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Abstract

Introduction and aim:

Sepsis is defined as life-threatening organ dysfunction caused by a
dysregulated host response to infection. In the absence of host-modulating
therapies, specific management is focussed upon eradication of the pathogen
by antibiotics £ source control, organ support, and prevention of iatrogenic
harm. The use of antibiotics, catecholamines and sedatives is associated with
off-target effects including immunomodulation. These drugs are routinely used
together in critically ill patients with sepsis so there may be cumulative effects.
Mechanisms underlying immunomodulation are still to be fully elaborated,
however there is increasing interest in the role of mitochondria in organ
dysfunction and drug-induced immunomodulation. My aim was to investigate
the role of ciprofloxacin, propofol and norepinephrine (NE), alone and in
combination, on immune cell functionality and mitochondrial activity in septic

and healthy peripheral blood mononuclear cells (PBMCs).
Methods:

PBMCs isolated from healthy volunteers were incubated with either
ciprofloxacin (100 pg/mL), propofol (50 pg/mL), NE (10 pg/mL) or all three
drugs combined, in the presence and absence of endotoxin (100 ng/mL) for 6
or 24 hours. Comparison was made against untreated cells. Measurements
were made of IL-6, IL-10 and TNF-a production (ELISA), cell viability,
phagocytosis, HLA-DR, mitochondrial membrane potential and reactive
oxygen species production (flow cytometry), and mitochondrial O:2
consumption (Seahorse respirometry). This was repeated in PBMCs from
healthy volunteers co-incubated with serum from ED patients with suspected
sepsis or septic ICU patients. Immune and metabolic pathways were
investigated in PBMCs from healthy volunteers co-incubated in septic or
healthy volunteer serum using Nanostring technology to identify potential
pathways that may explain underlying mechanisms.



Results and conclusion:

While the exemplar antibiotic, sedative and catecholamine reduced TNF-a,, IL-
6 and phagocytosis in PBMCs isolated from septic ICU patients and from
healthy volunteers co-incubated with septic serum, no cumulative effect was
seen with the combination. No consistent changes were seen in PBMCs’
mitochondrial functionality. Similarly, gene expression analysis did not
highlight any involvement of specific immune or metabolic pathways as
underlying mechanisms. Further studies are required to fully characterise
immune dysfunction caused by these drugs and whether these in-vitro findings

translate to the in-vivo situation.



Impact statement

Sepsis is a major global health concern with high morbidity and mortality. The
underlying pathophysiology is unclear and management of sepsis still remains
largely supportive, with the exception of antibiotics and source control to treat
the infection. Numerous studies have demonstrated that antibiotics,
catecholamines and sedatives have immunomodulatory effects (1-18).
However, these studies have largely been performed in-vitro or ex-vivo using
immune cells taken from healthy volunteers or animals, and not on cells taken
from septic patients or animals. In addition, these have generally been
examined in isolation, while treatment in patients usually consists of a

combination of such drugs.

Mechanisms are poorly elaborated however there is increasing interest in the
role of mitochondrial dysfunction, both in terms of the development of organ
dysfunction in sepsis and in the immunomodulatory effects of antibiotics,
catecholamines and sedatives. These two aspects have previously been

looked at separately rather than in conjunction.

In this thesis, | have investigated the impact of these drugs, individually and in
combination, on immune cell functionality and mitochondrial function in the
context of sepsis. | have also compared findings in circulating immune cells
taken from healthy volunteers co-incubated (or not) with septic serum, from
ED patients with suspected sepsis, and from ICU patients with confirmed
sepsis. To my knowledge, no such comparison has been previously

undertaken.

My research demonstrates that ciprofloxacin, propofol and norepinephrine
individually suppress immune function in vitro, however | could not
demonstrate a cumulative effect. These findings were most profound in
peripheral blood mononuclear cells isolated from septic ICU patients and from
healthy volunteers co-incubated with septic serum. There were no obvious

mitochondrial changes associated with these drug-induced immune changes.



These research findings have been highlighted in local meetings to colleagues.
Further dissemination will include publication and presentation in international
journals and at relevant conferences. These findings serve as useful
groundwork for further exploration of current in-vitro and ex-vivo models of
sepsis and how these can be modified to better describe the pathophysiology
and natural history of sepsis. My results require further comprehensive
investigation of immune and mitochondrial function in response to such drugs.
In the long term, this may influence the choice and duration of drugs used in
septic patients and may lead to development of novel therapeutics to mitigate

unwanted effects.
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chapter1 INTroduction

Intensive care units are increasingly admitting complex patients with advanced
age, multiple comorbidities and declining functional status. The overarching
aim is to improve survival rates and survivorship while balancing the risks and
benefits of intervention to individual patients. Sepsis comprises a significant
proportion of intensive care admissions and remains a global challenge due to
its high mortality rate and poor early identification. Despite decades of
translational research and clinical trials of novel therapeutic interventions,
management remains limited to the conventional tenets of timely antibiotics
and fluid resuscitation, source isolation, recognition and prevention of
latrogenic harm (e.g. excessive ventilation, excess fluid therapy, overuse of

drugs including catecholamines and sedatives).

The use of antibiotics, catecholamines and sedatives is associated with
numerous off-target effects, of which immunomodulation is of great importance
given the increased susceptibility of critically ill patients to secondary infections
and a consequently increased risk of mortality and morbidity (1-18).
Mechanisms of immunomodulation are still to be fully elaborated however
there is increasing interest in the role of mitochondria in organ dysfunction and
drug-induced immunomodulation. To date, these two aspects — the disease
process and iatrogenic interventions - have been looked at separately rather

than in conjunction.

This chapter begins with an overview of sepsis, the immune system and
mitochondria, before focusing on the effects of individual drug groups on the

immune system and mitochondria.
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1.1 Sepsis

1.1.1 Definition

The word sepsis is derived from the Greek onfwn meaning ‘decay or
decomposition of organic matter’. The first modern definition, coined by Bone
et al. in 1991 (19), focused on the hyperinfammatory phase of sepsis
pathophysiology, which they termed the systemic inflammatory response
syndrome (SIRS). SIRS was characterised clinically by abnormalities
measured in =2 of four clinical variables (heart rate, respiratory rate (or
PaCO:2), temperature and white cell counts) (Table 1.1) (19). As understanding
of sepsis pathophysiology has improved, there has been increasing
appreciation of the importance of anti-inflammatory pathways alongside pro-
inflammatory. Modern definitions of sepsis have thus evolved as a result.

Table 1.1. SIRS criteria.

At least two of the following parameters are required for a diagnosis of SIRS (19):

Parameters Values

Temperature >38 or <36 °C

White cell count >12,000 or <4000/mm3 or >10% bands
Heart rate >90 beats/min

Respiratory rate (or PaCOz) | >20 breaths/min or PaCO2 <32 mmHg (4.3 kPa)

The current definition (Sepsis-3) defines sepsis as life-threatening organ
dysfunction caused by a dysregulated host response to infection (20). This
places the main emphasis on the host response to the pathogen rather than
the pathogen itself. Organ dysfunction is characterized as a =2 point increase
from the patient’s normal baseline in the Sequential [Sepsis-related] Organ
Failure Assessment (SOFA) score (Table 1.2) (20). Septic shock is now
defined as a subset of sepsis comprising marked circulatory, cellular and
metabolic abnormalities. This is clinically characterised by persisting
hyperlactatemia (>2 mmol/l) and a vasopressor requirement despite correction

of hypovolaemia; this carries a much greater mortality risk compared to sepsis
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alone (20). This definition has contributed to improved consistency for coding,

epidemiology and clinical research.

Table 1.2. Sequential [Sepsis-related] Organ Failure Assessment (SOFA) scoring

system.

This is used to determine the functional status of critically ill patients. The score is based on

six organ systems (respiratory, cardiovascular, hepatic, coagulation, renal and neurological

systems) and the score ranges from 0 at best to 24 at worst (21).

Systems Scores
y 0 1 2 3 4
Respiratory <200 (26.7) .
system 2400 <400 <300 with <1O(.) (13.3) with
. . respiratory
PaO2/FiO- (53.3) (53.3) (40) respiratory supbort
mmHg (kPa) support PP
Coagulation
Platelets =150 <150 <100 <50 <20
(x103/uL)
Hepatic system
Bilirubin mg/dL 20 20-32 22-10 102-204 204
(umol/L)
Dopamine lDE?pamme o Dopamine >15,
. MAP MAP P ; . epinephrine

Cardiovascular <5 or epinephrine

270 <70 . >0.1, or
system dobutamine | <0.1, or . .

mmHg | mmHg . . norepinephrine

(any dose)bP norepinephrine
>0.1P
<0.1b

Central nervous
system 15 13-14 10-12 6-9 <6
GCS score
Renal system
;:r;it/'/z')”sr e 110 Eg' 171-299 300-440 440
H <500 ml <200 ml

output (ml/day)

PaO:: partial pressure of arterial oxygen; FiOz: fraction of inspired oxygen, MAP: mean arterial

pressure, GCS: Glasgow Coma Scale score. b- Doses are presented as ug/kg/min.
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1.1.2 Epidemiology

Sepsis is associated with significant mortality, morbidity, and socio-economic
burdens. Current estimates of sepsis-related incidence and outcomes vary
markedly due to the complex natural history, differences in definitions and data
capture, and distinctions in geographical locations and healthcare provision
(21). An estimated ~48.9 million cases occurred in 2017, leading to 11 million
deaths; this represents 19.7% of all global deaths (22). Recent estimates in
North America, Europe and Australia report average 30- and 90-day mortalities
as 24.4% and 32.2%, respectively (23).

Mortality is multifactorial and influenced by increasing age, co-morbidities,
pathogen characteristics and the number and severity of organ dysfunctions
(24, 25). In England 77.5% of sepsis-related deaths are considered to occur in
patients aged =75 years, compared to 0.075% in children up to 18 years (26).
No significant sex differences in mortality are seen, however sepsis generally
occurs later in life in females (27). There has been a general decline in
mortality related to Gram-negative bacteria, however Gram-positive related
mortality has remained static (27). Organ dysfunction is strongly associated
with patient mortality, with death rates as high as 70% when 23 organs are
affected (27). Septic shock carries mortality rates of at least 40-50% (28).

The clinical course is also influenced by pathogen characteristics, e.g. type of
microorganism, virulence and site of infection. A point prevalence study of
adult patients from 75 countries found 64% of cases were respiratory, 20%
abdominal, 15% primary bacteraemia and 14% genitourinary (29). Seventy
percent had positive microbiological cultures: 62% for Gram-negative
organisms, 47% for Gram-positive organisms (some were mixed infections)
and 19% fungal. Staphylococcus aureus (20%) was the predominant Gram
positive pathogen and Pseudomonas species (20%) and Escherichia coli

(16%) were the most prevalent Gram negative pathogens (29).

Sepsis-related mortality may be reducing due to improvements in medical care

(e.g., earlier intervention and reduction of iatrogenic harm such as
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polypharmacy), however the economic burden remains significant (30-34).
The York Health Economics Consortium in 2017 estimated the annual cost of
sepsis to the UK as £7.76 billion (35). A systematic review of global studies
between 2005-15 suggested that average hospital-wide and ICU costs per
patient were $32,421 and $27,461, respectively (36).

1.1.3 Pathophysiology of sepsis

The pathogenesis of sepsis is complex and heterogenous. It begins with
exposure of the innate immune system to pathogens leading to activation of
pro- and anti-inflammatory pathways. The innate system is the first line of
defence as it is rapid, antigen-independent and mediates a non-specific
Immune response. It has several physical, chemical and cellular barriers that
prevent pathogen invasion and propagation (e.g. skin, mucous membranes,
complement, lysozymes and various myeloid progenitor derived cells). Innate
immune cells include neutrophils, monocytes, macrophages, and dendritic
cells (DCs). These express specialised, germ line-encoded pattern recognition
receptors (PRRs). Four main receptor groups are identified: toll-like (TLRs), C-
type lectin-like (CLRs), nucleotide binding oligomerization domain (NOD)-like
(NLRs), and retinoic acid inducible gene 1-like (RIG-1) (RLRs). PRRs
recognise evolutionarily conserved components of pathogens termed
pathogen-associated molecular patterns (PAMPs). Examples include
endotoxin, peptidoglycan, lipoteichoic acid and B-glucan (37). PAMPs vary
between organisms and enable the host to mount an appropriate response.
PAMPs may be expressed on the cell surface or intracellularly, the latter
requiring phagocytosis or cell lysis by complement to liberate and release
them. PRRs also recognise endogenous stress signals produced by tissue
injury or necrotic cells known as danger-associated molecular patterns
(DAMPSs) (e.g. histones, mitochondrial DNA (mtDNA), heat shock protein and
haem) (38-40). Sensing of PAMPs or DAMPs triggers multiple signalling
pathways that result in transcription of genes involved in the inflammatory

response.
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TLRs are the most common and best characterised PRRs. Ten and 13 TLRs
have been identified in humans and mice, respectively. TLRs 1-9 are
conserved in both species, TLR-10 is non-functional in mice and TLRs 11-13
are lost in the human genome (41). TLRs are broadly divided into two groups
depending on their location: TLRs-1, -2, -4, -5, -6, and -11 are found on the
plasma membrane and TLRs-3, -7, -8, and -9 are found intracellularly in
endosomes, lysosomes or endolysosomes (41). The former TLRsS recognise
cell surface-bound PAMPs while the latter recognise viral and bacterial nucleic
acids as well as self-nucleic acids degraded by DNAses. TLRs have structural
homology to the interleukin-1 receptor (IL-1R) in their cytoplasmic signalling

domains, which means both activate the same signalling molecules (42).

After ligand binding, TLRs dimerize and undergo conformational change that
allows recruitment of TIR-domain-containing adaptor molecules such as
MyD88, TIRAP TRIF and TRAM which activate downstream pathways. For
example, MyD88 activates transcription factors NF-kB, MAPK and PI3K which,
in turn, regulate distinct genetic responses to infection and injury (37, 43, 44).
Examples include pro-inflammatory cytokines (e.g. TNF-a, IL-1f3, IL-6), anti-
inflammatory cytokines (e.g. IL-4, IL-10, TGF-B), chemokines (e.g. IL-8, MIP-
1 and and MCP-2, -3 and -4) and cell adhesion molecules (e.g. ICAM-1 and
VCAM-1) (43). The TRIF-dependent pathway is used by TLR -3 and -4, and
activates NF-kB and interferon regulatory factor 3 (IRF3); this induces both
inflammatory cytokines and type I interferons (figure 1.1).

Collectively, the pro-inflammatory mediators produced in response to the
activation of PRRs by PAMPs recruit other innate immune cells. These
phagocytose and kill the pathogen and propagate the inflammatory response
by activating the adaptive immune system.
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Figure 1.1. Summary of TLR signalling cascades.

Following activation by LPS, TLR-4 activates multiple intracellular signalling cascades that
ultimately regulate transcription of inflammatory genes. Reprinted from O’Neill L et al, Nature
Rev Immunol 2013; 13:453-60, with permission from Nature Publishing Group (46).

The adaptive immune system is delayed in onset but is highly specific and
provides longer lasting protection. It consists of B- and T-lymphocytes which
carry out antibody- and cell-mediated-responses, respectively. Antigen-
presenting cells (e.g. monocytes, macrophages, dendritic cells and B-
lymphocytes) present antigenic peptides via major histocompatibility complex
(MHC)-II molecules to naive T cells to initiate adaptive immune responses.
These include rapid proliferation and differentiation of lymphocytes into diverse
effector cells or memory cells, with the latter providing long term protection
against the same antigen. Both arms of the immune system combine to

produce an immunological tour de force of pathogen neutralisation.
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1.1.4 Sepsis-induced organ dysfunction

The presence of organ dysfunction is central to the diagnosis of sepsis. Other
than injury and modulation by circulating inflammatory mediators, there is often
a mismatch between tissue perfusion and metabolic demands. This is
exacerbated by impaired tissue oxygen utilisation which may be related to
mitochondrial dysfunction (45).

Vascular changes in sepsis are characterised by endothelial and
microvascular dysfunction, and reduced vascular tone. Endothelial cells are
activated by inflammatory mediators, increasing vascular permeability and
capillary leak resulting in tissue oedema (46). Vascular smooth muscle
becomes hyporesponsive to catecholamines with often significant
vasodilatation, hypoperfusion and circulatory failure (46-48). Mechanisms
suggested for endothelial relaxation include excess production of nitric oxide
(NO) by inducible nitric oxide synthase (INOS) (49), hydrogen peroxide (H202)
by superoxide dismutase (SOD), and prostacyclin (PGl2) by cyclooxygenase
(50). NO causes smooth muscle relaxation by increasing cyclic guanosine

monophosphate (cGMP) via guanylate cyclase activation.

These vascular changes are often compounded by a reduction in cardiac
output secondary to reduced cardiomyocyte contractility. Multiple factors are
implicated including pro-inflammatory cytokines, mitochondrial dysfunction,

and down-regulation of B-adrenoceptors (51-53).

Microcirculatory changes are also multifactorial and involve activation of the
coagulation cascade. There may be macro- and/or microvascular occlusions
but these are generally not seen in either in-vivo microcirculation studies or at
post-mortem (Figure 1.2). Intermittent and stop-go microcirculatory flow are

much more frequent in sepsis compared to the healthy normal state.
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Figure 1.2. Schema of the pathways involved in organ dysfunction in sepsis.
1.2 Sepsis-related immunosuppression

During sepsis, both pro- and anti-inflammatory signalling pathways are
exaggerated, leading to excessive systemic inflammation and
immunosuppression. Immune cells are reprogrammed, rendering them less
effective at eradicating pathogens and increasing the risk of secondary
infection and mortality (54-57). This risk may persist for months after the initial
infection (58). Underlying mechanisms of immunosuppression and the
contribution of iatrogenic factors to poor patient outcomes remain uncertain.
Common features of immunosuppression include the presence of functionally

defective phenotypes with immune tolerance, anergy and apoptosis.
1.2.1 Neutrophils

Neutrophils constitute up to 70% of myeloid blood cells (59). Under

homeostatic conditions, neutrophils differentiate in the bone marrow and are
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released into the blood where they circulate for 6-24 hours. With infection,
neutrophils migrate to tissues where they exert their anti-microbial effects.
Neutrophils marginate and roll along the luminal surface of blood vessels
towards the site of infection, facilitated by low-affinity interactions between their
cell surface L-selectins and endothelial P- and E-selectins (60). They then
adhere via p-integrins to endothelial ICAMs and VCAMSs before transmigrating
through tight junctions into the required tissues. Once there, neutrophils
phagocytose and kill microbial pathogens by fusion of intracellular vesicles
containing elastase, collagenase, defensins, lysozymes and histamine. NETs
are large extracellular structures composed of vesicles with proteins that are
scaffolded on decondensed chromatin (e.g. neutrophil elastase,
myeloperoxidase (MPO), and defensins) (61). These trap and Kill
microorganisms, and can regulate inflammatory cytokines directly or indirectly
by modulating other immune cells (62). Neutrophils subsequently undergo cell

death known as NETosis.

In sepsis, apoptosis is delayed. There is upregulation of anti-apoptotic
molecules (e.g. myeloid cell leukaemia (Mcl)-1 and B-cell lymphoma-extra-
large (Bcl-xL) (63)) and downregulation of pro-apoptotic molecules such as
bam, a member of the Bcl2 protein family (64). Pro-inflammatory cytokines
including TNF-a, IL-18, and IL-6 increase GM-CSF production; this in turn
drives production and release of immature neutrophils from the bone marrow.
Release is mediated by increased CXC motif chemokine ligand 1 (CXCL1) and
decreased CXCL12 (65-68). Neutrophils have impaired migration due to
increased [B-integrin expression, reduced L-selectin expression and reduced
chemotactic cell surface markers (e.g. CXCR2) (60, 69, 70). Furthermore,
phagocytosis and the respiratory burst (ROS production) are impaired (65).
These changes reduce the neutrophil’s ability to clear pathogens, thereby
increasing susceptibility to secondary infection (71). There may also be
exaggerated NETosis; NET formation can promote coagulation, vascular

occlusion and thrombosis.

While neutrophils contribute a vital protective role in sepsis, they present
several significant technical challenges making laboratory investigation and
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data interpretation difficult. These include their short lifespan in culture and the
presence of heterogenous circulating neutrophil populations at a given time
(each with differing maturity and functional states). Neutrophils are easily
activated with minimal experimental handling. They also release immunogenic
molecules such as NETs which, in turn, trigger other immune cells in the
absence of a septic stimuli. For these reasons, | have focused my studies

primarily on isolated peripheral blood mononuclear cells (PBMCs).

1.2.2 Monocytes, macrophages and dendritic cells

Monocytes, macrophages and dendritic cells (DCs) are antigen-presenting
cells (APCs) that bridge the innate and adaptive immune responses. On
encountering a pathogen, these cells secrete cytokines and chemokines to
attract other immune cells. They also phagocytose and kill pathogens to
present digested peptides on their MHC Il molecules. They upregulate co-
stimulatory molecules that activate T-helper (Tr) cells. Each cell subtype has
additional distinct roles during an immune response e.g. macrophages are
efficient phagocytes, DCs primarily present to and activate naive T-cells while
monocytes regulate the inflammatory response to limit tissue damage while

assisting in fighting the pathogen.

Monocytes comprise ~5-10% of circulating leukocytes. They are a
heterogenous group of cells differentiated by the cell surface expression of
cluster of differentiation 14 (CD14; a component of the lipopolysaccharide
(LPS) receptor complex) and CD16 (the FcyRIll immunoglobulin receptor).
Classical cells express CD14**CD16~ which constitute 80-90% of monocytes.
Non-classical monocytes express CD14*CD16* and represent up to 10% of
the monocyte population, while intermediate cells express CD14**CD16* and
also represent up to 10%. The biological roles of these subsets overlap and
vary with the classification used. Broadly, classical cells are pro-inflammatory
but also reported to be scavengers that phagocytose unwanted organisms;
non-classical monocytes are involved in anti-inflammatory markers in
response to infections while intermediate cells highly express MHC Il and are
efficient at antigen presentation. Collectively, in the presence of infection,
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monocytes can migrate into tissues and differentiate into macrophages and

DCs, although these can also arise directly from the bone marrow.

Macrophages are a diverse group of cells with tissue-specific functions as well
as circulatory roles (e.g., brain microglia, liver Kupffer cells and skin
Langerhans cells). At these sites macrophages help with clearance of
senescent cells, repair and remodel tissues, and carry out phagocytosis.
Circulatory macrophages are heterogenous and can be polarised into distinct
subpopulations depending on the stimulus involved. M1 or classical
macrophages are pro-inflammatory cells which are induced by IFN-y and LPS,
while anti-inflammatory M2 (alternative) macrophages are induced by IL-4 and
IL-13.

DCs are also heterogeneous populations that arise from both myeloid and
lymphoid haematopoietic lineages (myeloid or plasmacytoid subtypes). These
subtypes have distinct markers that influence their location, migratory
pathways and specific functions. Immature DCs patrol peripheral tissues to
capture pathogens by phagocytosis or pinocytosis. Upon contact with
pathogens, DCs form mature subtypes specialised for antigen processing and
presentation to naive T cells. The maturation of DCs depends on the presence
of infectious or inflammatory stimuli. DCs undergo significant apoptosis in
sepsis and have reduced antigen-presenting capacity (72-74). They also play
a role in inducing T-cell anergy and selectively promote proliferation of T-
regulatory cells via increased TGF-3 (73, 75). These collectively reduce the

immune response in sepsis and increase the risk of mortality.

During sepsis, there is a significant expansion of non-classical monocytes and
M2 macrophages. The exact proportions and phenotypes vary with infection
type, timing and severity. Monocytes and macrophages undergo endotoxin
tolerance, which blunts their ability to release pro-inflammatory cytokines (76-
78). These cells have reduced antigen-presenting capacity and reduced
human leukocyte antigen-DR isotype (HLA-DR) expression (79, 80). HLA-DR
is a cell surface glycoprotein that forms part of the MHC class Il system;
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reduced expression in sepsis is associated with an increased risk of secondary

infection and mortality (81, 82).

1.2.3 Lymphocytes

Lymphocytes represent 20-40% of circulating leukocytes and 99% of cells in
the lymph. There are three main types: B-lymphocytes, T-lymphocytes and
innate lymphoid cells that include natural killer (NK) cells. Lymphocytes
originate from bone-marrow derived progenitors; T-cells develop in the thymus
and B-cells in the bone marrow (in adults) or liver (in the foetus). Lymphocytes
can also be differentiated by cell surface expression of CD markers; these vary
depending on the developmental and activation state of the lymphocyte (e.g.,
CD3 is expressed on T-helper (Th) and T-cytotoxic (Tc) cells, CD19 is
expressed by B-cells and CD56 and CD161 by NK cells). B- and T-
lymphocytes are also identified by expression of antigen-specific receptors

known as B-cell and T-cell receptors, respectively.

The B-cell receptor is a membrane-bound immunoglobulin that binds soluble
and particulate antigens. Each B-cell also expresses up to 300 000 surface
antibodies with unique specificity for particular antigens. B-cells can undergo
somatic hypermutation to increase antigen binding efficiency and produce
antibodies of different functional classes by class switching. When activated
these cells internalise, process and present specific antigens along with co-
stimulatory molecules to T-cells. T-cells produce cytokines that differentiate B-
cells into antibody-producing plasma cells and memory cells. The former
secrete antibodies to opsonise pathogens and increase phagocytosis by

innate cells.

T-lymphocytes consist of two main groups of cells, Tu and Tc, distinguished by
the presence of surface CD4 or CD8 molecules, respectively. Tn cells
recognise antigens in complex with MHC Il while Tc cells recognise antigens
in complex with MHC 1. In both cases T-cell receptors recognise only
processed antigens (e.g. peptides). When activated, T cells differentiate into

lineages including THl, Tn 2, TH17 and T-follicular helper cells. These cells
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produce cytokines that activate macrophages, B and Tc cells. Tc cells directly
destroy infected cells by recognising proteins they either secrete or display on
the cell surface. T-regulatory cells (T-reg cells) are a subset of CD4 T-cells;
these inhibit immune responses and are distinguished by expression of the

transcription factor FoxP3.

During sepsis, lymphocytes undergo profound apoptosis, cellular anergy and
exhaustion. T-cells demonstrate reduced proliferation and cytokine production
and increased programmed death-1 (PD-1) expression; the latter is associated
with nosocomial infections and mortality (66, 83-85). Transcription factors
driving production of TH related cytokines are reduced (e.g., T-bet for Tul cells
and GATA-binding protein 3 for T2 cells) (86-88). Thw17 cytokine response and
differentiation is reduced , the latter due to diminished expression of retinoic
acid receptor related orphan receptor-yt (RORyt) (87) and is associated with
increased secondary fungal infection (89). Immunosuppressive T-regulator

cells are upregulated in sepsis, their Foxp3 expression is reduced (90).

My thesis focuses on PBMCs which consist of monocytes, DCs, lymphocytes
and NK cells. The exact cellular populations vary between individuals and
activation states but generally consist of mostly lymphocytes (70-90%) with a
smaller number of monocytes (10-20%) with minimal DCs (1-2%). This milieu
is ideal as it makes it possible to reliably study the interactions between the
innate and adaptive immune system ex vivo. The cellular yield and viability is
also consistent which means study of phenotype and cell functionality is more

reliable.

1.3 Mitochondria

1.3.1 Mitochondrial physiology

Mitochondria are small organelles (~0.5-3 pym in diameter) that according to
the endosymbiotic theory, are thought to have evolved from a-proteobacteria
(91-93). They consist of two functionally different membranes that create

distinct compartments; an outer semi-permeable membrane and an inner
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impermeable membrane separated by an intermembrane space. This double
membrane encloses the mitochondrial matrix where multiple vital metabolic
reactions including the tricarboxylic acid (TCA) (also known as the Krebs’ or
citric acid) cycle take place (Figure 1.3).

Mitochondrial structure is uniquely suited for production of ATP. In the cytosol
substrates including carbohydrates, fatty acids and proteins are converted to
acetyl coenzyme A (CoA) and/or a-ketoglutarate. These enter the TCA cycle
to produce reduced nicotinamide adenine dinucleotide (NADH) and flavin
adenine dinucleotide (FADH2) which transfer their electrons to the inner
mitochondrial membrane respiratory complexes | and Il, respectively. There
are five respiratory complexes along the inner mitochondrial membrane that
constitute the electron transport chain (ETC). Electrons are transferred via
several redox centres along the ETC to complex IV, where they react with
oxygen to form water. Simultaneously, at complexes I, 1ll and 1V, the electron
motive force generated is converted to a proton motive force that drives
protons into the intermembrane space against their concentration gradient.
This generates a transmembrane potential which is harnessed by complex V
(ATP synthase) to produce ATP from ADP and inorganic phosphate. This

process is known as oxidative phosphorylation (OxPHOS).

In most cell types, mitochondria produce >90% of cellular ATP with the
remainder coming from glycolysis within the cytosol. Under physiological
conditions, small numbers of protons cross back into the mitochondrial matrix,
bypassing complex V and releasing their stored energy as heat; this is known
as proton leak or mitochondrial uncoupling. A significant increase in proton
leak can open the mitochondrial permeability transition pore (mPTP) and this
is associated with cell death. Similarly, electrons can leak at complexes | and
lll, reacting with oxygen to produce reactive oxygen species (ROS). In low
concentrations, ROS plays a role in cellular signalling. However, at high
concentrations these overwhelm endogenous antioxidant defences (e.g. SOD
and catalase) and can cause significant oxidative damage. In addition to ATP

production and cellular signalling, mitochondria also play a pivotal role in other
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processes including intracellular calcium homeostasis, steroidogenesis,

thermoregulation, haem biosynthesis and apoptosis.
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Figure 1.3. lllustration of mitochondrial electron transport chain structure and
function.

There are five enzyme complexes on the inner mitochondrial membrane. Glucose, fats and
amino acids are broken down into electron donors NADH and FADH2. These transfer
electrons via several redox reactions to complex IV which reduces molecular oxygen to form
water. Simultaneously, complexes I, lll and 1V actively pump protons from the mitochondrial
matrix into the intermembrane space. The resultant proton gradient across the inner
membrane drives protons back into the matrix at Complex V. This releases energy which
phosphorylates ADP to ATP.

1.3.2 Mitochondrial genetics and dynamics

Mitochondrial function relies on a complex interaction between nuclear and
mitochondrial genomes. Mitochondria consists of circular double stranded
DNA that is tightly packed with proteins to form nucleoids. This process is
mediated by transcription factors such as mitochondrial transcription factor A
(TFAM). There are approximately 100- 10000 nucleoids per cell, each
containing a copy of mitochondrial DNA (mtDNA) that are inherited maternally
(94). In humans, mitochondrial genome consists of 16 569 base pairs which
encodes 37 genes -13 for components of the OXPHOS machinery, 22 tRNAs
and 2 rRNAs (95). Nuclear DNA encode the majority of mitochondrial proteins
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(~1500 proteins in total); these play a critical role in OxPHOS, mtDNA

replication and mitochondrial distribution within the cell (96).

Mitochondria form an interconnected reticular network that undergoes
continual fission and fusion in response to changes in cellular energy demands
and stress levels. Mitochondrial fusion is the merging of two mitochondria; this
improves bioenergetic efficiency as resources between mitochondria are
shared. Fission is the separation of one mitochondrion into two; this is
associated with increased oxidative stress and mitochondrial depolarisation,
and reduced ATP production. These processes are tightly regulated by
proteins on the inner- and outer- mitochondrial membranes (IMM and OMM
respectively). Fusion is coordinated by mitofusins (MFN-1 and MFN-2) on the
OMM and by optic atrophy-1 (OPA1) on the IMM, while fission is regulated by
recruitment of dynamin 1 like (Drpl) by OMM-related proteins including (FIS1,
MFF, MiD49 and MiD51) (97, 98). In addition, mitochondrial mass is highly
influenced by counteracting processes such as mitophagy and biogenesis.

Mitophagy refers to removal of damaged and depolarised mitochondria via
ubiquitin- or receptor-mediated pathways (99). These target mitochondria to
form autophagosomes that fuse with lysosomes where they are degraded. The
ubiquitin-mediated pathway occurs when the MMP reduces, or in the presence
of mitochondrial proteotoxicity. This involves aggregation of the kinase PINK1
on the OMM; with MMP reduction PINK1 accumulates and phosphorylates the
ubiquitin E3 ligase, Parkin (100, 101). Parkin promotes ubiquitination and
proteasomal degradation prior to engulfment by phagophores. This occurs
during stresses such as hypoxia and involves direct recruitment of
autophagosomes by interaction with mitophagy-related receptors. (97, 102).
Removal of mitochondria is associated with increased biogenesis which is
required for cell growth to produce increased metabolites and energy. This is
coordinated by a combination of nuclear and mitochondrial encoded genes co-
regulated by transcription factors NRF1/2, PPARYy, ERRaq, B, y, and PGC-1a.
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1.3.3 Mitochondria in sepsis

Mitochondria are heavily implicated in the development of multi-organ failure
in sepsis (103). Failing organs shift their energy expenditure from anabolic
functions to maintenance of ionic biochemistry which helps preserve their
histology and retain the potential for recovery; indeed, failed organs show little
evidence of cellular injury/death (45, 104-107). The shift is evidenced by
altered glucose metabolism with increased gluconeogenesis and
hyperlactataemia; these changes result from overstimulation of Na*/K*
ATPase rather than tissue hypoxia (108, 109). There is also a metabolic switch
from OxPHOS to aerobic glycolysis when immune cells are activated, further
contributing to the rise in lactate. These findings suggest a metabolic shutdown

rather than structural damage as a potential underlying mechanism.

Mitochondrial dysfunction may arise from multiple causes including tissue
hypoxia, lack of substrate, oxidative damage, and a reduction in both
expression and activity of mitochondrial complexes I, Ill and IV (110-113).
Muscle biopsies from septic patients demonstrated reduced complex | activity
and ATP production, which was worse in non-survivors (103). Another study
of muscle biopsies from septic patients confirmed these findings and
suggested that mitochondrial mass may additionally be reduced (114). This
may be related to loss of mMtDNA or mtDNA copy number in sepsis, which has
been strongly associated with disease severity and increased mortality (115-
117). Loss of mtDNA may be associated with a compensatory increase in
mitochondrial biogenesis in an attempt to promote cell recovery and survival.
This phenomenon is thought to be mediated by nuclear peroxisome proliferator
activated receptors (PPARS), including PPAR-y and PPAR-6 (110, 118-120).
These induce specific transcriptional coactivators (peroxisome proliferator
activated receptor-y co-activator (PGC)-1a and -1B8) which increase
expression of nuclear respiratory factors (NRF)-1 and -2). These, in turn,
upregulate downstream gene expression including mitochondrial transcription
factor A (TFAM) which promotes replication of mtDNA-encoded genes (121).
PGC-1a is also an inhibitor of mitophagy (122). In muscle biopsies from septic

patients, survivors demonstrated an early increase in PGC-1a expression
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(123). Another study of the muscle cell transcriptome demonstrated
dysregulated mitochondrial genes and transcription factors and genes with

impaired mitochondrial biogenesis (110).

Under physiological conditions dysfunctional mitochondria are selectively
removed by mitophagy through encapsulation and lysosomal degradation. A
study of PBMCs from septic patients showed an increase in PINK1 levels
suggesting increased mitophagy (124). However, an increase in mitophagy
has been associated with mitochondrial recovery in sepsis (125). In a study of
non-surviving septic rabbits, there was reduced autophagy, increased organ
damage and greater mitochondrial respiratory impairment (126). Similarly,
accumulation of damaged mitochondria increases due to defective mitophagy
and/or autophagy with persisting oxidative stress and release of mitochondrial
DAMPs (127).

Mitochondrial DAMPs are features that the mitochondria retain from their
bacterial ancestors. These include cardiolipin, formyl peptides, mitochondrial
circular DNA and 70S ribosomes. When released into the circulation by
damaged cells they behave like PAMPs, triggering immune reactions through
activation of PRRs such as TLR-9 (128). They can promote formation of the
NLRP3 inflammasome which causes release of IL-18 and IL-18, promoting
inflammation (129, 130). Mitochondrial DAMPs have also been associated with
multi-organ dysfunction and a higher risk of mortality (131). Longer exposure,
however, has been associated with suppression of innate immune responses
to subsequent inflammatory stimuli (tolerance) (132). This suggests that
mitochondrial dysfunction may exacerbate both the initial over-exaggerated

inflammatory response and, if sustained, cause immunosuppression.

Studies have also demonstrated that sepsis increases mitochondrial ROS
production (133, 134) leading to decreased ATP production but also
uncoupling (proton leak) and opening of the mitochondrial permeability
transition pore (MPTP) (135-137). These features are associated with organ

failure and worse patient outcomes.
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1.3.4 Mitochondria in immunomodulation

Mitochondria are involved in regulation of immune cell functionality (e.g.
activation, proliferation and differentiation) and survival (138). In terms of ATP
provision, the proportion of oxidative and glycolytic-derived ATP varies
between immune cells and with their activation status. For example,
neutrophils with fewer mitochondria predominantly rely on glycolysis, whereas
monocytes, macrophages and Ilymphocytes utilise oxidative ATP for
housekeeping activities (139). Neutrophil activation, maturation and effector
functions depend on glycolysis, the pentose phosphate pathway and, to a
lesser degree, on oxidative ATP (140). Although glycolysis is not as efficient
as OxPHOS at producing ATP (2 moles from one mole of glucose compared
to 28-30 moles from mitochondrial respiration), it can nonetheless provide

substrates for cell growth, phagocytosis & cytokine production (141).

In monocytes, metabolic pathways are influenced by specific stimuli. For
example, TLR-4 activation upregulates glycolysis and reduces OxPHOS, while
TLR-2 activation increases both glycolysis and OxPHOS (142). At sites of
inflammation with low glucose availability, monocytes upregulate fatty acid
oxidation and thus OxPHOS (143). These metabolic pathways cause an early
rise in oxidative stress which is counteracted by a rise in antioxidant
mechanisms and mitochondrial turnover (144). Such changes are frequently
observed with immunoparalysis during sepsis (144). In macrophages,
activation by endotoxin leads to M1-polarisation and upregulation of aerobic
glycolysis, the pentose phosphate pathway and glutamine metabolism (145,
146). These increase HIF-1a which, in turn, increases production of the pro-
inflammatory IL-1B. By contrast, the M2 phenotype depends on -oxidation-
driven OxPHOS (147). B- and T-lymphocytes upregulate OxPHOS and
glycolysis on activation, thus increasing ROS and mitochondrial mass (148-
152). T-regulatory cells require fatty acid oxidation-fuelled OxPHOS to
differentiate and for effector function.

Evidence of mitochondrial dysfunction in immune cells is seen during sepsis.

One study of leukocyte gene expression patterns in human volunteers injected
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with endotoxin reported a reduction in genes involved in the generation of ETC
complexes I-V, pyruvate dehydrogenase and the coenzymes required for ATP
synthesis by OxPHOS (153). Other studies of septic PBMCs have shown
significant impairment of O2 consumption and ETC complex activities (154),
Impairment of complex V was associated with an increased risk of organ failure
and death (155).

These studies have shown that mitochondrial dysfunction is likely to be a key
factor underlying patient outcomes in sepsis. However, what is less clear is the
extent to which this dysfunction results from iatrogenic causes. Mitochondrial
and/or cellular damage may result as an unintended target of therapies
commonly used in intensive care, including antibiotics, catecholamines and
sedatives. These may exacerbate immune dysfunction in sepsis, worsening
clinical severity and patient outcome. Below is a summary of the clinical
management of sepsis and how drugs used in the management may

contribute to immune and mitochondrial dysfunction.
1.4 Management of sepsis

The management of sepsis is considered a medical emergency so early
recognition and timely intervention are paramount. Despite decades of
research, there is no cure for sepsis; our current management remains
supportive and includes source isolation, appropriate antibiotics to eradicate
the invading pathogen, intravenous fluids and/or vasoactive therapy to support
the circulatory system and restore tissue perfusion, mechanical organ support
such as mechanical ventilation and renal replacement therapy, and blood

products to correct coagulopathy.
1.4.1 Fluid resuscitation

Although essential for the management of septic patients, there has been long-
standing debates about the type, rate and volume of fluid needed, as well as
indicators used to guide fluid resuscitation. Surviving Sepsis Campaign

guidelines (156) suggest giving 30 mL/kg (ideal body weight) of intravenous
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(IV) crystalloid fluid within the first 3 hours. However, liberal fluid administration
with a positive balance in the first 24 hours has been associated with worse
outcome (157). There is no compelling evidence for the use of one crystalloid
over another however colloids, especially hydroxyethyl starches, have been

associated with worse outcomes when given in large quantities.

There is also a lack of compelling evidence to indicate the optimal method for
guiding fluid therapy, however in clinical practice mean arterial pressure
(MAP), central venous O:2 saturation (ScvO2) and lactate are commonly used.
Three large randomised controlled trials (RCTs) demonstrated that early goal-
directed therapy (GDT) aimed at achieving a target ScvO2 >70% using a
combination of IV fluids, vasoactive drugs and blood transfusion was no better
than routine care (158). GDT was more costly and labour intensive. More
information is required about how to optimise fluid resuscitation in sepsis and

prevent iatrogenic harm.

1.4.2 Vasopressor/Inotrope therapy

Vasopressors and/or inotropes are often required to correct hypotension and
restore tissue perfusion. These should be commenced promptly if the patient
does not respond to fluid resuscitation as severity and duration of hypotension
are associated with an increased mortality risk (159). Several vasoactive
agents are available, e.g. catecholamines such as adrenaline (epinephrine)
and noradrenaline (norepinephrine (NE)), vasopressin and angiotensin Il. NE
is currently considered first-line treatment for septic shock, while vasopressin
is recommended to prevent NE dose escalation above moderate levels (160).
NE has a rapid onset, short duration of action and is relatively easy to
administer and titrate. It predominantly acts on a-adrenergic receptors to
induce vasoconstriction, however the subsequent increase in peripheral
vascular resistance may increase cardiac afterload and thereby decrease
cardiac output. At high concentrations, NE can also act on B-adrenoreceptors
to increase myocardial contractility but may cause ischaemia and arrhythmias.
Vasopressin acts on vasopressin receptors in the vasculature (Via) and in

renal tubules (V2) to induce vasoconstriction and increased renal reabsorption
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of water. Values of mean arterial pressure (MAP) 265 mmHg are usually
targeted; lower values are associated with renal impairment while higher
values increase vasopressor-related complications (161). Adrenoreceptor
agonists also have immunomodulatory and bioenergetic effects which are
discussed below. Vasopressin reduces the local circulation to many organs
including the kidneys, liver and heart. These drugs, although often necessary
in the short-term management of sepsis, can cause significant iatrogenic harm

with lasting damage that may worsen prognosis.

1.4.3 Antibiotic therapy

SSC guidelines suggest early administration of antimicrobials, ideally within an
hour of recognition of sepsis. However, this needs to be balanced against
antibiotic-related risks (e.g. cutaneous skin reactions, hepatic and renal
dysfunction, anaphylaxis, blood dyscrasias), induction of anti-microbial
resistance (162), and effects on the gut microbiome (168)). Evidence indicates
that antibiotics also have immunomodulatory effects and that mitochondria
may mediate some of their side effects (discussed below). There is a large
variability in course duration across Europe, however longer courses appear

to provide no additional clinical benefit (163).

1.4.4 Additional therapies

Most critically ill patients with sepsis require oxygen delivered via non-invasive
or invasive mechanical ventilation. The recommended ventilation strategy is to
use low tidal volumes (6 mL/kg ideal body weight) and to maintain inspiratory
plateau pressures below 30 cmH20 to reduce the risk of barotrauma. Invasive
ventilation however requires the use of analgesics (e.g. morphine, fentanyl)
and sedatives (e.g. benzodiazepines, propofol). Neuromuscular blockade
infusions may be required in severe cases of respiratory failure.
Corticosteroids are often used when NE requirements are high as this helps to
reverse hypotension related to endogenous critical illness-induced

corticosteroid insufficiency

40



Additional drugs commonly received by critically ill septic patients include:
stress ulcer prophylaxis (usually a proton pump inhibitor), venous
thromboembolism prophylaxis (with low molecular weight heparin), insulin for
blood glucose management, and nutritional support.

Multiple immunomodulatory therapies have been investigated to date in
sepsis, but none have convincingly demonstrated mortality benefit. Such
strategies include immunosuppressants used to counteract the deleterious
effects of the hyper-inflammatory phase (e.g., TNF-a antagonists, IL-1
receptor antagonists) and agents that modulate inflammation and
coagulopathy (e.g. activated protein C). In recent years attention has been
turned to immune stimulants to reverse sepsis-induced immunosuppression
(e.g., GM-CSF, IL-7, anti-PDL-1 antibody), however these have yet to be
tested in large-scale studies. (84, 164, 165).

The number of drugs used in ICU patient management, often at high doses
given for long durations, and with altered clearance resulting in potentially toxic
levels, increase the likelihood of developing undesired drug interactions and
causing iatrogenic harm. Improved survival is associated with doing less,
including shorter durations of antibiotics, less fluid replacement, lower tidal
volumes and avoidance of polypharmacy. Overuse of broad-spectrum
antibiotics, catecholamines and sedatives have been implicated in iatrogenic
harm (162, 163). These agents have effects on both the immune system and

on mitochondria, as discussed below.

1.5 Commonly used drug classes in sepsis and their

effect on the immune system and mitochondria

1.5.1 Antibiotics

Antibiotics are a cornerstone of sepsis management. Commonly used classes
have differing mechanisms of action including inhibition of bacterial cell wall

synthesis (e.g. B-lactams), nucleic acid synthesis (e.g. quinolones) or protein
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synthesis (e.g. aminoglycosides, macrolides), or alterations of metabolic
functions essential for survival (e.g. sulphonamides). Though antibiotics are
life-saving, they carry a risk of harm including effects on mitochondria and
immune cells (166-170). For mitochondria, this may relate to their bacterial
origin as proposed by the endosymbiotic theory, making them an unintended
target. Potential mechanisms include inhibition of nucleic acid and protein

synthesis and/or transport mechanisms.
1.5.1.1 Aminoglycosides

Aminoglycosides are bactericidal antibiotics (e.g. gentamicin) that act against
gram negative bacteria. This family of amino-modified sugars contain
hydrophilic portions and cationic amine moieties that preferentially bind nucleic
acids due to their negative charge. More specifically, they bind to the
aminoacyl-tRNA site (A site) of 16S ribosomal RNA of the 30S ribosome where
they cause translational errors and assembly of incorrect amino acid products,
or premature termination of protein synthesis (171, 172).

Aminoglycosides-induced nephrotoxicity and ototoxicity may be partially
mediated through mitochondria (173-175). Aminoglycosides act on the
mitochondrial ribosomal A site to activate phosphatidylinositol phospholipase
C and cause a proinflammatory response (176). In renal and sensory hair-cell
mitochondria, aminoglycosides inhibit OXxPHOS and ATP production (14),

increase oxidative damage (177) and induce apoptosis (178-186).

Immunomodulatory effects are conflicting; some suggest an inhibitory effect
on chemotaxis, phagocytosis and bacterial killing, others suggest no change
(166-169). However, no study has yet investigated aminoglycoside effects on

mitochondrial function in immune cells.

1.5.1.2 pg-lactams

B-lactams are bactericidal antibiotics that consist of five categories: the

penams (e.g. penicillins, ampicillin), penems (e.g. faropenem), carbapenems
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(e.g. meropenem, imipenem), cephems (e.g. cephalosporins), and
monobactams (e.g. aztreonam). All consist of an azetidinone nucleus with a
cyclic amide and a carbonyl beta lactam, forming a four-membered beta-
lactam ring (187). These inhibit bacterial cell wall synthesis by binding and
acetylating transpeptidase enzymes to disrupt peptidoglycan cross-linking
(188). As peptidoglycans surround and strengthen the bacterial cell

membrane, their absence makes the bacterium susceptible to osmotic lysis.

B-lactams have immunomodulatory functions in hypersensitivity reactions
(189-191), cancer (192, 193) and infection (194-200), though evidence for the
latter is conflicting. B-lactams kill bacteria and release by-products into the
circulation that can activate the immune system. The evidence base on their
impact on chemotaxis, phagocytosis and cytokine production is conflicting.
Increased, decreased and no effect are reported for chemotaxis (194-200).
Similarly, phagocytosis may be upregulated (201-206), downregulated (196,
207, 208) or unaffected (198, 209, 210). Cytokine production has also been
suggested to be increased (207, 211), decreased (196) or unaffected (212)
depending on the study in question. B-lactams reduce neutrophil production
and may variably affect the respiratory burst (213, 214). They reduce

lymphocyte proliferation but do not affect effector functions (215).

There remains scarcity of evidence for B-lactam effects on immune cell
mitochondria. Most studies have been undertaken in hepatic or renal
mitochondria where B-lactams impair mitochondrial anionic substrate transport
(e.g., glutamate and malate) (216, 217) and affect p-oxidation and the TCA
cycle (218). In the liver, B-lactams increase oxidative damage, open the mPTP

and induce apoptosis (219).
1.5.1.3 Glycopeptides
Glycopeptides are bactericidal antibiotics that are glycosylated cyclic or

polycyclic peptides synthesized non-ribosomally, and were originally isolated
from soil Actinomyces. Semi-synthetic, second-generation glycopeptides

43



include oritavancin and dalbavancin. These act by binding to the terminal D-
Ala-D-Ala moiety of peptidoglycan precursors, sequestering the substrate and
preventing penicillin-binding proteins from cross-linking them into mature
peptidoglycans (220). This compromises cell wall integrity in a similar manner

to 3-lactams, leading to osmotic lysis.

Glycopeptides cause adverse reactions via mast cell degranulation (221-226),
neutropenia and destruction of gut microbiota (227-231). At therapeutic
concentrations glycopeptides do not affect chemotaxis, adherence nor
phagocytosis of neutrophils (168, 229, 232-235). At higher concentrations,
however, they inhibit all three (236). Reports on cytokine release are conflicting

with both an increase (15) and decrease (237) having been reported.

Effects of glycopeptide on immune cell mitochondria are unreported.
Glycopeptides may however induce nephrotoxicity by causing mitochondrial
dysfunction through oxidative damage, impairing complex activity and
reducing ATP production (238-240).

1.5.1.4 Macrolides

These consist of a macrocyclic lactone ring with 214 members attached to one
or more sugar moieties by glycosidic bonds (241-243). Erythromycin, the first
clinically relevant macrolide, contains 14 members as does clarithromycin,
whereas azithromycin is 15-membered (241). This antibiotic class acts by
reversibly binding to domain V of 23S ribosomal RNA of the 50s subunit of the
bacterial ribosome, blocking translocation of peptidyl tRNA and thereby
inhibiting bacterial protein synthesis.

Macrolides are often considered anti-inflammatory, diminishing accumulation
of leukocytes, particularly neutrophils, by reducing chemokine release (e.g. IL-
8, LTB-4 and IL-B) (244-248). They also inhibit cytokines and neutrophil
elastase production and NADPH oxidase activity (249-260). In vitro
experiments show that macrolides blunt cytokine production (261-264) and

reduce immune cells recruitment to the site of injury (265). However, contrary
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data report that macrolides have no effect or increase chemotaxis (266-271),
cytokine release and phagocytosis (272-276), or, alternatively, decrease
phagocytosis (277-279) and the oxidative burst (280-282).

There are no studies on the effects of macrolides on mitochondria in immune
cells, however in other tissues increases in complex activity (I and IIl), O2

consumption and ATP synthesis have been reported (283, 284).

1.5.1.5 Quinolones

Quinolones target both Gram-positive and Gram-negative bacteria by
inhibiting nucleic acid synthesis via inhibition of topoisomerase-ll,
topoisomerase-IV and DNA gyrase (285, 286). This induces DNA breakages
resulting in bacterial death. The first quinolone was isolated in the 1960s and
several generations have been developed since, e.g. oxolinic acid (first-
generation), ciprofloxacin and ofloxacin (second-generation), and levofloxacin

and moxifloxacin (third generation).

Quinolones can induce hypersensitivity reactions (287-290) and destroy the
gut microbiota (291, 292). They suppress pro-inflammatory cytokines (11, 293-
307), but not chemotaxis nor phagocytosis except at very high concentrations
(308-311). Conflicting studies show that ciprofloxacin may increase
phagocytosis and killing of microorganisms (312, 313). In lymphocytes,
quinolones inhibit proliferation by upregulating Fas Ligand, caspases-8 and -3
activity (314, 315).

In mitochondria, quinolones target and inhibit topoisomerase enzymes which
prevent mtDNA replication (316, 317). Ciprofloxacin inhibits the ETC and
decreases mitochondrial membrane potential (318, 319). Beneficial effects of
guinolones have been shown in several cancers (e.g. colorectal (320, 321),
breast (322) and lung (323)) via actions on mitochondria. Precise mechanisms

remain uncertain.
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1.5.1.6 Oxazolidinones

The newest class of antibiotics that is used for skin and respiratory tract
infections caused by Gram-positive organisms (324). They bind the 50S
ribosomal subunit to inhibit formation of the 70S initiation complex, resulting in
inhibition of bacterial protein synthesis. Oxazolidinones are associated with
myelosuppression due to impaired mitochondrial protein synthesis and
complex activity (325-328). Prolonged use may cause lactic acidosis by
impairing mitochondrial bioenergetics (329-331). Data on oxazolidinone-
mediated immune dysfunction are conflicting, either reducing (332-340) or

having no effect on cytokine production and phagocytosis (341-343).

The variably reported immunomodulatory effects of each antibiotic classes
may result from differences in research methodology (e.g., dosing, techniques,
timing, cell types used and patient characteristics), and but also may be due
to generational differences in the antibiotic class. There is limited evidence on
the effects of antibiotics on immune cell mitochondria. However, as
mitochondrial dysfunction is strongly linked to immune dysregulation in sepsis,
this merits further investigation given the potential for significant iatrogenic

harm if therapeutic agents are not used appropriately.

1.5.2 Catecholamines

Catecholamines noradrenaline (norepinephrine, NE) and adrenaline
(epinephrine) are produced endogenously from phenylalanine via a series of
hydroxylation and decarboxylation reactions (344). They are mainly released
from chromaffin cells in the adrenal medulla or in post-ganglionic fibres in
sympathetic nerves (345). Catecholamines variably activate o- and pB-
adrenoceptors and dopaminergic receptors, which collectively orchestrate a
‘fight or flight’ response to stress. The half-life of catecholamines is short due
to re-uptake into nerve terminals, diffusion into extracellular fluid or metabolism
by various enzymes (e.g. monoamine oxidases and catechol O-

methyltransferases). Synthetic forms of norepinephrine and epinephrine are
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routinely used in septic patients, however these drugs also impact on immune

cell and mitochondrial functionality, as discussed below.

1.5.2.1 Catecholamines and immune function

The catecholamines have immunomodulatory effects mediated by
adrenoceptors and dopaminergic receptors. pz2-adrenoceptors are most
commonly expressed on immune cells (346-352) which can synthesise, store
(353-356) and metabolise (357, 358) catecholamines. p2-adrenoceptor
activation via cAMP-PKA signal transduction reduces production of pro-
inflammatory cytokines (e.g. TNF-a, IL-6, IL-1B) and increases anti-
inflammatory cytokines (e.g. IL-10) (359-365). B2-adrenoceptor activation also
inhibits chemotaxis, phagocytosis and the respiratory burst in neutrophils, and
phagocytosis in macrophages in vitro (366-369). fz-adrenoreceptor activation
supresses T-cell proliferation (354, 370) and shifts the Tnl/Tn2 balance
towards Tn2 polarisation in monocytes and DCs (371-374). a-adrenoreceptors
have pro-inflammatory actions by activating NF-kB, which increase cytokines

in monocytes in vitro (375-377).

1.5.2.2 Catecholamines and mitochondria

The relationship between catecholamines and mitochondria is bidirectional.
Mitochondria can influence the uptake (378), release (379, 380) and function
of catecholamines (381), however data are conflicting. This may be explained
by differences in methodology (e.g., source of sepsis, cells/tissues
investigated, timings and concentrations of catecholamines used), limiting the
applicability of the findings to clinical settings where lower concentrations of

catecholamines are used.

There is limited evidence of the role of catecholamines on immune cell
mitochondria in sepsis. Within the context of stress, catecholamines affect
mitochondrial metabolism by promoting release of reserved energy substrates

to increase OxPHOS (382). Catecholamines also increase lipolysis and
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glycogenolysis and suppress glycolysis thereby modulating substrate
availability to mitochondria (382). However, in primary human monocytes, NE
(1 mM) reduced oxygen consumption and ROS production (383). In rat liver
mitochondria, epinephrine (0.1 mg/100 g body weight for 6 days) increased
maximal aerobic respiratory capacity and oxidative damage (384) while
dopamine (0.01-1 ug/ml) and dobutamine (0.01-1 ug/ml) increased fatty acid
oxidation (385). In some septic pig models, dopamine and NE increased
mitochondrial respiratory efficiency (386, 387), while in another study NE had
no effect (388). In rat brain mitochondria, dopamine (100 and 200uM, after 10
mins) reduced mitochondrial swelling, increased cytochrome c release and
ROS production (389-391).

There are limited in vivo data on catecholamine-induced mitochondrial
dysfunction in sepsis. In one study, skeletal muscle biopsies from NE-treated
patients showed impaired complex I, ATP production and anti-oxidant capacity
(103). Studies in PBMCs from septic patients treated with NE showed impaired
ATP synthase activity (155), reduced Oz consumption (392) and increased
mitochondrial uncoupling (136). Thus, catecholamines likely influence immune
cell and mitochondrial function, however more studies are required to fully
elucidate these effects, particularly at pharmacologically relevant

concentrations.

1.5.3 Sedatives

Sedatives are routinely used in ICU patients requiring mechanical ventilation
to provide patient comfort and to facilitate synchronisation of breathing with the
ventilator. Commonly used classes of drugs include opiates (e.g. morphine,
fentanyl), benzodiazepines (e.g. midazolam) and propofol. All of these agents
have immunomodulatory effects in vitro, however their impact in sepsis has
not been specifically addressed (393). For the purpose of this thesis my focus
will be on propofol as it is one of the most frequently used sedatives where

relevant findings have the potential to significantly contribute to sepsis care.
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Propofol (2,6 diisopropylphenyl) is an intravenous anaesthetic agent used
commonly for induction and maintenance of anaesthesia due to its favourable
pharmacokinetic profile, rapid onset and short duration of action. It is highly
lipophilic and is found as an intralipid-based emulsion consisting of soybean
oil (100 mg/mL), glycerol (22.5 mg/mL), egg lecithin (12 mg/mL) and EDTA
0.005% (394). Propofol potentiates GABAA receptors to increase chloride

currents and hyperpolarise membranes.

1.5.3.1 Propofol and Immunomodulation

GABA receptors and components necessary for GABAnergic responses are
variably present on immune cells depending on their activation states (395-
397). Activation of GABA receptors has both pro- and anti-inflammatory activity
in PBMCs (398). In vivo studies report propofol to have beneficial effects on
infection rates, cancer recurrence and mortality (399, 400). However, these
may be multifactorial as the effect of propofol has not been studied in isolation.
The vast majority of conclusions are reached from in vitro studies which are

often conflicting and not easily applicable to clinical settings.

At clinically relevant concentrations, propofol had minimal effect on PBMC
proliferation (401, 402), but at high concentrations it suppresses T-cell
proliferation in vitro (403). In elective surgery patients, propofol increased T-
and B-lymphocyte counts but reduced NK cell counts (404, 405). In a murine
MRSA-infected kidney model, propofol reduced immune effector cells at the
infection site (406) and increased abscess formation (407). In murine liver,
repeated propofol exposure reduced CD4* T-cell counts by increasing
apoptosis but did not affect cytokine production (408). Reports of the effect of
propofol on cytokine production are conflicting (409-412); most suggest that
propofol reduces production (413, 414) by downregulation of p38 (415), ERK
1/2 (416) or NF-kB (417). Several in vitro studies have shown that propofol
does not affect granulocyte recruitment or phagocytosis (418-421). Opposing
studies have however shown that propofol reduces phagocytosis and the
respiratory oxidative burst via GABAAa receptor activation, mitochondrial
dysfunction or by an effect on cell membranes (422-432). In vivo studies of
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patients undergoing elective surgery all showed reduced phagocytosis and

killing capacity after propofol exposure (433-435).

1.5.3.2 Propofol and mitochondria

Mitochondrial dysfunction may be the mechanism by which propofol causes
immune dysregulation. In macrophages, but not in PBMCs, propofol increased
mitochondrial ROS production, NLRP3 inflammasome activation and caspase-
mediated apoptosis. (436). In a RAW 264.7 monocyte/macrophage cell line,
propofol reduced mitochondrial membrane potential but did not affect complex
activity (437). In lymphocytes, propofol did not affect mitochondrial ROS

production nor glutathione stores (438).

In myocardium (439, 440), brain (441) and hepatocytes (442-444) propofol
was protective against oxidative injury. In a human neuroblastoma cell line
(SH-SY5Y) and in primary neurons, propofol attenuated mitochondrial
oxidative damage by reducing ROS-mediated calcium release from the
endoplasmic reticulum (445, 446). In a H9C2 cardiomyocyte cell line and in rat
cardiomyocytes, propofol reduced the H20:-related increase in caspase
activity by reducing ROS production and restoring antioxidant stores (447-
449). However, high doses of propofol in SH-SY5Y, HeLa and myoblast
(C2C12) cells impaired complex (I-11l) activity, increased ROS production and
reduced mtDNA production (450, 451). In neuronal stem cells, propofol caused
mitochondrial vacuolisation and swelling, and reduced mitochondrial
membrane potential by downregulating Parkinl protein (452). There is also
some evidence in cardiomyocytes, human skeletal muscle, HeLa and T67 cell

lines to suggest that propofol impairs mitochondrial complex activity (453-455).

Propofol also causes mitochondrial dysfunction in vivo. In the most extreme
form, this manifests as the ‘propofol infusion syndrome’ where high doses lead
to hyperlactataemia, metabolic acidosis, rhabdomyolysis, renal impairment,
hepatomegaly, and cardiac arrhythmias (456). This is more common in
patients with mitochondrial disorders (457). In animal studies, propofol affected

neuronal mitochondrial membrane potential, mitochondrial DNA, intracellular
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calcium homeostasis and caspase-3 and -9 activity (458-460). In studies of

elective surgery, propofol impaired mitochondrial complex activity (461, 462).

1.5.4 Summary

Antibiotics, catecholamines and sedatives have immunomodulatory effects
and can alter mitochondrial function, however this is not consistent across the
drug groups. Further investigation is required, particularly in septic patient
populations, so that the underlying mechanisms and preventative measures

can be elucidated.

Table 1.3. The pharmacokinetics of ciprofloxacin, NE and propofol

Mechanism of
action

Ciprofloxacin

Inhibits bacterial
topoisomerases Il and
IV which inhibit DNA
supercoiling and so
replication.

200-750 mg BD, serum
concentration is 6.3—6.5

Norepinephrine

Stimulates mainly
a1-AR but also B-Ars
at higher
concentration

Propofol
Potentiates GABAA
receptor to increase
chloride current, and
inhibits NMDA and
mu opioid receptors.

Dose in 1-2 mg/kg for
humans mg/mL after 200 mg 0.05-0.5 pg/kg/min. anaesthesia and 0.3-
(mg/kg) dose PO, and 0.87 and 4 mg/kg for sedation.
0.1mg/mL1land2h
later respectively.
Molecular 331.34 169.18 178.27
weight
pH 3-3-4.6 3.5-4 6-8.5
pKa 6-8.8 8.8-9.5 11
Protein binding
(%) 20-30 98
Plasma half life | 3-4 hours 2 minutes 2-10 minutes
Volume of
distribution 2-3 0.09-0.4 4-15
(L/kg)
Clearance
(ml/kg/min) 49 80-60
Elimination 4.5 5.12
half- life (h)
By mitochondrial
Hepatic metabolism but | monoamine Mostly hepatic; 40%
: 40-70% may be oxidases in liver, conjugated to
Metabolism

excreted unchanged in
urine

kidney and brain,
and cytoplasmic
catechol O-methyl
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glucuronide and 60%
metabolised to quinol



transferase. 5%
excreted unchanged

Largely inactive, Inactive,
desethyleneciprofloxacin | vanillylmandelic acid

Metabolites sulfociprofloxacin, or 3-methoxy 4- Inactive
oxociprofloxacin, N- hydroxymandelic
formylciprofloxacin acids

References (463-466) (467) (467-470)
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1.6 Hypothesis and Aims

1.6.1 Hypothesis

Antibiotics, vasoactive drugs and sedatives have a cumulative effect on the
suppression of immune cell functionality induced by sepsis. This is modulated

through their effects on immune cell mitochondrial functionality.
1.6.2 Aims

To assess the impact, alone and in combination, of ciprofloxacin,

norepinephrine and propofol on the following:

(1) Immune function in PBMCs from healthy volunteers in the presence and

absence of a septic stimulus.

(i) Mitochondrial function in PBMCs from healthy volunteers in the

presence and absence of a septic stimulus.

(i) Immune and mitochondrial dysfunction in PBMCs isolated from

potentially septic and septic patients.
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chapter2 - Materials and Methods

This chapter describes the materials and methods used to generate the data
presented in this thesis. Methods include flow cytometry, enzyme-linked
immunosorbent assays, Seahorse respirometry and the NanoString nCounter
gene expression system. Details of the suppliers of the reagents, consumables
and equipment have been included. The chapter finishes with a description
and rationale of the statistical tests used for analysis.

2.1 Human subjects

All human experiments were performed in accordance with the Declaration of
Helsinki. Those involving patients were approved by the University College
London (UCL)/UCL Hospitals Joint Research Ethics Committee (Gentian
study, IRAS number: 266594). All subjects provided informed written consent,
prior to sample sampling, or next-of-kin/representative agreement and
retrospective consent if lacking competency. Whole blood and serum samples
were obtained from patients presenting to the Emergency Department (ED)
with potential infection or sepsis, and those being managed in the ICU with a
diagnosis of sepsis. Patients were excluded if they were aged below 18 years,
had severe anaemia, were treated with palliative intent, or had poor vascular
access. A single sample of ~20 mL of blood was obtained at the same time as
a clinically indicated blood culture, and collected into various pre-filled tubes.
These include a BD Vacutainer® serum separating tube for a serum sample
and two BD Vacutainer® CPT™ Cell Preparation Tubes (CPT).

Whole blood was also obtained from healthy control subjects recruited from
staff and students at the Bloomsbury Institute of Intensive Care Medicine, with
ethics approval obtained from UCL. Healthy control subjects were excluded if
they had a medical history of any chronic inflammatory or immunosuppressive
disease, recent immunisation, allergies, or were taking regular medications
including steroids, paracetamol, non-steroidal anti-inflammatory medications

or antibiotics. Volunteers were advised to avoid heavy exercise or alcohol
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intake in the 48 hours prior. Twenty mL of whole blood was collected into a
syringe that was heparinised (10 units/ml) to prevent sample coagulation prior

to processing.
2.2 PBMC Isolation

Leukocytes can be separated into sub-populations using multiple techniques
such as density gradient centrifugation or using cell surface markers. These
techniques maximise yield, viability and functionality while ensuring high-
throughput and consistency. Density gradient centrifugation uses the size and
mass of molecules in a mixture to separate the sample into multiple layers with
the heaviest molecules at the bottom and the lightest at the top. Cell surface
markers can positively select for a sub-population of interest using
fluorescence-activated cell sorting, or by negative selection of cells isolated
after removal of other populations using antibody-bound magnetic selection

beads.

In this work, | used density gradient centrifugation to isolate PBMCs as this
was less likely to prematurely activate cells and produce off-target effects. This
was performed using Ficoll® Paque Plus solution (Sigma Aldrich) or BD
Vacutainer® CPT™ Cell Preparation Tubes (BD Bioscience); both methods
were used with equal efficacy and are described below. PBMCs were chosen
as the sub-population of interest as these consist of both innate and adaptive
immune cells, they remain viable in tissue culture for over 24 hours, and enable
study of relationship between cell populations. Neutrophils were excluded as
they undergo apoptosis from 6 hours onwards and may release NETs which

then activate other immune cells and which may confound results.

2.2.1 Density gradient centrifugation with Ficoll® Paque Plus

solution

Peripheral blood samples from healthy controls were diluted with Dulbecco’s

Ca?*/Mg?* free phosphate buffered saline (PBS, Thermofisher) in a 1:2 ratio.
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Thirty mL was layered on 15 mL of Ficoll® Paque Plus solution in a 50 mL
Falcon tube and then centrifuged at 1400 rpm for 30 minutes at room
temperature (RT) with no brake on deceleration. The resulting PBMC layer
was transferred into a fresh 50 mL Falcon tube using a sterile pipette and
washed three times with Ca?*/Mg?*-free PBS followed by centrifugation at
1400 rpm for 7 minutes at RT (Figure 2.1). Isolated PBMC live cell count and
percentage cell viability were counted using the vital dye exclusion method.
Cells were resuspended in media and 10 pL mixed in a 1:1 ratio with 0.4%
trypan blue (Sigma) dye. This cell/dye mixture was added to a cell counting
chamber and measured by a Countess™ automated cell counter (Invitrogen).
This method was used for healthy volunteer samples as it is reliable and
consistently produced a high yield of viable PBMCs. It was unsuitable for

patient samples due to clinical delays which postponing sample processing.

—— Plasma

—— PBMCs

— Ficoll-Paque

Erythrocytes and PMNs

Figure 2.1. PBMC isolation by density gradient centrifugation with Ficoll® Paque
Plus (471).

2.2.2 Density gradient centrifugation with BD Vacutainer®
CPT™ Tubes

Peripheral blood samples from patients were collected and transferred into BD
Vacutainer® CPT™ tubes. PBMCs isolated were comparable in phenotype and
function with those obtained using Ficoll® Paque Plus solution. Two CPT™
tubes were filled with 8 mL of whole blood and centrifuged at 15009 for 15
minutes at RT. The resulting PBMC layer was then transferred into a fresh 50

mL Falcon tube, washed three times and counted as above.
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2.3 Tissue culture

PBMCs were cultured in a Containment Level 2 laboratory using an aseptic
technique within a tissue culture hood with a laminar flow unit. All reagents and
plasticware used for tissue culture were bought pre-sterilised and opened in
the tissue culture hood. Media used for tissue culture were warmed to RT
before use, while the incubator was set to 37°C with 5% CO2. Dulbecco's
Modified Eagle Medium (DMEM, Sigma Aldrich) with no phenol red, pyruvate
or HEPES but containing L-glutamine and glucose (4.5 g/L) was used as the
media of choice. All experimental conditions were supplemented with 10%
Foetal Bovine Serum (FBS, Thermofisher); in patient samples from ICU and
ED, 10% serum from the respective patient was additionally added.
Separately, a set of healthy volunteer samples was also incubated with 10%
pooled septic serum obtained from the ICU patients. The 10% value was

chosen following extensive optimisation work carried out by my host lab.

Approximately 100 000 PBMCs in 100 pL per well were seeded in Nunc™ 96-
well, Nunclon delta-treated, flat-bottom microplates (Thermofisher). The cells
were then incubated with ciprofloxacin (100 pg/mL), propofol (50 pg/mL), NE
(20 pg/mL), or all three drugs combined, in the presence or absence of K.
pneumoniae endotoxin (LPS; Thermofisher) (100 ng/mL) for 6 or 24 hours.
These drugs were chosen due to their common use ICUs, availability, relative
stability in cell culture, and the relative consistency of their effects on the
immune system and mitochondria compared to other drugs. Concentrations
were chosen following a literature review of concentrations representative of
therapeutic drug levels, and following preliminary optimisation experiments
involving high, medium and low doses. These concentrations correspond to
the higher end of normal doses used in clinical practice while remaining

physiologically relevant.

At 6 and 24 hours, cytokines were measured in the supernatant using enzyme-

linked immunosorbent assays (ELISAs). Phagocytosis and mitochondrial
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functions were assessed using flow cytometry, and mitochondrial respiratory

function was measured by respirometry (Seahorse XF96).
2.4 Single-analyte ELISAs

The concentration of the proinflammatory cytokines TNF-a and IL-6, and the
anti-inflammatory IL-10 were measured in cell culture supernatants after 24
hours of incubation with the drugs of interest (alone or in combination) in the
presence of LPS. Initial optimisation experiments showed minimal cytokine
production after 6 hours’ incubation. No cytokines were produced in the
healthy samples with no LPS at either 6 or 24 hours. As a result, the 24-hour
timepoint was chosen to allow maximal cytokine accumulation. All samples
except control samples included LPS. Cytokines were determined using
commercially available ELISA kits (e.g., Human Duoset® ELISA kits, R&D
Systems). These were performed according to the manufacturer’s protocol and

validated by running standard curves in duplicates for each experiment.

Experiments were optimised by testing various dilutions of sample for each
cytokine to identify a dilution that provided consistency of results and avoided
the extremes of the standard curve (e.g., no dilution, 1:10 and 1:100). The
dilution varied with the sample type; for healthy volunteers, the dilution used
was 1:10 for TNF-q, and IL-6, and 1:1 for IL-10. For patient samples and for
healthy volunteers with pooled septic serum, a dilution of 1:100 was used for
TNF-a and IL-6, and 1:10 for IL-10. For septic patient serum samples, a
dilution of 1:100 was used. The standard curve for each cytokine was produced

by serial dilutions of the standard solution as per protocol (Table 2.1).

These kits use the ‘sandwich’ principle where Pierce™ 96 well ELISA plates
(Thermofisher) were prepared by coating them with capture antibody
overnight. These were then washed three times with wash buffer (0.05%
Tween®20 in PBS). Non-specific binding was blocked by incubation with
reagent diluent containing 1% BSA in PBS for a minimum of 1 hour. The plates
were washed again three times with wash buffer and sample supernatants

added in duplicates to the plates, along with standards of known concentration
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and blank wells as per protocol. These were incubated for 2 hours and
subsequently washed three times. Following this, detection antibody diluted in
reagent diluent was added for 2 hours. After washing, a streptavidin
horseradish peroxidase solution was added for 20 minutes in the dark, before
a final wash and the addition of the 3,3’,5,5’-tetramethylbenzidine substrate
solution. This colorimetric reaction was stopped after 20 minutes by the

addition of 2N sulphuric acid stop solution. All steps were carried out at RT.

A SpectroStar® Nano plate reader (BMG Labtech, Germany) was used to
measure the optical density (OD) at 450 nm for each sample. MARS data
analysis software was used to provide the OD values. GraphPad Prism
(Version 9.3.1 for macOS, GraphPad Software, La Jolla, CA, USA, 2021) was
used to produce a four-parameter logistic curve from the OD values of the
reference standards (Table 1.4), which was subsequently used to determine
the concentration of each cytokine.

Table 2.1. Summary of range of detectable concentrations for the Human Duoset®
ELISA kits used to detect cytokines released by PBMCs.

Cytokine Range of detectable concentrations Catalogue no.
IL-6 9.38- 600 pg/ml DY206

IL-10 31.3- 2000 pg/mi DY217B
TNF-«a 15.6- 1000 pg/ml DY210-15

2.5 Flow cytometry

2.5.1 Principles of flow cytometry

Flow cytometry is a laser-based technique that enables rapid multi-parameter
analysis of vast numbers of cells at a single-cell level (e.g. expression of cell
surface and intracellular molecules, cell characterisation in a heterogeneous
mixture or purity in isolated populations, as well as cell size, granularity and
volume). Flow cytometry consists of three main components: fluidics which

transport cells through the instrument, lasers to excite fluorochromes and
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optics to detect fluorescence emission, and electronics to convert optical into
digital signals that are processed and displayed by a computer. The flow

cytometer used can simultaneously measure ~15-20 parameters.

2.5.1.1 Fluidics

This is responsible for transporting cells to the interrogation point in a single
file so that the fluorochrome-conjugated antibodies on the cells can be
optimally excited by the lasers. The single file of cells is produced by
hydrodynamic focussing of two streams of fluid with the sample stream at
higher pressure compared to the sheath fluid which is at lower pressure. This
generates a laminar flow which, in turn, aligns cells singularly along the flow
cell. Flow rates can be adjusted according to user needs, e.g. for
immunophenotyping higher flow rates are required, while slower flow rates are
used for analysis of DNA content. The fluidics system must be kept free of air

bubbles and debris, and should be maintained at an optimum pressure.

2.5.1.2 Optics

The optics system consists of laser beams to scatter light in forward (FS) and
side (SS) directions. The laser beam is coherent and monochromatic which
allows excitation of the fluorochrome-conjugated antibodies on cells by specific
wavelengths. Common excitation lasers include: ultraviolet (350 nm), violet
(405 nm), blue (488 nm), yellow-green (561 nm) and red (640 nm). The system
also has lenses, filters and mirrors that detect scattered and emitted
fluorescent light, separates them into specific wavelengths, and directs them
towards relevant detectors. Suitable filters (long, short or band pass filters) are

positioned so that an optical detector can detect a specific fluorochrome.

2.5.1.3 Electronics

There are multiple photodetectors (e.g., photodiodes or photomultiplier tubes)
which digitally convert the light scattered or fluorescence emitted into data
points. This is amplified and displayed as flow dot plots on the computer.
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Figure 2.2. Main components of flow cytometry (472).

2.5.2 Antibodies used

Working dilutions of each antibody were established by titration and
assessment of expression of cell surface markers on the PBMCs. Information
on specific antibodies used in this thesis is shown in Table 2.2. This includes
the fluorescent conjugate, clone, manufacturer and final concentrations used.
All antibodies used were directly conjugated. Panels were designed using
FluoroFinder® software online, which considered the spectral overlap between
the markers of interest and suggested the brightest fluorochrome depending

on the relative expression of the molecule of interest on the target population.

2.5.2.1 Cell surface staining

Cells were stained after 6 or 24 hours of incubation with the drugs of interest
+ LPS. Staining was carried out in flat-bottom 96-well culture plates for
convenience and to prevent inadvertent stimulation of cells. A master mix of
antibodies was produced at relevant concentrations and this was sequentially
added to the appropriate wells. Single stains were prepared for CD14/CD16
for identification of monocytes (Miltenyi Biotech, Viogreen), CD3/CD19
(Biolegend, BV421) for identification of lymphocytes, and anti-HLA-DR
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antibody (Biolegend, BV711) by the addition of 0.5 pL of each antibody to 100
uL of PBMC sample. Annexin V (Biolegend, APC) and LD Near InfraRed (NIR)
(Thermofisher, APC Cy7) single stains were prepared as stated in the cell
viability section below. These studies did not distinguish between
subpopulations of monocytes and lymphocytes to avoid presence of large

spectral overlap with mitochondrial dyes.

Cells were prepared by firstly adding L/D NIR in a 1/1000 dilution in Ca?*/Mg?*
free PBS before incubating for 30 minutes at RT in the dark. Followed this, a
‘master mix’ containing anti-human CD14, CD16, CD3 and CD19 antibodies
and annexin V (0.5 pL of each antibody/100 pL of sample) was produced.
Samples were mixed with antibody solution by pipetting up and down and then
incubated for 15 minutes at RT in the dark. They were protected from light
throughout the staining process. Following staining with the master mix, cells
were then stained for specific immune or mitochondrial markers of interest as

below. Cells were not fixed as mitochondrial studies require fresh cells.

2.5.2.2 Cell viability using flow cytometry

Cell viability was determined using Live/Dead NIR and annexin V was used to
exclude apoptotic and necrotic cells. Single stain controls were prepared by
incubating PBMCs on a heat block at 60°C for 15 mins to induce cell death.
These were mixed with cells that had not undergone cell death and were either
stained with. Live/Dead NIR was added at 1/1000 dilution in Ca?*/Mg?* free
PBS and incubated for 30 mins at RT in the dark. Similarly, 0.5 pL of annexin
V was added to the 100 pL sample and incubated for 15 minutes at RT in the
dark.

2.5.2.3 Phagocytosis by flow cytometry
Phagocytosis was determined using pHrodo™ Red E Coli BioParticles™

conjugate (Thermofisher). This is a pH sensitive dye that does not fluoresce

outside cells where the pH is 7.4. Once immune cells recognise the conjugated
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E. coli and endocytose and/or phagocytose the dye, the local pH changes to

~4 which brightly fluoresces the dye.

Negative controls were prepared by addition of cytochalasin D (Gibco) to the
relevant sample at a final concentration of 10 uM, and then incubated at 37°C
for 60 mins. Cytochalasin D is a cell-permeable fungal toxin that binds to actin
filaments to inhibit actin polymerization; this is required for phagocytosis and
endocytosis. After 60 mins, pHrodo™ was added to all relevant samples
including negative controls, at a final concentration of 100 pg/ml and incubated
at RT for 60-90 mins. All samples were then diluted in 300 pL of cell stain buffer

prior to analysis by flow cytometry.

2.5.2.4 HLA-DR expression

HLA-DR, a component of the MHC Il receptor is found on the cell surface of
antigen-presenting cells and on T-lymphocytes. HLA-DR expression was
demonstrated on cells using anti-HLA-DR antibody (Biolegend, BV711).
Approximately 1 pL per 100 pL of sample was added to the master mix
described above. Single stain controls were used to determine HLA-DR

positive and negative populations in each experiment.

2.5.2.5 Mitochondrial membrane potential

This was measured using tetramethyl-rhodamine methyl ester (TMRM,
Thermofisher), a lipophilic, cationic, fluorescent dye that accumulates in the
negatively charged mitochondrial membrane. It distributes according to the
mitochondrial membrane potential (MMP); a more negative potential
accumulates more dye that is manifest by a higher mean fluorescence intensity
(MFI). TMRM can be used for non-quenching (0.5 to 30 nM) and quenching
(>50 nM to 1 uM) studies (473). In non-quenching mode, TMRM fluorescence
is directly proportional to dye concentration, allowing estimation of the MMP.
In quenching mode, TMRM accumulates in the mitochondrial membrane and

forms aggregates which do not linearly relate to MMP.
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Cells were firstly stained with L/D NIR and the master mix containing anti-
human CD14/CD16 antibodies, anti-human CD3/CD19 antibodies, annexin V
and HLA-DR. TMRM (25 nM) was then added and cells incubated for 15
minutes in a 5% CO2 incubator at 37°C. Carbonyl cyanide-4-phenylhydrazone
(FCCP, Sigma Aldrich), an inophore that uncouples mitochondrial OXPHOS,
was used as a positive control for TMRM as this dissipates the MMP. Cells
were incubated with FCCP (10 pM) for 15 minutes at 37°C in a 5% CO:
incubator prior to the addition of TMRM as above.

2.5.2.6 Mitochondrial reactive oxygen species

This was measured using Mitosox Red (Thermofisher Scientific, PE CY5.5), a
lipophilic, cationic fluorescent dye derived from hydroethidium. It has a
triphenylphosphonium group that selectively targets mitochondria in which
Mitosox accumulate. Within the mitochondria, it is rapidly oxidised by
superoxide to firstly form Mito-HE free radical and then 2-OH Mito E*. The latter
increases its fluorescence in proportion to the superoxide concentration. Mito-
HE can undergo non-specific oxidation, the result of which also produces an

increase in fluorescence. 2-OH Mito E* also intercalates with nucleic acids.

Table 2.2. Summary of the antibodies used to delineate markers of interest.
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Antibodies Catalogue Volume
or markers Fluorochrome Clone Company o 9 per 100uL
of interest sample
Anti-CD14 . Miltenyi
antibody Viogreen REA599 Biotec 130-110-525 @ 0.5uL
Anti-CD16 . Miltenyi
antibody Viogreen REA423 Biotec 130-113-397 | 0.5uL
Ant-CD3 BV 421 OKT3  Biolegend 317344 0.5ulL
antibody
Anti-CD1 . 1

n-CDI9 gy 401 S125C1  Biolegend | 03018 0.5uL
antibody
Ant_l-HLA-DR BV711 1243 Bp _ 307644 1L
antibody Bioscience
Annexin V APC N/A B.D . 640920 0.5uL

Bioscience

Live/Dead Polyclon '
NIR (775) APC Cy7 al Thermofisher = L10119 luL



pHrodo™ (E- 100ug/ml =

: PE N/A Thermofisher | P35361 10uL
coli)
(Img/mL)*
TMRM PE N/A Thermofisher 25nM
Mitosox Red | PerCP-Cy 5.5 N/A Thermofisher | M36008 5uM

* = stock concentration

Cells were firstly stained with L/D NIR and the master mix containing anti-
human CD14/CD16 antibodies, anti-human CD3/CD19 antibodies, annexin V
and HLA-DR. These were then incubated with Mitosox (5 puM) for 15 mins at
37°C in a 5% CO:2 incubator. Antimycin A (Sigma Aldrich), a complex Il
inhibitor, was used as a positive control. Antimycin A 100 uM was added for
15 mins at 37°C in a 5% CO2 incubator before adding Mitosox. Samples were
then diluted in 300 pL of cell stain buffer prior to analysis by flow cytometry.

2.5.3 Quality control

Experiments were optimised by running concentration curves for each
fluorophore to ensure consistency while avoiding waste. Positive and negative
controls were run for each experiment for the following fluorochromes to
ensure reproducibility; pHrodo™, TMRM, Mitosox, L/D NIR and annexin V.
Unstained and single colour-stained controls were analysed prior to the
experimental samples in order to set compensation values between antibodies
with overlapping emission spectra in the master mix. Compensation between
fluorochromes was calculated by BD FACS Diva software; <30% spectral
overlap was permitted between fluorochromes. Isotype controls were initially
used to identify and remove non-specific binding which would otherwise falsely
be identified as positive for the surface markers. Where this was not possible
due to sample availability and cost, pre-experimental optimisation with reagent

titration, viability confirmation and Fc-block was utilised instead.

2.5.4 Data gathering and analysis

Samples were analysed using the LSR Fortessa™ flow cytometer (BD
Bioscience, USA) and FlowJo™ Software (for Mac, v10.4. Becton Dickinson;

USA, 2018) was used to analyse data. Firstly, cellular debris was excluded
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and single cells were selected using dot plots based on size (forward scatter)
and granularity (side scatter). Lymphocyte and monocyte populations were
then selected using either CD3/CD19 and CD14/CD16 respectively. Live/dead
NIR and annexin V were used to identify viable cells and exclude apoptotic
and necrotic cells. These cells were then analysed for differences in mtROS
and MMP. Phagocytosis was analysed in the viable PBMC population and
HLA-DR in monocytes only. The gating strategy and the positive and negative
controls are shown in Figure 2.3. The Mean Fluoresce Intensity (MFIs)
obtained from FlowJo were summarized using Excel (Microsoft). All statistical
analyses were performed using GraphPad Prism (Version 9.3.1 for macOS,
GraphPad Software, La Jolla, CA, USA, 2021). Where parametric tests were
carried out, the Shapiro-Wilk test was used a priori to determine if data were
normally distributed. Two-way ANOVAs followed by post-hoc Dunnett's or
Bonferroni’s multiple comparisons test were used for data analysis unless

otherwise stated.
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Figure 2.3. Gating strategy and control examples used for flow cytometry
experiments.

2.6 Mitochondrial stress test using Seahorse XF96

Analyser

2.6.1 Principle of the Seahorse respirometry

Extracellular flux assays are used to assess the metabolic state of cells. These
measure two major energy pathways: anaerobic glycolysis by measuring the
extracellular acidification rate due to lactate production, and aerobic respiration
by calculating the oxygen consumption rate (OCR). The mitochondrial stress
test is an assay that directly measures the OCR of cells, more specifically:
basal respiration, proton leak, maximum respiration rate, and non-
mitochondrial respiration (Figure 2.4). Basal respiration is respiration required
to meet endogenous cellular ATP demands. This can drive proton leak
pathways because ATP production via OxPHOS is not completely coupled and

protons may return from the inner membrane to the matrix without producing
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ATP. ATP-linked respiration is synonymous with mitochondria-related ATP
synthesis and is sensitive to the complex V inhibitor, oligomycin. Maximal
respiration refers to the maximum to which respiration can be increased to
counteract the reduction in MMP induced by the ionophore FCCP. Spare
respiration capacity is the difference between basal and maximal respiration
capacity and is the ability of a cell to meet an increased energy demand. Non-
mitochondrial respiration is the respiration calculated after complex | and Il
are inhibited by rotenone and antimycin A, respectively.

3601 Oligomycin FCCP Rotenone & Antimycin A

ATP-linked Respiration
Respiration

Basal Respiration

Proton Leak

Oxygen consumption rate (OCR) (pmol/min)

Figure 2.4. A typical mitochondrial stress profile of cells.

The test measures different aspects of mitochondrial respiration which are ‘stressed’ by
sequential addition of various drugs: oligomycin, FCCP, antimycin A and rotenone. Oligomycin
inhibits ATP synthase activity and reduces the oxygen required for ATP synthesis, thus giving
a measure of ATP-linked respiration. Proton leak remains steady unless there is mitochondrial
damage. FCCP disrupts the MMP, causing the cells to increase oxygen requirements to
restore membrane potential for ETC activity; this is known as maximal respiration. The rise
from basal and maximal respiration is the spare respiratory capacity. Antimycin A and rotenone
reduce the oxygen consumption required for the maintenance of the ETC. This image has

been adapted with permission from Agilent Technologies, Inc.

The mitochondrial stress test is achieved by sequential exposure of cells to
oligomycin (ATP synthase inhibitor), FCCP (ionophore uncoupler), rotenone
and antimycin A (complex | and Il inhibitors respectively) (Figure 2.5).
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Figure 2.5. Drugs used in the mitochondrial stress test.

Rotenone and antimycin A target complexes | and lll, respectively. Oligomycin inhibits

complex V while FCCP disrupts the inner mitochondrial membrane.

The Seahorse XF96 analyser (Agilent Technologies, Santa Clara, CA, USA)
allows real-time measurement of OCR via the mitochondrial stress test assay.
It consists of microchambers, sensor probes and an injection port system. The
microchamber isolates ~2 pL of medium above a monolayer of adherent cells.
This allows measurements of transient changes in dissolved oxygen
concentration by the sensor probes sited 200 um above the cell monolayer.
The sensory probes consist of resin-based oxygen and pH sensors. The
oxygen sensor is a phosphorescent porphyrin which has a slow emission
decay following a pulse of light. As this is quenched by oxygen, oxygen can be
measured by the rate of decay or from a reduced steady state emission.
Changes are measured every 2-5 minutes from which OCR is calculated. The
probes then lift, allowing the media above the monolayer to mix with the larger
volume of media above; this restores the microenvironment around the cells
to their baseline. OCR is measured 3-4 times during the course of an
experiment. The injection port system allows sequential addition of up to four
drugs per well at defined concentrations and intervals (474).

2.6.2 Mitochondrial stress test assay

The workflow of mitochondrial stress test spanned over two days. On Day 1

the sensor cartridge (Agilent Technologies) was hydrated by separating and
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filling the utility plate with 200 uL of sterile water per well. The sensor cartridge
was then replaced, submerging the sensors in the sterile water; both were
placed in a non-CO:2 incubator at 37°C overnight. The following morning, 1
hour prior to running the assay, sterile water was discarded and replaced with
200 pL of pre-warmed Seahorse XF Calibrant (Agilent). The sensor cartridge
and utility plate were placed back in the non-CO: incubator at 37°C for 45-60

mins prior to loading of the injection ports with assay-specific drugs.

PBMCs were isolated and counted as above. Approximately 300,000 cells
were seeded per well. As PBMCs are non-adherent, Corning™ Cell-Tak cell
and tissue adhesive (Thermofisher) was required to adhere PBMCs to the XF
cell culture microplate (Agilent). Cell-Tak is a polyphenolic protein solution that
enables cells to adhere to solid surfaces. For a 96-well XF cell culture
microplate with a surface area of ~0.75cm? per well, 22.4 ug/mL of Cell-Tak
was required to cover the plate. This was achieved by diluting 32 pL of Cell-
Tak in 2.5 mL of sterile water and distributing 25 uL per well. The microplate
was incubated for 20 mins at RT on a shaker and subsequently washed twice
with 200uL sterile water per well. PBMCs were suspended in 100 pL of DMEM
for cell culture as above (no phenol red, pyruvate or HEPES but with added L-
glutamine, glucose (4.5 g/L) and either 10% FBS, 10% serum or 10% pooled
septic serum). Drugs of interest were also added: ciprofloxacin (100 pg/mL),
propofol (50 ug/mL), NE (10 pg/mL) or all three drugs combined + LPS (100
ng/mL). The microplate was then incubated in a 5% CO:2 incubator for 6 hours.

Background wells were chosen and no cells were added to these wells.

The number of cells and incubation time period were chosen after optimisation
experiments. Cell counts <100 000 or >300 000 per well led to wide variations
between replicates, the latter due to a large overlap between adhered cells.
300 000 cells per well was chosen as this provided accurate results. A time
course of 3, 6 and 24 hours showed that cells were less responsive to assay-
related drugs beyond 6 hours and little difference was seen at 3 and 6 hours.
A 6-hour incubation was therefore chosen as this was consistent with the early
timepoint used in flow cytometry experiments and because this would allow

the PBMCs to incubate with the drugs of interest for an adequate period of
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time. Each condition was replicated four times to ensure accuracy and

reliability of results (Figure 2.6).
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Figure 2.6. Well map used for the XF Seahorse culture microplate.

US = wells containing unstimulated cells, LPS = wells containing LPS, C = wells containing
ciprofloxacin, C/L = wells containing ciprofloxacin and LPS, P = wells with propofol, P/L = wells
with propofol and LPS, N = wells containing NE, N/L = wells containing NE and LPS, M = wells
containing mixture of drugs, M/L = wells containing mixture of drugs and LPS and BG

indicating empty background wells.

After 6 hours, cell culture media was removed carefully using a pipette,
ensuring that a 20 pL residual volume was left behind per well. Cells were
washed in 180 pL of Seahorse bicarbonate-free DMEM medium (Agilent), pre-
warmed to 37°C and supplemented with L-glutamine 2 uM, sodium pyruvate 1
MM and glucose 5 pM (all Agilent). These concentrations were used following
a comprehensive literature search. Cells were checked under a microscope to
ensure they were evenly distributed in a monolayer and had not been washed
away. PBMCs were then resuspended in 180 pL of Seahorse media and
incubated in a CO2-free incubator for 20-25 mins and no longer than 60 mins.

In the meantime, oligomycin, FCCP, antimycin A and rotenone were diluted to
10x the final experimental concentration and loaded into injection ports on the

sensor cartridge in Ports A, B and C respectively. Port D was loaded with 25
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uL of PBS. These concentrations were chosen following optimisation by

undertaking concentration curve experiments.

Following this, XF Wave software was set up using the Assay Wizard. This
includes setting temperature to 37°C, defining groups, determining the plate
map, labelling the assay media, background buffers, injections to be given and
the experiment protocol (including the number and duration of cycles, mixing,
wait period and measurement). Once defined, the template was saved and the
sensor cartridge and the utility plate were loaded onto the Seahorse XF
analyser and calibrated. This typically took ~30 mins. Once complete, the
microplate with PBMCs was loaded onto the analyser and the assay
commenced. Total assay time was ~60-90 mins, after which the cell culture
microplate and the sensor cartridge could be removed from the machine.

Following this, cells were counted as below for normalisation.

Table 2.3. Summary of drugs and concentrations used in the mitochondria stress

test assay.
[In each [Final] \Ij:lc;omn;n;(tanded Dilution and
[Stock] port] x10 at the each injection volume of drug to
the [Final] end get the [x10]
port
Port A 25 pL 1/143, 14 pL of
Oligomycin 5 mM 35 uM 35uM  (25x96=24 oligomycin in 4 mL
mL) of Seahorse media
1/400, 8 pL of
FCCP 10 mM | 25 uM 25uM | PortB 25 pL FCCP in 4 mL of
Seahorse media
10 mM 1/200, 20 pL of
Rotenone (Rot rotenone and
and 50 uM 5uM Port C 25 L . .
antimycin A and antimycin in 4 mL of
Ant) Seahorse media

2.6.3 Normalisation of cells

Cells can be normalised by cell count, genomic DNA content, or total cellular
protein content. Here, cell counts were used to normalise the mitochondrial
stress test assay. This involved removing the Seahorse media using a pipette

and washing the wells twice with 180 pL of PBS. Cells were then carefully re-
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diluted in Hoechst (2'-[4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5'-bi-1H-
benzimidazole trihnydrochloride trihydrate) 33342 solution (Thermofisher) in a
dilution of 1/1000 and incubated for 15 mins at RT in the dark. Hoechst 33342
is a cell-permeable DNA stain excited by ultraviolet light and which emits blue
fluorescence at 460 to 490 nm. It binds adenine-thymine (A-T) regions of DNA
and exhibits distinct fluorescence emission spectra that are dependent on dye:
base pair ratios. The cells were placed and analysed using an Image Xpress
Imaging System (Molecular Devices, San Jose, CA, USA).

2.6.4 Data analysis

Normalisation data and results from the Seahorse XF analyser were uploaded
onto Wave 2.6 Desktop software (Agilent Seahorse Analytics). Once
uploaded, the following quality control steps were carried out prior to obtaining
results: the accuracy of the plate map was confirmed, the group results were
checked individually and any obvious outliers excluded, both OCR rate
(pmol/min) and the levels (mmHg O2) were checked for consistency, the data
was normalised to cell counts and background correction was applied.
Following this, mean and standard deviations were obtained for basal
respiration, protein leak, maximal respiration, spare respiration capacity, non-
mitochondrial respiration and ATP-production (all OCR values given as
pmol/L), coupling efficiency in percentage (%) and spare respiratory capacity
percentage (%). One-way ANOVA analysis with either Kruskal-Wallis or
Dunn’s multiple comparison test were used to compare drug groups against

unstimulated control, or drug/LPS combinations against LPS control.
2.7 Nanostring nCounter gene expression system

2.7.1 Principle of Nanostring gene expression system

This high-throughput, sensitive and reproducible method detects expression
of up to 800 RNA, DNA or protein targets in a single reaction. This includes

genomic mutations, copy number variation, single nucleotide variation,
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chimeric RNAs and miRNA expression. Only 100 ng total RNA or an equivalent
amount of tissue lysate is required. The main advantage of this system
compared to next-generation sequencing is the speed and methodological
simplicity; no conversion of MRNA to cDNA by reverse transcription or

amplification of cDNA by polymerase chain reaction is needed.

The nCounter system consists of a multiplexed probe library with two
sequence specific probes for each target mRNA, collectively known as
CodeSets (Figure 2.7). The CodeSets contain a pair of capture and reporter
probes with 35- to 50-base target-specific sequences complementary to the
target MRNA. The capture probes additionally have a short common sequence
labelled with biotin at the 3’ end, which provides the site of attachment for the
target MRNA. The reporter probes also consist of a single stranded DNA
backbone attached to complementary RNA segments labelled with specific
fluorophores. These unique colour-coded RNA segments at the 5’ end enable

barcoding and detection of target mRNA.

Capture probe Reporter probe
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Figure 2.7. CodeSet with capture probe, target mRNA and reporter probe (475).

2.7.2 Preparation of samples

The Nanostring nCounter system is designed around gene expression. The
‘Human Immunology V2’ and ‘Metabolic Pathways’ panels, which consisted of
579 and 748 genes respectively, were used with 15-20 internal reference
genes for data normalization. These genes cover core pathways and

processes of the immune response (major classes of cytokines and their
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receptors, chemokine ligands and receptors, interferons and receptors, the
TNF-receptor superfamily, and KIR family genes) and metabolic pathways
(biosynthetic pathways, nutrient capture and catabolic pathways, cell stress,
metabolic signalling and transcriptional regulation) in humans. The focus of
these experiments was on overall immune function and mitochondrial

respiration.

Nanostring nCounter panels were carried out on PBMCs from four healthy
volunteers incubated with pooled septic serum for 6 hours across two panels
as above. 200 000 PBMCs per well were used to ensure a reliable mRNA yield.
The sample combination was rationalised to: unstimulated, LPS, ciprofloxacin
with LPS, propofol with LPS, NE with LPS, and a mixture of all three drugs with
LPS. These were chosen as a compromise between obtaining reliable and

informative results and convenience, time required and cost.

2.7.3 mRNA Extraction

MRNA was extracted using the Qiagen RNeasy Plus Mini Kit (Qiagen) which
can extract up to 0.5 pg total RNA from unstimulated lymphocytes of up to 1
x10° per sample. This provided an adequate range to isolate 100 ng of total
RNA from PBMCs for the two panels. Cells were harvested and homogenized
using 350 pL of Buffer RLT plus and vortexed for 30 secs. This buffer consists
of highly denaturing guanidine-thiocyanate containing buffer, which inactivates
RNAses to ensure purification of intact RNA. Samples were transferred to
gDNA eliminator spin columns in a 2 mL collection tube and centrifuged for
30s at >8000g. The follow through was kept and 350 uL 70% ethanol was
added and mixed to provide appropriate binding conditions. The sample (700
uL total) was then applied to the Rneasy Mini spin column and centrifuged for
15 seconds at >8000g. Buffer RW1 (700 pL) and Buffer RPE (500 uL) were
added twice with centrifugation of 15s at >8000g after each, the last
centrifugation was for 2 mins at >8000g. This ensured that total RNA was
bound to the membrane and contaminants were washed away. The final step

involved the addition of 30 uL water to the Rneasy spin column and keeping
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the eluted RNA and immediately freezing in liquid nitrogen and storing at -
80°C.

2.7.4 mRNA Quantity and Purity

When appropriate, an aliquot of these samples was taken to the Frances Crick
Institute and checked for quantity and purity using a Qubit 4.0 fluorometer
(Thermofisher) and a 2200 TapeStation (Agilent). Qubit fluorometers quantify
nucleic acids or proteins in a sample by determining fluorescence intensity on
binding to these molecules. Samples are mixed with the Qubit working
solution, incubated at RT for 2 min and fluorescence read. The TapeStation
system determines the size, quantity, and integrity of a sample using an
automated electrophoresis solution. This involves loading the samples, loading
tips and screen tape onto the TapeStation and using the associated software
to obtain the results. Here, RINe values were used to determine total RNA
integrity as shown in Table 2.4. Once obtained, samples were diluted to
20ng/uL, and a total of 400ng RNA per sample was prepared.

2.7.5 Immunology and Metabolic Pathway panels

These samples were then transferred to the UCL Nanostring facility where the
two panels (Immunology V2 and Metabolic Pathway) were performed and raw
data provided in the form of RCC files. These were uploaded onto nSolver 4.0
(NanoString Technologies, Washington, USA) and ROSALIND® analysis
software (ROSALIND, San Diego, CA) for data quality checks, background

thresholding and normalization.

2.7.6 Data analysis

Quality control measurements including imaging quality, binding density and

positive control linearity were obtained.

Imaging quality was determined by comparing the ratio between fields of view

(FOV) scanned successfully against those attempted to be scanned. For the
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MAX system, 555 FOVs were attempted to be scanned for each sample. If the
ratio between the two was <0.75 then the sample was flagged. Binding density
is an indication of cartridge saturation and is given by the square of the number
of barcodes per um. The recommended range is 0.05- 2.25 /um? for the MAX
instruments. Values <0.05 indicate potential problems with the amount of
sample, expression level of targets in the code set, or the size of the code set.
A higher value indicates potential overlap between samples. Positive controls
were used to check for hybridisation success as well as processing and binding
efficiency. The overall assay efficiency was assessed by assessing the
geometric mean of positive controls, if >3 fold different from the means of all
samples, a flag was raised. Positive controls were also used to assess
linearity; six known concentrations (ranging from 0.125-128 fM) of positive
controls were used to determine a titration curve, where an R? value >0.95 was
considered adequate. The limit of detection was also assessed by expecting
the counts of positive E control to be higher than the mean of negative controls
plus two standard deviations. Gene expression normalization was carried out
using the geNorm algorithm, based on the best housekeeping genes. This

removes sources of technical and input variability.

Samples that passed QC checks were then normalised and used for individual
gene counts. The summary was presented on unsupervised clustered
heatmaps. Data variability was screened using principal component analyses.
Differential expression was graphed as a volcano plot with individual genes
-log10 (p-value) and log2 fold change compared to the control group.
ROSALIND® software (ROSALIND, Inc. San Diego, CA) was subsequently
used to confirm findings in nSolver and for enrichment analysis compared to a
given control using WikiPathways, Bioplanet, PANTHER and REACTOME.

This process was repeated for both codeset panels.
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Table 2.4. Summary of samples used in this study, the concentration of total RNA
and the RNA integrity per sample.

sample Quantity of Concentration of RNA .
total RNA (ng) total RNA (ng/ul) Integrity
n=1US 400ng 20ng/ul RINe 9
n=1LPS 400ng 20ng/ul RINe 2.8
n=1 Cipro/LPS | 400ng 20ng/ul RINe 9.1
n=1 Prop/LPS 400ng 20ng/ul RINe 9.1
n=1 NA/LPS 400ng 20ng/ul RINe 9
n=1 Mix/LPS 400ng 20ng/ul RINe 9.2
n=2 US 400ng 20ng/ul RINe 9
n=2 LPS 400ng 20ng/ul RINe 9.4
n=2 Cipro/LPS | 400ng 20ng/ul RINe 9.1
n=2 Prop/LPS 400ng 20ng/ul RINe 8.9
n=2 NA/LPS 400ng 20ng/ul RINe 8.3
n=2 Mix/LPS 400ng 20ng/ul RINe 9.2
n=3 US 400ng 20ng/ul RINe 8.8
n=3 LPS 400ng 20ng/ul RINe 8.9
n=3 Cipro/LPS | 400ng 20ng/ul RINe 9.2
n=3 Prop/LPS 400ng 20ng/ul RINe 8.9
n=3 NA/LPS 400ng 20ng/ul RINe 8.6
n=3 Mix/LPS 400ng 20ng/ul RINe 8.9
n=4 US 400ng 20ng/ul RINe 9.1
n=4 LPS 400ng 20ng/ul RINe 9
n=4 Cipro/LPS | 400ng 20ng/ul RINe 8.9
n=4 Prop/LPS 400ng 20ng/ul RINe 8.9
n=4 NA/LPS 400ng 20ng/ul RINe 9
n=4 Mix/LPS 400ng 20ng/ul RINe 9.2
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crapters  EX@mining the impact of
antibiotics, catecholamines
and sedatives on immune cell
function

3.1 Introduction

Sepsis leads to exaggerated pro- and anti-inflammatory responses that
ultimately cause immune cells to reprogram and undergo anergy, exhaustion
and apoptosis. This renders the immune system less effective at eradicating
pathogens, increasing susceptibility to secondary infection and mortality risk.
Underlying mechanisms and the potential contribution of iatrogenic factors

remain poorly characterised.

Medications commonly used to support septic patients (e.g., antibiotics,
catecholamines and sedatives) may further compromise the immune
dysfunction already occurring in sepsis and, as a consequence, may worsen
disease severity and prognosis. Studies to date are mostly in vitro using
different immune cell types, with differing timing and infectious or inflammatory
stimuli. Medications have only been studied in isolation and there are likely to
be synergistic or competing effects from polypharmacy combinations
frequently used in critically ill patients. The literature unfortunately shows a
wide heterogeneity of results for each drug class. This likely represents
methodological issues as most are performed in in-vitro models and often
using supra-pharmacological drug concentrations. As a result, a clear
understanding of medication-induced immune modulation is lacking, and

further investigation is required to elucidate these differences.

The aim of this chapter is to determine if ciprofloxacin, propofol,
norepinephrine (NE) or the combination of these drugs alters the immune cell
function of PBMCs. This was studied in cell culture in the presence and

absence of endotoxin (lipopolysaccharide, LPS) after 6- and 24-hours’
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incubation. This chapter also aims to explore how these effects may vary under

a number of experimental conditions:

e PBMCs from healthy volunteers,

e PBMCs from healthy volunteers incubated with pooled septic serum,

e PBMCs from ED patients suspected of sepsis without prior exposure to
these medications,

e PBMCs from ICU patients with confirmed sepsis.

This was tested by comparing the following:

1) Production of pro-inflammatory cytokines IL-6 and TNF-a, and the anti-
inflammatory cytokine IL-10.

2) Ability of cells to phagocytose E. coli.

3) Expression of HLA-DR.

3.2 Healthy volunteers and patient characteristics

Immune studies were carried out on whole blood samples donated by seven
healthy volunteers. The healthy volunteers consisted of five male and two
female participants, aged between 25-64 years, with no significant medical or
drug history and no allergies. All participants avoided excessive alcohol

consumption and strenuous exercise in the preceding 48 hours.

In addition, five patients with suspected sepsis were recruited from the
Emergency Department (ED) and seven septic patients were recruited from
the ICU. Patient characteristics are summarised in Tables 3.1 and 3.2.
Additional samples from other healthy volunteers were taken for initial

optimisation studies; these have not been included in the results.
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Table 3.1. Characteristics of patients.

Characteristics ED patients ICU patients
Age (median, range) years 62.5 (24-90) 52 (42-80)
Sex 1 male, 4 female 6 male, 1 female
SOFA Score (median, range) 5.5 (4-6) 9 (5-12)
Elective surgery 0 (0%) 4 (57%)
Medical 4 (80%) 2 (29%)
Emergency Surgery 0 (0%) 1 (14%)
Trauma 1 (20%) 0 (0%)
Reason for admission

Respiratory 0 (0%) 6 (86%)
Cardiovascular 0 (0%) 3 (43%)
Neurological 0 (0%) 3 (43%)
Digestive/Liver 0 (0%) 3 (43%)
Monitoring 2 (40%) 1 (14%)
Other 3 (60%) 0 (0%)
Source of admission

Theatre/Recovery 0 (0%) 5 (71%)
ED/ambulance 5 (100%) 2 (28%)
Comorbid conditions

COPD/Asthma 4 (80%) 0 (0%)
IHD, Heart failure 2 (40%) 4 (57%)
Diabetes 2 (40%) 3 (43%)
Chronic renal failure 2 (40%) 0 (0%)
Chronic liver disease 0 (0%) 0 (0%)
Immunosuppression 1 (20%) 2 (29%)
Other 2 (40%) 4 (57%)
No. of comorbidities

0 1 (20%) 1 (14%)
1 1 (20%) 1 (14%)
2 0 (0%) 1 (14%)
23 3 (60%) 4 (57%)
Acute organ dysfunction (systems)

0 5 (100%) 2 (28%)
1 0 (0%) 2 (28%)
2 0 (0%) 3 (43%)
23 0 (0%) 0 (0%)
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Table 3.2. Type of infection, treatment characteristics and outcome of ED and ICU

patients.
Treatment characteristics ED patients ICU patients
Site of infection
Respiratory 2 (40%) 5 (71%)
Abdominal 1 (20%) 4 (57%)
Bloodstream 0 (0%) 3 (43%)
Renal/urinary tract 0 (0%) 0 (0%)
Skin 1 (20% 2 (28%)
CNS 0 (0%) 0 (0%)
Other/none 1 (20%) 0 (0%)
Micro-organism found during
admission
Gram positive bacteria 1 (20%) 3 (43%)
Gram negative bacteria 1 (20%) 4 (57%)
Anaerobes 1 (20%) 2 (28%)
Fungal 0 (0%) 2 (28%)
Viral 0 (0%) 1 (14%)
No growth 3 (60%) 0 (0%)
Drug classes exposed to at time of
sampling
Antibiotics 0 (0%) 7 (100%)
Inotropes (Noradrenaline) 0 (0%) 4 (57%)
Sedative (Propofol) 0 (0%) 4 (57%)
Length of stay in ICU (days) 0 (0%) 37 (5-87)
Outcome
Alive 5 (100%) 6 (76%)
Dead 0 (0%) 1 (14%)

3.3 Cytokine Production

An important effector function of immune cells is the production of cytokines to
direct the immune response. In initial optimisation experiments, | found no
detectable cytokines were produced by PBMCs in the absence of LPS. This is
consistent with previous literature which demonstrated undetectable cytokines
in healthy volunteers in the absence of a septic stimulus (e.g. TNF-a <13 pg/ml,
IL-6 <2.6 pg/ml and IL-10 <4 pg/ml)(476). Addition of ciprofloxacin, propofol
and NE in the absence of LPS also did not produce any detectable cytokines.

The implications of these results are discussed in the discussion chapter.
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3.3.1 IL-6 production

IL-6 production increased in PBMCs in all participant groups following LPS
stimulation after 24 hours (Figure 3.1). This was most marked in septic ICU

patients followed by healthy volunteers with septic serum, healthy volunteers

and ED patients.
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Figure 3.1. IL-6 release by PBMCs at 24 hours.

PBMCs were treated with LPS and ciprofloxacin, propofol, NE and a mix of the three drugs.
After a 24-hour incubation period, IL-6 release was measured and compared to that seen with
LPS alone. Data are shown as median * interquartile ranges. Results were analysed using
one-way ANOVA with Kruskal-Wallis multiple comparisons test. *p<0.05, **p<0.01,
***n<0.001, ***p<0.0001. n=5 in healthy volunteer and ED PBMC groups, n=7 in healthy

volunteers PBMC co-incubated with septic serum group and septic ICU PBMCs.
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Compared to LPS alone, IL-6 production showed a reducing trend in all drug
groups co-incubated with LPS. This difference was statistically significant
across all drug groups in PBMCs from healthy volunteers co-incubated with

septic serum.

Of the drug/LPS combinations, ciprofloxacin/LPS reduced IL-6 in all PBMC
groups; this achieved statistical significance in PBMCs from healthy volunteers
+ co-incubated with septic serum and in PBMCs from septic ICU patients. The
mix of three drugs and LPS combined reduced IL-6 significantly in PBMCs
from healthy volunteers incubated with septic serum, and from ED and ICU
patients. The mix of three drugs did not exert a cumulative effect on IL-6
production compared to the individual drug groups. Propofol and NE only
produced a significant reduction in IL-6 in PBMCs in healthy volunteers co-

incubated with septic serum.

3.3.2 TNF-a production

After 24 hours, TNF-a production increased in PBMCs stimulated by LPS
(Figure 3.2). As with IL-6, this was most marked in the PBMCs from septic ICU
patient group followed by healthy volunteers co-incubated with septic serum,

healthy volunteers and then ED patients.

Of the experimental conditions, the mix of three drugs combined with LPS
significantly reduced TNF-a in all participant groups while the
ciprofloxacin/LPS combination significantly reduced TNF-o in PBMCs from
healthy volunteers and co-incubated with septic serum. In the PBMCs from
healthy volunteers co-incubated with septic serum, there was a reduction in
TNF-a across all drug/LPS combinations compared to LPS alone. There was
no cumulative effect in the mix of three drugs/LPS combination compared to
individual drugs/LPS.
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Figure 3.2. TNF-a release by PBMCs at 24 hours

PBMCs were treated with ciprofloxacin, propofol and NE and LPS for 24 hours. TNF-a. release
was measured and compared to that seen with LPS alone. Data are shown as median +
interquartile ranges. Results were analysed using one-way ANOVA with post-hoc Kruskal-
Wallis multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. n=5 in healthy
volunteer and ED PBMC groups, n=7 in healthy volunteers PBMC co-incubated with septic

serum group and septic ICU PBMCs.
3.3.3 IL-10 production

IL-10 production also increased in PBMCs following LPS stimulation after 24
hours incubation (Figure 3.3). This was most marked in healthy volunteer
PBMCs co-incubated with septic serum, followed by PBMCs from septic ICU
patients, healthy volunteers and then ED patients. Though values generally

trended lower across all conditions for each drug, significant falls were only
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seen in samples taken from septic ICU patients. Again, no synergistic effect

was seen with the combination of drugs.
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Figure 3.3. IL-10 release by PBMCs after 24 hours incubation.

PBMCs were treated with ciprofloxacin, propofol and NE and LPS for 24 hours. IL-10 release
was measured and compared to that seen with LPS alone. Data are shown as median +
interquartile range. Results were analysed using one-way ANOVA with post-hoc Kruskal-
Walllis multiple comparisons test. *p< 0.05, **p<0.01, **p<0.001, ****p<0.0001. n=5 in healthy
volunteer and ED PBMC groups, n=7 in healthy volunteers PBMC co-incubated with septic

serum group and septic ICU PBMCs.
3.4 Cell Viability

Viable cells were selected using a combination of Live/Dead NIR fluorophore
which excludes dead cells, and annexin V which excludes necrotic and
apoptotic cells. The proportion of viable cells remaining were then compared

to the parent cell populations and given as a percentage for each participant
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group. There were no significant differences in percentage cell viability
between participant groups, incubation with drugs of interest, nor septic
stimuli at 6 or 24 hours. Cell viability for all groups ranged from approximately
80-100%, these differences are likely due to differences in cell handling e.g.

cell isolation, culture and pipetting (Figure 3.4). Monocytes appear more

sensitive to cell handling compared to lymphocytes.
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Lymphocyte viability in ED patients at 6h Lymphocyte viability in ED patients at 24h
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Figure 3.4 Cell viability

PBMCs were treated with ciprofloxacin, propofol, NE and a mix of three drugs in the presence
and absence of LPS for 6 and 24h. Cell viability was determined using Live/Dead NIR and
Annexin V fluorophores. Dead, necrotic and apoptotic cells were excluded by gating around
the viable cells and comparing the percentage to the parent population of cells. Data are
shown as median * interquartile ranges of the viable cell percentages. Results were analysed
using one-way ANOVA with Kruskal-Wallis multiple comparisons test. *p<0.05, **p<0.01,
***n<0.001, ***p<0.0001. A demonstrates these in healthy volunteers (n=5), B demonstrates
in healthy volunteer co-incubated with septic serum (n=7), C demonstrates cell viability in ICU
patients (n=7) and D in ED patients (n=5).

3.5 Phagocytosis

Phagocytosis was measured using the fluorophore pHrodo Red which is
conjugated with E. coli. When this bacterium is phagocytosed, there is a
reduction in the pH and a subsequent increase in the fluorescence.
Cytochalasin D was used as negative control as this inhibits actin
polymerisation and thus phagocytosis. Firstly, concentration of pHrodo was

optimised using concentration curve with the following concentrations: 50, 100
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and 200 pg/ml. The concentration of cytochalasin D remained at 10 uM for
each experiment (Figure 3.5). PBMCs were initially incubated with
cytochalasin D for 60 minutes at RT, then all samples had the relevant

concentrations of pHrodo added for another 60-90 minutes.

All three concentrations of pHrodo could clearly differentiate between pHrodo
and its negative control with cytochalasin D. The biggest difference was
demonstrated at a concentration of 100 pg/ml. This concentration was

therefore used was for all subsequent experiments (Figure 3.5).

Comparison of controls with different [pHrodo]

1.5

1.0 — P — P—

05 L o

Relative ratio
m
O

Figure 3.5. Comparison of phagocytosis controls using different concentrations

of pHrodo.

PBMCs were incubated with pHrodo of differing concentrations to enable the distinction
between baseline phagocytosis and the negative control. PBMCs for the negative controls
were incubated with cytochalasin D for 60 minutes (10 uM) to inhibit phagocytosis; then all
samples had pHrodo added to enable phagocytosis to occur for 60-90 minutes (50, 100, 200
png/ml). Data shown as ratios relative to phagocytosis (pHrodo). The values are shown as box

and whisker plot and datapoints are median and IQR of the relative ratios (n=3).

PBMCs were then incubated with ciprofloxacin, propofol, NE + LPS for either
6 or 24 hours. At 90 minutes before the end of the incubation period, pHrodo
was added to each sample and incubated for up to 90 minutes. Samples were

analysed by flow cytometry to obtain Mean Fluorescent Intensities (MFIs).
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These were logio transformed and analysed using two-way ANOVA and post-
hoc Bonferroni’'s multiple comparisons test. This test was chosen as it provides
insight into the contribution of variables measured such as the effect of
incubation time, presence and absence of LPS, differences in participant
groups (e.g. PBMCs from healthy volunteers versus septic ICU patients or

those from suspected sepsis ED patients)

For each drug, the incubation time of 6 versus 24 hours had no significant
effect on phagocytosis (Figure 3.6). There was also no statistically significant

difference in phagocytosis when drug groups were combined with LPS.
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Figure 3.6. Effect of incubation time on phagocytosis.

PBMCs were treated with ciprofloxacin, propofol and NE in the presence or absence of LPS
for 6 and 24 hours. Phagocytosis of E. coli was measured as MFI using flow cytometry. These
were logio transformed and data for each drug group were combined across the patient
participant groups (totalling 5 from ED patients, 6 from healthy volunteers, 7 from healthy
volunteers incubated with septic serum, and 7 from PBMCs taken from septic ICU patients).
Results were then analysed using two-way ANOVA with Bonferroni’'s multiple comparisons
test. *p< 0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are shown as mean and SD.

The impact of the different participant groups on phagocytosis was then
investigated using two-way ANOVAs and Dunnett’'s multiple comparison tests.
The participant groups had significantly different effects on phagocytosis,
though some of this effect was also attributable to factors such as time of

incubation and the presence/absence of LPS (Table 3.3). More specifically,
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participant groups demonstrated a statistically significant effect on
phagocytosis at 6 hours in the presence and absence of LPS but not at 24

hours.

Table 3.3. F-test value and corresponding p-values for the effect of participant

groups on phagocytosis at 6 and 24 hours in the presence and absence of LPS.

Participant group F-value p-value

At 6 hours, no LPS F (3,21)=21.16 P<0.0001
At 6 hours, LPS F (3, 21) = 8.195 P=0.0008
At 24 hours, no LPS F (3, 21) = 5.351 P=0.0068
At 24 hours, LPS F (3,21) =2.361 P=0.1004

The effect of phagocytosis for a given drug was then compared between
PBMCs from individual participant groups, such as those from healthy
volunteers versus healthy volunteers co-incubated with septic serum, or
versus PBMCs from ED patients, or versus PBMCs from septic ICU patients.
Significant differences were identified between groups (Figure 3.7), most
notably at 6 hours in the absence of LPS, with a significant increase in
phagocytosis by PBMCs from both healthy volunteers incubated with septic
serum and from ED patients compared to those from healthy volunteers. Of
note, septic ICU patients did not show any significant difference compared to

healthy volunteers.

Finally, two-way ANOVA and Dunnett’'s multiple comparison tests were used
to investigate the effect of individual drug groups on phagocytosis within each
participant group. The drug groups had significant effects on phagocytosis at
all time points both in the presence and absence of LPS (Table 3.4). There
was a significant reduction in phagocytosis following incubation with each drug
group compared to control (Figure 3.8). Those conditions where statistical
significance was not reached still showed a strong trend towards reduction of
phagocytosis, suggesting a Type Il error. There was, however, no additive

effect following incubation with the combination of all three drugs compared to
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individual drugs. Details of mean differences, 95% confidence intervals and p-

values are given in Appendix A.

Table 3.4. F-test value and corresponding p-values for the effect of drug class on

phagocytosis at 6 and 24 hours in the presence and absence of LPS.

Drug class F-value p-value

At 6 hours, no LPS F (3.230, 67.82) = 42.13 P<0.0001
At 6 hours, LPS F (3.550, 74.55) = 44.47 P<0.0001
At 24 hours, no LPS F (2.899, 60.89) = 41.55 P<0.0001
At 24 hours, LPS F (2.749, 57.73) = 57.88 P<0.0001

93



Differences in phagocytosis between participant groups for a given drug class
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Figure 3.7. Differences in phagocytosis between different subject groups at 6 and 24 hours £ LPS.

PBMCs were treated with ciprofloxacin, propofol and/or NE for 6 and 24 hours in the presence and absence of LPS. Phagocytosis was measured and compared
between each subject group at 6 and 24 hours. Results were analysed using two-way ANOVA with Dunnett’'s multiple comparisons test. *p< 0.05, **p<0.01,

***pn<0.001, ***p<0.0001. Data are shown as mean + SD combining PBMCs from 5 healthy volunteers, 5 ED patients, 7 from healthy volunteers co-incubated

with septic serum and 7 from septic ICU patients.
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Differences in phagocytosis between drug classes for a given participant group
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Figure 3.8. Differences in phagocytosis between different drug classes for a given participant group at 6 and 24 hours + LPS

PBMCs were treated with ciprofloxacin, propofol and/or NE in the presence and absence of LPS for 6 and 24 hours. Phagocytosis was measured and compared

between each drug group. Results were analysed using two-way ANOVA with Dunnett’s multiple comparisons test. *p< 0.05, **p<0.01, ***p<0.001, ****p<0.0001

Data are shown as mean + SD combining PBMCs from 5 healthy volunteers, 5 ED patients, 7 from healthy volunteers co-incubated with septic serum and 7

from septic ICU patients.
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3.6 HLA-DR Expression

HLA-DR, an MHC class Il cell surface receptor on antigen presenting cells, is
involved in peptide antigen presentation to T-cells. It activates T-cells to directly
remove the source of the antigens, and B-cells to produce antibodies against the
same antigen. HLA-DR is initially upregulated in response to stimulation. However,
it is often reduced on monocytes from septic patients (79, 80). This is used to
indicate immunosuppression and correlates with mortality (81, 82). The phenotype

changes with prolonged stimulation from pro-inflammatory to immune suppressive.

HLA-DR expression was measured on monocytes after incubation with
ciprofloxacin, propofol and/or NE in the presence and absence of LPS for 6 or 24
hours. MFIs for HLA-DR were obtained following flow cytometry and logl0
transformation. The impact of incubation for 6 and 24 hours on expression of HLA-
DR was assessed using two-way ANOVA and post-hoc Bonferroni tests. For each
drug group, the incubation time of 6 versus 24 hours had no significant effect on
HLA-DR (Figure 3.9). Of note, there was no statistically significant difference in

HLA-DR expression when LPS was added to cell culture in addition to drug groups.
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Figure 3.9. Effect of time on HLA-DR expression

PBMCs were treated with ciprofloxacin, propofol and NE in the presence and absence of
LPS for 6 and 24 hours. HLA-DR MFIs were obtained using flow cytometry and logio
transformed. The effect of incubation time was then analysed using two-way ANOVA with

Bonferroni’s multiple comparisons test. *p< 0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are
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shown as mean + SD combining PBMCs from 5 healthy volunteers, 5 ED patients, 7 healthy

volunteers co-incubated with septic serum and 7 septic ICU patients.

The effect of participant groups on HLA-DR expression was examined using
two-way ANOVAs and Dunnett’'s multiple comparisons. The participant groups
significantly affected HLA-DR expression with some of the effect attributable

to the drug group (Table 3.5).

Table 3.5. F-test value and corresponding p-values for the effect of participant
groups on HLA-DR expression at 6 and 24 hours in the presence and absence of
LPS.

Participant group F-value p-value
At 6 hours, no LPS F (3, 21) =40.37 P<0.0001
At 6 hours, LPS F (3,21)=24.11 P<0.0001

At 24 hours, no LPS P<0.0001

F (3, 21) = 34.03
At 24 hours, LPS F (3,21) =24.63 P<0.0001

The effect of HLA-DR expression for a given drug was then compared between
PBMCs from individual participant groups, e.g. healthy volunteers versus
healthy volunteers co-incubated with septic serum. HLA-DR was reduced in all
participant groups when compared to healthy volunteers (Figure 3.10). This

was the case at both 6 and 24 hours in the presence and absence of LPS.

Following this, the effect of individual drugs within each participant group was
investigated using two-way ANOVA and Dunnett’s tests. The drug groups had
a significant effect on HLA-DR expression at all time points in the presence
and absence of LPS. (Table 3.6). However, analysis of HLA-DR expression in
individual drug groups compared to controls for each participant group showed
less consistent statistically significant differences (Figure 3.11). There was

also no cumulative effect from the mix of three drugs.
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Table 3.6. F-test value and corresponding p-values for the effect of drug groups on
HLA-DR expression at 6 and 24 hours in the presence and absence of LPS.

Drug class F-value p-value

At 6 hours, no LPS F (3.022, 63.47) = 6.706 P=0.0005
At 6 hours, LPS F (2.788, 58.55) = 5.958 P=0.0017
At 24 hours, no LPS F (3.242, 76.99) = 5.357 P<0.0001
At 24 hours, LPS F (2.724, 64.69) = 5.953 P<0.0001
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Differences in HLA-DR between participant groups for a given drug class
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Figure 3.10. Differences in HLA-DR expression between different participant groups at 6 and 24 hours = LPS.

PBMCs were treated with ciprofloxacin, propofol and NE for 6 and 24 hours in the presence and absence of LPS. HLA-DR was measured and compared
between each participant group. Results were analysed using two-way ANOVA with Dunnett’'s multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001,

****p<0.0001. Data are shown as mean + SD combining PBMCs from 5 healthy volunteers, 5 ED patients, 7 from healthy volunteers co-incubated with septic

serum and 7 from septic ICU patients.
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Differences in HLA-DR expression between drugs for a given participant
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Figure 3.11. Differences in HLA-DR expression between different drugs for a given participant group at 6 and 24 hours + LPS

PBMCs were treated with ciprofloxacin, propofol and NE for 6 and 24 hours in the presence and absence of LPS. HLA-DR expression was measured and
compared between each drug class at 6 and 24 hours. Results were analysed using two-way ANOVA with Dunnett’s multiple comparisons test. *p<0.05,
**p<0.01, **p<0.001, ****p<0.0001. Data are shown as mean = SD combining PBMCs from 5 healthy volunteers, 5 ED patients, 7 from healthy volunteers co-

incubated with septic serum and 7 from septic ICU patients.
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3.7 Summary of immune studies

This chapter presents the immune findings when PBMCs are incubated with
various drugs in the presence and absence of LPS after 6 and 24h. The
cytokine data shows a significant rise in the production of IL-6, TNF-a and IL-
10 after 24 hours’ incubation with LPS. This was most marked in PBMCs from
healthy volunteers with septic serum and in septic ICU patient populations.
Ciprofloxacin/LPS and the mix of three drugs reduced both pro (TNF-a., IL-6)
and, to a lesser extent, anti-inflammatory (IL-10) cytokine production,
particularly in PBMCs from healthy volunteers co-incubated with septic serum.
No cumulative effect was seen with the mix of three drugs compared to their

individual use.

The flow cytometry results demonstrated that both phagocytosis and HLA-DR
expression were not affected by incubation time, however both were affected
by the participant group and by exposure to the different drugs. This effect was
more consistently seen with phagocytosis, where drug groups showed a
significant reduction in phagocytosis compared to control within each subject
population. This was not the case with HLA-DR, where the participant
populations showed a consistent reduction in HLA-DR expression compared

to healthy volunteers.
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crapters  EX@mining the impact of
antibiotics, catecholamines
and sedatives on
mitochondrial function

4.1 Introduction

Mitochondria are heavily implicated in the development of multiorgan failure in
sepsis (103). Failed organs have preserved oxygen delivery but decreased
utilisation, preserved histology with limited cell death and recover fully in
surviving patients (34-38). These findings suggest a metabolic shutdown
rather than structural damage as a crucial underlying pathophysiological

mechanism.

There is considerable evidence to suggest mitochondrial dysfunction arises in
immune cells in sepsis. Mitochondria are involved in the regulation of immune
cell functionality (e.g., activation, proliferation and differentiation) and survival
(138). ATP provision by OxPHOS and glycolysis varies between immune cells
and their activation status. For example, neutrophils predominantly rely on
glycolysis, while PBMCs utilise oxidative ATP for housekeeping activities
(139). At sites of inflammation with low glucose availability, monocytes
upregulate fatty acid oxidation and thus OXPHOS (143). This is associated with
increased oxidative stress and antioxidants and mitochondrial mass; the latter
occur as physiological response to increased oxidative stress (144). These

changes are frequently observed in immune paralysis during sepsis (144).

Mitochondrial dysfunction in sepsis may arise from multiple causes including
tissue hypoxia, substrate non-availability, inflammation-induced gene
downregulation, and oxidative damage (39-42). These may also result as an
unintended consequence of therapies commonly used in ICU, particularly
antibiotics, catecholamines and sedatives, thereby worsening disease severity

and patient outcomes.
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The aim of this chapter is to determine if mitochondrial function in PBMCs is
altered by incubation with ciprofloxacin, propofol, norepinephrine (NE) and/or
a mix of these three drugs in the presence and absence of LPS after 6 and 24
hours. This chapter also aims to explore how these effects vary under different

experimental conditions:

e PBMCs from healthy volunteers,

e PBMCs from healthy volunteers co-incubated with pooled septic serum,

e PBMCs from ED patients with presumed infection but without prior
exposure to these medications, and,

e PBMCs from ICU patients with sepsis.
These were investigated by:

1) Mitochondrial membrane potential (MMP), as measured by TMRM.

2) Mitochondrial reactive oxygen species (mtROS) production, as
measured by Mitosox Red.

3) Mitochondrial oxygen consumption rate (OCR) and respiratory
parameters, including basal respiration, proton leak, maximum
respiration rate and non-mitochondrial respiration, measured using

Seahorse extracellular flux assays.

4.2 Optimisation experiments

Prior to the above investigations, a series of experiments were carried out to
optimise the septic stimuli required for the mitochondrial experiments. This was
done by trialling LPS from three different sources (Klebsiella pneumoniae, E.
coli and Staphylococcus aureus) and PMA. A concentration curve was carried
out in PBMCs for each LPS type (50ng/ml, 100ng/ml and 1mg/ml). These were
compared to unstimulated samples in terms of mtROS production and
changes in MMP. | also tried PMA/ionomycin concentrations equivalent to
25ng/ml, 50ng/ml and 100ng/ml for PMA and 0.5, 1 and 2ug/ml for ionomycin
as an alternative stimulus. All results were analysed in both lymphocyte and

monocyte populations and positive controls with antimycin A were carried out.
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These experiments were also repeated at various time points (30 minutes, 1,
3, 6, and 24 hours) to ensure that that the effect of incubation time was also
investigated. All results are shown as ratios to make a comparison between

the groups easier to carry out.

Cell viability across all LPS groups was similar with no significant decrease at
the higher concentration nor at longer incubation times. Of the LPS types,
Klebsiella pneumoniae and Salmonella-derived LPS demonstrated a
consistent increase in MtROS in lymphocytes and monocytes at each time
point compared to E. coli-derived LPS (Figures 4.1 and 4.2). However, mtROS
production with all LPS subtypes did not increase proportionally with

increasing concentrations or incubation time.

Klebsiella pneumoniae-derived LPS demonstrated the most consistent
reduction in MMP across both lymphocytes and monocytes compared to
Salmonella and E. coli-derived LPS (Figures 4.3 and 4.4). The latter two
demonstrated both an increase and decrease in MMP but this did not correlate

with concentration or incubation time.

PMA/lonomycin led to a variable increase in mtROS production in lymphocytes
and monocytes. There was an increased correlation with PMA/lonomycin
concentration at 3 hours in lymphocytes and 24 hours in both cell populations.
PMA/Ilonomycin led to a consistent reduction in MMP at 3, 6 and 24 hours for
both cell populations but not at 30 minutes or 1 hour (Figure 4.5 and 4.6). At
3, 6 and 24 hours, the reduction in MMP correlated with increasing
concentration of PMA/lonomycin. The overall ratios of increase in mtROS or
reduction in MMP were similar between the various LPS subtypes and
PMA/lonomycin.
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Comparison of mtROS produced by Klebsiella, E.coli and Salmonella LPS in lymphocytes
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Figure 4.1. Comparison of mtROS production by Klebsiella, E.coli and Salmonella derived LPS in lymphocytes.
PBMCs were incubated with three concentrations of LPS (50ng/ml, 100ng/ml and 1mg/ml) for 30 minutes, 1, 3, 6 and 24 hours and the mtROS

production was compared. This was then repeated for three different types of LPS (Klebsiella, E. coli and Salmonella). Data shown as a box and

whisker plot with median and IQR values. n=3.

105



Comparison of mtROS produced by Klebsiella, E.coli and Salmonella LPS in monocytes
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Figure 4.2. Comparison of mtROS production by Klebsiella, E. coli and Salmonella derived LPS in monocytes.
PBMCs were incubated with three concentrations of LPS (50ng/ml, 100ng/ml and 1mg/ml) for 30 minutes, 1, 3, 6 and 24 hours and the mtROS production was

compared. This was then repeated for three different types of LPS (Klebsiella, E.coli and Salmonella). Data shown as a box and whisker plot with median and

IQR values. n=3.
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TMRM- Time course and concentration curve for three different LPS (lymphocytes)
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Figure 4.3. Comparison of changes in MMP by Klebsiella, E. coli and Salmonella derived LPS in lymphocytes.
PBMCs were incubated with three concentrations of LPS (50ng/ml, 100ng/ml and 1mg/ml) for 30 minutes, 1, 3, 6 and 24 hours and the changes in MMP were
compared. This was then repeated for three different types of LPS (Klebsiella, E.coli and Salmonella). Data shown as a box and whisker plot with median and

IQR values. n=3.
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TMRM- Time course and concentration curve for three different LPS (Monocytes)
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Figure 4.4. Comparison of changes in MMP by Klebsiella, E. coli and Salmonella derived LPS in monocytes.
PBMCs were incubated with three concentrations of LPS (50ng/ml, 100ng/ml and 1mg/ml) for 30 minutes, 1, 3, 6 and 24 hours and the changes in MMP were

compared. This was then repeated for three different types of LPS (Klebsiella, E. coli and Salmonella). Data shown as a box and whisker plot with median and

IQR values. n=3.
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Effect different PMA/lonomycin concentrations and incubation time on mtROS (lymphocytes)
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Figure 4.5. Comparison of mtROS production by different PMA/lonomycin concentrations and incubation times (lymphocytes).
PBMCs were incubated with three concentrations of PMA/lonomycin (25, 50 and 100ng/ml PMA and 0.5, 1 and 2ug/ml lonomycin) for 30 minutes, 1, 3, 6 and

24 hours. mtROS production was measured and compared in lymphocytes and data shown as box and whisker plots with median and IQR values. n=4.
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Effect different PMA/lonomycin concentrations and incubation time on mtROS (monocytes)
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Figure 4.6. Comparison of mtROS production by different PMA/lonomycin concentrations and incubation times (monocytes).
PBMCs were incubated with three concentrations of PMA/lonomycin (25, 50 and 100ng/ml PMA and 0.5, 1 and 2ug/ml lonomycin) for 30 minutes, 1, 3, 6 and

24 hours. mtROS production was measured and compared in monocytes and data shown as box and whisker plots with median and IQR values. n=4
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Effect of different PMA/lonomycin concentrations and incubation time on MMP (lymphocytes)
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Figure 4.7. Comparison of changes in MMP by different PMA/lonomycin concentrations and incubation times (lymphocytes).
PBMCs were incubated with three concentrations of PMA/lonomycin (25, 50 and 100ng/ml PMA and 0.5, 1 and 2ug/ml lonomycin) for 30 minutes, 1, 3, 6 and

24 hours. Changes in MMP were measured and compared in lymphocytes and data shown as box and whisker plots with median and IQR values. n=4
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Effect different PMA/lonomycin concentrations and incubation time on MMP (monocytes)
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Figure 4.8. Comparison of changes in MMP by different PMA/lonomycin concentrations and incubation times (monocytes).
PBMCs were incubated with three concentrations of PMA/lonomycin (25, 50 and 100ng/ml PMA and 0.5, 1 and 2ug/ml lonomycin) for 30 minutes, 1, 3, 6 and

24 hours. Changes in MMP were measured and compared in monocytes and data shown as box and whisker plots with median and IQR values. n=4
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4.3 Mitochondrial membrane potential

Mitochondrial membrane potential (MMP) was determined using the MFI of
TMRM. PBMCs were firstly incubated with ciprofloxacin, propofol and/or NE in
the presence and absence of LPS for either 6 or 24 hours. MFIs were obtained
for lymphocyte and monocyte cell populations using flow cytometry. These
were firstly log10 transformed and then analysed using two-way ANOVA and
either Bonferroni’s or Dunnett’'s multiple comparisons tests to investigate the
effect of incubation time, patient participant population and drug groups on
MMP. Controls were established using the protonophore FCCP which
uncouples mitochondrial oxidative phosphorylation. It disrupts ATP synthesis
by transporting protons across the inner membrane of the mitochondria,
decreasing the proton gradient and reducing MMP. These studies were
undertaken in lymphocytes and monocytes as part of quality control Effect of

incubation time on MMP in lymphocyte and monocyte populations

Two-way ANOVA and Bonferroni’s multiple comparison tests were used to
investigate the effect of incubation time on MMP in both lymphocyte and
monocyte populations. For each drug group, the incubation time of 6 versus
24 hours significantly affected MMP in both cell populations (Table 4.1).
Bonferroni’s tests in both cases showed a significant increase in MMP at 24
hours compared to 6 hours in the absence of LPS. There was also a significant
increase in MMP in monocytes at 24 hours compared to 6 hours in the
presence of LPS (Figure 4.9). This may be an indication of either an increase
in ATP demand increasing H* in the inner mitochondrial membrane space, or

possibly due to increased cell stress prior to cell death.

Table 4.1. F-test value and corresponding p-values for the effect of incubation of 6
versus 24h on MMP in lymphocyte and monocyte population in the presence and

absence of LPS.

Lymphocytes F-value p-value
No LPS F (1,119)=15.83 | P=0.0001
LPS F(1,119)=4.590 | P=0.0342
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Monocytes F-value p-value
No LPS F(1,119)=13.81  P=0.0003
LPS F (1, 119) = 13.44 | P=0.0004
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Figure 4.9. Effect of incubation time on MMP in lymphocyte and monocyte

populations in the presence and absence of LPS.

PBMCs were treated with ciprofloxacin, propofol and/or NE in the presence and absence of
LPS for 6 and 24 hours. MMP was measured as MFI of TMRM and logio transformed. These
were then compared using two-way ANOVA with Bonferroni’s multiple comparisons test.
*p<0.05, **p<0.01, **p<0.001, ****p<0.0001. Data are shown as mean £ SD. n=5 in healthy
volunteer and ED groups, n=7 in healthy volunteers with septic serum group and septic ICU

patient groups.

4.3.1 Effect of participant groups on MMP in lymphocytes and

monocytes.
The effect of participant groups on MMP was then investigated in lymphocytes

and monocytes using two-way ANOVA and Dunnett’s multiple comparison

tests. These demonstrated that the participant groups significantly affected
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MMP in both cell populations at all time points in both the presence and
absence of LPS (Table 4.2).

Table 4.2. F-test value and corresponding p-values for the effect of participant
groups on MMP in lymphocytes and monocytes at 6 and 24 hours in the presence

and absence of LPS.

Lymphocytes F-value p-value

At 6 hours, no LPS F (3, 20) = 10.26 P=0.0003
At 6 hours, LPS F(3,20)=11.14 P=0.0002
At 24 hours, no LPS F (3, 20) = 8.553 P=0.0007
At 24 hours, LPS F (3, 20) = 8.308 P=0.0009
Monocytes F-value p-value

At 6 hours, no LPS F (3, 20) = 21.23 P<0.0001
At 6 hours, LPS F (3,20)=17.30 P<0.0001
At 24 hours, no LPS F (3, 20) = 30.19 P<0.0001
At 24 hours, LPS F (3, 20) = 44.90 P<0.0001

The effect of MMP for a given drug was then compared between individual
participant groups, such as PBMCs from healthy volunteers versus those from
healthy volunteers co-incubated with septic serum, or versus PBMCs from
infected ED patients, or versus those from septic ICU patients. In both immune
cell types, there was a consistent reduction in MMP in PBMCs from healthy
volunteers co-incubated with septic serum, or from septic ICU patients
compared to healthy volunteers. This was seen at both 6 and 24h and in the

presence and absence of LPS (Figures 4.10 and 4.11).
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Differences in membrane potential between participant groups for a given drug
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Figure 4.10. Differences in MMP between different participant groups at 6 and 24 hours in the presence and absence of LPS in lymphocytes.

Blood samples from each participant group were treated with ciprofloxacin, propofol and/or NE + LPS for 6 and 24 hours. Lymphocytes MMP was measured as
TMRM MFI, log10 transformed and compared between each participant group at 6 and 24 hours in the presence and absence of LPS. Results were analysed
using two-way ANOVA with Dunnett’'s multiple comparisons test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are shown as mean + SD combining

lymphocytes from 5 healthy volunteers, 5 ED patients, 7 from healthy volunteers co-incubated with septic serum and 7 from septic ICU patients.
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Differences in mitochondrial membrane potential between participant groups for a given drug class
(Monocytes)
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Figure 4.11. Differences in MMP between different participant groups at 6 and 24 hours in the presence and absence of LPS in monocytes.

Blood samples from each participant group were treated with ciprofloxacin, propofol and/or NE £ LPS for 6 and 24 hours. Monocyte MMP was measured as
TMRM MFI, log10 transformed and compared between each participant group at 6 and 24 hours in the presence and absence of LPS. Results were analysed
using two-way ANOVA with Dunnett’'s multiple comparisons test. *p< 0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are shown as mean + SD combining

monocytes from 5 healthy volunteers, 5 ED patients, 7 from healthy volunteers co-incubated with septic serum and 7 from septic ICU patients.
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4.2.3 Effect of drug groups on MMP in lymphocytes and

monocytes within the same participant group.

Two-way ANOVA and Dunnett’'s multiple comparison tests were used to
investigate the effect of individual drug groups on MMP within each participant
group in both cell populations. Drug groups significantly affected MMP at all
time points + LPS compared to non-treated controls in both lymphocytes and

monocytes (Table 4.3).

Table 4.3. F-test value and corresponding p-values for the effect of drug groups
on MMP at 6 and 24 hours in the presence and absence of LPS in lymphocytes

and monocytes.

Lymphocytes F-value p-value
At 6 hours, no LPS F (1.769, 40.68) = 15.86 | P=0.001
At 6 hours, LPS F (2.273,52.27) =9.158 | P=0.001
At 24 hours, no LPS F (2.064, 47.47) = 14.21 | P=0.001
At 24 hours, LPS F (1.587, 36.49) = 7.140 | P=0.004
Monocytes F-value p-value

At 6 hours, no LPS F (3.056, 70.29) = 6.924 | P=0.001
At 6 hours, LPS F (2.787, 64.10) = 2.026 | P=0.123
At 24 hours, no LPS F (2.759, 63.47) =3.862 | P=0.016
At 24 hours, LPS F (2.898, 66.66) =2.083 | P=0.113

There were significant changes in MMP in lymphocytes following incubation
with each drug group compared to control (Figure 4.12). These were not
consistent across all participant groups. Monocytes however showed minimal
changes in MMP following incubation with each drug group compared to
control (Figure 4.13). There was also no additive effect following incubation

with the combination of all three drugs compared to individual drugs.
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Figure 4.12. Differences in lymphocyte MMP between different drug classes for a given participant group, at 6 and 24 hours + LPS.

Blood samples from each participant group were treated with ciprofloxacin, propofol and/or NE + LPS for 6 and 24 hours. Lymphocyte MMP was measured as
MFI of TMRM and compared between each drug group at 6 and 24 hours + LPS. Results were analysed using two-way ANOVA with Dunnett’'s multiple
comparisons test *p< 0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are shown as mean + SD combining lymphocytes from 5 healthy volunteers, 5 ED patients,

7 from healthy volunteers co-incubated with septic serum and 7 from septic ICU patients.
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Figure 4.13. Differences in monocyte MMP between different drug classes for a given participant group, at 6 and 24 hours £ LPS.

Blood samples from each participant group were treated with ciprofloxacin, propofol and/or NE = LPS for 6 and 24 hours. Monocytes MMP was measured as
MFI of TMRM and compared between each drug group at 6 and 24 hours + LPS. Results were analysed using two-way ANOVA with Dunnett’'s multiple
comparisons test. *p< 0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are shown as mean + SD combining monocytes from 5 healthy volunteers, 5 ED patients,

7 from healthy volunteers co-incubated with septic serum and 7 from septic ICU patients.
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4.4 Mitochondrial reactive oxygen species production

Mitochondrial ROS (mtROS) production was determined using the MFI of
Mitosox Red. PBMCs were firstly incubated with ciprofloxacin, propofol and/or
NE in the presence and absence of LPS for either 6 or 24 hours. MFIs were
obtained for lymphocyte and monocyte cell populations using flow cytometry.
These were firstly logl0 transformed and then analysed using two-way
ANOVA and either Bonferroni’s or Dunnett’'s multiple comparison tests to
investigate the effect of incubation time, participant population and drug groups
on MMP.

Controls were established using the mitochondrial electron transport chain
inhibitor, antimycin. By inhibiting Complex Ill, antimycin increases production
of mtROS and thus increases the MFI of Mitosox Red. These studies were
undertaken as part of quality control. Effect of incubation time on mtROS in

lymphocyte and monocyte populations

Firstly, two-way ANOVA and Bonferroni’s multiple comparison tests were
used to investigate the effect of incubation time on mtROS in both
lymphocytes and monocytes.

For each drug group, the incubation time of 6 versus 24 hours significantly
affected mtROS in both cell populations but only in the absence of LPS
(Table 4.4).

Table 4.4. F-test value and corresponding p-values for the effect of time on mtROS

in lymphocytes and monocytes in the presence and absence of LPS.

Lymphocytes F-value p-value
No LPS F (1, 124) = 9.301 P=0.003
LPS F (1, 124) = 3.149 P=0.078
Monocytes F-value p-value
No LPS F(1,124)=7.631 P=0.007
LPS F(1,123)=0.050 P=0.823
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Bonferroni’s tests showed a significant increase in mtROS in both lymphocytes

and monocytes at 24 hours compared to 6 hours (Figure 4.8).

Effect of incubation time on mtROS production in lymphocytes
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Figure 4.14. Effect of incubation time on mtROS production in lymphocytes and
monocytes at 6 and 24 hours in the presence and absence of LPS.

PBMCs were treated with ciprofloxacin, propofol and/or NE in the presence and absence of
LPS for 6 and 24 hours. mtROS production was measured as MFI of Mitosox Red. These were
logio transformed and compared using two-way ANOVA with Bonferroni’'s multiple
comparisons test. *p<0.05, **p<0.01, ***p<0.001, ***p<0.0001. Data are shown as mean *
SD combining lymphocytes or monocytes from 5 healthy volunteers, 5 ED patients, 7 from

healthy volunteers co-incubated with septic serum and 7 from septic ICU patients.

4.4.1 Effect of participant groups on mtROS in lymphocytes

and monocytes.

The effect of participant groups on mtROS was then investigated in
lymphocytes and monocytes using two-way ANOVA and Dunnett's multiple
comparison tests. The participant groups significantly differed in mtROS
production in lymphocytes at 6 hours in the absence of LPS, and in monocytes

at both timepoints in both the presence and absence of LPS (Table 4.5).
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Table 4.5. F-test value and corresponding p-values for the effect of participant
groups on mtROS in lymphocytes and monocytes at 6 and 24 hours in the

presence and absence of LPS.

Lymphocytes F-value p-value
At 6 hours, no LPS F (3, 21) = 5.260 P=0.007
At 6 hours, LPS F(3,21)=10.81 P=0.001
At 24 hours, no LPS F (3, 21) = 3.760 P=0.026
At 24 hours, LPS F(3,21)=2.712 P=0.071
Monocytes F-value p-value
At 6 hours, no LPS F (3, 21) = 15.17 P=0.001
At 6 hours, LPS F (4, 96) = 5.746 P=0.001
At 24 hours, no LPS F (4, 96) = 3.912 P=0.006
At 24 hours, LPS F (4,96) =7.141 P=0.001

The effect of mtROS for a given drug was compared between PBMCs from
individual participant groups, such as healthy volunteers versus healthy
volunteers co-incubated with septic serum, or versus ED patients, or versus
septic ICU patients. There was a consistent increase in mtROS compared to
healthy volunteer cells in both cell types, however this was not consistently

present for a single participant population under all experimental conditions.

In lymphocytes, there was an increase in mtROS across all participant groups
compared to healthy volunteers at 6 hours in the presence of LPS, and at 24
hours in the absence of LPS (Figure 4.16). In monocytes, the increase in
MtROS was not consistent across participant groups nor experimental
conditions. mtROS increased in healthy volunteers co-incubated with septic
serum compared to healthy volunteers at 6 hours in both the presence and
absence of LPS, and at 24 hours in LPS-treated groups. In ED patients,
MtROS increased at 6 hours with LPS, and at 24 hours in the absence and
presence of LPS compared to healthy volunteers. In septic ICU patients,
MtROS increased at 6 hours in the presence and absence of LPS but not at
24 hours (Figure 4.17).
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Differences in mtROS between participant groups for a given drug (Lymphocytes)

24h, no LPS

6h, no LPS

Healthy volunteers

Healthy with septic serum
Suspected septic ED patients
Septic ICU patients

MFI Mitosox
MFI Mitosox

Control Ciprofloxacin Propofol NE Mix of 3 drugs Control Ciprofloxacin Propofol NE Mix of 3 drugs

6h, LPS 24h, LPS

MFI Mitosox

Control Ciprofloxacin Propofol NE Mix of 3 drugs Control Ciprofloxacin Propofol NE Mix of 3 drugs

Figure 4.15. Differences in mtROS between different participant groups at 6 and 24 hours + LPS (Lymphocytes

Blood samples from each participant group were treated with ciprofloxacin, propofol and/or NE in the presence and absence of LPS for 6 and 24 hours.
Lymphocytes mtROS was measured as MFI of Mitosox Red, log10 transformed and compared between each participant group at 6 and 24 hours in the presence
and absence of LPS. Results were analysed using two-way ANOVA with Dunnett’'s multiple comparisons test. *p< 0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Data are shown as mean + SD combining lymphocytes from 5 healthy volunteers, 5 ED patients, 7 healthy volunteers co-incubated with septic serum, and 7

septic ICU patients.
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Differences in mtROS between participant groups for a given drug class
(Monocytes)

6h, no LPS

24h, no LPS

Healthy volunteers

Healthy with septic serum
Suspected septic ED patients
Septic ICU patients

Control  Ciprofloxacin  Propofol NE Mix of 3 drugs Control Ciprofloxacin Propofol NE Mix of 3 drugs

6h, LPS
24h, LPS

Control  Ciprofloxacin Propofol NE Mix of 3 drugs Control Ciprofloxacin Propofol NE Mix of 3 drugs

Figure 4.16. Differences in mtROS between different participant groups at 6 and 24 hours £ LPS (Monocytes).

Blood samples from each participant group were treated with ciprofloxacin, propofol and/or NE in the presence and absence of LPS for 6 and 24 hours.
Monocytes mtROS was measured as MFI of Mitosox Red, log10 transformed and compared between each participant group at 6 and 24 hours in the presence
and absence of LPS. Results were analysed using two-way ANOVA with Dunnett’s multiple comparisons test. *p< 0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Data are shown as mean + SD combining monocytes from 5 healthy volunteers, 5 ED patients, 7 healthy volunteers co-incubated with septic serum, and 7

septic ICU patients.

125



4.4.2 Effect of drug groups on mtROS in lymphocytes and

monocytes within the same participant group.

Finally, two-way ANOVA and Dunnett’s multiple comparison tests were used
to investigate the effect of individual drug groups on mtROS production within
each participant group. Drug groups significantly affected mtROS production

in both cell populations under all experimental conditions (Table 4.6).

Table 4.6. F-test values and corresponding p-values for the effect of drug class on
mtROS production in lymphocytes and monocytes at 6 and 24 hours in the

absence and presence of LPS.

Drug class F-value p-value
At 6 hours, no LPS F (1.884,45.21) =5.169 | P=0.011
At 6 hours, LPS F (2.691, 64.59) =4.919 | P=0.005
At 24 hours, no LPS F (1.691, 40.57) = 15.47 | P=0.001
At 24 hours, LPS F (1.599, 38.39) =17.68 | P=0.001
Drug class F-value p-value
At 6 hours, no LPS F (1.997, 47.93) = 4.233 P=0.020
At 6 hours, LPS F (2.681, 64.34) = 5.746 P=0.002
At 24 hours, no LPS F (3.329, 79.89) = 3.912 P=0.009
At 24 hours, LPS F (2.958, 71.00) = 7.141 P=0.001

While there were some significant differences in mtROS production in both cell
populations, these were not present uniformly in different participant groups
(Figure 4.18 and 4.19).
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Figure 4.17. Differences in lymphocyte mtROS between different drug classes for a given participant group, at 6 and 24 hours in the presence
and absence of LPS.

Blood samples from each participant group were treated with ciprofloxacin, propofol and/or NE in the presence and absence of LPS for 6 and 24 hours. MtROS
production was measured as MFI of Mitosox and compared between each drug group at 6 and 24 hours in the presence and absence of LPS. Results were
analysed using two-way ANOVA with Dunnett's multiple comparisons test. *p< 0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are shown as mean + SD

combining lymphocytes from 5 healthy volunteers, 5 ED patients, 7 healthy volunteers co-incubated with septic serum, and 7 septic ICU patients.
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Differences in mtROS between drugs for a given participant (Monocytes)
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Figure 4.18. Differences in mtROS between different drug classes for a given participant group, at 6 and 24 hours in the presence and absence
of LPS (monocytes).

Blood samples from each participant group were treated with ciprofloxacin, propofol and/or NE in the presence and absence of LPS for 6 and 24 hours. MtROS
production was measured as MFI of Mitosox and compared between each drug group at 6 and 24 hours in the presence and absence of LPS. Results were
analysed using two-way ANOVA with Dunnett’'s multiple comparisons test. *p< 0.05, **p<0.01, ***p<0.001, ****p<0.0001. Data are shown as mean + SD

combining monocytes from 5 healthy volunteers, 5 ED patients, 7 healthy volunteers co-incubated with septic serum, and 7 septic ICU patients.
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4.5 Mitochondrial stress test using Seahorse XF96 Analyser

The mitochondrial stress test was used to measure oxygen consumption rate
(OCR) and other respiratory variables including basal respiration, proton leak,
maximum respiration rate, and non-mitochondrial respiration. ~300,000
PBMCs from healthy volunteers were suspended in DMEM media containing
10% pooled septic serum and FBS. Cells were plated on the XF cell culture
microplate following adhesion with Cell-Tak as per protocol. Ciprofloxacin (100
pg/mL), propofol (50 ug/mL) and/or NE (10 pg/mL) = LPS (100 ng/mL) were

added to the relevant wells in replicates of four and incubated for 6 hours.

After 6 hours, cells were suspended in Seahorse media consisting of DMEM
with L-glutamine (2 uM), sodium pyruvate (1 uM), and glucose (5 pM). After
25-30 minutes, cells were loaded to an already calibrated seahorse XF96
analyser and oligomycin (3.5 uM), The uncoupler FCCP (2.5 uM), the Complex
[l inhibitor antimycin A and the Complex | inhibitor rotenone (5 uM) were
sequentially added. OCR and the other mitochondrial parameters were
measured at specific intervals. PBMCs were then washed twice with 200 pL of
PBS and stained with 1/1000 concentration of Hoechst. These were then

counted using the ImageXpress Imaging System.

The results from the Seahorse XF96 analyser were uploaded onto Agilent
Wave 2.6 Desktop software for Mac. Cell counts were used to normalise the
data. Data were then checked for quality control (including removal of outliers).
Replicate data were then averaged and exported to GraphPad Prism for
further analysis.

The OCRs were averaged for the six participants and the drug/LPS
combinations. Line graphs were used to ensure that the trace shape was as
expected. The specific mitochondrial respiratory variables were analysed
using one-way ANOVA and either Kruskal-Wallis test or Dunn’s multiple

comparisons tests.
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45.1 OCR curves

Healthy PBMCs were incubated with pooled septic serum and treated with
ciprofloxacin, propofol and/or NE in the presence and absence of LPS for 6 or
24 hours. Mean OCRs were calculated for replicates after removal of outliers
and quality control checks. OCRs were then averaged for PBMCs from the six
healthy volunteers and visually compared to controls to confirm whether the

response to the various mitochondrial inhibitors or uncoupler was as expected.

For each experimental condition, the response to mitochondrial drugs
(oligomycin, FCCP and antimycin/rotenone) was as expected. Oligomycin
disrupts ATP synthase activity by binding to the Fo component of the complex
V; this reduced the OCR required for ATP synthesis. Proton leak remained
steady for each experiment. FCCP then disrupted the MMP causing cells to
increase their oxygen requirements to attempt to restore the membrane
potential for ETC activity. This generated the value for maximal respiration.
The difference between basal and maximal respiration equals the spare
respiratory capacity. Finally, antimycin A and rotenone were added, which
reduced oxygen consumption by inhibiting OxPHOS. Non-mitochondrial
respiration was then calculated by deduction from the basal and maximal
respiration values (Figure 4.20).
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Oxygen consumption rate in PBMCs (6 hours, no LPS)
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Figure 4.19. OCR of healthy PBMCs co-incubated with septic serum, drugs of interest
and LPS for 6 hours.

Healthy PBMCs were incubated with pooled septic serum/FBS and treated with ciprofloxacin,
propofol and/or NE + LPS for 6 hours. Mean OCRs were calculated and visually compared to
controls to check for whether the response to the various drugs was as expected. Data are

shown as mean * SD. n=6.
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4.5.2 Mitochondrial variables

Basal respiration, proton leak, maximal respiration, spare respiratory capacity,
non-mitochondrial respiration and ATP production were compared to the
relevant controls using one-way ANOVA and either Kruskal-Wallis or Dunn’s

multiple comparison tests.

These showed no statistically significant differences between unstimulated
controls and drug groups, nor between LPS controls and drug/LPS
combinations. There was no additive effect from the mixture of drugs

compared to the individual drugs (Figure 4.21).
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Figure 4.20. Mitochondrial respiratory variables.

Healthy PBMCs were incubated with septic serum/FBS and treated with ciprofloxacin, propofol
and/or NE + LPS for 6 and 24 hours. Means of mitochondrial respiratory values were
calculated for each replicate after removal of outliers and quality control checks. One-way
ANOVA analysis with either Kruskal-Wallis or Dunn’s multiple comparison test were used to
compare drug groups against unstimulated control, or drug/LPS combinations against LPS
control. *p<0.05, **p<0.01, **p<0.001, ****p<0.0001. Data are shown as box and whisker plots

with median * interquartile range. n=6.
4.6 Summary of mitochondrial studies

For each drug group, incubation time significantly increased MMP and mtROS
for both cell types. However, this was not consistent across all experimental
conditions. Similarly, participant groups and individual drug groups significantly
affected MMP and mtROS production in both lymphocytes and monocytes.
This was also not consistent under all experimental conditions. There was no
cumulative effect following incubation with combination of all three drugs

compared to each drug alone.

Mitochondrial variables including basal respiration, proton leak, maximal
respiration, spare respiratory capacity, non-mitochondrial respiration and ATP
production showed no statistically significant difference between unstimulated
control and drug groups, nor between LPS controls and drug group/LPS
combinations. There was also no additive effect from the mixture of drugs for

any of these parameters.
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chapters  EX@MIiNIiNg immunology
and metabolic gene expression
profiles of PBMCs incubated
with ciprofloxacin, propofol,
norepinephrine and LPS.

5.1 Introduction

Sepsis has a complex and multi-faceted pathophysiological mechanism which,
despite decades of research using traditional methods, still remains elusive.
With advances in molecular biology, novel methods can be used to review this
age-old syndrome with a fresh approach. As with cancer biology, the focus of
genetic studies in sepsis is to investigate individual host responses, develop
clinically relevant point-of-care diagnostics, and identify disease clusters to
help guide therapeutic decisions. However, unlike cancer, studies in sepsis are
more challenging to conduct and interpret. This is partially explained by the
dynamic natural history of the condition, difficulty with identifying and sampling
infected tissues, pathogen-related factors (e.g. source, location, virulence and
resistance patterns), host-related factors (e.g. age, gender, ethnicity, co-
morbidities and prior exposure to pathogens), and therapeutic interventions
that often modulate the host response.

Studies of the innate immune system indicate that >3700 genes may be
dysregulated in response to a bacterial infection, notably with downregulated
gene expression affecting the majority (153). Sepsis can be distinguished from
sterile SIRS using gene expression profiles (477, 478), though more
information may be required to distinguish between the genetic profiles of
sepsis arising from Gram-positive or Gram-negative bacteria (479). Numerous
studies have identified genetic variations that increase the risk of developing
sepsis, while other studies have classified septic patients into specific

biological signatures (e.g. into inflamed or immunosuppressed subtypes) to
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identify patients at high risk of mortality (480-483). However, such studies in
sepsis are still in their relative infancy and require further in-depth investigation

before widespread utilisation in clinical practice (484).

| used Nanostring technology to investigate the impact of ciprofloxacin,
propofol and/or NE on immunological and metabolic pathways in PBMCs in
the presence of LPS. Nanostring technology is a robust, high-throughput
method that can detect RNA from a small sample of 100ng. | chose the ‘Human
Immunology V2’ and ‘Metabolic Pathways’ panels, which consisted of 579 and
748 genes respectively, with 15-20 internal reference genes. This was
because collectively these pathways covered genes involved in major immune
pathways (e.g. production of cytokines, chemokines and their receptors, and
signalling in major pathways including the TNF-receptor superfamily and KIR
family) and metabolic pathways (biosynthetic pathways, nutrient capture and
catabolic pathways, cell stress, metabolic signalling and transcriptional
regulation) in humans. The focus of my experiment was on overall immune

function and mitochondrial respiration.

Total RNA was extracted from 200 000 PBMCs per well from four healthy
individuals co-incubated in septic serum after six hours. Qiagen RNeasy Plus
mini kit was used for RNA extraction. The quality and quantity of RNA obtained
was determined using a Qubit 4.0 fluorometer and TapeStation. These
samples were then transferred to a local Nanostring facility where gene
expression was determined. RCC files were uploaded onto nSolver 4.0
(NanoString Technologies, Washington, USA) and ROSALIND® analysis
software (ROSALIND, San Diego, CA) for data quality checks, background
thresholding and normalization as outlined in the methods section.

5.2 Quality control

Firstly, quality control checks were carried out. All samples passed the imaging
guality controls as they had field of view of >95% when the barcodes were
immobilised onto the cartridge surface. The binding density of all samples was
in the expected range of 0.1- 2.25 um~2 as | used the Max system. The positive
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control linearity for all samples (except one) was > 0.95 when the R? of controls
was performed. An unstimulated sample in the metabolic pathway was
excluded as its positive linearity was 0.92. The mean negative controls were
in the region of 20 as expected, this indicated an appropriate level of
background noise. Positive E control which indicates the system’s limit of
detection was significantly above the negative controls as expected.
Normalization of samples was then carried out using the GeNorm algorithm,
which included all the housekeeping genes in the immunology and metabolic
pathway panels. If the housekeeping genes are not as expected, they are
excluded and may indicate a problem with the assay. This was not the case in

our experiments (Table 5.1 and 5.2).

Table 5.1. Quality control parameters for all samples in the immunology panel.

Imagin . .
Sample name qua?ityg Bindi.ng cpcc))rsl‘ltrlovle ?I/l\lizn SD (Neg Egri?ovle

(% FOV density | . . controls)

captured) linearity | controls)
Unstimulated1 0.990991 | 0.58 0.98 20.12 14.92 128
LPS1 0.994595 | 0.75 0.98 20.12 13.44 115
Ciprofloxacin/LPS1 | 0.990991 | 0.92 0.98 20.75 13.13 100
Propofol/LPS1 0.990991 | 0.73 0.98 18.75 13.63 93
NE/LPS1 0.987387 | 0.68 0.98 15.88 11.52 102
Mix/LPS1 0.992793 | 0.65 0.98 17.88 18.12 100
Unstimulated2 0.996396 | 1.18 0.98 16.75 12.27 101
LPS2 0.994595 | 0.83 0.98 20.25 14.34 98
Ciprofloxacin/LPS2 | 0.990991 | 0.73 0.98 17.75 11.52 128
Propofol/LPS2 0.996396 | 0.67 0.98 17.62 11.65 116
NE/LPS2 0.983784 | 0.95 0.98 21.38 13.82 108
Mix/LPS2 0.989189 | 0.76 0.98 18.38 12.55 103
Unstimulated3 0.989189 | 0.47 0.98 13,75 10.21 103
LPS3 0.990991 | 0.77 0.98 19 11.86 107
Ciprofloxacin/LPS3 | 0.989189 | 0.69 0.98 19.25 12.44 83
Propofol/LPS3 0.994595 | 0.65 0.99 19 11.35 122
NE/LPS3 0.994595 | 0.76 0.98 19.5 12.09 93
Mix/LPS3 0.974775 | 0.8 0.98 21.62 14.53 94
Unstimulated3 0.990991 | 0.44 0.98 17.38 10.94 95
LPS3 0.994595 | 0.77 0.98 19.5 8.83 92
Ciprofloxacin/LPS3 | 0.990991 | 0.84 0.98 23.62 12.16 108
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Propofol/LPS3 0.990991 | 0.74 0.98 20.5 13.21 104
NE/LPS3 0.989189 | 0.65 0.99 17.88 12.26 118
Mix/LPS3 0.987387 | 0.67 0.97 15.25 10.61 65

Table 5.2. Quality control parameters for all samples in the metabolic panel

Imagin -

Sample name quaﬁtyg Bindi'ng Eg;:trlovle (l\:l\lzzn SD (Neg | Positive
(% FOV density | . . controls) | control E
captured) linearity | controls)

Unstimulated1 0.994595 | 0.37 0.98 15.62 4.5 102

LPS1 0.989189 | 0.44 0.98 17.25 6.96 112

Ciprofloxacin/LPS1 | 0.987387 | 0.37 0.98 17.25 5.18 126

Propofol/LPS1 0.992793 | 0.43 0.98 16.75 231 99

NE/LPS1 0.989189 | 0.38 0.98 13.75 6.23 96

Mix/LPS1 0.987387 | 0.77 0.98 13.75 5.8 88

Unstimulated?2 0.956757 | 0.38 0.99 14.38 4.66 127

LPS2 0.990991 | 0.42 0.99 16.5 4.44 130

Ciprofloxacin/LPS2 | 0.996396 | 0.45 0.98 16.38 8.25 118

Propofol/LPS2 0.992793 | 0.48 0.99 17 8.02 127

NE/LPS2 0.992793 | 0.44 0.99 17.12 5.67 139

Mix/LPS2 0.994595 | 0.44 0.99 16.38 6.39 142

Unstimulated3 0.996396 | 0.41 0.98 12 5,32 87

LPS3 0.996396 | 0.39 0.98 16.88 6.51 111

Ciprofloxacin/LPS3 | 0.998198 | 0.43 0.98 17.75 5.15 111

Propofol/LPS3 0.998198 | 0.45 0.98 16.88 6.92 95

NE/LPS3 0.998198 | 0.5 0.99 14.38 7.25 135

Mix/LPS3 0.998198 | 0.41 0.99 18 8.16 116

Unstimulated3 0.992793 | 0.45 0.92 9.12 7.85 73

LPS3 0.998198 | 0.4 0.99 14.25 5.34 116

Ciprofloxacin/LPS3 | 0.996396 | 0.4 0.98 16 4.63 119

Propofol/LPS3 0.998198 | 0.49 0.98 17.25 4.37 111

NE/LPS3 0.998198 | 0.54 0.99 15.5 3.02 134

Mix/LPS3 0.96036 0.44 0.99 13.75 6.04 131

5.3 Overview of both panels

Unsupervised hierarchical clustering of all samples in the immunology and
metabolic pathways showed clear clustering by unstimulated samples,

suggesting these samples were the most similar to each other, while the other
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experimental conditions clustered more randomly. This indicates variation in

differential gene expression under the different experimental conditions.

In total, there were only 60 and 29 genes with a fold change >1.5 or <-1.5 and
an adjusted p-value <0.05 in the immunology and metabolic pathways,
respectively. The fold change value of 1.5 was chosen arbitrarily by
ROSALIND® and can be adjusted according to genes of interest, (e.g. some
genes that may not be as highly expressed but have important metabolic
functions) (Figure 5.1). Data showing differential gene expression for all

samples across both panels has been included in the appendix.

The volcano plot shows the breakdown of 60 genes in the immunology panel
(46 upregulated and 14 downregulated) and 29 genes in the metabolic panel
(23 upregulated and 6 downregulated) when samples containing drugs and

LPS were compared to unstimulated and LPS samples (Figure 5.1).

Gene set analyses were performed to rationalise the significance of the gene
expression changes with respect to specific pathways. This was determined
automatically by nSolver and ROSALIND® software, where a global
significance score was given according to Nanostring annotations of pathways.
The score signifies the relevance of the level of gene expression in a given
pathway, with a higher score indicating more relevance. It does not indicate
the direction of the gene change (e.g. up- versus down-regulation). These
panels were then further analysed using detailed pathway analysis with
Wikipathways, Bioplanet, PANTHER and REACTOME.
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Figure 5.1. Overview data in the immunology and metabolic pathways

demonstrated as heatmaps and Volcano plots.

Heatmaps and Volcano plots show a comparison of gene expression profiles of PBMCs from
4 healthy volunteers incubated with 10% pooled septic serum, drugs of interest and LPS,
compared to unstimulated and LPS samples. The heatmaps show samples clustered by
sample types (x-axis) and by gene type (y-axis). Red demonstrates gene upregulation, while
blue shows downregulation. The volcano plot shows log ratio of fold change on the x-axis and
the negative log of the adjusted p-value on the y-axis. Each dot represents a gene; genes on

the right side above the line at p= 1.5 are upregulated and on the left are downregulated.
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Table 5.3. Significance scores following gene set analysis in the immunology and
metabolic pathways.

Immunology pathway Metabolic pathway
Terms Significance Terms Significance
Score Score
Inflammasomes 3.5615 NF-kB signalling 2.8018
Th2 differentiation 3.0278 Tryptophan kynurenine 2 4993
metabolism
Transcriptional regulation 2.7985 Myc 2 4347
NF-kB signalling 26909 Nucleotide salvage 2.427
Immunometabolism 2.67 Hypoxia 2 3636
Th1 differentiation 2.6156 MAPK 23071
TNF family signalling 25456 Nucleotide synthesis 2.143
Apoptosis 2.4956 Cytokine & chemokine 21289
NLR signalling 2.4943 _signalling
Chemokine signalling 2 4792 Transcriptional regulation 2.0874
TLR signalling 2.0719

5.4 Comparison of unstimulated and LPS samples

In the immunology panel, LPS upregulated 116 genes and downregulated 20
genes with a fold change >1.5 or <-1.5 when compared to unstimulated
samples (both with an adjusted p-value <0.05) (Figure 5.2). Gene set analysis
demonstrated these were mostly genes belonging to pro-inflammatory
pathways, particularly type | and Il interferon, NLR and TLR signalling
pathways. Gene set analysis scores ranged from 5.66 to 9.56 (Table 5.4). This
score suggests significant and consistent involvement of these genes in the
pathways mentioned. Detailed analysis with Wikipathways, Bioplanet,
PANTHER and REACTOME demonstrated significant differential gene
expression involving interferon signalling, which has been demonstrated on a
Wikipathway illustration in Figure 5.3. Downregulated genes included:
CLECT7A, TGFBI, CD14, CLEC4A, FCGR2A/C, FCGR2A, IL16, ITGAX, IL6R,
CLECS5A, SYK, CFP, TCF7, CFD, BST1, CSF3R and CD27. When analysed

using pathways, these genes did not consistently belong to specific pathways.
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Likewise, in the metabolic pathway, 64 genes were upregulated and 33
downregulated with a fold change of >1.5 or <-1.5 and an adjusted p-value of
<0.05. Gene set analyses showed that these genes mostly belonged to
immune cell functional pathways that were also available on the metabolic
panels. These markers varied slightly from the immunology panel so the
panels highlighted include antigen presentation, TLR signalling, cytokine and
chemokine signalling, MAPK, PI3K-Akt signalling and lysosomal degradation.
Those belonging to mitochondrial function included genes important in hypoxia
and reactive oxygen responses. When these were analysed further using
pathways, no metabolic pathway involving mitochondria was specifically
highlighted.

Immunology Panel Metabolic Panel

us us us us LPS LPS LPS  LPS us us us us LPS LPS LPS  LPS
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Figure 5.2. Heatmaps and Volcano plots of the immunology and metabolic

pathways comparing unstimulated samples with those containing LPS alone.

Heatmaps and Volcano plots for comparison between gene expression profiles of PBMCs
from 24 healthy volunteer samples incubated with 10% pooled septic serum or LPS, or control
(unstimulated).

Table 5.4. Significance scores following gene set analysis of immunology and

metabolic panels comparing unstimulated samples with those containing LPS

alone.
Immunology pathway Metabolic pathway
Terms Significance Terms Significance
Score Score

Type | Interferon signalling | 9.4567 Hypoxia 4.4652

Type Il Interferon signalling | 6.8128 NF-kB signalling 4.4428

MHC class | antigen 6.6687 Antigen presentation 4.1049

presentation i - -

NLR signalling 6.4679 TLR signalling 4.0566
Cytokine & chemokine

Th1 differentiation 6.0813 signalling 3.9677

TLR signalling 5.9139 MAPK 3.935

Inflammasomes 5.77 Lysosomal degradation 3.3144

Cytokine signalling 5.7089 PI3K 3.258

NF-kB signalling 5.6751 TCR & co-stimulatory 3.1416
signalling )

Immunometabolism 5.6688

Reactive oxygen response | 3.0841
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Figure 5.3. Wikipathway of Interferon Il signalling.
This illustration demonstrates the upregulated genes in the interferon Il signalling pathway when comparing unstimulated samples with LPS containing samples.
The gene expression profile was from 4 healthy volunteers where PBMCs were incubated with or without 10% pooled septic serum. Total RNA was then isolated

and NanoString immunology and metabolic pathway panels performed.

143



5.5 Comparison of ciprofloxacin/LPS with LPS alone

When comparing samples containing ciprofloxacin and LPS with those
containing LPS, in the immunology panel 26 genes were upregulated
(SERPINGL1, IL1IRN, S100A8, CLEC4E, LILRB2, LILRA5, CCRL2, S100A9,
CED, FCGRT, TLR2, CCR5, GZMA, BST1, CCR1, CSF2RB, ADA, CSF3R,
CYBB, CCR2, TLR4, IRAK2, LCP2, PECAM1 and LILRB1) and 2 were
downregulated (TNFRSF13C, ICOSLG) with a fold change of >1.5 or <-1.5
and an adjusted p-value <0.05 (Figure 5.3). Gene set analysis demonstrated
that these genes belonged to the following pathways: immunometabolism,
apoptosis, complement system, inflammasomes, oxidative stress, MHC class
| antigen presentation, lymphocyte trafficking, haemostasis, TLR signalling and
B-cell receptor signalling (Table 5.5). However, the significance score ranged
from 1.39 to 1.62, suggesting low biological relevance. This is also
demonstrated within the detailed analysis of the pathways using Wikipathways

where no specific pathway was significantly involved.

In the metabolic panel, 14 genes were upregulated (BCL2A1, TKT, CAT,
S100A12, TLR2, GZMA, KYNU, CSF3R, CYBB, ALDH2, TLR4, ADA, SOD2
and GLRX) and 1 gene downregulated (ACSF3) with the fold change and
adjusted p-values mentioned above. GSA showed the following pathways:
pentose phosphate pathway, TLR signalling, tryptophan/kynurenine
metabolism, NF-kB, nucleotide salvage, mitochondrial respiration, fatty acid
synthesis, antigen presentation, glycolysis, lysosomal degradation. The
specific scores in this pathway were also low ranging from 1.22 to 1.74. On
more detailed review of specific genes using Wikipathways, while there was
some differential expression of genes such as CAT and SOD2, these changes
were often isolated, with limited evidence of consistent involvement throughout

whole pathways. This is illustrated in the example below (Figure 5.4).
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Figure 5.4. Heatmaps and Volcano plots of the immunology and metabolic
pathways comparing ciprofloxacin/LPS samples with those containing LPS

The heatmaps and Volcano plots show a comparison in the gene expression profiles of 24
healthy volunteer samples incubated with 10% pooled septic serum, and are comparing
samples containing ciprofloxacin/LPS with LPS alone.

145



Table 5.5. Significance scores following gene set analysis of immunology and

metabolic panels comparing ciprofloxacin/LPS samples with those containing LPS

alone.
Immunology pathway Metabolic pathway
Terms Significance Terms Significance
Score Score
Immunometabolism 1.6229 Pentose Phosphate 1.736
Apoptosis 1.5538 Pathw-ay -
TLR signalling 1.6046
Complement system 1.548
Tryptophan/Kynurenine 1.5938
Inflammasome 1.5449 metabolism
Oxidative stress 1.5168 NF-kB signalling 1.3921
MHC class | antigen 1.5123 Nucleotide salvage 1.3456
presentation Mitochondrial respiration 1.3114
Lymphocyte trafficking 1.4837
Fatty acid synthesis 1.2985
Haemostasis 1.4531
Antigen presentation 1.2944
TRL signalling 1.3979
Glycolysis 1.2351
B cell receptor signalling 1.3939
Lysosomal degradation 1.2208
NOX1
CYBB
NOX3 r 4
NOXS —_ XA Inhibition of oxidases
MAOA
[ Reactive Oxygen Species
tress-regulated
MAP kinase
MAPKIO &

NFE2L2

T
TF .mul/
2

MAPK14

NFKBI

S

Immediate-carly
gene induction

CAT

TXN2

TXNRD1

TXNRD2

GCLC

MTIX

NQOI
UGT1A6

GPX1
GPX3

HMOX1 ,]\ GSR

Adaptive response

Repression of ROS-
producing systems

TF inhibition

Repression

Figure 5.5. Wikipathway of oxidative stress. Source Wikipedia: Oxidative_stress.
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5.6 Comparison of propofol/LPS with LPS alone

When comparing samples containing propofol and LPS with LPS alone, in the
immunology panel 9 genes were upregulated (CD22, IRF4, PTPN6, CD40LG,
GFl1, TGFBR2, FOXP3, STAT6 and SLAMF1) and none downregulated with
a fold change of >1.5 or <-1.5 and an adjusted p-value <0.05 (Figure 5.5).
Gene set analysis demonstrated these genes belonged to several pathways
(Table 5.6). However, significance scores were low and the actual involvement

of the genes per pathway was varied and ranged from 1-5 per pathway.

Similarly in the metabolic panel, 20 genes were upregulated (MYC, MYB,
ODC1, BUB1, NME1, CD180, SLC16A6, IRF4, SLC3A2, ZNF682, PCK2,
PSAT1, MSRB2, PYCR2, LTB, SHMT2, CD84, STAT6, GRAP2 and IDNK)
and 4 genes downregulated (SLC16A1, EFNA4, SLC25A1 and OAT) with the
fold change and adjusted p-values as above. GSA also demonstrated low
relevance in terms of pathways (Table 5.6). For both pathways, more detailed
review of specific genes in pathways using various platforms including
Wikipathways demonstrated isolated changes in gene expression, with limited
evidence of consistent involvement throughout whole pathways.

Immunology Panel Metabolic Panel
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Figure 5.6. Heatmaps and Volcano plots of the immunology and metabolic

pathways comparing propofol/LPS samples with those containing LPS.

The heatmaps and Volcano plots show a comparison in the gene expression profiles of 24

healthy volunteer samples incubated with 10% pooled septic serum, and are comparing

samples containing propofol/LPS with LPS alone.

Table 5.6. Significance scores following gene set analysis of immunology and

metabolic panels comparing propofol/LPS samples with those containing LPS

alone.
Immunology pathway Metabolic pathway
Terms Significance Terms Significance
Score Score

TGF-b signalling 1.7972 Amino acid transporters 2.0743
Treg differentiation 1.7897 Vitamin & cofactor 1.8645
Th17 differentiation 1.486 metabolism

Myc 1.7572
Th2 differentiation 1.4208

Glutamine metabolism 1.6328
Autophagy 1.3924

Amino acid synthesis 1.4699
Transcriptional regulation 1.3333

Nucleotide synthesis 1.4111
B cell Receptor signalling 1.2834

Glycolysis 1.4078
Lymphocyte trafficking 1.2799

Pentose Phosphate 1.3901
Complement system 1.2292 Pathway
Lymphocyte activation 1.1957 Transcriptional regulation 1.2608

PI3K 1.258




5.7 Comparison of NE/LPS with LPS alone

When comparing samples containing NE and LPS with LPS alone, in the
immunology panel only 2 genes were upregulated (NT5E and ABL1) and 2
downregulated (CD40LG and LEF1) with a fold change of >1.5 or <-1.5 and
an adjusted p-value <0.05. Similarly in the metabolic pathway, only 6 genes
were upregulated (NT5E, ABL1, MAT2A, ASL, PIK3R1 and PGD) and 3
downregulated (RPTOR, MAPKAP1 and PIK3CD) (Figure 5.6). The results of
the gene set analysis are shown in Table 5.7; significance scores and

involvement in pathways using detailed analysis were however relatively low.

Immunology Panel Metabolic Panel
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Figure 5.7. Heatmaps and Volcano plots of the immunology and metabolic

pathways comparing NE/LPS samples with those containing LPS.

The heatmaps and Volcano plots show a comparison in the gene expression profiles of 24
healthy volunteer samples incubated with 10% pooled septic serum, and are comparing

samples containing NE/LPS with LPS alone.
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Table 5.7. Significance scores following gene set analysis of immunology and
metabolic panels comparing NE/LPS samples with those containing LPS alone.

Immunology pathway Metabolic pathway
Terms Significance Terms Significance
Score Score
Transcriptional regulation 0.966 Arginine metabolism 1.0938
Autophagy 0.9369 IDH1/2 activity 1.0793
Immunometabolism 0.8928 Epigenetic regulation 1.0777
Treg differentiation 0.8472 Autophagy 1.0118
B cell receptor signalling 0.8346 AMPK 0.9746
T cell receptor signalling 0.8268 mTOR 0.9411
TGF-b signalling 0.8194 PI3K 0.8882
Th1 differentiation 0.8087 DNA damage repair 0.8527
Lymphocyte trafficking 0.8072 Vitamin & cofactor 0.8492
R metabolism '

Lymphocyte activation 0.7973

Endocytosis 0.8372

5.8 Comparison of mix of drugs/LPS with LPS alone

When comparing samples containing a mix of the 3 drugs and LPS versus LPS
alone, 3 genes in the immunology panel were downregulated (RUNX1,
NFATC3, ATG12) with a fold change of <-1.5 and an adjusted p-value <0.05.
Similarly in the metabolic pathway, 8 genes were upregulated (ODC1, TLR2,
FNIP2, SLC3A2, PDHAL, PGM2, GPX4, PGD) and 2 downregulated (GSK3B,
RUNX1) (Figure 5.7). The results of the gene set analysis are shown below
but, as mentioned above, the significance scores and involvement of any

specific pathway using detailed analysis is likely to be low.
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Figure 5.8. Heatmaps and Volcano plots of the immunology and metabolic
pathways comparing mix of drugs/LPS samples with those containing LPS.

The heatmaps and Volcano plots show a comparison in the gene expression profiles of 24
healthy volunteer samples incubated with 10% pooled septic serum, and are comparing

samples containing mix of drugs/LPS with LPS alone.
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Table 5.8. Significance scores following gene set analysis of immunology and

metabolic panels comparing mix of drugs/LPS samples with those containing LPS

alone.
Immunology pathway Metabolic pathway
Terms Significance Terms Significance
Score Score

Autophagy 2.4464 Pentose Phosphate 2.5008
Immunometabolism 1.7676 Pathway

Myc 2.0483
Transcriptional regulation 1.6778

Lysosomal degradation 2.044
B cell Receptor signalling 1.6101

Glycolysis 2.0256
Inflammasomes 1.6022

Epigenetic regulation 2.0146
Complement system 1.5959

KEAP1/NRF2 pathway 1.9273
Phagocytosis and 1.4629 — -
degradation Transcriptional regulation 1.906
Lymphocyte trafficking 1.448 Tryptophan/Kynurenine 1.8564
Hemostasis 1.4453 metabolism

Nucleotide synthesis 1.8323
MHC class | antigen 1.4267
presentation Amino acid transporters 1.8285

5.9 Summary of Nanostring results

These results demonstrate that LPS upregulates pro-inflammatory pathways
as expected when compared to unstimulated samples. However, little
significant change in differential gene expression in either the immunology or
metabolic pathway panels was seen when samples containing ciprofloxacin,
propofol and/or NE in the presence of LPS were compared to LPS alone. The
significance of these findings will be discussed in Chapter 6.

In addition, | repeated the above analyses using a fold change of 1.5 and a p
value of <0.1 as an attempt to investigate whether Type Il error due to low
sample size may be affecting my results. This demonstrated a higher overall
number of differentially expressed genes, however the global significance
scores were the same suggesting no specific pathways were substantially

affected.
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chapters DISCUSSION

6.1 Introduction

Sepsis is defined as life-threatening organ dysfunction caused by a
dysregulated host response to infection (20). This is associated with both
exaggerated pro- and anti-inflammatory responses. The latter may however
persist for months, resulting in immunosuppression which increases the risk of
nosocomial infections and mortality (84, 485, 486). Additional factors
contributing to mortality are patient characteristics such as age and underlying
co-morbidities (27), pathogen characteristics including type of microorganism,
virulence and resistance to treatment (29) and, most importantly, the response

to infection and treatment (e.g. organ dysfunction) (28).

Sepsis-induced immunosuppression is common and results from immune
reprogramming that renders immune cells less capable of eradicating
unwanted microorganisms. This includes increased apoptosis, impaired
migration (60, 69, 70), and phagocytosis of innate immune cells (65). Antigen
presentation and activation of adaptive immune cells are also impaired (72-
74). There is, in addition, an increase in apoptosis of adaptive cells and
impaired effector functions such as proliferation, antibody production and
cytotoxicity. Both arms of the immune system have an increased tendency
towards an anti-inflammatory phenotype (76-78). Collectively, these reduce
the ability of the immune cells to fight off the initial pathogens and increase the
risk of secondary infections with additional pathogens. The underlying

mechanism is still unclear despite decades of research.

Mitochondrial dysfunction has been implicated in organ dysfunction during
sepsis and this includes immune cell dysfunction (487-489). Bioenergetic
failure induced by various sepsis-related factors (e.g. tissue hypoxia, excess
ROS production, reduced antioxidant capacity and suppressed mitochondrial
biogenesis) deplete the energy substrates necessary to fuel normal immune

cell function and protect them from oxidative damage. There is also evidence
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to suggest that mitochondrial damage, with release of cardiolipin and mtDNA,
can perpetuate an inflammatory response increasing the severity of sepsis and
risk of mortality (115-117).

Crucially, mitochondrial and/or cellular damage may result as an unintended
target of therapies commonly used in intensive care, including antibiotics,
catecholamines and sedatives. This iatrogenic contribution towards
mitochondrial dysfunction and immunosuppression is often largely overlooked.
Multiple in-vitro and ex-vivo studies have shown that these agents have some

immunosuppressant function and can affect mitochondrial function.

Antibiotics, in particular quinolones such as ciprofloxacin, have been shown to
suppress cytokines and phagocytosis at high concentrations in the context of
sepsis (11, 293-307), and to downregulate adaptive immune effector functions
such as proliferation and cytotoxicity (314, 315). The findings are however not
consistent (312, 313). Quinolones may also target mitochondrial DNA
replication and, as such, can affect electron transport chain activity and
mitochondrial membrane potential (MMP) (318, 319).

Similarly, catecholamines also have immunomodulatory activities in sepsis,
mostly mediated by actions on the P2-adrenoceptor. This includes reduced
cytokine production (359-365), inhibition of chemotaxis, phagocytosis and
killing capacity of immune cells (366-369), and suppressed T-cell proliferation
(354, 370). On the other hand, there are reports of upregulation of pro-
inflammatory  activity, mediated by a-adrenoreceptors (375-377).
Catecholamines additionally affect mitochondrial structure and function e.g. by
promoting energy substrate availability and Oz consumption for OXPHOS,
thereby improving respiratory efficiency and reducing mitochondrial swelling
and damage (382, 389-391). There are also conflicting studies that suggest
catecholamines impair ATP synthase activity (155), reduce O2 consumption
(392) and increase mitochondrial uncoupling (136).
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Propofol also has immune and mitochondrial effects, especially at high
concentrations (401, 402). Propofol can increase lymphocyte apoptosis (408),
reduce proliferation (403) and reduce cytokine production (409-412). As
above, there are also conflicting studies regarding cytokine production (413,
414) and phagocytosis with some suggesting no change (418-421) while
others suggest a propofol-induced reduction in phagocytosis (422-432).
Propofol may also affect mitochondrial ROS production (436) and MMP (437).
A few in-vivo studies demonstrate an impact of propofol on mitochondrial

function as potentially mediating propofol infusion syndrome (458-460).

Apart from the inconsistency described above, these drugs are generally
studied in isolation; data on any synergistic effects are missing. This, however,
is the reality of clinical practice and merits further investigation, particularly in

immunosuppressed septic patients.

The aim of this project was to investigate the functional and mitochondrial
effects on immune cells of three commonly used ICU drugs (ciprofloxacin,
propofol and norepinephrine), both individually and in combination. The
specific immune functions tested were cytokine production, phagocytosis and
monocyte HLA-DR expression as a surrogate of cell activation status. The
mitochondrial functions tested were mitochondrial ROS production, MMP and
oxygen consumption. These were investigated using a range of techniques
including ELISA, flow cytometry, seahorse respirometry with extracellular flux
assays and Nanostring technology. Importantly, | incubated the cells with drug
concentrations representative of those measured ex-vivo in patients, which
has not often been the case with previous studies using supra-therapeutic
doses.

This chapter summaries the principal findings and discusses the potential

implications, main strengths and limitations of the research, and future work.
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6.2 Summary and implications of immune studies

Chapter 3 described how 24 hours’ incubation with LPS stimulated PBMCs to
increase release of both pro- and anti-inflammatory cytokines (TNF-a., IL-6, IL-
10) compared to unstimulated samples. Production was most marked in
PBMCs taken from septic ICU patients followed by healthy volunteers co-
incubated with septic serum. The results in PBMCs from healthy volunteers
were similar to previous studies which reported TNF-a release of 1960 + 1365
pg/ml at 4 hours and 790 pg/ml at 24 hours, IL-6 production of 460 = 270 pg/ml
and IL-10 production of 60 + 30 pg/ml after 24 hours incubation with LPS P.
Aeruginosa (10ng/ml) (490). A review summarising papers investigating the
cytokine release after a 2 ng/kg infusion of LPS in healthy volunteers, showed
an increase in TNF-a (peak at 7000 pg/ml at 1-2 hours), IL-6 (peak at under
30 000 pg/ml at 2-3 hours) and IL-10 levels (peak at 200 pg/ml at 2-3 hours);
these returned to negligible levels at 24 hours(491). The studies on the
production of cytokines in infected and septic patients have shown variable
results over a 48-hour period (492). One study in critically ill surgical patients
with a documented infection showed that TNF-a levels were <100 pg/ml in
most of the patients except during septic shock when they reached 735.9 +
873 pg/ml for a few hours. IL-6 levels on the other hand were higher in the
presence of a bacterial infection with the range in most patients being 10-1000
pg/ml and extreme peak levels reaching 500,000 pg/ml (493). Several other
reports have also suggested that levels of IL-6, IL-10 and TNF-a are higher in
patients with septic shock compared to severe sepsis where they may not be
significantly raised and there may be an association between changes in these

cytokines and survival (494).

My results showed an augmented cytokine release in PBMCs derived from
septic patients; this may be because these PBMCs have been primed with
septic stimuli prior to LPS exposure. In addition, the marked activation seen in
naive immune cells from healthy volunteers exposed to septic serum indicates
the presence of activating circulating factors such as cytokines, reactive

species (e.g. nitric oxide bound to albumin and haemoglobin) and bacterial
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components that can behave as PAMPs or DAMPs, also augmenting the
inflammatory response (495). Septic patients have additional factors that
contribute to an augmented or suppressed response; these include: age, co-
morbidities and prior drug exposure. A large cytokine response — both pro-and
anti-inflammatory — can co-exist with declining immune function in septic
animals (496-498). This suggests cytokine production may not be informative
of immune cell function in isolation and should be studied with other markers
of functionality such as phagocytosis, migration, T-cell activation, proliferation

and cytotoxicity.

All drug/LPS combinations (ciprofloxacin, propofol, NE and the mix of all three
drugs) variably reduced IL-6 and TNF-a. production in PBMCs from all four
participant groups (healthy volunteers * septic serum, ED patients, septic ICU
patients) when compared to LPS alone. However, this was only statistically
significant for ciprofloxacin/LPS and the mix of the three drugs with LPS. There
was no cumulative effect seen with the drug combination. Ciprofloxacin has
been previously reported to reduce IL-6 and TNF-a and increase IL-10
production, driven by activation of p2-adrenoceptor-mediated cAMP-PKA
signal transduction (359-365). Ciprofloxacin downregulates cAMP, a potent
modulator of immune-triggered cytokine production (499). As neither propofol
nor NE significantly affected cytokine production except in healthy volunteers
with septic serum, ciprofloxacin may be the predominant driver of depressed
cytokine production. While NE and propofol have previously been shown to
reduce cytokine production (413, 414, 500, 501), reports are conflicting (375,
376, 409-412), so there was no previous clear final consensus. The specific
cytokines induced by these drugs is difficult to report due to differences in
methodology (e.g. type and doses of septic stimuli used, cell numbers used in
the assays, timing of incubation and dose differences in the various drugs
used). An example is a study of PBMCs incubated with LPS (10 ug/ml) and
Ciprofloxacin (25-100 pg/ml) for 24 hours, where Ciprofloxacin was shown to
reduce TNF-a production by 3-6 ng/102 cells (293). Another in-vivo study in
mice receiving a peritoneal injection of LPS (5mg/kg) and Ciprofloxacin (50-

100mg/kg) demonstrated a reduction in TNF-a to 63.6% of control (P < 0.05)
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and serum IL-18 levels to 60% of control (not significant) and increased IL-6
to 151.3% of control. These differences are difficult to interpret and further

investigations are required to clarify these findings.

Focussing on the participant groups, PBMCs taken from healthy volunteers
co-incubated with septic serum showed a significant reduction in IL-6 and TNF-
o production with all drug/LPS combinations, and this exceeded the response
seen in PBMCs taken from septic patients. This may relate to a pre-existing
degree of response downregulation related to the prior exposure to DAMPS,
PAMPs, antibiotics and sedatives and raised levels of catecholamines, both

exogenous and endogenous.

Of note, the rise in IL-10 production induced by LPS was suppressed by co-
incubation with each of the three drugs, and this occurred in PBMCs from all
participant groups. Although a consistent finding, it only reached statistical
significance in PBMCs from septic ICU patients; this may however represent
a Type Il error as sample sizes were relatively small. This reduction may be
mediated by downregulation of ERK1/2, p38 and NF-kB signalling, which are
known to increase IL-10 (502). B2- receptor activation can also reduce IL-10
(503). IL-10 production is raised in septic patients, and is associated with
worse outcomes (504). It was however surprising that IL-10 levels were not

higher in the septic ICU patient group.

Similarly, when the effect of these drugs was tested on PBMC phagocytosis,
there was a marked reduction seen across all drugs studied compared to
unstimulated and LPS controls. There was also no additive effect from the
mixture of drugs compared to individual drugs. Previous studies of
ciprofloxacin on phagocytosis report either no effect, except at very high
concentrations (308-311), or that it may even enhance phagocytosis (312,
313). There was no clear mechanism stated for either. Catecholamines inhibit
phagocytosis by pB2-adrenoceptor activation (366-369), whereas propofol also
shows conflicting results on phagocytosis with either no effect (418-421) or
inhibition via GABAA receptor activation, mitochondrial dysfunction, or through

an effect on cell membranes (422-432).
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There were statistically significant differences in phagocytosis across the
different participant groups, though these were not present across all
experimental conditions. Changes in phagocytosis were most clearly
demonstrated at 6 hours in the absence of LPS. Compared to healthy
volunteers, phagocytosis increased in PBMCs taken from healthy volunteers
co-incubated with septic serum and ED patients whereas PBMCs taken from
septic ICU patients tended towards a reduction. This lends supports to the
earlier postulate that the immune response in healthy volunteers and ED
patients is more appropriate to a septic stimulus whereas cells taken from

septic ICU patients may be more deranged or exhausted (65).

HLA-DR is a component of the MHC class Il system which plays an important
role in antigen presentation and is often used as a marker of monocyte
activation state. Monocyte HLA-DR expression reduces in sepsis, and this is
associated with an increased risk of secondary infection and mortality (81, 82).
| found statistically significant reductions in monocyte HLA-DR across all
participant groups compared to healthy volunteers, indicating that a septic
stimulus can cause a relatively early impairment of monocyte function and
induce anergy. The mean HLA-DR MFI from my results were 15080.5 (SD
1589.94) in healthy monocytes, 2805 (SD 1402.02) in healthy volunteers with
septic serum, 2001 (SD 503.97) in ICU patients and 3572 (SD 421.50) in ED
patients. My results are difficult to compare to previously reported studies as
these are either reported as MFI of HLA-DR, mean HLA-DR per monocyte,
number of HLA-DR positive monocytes, or antibodies per cell. The
comparability of these different techniques is uncertain. In addition, there is no
agreed consensus regarding the threshold at which antibodies per cell offer
prognostic value in sepsis (505, 506). One such study showed that PBMCs
expressing HLA-DR in healthy donors >85%, the mean HLA-DR per monocyte,
expressed as MFI, was 52.3 = 20 in healthy controls. This was reduced
significantly in patients with severe sepsis (P <0.01) (476).

I could not find any impact of any drug/LPS combination on HLA-DR

expression. Further investigation is required to discern the role of HLA-DR in
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acute illness and the effects of the different drug groups on HLA-DR

expression.

Collectively, | found that drugs commonly used in ICU variably affect immune
cell function, however effects varied between drug groups and participant
groups. Apart from methodological factors previously described, other causes

of potential heterogeneity include:

1. Differences in participant groups from which PBMCs were derived.
PBMCs were obtained from healthy volunteers, patients from emergency
departments (ED) with suspected sepsis, and from ICU with sepsis.
Standardisation of samples is clearly important and was applied as far as
possible, however, this has to be balanced against pragmatic considerations
such as availability of suitable patients; ease, volume and timing of blood
sampling; processing times of samples; and ethical considerations (e.g.
consent). Confounders include variations in age; the onset, duration and
severity of sepsis; co-morbidities, chronic medications, the infecting pathogen
and site of infection; and the clinical management received (24, 25, 27, 507).
These will influence results, particularly when comparisons are made across
groups. In order to reduce the effect of these potential confounders, each
group was compared to internal controls. However, another critical difference
between the groups is the prior exposure to my drugs of interest; healthy
volunteers and ED patients are unlikely to have received these, while septic

ICU patients would have had exposure to at least one or more of these drugs.

2. Heterogenous cell populations. The study of PBMCs provides extremely
useful insights into overall immune response and function. This is invaluable
when assessing how the broader immune system responds to a septic
stimulus. However, the lack of distinction between certain cell types may mean
that some synergistic or opposing effector functions may be either
exaggerated or obscured. Cell heterogeneity however carries important
methodological implications, for example in the potential of macrophages to
remain adherent to the bottom of cell culture plates, and therefore to be omitted

when monocytes are harvested for analysis if they are not actively collected.
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The obvious solution to the issue of cell heterogeneity would be to repeat the
above experiments with individually sorted cell populations, for example using
MACS beads. This could be done for a subset of experiments using FACS
filters during the analysis stage, however the additional required fluorophores
are likely to make already overcrowded mitochondrial panels difficult to both
compensate and analyse reliably. A further case for this could be made if more
significant differences had been found with drug treatments, as it would then
be important to identify which cell subsets were most responsible. However,
given the findings above and the corresponding financial and time restrictions,
performing an in-depth analysis of all cell subsets was not judged to be an

appropriate use of limited resources.

2. Sample size. My experiments were carried out on relatively small sample
sizes that may introduce Type Il error if the experimental power is insufficient
to detect real biological differences. As results from individual subjects are
variable, larger sample sizes may be required to demonstrate additional
biological differences and reduce the effect of inter-individual variability where
results are inconclusive. While increasing numbers would be ideal, there were
often significant practical considerations such as project disruption due to
COVID-19. However, despite some experiments being performed with limited
numbers, clear trends were often seen in the data, allowing conclusions to be

drawn where appropriate.

3. Dose, timing and source of the septic stimulus. The primary septic
stimulus used in the experiments was Klebsiella pneumoniae LPS at a
concentration of 100 ng/ml. This dose was chosen following literature review
(508, 509) and initial optimisation experiments. Lipopolysaccharide was used
as it is a cell wall component of Gram-negative bacteria. It consists of three
structural domains: lipid A, the core oligosaccharide, and the O antigen. Of
these lipi