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Summary

Bacterial sepsis represents a significant challenge for clinicians worldwide and causes 11
million deaths annually worldwide. In Wales, Escherichia coli and Staphylococcus
species are the predominant causes. Predicting sepsis accurately is complicated by the
multifactorial nature of the disorder resulting in very few useful biomarkers. This thesis
aimed to characterise the immunological and cellular response to model and pathogenic
bacteria and analyse the genomic composition of clinically relevant extraintestinal blood
culture-positive E. coli. Eight strains comprising E. coli, S. aureus and S. epidermidis
were applied to a whole blood infection model, incubated for up to eight hours and the
supernatant used in ELISA, flow cytometry and mass spectrometry analysis. Clinically
relevant E. coli were obtained from the Hywel Dda University Health Board in West
Wales and submitted for DNA sequencing and whole genome analysis using the pan-
genome pipeline Roary. E. coli induced significantly more IL-6, MIP-1a and MIP-3¢ and
significantly less phagocytosis than that induced by both Staphylococcus species. Flow
cytometry analysis of leukocyte subsets revealed a robust infection model that confirmed
interactions seen in the blood were due to infection, and a loss of CD14 was characterised
on the monocytes treated with bacteria. The oxysterol 25-HC was confirmed to be
significantly elevated in blood treated with E. coli which challenges the previous dogma
of virus restricted induction. Finally, blood culture-positive E. coli were found to be from
a diverse range of sequence types and possessed virulence factors and antibiotic resistance
genes in abundance. The genes fuf4 and tufB were found to be significantly associated
with sepsis and certain origins of infection. The work undertaken in this thesis identifies

biomarkers to predict bacterial sepsis that can be taken forward for clinical validation.
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Chapter 1. Introduction

1.1. Sepsis

1.1.1. Definition

Sepsis is defined as an uncontrollable and overwhelming innate inflammatory response
to an infection, often caused by the presence of bacteria in the bloodstream (bacteraemia)
(Cohen, 2002; Becker et al., 2009; Charles et al., 2009; Burdette et al., 2010; Chan and
Gu, 2011; Hughes et al., 2013; Singer et al., 2016). Symptoms are typified by Slurred
speech or confusion, Extreme shivering or muscle pain, Passing no urine within 24 hours,
Severe breathlessness, the patient (It) feeling like they are going to die, and Skin mottled
or discoloured in adult patients (abbreviated as SEPSIS by the UK Sepsis Trust as part
of an awareness campaign). Sepsis in young children is further characterised by fast
breathing, convulsions, a non-fading rash, lethargy and abnormally cold skin (UK Sepsis
Trust, 2019). Further diagnosis is confirmed by the presence of two or more patient
abnormalities including temperature, heart and respiratory rate and/or leukocyte counts,
and sufficient diagnosis of an accompanying infection (Calandra and Cohen, 2005;
Deutschman and Tracey, 2014). The final diagnosis is often dependent on the severity of
the disease; severe sepsis is diagnosed when there is evidence of organ dysfunction, and
septic shock is diagnosed when there is organ dysfunction accompanied with evidence of
hypotension refractory to fluid resuscitation, or circulatory collapse (McPherson ef al.,

2013; Singer et al., 2016).

1.1.2. Global Importance

Sepsis represents one of the biggest challenges to healthcare professionals in the United
Kingdom, with global cases reaching as high as 19 million per year (Monneret and Venet,
2016). It is currently the third largest cause of death in the U.K. behind coronary heart
disease and stroke, and is the leading cause of death among critically ill patients in
Intensive Care Units (ICU; Charles et al., 2009; Chan and Gu, 2011). Current mortality
rates reach as high as 60% and subsequently sepsis claims more lives than both bowel
and breast cancer combined, with as much as 5% of all deaths in England being due to
sepsis (Charles et al., 2009; Chan and Gu, 2011; McPherson et al., 2013; Monneret and
Venet, 2016). The recent rise in cases is believed to be caused by a number of modern
factors, including an increase in the life expectancy of the population, a better recognition
of the disorder and improved medical and surgical care for patients with comorbidities

such as diabetes that until recently would have been fatal (Deutschman and Tracey, 2014;
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Monneret and Venet, 2016; Singer et al., 2016). Often, the resolution of a septic episode
is complicated by a large variety of factors, including issues with diagnosis, treatment,
and the rise in antibiotic resistance (Charles et al., 2009; Singer et al., 2016). Many of
these factors negatively impact on the time from onset of the disease to diagnosis, where
the ‘golden hours’ for effective treatment of sepsis are often missed (Charles et al., 2009).
Amongst those who are most vulnerable are the immunocompromised, including the
elderly, new-born babies, and patients with previous or current trauma and conditions,

such as diabetes and cancer (Lever and Mackenzie, 2007).

1.1.3. Complications and ICU Management

Overall, approximately 27% of patients admitted to ICUs in England and Wales have
been diagnosed with severe sepsis, and almost half of these patients will later die
(McPherson et al., 2013). Factors and symptoms associated with sepsis syndrome include
fever, leukocytosis or leukopenia, hypotension, hypothermia, tachycardia and tachypnoea
(Feezor et al., 2003; Becker ef al., 2008). Severe complications arise in the form of organ
dysfunction, altered mental state, cardiac failure, coma, renal failure and intravascular
coagulation (Nguyen et al., 2006; Becker et al., 2009). People who survive sepsis are
often left with long-term complications that can affect them physically and
physiologically with significant impacts on the quality of their lives (Singer ef al., 2016)
and often, the outcome is death (Becker et al., 2008). Early recognition and appropriate
application of antibiotic therapy is crucial to prevent overt patient harm and death.
Clinically, physicians are encouraged to apply the “Sepsis 67, a care bundle that, if applied
within one hour of admission, has been shown to reduce mortality in sepsis patients
(McGregor, 2014). The Sepsis 6 is characterised by the delivery of high flow oxygen, the
preparation of blood cultures, administration of empiric intravenous antibiotics,
measurement of serum lactate and full blood counts, application of intravenous fluid
resuscitation and accurate measurement of urine output (Daniels, 2011). Application of
severity scoring systems, such as the Acute Physiology and Chronic Health Evaluation
(APACHE 1) and the Sequential Sepsis-related Organ Failure Assessment (SOFA), are
also applied within one hour of admission to assist in determination of severity and advise
on treatment options (Bouch and Thompson, 2008). Outlined in Table 1.1 are ICU

admission statistics assessed by six separate studies from 2006-2018.
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Table 1.1. Intensive Care Unit admission statistics for critically ill patients and patients with sepsis from six papers.

Length of
Countries Patient % ICU Patients % patients with
Study ICU Stay Comorbidities
Included Number +ve Sepsis organ failure
(mean)
Capuzzo et al. 17 European
5834
2014 Countries
Male
57 (<10
4.6% (<10 days) | 68% (<10
Williams et al. days) 17 days (>10
Australia 22298 23.9% (>10 days)
2010 49 (>10 days)
days) 66% (>10
days)
days)
Sepsis-related:
COPD (452)
Cancer (339)
Diabetes (308)
Heart Failure (333)
) Immunosuppression (169)
Sakr et al. 2018 Worldwide 10069 17.9% 60.1% Male 59.4 6 days

% Comorbidities:
None (46%)
1 (30.9%)
2 (15.7%)
3 (5.6%)
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Cardiovascular

(46.2%)
Cardiovascular (1.7-1.8%)

Respiratory (2.8-4.2%)
Liver (2.4-3.3%)

Respiratory (10.6-
14.1%)
Renal (17.2-17.6%)

Shankar-Hari et

al. 2017 England 65%-66.4% | 63.3-65.3 ) Renal (2.1-2.2%)
654918 30.2% Haematological o
Male Metastatic disease (2.5-2.8%)
(15.1%-17.5%) .
) Haematological (3.7-4.2%)

Neurological (10.9%-

Immunosuppressed (8.5-9%)

14.3%)
Hepatic (97.5-98.9%)
Vincent et al. 71%
Europe 3147 66% 63% Male 65

2006

42% in sepsis patients

52% > 1 Comorbidity
COPD (20.2%)
Cancer (15.7%)

Heart Failure (10.4%)

Diabetes mellitus (10.3%)

Immunosuppression (5.8%)

Vincent et al.
2009

Worldwide 14414 63% Male 60.9
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1.1.4. Antibiotic Resistance and Stewardship

Antibiotic resistance is considered to be one of the largest threats to health and
development worldwide (Morgan, 2019). The over-use and inappropriate application of
antibiotics in the clinic has resulted in the rise of multi-drug resistant bacteria, and recent
estimates suggest that 70% of antibiotics are inappropriately prescribed (Schuetz ef al.,
2011; Adhikari et al., 2012; Public Health England, 2015; Morgan, 2019). However, the
use of broad-spectrum antibiotics early in a septic episode is critical, and often it’s the
only option available to a doctor when it comes to treatment (Reinhart ez al., 2012). These
patients and those with chronic conditions and immunocompromised systems are most at
risk for developing lethal infections that cannot be treated with currently used antibiotics.
In Europe, approximately 25,000 people die each year due to hospital infections caused
by resistant Escherichia coli, Klebsiella pneumoniae, FEnterococcus faecium,
Pseudomonas aeruginosa and methicillin-resistant Staphylococcus aureus (MRSA;
Public Health England, 2015). Globally, approximately 700,000 people die annually due
to drug-resistant infections (O'Neill, 2016). It is currently estimated that without measures
to safeguard our current antibiotic pool, approximately 10 million deaths will occur
annually by 2050, and result in a loss of £66 trillion of the global economy (Public Health
England, 2015; O'Neill, 2016). This is directly comparable to the 8.2 million deaths that
will be attributed to cancer by the same year (O'Neill, 2016). The World Health
Organisation (WHO), launched the Global Antimicrobial Resistance Surveillance System
(GLASS) in 2015, which focused on collating data on the eight bacterial pathogens they
considered a priority in antibiotic resistance context; E. coli, K. pneumoniae,
Acinetobacter baumannii, S. aureus, Streptococcus pneumoniae, Salmonella spp.,
Shigella spp., and Neisseria gonorrhoeae, of which E. coli and S. aureus are regarded as
the major sepsis pathogens. Recent efforts have been made in establishing antibiotic
stewardship initiatives that focus on primarily antibiotic prescribing and their use in the
clinic. Antibiotic stewardship is defined as interventions designed to monitor and improve
the appropriate use of antibiotics by promoting optimal dosing, duration and route of

administration (Morgan, 2019).
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1.1.5. Sepsis Pathogens

The presence of an infection is critical to the diagnosis of sepsis, as sepsis in the absence
of an infection is defined as systemic inflammatory response syndrome (SIRS; Becker et
al., 2009). Sepsis can be characterised by the presence or absence of a bacteraemia
(bacteria in the blood; Becker ef al., 2009). These distinctions are very important when
we take into consideration the treatments for these very different conditions. Presence of
a bacteraemia will dictate the appropriate application of antibiotics, and extra care is
required to avoid inappropriate applications and the development of antibiotic resistance.
In addition to this, an infection as the cause of the septic attack is often very difficult to
diagnose, and thus clinicians are often faced with very difficult choices on how to
approach the case. The terms culture-positive and culture-negative are often used to
describe a sepsis case, and sepsis is rarely confirmed, as often clinicians rely on a
presumed diagnosis (Becker et al., 2009). Approximately one third of sepsis patients are

infected with a pathogen that cannot be identified (Reinhart et al., 2012).

The major cause of sepsis in Europe and the U.K. is a bacterial infection, and likewise
sepsis is the predominant cause of death due to an infection (Schuetz et al., 2011; Opota
et al., 2015; Singer et al., 2016). The predominant bacterial cause is often dependent on
many factors, including the geographical area in which the patient lives and whether the
primary cause of infection is community or nosocomial-based. It has been reported in the
past that Gram-negative bacteria are more commonly the cause of sepsis than Gram-
positive bacteria. However, this trend is rapidly changing with the rise in hospital-
acquired Gram-positive infections (Feezor et al., 2003; Becker et al., 2009; Abe et al.,
2010; Ramachandran, 2014; Surbatovic et al., 2015). The most common Gram-positive
bacteria isolated in such sepsis cases are S. aureus and S. pneumoniae, and the most
common Gram-negative bacteria are E. coli, Klebsiella spp. and P. aeruginosa
(Ramachandran, 2014; Opota ef al., 2015). In England and Wales, E. coli is the most
common cause of bacteraemia (Public Health England, 2015). More recently, coagulase-
negative staphylococci (CoNS), such as S. epidermidis, have emerged as a large cause of
neonatal and device-associated infections in hospitals (Dong and Speer, 2014). The
bacteria most commonly isolated during sepsis from four worldwide studies are shown in

Table 1.2.
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Table 1.2. Sources of infection and most commonly isolated bacteria in sepsis patients.

25

Study Sources of % Positive Isolates % Gram- % Gram- Most frequently No. of patients Mortality rate Infection
Infection positive negative isolated species receiving mortality rate
isolates isolates antibiotics
Sakr et al. 67.4% 69.6% 50% 66.6% Coagulase-negative 5975 (59.3%) 25.8% for 26.2% Gram-
2018 Respiratory Tract 51.6% Patients >1 Staphylococcus (24.2%) Sepsis Patients positive
21.8% Abdomen pathogen isolated Methicillin-sensitive S. 26.6% Gram-
10.8% aureus (12.4%) negative
Respiratory & Escherichia coli (22.7%)
Catheter- Pseudomonas spp.
associated (16.3%)
Vincent et Lung (68%) 60% 40% 38% MRSA (14%) 64% 18.50% 27%
al. 2006 Abdomen (22%) Pseudomonas spp.
Blood (20%) (14%)
Urinary Tract E. coli (13%)
(14%)
Vincent et Lung (64%) 70% 47% 62% S. aureus (20%) 71% 18.20% 25.30%
al. 2009 Abdomen (20%) Pseudomonas spp.
Blood (15%) (20%)
Genitourinary E. coli (16%)
(14%) S. epidermidis
(10.8%)
Opota et al. <30% 35.4% 62% E. coli (28.6%)
2015 Contamination S. aureus (13.6%)
Coagulase-negative
staphylococci (10.09%)
Pseudomonas
aeruginosa (8.52%)
Klebsiella spp. (7.11%)




1.1.5.1. Staphylococcus aureus

Staphylococcus aureus is a Gram-positive bacteria that colonises approximately 20-30%
of the population and can be found on the anterior nares of asymptomatic carriers (Gordon
and Lowy, 2008). Carriers that are persistently colonised are most at risk of infection but
are more likely to survive an infection than non-carriers (Adhikari et al., 2012). In
addition, those infected are very often done so by the colonising strain (Gordon and Lowy,
2008). This colonisation serves as a reservoir from which the bacteria can establish an
infection when host defences are compromised (Gordon and Lowy, 2008). Primary
infection sites often occur at a breach in the skin, such as a cut or a burn, which can lead
to minor wound or skin infections. However, S. aureus can disseminate within the host
and infect any tissue, and subsequently infection can rapidly lead to sepsis. Key to the
pathogenicity of S. aureus is the arsenal of toxins (alpha-haemolysin, toxic shock
syndrome protein; Otto, 2014), enzymes (serine proteases, staphylokinase; Otto, 2014)
and adhesins (surface protein adhesins [MSCRAMMs]; Foster et al., 2014) that it uses to
establish an infection. The coordination of these numerous virulence factors (VFs) allows
S. aureus to be one of the most successful pathogens in the community (Fournier and

Philpott, 2005).

1.1.5.2. Staphylococcus epidermidis

Coagulase negative Staphylococci (CoNS), particularly S. epidermidis, have emerged as
the predominant cause of neonatal sepsis (Dong and Speer, 2014). It is persistently present
in both nosocomial and community environments and is found worldwide; it is the most
commonly isolated bacteria from human skin (Kloos & Musselwhite, 1975; Otto, 2009).
S. epidermidis is a natural coloniser of human skin and is beneficial to the host by aiding
in defence and immune maturation as well as preventing colonisation of pathogenic
bacteria (Otto, 2009; Dong and Speer, 2014). However, the increase in the number of
implanted medical devices (catheters, pacemakers ezc.) has led to disruption of the usually
intact skin and mucosal barriers, and coupled with the use of antibiotics and
immunosuppressive drugs has contributed to the switch from commensal to pathogen
(Dong and Speer, 2014). Although infections are rare, they are difficult to treat, and their
frequency associated with devices represents a significant public health risk. In fact,
approximately 22% of bloodborne infections in the US ICU are attributed to S.
epidermidis infection (Otto, 2009).
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Staphylococcus epidermidis shows a high degree of genetic diversity and as of 2009 74
sequence types had been identified (Otto, 2009). Most isolates belong to clonal complex
2 and the most frequently isolated sequence type ST2. All ST2 isolates contain the biofilm
icaADBC operon and the IS256 insertion sequences (Otto, 2009), both of which confer
invasiveness to the organism and the ability to form biofilms. Staphylococcus epidermidis
also serves as a significant reservoir of antibiotic resistance genes that can be transferred

to other, more virulent bacterial species, such as S. aureus (Otto, 2009).

1.1.5.3. Escherichia coli

Escherichia coli is a ubiquitous Gram-negative bacterium that asymptomatically
colonises the mammalian colon (Kaper ef al., 2004). Infants are colonised within a few
hours after birth, and the bacterium often exerts a beneficial effect upon its host,
contributing to good gut health and preventing colonisation by pathogenic
Enterobacteriaceae (Kaper ef al., 2004). These colonising strains rarely cause disease
except in immunocompromised individuals or when the gut barrier is breached. However,
many strains are highly adapted to colonise new niches and cause a wide range of diseases
through the acquisition of VFs that are encoded on mobile genetic elements known as
pathogenicity islands (PAIs) that can be horizontally transferred to other strains resulting
in novel combinations of virulence genes (Kaper et al., 2004). These pathotypes tend to
be clonal and are characterised by their O (LPS) and H (flagellar) antigens (Kaper et al.,
2004). Escherichia coli is capable of colonising and causing disease in almost any
intestinal and extraintestinal site. Generally, two clinical syndromes result from E. coli
infection; enteric disease, further subdivided into enterohemorrhagic, enterotoxigenic,
enteropathogenic and enteroaggregative; and extraintestinal disease (EXPEC), where
certain strains colonise normally sterile body sites and cause severe disease (Vila et al.,
2016). The most common manifestation of EXPEC is urinary tract infections (UTIs),
caused by uropathogenic E. coli (Kaper et al., 2004). Escherichia coli is the most common
cause of sepsis and UTIs among the Gram-negative bacteria. The EXPEC tend to belong
within phylogenetic groups B2 and D and are distinguished genetically by certain traits
associated with attachment to host tissue, nutrient acquisition, avoidance of host defence
and damage to host tissue (Emody et al., 2003). These traits broadly promote survival
within hostile host tissue (Vila et al., 2016). Virulence in EXPEC are encoded by a variety
of PAIs, which characterise the high plasticity of EXPEC genomes, and allow for the
emergence of highly virulent ExXPEC (Emody ef al., 2003).
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1.1.6. Origins of Infection

Common origins of infection in sepsis include cases of pneumonia, intra-abdominal
infections, UTIs, skin infections and soft tissue infections and infections of indwelling
medical devices (Nguyen et al., 2006; Adhikari et al., 2012; Deitch, 2012; Menendez et
al.,, 2012; Vila et al., 2016). Systemic Inflammatory Response Syndrome, which is a
systemic response in the absence of an infection, is often caused by trauma, surgery, heat
stroke, pancreatitis and burns. However, bacteria and bacterial components are believed
to play a role to some extent in the development of SIRS. For example, symptoms of
patients with SIRS can be exacerbated by the translocation of bacteria or bacterial
components such as lipopolysaccharide (LPS) across the gut wall, thus further blurring
the line between sepsis and SIRS (Becker et al., 2009). Indeed, LPS levels in the blood
are elevated (>300pg/ml) in the plasma of approximately 70-80% of patients with

advanced cases of sepsis (Alexander and Rietschel, 2001).

1.2. The Immune System

The human body is well equipped to resist bacterial invasion and to resolve bacterial
infection, through physical, cellular, and molecular defences (Lever and Mackenzie,
2007). Classically, the human immune system is characterised by an early non-specific
innate immune response followed by a later specific adaptive immune response which are
intricately linked (Gallo and Nizet, 2008; Turvey and Broide, 2010). Inflammation is the
collective natural response of the immune system to a foreign or dangerous stimulus that
can be chemical, traumatic or infectious (Burdette ef a/.,2010). The normal inflammatory
response involves recognition and ‘marking’ of the stimulus, the recruitment of
leukocytes to the site of inflammation, and the initiation of phagocytosis and killing of
the pathogen (Heumann and Roger, 2002). Later adaptive responses require antigen
presentation and processing, followed by clonal lymphocyte amplification and production
of specific T-cell derived cytokines and B cell derived antibodies that subtly modify the
immune response to target distinct pathogens (Gallo and Nizet, 2008). In healthy
individuals, resolution of the infection allows the individual to recover normally and

maintain a state of homeostasis (Burdette er al., 2010).
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1.2.1. Barriers to Infection

Physical barriers to microbial invasion involve the skin and the mucous membranes that
line the gastrointestinal (GI), genitourinary and respiratory systems (Goto and Kiyono,
2012). Primarily, intact skin prevents colonisation and infection of subcutaneous tissue,
and disruption of skin often results in either localised or systemic severe infections,
indicating the importance of intact physiological barriers. Aside from intact skin, internal
epithelial cell layers lining the airways, gut and urethra offer an additional barrier to
external pathogens. These cells experience a high turnover and are equipped with
membrane-bound recognition molecules that recognise pathogens, recruiting the immune
system to quickly eliminate pathogens before substantial damage to vulnerable cells can
be done. Tight junctions exist between the tightly packed epithelial cells that forms an
impermeable barrier that not only prevents diffusion of soluble molecules but also
prevents bacterial invasion between cells (Shen, 2012). In the GI tract, a thick mucus
layer lining the GI tract further separates microorganisms from the epithelial cell layers
and contains antimicrobial secretions that prevent colonisation by pathogenic species
(Goto and Kiyono, 2012). Bacteriolytic lysozyme is also produced and secreted in tears
and saliva to prevent colonisation of sensitive areas, such as the eyes and mouth (Turvey
and Broide, 2010). Commensal microflora that colonise both the skin and the digestive
tract also offer some measure of protection from pathogenic microorganisms (Goto and
Kiyono, 2012). Colonising skin microbes, such as S. epidermidis, promote the production
of host defence peptides (HDPs) that provide an antimicrobial protective role against
pathogenic skin bacteria such as S. aureus, S. pyogenes, H. influenzae, Pseudomonas sp.
and Bacteroides sp. (Chiller et al., 2001; Coates et al., 2018). Human HDPs, such as
cathelicidin and B-defensin, are expressed at the surface of exposed tissues and surfaces
such as the skin, GI tract, lungs and UT, and have a range of broad-spectrum antimicrobial
functions including inhibiting bacterial growth and promoting wound healing (Wang,

2014).
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1.2.2. Innate Immune System

The innate immune system is a highly evolved system of identifying and eliminating
pathogens that have breached the protective barriers of the skin and mucous membranes.
This system is incredibly fast in responding, as within a few minutes of pathogen
recognition a protective response is generated (Turvey and Broide, 2010). It is composed
of a system of molecular and cellular mechanisms through which it identifies a pathogen
and coordinates a response to eliminate it (Gabay and Kushner, 1999; Heumann and
Roger, 2002; Gallo and Nizet, 2008). The innate immune system is also integral in
activating and coordinating the adaptive immune response (Iwasaki and Medzhitov,
2015). Pathogen recognition is achieved through the production of a limited number of
evolutionary conserved receptors that are expressed on both innate immune cells and
epithelial cells and recognise a limited number of pathogen-associated molecules that are
shared by numerous microorganisms (Turvey and Broide, 2010; Iwasaki and Medzhitov,

2015).

1.2.3. Pathogen Recognition

The recognition of pathogens by the innate immune system occurs through germline-
encoded pattern recognition receptors (PRRs) that are expressed on all cells involved in
the inflammatory response such as monocytes/macrophages, neutrophils and dendritic
cells as well as on certain epithelial cells, endothelial cells and fibroblasts (Fournier and
Philpott, 2005). These PRRs are limited but highly specific for conserved molecules
present in each pathogenic group, and require a stimulus originating from the pathogen,
and the stimuli include both internal and external pathogenic structures and compounds
(Table 1.3). Conserved pathogen associated molecular patterns (PAMPs) are responsible
for the magnitude and the type of the immune response that is initiated (Figure 1.2; Degn
and Thiel, 2013). Pattern recognition receptors are capable of recognising pathogens of
different species and at different infective stages, for example coloniser, invading,
infection and exhibit localisation to different cellular compartments (Said-Sadier and
Ojcius, 2012). In addition to recognising PAMPs, certain PRRs recognise molecules
released from stressed and dying cells that are known as damage-associated molecular
patterns (DAMPs; Becker et al., 2009; Said-Sadier and Ojcius, 2012). Such DAMPs play
a significant role both in sterile and infectious inflammation and include high mobility
group protein b2 (HMGBI1), extracellular ATP, DNA fragments, uric acid and heat shock
proteins (Lotze et al., 2007; Kaczmarek et al., 2013) .
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Table 1.3. Bacterial PAMPs and their associated pathogen and PRR (Heumann and Roger, 2002;
Dziarski and Gupta, 2005; Fournier and Philpott, 2005; Kawai & Akira, 2011).

PAMP Pathogen PRR
LPS Gram-negative TLR4
bacteria
Peptidoglycan Gram-positive TLR1/2
(PGN) bacteria TLR2/6
Lipoteichoic Acid Gram-negative Nucleotide-binding oligomerization domain-
(LTA) bacteria containing protein 1 (NOD1)
Lipoproteins
NOD2
NACHT leucine-rich-repeat protein 1 (NALP1)

NALP3
Flagellin Flagellated TLRS
bacteria IPAF

NLR family apoptosis inhibitory protein 5

(NAIPS)

CpG DNA Bacteria TLRO
Absent in melanoma 2 (AIM2)

Pili Bacteria TLR2
RNA Bacteria TLR7

NALP3

1.2.4. PRR Activation and Signal Transduction

The most well characterised PRRs are the Toll-like receptors (TLRs; Hoebe et al., 2004).
These TLRs are composed of a leucine-rich repeat (LRR) extracellular domain that is
involved with microbial sensing and binding and a Toll/IL-1 cytoplasmic receptor (TIR)
that interacts with myeloid differentiation primary response gene 88 (MyDS88; Said-
Sadier and Ojcius, 2012). Toll-like receptor 4 is one of the most abundant TLRs
expressed on the cell surface of leukocytes and epithelial cells (van Kessel ef al., 2014).
Bacterial LPS, derived from the outer membrane of Gram-negative bacteria, is closely
associated with this TLR through which the lipid A portion of LPS is known to interact
with and activate (Matera et al., 2012, Landsem et al., 2015). Toll-like receptor 2

recognises lipoproteins that are expressed on the cell surface of Gram-positive bacteria

(Table 1.3; van Kessel et al., 2014). In addition to the TLRs, another group of PRRs exist
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called the Nod proteins (Nod1l and Nod2): cytoplasmic PRRs that are also upstream
activators of cytokine transcription and recognise Gram-positive bacteria (Dziarski and

Gupta, 2005).

The signalling cascade triggered by TLR interactions with bacterial PAMPs is mediated
by different signalling pathways and molecules. Lipopolysaccharide activation of TLR4
is well described and the molecule is comprised of extra- and intracellular toll-like
receptor domains and the externally bound CD14 and myeloid differentiation protein 2
(MD-2). CD14 recognises and binds to LPS and exists in both a soluble (sCD14) and
membrane-bound (mCD14) form (Wiersinga et al., 2008; Landsem et al., 2015). The
amount of sCD14 increases rapidly immediately after activation of monocytic cells, as
the mCD14 is shed in its scavenging form (Wiersinga et al., 2008). Professional
phagocytes (monocytes, tissue macrophages and neutrophils) all show high expression of
mCD14 (Alexander and Rietschel, 2001). MD-2 is the link between extracellular CD14-
LPS binding and internal TLR signalling (Landsem et a/., 2015). Similarly, the scavenger
receptor CD36 is closely associated with TLR2, and thus recognises lipoteichoic acids
(LTA) and peptidoglycan (PGN) from Gram-positive bacteria (Hoebe et al., 2004,
Surbatovic et al., 2015). In general, four intracellular adaptor proteins convey the signal
from the TLR to the nucleus. These are MyD88, MyD88 adaptor-like (MAL), toll
receptor-associated activator of interferon (Trif), and toll receptor-associated molecule
(TRAM). The majority of TLRs activate the MyD88-dependent pathway, which
culminates in the activation of mitogen-activated protein (MAP) kinases and the
transcription factor nuclear factor (NF) -kB (Hoebe et al., 2004). Nuclear factor-xB
promotes expression of the initial cytokines tumour necrosis factor-alpha (TNF-a),
interleukin-1f (IL-1P) and IL-18, the latter two of which are synthesised in their inactive
pro-forms (Arango Duque & Descoteaux, 2014; Evavold and Kagan, 2019). Activation
of these cytokines is initiated by the inflammasome, a macromolecular platform that
recruits and activates inflammatory caspases, such as caspase-1 (Evavold and Kagan,
2019). Once activated caspase-1 is responsible for the cleavage of the inactive portion of

IL-1B and IL-18 and the production of their active forms (Gasteiger et al., 2017).
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1.2.5. Soluble Response

1.2.5.1. Cytokine Response

Much of the inflammatory response of the host is directed by the secretion profiles of
cytokines, small intercellular signalling proteins that are produced upon activation by
immune and epithelial cells (Gabay and Kushner, 1999; Arango Duque and Descoteaux,
2014). Cytokines exhibit functional redundancy; different cytokines often have similar
functions, and they are pleiotropic in that they influence a diverse range of cell types.
Each cytokine binds to a specific cell surface receptor on a target cell that generates a
signalling cascade to influence cell function. Cytokines are primarily produced by
macrophages and lymphocytes in vivo, but are also produced by neutrophils, epithelial
cells and adipocytes (Arango Duque and Descoteaux, 2014). The earliest cytokines to be
induced by NF-kB binding are TNF-a, IL-1p, IL-6 and IL-18 (Figure 1.1; Gruys ef al.,
2005; Arango Duque and Descoteaux, 2014). These cytokines are released in large
quantities within 1 hour of pathogen detection by cells such as monocytes macrophages
and endothelial cells, and are largely responsible for stimulating the acute phase response
(APR) in the liver, which is composed of a number of proteins known as the acute phase
proteins (APPs; section 1.2.5.2; Burdette et al., 2010). Additional functions of these early
cytokines include inducing vasodilation and increasing vascular permeability (TNF-a, IL-
1B), promoting expression of neutrophil-attracting chemokines (TNF-a, IL-1f), inducing
fever (TNF-a, IL-1p, IL-6), promoting the differentiation of adaptive immune cells (IL-
1B, IL-6, IL-18), mediating apoptosis (IL-6) and stimulating IFN-y production (IL-18;
Figure 1.1; Arango Duque and Descoteaux, 2014).

In addition to the secretion of pro-inflammatory cytokines, the innate immune system is
also characterised by the late production of anti-inflammatory cytokines including IL-4,
IL-10, IL-13, transforming growth factor B (TGF-B) and IL-1ra by activated
macrophages, B cells and T cells (Arango Duque and Descoteaux, 2014; Hamers et al.,
2015). Anti-inflammatory cytokines suppress the activities of pro-inflammatory
cytokines such as TNF-a, IL-6, IL-1B and IL-8, suppress macrophage activation and
antigen presentation, inhibit IFN-y production, induce IgG secretion by B cells and
promote the function of T regulatory cells (Tregs; Fournier and Philpott, 2005; Arango
Duque and Descoteaux, 2014).
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1.2.5.2. Acute Phase Response

The APR is essential for many immunological processes, including phagocytosis,
clearance of pathogens, promotion of proinflammatory cytokines and host survival
(Strnad et al., 2016). It is characterised by a distinguished pattern of protein synthesis in
the liver that results in either a large increase (positive) or decrease (negative) in certain
APPs in the plasma. One well-researched APP is C-reactive protein (CRP) that is
important in the activation of the classical complement pathway and therefore the
induction of phagocytosis, as well as binding to phosphocholine present on the surface of
many bacteria (Black et al., 2004). In addition to pro-inflammatory cytokines, also
induced are lipid-derived mediators, such as platelet-activating factor (PAF) and
leukotrienes, and reactive oxygen species (ROS), such as the superoxide anion (O2),
hydroxyl radicals ("OH) and reactive nitrogen species (RNS) such as nitric oxide (NO;
Alexander and Rietschel, 2001). All of these pro-inflammatory molecules function either
directly on tissue or pathogens or via secondary mediators to activate further pathways
including the coagulation and complement cascade (Burdette et al., 2010). Other
important APPs include haptoglobin, which accelerates the clearance of free
haemoglobin, limiting its availability to bacteria, and serum amyloid A (SAA), which
functions both as a transporting mediator for cholesterol and as a bacterial opsonin,

behaving in a similar manner to CRP (Shah et al., 2006; Wobeto et al., 2008).

1.2.5.3. Chemokine Response

Chemokines are also secreted in conjunction with cytokines and are a specific group of
proteins that serve to coordinate cellular migration in a process known as chemotaxis, in
which the direction of a cell’s movement is determined by an extracellular chemical
gradient. Chemokines bind to G-protein coupled receptors (GPCRs) which in turn
activate intracellular signalling pathways to promote chemotaxis and migration to
inflammatory tissues (Jin et al., 2008). In addition to this, chemokines promote
interactions between immune effector cells, linking innate and adaptive immunity (Sokol
and Luster, 2015). Important chemokines include CXCL1/CXCL2, also known as the
macrophage inflammatory proteins (MIPs), and CXCL8-11 (Arango Duque and
Descoteaux, 2014). A list of cytokines and chemokines secreted by monocytes in

response to TLR engagement are outlined in Figure 1.1.
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1.2.5.4. Complement System

The complement system is an essential player in driving chemotaxis, plasma protein
oxidation and opsonisation of pathogens and damaged cells, resulting in their engulfment
and destruction by professional phagocytes (Gabay and Kushner, 1999). Three pathways
are currently defined: classical, alternative and lectin (Black et al., 2004), that are
activated by immunoglobulin (Ig) complexes, foreign carbohydrates/lipids/proteins, and
mannose-binding lectin, respectively (Sarma and Ward, 2011). The central proteins
involved in the classical pathway are C1-9, which exist as inactive zymogens that are
subsequently cleaved and activated during inflammation, with all pathways converging
at C3 (Black et al., 2004; Sarma and Ward, 2011). Initial stages involve cleavage of the
C3 and C4 proteins (opsonins), that bind to and coat the pathogen/dead tissue, and the
later stages involve the proteins C5-C9 which are highly inflammatory and lead to further
chemotaxis and formation of the membrane attack complex (MAC; Black ef al., 2004).
The MAC functions by forming pores in bacterial cell walls and directly inducing lysis
of Gram-negative bacteria. Both the lectin and alternative pathways involve the
deposition of C3b/C3bi on the bacteria which is then recognised by receptors on

neutrophils, leading to the uptake of the pathogen (van Kessel et al., 2014).
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1.2.6. Phagocvtes and Monocytes

Derived from the haematopoietic system, these phagocytic cells are principally involved
in eliminating pathogens, and include neutrophils, monocytes, macrophages, basophils
and eosinophils (Gasteiger ef al., 2017). Neutrophils are the predominant immune cell
type in human blood, making up to 50-60% of all circulating leukocytes (white blood
cells; Tecchio et al., 2014; van Kessel et al., 2014). They quickly respond to early
cytokines and chemokines secreted by macrophages and epithelial cells, rapidly
migrating to the site of inflammation. Migration of neutrophils is facilitated by the
expression of selectins and integrins on the cell surface of vascular endothelium, which
tethers the neutrophils to the surface and facilitate a ‘rolling’ effect, whereby neutrophils
roll along the endothelium until binding of chemokines allows for transcytosis of the
neutrophils across the endothelial barrier and into the inflamed tissue (Sokol and Luster,

2015).

Neutrophil phagocytosis killing involves the production of proteins directly related to
pathogen elimination such as proteases, cytokines, chemokines and reactive species (Li
and Tablin, 2018). Phagocytosis is a rapid process, with a single neutrophil internalising
up to 50 bacteria in as little as three minutes. After uptake, bacteria reside within an
intracellular compartment known as a phagosome. Within this compartment, the pathogen
is destroyed via the generation of ROS and RNS, coupled with the release of toxic
proteins such as proteases and antimicrobial peptides (van Kessel et al., 2014). Once the
pathogen has been destroyed, the neutrophil is consumed via the formation of neutrophil
extracellular traps (NETSs), fibres composed of extracellular chromatin coupled with
histones and granular proteins (van Kessel ef al., 2014; Li and Tablin, 2018). These NETs
possess potent antimicrobial activities via the presence of granular proteins, such as
calprotectin (Urban et al, 2009). Cell death is inevitable in neutrophils undergoing a

unique form of apoptosis known as NETosis (Li and Tablin, 2018).

Neutrophils are also fast responders to activation and have a relatively short half-life in
peripheral blood, perishing less than 7 hours after they first enter the circulation (van
Kessel ef al., 2014). They are also responsible for some level of cytokine and chemokine
production during inflammation. Cytokine production is triggered by engagement of G
protein-coupled, FCy and complement receptors, and of TLRs. Neutrophils express all
TLRs with the exception of TLR3 and TLR7, and produce chemokines that are primarily

chemotactic for other neutrophils, as well as for monocytes, dendritic cells (DCs), natural
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killer (NK) cells and T helper (Th) cells, enhancing their own migration to inflamed tissue

as well as recruiting other inflammatory cells (Tecchio et al., 2014).

Monocytes are the precursors for tissue macrophages. The average half-life of a
circulating monocyte in healthy adults is approximately 70 hours (~3 days), and
monocytes constitute 1-6% of the total circulating leukocyte pool (Arango Duque and
Descoteaux, 2014). Three subsets circulate the body and are divided based on their
expression of CDI14 and CDI16 (FcyRIII immunoglobulin receptor); classical
(CD147CD16), intermediate (CD14"CD16") and non-classical (CD14"CD16""; Kratofil
et al.,2017). Once monocytes are activated by PAMPs or chemokines, they rapidly leave
the blood and migrate into inflamed tissue, thus differentiating into tissue macrophages
(Gasteiger et al., 2017; Kratofil et al., 2017). Once differentiated, the principal purpose
of tissue macrophages is to continuously monitor the tissue they colonise, and, when
necessary, ingest pathogens and produce the inflammatory cytokines necessary to mount
an efficient immune response to maintain homeostasis (Figure 1.1; Gasteiger et al., 2017).
Tissue macrophages are approximately 5-10 times bigger than their monocyte
progenitors, and they possess significantly more organelles, as well as being more
complex (Arango Duque and Descoteaux, 2014). They are ubiquitous in the body, and
the average human has 0.2 trillion macrophages that inhabit almost every tissue
compartment. Macrophages are broadly divided into two subgroups: M1 (classically
activated) macrophages that are activated by Thl cytokines and PAMPs, whereas M2
(alternatively activated) macrophages are activated by Th2 cytokines. M1 macrophages

are the primary macrophage type involved with bacterial defence (Gasteiger et al., 2017).
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Cytokine/Chemokine Effects

S TNF-a Upregulation of APPs, suppression of appetite, fever, vasodilation,
increased vascular permeability, neutrophil migration
IL-1 {a/B) Upregulation of APPs, fever, prostaglandin production, histamine release, increased vascular permeability,
chemoattraction, CD4+ T cell expansion and differentiation, upregulation of cell adhesion molecules
IL-6 Differentiation of B cells, activation of CD8+ T cells, fever, upregulation of APPs, recruitment of monocytes,
maintenance of Th17 cells, inhibition of T cell apoptosis and T-reg development
IL-12 Stimulates Thl cells, promotes IFN-y production, promotes cytotoxicity, activates T and NK cells, attenuates
fever
1L-18 Induces IFN-y and IL-17 production, activates T cells, augments IL-10 release
IL-23 Induces IFN-y and IL-17 synthesis, augments IL-10 release, activates T cells
IL-27 Differentiation of naive T cells to Thl cells, induces IFN-y production, inhibits differentiation of Th17 cells
Toa— IL-10 Suppresses macrophage activation, suppresses production of pro-inflammatory cytokines and IFN-y,
suppresses MHC-Il expression, induces IgG synthesis
TGF-B Suppresses production of pro-inflammatory cytokines, promotes maintenance and function of T-regs
MIP-1/3a Meutrophil chemotaxis
CCLS Chemoattraction, activation of NK cells
L CXCL8/9/10/11 Chemoattraction, induces degranulation in neutrophils

Figure 1.1. List of cytokines and chemokines secreted by monocytes upon engagement of TLRs by PAMPs. Cytokines/chemokines highlighted in blue are proteins
that are also secreted by neutrophils (Arango Duque and Descoteaux, 2014; Tecchio et al., 2014).
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1.3. Adaptive Immune System

The adaptive immune system is so called due to its ability to adapt antigen exposure into
antigen recognition, and it possesses an extremely diverse collection of receptors known
as antibodies that recognise specific pathogenic antigens (Iwasaki and Medzhitov, 2015).
This diversity and specificity allows the adaptive immune system to recognise any
antigen, covering a large and robust coverage of all infectious diseases (Iwasaki and
Medzhitov, 2015). Certain PRRs expressed on the surface of B and T lymphocytes
determine the origin of the antigen (e.g. intracellular bacteria, fungal pathogen) and
instruct the cell to induce the appropriate effector response (Iwasaki and Medzhitov,

2015).

Dendritic cells are professional antigen presenting cells (APCs) that link innate and
adaptive immunity. They reside in tissues and continuously sample antigens prior to
migrating to lymph nodes for presentation to T cells (Kaiko et al., 2008). They
continuously express antigens on an MHC class II receptor, which facilitates activation
of naive T cells. Immature DCs take up antigens and rapidly degrade them into antigenic
peptides that are able to bind MHC II, a process which facilitates their maturation
(Lipscomb and Masten, 2002). Once matured, DCs migrate to lymphoid organs and
activate naive T cells with specific antigens and polarising factors that determine the T

cell phenotype (Kaiko et al., 2008).

Naive T cells naturally circulate in the blood of healthy individuals until they are activated
by processed peptide bound on a class Il MHC molecule on the surface of an APC via the
T cell receptor (TCR). Upon activation, T cells begin to rapidly divide and differentiate
into a variety of effector cells, which takes place several days after recognition of a
pathogen. These differentiated cells are broadly divided into two subgroups: CD4+ T
helper cells (Th cells) and CD8+ cytotoxic T cells (Tc cells). T helper cells are further
divided into at least four subgroups: Thl, Th2, Th17 and Treg cells, all with very different
phenotypes (Kaiko et al., 2008). The phenotype of these cells can be seen in Table 1.4.
The differentiation of Th cells is characterised by four defined stages; activation of
specific cytokine groups, commitment to a certain phenotype, suppression of cytokines
not associated with the committed phenotype, and augmentation and stabilisation of the

chosen phenotype (Kaiko et al., 2008).
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Table 1.4. Phenotypical characteristics and cytokine secretion of Th cell subtypes (Kaiko et al.,
2008).

T helper Cell Cytokines secreted Phenotype
Thl IFN-y Protection against intracellular
TNF-B infections
Mediate cellular responses
Th2 IL-4 Enhance antibody production
IL-5 Target parasitic organisms
IL-10 Mediate humoral responses
IL-13
Th17 IL-17 Protection against extracellular
IL-17F bacteria
IL-6
IL-22
TNF-a
Treg IL-10 Suppression of Thl activity
TGF-B

Cytotoxic CD8+ T cells are characterised by their potent ability to eliminate infected cells
and produce high amounts of certain inflammatory mediators, such as granzyme B, which
initiates apoptosis, proinflammatory cytokines such as IFN-y and TNF-a, and anti-
inflammatory cytokines, such as IL-10, to prevent excessive tissue injury (Zhang and
Bevan, 2011; Halle et al., 2017). Upon activation by IL-12, naive CD8+ T cells undergo
clonal expansion similar to all lymphocytes and can undergo up to 19 divisions within a
week of pathogen recognition (500,000-fold expansion). Activation is characterised by a
switch in metabolic patterns, as energy production is changed from oxidative
phosphorylation to aerobic glycolysis. Cytotoxic CD8+ cells then migrate to infected

tissue and facilitate the elimination of infected cells (Zhang and Bevan, 2011).

B-lymphocytes are a population of leukocytes that express clonally diverse Ig receptors
that recognise specific unprocessed antigens. Terminally differentiated B cells are
capable of recognising a distinct antigenic stimulus, and as a result deliver a robust pool
of antibodies to target the originator of the particular stimulus. Specificity in B cell
antigens is achieved via functional rearrangements of the Ig loci and various gene
segments via selective expression. This process takes place when the B cells are resting

in the adult bone marrow, and ultimately give rise to the B cell receptor (BCR). Clonal
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expansion of these matured cells give rise to the population that targets the cause of the
inflammation. B cells also promote T cell activity via processing of the antigen and
presentation of the antigen by the BCR to unstimulated T cells (Kaiko et al., 2008).
Immunoglobulin G is the main antibody that is secreted by memory B cells and dominates
adaptive immune responses. It binds to antigens via the Fab domain, while the Fc domain
binds to Fcy receptors on the surface of immune cells, and signals via these receptors to
modulate adaptive responses, enhance T cell activity and select for high affinity B cells

(Bournazos et al., 2017).

1.4. The Host Response in Bacterial Sepsis

Resolution of a bacterial infection is crucial to prevent chronic infection and the
development of sepsis. Under normal circumstances, the immune response can resolve an
infection without it becoming detrimental to the host. However, in cases of blood borne
bacterial disease, a systemic and dysregulated inflammatory response develops to the
detriment of the host, which can have long-lasting, devastating effects (Figure 1.2; Cohen,
2002; Bosmann and Ward, 2013; Conway Morris et al., 2018). This hyperactivity is
uncontrollable while the infectious stimulus is still present, resulting in sepsis pathology
directed by the immune system (Qureshi and Rajah, 2008). The symptoms and the
pathology of sepsis is extremely variable and is governed by a combination of both host
and bacterial factors (Lever and Mackenzie, 2007). The vast majority of these
pathological interactions occurs at the vascular endothelium, resulting in the
characteristic damage of sepsis such as tissue ischemia, hypoxia and organ failure
(Nguyen et al.,2006). The decline in organ function during sepsis dominates much of the
pathology, and the pathways leading to this damage are not fully understood (Cohen,
2002). Both a hyperinflammatory and the dysfunctional counter-inflammatory response
are considered to be important in the immunopathology of sepsis (Cohen, 2002). The vast
majority of septic patients tend to succumb at later time points that are associated with an
immunosuppressive state known as immunoparalysis (Rittirsch et al, 2008).
Subsequently, over-production of pro-inflammatory cytokines contributes significantly
to the development of pathology, creating a unique condition where the patient
experiences both pro-inflammatory and dysfunctional anti-inflammatory states, often at
the same time (Fournier and Philpott, 2005; Degn and Thiel, 2013). This excessive
response results in severe immunopathology, which exacerbates pathogen-induced

pathology as they remain within the bloodstream (Iwasaki and Medzhitov, 2015). The
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various immunopathological pathways involved in the development of severe sepsis are

shown in Figure 1.2.

Bacterial PAMP (LPS PGN, flagellin etc.)
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Figure 1.2. The basic pathway of immune activation and pathogenic processes during sepsis
(adapted from Cohen, 2002; Rittirsch et al., 2008; Reinhart et al., 2012).

1.4.1. Cytokine Responses in Sepsis

Cytokines induced during a normal acute inflammatory response are key mediators of
sepsis immunopathology. A characteristic profile of cytokine changes is evident in
modern sepsis and septic shock (Figure 1.2). Initially, the presence of high concentrations
of cytokines in the blood (cytokine storm) is later accompanied by a compensatory
response of anti-inflammatory cytokines. This pattern of cytokine expression at the later
stages of sepsis is associated with poor patient outcomes, and the immune response
subsequently becomes severely downregulated, a phenomenon known as
immunoparalysis (Brown et al, 2006). Interestingly, there is evidence that
immunoparalytic mechanisms are evident from the very start of sepsis (Hamers et al.,

2015).

Both mCD14 and sCD14, key recognition molecules in cases of Gram-negative

bacteraemia, are found in elevated concentrations in the blood of septic patients. A high
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circulating concentration of sCD14 has been found to be associated with a negative
outcome during sepsis, and sCD14 that has been neutralised by blocking antibodies
protected primates from sepsis mortality (Cohen, 2002; Chalupa ef al.,2011). Many early
cytokines, such as TNF, have been found to remain at significantly high concentrations
in septic patients even weeks after the initial acute response was initiated and these
significantly high levels have been found to be associated with a negative outcome for
patients (Cohen, 2002). Macrophage inhibitory factor (MIF), unlike most cytokines, is
constitutively expressed by leukocytes and stored intracellularly. It normally promotes
both innate and adaptive processes, but during sepsis it is detrimental in that it prevents
anti-inflammatory apoptosis of monocytes, which promotes excessive inflammation

(Rittirsch et al., 2008).

1.4.2. Complement Dysfunction

Another molecular system involved in promoting excessive inflammation during sepsis
is the complement system. Complement component Sa is activated very early on during
sepsis, and at high concentrations it is particularly harmful. As well as causing direct
harm, C5a is able to negatively influence other inflammatory processes such as
coagulation, TLR4 responses, phagocytosis, oxidative burst and cytokine production
(Rittirsch et al., 2008; Ward, 2010; Bosmann and Ward, 2013). Thus, C5a broadly
contributes to immunoparalysis at later stages of sepsis, multiple organ failure and
dysfunction in coagulation (Rittirsch et al., 2008). A sustained high concentration of C5a

during sepsis is linked with poor outcome and survival (Rittirsch et al., 2008).

1.4.3. Coagulation, Platelets and Endothelial Cells

Cytokines such as IL-1 and IL-6 promote a procoagulant effect, and coagulation disorders
are very common in sepsis patients. Approximately 30-50% of sepsis patients have been
found to have the most severe form, disseminated intravascular coagulation (DIC; Cohen,
2002). Central to coagulation processes are the platelets, anucleated cells that are found
abundantly in blood. Early in sepsis, platelets experience an increase in activation coupled
with a decrease in the circulating numbers of cells, a process which is facilitated by
bacterial interactions promoting aggregation with other immune cells (Assinger et al.,
2019). The cytokine tissue factor (TF) is responsible for activating the proteolytic
cascades that result in conversion of prothrombin to thrombin, and then the conversion of
fibrinogen to fibrin (Cohen, 2002). Normally, regulatory mechanisms, such as fibrin
breakdown by plasmin (precursor plasminogen), prevents excessive coagulation, but this
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regulation becomes impaired during sepsis due to high levels of plasminogen-activator
inhibitor type 1 (PAIl). The result of this and the decrease in circulating platelets is
enhanced production and subsequent decreased removal of fibrin, which results in
deposition of fibrin clots in blood vessels and subsequently microvascular occlusion, or
DIC, which in turn leads to insufficient tissue perfusion and ultimately organ damage

(Cohen, 2002; Assinger et al., 2019).

1.4.4. Neutrophil Dysfunction in Sepsis

Early during sepsis pathogenesis it is clear that neutrophil maturation is significantly
affected which later impairs their phagocytic functions (Monneret and Venet, 2016).
Neutrophils are the predominant infiltrates present in tissues that later experience damage
and failure, and these cells damage tissue directly by releasing lysosomal enzymes and
reactive species (Cohen, 2002). These factors directly contribute to the formation of
abscesses and subsequent organ dysfunction during sepsis (Brown et al., 20006).
Production of NO is upregulated by the increased synthesis of inducible NO synthase, a
key neutrophil enzyme whose synthesis is promoted by TNF-a activity. Levels of this
cytokine are severely elevated during sepsis, and increased production of NO directly
leads to vascular damage and myocardial depression. Imbalances in redox within
phagocytes leads to an intracellular oxidant state, which is associated with reduced
antioxidant levels and increased ROS and RNS generation. Reactive radicals, such as OH
and NO, react with a wide range of targets to ultimately alter intracellular biochemistry,
which can lead to DNA fragmentation that causes damage to cells and organs. Further,
build-up of reactive species results in a nuclear decrease of the peroxisome proliferator
activated receptors (PPARSs) that suppress the expression of proinflammatory cytokines
(Bosmann and Ward, 2013). Excessive NET formation by neutrophils during sepsis due
to uncontrolled inflammation leads to the development of organ damage and dysfunction
(Li and Tablin, 2018). Neutrophils also undergo immunoparalysis during severe sepsis,
which broadly involves a decline in intracellular signalling and dysfunction of the

adaptive immune system (Rittirsch et al., 2008).
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1.4.5. Resolution of Inflammation

Poor co-ordination to resolve inflammation plays a number of significant roles in the
immunopathology of sepsis. Lymphocyte apoptosis is a common occurrence in sepsis,
with the majority of sepsis patients being lymphopenic (abnormally low plasma
lymphocytes; Cohen, 2002). Another facet of this downregulation is the selective
depletion of B and CD4+ lymphocytes, as well as T cell hyporesponsiveness (Cohen,
2002). This decrease in circulating lymphocytes is also coupled with impaired antigen
presentation (Brown et al., 2006; Bosmann and Ward, 2013). The initial Th1 cell response
that characterises acute inflammation ultimately switches to a Th2 cell response, which
diverts the immune system from resolving an infection to promoting harmful processes
(Rittirsch et al., 2008). This ultimately results in a severe state of immunosuppression

that is characteristic of sepsis (Cohen, 2002).

Apoptosis and clearance of professional phagocytes during a normal inflammatory
response ultimately leads to the downregulation of the immune response and the
resolution of an infection (Cao et al., 2019). However, in patients with sepsis, loss of
professional phagocytes leads to a reduced defence against the pathogen in the
bloodstream (Umlauf et al., 2013). Apoptosis in adaptive immune cells such as
lymphocytes and DCs further contributes to the development of immunoparalysis. In
septic patients, the majority of circulating monocytes and tissue macrophages experience
cell death due to phagocytosis-induced apoptosis/pyroptosis and loss of function (Umlauf
et al., 2013). This coupled with depletion and dysfunction of DCs, results in impaired
antigen presentation and subsequent down-regulation of the adaptive immune response

(Bosmann and Ward, 2013).
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1.5. Biomarkers in sepsis

A physician treating a patient with unconfirmed sepsis must first decide if a patient has
sepsis or SIRS (i.e. if an infection is present) and whether or not antibiotics are required
to resolve the bacteraemia (P6voa, 2002). Traditionally, bacteraemia has been identified
through positive blood culture, which usually takes 24-48 hours (Jin and Khan, 2010), a
lengthy process susceptible to contamination, and there is a direct correlation between
time taken to treat and patient mortality (Jin ef al., 2008; Seymour et al., 2017). In
addition, this process often produces many false positive and negative results, with up to
half of all patients with a suspected bacteraemia having no definitive proof of infection
(Becker et al., 2008; Jin and Khan, 2010). The terms culture-negative and culture-positive
sepsis are often used to describe patients with suspected or confirmed bacteracmia
respectively (Becker et al., 2009). Increasingly, there is a high demand for accurate
patient biomarkers that allow for differentiation between infected and non-infected

(SIRS) patients (Povoa, 2002). Current biomarkers have advantages and limitations.

1.5.1. C-reactive Protein (CRP)

C reactive protein is a well-established biomarker and is often used to test for
inflammatory disorders (P6voa, 2002). Upon immune stimulation, CRP is produced by
hepatocytes in response to IL-6 (Pepys and Hirschfield, 2003). During bacterial
infections, CRP binds to prokaryotic phosphocholine on the cell surface of invading
bacteria, which in turn leads to the activation of the complement pathway, facilitating
phagocytosis (P6voa, 2002). Other CRP functions include preventing neutrophil adhesion
to endothelial cells, inhibiting generation of superoxides and initiating synthesis of the

IL-1 receptor agonist (Gabay and Kushner, 1999).

Monitoring levels of CRP in patients with inflammatory disorders are especially useful
in disease management (Pepys and Hirschfield, 2003). In healthy people, the baseline
level of CRP is 0.8mg/ml and following immune stimulation can increase to more than
500mg/ml (Pepys and Hirschfield, 2003). Increases can be seen as early as 6 hours after
stimulation, and peaks at around 48 hours, representing a useful tool for monitoring acute
inflammation in many different diseases (Pepys and Hirschfield, 2003). In general, CRP
concentration is higher in bacterial infections than in viral or fungal infections, but this
rule is not absolute (Povoa, 2002; Chan and Gu, 2011). Non-infectious causes of SIRS,
such as trauma and heat stroke, can also lead to elevated concentrations of CRP, making

it a relatively non-specific marker of inflammation (P6voa, 2002). Furthermore, there is
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no correlation between CRP levels and infection, as CRP is a very sensitive marker of

inflammation, but not a very specific marker (Vincent, 2016).

1.5.2. Procalcitonin

Procalcitonin (PCT) is considered to be the gold standard in sepsis diagnosis (Matwiyoff
etal.,2012). Itis a 116 amino acid peptide with a molecular weight of 14.5 kDa, produced
in liver and kidney tissue, but all tissues show increased PCT expression in response to
an infection stimulus, including peripheral blood mononuclear cells (PBMCs; Jin and
Khan, 2010; Matwiyoff et al.,2012). Procalcitonin is a precursor of the protein calcitonin,
and in healthy people it is not normally found in circulating blood (Maruna et al., 2000;
Hentschel et al., 2014). It has a relatively short half-life in the blood, approximately 25-
30 hours and a low concentration in non-sepsis patients (<10ng/ml), making it a useful
means of monitoring patient status in the ICU (Jin and Khan, 2010; Hentschel et al.,
2014). In addition, PCT levels often increase 2-4 hours after stimulation, peaking at 6-8
hours, making it a useful early diagnostic marker (Chan and Gu, 2011), with levels of
PCT rising up to 1000pg/ml in severe bacterial infections (Maruna et al., 2000). These
levels generally persist until the inflammatory event ends (Becker et al., 2008).
Procalcitonin is an immunomodulatory molecule, regulating calcium concentration in the
blood, and plays a significant role in phagocytosis and inflammation (Jin and Khan, 2010;
Matwiyoft et al., 2012). Other functions of PCT during infection involve modulating
cytokine and NO synthesis, analgesia, and neutralising bacterial LPS (Maruna et al.,
2000; Matera et al., 2012). High levels of PCT in patients with inflammatory conditions
is detrimental, and further correlate with high levels of pro-inflammatory cytokines

(Matwiyoff et al., 2012).

In its current clinical use, PCT has been used to rule out bacteraemia with more than 95%
accuracy and is considered a marker exclusive to bacteraemia (Jin and Khan, 2010;
Schuetz et al., 2011; Matwiyoff er al., 2012). In addition, PCT is virtually absent in
healthy people, as it remains intracellular before being converted to the mature calcitonin
protein in blood. In the ICU, PCT levels are measured using the BRAHMS assay, a
chemiluminescence assay that uses monoclonal antibodies to detect PCT in serum (Jin
and Khan, 2010). Gram-negative bacteria, and to a lesser degree Gram-positive bacteria,
induce the highest levels of PCT detected in the blood (Matwiyoff et al., 2012). In
addition to PCT’s use as a ‘rule-in, rule-out’ biomarker, blood PCT levels are known to

strongly correlate with the severity of a septic episode and bacterial load, allowing for
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PCT to be used as a marker of disease outcome and to monitor antibiotic therapy (Charles
et al., 2009; Schuetz et al., 2011; Matwiyoff et al., 2012). A decrease in PCT blood
concentrations in septic patients is generally considered as a favourable sign (Becker ef

al.,2009), suggesting recovery.

Despite the numerous benefits of using PCT as a diagnostic tool, there are still some
drawbacks to its use with some researchers suggesting that PCT is incapable of
distinguishing between Gram-positive and Gram-negative sepsis, and therefore does not
inform empirical antibiotic therapy (Chan and Gu, 2011). In addition, antibiotic therapy
has been shown to interfere with PCT kinetics; while this can be useful to inform the
efficacy of the treatment, it can also be detrimental, if antibiotic therapy has been started
before PCT levels were determined, as it is then difficult to monitor the effects of the
antibiotic (Charles et al., 2009). Conversely, some studies have failed to find a link
between PCT levels and antibiotic therapy (Charles et al., 2009). Despite PCT being
regarded as specific to bacterial sepsis, many studies have found that it is elevated in the
blood of patients suffering from lung injury (Nylén et al., 1996), severe burns (von
Heimburg et al., 1998), pancreatitis (Ammori et al., 2003), heat stroke (Nylen et al.,
1997), trauma (Maier et al., 2009) and surgery (Meisner et al., 1998), challenging its use
in infection. Assays used to determine levels of PCT in septic patients may differ in their
sensitivity and specificity, depending on the assay used and the clinic it is performed at,
and different clinics may use different definitions of disease and disease parameters
(Schuetz et al., 2011), making its use as a biomarker difficult at present due to these

variations and suggests that there needs to be a standardisation of methodology for PCT.

1.5.3. Cellular Biomarkers

Leukocytes undergo significant changes during sepsis and represent a rich source of
biomarker information that can be used to monitor patient condition and assess the
efficacy of antibiotic treatment. To date many cells are already used as markers for patient
condition, including neutrophils, which are considered very sensitive markers of both
bacterial infection and whole blood counts (Chalupa et al., 2011). A neutrophil count that
is higher, lower, or contains more than 10% immature cells are all considered markers of
sepsis and other inflammatory conditions (Brown ef al., 2006). The erythrocyte
sedimentation rate (ESR) is used in many hospitals as a non-specific marker of disease
activity, particularly of the APR (Gruys et al., 2005). The ESR is influenced by increases

in plasma viscosity initiated by changes in total blood fibrinogen concentration and
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reflects the activity of the APR as fibrinogen is a slow reacting APP, and increased
activity reflects increased sedimentation (Gruys et al., 2005). Immature granulocyte
counts and neutrophil phagocytic indexes including measuring NETosis via cell free
DNA (cfDNA) have all recently found to be significant predictors of sepsis in burn
patients (Hampson et al., 2017).

1.5.4. Pathogen-associated Biomarkers

Recent efforts in sepsis diagnosis have focused on the ability to detect carbohydrate
amphiphilic PAMPs in the whole blood of patients with infection-related diseases.
Detection of PAMPs such as LPS and PGN has been hampered in the past by natural
molecular reactions between the hydrophobic lipid moieties of PAMPs and the core lipid
structure of lipoproteins such as high-density lipoprotein (HDL) and low-density
lipoprotein (LDL), which sequester the biomarkers and prevent their detection using
traditional methods (Kupicek-Sutherland et al., 2019). These interactions however can be
exploited using two novel assays; membrane insertion and lipoprotein capture. Membrane
insertion uses the interactions between PAMPs and lipoproteins by utilising a lipid bilayer
to directly capture the biomarker and measure using a dye-conjugated biomarker; this
method has been previously validated with E. coli LPS and lipoarabinomannan from
Mycobacterium tuberculosis. Lipoprotein capture uses a specific antibody to anchor host
lipid-PAMP complexes to a biosensor surface, which is then detected using a dye-
conjugated antibody for the target (Kupicek-Sutherland ez al., 2019). Both these methods
demonstrate a sensitive and specific means of detecting PAMPs in whole blood with
minimal contamination and show considerable promise for clinical diagnosis and

pathogen identification.

Another approach that specifically targets PAMPs uses a modified enzyme-linked
immunosorbent assay (ELISA) known as the enzyme-linked lectin-sorbent assay
(ELLecSA) that exploits the natural affinity that mannose-binding lectin (MBL) has for
PAMPs such as LPS and LTA (Cartwright et al., 2016; Seiler et al., 2019). The MBL in
this particular assay has been engineered to not only contain the carbohydrate-recognising
domain of MBL but also the Fc portion of human IgGl (FcMBL). This FcMBL
recognises and binds to many different PAMPs and thus has broad range specificity for
numerous PAMPs from a range of pathogens that can be identified within 1 hour of testing
(Cartwright et al, 2016; Seiler et al., 2019). Early studies using this methodology
identified the ability of ELLecSA to detect the presence of over 85% (47 out of 55) of

living pathogen species in serum, a sensitivity that markedly increased upon mechanical
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breakdown of the pathogens (Cartwright ef al., 2016). In human studies, this method was
found to detect pathogen presence in more than 80% of blood samples, compared with
less than 20% identified using traditional identification methods (Cartwright et al., 2016).
A follow-on study performed last year determined that this assay was able to detect 58%
of live pathogens in blood and 89% of disrupted pathogens in blood (Seiler ef al., 2019).
In this method, the mechanical disruption substantially increases the detection range of
this assay, owing to the disruption of protective capsules surrounding pathogens that
would have otherwise shielded membrane PAMPs from detection (Seiler et al., 2019).

This method shows increasing promise in clinical applications.

1.5.5. Other Biomarkers for Inflammatory Diseases

Interleukin-6 is a well-characterised pro-inflammatory cytokine that plays a significant
role in the APR. An increase in IL-6 concentrations between sepsis and septic shock
accurately reflects the change in severity, and one study found that IL-6 levels were
significantly higher during Gram-negative infections than Gram-positive infections (Abe
et al., 2010). In one study (Hou et al., 2015), using IL-6 as a diagnostic tool for sepsis
had a pooled sensitivity of 80% and a specificity of 85%. However, despite these findings,
IL-6 is frequently elevated in patients with SIRS and other non-infectious inflammatory
illness, and is more generally used to identify inflammation (Hou et al., 2015). Other
soluble markers include TNF-a, IL-8 and sCD14 (Chalupa et al., 2011). Several cell
surface markers have also been investigated for their potential to identify sepsis, such as
Fc gamma receptor 1 (CD64) and human leukocyte antigen DR isotype (HLA-DR;
Umlauf et al., 2013). CD64 binds IgG to facilitate phagocytosis and intracellular
pathogen killing (Umlauf et al., 2013). Upregulation of this marker on neutrophils occurs
early in the septic response, and expression is enhanced during neonatal sepsis (Umlauf
et al.,2013; van Kessel et al., 2014). Expression of HLA-DR is increased on monocytes
following stimulation by cytokine expression. A decrease in this marker has been
recorded during neonatal sepsis (Umlauf er al., 2013). Interleukin-10, a key anti-
inflammatory cytokine, has also been considered for use as a biomarker to monitor patient
progress. Concentrations of IL-10 early in sepsis have shown promise in discriminating
the severity and predicting the mortality of patients that later progress to septic shock
(Hamers et al., 2015). Function of the APR can also be measured by analysing changes
such as decreases in serum cholesterol, increases in glucocorticoids, activation of
complement and coagulation, decreased serum levels of calcium, zinc and iron, and

changes in the concentrations of both positive and negative APPs (Gruys et al., 2005).
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Serum lactate levels are traditionally used as a biomarker of tissue hypoxia in septic
patients and can be used to predict severity and progression to septic shock, although it is

not a determinant of bacterial infection (Nolt et al., 2018).

1.6. A New Class of Biomarkers: Sterols and Immunity

1.6.1. Cholesterol

Cholesterol is one of the most abundant lipids in mammalian cells and is essential for
normal body function. Its structure is composed of four rings and an eight-carbon side
chain; the 3p-hydroxyl group on ring A confers polarity to the molecule (Figure 1.3).
Approximately 25% of cell plasma membrane lipid is made up of cholesterol, and its
rigid, hydrophobic structure allows for efficient membrane packing and fluidity.
Cholesterol-rich domains in cell membranes serve as ‘rafts’ for transmembrane receptor
cell signalling (Cyster ef al., 2014). Humans obtain the majority of cholesterol through
their diet, whilst the remainder is synthesised endogenously (Brown and Sharpe, 2016).
The biosynthetic pathway that gives rise to cholesterol and sterols (isoprenoids, bile acids,
steroid hormones and oxysterols) is active in all nucleated mammalian cells (Cyster ef al.,
2014). Each day, approximately 500mg of cholesterol is converted into bile acids in a
healthy adult, and all these by-products of cholesterol biosynthesis play further roles in
maintaining healthy body functions (Russell, 2003). Sterol response element-binding
proteins (SREBPs) regulate sterol biosynthesis and control expression of rate-limiting

enzymes in the sterol biosynthetic pathway (Figure 1.3; Cyster et al., 2014).
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Figure 1.3. Bile acid synthetic pathway of cholesterol including enzymes required for synthesis
of each sterol (Russell, 2003).

Cholesterol and other sterols play a significant role in immune defence, regulation and
disease (Robertson and Ghazal, 2016). High-density lipoprotein opposes this process by
promoting cellular efflux of cholesterol, reducing inflammation (Tall and Yvan-Charvet,
2015). Cholesterol has also been found to play a role in infectious diseases (Robertson
and Ghazal, 2016). In particular, viral infections have often been associated with a
downregulation in host plasma cholesterol levels, and viruses such as Human
Immunodeficiency Virus (HIV) and Herpes Simplex Virus (HSV) have been found to
depend on host sterol metabolism to drive their own survival and replication (Robertson
and Ghazal, 2016). Inhibiting cholesterol biosynthetic pathways has been shown to limit
virus entry and replication in mammalian cells (Cyster et al., 2014). Furthermore, lipid
metabolic pathways and inflammatory pathways have recently been shown to converge,
and oxysterols have emerged as key players in this interaction (Gold et al., 2014).
Lipoproteins and lipids, including HDL, have been found to have direct
immunomodulatory properties towards bacterial infection, binding to and neutralising

toxic bacterial structures, such as LPS (Zou et al., 2016).
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1.6.2. 25-Hydroxycholesterol (25-HC)

Oxysterols are minor constituents and precursors of bile acids. They are secreted into the
small intestine from the liver where they act as emulsifiers of dietary lipids (Russell,
2003). Their synthesis is tightly regulated (Figure 1.3) to maintain homeostasis, and they
initiate negative feedback loops when they are in high enough concentrations (Russell,
2003). Most of the enzymes that produce bile acids are expressed in the liver but some
enzymes have been found in tissues, including tissue macrophages and neurons (Russell,
2003; Cyster et al., 2014). 25-hydroxycholesterol (25-HC) is an oxysterol where the 25"
carbon has been modified by the addition of a hydroxyl group (-OH). The addition of this
second hydroxyl group confers a more hydrophilic nature to this oxysterol. Previously,
25-HC was believed to play a role in mediating negative feedback during cholesterol
biosynthesis (Cyster et al., 2014). In recent experiments, mice deficient in 25-HC were
found to have unaffected cholesterol metabolism, suggesting that 25-HC’s role lies
elsewhere (Cyster ef al., 2014). Recent data strongly suggests that 25-HC and its synthetic
enzyme cholesterol 25-hydroxylase (CH25H), also known as CYP27A1, is involved in
the immune response (Cyster et al., 2014; Ning et al., 2017). CH25H is upregulated in
macrophages in response to activation by inflammatory mediators and is able to neutralise
enveloped viral replication via the production of 25-HC (Cyster et al., 2014; Ning et al.,
2017), as mice deficient in this enzyme were found to be more susceptible to viral septic
shock and enveloped virus activity was reduced in cell culture treated with 25-HC (Blanc
et al.,, 2013; Liu et al., 2013; Robertson and Ghazal, 2016). The mechanisms behind this
action are still unclear but are thought to be linked to direct modifications of host cellular
membranes by directly removing cholesterol from these membranes, limiting viral entry
and the production of the virus envelope (Liu et al, 2013; Cyster et al., 2014). The
majority of 25-HC secreted in response to stimulation occurs within 8 hours of incubation
and levels continue to rise throughout a 24-hour time frame (Blanc et al., 2013).
Additional evidence arises from the discovery that synthesis of CH25H occurs in tissue
not involved in lipid and cholesterol synthesis (McDonald and Russell, 2010). Expression
of the CH25H gene is inactive in resting cells but is rapidly induced in response to
activation of TLR ligands, in particular TLR3 (Poly I:C) and TLR4 (LPS; McDonald and
Russell, 2010).
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1.6.3. 25-HC Expression and Interferon Signalling

25-hydroxycholesterol synthesis is induced in macrophages and other phagocytes in
response to type I and II IFN signalling (Figure 1.4; McDonald and Russell, 2010; Cyster
et al., 2014). Interferons induce signalling via the JAK-STAT pathway and promote
interferon-stimulated gene (ISG) production (Wilkins and Gale, 2013). Type I IFN-a and
IFN-B play a significant role in host defence during viral infections by promoting
cytotoxic activities, increasing expression of MHC I and promoting apoptosis of infected
cells (Pestka, 2007). The only type I IFN, IFN-y, , is produced by adaptive immune cells
to skew the immune response towards Thl, promote macrophage survival, enhance
microbicidal processes and upregulate antigen processing and presentation (Schroder et
al.,2004).. It has also been found that Type I IFN signalling leads to a downregulation of
sterol biosynthesis that ultimately leads to cell protection from the invading virus. Hence
25-HC, may have a significant role to play in this protective mechanism as a negative

feedback molecule (Cyster et al., 2014).
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Figure 1.4. Induction pathways of CH25H expression and 25-HC synthesis in macrophages. ER
refers to the endoplasmic reticulum (Wilkins and Gale, 2013; Cyster et al., 2014).
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1.6.4. Immune Functions of 25-HC

The immune functions of 25-HC that have been discovered to date are numerous. It has
been found to regulate immunoglobulin (Ig) production, in particular IgA (Cyster et al.,
2014); promote macrophage foam cell formation and development of atherosclerosis
(Koarai et al., 2012); amplify the production of inflammatory cytokines (Cyster et al.,
2014); encourage neutrophil chemotaxis (Cyster et al., 2014); interact with integrins to
facilitate integrin-focal adhesion kinase (FAK) signalling after PRR activation (Pokharel
et al., 2019); and suppress inflammasome activity and mediate negative feedback of IL-
1 family cytokine production (Koarai et al., 2012; Cyster et al., 2014). Suppression of
inflammasome activity is mediated in part by 25-HC decreasing active sterol-regulatory
binding protein 2 (SREBP2) levels intracellularly and thus decreasing the accumulation
of sterols (Tall and Yvan-Charvet, 2015). It has also been suggested that 25-HC may aid
in the recovery of septic shock and liver function after injury by LPS (Ning et al., 2017).
Another function of 25-HC is the inhibition of SREBPs, which play a central role in the
regulation of cholesterol and fatty acid biosynthesis (Zou et al., 2011).

1.6.5. 25-HC in Infection and Disease

25-HC has been implicated in a number of immune-related diseases and disorders,
including atherosclerosis and Alzheimer’s disease (Koarai et al., 2012). In the airways,
overproduction of 25-HC has been correlated with high numbers of neutrophils in
circulating blood (Koarai ef al., 2012). These disease processes have been found to be
mediated in part through liver X receptors (LXRs), which are essential in maintaining
lipid homeostasis in healthy mammalian cells; 25-HC is a natural ligand for LXRs (Zou
et al.,2011). The majority of 25-HC and oxysterol immune research has been conducted
using viral infection conditions (Amako et al., 2009; Liu et al., 2013; Anggakusuma et
al.,2015; Li et al., 2017; Wang et al., 2017; Shawli et al., 2019). There is less research
and evidence as to the role of 25-HC during a bacterial infection (Zou et al., 2011). One
piece of evidence that could link bacterial infection with 25-HC upregulation in
mammalian cells is that the levels of 25-HC increase in response to TLR4 activation
(Bauman et al., 2009). Furthermore, the enzyme CH25H is induced by incubation with
LPS, PGN, Poly I:C and LTA, which supports the hypothesis that 25-HC may have a role
in innate immune activation of bacterial as well as viral pathogens (Bauman et al., 2009).

Recently, LXR metabolic signalling have been found to play an important role in defence
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against bacterial infection (Zou et al., 2011). LXR knockout (KO) mice have increased

susceptibility to Listeria monocytogenes infection (Zou et al., 2011).

Upon infection with L. monocytogenes, macrophages were found to detect bacterial
cyclic di-AMP and induce Type I IFNs that are central to the upregulation of CH25H in
macrophages (Zou et al., 2011). The mechanism underlying this protection against L.
monocytogenes infection is through enhancing the survival of macrophages (Zou et al.,
2011). Another investigation found that ch25h-deficient mice had more IL1-f3 and IL-18
in their sera than control mice when challenged with LPS, which coincided with the KO
mice succumbing to LPS-induced death approximately 12 hours sooner (Reboldi ez al.,
2014). This strongly suggests that the CH25H enzyme is very important in pathogen
clearance (Reboldi et al., 2014). Blood lipid parameters have been found to change during
a septic episode, and one study found that high density lipoprotein (HDL)-cholesterol was
markedly suppressed in sepsis patients and was inhibited to a greater extent during Gram-

negative bacterial sepsis (Zou et al., 2016).

1.6.6. Other Oxysterols

Several other oxysterols have been implicated in the defence against pathogens, including
24-hydroxycholesterol ~ (24-HC),  27-hydroxycholesterol ~ (27-HC) and 7a-
hydroxycholesterol (7a-HC; Testa et al., 2018). 27-HC selectively promotes survival of
breast tumours by indirectly suppressing the cytotoxic activity of CD8+ T cells (Baek et
al., 2017), and also has roles in immunity, specifically blocking non-enveloped virus
entry and replication via promoting the accumulation of cholesterol in endosomes and
thus sequestering viral particles within them (Civra et al., 2018). 7a-HC has been
identified as a major oxysterol found in atherosclerotic lesions, and facilitates
immunopathology at the lesion by promoting monocyte differentiation into macrophages

and inducing elevated concentrations of the chemokine IL-8 (Cho et al., 2017).
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1.7. Current Issues and Gaps in the Literature

A major roadblock facing sepsis care and management is the lack of a robust panel of
biomarkers that can accurately and rapidly predict the underlying infectious agent. While
evidence points towards host biomarkers such as IL-6 and PCT as strong indicators of
pathogenic cause, conflicting data from different laboratories puts the reliability of these
two molecules into question. New host expressed biomarkers are urgently needed for
potential future application to the clinic. Furthermore, a simple testing platform for

measuring potential biomarker responses to sepsis relevant pathogens is needed.

Current work into 25-HC and other oxysterols have largely focused on viral infection.
Indeed, certain researchers believe that 25-HC is a virus-specific oxysterol and is only
upregulated in response to viral infection. In comparison, little work has investigated
whether ‘bacteria’ or ‘bacterial stimuli’ can activate these pathways. There is evidence
that LPS interactions with TLR4 lead to upregulation of 25-HC in vitro suggesting that
25-HC upregulation is a more general response to infection and not to a specific pathogen.
Furthermore, bacterial stimulation of 25-HC expression in whole blood opens the real
possibility for a diagnostic test that has not been conducted to date, and no information
exists as to the expression profile of 25-HC in other body compartments where

macrophages are absent.

It is also very clear that ‘pathogen’ (bacterial) expressed biomarkers (such as virulence
genes) remain untested despite numerous collections of virulence factors defining
important disease pathotypes. Identifying new bacterial genes associated with sepsis and
survival in human blood could also be a useful approach to refine biomarker panels.
Indeed, 16S rRNA genes have been used to detect infection in critical care units but
whether virulence factors (that are generally expressed at lower levels) will be equally

successful, is a good opportunity for research.
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1.8. Aims and Objectives

The gaps in the literature identified above form the basis of the main aims of this thesis.

This thesis aims to identify new host and pathogen-associated biomarkers to predict

pathogen specific sepsis, that have the potential to take forward to the clinic. Host

biomarker responses will be investigated in chapters 3, 4 and 5 and bacterial genes in

chapter 6.

Characterisation of the innate immune response towards model strains of
Staphylococcus and E. coli in whole blood from healthy volunteers in order to
identify new soluble biomarkers of infection. This will be characterised using
ELISAs in chapter 3.

Characterisation of the cellular response towards model strains of Staphylococcus
and E. coli in healthy whole blood in order to design a robust model for
understanding cellular interactions in healthy whole blood. This will be
characterised using flow cytometry in chapter 4.

Characterisation of the sterol response towards model strains of Staphylococcus
and E. coli in healthy whole blood in order to determine any associations between
bacterial infection and sterol regulation. This will be characterised using LC-MS
in chapter 5.

Genomic and phenotypic analysis of blood culture positive E. coli strains from
Welsh hospitals in the Hywel Dda University Health Board (HDUHB) will
investigate potential associations between origin of infection and virulence
factors. This will be characterised using next generation sequencing pipeline and

gentamicin protection assays of urinary and intestinal epithelial cells in chapter 6.
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Chapter 2. Materials and Methods

2.1. Media and Stock Solutions

2.1.1. Media

Media were prepared using 200-1000 ml distilled water (H2O) and sterilised by

autoclaving.

2.1.1.1. Luria Bertani (Lennox) Broth (LB)

Luria Bertani (Lennox) Broth medium purchased in tablet form from Sigma-Aldrich

(Gillingham, UK) and dissolved 1 tablet in 50 ml of H>O.
10 g/L Tryptone

5 g/L Yeast Extract

5 g/L NaCl

2.2 g/L inert binding agents

2.1.1.2. Bacto Tryptic Soy Broth (TSB)

Tryptic Soy Broth medium was purchased in powder form from Thermo Fisher Scientific

(Loughborough, UK) and dissolved 3.3 g per 10 ml in H>O.
17 g/L Pancreatic digest of Casein

3 g/L Papaic digest of Soybean

2.5 g/L Dextrose

5 g/L Sodium chloride

2.5 g/L Dipotassium phosphate

2.1.1.3. LB and TSB Agar

Agar Technical (no. 3) was purchased from Oxoid (Basingstoke, UK) and dissolved 1.2%
W/V (12 g) in 1000 ml LB or TSB prior to autoclaving.

59



2.1.1.4. Columbia Agar with Horse Blood

Agar plates come pre-sterilised and were purchased from Oxoid (Basingstoke, UK).
25 g/L. Special peptone

1 g/L Starch

5 g/L Sodium chloride

10.25 g/L Agar

50 ml Defibrinated horse blood

2.1.2. Stock Solutions

Stock solutions were prepared using either distilled H>O or phosphate buffered saline

(PBS). Stock solutions used for microbiological work were sterilised by autoclaving.

2.1.3. Glycerol

>99% Glycerol was purchased from Sigma Aldrich (Gillingham, UK) and diluted in
dH>O to an 80% stock solution.

2.1.4. Phosphate Buffered Saline (PBS)

Phosphate buffered saline in tablet form was purchased from VWR Life Sciences
(Leicestershire, United Kingdom) and dissolved 1 tablet per 100 ml dH,O. 1000 ml of

stock solution was prepared for microbiological and blood work.
Per tablet, when dissolved:

137 mM Sodium chloride

2.7 mM Potassium chloride

10 mM phosphate buffer

2.1.5. ELISA Wash Buffer

0.05% Tween 20 (Sigma Aldrich; Gillingham, UK) in 1000 ml PBS.
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2.1.6. ELISA Reagent Diluent

Bovine Serum Albumin (BSA) Protease free powder was purchased from Thermo Fisher

Scientific (Loughborough, UK) and diluted 1% w/v in 1000 ml dHO.

2.1.7. ELISA Stop Solution

37% Hydrochloric acid (HCI) was purchased from Sigma Aldrich (Gillingham, UK) and
diluted to a I M solution in dH>O by adding 41.3 ml HCI to 458.7 ml dH-O.

2.1.8. BD FACS Lysing Solution

Becton Dickinson FACS lyse was purchased from BD Biosciences (Berkshire, United
Kingdom) and diluted to a 10% solution in dH-O.

2.1.9. FACS Buffer

FACS Buffer was prepared with 0.2% BSA and 0.05% Sodium azide reagent plus >99.5%
(Sigma Aldrich; Gillingham, UK), in 50 ml of PBS.

2.1.10. Triton X Solution

A 0.1% solution of Triton-X 100 (Sigma Aldrich; Gillingham, UK) was made using 100
ml PBS.

2.1.11. Deuterated Internal Standard

A 4 ml stock solution of the deuterated internal standard was made according to the table
in Appendix A. All oxysterol standards were purchased from Avanti Polar Lipids
(Alabaster, Alabama, United States).

2.1.12. Ethanol Solution

A 70% ethanol stock solution was made using >99% ethanol (Thermo Fisher Scientific;
Loughborough, UK) and high-performance LC-MS grade water (Thermo Fischer
Scientific; Loughborough, UK).

2.1.13. Methanol Solutions

Stock solutions of 10%, 17%, 35%, 70% and 95% methanol were made using >99%
methanol (Thermo Fisher Scientific; Loughborough, UK) and high-performance LC-MS
grade water (Thermo-Fisher Scientific; Loughborough, UK).
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2.1.14. Sodium hvdroxide (NaOH)

Sodium hydroxide >97% pellets were purchased from Sigma Aldrich (Gillingham, UK)
and dissolved 1g per 25 ml high performance LC-MS grade water. pH was checked (pH
13) and adjusted as appropriate.

2.1.15. Potassium phosphate (KH>PQOj4)

340 mg KH2PO4 monobasic
1.5 ml Sodium hydroxide
48.5 ml high performance LC-MS grade water

This yields a 50 mM solution. pH was checked using indicator strips and adjusted as
appropriate. Potassium phosphate monobasic was purchased from Sigma Aldrich

(Gillingham, UK).

2.1.16. Cholesterol oxidase

Lyophilised Cholesterol oxidase from Streptomyces sp. was purchased from Sigma
Aldrich (Gillingham, UK) and reconstituted in 1 ml of LC-MS grade water as per

manufacturer instructions. Aliquots were stored at -20°C.

2.1.17. Deuterated Girard Reagent P (Ds)

Ds Girard reagent was synthesised in house as per Crick et al. 2015 using Girard Reagent

P 1-(carboxymethyl) pyridinium chloride (Do) from TCI Europe (Zwijndrecht, Belgium).

2.1.18. Isopropanol/Methanol Solution

> 99% isopropanol (Thermo Fisher Scientific; Loughborough, UK) and methanol were

mixed 50:50 to a final volume of 50 ml.

2.1.19. LC-MS Mobile Phases

Mobile Phase A (total volume 1000 ml):
33.3% Methanol

16.7% Acetonitrile

50% LC-MS grade water

0.1% Formic acid
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Mobile Phase B (total volume 700 ml):

63.3% Methanol

31.7% Acetonitrile

5% LC-MS grade water

0.1% Formic acid

>99.8% acetonitrile and LC-MS grade Formic acid was purchased from Thermo Fisher

Scientific (Loughborough, UK).

2.2. Reagents

2.2.1. ELISA Colour Solution

KPL SureBlue TMB Microwell Peroxidase Substrate was purchased from Sera Care

(Milford, Massachusetts, United States) and used as the ELISA colour solution.

2.2.2. Microscopy Reagents

2.2.2.1. Microscopy S