAI2
HMGN3
TWIST1
ZNF462
NPAS2
ZNF860

NN N N N N N N N N N N N N N N N N N N N N N N N N N N NN NN VAN
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SNAPC2
ZNF524
RLF
ZNF410
FOXO1
TCF12
MEF2C
ZNF608
AR
FOXP1
ZNF443
GMEB2
CREB3L1
GLIS3
CTCF
E2F4
GATA3
NFYB
GABPA
HEYL
GATA4
FOXA1
TCF21
ATF2
FOXM1
YY1
MYC
MAZ
ZBTB17
ZNF280D
E2F1
PAX5
ZNF83
NANOG
ZBTB7A
NFYA

328

AN N N N N NN VRN

AN N NN NN N AN AN A YA N NN NN N N NN



References

REST
TFAP4
FOXH1
TEAD4
BCL3
SOX2
SREBF2
ARNT
EBF1
E2F6
KLF5
PBX3
FOXA2
TBP
SIX2
SMAD1
TP53
TCF3
ZNF143
SMARCC1
PDX1
OTX2
CDX2
GLI2
ZNF263
ATF1
IRF3
GTF2F1
HEY1
SIX5
ETVS5
FOXP2
E2F3
UBTF
ZNF384
BARX1
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MYBL2
MTA3
ZKSCAN1
HOXAG6
RUNX1T1
HOXA4
IFNG
IFNA1
HES6
BACH2
BCL11A
BCL11B
CXXC5
DACH1
DNMT1
E2F5
EOMES
KDM2B
MYBL1
NR1D2
PRDM5
RORA
TSHZ1
ZBTB41
ZFP3
ZFP62
ZNF121
ZNF260
ZNF266
ZNF329
ZNF420
ZNF439
ZNF573
ZNF600
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Supplementary table 4” Knowledge" on GPR84 expression according to Enrichr

Transcription Source

Factor

NR1H3

FOSL2

NFKB2

CREM

RELB

TFEC

NFKB1

VDR

PPARD

NFE2L2

ZBTB17

ETV3

NR4A3

ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4

expression

Co-

Co-

Co-

Co-

Co-

Co-

Co-

Co-

Co-

Co-
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EGR2

SNAI1

HIVEP3

IRF5

HLX

BATF

ETS2

ZNF385A

ATF3

BATF2

ATF5

CEBPB

MSC

ZNF267

MTF1
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ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4

expression

Co-

Co-

Co-

Co-

Co-

Co-

Co-

Co-

Co-

Co-

Co-

Co-

Co-



MAFG

MAFB

JDP2

ZNF697

ETV3L

ZNF438

PLEK

SMAD7

STAT1

Myc

Bach2

XBP1

IRF8

ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4
expression
ARCHS4

expression

Co-

Co-

Co-

Co-

Co-

Co-

Co-

KO Mouse,

GPR84 up

KD Human cell

line, GPR84 up

KO Mouse,

GPR84 up

KO Mouse,

GPR84 up

KO Mouse,

GPR84 up
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SATB2 Overexpression
Mouse, GPR84

down
VAX2 KO Mouse,
GPR84 down
ZFX KO Mouse,
GPR84 down
ZBTB7A KO Mouse,
GPR84 down
ESRRA KO Mouse,
GPR84 down
ARID3B KO Mouse,
GPR84 down
ZXDC KD/ depletion

Human, GPR84

down
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Supplemental figure 1 Gpr84 expression in BMDM infected with MCMV or B) treated with
IFN-y. The y-axis depicts the Log2 fold change in expression relative to expression at t=0,

the x-axis the hours after infection of the cells with the virus (n=1) or stimulated by IFN-y
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