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Abstract

Introduction

Patients who survive sepsis can develop an increased morbidity and mortality that persists
long-term. This thesis examines whether sepsis induces epigenetic changes in host
leukocytes which could result in long-term immune defects in patients, and whether this is
due to the infection itself or widely used concomitant treatments sedation and

neuromuscular blockade.

Methods

Patients (n=69) with positive blood cultures underwent blood sampling within 24 hours of
blood culture result, 4-10 days later and 6-12 months following hospital discharge. Healthy
volunteers served as a comparator group (n=37). In Vitro THP1 cell line models explored
persistent effects of sepsis, Propofol, and Rocuronium treatment. Gene expression and
concentration of candidate cytokines were assayed in cells rechallenged LPS/PMA.
Immunometabolic profiling was carried out on cells recovered from Propofol and
Rocuronium and rechallenged with septic spike. Chromatin Immunoprecipitation was
performed to assess changes in histone modifications.

Results

Gene expression of key histone modifying enzymes were not altered in septic patient cells,
but cell may display an immune defect when restimulated. Propofol and Rocuronium both
affect the immunometabolism of monocytes, and Sugammadex reverses Rocuronium’s

effect. Addition of Vecuronium produced a different immunometabolic profile in cells than

Rocuronium. The expression of key cholinergic and cytokine genes were affected by



Rocuronium and Sugammadex. Persistent histone modification changes were observed in

cells with sepsis or treated with Propofol.

Conclusions

The thesis describes a trend of persisting epigenetic and immunometabolic changes in
leukocytes following sepsis, which could result in long-term immune defects in patients.
Routinely used Propofol and Rocuronium administration may contribute to these cellular

changes, which will have clear clinical implications in treatment of intensive care patients.
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Chapter 1: Introduction

1.1 Host Response to Infection

In 2017, there was an estimated 48.9 million cases of sepsis worldwide (Rudd et al, 2020)].
Critical to improving sepsis morbidity and mortality is developing a deeper understanding of
the underlying pathophysiology of sepsis. Mechanisms of immune compromise are becoming
increasingly recognised as a major factor and further potentially influenceable factor within
sepsis. Immunosuppression in sepsis appears to be underpinned by defects in oxidative
phosphorylation and glycolysis (Cheng et al, 2016). It is currently unclear whether these
observed defects are caused by the infection itself or influenced by concomitant treatments.
The hypothesis of this thesis is that sepsis induces epigenetic changes in leukocyte gene
expression, which results in long-term immune defects in patients. Within this, the hypnotic
agent Propofol and neuromuscular blocking agent Rocuronium, both routinely used in general
anaesthesia and the most severe cases of sepsis appear to be capable of affecting immune
cell function. It appears possible that these commonly administered medications may
contribute to the persistent immune dysregulation observed in sepsis survivors without active

infection.

Sepsis is the leading cause of death in US hospitals and is forecasted to account for more than
5 million deaths globally per year (Angus et al, 2016). Despite this, the precise mechanisms of
the host immune response both immediately following an infection, and over the longer term

is controversial and poorly understood.
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Sepsis is a highly heterogenous syndrome, and additionally the vast differences in patient

phenotypes make sepsis challenging to fully characterize and investigate

Clinical outcomes, such as mortality, increasingly recognised morbidity, and population
incidence surrounding sepsis and bacteraemia are of most pressing importance. These
outcomes could be markedly improved with the mechanisms behind host response following

infection fully unravelled.

Clinically defining sepsis

In February 2016, The Third International Consensus Definitions for Sepsis and Septic Shock
changed the criteria for a sepsis diagnosis, relating it directly to the presence of organ failure
(Singer et al, 2016). Sepsis is defined as a life-threatening organ dysfunction that is caused by
a dysregulated host response to infection. The Sepsis-related Organ Failure Assessment
(SOFA) score is used clinically as a scoring system to track the person’s extent of organ

function or failure in the Intensive Care Unit (Vincent et al, 1996).

The SOFA score aim to guide healthcare providers identifying patients with increased risk of

morbidity and mortality. Further, it can be used to estimate the probability of these risks.

Sepsis-3 removed the definition of Severe Sepsis entirely and removed the criteria for SIRS
(Systemic Inflammatory Response Syndrome), arguing that sepsis is a life-threatening
condition caused by a dysregulated response to infection that leads to organ dysfunction,
and itis therefore unhelpful to use two or more SIRS criteria because these do not necessarily
indicate a life threatening and dysregulated response. The new definition is summarised in

Table 1.1:
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Table 1.1 The new definition for sepsis and septic shock

Sepsis-3 Clinical criteria

Sepsis Suspected or documented infection

AND

2 or 3 of “HAT” criteria (qSOFA)
a) Hypotension (SBP <100 mmHg)
b) Altered mental state (GCS <13)
c) Tachypnoea (222/min)

OR

Arise in SOFA score by 2 or more
Septic shock Sepsis

AND

Vasopressors needed for mean arterial
pressure >65 mmHg +

Lactate >2 mmol/L

Homeostasis disruption

When the pathogen prevails to the point of bacteraemia, the homeostasis of the host is
disrupted. Often the host response splits, to display both immune suppression and excessive

inflammation concurrently, resulting in an unbalanced immune system.

Innate immune response

The innate immune system of the immunocompetent host senses an invading pathogen
through pattern recognition receptors (PRRs). PRR’s recognise molecules expressed by
pathogens (pathogen-associated molecular patterns (PAMPs)), and, molecules released by
injured host cells, (damage-associated molecular patterns (DAMPs)). PRR’s themselves

comprise a diverse collection of receptors, including toll-like receptors (TLRs), C-type lectin
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receptors (CLRs), nucleotide-binding oligomerization domain-like receptors (NLRs) and

retinoic acid-inducible gene-like receptors (RLRs) (van der Poll et al, 2017).

When PAMPs bind to PRRs, Nuclear factor kappa B (NF-kB) signalling is activated which
promotes the transcription of pro-inflammatory factors to fight the infection (Ricklin et al,

2019; Tang et al, 2012; Abraham, 2003).

DAMPs also trigger the PRRs, and can activate many PRRs that also recognise PAMPs. With
this, the host immune response becomes further complicated. Additional to the initial
infection, and in some cases without, the continued recognition of DAMPs prolong the
immune activation. This may also explain the clinical similarities in inflammatory host

response to infectious and non-infectious injury (Chan et al, 2012; Deutschman et al, 2014).

Macrophages play a key role in the innate immune response. There are two broad
classifications of macrophages: the classically activated macrophages known as M1, and the
alternatively activated macrophages known as M2. M1 macrophages, typically activated by
lipopolysaccharides (LPS) and interferon gamma (IFN-y), initiate the immune response as well
as phagocytosing pathogens and producing pro-inflammatory cytokines, producing NF- kB,
and presenting antigens. They produce Reactive Oxygen Series (ROS) and inducible nitric
oxide synthase (iNOS) (Mosser et al, 2008; Liu et al, 2014). ROS production is a careful balance,
because although it serves as a critical signalling molecule in healthy biology (such as in
normal immune signalling), it can also cause damage to cellular processes and organelles
which can lead to a physiological imbalance (Auten et al, 2009). Imbalanced ROS production
has been associated with several diseases, such as cancer, retinopathy, inflammatory

disorders, and pulmonary hypertension (Auten et al, 2009).
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M2 macrophages are associated with tissue repair and building the extracellular matrix, and
do not present antigens to T cells or produce nitric oxide (NO) (Liu et al, 2014). Macrophages
can polarise in response to their microenvironment, with bacterial infections shifting
macrophage polarisation towards M1 (Shaughnessy et al, 2007; Benoit et al/, 2008). M1
macrophages will either apoptose or shift into M2 macrophages to control the levels of
proinflammatory cytokines (Liu et al, 2014). However, dysregulated control of M1 polarisation
can result in excessive production of proinflammatory cytokines. Excessive proinflammatory
cytokine production can result in the termed ‘cytokine storm’ associated with sepsis (Wynn

etal, 2016).

Endothelial damage

Following infection, leukocytes show increased adherence and migration to the endothelium
due to increased endothelial permeability (Leligdowicz, 2018). This furthers endothelial
damage and results in intravascular leak, oedema and hypotension (De Backer et al, 2010;
Leligdowicz, 2018). The adhesion molecules that are upregulated when the endothelium is
activated include ICAM, VCAM, and E-selectin, and C-C Motif Chemokine Ligands such as CCL2
that recruit monocytes, memory T cells, and dendritic cells to the sites of inflammation (Zhao
et al, 2014; Leone et al, 2002). These adhesion and recruitment molecules encourage
leukocytes to the site of tissue injury, and neutrophil entry into the endothelium has been a
recent research focus due to its simultaneous beneficial effect of fighting infection and
exacerbation of host tissue damage (S6nego et al, 2016). Endothelial damage is often the

precursor to septic organ dysfunction.
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Unfortunately, at present targeted therapies at this level are lacking in sepsis. Current
management is aimed at maintaining organ perfusion through the use of supplementary

intravenous fluids and vasoactive substances (Ince et al, 2015).

Inflammatory and immunosuppressive phases of sepsis

It was initially believed that sepsis induced an immune response that consists of two distinct
phases, first the “early” hyperinflammatory phase (Systemic Inflammatory Response
Syndrome- SIRS) and then the “late” hypoinflammatory/ immunosuppressive phase
(Compensatory Anti-inflammatory Response Syndrome- CARS) (Bone, 1996). However, the
current theory is that these two changes occur concomitantly (Osuchowski et al, 2006). In
sepsis, the immune response that is initiated by an invading pathogen fails to return to
homeostasis, and therefore culminates in a pathological syndrome characterized by both

immune suppression and sustained excessive inflammation.

Inflammation

A major cause of mortality in acute sepsis is due to the organ dysfunction and tissue injury

caused by excessive inflammation (Wiersinga, 2011; Kawasaki et al, 2014).

Leukocytes are recruited to the site of infection and pro-inflammatory mediators and
cytokines are released to fight infection, such as TNF-a, IL-1B, IL-6, IL-10, IL-12 and IFN-y.
Complement activation occurs to recruit and activate leukocytes, platelets and endothelial
cells by release of activation complexes known as anaphylatoxins. Coagulation and
immunothrombosis are also triggered to activate; a physiological effector of the innate

immune response (Gaertner et al, 2016; Engelmann et al/, 2013). During the infection, the
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Figure 1.1.1 The host response to sepsis. From van der Poll et al (2017).

Figure 1.1.1 describes the immune reaction to sepsis; the orange panels describe the features

of excessive inflammation with features of immune suppression in the green panels. In

excessive inflammation, the complement system, the coagulation system and the vascular

endothelium all undergo sustained activation. Further contributing to the effect of excessive

inflammation, platelets, endothelium, leukocytes and parenchymal cells continue to release

pro-inflammatory mediators in response to sepsis. As previously described, cell injury results
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in the release of DAMPs which further prolong immune activation. This excessive
inflammatory response may be mostly responsible for the early mortality in sepsis due to

multiple organ dysfunction and cardiovascular collapse (van der Poll et al, 2017).

Immunosuppression

The reprogramming of antigen-presenting cells and leukocyte exhaustion results in the host
immune suppression in sepsis. However, a major complication in sepsis research is that most
studies do not have a ‘pre-sepsis’ sample of the patients, therefore the immune function of
the patients prior to infection is unknown. To combat the excessive inflammation, anti-
inflammatory cytokines are released, myeloid-derived suppressor cells (MDSCs) increase,
antigen-presenting cells (APCs) have a reduction in response to PAMPS, and leukocytes
apoptose (Kane et al, 2014; van der Poll et al, 2017). Due to this apoptosis, there is a significant
reduction in circulating lymphocytes, specifically dendritic cells, B cells and T cells (particularly
CD4+ Th1 cells, Th2 cells and Th17 cells, and CD8+ cells) that is strongly associated with sepsis
(Boomer et al, 2011), while the regulatory T cell and myeloid-derived suppressor cell
populations expand which can impede immune responses. Research carried out by Dr.
Michael O’'Dwyer has demonstrated that, following exposure to PAMPs, down regulation of T
helper cell type 1 (Thl), Th1l7 and pro-inflammatory innate pathways in conjunction with
augmented anti- inflammatory regulatory T cell (Treg) pathways occur acutely and are
guantitatively associated with increased mortality in patients with severe sepsis (O’Dwyer et

al, 2006; O’'Dwyer et al, 2008).

Increased levels of MDSCs are found in both sepsis and cancer, which produce arginase-1,
reactive oxygen species, TGF-B, and IL-10 that supress NK- and T-cells thereby supressing

immune function (Schrijver et al, 2019; Gabrilovich et al, 2009; Uhel et al, 2017). Furthermore,
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the antigen-presenting cells undergo reprogramming during sepsis, resulting in the
characteristic reduction in HLA-DR expression in circulating monocytes found. Longbottom et
al (2016) investigated HLA-DR expression in PBMCs from healthy sex- and age-matched
donors (n=7) which were cultured in 30% serum from septic patients (n=7) drawn at a) within
24 hours of sepsis being confirmed, b) 5 days after sepsis confirmed or c) 12 months after
sepsis. When heathy donor cells were cultured with serum from acutely septic patients there
was a marked reduction in HLA-DR expression in healthy CD14+ monocytes, however this
change did not persist when cultured with serum obtained at 12 months. Furthermore, the

addition of GM-CSF was able to reverse this fall in mHLA-DR expression.

T cells, monocytes and macrophages become exhausted, and are less able to produce pro-
inflammatory cytokines (immunoparalysis). This immune deficit can persist in sepsis survivors
even long after the infection has cleared. The reprogramming of these cells during sepsis may

be due to the epigenetic control of gene expression.

The NLRP3 inflammasome

More recently in regards host immune homeostasis, there is growing appreciation of the
role of inflammasomes as critical components of the innate immune system. NLRP3 has
been linked to inflammation mediated by cytokine IL-1B and various autoinflammatory

diseases (Mangan et al, 2018).

NF-kB is a transcription factor which acts as a mediator in the inflammatory response,
regulating parts of both the adaptive and innate immune system, and in addition regulates
inflammasomes (Oeckinghaus et al, 2009). The canonical way of activating NF-kB involves
stimuli from a diverse range of stimulus, including TNF receptors, T- and B-cell receptors, and
PRRs, which requires degradation of ‘nuclear factor of kappa light polypeptide gene enhancer

28



in B-cells inhibitor alpha’ (IkBa). The alternative activation pathway does not involve the
degradation of IkBa, and will respond selectively to specific group of stimuli, such as CD40,
transmembrane protein RANK, and the BAFF receptor (member of the TNF receptor family)
(Sun et al, 2011; Xiao et al, 2001). NF-kB modulates inflammatory T cells through regulating
their effector function, activation, and differentiation (Lawrence, 2009; Tak et al/, 2001). In
addition, NF-kB regulates inflammasome NLRP3 activation by upregulating its transcription,

and regulates cytokine production (Sutterwala et al, 2014).

The NLRP3 inflammasome is composed of NOD-like receptor family pyrin domain containing
3 (NLRP3), pro-caspase 1 and an apoptosis-associated speck (ASC)-like protein (Lebreton et
al, 2018). NLRP3 is activated by a broad range of stimuli, consisting of both PAMPs and
DAMPs, in contrast to most other PRRs. The various stimuli are unrelated, however all
induce cellular stress. DAMPs from external irritants and sterile inflammation, as well as
PAMPs from bacterial, viral and fungal infections, can all activate NLRP3. The upstream
mechanisms regarding NLRP3 activation have not been fully elucidated, but are believed to
include mitochondrial dysfunction, changes in metabolism, calcium ion flux, and potassium

or chloride ion efflux.

The main role of the NLRP3 inflammasome is to produce and mature IL-1B cytokines, which
involves a two-step process consisting of a priming signal and an activation signal. The
priming signal can be induced by the detection of PAMPs or DAMPs through PRRs such as
TLRs or NOD2, or through 1L-B or TNF induced activation of NF-kB (nuclear factor-kB) (Xing
et al, 2017; Bauernfeind et al, 2009; Franchi et al, 2009). The priming signal induces the
upregulation of expression of pro-IL-1B, NLRP3, and caspase 1 (Lebreton et al, 2018;

Swanson et al, 2019). If the priming occurs with LPS interactions with TLR4, then an
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oxidative phosphorylation to glycolysis metabolic shift will occur in macrophages, which will

increase IL-1B gene transcription and stabilise HIF-1a (Tannahill et al, 2013).

The activation signal follows the priming signal, which results in the activation of caspase-1

and the formation of the NLRP3 inflammasome. The mechanisms in which NLRP3 detects

cellular stress and the pathways involved in the inflammasome formation are not fully

elucidated, however the activation of caspase-1 will cleave the pro-1L-1B into the mature

form IL-1B, resulting in its secretion. The pathways involved in the priming and activation of

the NLRP3 inflammasome is summarised in Figure 1.1.2.
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Figure 1.1.2 The pathways involved in priming and activating the NLRP3 inflammasome, from

Swanson et al, 2019.
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Mitochondrial dysfunction is involved in the activation of NLRP3. A by-product of oxidative
phosphorylation is the production of ROS by the mitochondria, and in times of cellular stress
the release of mitochondrial ROS into the cytosol is greatly increased, which in turn will
trigger NLRP3 to activate (Swanson et al, 2019; Cruz et al, 2007). ROS levels can be
downregulated by the transcription factor NRF2 (nuclear factor erythroid 2-related factor 2),
which will therefore inhibit NLRP3 activation (Liu et al, 2017). NRF2 has also been shown to
inhibit NLRP3 inflammation activity by attenuating NF-kB activation and downregulating

NLRP3, caspase-1, and IL-1pB (Li et al, 2008).

Damaged and dysfunctional mitochondria are removed via mitophagy, therefore decreasing
the amount of ROS and regulating NLRP3 activation (Zhou et al, 2011). Furthermore,
oxidative stress can result in mitochondrial DNA (mtDNA) being released into the cytoplasm
from damaged mitochondria, which in turn will act as a DAMP to cause NLRP3 activation

(Zhong et al, 2018; Zhang et al, 2010).

There is increasing evidence that mitochondria may be used as a docking site for NLRP3
inflammasome assembly, due to activated NLRP3 and caspase-1 independently associating
with the mitochondria via the mitochondrial phospholipid cardiolipin (Zhong et al, 2018;
Dudek et al, 2017; Zhou et al, 2011; Subramanian et al, 2013; lyer et al, 2013; Elliott et al,
2018). While cardiolipin is usually found on the inner membrane, in times of cellular stress it
has been shown to migrate to the outer membrane where it can act as a binding site (Dudek

etal, 2017).

There may be a role for glycolysis in NLRP3 inflammasome activation. Sanman et a/ (2016)
found that the NLRP3 inflammasome will be activated, as well as IL-1B production and

pyroptosis, by a disruption of glycolytic flux. This was triggered by a decrease in NADH levels
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and an induction of mitochondrial ROS production. It is difficult to fully elucidate this
however, as LPS-induced IL1B gene transcription is inhibited when glycolysis is inhibited

during NLRP3 priming (Tannabhill et al, 2013).

As discussed, hexokinase mediates phosphorylation of glucose in glycolysis, however
hexokinase will bind with GIcNAc (N-acetylglucosamine) which is a compound released from
degradation of bacterial cell walls during an infection (Wolf et al, 2016). The GIcNAc can
travel into the cytosol via hexokinase binding, where it will then activate the NLRP3

inflammasome (Wolf et al, 2016).

Persistent inflammation, immunosuppression, and catabolism syndrome

Patients with a long ICU stay are susceptible to developing the clinical syndrome “persistent
inflammation, immunosuppression, and catabolism syndrome” (PICS) (Mira et al, 2017;
Hawkins et al, 2018). The cause of PICS is multifaceted; however, the symptoms suggest there
may be involvement of a persistent immune dysfunction (Chang et al, 2015). Once the initial
septic insult has been resolved, patients with PICS still have a higher mortality and morbidity
due to increased risk of secondary infections or viral reactivations (Denstaedt et al, 2018;
Walton et al, 2014). It has been demonstrated that even years after a septic episode patients
can still suffer a persistent immunoparalysis characterised by a reduction in cytokine secretion
and a decrease in monocyte expression of TLR5 (Arens et al 2016). An increased mortality is
apparent when pre-sepsis health is taken into account and the patients have been age-

matched with control individuals (Prescott et al, 2018; Prescott et al, 2016; Ou et al, 2016).

Post-sepsis susceptibility to repeated infections
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Patients who survive the first 30 days following a diagnosis of severe sepsis are 2.7 times more
likely to die during the first year and 2.3 times more likely to die over the subsequent 3 years
than an age, sex and illness matched cohort (Storgaard et al, 2013). Furthermore, this excess
mortality can persist for at least 8 years even when taking into account co-existent illnesses
(Storgaard et al, 2013). Rahmel et a/ (2020) performed a retrospective cohort study on 83,974
sepsis, septic shock, and severe infection hospital survivors from data of a large German
statutory health care insurer and found an increased 5 year mortality post hospital discharge
in these hospital survivors (56.1% septic shock, 62.1% sepsis, 52.4% severe infections)
compared to matched controls without infectious diseases. A cohort study on 87,581 US adult
sepsis survivors on Medicare found that 28% of survivors died within 1 year of hospital

discharge (Courtright et al, 2020).

Animal models of sepsis survivors remain susceptible to repeated infections long after the
acute inflammatory response has been resolved (Benjamin et al, 2003; Deng et al, 2006) and
the most common re-admission within 30 days following septic shock is recurrent infection
(Czaja et al, 2009). DeMerle et al (2017) found that 19% of sepsis readmissions within 90 days
of sepsis were confirmed to be the same infection site and same organism. They hypothesised
that a proportion of sepsis readmissions were due to a recrudescent infection, with half of
readmissions due to new infections at a different site or with a different organism. Shankar-
Hari et al (2020) conducted a systemic review and meta-analysis of 56 non-randomised
studies into sepsis hospital readmissions, and found a mean rehospitalisation rate of 39%
within one years of initial discharge with infection as the most common rehospitalisation

diagnosis, with one- to two-thirds of rehospitalisation diagnoses being sepsis.
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The sepsis-induced immune dysregulation appears to persist even after the initial infection
has been treated. An emerging theory on the pathophysiology of sepsis is that the
inflammation and immune suppression are symptoms of acute cellular reprogramming that
occurs due to the triggering infection, which leads to fundamental changes to the metabolic

and immune processes of cells (van der Poll et al, 2017).
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1.2 Epigenetics in sepsis

Definition of epigenetics

Most simply put, an epigenetic change refers to a change in phenotype without a change in
genotype- a heritable change in gene expression (i.e. active versus inactive genes) which does

not involve changes to the genetic code/underlying DNA sequence (Dupont et al, 2009).

Epigenetics is concerned with the activation vs inactivation of genes and the processes behind
these regulations, whereas epigenomics is concerned with the complete set of epigenetic
modifications (the epigenome). The epigenome is the link between the genome and the
environment, and reflects the overall epigenetic state of the cell. Epigenomics focuses on the
cell or organism by analysing many genes and assessing the series of proteins and compounds

that modify gene expression by attaching to the genome.

Epigenetic changes can be influenced by external factors and are both natural and regular,
and will occur throughout an organism'’s lifetime from a variety of factors such as diet, the
environment, aging, and disease, and this modified gene expression can be inherited via
meiosis and mitosis (Carson et al, 2011). Three known systems that are believed be capable
of sustaining and initiating epigenetic change are DNA methylation (lllingworth et al, 2009),
non-coding RNA-associated gene silencing and histone modification (Ho et al, 2016; Drury et

al, 2017; Egger et al, 2004).
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Histone

tail Epigenetic mark

Figure 1.2.1 The structure of a histone protein; composed of eight subunits with histone tails
and epigenetic marks. Image created using BioRender software.

Epigenetic changes in disease

Epigenetics has been implicated in numerous diseases along with aging. To date, there is
strong evidence of epigenetic dysregulation in several major diseases, and is notably linked

to cancer, both haematological and solid malignancies.

Cancer patients are observed to exhibit different outcomes despite the same cancer stage
and grade. Cancer has a broad and complex aetiology, which varies depending on the type of
cancer, but is believed to be brought on by a combination of hereditary and environmental
influences. The epigenetic theory of cancer was first proposed in 1979 by R Holliday, who

believed they were the cause of tumorigenesis (Holliday, 1979). Since then, evidence has
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continued to grow to support this. Holliday determined the probability of malignant
transformation may be explained by specific methyltransferases, and cancer phenotype can
be reversed to normal if these epigenetic mutations are reversed. Epigenomic changes have
been demonstrated to alter cell function and result in oncogenic transformation (Shen et al,
2013), but multiple different epigenetic events combine to induce tumorigenesis. Epigenetic
heterogeneity can be observed at a cellular level, where different tumour cells demonstrate
a range of different changes from individual to genome-wide genes and histone
modifications, but despite heterogeneity global histone modification patterns were found to
predict the risk of reoccurrence of prostate cancer (Seligson et al, 2005). Hypoacetylation and
hypermethylation of histones, along with methylation of DNA CpG islands, were further
demonstrated to repress tumour suppressor genes (Fahrner et al, 2002). Evidence of the role
of epigenetics in cancer is so compelling that currently six epigenetic drugs are approved for
clinical use in the treatment of cancer by the FDA, and a multitude of clinical trials have
investigated the effects of epigenetic drugs, particularly anti-DNA methylation therapy for

various cancers (Cheng et al, 2019).

DNA methylation has been studied most extensively in cancer, whereas histone modifications
have been investigated in broader areas of diseases. Histone modification have indeed been
investigated in haematological malignancies and solid tumours, but have also been implicated

in many inflammatory diseases (Cheng et al, 2019).

Inflammatory conditions were originally believed to be caused by either innate immune
responses (autoinflammatory) or adaptive immune responses (autoimmune) (Hedrich et al,
2016). However, modern research suggests that inflammatory disorders exist on a spectrum

and will usually involve a combination of autoinflammatory and autoimmune elements
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(Hedrich et al, 2017, McGonagle et al, 2006). Epigenetic modifications have been closely
linked to the pathophysiology of inflammatory/autoimmune diseases, both as factors
determining clinical outcomes and as factors determining predisposition to disease (Surace
et al, 2019). A downregulation in genes coding for histone proteins was observed in patients
with Cryopyrin-Associated Autoinflammatory Syndromes (CAPS) (Aubert et al, 2012), and
when stimulated with IL-1p CAPS patients displayed a large demethylation in monocytes and
macrophage genes IL1B, NLRC5, PYCARD, AIM2, and CASP1 which was then reversed with IL-
1 blocking treatment (Vento-Tormo et al, 2017). NLRP3 was also shown to be regulated by

epigenetic modulator miRNAs which were upregulated in CAPS patients (Poudel et al, 2018).

Epigenetic changes associated with drugs

Not only are there epigenetic changes associated with cancer itself, but chemotherapeutic
drugs have also been associated with epigenetic alterations. Most chemotherapy drugs are
genotoxic, and genotoxic carcinogens are known to cause epigenetic alterations (Pogribny et
al, 2008). A number of chemotherapy drugs were shown to induce DNA hypermethylation in
cell culture, including topoisomerase Il inhibitors and microtubule inhibitors (Nyce et al, 1989;

Nyce et al, 1993).

Chemotherapeutic drugs are able to induce multidrug resistance (MDA), whereby the efficacy
of cancer treatments can be diminished by the expression of the gene MDA1. Upregulation
of MDR1 was demonstrated by epigenetic modifications at the MDR1 locus in response to
chemotherapeutic drugs, specifically increases in H3 acetylation and induction of methylated
H3K4 (Baker et al, 2005). Epigenetics were also demonstrated to underpin tamoxifen-induced

hepatocarcinogenesis, inducing a global DNA hypomethylation, and a decrease in protein
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expression of maintenance DNA methyltransferase DNMT1 and de novo DNA

methyltransferases DNMT3a and DNMT3b (Pogribny et al, 2007).

An autoimmune disease similar to lupus can be triggered by the drugs procainamide (a drug
to treat arrhythmias) and hydralazine (a vasodilator) due to their inhibition of DNA
methylation (Cornacchia et al, 1988). Procainamide inhibited the reaction of DNA
methyltransferase | (Lee et al, 2005), whereas hydralazine influenced the expression of DNA
methyltransferase genes (Arce et al, 2006), both of which result in a genomic

hypomethylation.

Histone modifications

Research herein focuses on the chemical modification of histone proteins. Histone
modification is an important mechanism of influencing gene expression as the re-modelling
of chromatin can facilitate or block polymerases and transcription factors from accessing DNA
promoters (Carson et al, 2011; Schmidt et al, 2017). Histone proteins are octamers composed
of eight subunits, consisting of two copies each of the proteins H2A, H2B, H3 and H4. Each
histone subunit has an N-terminal histone tail and a C-terminal histone fold, and the histone
octamer is created when a double H3 H4 tetramer bonds with two H2A H2B dimers. The
histone tails contain epigenetic marks that can be modified to control the exposure of DNA.

Figure 1.2.1 depicts the components of a histone.

The histone octamers form a series of weak bonds with DNA that can be repositioned, and
the DNA will wrap itself around many histone octamers to form a “beads on a string” nuclear

array. This structure is referred to as chromatin, which can be seen below in Figure 1.2.2
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Chromatin

Histone tail

Epigenetic marks

Figure 1.2.2 The structure of chromatin, showing the DNA (orange) winding around histone
proteins (blue) and epigenetic marks (red, green, purple) on histone tails (From Rusting,
2011).

Cellular DNA is wrapped around these protein complexes called histones, and 'chromatin’
refers to this DNA-histone complex. The presence or absence of epigenetic marks can be
influenced by environmental factors, experiences or inherited. Epigenetic marks are various
chemical groups that can influence the activity level of a gene in a given region by affecting
how tightly the chromatin spools are packed together. Transcriptional regulation takes place
by organizing the gene loci on chromatin into transcriptionally active or silent states. The
epigenetic marks can be modified by various histone modifying enzymes. When the histone
modification results in the unwinding/ loose packing of those spools to result in
transcriptionally active chromatin, the complex is termed euchromatin. An example of this is

acetylation, which can result in an exposed/ active gene (Figure 1.2.3)
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Active gene

Figure 1.2.3 Euchromatin resulting from acetyl group interaction, exposing the gene to
polymerases and transcription factors and thus activating the gene. (From Rusting, 2011).

Conversely, transcriptionally silent chromatin is termed heterochromatin, whereby the spools

are packed tightly together which blocks gene transcription machinery from interacting with

the DNA and therefore gene transcription is inhibited. An example of this is methylation,

which often results in an inactive gene (Figure 1.2.4).
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Figure 1.2.4 Heterochromatin resulting from methyl group interaction whereby chromatin is
structurally organised to keep transcription factors and polymerases away from genes which
are therefore inactivated. (Rusting, 2011.)

Epigenetic alterations observed after sepsis

It is feasible that an acute episode of sepsis will result in epigenetic alterations that impart an
immunological defect and susceptibility to secondary infection (Cross et al, 2019). Animmune
deficit caused by epigenetics would have the capacity to persist far beyond resolution of the
acute infection; and may explain immunosuppression some patients face. In theory,
epigenetic changes could last a lifetime and be passed on to future generations via meiosis.
Epigenomic changes tend to be stable, however there are several known gene loci that display
plasticity due to environmental influences (Joehanes et al, 2016; Sapienza et al, 2016;
Minarovits et al, 2016). Epigenetic alterations may account for the long-term excess mortality
observed in septic patients: Wen et al (2008) found repressive methylation marks for up to 6
weeks following the original infection in murine dendritic cells. LPS-induced tolerance in
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murine monocytes was demonstrated be to caused by histone modification with a global
reduction of H3K4me3 (Foster et al, 2007). LPS-induced tolerance in macrophages resulted in
an increase of the modification H3K9me2 that is associated with gene repression at the
promotor regions of TNFaand IL-1B (Chan et al, 2005; El Gazzar et al, 2009). There is currently
very little human data available to validate the translation of this. Sepsis-induced histone
modification changes were observed in human monocytes for the first time in 2015, in a pilot
study that found enrichment of genes involved in immune function in septic patients (n=2)

compared to healthy donors (n=4) (Weiterer et al, 2015).

Epigenetic modifications of certain genomic regions in host cells may be pathogenically
blunted by the pathogen as a survival advantage (Fol et al, 2020). Following on from this,
several investigations involving animal and in vitro models have sought to identify promising
candidate genes involved in such histone modifications (Chan et al, 2005; El Gazzar et al, 2009;

Lyn-Kew et al, 2010; Klose et al, 2007).

Histone modifying enzymes in sepsis

Several genes of histone modifying enzymes associated with sepsis and bacteraemia were

identified, and are summarised in Table 1.2.1 below:

Table 1.2.1 A summary of the genes of the enzymes involved in histone modifications in sepsis and
bacteraemia.

Enzyme Epigenetic effects Reference(s) Description

ASH1L Histone Xia et al, 2013 Ashll suppressed IL-6 & TNF
methyltransferase production in TLR-triggered
(H3K4; and potentially | Byrd & Shearn, 2003 | macrophages, and enhanced

H3K9, H3K36 & H3K20
Tanaka et al 2011)

Gregory et al, 2007

ubiquitin-editing

enzyme A20,

protecting mice from sepsis and

endotoxic shock. Ashll negatively
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Tanaka et al, 2011

regulates TLR-triggered production of
proinflammatory cytokines by
suppressing NF-kB & MAPK pathways

by acting on the SET domain.

MLL (KMT2A Histone Xiaetal,2013 (MLL1 |Once MLL1 is upregulated by IL-12 it
gene) methyltransferase & MLL4) then regulates the proliferation of Thl
(H3K4) cells. MLLL and MLL4 could
Schaller et al, 2015 upregulate  LPS-  induced IL-6
(MLL1) production. MLL HMTs in general
interact with H3k4- IRAK-M plays
Wang et al, 2012 critical role in mediating macrophage
re-programming during sepsis which
Austenaa et al, 2012 | may be due to regulation of chromatin
remodelling that controls
Lyn-Kew et al, 2010 inflammatory gene transcription,
therefore MLL may play role.
G9a (EHMT2 Histone Chan et al, 2005 G9a acts on H3K9. Chromatin-specific
gene) methyltransferase remodelling by HMGB1 and H1
(H3K9) El Gazzar etal, 2009 |silences pro-inflammatory genes
during endotoxin tolerance. G9a

Merkling et al, 2015

Lehnertz et al, 2010

interaction with RelB leads to

trimethylation of H3K9me3 and
subsequently recruits HP1. HP1+G9a
form a repressive complex at the
promotors of RelB-dependent genes.
G9a deficient drosophila mutants are
more sensitive to RNA virus infection
and succumb faster to infection than
wild type controls, which was
associated with strongly increased Jak-
Stat dependent responses. G9a-
deficient t-helper cells are specifically
impaired in their induction of TH2

lineage-specific cytokines IL-4, IL-5 &
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IL-13 and fail to protect against
infection with the intestinal helminth
Trichuris muris. G9a-deficient Th cells
are characterised by the increased
expression of II-17A, which is
associated with a loss of H3k9me2 at

the IL-17a locus.

DOTI1L

KDM5B

Histone

methyltransferase

Histone

demethylation

Carson et al, 2012
(abstract J Immunol

May 2012 188 121.15)

Superarray analysis of mRNA isolated
from CD117+ hematopoietic stem cells
isolated from animals subjected to an
experimental model of sepsis
identified a distinct set of modulated
mRNAs encoding distinct histone
modifying enzymes including
methyltransferases (Dotll, Prmt8 and
Smyd1) and demethylases (Kdmb5b),
among others. These results indicate
that severe sepsis can modulate the
expression of chromatin modifying

enzymes in hematopoietic stem cells.

Jmjd3 (KDM6B)

Histone
demethylation

(H3K27)

Weiterer et al, 2015

De Santa et al, 2009

Klose et al, 2006

Jmjd3 contributes largely to the
control of gene expression in LPS-
activated macrophages by fine tuning
the transcriptional output of LPS-
activated macrophages in an H3K27
demethylation- independent manner
(De Santa). They found 70% of LPS-
inducible genes were Jmjd3 targets.
Jmjd3 is induced by TF NF-kB in
response to microbial stimuli. Erases
H3K27-me3 (highly associated w/
repressed promotor regions and

lineage determination).
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HDAC3

Histone deacetylation

Chen et al, 2012

Chen et al found that HDAC3-deficient
macrophages were unable to activate
almost half of the inflammatory gene
expression program when stimulated
with LPS. Central role for HDAC3 in
inflammation, and studies building
upon this research testing HDAC
inhibitors as anti-inflammatory agents

backs this up.

HDACS

Histone deacetylation

(H4Ac)

Aung et al, 2006

Lyn-Kew et al 2010

As with HDAC3, LPS regulates pro-
inflammatory gene expression in
macrophages by altering HDAC
expression, and found that HDACS8
(class 1 HDAC, as HDAC1 suppressed
Cox-2 promotor activity) over-
expression in murine macrophages
blocked the ability of LPS to induce
Cox-2 mRNA (Aung).

In general, acetylation is “activating” of genes (pro-transcriptional), however there are certain
gene loci where it has been found to be repressive (Wang et al, 2009; Zhang et al, 2017).
Several genes involved in the inflammatory response are known to be regulated by
acetylation of histones (Ghizzoni et al, 2011; Barnes et al, 2005). Histone deacetylases
(HDACs) and histone acyltransferases (HATs) are the two classes of enzyme that controls the
acetylation of histones. HDACs were discovered in yeast before humans, and the human
HDAC sequence homology with the yeast counterparts allows them to be similarly grouped
into four classes. Most research is conducted on the Class |, Il and IV HDACs, but there is also
the Class Il HDACs which behave a bit differently in that they require NAD+ as a substrate for

lysine deacetylation, as opposed to the other classes that are Zn2+-dependent
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metalloproteases (Hull et al, 2016). In total, there are 18 HDACs found in humans. There are
five groups of HATs, however they all function in the same manner, primarily targeting H3
and H4 lysine residues and use acetyl-CoA as a substrate (Marmorstein et al, 2014). HDACs
and HATs do not only target histones; they are also involved in other cellular processes,

notably cellular metabolism (Hull et al, 2016).

Endothelial permeability in acute lung injury may be partially modulated by a reduction in
histone acetylation that results in an upregulation in adhesion molecules. Murine models of
poly-microbial sepsis that were pretreated with inhibitors of histone deacetylases (HDACi)
found a reduction in the gene expression of ICAM-1 and E-selectin in the lungs (Zhang et al,
2010; Roger et al, 2011). HDACI, such as depsipetide and vorinostat, are also used in cancer
treatment, where they induce apoptosis (via shifting the balance of pro- and anti-apoptotic
proteins in favour of apoptosis) and upregulate the gene p21 which blocks the CDK/cyclin

complex leading to the cell cycle arrest of cancer cells (Kim et al, 2011).

Further, a murine sepsis model found that lung acetylation reduction at the promotors of the
genes Angpl, Tek, and Kdr, which are all paramount in the signalling cascades for vascular
endothelial growth factor and Tie2/Angiopoietin (Bomsztyk et al, 2015). However, this study
was widely criticised for its limitations (Bataille et al, 2015). The three main reasons were
described as follows. Firstly, the controls: mechanical ventilation and anaesthesia was not
used as this was a murine model, and anaesthesia has been demonstrated to induce
epigenetic changes on histones (Zhong et al, 2014). There was also a lack of positive control
in endothelial cells in MODS. Secondly, when studying the epigenome cell type is an important
consideration. A cell-specific approach much be considered when studying sepsis due to the

infiltration of several immune cells into specific organs; different cells types carry different
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epigenetic marks and their changes need to be integrated in order to understand the
epigenetic landscape of the immune system. For example, the paper assesses the marker of
acute kidney injury, neutrophil gelatinase-associated lipocalin (NGAL), but it displayed
different epigenetic marks in the three organs studied. The third criticism applies to the field
broadly, which is that epigenetics are dynamic, and data interpretation relies heavily on the
‘snap-shot’ of the epigenetic landscape at that time, which may be long-term modifications

or fleeting.

Micro RNA (miRNA) are another epigenetic mechanism which have been associated with
endothelial response to sepsis (Goodwin et al, 2015); certain miRNAs are found to reduce the
expression of adhesion molecules (Sun et al, 2012; An et al, 2018; Wang et al, 2018; Gao et
al, 2015), and possibly miRNA play a larger role than histone modification in endothelial

response to sepsis.

Stability of epigenetic alterations

Histone modifications were demonstrated to underlie LPS-induced tolerance in monocytes by
Foster et al (2007), specifically a reduction in H3K4me3. LPS-induced tolerance in
macrophages resulted in increased H3K9me2 at the promotor regions of TNFa and IL-1
(Chan et al, 2005; El Gazzar et al, 2009). LPS induced the expression of the histone modifying
enzyme Jmjd3 through macrophage NF-kB signalling (De Santa et al, 2007; De Santa et al,
2009). LPS exposure can also regulate HAT activity by enhancing the stability of its
transcriptional co-activator CREB-binding protein, a key requirement of NF-kB signalling and
regulation of the inflammatory response- thereby increasing cytokine release and histone
acetylation (Calao et al, 2008; Wei et al, 2017). Similarly, LPS exposure has been shown to

enhance the stability of the HBO1 histone acetyltransferase (Long et al, 2018). LPS exposure

48



can also repress TNFa, NF-kB p65 and IL-1R genes by promoting the HDAC SIRT1 (Liu et al,

2011; Kawahara et al, 2008).

The stability of these epigenetic alterations over time may account for the long-term excess
mortality in septic patients; Wen et a/ (2008) found repressive methylation marks for up to 6
weeks following the original infection in murine dendritic cells, but further human data is
needed to verify the translation of this theory to apply to human patients. Sepsis-induced
histone modifications may contribute to Persistent Inflammation, Immunosuppression, and
Catabolism Syndrome (PICS), particularly the immune dysfunction characterised by increased
apoptosis and leukocyte functional abnormalities (Christou et al, 1995; Mira et al, 2017).
Increased levels of Myeloid-Derived Suppressor Cells (MDSCs) are found in sepsis, which
produce arginase-1, reactive oxygen species, TGF-B, and IL-10 that supress NK- and T-cells
thereby supressing immune function (Schrijver et al, 2019; Gabrilovich et al, 2009; Uhel et al,
2017). Epigenetic mechanisms control MDSCs transcriptional regulators; and may be
responsible for the increase in MDSCs found in sepsis. C/EBP- and Runx1 are transcriptional
factors that promote MDSC proliferation and have been found to be downregulated by
HDAC11 recruitment (Chen et al, 2014); although the effect of sepsis on HDAC11
concentration remains unclear. Again, certain miRNAs have also been found to promote the
increase in MDSCs in sepsis (Fazi et al, 2005; McClure et al, 2014; Tian et al, 2015; Bazzoni et
al, 2009). Epigenetics may also control the other side to immunosuppression- endotoxin

tolerance.

Trained immunity

Trained immunity is possible in innate host defence (Netea et al, 2011). Concentration of

antigen and the type of microbial stimulus both determine the induction of endotoxin
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tolerance and trained immunity (Netea et al, 2016). Trained immunity can persist long-term
and can propagate via progenitor cells (Mitroulis et al, 2018; Kaufmann et al, 2018), and B-
glucan was shown to reverse endotoxin tolerance in monocytes (Novakovic et al, 2016).
Trained immunity was found to epigenetically reprogram monocytes via an increase in the
activating histone modification H3K4me3 at the promotors of TNFaq, IL-1B, IL-6, IFNy and TLR4
(Kleinnijenhuis et al, 2012; Quintin et al, 2013). Distinct epigenetic and metabolic profiles
were observed in LPS-stimulated monocytes via their TLR pathway (immunosuppressive) or
NLR pathway (inflammatory) (Saeed et al, 2014; Cheng et al, 2014). More insight into the
longevity of trained immunity and endotoxin tolerance can therefore be elucidated by a

better understanding of histone modifications.
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1.3 Effects of sepsis on immunometabolism

Genes involved in sepsis and immunometabolism

Several genes are involved in sepsis and immunometabolism. One important gene is
Interleukin-1 receptor-associated kinase 3 (IRAK-3, also known as IRAK-M). IRAK-M-/-
macrophages exhibit modulated expression of histone deacetylase mRNA following sepsis as
compared to wild-type macrophages, suggesting that IRAK-M may direct sepsis-induced
chromatin modifications through modulations of the histone modifying machinery in the cell
(Lyn-Kew K et al, 2010). Hypoxia-inducible factor-1A (HIF-1a) acts on IRAK-M and is a key
regulator on anaerobic glycolysis. It also has importance in processes other than just
metabolism during the functional reprogramming of human monocytes in sepsis when
switching from inflammatory to immunosuppressive states. HIF-1a was upregulated in sepsis

compared to healthy controls in three different data sets analysed by Shalova et al, 2015.

The Eukaryotic Translation Initiation Factor 4E Binding Protein 1 (EIF4AEBP1) gene encodes for
4E-BP1 protein, which along with S6K protein are part of the m-TOR pathway (targets of
mTORC1) that is essential for sepsis survival (Zhou et al, 2010). Inhibition of the mTOR-
pathway in human PBMCs by metformin inhibited the phosphorylation of S6K and 4EBP1
(Shih-Chin et al, 2014) and inhibition of mTOR with metformin, rapamycin or torin-1
decreased the cytokine production induced by C. albicans sepsis and resulted in significantly
diminished survival of mice with sepsis and lower cytokine production by splenocytes
compared to mice not treated with metformin (Inoki et al, 2005). The mTOR-AKT pathway
stimulates glycolysis (Barthel et al 1999), and mTOR-regulated increase in anaerobic glycolysis
was a key metabolic pathway in acute inflammation (Inoki et al, 2005). Mitochondrial PTEN-

induced kinase 1 (PINK1) mediates glycolysis by a regulating the Warburg effect via ROS-
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dependent stabilization of HIF1a (Agnihotri et al, 2016). The ubiquitin E3 ligase “Parkin” also
regulates the cellular metabolism and the glycolysis pathway, by interacting with Pyruvate

Kinase M2 to increase glucose starvation (Kun Liu et al, 2016).
Immunometabolic changes from infection

Broad defects in oxidative phosphorylation and glycolysis appear to underlie
immunosuppression in sepsis (Cheng S et al, 2016). Both hyper- and hypo-inflammatory
phases result in major shifts away from basal homeostasis. The phenotypic phase shifts of
immune cells may in fact follow on from key metabolic shifts. When host defence is triggered

an early shift from oxidative phosphorylation to anaerobic glycolysis occurs.
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Figure 1.3.1 When a monocyte faces and immune challenge more energy is required, and a
shift from oxidative phosphorylation is observed when the monocyte becomes activated.
Image created using Biorender software.

52



More energy is required of the immune cells in order to defend against an immune challenge.
Figure 1.3.1 depicts a monocyte’s increased energy requirement in order to activate against
the infection, and a shift from oxidative phosphorylation to glycolysis occurs. Metabolic
activation results in an increase in glycolysis, glucose uptake, GLUT1, lactate, and synthesis of
nucleotides, lipids and protein. Septic patients presenting with immunoparalysis displayed

defects in both glycolysis and oxidative metabolism (Cheng S et al, 2016).

Glycolysis provides a major source of ATP for innate immune cells during periods of extreme
cellular stress, such as in the early phase of sepsis. Whilst oxidative phosphorylation is highly
efficient in ATP generation (more so than glycolysis), glycolysis is a far more rapid way to

generate ATP and meet the cells’ demand quickly in times of extreme stress.

Fatty acid transportation in sepsis

The CPT1 mitochondrial enzyme is responsible for fatty acid transportation. Immunoblot
analysis of monocytes showed diminished activation of CPT1 in patients during sepsis, while
these effects were reversed once patients recovered (Shih-Chin et al, 2014). Etomoxir is a
widely used inhibitor of CPT1a, and therefore inhibitor of fatty acid oxidation, however the
usefulness of this inhibitor is debatable. Acute production of Reactive Oxygen Species and
evidence of severe oxidative stress was observed in T cells when exposed to concentrations
above 5uM of Etomoxir, and as well as concerns with cellular redox and oxidative metabolism
this demonstrates that Etomoxir lacks CTP1a specificity at these concentrations (O’Connor et

al, 2018).
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The NLRP3 (NOD-, LRR- and pyrin domain-containing protein 3) inflammasome was found to
be activated by free fatty acids and the saturated fatty acid palmitate (Wen et al, 2011; Moon
et al, 2015; Moon et al, 2016). Palmitate supresses AMPK (anti-inflammatory AMP-activated
protein kinase) activation, which is a mediator of fatty acid metabolism that acts by
suppressing inflammation through minimising ROS production and activating autophagy (Li et
al, 2009). The suppression of AMPK by palmitate therefore increases ROS production and

activates NLRP3.

Oxidative phosphorylation

Energy in the form of adenosine triphosphate (ATP) is required by cells to perform a multitude
of processes, including the cellular response to infection. Two ways that cells can generate

ATP is through the metabolic pathways of oxidative phosphorylation and glycolysis.

Within eukaryotic mitochondria, a major source of ATP is generated through the oxidative
phosphorylation pathway utilising a mitochondrial proton gradient. Nutrients are oxidised
using enzymes via the oxidative phosphorylation pathway in order to produce ATP as a result
of the transfer of electrons from NADH or FADH 2 to oxygen by a series of electron carriers
(Berg JM, 2002). The mitochondrial membrane contains protein complexes that pump out
protons into the mitochondrial matrix. Electron flow from NADH or FADH; to O through these
protein complexes results in the protons being pumped out of the matrix. This results in a
change in pH gradient and transmembrane electrical potential, which in turn draw the
protons back into the matrix through an enzyme complex called ATP synthase, generating ATP
(Figure 1.3.2). The ATP synthase uses a phosphorylation reaction to turn adenosine

diphosphate (ADP) into adenosine triphosphate (ATP).
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Figure 1.3.2 Process of oxidative phosphorylation. Oxidation and ATP synthesis are coupled
by transmembrane proton fluxes. Image from Berg JM, 2002.

Glycolysis

The glycolysis pathway in eukaryotes is anaerobic and independent of oxygen; and occurs in
the cytosol. Glycolysis converts glucose into pyruvate, pyruvic acid, and a proton. The

resultant energy is than used to form ATP and NADH (Berg JM, 2002).

Glycolysis requires ATP in order to then form more ATP. It can be divided into three stages;
destabilisation of glucose, cleavage of 6-carbon fructose, and finally generation of ATP (Figure

1.3.3).
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Figure 1.3.3 Process of glycolysis. Image from Berg JM, 2002.

In the first stage, ATP is required by hexokinase in order to phosphorylate glucose in the cell
to form glucose 6-phosphate. In the second stage, fructose 6-phosphate is formed from the
isomerisation of glucose 6-phosphate by phosphoglucose isomerase. ATP is then required to
phosphorylate the fructose 6-phosphate and create fructose 1,6-bisphosphate by
phosphofructokinase. The fructose 1,6-bisphosphate is then cleaved into glyceraldehyde 3-
phosphate and dihydroxyacetone phosphate by aldolase. The dihydroxyacetone phosphate is
not in the direct glycolysis pathway; but can be converted into glyceraldehyde 3-phosphate
by triose phosphate isomerase. In the final stage, glyceraldehyde 3-phosphate is converted
into 1,3-bisphosphoglycerate by glyceraldehyde 3-phosphate dehydrogenase. One of the
phosphoryl groups of 1,3-bisphosphoglycerate is then transferred to ADP to create ATP and
3-phosphoglycerate catalysed by phosphoglycerate kinase. So far, the ATP generated has
made up for the ATP used in the glycolytic pathway. Finally, 3-phosphoglycerate is converted

into pyruvate with the concomitant conversion of ADP into ATP (Berg JM, 2002).
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1.4 Treatment-specific factors that may influence outcomes of sepsis

Many of the therapeutics used to facilitate organ support may have important actions
themselves on not yet fully understood pathways that may influence the outcomes of
sepsis. The effects of the sedative propofol and the neuromuscular blocking agent

Rocuronium in sepsis were examined in this thesis.

Propofol in general anaesthesia

Ventilatory support is required in 85% of all septic patients (Wheeler et al, 1999). Sedation is
mandatory where intubation and mechanical ventilation are required (Hogarth et al, 2004),
which makes up 55-70% of septic patients in intensive care (Rivers et al, 2001). Historically a
combination of opioids and benzodiazepines were administered in general anaesthesia in the
intensive care unit, but their long delays in patient wake up time lead to a shift towards
propofol use, which remains the standard sedation agent to this day (Patel et al, 2012; Jakob
et al, 2012). Propofol is sedative, anxiolytic, and an anticonvulsant (Kotani et al, 2008).The
advantages of propofol over other sedative agents are that propofol has a rapid onset of
action, rapid elimination and thus shorter patient wake up times, and improved patient

comfort (decreased postoperative nausea and vomiting) (Byrne et al, 2008).

Propofol mechanism of action

Propofol is a GABA receptor agonist that is administered intravenously and acts as a blocking
nervous system (Royse et al, 2008). Anaesthetic agents have broad effects on the immune

system (Kurosawa et al, 2008), but their specific mechanisms are not fully understood.
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Anti-inflammatory effects of Propofol

Propofol is known to have antioxidant and anti-inflammatory effects (Runzer et al, 2002;
Murphy et al, 1992; Chen et al, 2002). Propofol has been demonstrated to encourage
oxidative phosphorylation in LPS-activated macrophages, and inhibits NADPH which in turn
inhibits the overproduction of ROS and therefore ROS-mediated GLUT1 expression (Zeng et
al, 2021). In comparison to sevoflurane, Propofol increased anti-inflammatory cytokine levels
in serum (IL-6, IL-8, IL-10) in a study on craniotomy (Markovic-Bozic et al, 2016), and
proinflammatory cytokine levels were reduced by Propofol in a study on myocardial ischemia
reperfusion (Corcoran et al, 2004). It is not only cytokines that Propofol affects; studies have
also found it attenuates the inflammatory response in both an animal model of renal
ischemia/reperfusion injury by blocking formyl peptide receptor 1 (Yang et al, 2013) and a
human study of robot-assisted laparoscopic radical prostatectomy that found a serum
cytokine levels were attenuated in patients who had received propofol infusion (Roh et al,

2019).

Propofol-induced immunosuppression

Propofol impairs neutrophil function and locomotion (O’Donnell et al, 1992; Skoutelis et al,
1994; Jensen et al, 1993), attenuate TNF-a, IL-6 and NO expression in canine PBMCs (Pei and
Wang, 2012), and inhibits bacterial clearance via propofol’s intralipid solvent (Koch et al,
2002). Patients who have undergone surgery can display a perioperative immunosuppression
due to neuroendocrine stress. The surgical stress is caused by the activation of the
hypothalamic-pituitary-adrenal (HPA) axis as well as activation of the autonomic nervous
system, which cause the release of hormones that can inhibit immune function (Kennedy et

al, 1999). Further contributing to the perioperative immunosuppression are the interventions
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involved in stabilising the patients under general anaesthesia, such as pain management,
management of hypothermia and hypoglycaemia, and the anaesthetics themselves
(Schneemilch et al, 2004). Several studies suggest that the inflammatory response can be
impaired by anaesthetic agents (Kurosawa et al, 2008; Colucci et al, 2013; Schneemilch et al,
2004), and that they may directly affect immune cell function (Schneemilch et al, 2004; Amin
et al, 2011; Colucci et al, 2011). However, propofol has also demonstrated protective effects
on endothelial cell permeability when exposed to LPS and reduced LPS-induced iNOS and NF-
kB protein levels (Gao et al, 2006), and reduces TNF-q, IL-1B, IL-6, and nitric oxide synthesis
via NO synthase downregulation in LPS-activated macrophages (Chen et al, 2003; Chen et al,

2005).

The effect of Propofol in sepsis

There are several studies into propofol’'s effects on sepsis. Propofol can have anti-
inflammatory effects by competitively blocking formyl peptide receptor 1 (FPR1) in human
neutrophils which is required for human neutrophil activation, and reduces neutrophil
chemotaxis (Yang et al, 2013). In contrast to the sterile animal surgical model noted previously
(Yang et al, 2013), propofol was found to increase mortality and morbidity in an animal model
of sepsis (Schlapfer et al, 2015). The authors speculated that the reason propofol had such an
adverse effect in this context may be due the concentration of endotoxin in the plasma,
resulting in a hypotension that did not respond to fluid resuscitation (Schlapfer et al, 2015).
In @ murine model of bloodstream MRSA, propofol increased populations of myeloid-derived
suppressor cells (MDSCs); a lineage of immune cells originating from bone marrow stem cells
(Visvabharathy et al, 2017). A retrospective cohort study on septic patients admitted to two

academic centre ICUs from 2013 to 2017 found that propofol (n=64) was more likely to result
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in hypotension than dexmedetomidine (n = 31), which can lead to organ failure (Benken et al,

2019).

Rocuronium neuromuscular blockade in general anaesthesia

Rocuronium bromide is widely used in general anaesthesia as a non-depolarising
neuromuscular blocking agent (Brull et al, 2017). It is used in both intubation and surgical
procedures routinely in the intensive care unit, and the World Health Organisation estimates
that globally each year around 187 million surgeries using general anaesthetics are carried
out (Weiser et al, 2008). Approximately 80% of patients undergoing general anaesthesia will
receive neuromuscular blocking agents with 50% receiving reversal agents (Ball L, 2017).
Rocuronium functions as an aminosteroid, and acts on acetylcholine (ACh) and nicotinic
acetylcholine (nAChR) receptors on the synapse in the nicotinic neuromuscular junction

(zhang et al, 2014). It has a rapid onset and is reversible.

Anaesthetic management of septic patients frequently require neuromuscular blockade to
assist in tracheal intubation (Niiya et al, 2006). Septic patients who received neuromuscular
blocking agents had a 4.3% reduction in their in-hospital mortality rates in an epidemiologic
cohort study of 39 US hospitals (Steingrub et al, 2014). The 2014 Surviving Sepsis Campaign
suggested neuromuscular blocking agents may be beneficial in sepsis induced ARDS if
administered within 48hours (Rhodes et al, 2017). However, septic shock patients have an
increased risk of critical illness polyneuropathy when exposed to neuromuscular blocking

agents (Price et al, 2012; Garnacho-Montero et al, 2001).
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Reversal agents of neuromuscular blockade

Two commonly used reversal agents for neuromuscular blockade are Neostigmine
Sugammadex. Sugammadex, developed specifically for Rocuronium and Vecuronium
anaesthesia, is a modified g-cyclodextrin that will provide a rapid and effective reversal of the
neuromuscular blockade (Bom et al, 2002; Epemolu et al, 2003; Zhang, 2003; Suy et al, 2007).
It works by encapsulating the Rocuronium or Vecuronium, and literature to date has not
found a direct interaction between Sugammadex and the cells themselves (Bhaskar, 2013;
Lee et al, 2009; Gijsenbergh et al, 2005; Nicholson et al, 2007). It is currently the closest drug
to a reversal agent ideal: efficient, fast onset, longer half life than the neuromuscular blocking
agents themselves, can work during both mild and intense neuromuscular blockade, and
should be free from side effects (Hemmerling et al, 2010). Sugammadex will act in a dose-
response relationship for the reversal of Rocuronium and Vecuronium neuromuscular
blockade in both Sevoflurane and Propofol general anaesthesia (Piihringer et al, 2010).
Sugammadex was found to have a lower incidence of major pulmonary complications than
Neostigmine (Kheterpal et al, 2020) and is a faster-acting and more reliable antagonist

(Kopman, 2010).

Pulmonary complications in neuromuscular blockade

Despite their widespread use, patients who have received neuromuscular blocking agents
have an increased risk of hospital readmission within 30 days due to pulmonary
complications. After wound infection, pulmonary complications are the next most common
complication in postoperative patients (Dimick et al, 2004; Khuri et al, 2005) and are common
in high-risk surgical groups (Serpa Neto et al, 2014). Neuromuscular blocking agents are

associated with postoperative respiratory complications such as atelectasis, respiratory
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failure, post-extubation hypoxia and negative pressure-induced pulmonary edema (Kafer et
al, 1997; Kumar et al, 2012; Murphy et al, 2010). This could be due to the neuromuscular
blockade persisting after patient arousal from the general anaesthesia, as a persisting low
level paralysis could result in the inability to cough, difficulty swallowing, or if atelectasis
formed from anaesthesia it may disrupt ventilatory muscle contraction (Farhan et al, 2014).
Due to the nature of the treatments, most research into the postoperative pulmonary
complications resulting from neuromuscular blockade are registry-based retroactive studies
(McLean etal, 2015), and furthermore there may be a selection bias in the literature regarding
pulmonary complications specifically as this is what patients are expected to return to

hospital with. Therefore, evidence is currently lacking.

Immune cell expression of acetylcholine receptors

Immune cells, including T cells, B cells, macrophages, and dendritic cells, are also known to
express cholinergic components such as muscarinic and nicotinic acetylcholine receptors
(Fujii et al, 2017). These immune cells express all of the muscarinic acetylcholine receptors
(mAChR) M1-M5 and several nicotinic acetylcholine receptors such as nAChR a7 (Grando et
al, 2015; Kawashima et al, 2019). The study into mAChR and nAChR gene-knockout mice by
Fujii et al (2017) suggests that a functioning immune system is partially modulated by the
immune cell cholinergic system, in that Ach synthesis and ChAT mRNA expression is
upregulated via CD3- and T-cell receptor mediated pathways. They found that less TNF-a and
IL-6 was produced in M1/M5 knockout mice, whereas more TNF-a and IL-6 was produced in

nAChR a7 knockout mice.
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Hypothesis of this thesis

The overarching hypothesis of this project is that there are persisting epigenetic and
immunometabolic changes in leukocytes following sepsis, which contribute to the long-term

immune defects in patients.
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Chapter 2: Methods

2.1 General research plan

2.1.1 Study design and patient recruitment.

The study design is analytic observational, encompassing a long term follow up of blood
culture positive bacteraemia patients. Patient recruitment commenced in 2014 and ended
May 2017, and the blood culture results were available in real-time at a work station in the
intensive care and anaesthesia research department of The Royal London Hospital. The
patients all had confirmed bacteraemia and the first blood sample was taken from
patients within 24 hours of a blood culture positive result. Patients (n=69) with positive blood
cultures underwent blood sampling within 24 hours of blood culture result, 4-10 days later
and 6-12 months following hospital discharge at a routine outpatient follow-up
appointment. The 24 hour samples was chosen as it is an acute sepsis rection, where the
patients are actively fighting an infection. The 4-10 day sample was chosen because the
patients had by then cleared the infection from their system, but were still hospitalised. By
this time their immune system may be fatigued from fighting sepsis for so many days. The
final sample, 6-12 months, was drawn when patients had been discharged from hospital for

several months and are considered ‘recovered’ from sepsis.

Healthy volunteers served as a comparator group (n=37). Clinical and demographic features
are shown in Table 2.1.1 below. The median age of the volunteer group was 41 and 22 (60%)

were male.

65



Table 2.1.1 Demographic and clinical features of the patient cohort. Numbers refer to median
with full range in parenthesis, or absolute count and percentages.

n=69
Age | 59 (19-92)
Male sex | 41 (59%)
Level of care | Intensive care: 23 (33.3%)
General ward: 46 (66.6%)
SOFA score day 0 (ICU cohort) | 6.4 (2-13)
Gram -ve infection | 37 (53.6%)
Gram +ve infection | 31 (44.9%)
Fungal infection | 1(1.4%)

CONSORT Flow Diagram- healthy cohort

Enrolment ] Assessed for eligibility (n=42)

Consent agreement

(n=42) R

Excluded (n=5)
+ Not meeting inclusion criteria (n=5)

Enrolled (n=37)

Analysed L AnalySIS ]

N=37 Healthy volunteers
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CONSORT Flow Diagram- full septic cohort

Enrolment ]

Assessed for eligibility (n=73)

Excluded (n=4)

\ 4

Consent agreement
(n=73)

\ 4

+ Not meeting inclusion criteria (n=3)

+ Declined to participate (n=1)

Enrolled (n=69)

v (

Acute sepsis samples taken (<24 hours L
post blood culture positive) (n=69)

Allocation }

Re-consent for
patients unable to _—
consent on admission

¥ [ Follow-Up ]

Late sepsis samples taken (6-10 days post
blood culture positive) (n=47)

Lost to follow-up (n=22) (discharged
before sample taken (n=16), patient death
(n=2), declined sampling (n=4))

v [ Follow-Up ]

Recovery samples taken 6-12 months post
hospital discharge (n=30)

Lost to follow-up (n=39) (patient death
(n=17), declined sampling (n=3), lost
contact (n=19N

A 4 ( Analysis ]

Analysed
+ Acute sepsis samples (n=69)

+ Late sepsis samples (n=47)

+ Recovered samples (n=27) (Three
excluded due to no longer meeting
inclusion criteria)
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Blood samples are obtained at three different time points for each patient, and these
samples include peripheral blood mononuclear cells (PBMCs) isolated using Ficoll-Paque

density gradient centrifugation, a total RNA blood tube, and a serum sample.

65 patients were recruited prior to this PhD research in 2016, and samples were taken by
medical staff at the Royal London Hospital and stored. The subsequent patients were
recruited when this research commenced, and samples were processed by myself. PBMCs
were previously frozen in PBS 2% FBS, but since this research began, | froze the subsequent
PBMCs in FBS 10% DMSO to protect the integrity of the cells. Patient eligibility screening,

consent, and phlebotomy was performed by medical staff at the Royal London Hospital.

Patients recruited prior to 2016 also had a citrated plasma sample taken, which was replaced
in 2016 by an additional tube for PBMC extraction. Samples are kept in a -80°C freezer for
long term storage. Patients were clinically phenotyped by information recorded in their
comprehensive case report forms (CRF), which includes data relating to functional status

following hospital discharge and acquired infectious episodes.

2.1.2 Ethics

The project was granted ethical approval by the NRES Committee London (REC
reference: 13/L0O/0363, IRAS project ID 123422) prior to the study commencing.
Informed, written patient consent was sought before any bloods were drawn and
patients were free to withdraw from the study at any point. For patients unable to
consent, consent from next of kin was sought and re-consent took place when
patients were able to consent. For any patients who withdrew consent, any data and

samples were destroyed. Informed verbal consent was sought before any bloods
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were drawn from healthy volunteers, recruited via word of mouth, who were also

covered under the project ethics. No animal experiments were carried out.

2.1.3 Patient inclusion and exclusion criteria

Patients over 18 years old were eligible for consideration for inclusion to this study, and in
order to avoid recruiting patients with long preceding hospital admissions and resultant
confounding epigenetic stressors, patients were excluded if they had spent more than 48
hours in the hospital prior to the positive blood culture being drawn. Patients with a known
history of immunosuppression, cancer, chemotherapy/radiotherapy, or those who had
received immunosuppressive medications in the prior six months were excluded from

the study.

Thirty-seven healthy volunteers served as a comparator group to the bacteraemia patients.
The volunteers were all physically healthy and had not had bacteraemia in the past,
had no known acute or chronic illnesses including immunodeficiency, and had not

taken immunosuppressive medication within the six months prior.

2.1.4 Blood sampling, processing, and storage.

As previously described, patients with positive blood cultures for bacteraemia underwent
blood sampling within 24 hours of blood culture result, 4-10 days later and 6-12 months
following hospital discharge. A healthy volunteer group served as a comparator group.
Venous bloods were drawn into two 10ml vacutainer EDTA tubes (BD Biosciences), one 7ml
PAXGene Blood RNA tube (PreAnalytix, Germany) and one 4.5ml serum separator tube (BD
SST Il Advance, BD Biosciences), inverted to mix, and then walked at room temperature back

to The William Harvey Research Institute where they were processed immediately.
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Whole blood was drawn from each of the patients and volunteers into 7ml PAXGene Blood
RNA Tubes (PreAnalytix, Germany), which were then inverted 10 times and left to stand at
room temperature for 2 hours to lyse the blood cells. The blood was stored for future use by
being frozen in a -20°C freezer for 24 hours then transferred to a -80°C freezer for long term

storage.

Peripheral Blood Mononuclear Cells (PBMCs) were isolated via Ficoll-Paque density
gradient centrifugation; each 10ml EDTA tube of blood was diluted with 20ml sterile PBS and
carefully and slowly run over 15ml of Ficoll-Paque Plus solution (GE Healthcare Biosciences,
USA) in a 50ml Falcon tube (Corning, USA) to form a layer. The blood was then spun at 400g
for 30 minutes at room temperature with the brake off in a Heraeus Megafuge 1.0R (Thermo

Scientific, USA).

Meanwhile, the gold top serum tube was also processed by being left upright on the
benchtop at room temperature to clot (approximately 30 minutes), and then spun in an
ALC PK 120 centrifuge (ALC International, Italy) at 1000g for 10 minutes. The top layer
(serum) was then pipetted into a 1.8ml cryogenic vial (Thermo Fisher Scientific, USA) after
being passed through a syringe attached to a sterile Acrodisc 32mm Syringe Filter with 1.2um
Supor Membrane (PALL Life Sciences, cat no.4656). The serum was then transferred
immediately to the -20°C freezer and then two hours later transferred to the -80°C freezer

for long-term storage. The serum cannot be thawed and refrozen for subsequent uses.
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Figure 2.1.1 Ficoll-Paque blood separation before (left) and after centrifugation (right).

The Ficoll-Paque blood tube should come out layered. The top layer (diluted plasma) was
aspirated to leave the mononuclear cell layer undisturbed at the interface, and this cell
layer was then pipetted out and transferred to a 15ml conical tube (Corning) and washed
twice with PBS, spun at 300g for 10 minutes (Heraeus Megafuge 1.0R, Thermo Scientific) at
room temperature. Cells were then re-suspended in 500ul PBS and counted on a

haemocytometer using trypan blue (cat no. T8154, Sigma Aldrich, USA).

For culture, PBMCs are grown in RPMI with 10% serum (unless otherwise stated) in an
incubator at 37°C at 5% CO,. For storage, the PBMCs were gradually resuspended in 1ml of
FBS 10% DMSO, then put into a Nalgene Mr Frosty Freezing container (Sigma Aldrich, USA)
filled with isopropyl alcohol that was immediately transferred to the -80°C freezer overnight

for a 1°C/min cooling rate. They were then kept in the -80°C freezer for long term storage.
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2.1.5 Cell culture of THP1 and HL-60 cell lines

HL-60, THP1 and THP1 NLRP3-/- (all purchased from InvivoGen) are immortalised cell lines
that were used as a model alongside PBMCs. HL-60s are promyeloblasts isolated from
peripheral blood from a 36-year-old woman who had acute promyelocytic leukaemia. THP1s
were derived from peripheral blood from a one-year-old male acute monocytic leukaemia
patient. THP1 Null and THP1 NLRP3-/- lines can be used to study the impact of the NLRP3-/-
inflammasome. THP1 Null cells are derived from THP1 human monocytic cells and express
high levels of NLRP3, ASC and pro-caspase 1 as a positive control to THP1 NLRP3-/- cells which
lack NLRP3, ASC and pro-caspase 1. The NLRP3-/- cells were generated from the human
monocytic THP1-Null cell line (via CRISPR by the manufacturer) through the deletion of the N-

terminal region of the NLRP3 gene- only an inactive NLRP3 C-terminal fragment is expressed.

These lines proliferate continuously in suspension culture, and are beneficial when running
experiments that require several days of culture (used here in challenge and recovery
experiments). They also help to validate findings as each type of cell line is of the same

lineage.

THP1 Null, THP1 NLRP3-/- and HL-60 cells were incubated in 75cm?3 tissue flasks in RPMI 1640
supplemented with 10% foetal bovine serum (FBS) at a concentration of <1x10° cells/mL. For
drug administration, cells were plated into cell culture plates as required. Cells were not
treated with antibiotics, and all cell culture work was performed under sterile conditions. Cells
would be terminated if they got to passage 21 as they begin to degrade, but experiments
were performed starting on young cells thawed at passage 7. Cell viability was assessed using

a haemocytometer with Trypan Blue, viability was typically 85%+.
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2.2 Cytometric Bead Array

2.2.1 Theory

The Cytometric Bead Array methodology is a multiplexed bead-based immunoassay that can
measure a variety of proteins both soluble and intracellular, such as cytokines, chemokines
and growth factors. They use the same basic principle as sandwich immunoassays and allow
proteins to be quantified via flow cytometry to provide a higher sensitivity and broader

dynamic range than the ELISA methodology.

Streptavidin-PE

conjugate
Antigen
Biotinylated
\ secondary
antibody

Capture
antibody

Figure 2.2.1 Binding of antibodies and analytes to beads in Cytometric Bead Array

Size and internal fluorescence intensities differentiate the beads. Two sizes of beads are
utilised in the LEGENDplex Human Th Cytokine Panel 13-plex by Biolegend, CA (cat no.
740001) which was used in this research. The two sizes of beads are the smaller “Beads A”

and larger “Beads B”. Each of these beads acts as a capture for analytes of interest by being
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conjugated with the antibody specific to that analyte. The different bead sizes capture
different analytes of interest. When the beads are added to a sample containing analytes of
interest, the analytes will bind to their specific capture beads during an incubation period.
Then, a biotinylated detection antibody cocktail can be added after washing the beads, which
will bind to the analytes specific to each antibody in the cocktail. This forms the capture bead-
analyte-detection antibody sandwiches, which can then be detected by the additional of
streptavidin-phycoerythrin (SA-PE) which will provide fluorescent signals when bound to the
biotinylated detection antibodies. The intensity of the fluorescent signals are proportional to
the amount of bound analytes. These fluorescent signals can then be read on a flow
cytometer, and from there first the bead size and then the internal fluorescence intensities
can be segregated so that the PE fluorescent signal of each analyte-specific population can be
read. A standard curve can then be generated in order to determine the concentration of

each analyte.

2.2.2 Assay preparation and procedure

The flow cytometry-compatible multiplex LEGENDplex Human Th Cytokine Panel 13-plex by
Biolegend, CA (cat no. 740001) was utilised for quantification of 13 cytokines; IL-2, IL-4, IL-5,
IL-6, IL-9, IL-10, IL-13, IL-17A, IL-17F, IL-21, IL-22, IFN-gamma and TNF-alpha. These cytokines
are released by T helper cells to regulate the immune response and stimulate effector cells
such at macrophages, cytotoxic T cells and B cells. IL-18 was not included- this was an
oversight- it should have been in the panel due to its relationship with the NLRP3

inflammasome.

Cell supernatants were harvested as previously described and centrifuged (Labnet Prism™ R

Refrigerated Microcentrifuge, Labnet International, USA) to remove debris, and then
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aliquoted at 100l each in 1.5ml microcentrifuge tubes (Starlab, UK) for freezing and storage
at -80°C until cytokine quantification was carried out. This prevented multiple freeze-thaw

cycles. Sample dilution was not required for the cell culture supernatants.

The standard was prepared by reconstituting the lyophilized Human Th Cytokine Standard
Cocktail in 250ul assay buffer and performing six 1:4 serial dilutions, where the top undiluted
sample “C7” has a concentration of 10,000 pg/ml for each analyte in the panel, and a final
standard of only assay buffer “C0” was used for a 0 pg/ml standard. Serial dilutions were

performed as in Table 2.2 below:

Table 2.2.1 Serial dilution plan from the Biolegend LEGENDplex Human Th Cytokine Panel
manual.

Tube Serial dilution Assay buffer Standard added Final
added (ul) concentration of
standard (pg/ml)
Cc7 N/A N/A N/A 10,000
C6 1:4 75 25ul of C7 2,500
C5 1:16 75 25ul of C6 625
C4 1:64 75 25ul of C5 156.3
C3 1:256 75 25ul of C4 39.1
C2 1:1024 75 25ul of C3 9.8
C1 1:4096 75 25ul of C2 2.4
Co N/A 75 N/A 0

Wash buffer was prepared by diluting 25ml of the supplied 20X Wash Buffer with 475ml of
deionized water. The assays were performed in polypropylene V-bottom microplates.
Samples were run in duplicate and arranged as per plate map below (Table 2.2.2), with an
additional two CO (G11 and 12) and C7 (H11 and 12) standards used for set up on the flow

cytometer.
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Table 2.2.2 Plate map for samples run in cytometric bead array

Plate map
1 2 3 4 5 6 7 8 9 10 11 12

A | C7 | C7 | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample
1 1 9 9 17 17 25 25 33 33

B | C6 | C6 | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample
2 2 10 10 18 18 26 26 34 34

C | C5 | C5 | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample
3 3 11 11 19 19 27 27 35 35

D | C4 | C4 | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample
4 4 12 12 20 20 28 28 36 36

E C3 | C3 | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample
5 5 13 13 21 21 29 29 37 37

F C2 | C2 | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample
6 6 14 14 22 22 30 30 38 38

G | C1 | C1 | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | CO co
7 7 15 15 23 23 31 31

H | CO | CO | Sample | Sample | Sample | Sample | Sample | Sample | Sample | Sample | C7 c7
8 8 16 16 24 24 32 32

First 25ul of assay buffer was added to all wells, and then 25ul of either standard or sample
was added to the appropriate wells. For each well, the mixed beads were vortexed thoroughly
to resuspend before 25ul was added and mixed by pipetting into the well. Finally, 25ul of
detection antibodies were added to each well so that the volume of each well now totals

100pl.

Alid was put on the plate and it was covered in aluminium foil and shaken at 600rcf on a plate
shaker for 2 hours at room temperature (max speed to mix without spilling the contents of
the wells). Then, 25ul SA-PE was added directly into each well without washing the plate, then
the plate was re-covered in aluminium foil and set back on the 600rcf plate shaker for a
further 30 minutes at room temperature. The plate was then centrifuged (IEC Centra GP8R,
Thermo Fisher Scientific) at 1000g for 5 minutes and the supernatant was removed using a
multichannel pipette. The beads were resuspended by pipetting up and down in 200ul of

prepared 1X wash buffer in each well, and then centrifuged again at 1000g for 5 minutes.
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Supernatants were removed, then the beads resuspended in a fresh 200ul of 1X wash buffer
per well, and transferred to labelled 1.2ml polypropylene microtubes (TN0946-01R National

Scientific Supply Company, Thermo Fisher Scientific) for flow cytometry.

2.2.3 Flow cytometry data acquisition

Samples were read on a BD LSR Fortessa (BD Biosciences, USA) immediately after being
transferred to the microtubes. The Fortessa used FACSDiva™ software and the PE channel
was used for reporter and the APC channel was used for bead classification, and so
compensation between these channels was not required. The additional C7 was used to set
up the PE voltage settings, and the CO was useful for APC voltage settings. After initial set up,

the document was saved as a template for subsequent Cytometric Bead Array experiments.

Beads were gated by creating a dot plot with the x-axis of FSC (forward scatter) and the y-axis
of SSC (side scatter) in linear mode, then two gates were created and labelled as “Beads A”
and “Beads B”. Then, for each gating of Beads A and B, a dot plot with the x-axis of PE and the
y-axis of APC in log mode was created, along with an additional plot of x-axis of FITC and y-

axis of APC in log mode gated on both Beads A and B.
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Figure 2.2.3 Images from CBA experiment set up. FSC vs SSC divides beads in their two sizes
(left). Then, each bead can be further divided based on their internal fluorescence intensities
(right). The internal dye can be detected using FL3, FL4 or APC channel, depending on type of
flow cytometer used.

The additional C7 and CO standards were vortexed and used to set up the PMT voltage of the
classification channel APC, reporter channel PE, and FITC channel. Flow cytometer flow rate
was set to low, and (with several refreshes) the FSC and SSC settings were adjusted until both
bead populations were visible and well separated. The smaller beads were gated as “Beads
A” and the larger beads gated as “Beads B”. To complete the set-up, the majority of the beads
should have a FITC signal and PE signal between 1x10*! and 1x10?, and APC fluorescence
intensity between 1x10? and 5x10% Once set up was complete it was saved as a template for
future Cytometric Bead Array experiments. Standards and then samples were then each

vortexed run through the flow cytometer and the data was exported.

Quality control

The intra-assay and inter-assay reproducibility was determined by Biolegend by evaluating a
test plate of ten replicates of three different sample levels (intra-assay) and two replicates of

three different sample levels from four separate experiments (inter-assay).

2.2.4 Data analysis

The FCS files generated on the flow cytometer were analysed using Biolegend’s LEGENDplex

Data Analysis Software. The FCS files produced by the flow cytometer were uploaded and the
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experiment parameters were adjusted to set the highest analyte concentration, the dilution
factor, and the decimal places; and the replicates were marked. The standards were identified

and an 8-point standard curve was selected.

Next, the bead gating was carried out; the number of bead sizes, report signal, and bead ID
and analyte were defined. Then in a plot of forward scatter (FSC) x-axis and side scatter (SSC)
y-axis the two different bead sizes A and B were gated. FSC vs SSC divides the beads into their
two sizes, and from there each bead can be further divided based on their internal
fluorescence intensities. The internal dye can be detected using a FL3, FL4 or APC channel,
depending on type of flow cytometer used- in this case, APC was used. The gating settings

were saved as a gating protocol for any future experiments or repeats.

After set up was complete the software was run, and the concentration of each cytokine in a
sample was determined from the concentration curve made from the mean fluorescence

intensity (MFI) of standards of each cytokine at the known concentrations.
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2.3.1 Theory

2.3 Seahorse XF96 metabolism assay

Cellular metabolism drives biological processes and cellular health. Therefore, measuring

immunometabolism and bioenergetics can help determine cell health and performance after

a septic insult.

The metabolism of cells can be assessed by measuring the oxygen

consumption rate (OCR) and extracellular acidification rate (ECAR) of the cells using the

Agilent Seahorse XF methodology. The cells’ basal respiration, ATP production, proton leak,

maximal respiration, spare respiratory capacity, and non-mitochondrial respiration can be

estimated through serial injection of three mitochondrial inhibitors. These serially injected

mitochondrial inhibitors are oligomycin, fluoro-carbonyl cyanide phenylhydrazone (FCCP),

and finally a combination of rotenone and antimycin A.

Mitochondrial respiration

Figure 2.3.1 Injection strategy showing the OCR over time and how this allows various
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Oligomycin is an antibiotic which inhibits oxidative phosphorylation by binding ATP synthase
(complex V) in such a way as to block the proton channel. The addition of oligomycin results
in a decrease in oxygen consumption rate, which correlates to respiration associated with

cellular ATP production in the mitochondria.

Fluoro-carbonyl cyanide phenylhydrazone (FCCP) is a pure uncoupling agent that acts as an
ionophore, completely dissipating the proton gradient and disrupting the mitochondrial
membrane potential to leave the electron transport system uninhibited, and therefore

oxygen is maximally consumed by complex IV.

Finally, mitochondrial respiration is then shut down with an injection of rotenone (complex |
inhibitor) combined with antimycin A (complex Il inhibitor), allowing non-mitochondrial
respiration to be assessed. The Seahorse extracellular flux (XF) analyser is able to measure
cellular oxygen consumption rates (OCR) and extracellular acidification rates (ECAR)
simultaneously in real-time, generating a detailed picture of mitochondrial respiration and
glycolysis. The outputs from the Seahorse analyser consist of several measurements of
cellular bioenergetics, including maximum respiration, spare respiratory capacity, ATP
production, proton leak, and glycolysis. From the OCR readings of ATP production, maximal
respiration, and non-mitochondrial respiration induced by the addition of these drugs plus
the basal respiration readings, the proton leak and spare respiratory capacity can be
calculated. Furthermore, lactate production can be measured by the extracellular
acidification rate (ECAR), which is essentially a measurement of pH this is predominately a
result of the excretion of lactic acid per unit time after its conversion from pyruvate. The

Seahorse XF assay allows for a comprehensive assessment of cellular metabolism by
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determination of both aerobic glycolysis/oxidative phosphorylation and anaerobic glycolysis

by determination of the OCR and ECAR, respectively.

Table 2.3.1 How each parameter of respiration is calculated.

Parameter

Equation

Baseline

(Last rate measurement before first injection) — (Non-
Mitochondrial Respiration Rate)

Acute response

(Last rate measurement before second injection) — (Non-
Mitochondrial Respiration Rate)

ATP Production

(Last rate measurement before Oligomycin injection) —
(Minimum rate measurement after Oligomycin injection)

Max respiration

(Maximum rate measurement after FCCP injection) — (Non-
Mitochondrial Respiration)

Spare Respiratory Capacity

(Maximal Respiration) — (Basal Respiration)

Non-mitochondrial respiration

Minimum rate measurement after Rotenone/antimycin A
injection

Proton leak

(Minimum rate measurement after Oligomycin injection) — (Non-
Mitochondrial Respiration)

Estimated glycolysis

Last rate measurement ECAR after sera injection

Coupling efficiency

(ATP Production Rate) / (Basal Respiration Rate) x 100

2.3.2 Assay procedure

The plate was prepared with cell-tak (cat no.354240, Corning, USA) in the cell culture hood in
advance of the day of the seahorse run (these can be prepared up to one week in advance of
the run and can be stored at 4°C, but the plate must be warmed to room temperature prior
to seeding). Cell-tak is an extracellular matrix protein preparation that is non-immunogenic
and is isolated from the Mytilus edulis marine mussel. Without touching the sides of the wells,
20ul per well of cell-tak solution (bicarbonate, sodium hydroxide, cell-tak) was added at a
concentration of 22.4ug/ml to the whole Seahorse XF96 Cell Culture Microplate (Agilent, USA)

and left to sit for one hour.

For one plate, the cell-tak solution recipe is as follows in Table 2.3.2:
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Table 2.3.2 Cell-tak solution recipe for Seahorse XFe96 metabolism assay.

Reagent Volume
Sodium Bicarbonate 1.872ml
Sodium hydroxide 16ul
Cell-tak 32ul

Then, the excess cell-tak solution was flushed out with 100ul per well of sterile distilled water
and the plate was left to dry under the hood. In advance of the run day it is also recommended
to prepare the plate map and assay design for the Agilent Seahorse XFe96 Analyzer (Agilent,

USA) to read using the Agilent Wave Software version 2.4.

The day before the run, the calibration plate with sensor cartridges (Agilent, USA) was
hydrated with 250ul per well Seahorse XF96 Calibrant pH7.4 (Agilent, USA), and left to soak
overnight in a 37°C non-CO; incubator. The assay medium can also be made up the day before
the run, and was done so by dissolving one vial of powdered RPMI-1640 Medium (modified,
with L-glutamine, without phenol red and sodium bicarbonate) (cat no. R8755-1L, Sigma) in 1
litre of sterile distilled water, which was then decanted into 45ml aliquots in 50ml Falcon

tubes (Corning, USA) and frozen at -20°C until required.

On the day of the run, one tube of assay medium was defrosted and warmed in a 37°C
incubator. Once warmed, the pH was checked on both a calibrated pH meter (pHenomenal®
pH 1100L, VWR Collection USA) and pH strip (cat no.P4536, Sigma Aldrich, USA); concentrated
hydrochloric acid or sodium hydroxide can be added if required to bring the medium pH to

exactly 7.4.
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The cells were pelleted and re-suspended in assay media, then 100ul of cells were added to
each of the cell-tak coated wells (apart from the four outer corner wells which served as
blanks) at a concentration of approximately 300,000 cells per well. To the four outer corner
wells (A1, A12, H1 and H12) 100ul assay media was added instead. Once the cells were added,
the plate was transferred to a 37°C non-CO; incubator and left for 30 minutes for the cells to

settle.

In the meantime, the drugs were prepared and loaded into the injection ports on the sensor
cartridge using the plate grid. For the four blanks, assay buffer was added to the injection
ports. The concentration of mitochondrial poisons were 1uM oligomycin, 1.5uM fluoro-
carbonyl cyanide phenylhydrazone (FCCP), and a combination 100nM rotenone with 1uM
antimycin A, this was due to published literature on the optimisation by the Erika Pearse

laboratory (van der Windt et al, 2016).

The injection strategy was programmed as follows:

Measurement | Cycles | Mix time (mins) Wait time (mins) Measure time (mins)
Baseline 3 01:00 02:00 04:00

Stimulation 4 01:00 10:00 04:00

Oligomycin 3 01:00 02:00 04:00

FCCP 3 01:00 02:00 04:00

Rotenone/ 3 01:00 02:00 04:00

Antimycin A

On the computer the assay should be set up using the assay design created in the Agilent
Wave Software by uploading the file from a pen drive, which instructs the Agilent Seahorse
XFe96 Analyzer. The calibration plate with sensor cartridge for injections was loaded into the

Agilent Seahorse XFe96 Analyzer and calibrated (this takes approximately 30 minutes).
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Meanwhile, an additional 80ul of warm assay medium was slowly added to the sides of each
well of the plate with the cells to bring the total volume to 180ul, and then the plate was
returned to the incubator as the machine calibrated. Once the calibration is complete, the
plate was ejected (without the sensor cartridge with injections) and the cell culture plate was
loaded into the machine. At the end of the run the plate and sensor cartridge were ejected.
The Wave file of the results was saved to a pen drive, and a lid was placed on the cell culture
plate and it was stored in the -20°C freezer for the protein assay. The calibration plate, sensor

cartridge, and injection plate grid were all disposed of.

This process was optimised for the cell types used in these experiments.

Quality control

The Seahorse machine is maintained by the laboratory of Professor Federica Marelli-Berg,
who perform calibration and quality control checks monthly. The Seahorse machine will also
perform an internal quality control check with the calibration plate of each experiment. Lastly,

unstimulated controls were run on each plate and compared across plates.

2.3.3 Pierce BCA analysis

Total protein can be quantified using colorimetric detection of the reduction of Cu?* to Cu* by
protein. BCA (bicinchoninic acid) can detect this Cu* cuprous cation by a 2:1 chelation of BCA:
cuprous cation which results in a purple colouration that exhibits a strong absorbance at
562nm. This strong 562nm absorbance allows for a protein detection range of 20-2000ug/ml,
as the absorbance from the colour change of green to purple is nearly linear with increasing

protein concentrations.
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In order to normalise the Seahorse data, protein analysis using the Pierce BCA Protein Assay

Kit (cat no. 23225, Thermo Fisher Scientific) was carried out on the cells frozen in the plate.

First, the plate that was stored in the -20°C freezer was placed on ice to thaw. 100ul of RIPA
buffer (25mM Tris pH 8.0, 150mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-
100) with protease inhibitor cocktail (cat no. P8340, Sigma) was added into each well,
pipetted up and down, and left to incubate on ice for 30 minutes. The Working Reagent is
made up by mixing 50 parts of BCA Reagent A with 1 part of BCA Reagent B (50:1, Reagent
A:B). 100ul of Working Reagent was added to each sample, therefore for 100 wells 200l of
BCA Reagent B was added to 10ml of BCA Reagent A. When mixed, the Working Reagent
should appear clear green, and when added to the samples it should turn purple after

incubation.

While waiting on the RIPA buffer incubation, some samples of a few wells can be taken to test
the intensity of the resultant purple colour before performing the assay on the whole plate;
in this case samples of 5ul, 10ul and 20ul were taken to determine the volume of the wells to
use. It is important that the protein concentration is not so large as to push the well readouts
over the maximum the plate reader can record, but not so low that the samples will readout

close to the blank values.

The determined volume of sample was transferred into a clean microplate and 100ul of
Working Solution was added to each sample. The plate was left to incubate at 37°C for 30
minutes, before being read at 562nm on a plate reader (Tecan Infinite M200 Pro). The

samples were normalised to the well with the highest absorbance, which was taken as 1.
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2.4 Isolation of total RNA from whole blood and conversion to cDNA

2.4.1 Total RNA extraction and quantification

In groups of 12, the total RNA of each PAXGene whole blood tube was extracted using a
PAXGene Blood RNA Kit (Qiagen, Germany). Wash buffer BR4 is supplied as a concentrate,
and so when starting a new kit four volumes of ethanol (96-100%, purity grade p.a.) was
added to BR4 get a working solution. As well as this, when a kit is first opened the DNAse |
stock solution was prepared by dissolving the solid DNase | (1500 Kunitz units) in 550ul of the
DNase resuspension buffer (DRB) and aliquoted into 130ul volumes, which can be stored at -

20°C to prevent multiple freeze-thaw cycles.

PAXGene Blood RNA Tubes were centrifuged at 5000g for 10 minutes and the supernatant
was decanted by pouring and gentle tapping onto a clean paper towel. 4ml of RNAse-free
water was added to each pellet and the tube closed with a fresh BD Hemogard closure, then
the pellets were vortexed until visibly dissolved. The tubes were centrifuged again at 5000g
for 10 minutes, and the entire supernatant was discarded. 350l of resuspension buffer BR1
was added to each pellet and vortexed until the pellets were visibly dissolved, then each

sample was transferred to a labelled 1.5ml microcentrifuge tube.

To each Eppendorf tube, 300ul of binding buffer BR2 and then 40l of proteinase K was added
and mixed by a 5 second vortex. Samples were immediately incubated at 55°C for 10 minutes
in a pre-heated shaker-incubator set to 1200rcf. Pipettes and the benchtop were treated with
RNase to prevent contamination. The lysate of each tube was transferred to a PAXGene
Shredder Spin Column placed in a 2ml processing tube and centrifuged at maximum speed
for 3 minutes. Without disturbing the pellets in each of the processing tubes, the entire

supernatant of each of the flow-through fractions were transferred to fresh 1.5ml
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microcentrifuge tubes. Into each tube 350ul of ethanol (96-100%, purity grade p.a.) was
added and mixed by vortex, then centrifuged for 1-2 seconds at 500g to remove drops from

inside the lid.

700ul of each sample was transferred to its own PAXGene RNA Spin Column in a 2ml
processing tube and centrifuged at max speed for one minute. Then the processing tube
containing the flow-through was discarded and the spin column was placed in a new 2ml
processing tube, then the remaining sample was pipetted into the corresponding spin column
and centrifuged at max speed for one minute. The processing tube containing flow-through

was then discarded and the spin column placed into a new 2ml processing tube.

Into each spin column, 350u of wash buffer 1 (BR3) was added and then the columns were
centrifuged at max speed for one minute. The processing tube containing flow-through was
then discarded and the spin column placed into a new 2ml processing tube. The DNase |
incubation mix was prepared by adding 10ul of a gently thawed DNase | stock solution aliquot
to 70ul DNA digestion buffer (RDD) for each sample (i.e., for 12 samples plus 1 for pipetting
error is 130ul DNase | stock solution with 910ul Buffer RDD) in a 1.5ml Eppendorf tube and
mixed by gently flicking. A vortex was not carried out due to its sensitivity to physical
denaturation. Into each spin column 80ul of DNase | incubation mix was carefully added
directly onto the column membrane and the columns were left for 15 minute at benchtop

room temperature.

Into each spin column, 350ul of wash buffer 1 (BR3) was added and the columns were
centrifuged at max speed for one minute. The processing tube containing flow-through was
then discarded and the spin column placed into a new 2ml processing tube. Into each spin

column, 500ul of wash buffer 2 (BR4) was added and the columns were centrifuged at max
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speed for one minute. The processing tube containing flow-through was then discarded and
the spin column placed into a new 2ml processing tube. Again, into each spin column 500ul
of wash buffer 2 (BR4) was added and the columns were centrifuged at max speed for three
minutes. The processing tube containing flow-through was then discarded and the spin
column placed into a new 2ml processing tube, then the columns were spun again at max
speed for one minute to ensure all remaining wash buffer had been eliminated. The
processing tube containing flow-through was then discarded and the spin column placed into

a new 2ml processing tube.

The spin columns were then placed into labelled 1.5ml microcentrifuge tubes and directly
onto each membrane 40ul of buffer BR5 was pipetted on (wetting the whole membrane) and
centrifuged at max speed for one minute to elute the RNA. The spin column was then
transferred to a new microcentrifuge tube and the elution repeated so that each sample has
two microcentrifuge tubes of RNA. The microcentrifuge tubes were then incubated at 65°C

for 5 minutes without shaking to denature the RNA, and then chilled immediately on ice.

The purity and concentration of each RNA sample was then measured on a Thermo Nanodrop
2000 (Thermofisher Scientific, USA) with elution buffer BR5 acting as the blank, and samples

were stored in the -80°C freezer until required.

2.4.2 DNA and RNA quality control and quantification

The Nanodrop is an instrument that is able to both ascertain an accurate concentration
(ng/ul) of a sample of RNA or DNA, and indicate an approximation of the sample purity. The
instrument measures the absorbance of UV visible light transmitted through the sample via
spectrophotometry by holding a small volume (1-2ul) of the sample between two optical

pedestals through surface tension. The instrument measures absorptions at wavelengths
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230nm, 260nm and 280nm, from which the sample purity can be deduced, as well as
measuring the concentration (ng/ul) of a sample.
Prior to each use, the eight sample pedestals on the Nanodrop 2000 (Thermo Fisher Scienific,
USA) were cleaned thoroughly, first with a swab of 70% ethanol, then with a swab of nuclease-
free water. The machine was then calibrated with a 1l drop of nuclease-free water onto each
sample pedestal. Next, the machine was ‘blanked’ with a 1ul drop of the elution solution the
DNA or RNA was suspended in; this was nuclease-free water for the DNA extracted in the
chromatin immunoprecipitation experiments, or elution buffer ‘BR5’ (Qiagen, Germany) for
the RNA extracted for the qPCR experiments. Then, the sample type was selected (for
example, dsDNA) and 1ul of each sample was loaded onto the pedestals and read. The
concentration (ng/ul) and purity (260/280 and 260/230 ratios) were noted for each sample.
Between each sample, the pedestals were cleaned and re-blanked. After the last samples
were read the Nanodrop was cleaned once more, and the samples were immediately

transferred to the -80°C freezer for storage.

One problem with the Nanodrop is that it assumes the samples are not degraded, therefore
accuracy depends heavily on sample quality. It should be noted that higher dilutions of
samples result in less precision and accuracy of the Nanodrop, and every time a sample is

thawed the RNA will degrade a bit more.

2.4.3 Reverse transcription of RNA into cDNA

Strip 250ul PCR tubes for each RNA sample were placed on a cooled holder block that had
been in the -20°C freezer. The volume required for 200ng RNA from each sample was

calculated prior to starting and these volumes were pipetted into the corresponding 250ul

90



PCR tubes. Then, nuclease-free water was added where needed to make the total volume in
each tube 10ul. Reagents from the Applied Biosystems High Capacity cDNA Reverse
Transcription Kit were thawed on ice and the volume required was calculated. 2X Reverse

Transcription Mastermix was made up as follows in Table 2.4.1:

Table 2.4.1 Recipe for Reverse Transcription Mastermix

Solution 1X reaction
10X RT buffer 2.0ul

25X dNTP Mix (100mM) 0.8ul
Nuclease-free water 4.2ul
Random primers 2.0ul
Reverse Transcription 1.0ul
Enzyme- MultiScribe™

Reverse Transcriptase

The MultiScribe™ Reverse Transcriptase was carefully added last to the mixture, as it is very
sensitive to heat and physical denaturation. The Mastermix was mixed gently by pipette and
kept on ice. 10ul of Mastermix was pipetted into each sample tube to bring the total reaction

volume to 20ul and again gently mixed.

Caps were placed on the tubes to seal them and the tubes were briefly centrifuged to spin
down the contents and ensure there are no air bubbles, and then the tubes were placed back

on the cooled holder block until all samples were prepared for the reverse transcription.

The thermocycler was programmed with the conditions as follows in Table 2.4.2:
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Table 2.4.2 Thermocycler programming for RT-PCR

Step 1 Step 2 Step 3 Step 4
Temperature (°C) | 25 37 85 4
Time (minutes) 10 120 5 (Hold)

The reaction volume was set to 20ul and the thermocycler was loaded with the samples and

run. The cDNA created was then stored in the -20°C freezer until required.
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2.5 Quantitative Real Time Polymerase Chain Reaction

2.5.1 Theory

In order to investigate gene expression, the Quantitative Real Time Polymerase Chain
Reaction method, also known as “RT-PCR” or “qPCR”, was carried out. This methodology
allows the number of copies of DNA or cDNA to be determined in real time as that PCR

product is amplified.

The DNA is amplified in wells containing a thermostable DNA polymerase,
deoxyribonucleotides, a pair of specific primers all in a suitable buffer solution, which will all
undergo temperature cycling in a thermocycler. To any single strand of DNA with a double
stranded starting point, the DNA polymerase will synthesise a complementary sequence of
bases. To instruct the DNA polymerase to amplify a specific gene of interest, primers can be
added, which are small DNA pieces that are complimentary to said gene of interest. The
temperature is first raised to 95°C in order to separate the double-stranded DNA into single
strands. Then, the temperature is lowered to 60°C to allow the primers to bind to the desired
genes, which in turn provides the DNA polymerase somewhere to bind to begin DNA
replication and will result in the doubling of the amount of product. The amplification of DNA
is linked to generation of fluorescence with is detected by the qPCR machine, and as the
cycling of these temperature alterations occurs, the amount of product and therefore
fluorescence doubles with each cycle. Typically, a qPCR will run 40 cycles, resulting in an
exponential increase in fluorescence (and product), which will begin to plateau in the last

cycles as the reactants run out.

There are different ways to generate fluorescence for the gPCR machine to detect. The most

common intercalating dye that can be used is SYBR® Green (Thermo Fisher Scientific, USA),
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which is a fluorescent dye that binds with double stranded DNA, altering the dye structure
and causing it to fluoresce more. Alternatively, hydrolysis probes such as Tagman® (Thermo
Fisher Scientific, USA) use fluorescently labelled DNA oligonucleotides that bind downstream
of one of the primers. These probes contain a fluorescent reporter molecule bound to the 5’
end with a quencher molecule on the 3’ end which will stifle the fluorescence of the reporter.
As the probe binds downstream of the primer it gets cleaved by the DNA polymerase during
the reaction, resulting in the separation of reporter and quencher and therefore the
fluorescence increases, with increasing fluorescence generated through each cycle as more

probes are cleaved.

2.5.2 Optimisation

For researchers wishing to determine the amount of a target gene or target sequence in a
sample, gPCR is a simple and effective methodology. However, there are some critical factors

that have to be evaluated in order to ensure correct set up of the RT-PCR reaction(s).

In general, RT-PCR performance can be evaluated in four ways; efficiency, precision, R? and
sensitivity (Life Technologies, 2013). Firstly, PCR primer-probe amplification efficiency must
be evaluated as this can affect the Ct. Every primer-probe must be evaluated by drawing a
standard curve for serial dilutions of several samples plotting all three repeats, and the
efficiency will equal 100% (amplification factor of 2) if the slope of the standard curve equals
-3.322. As an example, Figure 2.5.1 is the collection of graphs drawn to assess the efficiency
of the housekeeping gene UBC (ubiquitin C); to calculate efficiency (E) the following equation

is applied:

E =(10(-1/slope) - 1) x 100
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The efficiencies for each sample are then averaged, and an efficiency of 90-100% is generally
seen as acceptable for the Livak method of relative quantification (Livak & Schmittgen, 2001)-
if efficiencies are not close to 100% or if they vary between primer-probes then alternative
methods such as Pfaffl (standard curve) can be utilised that take these varied efficiencies into
account (Pfaffl, 2001). In this thesis, all Tagman primer-probes had efficiencies between 95-

110% so the Livak method was adopted.
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Figure 2.5.1 Collation of four graphs for evaluation of Tagman ubiquitin C (UBC) primer-probe;
patient samples A, B, C and Control at serial dilutions of log 3.08, 0.308 and 0.0308 ng cDNA.

Another factor that must be considered at this stage is the R? values; these are statistical
calculations that, in simple terms, reveal how accurate one value is at predicting another. A
value of 1 is ideal, where the Ct value can be used to accurately predict the concentration of
DNA, whereas a value of 0 indicates it cannot be predicted (Livak & Schmittgen, 2001). All of

the primer-probes utilised in this investigation had a good confidence (R>>0.99).
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It is also important to note that triplicates should be very close in value as can be seen above,
and care must be taken to check triplicates for each Ct and eliminate any outliers when
calculating the mean. A common measure of precision is the standard deviation between
triplicates; any value over 2 standard deviations from the mean was excluded. Consideration
of gPCR sensitivity should also be taken into account, and a series of DNA dilutions must be
performed in order to determine an appropriate concentration for use in gPCR, and if you
have a low copy number for a gene then sample accuracy can be improved by increasing the
amount of repeats. Following on from this, RT-gPCR assumes the same concentration of cDNA
in each sample and that the quality is adequate (Huggett, Dheda, Bustin, & Zumla, 2005),
therefore all DNA or RNA for cDNA reverse transcription must be quantified and quality
checked. Human error can be minimised by use of a well calibrated pipette, which extends
to pipetting of the PCR plate as use of electric pipettes or PCR pipetting robots are

recommended particularly with large sample sizes.

For Livak method Relative Quantification to be applied correctly it is vital to optimise one or
more housekeeping (reference) genes in order to normalise the target gene expression.
Housekeeping genes must be expressed consistently through all samples across all conditions,
therefore housekeepers are often chosen from ubiquitously expressed genes. A panel of 8
housekeeping genes were tested for gene expression experiments for enzymes involved in
histone modification: GAPDH, 18S, ACTB, ATP5B, B2M, HPRT, SDHA and UBC. Literature
analysis excluded GAPDH as it was found to be inappropriate for use with septic patients as
its expression has been reported to rise in response to inflammation and oxidative stress
(Cummings, Sarveswaran, Homer-Vanniasinkam, Burke, & Orsi, 2014). A selection of 12
patients- three patients out of each of the four conditions (Sample A, Sample B, Sample C and

Healthy Control)- were run with each of the 7 remaining housekeeping genes to provide an
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accurate representation of all samples expression levels and from this the stability of the
reference genes were analysed using the geNorm VBA applet (Vandesompele et al., 2002).

(Figure 2.5.2).
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Figure 2.5.2 The average expression stability (M) values of the seven reference genes
evaluated by geNorm

The Y axis displays the average expression stability which is determined as the average
pairwise variation between a candidate gene and all other control genes, the lower the
number the more stable the gene is. Genes are ranked in order of stability, with most stable

to the right of the X axis.

The number of reference genes to be used is also a consideration, as more may improve the
accuracy of the data but would incur practical difficulties. Therefore, geNorm was used to

analyse the statistical difference between using different numbers of reference genes.
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Values under geNorm V=0.15 fall under the recommended stability threshold and have no
significant change in the normalisation factor with the addition of further reference genes to
the experiment, therefore the two most stable housekeeping genes (ubiquitin C “UBC” and
hypoxanthine guanine phosphoribosyltransferase “HPRT”) were selected for the enzyme

gene expression study.

Finally, the choice between Tagman or SYBR Green can influence qPCR results (Thermofisher
Scientific, 2013). The use of Tagman primer-probes does not require post-PCR processing and
highly specific hybridisation between probe and target is required to generate fluorescent
signal, making it better for genes with low expression. SYBR Green does not have a probe and
is significantly cheaper, however it may provide false positive signals by binding to non-
specific dsDNA, therefore it is critical to have well designed primers and a melt curve analysis

must be carried out for each plate.

2.5.3 Procedure

For a volume of 20ul per well, two separate tubes of 10ul per well of either DNA solution or
Primer solution was made up in order to decrease pipetting error (Table 2.5.1). Experimental
chapters contain details of their respective Mastermix and primers used in each experiment.

All reactions were performed either in triplicate or duplicate.
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Table 2.5.3 Recipes for the DNA and Primer solutions for a 20ul volume well.

DNA solution Volume per well Primer solution Volume per well
DNA 1l Primer (5uM) 1ul
Mastermix Sul Mastermix Sul
Water 4ul Water 4ul

Total volume per well= 20pl

Using an electronic pipette, 10l per well of DNA solution was added to appropriate wells of
a 96 well PCR optical reaction plate. Then, pipetting onto the opposite wall of the well so as
not to contaminate samples, 10ul per well of Primer solution was added. An optical adhesive
cover was stuck onto the plate and then the plate was briefly centrifuged to ensure no

solution remained on the sides of the wells.

The plate was put into a Step One Plus Real-Time PCR machine (Thermo Fisher Scientific, USA)
running Step One Software v2.3, and the plate plan was drawn up for the run to instruct the
machine. The initial denaturation step was programmed as 95°C for 10 minutes. Then, 40
cycles of temperature alternating occurred, each cycle consisting of two steps; first 15
seconds at 95°C, then 60 seconds at 60°C. At the end of the second step of each cycle, the
fluorescence was read and recorded. In experiments where SYBR Green primers were used

instead of Tagman, a melt curve was then performed for the plate.

Quality control

Amplification plots should be checked to ensure the sigmoidal curve is the same for all
samples. A melt curve analysis must be carried out for each plate to detect any false positive
signals from SYBR Green primers binding to non-specific dsDNA. Replicates of the same

sample should be run on each plate to assess inter-plate reliability. A further quality control

99



assessment which was not used here would be a no-template control to assess

contamination.

2.5.4 Results interpretation

Raw data from gRT-PCR can be analysed in two main ways: the methods of absolute
guantification and of relative quantification (Livak & Schmittgen, 2001). Research conducted
in this thesis utilised the relative quantification Livak method (Delta-Delta Ct) in order to

determine gene expression of cytokines and enzymes involved in histone modifications.
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2.6 Chromatin Immunoprecipitation

2.6.1 Theory

Chromatin Immunoprecipitation, often abbreviated to “ChIP”, can be performed to
determine the localisation of proteins bound to a specific DNA sequence/ gene locus, and
these specific protein-DNA interactions can be quantified by Quantitative Polymerase Chain
Reaction (qPCR). The specific genomic locations that various histone modifications are
associated with can be determined by ChIP, which can also indicate targets for histone
modifiers. ChIP is a complex technique that employs several molecular biology and
proteomics methods; briefly, the steps of ChIP are crosslinking cells (except in Native ChlIP),
shearing of cells and chromatin into ~500bp fragments, immunoprecipitation of DNA
fragments associated with the proteins of interest, then purification of the DNA and
guantification of enrichment of these DNA sequences. For each sample ChIP will generate
factions of immunoprecipitated DNA (the DNA which were bound to histones that had the
modification of interest), which can be compared to the input faction (a sample of all the DNA
taken just before the immunoprecipitation), and finally a control faction such as IgG which

should not yield DNA.
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Figure 2.6.1 Workflow of Chromatin Immunoprecipitation
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ChlIP is technically demanding and several steps require optimisation in order to work, such
as cell number, cell lysis, cross-linking, chromatin shearing, amount of chromatin to use per
immunoprecipitation, antibody binding for the immunoprecipitation, the means to
precipitate the chromatin-antibody complex (e.g., protein A/G or magnetic beads), DNA
purification and optimisation of specialised buffers. The change of one of these factors will
affect the rest of the processes in the assay, which may then need to be adapted, adding to

the technical challenges of ChlP.

For histone modifications, there are two kinds of ChIP; N-ChIP and X-ChIP. N-ChIP (Native
ChIP) does not require cross-linking and the chromatin is sheared by micrococcal nuclease
digestion, whereas in X-ChIP (Cross-Linked ChIP) the cells are cross-linked and the chromatin
sheared by sonication. The choice between the two types of ChIP depends on starting
material and experimental aims. When studying histone modifications N-ChIP or X-ChlIP can
both be suitable, the better option depending on methodology optimisation. Both N-ChIP and
X-ChIP were explored during optimisation for peripheral blood mononuclear cells (PBMCs),
and ultimately the methodology chosen and described in this chapter is X-ChIP of Active Motif
ChIP-IT PBMC kit (cat no 53042). The Chromatin Immunoprecipitation methodology and
optimisation is explored in-depth in Chapter 3: Sepsis-induced histone modifications of

peripheral blood mononuclear cells in this thesis.

2.6.2 Chromatin extraction

Before commencing the experiment, 5ml fixation solution per 10 million PBMC sample was
prepared fresh by adding 500ul 10x PBS (supplied with kit) to 4.36ml sterile water, then under

a fume hood 140ul of 37% formaldehyde solution (with 10-15% methyl alcohol to prevent
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polymerisation) (cat no.252549, Sigma Aldrich, USA) was added. The solution was then
vortexed to mix. 10ml of PBS Wash Buffer per sample was also prepared prior to starting each
experiment by adding 8.5ml sterile water, 1ml 10x PBS, 500ul detergent (supplied with kit),
and finally 20ul 100mM PMSF, then mixed by inverting and chilled on ice. PBMCs are
notoriously difficult to lyse, typically yielding only 30-50% of what a cell line would, and

therefore a minimum of 10 million cells should be used per sample to prepare chromatin.

Flash-frozen pellets of at least 10 million cells in 15ml conical tubes were prepared from the
samples; the cells were thawed and transferred to the conical tubes where they were spun
down to pellet (1200g, 10 minutes). Then, the supernatants were discarded and the cells
immersed in dry ice for 10 minutes. To each cell pellet, 5ml fresh fixation solution was added
and the cells were gently resuspended. The samples were incubated for 15 minutes on a room
temperature roller, then 250ul Stop Solution (provided with kit; EDTA solution) was added to

stop the reaction and samples returned to the roller for a further 5 minutes.

Then, 250ul detergent was added to each sample, mixed by inversion, and the cells were
pelleted by centrifugation at 1250g for 5 minutes at 4°C. From now on the samples were kept
on ice. After the spin if there were cells floating or stuck to the walls of the conical tubes, they
were scraped with a metal spatula back into the solution and the spin was repeated until all
the cells were pelleted. The supernatants were discarded, then for each sample the cells were
resuspended in 5ml of ice-cold PBS Wash Buffer and centrifuged at 3200g for 5 minutes at
4°C. The supernatant was carefully discarded, then each pellet was washed a second time
with another 5ml ice-cold PBS Wash Buffer and pelleted again. The supernatant was carefully
discarded, then the pellets were flash frozen in dry ice and incubated for 10 minutes to

facilitate cell lysis. At this stage samples can be stored at -80°C if required.

103



Each flash-frozen pellet was resuspended in 5ml ice-cold Swelling Buffer (provided with kit)
supplemented with 5ul 200mM PMSF and 5ul Protein Inhibitor Cocktail (PIC) and incubated
on ice for 30 minutes. Then cells were then lysed by adding 125ul Detergent (provided with
kit) and vortexed on the highest setting for 30 seconds. Samples were then centrifuged at
3200g for 10 minutes at 4°C, and the supernatants discarded. Each pellet was then
resuspended in 500ul ChIP buffer (supplied with kit) supplemented with 5ul 100mM PMSF
and 5ul PIC, and then transferred to a 2ml microcentrifuge tube and incubated on ice for 10

minutes.

2.6.3 Sonication of chromatin

The 2ml microcentrifuge tube was held suspended in a small beaker containing ice and water
to ensure the tube would remain ice-cold during sonication. The sonicator tip was submerged
in the sample and kept ~5mm from the tube bottom, without touching the sides of the tube.
Sonication time was optimised as 4 rounds of 10 minutes sonication, 30 seconds on the 30
seconds off, with a five minute cooling period between each round. The optimisation
procedure is described in Chapter 5: Chromatin Immunoprecipitation Optimisation in this

thesis.

The samples were then spun at maximum speed for 5 minutes at 4°C to pellet the cellular
debris and the supernatant (chromatin) was transferred to a fresh microcentrifuge tube. 10ul
of the chromatin was checked under the microscope to ensure cell lysis. 25ul of the chromatin
of each sample was transferred to a 250ul PCR tube which will become the Input DNA and be
used for chromatin quantification and analysis of shearing efficiency. The rest of the
chromatin was flash frozen by dry ice immersion for 10 minutes then transferred to the -80°C

freezer for storage.
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2.6.4 Input preparation

The input was prepared as follows. 175ul of pH 8.0 TE buffer was added to each 25ul
chromatin preparation, then 20ug RNAse A was added and the PCR tube capped and vortexed
to mix. The sample was incubated in a thermocycler for 1 hour at 37°C. Then, 50ug Proteinase
K was added to the tube, the sample was vortexed, then incubated for a further 3 hours at
37°C in the thermocycler. To reverse the crosslinks, 10ul 5M NaCl was added to the tube,

vortexed, then incubated at 65°C overnight (but not to exceed 16 hours).

The next day, the input was removed from the thermocycler and a phenol-chloroform DNA
extraction was carried out. 250ul phenol chloroform:isoamyl alcohol (24:1) was added to the
sample and vigorously vortexed at max speed. The sample was then spun at maximum speed
for 15 minutes at room temperature, and the resultant upper phase aqueous layer was
carefully transferred to a fresh 1.5ml microcentrifuge tube. To this, 83ul Precipitation Buffer
(supplied with kit) was added, followed by 2ul Carrier (supplied with kit), and finally topped
up to 1.5ml with ice-cold 100% ethanol. The tube was vortexed, then transferred to the -80°C

freezer for 2 hours (it can be left 30 minutes to overnight).

The tube was then spun at 4°C at maximum speed for 15 minutes, and the supernatant was
carefully removed without disturbing the pellet. The pellet was then washed with 500ul of
ice-cold 70% ethanol and spun at maximum speed for a further 5 minutes. The entire
supernatant was removed carefully so as not to disturb the pellet, and the pellet was left to

air dry uncapped for approximately 10-15 minutes.

10ul DNA Purification Elution Buffer (supplied with kit) was added onto the pellet once it had
dried, then the tube was capped and incubated at room temperature for 10 minutes. Finally,
the tube was vortexed to resuspend the pellet, and the input DNA has now been prepared.
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The DNA concentration and purity of the input was then determined by being read on a
Thermo NanoDrop 2000 (Thermo Fisher Scientific, USA), then 1000ng of DNA was set aside

for a gel electrophoresis and the rest of the input stored at -20°C.

To prepare the chromatin sample for the agarose gel electrophoresis, the sample was
transferred to a 250ul PCR tube and 2ul 500mM NaCl was added, then the final volume was
topped up to 10ul with sterile water. The sample was heated at 100°C in the thermocycler for
20 minutes followed by ramping the temperature down to 50°C. The sample was then
incubated at room temperature for 5 minutes, and electrophoresis was carried out as
described in Chapter 2: Methods 2.8 Agarose gel electrophoresis of the thesis. DNA ladders of
100bp and 1kb were used to analyse chromatin size. Analysis of chromatin shearing is

described in Chapter 5: Chromatin Immunoprecipitation Optimisation in this thesis.

2.6.5 Immunoprecipitation

From the input DNA quantification the amount of DNA set aside for the immunoprecipitations
can be calculated. The sonicated chromatin sample was thawed on ice and spun at 4°C at
maximum speed for 2 minutes. From the amount of DNA yielded, the volume of chromatin
was calculated so that each immunoprecipitation would 10ug chromatin and divided into
separate 1.5ml microcentrifuge tubes. Any leftover chromatin was processed as additional
input. Each tube for the immunoprecipitation was topped up to 200ul with ChIP Buffer and

5ul of PIC was added.

In separate, fresh 1.5ml microcentrifuge tubes, the ChlP-grade antibodies were prepared. 4ug
of antibody per immunoprecipitation was added to each tube, followed by 5ul of Blocker
(supplied with kit), and left to incubate at room temperature for 1 minute. The antibodies

used are as follows in Table 2.6.1:

106



Table 2.6.1 Antibodies used in ChIP immunoprecipitation

Antibody (Rabbit polyclonal) Manufacturer Catalogue number
H3K4-me3 Diagenode C15410003
H3K27-me3 Diagenode C15410195
H3K9-me3 Diagenode C15410193

IgG Merke Millipore PP64

The antibodies were then added to their respective immunoprecipitation tube and incubated

overnight at 4°C on an end-to-end rotator.

The next day, Protein G agarose beads (supplied with kit) were thoroughly resuspended by
pipetting up and down, and into a fresh 1.5ml| microcentrifuge tube 30ul of beads per
immunoprecipitation were added using a pipette with 2mm cut off the end of the pipette tip
(120l for H3K4-me3, H3K27-me3, H3K9-me3 and 1gG). To wash the beads, an equal volume
of pH 8.0 TE buffer was added and mixed by inverting, then spun at 1200g for 1 minute. The
supernatant was removed, and the wash was repeated once more. Then, the equivalent

volume of TE buffer added was removed from the supernatant and the beads ready to use.

The immunoprecipitation reactions were briefly centrifuged at 1200g to collect liquid from
inside the caps. To each immunoprecipitation reaction, 30ul of the washed Protein G agarose
beads were added using a cut-tipped pipette, then the samples were incubated at 4°C on an

end-to-end rotator for 3 hours.

The ChlP filtration columns supplied with the kit were labelled and the tabs at the bottom
pulled off. An empty P1000 pipette tip box was used to hold the columns. The

immunoprecipitation reactions were briefly spun again at 1200g to collect liquid from inside
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the caps, then 600ul ChIP Buffer was added to each tube and the entire reaction was
transferred to its respective filtration column (including the Protein G agarose beads). Flow-
through was allowed to occur by gravity. The columns were washed five times by adding 900ul
Wash Buffer AM1 (supplied with kit), letting them stand for 3 minutes, then repeating four
more times. Residual Wash Buffer was then removed by transferring each column to a fresh

1.5ml microcentrifuge tube and centrifuging at 1200g for 3 minutes.

The ChlIP filtration columns were then transferred to new 1.5ml microcentrifuge tubes, and
directly onto each column membrane 50ul of 37°C Elution Buffer AM4 was added and left to
incubate at benchtop for 5 minutes. The samples were spun at 1200g for 3 minutes at room
temperature, then the elution was repeated with another 50ul of 37°C Elution Buffer AM4
was added to each column and left to incubate at benchtop for 5 minutes. The samples were
spun again at 1200g for 3 minutes at room temperature, then the columns were discarded

and the resultant 100ul DNA (flow-through) was de-crosslinked and purified.

2.6.6 Reversal of immunoprecipitate cross-links and DNA purification

Each eluted ChIP DNA was transferred to its own fresh 250ul PCR tube. 20ug of Proteinase K
was added to each tube and vortexed, then the samples were transferred to a thermocycler
and heated at 55°C for 30 minutes, then the temperature was increased to 80°C for 2 hours,

to reverse the cross-links.

The DNA was then transferred into fresh 1.5ml microcentrifuge tubes and to each tube 500ul
DNA Purification Binding Buffer was added and mixed by vortex. 5ul of 3M Sodium Acetate
was then added to adjust the pH, with samples turning bright yellow to indicate the correct
pH. The entirety of each pH-adjusted sample was then transferred to its own DNA Purification

Column in a collection tube, and centrifuged cap closed at 14,000rcf for one minute. The flow-
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through in the collection tubes were then discarded and the columns returned to the

collection tubes.

DNA Purification Wash Buffer was prepared before the first use by the additional of ethanol
as previously described. Into each column, 750ul DNA Purification Wash Buffer was added
and capped, then the columns were spun at 14,000rcf for one minute. The flow-through in
the collection tubes were then discarded and the columns returned to the collection tubes.
Columns were then spun for another two minutes at 14,000rcf with the cap open to remove

any residual wash buffer.

Each column was then transferred to its own fresh 1.5ml microcentrifuge tube. To the centre
of each column membrane, 50ul of pre-warmed (37°C) DNA Purification Elution Buffer was
added and incubated for one minute on benchtop. The columns were then spun at 14,000rcf
for one minute to elute the DNA. This was then repeated a second time; to the centre of each
column membrane, 50l of pre-warmed (37°C) DNA Purification Elution Buffer was added and
incubated for one minute on benchtop. The columns were then spun at 14,000rcf for one
minute to elute the DNA. The total elution volume of the DNA was 100ul each, and the

purified DNA was stored at -20°C to await downstream analysis.

Quality control

Fragmentation efficiency of the DNA after sonication or MNase digestion should be
determined by running an Agarose gel. Targeted ChIP should also be performed on the

positive and negative controls for the histones to check reliability.
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2.7 Agarose gel electrophoresis

2.7.1 Theory

The approximate length of a DNA fragment can be determined by performing an agarose gel
electrophoresis on the DNA sample(s) against a collection of DNA fragments of already
determined lengths, known as a DNA ladder. DNA has the same charge per mass, allowing it
to be separated by length using positive and negative electrodes. An electric field allows the
negatively charged DNA fragments to migrate through the agarose matrix towards a positive
electrode, with the shorter fragments moving faster than the longer fragments, thus
separating the DNA samples into bands of their respective lengths which can then be
determined by referring to the DNA ladder. The DNA samples and ladder are mixed with
loading buffer prior to loading into the wells; the loading buffer usually contains a dye to
monitor the progress of the DNA migration (as DNA is not visible in natural light) and a dense

compound to increase the density of the sample so that it sinks to the bottom of the well.

The composition and ionic strength of the electrode buffer is responsible for the DNA mobility
on the gel, the most common buffers are tris-acetate-EDTA buffer (TAE) and tris-borate-EDTA
buffer (TBE) with the choice between the two depending on the samples. TAE is preferred for
a higher resolution of supercoiled DNA, large DNA fragments (>2kb), and for isolating DNA to
be used in downstream enzymatic processing (such as ligations) as the borate in TBE in an
enzyme inhibitor. TBE is preferred for a higher resolution of smaller DNA fragments (<2kb)

and for longer runs (as it is a better conductive medium).

The DNA can be viewed by staining the gel so that it will fluoresce under a UV light
transilluminator, and the staining can occur either by adding the stain to the gel mixture

before it sets or staining the set gel post-run. The traditional stain used was ethidium bromide,
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however several alternatives have become commercially available, such as the SYBR family of

stains which require a blue light transilluminator.

2.7.2 DNA length determination

The 2% agarose gel was prepared by mixing 3g of agarose powder with 150ml of 1x TBE buffer.
The mixture was heated to near boiling point in a microwave until the agarose had completely
melted and mixed with the TBE buffer. When the mixture had cooled sufficiently (enough that
the flask it is in can be touched but before it begins to set), 4ul of SYBR Safe DNA Gel Stain
(cat no. S33102, Invitrogen, USA) was added in and mixed. The agarose mixture was then
poured into a cast with combs to create the loading wells, and was left on the benchtop to

set.

Once the gel had set, the combs were removed to reveal the wells and the gel was placed in
the electrophoresis apparatus, which was then topped up with more 1x TBE buffer to the max
fill line to completely submerge the gel. The wells were flushed out with TBE buffer using a
pipette to remove any air bubbles. The DNA ladder and DNA samples were topped up to 10pl
with nuclease-free water and mixed with 2l of loading buffer- Orange DNA Loading Dye (6X)
(cat no. R0631, Thermo Fisher Scientific, USA) was chosen because it contains two different
dyes, orange G and xylene cyanol FF, to allow for better visual tracking of the DNA migration.
Using a pipette, the 12ul of each sample and DNA ladder were loaded into their own individual
wells and the lid was placed on the apparatus, aligned so that they will migrate towards the
positive electrode with the negative electrode positioned behind the wells. The gel was run

at 160V, for approximately 20 minutes to separate the DNA fragments, then the electric field

111



was turned off. The DNA on the gel was visualised under a blue light transilluminator and

fragment length determined by referring to the ladder.

2.8 Statistical analysis

All statistical analysis and graphs were created using GraphPad Prism software.

The Friedman Test is utilised where sample sizes are sufficiently powered to warrant
statistical analysis. This test is used when measuring a continuous variable to determine if
three or more matched groups are significantly different from each other. The test is non-
parametric, and so does not assume a normal distribution. The matched groups are
repeated measures from the same related sample, in this case the same septic patients who

were measured at three different time points.

Some sample sizes within this body of work are too small to be able to perform statistical
analysis. Doing a statistical analysis on a small n number will result in a higher chance of a
type Il error. A type Il error is known as a ‘false negative’, where there is a failure to reject a
null hypothesis that is false, whereas a type | error is known as a ‘false positive’ where there

is a mistaken rejection of a true null hypothesis.

Two typical ways to minimise errors are to have a more stringent p value (reducing the
probability of type | error) and increase sample size/ statistical power (reducing the
probability of type Il error). Although type | and type Il errors are always minimised as much
as possible in statistical testing, it cannot be completely eliminated without a known cause
and effect. Statistical tests work on probability, and therefore there is never a certainty in
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the conclusions, and any form of uncertainty results in the possibility of errors. Results must
be interpreted with this in mind, particularly where statistical power is lacking in parts of

this thesis.

Multiple comparisons in statistical testing can result in problems if not accounted for. The
more comparisons are made, the higher the probability of a type | error. Multiple
comparisons can be corrected by setting stricter thresholds for statistical significance, the
caveat being that the stricter the threshold you set, the less power your experiment will
have to detect true differences. Statistical post-hoc tests such as Bonferroni, Tukey, and

Dunn use this approach to correct for multiple comparisons.

An important point to consider in research is the statistical power of the sample. The
statistical power determines the probability of the hypothesis test correctly rejecting the
null hypothesis. A low statistical power will result in invalid conclusions when interpreting
the meaning of the results, and so often a minimum power of 0.8 will be implemented when
designing an experiment (meaning the probability of a type Il error is 20%). When
performing an experiment, a minimum sample size will be required depending on the
statistical power, significance level, and effect size, and this can be determined by a power

analysis.
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Chapter 3: Sepsis-induced histone modifications of

peripheral blood mononuclear cells

3.1 Introduction

Patients who survive an acute septic illness go on to experience significant reductions in their
long-term survival. This reduction in survival persists for at least 8 years after hospital
discharge (Czaja et al. 2009), and the origins of this observed phenomenon are hotly sought.
Recurrent infections account for a major proportion of this increased long-term morbidity
(Mira et al. 2017), and accordingly hint at a fundamental reduction in immune function, or
perhaps an increase in host susceptibility. In line with this, one theory is that epigenetic
alterations induced by the acute episode, impart an acquired yet persistent, immunological
defect. This immune deficit, being epigenetic, has the ability to persist far beyond resolution

of the acute infection, and may begin to explain some of the observed effects.

This investigation builds upon the data outlined previously (see sections 1.2.6 and 1.2.8),
which developed the hypothesis that the immune suppression following a septic
insult/bacteraemia may be due to a transient release of certain circulating mediators which are

no longer detectable 12 months later.

Myeloid and lymphoid-derived cells produce quantities of pro-inflammatory chemokines and
cytokines in order to respond to an infection, in an endeavour to achieve an optimal
bactericidal effect. It is feasible that, in order to confer a survival advantage to an infecting
organism, epigenetic modifications of relevant genomic regions in host cells induced by an

infection itself may encourage a pathogenically blunting process. Following on from this,
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several investigations involving animal and in vitro models have sought to identify promising
candidate genes involved in such histone modifications (Chan et al, 2005; El Gazzar et al, 2009;
Lyn-Kew et al, 2010; Klose et al, 2007). Histone modifications are controlled by several
enzymes, some of which have found to be associated with sepsis and infections in the

literature.

The persistence of these epigenetic alterations over time is of particular importance, as they
may account for the long-term excess mortality observed in septic patients. Wen et al (2008)
found repressive methylation marks for up to 6 weeks following the original infection in

murine dendritic cells. Currently, human data is needed to verify the translation of this.

Histone modifications have been demonstrated to underlie LPS-induced tolerance in
monocytes. Foster et al (2007) investigated LPS-induced tolerance in monocytes and found a

global reduction in the modification associated with gene activation; H3K4me3.

Furthermore, LPS-induced tolerance in macrophages resulted in an increase of the
modification H3K9me2 that is associated with gene repression at the promotor regions of

TNFa and IL-1B (Chan et al, 2005; El Gazzar et al, 2009).

Hypothesis: Severe infections induce long-term changes or modifications of histone
modifications in host leukocytes which mediate both immediate and persistent immune
suppression, thereby compromising the patient’s ability to overcome the primary

infection and also increasing the risk of acquiring further infections.
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Aims:

1: To confirm the presence of functional immune compromise immediately following a
blood stream infection (BSl), as defined by cells ability to produce cytokines when
rechallenged in vitro, and to investigate whether this phenotype persists following clinical

recovery from the acute infection.

2: To describe host gene expression patterns in key immune related and regulatory genes

following a BSI

3: To describe the acquisition of histone modifications in host peripheral blood mononuclear

cells following a BSI and their persistence following recovery from the acute infection.
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3.2 Methods

3.2.1 Patient cohort

Methods are described in full in Chapter 2 of this thesis. Briefly, for gene expression studies
the full patient cohort was used along with a healthy volunteer cohort as previously described.
Patient blood was drawn at three different time points, <24 hours post positive blood culture,
4-7 days post positive blood culture, and finally 6-12 months post hospital discharge. Statistics
are only performed on patient samples who have blood sampled at all three time points, at
n=18; the reason for the incomplete data set are patients being lost to follow-up for a full set
of samples (n=51) (one of more reasons of these listed: patient death (n=17), discharged

before sample taken (n=16), declined sampling (n=3), lost contact (n=19)).

Pooled septic serum was created from serum samples from the patients who had E.coli sepsis
in the full cohort. Only patients with a full set of samples were selected, resulting in n=14
patients. Healthy pooled serum was created from n=20 of the 37 healthy volunteers selected

at random.

Few patient samples were used for Chromatin Immunoprecipitation and cytokine
concentration studies. These were the final few patients recruited as this research began, and
their PBMCs were handled and stored to keep the cells intact in FBS 10% DMSO, unlike most
of the cohort which had cells frozen in PBS 2% FBS. A CONSORT diagram for their selection is

included below.

117



CONSORT Flow Diagram- septic cohort
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3.2.2 Gene expression

Gene expression of the full patient cohort was ascertained using quantitative PCR.
Quantitative PCR was used to quantify; a) gene expression in candidate genes for cytokines
descriptive of specific immune pathways (innate and adaptive) and b) gene expression for
candidate histone methylating and acetylating genes. The cytokines were TNFa, IL-13, IL-10,
IL-6, IL-12 and CCL2. Findings in the literature highlighted several genes of enzymes involved
in histone modifications that were associated with sepsis and bloodstream infections, these
genes were analysed in these experiments and were as follows; ASH1L, KMT2A, EHMT2,

DOT1L, KbM5B, KDM6B, HDAC3 and HDACS.

Hypothesis: Cytokine and histone modifying gene levels will rise in the acute stage of sepsis,

but by 6-12 months post hospital discharge will have lowered to baseline.

3.2.3 Cytokine concentration

As well as gene expression of cytokines, the concentration was also measured. The flow
cytometry-compatible multiplex LEGENDplex Human Th Cytokine Panel 13-plex by Biolegend,
CA (cat no. 740001) was utilised for quantification of 13 cytokines; IL-2, IL-4, IL-5, IL-6, IL-9,
IL-10, IL-13, IL-17A, IL-17F, 1L-21, IL-22, IFN-gamma and TNF-alpha. Patient PBMCs were
extracted from patients and immediately cultured for 24 hours in one of three conditions
(two repeats per condition); 100ng/ul LPS, 20 uM PMA with 1pg/ml ionomycin or
unstimulated control. A Cytometric Bead Array was performed then samples were read on a
BD LSR Fortessa (BD Biosciences, USA) to inform cytokine concentrations in pg/ml. A standard

ELISA was performed to quantify the IL-10 and IL-6 levels in patient blood plasma.
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Hypothesis: Recovered patient cells will respond to LPS/PMA by increasing cytokine
production. There will not be a difference in the responses between the different sepsis

time points.

3.2.4 Histone modifications

Chromatin Immunoprecipitation (ChIP) was optimised then performed on A) septic host
PBMCs, and B) healthy donor PBMCs cultured in 10% septic serum for 2 hours. The histone
modifications examined were H3K4me3, H3K9me3, H3K9Ac, and H3K27me3. Both N-ChIP and
X-ChIP were explored during optimisation for PBMCs, and ultimately the methodology chosen
was X-ChlIP of Active Motif ChIP-IT PBMC kit (cat no 53042). The downstream analysis was

targeted gPCR of specific gene loci associated with sepsis.

3.2.5 Statistics

While all data points are displayed, the Friedman test with Dunn post hoc was performed only
on patients from the full cohort who had a full set of blood samples for all three timepoints
(n=18) and compared against healthy volunteers, taking into account matched vs unmatched

pairs in the analysis.

Hypothesis: Sepsis will induce changes in histone modifications related to genes associated

with sepsis and infection.
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3.3 Results

Patient characteristics

Table 3.3.1 details the clinical characteristics of the full patient cohort.

Table 3.3.1 Demographic and clinical features of the patient cohort.

n=69

Age
Male sex
Level of care

SOFA score day O (ICU cohort)
Gram -ve infection

Gram +ve infection

Fungal infection

59 (19-92)

41 (59%)

Intensive care: 23 (33.3%)
General ward: 46 (66.6%)
6.4 (2-13)

37 (53.6%)

31 (44.9%)

1(1.4%)

Table 3.3.1 Numbers refer to median or absolute count with percentages in parenthesis, or

median with full range in parenthesis.

69 patients donated their first blood samples, but by the 6-10 day sampling only 47 patients

donated blood and only 30 patients returned again for the 6-12 month sampling. This was

due to patient deaths, discharges before the 6-10 day sampling, declining the sampling, and

losing contact with the patients. A full breakdown CONSORT diagram is found in the Methods

Chapter. Furthermore, there were difficulties extracting blood from some of the patients,

resulting in too little RNA to perform the gene expression analysis.
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3.3.1 Cytokine gene expression in septic patients

A

B IL-1p

TNFo
15 * 1501 .
ok k
kK ok
e® o
5 o
2 g
g 10 o 100+
g ° o
@ o
@ v )]
: ) 5
=]
S s v s H @ 504
< b °
= D = °
°®
L] L]
& g o
0! o P S - -~ - S -
HV <24hr 4-7d  6-12mths HV <24hr 4-7d  6-12mths
(n=36) (n=62) (n=43) (n=23) D (n=37) (n=63) (n=42) (n=24)
IL-10 IL-6
1.5 0.06-
* %k Kk
%k gk
c L ]
o
[’
21.01 é 0.04
= £
[ . “?
g 4 .
> H
20.5 0.02- v °
- [ ]
- Ll
A vy :
° v - = —h
v ‘o..° . v;;;“ v
0.0- T —— 0.00 . — :
HV <24hr 4-7d  6-12mths HV <24hr  4-7d  6-12mths
(h=34) (n=58) (n=37) (n=21) (n=34) (n=43) (n=30) (n=18)
E IL-12 CCL2
0.20- 1.51
v ° g
0.151 s
c 2 1.0
2 v o
; 3
£0.101 o
s v : o
2 ¢ e
S v . 30.5-
005 v a
= Tvyy ————
M2 L1 B
Jvyv
vy v
0.00 T T - 0.0- g
WYy ooane A7 612mihs <24hr 4-7d 6-12mths
(n=34) (n=51) (n=35) (n=23) (n=31) (n=20) (n=17)
Key:

HV= Healthy volunteer
4-7d=4-7 days post +blood culture

<24hr= <24 hours post +blood culture

6-12mth= 6-12 months post hospital discharge

122



Figure 3.3.1 Gene expression of (A) TNFa, (B) IL-1B, (C) IL-10, (D) IL-6, (E) IL-12, and (F) CCL2,
derived from quantitative PCR data with two housekeeping genes UBC and HPRT. The
expression of each of these genes were assessed for blood samples drawn from the same
patient cohort at three time points, <24 hours post positive blood culture, 4-7 days post
positive blood culture, and finally 6-12 months post hospital discharge, and from a
comparator group of 37 healthy volunteers. Lines represent mean values. Friedman
statistical test with Dunn post-hoc was performed only on matched pairs from septic
patients at all three time points (n=18). A p-value less than 0.05 is flagged with one star (*),
a p-value is less than 0.01 is flagged with two stars (**), a p-value is less than 0.001is flagged
with three stars (***) and a p-value is less than 0.0001 is flagged with four stars (****).

The presence of CCL2 was persistent, present in the samples of septic patients at all three
time points including 6-12 months post hospital discharge but was not present in any of the
healthy volunteers. No significance was found within some cytokines: IL-6, and IL-12, which
is inconsistent with established literature. Interindividual variability accounted for some of
the lack of differences within the samples. IL-1p and IL-10 did show a significant difference
between the samples taken <24 hours post positive blood culture and 6-12 months post

hospital discharge (p=0.0376 and p<0.0001 respectively).
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IL-10 concentration (pg/ml)

3.3.2IL-10 and IL-6 concentrations in septic patient plasma
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Figure 3.3.2 The concentration (pg/ml) of (A) IL-10 and (B) IL-6 in the plasma drawn from
septic patients at three different time points. In grey is healthy volunteer data as a
comparator. Lines represent the mean values. A p-value less than 0.05 is flagged with one
star (*), a p-value is less than 0.01 is flagged with two stars (**), a p-value is less than
0.001is flagged with three stars (***) and a p-value is less than 0.0001 is flagged with four
stars (****). Statistics calculated via Friedman test with Dunn post-hoc only on patient
samples with all three time points (n=18). The three patient time points were <24 hours
post blood culture positive, 4-7 days post blood culture positive, and 6-12 months post
hospital discharge.

The IL-10 concentration was higher at <24 hours post blood culture positive in patients than
healthy donors (p<0.0001) or 6-12 months post hospital discharge (p<0.0001). The
difference between <24 hours and 4-7 days post blood culture positive was not significant.
By 6-12 months post hospital discharge, the patient levels of IL-10 had returned to the same

level as healthy volunteers.

Similarly, there was no difference between <24 hours and 4-7 days post blood culture
positive for IL-6 levels. The IL-6 levels at <24 hours post blood culture positive in patients
was significantly higher than healthy donors (p<0.0001), and likewise with the 6-12 months
post hospital discharge sample (p<0.0001). Again, by 6-12 months post hospital discharge,

the patient levels of IL-6 had returned to the same level as healthy volunteers.
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3.3.3 Cytokine production in rechallenged “recovered” patient cells LPS rechallenge
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Key:

<24hr= <24 hours post +blood culture

HV= Healthy volunteer

6-12 months post hospital discharge

4-7 days post +blood culture 6-12mth=

4-7d=
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Concentration of IL-22 (pg/ml)
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Key:

HV= Healthy volunteer

<24hr= <24 hours post +blood culture
4-7d= 4-7 days post +blood culture

6-12mth= 6-12 months post hospital
discharge

°
° bd L 34
... ° ° *
® ®
_— °
o® .
[ °
Y ‘\( /\b -]
D A
N
.

Figure 3.3.2.1 The concentration (pg/ml) of (A) IL-10, (B) IL-6, (C) IFNy, (D) TNFa, (E) IL-5, (F)
IL-13, (G) IL-2, (H) IL-9, (1) IL-17a, (J) IL-17F, (K) IL-4, (L) IL-21 and (M) IL-22 from supernatants
of PBMCS rechallenged with LPS (100ng/ul) for 24 hours in vitro. Shown in blue, the PBMCs

were extracted from septic patients at three time points, <24 hours post positive blood

culture, 4-7 days post positive blood culture, and finally 6-12 months post hospital
discharge. A comparator group of healthy volunteers is shown in red. Lines represent mean

values.
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PMA rechallenge
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Key:
HV= Healthy volunteer <24hr= <24 hours post +blood culture
4-7d= 4-7 days post +blood culture 6-12mth= 6-12 months post hospital discharge
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Concentration of IL-4 (pg/ml)

Concentration of IL-2 (pg/ml)

Concentration of IL-17a (pg/ml)
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Key:

HV= Healthy volunteer

4-7d= 4-7 days post +blood culture

<24hr= <24 hours post +blood culture

6-12mth= 6-12 months post hospital discharge
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Figure 3.3.2.2 The concentration (pg/ml) of (A) IL-10, (B) IL-6, (C) IFNy, (D) TNFa, (E) IL-5, (F)
IL-13, (G) IL-2, (H) IL-9, (1) IL-17a, (J) IL-17F, (K) IL-4, (L) IL-21 and (M) IL-22 from supernatants
of PBMCS rechallenged with PMA (30ng/ul) and ionomycin (1uM) for 24 hours in vitro. .
Shown in blue, the PBMCs were extracted from septic patients at three time points, <24
hours post positive blood culture, 4-7 days post positive blood culture, and finally 6-12
months post hospital discharge. A comparator group of healthy volunteers is shown in red.
Lines represent mean values.
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Unstimulated controls
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Key:

HV= Healthy volunteer

4-7d= 4-7 days post +blood culture

<24hr= <24 hours post +blood culture

6-12mth= 6-12 months post hospital discharge
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Concentration of IL-2 (pg/ml)

Concentration of IL-17a (pg/ml)

Concentration of IL-4 (pg/ml)
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HV= Healthy volunteer

4-7d= 4-7 days post +blood culture
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Figure 3.3.2.2 The concentration (pg/ml) of (A) IL-10, (B) IL-6, (C) IFNy, (D) TNFa, (E) IL-5, (F)
IL-13, (G) IL-2, (H) IL-9, (1) IL-17a, (J) IL-17F, (K) IL-4, (L) IL-21 and (M) IL-22 from supernatants
of PBMCS unstimulated for 24 hours in vitro. Shown in blue, the PBMCs were extracted from
septic patients at three time points, <24 hours post positive blood culture, 4-7 days post
positive blood culture, and finally 6-12 months post hospital discharge. A comparator group
of healthy volunteers is shown in red. Lines represent mean values.

Statistical analysis was not performed on these data sets as the sample size was too small.
The concentrations of IL-10 and IFN-y when restimulated with LPS, and the concentrations of
IL-6 and IFN-y when restimulated with PMA and ionomycin, may be reduced in cells drawn

from septic patients compared to healthy volunteers. A larger samples size is required to

investigate this further.
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3.3.4 Gene expression of histone modifying enzymes in septic patients
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Figure 3.3.3 Gene expression of (A) EHMT2, (B) KDM5B, (C) KDM6B, (D) DOTILL, (E) KMT2A,
(F) ASK1L, (G) HDACS, and (H) HDACS3, derived from quantitative PCR data with two
housekeeping genes UBC and HPRT. The expression of each of these genes were assessed
for blood samples drawn from the same patient cohort at three time points, <24 hours post
positive blood culture, 4-7 days post positive blood culture, and finally 6-12 months post
hospital discharge, and from a comparator group of 37 healthy volunteers. Lines represent
mean values. Friedman statistical test with Dunn post-hoc was performed on matched pairs
from septic patients (n=18) with samples at all three time points.
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The gene expression of histone modifying enzymes did not result in any significant differences
(EHMT2 p=0.1273; KDM5B p=0.313; KDM6B p=0.8449; DOTI1L p=0.3946; KMT2A p=0.396;
ASH1L p=0.673; HDAC8 p=0.5349; HDAC3 p=0.3591). It is important to note that statistics were
performed on matched pairs from septic patients (n=18) with samples at all three time points

only and compared to full cohort of healthy volunteers.

3.3.5 Histone modifications in sepsis

Chromatin Immunoprecipitation optimisation for PBMCs

Both N-ChIP and X-ChIP were performed with the modifications H3K4me3, H3K27me3,
H3K9Ac and H3K9me2 with IgG as a control. Optimisation was done on the following: cell
lysis, cross-linking (X-ChIP), chromatin shearing (MNase concentration and reaction time for
N-ChIP and sonication settings and time for X-ChIP), amount of chromatin to use per
immunoprecipitation, antibody binding for the immunoprecipitation, the means to
precipitate the chromatin-antibody complex (protein A/G or magnetic beads), amount of

chromatin perimmunoprecipitation, DNA purification and optimisation of specialised buffers.

Approximately 10 million PBMCs per ChIP were used in optimisation to reflect the number of
cells for the patient samples. Optimisation was performed on PBMCs from healthy volunteers,
frozen down in various ways. The first 65 patient PBMC samples were frozen in PBS 2% FBS;
which is incompatible which subsequent ChIP analysis due to the cells bursting having been
frozen without DMSO, and therefore damaging the DNA. Whilst the cell membrane does not
necessarily need to be intact, the nucleus needs to be preserved. ChIP was attempted several

times of these damaged samples to try to salvage them, but unfortunately they were too
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damaged to work. A further 13 patient samples collected since the start of this PhD were
frozen in FBS 10% DMSO, a way that is suitable for ChIP. Healthy donor samples were frozen

in either PBS 2% FBS, or FBS 10% DMSO and used for optimisation.

A key point of optimisation for Chromatin Immunoprecipitation was the Chromatin shearing.
Chromatin shearing was optimised for both N-ChIP using MNase and X-ChlIP using sonication.
Figure 3.3.5.1 below compares the DNA from each protocol run on a 2% agarose gel compared
to a 1kb Plus DNA Ladder. The MNase digestion should return a band of DNA around 100-
200bp because the enzyme cleaves in specific site between the histones, whereas in
sonication the band will look like more of a smear. Non-sheared DNA will be a band at the top

(12k bp) and DNA that is over-sheared will not show on the gel.
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Figure 3.3.5.1 2% agarose gels showing A) histone-bound DNA digested by optimised 10U
micrococcal nuclease enzyme (right) with 1kb DNA Plus Ladder (left), B) histone-bound DNA
sheared by sonication (left) with 1kb DNA Plus Ladder (right) and C) 1kb DNA Plus Ladder from
Thermo Fisher Scientific showing base-pairs (bp) per band.

To calculate relative enrichment, the Livak method was performed. First, average Cts were

calculated for each gene. Then, the negative control gene mean Ct was subtracted from each
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gene of interest; for H3K4me3 the negative control is HMGB1, and for H3K27me3 and
H3K9me3 the negative control is GAPDH. This is the first ‘delta’ to get ACt. The input is then
subtracted from each modification of interest (second ‘delta’ for AACt). Finally, 2 to the power

of negative AACt was calculated to get the relative enrichment.

When cells were frozen in the way compatible for ChIP, N-ChIP was successful for H3K4me3
(Figure 3.3.4.2) and not for the other histone modifications of interest. X-ChlIP was successful
for all modifications, and the H3K4me3 showed greater enrichment than that of N-ChIP
(Figure 3.3.4.3). N-ChlIP did not work for samples frozen in the way that is unsuitable for ChIP

to mimic patient samples.
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Figure 3.3.5.2 Working N-ChIP for H3K4me3 (n=3). IG5, AURKC, BRDT, TSH2B and HMGB1 are
all negative controls for H3K4me3, and FN1, UBE2B, GAPDH and TLR4 are positive controls
for H3K4me3. Bars represent the mean.
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Figure 3.3.5.3 Working X-ChIP for H3K4me3. Alpha satellite and HMGB1 are negative controls
for H3K4me3, and GAPDH and TLR4 are positive controls for H3K4me3. Bars represent the
mean.

The best and most consistent ChIP to perform on the correctly frozen samples was X-ChIP of
Active Motif ChIP-IT PBMC kit (cat no 53042). It was not possible to get ChIP working
consistently for the incorrectly frozen samples, despite trying 6 different methodologies and
attempting to troubleshoot and adapt. The methodologies attempted were from Weiterer et
al, 2014; Sui et al, 2014; Arrigoni et al, 2016; Active Motif ChIP-IT® PBMC kit; Active Motif

ChIP-IT High Sensitivity® kit; Epigentek, USA.
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3.3.6 Chromatin Immunoprecipitation Experiment 1: Septic patient PBMCs
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Figure 3.3.5.4 Chromatin
Immunoprecipitation on healthy volunteer
and patient PBMCs for the H3K4me3
modification. Graphs show the relative
enrichment of (A) GAPDH, (B) TLR4, (C) mTOR,
(D) IL-10 and (E) IRAK-M. The enrichment of
each of these genes were assessed for blood
samples drawn from the same patient cohort
at three time points, <24 hours post positive
blood culture, 4-7 days post positive blood
culture, and finally 6-12 months post hospital
discharge, and from a comparator group of
healthy volunteers. The PBMCs used were the
same as the samples used in section 3.3.2.
Bars represent the mean. Friedman statistical
test with Dunn post-hoc was performed
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Relative enrichment

Relative enrichment

For H3K4me3, the gene activation marker, there was a significantly higher relative

enrichment in patients 6-12 months post hospital discharge than healthy volunteers in

GAPDH (p=0.0082) and IRAK-M (p=0.0012), and a significantly lower enrichment in IL-10

(p=0.0012) and mTOR (p=0.0023).

A H3K9me3 IL-10

20+

154 *

104

5

o-—.*. .:. .°. .:1:.

Healthy Acute 7 day 12 month

donor

Timepoint post blood culture positive

C H3K9me3 TLR4
6_

o

o

]
4_
°
.
[ : o
2-
[ ) - )
0' \ 4 , .I.
Healthy Acute 7 day 12 month

donor

Timepoint post blood culture positive

Relative enrichment

Relative enrichment

B H3K9me3 IRAK-M

254
L ]

20

15-

10- o

51 e ®o e 3.
[ ] (]

o-—‘ + .0

Healthy Acute 7 day 12 month

donor

Timepoint post blood culture positive

D H3K9me3 mTOR
30+
[ ]
204
104
e %o .. Qe ;
0-—- % P * |

Healthy Acute 7day 12 month

donor
Timepoint post blood culture positive

Figure 3.3.5.5 Chromatin Immunoprecipitation on healthy volunteer and patient PBMCs for the H3K9me3
modification. Graphs show the relative enrichment of (A) IL-10, (B) IRAK-M, (C) TLR4, and (D) mTOR. The
enrichment of each of these genes were assessed for blood samples drawn from the same patient cohort at
three time points, <24 hours post positive blood culture, 4-7 days post positive blood culture, and finally 6-
12 months post hospital discharge, and from a comparator group of healthy volunteers. The PBMCs used
were the same as the samples used in section 3.3.2. Bars represent the mean.
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Relative enrichment

H3K9me3, known for gene inactivation, did not show any differences between any of the

groups for the genes IL-10, IRAK-M, TLR4 and mTOR.
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Figure 3.3.5.6 Chromatin Immunoprecipitation on healthy volunteer and patient PBMCs for the H3K27me3
modification. Graphs show the relative enrichment of (A) IL-10, (B) IRAK-M, (C) TLR4, and (D) mTOR. The enrichment

of each of these genes were assessed for blood samples drawn from the same patient cohort at three time points,

<24 hours post positive blood culture, 4-7 days post positive blood culture, and finally 6-12 months post hospital

discharge, and from a comparator group of healthy volunteers. The PBMCs used were the same as the samples used

in secti

on 3.3.2. Bars represent the mean.

H3K27me3, also known for gene inactivation, returned similar results to H3K9me3. It did not
show any differences between any of the groups for the genes IL-10, IRAK-M, TLR4 and

mTOR.
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Figure 3.3.5.7 Chromatin Immunoprecipitation on
healthy volunteer and patient PBMCs for the H3K9Ac
modification. Graphs show the relative enrichment of
(A) GAPDH, (B) TLR4, (C) mTOR, (D) IL-10 and (E) IRAK-
M. The enrichment of each of these genes were
assessed for blood samples drawn from the same
patient cohort at three time points, <24 hours post
positive blood culture, 4-7 days post positive blood
culture, and finally 6-12 months post hospital discharge,
and from a comparator group of healthy volunteers. The
PBMCs used were the same as the samples used in
section 3.3.2. Bars represent the mean. Friedman

statistical test with Dunn post-hoc was performed

143



For the histone modification H3K9Ac, another activation marker, the relative enrichments
were significantly higher in the 6-12 months post hospital discharge than the healthy

volunteers for GAPDH, TLR4, IRAK-M and mTOR, all p=0.0012.

3.3.7 Chromatin Immunoprecipitation Experiment 2: Mimicking acute sepsis

For each of the three histone modifications- H3K4me3, H3K9me3, and H3K27me3- 20 genes
were examined. These genes were: IRAK-M, GAPDH, mTOR, CD180, CD86, CD80, TNFa, IFNy,
IL-6, IL-10, IL-17a, TLR4, TLR2, CCL2, TREM1, EIR4EBPI, MyD88, PD1L, CIITA, and HIFla.b
Healthy volunteer PBMCs were cultured for 2 hours in pooled serum drawn from sepsis

patients at different time points.
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Figure 3.3.5.8 Chromatin Immunoprecipitation on healthy volunteer PBMCs that were cultured for 2 hours in 10%
serum pooled from e.coli septic patients for the activation marker H3K4me3 (A-C) and repression marker H3K27me3
(D). Graphs show the relative enrichment of (A,D) IRAK-M (B) TLR4, and (C) GAPDH. The same healthy volunteers
(n=6) were used in each serum condition. The enrichment of each of these genes were assessed for PBMCs cultured
in pooled serum samples drawn from the same patient cohort at three time points, <24 hours post positive blood
culture, 4-7 days post positive blood culture, and finally 6-12 months post hospital discharge, and from a comparator
group of healthy volunteers. Bars represent the mean. A p-value less than 0.05 is flagged with one star (*), a p-value
is less than 0.01 is flagged with two stars (¥*), a p-value is less than 0.001is flagged with three stars (***) and a p-
value is less than 0.0001is flagged with four stars (****). Statistics calculated via Friedman test with Dunn post-hoc.

For H3K4me3, the gene activation marker, there was a lower relative enrichment in PBMCs

when cultured in serum from 6-12 months post hospital discharge than serum from healthy

volunteers in IRAK-M (p= 0.0232). For IRAK-M, there was also a drop in relative enrichment

for 7 days post positive blood culture compared to when septic patients were sampled

acutely (p=0.0347). TLR4 displayed a rise in H3K4me3 relative enrichment when cells were
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cultured in acute septic serum (healthy donor vs acute p=0.0347; acute vs 7 days post
positive blood culture p=0.0347). For GAPDH, there was only a difference between acute

and 7 days post positive blood culture p=0.0309.

For IRAK-M with repression marker H3K27me3, there was a lower relative enrichment when
cells were cultured in healthy donor serum than acute septic serum (p=0.0347) or serum from

6-12 months post hospital discharge (p=0.0347).

For H3K9me3 repression marker, there were no differences in relative enrichment between

serum conditions for any of the 20 genes analysed.
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3.4 Discussion

Patient characteristics and demographics

The difficulty with these experiments is that the cohort is so varied with regards to
pathophysiology and patient characteristics it is possible to miss more subtle findings. With
more time to recruit patients that fit into specific subcategories (for example; 18-45 year old,
E.coli sepsis, no chronic conditions, ICU patients) this could shed more light on the differences
between the different patient groups. It is possible that the gram-positive versus the gram-
negative bacteraemia could result in distinct phenotypes. In the gene expression experiments
the statistics are performed only on patients who had a full set of samples, n=18. However,

14 of those were E.coli sepsis, which skews the results into this type of infection.

Pooled septic serum was collected from n=14 patients with E.coli sepsis from the full patient
cohort who had samples at all timepoints. Pooled serum helps to create a normalised
population for the subgroup it was selected for (in this case E.coli sepsis), and the more
matched donors that are added the better it will be at fulfilling this goal. It helps reduce the
impact of individual’s variation in a sample. Ideally, this pooled serum should have been from

a larger number of age and sex matched individuals without comorbidities.

Statistics and power

Some sample sizes within this body of work are too small to be able to perform statistical
analysis, due to a high chance of a type Il error. Results must be interpreted with this in

mind, particularly where statistical power is lacking.
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Rechallenging patient PBMCs may result in a reduced cytokine response

The main introduction discusses the evidence that T cells, monocytes and macrophages
become exhausted when challenged with sepsis, and over time are less able to produce pro-
inflammatory cytokines (immunoparalysis). This immune deficit can persist in sepsis survivors
even long after the infection has cleared. The increased likelihood of sepsis survivors
developing recurrent infections may be due to this dampening of the immune response from
an exhaustion of leukocytes and inhibited cytokine production. The length of time a sepsis-
induced immune deficit can persist is variable and has not been fully elucidated. The
hypothesis of impaired immunity in survivors of sepsis was not adequately assessed in order

to draw conclusions.

The biggest weakness to these experiments were the low sample size. It is not possible to
perform statistical analysis on such small n numbers, and so any patterns that may emerge in
the data are purely speculatory. Looking at the data, a trend suggests the concentrations of
IL-10 and IFN-y when restimulated with LPS, and the concentrations of IL-6 and IFN-y when
restimulated with PMA and ionomycin, may be reduced in cells drawn from septic patients
compared to healthy volunteers. This would support research conducted by Boomer et. al.,
who found a global decrease in the secretion of TNF-a, IFN-y, IL-6 and IL-10 in cells from
patients who died from sepsis which were stimulated with LPS and a-CD3/28. Arens et. al.
observed similar trends in their pilot study when restimulating septic patient PBMCs with a-

CD3/28, LPS and zymosan.

If this is true, the samples suggest this immune deficit may persist for up to 12 months post

hospital discharge in patients, making them vulnerable to further infections during this time.
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However, this conclusion is too far-reaching with such a small sample size, and should only be

taken as a pilot study to warrant further investigation.

The most extensively studied pro-inflammatory cytokines in sepsis are TNFa and IL-1, which
are early mediators released during acute inflammation and have essential roles in the
immune response (Schulte et al, 2013). TNFa is mostly produced by macrophages and
monocytes, and to a lesser extent natural killer and B cells, and mediates a diverse set of
reactions within the immune response (Sellati et al, 2014). TNFa regulated cell differentiation,
proliferation and apoptosis (Parameswaran et al, 2010). It is considered a ‘master regulator’
of the immune response where it orchestrates the production of a pro-inflammatory cytokine
cascade, and increases prostaglandins and platelet activating factor (Parameswaran et al,
2010; Maini et al, 1995; Vassalli, 1992). TNF has been shown to regulate transcription of the
NLRP3 inflammasome components. A downstream reaction of TNFa results in the
degradation of IkBa and activation of NF-kB (Parameswaran et al, 2010). TNFa cytokine
concentration is higher in septic patients than healthy controls, and significantly increased in
septic shock as compared with severe sepsis with higher levels associated with increased

mortality (Schulte et al, 2013; Surbatovic et al, 2015).

Another essential pro-inflammatory cytokine is IL-6. A wide array of immune cells respond to
and secrete IL-6, which can result in feedback loops to produce more IL-6 (Choy et al, 2017).
IL-6 promotes the development of T-helper 17 (Th17) cells (which produce IL-17) and the
maturation of B lymphocytes (Choy et al, 2017). IL-6 can help orchestrate a transition from
acute to chronic inflammation through mediating the nature of leucocyte infiltrate (Gabay,
2006). IL-6 concentration is higher in septic patients than healthy controls, and is found to be

associated with severity and organ dysfunction -higher IL-6 during the first 24 hours is
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predictive of worsening organ dysfunction and mortality (Schulte et al, 2013; Bozza et al,
2007, Grealy et al, 2013). Th17 cells produce IL-6 and IL-17, which in turn induced fibroblasts

to produce more IL-6 and amplifies the immune response (Otta et al, 2015).

IL-10 is an anti-inflammatory cytokine that has a crucial role in limiting host immune response
to pathogens, and in produced by almost all leukocytes (lyer et al, 2012). IL-10 concentration
higher in septic patients than healthy controls, and could be associated with severity and

organ dysfunction (Schulte et al, 2013; Bozza et al, 2007).

IL-10 and IL-4 help negatively regulate IFNy production, whereas IL-12 and IL-18 help to
positively regulate it (Salazar-Mather et al, 2000; Fukao et al, 2000; Sen, 2001).IFNy has
extendsive roles in the immune system, including regulating antigen processing and
presentation by antigen presenting cells, causing apoptosis, production of NO, and leukocyte

trafficking (Schroder et al, 2004; Cultraro et al, 1997).

IL-5 activates B cells and eosinophils and regulates the innate and acquired immune response
(Takatsu et al, 2005). IL-13 reduces CD14 expression and blocks TNFa secretion by monocytes
(Rink, 1998). IL-4 induces differentiation of naive helper T cells into Th2 cells, and in
macrophages IL-4 along with IL-13 induce alternative macrophage activation (Junttila, 2008).
IL-9, as well as being an immune regulator, is found to be able to mediate the JAK-STAT
pathway (Bianchi et al, 2000). IL-2, IL-21 and IL-22 stimulate proliferation and enhances

function of T-cells, natural killer cells and B-cells (Malek, 2003).

An oversight of the project was excluding the proinflammatory cytokines IL-1B and IL-18 from
the panel. IL-1B in particular is a key proinflammatory cytokine in the immune response. The
NLRP3 inflammasome is responsible for caspase-1-dependent maturation of IL-1B and IL-18
(by cleaving pro-IL-1B and pro-IL-18 into their secretory forms) (McGeough et al, 2017), and
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therefore a crucial piece of the puzzle was omitted. Analysis of IL-18 and IL-18 would have
helped ascertain the potential contributions from NLRP3 inflammasome-driven mechanisms.
IL-1B concentration is higher in septic patients than healthy controls; and found to be
associated with severity and organ dysfunction and a predictor of sepsis mortality (Bozza et

al, 2007).

Clinical characteristics that likely modify immune function (age, sex, comorbidities) were not
matched in this small sample size, further complicating the results. The healthy volunteers
were not comparable to the septic patient cohort. Furthermore, a pre-sepsis sample of the
patients was lacking, and therefore the immune profile of the patients pre-sepsis is
unknown. Any immune deficits they may have may be due to differences in immune
response from before a septic insult. Patients with a non-septic, sterile critical illness should
have been matched to septic patients as a control, as it is currently not clear if these trends
are due to patient comorbidities or a phenomenon of critical illness unrelated to infection.
Patients were also not matched for the type of sepsis, as different infections may result in

different changes to the immune response.

Cytokine gene expression in sepsis survivors- persistent presence of CCL2

As some of the cytokines’ gene expression did not rise in acutely septic patients, in opposition
to well established literature. A possible explanation is that the primer-probes in the
experiment malfunctioned. A melt curve was not performed as the primers were Tagman
rather than SYBR Green, however an additional method of quality control should have been
carried out to ensure the primers were working correctly. This was a large oversight. It is also
possible the samples had degraded during processing- cDNA should have been checking via
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gPCR and agarose gel to determine if it was suitable before commencing the experiment. In

general quality control is a large weakness of this thesis due to inexperience at the time.

Interindividual variability accounted for most of the lack of differences within the samples.

CCL2 was present in the samples of septic patients at all three time points but was not present
in any of the controls. CCL2 is triggered in response to a variety of inflammatory stimuli,
including Il-1, -4, -6, TNFa, IFNy and LPS (Yoshimura et al, 2018; Choi et al, 2017). CCL2 is a
chemokine involved in recruitment of monocytes, T memory cells and dendritic cells to sites
of infection and inflammation and encourages monocytes differentiation into M2
macrophages. However, not only does CCL2 orchestrate chemotaxis in lymphoid and myeloid
cells under normal physiological immune reactions, it is also involved in pathological reactions
and diseases such as autoimmune diseases, inflammatory diseases, infectious diseases and
some types of cancer (Gschwandtner et al, 2019). Indeed, it has been assessed as a potential
biomarker for prostate and breast cancer (Tsaur et al, 2015; Lubowicka et al, 2018). When
CCL2 levels persist they are known to exacerbate inflammation through continued cell
recruitment in inflammatory conditions such as rheumatoid arthritis and atherosclerosis
(Stankovic et al, 2009; Harrington et al, 2000). This suggests, if the findings are to be validated
by a larger study, that CCL2 may be a lingering artifact of the sepsis-induced immune
dysregulation and inflammation. It is possible CCL2 may play a more direct role in immune
function; in certain contexts, it has be shown to induce macrophage polarisation (Ruytinx et
al, 2018), an upregulation of CCL2 encouraging M1 polarisation (Wang et al, 2014; Mu et al,
2017; Sodhi et al, 2002) and a downregulation of CCL2 encouraging M2 polarisation (Gu et al,
2017; Nio et al, 2012). Whilst it may seem suggestive that CCL2 can act as an inflammatory

stimulus, in reality there is still not enough evidence to draw this conclusion- only Sodhi et al
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of those mentioned confirmed that the CCL2 could be blocked by an anti-CCL2 antibody and
that their CCL2 was endotoxin-free, and changes observed may have been due to other

contaminants or other cellular changes unrelated to CCL2.

CCL2 gene expression was also the only cytokine gene to have a persistent change in the 6-12
months post hospital discharge samples compared to healthy volunteer levels. This suggests
there may be lingering inflammation after the infection has cleared, even 6-12 months later,
or else it is indicative of a dysregulation in immune function in general. This change appears
to not be controlled by histone modifications however, as the CCL2 relative enrichment for
the modifications H3K4me3, H3K9me3 and H3K27me3 remain the same for samples at all
three time points and healthy donors. It is possible that something upstream of CCL2 is
epigenetically controlled, or that CCL2 is regulated by another modification that was not

examined.

Although the expression of CCL2 is interesting, the finding is not very impactful in the context
of the hypothesis. Several reasons may be attributed to the patients showing levels of CCL2,
for example their comorbidities (that healthy volunteers did not have), or the heterogenous
pathophysiology pf their condition, or perhaps even the stay in ICU itself (there were no sterile

ICU patients as a control).

Without restimulation, the gene expression of the other cytokines in the full patient cohort
all had returned to reflect that of the healthy volunteers by 6-12 months post hospital
discharge. This was mirrored in the concentrations of IL-10 and IL-6 found in the patient
plasma, which had returned to healthy volunteer levels by 6-12 months post hospital
discharge. However, when a small sample of patient PBMCs were rechallenged with LPS or
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PMA/ionomycin, there may have been an indication of a deficit in their ability to produce
certain cytokines, and this persisted even 6-12 months post hospital discharge. This could be
reflective of patients returning to hospital with recurrent infections, but the sample size is too
small to draw conclusions. For further research on a larger patient cohort, it would be wise to
conduct flow cytometry on the cells to enable mapping of markers and cytokines within the
cell. It is possible that the cytokine production is normal, but the cytokines are not being

released from within the cell for example.

Persistent changes in gene expression of histone modifying enzymes in sepsis survivors

The gene expression of the selected enzymes involved in histone modifications did not change
in bacteraemia patients compared to healthy volunteers. Not finding any changes in gene
expression levels of these enzymes does not necessarily mean the enzymes did not elicit
changes in the patients cells when septic. Furthermore, particularly at the <24 hours post
positive blood culture time point, there were often a few patients who had particularly high
upregulation of the genes compared to the majority. There may have been different subsets
of patients who respond differently to bacteraemia with regards to gene expression of certain
histone modifying enzymes. The groups were split further for analysis- into sepsis severity via
SOFA score and via Ward/ICU admission, patient outcome, type of bacteria of infection, age-
but none of these revealed a clear distinction within any groups. The heterogeneity of the
patient samples make it difficult to determine whether there really were no changes of if
changes in a specific sub group were masked. To date there have not been any published
studies examining the gene expression in histone modifying enzymes in septic patients or

infection and so it is difficult to put it into context.
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Chromatin Immunoprecipitation optimisation

Chromatin Immunoprecipitation could not be optimised on most of the patient cohort whose
PBMCs were frozen in PBS 2% FBS, a way that it incompatible with ChIP due to the cells
bursting and damaging the DNA. Many protocols were tried and adapted, however it was not
possible to get a consistent result that would be needed for the patient PBMCs when
practising with healthy donor PBMCs frozen in the same way as the patient samples. The
Active Motif ChIP kit, which worked best for cells frozen in the correct way (DNA remaining
intact), did not at all work for the incorrectly frozen samples despite alterations to the
protocol. Several other protocols were employed, from the literature as well as novel ones,
and stitched together to finally make a protocol that would mostly work for H3K4me3 but not
the other modifications. Even then, the result of H3K4me3 was not consistent, working about
70% of the time only. There may have been a way to optimise ChIP for these incorrectly stored
samples after continuously tweaking the protocols, however due to time constraints it was
decided to not use them this time. It was a great shame that the 65 patient’s samples could
not be used, however it is best to store them for a time when a different compatible
experiment makes sense. DNA methylation was also attempted on incorrectly stored
controls, but again this did not work. The cells burst and their DNA is damaged, and so
epigenetics studies are not suitable for these samples. It is possible that a western blot could
be performed on proteins if they are not also damaged, but it was decided to instead go on
with ChlIP on the few samples that were stored correctly. For the correctly stored samples,

the best protocol was the Active Motif ChIP kit, and so that was what was used.

Septic patient samples show persistent changes in histone modifications to certain genes.

ChIP performed on these correctly stored patient samples yielded interesting results. For the
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gene activation marker H3K4me3, the promotors of GAPDH and IRAK-M were lower than
healthy donors in the first few days of sepsis but by 12 months post hospital discharge they
were higher than healthy donors. In recovery there appears to be a persistent
overcompensation of GAPDH and IRAK-M. The promotors of IL-10, mTOR, and TLR4 had a
reduction in relative enrichment of H3K4me3 compared to healthy donors, and this reduction
persists even into recovery, significantly so for IL-10 and mTOR. Another activation marker,
H3K9Ac, had a higher relative enrichment in patients than healthy donors that persisted even
12 months post hospital discharge for GAPDH, IRAK-M, and this time also for TLR4 and mTOR.
For this modification there was also increased relative enrichment in the first few days of
sepsis. For the patients, neither of the two gene repression makers H3K9me3 or H3K27me3

returned any differences.

When mimicking acute sepsis, different histone modification patterns were observed.

ChIP on healthy volunteer PBMCs that were cultured in septic serum returned different
results. This may be due to the fact that the cells were only cultured in the serum for 2 hours
prior to harvest, but these cells were cultured parallel to the seahorse experiments in the next

chapter. They also utilised pooled E.coli septic serum which may account for differences.

The investigation used targeted ChIP due to budget constraints, however ChIP-Seq would
provide a complete picture of the gene changes associated with each modification. On the
other hand, targeted ChIP is a more suitable technique when the genes of interest are known,
as they can be assessed more easily and accurately. The modifications selected were also the
ones most associated with infection and sepsis, but an increased number of modifications
could have been examined to gain a more complete understanding of the changes to histones.

Furthermore, histone modifications are just one example of epigenetic changes, but it is the
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most associated with sepsis and infections, whereas other epigenetic changes such as DNA

methylation in sepsis returned very little results.

Further research

The extent of the immune defect persistence should be further examined, such as whether
these epigenetic changes are lifelong and can be passed on via meiosis. An interesting
experiment would be to examine offspring of sepsis survivors (murine/ human) to see if their
immune function and epigenetic patterns are similar to their parents. In a murine model
epigenetics can be examined before sepsis, after sepsis, then compared to the profile of the
offspring- which can be born both before and after the parents were septic. Whether the
specific changes in histone modifications detailed in this chapter would carry over into a
murine model is not yet known. A further complicating factor in fully ascertaining the
persistence of the effects of sepsis post hospital discharge is that most often the patients are
older and have a plethora of comorbidities. They require a more complex management
clinically which may itself effect epigenetics and will make it difficult to gather a large
homogenous sample size to draw sepsis-specific conclusions from. A heterogenous sample
was the biggest limitation of the gene expression data on the whole patient cohort, who had
a variety of comorbidities, severities, and types of bacteria. Therefore, it resources and
attainability allow it, study participants should be younger and without comorbid conditions,

and with similar infections (e.g. all E.coli sepsis) in future work.

Summary

Patients recovered from an infectious insult display features of immune suppression which
could be attributable to infection induced histone modifications. What was not yet clear,
however, is whether this is due to the infection itself or its concomitant treatments. The
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epigenetic impact of different clinical interventions in sepsis should be assessed, as the
changes found may be partially attributable to these treatments rather than the infection
itself. Key areas to assess would be sedatives, muscle relaxants, vasopressors,
catecholamines, steroids, and antibiotic treatments. The sedative Propofol and the muscle

relaxant Rocuronium are examined in subsequent chapters of this thesis.
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Chapter 4: Epigenetics of sedation

4.1 Introduction

It is estimated that 55-70% of septic patients in intensive care require intubation and mechanical
ventilation (Rivers et al, 2001), all of whom will therefore require sedation (Hogarth et al, 2004). The

most widely used sedative in general anaesthesia is Propofol (Patel et al, 2012; Jakob et al, 2012).

Propofol has been demonstrated to elicit anti-inflammatory effects in human and animal models
(Runzer et al, 2002; Murphy et al, 1992; Chen et al, 2002). In a murine model of bloodstream MRSA,
Propofol increased populations of MDSCs and exacerbated the kidney pathology and dissemination of

bacteria (Visvabharathy et al, 2017).

Furthermore, studies suggest that Propofol-induced suppression of immune function may be caused
by Propofol inhibiting cells mitochondrial membrane potential (Chen et al, 2003). Growing evidence
suggests that Propofol Infusion Syndrome (PRIS) may have a mitochondrial origin (Branca et al, 1991;

Schenkman et al, 2000; Shimizu et al, 2019; Kraj¢ova et al, 2018).

Broad defects in oxidative phosphorylation and glycolysis appear to underlie immunosuppression in
sepsis (Cheng S et al, 2016). Both hyper- and hypo-inflammatory phases result in major shifts away
from basal homeostasis. The phenotypic phase shifts of immune cells may in fact follow on from key
metabolic shifts. These alterations in leukocyte metabolism may be attributable to concomitant

treatments such as Propofol administration.

Hypothesis The administration of Propofol will contribute to immunometabolic changes in sepsis
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Aims:

1: To assess immunometabolic changes when Propofol is administered to host cells

2: To determine if effects of Propofol persistinimmune cells after the Propofol has been removed and

cells left to recover

3: To describe the acquisition of histone modifications inimmune cells as a result of Propofol exposure
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4.2 Methods

4.2.1 Patient cohort

Peripheral blood mononuclear cells (PBMCs) from healthy donor volunteers (n=8) were exposed to

10% serum from patients who were blood culture positive with Escherichia coli (E.coli) sepsis and were

either sedated or non-sedated, with serum from non-septic healthy volunteers serving as a control.

The “sedated” patient was sedated with Propofol and was also treated with noradrenaline and

fentanyl. Table 4.1 details the demographics of the sedated and non-sedated patient used in this

research.

Table 4.2.1 Demographics of the septic patients from which the serum was drawn.

Propofol-sedated patient

Non-sedated patient

Gentamicin, Amikacin

Age 51 48
Sex Male Male
Sensitivity Co-amoxiclav, Tazocin, | Co-amoxiclav, Tazocin,

Gentamicin, Amikacin

Level of care ICU Ward
SOFA score 7 2
Ventilation days 3 -
Vasoactive Rx days 2 -
Chronic conditions Nil Nil
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Serum was taken from the septic patients at two different time points; when they were acutely septic
(<24 hours after blood culture positive result) and 7 days later when they had recovered from the

infection but were still in hospital.

4.2.2 Immunometabolic profiling

The Seahorse extracellular flux analyser was utilised to read cells’ immunometabolic profiles in real-

time and assess their bioenergetic function.

Cell viability was assessed upon thawing and before the seahorse experiment via haemocytometer
and Trypan Blue. Propofol concentration ascertained based on a Seahorse assay run with PBMCs at
concentrations form 1-10ug/ml, and the concentration of 4ug/ml was chosen due to it being the

highest dose to have an impact without reducing cell viability.

4.2.3 Seahorse Experiment 1: Donor PBMCs exposed to septic patient serum with and without

Propofol

The healthy donor PBMCs (n=8) were freshly drawn and loaded into the Seahorse analyser. The cells
were injected with either pooled healthy donor serum, serum from an acute sepsis Propofol-sedated
patient, serum from the Propofol-sedated patient once recovered from sepsis, an acute sepsis non-
sedated patient, or serum from the non-sedated patient once recovered from sepsis, and their
immunometabolism was read in real-time. The recovered serum samples were taken 7 days after
hospital admission when the infection was cleared, and the patient who had been receiving sedation
had been off sedation for 4 days before the sample was taken. Figure 4.2.2.1 details the experimental

design.
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Figure 4.2.2.1 Methodology for culture of PBMCs with patient serum for seahorse assay.

The cells were exposed to the different sera in a Seahorse XFe96 assay, where their cellular
respirometry was measured in real-time. The Seahorse XFe96 methodology is described in full in
Chapter 2.

4.2.4 Seahorse Experiment 2: THP1 cell line Propofol exposure and recovery

THP1 Null and NLRP3-/- cells were divided into four testing categories each- 48 hour stimulation with
10% pooled serum that was either: acutely septic, acutely septic with Propofol (4ug/ml), healthy
donor, or healthy donor with Propofol (4ug/ml). The acutely septic serum had been pooled from 15
E.coli septic patients who were all on Ward and were not sedated or administered any inotropes/
ventilation, and their bloods were drawn within 24 hours of a positive blood culture result. The healthy
donor serum was pooled from 4 volunteers. After the 48 hours’ incubation, cells were washed twice
with pre-warmed PBS and then left to recover for two days in 10% healthy donor serum. After the
recovery period, cells were transferred to FAO media and loaded into a Seahorse XFe analyser where

the cells were rechallenged with either septic serum, healthy volunteer serum, or PMA.
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Figure 4.2.2.2 depicts the four pre-treatment groups workflow.
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Figure 4.2.2.2 Null THP1 pre-treatment groups. The cells were divided into four pre-treatment groups;
RPMI with 10% serum from either healthy volunteers or septic E.coli patients, and treated with or
without Propofol at a final concentration of 4ug/ml. The cells were all cultured for two days then
washed, and then all cells were cultured for a further two days in 10% healthy volunteer serum to
recover. Finally, cells were transferred to FAO medium two hours before the Seahorse assay run.

4.2.5 Seahorse Experiment 3: Propofol recovered THP1 cells rechallenged with septic serum with

and without Propofol

THP1 Null and NLRP3-/- cells were divided into two testing categories: 72 hour stimulation with 10%
acutely septic serum that either contained Propofol (4pg/ml) or did not. The groups that were cultured
in Propofol are referred to as “sedated” vs their “non-sedated” counterparts. After the 72 hours’
incubation, cells were washed twice with pre-warmed PBS and then left to recover for three days in
10% healthy donor serum. After the recovery period, cells were transferred to FAO media and loaded
into a Seahorse XFe analyser where the cells were rechallenged with either septic serum alone, or

septic serum with Propofol (4pg/ml).
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4.2.6 Seahorse Experiment 4: Propofol recovery length time-course

The bioenergetic effect of the length of recovery time from Propofol administration was assessed in
this experiment. THP1 Null cells were divided into three testing categories: 60 hour culture in healthy
donor serum, healthy donor serum with Propofol, or no serum added (nil treatment). Cells were
washed twice after their 60 hour pretreatments. Then, each pretreatment group was left for three
different lengths of recovery before being run in the Seahorse: either 24 hour recovery after wash, 48
hour recovery after wash, or 72 hour recovery after wash. Cells were all initially plated at the same
time, but the administration of the pretreatment was staggered depending on required recovery
length so that they all went into the Seahorse at the same time. In the Seahorse, cells were all

rechallenged with septic serum.

4.2.7 Seahorse Experiment 5: Propofol recovered cells rechallenged with Etomoxir in FAO study

THP1 Null cells were divided into the same four testing categories as Seahorse Experiment 2- 48 hour
stimulation with 10% pooled serum that was either: acutely septic, acutely septic with Propofol
(4pg/ml), healthy donor, or healthy donor with Propofol (4ug/ml). The layout can be found in Figure
4.2.2.2. After the 48 hours’ incubation, cells were washed twice with pre-warmed PBS and then left to
recover for two days in 10% healthy donor serum. After the recovery period, cells were transferred to
FAO media. 15 minutes before the Seahorse assay run, cells were given either the inhibitor Etomoxir
(40uM final) or assay buffer (control). Right before the run, each condition was given either

Palmitate:BSA or BSA control.

Figure 4.2.2.3 depicts the workflow of inhibitor and palmitate treatment for each of the pre-treated

conditions.
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Figure 4.2.2.3 The pre-treated cells were divided so that half received Etomoxir or assay buffer
(control) 15 minutes before the assay run. Right before the assay run, cells were administered either
Palmitate:BSA or a BSA control.

4.2.8 Seahorse Experiment 6: Propofol recovered cells rechallenged with Etomoxir without

Palmitate

THP1 Null and NLRP3-/- cells were divided into the same four testing categories as Seahorse
Experiment 2- 48 hour stimulation with 10% pooled serum that was either: acutely septic, acutely
septic with Propofol (4ug/ml), healthy donor, or healthy donor with Propofol (4ug/ml). The layout can
be found in Figure 4.2.2.2. After the 48 hours’ incubation, cells were washed twice with pre-warmed
PBS and then left to recover for two days in 10% healthy donor serum. After the recovery period, cells
were transferred to FAO media. In the Seahorse analyser, cells were rechallenged with septic serum

with or without Etomoxir (40uM final).
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4.2.9 Gene expression

THP1 Null (n=3) and NLRP3-/- (n=3) cells were cultured in 10% healthy volunteer serum either with or
without Propofol (4ug/ml) for 24 hours. After 24 hours, the cells were washed twice in PBS and left to

recover for three days. The gene expression of PINK1 and Parkin was then assessed via gPCR.

4.2.10 Histone modifications

Chromatin Immunoprecipitation was performed on THP1 Null cells that were cultured for three days
in 10% serum with (n=6) or without (n=6) 4ug/ml Propofol, washed twice in PBS, then cultured for a
further three days to recover before harvest. The histone modifications examined were H3K4me3,
H3K27me3, and H3K9me3. Metabolic genes GAPDH, mTOR, HIFla, EIR4EBP1, and IRAK-M were

assessed using targeted qPCR.

167



4.3 Results

For quality control, the shapes of the normalised OCR and ECAR data for each Seahorse experiment
was examined after the run to ensure the cells in each well were functioning correctly and reacting to

the mitochondrial poisons. A representative figure is pictured below, from Seahorse experiment 1.
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Figure 4.3 Normalised OCR (A) and ECAR (B) data from Seahorse experiment 1.
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4.3.1 Seahorse Experiment 1: Donor PBMCs exposed to septic patient serum with and without

Propofol
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Figure 4.3.1.1 A) Glycolysis after treatment with serum collected at different stages of sepsis, from

Propofol-sedated vs non-sedated patients. B) OCR after treatment with serum collected at different

stages of sepsis, from Propofol-sedated vs non-sedated patients. C) Spare Respiratory Capacity after

treatment with serum collected at different stages of sepsis, from Propofol-sedated vs non-sedated

patients. All comparisons were made to healthy control serum (Friedman test with Dunn post-hoc

test). Lines represent the means, with controls in grey, sedated patients in red, and non-sedated

patients in blue. All values were standardised to pg.protein/well.
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Glycolysis was higher in PBMCs cultured with non-sedated serum compared to controls, however

serum from the Propofol-sedated patient appeared to not demonstrate this increase in glycolysis.

Sedation with Propofol on admission to hospital was associated with suppressed PBMC estimated ATP

production which persisted even 7 days later when the patient was recovered from the infection.

While there is a marked increase in the SRC in recovered serum from the non-sedated patient
compared to acute and control serum, this effect is not seen in the serum from the Propofol-sedated

patient. In the Propofol-sedated patient, the SRC is higher in acute than recovery.

4.3.2 Seahorse Experiment 2: THP1 cell line Propofol exposure and recovery

THP1 Null and NLRP3-/- cell lines were exposed to septic or healthy volunteer serum with and without
Propofol, washed and left to recover, then persistent changes to immunometabolism were assessed

using the Seahorse XF methodology.
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Figure 4.3.2.1 The estimated A) and B) Glycolysis, C) and D) Maximum respiration, E) and F) Spare
respiratory capacity for each THP1 pre-treatment group rechallenged with either septic serum (pink
bars), healthy volunteer (HV) serum (maroon bars) or PMA (navy bars), for the THP1 genotypes Null
(A, C, E) and NLRP3-/- (B,D,F). Pretreatments were cells cultured in 10% serum that was either healthy
volunteer, septic, or septic plus propofol for two days then washed and left to recover for a further
two days. Glycolysis was estimated from the extracellular acidification (mpH.min™) when exposed to
serum prior to oligomycin injection. Maximum respiration was calculated from the oxygen
consumption rate (pMol.mint) of the maximum rate measurement after FCCP injection minus the
non-mitochondrial respiration. The SRC was calculated from the oxygen consumption rate (pMol.min"
1) of the maximal respiration minus the basal respiration after serum was added. A p-value less than
0.05 is flagged with one star (*), a p-value is less than 0.01 is flagged with two stars (**), a p-value is
less than 0.001is flagged with three stars (***) and a p-value is less than 0.0001 is flagged with four
stars (****). All comparisons were made Friedman test with Dunn post-hoc test. Lines represent the
mean. All values were standardised to pg.protein/well.

For both the Null THP1 cells and NLRP3-/- THP1 cells, cells which were pretreated with septic serum
had an overall higher estimated glycolysis when rechallenged than cells pretreated with healthy
volunteer serum or with septic serum and propofol. In cells pretreated with healthy volunteer serum,
a rechallenge of healthy volunteer serum resulted in lower extracellular acidification than when

restimulated with septic serum or PMA.

Furthermore, the maximum respiration of both the Null and NLRP3-/- cells followed a similar pattern
to the glycolysis, where the cells pretreated with septic serum had a higher overall oxygen
consumption rate than cells pretreated with healthy volunteer serum and cells pretreated with septic
serum with the addition of propofol. The cells responded to sepsis with an increase in oxidative

phosphorylation.

From the maximum respiration the cells bioenergetic reserve, the Spare Respiratory Capacity (SRC),
was calculated for rechallenge with septic or healthy volunteer serum. Cells pretreated with septic
serum had a higher SRC when exposed to septic serum in both the Null and NLRP3-/- genotypes, and

the response in cells pretreated with propofol was reduced.
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4.3.3 Seahorse Experiment 3: Propofol recovered THP1 cells rechallenged with septic serum with

and without Propofol

A similar experimental design was repeated. Cells were stimulated and recovered for three days each

rather than two.
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Figure 4.3.3.1 The estimated glycolysis for each THP1 pre-treatment group rechallenged with either
septic serum (tangerine bars) or septic serum with propofol (mint bars), for the THP1 genotypes Null
(A, B) and NLRP3-/- (C, D). Pretreatments were cells cultured in either 10% septic serum with propofol
(sedated) or without propofol (non-sedated) (A, C) or with either 10% healthy volunteer serum serum
with propofol (sedated) or without propofol (non-sedated) (B,D) for three days then washed and left
to recover for a further three days. Glycolysis was estimated from the extracellular acidification
(mpH.min?) when exposed to serum prior to oligomycin injection. A p-value less than 0.05 is flagged
with one star (*), a p-value is less than 0.01 is flagged with two stars (**), a p-value is less than 0.001is
flagged with three stars (***) and a p-value is less than 0.0001 is flagged with four stars (****). All
comparisons were made with Freidman test with Dunn post-hoc test. Line represent the means. All
values were standardised to pg.protein/well.

In the Null THP1s, when the cells were exposed to septic serum with propofol acutely glycolysis was
higher than when exposed to septic serum alone, and was the case in both non-sedated (p=0.0399)
and sedated (p=0.0158) conditions. Furthermore, when cells were pretreated with propofol (sedated)
and then rechallenged with propofol acutely, the glycolysis was higher than the non-sedated
pretreated cells when exposed to propofol acutely (p=0.0340). In contrast, with the NLRP3-/-

genotype there were no differences between any of the conditions.

When cells were pretreated with healthy volunteer serum, a similar increase in glycolysis was
observed in the cells receiving propofol in their pretreatment serum (sedated), however this time the
effect was translated to both Null and NLRP3-/- genotypes. Within the non-sedated conditions there
was no difference in glycolysis between the healthy volunteer and healthy volunteer plus propofol
rechallenges, and this effect was also seen in the sedated pretreatment and was observed in both

genotypes.
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Figure 4.3.3.2 The maximum respiration for each THP1 pre-treatment group rechallenged with either
septic serum (tangerine bars) or septic serum with propofol (mint bars), for the THP1 genotypes Null
(A, B) and NLRP3-/- (C, D). Pretreatments were cells cultured in either 10% septic serum with propofol
(sedated) or without propofol (non-sedated) (A, C) or with either 10% healthy volunteer serum serum
with propofol (sedated) or without propofol (non-sedated) (B,D) for three days then washed and left
to recover for a further three days. Glycolysis was estimated from the extracellular acidification
(mpH.min!) when exposed to serum prior to oligomycin injection. A p-value less than 0.05 is flagged
with one star (*), a p-value is less than 0.01 is flagged with two stars (**), a p-value is less than 0.001is
flagged with three stars (***) and a p-value is less than 0.0001 is flagged with four stars (****). All
comparisons were made with Freidman test with Dunn post-hoc test. Line represent the means. All
values were standardised to pg.protein/well.
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In the Null THP1s exposed to a septic serum rechallenge, there was a difference in maximum
respiration between sedated and non-sedated pretreatments, which was also the case when
rechallenged with septic serum with propofol acutely. Cells pretreated with propofol (sedated) had a
higher maximum respiration with both rechallenged conditions than the non-sedated pretreatment.
There were no differences between the non-sedated rechallenge spikes or the sedated rechallenge
spikes. In contrast, with the NLRP3-/- genotype there were no differences between any of the

conditions.

When cells were pretreated with health volunteer (HV) serum, there were no differences in maximum

respiration between conditions in either genotype.
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Figure 4.3.3.3 The ATP for each THP1 pre-treatment group rechallenged with either septic serum
(tangerine bars) or septic serum with propofol (mint bars), for the THP1 genotypes Null (A, B) and
NLRP3-/- (C, D). Pretreatments were cells cultured in either 10% septic serum with propofol (sedated)
or without propofol (non-sedated) (A, C) or with either 10% healthy volunteer serum serum with
propofol (sedated) or without propofol (non-sedated) (B,D) for three days then washed and left to
recover for a further three days. Glycolysis was estimated from the extracellular acidification
(mpH.mint) when exposed to serum prior to oligomycin injection. A p-value less than 0.05 is flagged
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with one star (*), a p-value is less than 0.01 is flagged with two stars (**), a p-value is less than 0.001is
flagged with three stars (***) and a p-value is less than 0.0001 is flagged with four stars (****). All
comparisons were made with Freidman test with Dunn post-hoc test. Line represent the means. All
values were standardised to pg.protein/well.

In the Null THP1s exposed to a septic serum rechallenge, there was a difference in ATP production
between sedated and non-sedated pretreatments, which was also the case when rechallenged with
septic serum with propofol acutely. Cells pretreated with propofol (sedated) had a higher ATP
production with both rechallenge conditions than the non-sedated pretreatment. There was a
difference between the rechallenge spike of either septic serum alone or septic serum with propofol
acutely with cells in the sedated pretreatment condition (p=0.018). However, in the NLRP3-/-

genotype there were no differences between pretreatment and rechallenge combinations.

Similarly, Null THP1s exposed to a healthy volunteer (HV) serum rechallenge had a difference in ATP
production between sedated and non-sedated pretreatments, which was also the case when
rechallenged with HV serum with propofol acutely. Cells pretreated with propofol (sedated) had a
higher ATP production with both rechallenge conditions than the non-sedated pretreatment. The

NLRP3-/- genotype again had no differences between pretreatment and rechallenge combinations.
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4.3.4 Seahorse Experiment 4: Propofol recovery length time-course

To further investigate this phenomenon, a recovery timecourse experiment was performed. The

bioenergetic function of Null THP1 cells of differing lengths of recovery period following a 48 hour

pretreatment were compared.
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Figure 4.3.4 The (A) Glycolysis, (B) Maximum respiration, (C) ATP production and (D) Basal respiration
of Null THP1 cells pretreated for 60 hours in either 10% healthy volunteer (HV) serum (red bars), 10%
healthy volunteer serum plus 4pg/ml propofol (peach bars) or no pretreatment (blue bars). Cells were
washed twice in PBS and left for a recovery period of either 24, 48 or 72 hours before being
rechallenged with septic serum in the seahorse machine. Basal respiration was calculated from the
oxygen consumption rate (pMol.min!) of the last measurement before the first injection minus the
non-mitochondrial respiration. Maximum respiration was calculated from the oxygen consumption
rate (pMol.min) of the maximum rate measurement after FCCP injection minus the non-
mitochondrial respiration. Glycolysis was estimated from the extracellular acidification (mpH.min™)
when exposed to serum prior to oligomycin injection. ATP production was calculated from the oxygen
consumption rate (pMol.min) of the last rate measurement before Oligomycin injection minus the
minimum rate measurement after Oligomycin injection. A p-value less than 0.05 is flagged with one
star (*), a p-value is less than 0.01 is flagged with two stars (**), a p-value is less than 0.001is flagged
with three stars (***) and a p-value is less than 0.0001is flagged with four stars (****). All comparisons
were made with Freidman test with Dunn post-hoc test. Line represent the means. All values were
standardised to pg.protein/well.

The basal respiration was different between each pretreatment group for 24 hour and 48 hour
recovery times. For 24 hours, there was a difference between healthy volunteer (HV) and healthy
volunteer plus propofol, healthy volunteer and no pretreatment, and healthy volunteer plus propofol
and no pretreatment. For 48 hours, there was a difference between healthy volunteer (HV) and
healthy volunteer plus propofol, healthy volunteer and no pretreatment, and healthy volunteer plus
propofol and no pretreatment. However, for 72 hours there was only a difference between healthy
volunteer and no pretreatment. There were also differences between the basal respirations of the
same pretreatment groups at different lengths of recovery times. For healthy volunteer serum
pretreatment groups, there was a difference between 24 hours recovery vs 48 hours recovery, and 24
hours vs 72 hours recovery. For healthy volunteer plus propofol pretreatment groups, there was a
difference between 24 hours and 48 hours recovery, and 48 hours vs 72 hours recovery. For the no
pretreatment groups there was a difference between 24 hours and 72 hours recovery and between

48 hours and 72 hours recovery.

180



The maximum respiration also had differences between each pretreatment group. For the healthy
volunteer serum pretreatment groups, there were differences between 24 and 48 hours recovery, and
48 and 72 hours recovery. For the propofol plus healthy volunteer serum pretreatment groups, there
were differences between 24 and 48 hours recovery, and 48 and 72 hours recovery. For the no
pretreatment groups, there were differences between 24 hours and 72 hours recovery and 48 hours
and 72 hours recovery. Within the 24 hour recovery group, there were differences between the
pretreatments of healthy volunteer serum vs no pretreatment, and propofol plus healthy volunteer
serum vs no pretreatment. The only condition where the maximum respiration decreased with the
addition of propofol was the 48 hour recovery group. In the 48 hour recovery group, there were
differences between the healthy volunteer serum and propofol plus healthy volunteer serum groups,
and healthy volunteer serum vs no pretreatment. In the 72 hour recovery group, there were
differences between the healthy volunteer serum and propofol plus healthy volunteer serum groups

only.

The estimated glycolysis had differences between each pretreatment group and recovery time. For 24
hours, there was a difference between propofol plus healthy volunteer serum pretreatment and no
pretreatment. The only condition where the glycolysis decreased with the addition of propofol was
the 48 hour recovery group. For the 48 hour recovery group, the pretreatments with differences were
the healthy volunteer serum and propofol plus healthy volunteer serum groups, and healthy volunteer
serum vs no pretreatment. For the 72 hour recovery group, the pretreatments with differences were

the propofol plus healthy volunteer serum and no pretreatment only.

The ATP production showed no differences between each recovery time and only one difference
between pretreatments (propofol plus healthy volunteer serum vs no pretreatment at 48 hours

recovery.
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4.3.5 Seahorse Experiment 5: Propofol recovered cells rechallenged with Etomoxir in FAO study
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Figure 4.3.5 The estimated glycolysis (A, B) and max respiration (C, D) for THP1 Null pre-treatment
groups exposed to either FAO buffer (peach bars) or etomoxir (blue bars), in the presence of (A, C)
Palmitate:BSA or (B, D) BSA control. Glycolysis was estimated from the extracellular acidification
(mpH.mint) when exposed to serum prior to oligomycin injection. “Healthy Volunteer” pre-treatment
abbreviated to “HV”. A p-value less than 0.05 is flagged with one star (*), a p-value is less than 0.01 is
flagged with two stars (**), a p-value is less than 0.001is flagged with three stars (***) and a p-value
is less than 0.0001is flagged with four stars (****). All comparisons were made with Freidman test
with Dunn post-hoc test. Line represent the means. All values were standardised to pg.protein/well.

The BSA only did not work as a control; the estimated glycolysis of the BSA groups were similar to the

Palmitate:BSA results. This is likely due to the THP1s generating their own fatty acids. The production
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of their own fatty acids creating background noise means that it is not possible to interpret the results,

and therefore the experimental design is not suitable.

The etomoxir did appear to dampen the maximum respiration of cells of both genotypes, and when
exposed to palmitate in cell pretreated with propofol in both healthy volunteer (HV) serum and septic

serum resulted in a higher maximum respiration without etomoxir.

Further experiments were conducted on THP1 Null and NLRP3-/- cells, with each cell type pre-treated
in four serum conditions as previously described (either Healthy Volunteer, Healthy Volunteer plus
Propofol, Sepsis, or Sepsis plus Propofol). In the Seahorse Extracellular Flux Analyzer, the cells were
rechallenged with either septic serum or septic serum plus etomoxir. In one attempt, there were too
few cells plated to distinguish the metabolic readings from the background noise, then in another
attempt the freshly thawed vials of cells were too immature at the time of the experiment and reacted

to neither Propofol nor etomoxir.
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4.3.6 Seahorse Experiment 6: Propofol
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Figure 4.3.6 The estimated glycolysis of the THP1 genotypes (A) Null and (B) NLRP3-/-, the maximum
respiration of the THP1 genotypes (C) Null and (D) NLRP3-/-, and the ATP production of the THP1
genotypes (E) Null and (F) NLRP3-/-. Pretreatments were cells cultured in 10% serum that was either
healthy volunteer (HV), healthy volunteer plus propofol (4pg/ml), septic, or septic plus propofol
4ug/ml) for three days then washed and left to recover for a further three days. Glycolysis was
estimated from the extracellular acidification (mpH.min) when exposed to serum prior to oligomycin
injection. Maximum respiration was calculated from the oxygen consumption rate (pMol.min*) of the
maximum rate measurement after FCCP injection minus the non-mitochondrial respiration. ATP
production was calculated from the oxygen consumption rate (pMol.min?) of the last rate
measurement before Oligomycin injection minus the minimum rate measurement after Oligomycin
injection. Cells were rechallenged in real-time with either 10% septic serum (red bars) or 10% septic
serum plus etomoxir (40uM final) (blue bars). A p-value less than 0.05 is flagged with one star (*), a p-
value is less than 0.01 is flagged with two stars (**), a p-value is less than 0.001is flagged with three
stars (***) and a p-value is less than 0.0001is flagged with four stars (****). All comparisons were
made with Freidman test with Dunn post-hoc test. Line represent the means. All values were
standardised to pg.protein/well.

There were no differences observed in the Null cells for glycolysis within the different treatment
groups. For NLRP3-/- cells, there were no differences between cells pretreated with propofol or non-
propofol for each serum group. There were differences between cells pretreated with healthy
volunteer serum alone vs septic serum alone. Similarly, there were differences between cells
pretreated with healthy volunteer serum plus propofol vs septic serum plus propofol. However,
etomoxir addition only had an effect in one condition; NLRP3-/- propofol plus healthy volunteer serum

vs healthy volunteer serum alone.

For the Null genotype, the addition of etomoxir reduced the maximum respiration in each of the serum
pretreatment conditions. This was not the case for the NLRP3-/- genotype, where the addition of
etomoxir did not result in any effects. There were differences in the maximum respiration of each
pretreatment group; for the Null cells when rechallenged with septic serum alone there were
differences between healthy volunteer and septic pretreatments and propofol plus healthy volunteer

and propofol plus septic pretreatments. For the NLRP3-/- cells, there were differences in the maximum
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respiration when rechallenged with septic serum alone between healthy volunteer and septic
pretreatments, propofol plus healthy volunteer and propofol plus septic pretreatments, and again

healthy volunteer and septic pretreatments when rechallenged with septic serum plus etomoxir.

For NLRP3-/- THP1s, the addition of etomoxir did not have a effect on ATP production. For the Null
THP1s there was an effect, but only for the septic and propofol plus septic pretreatments. There were
no differences in the Null cells between pretreatment groups when rechallenged with septic serum
plus etomoxir, but differences in serum pretreatment groups were observed when rechallenged with
septic serum alone. Differences in ATP production between pretreatment groups were observed for
both etomoxir and non-etomoxir septic serum rechallenges for the NLRP3-/- cells; for septic serum
alone rechallenge there were pretreatment differences in healthy volunteer vs septic and propofol
plus healthy volunteer vs propofol plus septic, and when rechallenged with etomoxir plus septic serum
there were again pretreatment differences in healthy volunteer vs septic and propofol plus healthy
volunteer vs propofol plus septic. The addition of septic serum in the pretreatment increased ATP

production.
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4.3.7 The effect of propofol on PINK1 and Parkin gene expression
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Figure 4.3.7 The gene expression of PINK1 in (A) Null THP1s (n=3), and (B) NLRP3-/- THP1s (n=3), and
Parkin in (C) Null THP1s, and (D) NLRP3-/- THP1s, when normalised to housekeeping gene HPRT. Cells
were exposed to either 10% healthy volunteer serum alone (HV) (mint bars) or propofol (4pg/ml) plus
10% healthy volunteer serum (orange bars) for 24 hours followed by twice PBS washing and a three
days recovery period.

In Null and NLRP3-/- THP1 cells, no differences were observed in PINK1 gene expression when cells
were exposed to propofol. In Null and NLRP3-/- THP1 cells, no differences were observed in Parkin
gene expression when cells were exposed to propofol.
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4.3.8 Histone modifications resulting from propofol administration

Chromatin Immunoprecipitation on NLRP3-/- THP1 cells could not be analysed as none of the panel of
positive and negative gene controls for the ChIP-gPCR returned an appropriate reading (meaning that,
for the NLRP3-/- THP1s, they did not act as a control but genes were influenced by experimental
measures). DNA was amplified, but the positive and negative controls all returned similar readings.
Due to time constraints, a suitable panel of gene controls could not be optimised for NLRP3-/- cells.
However, the Null THP1 cells positive and negative controls for ChIP-gPCR worked and therefore
results could be analysed. The control for H3K4me3 was HMGB1, and the control for H3K9me3 and

H3K27me3 was GAPDH.

Gene activation marker H3K4me3
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Figure 4.3.8.1 The H3K4me3 relative enrichment of the genes (A) GAPDH, (B) EIR4EBPI, (C) IRAK-M,
(D) mTOR, and (E) HIF1a. THP1 Null cells were cultured for three days with or without Propofol,
washed twice, then left to recover for a further three days before harvest. The orange bars represent
THP1 Null cells cultured without Propofol, whereas the blue bars represent THP1 Null cells cultured
with 4pg/ml Propofol. A p-value less than 0.05 is flagged with one star (*), a p-value is less than 0.01
is flagged with two stars (**), a p-value is less than 0.001is flagged with three stars (***) and a p-value
is less than 0.0001is flagged with four stars (****). Groups were compared using the Wilcoxon signed-
rank statistical test.

The addition of Propofol increased the H3K4me3 (gene activation) of GAPDH (p=0.0313) and IRAK-M
(p=0.0313), and decreased the H3K4me3 of mTOR (p= 0.0313) and HIF1la (p=0.0313). The addition of

Propofol did not cause any changes to the H3K4me3 gene activation of EIR4EBPI.
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Gene repression marker H3K9me3
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Figure 4.3.8.2 H3K9me3 relative enrichment of the genes (A) mTOR, (B) HIF1a (C) EIR4EBPI, and (D)
IRAK-M. THP1 Null cells were cultured for three days with or without Propofol, washed twice, then
left to recover for a further three days before harvest. The orange bars represent THP1 Null cells
cultured without Propofol, whereas the blue bars represent THP1 Null cells cultured with 4ug/mi
Propofol. A p-value less than 0.05 is flagged with one star (*), a p-value is less than 0.01 is flagged with
two stars (**), a p-value is less than 0.001is flagged with three stars (***) and a p-value is less than
0.0001is flagged with four stars (****). Groups were compared using the Wilcoxon signed-rank
statistical test.

The addition of Propofol decreased the H3K9me3 (gene repression) of mTOR (p= 0.0313) and IRAK-M
(p=0.0313). The addition of Propofol did not cause any changes to the H3K9me3 gene repression of

EIR4EBPI or HIF1a.

190



Gene repression marker H3K27me3
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Figure 4.3.8.3 H3K27me3 relative enrichment of the genes (A) mTOR, (B) HIF1a (C) EIR4EBPI, and (D)
IRAK-M. THP1 Null cells were cultured for three days with or without Propofol, washed twice, then

left to recover for a further three days before harvest. The orange bars represent THP1 Null cells

cultured without Propofol, whereas the blue bars represent THP1 Null cells cultured with 4ug/mi

Propofol. A p-value less than 0.05 is flagged with one star (*), a p-value is less than 0.01 is flagged with

two stars (**), a p-value is less than 0.001is flagged with three stars (***) and a p-value is less than

0.0001is flagged with four stars (****). Groups were compared using the Wilcoxon signed-rank

statistical test.

The addition of Propofol decreased the H3K27me3 (polycomb gene repression) of only one gene,

IRAK-M (p= 0.0313). Differences were not found for mTOR, HIF1a or EIR4EBPI.
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4.4 Discussion

Acute Propofol sedation causes changes in PBMC immunometabolism

Healthy donor Peripheral Blood Mononuclear Cells (PBMCs) exposed to serum from septic patients
who were either Propofol- sedated or non-sedated resulted in a change in these cells
immunometabolism. These initial findings involving PBMCs were stumbled upon; the two patient’s
serums were selected to increase n numbers with patients of a similar demography with one being
more severely ill and in ICU to potentially exaggerate the effects observed in the less ill ward patient.
However, the contrast between the immunometabolism of cells exposed to the two serums suggested
there was something else in the serum causing these distinct patterns, and the big difference between
these patients was their treatments (sedation vs no sedation). Glycolysis when exposed to septic
serum was suppressed when the patient serum contained Propofol, rather than increasing when
exposed to non-sedated serum (in comparison to healthy volunteer serum), and likewise with ATP

production.

The sepsis-induced glycolytic shift has been characterised in recent years, and this data supports it.
Cytopathic hypoxia has been associated with sepsis (Fink, 2015; Suetrong and Walley, 2016), and the
reduced capacity of tissues to utilise the oxygen from the bloodstream may contribute to this
glycolytic shift. Septic cells do upregulate transcription and section of HIF-1a in a hypoxic response,
which is a transcription factor that will upregulate several genes involved in glycolysis- including
lactate dehydrogenase, which converts pyruvate into lactate (Marin-Hernandez et al, 2009). Indeed,
it is thought that an increase in lactate in sepsis results in this increased glycolysis. It was established
in 1974 by Jones et al that the oxidation of lactate into pyruvate is defective in sepsis, and this may be
due to dysfunction in mitochondrial transport systems being unable to transport protons of lactate
oxygenation into the mitochondrial membrane (Jones, 1974). This means that in sepsis, along with an
increase in lactate production, there is also ineffective lactate removal via these dysfunctional
mitochondrial transport systems, leading to a build up of lactate. Mitochondrial dysfunction correlates
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with a suppression in cytokine production, and is a predictor of mortality in sepsis (Brealey et al, 2002;
Belikova et al, 2007). Cytokine production and metabolism seem to have a relationship; glycolysis has
been shown to be downregulated by IL-10 (Martin et al, 2009) and the immune response can be
influenced by inhibiting metabolic pathways (Chen et al, 2016). Studies tend to focus on a particular

cell type; more research is needed to untangle the interplay of all the leukocytes in vivo.

The Propofol formulation consists of 1% Propofol in 10% soybean oil emulsion, which has been
associated with allergies and inflammation (Baker et al, 2005). A suitable vehicle control for the
intralipid soybean solution was not utilised, therefore it is not clear if any effects may actually be due
to the emulsion rather than the propofol itself. However, it should be noted that Propofol is always
supplied in this soybean emulsion, therefore any clinical impact will be the same whether changes are

due to the Propofol itself or the emulsion.

Effects of Propofol on PBMC immunometabolism persist after Propofol is washed off and cells left

to recover

These changes not only occurred in PBMCs exposed to “acute” serum taken within 24 hours of the
blood culture positive sepsis result, but these changes also persisted when exposed to “recovered”
serum taken one week post blood culture positive when the infection had cleared from the
bloodstream, and where the Propofol-sedated patient had been free of receiving sedation for four
days. This suggests that sedation induced changes that resulted in these alterations in
immunometabolism, and that these changes persisted even when sedation had stopped being
administered four days prior. It is possible that leukocyte immunometabolism may be modulated in
part by epigenetics; the sedation may have caused epigenetic changes that resulted in

immunometabolic alterations that were not reversed when sedation stopped being administered.
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The Spare Respiratory Capacity (SRC) of these cells revealed two distinct characteristic patterns
between acute and recovery serum in the presence or absence of sedation. A larger spare respiratory
capacity is an indicator that the cells have more of an energy reserve to combat infection. The SRC in
the acute sample is not different to the healthy control sample but rises in recovery serum in the
patient who did not receive sedation. In contrast, the acute serum from a patient exposed to Propofol-
sedation did have a higher SRC than the healthy control, but this had lowered by the time the recovery
serum was taken. Each PBMC donor can be observed following this same pattern of an increase

without sedation and decrease with sedation between the acute and recovery timepoints.

Indeed, these are just two patient serums that have been compared. Although the patients have very
similar clinical characteristics, there were of course numerous factors that cannot be controlled for
when using human donors, such background, diet etc. Therefore, the THP1 cell line was utilised in

order to further investigate these phenomena.

The THP1 cell line was not compatible with the Seahorse Fatty Acid Oxidation assay

The cells respond to sepsis by increased oxidative phosphorylation, potentially due to the cells
increasing their uptake of fatty acids. However, the THP1 cell line is cancerous, and appeared to be
producing a lot of their own fatty acids which resulted in an estimated glycolysis for the BSA control
comparable to the Palmitate condition in the Fatty Acid Oxidation Assay. Cancerous cell lines such as
THP1 have been known to produce a lot of their own fatty acids which would interfere with the
readings. Etomoxir appeared to vary in effectiveness between experiments. As discussed in the
Introduction, etomoxir has been found to induce severe oxidative stress at commonly used
concentrations, and etomoxir actions on Tregs are independent of CPTla-mediated fatty acid

oxidation.

194



The length of recovery time after Propofol administration has an effect on the immunometabolic

profile of THP1 cells

The THP1 cell line was utilised in order to further examine the effects of Propofol on bioenergetic
function. There were some differences between the experiments when it came two a two day
stimulation with wash and two day recovery vs a three day stimulation, wash, and further three day
recovery. In order to ascertain whether or not this was due to the length of days of recovery, THP1s
were set up so that they underwent two and a half days of pretreatment culture then a recovery
period of either one, two or three days before the bioenergetic function was measured to see if there
were differences. The differences could be explained by the different vials of THP1 cells thawed,
passage number of the cells, or length of time of stimulation/ recovery period. There were differences
in the basal respiration, maximum respiration, and glycolysis of the different recovery time periods.
The day two/ 48 hour time point did show a different pattern of results than both the day one/24 hour
and day 3/ 72 hours recovery times; it is possible that approximately 48 hours after propofol/ a septic
insult the cells display a different metabolic profile to 24 and 72 hours, however it is more likely that
the 48 hour time point was measured during the cells’ division. The cells in the sets of experiments
from the first sets of experiments were younger, at passage 17, compared to the cells in later
experiments which were passage 28. The younger THP1 cells are more likely to reflect the behaviour

of primary cells and be consistent in results than older cells which may have mutated.

The use of primary cells and cell lines

The use of cell lines and primary cells each have their own sets of limitations, explored further in
Chapter 6: Discussion in this thesis. A particular limitation was that the THP1s were not compatible
with the Fatty Acid Oxidation assay. However, the fact that the donor primary cells and the cell line
both respond to the addition of propofol is indicative of an independent effect of sedation when used

in sepsis treatment.
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There are some quality control limitations regarding the cell cultures in this thesis. The cell viability
was assessed using a haemocytometer and Trypan Blue. Trypan Blue has been found to be inaccurate
for cell viability under 80% (Chan et al, 2020), and it does not assess the functionality of the cells. A
more accurate method would have been to measure the levels of the enzyme lactate dehydrogenase
in the supernatant. Cells were not assessed for purity nor was power calculated to determine numbers
of cells used; this was a massive oversight. Underpowered studies are not able to draw meaningful
conclusions to answer the research question and introduces a high risk of type Il errors, leading to
biased conclusions. Purity assessment (potentially via flow cytometry) is critically important to ensure

cells are not contaminated, and not assessing cell viability throws doubt into any conclusions drawn.

Propofol exposure appears to lead to changes in histone modifications

Chromatin Immunoprecipitation reveals epigenetic changes in key genes related to
immunometabolism after exposure to Propofol, persisting to three days recovery after the Propofol
was washed off. After Propofol exposure, IRAK-M (which specifically expresses in monocytes and
macrophages) had a higher relative enrichment of H3K4me3 (gene activation) and a lower relative
enrichment of H3K9me3 and H3K27me3 (both gene repression), suggesting Propofol may direct
sepsis-induced chromatin modifications via IRAK-M modulations of the histone modifying machinery
in the cell (Lyn-Kew K et al, 2010). Furthermore, IRAK-M is a negative regulator of Toll-like receptor
signalling (Kobayashi K et al, 2002), and over-expression of IRAK-M was seen to result in higher
Mycobacterium tuberculosis bacterial load (Shen P et al, 2017). HIFla, which acts on IRAK-M and
appears to be upregulated in sepsis, interestingly had a lower relative enrichment of H3K4me3 when
exposed to Propofol, potentially due to a negative feedback loop from the increase in IRAK-M.
Collectively, these findings suggest a tight control of the expression of the IRAK-M pathway at the

histone methylation level due to Propofol exposure.
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For mTOR, Propofol exposure resulted in less relative enrichment for both H3K4me3 and H3K9me3,
an activation and repression marker of genes, respectively. This is unusual, as these two modifications
tend to seesaw with each other- you will most often find that when one of either H3K4me3 or
H3K9me3 has a higher relative enrichment the other modification will have a lower relative
enrichment. Again, this finding is possibly due to the involvement of a negative feedback loop,
however it may also be due to a complexity that was first described in Chapter Three of this thesis.
When gene expression was analysed of the full septic patient cohort (n=63), the patients displayed a
reduction in the expression of EHMT2 compared to healthy volunteers (n=36), and this reduction
persisted even 6-12 months post hospital discharge (p=0.0014). The EHMT2 gene encodes the protein
G9a, a histone methyltransferase, which associates with promotors of genes to repress them by
mediating H3K9me1, H3K9me2, and H3K9me3 (Osipovich et al, 2004; Yokochi et al, 2009). It is possible
the Propofol administration mimics this, decreasing the gene expression of EHMT2 and thus protein
G9a, and resulting in less H3K9me3 gene repression. Indeed, there appears to be a general trend of
less H3K9me3 for all the genes examined in this chapter when exposed to Propofol. However, before
a conclusion can be drawn the relationship between Propofol administration and protein G9a levels
will need to be further established. Examination of these H3K9me3 results highlight the major
complexity of the mechanisms involved in the control of gene repression due to Propofol exposure

and warrant further investigation.

Despite the evidence in the literature for H3K27me3 involvement in sepsis, in this instance H3K27me3
observed stable enrichment at these examined genes with and without Propofol suggest that this
epigenetic mark may not play a role in their expression. The exception being IRAK-M, as discussed
above. It is possible that changes in H3K27me3, and indeed other modifications, may have occurred

with acute drug exposure but recovered after washing and resting the cells.

GAPDH, a key gene in glycolysis, had a higher relative enrichment of H3K4me3 (gene activation) after

Propofol exposure. This is perhaps not surprising, as it fits in with the seahorse data which revealed
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higher levels of glycolysis when cells were exposed to Propofol even after washing and a recovery

period.

Clinical implications

If further validated, these findings could result in implications clinically. In theory, if the treatments
for sepsis, rather than the bacteraemia itself, is partially responsible for the immunosuppression
associated with sepsis then use of these medicines would have consequences in several diseases
requiring the same treatment. Particularly as these findings suggest that infection is not necessarily
required in order for Propofol to illicit this immunometabolic change. Sedatives such as Propofol are
widely used in intensive care medicine, and if it is able to induce these long lasting immunometabolic
changes then patients receiving sedation should be monitored closely upon receiving this treatment
with careful attention paid to their immune function. It may be that more drugs can affect patients’

immunometabolism in a similar way, such as opioids for example.

Equally, it may not be all sedatives that illicit this response; as only Propofol was examined in these
experiments. Midazolam, for example, may not result in the same immunometabolic changes, and
further research into the exact mechanism of how Propofol induces these changes would help inform

the breadth of sedatives that are likely to behave similarly.

However, at present it is far too early to draw such conclusions. This research has several major
weaknesses, where further research is needed. At the moment the results serve as a pilot research

piece which could help direct further study and results should not be taken as a conclusion.

Further research
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The Fatty Acid Oxidation Seahorse assay could be performed on PBMCs or a cell line that produces
less of its own fatty acids. The PBMCs would struggle to survive for the days required to wash and

recover from Propofol exposure, but a 24 hour Propofol exposure could be easily performed.

The gene expression study had a sample size of only n=3, and it is far too small to draw conclusions
from. A repeat of the experiment with a larger sample size would have been performed given the
time, and a wider array of genes could have been examined. Similarly, the septic serum used on the
donor PBMCs were only n=2, and the experiment should have ideally been repeated with pooled
serum from several septic patients. Pooled serum was used in the THP1 experiments; but needs to be

repeated with the PBMC experiments.

Propofol is just one type od sedative; experiments could be repeated on other sedatives to ascertain
whether the observed effects are due to sedatives as a whole or only certain sedatives. For example,
the changes recorded may not be due to the active molecule of Propofol, but maybe due to something

else in the lipid suspension it is blended with.

Chromatin Immunoprecipitation could be performed on PBMCs that were cultured in Propofol and

compared with the THP1 ChIP results.

Summary

The sedation and other clinical interventions in the treatment of bacteraemia and sepsis may be partly
responsible for the metabolic reprogramming of leukocytes, diminishing the cells ability to elicit a
bioenergetic response. There is without a doubt a need for further investigation to ascertain the role
of Propofol exposure in histone modifications, however lasting epigenetic changes in key genes were
clearly observed. The is a clear role of Propofol in the metabolic reprogramming of leukocytes, and

this may translate to a clinical context where interventions such as sedation are used in the treatment
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of sepsis. The failure to mount a bioenergetic response in cells previously exposed to Propofol suggest

a potential role for genomic/epigenetic modulation of leukocyte metabolism.
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Chapter 5: The effects of Rocuronium on immune function

5.1 Introduction

Patients in the ICU routinely receive neuromuscular blockade for various procedures; a
standard used in anaesthesia for both surgical procedures and intubation (Brull SJ et al, 2017).
Of patients undergoing general anaesthesia, approximately 80% receive neuromuscular

blocking agents and 50% receive reversal agents (Ball L, 2017).

Despite their widespread use, patients who have received neuromuscular blocking agents
have an increased risk of hospital readmission within 30 days due to pulmonary
complications. The multicentre, prospective observational cohort study POPULAR (Kirmeier E
et al, 2018) found that, irrespective of the use of reversal agents or neuromuscular
monitoring, patients who have received neuromuscular blockade have a significant risk of
developing postoperative pulmonary complications. The two most common clinical
symptoms of the pulmonary complications were respiratory failure and respiratory infection.
Due to the nature of the treatments, it is worth noting there may be a selection bias in the
literature regarding pulmonary complications as this is what patients are expected to return

to hospital with.

Neuromuscular blocking agents such as Rocuronium affect the nicotinic neuromuscular
junction by acting on acetylcholine (ACh) and nicotinic acetylcholine (nAChR) receptors on the
synapse. However, immune cells are also known to express cholinergic components such as
muscarinic and nicotinic acetylcholine receptors (Fujii T et al, 2017). Indeed, immune cells are

known to express several nicotinic acetylcholine receptors such as nAChR a7, and all of the
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muscarinic acetylcholine receptors (mMAChR) M1-M5 (Grando SA et al, 2015; Kawashima K et

al, 2019).

What has yet to be considered is the potential effect of neuromuscular blockade on the

immune system.

The study into mAChR and nAChR gene-knockout mice by Fujii T et al (2017) suggests that a
functioning immune system is partially modulated by the immune cell cholinergic system.
Manipulating the cholinergic activity of immune cells via neuromuscular blockade could

therefore impact immune function.

Hypothesis: Administration of rocuronium will induce changes in immunometabolism and

function of immune cells.

Aims:

1: Assess immunometabolism of cells in response to rocuronium

2: Assess changes in gene expression of immune cells in response to rocuronium

3: Explore role of Sugammadex in relation to (1) and (2) above.
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5.2 Methods

5.2.1 Immunometabolic profiling

The Seahorse extracellular flux analyser was utilised to read cells” immunometabolic profiles
in real-time. In the analyser, cells were spiked with either an assay buffer control or with
pooled E.coli septic serum from acutely septic patient donors. Full details of Seahorse
methodology can be found in the methods chapter, but as a refresher the readout of
mitochondrial respiration OCR when spiked with the inhibitor drugs are shown in the figure

below:

Seahorse Experiment 1 and 2: Rocuronium vs Propofol profiling

THP1 Null and NLRP3-/- cells were divided into four testing categories each- six hour
stimulation with either Rocuronium (1.4pug/ml), Rocuronium (1.4pg/ml) + Propofol (4ug/ml),
Propofol (4ug/ml), or cell media control. After the six hours’ incubation, cells were washed
twice with pre-warmed PBS and then left to recover for three days. After the recovery period,
cells were split into a further two groups each and loaded into a Seahorse XFe analyser where

they were rechallenged with either septic serum or assay buffer.

203



THP1 Null and NLRP3-/-
T |
+Rocuronium
+Propofol

— G = @ew = ¢w ==
{ \ v \

Wash x2 Wash x2 ‘Wash x2 Wash x2

Left to Left to Left to Left to
recover recover recover recover

v i :

Real-time immunometabolic profiling

+Rocuronium +Propofol Nil drug ctrl

Figure 5.2.2 Methodology of Seahorse Experiment 1 on both Null and NLRP3-/- THP1 cells.
Cells were rechallenged in the Seahorse XFe analyser with either septic serum or assay buffer
and mitochondrial inhibitors.

Seahorse Experiment 3: Rocuronium serial dilution

THP1 Null and NLRP3-/- cells were divided into four testing conditions each. A serial dilution
of Rocuronium was performed, beginning with Rocuronium at a clinical concentration of
1.4pg/ml, then a 1:10 and 1:100 dilution of this. Cells in the final condition were left as a
control, having only cell media added in place of drugs. Cells were left to incubate for 6 hours
with the drug, then were washed twice in pre-warmed PBS buffer. Cells were then left to

recover for three days before being rechallenged in the Seahorse XFe analyser.
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Figure 5.2.3 Methodology of Seahorse Experiment 3 on both Null and NLRP3-/- THP1 cells.
Cells were rechallenged in the Seahorse XFe analyser with mitochondrial inhibitors.

Seahorse Experiment 4: Rocuronium and Vecuronium with Sugammadex reversal

THP1 Null and NLRP3-/- cells were divided into four conditions each. Two of the conditions
were spiked with Rocuronium (1.4pg/ml) for 6 hours and two were spiked with Vecuronium
(0.14pg/ml) for 6 hours. One Rocuronium condition and one Vecuronium condition were then
reversed with the addition of 50ug/ml Sugammadex for 30 minutes. The other Rocuronium
and Vecuronium conditions had only cell media added for 30 minutes. All cell conditions were
then washed twice with pre-warmed PBS buffer and left to recover for three days. The cells

were then loaded into the Seahorse XFe analyser and their immunometabolisms were read

in real-time.
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Figure 5.2.4 Methodology of Seahorse Experiment 4 on both Null and NLRP3-/- THP1 cells.
Cells were rechallenged in the Seahorse XFe analyser with mitochondrial inhibitors.

5.2.2 Gene expression

Gene expression of the Rocuronium-spiked cells was ascertained using quantitative PCR.
SYBR-Green Primers were designed and utilised as described in the Methods chapter. The
cells analysed were HL-60, THP1 Null and NLRP3-/-, and PBMCs from healthy donors. The
genes analysed were as following: GAPDH, VAChT, ChAT, PINK1, Parkin, TNFa, IFNy, IL-10, IL-
6, muscarinic receptors M1-M5, and nicotinic receptors a7, 2, y, and €. Three sets of primers
for a4 nicotinic receptor were tested, but all appeared to be unstable and had a low efficiency,

and so this gene was omitted from the study.
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5.2.3 IL-10 and IL-6 concentration

The concentration of IL-6 and IL-10 in the supernatants of cells spiked with Rocuronium/
Sugammadex was read by ELISA assay. Five replicates each of THP1 Null, THP1 NLRP3-/-, HL-
60, and donor Monocytes were analysed. The cells were divided into four treatment
conditions each: Rocuronium (1.4pg/ml), Sugammadex (50ug/ml), Rocuronium and
Sugammadex, or Nil drug control. Drugs were administered in a similar fashion to Figure 5.2.4
with cells being washed twice after exposure and left to recover for three days. After the
recovery period, supernatants were aspirated and stored at -80°C until the ELISA assays were

performed. Full details on ELISA methodology is found in the Methods Chapter.

5.2.4 Cell lines and donor monocytes

Three cell lines were utilised; THP1 Null, THP1 NLRP3-/-, and HL-60. Monocytes from five
healthy donors (average age 34.5) were also utilised in the gene expression and ELISA

experiments. Full details on cells used can be found in the Methods Chapter.
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5.3 Results

5.3.1 Raw Seahorse analyser readout of Null cells exposed to Rocuronium, Vecuronium, and

Nil drug control

OCR
Group List

600
n Stimulagiol Oligomycii  FCCP Rot/antim; . Rocuronium pretreat-Null

40 Hi & 7_$_i_{+‘£ {hg\l Vecuronium pretreat-Null

200 ¥
. No pretreat-Null
o

20 40 60 80 100 120 140 160

Time (minutes)

(=]

4 OCR (pmol/min)

N
o
(=]

Figure 5.3.1.2 Raw readout from the Seahorse analyser of the oxygen consumption rate (OCR)
over time for Null THP1 cells exposed to Rocuronium (blue), Vecuronium (yellow), or Nil drug
control (purple). (NB: these are raw readouts, not normalised.)

Above is a typical readout from the Seahorse analyser showing oxygen consumption rate
(OCR) over time. When exposed to the mitochondrial poisons, the cells treated with
Vecuronium and Nil drug treated control cells exhibit the typical Seahorse OCR profile- OCR
dropping with Oligomycin, rising with FCCP, and lowering with Rotenone/Antimycin A. Apart
from a slight lowering of OCR when exposed to Rotenone/Antimycin A, cells exposed to

Rocuronium had a steady low OCR which did not react to the addition of Oligomycin or FCCP.
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5.3.2 Seahorse experiment 1: The immunometabolic effects of rocuronium in addition to

Propofol in the presence or absence of septic serum

< 3004

Oxygen consumption rate (pMol.min

Oxygen consumption rate (pMoI.min'1)

Extracellular acidification (m pH.min'1)

g >

o0
°® %
-
20+
°®
° —
104 e e® _
-
°® H
o T T T T
Rocuronium Propofol Rocuronium Popofol
Propofol +Septic Propofol +Buffer
+Septic +Buffer
C Est ATP Production
[} ®
°
°
200 - -
° o .
° )
[ ] —_— [ 3
e *
1004 e ® —_ N
* _
0 T T T T
Rocuronium Propofol Rocuronium Popofol
Propofol +Septic Propofol +Buffer
+Septic +Buffer

E

150

100

50+

0

Est. Glycolysis

Non-Mitochondrial Respiration

° L ]
[ ]
S
®
[ ] -t

[ ]
oo .
® L
'—.
[ ]

Rocuronium Propofol
Propofol +Septic
+Septic

Rocuronium Popofol
Propofol +Buffer
+Buffer

co

)

Oxygen consumption rate (pMol.min

O

Oxygen consumption rate (pMoI.min'1)

500

Max respiration

400+ = ° L o®
[} A - o
[ ] X
3004 -2 ®
X
i e -
200+
]
100
0 T T T T
Rocuronium Propofol Rocuronium Popofol
Propofol +Septic Propofol +Buffer
+Septic +Buffer
Proton Leak
300
°® ®
[}
o
2004 e
® ¢ °®
L ] [ °
—_ [
o = ol
1004 — L _— e o
L)
0 T T T T
Rocuronium Propofol Rocuronium Popofol
Propofol +Septic Propofol +Buffer
+Septic +Buffer
e Null
NLRP3-/-

209



Figure 5.3.2. Estimated glycolysis (A), max respiration (B), ATP production (C), proton leak (D),
and non-mitochondrial respiration (E) of THP1 Null (green) and THP1 NLRP3-/- (orange) cells
after treatment with either Propofol (4pg/ml) on its own or Rocuronium (1.4ug/ml) + Propofol
(4pg/ml). Cells were injected with either 10% pooled E.coli septic serum or assay buffer in the
Seahorse analyser. All values were standardised to pg.protein/well.

A small sample size of n=5 per group precluded statistical analysis.

There are no visible differences in glycolysis, maximum respiration, ATP production, proton
leak, or non-mitochondrial respiration between the different treatment conditions of NLRP3-

/- cells.

In the Null cells, a trend appears to be emerging, and a larger sample size would be required
to test differences. There is a trend in glycolysis between cells treated with Rocuronium and
Propofol when exposed to either Septic serum of buffer, the septic serum possibly causing a
reduction in glycolysis. Propofol on its own may result in lower glycolysis when restimulated
with septic serum compared to buffer control in Null cells, as previously established in
Chapter 4. There is a suggestion of a divide between cell type glycolysis in Propofol only

exposure, with Null cells possibly being more glycolytic than NLRP3-/- cells.

There may be a difference between cell types when exposed to both Propofol and
Rocuronium, with Null cells possibly displaying a lower max respiration when exposed to both
septic serum and buffer. There may be differences trending between cell types when cells are
treated with both Propofol and Rocuronium regarding ATP production and proton leak, with
Null cells possibly having a higher estimated ATP production than NLRP3-/- cells both when

restimulated to septic serum and buffer.
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Rocuronium with and without septic serum
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Figure 5.3.3 Estimated glycolysis (A), max respiration (B), ATP production (C), proton leak (D),

and non-mitochondrial respiration (E) of THP1 Null (magenta) and THP1 NLRP3-/- (mint) cells
after treatment with Rocuronium (1.4ug/ml) or Nil drug control. Cells were injected with
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either 10% pooled E.coli septic serum or assay bufferin the Seahorse analyser. Lines represent
the mean. All values were standardised to ug.protein/well.

A small sample size of n=5 per group precluded statistical analysis.

There are no visible differences in glycolysis, maximum respiration, ATP production, proton
leak, or non-mitochondrial respiration between the different treatment conditions of NLRP3-

/- cells.

In the Null cells, a trend appears to be emerging, and a larger sample size would be required
to test differences. There is a trend in glycolysis of cells exposed to Rocuronium and
restimulated with septic serum is lower than cells treated with Nil drugs and septic serum
restimulation, or cells treated with Rocuronium but with a buffer control restimulation. When
treated with Rocuronium and exposed to septic serum in the Seahorse analyser, Null cells
may have a lower estimated glycolysis than NLRP3-/- cells.When restimulated with septic
serum the cells treated with Rocuronium seem to have had a lower max respiration than cells
that were treated with Nil drugs. Likewise, the Rocuronium treated Null cells seemed to have

had a lower max respiration that Nil drug treated cells when restimulated with buffer only.

Septic Null cells may have had a higher ATP production and proton leak when treated with
Rocuronium compared to Nil drug treatment and a higher ATP production and proton leak

when stimulated with buffer compared to Nil drug treatment.

For non-mitochondrial respiration, there may be a difference between cell types for
Rocuronium treatment condition; Null cells appear to have a higher non-mitochondrial

respiration than NLRP3-/- when restimulated with septic serum or buffer.
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5.3.3 Seahorse experiment 3: Rocuronium dose response
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Figure 5.3.4 Estimated glycolysis of THP1 Null (green) and THP1 NLRP3-/- (orange) cells after
treatment with serial dilution of Rocuronium, beginning at 1.4ug/ml, then 1:10 and 1:100
dilutions, or a Nil drug control. A p-value less than 0.05 is flagged with one star (*), a p-value
is less than 0.01 is flagged with two stars (**), a p-value is less than 0.001is flagged with three
stars (***) and a p-value is less than 0.0001is flagged with four stars (****). Statistics
calculated via Friedman test with Dunn post-hoc test. Lines represent the mean. All values
were standardised to pg.protein/well.

NLRP3-/- cells displayed no differences in estimated glycolysis, maximum respiration, ATP
production, proton leak, or non-mitochondrial respiration between their different treatment

conditions.

With the Nil drug treatment control, Null cells again demonstrated a higher estimated
glycolysis than NLRP3-/- cell (p<0.0001). In Null cells, again treatment with Rocuronium at the
highest concentration of 1.4ug/ml resulted in a far lower estimated glycolysis than the Null
Nil drug treated cells (p<0.0001). However, with the drug dilutions the estimated glycolysis
began to recover to the levels of the Nil drug; with the 1:10 Rocuronium higher (p=0.0003
compared to Rocuronium) and 1:100 Rocuronium dilution the same as the Nil drug glycolysis
levels. In Null cells, treatment with Rocuronium at the highest concentration of 1.4ug/ml
resulted in a far lower maximum respiration than the Null Nil drug treated cells (p<0.0001).
When the Rocuronium was diluted 1:10, there was no longer a difference in maximum
respiration compared to Nil drug control (p=0.0002 compared to Rocuronium 1.4ug/ml), and

likewise with 1:100 Rocuronium dilution (p<0.0001 compared to Rocuronium 1.4ug/ml).

In Null cells, treatment with Rocuronium at the highest concentration of 1.4ug/ml resulted in
a far lower estimated ATP production than the Null Nil drug treated cells (p= 0.0023). When
the Rocuronium was diluted 1:10, there was no longer a difference in estimated ATP
production compared to Nil drug control and likewise with 1:100 Rocuronium dilution.
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In Null cells, treatment with Rocuronium at the highest concentration of 1.4pug/ml resulted in
a far lower proton leak than the Null Nil drug treated cells (p= 0.0032). When the Rocuronium
was diluted 1:10, there was no longer a difference in proton leak compared to Nil drug

control, and likewise with 1:100 Rocuronium dilution.

In Null cells, treatment with Rocuronium at the highest concentration of 1.4pug/ml resulted in
a far lower non-mitochondrial respiration than the Null Nil drug treated cells (p= 0.0042).
When the Rocuronium was diluted 1:10, there was no longer a difference in non-
mitochondrial respiration compared to Nil drug control, and likewise with 1:100 Rocuronium

dilution.
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5.3.4 Seahorse experiment 4: The immunometabolic effects of muscle relaxants

Rocuronium and Vecuronium after administration of reversal agent Sugammadex.
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Figure 5.3.5 Estimated glycolysis of THP1 Null (green) and THP1 NLRP3-/- (orange) cells after
treatment with either Rocuronium (1.4pug/ml) or Vecuronium (0.14ug/ml) with or without the
reversal agent Sugammadex (50ug/ml). A p-value less than 0.05 is flagged with one star (*), a
p-value is less than 0.01 is flagged with two stars (**), a p-value is less than 0.001is flagged
with three stars (***) and a p-value is less than 0.0001is flagged with four stars (****).
Statistics calculated via Friedman test with Dunn post-hoc. Line represent the means. All
values were standardised to pg.protein/well.

NLRP3-/- cells displayed no differences in estimated glycolysis, maximum respiration, ATP
production, proton leak, or non-mitochondrial respiration between their different treatment

conditions.

In Null THP1s, cells treated with Vecuronium alone had a higher estimated glycolysis than cells
treated with Vecuronium and then reversed with Sugammadex (p<0.0001). While there were
no differences in estimated glycolysis between the two Sugammadex reversal treatments of
Rocuronium and Vecuronium, cells which were treated only with Rocuronium had a lower
glycolysis than Vecuronium treated cells (p<0.0001). Rocuronium treated cells also had a
lower maximum respiration than Vecuronium treated cells (p<0.0001). There were no
differences in maximum respiration between cells treated with Rocuronium + Sugammadex
and Vecuronium + Sugammadex. There were also no differences in maximum respiration
between cells treated with Vecuronium only and cells treated with Vecuronium and reversed
with Sugammadex. In the Null cells, estimated ATP production was higher in the Vecuronium
condition than both the Rocuronium condition (p<0.0001) and the Vecuronium +
Sugammadex condition (p<0.0001). Proton leak was higher in the Vecuronium condition than
both the Rocuronium condition (p<0.0001) and the Vecuronium + Sugammadex condition

(p<0.0001). The cells treated with Rocuronium had a lower proton leak than cells treated with
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Rocuronium + Sugammadex (p= 0.0032). Vecuronium treated cells had a higher non-

mitochondrial respiration than Rocuronium (p= 0.0001).
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5.3.5 The effects of rocuronium on cholinergic and cytokine gene expression.
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Figure 5.3.6.1 Relative expression of the M1, M2, M3, M4, and M5 genes for THP1 Null cells
at passage 17 (peach), passage 23 (blue) and passage 28 (mauve). Cells of each passage
were divided and treated with either Rocuronium (1.4ug/ml), Rocuronium (1.4ug/ml) and
Sugammadex (50ug/ml), or Nil drug control, n=3 per treatment condition.

A small sample size of n=3 per group precluded statistical analysis. However, we can still

observe trends with may warrant further investigation.

For passage 17and 23 Null THP1 cells, relative expression of the M1, M2, M3 and M4 genes
appeared lower with Rocuronium treatment than treatment with Rocuronium and
Sugammadex reversal. The additional of Sugammadex possibly raises expression relative to

Rocuronium and nil. The M5 gene does not have any trends to observe.

220



Relative expression Relative expression

Relative expression

Null nAChR a7
3+
A
e
2
~ T
T
0 I -I 1
Nil Roc Roc+Sug
Rx
C Null nAChR E
4_
34 A
24 =
__ A
T )
1 e 4 .
0 T T T
Nil Roc Roc+Sug
Rx
E Null ChAT
4_
37 - A
A
2_ —
—
1]
® gm 2k A
0 I I 1
Nil Roc Roc+Sug
Rx

B 17
Null nAChR b2 P
p23
7 A p28
&
2 44 N
& =
g 31
5 f nm
2 27 e
© a
S 11 e
[i'4
0 T - T
Nil Roc Roc+Sug
Rx
D Null nAChR g
154
A
c
o
7
S 104
o
> -
g
£ 91
©
&
4s - s
0 I I ik T
Nil Roc Roc+Sug
Rx
F Null VAChT
15+
c
o N
@ Ak
o 10 s %
o
>
0 -
(0]
2 57
)
(]
x = AA
A
0 I I I
Nil Roc Roc+Sug
Rx

221



Figure 5.3.6.2 Relative expression of A) nAChR a7 B) nAChRB2, C) nAChRg, D) nAChRy, E)
ChAT, and F) AChT genes for THP1 Null cells at passage 17 (peach), passage 23 (blue) and
passage 28 (mauve). Cells of each passage were divided and treated with either Rocuronium
(1.4pg/ml), Rocuronium (1.4pg/ml) and Sugammadex (50ug/ml), or Nil drug control, n=3 per
treatment condition.

In a similar trend to the M1-5 genes, most of these genes (with the exception of nAChRYy)
appear to have less expression when treated with Rocuronium and more expression when
treated with Rocuronium and Sugammadex compared to Nil treatment for the passages 17

and 23.
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Figure 5.3.6.3 Relative expression of A) IL-10 B) IFNy C) TNFa D) PINK1 E) Parkin genes for
THP1 Null cells at passage 17 (peach), passage 23 (blue) and passage 28 (mauve). Cells of
each passage were divided and treated with either Rocuronium (1.4ug/ml), Rocuronium

(1.4pg/ml) and Sugammadex (50ug/ml), or Nil drug control, n=3 per treatment condition.

Relative expression of the PINK1, IFNy and Parkin genes appeared to follow the previous

trend of appearing lower in Rocuronium treated groups than groups treated with Nil drugs

in both passage 17 and 23, higher in passage 28.
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Figure 5.3.6.4 Relative expression of the M1, M2, M3, M4, and M5 genes for THP1 NLRP3-/-
cells at passage 17 (peach), passage 23 (blue) and passage 28 (mauve). Cells of each passage
were divided and treated with either Rocuronium (1.4ug/ml), Rocuronium (1.4ug/ml) and
Sugammadex (50ug/ml), or Nil drug control, n=3 per treatment condition.

There appeared to be less of a trend in the NLRP3-/- cells than the Null cells. The expression

of some genes appeared higher in some of the older passage strains.
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Figure 5.3.6.5 Relative expression of A) nAChR a7 B) nAChRB2, C) nAChRg, D) nAChRy, E)
ChAT, and F) AChT genes for THP1 NLRP3-/- cells at passage 17 (peach), passage 23 (blue)
and passage 28 (mauve). Cells of each passage were divided and treated with either
Rocuronium (1.4pg/ml), Rocuronium (1.4ug/ml) and Sugammadex (50ug/ml), or Nil drug
control, n=3 per treatment condition.

There was a noticeable trend for the nAChRy genes to have a higher expression when
treated with Rocuronium and Sugammadex compared to Rocuronium alone or Nil

treatment, however the other genes did not show any noticeable patterns.
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Figure 5.3.6.6 Relative expression of A) IL-10 B) IFNy C) TNFa D) PINK1 E) Parkin genes for
THP1 NLRP3-/- cells at passage 17 (peach), passage 23 (blue) and passage 28 (mauve). Cells
of each passage were divided and treated with either Rocuronium (1.4pg/ml), Rocuronium
(1.4pg/ml) and Sugammadex (50ug/ml), or Nil drug control, n=3 per treatment condition.

Again, most genes did not display any discernible pattern in their relative gene expression in
NLRP3-/- cells. The IL-10 gene expression may be higher in cells treated with Rocuronium

and Rocuronium with Sugammadex than the Nil treatment.
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5.3.6 IL-10 production after Rocuronium and Sugammadex exposure.
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Figure 5.3.7.1 The concentration on IL-10 (ng/mL) in cell supernatants of A) THP1 Nulls, B)
THP1 NLRP3-/-, C) HL-60, and D) Monocytes as determined via ELISA assay for cells treated
with either Nil drugs control, Rocuronium 1.4pug/ml, Sugammadex 50ug/ml, or Rocuronium
1.4pg/ml and then reversed with Sugammadex 50ug/ml. N=5 per condition. Cells were
treated with either Rocuronium for 6 hours or cell media control, then washed and treated
with either Sugammadex or cell media control for a further 30 minutes before washing and
being left to recover for three days, then supernatants harvested. Lines represent the median

values.
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Figure 5.3.7.2 The concentration on IL-6 (ng/mL) in cell supernatants of A) THP1 Nulls, B) THP1
NLRP3-/-, C) HL-60, and D) Monocytes as determined via ELISA assay for cells treated with
either Nil drugs control, Rocuronium 1.4ug/ml, Sugammadex 50ug/ml, or Rocuronium
1.4pg/ml and then reversed with Sugammadex 50ug/ml. N=5 per condition. Cells were
treated with either Rocuronium for 6 hours or cell media control, then washed and treated
with either Sugammadex or cell media control for a further 30 minutes before washing and
being left to recover for three days, then supernatants harvested. Lines represent the median
values.
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A small sample size of n=5 per group precluded statistical analysis. However, we can still
observe trends with may warrant further investigation. In Null cells, there appears to be a
reduction in IL-10 and IL-6 in the Rocuronium treated samples. The NLRP3-/- THP1s and

Monocytes appear to instead have lower levels of IL-10 and IL-6 in the Nil samples. HL-60 cells

did not reveal any trends.
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5.4 Discussion

Exposure to the muscle relaxant Rocuronium and its reversal agent Sugammadex results in

changes in the immunometabolism of THP1 Null but not THP1 NLRP3-/- cells.

When THP1 Null cells are treated with Rocuronium, the cells appear to not respond to the
mitochondrial poisons Oligomycin, FCCP, and Rotenone/Antimycin A that are injected in the
Seahorse analyser. This is not the case when exposed to Vecuronium; and is not the case with
NLRP3-/- cells which respond to the poisons with both Rocuronium and Vecuronium. The
serial dilution of Rocuronium in Null cells diminishes this effect until the drug is diluted

enough to return immunometabolic responses the same as control cells exposed to Nil drugs.

Rocuronium in Null cells results in a reduction of glycolysis and maximum respiration
compared to Nil drug controls. A higher maximum respiration is an indicator that the cells
have more of an energy reserve to combat infection. In Null cells, the addition of Sugammadex
to Rocuronium results in an increase in maximum respiration and proton leak compared to

Rocuronium alone. This is not observed in NLRP3-/- cells.

This suggests that the reactions in response to rocuronium are associated with the NLRP3
inflammasome. When acute respiratory distress syndrome (ARDS) patients, who present with
pulmonary and systemic inflammation, were administered neuromuscular blocking agents
their inflammatory response was decreased, specifically circulating levels of TNFa, IL-1§3, and
IL-6 (Forel et al, 2006). As previously discussed, IL-1B can mediate the NLRP3 inflammasome.
A further ARDS study found that neuromuscular blockade results in a decrease in IL-8, which

is used as a biomarker of systemic inflammation and epithelial and endothelial lung injury in
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ARDS (Sottile et al, 2018). A meta-analysis in 2019 in ARDS found that neuromuscular

blockade is associated with a lower 21-28 day mortality (Shao et al, 2019).

If neuromuscular blockade indirectly effects the NLRP3 inflammasome then this may explain

why the NLRP3-/- THP1s react to rocuronium differently than the Null THP1s.

Rocuronium affects the immunometabolism of cells when exposed to infectious agents.

Unfortunately, the septic serum used to restimulate cells was old and therefore did not result
in as large of a response as has been observed previously in Chapter 4. However, cells did still
respond to it and Rocuronium in Null cells resulted in a lower glycolysis when exposed to
septic serum than a buffer control. When exposed to septic serum, Rocuronium treated Null
cells also had a higher proton leak, estimated ATP production, and non-mitochondrial
respiration, and a lower glycolysis and maximum respiration, than the Nil drug control. When
NLRP3-/- THP1 cells were exposed, the only difference observed in the presence of
Rocuronium was that the cells had a higher estimated ATP production when restimulated

with the septic serum instead of the buffer control.

This suggests that Rocuronium will affect the immunometabolism of cells when exposed to
infectious agents. As discussed in previous chapters, changes to immunometabolism may

contribute to immune suppression in recovered septic patients.

THP1 Null cells exposed to Propofol with the addition of Rocuronium have a different

immunometabolic profile than cells exposed to Propofol alone.
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The addition of Rocuronium will Propofol in Null THP1 cells results in a lower maximum
respiration, and a higher estimated ATP production and proton leak, than in cells exposed to
Propofol alone. NLRP3-/- cells do not display changes in immunometabolism when
Rocuronium is added to Propofol compared to Propofol alone. This will have implicationsin a
clinical setting, as patients are often given a combination of Propofol and Rocuronium in

anaesthesia.

Vecuronium treatment results in a different immunometabolic profile than Rocuronium

treatment in Null THP1 cells.

Despite being molecularly similar drugs, the immunometabolism of Null THP1 cells responds
differently to Vecuronium than Rocuronium. It can be observed in the Seahorse readout that
the cells exposed to Vecuronium still respond to the mitochondrial inhibitors in the Seahorse

machine, unlike the cells exposed to Rocuronium.

In Null cells exposed to Rocuronium, glycolysis is lower than when exposed to Rocuronium +
Sugammadex. However Null cells exposed to Vecuronium have a higher glycolysis than cells
exposed to Rocuronium, and the addition of Sugammadex to the Vecuronium reduces
glycolysis. The addition of Sugammadex to Rocuronium increases glycolysis, but the addition
of Sugammadex to Vecuronium reduces it. Vecuronium treated Null cells also have a higher
maximum respiration, estimated ATP production, proton leak, and non-mitochondrial

respiration than Rocuronium treated cells.

The addition of Sugammadex to the Vecuronium in Null cells reduces the estimated ATP

production, proton leak, and non-mitochondrial respiration compared to Vecuronium alone.
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This is in contrast to Rocuronium treated Null cells, where the addition of Sugammadex results

in an increase in maximum respiration and proton leak.

In NLRP3-/- THP1 cells, there are no differences in immunometabolism between cells treated

with any of the drugs.

Rocuronium and Sugammadex affect the expression of key cholinergic and cytokine genes

in THP1 cells.

In Null cells, Rocuronium caused a decrease in relative expression of the muscarinic receptor
genes M1, M2, M3 and M4 compared to cells treated with Rocuronium and Sugammadex.
M1 and M4 gene expression was higher in cells treated with Rocuronium and Sugammadex
compared to the Nil drug control. In the nicotinic receptors, Rocuronium reduced the relative
expression of the genes of NnAChR a7, nAChR B2, and nAChR € compared to Nil drug treatment
and Rocuronium +Sugammadex treatment. This same pattern was observed in the relative

expressions of ChAT, PINK1, Parkin, VAChT, and the cytokines IL-10 and IFNy.

Despite the few differences in immunometabolism ad cytokine production, THP1 NLRP3-/-
cells also demonstrated differences in gene expression when exposed to Rocuronium and
Sugammadex. The relative expression of the nAChR y gene was higher in cells exposed to
Rocuronium and Sugammadex compared to Rocuronium alone or the Nil drug control, and
exposure to Rocuronium related in an increased in expression of the IL-10 gene compared to
the Nil drug control. A few more differences in gene expression were observed in old p28
NLRP3-/- cells but not the younger p17/p23 cells. For both THP1 Nulls and NLRP3-/- cells,

older cells (p28) had a significantly different profile to the younger cells (p17 and p23).
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HL-60 and n=5 donor monocytes were also assessed; however no differences were observed.

The addition of Sugammadex results in anincrease in concentration of IL-6 and IL-10 in THP1

Null cells.

The cells had had the Rocuronium/Sugammadex washed from them and were left to recover
for three days prior to supernatant samples being taken. Furthermore, cells were not
restimulated with an infectious agent, therefore all concentrations of IL-6 and IL-10 released
by cells were low and indicative of the cells’ healthy resting state. Nevertheless, monocytes
and Null THP1 cells released a higher concentration of IL-10 cytokine when exposed to
Sugammadex alone or combination Rocuronium + Sugammadex three days prior. The same
was observed in Null THP1 cells with IL-6 concentrations rising when exposed to Sugammadex
alone or combination Rocuronium + Sugammadex three days prior. It is worth noting that
there was a high cell death in monocytes after the three days of recovery, cell viability being
68% when the supernatant samples were taken. HL-60 and NLRP3-/- THP1 cells showed no
differences between treatment conditions for concentrations of IL-10 or IL-6. Sugammadex is

thought to not interact directly with the cell, this data suggests that it may do.

Different cell types and passage numbers respond to Rocuronium and Sugammadex in

different ways.

In THP1 cells, the Null cells had a very particular response to Rocuronium and Sugammadex,
affecting immunometabolism, cytokine production and expression of certain genes. The

addition of Rocuronium appeared to prevent cells from responding to the mitochondrial
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poisons injected in the Seahorse machine. These responses were not observed in NLRP3-/-
cells, which were largely unaffected by the addition of Rocuronium and Sugammadex. This
suggests that the response to Rocuronium in Null cells may involve the NLRP3 inflammasome.
However, HL-60 cells (which contain the inflammasome) did not reveal any effects of
Rocuronium on cytokine production of IL-10 and IL-6 or gene expression. There may be
another mechanism preventing the HL-60 cells from being affected by the drug, and these
were not assessed in the Seahorse and so immunometabolic changes in HL-60 cannot be
assessed. It is also possible that the HL-60 cells recovered faster from the drugs during their
three-day rest period. Different cell types may require different lengths of recovery time.
Although, this is not likely to be the case where Rocuronium was administered without the
Sugammadex reversal agent, which would likely still be bound to receptors even after washing

the cells.

Whilst HL-60 cells were a young passage 12, a selection of different passage numbers were
assessed in the gene expression in THP1 Null and NLRP3-/- cells. Old cells, at passage 28, had
a different profile of gene expression when exposed to the drugs compared to younger cells
(p17 and p23). There were also some differences in gene expression between passage 17 and
passage 23 when exposed to the drugs. It is therefore important to maintain a consistent cell

passage number when performing experiments.

Only a small number (n=5) of human donors was assessed and only monocytes were
examined, however the results of the IL-10 cytokine production experiments indicate that
Rocuronium and Sugammadex have a lasting effect on monocytes. A larger sample population

and a greater variety of immune cell types will be required in order to inform cause and effect.
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Further research

All experiments were performed after a three-day rest period from the drug exposure. A
comparison of these results to cells which did not have a period of rest may reveal larger
differences induced by Rocuronium and Sugammadex. Cells such as the HL-60 line may have
had changes due to the drugs which were missed if they had fully recovered during the three-
day period. This would also be of benefit to cells from human donors which gradually die off
over the period of rest. It would equally be interesting to have a longer recovery period with

the THP1 cell line to see how long the changes persist.

Seahorse experiments were performed only on THP1 Null and THP1 NLRP3-/- cells.
Immunometabolism of HL-60 cells and donor monocytes should be assessed in the presence
of Rocuronium and Sugammadex. Further to this, different peripheral blood mononuclear cell
types should be examined as well as monocytes. Particularly lymphocytes should be assessed,

which make up the bulk of peripheral blood mononuclear cells.

Due to time constraints it was not possible to perform Chromatin Immunoprecipitation
experiments to analyse changes in histone modifications as a result of Rocuronium and
Sugammadex. It would be interesting to relate these changes, if any, to the histone

modifications induced by exposure of Propofol and sepsis.

Other commonly used neuromuscular blocking agents (such as Atracurium) and reversal
agents (such as Neostigmine) should also be assessed on their impact on immune function.

Time constraints prevented Atracurium from being assessed in this research.
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Summary

Rocuronium and Sugammadex directly interact with immune cells via their muscarinic and
nicotinic receptors and induce changes in the cells’ gene expression, cytokine production, and
immunometabolism. The immunometabolic changes may involve an interaction between the
drugs and the NLRP3 inflammasome. It is possible that these cellular changes induced by
Rocuronium and Sugammadex contribute to features of immune suppression and therefore
the recurrent hospitalisation of patients who have received such treatments. This research
adds to the evidence that neuromuscular blocking agents during anaesthesia may result in
postoperative complications, and therefore until further research is conducted into the
pathophysiology of neuromuscular blockade the deferral of their use should be considered

where clinically feasible.
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Chapter 6: Discussion

6.1 Novel findings in this thesis

Sepsis-induced histone modifications of peripheral blood mononuclear cells

Several novel insights have been gained into the long-term effects in post sepsis recovery.
Gene expression for the chemokine CCL2 was present in septic patient PBMCs, and it persist
at least 6-12 months following hospital discharge. CCL2 was not present in any of the healthy
volunteer PBMCs. Septic patient PBMCs cultured in vitro displayed defects in their ability to
produce certain cytokines when restimulated with LPS or PMA/ionomycin. Furthermore, this
defect persisted in cells obtained 6-12 months post hospital discharge. In the literature, ChlP-
seq has been performed on a small number of septic patients’ PBMCs, but targeted ChIP had
not been performed on septic patient PBMCs, and nor were patients followed up for up to 12
months post hospital discharge. Targeted ChIP revealed patterns in the activation and
repression of several genes including GAPDH, IRAK-M, mTOR, IL-10, and TLR4, spanning from

acute sepsis to up to a year after sepsis recovery.

The effects of Propofol on immune function

Propofol’s influence on septic patient’s immunometabolism is a novel discovery. Key areas of
the immunometabolic profile of septic cells would change when exposed to Propofol, this
included glycolysis, ATP production, maximum respiration and spare respiratory capacity.
These Propofol-induced differences were also observed in cells exposed to serum from
patients who had seemingly “recovered” from the infection (7 days post blood culture
positive, minimum 4 days since Propofol treatment stopped). This suggests that Propofol

induced cellular changes that resulted in these alterations in immunometabolism, and that
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these effects persisted even when sedation had stopped being administered four days prior.
It is possible that leukocyte immunometabolism may be modulated in part by epigenetics.
The sedation may have influenced epigenetic changes that resulted in immunometabolic
alterations that were not reversed when sedation stopped being administered. The exposure
to Propofol appears to result in persistent changes to gene activation and expression of genes
involved in the glycolytic pathway and immune response. This effect persisted even when the
cells had been washed and recovered from Propofol for three days. Chromatin
Immunoprecipitation reveals epigenetic changes in key genes related to immunometabolism
after exposure to Propofol, persisting to three days recovery after the Propofol was washed

off.

The effects of Rocuronium on immune function

It has been previously established that (i) patients who have received neuromuscular blocking
agents have an increased risk of hospital readmission within 30 days due to pulmonary
complications (Kirmeier E et al, 2018), and (ii) immune cells are also known to express
cholinergic components such as muscarinic and nicotinic acetylcholine receptors (Fujii T et al,
2017). However, the potential effect of neuromuscular blockade on the immune system had
not been previously established in the literature. Several novel findings into the effects of
neuromuscular blocking agent Rocuronium and its reversal agent Sugammadex on immune
cells were elucidated in this thesis. Rocuronium appears to suppress the immunometabolism
of THP1 Null cells, whereas Sugammadex administration reverses it- often to an
overcompensation compared to Nil drug treated cells. As the NLRP3-/- cells did not display
the same effects, it is possible (but not conclusive) that the interactions of Rocuronium may

involve the NLRP3 inflammasome. Exposure to Rocuronium and Sugammadex results in
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changes in the immunometabolism of THP1 Null but not THP1 NLRP3-/- cells. Rocuronium
also affects the immunometabolism of cells when exposed to infectious agents, and when
Null THP1 cells treated with Propofol were spiked with Rocuronium the cells’
immunometabolic profile were altered. The expression of key cholinergic and cytokine genes
were affected by Rocuronium and Sugammadex in THP1 cells. Sugammadex resulted in an
increase in concentration of IL-6 and IL-10 in THP1 Null supernatants. Despite similarities in
molecular structure to Rocuronium, Vecuronium induces a different immunometabolic

profile.

6.2 Relevance of findings

The sample sizes and various limitations to this body of work must be fully taken into account.
Results should be viewed as pilot studies to warrant larger studies on the topic, and are

certainly not conclusive.

T cells, monocytes and macrophages become exhausted during a septic insult, and after a
while are less able to produce pro-inflammatory cytokines (immunoparalysis). This immune
deficit can persist in sepsis survivors even long after the infection has cleared. The
reprogramming of these cells during sepsis may be due to the epigenetic control of gene

expression. The results of these studies do not contradict this theory.

NLRP3 is activated by a broad range of stimuli, consisting of both PAMPs and DAMPs, in
contrast to most other PRRs. The various stimuli are unrelated, however all induce cellular
stress. It is possible that cells’ response to rocuronium may be associated with the NLRP3

inflammasome. The literature details several ARDS patients studies who had a decreased
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inflammatory response when given neuromuscular blockade infusions (Forel et al, 2006;

Sottile et al, 2018; Shao et al, 2019).

The upstream mechanisms regarding NLRP3 activation have not been fully elucidated, but
are believed to include mitochondrial dysfunction, changes in metabolism, calcium ion flux,
and potassium or chloride ion efflux. A by-product of oxidative phosphorylation is the
production of ROS by the mitochondria, and in times of cellular stress the release of
mitochondrial ROS into the cytosol is greatly increased, which in turn will trigger NLRP3 to
activate (Swanson et al, 2019; Cruz et al, 2007). In addition, there evidence that
mitochondria may be used as a docking site for NLRP3 inflammasome assembly, due to
activated NLRP3 and caspase-1 independently associating with the mitochondria via the
mitochondrial phospholipid cardiolipin (Zhong et al, 2018; Dudek et al, 2017; Zhou et al,
2011; Subramanian et al, 2013; lyer et al, 2013; Elliott et al, 2018). It is possible that the
mitochondrial dysfunction described in sepsis overlaps with mitochondrial link to the
inflammasome, however without knowing the full mechanisms of action it requires further

research.

Results found a glycolytic shift in cells when they were exposed to sepsis. NLRP3
inflammasome activation is speculated to have a role in glycolysis. Sanman et al (2016)
found that the NLRP3 inflammasome will be activated, as well as IL-1B production and
pyroptosis, by a disruption of glycolytic flux, triggered by a decrease in NADH levels and an
induction of mitochondrial ROS production. However, NLRP3 priming was also shown to
inhibit glycolysis and therefore inhibit LPS-induced IL1B gene transcription (Tannabhill et al,

2013).
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The data in this thesis is not robust enough to warrant further research based on these results
alone, instead a larger repeat of these experiments with a more robust quality control and

methodology is required.

6.3 Strengths of this thesis

Appropriate methodologies

The methodologies in the thesis were considered and appropriate. The Seahorse
methodology for measuring bioenergetics in cells is a new technology that has many
advantages over traditional metabolic assays, and has in-built quality control measures. Only
a small number of cells are required, and both glycolysis and mitochondrial respiration can be
measured simultaneously in real-time. Chromatin Immunoprecipitation is a complex

epigenetic technique and was fully optimised to the samples used.

Patient sampling up to one year post hospital discharge

Patients were sampled up to 12 months post hospital discharge; it is challenging to follow up
with patients over such a long period of time from a logistical standpoint and patient
mortality; it is therefore unusual to have access to such samples. The research provides a
unique look into the genotype and phenotype of patient samples that have had such a long
recovery time since sepsis. The three sampling timepoints provide a valuable insight into the
stages of patient recovery: acute sepsis, sepsis cleared from system but still in hospital, and

finally sepsis cleared from system and out of hospital for several months.
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Cell lines corroborating primary cell data

No model is perfect, but the fact that the donor primary cells and the cell line both respond
in similar ways in experiments strengthens the evidence for the hypothesis; for example both
PBMCs and THP1 cells display a comparable phenotype with the addition of propofol is

indicative of an independent effect of sedation when used in sepsis treatment.

6.4 Limitations of this thesis

Varied patient cohort

The use of patient samples presents several limitations. The cohort recruited have many
variations in pathophysiology and patient characteristics; there is a trade-off to using a larger
more heterogenous sample size vs a small sample size of clinically and characteristically
similar patients. The small sample sizes will not necessarily produce findings that will apply to
the majority of patients. Patients also were all recruited at the same hospital; and may not
represent patients from hospitals worldwide. A varied cohort could also result in more subtle
findings being lost where they relate to only a specific pathophysiology. More time is required
to recruit more patients that fit into specific subcategories, such as E.coli sepsis ICU patients

who are 18-45 years old with no chronic conditions.

Small sample sizes/ underpowered study

Many of the studies included in this thesis are done on very small sample sizes. Power analysis
was not calculated before beginning research, resulting in an underpowered study with
limited reach. Statistical analysis could not be performed on many of the samples as their n

numbers were too low and therefore the probability of a type Il error was high. The results

247



detail some interesting observations, however they should only be taken as a pilot study in
order to warrant further investigation. Such limited sample sizes will not provide an accurate

snap shot of the patient landscape.

Healthy volunteers as comparator group

A further thing to note is that healthy volunteers are used as a comparator group to the septic
patients. It can be argued that this is not an effective comparator group. Firstly, the healthy
volunteers on average were younger than the septic full cohort, and they did not have any
chronic conditions frequently found in the septic cohort. It is not if patients who go on to
develop sepsis have a pre-existing phenotype that makes them susceptible to sepsis and
bacteraemia, in which case this would be absent in the healthy volunteers. Non-bacteraemic
perioperative patients may be a better comparator group in this regard. The best comparator
group would be if the patients had a pre-sepsis sample taken, but of course this requires a
prediction of which patients will go on to become septic. This would be possible given enough
time and resources: patient groups who are at high risk of bacteraemia could be approached
for a pre-sepsis sample and subsequent blood culture positive sampling can then be taken
from the patients who go on to develop sepsis. One such group at higher risk of developing

sepsis are patients undergoing abdominal surgery for example.

Cell lines not always representative of primary cells

The use of cell lines presents its own set of limitations, various factors mean that cell lines
may not adequately represent primary cells. It is well established that there are genotypic
and phenotypic differences between primary cells and cancer-derived immortal cell lines. As
demonstrated in Chapters 4 and 5, significant changes to the cells’ phenotypes and genotypes
occur with serial passage of cell lines. It would be preferable to use the same (young) passage
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number for all experiments. Genetic drift can also result in heterogeneity in cell line cultures
grown at the same time. The different cell lines will also behave differently, as demonstrated
in Chapter 5 between THP1 cells and HL-60 cells, and so care must be taken when selecting

a suitable cell line for study.

Lack of quality control and study controls

In several places an adequate quality control is lacking. Examples include the lack of purity
testing of cell cultures, and not assessing the quality of the cDNA and Tagman primer probes;

all of which make it impossible to confidently identify potential mechanisms.

6.5 Further research

Extent of persistence of immune defects

Firstly, taking this data as a pilot, it should be repeated with appropriate controls and quality

controls on a larger sample size to analyse correlations.

The extent of the immune defect persistence should be further examined, such as whether
these epigenetic changes are lifelong and can be passed on via meiosis. An interesting
experiment would be to examine offspring of sepsis survivors (murine/ human) to see if their
immune function and epigenetic patterns are similar to their parents. In a murine model
epigenetics can be examined before sepsis, after sepsis, then compared to the profile of the
offspring- which can be born both before and after the parents were septic. Whether the
specific changes in histone modifications detailed in this chapter would carry over into a
murine model is not yet known. A further complicating factor in fully ascertaining the

persistence of the effects of sepsis post hospital discharge is that most often the patients are
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older and have a plethora of comorbidities. They require a more complex management
clinically which may itself effect epigenetics and will make it difficult to gather a large
homogenous sample size to draw sepsis-specific conclusions from. A heterogenous sample
was the biggest limitation of the gene expression data on the whole patient cohort, who had
a variety of comorbidities, severities, and types of bacteria. Therefore, it resources and
attainability allow it, study participants should be younger and without comorbid conditions,

and with similar infections (e.g. all E.coli sepsis) in future work.

Examine other drugs in general anaesthesia

It may be that more drugs can affect patients’ immunometabolism in a similar way to Propofol
and Rocuronium/ Sugammadex. The effects of other drugs typically used in general
anaesthesia should also be further examined, like opioids such as fentanyl and adrenaline/
noradrenaline. It is possible that not be all sedatives that illicit this response; Midazolam, for
example, may not result in the same immunometabolic changes as Propofol, and this may
inform clinicians on the best drugs to administer to certain patients. Further research into the
exact mechanism of how Propofol and Rocuronium/ Sugammadex induces these changes

would help inform the breadth of drugs that are likely to behave similarly.

Acute Rocuronium exposure

All the Rocuronium experiments were performed after a three-day rest period from the drug
exposure. A comparison of these results to cells which did not have a period of rest may reveal
larger differences induced by Rocuronium and Sugammadex. Cells such as the HL-60 line may
have had changes due to the drugs which were missed if they had fully recovered during the

three-day period. This would also be of benefit to cells from human donors which gradually
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die off over the period of rest. It would equally be interesting to have a longer recovery period

with the THP1 cell line to see how long the changes persist.

Immunometabolism of HL-60 and primary cell subtypes

Seahorse experiments were performed on THP1 Null and THP1 NLRP3-/- cells, and in Propofol
experiments on PBMCs. Immunometabolism of HL-60 cells and different primary cell subtypes
should be assessed when exposed to Propofol and Rocuronium/ Sugammadex and can be
compared to THP1 data. Immunometabolism can be assessed with both acute exposure to

the drugs and after a period of recovery.

Chromatin Immunoprecipitation of Rocuronium exposed cells

Due to time constraints it was not possible to perform Chromatin Immunoprecipitation
experiments on the Rocuronium exposed cells. It would be interesting to relate these
changes, if any, to the histone modifications induced by exposure of Propofol and sepsis.
Chromatin Immunoprecipitation will inform on whether or not Rocuronium/ Sugammadex

results in epigenetic changes or not.
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