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Abstract

Deactivation of blood monocytes during sepsiassociated with increased mortality

and susceptibility to secondary infections. Septic monocytes may also have
mitochondrial DNA (mtDNA) depletion and mitochondrial respiratory dysfunction. Two
principal approaches explored the link between these phenomeridiPl cells, a

human leukaemia cell line resembling monocytes, to test the hypothesis that mtDNA

depletion is important in the pathophysiology of monocytic cell immune deactivation.

Firstly, the consequences of immune deactivation for mitochondriaagaessed using

an endotoxin tolerance model in which repeated exposures to lipopolysaccharide (LPS)
trigger diminishing inflammatory responses. In parallel with the induction of endotoxin
tolerance, LPS treatment lead to increased mitochondrial respiratueto the

activation of mitochondrial biogenesis. These results could not be confirmed in healthy
volunteers following inhalation of LPS as this model failed to induce endotoxin

tolerance in blood monocytes.

Secondly, the effects of depleting mtDNA, bgatment with ethidium bromide or

transfection with shortinterfering RNA targeted against mitochondrial transcription

factor A, on immunity were measured. THRells with mtDNA depletion displayed the

key phenotypic feature of deactivated septic monosyte decreased Li&luced

release of the pranflammatory cytokine tumour necrosis factor® C dzNJi K S NI 2 NB
were significant alterations in the nuclear transcriptome of mtBEdépleted THRL

cells, with a particular inhibition of key innate immune siling pathways and a

marked blunting of the transcriptomic response to LPS.

These investigations confirm that theaee complex but vital links between
mitochondria and innate immunity. Compensatory responses following an
inflammatory insult include the simultaneous induction of mitochondrial biogenesis
and shift to an antinflammatory phenotype. Moreover, when sepslisrupts
mitochondrial homeostasis the negative effects of mtDNA depletion on innate
immunity may exacerbate monocyte immune deactivation. Further investigations
should focus on exploring the fundamental processes coupling mitochondria with

immunity and cafirming these findings in blood monocytes during sepsis.
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Chapter lintroduction

1.1 Overview

This chapter provides a detailed review of the themes explored in this PhD thesis. It
begins with an overview of sepsis and the evidence for the role of immune
suppression, in particular deactivation of blood monocytes, in adveiseal

outcomes in septic patients. Following this the different aspects of mitochondrial
dysfunction that are associated with sepsis are detailed, including the evidence for
these processes occurring in septic monocytes. Next, the potential importdnce o
restoring mitochondrial function, through a combination of mitochondrial biogenesis
and mitophagy, in the recovery from sepsis is explored. Finally the potential links
between immune suppression, mitochondrial dysfunction and the compensatory

responsesriggered by sepsis are discussed.
1.2 The clinical problem of sepsis

While infectious diseases remain a major cause of premature mortality worldwide,
advances in their prevention and treatment have substantially reduced the burden of
infection in the developeavorld (Lozancet al, 20129. However, such improvements

have not translated into significantly better outcomes when an infection results in
sepsis. Sepsis occurs when an infectrgggers a systemic inflammatory response

(Levyet al., 2003. It is frequently complicated by organ dysfunction, the presence of
which indicates severe sepsis. Septic shock is the most serious manifestation of sepsis
and is characterised by the development atualatory failure that is unresponsive to

fluid resuscitationfAnnaneet al., 2005.

Large epidemiological studies indiedhat sepsis is a common and growing cause of
critical illness which results in considerable morbidity and mort@itgcentet al.,

2006 Vincentet al,, 2014. It has been reported that sepsis is responsible for 29.5% of
admissions to critical care units across the world, including 28.7% of adnsissitre
United Kingdon{Harrisonet al,, 2006 Vincentet al, 2014. In the United States a
longitudinal analysis indicated that there was an annual incre&8e786 in the

incidence of sepsis between 1979 and 2Q0@rtin et al., 2003. In 2004 the mortality

rate for patients with severe sepsis in the United Kingdom was estimated to be 44.7%
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while the 2014 international study found anlospital mortality rate of 35.6%
(Harrisonet al,, 2008 Vincentet al., 2014. The modest improvements in sepsis
outcomes in recent years have been outstripped by the rising incidence so that the
number of deaths due to sepsis continues tarease(Martin et al, 2003. Moreove,
survivors often have an incomplete recovery, with the sepsis illness causing long term

adverse effects on quality of life and life expectafitgnde and Angus, 20D7

The current international guidelines for the management of sepsis focus on the two
interventions which have been proven to improve survival; early resuscitation and the
timely administration of broad spectrum antdiics (Riverset al., 2001, Kumaret al.,

2006 Dellingeret al., 2008 Peakeet al., 2014. Despite numerous clinical trials there

are few other therapies with any proven benef{Bussé, 2006. In addition to the
stubbornly high mortality rates, the increasing challenge of managing infections due to
antibiotic resistant micrabrganisms, combined with the scarcity of new antibiotics in
the drug development pipeline, highlight the ilmance of developing novel

treatments for sepsigDavies, 2018 However, it is clear that the development of
interventions that can effectively improve the prognosis of critically ill septic patients
requires an improved understanding of the fundamental pathophysiology oiseps
(Monneretet al., 2008.

1.3 Immune dysfunction in sepsis

Rather than the direct effects of the invading pathogen, the host inflammatory
response to an infection appears to be the most critical determinant of the clinical
course of sepsi@oxet al,, 2000Q. Pattern recognition receptors (PRRs) on the surface
of innate immune cells recognise conserved pathegesociated molecular patterns
(PAMPSs) on invading micarganisms and trigger an immune resporfgan der Poll

and Opal, 2008 Recognition of PAMPs activates finflammatory responses aimed at
attracting and activatingther immune cells and controlling the infection. In sepsis this
initial inflammatory response can become excessive and dysregulated, leading to
tissue damage, organ dysfunction and circulatory fai(@&itirschet al,, 2009. As a
result, a number of therapeutic interventions aimed at attenuating inflammatory
responses in sepsis have been trialled. Nonetheless, these interventions, which often

involve trying to inhibit the action of specific pmaflammatory cytokines, haveailed
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to produce any significant impact on patient outconfEsxet al.,, 2000. Despite the
absence of effective immunomodulatory interventions, improvements in supportive
care mean that more patients are surviving this early phasepsis(Hotchkisst al.,
20139.

In addition to triggering prenflammatory responses, recognition of PAMPs by innate
immune cells simultaneously initiates compenggtantrinflammatory responses

aimed at limiting tissue damag8&chefoldet al,, 20083. These antinflammatory
responses may also become excessive and lead to a prolonged state of immune
deactivation in which the host is unable to clear the primary infection and is vulnerable
to developing secondary hospitatquired infectiongHotchkisset al., 2009. The

majority of deaths in sepsis occur later in the course of the iliness and are associated

with evidence of immune deactivatidiotchkisset al.,, 20133.

There is increasing evidence from clinical studies of the importance of immune
deactivation in sepsis. A post mortem study of 235 patients dyingapestsurgical
sepsis found an unresolved septic focus, despite appropriate antibiotic therapy, in the
majority of patientgTorgerseret al,, 2009. Other studies have found that a

significant proporibn of previously immune competent critically ill patients will have
evidence of reactivation of latent viral infections and that this is associated with
prolonged hospitalisation and increased mortalityytet al., 2007 Limayeet al.,

2008). In addition, in an analysis of 464 consecutive patients presenting with fever the
presence of an arinflammatory cytokine profile on admission was associated with
increased mortalityfVan Dissedt al., 1999. Smaller studies have also indicated that a
reduced ability to secrete prmflammatory cytokines in response to arvivo
inflammatory stimulus can predict miality in children and adults with sepgideagy

et al, 2003 Hallet al,, 2013.

The exact balance between prand anttinflammatory responses in a particular
individual with sepsis depends on a number of factors, including thedonese of the
infection, pathogen virulence, host genetics and the presence -ohabid diseases
(Skrupkyet al., 2011). Thus, effective interventions to alter host responses in sepsis
need to be targeted to thengvailing inflammatory state of the individugMonneret

et al,, 2009. Given the significant morbidity and mortality related to immune

deactivation in sepsis, the development of novel immune stimulating interventions
3



have the potential to prodce significant improvements in outcomes of patients with

evidence of immune suppressigdotchkisset al., 20133.
1.4 Blood monocytes and sepsis

The precise mechanisms underlying immune deactivation in sepsis are not completely
understood. There is evidence of generalised deactivation of innate and adaptive
immunity with increased apoptosis and hypesponsiveness of lymphocytes, a shift in
cytokine release towards an anitaflammatory profile and impairment of monocyte
function (Hotchkiss and Karl, 20p3n particular, this deactivation of blood monocytes

appears toplay an important role in the aetiology of sepsisiuced immune paralysis.

1.4.1Monocyte functions

Monocytes are bone marrowlerived innate immune cells which represeni6% of
circulating leukocytes and persist in the peripheral blood for several (@@yslon and
Taylor, 200k While monocytes ultimately differentiate to supply tissues with
macrophages and dendritic cells, during an infection they perform a number of
additional important effector function§Serbinaet al, 200§. Monocytes limit an

infection by acting as phagocytic cells to ingest pathogens and scavenge(kxmns,
2006). Furthermore, through the release of cytokines and the presentation of antigens,
monocytes play a key role in the-oodination of innate immunity and the stimulation

of lymphocytes to trigger adaptive immune resges targeted at the specific invading

pathogen(Geissmanret al, 2008 Auffrayet al., 2009.

There are three main subtypes of monocytes based on the surface expression of

cluster of differentiationl4 (CD14, a component of the lipopolysaccharide (LPS)

receptorcomplex I YR / 5mMc 60KS CO!' wLLL AYYdzy23f206dzt AY
(CD14++CD1g intermediate (CD14++CD16+) and +otassical (CD14+CD16++)
monocytes(ZieglerHeitbrocket al., 2010. In blood the majority are classical

monocytes which have a predominantly phagocytic phenotgerbinaet al,, 2009.

Non-classical monocytes have an increased ability to producenfi@mmatory

cytokines and present antigens, while intermatgi monocytes form a small proportion

of blood monocytes and have a transitional phenotyprikherjeeet al,, 2015.

Several srall observational studies have indicated that there is a significant expansion

of pro-inflammatory nonclassical monocytes in patients with severe seffSisgerleet
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al., 1993 Schinkekt al,, 1998 Schinkekt al,, 1999 Mukherjeeet al., 2015. However,
the exact proportion and phenotype of monocyte subsets in sepsis appears to vary
depending on the nature of the infection and thaderlying conditions within the
tissues(StraussAyaliet al., 2007 Colo Brunialtet al., 2012).

1.4.2THP1 cells as model of blood monocytes

Rather than primary blood monocytes, THRells are used in the majority of the
investigations presented in this thesis. The THfIl line was isolated and cultured
from the blood of a male infant with acute monocytic leukaemia over 30 years ago
(Tsuchiyeet al., 1980. These cells have similar morphology, surface antigens and
secretory products to blood monocytes and display more mature monocyte markers
than other similarcell lines(Altieri and Edgington, 198&uwerx, 199). Due to their
stability and homogeneity and the difficulty of isolating blood monocytes in large
numbers, THR cells ardrequently used to investigate monocyte functions in disease
models(Qinet al., 2014. In particular, THR cells are useful in the study of
inflammatory conditions as they have similar gene expression and cytokine release
profiles to monocytes following stimulation with PRR ligands, includi§ from the
outer membrane of Gram negative bacte(RerezPerezet al,, 1995 Sharifet al.,

2007).

1.4.3Monocyte deactivation in sepsis

A large number of observational clinical studies have found an association between
evidence of monocyte deactivation and the risk of adverse outcomes in patients with
sepsis. In general, deactivatetbnocytes are identified by the detection of either
functional or phenotypic biomarkers of immune suppression. The two most commonly

identified features of dysfunctional monocytes in sepsis are discussed below.
1. Reduced exivo release of tumour necrosictar-n ¢ ¢ty €€ptic monocytes

¢ b Ch Z-inflamrhdhB cytokine produced by monocytes and macrophages, acts as
a central regulator of the inflammatory response to an infection through nuclear
factor-* . -© bnégdiated activation of inflammatory gerexpressior{Aggarwakt

al., 2012. Tnfa’- knockout mice have an increased susceptibility to bacterial infection
YR Ot AYAOFET OGNRIFIf& 2F ¢bCh AYKAOGAUAZY

significant benefitg§Fisher Jet al., 1996 Pasparakigt al., 1996 Reinhart and Karzai,
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2001). It has been consistently shown thatthe rele@s&@ ¢ b Ch Ay el all2yasS G2
vivostimulation with LPS is significantly impaired in monocytes isolated from patients

with sepsigSfeiret al., 2001 Cavaillon and AdilConquy, 2007/Monneretet al., 2008.

Furthermore, small observational studidave indicated that there is both a greater

reductioninLP$ Yy RdzOSR ¢bCh NBEftSIFAS YR I FlFAfdNBE G2
the course of the illness in nesurviving sepsis patients compared to survidisinoz

etal, 1991 Ploderetal, 2006 Ly | &ddzReé 2F tvn aASLIWGAO OKAf RNJ
release in response to LPS by monocytes wasglyassociated with the risk of

persistent nosocomial infection and dedtHallet al., 2011). These researchers also

carried out an innovative pilot study in which 7 children had restoratioexofivoLP$S

AYRdzOSR ¢bCh NBEtSIFaS FyR AdzZFFSNBR y2 SLIA&A2RSAE
treatment with granulogte-macrophage colony stimulating factor (8856F), a

cytokine that enhances many monocyte functions.
2. Decreased surface expression of human leukocyte anbie(HLADR).

A reduction in the expression of HDR, a class Il major histocompatibility complex
(MHC) protein involved in antigen presentation to lymphocytes, has also been
identified as a biomarker of monocyte deactivationneretet al., 2008. In 153
patients with septic shock decreased monocyte HiFAexpression was found to be
strongly correlated with an increased risk of developing hosocomial infections
(Landelleet al., 2010. Longitudinal studies have shown thrabrtality is increased in
septic patients with low monocyte HHBR and that a failure to recover HDR
expression during the sepsis illness is also associated witilsumeival(Monneretet

al., 2006 Wuet al,, 2011)). In a pilot intervention study 9 septic patients with low
monocyte HLADR were treated with the potent monocyte activator interferon 6 L Cb ! 0
and had stabilisation in their clinical condition in asation with recovery of both
monocyte HLADR expression and LRS/ RdzOS R ¢ (D6ckeetMIBHOF) & S
Similarly, a randmised, placebeaontrolled trial of 38 patients with low monocyte
HLADR and severe sepsis found that treatment with-GBIF resulted in normalisation
of HLADR expression and pinflammatory cytokine production by monocytes and
resulted in shorter lengthfanechanical ventilation and hospitalisati@Meiselet al.,
2009.



Thus, there is considerable evidence that patients with sapsisced monogte

immune deactivation are more likely to have adverse clinical outcomes. However,
these observational clinical studies do not assess the underlying mechanisms behind
monocyte deactivation in sepsis. There have been suggestions that effects-of anti
inflammatory cytokines, an impairment of chemotaxis or an unresponsiveness to co
stimulation by helper Tymphocytes may be implicatg&feiret al., 2001; Pachotet

al., 2008 Sinistroet al,, 2008 Xuet al., 2012. Alternatively, an emerging possibility is
that monocyte deactivation may be caused by sepsisiced depletion and

dysfunction of their mitochondria.
1.5 Mitochondrial biology

Mitochondria are doublenembrane organelles that carry oséveral critical cellular
functions. They are involved in calcium homeostasis, cell signalling pathways,
apoptosis regulation and the biosynthesis of a number of essential compqWetst

et al, 2011h Greave<=t al., 2012. However, the primary role of mitochondria is in the
gereration of cellular energy in the form of adenosine triphosphate (ATP), a process
which occurs at five enzyme complexes on the inner mitochondrial membrane
(DiMauro and Schon, 20D@igurel.l). Through the oxidation of electron carriers
these complexes generate an electrochemical gradient across the inner mitochondrial
membrane which drives the synthesis of ATRs Phocess is termed oxidative
phosphorylation (OXPHOS) and utilises over 90% of cellular of@ganand Van
Houten, 2010.
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Figurel.1 Schematiadiagram of the mitochondrial oiative phosphorylation
system.At five enzyme complexes on the inner mitochondrial membrane the
oxidation ofthe electron donors nicotinamide adenine dinucleotiddADH and
succinate which areformed in the breakdown foglucose, fats and amino acids,
is coupled to the phosphorylatioof adenine diphosphateADB to produce
energy in the form of ATP. Steygse redox reactions lead to the transfer of
electrons to complex IV which reduces molecular exyp water During this
process complexes I, Ill and IV actively pump protons franmitochondrial
matrix into the intermembrane space. The resultant proton gradient across the
inner mitochondrial membrane drives the generation of ATP by ATP synthase
(complex V). The diagram includeg;NADH dehydrogenase clsuccinate
dehydrogenaseglll¢ cytochrome bcl complex, B/cytochrome ¢ oxidase, Q
ubiquinone, Cyt& cytochrome C, navy arrowgelectron transfer, red arrowg
proton transfer.This fgureis adapted from(Brealey and Singer, 2003

Uniguely among animal cell organelles, each mitochondrion contains multiple copies
of its own genome in the form of circular mitamdrial DNA (mtDNAYChandel and
Schumacker, 1999The vast majority of mitochondrial proteins are encoded by
nuclear genes but mtDNA encodes 13 essential subunits of the OXPHOS complexes in
addition to the RNA required for the translation of these genes within the
mitochondrion(Chinnery and Hudson, 201 ®eletions and mutations in mtDNA cause
a variety of human diseases that preferentially affect tissues with high metabolic
requirements, such as neurones and skeletal mudeldauro and Schon, 2003The
accumulation of mtDNA defects over time is also thought to contribute to the ageing
process and be involved in the pathogenesis of neurodegenerative dis@aszs/es

et al, 2012. Experimental decreases in mtDNA copy number compromise

mitochondrial respiration leading to a dependence on anaerobic metabolism and



ultimately to impaired cellular function€handel and Schumacker, 1998nget al.,,
2008).

1.6 Mitochondrial dysfunction in sepsis

In clinical studies and animal models assessing sepsis and diitesd there is
extensive evidence of mitochondrial dysfunction in a wide range of tissues and cell
types, including monocytes. The adverse effects of sepsis on mitochondria are

manifested in a number of ways.

1.6.1Mitochondrial respiratory dysfunction in siep

The findings from a range of clinical studies and animal sepsis models suggest that
mitochondrial respiration may be compromised during severe sepsis. It has been
shown that septic tissues have reduced oxygen consumption and ATP generation
despite thepresence of an adequate oxygen supply, a condition termed cellular
dysoxia(Levy and Deutschman, 200inger, 200¥ The mechanisms underlying this

loss of respiratory activity are not fullynderstood, although inhibition of OXPHOS
complexes by reactive oxygen and nitrogen species and alterations in the availability of
respiratory substrates have been implicat@ageret al,, 2013 Saeed and Singer,

2013.

In a novel experimental medicine study the expression of genes involved in ATP
generation during mitochondrial OXPHOS was found to be degulated when the
transcriptome of 8 healthy volunteers was analysed at serial timetp following the
administration of intravenous LRSalvancet al., 2005. These findings are consistent

with an earlier clinical study which found that muscle biopsies from septic patients had
significantly reduced mitochondrial respiratory activity, as evidenced by decreased ATP
levels and OXPHOS complex | activity, with a particularly severe impairment measured
in those who were ultimately nesurvivors(Brealeyet al., 2002. Similarly,

mitochondrial mass, complex | activitygddATP levels were all significantly lower in
muscle biopsies from 10 patients with sepsis and rarlgian failure compared to 10
matched controlgFredrikssoret al., 2009. In addition, a larger study revealed that

198 severe sepsis patients had significantly reduced platelet OXPHOS complex IV
activity throughout the first week of iliness compared t® &ematched controls

(Lorenteet al., 2015. The same authors had also previously shown that patients
9



surviving severe sepsis had higher platelet complex 1V activity wiiokaised over the

course of the illness when compared to nsarvivors(Lorenteet al.,, 2014.

In several small observational clinical studies mitochondrial respiration kasaén
shown to be compromised in monocytes from septic patients. A study of 19 patients
with sepsis found that peripheral blood mononuclear cells (PBMCs, predominantly
monocytes and lymphocytes) had a significant impairment of oxygen consumption and
mitochondrial OXPHOS complex I, Il and IV activity, effects that were reproduced by
exposing healthy PBMCs to serum from the sepsis pat{@#asabouet al., 2012).
Hsewhere, PBMCs isolated from 20 patients with septic shock had decreased
mitochondrial respiration due to impaired complex V activity and this dysfunction was
associated with an increased risk of organ failure and dékthiass@t al.,, 2011).
Similarly, a further study found that monocytes from 18 patients with severe sepsis
had both impaired mitochondrial respiration and decreasedBRAexpression

(Belikoveet al., 2007.

1.6.2Mitochondria and oxidative stress in sepsis

Sepsignduced OXPHOS dysfunction is als@eissed with excessive mitochondrial
reactive oxygen species (ROS) producf®alley, 2011 Mitochondria are the major
source of cellular ROS production due to reactions between molecular oxygen and
electrons leaking from OXPHOS complexésand Il(Westet al., 2011H.

Mitochondrial ROS are required for a number of cell signalling processes and for
bacterial killing by phagocytes, but excessive production can overwhelm antioxidant
defences and lead to oxidative strg&zalley, 2011Westet al., 2011a Westet al.,

2011b. There is considerable evidence that generalised oxidative stress is present in
patients with sepsis, with both animal and cell culture sepsis models confirming that
this is linked to the induction of mitochondrial respiratory dysfuncti@nimiet al.,

2006 Andradeset al., 2011; Drabareket al,, 2012 Cherryet al, 2014. Furthermore,
ROSmediated oxidative damage to OXPHOS complexes and mtDNA may then
exacerbate mitochondrial dysfunction, leading to further oxidative stress and,
ultimately, to the induction of cell death by apoptogiBrealey and Singer, 2003eeet

al., 2012.
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1.6.3Depletion of mtDNA in sepsis

As well as causg impairment of mitochondrial respiratory function and excessive
mitochondrial ROS production, sepsis may also lead to damage and depletion of
MtDNA. As mtDNA lacks protective histones, has limited capacity for repair and is
directly exposed to mitochondal ROS generated by dysfunctional OXPHOS complexes,
it is particularly vulnerable to oxidative damafee and Wei, 2005A mouse model

of sepsis involving intrperitoneal administration of LPS found that the resultant
oxidativedamage to mtDNA in hepatocytes lead to specific mtDNA deletions and a
reduction in mtDNA copy numbéBulimaret al, 20033. In 28 critically ill patients a
clinical longitudinal study found that whole blood mtDNA copy number was
significantly reduced compadeto controls and that persistent mtDNA depletions were
strongly associated with increased mortal{§otéet al., 2007). A subgroup analysis in

a larger observational study of 147 patients with sepsis identified a more specific
significant decrease in mtDNA copy number in monocytes and lymphocytes, the

degree of which correlated with the severity of the sepléress(Pyleet al,, 2010.

1.6.4Mitochondria and inflammasome formation

While sepsis may lead to impairment of mitochondfiactions and mtDNA depletion,
it has become apparent that the persistent presence of damaged and dysfunctional
mitochondria can, in turn, act as a potent stimulus forgming inflammation.
Dysfunctional mitochondria may become more permeable and rel¢asir contents
into the cytosolKeppet al, 2011). Mitochondria contain two bacterial molecular
signatures that act as damagesociated molecular patterns (DAMHAs)po-
methylated cytosingphosphateguanine repeats in mtDNA and the formylated N
terminals of mitochondrial protein@anfredi and Rover&uerini, 2010. In the

cytosol these mitochondrial DAMPs bind to intracellular PRRs to promote the
formation d the nucleotidebinding oligomerisation domadlke receptor, pyrin
domain containing8 (NLRP3) inflammasome, a protein scaffold that facilitates the
release of the pranflammatory cytokines interleukim i -Mi LO[  F1§(Escamést
al., 2012.

Furthermore, mitochondrial DAMPs may be released from damaged cells, for example

during trauma or chronic inflammation, and activate innate immune cells to trigger
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brisk inflammatory responsgf€ossarizzat al., 2011 Zhaoet al., 2014. Observational
studies in patients with sepsis and critical illness have found elevated levels of
mitochondrial DAMPs in plasma, the magnitude of which is associated with the
presence of multorgan dysfunction and a higher risk of mortaligunget al., 2012
Simmonset al, 2013 The proeinflammatory effect of extracellular mitochondrial

DAMPs has been highlightedanimal models in which their systemic administration
leads to the activation and degranulation of neutrophils and induction of a systemic
inflammatory response that results in cardiovascular colldgbancget al., 201Q
Wenceslatet al., 2019. In addition, incubation of primary human monocytes with a
combination of mitochondrial peptides also leadsitnmune activation and stimulates

the release of pranflammatory cytokine¢Crousetret al., 2009. Conversely, other

studies have indicated that longer exposures to mitochondrial DAMPs may actually
suppress innate immune responses to subsequent inflammatory stimuli, including LPS
AYRdzOSR ¢bCh NBf SI Fé&nandeRuizelza 2914 XhaogtalOe ( S &
2014). These findings suggests that the release of mitochondrial DAMPs during sepsis
may both exacerbate ihal exuberant inflammatory responses and also, if sustained,

contribute to immune deactivation later in the course of the illness.
1.7 The role of mitochondria in the recovery from sepsis

During sepsis there is evidence of mitochondrial OXPHOS dysfunctiesseve
mitochondrial ROS production and mtDNA depletion, while the presence of
dysfunctional mitochondria can modulate inflammatory responses. In order to
compensate for these adverse effects cells must be able to selectively remove
dysfunctional organés and generate new mitochondria to replace them. This
compensatory response occurs by the coordinated induction of mitophagy and

mitochondrial biogenesi@.6pezArmadaet al., 2013.

1.7.1Mitochondrial biogenesis

Mitochondrial biogensis is a highly dynamic process during whichepsting
mitochondria grow and divide. It requires the coordinated expression and interaction
of a number of mitochondrial genes encoded by both nuclear DNA and miD#¢A

and Wei, 200} Alterations in physiological conditions or cellular energy requirements
trigger a complex network of hormones and signalling pathways that lead to the
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expression of a number of mitochondrial transcription fact&itzel and Alexander
lwen, 201). Peroxisome proliferateactivated receptos  -@c@vatorm b &M hDY
acts as a master regulator of mitochondrial biogenesis through the induction of
nuclear transcription factors such as nuclear respiratory factors 1 and 21([dR¢-2)
(Lee and Wei, 200%rouser, 201 These transcription factors promote the
expression of nuclear genes the products of which form essential mitochondrial
constituents or act to influence important mitochondrial functiohsturn, the
replication of mtDNA is controlled by mitochondrialrgeted proteins encoded on
the nuclear genome, including polymerase 6t h[ DO X GKS 5b! L2ty
for mtDNA replication, and mitochondrial transcription factor A (TFAM), wdirelctly
interacts with mtDNA to promote replication and the transcription of mtBéhsoded

genes(Kanget al., 2007.

There are an increasing number of diverse studies in animal models which indicate
that expanding the mitochondrial population is an important process in promoting
survival and recovery from sepsis. In one highly innovative study thetnaicheal
instillation of bone marrow derived stromal cells increased alveolar ATP generation
and protected against LRSduced acute lung injury through the direct transfer of
mitochondria to alveolar epithelial cel{lslamet al., 2019. Elsewhere, the recovery of
metabolic function and mtDNA copy number in hepatocytes was found to be
dependent on the sustained expression of the activators of mitochondrial biogenesis in
a murine model of bacterial peritonit($ladenet al., 2007). In addition, upregulation

of PGamh SELINB&&aA2y Kl a 0SSy &Kandufedéchte LINR Y 2 |
kidney injury in mice and the restoration of mitochondrial and cellulacfion

following oxidant injury in rabbit renal proximal tubular céRasbach and

Schnellmann, 20Q7ranet al,, 2011J).

In animal sepsis models the induction of mitochondrial biogenesis appears to be
directly triggered by the binding of ligands to PRRs and the resultant activation of
inflammatory signalling pathway®rabareket al., 2012. Mice treated with a sub
lethal dose of heakilled Escherichia colvere found to have an initial loss of mtDNA
and mitochondrial proteins, which waapidly reversed following the activation of
mitochondrial biogenesis in a process dependent on the stimulation clikell
receptor4 (TLR4, the PRR for LP&eynoldst al,, 2009. Similarly, after exposure to
13



Staphylococcus aureddr-27- and TIr-47- knockout mice had increased mortality in

association with a diminished induction of P@@ SELINB&aA 2y | yR LISNBAAGS
depletion(Sweeneet al,, 2010. In another study pharmacological inhibition of the

inflammatory transcription factor NF . & A 3 y dlafed e igciedsés inRIRF

TFAM and mtDNA copy number that occurred in response terldeSed

inflammation in mice and also in human cell lif®slimanet al,, 2010.

In contrast to these amal studies, the evidence for mitochondrial biogenesis

induction in human patients with sepsis is less well established. A study of 16 muscle

biopsies from patients with sepsisduced multiorgan failure showed that the

survivors had early increases irpegssion of PG&h 'y R YA UG2O0K2yYRNAIFf Iy (7
(Carréet al,, 2010. However, a similar investigation king at muscle cell

transcriptome revealed that incomplete and uncoordinated expression of

mitochondrial transcription factors and genes during critical illness may lead to a

failure to maintain adequate mitochondrial functig¢hredrikssoret al., 2008.

Additional longitudinal studies will, therefore, be importantdlarify the precise role

of mitochondrial biogenesis, particularly in human monocytes, during the recovery of

critically ill patients following an inflammatory insult.

1.7.2Mitophagy

Through encapsulation in an autophagosome and subsequent lysosomal degnadatio

damaged and dysfunctional cellular contents are catabolised during autoghaggt

al., 2012. Mitophagy is a specialised form of autophagy which involves the removal of

mitochondria from a cell in response to developmental demands order to

maintain quality contro(Youle and Narendra, 201 IDysfunctional mitochondria,

particularly those generating excessive ROSithr eepolarisation of the mitochondrial

YSYONIYS LRGOGSYGAlLt o6np.YE ISYSNIXrGSR o6& GKS (NI
mitochondrial membrane during OXPHQOS), are selectively targeted for mitophagy by

the accumulation of phosphatase and tensin homologuduced putative kinasé

(PINK1) which leads to the recruitment of the mitophagy activator P@danendraet

al., 2008 Franket al., 2012 Gilkersoret al., 2012 Hill et al., 2012.

There is emerging evidence that mitophagy is a critical compensatory response in

sepsis. In general there is a lack of clinical data from human patients with sepsis;
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although one study found that PINK1 levels were higher (suggesting increased
mitophagy) in PBMCs from 8 septic patients compared to 14 critically ill controls
(Mannamet al,, 2014. This is consisht with murine models in which a septic insult
has been found to lead to the induction of mitophagy in association with the recovery
of mitochondrial function(Carchmaret al,, 2013 Changet al,, 2019. Conversely, in a
rabbit model of critical illness nesurvivors had evidence of inadequate autophagy
alongside increased organ damage and a greater impairment of mitochondrial
respiration(Gunstet al., 2013. Other studies have indicated that inhibiting autophagy
leads to the accumulation of damaged mitochondria and the persistence of oxidative
stress following an inflammatory stimul@akahiraet al,, 2011 Zhouet al,, 201%,

Motori et al., 2013. Furthermore, defectiver inhibited mitophagy may also result in a
failure to clear the mitochondrial DAMPs arising from dysfunctional mitochondria,
which can exacerbate inflammation due to an increase in NLRP3 inflammasome

formation (Nakahiraet al., 2011 van der Burgtet al,, 2014).

Murine sepsis models also suggest that the induction of mitophagy is closely
integrated with the activation of mitochondrial biogenesis followingrftammatory
insult. After an intraabdominalStaphylococcus aureusfection there was concurrent
up-regulation of mitophagy and the transcription of the key biogenesis regul&ges

M hand Tfamin the pulmonary tissue of mid€hanget al.,, 2015. Elsewhere, after

both caecal ligation and puncture (CLP) and LPS exposure, mice in which the resultant
contemporaneous induction of mitophagy and mitochondrial biogenesis was blunted
had a higher mortalityMannamet al,, 2014. Separately, the simultaneous activation
of mitophagy and mitochondrial biogenesis occurring after either CLP or treatment
with LPS has l®m shown to be abolished by inhibiting T4 RignallingCarchmaret

al., 2013. Intriguingly, this study also suggests that the presentation of mtDNA to the
intracellular PRR TtRduring mitochondrial degradation magtavate mitochondrial
biogenesis, as inhibiting either mitophagy or ®8lgnalling prevented the LPS
induced upregulation of PG h ¥ -1lbamdTFAM.

Thus, there is growing evidence from animal models to suggest that mitophagy is an
essential part of theadaptive response to sepsis which is closely integrated with
mitochondrial biogenesis. However, there is a clear need for clinical studies in order to
confirm the relevance of these findings to human sepsis.
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1.8 Integration of compensatory responses and imfization in sepsis

The recovery from sepsis and restoration of cellular functions requires the coordinated
activation of a number of compensatory responses. These include the induction of
anti-inflammatory cytokine production to promote tissue repair, axisiant defences

to protect against oxidative stress, and recovery of mitochondrial function through
mitophagy and mitochondrial biogenesis. While the regulation of these responses is
not completely understood, there is emerging evidence that they may share
fundamental common processes. In the following sections, two potential mechanisms

that may link these compensatory responses during sepsis are reviewed in more detail.

1.8.1Redoxsensitive pathways and compensatory responses during sepsis

In mouse models thenduction of both mitochondrial biogenesis and mitophagy
appear to be intrinsically linked to the activation of other fundamental homeostatic
pro-survival responses, including airiflammatory cytokine release, through redox
sensitive pathwaygfPiantadosi and Suliman, 2012 aemoxygenasel (HO1) is an
inducible antioxidant enzyme which, through the production of carbon monoxide (CO)
during haem detoxification, can stimulatiee expression of the transcription factor
nuclear factor (erythroieerived2)-like-2 (Nrf2)(Alam and Cook, 2003Nrf2 haghe

ability to bind to antioxidant response elements on gene promoters for transcription
factors regulating both mitochondrial biogenesis and amfiammatory cytokine

production(Piantadoset al., 2009.

The induction of HEL in mouse hepatoytes and macrophages following treatment
with LPS has been found to result in the activation of mitochondrial biogenesis, by
PGawh | y-R aru & ©@multaneous shift to an aimflammatory phenotype that is
characterised by increasdd10 and decrease Tnfaexpressior(Piantadsiet al,,

2011). In a murine peritonitis model of sepsis inhaled CO was found to significantly
increase survival through the enegulaton of HG1 and Nrf2, which resulted in a
higher mtDNA copy number and increased (LreleasgMacGarveyet al,, 2012. In
another study, the induction of mitochondrial biogenesis following pneumonia was
inhibited inNrf2/- knockout mice, resulting in increased piflammatory cytokine
release and more severe acute lung inj(yhaleet al, 2012. In addition to activating

mitochondrial biogenesis, Nrf2 may also be important in thgutation of mitophagy
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during sepsis, witiNrf2’- mice having a significantly impaired ability to-tggulate
mitophagy afterStaphylococcus aureusfection compared to wildype mice(Chang

et al, 2015.

While the above studies suggest that HMrf2 signalling may link mitochondrial
biogenesis, mitophagy and axtiflammatory cytokine production with the induction

of artioxidant defences, it should be noted that these investigations have all been
carried out by a single research group. The findings, therefore, require verification by
independent investigators and subsequent validation in studies on human cells and

patients with sepsis.

1.8.2Sirtuins and the link between metabolism and immunity

Mitochondrial function and turnover may also be integrated with immunity through

the action of a group of deacetylases termed silent information regulators (sirtuins)
(Preyat and Leo, 20)3Through the modulation of gene expression and protein

activity, sirtuins are involved in the regulation of multiple fundamental biological
processes. As their deacetylase activity is dependent on the presence of the oxidised
form ofthe respiratory chain cenzyme nicotinamide adenine dinucleotide (NAD+),
sirtuins can act as sensors of cellular energy status and link metabolism with other
cellular processe@ariharet al,, 2015. There are seven mammalian sirtuins each of
which have distinct principaub-cellular locations, with nuclear SIRT1 and

mitochondrial SIRT3 appearing to be particularly important in regulating the responses

to an inflammatory stimulugLiuet al,, 20120h.

Within the nucleus SIRT1 acts as a key ativof both mitochondrial biogenesis, by
increasing the activity of P@QEh = | YR | dzii 2 LIKI 3& Ay NBalLlRya
including inflammatior{TakedaWatanabeet al,, 2012 Brenmoehl and Hoeflich,

2013. Furthermore, there is increasing evidertbat SIRT1 also has an important role

in the resolution of inflammation through the negative regulation of-prilammatory
responses. This effect may be due to the direct inhibition of inflammatory signalling
pathways or specific effects of SIRT1 on tla@scription of preinflammatory genes
(Capiralleet al., 2012 Preyat and Leo, 20).3For example, it has been shown in THP

cells that TLR signalling leads to a rapid accumulation of SIRT1 at the promoters of

the genes that encode the proflammatadNE Oe G 21 Ay ™d ¢ WG KI YiR SL
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resultant epigenetic changes leading to the inhibition ofNFlependent
transcription of these genes and reduced cytokine producfionet al., 201J. In a
separate study this SIRFmediated impairment of pranflammatory responses was
found to occur intandem with the induction of mitochondrial biogenesis after
treatment of THPL cells with LPS, with SIRT1 inhibition leading teihdRed

mitochondrial depletion and impaired cellular respiratitnuet al., 2015.

In addition to these effects on immunity and mitochondria, the activation of SIRT1 also
leads to the upregulation of SIRT3, which is the major deacetylase that is active within
mitochondria(Liuet al,, 2019. SIRT3 is required for effective mitochondrial biogenesis
and SIRT-&nediated deacetylation reactions also enhance the function of OXPHOS
proteins, leading to increased mitochondrial oxygen consumpienmoehl and
Hoeflich, 2013 This is illustrated by the findinthat Sirt3’- mice have an impaired

ability to generate ATP in a variety of tissues in association with hyperacetylation of
mitochondrial proteins, including those forming OXPHOS comixlet al., 2008.
SIRT3 is also critical for the compensatory responses to oxidative stress within the
mitochondria. In HEK293 cells increased ROS levels have been shown to lead to the
activation of the mitochondrial antioxidant SOD2 through deaegityh reactions
catalysed by SIRTBGhenet al,, 201)). In another study the induction of oxidative

stress in human umbilical vein endothelial cells was found to result in the SIRT3
mediated upregulation of genes involved in mitochondrial bémgsis and mitophagy,
with inhibition of SIRT3 leading to impaired mitochondrial respiraitsenget al.,

2013.

Thus, the sequential activation of SIRT1 and SIRT3 following an inflammatory stimulus

may link several compensatory responsesjuding mitochondrial biogenesis,

autophagy, antioxidant defences and the dowagulation of preinflammatory

cytokine productionLiuet al, 2015. At this point, the importance of sirtuins dog

sepsis has been investigated in animal models but there is very limited data on their

role in human sepsis. Studies in animal sepsis models have indicated that activation of

SIRT1 may limit the negative effects of inflammation. In mice the effecsslrdemie

reperfusion injury were found to be abrogated by treatment with the SIRT1 activator

SRT1770 due to the simultaneous induction of mitochondrial biogenesis and inhibition

ofproA Y FE I YYI (2 NB &A 3y (Khaddreyal, 2014, Smilarly,Ch NBf SI & S
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following intrapeitoneal injection with LPS, mice treated with the sirtuin activator
resveratrol were protected against acute lung injury and produced lower levels of pro
inflammatory cytokines, effects that were reversed by inhibiting S(REt al., 2013.
Conversely, while SIRT1 activation may limit the negative effects of excessive
inflammation, in specific situations the inhibition of SIRT1 may also be beneficial
during sepsis. For example, treatment of mice with theTR. inhibitor EX527 has been
shown to lead to the reversal of sepsmluced immune suppression and result in

increased survival after C¥Pachharajanet al., 2014.
1.9 Sepsis, mitochondria and immunity

The interactions between inflammation, mitochondrial dysfunction andiiogenesis
and autophagy of mitochondria appear to be highly complex and vari&igargel.2).

On the one hand, inflammatory responses can impair mitochondrial fomdty a

number of mechanisms. These dysfunctional mitochondria may, in turn, be important
in both sustaining excessive inflammatory responses and in the inhibition of cellular
functions. On the other hand, signalling pathways activated following an infetomn
stimulus also appear to simultaneously initiate a range of compensatory mechanisms
aimed at maintaining cell viability during stress conditions. In addition to the induction
of antrinflammatory responses and antioxidant defences, there is a cocetinap-
regulation of mitophagy and mitochondrial biogenesis which leads to the selective
removal and replacement of dysfunctional mitochondria. While these processes are
associated with the recovery from an inflammatory insult, the sustained stimulation of
mitochondrial biogenesis during conditions of-gaing mitochondrial damage such as
sepsis could also contribute to immune suppression through the concomitant
promotion of excessive antinflammatory cytokine release or the prolonged inhibition
of pro-inflammatory cytokine productiofPiantadosi and Suliman, 2012

Investigations which explore the links between the effects of both inflammatory and
compensatory responses on tmchondria and immunity in human monocytes will
provide valuable insights into the importance of changes to the function and turnover

of mitochondria in sepsigiduced monocyte deactivation.
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Figurel.2 A summary of the potential interactions between inflammation,
mitochondria and compensatory responses in monocytes during sepsis.
Recognibn of PAMPs by PRBiswultaneously triggers both inflammatory and
compensatory presurvival resposes. Inflammation can producegative

effects in mitochondria including impairmeat respiration, excessive ROS
production ard depletion of mtDNAwhich can result in cellular dysfunction. In
addition the release of mitochondrial DAMEan trigger further inflammation.
Compensatory responses involve thearalinated stimulation of antoxidant

and anttinflammatory responses along with the selective removal and
replacement of dysfunctional mitochondria through mitophagy and
mitochondrial biogenesis. These responses are aimed at mitigating thesadfect
excessive inflammation and mitochondrial dysfunction in orderlimnarecovery
of cell functions and survival. Monocyte immune deactivation in sepsis may
result from the effects of mitochondrial damage and respiratory impairment
which lead to cellular dysfunction. However, excessive compensatory anti
inflammatory resposes triggered, in association with mitochondrial biogenesis,
by ongoing PRR stimulation and mitochondrial damage may also exacerbate the
impairment of monocyte immune responses.
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1.10Conclusion

Sepsis is an increasing problem in whialchnof the morbidity and mortality occurs in
patients with evidence of immune suppression. In particular, immune deactivation in
blood monocytes appears to be critical and is consistently associated with inferior
clinical outcomes in septic patients. Thesevidespread evidence of mitochondrial
dysfunction and depletion of mtDNA in sepsis, including in monocytes. In addition, it is
increasingly apparent that the coordinated stimulation of mitochondrial biogenesis
and mitophagy is important in the recoveinpm sepsis. These processes appear to be
initiated by inflammatory signalling and may also be integrated with the activation of
both antioxidant defences and the astiflammatory responses that can exacerbate
immune suppression. An improved understandaighe relationship between
inflammatory responses and mitochondrial function and turnover in monocytes may
provide important insights into the mechanisms leading to immune deactivation in
monocytes. Ultimately, this has the potential to identify novedridpies that can
stimulate the innate immune system and improve clinical outcomes in septic patients

with deactivated monocytes.
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Chapter 2Aims and Objectives
2.1 Overview

This chapter begins with a statement of the fundamental research hypotheses before
listing the principal aims and objectives that are addressed in the remaining chapters

of this thesis.
2.2 Hypothesis

After separate findings ampaired immune responses and reduced mtDNA copy
number in blood monocytes during sepsis, this thesis aims to address the overarching
hypothesis that mtDNA depletion is an important process in the pathophysiology
underlying immune deactivation in human maeytic cells. More specifically, the

following four hypotheses will be tested;

1. THP1 cells with immune deactivation will also have evidence of mtDNA
depletion and mitochondrial respiratory dysfunction.

2. Following an inflammatory insult there will be a regigld induction of
compensatory responses, which include mitochondrial biogenesis and
mitophagy, in THR cells.

3. Depleting mtDNA will lead to an impaired ability of THe®lls to produce
immune responses, in a similar manner to the immune deactivation seen
septic monocytes.

4. There will be significant alterations in the expression of nuclear genes,
particularly those involved in inflammatory and immune signalling pathways, in

THR1 cells following mtDNA depletion.
2.3 Aims and Objectives

Two main approaches will be used to explore the relationship between mitochondria
and immunity in THR cells and blood monocytes. Firstlyhapter 4and Chapter 5

the effect of inducing a state of immune deactivation on the mitochondrial functions
of monocytic cells will be assessed. These experiments will have the falgwncipal

aims and objectives;
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1. To produce a model of monocytic cell immune deactivatiopigyincubating
THR1 cells with LPS to render them endotoxin tolerant.

2. To explore the timecourse and dynamics of changes in immunity and
mitochondria in THR cdls following exposure to lipopolysaccharide (LPS).

3. To assess the effects of exposure of TIHfells to LPS on compensatory {ro
survival responses, including mitochondrial biogenesis and mitophagy.

4. To determine the effects of inhaling LPS on immunity atidMA copy number

in the blood monocytes of healthy volunteers.

Subsequently, i€hapter § Chapter 7and Chapter8 the consequences of depleting
MtDNA on the immune functions of THRcells will be determined. The major aims

and objetives of these investigations will be;

1. To deplete mtDNA from THPcells using treatment with ethidium bromide
and transfection with shorinterfering RNA targeted against key genes involved
in mtDNA replication.

2. To assess mitochondrial and immune functon THFL cells after depletion of
their mtDNA.

3. To determine whether restoration of mtDNA copy number leads to a recovery
of cellular respiration and immunity in THRcells.

4. To measure the effects of mtDNA depletion on the expression of nuclear genes
by THPR1 cells

5. To dentify any differences in the transcriptomic resporgel HP1 cells to LPS
caused byntDNA depletion.
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Chapter 3Methods

3.1 O0verview

This chapter describes the principles and protocols of the methods used to generate
the data presented in the subsequent chapters of this thesis. In addition, details of the
suppliers of the reagents, consumables and equipment used iextperiments are
provided. The chapter finishes with an overview of the statistical tests used to analyse

the data generated using these methods.
3.2 Materials and Equipment

3.2.1Materials and Reagents

The THRL human monocytic cell line was kindly donated by B¢yo ¢ I € f 2 N a

laboratory in the Institute of Cellular Medicine, Newcastle University.

¢CKS F2fft2¢gAy3a NBIFISyildia 6SNB 20G4FAYSR FTNRY [AF
diamidino2-phenylindole (DAPIH Qdicflorfluorescein diacetate (DEFA) DNAfree

DNaset NBI G YSy (i YAGXZ 5dzZ 6S002 Q4 EschBeRchiFcolISR 9 3t SQa

(K-12 strain) fluorescein conjugattetal calf serum(FCS)Blot2® Transfer Stacks,

High Capacity complementary DNA (cDNA) Reverse TranscriptiondK®2 S Qa a2 RA FA SR
5 dzf 6 SNEG@YIMDM), Lipofectamine RNAIMAXlinimal Essential Medium

(MEM), Negative Control siRNA numberronytacridine orange (NAONovex®

enzymelinked immunosorbent assay (ELISA) antibody pair kits (detdikhie3.3),

Novex® €20% TrisGlycine precast proteingelsb 2 3SEt b | (-A2%Bishrid D9 un o

38t b2@SEt bl iADBS t! DI9un nE &l-¥DX¥alpled dzZF FSNE b 2

 RRAGADSET b2OSENHzpY ik B So dzF DOINE HInEGSET bl (A DS |
buffer additive, nucleasé&ree water, OpiMEM reduced serum medium, penicillin and

streptomycin propidium iodideRoswell Park Memal Institute (RPMI) 1640

medium,SeeBlue Plus2 prgained protein ladder, Staphylococcus aure#/ood

Strain without protein Afluorescein conjugatesilencer® Select siRKtetails inTable

3.1), Tagman® Gene Expression Assay (detdilshle3.8), Tagman® Gene Expression

master mix and tetraethlybenzimidazololylcarbocyanine iodidel{JC

24



The following ragents were purchased fro®igmaAldrich, St Louis, MO, USAcetyl
co-enzymeA (ACoA), agarose, antimycin A, bafilomycin Al febraptomyces griseus
bovine serum albumin (BSA), bromophenol blygpochrome CD-glucose, Ndodecy#

i -D-maltoside (DDM)5,5-dithiobis-2-nitrobenzoic acidDTNB), ethidium bromide,
ethylene glycol tetraacetic acid (EGTA), carbonyl cyanide p
trifluoromethoxyphenylhydrazone (fCCBalactose, Giemsa, glycerol(2
hydroxyethy1-piperazineethanesulfonic acid (HEPES),hydrogeoxide, L
glutamine, lipopolysaccharide (LPS) frestherichia coli26:B6, magnesium chloride,
milk powder, -nicotinamide adenine dinucleotide (NADH), nitrotetrazolium blue
chloride (NTB), oligomycin, phenylmethanesulfonyl fluoride (PM®BBsphate
buffered saline (PB)horbol 12myristate 13acetate (PMApotassium phosphate,
rotenone,sodium borohydratesodium chloride, sodium citrate, sodium dodecyl
sulphate,sodium pyruvatesucrose, sulphuric acidriton X trizma base, trizma
hydrochloride, typan blue, tweenuridine, valinomycin andymosan particles from

Saccharomyces cerevisiae

6, 24 and 96 well plates and 25¢and 75cnd tissue culture flasks were obtained from

Greiner BieOne (Stonehouse, UK).

The following reagents were acquired frarhermoFisher ScientifidRockford, IL,
USA)enhanced chemiluminescent (ECL) substra@®o formaldehyde solution
(methanokree), NUNC MaxiSorp 96 well microplates aetramethylbenzidine

substrde.

The DNeasy Blood and Tissue ®ifA Quick Gel Extraoh Kitand RNeasy mini kit
were all purchased from QiageXdlencia, CA, USA)

Coomassie Brilliant Blue reageriin SYBRGreen supermixmicroseal B plate sealers
and 96 well PCR plate were obtained from BioR&zt¢ules, CA, UA

Seahorse BiosciencéShicopee, MA, USAjovided the XF Assay Cartridgks,

Calibrant Solutiomnd XF Cell Culture 96 well microplates.

CD14 MicroBeads, MACS® MS columns and theMWIS Separator were purchased
from Miltenyi Biotec Auburn, CA, USA
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Dextran was obtaineftfom PharmacosmogHolbaek, Denmapkand Percoll was from

GE Healthare Biosciences (tle Charlfort, UK

Thebiotinylated protein laddewas from Cell Signalling TechnoloBsg\erly, MA,
USA)the Complex IV human specific activity microplate assaydstpurchased from
Abcam (Cambridge, UKjectashield Hard Set Mounting Medium was acquired from
Vector laboratories (Peterborough, UK) and the Agilent 6000 RNA Pico Kit was from
Agilent Technologies (Santa Clara, CA, USA).

The tables provide details oféhantibodies used in flow cytometrydble3.2),
Western blotting Table3.6) and confocal microscopyéble3.9), along with the
primers used in quantitative polymerase chain reactioreb{e3.4) and the Tagman®
gene expression probe3gble3.8) used in reverse transcription quantitative

polymerase chain reactions.

3.2.2Equipment

The Shandon Cytospini8anoDrop 2000 spectrophotoster and MultiSkan Ascent

plate reader were all from Therm&isher Scientific while the FACSCanto Il and
LSRFortessa X20 flowt@meters and BD Lys#&/ash machine were frorBeckton
Dickinson (B) Bioscience¢Franklin Lakes, NJ, USKBgica Microsystems (kelburg,
Germany) provided the Leica SB2 UV confocal microscope and the 3000 B inversion
microscope while théBlot2 ® Gel Transfer Device and 7500 Fast Real Time PCR System
were from Life Technologies (Paisley, UK).dthematic inhalatiorsynchronised
dosimeter nebulisefor the LPS inhalation study was provided3pira Hameenlinna,
Finland) The other equipment included; the Agilent 2100 Bioanalyser (Agilent
Technologies. Santa Clara, CA, USA), FeRUO®Eega Plate Reader (BMG Labtech,
Ortenberg, Ganany), HiSeq 2500 (lllumina, San Diego, CA, BWBAjSpectral

Imaging System (UVP, Upland, CA, UBAMyiQu PCR machin@ioRad, Hercules,

CA, USA), the Sanyo MC@AIC Cgincubator (Sanyo Electric Biomedical, Osaka,
Japan) and th&XF96 extracellular flux analyser (Seahorse BioscienCéscopee, MA,
USA).

3.2.3Software

Data were collected and analysed using the following softwdietosoft Office Excel

2013 (Microsoft, Redmond, WA, USABDFACSDiva for flow cytometry daigipRad
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A v p u caPshiitvdre v2.@or quantitative polymerase chain reaction datemage J
software (National Institute of Health, Bethesda, MD, USAjjuantification of
Western Blot bands and Volocity (PerkinElmer, Waltham, MA, USA) for analysis of
confocal microscopymages. Details of the software used to analyse the
transcriptomics data are included in secti®ri2.2 GraphPad Prism 6 (GraphPad, La
Jolla, CA, USAhd Satistical Package for the Social Scienc&S{gor Windows 19
(IBM, New York, USjere used for statistical analysis.

3.3 Cell culture and monocyte isolation

3.3.1THP1 cell culture

THR1 cells were cultured iRPMI 1640 medium supplemented with 10% heat
inactivatedFCS2mmol/l Lglutamine, 11.11mM Bylucose, 100U/ml penidin and
100pg/ml streptomycin (termed growth medium)HP1 cell culture was carried out in
a humidified incubator at & with 5% carbon dioxide (@@ndmaintained at a

concentration of less t#n 1x16cells/ml.

3.3.2Human monocyte isolation and culture

Human PBMCs were isolated from citrated whole blood by dexsadimentation
followed by Rrcolldensity-gradient centrifugationHaslettet al., 1985. Cytospin
slides stained with iBmsa were reviewed to ensure that the purity of the isolated

PBMCs was greater than 95% prior to further processing.

Positive selection was then used to isolate monocytes from the PBMGQ dayttris
method has been shown to be most effective at incregghe purity of the selected
cells without significantly altering gene express{bgonset al,, 2007). Monocytes

were labelled withCD14MicroBeads and then retained inMACS®IS column in the
magnetic field from the MinAMAC®Separator Figure3.1). The purity of the isolated
monocytes was assessed oie@sastained cytospin slides and only samples with
greater than 90% monocytes were usm further experiments. The isolated human
monocytes were cultured itMDM containing 10% autologous serum in a humidified

incubator at 3RC with 5% C9
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Figure3.1 Schematic diagram representing monocyilation from the

peripheral blood mononuclear cell fraction by positive selemt using CD14
MicroBeads Monocytes expressing CD14 are coated in microbeads and retained
in a MACS® MS column within the magnetic field from the miniMACS® separator,
while the other unlabelled cells pass through the column and are discarded. The
MACS® MS column is then removed from the magnet and the monocytes flushed
out using a plunger. Images show Giemsa stained cytospin slides at x40
magnification before and after posit selection of monocytes.

3.3.3Assessment of cell viability

Cell oncentration and viability werdetermined byanassessment of 0.4%ypan blue
exclusion using a haemocytometdrhe viability of THR cells was further tested using
flow cytometry Figure3.2) to measure the proportion of cells talg up propidium

iodide, a dye that is excluded by viable cells with intact cell membranes® HkiFL

cells were suspended in 500ul PBS and incubated with 0.5pug/ml propidium iodide for 1
minute at room temperature before assessing fluorescence usingg&@SCanto Il

flow cytometer Figure3.3 A).
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Figure3.2 Schematic diagram indicating the principles of flow cytometflow
cytometry is a technique in which a hydrodynamicédigussed stream of single
cellspasses through a laser of a particular wavelengtie degree to which the
laser beam is scattered by each celdiforward and sidélirection ismeasured

by different detectors. Cellular characteristics can be distinguished usasg th
data for forward scatter, which indicates size, and side scatter, which represents
complexity(Brown and Wittwer, 2000 Fluorochromes, which may be
conjugated to antibodies, angsed to provide a fluorescent label to specific
cellular constituents. Ae laser excites amfjuorochromes retained within or
bound to the surface of the celb a higher energy leveThelight that is
subsequently emittedvhen the fluorochromeeturnsto its ground state is
measured by a detectdiMaeckeret al,, 2009. A bandpass emission filter is used
to prevent lightoutsidethe emission spectrum of the particular fluorochrome
from reaching the detector.
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Figure3.3 Scatter plots and histograms indicating the measurement of THP
cell viability, phagocytosis, mitochondrial mass, mitochondrial membrane
potential and reactive oxygen speceproduction by flow cytometry(A) Cell
viability was determined by the proportion of THRells excluding propidium
iodide. (B) The phagocytic ability of FiHEells was assessed by measuring the
proportion of cells internalisigp fluoresceirconjugated bacteria. (C)
Mitochondrial mass was determined by the fluorescence due to uptake of NAO
into THPRL cell mitochondria. (D) THPcells with a depolarised mitochondrial
membrane potential had a shift from red to greenl@uorescace as
highlighted by treatment with valinomycin. (E) Production of reactive oxygen
species by THP cells was measured by the fluorescence produced by the
oxidation of DCIPA. When assessing relative fluorescence of positive
populations the data were noralised for the background fluorescence by
calculating the signal intensity (= [mean(positigehean(background)] / [2 x
standard deviation(background)Maeckeret al., 2009
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3.4 Experimentamodels of inflammation

3.4.1Endotoxin tolerance in THRells

Repeated stimulation of monocytes witlPSyenerates diminishingflammatory
responses, a phenomendarmed endotoxin toleranc€Cavaillon and Adi#€onquy,
2006). Endotoxin tolerancean be reliably induced by piacubating monocytic cells
with LPS at doses above 10ng/ml and has been extensively usethadel of
monocytedeactivdion (Randowet al., 1995 Liet al., 2004. In endotoxin tolerance
experimentslx1® THR1 cells were incubated in 25¢&rtissue flasks containing 5mis
growth medium to which 100ng/ml LPS frdescherichia coD26/B6was added either
72 (t=0 hours), 48 (t=24 hours), 24 (t=48 hours), 6 (t=66 hours) or 2 (t=70 hours) hours
prior to the end of &2 hour preincubation period After this preincubation the TIR-1
cells werethen pelleted, washed with PBS andsaspended in fresh medium before
comparing immune and mitochondrial functions to those in control cellsiprabated

for the previous 72 harsin growth mediumwithout LPS

3.4.2LPS Inhalation in healthy human volunteers

The inhalatiorof LPS is an establishedvivomodel that reliably inducesafe, sek
limiting acute pulmonary and systemic inflammation in healthy voluntésansseret
al., 2013. Twelvevolunteers aged betweae 18 and 40 years were randomly allocated
to inhalation of 60ug LPS or a placebo of endotdse 0.9% salinevhich was
delivered over 5 inhalations using an automatic inhalatsymchronised dosimeter
nebuliser.Symptoms, clinical obsertrans and spirometry werenonitored and dood
samples were taken atlfours (preinhalation) and a6 and 24 hourgostinhalation

At each of tlese time pointsnmonocytes were isolated from theeripheral blood and

immune functions and mtDNA copy number measured.

The LPS inhalation study design and approvals were carried out by Dr Sarah Wiscombe
(Clinical Research Fellow, Institute of Cellular die@i, Newcastle University). Dr
Wiscombe was also responsible for the recruitment of volunteers, administration of
nebulised LPS/saline and initial processing of blood samples to isolate PBMCs. The LPS
inhalation study waspprowed by the local research bics committeeand the

Newcastleupon-Tyne Hospitals NHS Foundation Trust
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3.5Depletion of MtDNA in THPcells

3.5.1Treatment with ethidium bromide

Ethidium bromidds an intercalating agerthat is commonly used for the detection of
DNA.Chronic exposure of cslto bw concentrations oéthidium bromideleads to the
selective inhibibn of mtDNAreplicationand the generation of cell lines that lack
YG5b! 0G4S NXNCGhanhdel and SOHifacken) 199PHRL cdls lacking mtDNA
were generated by incubation in RPMI 1640 medium containing SOrggmdium
bromidefor 8 weekgHashiguchi and Zhamgkiyama, 200P To maintain cell viability
the medium was supplemented with 2mMglutamine, 110ug/ml sodium pyruvate,
50ug/ml uridine and 10% FCS. After the 8 week expostlnidium bromidewas
removed from the growth medium 48 houpsior to any subsequent analgsi
(Marchettiet al,, 1996. The characteristics ethidium bromidetreated THFL cells
were compared to controcells that were incubateth the same growth medium

lacking ethidium bromide for 8 weeks.

3.5.2Transfection with shibinterfering RNA (siRNA) against POLG and TFAM

RNA interérence is grocess in which short doubltranded RNA fragments induce
the specific destruction of sssengeRNA(MRNA)xontaining a comgimentary
nucleotide sequence (sdeigure3.4) (Carthew and Sontheimer, 20T he
transfection of cells with synthetidsrt-interfering RNA (siRNA) is a weditablished
method to produce postranscriptional silencing of specific gen®ghiteheadet al.,,
2009.
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Figure3.4 The principal of RNA interference by siRNRNA interference is a

form of posttranscriptional gene silencing in which a short segment of RNA
induces destruction of MRNA containing a complementary sequence of
nucleotides. Within cells, siRNA is formed by the cleavage of datitaleded

RNA (dsRNA)to 19-23 nucleotide long fragments by the Dicer enzyme.
Alternatively, synthetic SIRNA can be introduced into the cell using various
transfection techniques. This siRNA is incorporated into the-iRbli4ced

silencing complex (RISC) and unwound by the dagte 2 protein. The

passenger (sense) siRNA strand is then discarded, leading to the formation of a
functional, activated RISC. Finally, the guide (antisense) siRNA strand within the
RISC selectively binds to messenger RNA (mRNA) with the complementary
nucleotide sequence and this mRNA is cleaved and degraded, leading to silencing
of a particular gene in a sequenspecific manne(Carthew and Sontheimer,

2009. This figure is adapted frofVhiteheadet al., 2009.
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In order to inhbit mitochondrial biogenesiFHP1 cellswere transfected withSilencer®
Select siRNfargeted against thOLGnd TFAMgenes(detailed inTable3.1). The

SsiRNA was delivered to the cells using the Lipofectamine RNAIMAX liposomal reagent
as thishas been shown to produce effective transfection in THfells without

signifcant effects on cell viabilitfGantieret al., 2008. Silencer® Select Negative

Control siRNA number 1, a-2der doublestranded RNA with a sequence designed to
have minimal efécts on the human transcriptome, was used in order to control for the

effects of transfection

Reverse transfection of sSiIRNA into THEells was carried out. LiposorsdRNA
complexeswvere first formed by mixing 30nM siRNA, 10ul Lipofectamine RNAIMAX and
990l OptFMEM mediumin a Bcm tissue culture flasknd incubating at room
temperature for 20 minutessx1® THR1 cells were then suspended imés RPMI
mediumsupplemented with 10% BC50ug/ml uridine and 110ug/ml sodium pyruvate.
This cell suspensiomas slowly added to the liposor®@RNA complex solution and the
resultant mixtureincubated at 3RC with 5% C£The transfection was repeated every
48 hours for 8 days before comparing mitochondrial and immune functions to controls
transfected with a 30N Silencer® Select Negative Control sSiRNA number 1

incubated with Lipofectamine RNAIMAX or growth medium alone.

Strand { SIjdzSy OS 0 g Length| Molecular | Manufacturer
(mer) | Weight | catalogue
(g/mol) No.

TFAM | Sense GAAGAGAUAAGCAGAUUUALt | 21 6800 Life-

Antisense | UAAAUCUGCUUAUCUCUUCT | 21 6500 Technologies
s140a

POLG | Sense GUUGACUACUUACACCUCALt | 21 6600 Life-

Antisense | UGAGGUGUAAGUAGUCAACa( 21 6800 Technologies

s10787

Table3.1 Details of Silencer® Select siRNA used in-THEBIl transfection.
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3.6 Assessment of differentiation of THIRells to mmcrophagdike cells

THR1 cells carbe induced to differentiatento macrophagedike cells that resemble

primaryhuman macrophages using various chemical stif@dhwendeet al., 1996

Daigneaulet al,, 2010. In order to determine whether THPcells had differentiated

into macrophagedike cells during the endotoxin tolerance model, the findings from a

range of assessaemts were compared to a positive control of FHEells stimulated to

differentiate by a 72 hour incubation in growth medium supplemented with 10nM

PMA(Parket al., 2007. The following cell characteristics were analysed,;

1.

3.

A qualitative assessment of THRell morphology was carried out by imaging a
minimum of 100 cells in three separate wells on a 6 well platag a DMI3000

B inversion microscap

. The adherence of THPcells to a 6 well plate after a 72 hour incubation was

assessed by serial cell countsing a haemocytometer. Cell counts were taken
after an initial aspiration of the supernatant in each wetunt A)and then

after detachingany adherent cellssing a cell scraper and washing with an
equal volume of PB@ount B). Theounts were used toalculate the

percentage of noradherent cellgpresent

% nonadherent cells = [Count A / (Count A + Count B)] x 100

The expression of macrophage differentiation markers on the surface 6L THP
cells was measured using the BD FACS@afitaww cytometer For each of the
differentiation markers aninimum of 10,000 events were recorded and each
condition was assessed in triplicaieetails of the markers that were measured

are given infable3.2.
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Marker Function, Fluorochrome| Clone| Host | Manufacturer | Excitation
Change during species,| catalogue | wavelength
macrophage isotype number -Bandpass
differentiation filter (nm)

CD14 LPS recognition| PECy7 M5E2 | Mouse, | BD Biosciences 488-780/60
andbinding lgG2a 561385
Downregulated

CD36 Scavenger PE 5-271 | Mouse, | BioLegend, 488585/42
receptor IgG2a 336206
Up-regulated

CD206 Mannose PE 152 Mouse, | BioLegend, 488585/42
receptor lgG1 321106
Up-regulated

Table3.2 Fluorochromeconjugated antibodies used to assess cell surface
expression of macrophage differentiation markers by flow cytometripuring
monocytemacrophage differentiation there is evidence that the cell surface
expression of CD14 is dowegulated(Krugeret al., 1996 Spancet al,, 2013,
while the expression of CD3Auhet al., 1996 Schuierelet al., 2009 and CD206
(Porcherayet al,, 2005 Daigneaulet al,, 2010 are upregulated. The
fluorochromeconjugated antibodies were provided by BD Biosciences and
BioLegend (San Diego, CA, USA).

3.7 Immune functions of THPcells and monocytes

3.7.1Cytokine release assay

THR1 cells (2.5x19THR1 cells/well) or human monocytes (1xXtells/well) were re

suspended irgrowth medium containing 10% F&%] seeded onto a 24 well plate

Half of the wells were then treated with §Rat a concentration of 100ng/ml for THP

cells andLOng/ml for monocytes. Following incubation atf&7for 4 hours (pro

inflammatory cytokines) or 16 hours (amtiflammatory cytokines)he sypernatants

from each well were colleetd and stored at80RC.

Cytokine concentrations in tlsesupernatants weresubsequentlydetermined using
Novex® ELISA antibody pair Kitable3.3). After coating NUNC MaxiS@&@p6 well

microplates with the detection anttytokine antibody ogrnight, nonspecific binding

was blocked by incubation with assay buffer containing 0.5% BSA for 1 hour. The

sample supernatants (triplicates), along with stardtaof known concentratioand

blank wells containing assay bufféofh duplicates), were then incubated with the

detection biotinconjugated anticytokine antibody for 2 hours at room temperature.

After washinga stregavidin-horseradish peroxidassolution was added for 30
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minutes before a final wash and the addition of thetramethylbenzidire substrate
The subsequent colorimetric reaction was stopped after 30 minutes by the addition of

2N sulphuric acid.

A FLUOStar Omega Plate Reader was used to measure the absorbance of each well at
450nm. A standard curve was generated by plottingparameter curve fit of the

cytokine concentrations in the standards against their measutadKkeorrected

optical density Cytokine concentrations in the unknown samples were calculated by
plotting their mean blanicorrected optical densities onto the lineeggion of the

standard curve The LR&luced cytokine release for each condition was then

determinedusing the equation

LPSnduced cytokine releaseGytokine release with LR®ytokine release with medium

Cytokine Range of detectable concentrations ggml) Catalogue number
IL-m i 31.251000 CHC1213
IL-1RA 31.251000 CHC1183
IL-6 15.6-1000 CHC1263
IL-8 12.5800 CHC1303
IL-10 31.251000 CHC1323
¢bCh 15.61000 CHC1753

Table3.3 Summary of range of detectable concentrations for the NoveXIRISA
antibody pair kitsused to detect cytokines released by THReells and
monocytes.

3.7.2Phagocytosis of zymosan particles by human monocytes

Monocytes were adhered to a 96 well plate duringGaminute preincubation of 5x16
cells pemwell in 50ul IMDM containing 10% autologous serain37°C 1ug of zymosan
particles fromSaccharomyces cerevisjagsonised by prncubation in 50%
autologous serum for 30 minutes, was then added and a furthieour incubation at
37°C carried outWolf et al,, 1988. Excess zymosan was washed off and the
monocytes were aidried, fixedwith methanol and stained with i@msa. The
proportion of monocytes that had internalised two more zymosan patrticles was
determined usinghe Leica 3000 B inversion microscop&(re3.5). A minimum of

100 monocytes were counted in three separate waliséach experimental condition.
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O zymosan particles @ No:phagocytosis

Figure3.5 Representative image of phagocytosis of zymsosan particles by
monocytes.The proportion of monocytes thdave internalised two or more
zymosan particlegolack cira) was determinedisingthe Leica 3000 B inversion
light microscope. Image taken at 40x magnification.

3.7.3Phagocytosis of fluorescent killed bacteria by-I'ei#ls

The ability of a suspensn of THPL cdls to internalise fluorescettabelled killed
bacteria(Escherichia cofK-12 strain) orStaphylococcus aure@/ood Strain without
protein A) was determined by flow cytometr§igure3.2). The fluorescentabelled
bacteria were opsonised by prgcubation with 10%umanserum for 30 minutes and
1x10 bacteria were then added to a suspension of IXTHRPL cells in 500ul grovat
medium. Following incubation in a tube rotator at/7for 1 hour nosinternalised
bacteriawere removed by washing witABS The THR cells were then resuspended
in 500ul PBS to which 500ul 0.1% trypan blue was added in order to quench any

remaining etracellular fluorescence.

The proportion of THR cells phagocytosingacteriawas determinedby measuring
the fluorescencdexcitation wavelength 488nm, band pass filter 530/30msing a
FACSCanto Il Flow Cytomet&minimum of 10,000 events wascorded and each
condition was assessed in triplicate. A negative control of TE#lls withoutbacteria
was used to determine the baseline cellular fluorescencedeithe the negative

population. The THR cells that had internalised bacteria formedeparate
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populationthat stainedpositive for fluoresceimnd the proportion of THR cells in

this population was measureérigure3.3 B).
3.8 Mitochondrial assessments

3.8.1Mitochondrial DNA copy number by quantitative polymerase chain reaction (QPCR)

DNAwas extracted from pellets ofIL(® THR1 cellsor monocytes usinghe DNeasy
Blood and Tissue Kithe NanoDrop 2000 spectrophotometer was used to determine
the concentraion (by ultraviolet absorbance at 260nm) and purity (by the ratio of
absorbance at 260nm and 280nm) of the extracted DNA. Prior to analysis the DNA
solutions were diluted wittucleasefree water to produce a startin@NA

concentration of 10ng/pl.

The relaive mtDNA copy number was determined using #ale qPCR. The reaction
compared thelevel of themtDNA gene nicotimaide adenine dinucleotide

dehydrogenase subunit MT-NDJ) tothat of it KS y dzOf S NJ NEFSNBy OS
microglobulin B2M) (Payneet al., 2011. TheB2MandMT-ND1primers are listed in

Table3.4.

Gene C2NB I NR ¢ wSPISNRBRS (¢ Anneal | Sze
Temp | (bp)
(F°)
Template| B2M CGCAATCTCCAGTGAC/A GCAGAATAGGCTGCTG] 60 1092
A C
MT-ND1 | CAGCCGCTATTAAAGG] AGAGTGCGTCATATGTT 60 1040
G TC
gPCR B2M CACTGAAAAAGATGAGT AACATTCCCTGACAATC 62.5 231
GCC
MT-ND1 | ACGCCATAAAACTCTTC GGGTTCATAGTAGAAG/ 62.5 111
AAAG GATGG

Table3.4 B2M and MT-ND1primer sequences for template generation and
MtDNA copy number measurement by quantitative PCR.

Templates covering theIT-NDland B2Mtarget sequences were first amplified by
standard PCR and separated using agarose gel electrophoresis. The QiA Quick Gel
Extraction Kit was used to extract DNA from the gel and the DNA concentration
guantified using the NanoDrop 2000 spectrophotometer. This DNA concentration was

then used to calulate the DNA copy number of the template using the equation;
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Copy number = [DNA concentration (g/l) + (Amplicon length (bp) x 2 x 3J8@padrd a

number

Serial dilutions of the template DNA enabled the generation of standard curves for the
gPCR reaai covering copy numbers in the rangeé’i@3copies/ul. These standard
curves were used to ensure that each reaction achieved a linear cdrn®98) with

an amplification efficiency within the optimal range {200%)Figure3.6 A). Template
negative controls and melting curve analysis of the amplified DNA product were used

to confirm the absence of DNA contaminati@figure3.6 B).

The realtime gPCR was carried out using a BioRad MWQR machiné final 25pl
reaction volume was produced containing 300nM of the target forward and reverse
primers, IitSYBRGreen supermix and h@ of DNA. The template standards and
negative controls were assessed in duplicate while the unknown samples were
analysed in triplicate. The reaction was carried out in 96 RERplates sealedvith
microseal B plate sealer§he SYBR 62.5 protocol wagd and the fluorescence
generated by the binding of KBYBRGreen to amplified doublstranded DNA was
measurea during each of the 40 cyclesigure3.6 C) The cycle at which this
fluorescence exceededlthreshold o250 relative fluorescent units (RFU) while in the
exponential phase of the amplification curve was used to define iheshot cycle

(Ct). All data weranalysed usingthe A 2wl R Avpu 2LIAOCIET a2Fdsl NB

relative mtDNA copy number per cell calculated usingthledata;

n/ G T -ND1gCtaam

Relative mtDNA copy number per cell =22
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Figure3.6 Standard curve, melting curve and protocol for quantitative
polymerase chain reaction to measure mtDNA copy numh@) Representative
scatter plot indicating parallel statard curvesdr serial dilutions oMT-NDland
B2M. (B)Representative mlting curve analysiine graphshowing a pure DNA
amplificaion product (single peak) after quantitative polymerase chain reaction
(gPCRWith primers for a sequence on tidT-ND1gene. (C) SYBR 62.5 protocol
for determining mtDNA copy number by gPCR using the-BiNding dye
iIQMSYBRGreen
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3.8.2Mitochondrial mass by uptake of noagtidine orange

Mitochondrial mass was determined by measuring the uptake of NAO, a dye that
localises to mitochondria regardless of the mitochondrial membrane potef@@itet
Roussellet al,, 2011). 5x13 THR1 cdls were incubated with 2.5uM NAO at 37°C for
30 minutes before removing excess dye by washing twice using the BiVagse
machine and measuring the fluorescence (excitation wavelength 488nm, bandpass
filter 530/30nm) using the BD FACSCaltitow cytomeer (Figure3.3 C).A minimum

of 10,0® events wasecorded and each condition was assessed in triplicasea
positive control mitochondrial mass was increased i-IHells by prencubation for

72 hours in DMEM supplemented with 5mM galactose and lacking gletmsan et

al., 2010.

3.8.3Measurement of mitochondrialembrane potential depolarisation usinglJC

The serial reduction of electrons and transport of protons across the inner

mitochondrial membrane by the OXPHOS complexes generates the mitochondrial

YSYo NI yS LI ((Esai@yiahd Singen 208@ysfunction of the OXPHOS

O2YLX SES&a Sl Ra (2 [(Ctedethl 0KACLiskeafone ¥ GKS n-. Y

R&S GKAOK | OOdzydz I (i S adependentiiaingr esugingin® I Ay | p .
formation of Jaggregates and a shift from green to red fluoresznAs a result the
ratio ofred: greenJCIF f dz2 NS A OSy OS LINPQPARS& | dzaSFdzZ YSI ad

usedto assess the presence of dysfunctional mitochon{@violiet al., 1997%).

THR1 cells were suspended at 1¥Idells/ml in PBS and incubated with 514@&1 for

on YAydziSao !'a I L3 aAaidA ¢gsllsiepeyrégddet forl@ NJ p- Y RSL
minutes with 100nM valinomycin, a potassitsaledive ionophore which dissipates

0 KS (Bavioliet al, 1997. Following incubation with JCthe red éxcitation

wavelength561nm, bandpass filtet86/15nm) and green (488nn530/30nm)

fluorescenceof THP1 cells was measured using the LSRFortessflo2@ytometer A

minimum of 10,000 eventwasrecorded and each condition was assessed in triplicate.

The proportion of cells displaying green fluorescence was measured in order to

identifycef & 6AGK n.Y ARGEIBD) NRal GA2Yy 0O
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3.8.4Reactive oxygen spec{OSproduction

The production of RO8/ THPL cells was determined using BDR Following entry

into cells DGIPA is deacetylated by esterasesoomu QT Q RA OK {whibldF  dz2 NB
becomes highly fluoresceaffter oxidation by hydrogen peroxid@Vinterbourn, 2013.

THR1 cells were suspended at 1€l¢ells/ml in 1ml PBS and incubated af@#vith

1uM DCHDA for 30 minutes. As a ptige control cells were then treated with 100uM
hydrogen peroxide for 60 minutes. At the end of this incubation the fluorescence
(absorptionwavelength488nm, band pass filter 530/3@Gm) of the THHA cells was

measured on the BD FACSCahtibow cytomete (Figure3.3 E) A minimum of 10,000

events were recorded and each condition was assessed in triplicate.

3.9 Protein expression byodium dodecyl sulphate polyacrylamiad electrophoresis
(SDSPAGEYWestern blot

Protein was extracted from pellets of 3¥IDHP1 cells using a lysis bufféformulation

in Table3.5). The protein conadration in the resultant lysate was determined using a
Bradford Assay in which protein binding to an acidic solution of Coomassie Brilliant
Blue reagent produces a change in absorbance at 595nm that can be compared to a

standard curve of known concentrahs of BSAFigure3.7) (Noble and Bailey, 2009

1.0
0.8-

0.6-

y=1.198x + 0.343

0.4-
R?=0.995

0.2-

Absorbance (optical density)

0.0 T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5

Protein concentration (mg/ml)

Figure3.7 Example of Bradford assay standard curve showing linear regression
of protein concentration against absorbance at 595nm

43



The expression of iachondrial proteins wathen determined by Western blotting, a
technique in which proteins are separated on the basis of size and then detected using
specific antibodiegMahmood and Yang, 201 Firstly, 20ug of protein was added to

an equal volumef loading dye containin§DSan anionic detergent which unfolds the
proteins and confers a negative char@ermulation inTable3.5). The proteins in each
lysate sample were then sepatad by SDFAGRIsingNovex® £0% TrisGlycine pre

cast proteingels. A SeeBlue Plus2 gstained protein ladderand a biotinylated protein
ladder were added in order to allow estimation of the molecular weight of the

resultant proten bands. Followin§DSPAGE the separated proteins were transferred
onto a PVDImembrane usingBlot2® Transfer Stacks atie iBlot2 ® Gel Transfer

Device.

The PVDF membrane was incubated vaittiocking buffer(fformulation inTable3.5)
for 1 hour at room temperature to prevent any napecific antibody binding and the
primary antibody was then added. Following incubation with the primary antibody
(either for 1 hourat room temperature or overnight at’€) the membrane was
washed and the secondahprseradish peroxidaseonjugated antibody then added.
After a final 1 hour incubation at room temperature and a further wash the presence
of bound secondary antibody wagt@érmined by adding a&Clsubstrate and
detecting the resultant signal usinge MultiSpectral Imaging Systein.order to
detect other proteins the ECL substratas then washed off and a differeptimary
antibody addedTrisbuffered saline with 0.1%wteen was used for all washes
(formulation inTable3.5). Thedetails of the primary and secondaantibodiesused in

the detection of proteins during Western blottirage listed inTable3.6.

Image J software was used to analyse the relative densities of different protein bands.
The relative expressionoN2 & SAYy Ay Sl OK alyYLX S ¢la GKSy

actin, a ubiquitously expressed fein used as a loading control.
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Buffer

Formulation

Lysis Buffer

50mM trizma hydrochloride pH 7.5, 130mM sodium chloride, 2mM
magnesium chloride, 1ImM PMSF, 1% triton X

Loading Dye (2x)

250mM trizma hydrochloride pH 6.8, 20% Glycerol, 4% sodium
dodecyl sulphate, 0.1% bromophenol blue

Running Buffer

25mM trizma base, 200mM glycine, 0.1% sodium dodecyl sulphat

Trisbuffered saline; 0.1%

tween(TBST)

20mM trizma hydrohloride pH 7.0, 0.5mM sodium chloride, 0.1%
tween

Blocking Buffer

TBST, 5% milk powder

Table3.5 Formulations of Western blot buffers

Antibody Host Manufacturer, Finalconcentration Band
species, | Catalogue Number molecular
isotype weight (kDa)

Primary antibody
I -actin Mouse, 1gG2| Abcam, ab8226 0.5pg/ml 42
LC3l/ Rabbit, Cell Signalling, 1pg/mi 14/16
polyclonal CS54995
MTCO1 Mouse, Abcam, ab14705 1pg/mi 40
IgG2a
Mitoprofile® Mouse MitoSciences, MS604 | 6ug/ml Complex L 20,
total OXPHOS Complex Ik 30
antibody Complex lIg 47
cocktail Complex I\¢ 39
Complex V53
POLG Rabbit, SigmaAldrich, 1pg/mi 150
polyclonal SAB2700005
SDHA Mouse, IgG1l| Abcam, ab14715 0.2ug/ml 70
SOD2 Rabbit, Abcam, ab13533 0.2ug/ml 25
polyclonal
TFAM Mouse, Novus Biological, 1pg/mi 25
IgG2b NBP171648
Secondary antibody
Anti-mouse |lg | Rabbit Dako, 0260 1:5000 dilution N/A
HRP
Anti-rabbit g Goat Dako, 0448 1:2000 dilution N/A
HRP

Table3.6 Primary and secondary antibodies used in Western blotting.

Antibodies were provided by Abcam, Cell Signalling (Danvers, MA, USA), Dako
(Cambridge, UK), MitoSciences (Eugene, OR, USA), Novus Biologicals (Cambridge,

UK) and SigmaAldrich (St Louis, MO, USA).
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3.10Assessments difie oxidative phosphorylation (OXPHOSEsys

3.10.1Spectrophotometric assessment of isd®XPHO& mplexdV and citrate

synthase activity

Cellular homogenates containingtochondrialrespiratorychain enzymes were
produced from a suspension 6k1¢ THR1 cellsin 120u120mM potassium phosphate
buffer by four rapid freezethaw cycles using liquid nitrogeSpectrophotometric
measurements of the activity of citrate synthase and OXPHOS complex IV within the
homogenates were taken usirtige MultiSkan Ascent plate readekll reactions were
carriedout in triplicate and bhe results were normalised to the protein content of the

homogenate (determined using the Bradford assay).

Citrate synthase is a nuclear DiAcoded enzyméhat catalyses the initial reaction in
the citric acid cyclen the mitochondridmatrix and provides guantitative marker of
cellular mitochondrial contenfRodenbug et al.,, 2019. The following reaction is

catalysed by citrate synthase
Oxaloacetate + Acetyl @nzyme! 6! / 21 0 TH-SHAGNI G4S b [/ 2!

Qtrate synthase activity was determined byeasuringhe subsequenteaction
between CoASH and DTNBvhich genertes 5thio-2-nitrobenzoateto produce a
change in absorbance at 412nm. 2.5l of cellular homogenate was suspended in
197 5ul of a 0.1mM Triéydrochloride buffer containing 0.1mM DTNB1mMM ACoA
and 0.1% Triton X. Thieaction was initiated by mixing this solution wiitR5mM
oxaloacetate and the rate of changéabsorbance at 412nm measured before

calculating the citrate synthasectivity usingthe equation;

Citrate Synthase activifyu/l) = [fate of change in absorbance per min/13.6)wfal

volume/Homogeate volume)x 1000
(Wherel3.6/cm/mM= EtinctionceSFFAOASY G 650 F2NJ 5¢b.

In a similar manner, OXPHOS complexctivity was determined by measuring the
rate of oxidcation of cytochrome (Kirbyet al,, 2007. A 1% solution ofytochrome C in
10mM potassium phosphate was first reduced by incubation on ice witluso
borohydrate for 30 minutes20ul ofthe cellular homogenate asthen suspended in

160ul of 10nM potassium phosphateAfter the addition o20ul of reduced
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cytochrome Gnd anincubation at 38C for 2 minutes the rate afecreasan
absorbance at 550nrfdue to cytochrome C oxidatiomjas measure@nd the

following equation used to calculate the cotap IV activity;

Complex IV activity =rfite of changen absorbance per min)/18.7) Xdtal

volume/Homogenate volumgx 1000
(Wherel8.7=¢ for Cytochrome C at 550nm)

In addition, the activity of OXPHOS complex IV was also measured-ihcBHB/sats

using the Complex IV Human Specific Activity Microplate Assay Kit. Each experimental
condition was assessed in triplicate by analysing 200ug of protein per well on a 96 well
plate using the protocol specified by the manufacturer. Again, complex IVipotas
determined by assessing the rate of oxidation of reduced cytochrome C, as reflected

by the maximal rate of decline in the absorbance at 550nm.

3.10.2In-gel activity of OXPHOS complex |

Bluenative PAGE was used to separate the OXPHOS complexes fromomibaah
lysates on the basis of their size anebiel complex | activity was then assessed using a

histochemical measurement of the oxidation of reduced NABi#manset al., 2002.

Firstly, mitochondria were extracted from pellets of 24XT6iR1 cells(Rodenburget

al., 2012. The pellets were suspended in 1ml of Medium B (250mM sucrose, 2mM
HEPES, 0.1mM EGTA, pH7.4) in a glass pestle and homogenised by 20 strokes of a
homogeniser. After centrifugatioat 1200G for 10minutes at 4°C the supernatant was
set aside and the pellet reuspended in 0.8mls of Medium B before repeating the
homogenisation. The resulting solution was again centrifuged at 1200G for 10 minutes
at 4°C before combining the supernataiftsm the two homogenisations and
centrifuging this solution at 11,000G for 10 minutgst°C. After resuspending the
resulting mitochondrial pellet in 200ul Medium B, the mitochondria were lysed by an
incubation on ice with 1.5% DDM for 15minutes follalA®y a 20 minute 20,000G
centrifugation at 4°C. The protein concentration of the lysate was then determined

using the Bradford assay.

I a2fdziAzy 2F nnx3 2F (KAA YAU2O0K2YRNRL f
sample buffer and 5%-&0 sample addile was added to wells on a Novex® Native

t ! D9-12%aisTris gel and bluaative PAGE was carried out. In order to measure
47



OXPHOS complex | activity the gel containing the separated OXPHOS complexes was
subsequently incubated for 1 hour at 37°C in a solubf 45uM reduced NADH and
200uM NTB in 5mM Tris hydrochloride at pH7.2. Finally, the relative activity of
complex | was determined by quantifying the density of staining of the gel caused by

the oxidation of NADH by complex | using Image J.

3.10.30xygen consuption by the Seahor3€-96 Extracellular Flux analyser

The cellular respiration of THPcells wasssessedising theSeahorseXF96
extracellular flux analysevhich allows reatime measuremats of oxygen
consumption rate (OCR) by live céHill et al,, 2019. A solidstate sensor probe is
used to measure the rate of change in dissd oxygen concentratiowithin a
transient micro chamber that is createdbove a monolayer of cells at serial time
points. Different metabolic inhibitors are segntially injected into the chambers in

order to assess fferent aspects of respirationr@ble3.7).

Metabolic inhibitor | Dose Mechanism of Action Measurements

Oligomycin 1uMm Blocks proton channel of OXPH({ Proportion of OCR devoted
complex V to inhibit ATP syntheg to ATP synthesis

Proton leak through inner
mitochondrial membrane

Carbonyl cyanide-4 | 0.5uM | Uncaupling agent which allows | Maximal oxygen

(trifluoromethoxy) then protons to leak across the inner | consumption
phenylhydrazone 1uM mitochondrial membrane Spare respiratory capacity
(fCCP)
Rotenone and 1uM Inhibit OXPHOS complex | and Il Non-mitochondrial
Antimycin A to abolish mitochondrial respiration

respiration

Table3.7 Metabolic inhibitors used to assess different aspects of cellular
respiration with the Seahorse XF9@éxtracellular flux analyser.
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Asensor cartridge was pracubated with a cdbration plate containing 200pul pevell

of XF Calibrant Solution at 7 without CQfor at least 12 hours prior tstarting the
assaylater, THPR1 cells werae-suspended in assay medium, consisting &N
swpplemented with 11.1mM Bslucose and 2mM-Glutamine ad adjusted tgoH 7.Q
and seeded onto a 96 well plate at 80,000 cells in 175ul assay mediuwell.
Following incubation at 3T in a humidified incubator without G@r 45 minutes, tis
plate was entrifuged at 2000G for 15 minutes in order to produce a monolayer of cells
on the base of the wedl Meanwhile solutions ofthe metabolic inhibitors were
prepared in assay medium and loaded intmpectionports in the sensor cartridge
which was then alibrated within the XF3analyser. Following this the calibration
plate was replaced with the 96 well microplate containihg THRP1 cellmonolayer

and the assay was commencédter measurement of basal respiration, timeetabolic
inhibitors were addedequentially to the wells in order to assess different aspects of
respiration(Figure3.8). During eaclof the fourstages of the assessmerthe OCRwvas
measured in 16 wells per condition at 3 different timengsi All OCR data was
normalised to the total protein per well which was determined using the Bradford

assay.
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Figure3.8 Respiratory profile from he Seahorse XF9@xtracellular flux
analyser.Serial measurements of OCR are taken from a transient micro chamber
over a monolayer of cells following the sequential addition of different metabolic
inhibitors. After assessing basadspiration (1), oligorycinis added to inhibit ATP
synthesis (Il). The addition of the uncoupling agent fCCPitltieitesmaximal
mitochondrial respiratior(lll) before mitochondrial respiration is abolished by
rotenoneandantimycin A(IV).The OCR due to the following aspeatsellular
respirationcan then be determined\on-mitochondrial espiration=non-
mitochondrial OCR (I\VBasal mitochondriaksspiration = basal OCR{Ihon-
mitochondrial OCR (IVATP poduction = basal OCR ¢Ipost-oligomycin OCR

(I1), ProtonLeak = post oligomycin OCR Iijon-mitochondrial OCR (I\&nd
Maximal Mitochondrial Bspiration = maximal OCR (§on-mitochondrial OCR
(IV) Figure is adapted froifteahorse Bioscienges

3.11Assessmdrof messenger RNA (mRNA) transcription by reverse transcription g°PCR

RNA was extracted from pellets of 4RTMHP1 cells wing the RNeasy mini kithe
NanoDrop 2000 spectrophotometer was used to determine the concentration and

purity of the extractedRNA.

Singlestranded omplementary DNA (cDNA) was synthesised fthimRNA using the

High Capacity cDNA Reverse TranscriptionKé.reaction used random hexamer

primers to nonspecifically initiate cDNA synthesis from all RNA tepts and was

catalysed by MultiScrib®reverse transcriptaset KS Y I y dzF I OG dzZNBND& LINR (2 O

followed and 5ug of RNA was added per reactiore piimerswere annealedto the
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RNAat 25RC for 10 minutes anddNA was sythesised during an incubation at B2

for 120 minutesbefore the reactionwasterminated by 5 minutes incubation at BS.

Following this the relative transcription of specific genes was determined by reverse
transcriptiongPCR (RTgPCR) using the Tagman® Gene Expression Assay. This
technique uses a Tagman® prote2 Yy G AYAYHdzE NB&E @AY (i LINRPoOS |
andanonrf f dz2 NBEaOSyd 1jdzSYOKSN) G GKS o0Q SyRZ
cDNA sequence. Amplification by Taq polymerase is initiated by the binding of

unlabelled forward and reverse primers the target sequence and this leads to the

Ot SI @3S 2F GKS FyySIFtSR ¢lFljYFyt LINRoSd
quencher produces a fluorescence that is proportional to the amount of target cDNA

sequence presenfMedhurstet al., 2000.

The RTQPCR was carried out on the 7500 Fast Real Time PCR System using a final 20pl
reaction volume containing 10ul 2x Tagman® Gene Expression Master Mix, 1ul 20x
Tagman® Gene Expression AssalyRNase free water and 2ul cDNA. The details of

the Tagman® Gene Expression Assays that were used are iJizolé3.8. The

protocol involved an initial 2 minute inbation at 50°C followed by 20 seconds at 95°C
and 40 cycles of 30 seconds at 60°C and 3 seconds at 95°C during which the
fluorescence was measured. Teycle at which the fluorescence generated by

Ot SI @3S 2F C! an 7T wecded BSRFUNASISEd tg define N2 6 S
threshold cycle (Ct). Each sample was assessed in triplicate and the reaction efficiency
confirmed using a staratd curve of cDNA serially diluted by a factor of 1:10 with
RNaseree water from a starting amount &ul. The contamination of reagentgas
excluded through the use of cDNA negative controls. The relative amount of cDNA for
each specific target was determined by comparison aitiontrol housekeeping gene

G2 3ISYSNI;G6S np/ a RIGL

nl G T [genecCihduEeSeéping gene

Relative RNA transcription = 2()
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Gene Gene product Assay ID Amplicon
Symbol length (bp)

ACTB Actin, beta Hs01060665_g1 63

GAPDH Glyceraldehyde3-phosphate Hs02758991 g1 63
dehydrogenase

HMOX1 Haemoxygenasel Hs01110250_m1 82

IFIT1 Interferon-induced protein with Hs03027069_s1 134
tetratricopeptide repeatsl

IFITM1 Interferorrinduced transmembrane Hs00705137_s1 93
protein-1

IL1B Interleukinl1 beta Hs01555410 m1 91

MTCO1 Mitochondriallyencoded cytochrome | Hs02596864 g1 94
C oxidase 1

MYD88 Myeloid differentiation primary Hs01573837_g1 94
response88

SDHA Succinate dehydrogenase complex, | Hs00417200_m1 124
subunit A, flavoprotein

STAT1 Signal transducer and activator of Hs01013996_m1 66
transcription1

TLR4 TolHike receptor4 Hs00152939_m1 89

TNF Tumour necrosis factor Hs01113624 g1 143

TREM1 Triggering receptor expressed on Hs00218624 m1 80
myeloid cellsl

Table3.8 Details of Tagman® Gene Expression Assays used in reverse
transcription quantitative polymerase chain reactions

3.12 Analysis of the transcriptome BNAsequencing (RN8eq

3.12.1RNA preparation and sequencing

RNA was extracted from pellets of 48IMHP1 cells sing the RNeasy mini kit and any

residual DNA was then removed using the Effé& DNase treatment kit. The

concentration and quality of the RNA was determined by maapillary

electrophoresis using the Agilent 6000 RNA Pico Kit and the Agilent 210@/Bgzan
All RNA samples were analysed in duplicate and only those with a RNA Integrity

Number greater than 7 were used for RISAQ.

The RNA samples were sentAROS Applied Biotechnology A/S (Aarhus, Denmark)
where the RNASeq was carried out. Firstly,ghotal RNA was converted into a library
of template cDNA suitable for sequencing using the lllumina TruSeq Stranded Total

RNA Sample Prep kit. During the initial step in this process mRNA was enriched by
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removing ribosomal RNA (rRNA) from the total RNAmas using RiboZero rRNA
removal beads. Next, the remaining mRNA was broken up into small fragments by
heating with divalent cations. These RNA fragments were then converted to cDNA,
with first strand synthesis by reverse transcriptase using random psimed second
strand synthesis by DNA polymerase I. Following this, specific adapters were attached
to each end of the cDNA fragments in order to facilitate sequencing. The resultant
products were then amplified by PCR to create a final cDNA library aritiutinena

HiSeq 2500 machine was used to sequence this cDNA I{ast al., 20123.

3.12.2Data processing and analysis

The RNASeq experiments produced data in the form of 100bp long padred!

(sequenced in both directions) reads, with a minimum of 60 million of these reads per
sample. These data were analgseith the assistance of Jannetta Steyn from the
Newcastle University Bioinformatics Support Unit. The data were first processed to
remove any regions from the reads containing sequences from the adapters that were
attached to each cDNA fragment using aadapt softwarg(Martin, 2011]). After

carrying out a quality control assessment with FastQC software, TopHat2 was then
used to align the reads against the hgl9 (human genome version 19, Genome
Reference Casortium GRCh37.p13) reference geno(lénet al., 2013 Andrews,

2015. Next, HTSeq wassed to annotate the aligned reads, in order to identify
transcription units corresponding to particular genes, and produce counts of the
number of reads for each gerfdnderset al., 2015. The read count per gene was then
normalised as reads per kilobase per million mapped reads (RPKM) and differential
gene expression between samples and conditions determined using DESeq?2 software
(Mortazaviet al, 200§ Soneson and Delorenzi, 2Q13veet al,, 2014. The

relationships between the transcriptome in different samples and conditions were
explored by generating hieraraal clustering dendrograms, principal components
analysis (PCA) plots, heat maps of relative gene expression and Venn diagrams

indicating the overlap in gene expression.

Finally, the biological significance of the changes in gene expression on cellular
processes and signalling pathways was investigated using Ingenuity® Pathway Analysis
(IPA®)Krameret al., 2014. In IPA® the differential expression data were analysed

the context of the Ingenuity® Knowledge Base, a large curated database of published
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observations on mammalian biology, in order to identify the likelstrpam causes

and downstream effects of any changes in gene expres@aivancet al., 2009.Prior

to the pathway analysis the normalised RPKM data was filtered to include only genes
that had a greater than 0.5 lefgld change between conditions and were significantly
differentially expressed, as defined by &g@lue adjusted for mitiple comparisons

using the Benjamini and Hochberg method of less than (B@®jamini and Hochberg,
1995. The assessment of the effect tietchanges in gene expression on canonical
signalling pathways was also filtered to only include significantly altered pathways
(adjusted pvalue less than 0.05) that differed from the mean in the control sample by

greater than two standard deviations-¢zore greater than +2).
3.13Autophagy and mitophagy

During autophagy the cytosolic form of microtubt#lesociated protein 1A/1B light
chain 3 (LG is conjugated to phosphatidylethanolamine to form HGFanidaet al.,,
2008. LC3ll is recruited to the autophagosome membrane and organelles and
proteins targeted ér degradation are then engulfeileeet al., 2012. Inhibitors of
late-stage autophagysuch as chloroquine and bafilomycin Al, prevent the subsequent
fusion of autophagosomes with lysosomes, leading to a failure to degrade the
autophagosome contents, including LIL.3The resultant accumulation of L&Zan

then be measured in order to asss the autophagic fluXlionskyet a., 2012.
Autophagy of particular organellesin also be determined by measuring the co
localisation of LG8 on the autophagosome membrane with a marker specific to that
organelle(Zinchuket al., 2007%. In this way mitophagy, the autophagy of mitochondria,
can be measured by assessing thdamalisation of LG8 and a mitochondrial

structure, such as OXPHOS compléxrénket al, 2012.

3.13.1Detection of LGB by Western Blot

Following & hour incubation in the presence or absence of 10uM chloroquine,
protein was extracted from THPcells and the amount of L&3relative to the

K2 dza S1 S S LIA-scEh wadNiBtérrfideq by Western blot (see sect®$). As a
positive control autophagy was induced by serum starvation, which involved
incubating THR cells in RPMI 1640 medium without FCS for 24 hours prior to
treatment with chloroquine.
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3.13.2Confocal ritroscopy to measure mitophagy by thdaalisation of LGB and
OXPHOS complex I

In order to assess mitophagy THIRells were incubated in the presence or absence of
5nM bafilomycin Al for 2 hours. Sertstarved THH cells incubated in RPMI 1640
medium without FCS for 2 hours were used as a positive control for the induction of

mitophagy.

After washing, the THE cells were resuspended in PBS at 2.5%1ells/ml and a
cytospin was carried out at 800rpm for 3 minutes. Thesogbre then fixed to the
slides by incubation for 40 minutes at room temperature in a solution of 4%
paraformaldehyde in PBS. Following this the cells were permeabilised by a 20 minute
incubation at 4°C in PBS containing 0.1% Triton X and 0.1% citraeblattking non
specific antibody binding using a solution of 2% BSA in PBS, the slides were then
incubated with the primary antibodies for LO3and mitochondrial complex Il for 16
hours at 4°C. Following this overnight incubation, the slides were waated
incubated with fluorochromeconjugated secondary antibodies and the nuclear dye
DAPI for a further 2 hours at room temperature. Unbound secondary antibody was
removed by washing and a cover slip applied using Vectashield Hard Set Mounting
Medium. Thedetails of the primary and secondary antibodies used in these

experiments are listed imable3.9.
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Antibody Host species, Manufacturer, Finalconcentration
isotype Catalogue Number

Primary antibodies

Complex Il Mouse, IgG1 Invitrogen, 459200 lug/ml
LCall Rabbit, Cell Signalling, €81995 | 4ug/ml
polyclonal

Secondary antibodies and fluorochromes

DAPI - Life Technologies, 5ug/ml
D3571

Anti-mouse IgG Oregon Goat Life Technologies, 8ug/ml

Green® 06380

Anti-rabbit 1IgG Alexa Fluor®| Goat Life Technologies, 8ug/ml

568 A11011

Table3.9 Primary and secondary antibodies and fluorochromes used in
confocal microscopy experiments.

Colocalisation of LG8 and mitochondrial complex Il was determined using the Leica
SB2 UV confocal microscope and the 63x magnification X63 HCX PL APCelens. Aft
setting up negative (unstained) and positive (stained for DAP}Ila@8 complex II)
control slides the microscope parameters were kept the same throughout the image
collection. The preset lasers and filters were used to assess the fluorescencein th
ultraviolet (for DAPI nuclear staining), fluorescein isothiocyanate (for complex |l

staining) and trimethylrhodamine (for Ldi3staining) channels.

Each experimental condition was assessed in triplicate with images taken for a

minimum of 100 cells over 3 separate fields of view for each slide. The images were

analysed using Volocity software and correction for background fluorescence was

carried out on all images. The staining for the complex Il andIlMz® quantified by

determining the volume of pixels staining for each target per 100 cells. The co

localisation of complex lland .C3L ¢+ & | aaS&aasSR o6& O f OdzZ F GAy3
M2 colocalisation ceefficient (Table3.10) (Zinchuket al., 2007).
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Measurement

Interpretation

a I y RS ND-bbcalesation O
efficient

Proportion of pixels with
complex Il staining that also
stain for LC3I

Mitophagy¢ proportion of
mitochondria celocalised with
the autophagosomes

a I y RS NI-Bcalisation 0
efficient

Proportion of pixels wit LC3I
staining that also stain for
complex Il

Contribution of mitophagy to
total autophagy-proportion of
autophagosomes ctocalised

with mitochondria

Table3.10a | Y RSN a a mMocdlisation ceefficiédior the assessment
of mitophagy in confocal microscopy images

3.14 Statistical analysis

All data were collated usg Microsoft Office Excel 2013 a@aaphPad Prism 6 was
used to generate figures. Statistical aysds were carried out using GraphPad Prism 6
and SPSS forwdows 19.

All experiments were carried out on a minimum of 3 biological replicates; the number
of replicates used to generate the data for a specific experiment is detailed in the
legend of eachiflure. Where stated data are normalised relative to the mean in the
control sample in order to facilitate representation on graphs. In these cases the
statistical analysis was carried out on the original data and not the normalised values.
Similarly when iferent parameters are displayed on the same graph the statistical
significance of alterations in the original data for each individual parameter was

analysed separately.

The ShapirdVilk test was used to determine threormality ofthe data. Normally
distributed data are presented as mean and 95% confidence intervekt or mean +
standard deviation in figures, and were analysed using an independest,toneway
analysis of variance (ANOVAJivK 5 dzy Y $hdciagaBysis lof@ainiay ANOVA with
¢dzl SeQa LRaid K20 | yI f &Nokrodnaltafalait présdniéd

as median andhterquartile rangein both text and figuresand were analysed using

2y

the nonparametric ManAWhitney U test or KruskaWallis analysis ofariane@ with

5 dzy' y Q-&oc hdalgsis, depending on the data set. Categorical data were analysed
dzaAy3 CA&aKSNIDa SEI O YR GKS NBEI GA:
NEINBaaAzy | yR t Sfidekit.Ap@lae o0esMa® I was 2y 02

defined as the threshd for statistical significance.

iSad
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Chapter 4A time course experiment investigating the relationship between
compensatory responses activated by treatment of-Tldélls with

lipopolysaccharide
4.10verview

The precise mechanisms behind monocyte deactivation in human sepsis are not fully
understood but there is increasing evidence of mitochondhefunction and

depletionof mtDNAIn septic monocytefPyleet al,, 201Q Japiasst al.,, 2017
Garrabouet al,, 2012. In clinical studies and animal models survival and rexgouf
cellular functions in sepsis appears to be dependent on the inducticorapensatory
responses, including the restoration of mitochondrial function through the activation
of mitochondrial biogenesjsnitophagy and antioxidant defencé3arréet al.,, 2010

Piantadosi and Suliman, 20X2archmaret al., 2013.

Monocytic cellexposed td_PSlisplay endotoxin tolerangevhereby subsequent
stimulation with LPS triggers diminishing grdlammatory response@iswas and
LopezCollazo, 2000 As endotoxin tolerantnonocytes have a similar phenotype to
that of deactivated monocytes in sepdisis model vas used to exploréhe changes in
the function and turnover ofmitochondriathat occur in association with the inhibition
of pro-inflammatory responses following an immusgémulus(Cavaillon and Adib
Conquy, 2006

4.1.1Hypothesis

THR1 cells exposed to LPS will dispdaidence of immune suppression, in the form of
endotoxin tolerancealong with mitochondrial dysfunction and mtDNA depletidhe
recovery of immune anchitochondrial functions will occur in association with the
activation of compensatory responses, inclugimitochondrial biogenesis and

mitophagy.
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4.1.2Aims and Objectives

1. To produce a model of monocytic cell immune deactivation by incubating THP
1 cells with LPS to render them endotoxin tolerant.

2. To explore the timecourse and dynamics of changes in immunity and
mitochondria in THR cells following exposure to LPS.

3. To assess the effects of treatment with LPS on compensatory responses

including mitochondrial biogenesis and mitophagy in IHflls.
4.2 Results

4.2.1Exposure to LPS does not alter-IHEll viability

THR1 cells were incubated with 100ng/ml LPS for 0, 2, 6, 24, 48 and 72 hours and cell
viability was then assessed by using flow cytometry to measure the ability of cells to
exclude propidium iodidd.PS treatment did not have any significant cytotoxic effect,

with greater than 95% of cells remaining viable at all time poffitgufe4.1).

o
ik

T

w0
T

Mean % viable THP-1 cells

85

T T T T

Medium 2 6 24 48 72

Duration of incubation
with 100ng/ml LPS (hrs)

Figure4.1 Exposure to LPS does not affect FTHell viability. Cell viability was

determined by measuring the proportion of cells excluding propidium iodide

following incubation with 100ng/ml LPS foi7@ hours (n=4). Data are presented

as mean = standard deviation and analysed usingwag ANOVA (p=0.665). All

differences from the medium controlarengnA Ay A FA Ol yi 6 A (G K 5 dzy)
comparison test.
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4.2.2Preincubation with LPS leads to a change inT el mmunephenotype

consistentvith endotoxin tolerance

In order to confirm that THR cells were successfully rendered endotoxin tolerant, the
initial investigations assessed the consequences of a prior exposure to 100ng/ml LPS
for 0-72 hours on the immune responses to a second inffetory stimulus. It was

found that the release of theprd Y Tt | YY I (1 2 NB Oe-dtighgetedByza ¢ b Ch | YR
second 4 hour exposure to 100ng/ml LPS was significantly reduced-ih d&liB pre
incubated with LPS for the previoust8 hours Figure4.2 A). Conversely, THPcells
pre-incubated with LPS for 24 hours displayed an increased ability to release the anti
inflammatory cytokine interleukil receptor antagonis(IL-1RA) in response to a

second LPS stimulusigure4.2 B). There was also a significantly enhanced capacity to
phagocytoseéescherichia coiin THP1 cells preincubated with LPS for the previous 2

72 hours Figure4.2 C). At all time points there was no detectable {iifsiced release

of the proinflammatry cytokines H6 and Ikm i 2 NJ -idflrBmatory dytbkine K

10.

Thus pre-incubationof THP1 cellswith LPS resulted in an alter@simuneresponse to
a subsequent stimulus that was characterisedadoghange to a antrinflammatory
cytokine release profile ananincreased phagocytic capacityaving confirmed that
pre-incubation with LPS altered the immune phenotype of -IHflls, the remainder
of the assessments were carried out on THe®lIs after a single exposure to 1@0ml
LPS for &2 hours. No second inflammatory stimulus was applied in these

experiments.

60



= 175 @ TNFo
)
T8 - -8
2 & 1504
= QO
- | =
£ 2125+
&3
452 100-
o O
= 75
=8
a
; E 50- KkE KKk #* % * .
& E 25 ok k
=E
5 o0-
= Medium 2 6 24 48 72
Duration of pre-incubation with 100ng/ml LPS (hrs)
B E 4001 c g'g‘ R &
o * o£ 30+ f 1
a3 5T *
£ €30 85 T
o
go S 204
L)
2% 200 $3
ig -$
EE %$ 104
= o 1004 FE
g 5
2 2 e
= o R
Medium 2 6 24 48 72 £S  Medum 2 & 24 48 T2
Duration of pre-incubation with 100ng/m! LPS (hrs) Duration of pre-incubation with 100ng/m| LPS (hrs}

Figure4.2 Pre-incubation of THPL cells with LPS results in a change in immune
phenotype consistent with endotoxiriolerance. THR1 cells were prencubated
with 100ng/ml LPS for-82 hours and the ability to respond to a second
inflammatory stimulusvasthen determined. (A) The release of the pro
inflammatory cytokineg b Ch  18iyf Rspdrsge to a second hour exposure

to 100ng/ml LP®asmeasured by ELISA (n=6)) TBe release of thanti-
inflammatory cytokine H1IRA in response to a secot@l hour exposure to
100ng/ml LP®vas determined by ELISA (n=5). PGagocytosis of fluorescein
labelled Escherichiecoli (E.coliYn 1 hour was determined by flow cytometry
(n=4).All data are presented as mearstandarddeviation with the values in
panels A and B expressed as relative cytokine release compared to the mean in
the medium controlNon-normal data were analysed by Kruskal Wallis tesg (A
¢ b Ch LI 8 @x0.004)>Norimil data were analysed by -ovey ANOVA (B
p<0.001, G p<0.001)Differences fronthe medium controkre nonsignificant
with post-hoc analysis testingxcept; *p<0.05, **p<0.01, ***p<0.001.
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4.2.3Exposure to LPS does not induce macrophage differentiation-inceh?

A number of studies have indicated that FiHEells can be differentiated into
macrophageike cells by culturing them with speicithemicals and cytokines
(Schwendeet al., 1996 Daigneaulet al,, 2010. As a result, an investigation was

carried out to determine whether the change in the immune funcsiah THFL cells

after exposure to LPS could be explained by macrophage differentiation, rather than
the induction of endotoxin tolerance. At all time points following LPS treatment cell
morphology, adherence and the expression of the differentiation markdD14, CD36
and CD206 were all significantly different from the findings in a positive control of THP
1 cells incubated with 10nM PMA, a potent stimulusifovitro macrophage

differentiation (Parket al.,, 2007 (Figure4.3). The alteration of the immune phenotype

of THP1 cells occurring following an initial incubation with LPS, therefore, appears not

to be due to differentiation into macrophagéke cells.
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Figure4.3 There is no evidence of atrophage differentiation in THR cells
exposed to LPSTHRPR1 cellswereincubated with 100ng/ml LPS fof@2 hours
before measuringmacrophage differetiation in comparisorto a positive control
of cellstreated with 10nM PMAor 72 hours. (ARepresentative images of THP
cell morphology on inversion lightisroscope at 40x magnificatiolm@wing
irregular, clumped amoeboid cells after treatment with RMB)THR1 cell
adherence to a 6 well plate was deteined by cell counts before and after
removal of adherent cells using a cell scnage=3) (CFlow cytometry was used
to determine herelative signal intensity for thexpression of the markesf
macrophage differentiatiolC14, C[36 and CD206 (n=3). Data greesentedas
mean * standard deviation (relative to the mean of medium control in panel C)
and analysed using ongay ANOVAp<0.001 for adherence and expression of
CD14,CD36 and CD206)h Ddzy' y S G (1 Q& Y dzf Gest*3#pS0.00Z, Y LI NA & 2
PMA treated cells are significantly different from all other conditions.
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4.2 .4Induction of ntochondrial biogenesia THPL cells following exposure to LPS

After finding that the model successfully rendered THfells endotoxin tolerant, the
effect of exposure to 100ng/ml LPS fe7® hours on mtDNA copy number was
determined. In contrast to the findings in monocytes from patients with severe sepsis,
THR1 cells with evidence of immune deactivation after treatrhenmth LPS did not

have any depletion of mtDNA. Instead, mtDNA copy number was actually significantly
increased after exposure to LPS fe4& hours, suggesting an early and sustained

induction of mitochondrial biogenesisigure4.4).

Within mitochondria mtDNA is coated by proteins to form nuclediKiskatet al.,

2011). As TFAM is the major protein constituent of these mitochondrial nucleoids and
a key regulator of both mtDNA replication and mitochondrial biogenesis, the
alterations in mtDNA copy number were verified by assesBiFgMVprotein expression
(Kanget al,, 2007 Campbelkt al,, 2012. In agreement with the changes in mtDNA
copy number there was a significant increase in the level of TFAM protein after
incubation of THA cells with 100ng/ml LPS fo48 hours Figure4.5 A and B). As
expected, there was also a significant positive correlation between mtDNA copy
number and TFAM protein expressidriqure4.5 C). Therefore, in this model, it
appears that the dowsregulation of preinflammatory cytokine release by THRcells
following exposure to LPS occurs in association with the activation of mitochondrial

biogenesis ad in the absence of any evidence of mtDNA depletion.
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Figure4.4 Increased mtDNA copy number followingposure of THR cells to

LPSTHRL1 cells were incubated withOOng/ml LPS for-82 hours andntDNA

copy number was determined by measuring levelMa@tND1relative toB2M

using gPCkh=5). Normal data are representedtag mean (line) with individual
measurementand analysed using ongay ANOVAp=0.004) Differences from

the mediumcontrol are nonsignificantd A G K 5dzyy St G Qa YdzZ GALX S
except; *p<0.05, **p<0.001.
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Figure4.5 Exposure of THR cells to LPS leads tncreasedTFAMexpression

THR1 cells were incubated with 100ng/ml LPS fef2Dhours andhe level of

TFAM protein then measuredA) Representative images of protein bafuls

¢ C! a lagfiona PVDFembrane following Western blo(B) The level of

TC! a LINRGSAY SE Lidirmwad adsgssddBy WesternB®t (nr2). |

The data are presented as mearstandarddeviation relative to the mean in the

medium control and analysed using enay ANOVAp<0.001) Differences from

the medium controbrenond A Ay AFTAOlI yi A GK 5dzyySG0Qa Ydzf GA
except; *p<0.0L, **p<0.001.(Q{ OF GG SNJ LX 20X fAYySIFNI NSINBA&A?2
correlation of the relationship between mtDNA copy humber and TFAM protein

levels.

66



4.2.5No change in mitochondrial masfiowing exposure to LPS

The effect of this induction of mitochondrial biogenesis was first investigated by
assessing overall mitochondrial mass in -IHRlls after treatment with LPS. Two
different techniques were used; measurement of the uptake ofrtiisochondrial dye
NAO by flow cytometry and a colorimetric assessment ofittesity of citrate
synthase, a constitutively expressed mitochondrial matrix enz{ireyet al.,, 2007
Cottet-Roussellest al,, 2017). In contrast to the effects on mtDNA copymber, there
was no detectable increase in the mitochondrial mass of-Tidélls treated with

100ng/ml LPS for-Z2 hours Figure4.6).
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Figure4.6 Unchanged mitochondrial mass following exposure of FHEells to
LPSTHRL1 cells were incubated with 100ng/ml LPS fef2Dhours before
measuring mitochondrial masgA) Mitochondrial mass was asseskby

measuring the uptake of NAO using flow cytometry, with -THiells incubated in
glucosefree medium supplemented with 5mM galactose for 72 hours as a
positive control (n=4)B) A colorimetric assay was used to assess the activity of
the mitochondrid matrix erzyme citrate synthase (n=3Jormal data ee
presentedasmean + standard deviation and analysed using-oveey ANOVAA

¢ p<0.001, B p=0.896) Differences fronthe mediumcontrol are ron-significant
GAUK 5dzyySiiGQa Y dexdipk t3p<8.000.2 YLI NRA2Y (Sai
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4.2.6Increased expression of mitochondrial OXPHOS complexes | and IV after exposure of
THR1 cells to LPS

As mtDNA contains 13 genes that encode vital subunits of OXPHOS complexes |, IlI, IV
and V on the inner mitochondri membrane, the consequences of the increase in

mMtDNA copy number after LPS treatment were further assessed by measuring the
expression of protein subunits of each OXPHOS confBleavest al,, 2012. It is

shown inFigure4.7 that the expression of OXPHOS complexes | and IV, the two
complexes with the greatest number of mtDMAcoded constituents, was significantly
increased in THR cells after exposure to LPS, while there were no significant changes
in the levels of complexll, Il and {Sclon et al, 2019. Thus, in parallel with the

increase in MtDNA copy number, and despite the unchanged overall mitochondrial
mass, treatment of THR cells with LPS lead to an increase in the level of OXPHOS

complexes | and IV.
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Figure4.7 The expression of protein subunits of mitochondrial OXPHOS

complexes | and IV is increased in THEells bllowing exposure to LPSHR1

cells were incubated with 100ng/ml LPS fer®hours andhe level of protein

subunits of the five mitochondrial OXPHOS complexes was then determined by
Western blot. (A Representative images of protdiands on PVDfembrane
F2ft26Ay3 2SAGSNY o0ft200 0. éactif)&fSe LINPGSAY
mitochondrial OXPHOS complexes (n=4). The data are represani@éan +
standarddeviation relative to the mean in the medium control and analysed

using oneway ANOVAcomplex F p=0.020, complex Hip=0.126, complex M

p=0.308, complex 1Vp<0.001, comfex V- p=0.986). The differences from the

medium control are not significat A § K 5dzyy St Qa YdzZ GALIX S O
except; *p<0.05, **p<0.01, **p<0.001
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4.2.7Increased mitochondrial respiration following treatment of-I'délls with LPS

Next, the effects bexposure to LPS on mitochondrial respiration in -IHfells were
determined. Firstly, the activity of isolated mitochondrial OXPHOS coegdlexdlV

were measuredNijtmanset al., 2002, Rodenburget al, 2012. While, in keeping wit

the up-regulation of protein expression, there was a significant increase in the
enzymatic activity of complex IV, the activity of complex I did not significantly change

at any of the time points following treatment with LASgure4.8).

Subsequently, different aspects of mitochondrial respiration were assessed in more
detail by determining the effects of LPS treatment on oxygen consumption byl THP
cells using th&eahorse XF9@xtracellular flux analysdHill et al., 2012. Exposure of
THR1 cells to 100ng/ml LPS ford® hours resulted in increased mitochondrial oxygen
consumption, particularly for basal mitochondrial respiration and mitochondrial ATP
production EFigure4.9). There were no significant LiR@uced alterations in oxygen
consumption due to nomitochondrial respiration or the leakage of protons across

the inner mitochondrial membrane.

These results show that treatment of THRells with LPS leads to an increase in
mitochondrial respiration that occurs in association with the activation of
mitochondrial biogenesis and increasedRBYOS protein expression, but despite

unchanged overall mitochondrial mass.
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Figure4.8 Increased mitochondriaDXPHOS complex IV activity after treatment

with LPSTHR1 cells werancubated with 100ng/ml LPS forA2 hours before

assessing the activity of OXPHOS congdkand IV. (ARepresentative image of

a 312% BisTris gel stained for complex | activity after blue nafR&GE. (B) in

gel complex | activity relative to the mean the medium control (n=3). (C)

Complex IV activity as determined by the rate of reduction of cytochrome C
(n=3).Normal data ar@resentedasmean + standard @viation and analysed

using oneway ANOVAK(¢ p=0.069, G p<0.001). Differences from the meim
controlarenorda A AYAFAOFI Yi 6AGK 5dzyySiadQa Ydzf GAL
**p<0.01, ***p<0.001.
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Figure4.9 Exposure of THR cellsto LPS leads to increased oxygen
consumption due to mitochondrial repiration. THR1 cells werancubated with
100ng/ml LPS for-@2 hours and tiferent aspects of respiration were then
determined by meauring theOCR after the sequential addition of metabolic
inhibitors using the Seahorse XE@étracellular flux analysefA) An example of
the respiratory profile of THR cells following exposure to LPS fer®hours(B)
TheOCRwvas determinedor the following aspects of cellulaespiration; Bsal
mitochondrial respiration = basal OCR;(on-mitochordrial OCR (IVATP
production = basal OCR ¢lpost-oligomycin OCR (ll); Proton leak = post
oligomycin OCR (K)non-mitochondrial respiration (I\/ Maximal mitochondrial
respiration = maximal OCR (g§ihon-mitochondrial OCR (IM)ata arepresented
as mean (z+ standard deviation) relative OCR compared to the mean basal
mitochondrial respiration in the medium contrai£5 for all experimenis The
data for each aspect of mitochondrial respiration veamlysedseparately using
one-way ANOVAMaximal respiratiorg p=0.192) or Kruskal Wallis test (Basal
respiration¢ p=0.006, ATP productionp=0.007, Proton leag p=0.312).
Differences frommedium controlare nonsignificant withpost-hoc testing
except; *p<0.05, *p<0.01

72



4.2.8Early induction of aaphagy and mitophagy in THRells exposed to LPS

As previous studies have indicated that the removal of dysfunctional mitochondria
may be upregulated during inflammation, an assessment of the effects of treatment
with LPS on bothutophagy and mitophagy in THRcells was carried of€archman
et al., 2013Chang et al., 20)5There was an early Littsluced activation of
autophagy, as indicated by a significantly increased accumulation of the
autophagosome protein LABin THPL cells exposed to 100ng/ml LPS fe Bours
(Tanida et al., 2008Figure4.10). Using confocal microscopy to measure the co
localisation of mitochondria to autophagosomes it was then confirmed that this
induction of autophagy in THPcells after treatment vih LPS for 6 hours was
accompanied by a significant increase in mitopha&ggure4.11 andFigure4.12)
(Zinchuk et al., 2007 These results indicate that mitophagy isn@gulated in parallel

with the activation of mitochondrial biogemses in THR. cells after treatment with LPS
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Figure4.10Induction of autophagy in THR cells exposed to LPSHP1 cells

were incubated with 100ng/ml LPS foi7@ hours andiutophagic flux was

assessed by measuring the accumulation of-LL@8curring during the final 2

hours after treatment with 10uM chloroquine (CQ). As a positive control for
autophagy THR cells were incubated in RPMI 1640 medium without FCS (serum
starvation)for 24 hours(A) Representative image b€3L L  kagfifprotein

bands ona PVDFnembrane following Western blo{B)The expression dfC3l|

NB f I ( JachirGafted tReatent with CQuas determined by Western blot

(n=5). Dataare presented as meatt standarddeviation relative to the mean in

the medium controland analysed using ongay ANOVAp<0.001) Differences

from the mediumcontrol white banarenon-d A Ay A FA O yi A GK 5dzyySiiaQ

comparison test except; *p<0.05tp<0.01, ***p<0.001.
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Figure4.11 Confocal microscopy images indicating-taxalisation of
mitochondrial OXPHOS complex Il and the autophagosome markefILO3HR
1 cells were incubated with 100ng/PS for @ hours andreated with 5nM
bafilomycin Al for the final 2 hours to allow accumulation of-UG® all
conditions except theslrow, labelled medium). As a positive control for
autophagy THR cells were incubated in RPMI 1640 medium witheGsS
row, labelled serum starvation) for 2 hours. Representative confocal microscopy
images are displayed indicating staining of cytospin slides for the nucfus (1
column, blue), mitochondrial complex IF{Zolumn, green) and the
autophagosomal ma&er LC3I (39 column, red). The final column indicates a
composite image produced by overlaying the nuclear, mitochondrial and
autophagosome staining.
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Figure4.12 Induction of mitophagy following exposuref THPR1 cells to LPS for

6 hours. Quantification of the confocal microscopy imaging was carried out

following the assessment of mitochondrial complex Il and autophagosom# LC3

staining in THR cells. (A) Quantification of thelume of pixels staining for

complex Il and LGB per 100 THR cells relative to the mean in the untreated

control (Btbars) (n=3). (B, C) @acalisation of complex Il and L@3taining

dza&Ay3 al yRSNN& am 060GKS LINBhkoNGidgiHer 2 F 02 Y LI SE
LCall, indicating mitophagy) and M2 (proportion of LICBositive pixels also

staining for complex Il, indicating the contribution of mitophagy to total

autophagy) cdocalisation ceefficient (h=4)Dataare presented as mean +

standard deviation and analysed using cm&y ANOVAA - complex Il p=0.504,

LC3Il p<0.001, B p=0.001, & p=0.022). Differences from bafilomycin-Al

treated control (2dbar)arenon-a A Ay A FAOlI yi 6AGK 5dzyySadQa Ydz i
testexcept; *p<0.05*p<0.01,***p<0.001.
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4.2 9Early oxidative stress and induction mti@éidant defencesut no mitochondrial

membrane potential depolarisation following treatment of-IH€lls with LPS

Finally, the effect of treatment with LPS on two markers of mitochondriaudygsibn,
YAG2O0K2YRNALFE YSYONryS LRGSYdGALrt op. Yo R

determined.

5S8LREFNRaFGA2Y 2F p.YX 6KAOK A& 3ISySNIGS
inner mitochondrial membrane by OXPHOS complexes I, lll and 1V, is@sbadth a

loss of mitochondrial integrity and has been found to occur after exposure to LPS in

cell culture and animal mode(blarendraet al., 2008 Bauerfeldet al,, 2012 Carchman

et al,, 20L3). However, in keeping with the findings of unchanged oxygen consumption

for proton leak across the inner mitochondrial membrakR&(ire4.9), there was no
SOARSYOS 2F p- Y R Selsafier tidndent ivith2RBEigured. 13} | t

Excessive mitochondrial ROS production, due to increased leakage of electrons from
the OXPHOS system, is another feature of mitochondrial dysfunction that has been
associated with inflammation, includirgxposure to LP&ulimaret al., 2003h Galley,
2011). THPL cell ROS production was increased in thtail period after treatment

with 100ng/ml LPS and this was followed by increased transcription of mMRNA from the
HMOX1gene which encodes HO an enzyme that is induced by oxidative strgdam

and Cook, 2003Figure4.14 A and B). Measurements of the expression of #@D2

gene, which eoodes the mitochondrial antioxidant superoxide dismut2s¢€SOD2),

show that the resolution of this LR&duced oxidative stress occurred in association

with the activation of antioxidant defences. After exposure of -IHfells to LPS there

was a rapid inease in the transcription #OD2nRNAwhich mirrored the increase in
ROS production and was followed by significantly increased SOD2 protein levels at 24
and 48 hoursKigure4.14 C and D).
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Figured.13 Exposure to LPS does not significantly alter the mitochondrial

membrane potential in THR cells. After incubation with 100ng/ml LPS fof/2

hours the proportion of THR cells with a depolarised mitochondrial membrane
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valinomycin. The data are presented as mean + standard deviation and analysed

using oneway ANOVA (p<0.001). All differences from the medium control are

nonsigf AFAOI yi GAGK 5dzyySGiQa YdzZ GALX S O2YLI NAa
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Figure4.14 Resolution of early oxidative stress in association with the

induction of antioxidant defences in THP cells exposed to LPEHPL1 cells

were incubated with 100ng/ml LPS foi7@ hours and markers of oxidative stress
and antioxidant responses measured. BQ$roduction was meased by
oxidation of DCIDAusing flow cytometry. THP cells incubated wit 2700uM
hydrogen peroxide (¥D;) for 1 hour provided a positive control (n=3). B
MRNA transcription diMOXIrelative toGAPDHvas determined by RTgPCR
(n=3). (CRepresentative image of protein bands a®VDfnembrane following
Western blot(D) ThemRNA transcriptioifrelativeto GAPDMHand protein
expressionB f I (i Jadhir of the2mitbchondrial antioxidant gen8OD2vas
measured(n=3).Data presented as mean * standatelviation (MRNA and

protein data are relative to the mean of the mediunntwl) and analysed using
one way ANOVA ¢ p<0.001, B; p=0.002, Oy mRNA p<0.001, protein p=0.030)
Differences fronthe mediumcontrol arenon-significantg A § K 5dzy y SG G Q&
comparison test except; *p<0.05, **p<0.01, ***p<0.001.
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4.3 Discussion

4.3.1Incubaton of THHAL cells with LPS leads to the induction of endotoxin tolerance

Endotoxin tolerance, in which a prior exposure to LPS from Gram negative bacteria
results in diminishing prinflammatory responses to subsequent inflammatory stimuli,
appears to ben adaptive response aimed at limiting the harmful effects of excessive
inflammation(Biswas and LopeZollazo, 200P Features of endotoxin tolerance have
been identified in blood monocytes from patients with a variety of acute and chronic
inflammatory conditiongdel Campcet al,, 2011 LopezCollazo and del Fresno, 2013
Deactivated monocytes isolated from critically ill patients with sepsis share a similar
phenotype with endotoxin tolerant monocytes producedibyvitro or in vivoexposure

to LPSEscolkt al., 2003 Draismeet al., 2009. The archetypal feature of endotoxin
tolerance is a marked reduction ihe release of theprd Yy Tt I YYI G2 NE O i(i21AyS
by monocytes in response to subsequent exposures to LPS, a finding that is associated
with adverse outcomes when detected in septic monocyRiswas and LopeZollazo,

2009 Hallet al., 2011). Similarly, there is evidence of impaired antigen presentation by
both enddoxin tolerant and septic monocytes, as reflected by a reduction in the
expression of HLBR on their surfac@Nolket al, 200Q Landelleet al., 201Q. In

contrast, antiinflammatory responses, particularly l-P8uced IL10 and IE1IRA

release, and phagocytic capacity have beamfbto be upregulated in endotoxin

tolerant monocytes and in those isolated from patients with seff3fer et al., 2001,

Escolkt al, 2003 del Fresncet al., 2009 Doringet al., 2014.

In this chapter it is shown that incubation of THells with 100ng/ml LPS produces

many of the features of both endotoxin tolerant and septic monocytes. In particular

the exposure of THR cells to LPEBads to a reduced ability to produce pro
AYFELYYFO2NE OeiG21AYySasz AnfadinabRyhesgdnsdgsb Ch = 6 dzi
and improved phagocytosis. This suggests thatttd2Fed THPL cells provide a good

model for assessing the relationship between thduction of an immune deactivation

that is similar to that seen in severe sepsis and the changes in monocytic cell

mitochondria that occur following an inflammatory insult.

80

(0p))



4.3.2Endotoxin tolerant THPcells do not have evidence of mtDNA depletion or

mitochandrial respiratory dysfunction

In a few small observational studies septic monocytes have been found to have
evidence of mtDNA depletion and decreased mitochondrial respiratory actiRgtget
al., 201Q Japiasswt al., 2011 Garrabouet al., 2012. Animal models have also
indicated that a septic insult can lead to oxidative damage to mtDNA, mtDNA depletion
and a reduction in ®PHOS activity in a variety of tiss{@alimaret al,, 2003a Haden
et al, 2007 Carchmaret al, 2013. In order to try to clarify the relationship between
these findings the effects of indumg a state of immune deactivation on the
mitochondrial functions of THP cells was explored. Treatment with LPS, despite
altering the immune phenotype of THPcells by producing endotoxin tolerance, did
not lead to any evidence of mtDNA depletion or neitondrial respiratory impairment.
On the contrary, there was an early and sustained increase in both mtDNA copy
number and mitochondrial respiration in endotoxin tolerant THEells. This suggests
that mtDNA depletion is not an essential peguisite forthe induction of immune
dysfunction in monocytic cells, and that this process may occur despite adequate

mitochondrial respiration.

The differences between the findings from this model and those from clinical and
animal sepsis studies, in particular tlaek of mtDNA depletion and OXPHOS
dysfunction, may reflect the limitations of using a single, sterile stimulus to model the
overwhelming, multiple and persistent inflammatory triggers that are present during
sepsis. The relatively mild nature of treatmemith 100ng/ml LPS is highlighted by the
absence of any measurable effecton TP OSt f @Al 0Af A0& 2NJ n. Y
findings that contrast with those from septic monocy{éslrieet al., 200]). The
consequences of treating THFcells with 100ng/ml LPS may, therefore, be more
reflective of the processes that aeetivated when a less severe infection is

successfully cleared, rather than those occurring in the more unusual circumstances in
which an infection leads to excessive systemic inflammation and sepsis. However, the
evidence of increased mitochondrial RO8darction and oxidative stress in this model

of endotoxin tolerance does indicate that the effects of LPS onrITéd#f mitochondria

are not entirely benign. Furthermore, the rapid resolution of these effects also
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suggests that there is an induction of vef§icient compensatory responses that

maintain mitochondrial function in THPcells following exposure to LPS.

4.3.3Mitochondrial biogenesis is triggered by exposure to LPS

Rather than producing mtDNA depletion, treatment of THeells with LPS resulted in

an early and sustained increase in mtDNA copy number due to the activation of
mitochondrial biogenesis. Mitochondrial biogenesis appears to be an essential

response that is required to compensate for the adverse effects of inflammation on

the structure andunction of mitochondrigKozlowet al., 2011). Animal models

suggest that mitochondrial biogenesis is directly triggered by inflammatory signalling

and is associated with a more rapid recovery of cellular respiration and improved

survival during seps{Sulimanet al., 2003h Sweeneyet al,, 201Q. Similarly, in

critically ill patients survivors have been found to have an earyegplation of the

key mitochondrial biogenesis regulatoBmh = | f 2y 3 gAGK SOARSYOS

mitochondrial damagé¢Carréet al., 2010.

The beneficial effects of stimulagnmitochondrial biogenesis in response to an
inflammatory insult may also extend beyond improving the capability of the cell to
replace damaged and dysfunctional mitochondria. The results in this chapter indicate
that the activation of mitochondrial biog@sis occurring in THPcells following
treatment with LPS was associated with a significant increase in mitochondrial
respiratory activity. This finding is consistent with previous observations that
treatment with LPS stimulates mitochondrial oxygen canption by THFL cells and
leads to enhanced ATP production by murine macroph@gaserfeldet al,, 2012 Liu

et al, 2015. In addition to allowing the cell to cope with the increased metabolic
demands during an infection, there is evidence that thigegulation of mitochondal
respiration can also lead to an increased resistance to the negative effects of excessive

inflammation(lslamet al., 2012 Stetleret al., 2012.

While these findings suggest that the activation of mitochondrial biogenesis rL THP
cells after exposure to LPS is likely to be broadly beneficial, this process may also
potentially exacerbate endotoxin tolerangelated immune deactivation. The tirme
course experiments in this chapter show that there is a temporal association between

the activation of mitochondrial biogenesis and the shift towards an-affammatory
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phenotype. Furthermore, at 72 hours after treatment with LPS the recovery oflTHP
cellimmune functions occurs at a point when mtDNA copy number and TFAM levels
have also returned to baseline. This association is consistent with findings from murine
sepsis models in which there appears to be aegulation of mitochondrial biogenesis
and arti-inflammatory cytokine production through the activation of redsansitive
pathways following exposure to an inflammatory stimwBs&ntadoset al.,, 2011
MacGarveyet al,, 2012. It is, therefore, possible that mitochondria are linked with
immune deactivation in monocytes through the excessiwstomulation of
mitochondrial biogenesis amahti-inflammatory pathways during sepsis, rather than,
or perhaps in addition to, any adverse effects of mtDNA depldfaantadosi and
Suliman, 201p

4.3.4Mitochondrial qualityontrol through the cinduction of mitochondrial biogenesis

and mitophagy

Mitophagy was also found to be significantly-rggulated following treatment of THP
1 cells with LPS. Previous studies have indicated that the removal of defective
mitochondria though mitophagy is essential in order to maintain a healthy
mitochondrial population during inflammatiofiKimet al., 2007). In animal models of
inflammation inhibiting mitophagy allows damaged athondria to accumulate, with
consequential adverse effects on cellular function and vial{Ngkahiraet al,, 2011,
Motori et al., 2013. Although data from human studies is limited, it appears that
mitophagy may be insufficient during severe sepsis, resulting in the persisténce
dysfunctional mitochondria that can drive oxidative stress, lead to deficient respiration
and cause cell death through the induction of apoptd€iarréet al., 201Q Kozlovet
al., 2011 Gunstet al,, 2013.

The upregulation of mitophagy in THP cells exposed to LPS occurs in parallel with

the stimulation of mitochondrial biogenesis. A-calinated activation of these two
processes allows for the selective replacement of dysfunctioni@chondria, which

can enable overall mitochondrial quality to be maintained in the face of significant
inflammation(Hill et al, 2012 Carchmaret al,, 2013. Indeed, in THR cells these
processes may be particularly efficient as the results in this chapter show that
mitochondrial OXPHOS activity is actually increased after treatment with LPS, despite

unchanged mitochondrial mass.
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The regulation of mitophagy appears to be very sensitive to alterations in
mitochondrial function, with features of mitochondrial damage suéh an - Y
depolarisation and increased ROS production acting as potent mitophagy activators
(Youle and Narendra, 20¥® 5 S & LJA U S ¥ AdgpRBlarigadoa ocaukslin@ninml Y
sepsis models and monocytes from sepsis patients, exposure to LPS did not lead to
AAIAYATFAOL YG £ S NI dels(Rdyieet aly 00LCEr&mametal, 2 F ¢ 1 t
2013. On the other hand, there was evidence of significant oxidative stress occurring
at the same time as the activation of mitophagy in4fe&ted THPL cells. As previous
studies have found that mitochondria producing excessive ROS are specifically
targetedfor clearance by mitophagy during inflammation, it is possible that this early
oxidative stress is a major trigger for the LiR@iced upregulation of mitophagy that

is seen in THR cells(Nakahiraet al,, 2011, Changet al., 2019. Following the

activation of mitophagy ROS production by FTHEeells returns to baseline levels,
suggesting that the removal of dysfunctional mitochondria may be importdatg

with the activation of antioxidant defences, in the resolution of-irRficed oxidative

stress.

4.3.5Conclusion

The treatment of THR cells with 100ng/ml LPS fof/2 hours provides a useful model
for assessing the changes occurring in parallel with the induction of endotoxin
tolerance, a process with important similarities to the immune deactivation

monocytes during sepsis. In contrast to sepsis, rather than respiratory impairment and
mtDNA depletion, these endotoxin tolerant THRells had increased OXPHOS activity
and an induction of mitochondrial biogenesis. Furthermore, after treatment with LP
there was an upgegulation of mitophagy which may, alongside the increase in
mitochondrial biogenesis, lead to the resolution of oxidative stress and an
improvement in overall mitochondrial respiratory efficiency, through the selective

removal of dysfunttonal mitochondria.

These observations provide important insights into the interactions between
mitochondria and the innate immune response, as well as therdmation of
compensatory responses that are required to maintain gelbility and function
following an inflammatory insult. However, the underlying cellular mechanisms

controlling these responses have not been explored and the precise nature of the
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causality and relationships between the changes that have been observedire
unclear. In addition to confirming the findings in primary blood monocytes and
patients with sepsis, further work is required to clarify the fundamental processes
controlling the ceregulation of mitochondrial homeostasis and immune responses

during nflammatory conditions.
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Chapter 5The effect of.PS inhalatioan blood monocyte immune functions

and mitochondrial DNA copy number

5.1 Overview

LPS is a key constituent of the outer membrane of Gram negative bacteria which
provokes a brisk inflammatory response when bound by 4 bR the surface of innate
immune cells, including monocytéRaetz and Whitfield, 2002The inhalation of LB

by healthy volunteerproduces seHimiting aleolar and systemic inflammation
(Thorn, 200} The technique, whilevidely used to provide am vivomodel of acute
neutrophilic lung inflammatioralso produesatransient systemic inflammatory
responsethat ischaracterised by elevations pro-inflammatory cytokinesacute

phase proteingand leucocyte count in the peripheral blo@ditzet al., 2008 Fouassier
et al, 2009 Korsgreret al., 2012. In view of these systemic effectsPSrihalation was
chosen as aacceptableexperimental model in which to attempt to transiently induce
mild features of endotoxin tolerance in peripheral blood monocytes and confirm the
findings from THR cells treated with LPS that are detaileddhapter 4A dose of

60ug of LP®as selected for inhalation by the volunteers as thas been previously
shown to reliably induce an inflammatory response in a safe andtalelated

manner(Barret al,, 2013.

5.1.1Hypothesis

Following inhalatia of LPS peripheral blood monocytes will display evidence of
endotoxin tolerance, as indicated by impaired immune responsex tavo

inflammatory stimuli, along with an associated induction of mitochondrial biogenesis.

5.1.2Aims and Objectives

1. To safely admiister inhaled LPS or saline placebo to randomly allocated; well
matched groups of healthy volunteers.

2. To confirm the induction of systemic inflammation following inhalation of LPS
by measuring changes in clinical observations and leucocyte counts.

3. To isolée monocytes from peripheral blood samples and assess the effects of

LPS inhalation on immune functions and mtDNA copy number.
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5.2 Results

5.2.1Increased peripheral blood neutrophil count following inhalation of LPS

Twelvehealthy volunteers were randoly allocatedto inhalation ofeither 60ug LPS or
asaline placeb@n=6 in each groupYhere were no significant differences in baseline
demographic and clinical parameters between the two study grolipble5.1). At 6

and 24 hours post inhalation there was a significant increase in peripheral blood
neutrophil count in the LPS group but not the saline grdtigyre5.1 A). However,
peripheral blood monocyte count and changes in body temperature, heart rate and
systolic blood pressure were not significantly altered by inhalation of either saline or
LPSKigure5.1 B, Table5.2). No serious adverse events were reported following

inhalation in either group.

LPS Group Saline Group p-value

Age (years) 23.5 (20.526.5) 20.5 (1922) 0.12

Gender 3 Female, 3 Male 5 Female, 1 Male 0.221
Height (m) 1.75 (1.671.83) 1.73 (1.661.86) 0.78

Weight (kg) 74.8 (6287.7) 65 (51.478.6) 0.206
Temperature (°C) 36.5 (36.136.9) 36.3 (35.636.9) 0.428
Heart rate (bpm) 72.7 (62.385.1) 76.5 (64.788.3) 0.544
Systolic blood pressure (mmHQ) 115 (102128) 111 (101120) 0.485
Forced Expiratory Volume 1 second (1]4.01 (3.344.67) 4.00 (2.865.14) 0.992
White cell count (18ells/l) 5.23 (4.476.01) 5.48 (4.39%.57) 0.641
Neutrophil count (18cells/l) 2.77 (2.033.51) 2.85 (2.313.39) 0.838
Monocyte count (18cells/l) 0.50 (0.370.61) 0.41 (0.340.61) 0.188

Table5.1 Summary of baseline demographics and clinical parameters in the LPS
inhalation study.All normally distributed numerical data are presented as mean

(95% confidence interval) and the differences between the groups analysed using
independent ttests. Age is not normally distributed and is presented as median

(range) and the differences betwa the groups analysed using the Mann

2 KAOGYySe | G§Sado ¢KS RA&AGNAOGdzGAZ2Y 2F OF 0
Exact Test.

87



A - 125- » B _ 1254

3 o 3

g 10.0- 2 1.004

) >

£ 15 = 0754

3 3

e o

2 5.0 é = 0.50+4 Q . é i

= g g

-8 o

g 25{ B3 - - S 0.25-

: g

< 00 . . " 0.00 T . .
0 6 24 0 6 24
Sample time post inhalation (hrs) Sample time post inhalation(hrs)
(3 Saline @ LPS | [ Saline & LPS]|

Figureb.1 Significantly increased peripheral blood neutrophil count follomg

inhalation of LPSPeripheral blood neutrophil and monocyte counts were

carried out at O (prenhalation), 6 and 24 hours following inhalation of LPS and

saline. Data are represented by box plots indicatin§ @3artile, median and

75" quartile andwhiskers indicating the range and analysed by-tway ANOVA

GAGK ¢dzl SeQa Lkraid K20 Isighlfidaiiéxseptd ! £ f RAFFSNBY
**p<0.01 and ***p<0.001 for the differences in neutrophil count from the 0 hour

sample in the LPS group.

LPS Group Salne Group p-value
Temperature C) 0.43 (0.120.74) 0.71 (0.041.39) 0.35
Heart rate (bpm) 6.7 (0.712.7) 7.7 (3.911.5) 0.725
Systolic blood pressure (mmHgQ) -6.7 ¢0.1--13) -3.7 0.2--7.5) 0.589
White cell count (18&ells/l) 5.53 (2.568.5) 0.46(-0.181.10) 0.002
Neutrophil count (18cells/l) 4.32 (2.256.38) 0.04 ¢0.330.47) 0.002
Monocyte count (18cells/l) 0.19 (0.020.34) 0.06 €0.020.13) 0.077

Table5.2 Changes in clinical and peripheral blood leucocyte parameters
following inhalation of LPS or salineData indicate the maximum change from
the baseline (t=0) measurement for all parameters. All normally distributed data
are presated as mean (95% confidence interval) and the differences between
the groups analysed using independesiests. The change in neutrophil count is
not normally distributed and is presented as median (range) and the differences
between the groups analysagsing the Mann Whitney U test.
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5.2.2No significant effect of LPS inhalation on monocyte cytakewse

At each time point the ability of monocytes isolated from peripheral blood samples to
produce an immune response to a second inflammatory stimulus wasrdated.

Firstly the production of préenflammatory cytokines in response to a four hour

incubation with 10ng/ml LPS was measured. TheAFSR dzOSR NXf S-S 2 F
was not significantly different at either 6 or 24 hours after inhalation of LPSaintiic

that this model failed to produce evidence of endotoxin tolerance in the peripheral

blood monocytes of the healthy volunteeiSigures.2).
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Figure5.2 Cytokine release by monocytes is not significantly altered by LPS

inhalation Monocytes were isolated from peripheral blood samples at O(pre

inhalation), 6 and 24 hours following inhalation of saline or LPS. The release of
theproA Y F& I YYI G2NEB Oe ( BB) iy espongelio@™ hooir! 0 | YR
incubation with 10ng/ml LPS wadstermined by ELISA. Data are represented as

box plots of the 25th quartile, median and7guartile with whiskers indicating

the range and analysed by twdl & ! bh+! GgAGK ¢dzl SeQa LJ2a
differences are nossignificant.
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5.2.3Diurnal variation imonocyte pagocytosis

In addition to measuring cytokine release in response to LPS, the ability of blood
monocytes to phagocytose seruapsonised zymosan particles was determined at
baseline and 6 and 24 hours post inhalation. There was no significéeredite in the
proportion of monocytes internalising zymosan between the groups randomised to
inhalation of LPS or saline at each time pokig(re5.3). However, irboth groups
phagocytosisvas significantly greaten the 6 hour sample (taken at approximately
3pm) than in the 0 and 24 hours sampl@gaken at approximately 9am), suggesting a

diurnal variation in the phagocytic ability of blood monocytes
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Figure5.3 Monocyte phagocytosis exhibits diurnal variation but is not

significantly affected by LPS inhalatioMonocytes were isolated from

peripheral blood samples at O (pnehalation), 6 ad 24 hours following

inhalation of saline or LPS. The proportion of monocytes able to phagocytose

serum opsonised zymosan in 1 hour was then determined. Data are represented

as box plots of the 25th quartile, median and™fuartile with whiskers

indicating the range, and analysedusingt@d- @ ! bh+! GgA0GK ¢dz] S&Qa
analysis. All differences are nasignificant except; ***p<0.001 for phagocytosis

in both the saline and LPS inhalation groups at 6 hours compared to 0 and 24

hours.
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5.2.4MonocytemtDNA copyiumberis not significantly altered by inhalation of LPS

In view of the findings that sepsis has adverse effects on mitochondrial functions and
that mitochondrial biogenesis is activated during the resolution of inflammation,
MtDNA copy was also measuredmonocytes isolated from peripheral blood samples
at each time point. In keeping with the lack of effect on immune functions, there was
no significant difference in monocyte mtDNA copy number over time or between the
groups randomised to LPS or salinealaion Figure5.4). This finding indicates that
there is no evidence of the induction of mitochondrial biogenesis in blood monocytes
following inhalation of 60ug LPS and that monocyte mtDNA copy humber dbes no

appear to exhibit diurnal variation.
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Figure5.4 No significant difference in monocyte mtDNA copy number after
inhalation of LPSMonocytes were isolated from peripheral blood sdewpat 0
(pre-inhalation), 6 and 24 hours following inhalation of saline or LPS and mtDNA
copy number determined bgeasuring levels diT-ND1relative toB2Musing
gPCR. Data are represented as individual points with lines indicating the mean
mtDNA copy amber. All differences are nesignificant by tweway ANOVA with
¢dzl SeQa LRad K20 lylfearao
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5.3 Discussion

5.3.1LPS inhalation as a model of systemic inflammation

In agreement with previous findings, the inhalation of 60ug LPS by healthy participants
was found to povide a weltolerated model of acute inflammatiom this randomly
allocated, placeb@ontrolled study(Shyamsundaet al., 2009 Barret al, 2013. There

were no serious adverse events and no significant perturbation of clinical parameters
was seen following inhalation of either saline or LPS. In addition there was a reliable
induction of a degree of systemic inflammation, as indicated by periphérat
leucocytosis and neutrophilia at 6 and 24 hours after inhalation of LPS. These results
are consistent with other reports which have indicated that leucocyte counts, acute
phase proteins and prmflammatory cytokines, are all significantly raisegbaripheral
blood samples after LPS inhalati(ffouassieet al., 2009 Korsgreret al,, 2012

Janssert al., 2013.

It appears, however, that a milder degree of systemic inflammation may have been

produced than that in certain previous LPS inhalation studies that used similar doses of

LPSKitzet al,, 2008 Fouassieket al., 2009. In contrast to these studies, there was a

failure to produce any consistent changes in symptoms or clinical observations such as

body temperature or heart rate following inhalation of LPS. This mild systemic effect

may partly explain why LPS inhalation failed to achieve the primary objective of

inducing endotoxin tolerance in peripheral blood monocytes. Endotoxin tolerance is

Of FaaAaolftfte RSTFAYSR Fa Fy GGSydz A2y Ay (KS
stimulus, but theex vivoLPSA Yy RdzOS R NBf S| 4S6w®asnob 20K ¢bCh | yR
significantly altered in monocytes isolated from individuals after inhalation of LPS

(LopezCollazo and del Fresno, 2018 addition, there was no significant difference in

peripheral blood monocyte count or monocyte phagocytosis between the groups

inhaling LPS or salira any time point. There was also no evidence of the induction of

mitochondrial biogenesis in monocytes following LPS inhalation, but it is difficult to

draw any firm conclusions from this finding given the lack of effects on monocyte

immune parameterstishould be noted that the small numbers of volunteers included

in the study and the limited time points analysed may mean that subtle differences in
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immune responses or mtDNA copy number caused by LPS inhalation were not

detected.

Given that LPS inhalatias primarily designed as a model of acute pulmonary
inflammation, it is perhaps understandable that it did not induce endotoxin tolerance
in blood monocytegMichelet al,, 1997. Inhalation of LPS has been previously found
to lead to the accumulation of monocwie cells within the lungs, and also to

produce a significant upegulation in the expression of a broad range of inflammatory
genes in alveolar macrophag@rittan et al., 2012 Reynieret al,, 2012. In contrast to
these findings in pulmonary monocytic cells, there are, to my kndgéeno published
reports of LPS inhalation producing significant effects on the function of blood
monocytes. It is likely that the dose of LPS that circulating monocytes are exposed to
following LPS inhalation is insufficient to produce the profound caarng their

phenotype that are seen in endotoxin toleran@@availlon and Adi€onquy, 2006

Future studies may consider using an altgivetranslational research model that
involves the intravenous administration of ledose LPS to healthy volunteers. There
are numerous publications reporting that the use of intravenous LPS is a safe
technique which produces a significantly greater magie of systemic inflammation,
characterised by a brisk febrile response and transient infludikeasymptoms, than

LPS inhalatiofCalvancet al,, 2005 Talwaret al., 2006. In addition, it has been
consistently shown that blood monocytes from Hig volunteers display the classical
features of endotoxin tolerance following intravenous LPS administration, including a
NERdAzOSR | oAfAOGE& (G2 NBfSIAS ¢ hvam'tVaegt NBE & L2
al., 2007 Draismaet al., 2009 Koxet al., 2011. Measuring the effects of intravenous
LPS on mitochondrial respiration ahtbgenesis may, therefore, provide important
insights into the links between immunity and mitochondria in endotoxin tolerant

primary human monocytes.

5.3.2Diurnal variation in monocyte phagocytosis

In the groups inhaling both saline and LPS the ability ofdofoonocytes to
phagocytose seruropsonised zymosan particles was significantly higher in the sample
taken in the afternoon (6 hour sample) compared to those taken at 9am (0 and 24

hours samples). Previous studies have also shown that there are signifecéattons
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in monocytes over the course of a day with changes in parameters including the
absolute monocyte count in peripheral blood, the relative proportions of monocytes
subsets and monocyte immune functions all being identi{fgennelst al,, 2011
Shantsilaet al, 2012. In particular, the phagocytic ability of monocytes and
macrophages has been shown to be significantly altered depending on the time of day,
with peak phagocytosis seen in the afternoon, or during the light period in animal
models(Hayashet al, 2007 Shantsileet al., 2012. More broadly, there is

considerable evidence that many cellular and bodily functions including immunity vary
throughout the diurnal cycle under the control bbth central and cel§pecific

mammalian circadian clockkeller et al., 2009 Scheiermanret al., 2013. Therefore, it

is clearly vital that the pantial effects of the circadian rhythm and diurnal variation

are considered and controlled for in investigations involving serial blood sampling at

different times of the day, particularly when monocytes are being studied.

5.3.3Conclusion

In this small randomly allocated, placebontrolled study the inhalation of LPS by

healthy volunteers was welblerated and produced a mild systemic inflammatory
response. However, there was no evidence of the induction of egheotoxin

tolerance or mitochondrial biogenesis in blood monocytes after inhalation of LPS.
Further investigations could consider using intravenous LPS as a more reliable method
of producing endotoxin tolerant monocytes, but must take into account the ptidl

for diurnal variation in monocyte characteristics.
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Chapterd YYdzy S ¥ dzy O (ilAcelly genett€d bjeatmettivith

ethidium bromide

6.1 Overview

Mutations, deletions and depletions of mtDNA lead to defects in the assembly of
OXPHOS subunismdimpaired mitochondrial respiratio(DiMauro and Schon, 2003
The resultant failure to meet cellular energy requiremecasise<linical disease
particularlyin cells with high energy requiremen{&reavest al., 2012. In addition,
evidence of mtDNA depletion and mitochondrial respiratory dysfunction in blood
monocytes is associated with adverse clinical outcomes in s@gpdeet al., 201Q
Japassuet al., 2011. However, the effects of these changes on mone@gllular
functions, particularly the ability to produce an immune response to an inflammatory

stimulus, are not establishg@levy and Deutschman, 2007

In order to assess the effects of mtDNA depletion on imasfunctions, THR cells
were treated with ethidium bromidea DNA intercalating agent which selectively
inhibits mtDNA replication bl OLGwithout significantly affecting the nuclear genome
(Chandel and Scimacker, 1999 Long term treatment with low dose ethidium
ONRYARS Aa |y SailoftAaKSR YSGiK2R 27F LINEPR
a variety of cell types includintHR1 cells(King and Attardi, 198%Zuckerbrauret al.,
2007, Hashiguchi and Zhamkiyama, 200P Thedepletion of mtDNA causes
morphological and functional changes in mitochondria, including a loss of
mitochondrial respiration and a compensatory increase in glycolytic metabolism
(Holmuhamedovet al, 2003® ¢ KS ~ n a&/dlfablémotdNi® vihicHR&
understand mitochondrial functions and the role of mitochondria and mtE2Néoded

genes in cellular processes and dised&dsmndel and Schumacker, 1999

6.1.1Hypothesis

Treatmentof THM OSft fa 6AGK SGKARAMZY ONBYARS gAf
¢ KSa$S -1cellswill havereduced ability to produce an immune respens an

inflammatory stimulus
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6.1.2Aimsand Objectives

1. Tody S NI U S1 ceéllsiby thdubation with lodose ethidium bromide
2. To determineghe effects of mtDNA depletion on mitochondrial respiratory
functions

3. ToawaSaa (UKS AYYdzySlceldzy OdA2ya 2F "~ n ¢t
6.2 Results

6.2.1D Sy S NI G A 2-Yceld By incubatioh With ethidium bromide

In order to completely deplete mtDNA, THRells were incubated with 50ng/ml
ethidium bromide in growth medium supplemented with 50pg/ml uridine and
110pg/ml pyruvate for 8 weekdhis treatment with ethidium bromide did not
produce any adverse effects on T eell viability but was successful in generating
THR1 cells with almost complete depletion dlative mtDNA copy numbeR (1 copies
(95% CI 1:2.4) vs. 367.8apies (95%C| 26710), p=0.01)Rigure6.1).
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Figure6.1 Treatmentg A § K SGKARAdZY ONBYARS A2N)y ©SS13
cells without altering cell viability THR 1 cells were incubated for 8 weeks
medium containinggOng/ml ethidium bromide and compared tomtrol cells
incubated inuntreated medium. (A) Cell viability was determined by the
counting the proportion of THR cells excluding 0.4% trypan bl(re=4). (B)
mtDNA copy numbewas determined byneasuring levels dfiIT-ND1relative to
B2Musing quantitative polymerase chain reacti¢m=3). All datare presented

as mean sstandarddeviation (n=3)The significance of the differences between
the groups vas analysed using independenrtests; (A) p=0.705, (B) p=0.010. The
differences are nossignificant except*p<0.05.
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6.22ASt SOGADS YR FTdzyOlGA2eelst t2aa 2F YG5b!

The effects of this mtDNA depletion on FHEellmitochondria were subsequently

confirmed by assessing mitochondrial gene expression and respiratory chain enzyme

I OG A @A G & & cellsh&aimost cotnplédte loss of MRNA transcription and

protein expression fronthe mtDNAencodedMT-CO1genebut no sgnificant

alterations in mRNA or protein levels from theclear DNAencoded mitochondrial

SDHAgene Figure6.2). As expected, the activity of OXPHOS complex I\¢jwhi
O2yidlAya @GAGLFE O2YLRyYySyda GdKIFIadG FNBE SyO2R:
THR1 cells Figure6.3). Howeverthe activity of citrate synthase, ruclearDNA

encoded mitochondrial matrix enzyme that is constitutively expressed and proaides
quantitative marker of mitochondrial maswas unchangedl y ~ 4 celis(Kirbyet

al., 2007. These results indicate that treatment with ethidium bromideferentially

affects mtDNA, with no significant changes seen in the expression of mitochondrial
LINEGSAYyad SyO2RSR o0& y-tizels KithiifocAdbofidl scaffoldsS | @A
that lack the mtDNAencodedcomponentgHolmuhamedovet al.,, 2003.
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Figure6.2 Selective depletion of mMDNA Y O2 RSR Ywb! FyR- LINPGSAY AY

1 cells.THR 1 cells were incubated for 8 weeks with 50ng/ml ethidium bromide
(EtBr)and compared to control cellacubated in medium. (A, ®epresentative
images of protein bands aam PVDFnembrane following Western blo{B)

Rehtive mRNA transcription (compared @APDRMand protein expression

60 O2 Y LJ NdbtiR)framzhe mtDNAencodedMT-COlgene (n=3). (C) Relative
MRNA transcription (compared 8APDMand protein expression (compared to
I -actin)from the nuclear DNAncodeal mitochondrial geneSDHAN=3).All data
are presented as meanstandard deviation relative gene expression compared
to the mean in the control (medium) conditiomhe significance of the
differences between the groups was analysed using indepencists (B- MT-
COImRNA p=0.012, protein p=0.008; BDHANRNA p=0.823, protein p=
0.630). Significant differences are displayed@as).05, **p<0.01.
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Figure6.3 Loss of OXPHOS complexaativity A y 41 cellsITHR 1 cells

were incubated for 8 weeks with 50ng/ml ethidium bromide and compared to
control cells incubated in mediunThe activity ofA) citrate synthase and (B)
OXPHOS complexwasdetermined by spectrophotometric measurements o
isolated enzyme activity in cellular homogenates. All experiments were carried
out in 3 independent replicateand are presented as mearstandarddeviation
The significance of the differences between the groups was analysed using
independent ttests A-p=0.171, B p=0.045). All differences are not significant
except;*p<0.05.

623 ft 1SN GA2yd AY AVicels'S TFdzyOGAzy AY " n ¢l

| F gAYy 3 F2dzyR (KIFG AyOdzml dAz2zy 6AGK pny3dk Y
THR1 cells with agecific loss of mtDNA&ncoded mitochondrial gene expression and
OXPHOS complex activity, the ability of these cells to produce an immune response

was then assessedh@ mean release of theptb Y F € I YY I G2 NB Oe (21 Ay ¢
response to a 4 hour incubatiomwi K mnny 3k Yt [t { 6l a aAIYyA-
THPR1 cells compared to contro(d47.9pg/ml (95% CI 12B858) vs. 419.2pg/mi95% CI
297-541),p<0.001)Figure6.4 A). However, mtDNA depletion did not lead to a

generalised impairment in immune function as mean-Ltfl8ced I8 release was not

signifOl yit e RAFTFSNBYG Ay “~n OSftfta Dopgmld NBER
(95% C47-181) vs. 98.pg/ml (95% CB1-166), p=0.688 Furthermore, the median

LINE LJ2 NJi A 2-¥cel® phagoaytosingl fltuoresceBtaphylococcus aureirs 1

hour was actually significantly higher than in control cells (23IQ0R21.525.3) vs.

14.7% (IQR 145), p=0.03)Rigure6.4 B).
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Figure6.4 Significantly reduced LRBY RdzOSR ¢ b Ch o6dzi AYyONBFaSR LK
of Staphylococcus aureus € ~ Al cdlls. THR 1 cells were incubated for 8
weeks with 50ng/ml ethidium bromide and compared tntrol cells incubated

in medium (A) The LR®&ducedrelease of¢t b Ghd I8 following 4 hour
incubation with 100ng/ml LP8as determined b¥LISA (n=3{B) The
phagocytosis of serurapsonised fluorescettabelledStaphylococcus aureus 1
hour was determined by flow cytometyn=3) The cytokine release data (A) are
presented as mean * standard deviation relative to theame the medium

control while the phagocytosis data (B) are presented as median * interquartile
range. The significance of the differences between the groups was analysed
using independent-tests (A-¢ b Ch  LJF 8 @=0.688)r tHe Mann Whitney
test (B- p=0.029). Significant differences are displayed as; *p<0.05, ***p<0.001.
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6.3 Discussion

Evidence of monocyte immune deactivation has been consistently associated with
adverse outcomes in patients with sep@sonneretet al., 2006 Landelleet al.,, 2010.
Separately, it has been found that septic monocytes hge mitochondrial
respiratory impairment and depletion of mtDNRyleet al., 2019 Garrabouet al,,
2012. However, a causéhk between these findings has nioten estabkhed and it
has been unclear whether immune deactivation and mitochondrial impairnment
septic monocytesre rather epiphenomenahat reflect a general cellular dysfunction

in the face of severe arglistained inflammatory stimu{Levy and Deutschman, 2007

To my knowledge this investigation represents the fatsémpt to investigate the

potential effects of mtDNA depletion on immune functions ahuman monocytic cell

culture model.” n 4 tetlswith a lossof functional mitochondrial respiration were
successfully generated by treatment with 50ng/ml ethidium bromide for 8 weeks.
¢tKSaS "n OStta RAaLIIFI&@SR SOARSYOS 2F AYY
oAt AGeE (2 NBf SI & akegfanCtionalddgfectNifathasddbeed S G2 [
associated with adversdinicaloutcomeswhen detected in deactivated septic

monocytes(Ploderet al., 2006 Hallet al., 2011J).

While these results provide some initial insights into the interplay between immunity
and mitochondria, a causal relationship between mtDNA depletion aedadions in

the immune phenotype of THP cells is not established. Given the growing
appreciation of the importance of mitochondria in the regulatiorcefi signalling
pathways and effector innate immune responsasynegative effects of mtDNA
depletion on these processes could dirediad toa reducedability of THPL cells to
produceinflammatory response@/Nestet al., 2011k Tait and Green, 2012Veinberg

et al, 2015, However, there are a number of other competing potentiahclusions

that can be drawn from these preliminary investigations.

Firstly,although ethidium bromide has been shown to produce a selective depletion of
MtDNA it is clear that thigreatmentis not completely targeted to the mitochondria.

Ethidium bromide is a cytotoxicdNA intercalating agent which has a preferential effect

on the rapidly replicating mtDN¢ing and Attardi, 1989However, n OSf f & ISy !
by treatment with ethidium bromidenay alschave significant alterations in nuclear
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gene transcription, including keyinflammatorysignallingpathways(Magdaet al.,

2008). Sucheffects gpear to ke variable depending on the cell type and culture

conditions and it i&s yetunclear whether they are caused by ethidium bromide or

occur asa consequencef the loss of functional mitochondri@iceli and Jazwinski,

2005. Thus,tisLl2adAo60fS GKIFIGd GKS AYLIANBR loAftAGe 27
occur due to¥ 20F I'F NEFfSds 6f ethidium bromide treatment on pathways involved

in LPSnduced inflammatory signallingather thandue tothe consequences of

mtDNA depletion.

Afurther possible explanationfar KS  f G SN} A2y & Ay -IacMiydzyS Fdzy O
is that theydo na relate directly to changes in mtDNA copy number but may rather

occur due to the functional consequences of this depletion. Cells depleted of mtDNA

lack a functional OXPHOS system and are dependent on glycolytic metabolism for ATP
production(Qian and Van Houten, 20L0rhe metabolic changes within ticell

resultingfrom the switch toglycolysis appear to have complex effects on the ability of

the cell to mount an effective immune response. For example, cells that are dependent

on glycolysis produce large amounts of lactic acid during pyruvate metab@iarcia

Alvarezet al, 2014. Lactic acid has been showminhibit LPS\ y RdzOSR ¢ b Ch NBf S| &
human monocytes, an effect thatn bereversed by inhibiting lactic acid production,

and patients with severe sepsis frequently have evidenaeyfstemic lactic acidosis

that predicts severity and outcom@®ellingeret al,, 2008 Dietl et al., 201Q. On the

other hand studies indicate thatnacrophages upegulate glycolysis in association

with pro-inflammatory responses artthat metabolites produced in glycolytic

respiration, such as succinate, magoaugment preinflammatory cytokine

production(O'Neill and Grahame Hardie, 2QT&annabhillet al., 2013.

Finallyd KS I f G SNSR AYYdz/-BceldBayoizydueth 2F "~n ¢t
differentiation of the cells during the treatment witthidium bromide. The findings of

NERdzZOSR Ay Fi LYYl 02NE Oel21AYyS LINRPRIzOUGAZ2Y 0 dzi
cells are similar to the change in immune phenotype seen dutififigrentiation to

alternativdy-activated macrophagesells with amanti-inflammatory phenotypend

important roles in tissue repair and the resolution of inflammat{durray and Wynn,

2017; Sica and Mantovani, 20).2Vhile macrophage differentiation in 1 4 tetls

was not assesed in this chaptert has been shown that THPcells can be induced to
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undergo alternative macrophage differentiatiam vitro through the addition of

specific drugs and cytokingSchwendeet al., 1996 Gordon and Martinez, 2030

However, although lgerations in metabolism do occur dag macrophage
RATFSNBYGALFGAZ2Y T Ay O2yiGNF ad G2 the8i f 23 a
inflammatory properties of alternatiug activatedmacrophagesave been previously

found to be linked with an wpegulation of OXPHQ8spiration(RodriguezPradoset

al., 2010.

In summary, it appears that mtDNA depletion induced by treatment with ethidium
bromide may be associated with an alteration in the immune phenotype ofITeHHs.
However, this needs to beonfirmed in further investigations that use a more targeted
and specific method of depleting mtDNA and focus on identifying the potential

mechanisms linking mtDNA depletion with monocytic cell immune dysfunction.
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Chapter 7The effects of transfection with siRNA targeted ag&itdtGnd
TFAMon mitochondria and immunity in THReells

7.1 Overview

The link between the separate findings of immune deactivation and mitochondrial
depletion in septic monocytes has not been well understdduk results irChapter 6

suggesthat depleting mtDNA from THP cells by incubation with ethidium bromide

G2 3Sy SNJrésdts in an impairédfatilitytordlea S ¢ b Ch HYyPSNBaLR2yas

However, ethidium bromidewhich acts as a nespecific DNA intercalating agema
cytotoxic compoundhat may alter nuclear gene expressiMiceli and Jazwinski,

2005 Magdaet al., 2008 Hashiguchi and Zhanfgkiyama 2009. In addition the

YG5b! RSLX SGA2Y LINE R dzaorfoRre prbfgund than thabseen in A a
sepsis oin patients with mtDNA depletion disorders, making extrapolations to human

diseases more difficu{Cohen, 2018

In view of these limitations, a more specifipproach aimed at producing a partial

depletion ofmtDNAwas used t&@l t AR S (G KS F-AofIR Rhys Fdthod NB Y
involved usingiRNA to selectivelilence the transcription divo nuclear genes

encoding key proteinthat are essential for thenaintenance andeplication of mtDNA

within the mitochondria(Carthew and Sontheimer, 20p%irstly, siRNA wdargeted
againstPOLGwhich encodes the catalytic subunit of polymerase ¢ t th¢ doly =

DNA polymerase that lsnown replicate mtDNAHudson and Chinnery, 2006n

addition, THP1 cells were also transfected with siRNA directed agdiR#tV which

encodes ntochondrial transcription factor A (TFAM) protein thatdirectly interacts

with mtDNA to facilitate replication and gene transcriptigtanget al., 2007.

7.1.1Hypothesis

The tansfection of THR cells with siRNA targeted agaifSDLGnd TFAMwill lead to
MtDNA depletion, mitochondrial respiratory dysfurmetiand impaired immune
functions Folowing removal of the siRNA there will be recovergplbbfthese

parameters in association with the restorationP®LGnd TFAMexpression.
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7.1.2Aims and Objectives

1. Toinhibit the expression of proteins essential for mtDNA replication by
transfecing THPL cells with SiRNA targeted agaifROLGnd TFAM

2. To confirm whether silencing &fOLGand TFAMeads to mtDNA depletion in
THR1 cells.

3. To assess the effects wansfection withTFAMand POLGIRNA on THE cell
respiratoryand immune functions

4. Todetermine the ability of changes in mtDNA copy number, cellular respiration

and immunity to recover after removal of the siRNA.
7.2 Results of thentDNA depletion experiments

7.2.1Abolition of POLG and TFAM expressithout significant effects on cell viability o

proliferationfollowing siRNA transfection

The results of preliminary dodending experiments indicated that repeated
transfedion with 30nM of siRNA targeted agaii3OLGnd TFAMevery 48 hours for 8
days produced an optimal knodlown in the levels of the target proteins and all
subsequent experiments were carried out using these conditibrggi(e7.1). In each
case the effects of this transfection were assessed by comparing these cells with THP
cells incubated in either medium alone, treated with the transfection reagent
Lipofectamine RAIMAX or transfected with 30nMilencer® Select Negative Control
siRNA number &very 48 hours for 8 days. Thepeassion of both POLG and TFAM
proteins wasalmost completely abolishedlfter 8 days transfection with 30nM of
siRNA, with no effects on prdateexpression seen in the control conditiofsgure?.2).
This tansfection with 30nMPOLGNnd TFAMsIRNA did not have any significant
cytotoxic effects, with a mean of greater than 95% of -IHfells remaining viable in all
conditions Figure7.3 A). In addition e ability of THR cells to proliferate was not
significantly altered over the course of the transfection period or between conditions

(Figure7.3B).
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Figure7.1 Transfection with30nM POLGand TFAMsiRNAproduces optimal
silencing of target protein expressiomHR1 cells werdransfected with10nM,
20nM or 30nMPOLGIRNA and 15nM or 30nWFAMsiRNAevery 48 hours for 8
days As controls THR cells wee incubated withr30nM of nagative control
siRNA omedium alone. (AB Representative images of protein bandsaoRVDF
membrane following Western bldC)The expression of POLG and TFAM
proteinsrell (& A @-&ctirivias detemined by Western blot (n=3Normal data
are represented as mean + standateviation relative to the mean in the
medium control. The data were analysed using-@ray ANOVAPOLQ

p<0.001, TFAM p<0.001) Differences fronthe medium controlare nan-

significantwith Dury S0 U0 Qa Ydzft 0 A LX S OGOHYWWAINA AZ2Y GSadl
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Figure7.2 Transfection with30nM POLGand TFAMsIiRNAfor 8 daysleads to
loss of target protein expressiorf-or 8 days THP cells were incubated with the
30nM TFAMor POLGiRNAand compared taontrols incubated withmedium or
the transfection reagent Lipofectamine RNAIMAK) or transfected witBOnM

of negative control siRNAA)Representative images of protein bands afPVDF
membrane following Western blo{B) The expression of POLG and TFAM
proteinsNB t | (i Jadirbwasi detenined by Western blot (n=3Normal data
are represented as mean + standateviation relative to thenean in the
medium control. The data wer@nalysed using oneray ANOVAPOLQ,

p=0.106, TFAM p=0.031) Differences fronthe medium controlare non
significantwith DunrS G G Q& Y dzf (0 A LiegcepD®00F NR &2y
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Figure7.3 Transfection with30nM POLGand TFAMsIRNAdoes not have
adverse effects on THE cell viability and proliferationFor 8 days THP cells
were incubated with the 30nM FAMor POLGiRNAand compared ta@ontrols
THR1 cells incubad with medium alone othe transfection reagent
Lipofectamine RNAIMAX transfected with 30nM of negative control SiRNA)
Cellviability was determined byneasuring the proportion of THP cells
excluding propidium iodide using flow cytometry (n=3) $Brial cell counts were
used to determine the relative change in FHRell concentration every 48 hours
prior to each transfection (n=4lNormal data are represented as mean *
standarddeviation. The data were analysed using aveey ANOVAp=0.678)

with 5 dzy ysSriulfipfe comparison test (A)ortwd | @ ! bh ! GAGK ¢ dz]
multiple comparison test (B). Differences frahe mediumcontrol are non
significant.

7.2.2Depletion of mtDNA in THRcells transfected with TFAM siRNA

Having established that siRNansfection effectively silenced the target genes, the
effect of abolishing POLG and TFAM protein expression on mtDNA copy humber was
determined. There was agnificant depletion of relative mtDNA copy numberTHPL
cells after inhibition of FAMexpression(61 @pies (95% &-111) vs 24opies (95%
Cl1 117328) in medium control cells, p=0.00Ejdure7.4). This mtDNA depletion was
associated with a selectiveds of expression of the mtDNefacoded protein MITO1
without any significant effect on the nuclear Di¢Acoded mitochondrial protein
SDHAFigure7.5). However, desjpe abolishing?OLGxpressionthere was no
significantchangein either mean relative mtDNA copy numbg&75 copies (95% CI
212-338) vs 24topies(95% CI 11-:B83)in medium control cellsp=0.875)pr the
expression of mitochondrial proteiris THPL cels transfected wittPOLGiRNAfor 8

days Figure7.4 andFigure7.5).
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Figure7.4 Depletion of mtDNA after transfection wittfFAMbut not POLG

siRNAFor 8 days THP cells were incubated witBOnM TFAMor POIG siRNA

or with the transfection reagent Lipofectamine RNAIMAX, 30nM of negative

control sSiRNA omedium alonemtDNA copy number was determined by

measuringhe level of MT-ND1relative toB2Musing CRNormal data are

represented as meawith individual measurements (n=3). The data were

analysed using oneray ANOVApP<0.001) Differences fronthe medium control

are nonsignificantg A 0 K 5dzyy S 0 Q& Y dexdept;t'if<®01.02 YLI NRAazy

A B

]
S
g

=9 MTCOM

SDHA t“ — — — — 70kB @B SOHA

MICOL W G — 06
B-actin T m— - —— cm— 42kB
Medium LF Negative POLG TFAM

siRNA

1504

Mean relative protein expression (%)
o o
o o o
L i i
Y
*

Incubation Conditions

Figure7.5 Depletion of mtDNA-encoded proteins after transfection witif FAM

but not POLGIRNAFor 8 days THP cells were incubated witBOnM TFAMor
POLGIRNA or with the transfection@agent Lipofectamine RNAIMAXF)

30nM of negativecontrol siRNA omedium alone(A) Representative images of
protein bands ora PVDFnembrane following Western blo{B) The relative
expression of the mitochondrial proteins MJO1 (encoded by mtDNA) and
SDHAdncoded by nuclear DNA) relativeiteactinwas neasured by Western

blot (n=3).Normal data are represented as mean +* standard deviation relative to
the mean of the medium control. The data were analysed usingvaae ANOVA
(MT-CO1¢ p=0.031, SDHAp=0.278) Differences fronthe medium controlare
non-significantg A 1 K 5dzyy SG G Q& Ydzf GALX S5 O2YLI NRAaz2y (S35
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7.2.3Loss of mitochondrial oxygen consumption inITe#lls transfected with TFAM
siRNA

The depletion of mtDNA in THPcells that was caused by transfection witRAM
siRNA produced a fictional inhibition of mitochondrial respiration, as indicated by
significantly reducedxygen consumptioby these cellsKigure7.6). In particular,
oxygen consumptiofor basal ntiochondrial respiration (1663 pMe/min/mg protein
(95% CI 70@2620) vs 478@Mole/min/mg protein (95% CI 2798767) in the medium
control, p=0009),mitochondrial ATP production (1291 pMole/min/mgopein (95% CI
410-2172) vs. 460 pMole/min/mg protein (95% CI 3694423, p=0.003) and maximal
uncoupled mitochondrial respiration (29JB/1ole/min/mg protein (95% CI 525304)
vs. 8789 Mole/min/mg protein (95% CI 61001477), p<0.001) was significantly lower
in THPRL cells after transfection witi FAMsiRNAIn contrast, mitochondrial oxygen
consumption was not significantly altered in FiHEells transfected witPOLGIRNA,
a finding that is consistt with the lack of effect of decreasing POLG protein
expression on mtDNA copy number or mtDbi#coded protein expressioffrigure
7.6).
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Figure7.6 Reduced oxygen consumption by THRells transfected witiTFAM
but not POLGIRNA.THR1 cells were incubated with 30nWIFAMor POLG
siRNA and with the transfection reagent Lipofectamine RNAIMAX, 30nM of
negative control siRNA and medium alamsecontrolsAfter 8 days dferent
aspects of respiration were then determined by measu@@R followinghe
sequential addition of metaboliohibitors using the Seahorse XE@&tracellular
flux analyser(A) An example of the respiratory profile of FiHEells following
transfection with siRNA for 8 day®) TheOCR for the following aspects of
cellula respiration was determined;&al mitawhondrial respiration = basal OCR
() ¢ non-mitochordrial OCR (IVAdenosine triphosphateATB production =

basal OCR)(t post-oligomycin OCR (II); Proton leak = polggomycin OCR (k)
non-mitochondrial respiration (I Maximal mitochondrial respation = maximal
OCR (Illg non-mitochondrial OCR (IMpata are presented as mean * standard
deviation relative to the mean basal mitochondrial respiration in the medium
control (h=4 for all experimen)sThe data for each aspect of mitochondrial
respiraion wereanalysedseparately using onevay ANOVABasal respiratioq
p=0.005, ATP productionp=0.001, Proton leag p=0.320, Maximal respiration

¢ p<0.001)Differences fronmedium controlare nonsignificant with Duyf S G G Q &
multiple comparison teséxept; **p<0.01, *p<0.001
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7.2.4Impaired LRS Y RdzZOSR ¢ b Ch NBf St aiScells tyarsfedtald with 2 O & (
TFAM siRNA

After establishing the effects of transfection with 30iMDLGnd TFAMSIRNA on
mitochondria, the ability of thee THPL cells to produce an immune response to an
inflammatory stimulus was assessddiP1 cells transfected witBiRNA targeted
againstTFAM but notPOLGfor the previous 8 dayBad a significantly reduced ability
to release the pranflammatorycytokiS ¢ b Ch Ay NBaLlR2yasS G2 |
100ng/ml LPS (mean 23&/ml (95% CI 2Q@7) vs 76.pg/ml (95% CI 5B6)in the
medium contro} p=0.015)Figure7.7 A). In contrast, the LRBiduced release of 18,
another praeinflammatory cytokine, was significantly higher in THeells transfected
with POLGIRNA (median 211pg/ml (IQR 2244) vs. 97.2pg/ml (IQR 97114.3) in

the medium control, p=0.025), buhghanged in those transfected witFAMsIRNA
(Figure7.7 A). In addition, there were no significant changes in the release ddrtie
inflammatorycytokinell-1RAin response to a 16 hour incubation with 100ng/ml LPS
in any of the experimental conditionEkigure7.7 B). Finally, a significantly lower
proportion of cells transfeci@ with eitherPOLGr TFAMsiRNAwere able to
phagocytoseéescherichia cofiarticlesover the course of hour(mean15.7% (95% CI
10.9-20.6, p=0.013 with POLGIRNA and 15.1% (95% CI 12756,p<0.00 with
TFAMsIRNA vs 25%(95% CI 2228.6) inthe medium control) Figure7.7 C)
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Figure7.7 The effect of transfection wittPOLGand TFAMSIRNA on THR cell
immune functions. The ability of THR cells to produce an immune response
was measuredafter incubaion with 30nM TFAMor POLGIRNA, or witlihe
transfection reagent Lipofectamine RNAIMAX, 30nM of negativer@iosiRNA or
medium alonefor 8 days (A) Thestease of the pranflammatory cytokines

¢ b @Ghd I8 in response to a 4 hour incubation with 100ng/ml LPS was
measured by ELISA (n=@) The release of thenti-inflammatory cytokine H
1RA in response to a 16 hour incubation wid®hg/ml LPS was measured by
ELISA (n=4).)XCheproportion of cellpphagocytogigfluoresceinlabelled
Escherichia cailin 1 hour was determined by flow cytometry (n=Bhe cytokine
release data (A, B) are relative to the mean of the medium corttmimal data
are representedas mean + standard deviati@nd analysed using one way
ANOVAS A (i K 5 dmyflyple Goingadison teé 6 & p=0.002, 8¢
p=0.013, Phagocytosis p<0.00fpnnormal data are presented as median *

interquartile range and analysagsing theKruskalWallis tests A G K 5 dzyy Q&

multiple comparison tesfll-1RA¢ p=0.289) Differences fronthe medium
control are nonsignificant except;*p<0.05, **p<0.01, ***p<0.001.
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7.3 Results of the mtDNA&covery experiments

In order to determine the reveisility of the effects of silencing the target protein
expression, the siRNA was removed following the initial 8 day transfection and the
THR1 cells were then incubated in growth medium for a further 8 days. After this
recovery period the ability of THPcells to restore their mtDNA copy number, cellular
oxygen consumption and immune functions was measu@den the lack of effect of
POLGIRNA on the mitochondrial assessments, the mtDdtAvery experiments were
only carried out on cells initially trafected with30nM TFAMsiIRNAThe control for
these experiments involved THPcells incubated in growth medium for 16 days, as
the mtDNA depletion experiments confirmed that Lipofectamine RNAIMAX and
transfection withSilencer® Select Negative Control #iRlNmber 1did not have any
detectable effect on the readouts from the assays for -IHfell mitochondrial and

immune functions used in these experiments.

7.3.1Increased TFAM levels following removal of TFAM siRNA

Transfection witiTFAMsIRNA produces only trarent gene silencing as, 8 days after
removal of TFAMsIRNA, there was a recovery of TFAM protein expression to levels

significantly higher than those in the control conditioR$gure7.8).
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Figure7.8 IncreasedTFAMprotein levelsfollowing removal of TFAMsIRNA.
THRL1 cells were incubated with 30nWIFA siRNA and after 8 days tAié&AM
siRNA was removed and the cells incubated invtjnanedium for a further 8
days (A) Representative images 6fC ! a lagfiriproiein bands ora PVDF
membrane following Western blofB) The expression of TFAM relative to
actin was degrmined by Western blot (n=3)Normal data are represented as
mean * standardleviation relative to the mean in the medium conteaoid
analysed using oneay ANOVAp<0.001) Differences fronthe medium control

are nonsignificantwith DunrS G G Qa Y dzf 0 A LiescepOp0.03; NRA & 2 y

*x<0.001.
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7.3.2Functional recovery of mtDNA following removal of TFAM siRNA

The increased levels of tAid=AMprotein in THPL cells after the removal ofFAM

SiRNA are suggestive of the induction of a homeosta&sponse that aims to correct
the effects of the period during which thEFAMgene was silenced. In keeping with
this apparent compensatory response, there was a recovery of both relative mtDNA
copy number Figure7.9) and the expression of the mtDNecoded MTCOL protein
back to baseline levels 8 days after removal BAMsiRNAFigure7.10). In addition,

this recovery omtDNAlevels lead to a functional improvement in Tdieell
bioenergetics, witloxygen consumptiofor all aspects of mitochondrial respiration

restored back to the levels measured in the contrmhditions Figure7.11).
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Figure7.9 Recovery of mtDNAopy numberfollowing removal of TFAMsIRNA.

THR1 cells were incubated witBOnM TFAMsiRNAand after 8 days th& FAM

siRNA was removed and the cells incubated in growth medium for a further 8

days mtDNAcopy number was determined byeasuringhe level ofMT-ND1

relativeto B2Musing ®CRNormal data are represented aseanwith

individual measurements (n=3). Analysis of the data was carried out using one

way ANOVAp=0.001)Differences fronthe mediumcontrol are nonsignificant
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Figure7.10 Recovery ofmtDNA-encoded protein expression following removal
of TFAMSIRNA.THR1 cells were incubated witBOnM TFAMsiRNAand after 8
days theTFAMsiRNA was removed and the cells incubated in growth medium
for a further 8 days(A) Representative images of protein bandsaR®VDF
membrane following Western blofB) The relative expression of the
mitochondrial proteins MICTO1 (encoded by mtDNA) aB®HA (encoded by

y dzOf S NJ 5b! O-acthavismiadliFedrby Westein blot (n=3).Noain
data are represented ameanz standarddeviation compared to the mean of the
medium control. Analysis of the data was carried out using\wwag ANOVAMT-
CO1¢ p<0.001, SDHA p=0.432) Differences fronthe mediumcontrol are non
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Figure7.11 Recovery of oxygen consumption by THRells followingremoval

of TFAMsiRNA THR1 cells were incubated witBOnM TFAMsiRNAand after 8
days theTFAMsIRNA was removed and the cells incubated in growth medium
for a further 8 daysDifferent aspects of respiration were then determohéy
measuring the OCRYfter the sequential addition of metabolic inhibitors using the
Seahorse XF9@éxtracellular flux analysefA) An example of the rpgatory

profile of THPL cells in the recovery experimen{8) TheOCR for the following
aspects bcellula respiration was determined;&al mitochondrial respiration =
basal OCR (¢)non-mitochondrial OCR (IVAdenosine triphosphateATH
production = basal OCR ¢lpost-oligomycin OCR (ll); Proton leak = post
oligomycin OCR (K)non-mitochondrial respiration (I\/ Maximal mitochondrial
respiration = maximal OCR (g§hon-mitochondrial OCR (IMpata are presented
as mean = standard deviation relative to the mean basal mitochondrial
respiration in the medium control (n=8r all experinents). The data for each
aspect of mitochondrial respiration wesnalysedseparately using onevay
ANOVABasal respiratioq p<0.001, ATP productianp<0.001, Proton leag
p=0.523, Maximal respiratiop<0.001) Differences fronmedium control are
non-significantwith Duf S G G Q& Y dzf G A LIexGeptCH0I0L, NA a2y (Sai
***n<0.001.
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7.3.3Restoration of LPBY RdzOSR ¢bCh NBtSIFasS F2ff26Ay3

Having established that both mtDNA levels and mitochondrial oxygen consumption
could recover in assaation with an increase in TFAM protein expression following
removal ofTFAMsIRNA, the restoration of THPcell immune functions was then
assessed. 8 days after the transfection WitRAMsiRNA was discontinuedeh
productionoft b Ch Ay N& fbuddeatinént witt2 100ng/mLPSeturned to
the levels of the control sampleBigure7.12 A). In keeping with this finding, there is a
significant positive correlatih (R=0.72, p=0.004) between relative mtDNA copy
number and LRS Yy RdzOS R ¢ b Ch -1 bEfisfFi§ured 12 B)oI cortrast to this
NEO2 JSNE 2 Fthetelw@shonlyNalpértBllingpi®vementtine ability of THRL
cells tophagocytsefluorescentEscherichia colvith the proportion of cells
internalising bacteriaemaining significantly below the levels in the control conditions
(16.4% (95% CI 1122.1) in TFAM recovery samples. 24.4% (95% 2226.3)in the
medium contro} p=0.007)Figure7.13).
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Figure7.12Recoery of LPS\ Y RdzOSR ¢ b Ch NBf S| aFRAMT2f f 2 g
siRNATHRL cells were incubated witROnM TFAMsiRNAand after 8 days the

TFAMsIRNA was removed and the cells incubated in growth medium for a

further 8 days(A) The LRS Y RdzOS R NXBf S| Bobrs veaF medsuredr 2 @S N.
by ELISA (n=3). THata are represented as mean + standdeViationand
analysed usig oneway ANOVAp=0.002) Differences fronthe mediumcontrol
GAUK 5dzyySiiaQa Y dzreindnbsiinBcaCefc¥pt*NB.G2 Yy (Sa
B{ OFGGSNI LIX 20 €tAYySEFEN NBIAINBaarzy | t
0SG6SSy ¢bcCh NBfSIFAS YR NRBtellsi A3S Yi5b!
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Figure7.13 Phagocytasisdoes not recover 8 days aftaemoval of TFAMSIRNA.

THR1 cells were incubated witBOnM TFAMsiRNAand after 8 days th& FAM

siRNA was removed and the cells incubated in growth medium for a further 8

days.The phagocytosis of fluorescdebelledEscherichia cain 1 hour was

determined by flow cytometry (n=3).Tldata are represented as mean +

standarddeviationand analysed using ongay ANOVAp<0.001) Differences

fromthe mediumO2 Yy i NPt SAGK 5dzyyStidden YdzZ GALX S O2 YL
representedas; **p<0.01, **p<0.001.

7.4 Discussion

7.4.1Depletion of mtDNA in THRcells after transfection with siRNA targeted against
TFAM

TFAM is a highlgonserved protein containing two DNAnding high mobility group

box domains, which is encoded by nuclear DNA before localising to mitochondria due
to the presence of a mitochondrisrgeting sequencéCampbelkt al, 2019. Within
mitochondria TFAM binds nespecifically to the entire mitthondrial genome to form

a major constituent of mtDNAyrotein structures termed nucleoid&arridoet al.,,

2003 Kukatet al., 2011J). It is thought that TFAM bound in this manner has an
important role in maintaining mtDNA stabilifiankiet al., 2004. In addition, TFAM
binds with high affinity to specific sequences overlying promoter regions to facilitate
the initiation of RNA transcription from mtDNA, including thengeription of the RNA
primers that promote mtDNA replicatiofCampbelket al,, 2012. Thus, TFAM appears

to have a fundamental role in both mtDNA maintenance and replication, a conclusion

supported by the consistent and strong correlation between TFAM levels and mtDNA
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copy number thahas been previously reported and now confirmed in this chapter

(Kanget al., 2007%.

Studies in knockout mice suggest that defects in TFAM have serious consequences.
Homozygoudfant- mice lack any mtDNA and die during embryogenesis ltidat’-
heterozygotes have a significant redwctiin mtDNA copy number and RNA
transcription from mtDNAencoded genes across a range of tissiesssoret al.,

1998. In addition, althougd@ FAMmutations have yet to be described as a cause of
mitochondrial disease or mtDNA defects in humans, polymorphisms imFd/igene
have been associated with an increased risk of neurodegenerative didEadeet

al., 2007 GawedaWalerychet al., 2010Q.

The results presented in this chapter indicate that transfection with siRNA tdget
againstTFAMis a specific, nowytotoxic method of depleting mtDNA from THRells

that leads to an impairment of mitochondrial respiration. This is in agreement with
other studies that have found that transfection witiFAMsiRNA using various

technigues can reduce mtDNA copy number in a number of cell t{ioaskiet al.,

2004 Pohjoisméaket al., 2006 Kasashimat al., 2011). Furthermore, tle results from

the recovery experiments show that this process is rapidly reversible with a recovery in
MtDNA copy number and mitochondrial respiration occurring 8 days after removal of
TFAMsIRNA in association with the presence of increased levels &f pFatein.

Again, these findings are consistent with previous reports indicating that the recovery
of mtDNA copy number is closely correlated with a restoration of TFAM expression and
that an overexpression of TFAM may be beneficial in certain cell celtisease
models(Jenget al, 2008 Thomaset al.,, 201J).

7.4.2Transfection with POLG siRNA does not affecl TdlPmtDNA copy number

POLG consists of two subunits produced by the expression of nuclear geagslytc
subunit encoded by?OLGnNd an accessorybunit encoded byPOLG2It is part of the
MtDNA replication complex that associates with nucleoids during mitochondrial
biogenesigHudson and Chinnery, 20p®OLG is uretstood to be the only DNA
polymerase that is active within human mitochondria and, as such, appears to be
crucial for both replication and repair of mtDNBhan and Copeland, 200%\s with

TFAM, knockout mice studies indicate that POLG is essential for mammalian life as
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homozygousolg’- mice have almost no mtDNA and die during embryogengtamce

et al, 2005.

In view of this, it is perhaps surprising that transfection VIRBLGIRNA, despite

almost completely abolishing POLG protein expression, had no effect on mtDNA copy
number, mtDNA encoded protein expression or mitochondrial oxygen consumption in
THR1 cels. However, there are no consistent reports of the usPOLGIRNA as a
reliable method of depleting mtDNA. In contrasti®AM POL&Gppears to be
constitutively expressed across a range of tissues irrespective of their mtDNA copy
number or the level bmitochondrial biogenesiéSchultzet al., 1998. In addition,
heterozygoudolg’- mice have normal mtDNA copy numbers and no clinical
phenotype despite a 50% reductionPolg mMRNA level§Hanceet al., 2005.

Furthermore, thesdolg”’- mice are able to increase mtDNA levels in response to an
over-expressiorof TFAM in the same manner as wijghe mice. Thus, it appears that
both the enzymatic activity of POLG and cellular mtDNA copy number are not
dependent on the level d?OLGxpression and that there is significant spare capacity
in this system. As a respit is possible that transfection with 30nRIOLGIRNA for 8

days failed to deplete mtDNA in THRells because there was sufficient enzymatic
activity in the residual POLG (<5% of expression in control samples) to maintain mtDNA
replication. It may, terefore, be necessary to completely abolishRAILGexpression
within a cell, using longer transfections or higher siRNA concentrations, in order to

definitively excluddlPOLGIRNA as a viable technique of depleting mtDNA.

However, given the consistent lack of correlation between the amount of POLG and
mtDNA copy number, a potentially more productive alternative method could instead
focus on the effects of inducing POLG dysfunction. Such an approach is suggested by
the factthat mutations inPOLGesult in mtDNA instability an@&d toa number of
clinically important humamtDNA depletion and deletion syndrom&Shan and
Copeland, 2000 In keeping with this, a previous study has shown that transfecting
human HEK293 cells with a mutated, Aoimctional form ofPQ.Gleads to rapid,
reversible mtDNA depletion with functional consequences for the mitochondria
(Jazayeret al., 2003. Furthermore, studies indicate th&olgmutator mice, which
express a proefeading deficient variandf Polg, have significantly reduced mtDNA
copy number and mitochondrial OXPHOS activity in association with evidence of
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increased oxidative damage to mitochondrial constituents and a shift to glycolytic

respiration(Daiet al,, 2013 Kolesaret al,, 2014 Saleenet al,, 2015.

7.4.3lImmune dysfunction in THRcells with mtDNA depletion

The depletion of mtDNA copy number induced by transfection WEAMsiRNA every

48 hours for 8 days resulted in a significant impairment of both mitochondrial oxygen
consumption and immune functions in THRells. Thse results confirm the findirsg

from Chapter Gn g K A O KHPL cells lacking mtDNA due to treatment with ethidium
ONBRYARSSY |faz2 KIFER F AAIYATFTAOFIYydf& AYLI AN
and a complete loss of mtDN#ependent OXPHOS complex activitgoAcern with

0KS AYGSNIINBGIFGAZ2Y 2F GKS NB&dz ( SpedifdR Y .
DNA intercalating agent that has been shown to significantly alter nuclear gene

expression in addition to depleting mtDNMagdaet al., 200§. However, given the
consistency of the findings between different techniques and the more targeted action

of TFAMsiRNA, the reduced LRSY RdzOS R ¢ b Ch -1 bElisflaBkingirtDNAE ¢ | t
does notappeartooccurasadzs i 2F W2FF (FNBSGQ STFSOGa

depletion.

InChaptereA i g & | f a2 vy 2iicslR gedekated by indGi&ation with ¢ | t
ethidium bromide fad an immune phenotype consistent with differentiation into
alternativelyactivated macrophagéke cells, with reduced prmflammatory cytokine
release but increased phagocytosisStphylococcus aure(Siemesseret al., 2007
Murray and Wynn, 2001 However, unlike alternativelgictivated macrophages, THP
cells withTFAMsiRNAInduced mtDNA depletion did not release more anti
inflammatory cytokines and actually had an inhibitiorEstcherichia catihagocytosis
¢tKS RAFTFSNBYOSa Ay ( Kiellsdad tHoReQidpletedof I 0 A £ A G
MtDNA after transfection witif FAMsiIRNA may reflect effects of the different

methods of depleting mtDNA. Alternatively, it is possible that there are specific
differences in the ability of the THPcells to phagocytose Gram positive and Gram
negative bacterigSkovbjerget al., 2010. This theory is supported by the significantly
lower median proportion of control THP cells internalising bacteria when exposed to
Staphyloccocus auregsmpared toEscherichia cofil4.7% (IQR 145) vs 24.8% (IQR
23.827.5), p=0.03). It may, therefore, be valuable to measure the effects of mtDNA

depletion on the ability of THE cells to phagocytose a variety of bacterial species.
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In addition to these kedifferences in immunological phenotype, the alterations in
THR1 cell metabolism in response to changes in mtDNA levels also refute the theory
that differentiation into macrophagdike cells is occurring. Firstly, after transfection
with TFAMsiRNA THR eells had a significant impairment of mitochondrial respiration,
which contrasts with the upegulation of OXPHOS activity seen in alternatively
activated macrophage®RodriguezPradoset al,, 2010. Furthermore, after removal of
TFAMsIRNA a recovery in the ability of TMP OSt t & (G2 NXfSFaS ¢bch 200
with the restoration of mtDNA copy number and mitochondrial oxygen consumption.
Although there is a degree of plasticity in macrophage differentiation, an increase in
the ability to release pranflammatory cytokines happens during the shift towards a
classicallyactivated macrophage phenotype, a process that involves a switch to
glycolyic respiration rather than the recovery of OXPHOS activity that is seen it THP
cells after removal of FAMsiRNAMurray and Wynn, 20110'Neill and Grahame
Hardie, 2013

¢CKS AYLI ANNVSY(l 27F -tteldruftelihBfectad WitRRPAMSIRNA ¢ | t

or treatment with ethidium branide, therefore, appears to be due to the

O2yaSljdsSyO0Sa 2F Yi5b! RSLI SGiA2yd lex NSRdzOGA2Y
vivotreatment with LPS is a key phenotypic feature of deactivated septic monocytes

that is linked to an increase risk of developsegondary infections and dying

(Cavaillon and Adi€onquy, 200;/Hallet al., 2011). Small pilot studies have suggested

that immunotherapies that restore LSy RdzOSR ¢ b Ch NBt S asS o6& aSLIiA
improve clinical outcomefdckeet al,, 1997 Meiselet al,, 2009. In this context the

NEO2 @SNE &in abdodation Wil feSdration of mtDNA copy number in

THR1 cells following removal afFAMsIRNA is potentially interesting. If this finding is

confirmed in primary human monocytes, it is possible that critically ill patients with

evidence of monocyte deactivation and mtDNA depletion could benefit from

interventions to stimulate mitochondrialibgenesis. Such an approach would provide

a novel, biomarketargeted therapy aimed at stimulating a specific aspect of the

innate immune response that is dysfunctional in sefB&reet al,, 2009 Hotchkisset

al., 20138. However, stimulating mitochondrial biogenesis may not provide a panacea

for sepsisnduced monocyte dysfunction, as phagocytosis did not fully recover after

removal of TFAMsIRNA, despite restoration of mtDNA copy number.
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7.4.4Conclusion

Inhibiting POLGxpression by transfection of THRcells with 30nMPOLGIRNA for 8

days did not result in significant changes in mtDNA copy number or mitochondrial
respiration. In contrast, transtion with siRNA targeted againBEAMproduced a

decrease in mtDNA copy number that occurred in parallel with an impairment 6L THP
OSftt AYYdzyS Fdzy OiA2yas AyOf dzRAYy3a I NBRdAzO
key phenotypic feature of deactited septic monocytes. Furthermore, the restoration

of THPL cell mtDNA copy number after removalTdfAMsiRNA was associated with

the recovery of LRE Y RdzZOSR ¢ b Ch NBESIFaSed ¢KSasS NBadz
Chapter &hat immune dysfunction in THP cells may be caused by depletion of

MtDNA, a finding of potential importance to understanding sepsisiced monocyte

deactivation.

The underlying mechanisms batithe association between impaired immunity and

MtDNA depletion will be explored in more detail@hapter 8 It remains possible that

the effects on the abilityof THR OSft ta (G2 NBfSFasS ¢bcCh | NB
consequences of the loss of mitochondrial respiration or that they occur due to a

direct impact of the loss of mtDNA on immune and inflammatagpalling pathways

(Dietlet al,, 201Q Westet al., 2011h.
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Chapter 8The effect of transfection of THRcells witiTFAMsiRNA on

nuclear gene expression and the transcriptomic response to LPS

8.1 Overview

TFAM is a key regulator of mtDNA replication and gene transcription and also a major
component of the mitochondrial nucleo(ampbelkt al, 2019. InChapter7 it was

shown that downrregulation ofTFAMexpression byransfection with siRNA leads to
mtDNA depletion, mitochondrial respiratory dysfunction and impaired immune
responses in THP cells. In order to assess these mechanisms linking mtDNA depletion
to immune dysfunction, RNA sequencing (RB&f) was used toetermine the effects

of mtDNA depletion by transfection withFAMsiRNA on THP cell gene expression,

both at baseline and following exposure to an inflammatory stimulus in the form of
LPS. RN&eq uses higthroughput next generation sequencing in orderprovide an
assessment of the cellular transcriptome, the complete set of RNA transcribed from
functional genes during particular conditio(&anget al., 2009. During RNAeq RNA

is converted to a litary of cDNA fragments that is then sequenced to produce millions
of short read sequencd®Volf, 2013. These reads are then aligned to the appropriate
referene genome and analysed qualitatively, to identify and describe the properties
of the transcripts, and quantitatively, to assess differential gene expression between

conditions(Ozsolak and Milos, 20).1

8.1.1Hypothesis

Transfection withTFAMsIRNA will produce significant changes in -IHfll nuclear
gene expression and alter the transcriptomic response to treatment with LPS. In
particular, there will be negtive effects on the expression of genes involved in

inflammatory signalling pathways and effector immune responses.

8.1.2Aims and Objectives

1. To determine whether transfection witSilencer® Select Negative Control
siRNA number @ising Lipofectamine RNAIMAX results in any significant change
to the THPL cell transcriptome.

2. To measure the effects of mtDNA depletion following transfection WiAM

SiRNA on the expression of nuclear genes by-TEé#ls
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3. To identify any changes indftranscriptomic response to LPS in THeells

after transfection withTFAMsIRNA.
8.2 Results

8.2.1The process of siRNA transfection significantly alters thé ¢élRranscriptome

In Chapter 7t was found that transfection witlsilencer® Select Negative Control
siRNA number dlid not have any significant effect on THiRell viability, proliferation
and mitochondrial or immune functions. However, the transcriptomic gsialreveals
that transfection of THR cells with 30nM of this negative siRNA for 8 days does have
a widespread effect on their gene expression. A hierarchical clustering dendrogram
and PCA plot indicate that, while there is good agreement between theethiological
replicates for each condition, there are considerable differences in the transcriptome
of THP1 cells after transfection with the negative siRNA compared to those cultured in
growth medium Figure8.1). In total 1115 genes displayed significant differential
expression after transfection with the negative siRNA, 749 wereegplated and 366
down-regulated. These differentially expressed genes were predantly involved in
immune signalling pathways, with most of these pathways beinrgegplated in the

negative siRNA transfected celisdure 8.2).

Following these fidings in subsequent analyses the transcriptom@BAMsiRNA
treated THPL cells was directly compared to that of cells transfected with the negative

siRNA in order to correct for the effects of sSiRNA transfection.
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Figure8.1 The transcriptome of THR cells is altered by transfection with

negative sSiRNA aniFAMsIiRNA.For 8 days THP cells were incubated in

growth medium or transfected with 30nM of negative TFAMsIRNA. After a

final 4 hour incubation with or without 100ng/ml LPS gene expression was
assessed by RN2eq. (A) A hierarchical clustering dendrogram ifctvithe most
similar samples are sequentially paired with the height of the link indicating the
dissimilarity between the samples. (B) PCA plot in which the samples are plotted
against two composite principle components that describe their variation.
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Figure 8.2 Transfection with negative siRNA alters immune pathways in THP
cells. IPA® software was used to carry out a gene ontology analysis of the
canonical signalling pathways sijrantly affected by genes differentially
expressed in THP cells transfected with 30nM negative sSiRNA compared to
those incubated in medium for 8 days. (A) Bar chart of the number-of up
regulated (red) and downegulated (green) genes in the top ten cauical
signalling pathways most significantly altered by transfection with negative
siRNA. (B) Pie chart indicating the signalling pathway categories of the top ten
canonical pathways most significantly altered by transfection with negative
siRNA. (Abbreations: IRF interferon regulatory factors, PRRpattern
recognition receptor).
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8.2.2Transfection with TFAM siRNA produces significant changes to thec@HP

transcriptome

A comparison between the transcriptome of FHells transtcted withTFAMSIRNA
and those transfected with the negative siRNA revealed that 1166 genes were
significantly differentially expressed. Of these genes 499 had increased expression and
667 had decreased expressionliRAMsIRNA transfected cells. Furthemalysis
confirmed that the mtDNA depletion in THRcells transfected witf FAMsIRNA

caused a decrease in the expression of those genes encoded by nighNAe8.3).
Transfection witiTFAMsIRNA was also found to lead to a significant inhibition of a
number of canonical signalling pathways, particularly those involved in the immune
response and, to a lesser degree, apoptosigyre8.4). The particular down

regulation of signalling pathways involved in the recognition of pathogens and the
initiation of pro-inflammatory responses is consistent with the impaired immune
responsegenerated by THR cells following transfection witiFAMsIRNA that was
observed inrChapter 71Table8.1). Furthermore, an analysis of the likely effect of these
changes in gene expression on the ability of the cells to respond to upstream
regulators also strongly predicts that mtDNA depletiaredo treatment withTFAM
siRNA will result in a diminished ability of FHEells to react to LPS, pmaflammatory
cytokines and important transcriptional regulators of the inflammatory response
(Table8.2).
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Figure8.3 Heat map indicating decreased relative expression of mtDNA
encoded genes an@FAMin THRL cells transfected withTFAMsiRNARNA-Seq
was used to assess gene expression in-Tleélls following transfection with

30nM of TFAMor negative siRNA or incubation in growth medium for 8 days.
The heat map represents the normalised reads per kilobase per million mapped
reads (RPKM) for thexpression of each gene, with red indicating a higher read
count and green a lower read count.
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Figure8.4 Transfection withTFAMsIRNA alters immune pathways in THP
cells. IPA®oftware was used to carry out a gene ontology analysis of the
pathways significantly affected by genes differentially expressed irlTééHs
transfected withTFAMsiIRNA compared to those transfected with negative
siRNA. (A) Bar chart of significantlynegulated (red) and downegulated (blue)
canonical signalling pathways, filtered for adjustedgbue <0.05 and-gcore

>+2. (B) Pie chart indicating the signalling pathway categories of the significantly
altered canonical pathways after transfection WkEFAMsiRNA. (Abbreviations:
IL-6 ¢ interleukin-6; PPAR peroxisome proliferator activated receptors; PRR
pattern recognition receptor; TREMtriggering receptor expressed on myeloid
cellsl)
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Function z p-value Genes with altered expression
Score Proportion Up- Down-
of genes in| regulated regulated
pathway
Interferon signalling
Cellular immune response | -3.16 4.9x10° | 11/34 - IFI35, IFNB1, IFIT]
Cytokine signalling IFITM1IFITM2
IFITM3, IFIT3, IRF
OAS1STAT2,
STATL,
Triggering receptoexpressed on myeloid ceHl$ signalling
Cellular immune response | -3.50 7.9x10" | 16/75 MPO CCL3, CD83, CIIT/

Cytokine signalling

IL1B, ITGAX,
MY[88, NLRC4,
NLRP12, TLR1,
TLR3, TLR6, TLRY
TNF, TREM1,
TYROBP

Role of pattern recognition receptors irecognition of bacteria and viruses

Cellular immune response | -3.74 5.5x10° | 20/127 IL12A C3AR1, C5AR1,
Pathogeninfluenced DDX58, EIF2AK2,
IRF7, MYDS8S8,
NLRC4, OAS1],
OAS2, OAS3, PTX
TLR1, TLR3, TLR6
TLR7, TNF
Toll-like receptor signalling
Apoptosis -2.33 1.7x10° 14/74 IL12A, EIF2AK2, FOS, ILJ
Cellular immune response PPARA | ILIRN, MYD88,
Humoral immune response NFKBIA, TLR1,
i P TLR3, TLR6
Z’iatn;ﬁjsnm uenced TLR7, TNF,
ghatiing TNFAIP3
Acute phase response
Cytokinesignalling -2.67 5.2x16° | 17/169 FTL, A2M, AGT, CEBPE
HMOX1, FOS, IKBKE, IL1B,
ORML1, ILIRN, MYD8S8,
ORM2, NFKBIA, SERPINE
SOCS2 SOCS3, TNF

Table8.1 The five pathways most significantly affected by transfection with
TFAMSIRNAThe details of the top five canonical pathways identified by IPA® to
be most significantly downegulated in THR cells transfected witi FAMsiRNA
compared to those transfected with negative siRNA.
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Upstream Function Predicted | Activation | Overlap Relevant genes

regulator effect z-score | p-value Activated | Inhibited

Top 5 regulators

LPS Pathogen associated | Inhibited | -7.06 7.7x10°8 | 64 164
molecular pattern

IFN- Cytokine Inhibited | -7.83 3.4x10° | 12 41

TNF Cytokine Inhibited -6.53 4.9x10°? | 57 144

IFNA2 Cytokine Inhibited | -7.22 3.1x10°° | 5 65

IFNL1 Cytokine Inhibited -6.44 1.2x16*° | 0 42

Top 5 transcriptional regulators

STAT3 Response taytokines | Inhibited | -2.85 8.3x10%® | 19 38
and growth factors

STAT1 Response to Inhibited | -5.98 4.5x10* | 5 50
interferon

IRF7 Interferon-mediated | Inhibited | -6.67 1.5x10% | 1 49
immune response

TP53 Tumour suppressor | Inhibited | -2.30 4.2x10%* | 53 73
gene

IRF3 Interferon-mediated | Inhibited | -4.97 1.7x16% | 5 37
immune response

Table8.2 The predicted effect of transfection witif FAMsIRNA on the
response of THR cells to upstream regulatorsThe effects of the genes
differentially expressed between THRcells transfected witif FAMsiRNA and

negative siRNA on the predicted response to upstream regulators was assessed
using IPA®. (Abbreviations: IFNA#erferon-" HIAN - interferon- X

interferon-f MIRF3/7- interferon regulatory facto3/7, LPS lipopolysaccharide,
STAT1/3 signal transducer and activation of transcriptitf8, TNF tumour
necrosis factor, TP53umour protein p53)
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8.2.3Transfection with TAM siRNA significantly alters the transcriptomic response of
THP1 cells to LPS

Next, the effect of exposure to 100ng/ml LPS for 4 hours on theIlt#H

transcriptome was assessed. Firstly, a comparison of the genes that exhibited
differential expressiomfter LPS treatment in each condition was carried out. While, as
expected, LPS was found to produce profound effects on theIl¢#H transcriptome,
there were considerably fewer genes with altered expression in the cells transfected
with TFAMsiRNA comared to those incubated in growth medium or transfected with
the negative siRNA for the previous 8 dafyig(re8.5 A). Despite clear differences in

the particular genes that were differentially expressed, similar canonical signalling
pathways were activated by LPS treatment in all conditions, with the variation mainly

apparent in the degree to which specific pathwayere activated Figure8.5 B and C).

Subsequently, a direct comparison between the transcriptome ofttdafd THPL

cells that were transfded with eitherTFAMsIRNA or the negative siRNA for the

previous 8 days revealed that 1528 genes were significantly differentially expressed. Of
these genes 692 had increased expression and a further 836 genes were down
regulated INTFAMsIRNA treated cid. In a similar manner to the changes seen before
LPS treatment, these alterations in gene expressiorHAMsIRNA transfected THP

cells resulted in a significant inhibition of a number of canonical signalling pathways,
especially those involved in gaigen recognition and the generation of innate

immune and inflammatory responsesSigure8.6 and Table8.3).
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Figure8.5 The transcriptomic response of THPcells to LPShe effect of
treatment with 100ng/ml LPS for 4 hours was assessed inlT¢¢Hs incubated

in medium or transfected with 30nM negative or TFAM siRNA for the previous 8
days. (A) Bar chart of the number of genes eitherarpdown-regulated

following treament with LPS. (B) Venn diagram of the overlap of differentially
expressed genes after LPS treatment in each of the three conditions. (C) Heat
map of the effect of the differentially expressed genes on the ten most altered
canonical pathways on a scale evk red squares indicate the most activated
pathways, yellow squares indicate unaffected pathways and green squares
indicate the most inhibited pathways (Abbreviations: HM@Bigh mobility

group box1, 1-6/8 ¢ interleukin-6/8; PI3K; phosphoinositide31 A YV I & St Y/ ¢
protein kinase @ > t ctpeéroxisome proliferator activated receptors; TRE§1
triggering receptor expressed on myeloid cdl)s
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Figure8.6 Downregulation of LPS$nduced immune signalling pathways in THP
1 cells after transfection withTFAMSIRNA. IPA® software was used to carry out
a gene ontology analysis of the canonical signalling pathways significantly
affectedby the differential expression of genes in THEells transfected with
TFAMsIRNA compared to those transfected with negative siRNA after treatment
with 100ng/ml LPS for 4 hours. (A) Bar chart of significantisegplated (red)

and downregulated (bluexanonical signalling pathways, filtered for adjusted p
value <0.05 and-gcore >£2. (B) Pie chart indicating the signalling pathway
categories of the significantly altered LiR8uced canonical pathways after
transfection withTFAMSIRNA. (Abbreviationd:6 ¢ interleukin-6; INOS;

inducible nitric oxide synthase, IRlnterferon regulatory factor, PI3&K
phoshoinositide3-kinase, PPARperoxisome proliferator activated receptors;
PRR; pattern recognition receptor; RIGdretinoic acidinducible genel, TREM1

¢ triggering receptor expressed on myeloid cdl|sSTSPL ¢ thrombospondinl).
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Function z p-value Genes with altered expression
Score Proportion Up- Down-
regulated regulated
Triggering receptor expressed on myeloid cell§TREM13ignalling
Cellular immune response | -4.15 6.3x10° | 21/75 MPO CCL2CCL3CD40
Cytokine signalling CD83, CIITA,
ICAM1]L1B,
ITGAX, MYER
NLRC4, NLRP12,
NOD2TLR1, TLR3
TLR4TLRG6, TLR7,
TNF, TREM1,
TYROBP
Toll-like receptor signalling
Apoptosis -2.13 2.8x10° | 20/74 ELK1 EIF2AK2, FOS, IL1]
Cellular immune response IL12A ILIRNJRAK2JUN
Humoral immune response MAP3K14 | MYD88, NFKBIA,
) P PPARA TLR1, TLR3LR4
Pathogeninfluenced TRAE4 TLR6TLR7, TNF,
signalling TNFAIP3
Interferon signalling
Cellular immune response | -3.32 7.2x10° | 12/34 - IFI35|FITL, IFIT3

Cytokine signalling

IFITM1IFITM3,
IFNB1IRFOMX1,
OAS]STAT2,
STATITAP1

Activation of interferon regulatory factors by

cytosolic pattern recognition receptors

Cellular immuneesponse

-2.00

2.1x10°

12/34

ADARCD40
DDX58DHX58
IFIH1IFIT2IFNB1
IKBKERF7IRF9
ISG15JUN
NFKBIASTAT]1
STATZTNF

Role of pattern recognition receptors in reco

gnition of ba

cteria and viruses

Cellular immune response

Pathogeninfluenced
signalling

3.74

5.5x10°

20/127

IL12A

C3,C3AR1, C5AR]
DDX58, EIF2AK2,
IFIH1, IFNB1, IL1B
IRF7, MYD88,
NLRCANOD?2,
OAS1, OAS2, OAS
PTX3, TLR1, TLR3
TLR4TLR6, TLRY,
TNF

Table8.3 The five pathways most significantly affected by the altered
transcriptomic response to LPS following transfection witirAMsiRNAThe
details of the top five canonical pathways identified by IPA® to be most
significantly dowrregulated as a result of the altered transcriptomic response to
a LPS of THPcells transfected witif FAMsiRNA compared to those transfected

with negative siRNA.
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8.2.4Confirmation of the dowregulation of gene expression in TFAM siRNA transfected
THP1 cells

Following the analysis of the RMN&(Q data the levels of mMRNA transcription of specific
genes identified to be significantly differentially expressed between the different
conditions was confirmed using RTgPCR. The expression of these genes was compared
between THPL cells transfected with the negative siRNA aiAMsiRNA both before

and after exposure to 100ng/ml LPS for 4 hours. The mRNA levels were normalised to
those of the housekeeping ge®eCTBas this was found to be stably expressed

between conditons in the RN&Aeq dataKigure8.7). For immunologically relevant

genes encoding cell membrane receptof& R4TREMY), pro-inflammatory cytokines

(IL1B TNBH, inflammatory signalling moleculeMyD88 STATLand interferon

signalling moleculesRIT1IFITM) the RTqQPCR data followed the trends seen in the
RNASeq analysis. In general Fieells with mtDNA depletion due to transfection

with TFAMsiRNA had redeal expression of these genes and an impaired ability to up

regulate this gene expression in response to treatment with ERfBIre8.8).
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Figure8.7 Stable expression cACTHietween conditions in RNAeq data.

THR1 cells were transfected with 30nM negative TWFAMsIRNA for 8 days and
the gene expression assessed by FB¢4 following a final Aour treatment with
100ng/ml LPS or medium. The mean normalised read count for the number of
transcripts from theACTBiousekeepingyene is displayed. The significance of
the differences between conditions was assessed bywag ANOVA (p=0.924).
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Figure8.8 The effect of transfection with TFAM siRNA on inflammatory gene
transcription. THR1 cells were transfected with 30nM of negative SiRNA or
TFAMsIRNA for 8 days and then treatedth 100ng/ml LPS or medium for a
further 4 hours. The level of inflammatory gene mRNA transcription relative to
the housekeeping gen&CTBvas determined by RTgPCR (n=3). The data is
displayed as mean gene expression normalised to the mean in the medium
treated negative siRNA condition’(lhars). The statistical significance of the
differences in gene expression between THeells transfeted with negative
siRNA and those transfected willFAMsiRNA was determined separately for
medium and LR8eated cells by an independentést for normal data and a
Mann Whitney U test for nomormal data. (A) Cell membrane receptor genes:
TLR4 pre-LFS p=0.002, podtPS p=0.100;REMX pre-LPS p=0.007, potPS
p=0.100. (B) Cytokine gendk1B- pre-LPS p=0.055, pekPS p=0.01TNF¢
pre-LPS p=0.038, petPS p=0.018. (C) Inflammatory signalling gevi&§$88¢
pre-LPS p=0.100, pe&PS p=0.00FTA 1 pre-LPS p=0.026, pesPS p=0.133.
(D) Interferon signalling gene&IT1 pre-LPS p=0.006, petPS p=0.01TFITM1
¢ pre-LPS p=0.043, pekPS p=0.03%All differences are nosignificant except;
*p<0.05, **p<0.01.
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8.3 Discussion

8.3.1Transfection with siRNaiters the THR cell transcriptome

Despite the lack of effect on the mitochondrial and immune function assaybapter

7, transfection with 30nMBilencer® Seleblegative Control sSiRNA numberesulted

in significant alterations to the THPcell transcriptome. In particular the process of
transfection appeared to activate canonical signalling pathways involved in pathogen
recognition and cellular immunity. Tle®mmercial negative control siRNA used in

these experiments has been designed to minimise any interaction with the nucleotide
sequences on mRNA transcribed from the human genome. Nonetheless, studies have
AYRAOFGSR GKI G &AwHhill NEibyis Ok be@eSexpyesziorbad Bedlza W
as potentially acting as a stimulus for antiviral immune respofidasksoret al., 2003
Jacobseret al., 2009. Furthermore, a delivery system is required to facilitate the

uptake of SRNA into cells and studies have also suggested that these systems can have
cytotoxic effectgGilmoreet al, 2006 Akhtar and Benter, 20Q7In particular cationic

lipid delivery methods, including the Lipofectamine® system used in these

experiments, hge been found to produce significant effects on the transcriptome,
including alterations in signalling pathways involved in the cellular stress response,
immunity, inflammation and autophagyacobseret al., 2009 FiszetKierzkowskat

al.,, 2011 Mo et al,, 2012. These findings highlight the limitations of using sSiRNA
transfection techniques, particularly when assessing cellular immune functions, and

the vital importance of controlling for the effects of SIRNA transfection during the

experimental design.

8.3.2Downregulation of inflammatory signalling pathways in TFAM siRNA transfected
THP1 cells

Elsewhere in this thesis, the depletion of mtDNA, throughtirent with ethidium
bromide or transfection with siRNA targeted agaifBtAM has been found to reduce
the ability of THRL cells to generate an immune response to an inflammatory
stimulus. In agreement with these findings in this chapter it is shown thaarallel
with the depletion of mtDNA, transfection withFAMsIRNA produces striking effects
on the THFL cell transcriptome. In particular, there is a significant deegulation of

key immune signalling pathways which summatively predict the redveggbnse to
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LPS that is seen in the cytokine release experimer@hapter 7 Furthermore, there

are significant quantitative, but not qualitative, differenceghie transcriptomic

response off FAMsiRNAtransfected THR cells to treatment with LPS. In these cells
considerably fewer genes display altered expression after exposure to LPS and similar
canonical signalling pathways are activated but to a lesser degen is seen in the

control conditions.

8.3.3Linking mtDNA depletion with dowegulation of immune signalling pathways

The profound changes in the THRell nuclear transcriptome that are seen following
mtDNA depletion suggest that the disruption of commnuation between the
mitochondrial and nuclear genomes may be lead to significant effects on nuclear gene
expression. Crogslk between the genomes is already known to be agguisite for
effective mitochondrial biogenesis and respiration, as this preessures that the
expression of mitochondrial genes on nuclear DNA and mtDNA is closely coordinated
(Lee and Wei, 20Q5Nuclear genes encode vital proteins that govern many
mitochondrial functions, for example the antioxidants that control mitochondrial ROS
levels and the transcription factors that regulate the replication and transcription of
mtDNA(Kotiadiset al., 2014. Conversely, signals generated by mitochondria can also
alter nuclear gene expressidghiu and Butow, 2006 This process is termed retrograde
signalling and is particularly important for the generation of homeostatic responses
during conditions causing mitochondrial stress and dysfundtiamwinski, 2013

While the precise pathways involved in this mitochonddenucleus communication

are not established, the changes in the nuclear transcriptome that oncLFAM

siRNA transfected THPcells suggest that retrograde signalling may influence cellular
processes that are not directly involved in mitochondrial homeos{&sadiset al.,

2014). In particular the mtDNA depletiemediated alterations in retrograde signals
appear to lead to a striking dowregulation in the expression of genes involved in

canonical pathwag that are involved in immune and inflammatory responses.

This inhibition of immune signalling pathways in THEells following mtDNA

depletion is consistent with the emerging understanding that mitochondria are able to
exert important influences on theanate immune response in a number of different
ways(Weinberget al., 2015. The outer mitochondrial membrane provides a vital

platform for infammatory signalling interactions, including the transduction of
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antiviral responses via the mitochondrial antiviral signalling (MAVS) pr(3eimet al.,
2006 Tait and Green, 20)2The release of cytokines is modified by alterations in the
levels of respatory chain metabolites and ROS generated by mitochor(iViestet

al.,, 2011h Tannahillet al, 2013. Moreover, during conditions of cellular stress the
release of mitochondrial contents, including mtDNA, into the cytosol acts as a potent
stimulus for both praenflammatory cytokine production, through NLRP3
inflammasome formatio, and the induction of antiviral respons@houet al., 2011
Westet al., 2015. In addition to altered retrograde signalling, it is possible that the
loss or disruption of these mitochondriallliyiven processes may contribute to the
impaired immune signalling that is found in FiHEells depleted of mtDNA following

transfection withTFAMSsIRNA.

In the following sections the specific immune pathways that are particularly affected

by mtDNA depletion are analysed.

8.3.4Pattern recognition receptor (PRR) signalling

During an infection the recognition of the presence of an invading pathogen is
fundamental to the induction of an immune response. In monocytes pathogen
recognition occurs due to the binding of PAMPs or DAMPs to cell surface or cytosolic
PRR¢Czerkies and Kwiatkowska, 2Q01%herefore, the reduced expression of genes
encoding PRRs and their associated signalling pathwaysAMsiRNA transfected

cells has the potential to profoundly inhibit the THRellimmune response.

In particular, the inhibition of signalling via F4Rhe PRR for LPS, could explain the
blunted response to treatment with LPS that is seen in these cells. During the induction
of endotoxin tolerance a transient fall in the cell surfacg@ression of TL-R by

monocytes has been reportgilorenoet al., 2004 Sunet al., 2014. However, this

finding is inconsistent andhere are a number of studies which indicate that monocyte
TLR4 expression is actually tpgulated during sepsis, an observation that does not
appear to vary with either the duration or severity of the sepsis in{Brandlet al.,

2005; Brunialtiet al,, 2006 Schaatkt al,, 2009. This suggests that the functional
significance of the potential dowregulation of TLH signalling imf FAMsIiRNA

transfected THR cells is uncertain and requsdurther investigation.
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In addition to the changes ifLR4 expressionTFAMsIRNA transfected THPcells

also had a downegulation of intracellular PRR signalling pathways. There has been
considerable interest in the ability of mitochondrial proteins and mtDNA released from
damaged mitochondria to act as DAMPs and induce inflation through binding to
intracellular PRR&alluzzet al,, 2012. In particular, mtDNA has been found to trigger
TLRO signalling pathways during the initiation of NLRP3 inflammasome formation
(Zhanget al,, 2010. While altered TLR signalling in mtDNA depleted THRells

would, therefore, be of potential relevance to the mechanism underlying the impaired
immune responses of these cells, theR9 gene is known to be exprestat a low

level in monocytes and the transcription of mMRNA from this gene was not significantly
altered by transfection witifFAMsiRNAHornunget al.,, 2002. In addition, when
assessing the significance of the changes in signalling via other cytosolic PRRs there is a
concern that the introduction of foreign RNA into the cell during siRNA transfection
may be an important cdiounding factor, particularly when assessing PRRs that detect
cytosolic RNA such as TBRnd TLH (Jacolsenet al., 2009.

8.3.5Interferon signalling and monocyte immunity

Two major interferon signalling pathways are significantly doegulated in THR

cells transfected witiT FAMsIRNA. Interferons are important cytokines that modulate

the immune response ding an infectionSchroderet al., 2004. The production of

type | interferons by infected celigimulates key antiviral defences in surrounding

cells and activates the adaptive immune syst@mashkiv and Donlin, 201.40n the

other hand, interfferosr’ 6 LCb+ 00X GUKS 2yfeé& (&LJS LL AYydSNFSNE

cells and flymphocytes and has a crucial role in the activation of monocytes and

macrophagegSchroderet al., 2004. The priming of human monocytes and FTHEeells

byin vitrotreatment with IFN0 ~ K & 06 SSy ®prdigfl@nmatdry Sy Kl y O

responses, including LARSY RdzOSR ¢ b Ch NBfSIF A4Sz FyR LINB@GSyd i

endotoxin tolerancgAdib-Conquy and Cavaillon, 20QRurihara and Furue, 2013n

ex vivostudies treatmentwith IFN K| & Ff 42 0SSy akKz2gy (2 NBadz2N

t.ald FYyR Y2y20eidSa Aaz2fl SR FNRY LI GASyGa oA

response to LPSurretDavinet al, 2011 AllantazFrageret al., 2013. Furthermore,

two small clinical trialbave suggested that IFN G NBF G YSYy i YI & 0620GK NBadlz

monocyte immune functions, including kRS RdzOSR ¢b Ch NBt SIasSz FyR LJ
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to improved clinical outcomes in septic patients with evidence of monocyte
deactivation(Dockeet al., 1997 Nakoset al, 2002. These findings suggest that the
specific dowAregulation ofinterferon signalling pathways seen in FiHEells with
MtDNA depletion may contribute to their impaired ability to respond to inflammatory
stimuli. Consequently, the stimulation of these interferon signalling pathways by
GNBFGYSyYyd ¢AllK talt€improveiheability &f SntDNEeflded cells

to generate an adequate immune response.

8.3.6Triggering receptor expressed on myeloid-tel[FREM1) signalling and monocyte

deactivation

TREML1 is an activating receptor that is found on the cell surface of monocytes and
neutrophils(Artset al., 2013. During an infection the stimulation of TREM1 on
monocytes activates signalling pathways that result in the induction of phagocytosis
and the release of pranflammatory cytokines and chemokin€gessarz and

Cerwenka, 2008 TREM1 activity is dowregulated by matrix metalloproteases which
cleave it from the cell membrane to produce soluble TREM1, a molecule with anti

inflammatory effectyGomezPinaet al., 2012.

The importance of TREML1 in the immune response has been highlighted by a murine
pneumonia sepsis model inhich the activation of TREM1 was associated with an
enhanced inflammatory response, earlier bacterial clearance and improved survival
(Lagleret al, 2009. On the other hand, the dowregulation of TREM1 expression on
the surface of moacytes has been implicated in the induction of endotoxin tolerance
both inin vitro studies and in patients with cystic fibrogtkel Fresncet al., 2008
GomezPinaet al., 2012. This is consistent with findings from studies on patients with
sepsis which indicate that an early decrease in TREM1 expression on the surface of
monocytes and neutrophilis associated with adverse outcomes, including increased
mortality (Okuet al, 2013 Marioli et al,, 2014. Thus, the dowsregulation of TREM1
signalling pathways could contribute to the impairment of THeell immune

responses that occurs in parallel with mtDNA depletion after transfection WAM

SIRNA.
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8.4 Conclusion

This analyis of the THR cell transcriptome provides novel and powerful insights into

the effects of sSiRNA transfection and mtDNA depletion on nuclear gene expression.

I FOSNI I f € 2 giAlyNEE SFRONJ SITKISS QURAF F2 F aAwb! GNI yafFsSoh
alterations in the transcriptome of THPcells withTFAMsiRNAInduced mtDNA

depletion. These changes lead to a marked deegulation of immune canonical

signalling pathways and a blunted activation of these pathways after treatment with

LPS, findings that are msistent with the impaired immune phenotype of these cells.

Further investigations are required to clarify the precise mechanisms by which mtDNA

depletion alters nuclear gene expression and determine the particular immune

pathways that are most importanhithe aetiology of immune deactivation in THP

cells with mtDNA depletion.
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Chapter Discussion

9.1 Overview

This chapter begins with a review of the context and implications of the principal
findings presented in this thesis, which complements the detailed discussions that
have been included in each of the results chapters. The steenmgths and limitations

of the research are then detailed before considering the most relevant further
investigations that will be required to confirm and explore the novel findings that have

been discussed.
9.2 The relationship between mitochondria and imityin human monocytic cells

Many of the adverse clinical outcomes in sepsis appear to occur as a consequence of
an aberrant host immune response rather the than direct effects of the invading
pathogen(Koxet al., 2000. The present aucity of therapies that effectively modulate
this immune response reflects the incomplete understanding of the underlying
pathophysiology that is present when an infection causes s¢pagus, 2011 Many
patients with sepsis have evidence of immune suppression and it appears that
deactivation of blood monaodes is particularly important in this proce§chefoldet

al., 2008h Hotchkisset al,, 20133. While septic patients with monocyte deactivation

are more likely to suffer nosocomial infections and die, the mechanisms by which
monocyte immunity is impaired are currently poorly understgbnneretet al.,

2006 Hallet al., 201). Small observational studies hasteggested that septic

monocytes may have mtDNA depletion and impaired mitochondrial respiration but the
association between these findings and immune deactivation has been uiieldaet

al., 201Q Japiasst al.,, 2011).

In this thesis the hypothesis that monocyte deactivation may be caused by
mitochondrial dysfunction and mtDNA depletion has been examined. Two separate
approaches, predominantly usimg vitromodels in THR cells, were used to test this
hypothess. InChapter 4and Chapter he effect of inducing immune deactivatiomn
mitochondrial functions was explored, before carrying out an assessment of the

consequences of mtDNA depletion for immunitydhapter 6 Chapter 7and Chapter
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8. The two approaches produced contrasting results that highlighttmeplexities of

the relationships between mitochondria and innate immunity during sepsis.

In Chapter 4he endotoxin tolerance model was successfully used tocedu
temporary state of immune deactivation in THRells resembling that seen in septic
monocytes. However, there was no evidence of mtDNA depletion in the endotoxin
tolerant THPL cells. Instead, a sustained induction of mitochondrial biogenesis was
observed after treatment with LPS, which occurred in parallel with an activation of
mitophagy and a shift to an aAmflammatory immune phenotype. The resultant
selective replacement of dysfunctional mitochondria may have contributed to the
resolution of LP#duced oxidative stress and the apparent improvement in
mitochondrial efficiency, as evidenced by an increase in mitochondrial oxygen
consumption despite an unchanged mitochondrial mass, which occurred during the
time course experiment. These results whnot be confirmed in human monocytes
from healthy volunteers during the LPS inhalation study detailéchiapter 5 as this
technique failed to produce any sigieéint change in the phenotype of blood

monocytes.

Thus, exposure of THPcells to an inflammatory stimulus was found to trigger the
simultaneous induction of a number of compensatory-gtovival responses, including
those aimed at limiting inflammationnal those involved in maintaining mitochondrial
homeostasis. These results support the observation that survivors from sepsis have
evidence of an early induction of mitochondrial biogenesis in muscle biopsy samples
(Carréet al,, 2010. Moreover, they suggest that the findings from animal models,
which indicate that the induction of mitochonidit biogenesis and mitophagy is an
essential component of the recovery from an inflammatory insult that is linked with
the activation of antinflammatory gene transcription, are relevant for human immune

cells(Piantadoskt al., 2011 MacGarveyet al,, 2012 Carchmaret al., 2013.

While mitochondrial biogenesis was activated during endotoxin toleranceéhapter 6
andChapter 7THR1 cells with mtDNA depletion and impaired OXPHOS activity,
induced by both treatment with ethidium bromide and transfection WitRAMsIRNA,
were found to have impaired immune responses. In particular, mtDNA depletion was

associated with a reduction in the LiP8uced release of the prmflammatory

Oeli21AYyS ¢bcChx GKS 1Se& LIKSy2G8LIAO 0A2YIl NJ SNJ 2
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associated with advee outcomes in sepsis. Furthermore, the restoration of mtDNA

copy number following removal GiFAMsIRNA occurred in parallel with the recovery

of the ability ofthe THR1 OSf f & (2 NBfSIFaS ¢bChad ¢KAAZ

and impaired immunity wasupported by the analysis of gene expression data in
Chapter 8 which indicated that transfection withFAMsiRNA had a significant
inhibitory effect on key innaténmune signalling pathways and lead to an attenuated

transcriptomic response to LPS.

These investigations show for the first time that mtDNA depletion can directly impair
the ability of human monocytic cells to produce an immune response and specifically
inhibit the transcription of nuclear genes involved in innate immune signalling. This
immune deactivation in mtDNA depleted THiRells is consistent with the evidence
that mitochondria have an important role in the propagation of inflammatory signals,
the induction of antiviral responses and the generation of effector innate immune
responsegSunet al, 2008 Westet al,, 2011h Tait and Green, 2012Vestet al,

2015. The profound effect of mtDNA depletion on nuclear gene transcription also
highlights the importance of crogalk between the nuclear and mitochondrial
genomes in the integration of metabolism with cellulaopgesses, including

inflammation and immunityKotiadiset al., 2014.

In overall terms, the results presented in this thesis indicate that there are likely to be
complex and variable interactions between mitochondria and the innate immune
response during sepsis. Alterations in mitochondrial homeostasis have been found to
produce significant effects on the immune functions of THgells. Both the activation

of mitochondrial biogenesis, with a resultant increase in mtDNA copy number and
mitochondrial respiration, and depletion of mtDNA, leading to impaired OXPHOS
activity, have been found to be associated with evidence of immune deactivation. It
may be the case that both of these processes are relevant in the mechanisms

underlying sepstnduced monocyte deactivation, with the exact contribution of each

depending a number of factors, including the severity and duration of the sepsis illness

(Figure9.1). Rurther investigations that build on the key findings in this thesis have the
potential to advance the understanding of the pathophysiology of sepdisced

monocyte deactivation and the precise roles that mitochondria play in this process.
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-Pro-inflammatory responses -Anti-inflammatory responses

-Oxidative stress -Anti-oxidant defences

-Mitochondrial dysfunction -Mitochondrial biogenesis
-Mitophagy

-Severity of infection : I |
-Effectiveness of

compensatory responses

-Persistence of dysfunctional -Removal of dysfunctional

mitochondria mitochondria

-Exacerbation of oxidative stress -Resolution of oxidative stress

-J. OXPHOS activity -1 /€> OXPHOS activity

-mtDNA damage and depletion -Maintained mtDNA integrity

-Cellular dysfunction -Maintenance of cellular

-Cell death functions and viability

-Persistent inflammation -Resolution of inflammation

-Failure to clear infection -Clearance of infection
ADVERSE OUTCOMES RECOVERY

Figure9.1 Summary of the proposed consequences of the compensatory
responses to an infection in monocyteBuring an infection the binding of

PAMPs to PRRs leads to the recognition of the presence of an invading pathogen.
Within monocytes this produces a simultaneous activation of both pro
inflammatory responses, which are aimed at eliminating the pathogeralsat
cause mitochondrial dysfunction and oxidative stress, and compensatory
responses, which are aimed at maintaining homeostasis and include anti
inflammatory responses, antioxidant defences, mitochondrial biogenesis and
mitophagy. The outcome depends tre severity of the infection and the
effectiveness of these compensatory responses. In a milder infection with
adequate compensation dysfunctional mitochondria are degraded and replaced,
mitochondrial respiration and mtDNA integrity are maintained anel thonocyte
remains functional. However, in a severe infection the compensatory responses
may be excessive, leading to a shift to an-amtammatory phenotype, or
inadequate. With inadequate compensation dysfunctional mitochondria are not
replaced, mitocbndrial respiration is impaired, mtDNA becomes depleted and
oxidative stress persists. In this situation, mtDNA depletion results in the
inhibition of innate immune signalling which exacerbates thegxisting down
regulation of preinflammatory responsedeading to monocyte deactivation and
adverse clinical outcomes.
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9.3 Strengths of research

The investigations described in this thesis provide important and novel insights into
the potential interactions between monocyte immunity and mitochondria during
inflammation and sepsis. Sepsis is an important clinical problem with persistently poor
outcomes and a lack of effective treatments and these investigations have the
potential to improve the understanding of the causes and consequences of sepsis
induced monocy deactivation and mitochondrial dysfunction. A thorough

assessment of THPcell immune and mitochondrial functions has been carried out
using a range of wellalidated techniques and a variety of experimental models.
Investigating these processes in humezells also makes the findings potentially more
relevant for patients with sepsis than those from animal sepsis models, which have

been found to translate poorly to human disegSzoket al., 2013.

The endotoxin tolerance model effeetily produced a transient state of immune
deactivation in THR cells that closely resembles the phenotype of septic monocytes
and consequently was able to provide insights into the role of mitochondria in this
procesqCavaillon and Adi€onquy, 200gHallet al., 2013. The time course design of
this experiment facilitated a detailed observation of the evolution of, and interactions
between, various cellular reactions to an inflammatory stimulus, wiplaricular focus
on a broad range of mitochondrial responses. Many of the effects of LPS on
mitochondria that were measured support the observations from animal sepsis

models, but critically do this in immunologicatglevant human cells.

The investigatios into the effects of mtDNA depletion on THell immunity provide
original advances in the understanding of the associations between mitochondrial
homeostasis and the immune responseClinapter Gand Chapter 7mtDNA was
effectively depleted from THE cells using two very different techniques that
produced generally corstent results. In addition to confirming the effects of mtDNA
depletion on mitochondrial genetics and respiration, the immune function o-THP
cells was assessed on both a functional and transcriptomic level. The use-&eQNA
produced a holistic assesemt of the effects of mtDNA depletion on the entire FHP
cell transcriptome that avoided the bias of restricting the analysis tesptected

genes of interesfWanget al., 2009. The observations that mtDNA depletion can
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directly impair innate immunity and dowregulate immune signalling pathways offer
important new insighs into the consequences of sepgisluced mitochondrial

dysfunction for blood monocytes.
9.4 Limitations of research

THR1 cells provide a convenient, homogenonwitro monocyte model that shares
many phenotypic features with primary human monocytatieri and Edgington,

1988. However, there are significant limitations that weaken the application of
findings from THR cells to human disease. THRells are an immortalised human
pro-monocytic leukaemia cell line thatere first isolated from man over 30 years ago
(Tsuchiyaet al., 1980. In addition to the original oncogenic mutations the cells are
likely to have undergone a substantidlgnotypic and genetic drift as they have
adapted to growthn vitro (Burdallet al, 2003. As a result, there are potentially broad
differences between aell line, such as THPcells, and the equivalent primary cells.
For example, a study has shown that there were significant alterations in over half of
the proteome, including proteins involved in metabolism and mitochondrial function,
when mouse hepatodes were compared to a murine hepatoma cell l{Ranet al,

2009. More specifically for THP cells, important differences in their immunological
capabilities compared to primary monocytes have been described recently
(Schildbergeetal, 2013® Ly LJ NI A Odzf  NJ Ad KIF& 06SSy
response is relatively preserved, FH[ells produce significantly less8land no It6

or IL-10 in response to LPS, findings that are consistettt the cytokine release
experiments detailed in this thesis. It is clear, therefore, that all observations irfl THP
cells must be confirmed in primary human monocytes before any firm conclusions

regarding their relevance to human disease can be made.

In addition to using THR cells, the majority of the investigations in this thesis are also
limited by theirin vitrodesign. In general cell culture is carried out at low density using
enriched medium in order to facilitate rapid cell division, conditidret are not

usually presenin vivo(Geraghtyet al, 2014. Furthermore, the lack of both tissue
architecture and other cell types during each experiment mean that the conditions fail

to model those occurring in a complex, multicellular organ{gtartung and Daston,
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2009. These limitations can be addressed by translating the resultsifrositro

experiments intan vivomodels or clinicalamples from patients with sepsis.

There are also important problems with using the model of endotoxin tolerantITHP
cells to investigate the changes occurring during the deactivation of septic monocytes.
Although the immune phenotype of these cells dopprximate that of septic
monocytes, it is clear that this model does not adequately reflect the complex
processes occurring during human segk@pezCollazo and del Fresno, 2015
particular, a single treatment with a sterile stimulus in the form of LPS does not
resemble the sustained exposure to a myriad of potent inflammatory stithat

occurs during seps{&oxet al, 2000. Furthermore, the investigations into
mitochondrial functions and turnover that were carried out on endotoxin tolerant-THP
1 cells were mostly observational and did not assess the causatiorechanisms

behind the changes that were seen. Finally, an attempt was made to confirm the
results from the endotoxin tolerant THPcells using thé vivoLPS inhalation model

on healthy volunteers, but this proved to be unhelpful as it failed to poedany

significant effects on blood monocytes.

In patients with sepsis a depletion of monocyte mtDNA copy number to around 75% of
the level in healthy controls has been measu(Bgleet al,, 2010. However, the

MtDNA depletion experiments presented in this thesis produced a significantly greater
fall in THPL cell mtDNA copy number, with a complete loss of mtDNA aftetrireat

with ethidium bromide and a reduction to around 25% of control samples after
transfection withTFAMsIRNA. This may mean that the effects on mitochondrial and
immune functions seen in these cells is not reflective of those occurring in septic
monocyes. Moreover, while the RNB8eq data confirms that mtDNA depletion inhibits
immune signalling pathways and blunts the transcriptomic response to LPS, these
observations do not establish the precise mechanisms by which mtDNA depletion

effects nuclear genadnscription and THR cell immune responses.
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9.5 Future work

9.5.1The link between immunity, mitochondrial biogenesis and mitophagy-ih GeHi®

after LPS treatment

Further investigations are required in order to identify the key mechanisms behind the
activationof mitochondrial biogenesis and mitophagy, which occurred concurrently
with a shift towards an aninflammatory, endotoxin tolerant immune phenotype,
following exposure of THP cells to LPS @hapter 4 To this end, exploration of a
number of promising areas could improve the understanding of the fundamental
processes governing mitochondrial homeostasis and immunity during inflammation.

These areas include;

1. TLR4 signalling Animal sepsis models suggest that the induction of both
mitochondrial biogenesis and mitophagy is dependent on signalling via PRRs, which
also appears to simultaneously activate both inflammatory and compensatory
responsegSweeneet al., 201Q Bauerfeldet al., 2012. In order to confirm these
findings the effects of siRNiediated knocldown of TLR4 expression or chemical
inhibition of the intracellular domain of TtRon the response of THPcells to LPS
could be inestigated(Zhouet al,, 2012 Odaet al., 2014.

2. Redx-sensitive signallingThere is a body of evidence which suggests that the
induction of mitochondrial biogenesis and mitophagy in murine sepsis models is
linked to the upregulation of antinflammatory cytokines through the activation
of the redoxsensiive HO1/Nrf2 pathway(Piantadosket al., 2011 Changet al,,

2015. Ifit is confirmed that the HEL and Nrf2 proteins are upegulated in THR

cells after LPS exposure, chemical inhibitors, such as zinc protoporphyrin X for HO
1 and brusatol for Nrf2, or siRNA targeted againstiindOXland NFE2LZenes

could then be usetb determine the effects of inhibiting this pathway on the LPS
induced responses of THPcells(Rushworth and MacEwan, 20(enet al., 2017
Abdallaet al.,, 2015.

3. Sirtuins Nuclear SIRT1 and mitochondrial SIRT3 have been found to be sequentially
activated after exposure to LP8atling to the concomitant inhibition of
inflammatory signalling and activation of mitochondrial biogenésiset al.,

2015. Providing that SIRT1 and SIRT3agulation is confirmed, the poteral for
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these NAD4dependent deacetylases to link immunity and metabolism could be
assessed by observing the effects of the SIRT1 inhibitor EX527 on the responses of
LPSreated THPL cells(Vachharajanet al., 2014.

4. Mitophagy. The activation of mitophagy, leading to the removal of dysfunctional
mitochondria, has been found to be vital for both the recovery from thecasky
effects of inflammation and the induction of mitochondrial biogendkezet al.,
2012 Carchmaret al,, 2013. As an initial exploration of the importance of
mitophagy, THR. cells could be transfected with siRNA targeted against the key
autophagy regulator autophaglated protein7 (Atg7) before determining the
effects of transiently inhibiting autophagy on THiRell viability, immunity,
mitochondrial biogenesis and respiration after treatment with (P&tisonet al.,
2011).

9.5.2Translating the findings from endotoxin tolerant -THf@lls into human monocytes

It will be essential to confirm that the Lir®luced changes in immunity, mitochondrial
biogenesis ath mitophagy seen in THPcells are also found in human blood
monocytes. Firstlyin vitro experiments could be carried out to assess the effects of
LPS on immune and mitochondrial functions in primary blood monocytes isolated from
healthy volunteers. Howeer, as the duration of these experiments is likely to be
limited by the propensity for monocytes to differentiate into macrophages and
dendritic cells during cell culture, the isolation of blood monocytes durinig afvo
model of systemic inflammation ay provide a more useful assessmédénchez
Torreset al., 200%, Eliginiet al., 2013. InChapter 5t was shown that the inhalation of
60pg LPS inhalation did not produce any significant effects on blood monocytes. An
alternative strategy could involve the intravenous administration of LPS to healthy
volunteers, as this has been found to reliably produce a brisk systemic inflammatory
respon® along with significant effects on the phenotype of blood monocytes,
including the induction of endotoxin toleran¢ge Voset al,, 2009 Draismeet al.,

2009. An experimental study could be carried out in which healthy volunteers are
given intravenous LPS and immune functions, cellular respiration and mitochondrial
turnover are measured in blood monocytes isolated at serial time points-FA

could also be sed to investigate the mechanistic links between these processes by a

153



serial analysis of the transcriptomic changes occurring in monocytes following LPS

exposure(Wanget al., 2009 Fairfaxet al.,, 2014.

9.5.3Investigating impaired immune signalling in IHlls with mtDNA depletion

In order to establish the mechanisms by which mtDNA depletion causes immune
deacivation the significance of the dowregulation of key immune signalling

pathways in mtDNAlepleted THFL cells needs to be explored in more detail.
Investigating the effects of interventions to reverse these changes could also identify
treatments with thepotential to improve immune functions in patients with sepsis

induced monocyte deactivation and mtDNA depletion

The significant inhibition of the TREML1 signalling pathway that was s&dnAil

SiIRNA transfected THPcells should be firstly correlated WiTREM1 protein and cell
surface expression in these cells. TREML is a cell surface receptor that enhances TLR
mediated innate immune responses and decreased TREML1 levels have been detected
in endotoxin tolerant and septic monocytédel Fresncet al., 2008 Marioli et al.,

2014). Treatment with 1, 25 dihydroxyvitamin D3 or the mi&iprotease inhibitor

GM6001 has been shown to increase TREM1 mRNA and cell surface expression in
human monocytic cell§&GomezPinaet al., 2012 Leeet al., 2015. Therefore, if TREM1
down-regulation is confirmed, the effect of treatment with these compounds on-THP
cell immunity could then be examined in order to determine whether impairment

of TREM1 signalling is vital for mtDNA depletioediated immune dysfunction.

Two major interferon signalling pathways and signalling via PRRs, including TLRs, are

also among the principal canonical pathways that are doggulated in THR cells

with mtDNA depletion followind FAMsIRNA transfection. If these alterations are

confirmed at a protein level by Western blot, an investigation into the potential for

treatmentwith IFN' = | YIF 22NJ | OGA Q@I GAy3a Oed21AyS F2N Y2
reverse these effects would be valuali&chroderet al., 2004. Anin vitro exposure of

human momcytesto IFN Kl & 0SSy F2dzyR (G2 NBadzZ & Ay Ay ONX
expression of TI-R enhanced LRiBduced preinflammatory cytokine release and a

resistance to the induction of endotoxin toleran@&dib-Conquy and Cavaillon, 2002

Bosisicet al, 2002 Southworthet al, 2012. Furthermore, in septic patients with

monocyte deactivatiomx vivoandin vivotreatment with IFN+ Ol y NBa i 2NB [t {
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induced TNF NI {D8ckeat 81, 1997 Nakoset al, 2002 AllantazFrageret al.,
2013

9.5.4Assessig the effect of mtDNA depletion on immunity in human monocytes and in

vivo models

In addition to establishing the mechanisms linking mtDNA levels and immunity, the
negative effects of mtDNA depletion on THRell immunity need to be reproduced in
blood monocytes and confirmed viva The propensity of blood monocytes to rapidly
differentiate when culturedn vitrowould present considerable challenges for
experiments that attempt to replicate the techniques used to deplete mtDNA irITHP
cells in this thesis. In view of these difficulties, an assessment of immune functions in
blood morocytes isolated from patients known to have mtDNA depletion may be a
preferable approach to validating the findings from THeells. For example, the
immune functions of monocytes isolated from patients with diseases caused by

mutations, deletions or deption of MtDNA could be assessgéreaveset al, 2012.

Due to the relative rarity and variable, but often severe clinical phenotype of mtDNA
diseases in humans, it may be most appropriate to attemptdofirm the effects of
mMtDNA depletion on thén vivoimmune response using an animal sepsis model
(DiMauro and Schon, 2003Homozygoudfant- mice die during the embryonic stage,
while targetedTfamknockout leads to tissuspecific mtDNA depletion and severe
OXPHOS impairme(itarssoret al., 1998 Wanget al., 1999. On the other hand,

Tfam’- mice have aeduction in mtDNA copy number by -30% and more modest
mitochondrial respiratory dysfunctiofLarssoret al,, 1998. TheseTfan’- mice have
been used to demonstrate the importance of mtDNA stability for the antiviral innate
immune respons¢Westet al,, 2015. A murine model of sepsis, such as caecal ligation
and puncture, could be used to compare the responseEaiit’- mice to those of
wild-type mice, in order to establish whether mtDNA depletion du&famdeficiency
can cause impaired innate imme signalling and monocyte deactivationvivo

(Warren, 2009.

9.5.5Confirmation of findings in human sepsis

Ultimately, it will be vital to confirm the findings from cell culture and experimental

medicine models in human patients with sepsisdéite, most of the clinical literature
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describing the function and turnover of mitochondria in sepsis consists of observations
from small crossectional studies in which a restricted number of measurements are
assesse@legeret al,, 2013. There are also very limited clinical data available on the
concurrent assessment of mitochondria and inmity in blood monocytes during

human sepsigBelikovaet al, 2007). As a result, a wetlesignedongitudinal study in
which serial measurements of monocyte immune and mitochondrial parameters are
taken would be very valuable in understanding the dynamics and relationships of the
changes occurring during human sepsis. In such a study the findingsbeoul

compared between groups with different iliness severity and in survivors versus non
survivors, in order to identify those responses that are deficient or excessive in
patients with adverse outcomes. Moreover, the immune and transcriptomic responses
of monocytes from the subgroup of patients with sepisiduced mtDNA depletion

could be compared to those with maintained mtDNA copy number.
9.6 Concluding remarks

In this thesis an assessment of the role of mitochondrial dysfunctiomaBiNA

depletion in monocyte immune deactivation has been presented. Usingro models

in THPL cells it has been shown that there is a complicated relationship between
mitochondria and monocytic cell immunity. On the one hand, the novel discovery that
mtDNA depletion produces a profound inhibition of innate signalling pathways that
results in a blunted transcriptomic and functional immune response has been detailed.
However, it has also been shown that the devagulation of preinflammatory

immune respnses may be closely integrated with the activation of mitochondrial
biogenesis during the compensatory responses to an inflammatory insult. Future
research should focus on exploring the fundamental mechanisms by which
mitochondria influence the immune rpsnse and on confirming the findings from

THR1 cells in human monocytes and patients with sepsis. Ultimately, an improved
understanding of the interactions between mitochondria and immunity may suggest
novel therapies to improve the currently poor outcomef patients with sepsis

induced monocyte deactivation.
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Introduction

In sepsis monocyte imnme deactivation is associated with increased mortality and
susceptibility to secondary infections. There is increasing evidence of depletion of
mitochondrial DNA (mtDNA) and impaired mitochondrial respiration in monocytes
from septic patients. This studymed to assess the links between mtDNA depletion

and immunity in human monocytic THRcells.
Method

To selectively deplete their mtDNA THiRells were incubated with 50ng/ml ethidium
bromide (EtBr) for 8 weeks. After confirming the effects of EtBr daahondria,
immune responses were assessed by measuring lipopolysaccharidendurey

cytokine release and phagocytosis of fluorescent Staphylococcus aureus (SA).
Results

Incubation with EtBr successfully generated ®HP OSf £ & € O1 Ay 3 Yidi5b! 60GS

cells). There was a selective depletion of mtBwoded RNA transcription and
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activity in mitochondrial respiratory chain complex IV, which contains key nHDNA

encoded subuits. LPSnduced release of the prmmflammatory cytokine tumour
necrosisfactoh o0 ¢b Ch 0 gt a aAAIYAFAOIyGfeé NBRAzOSR
AYyONBlIFaSR Ay “n OSttao

Discussion

THRL1 cells depleted of mtDNA by treatment with EtBr produce significantty Tégh

in response to LPS, a typical feature of deactivated monocytes in sepsis. However,
mitochondrial depletion did not produce a global dowegulation of immune
NEalLlR2yasSa |yR LIKFI20&0G2aAAcebstFurtherOG dzl £ £ &
investigationinto the complex effects of mitochondrial depletion on immunity may

provide important insights into immune suppression in sepsis.
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Tite
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Mitochondrial Biogenesis in THFCells

Authors
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Background

In sepsis monodg immune deactivation is associated with increased mortality and
susceptibility to secondary infections. There is increasing evidence of mitochondrial
depletion and dysfunction, including impaired respiration and oxidative stress, in
monocytes in sepsisurvival and recovery of cellular function following sepsis has
been associated with the induction of mitochondrial biogenesis. Using endotoxin
tolerance (ET), whereby repeated exposure to lipopolysaccharide (LPS) produces
diminishing inflammatory responseas a model of monocyte deactivation we

investigated the link between immunity, respiration and mitochondrial biogenesis.
Methods

THR1 cells, a human monocytic cell line, werepreubated with 2100ng/ml LPS from
Escherichia coli 026:B6 for 0, 2, 6, 28,and 72 hours. The ability of THIRells to
respond to a second inflammatory stimulus was then assessed in addition to

measurements of oxygen consumption, oxidative stress and mitochondrial biogenesis.
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Results

Preincubation with LPS produced a change in-IHll immune phenotype

consistent with ET. In response to a second inflammatory stimulus there was reduced
release of pranflammatory cytokines but increased aimiflammatory cytokine

release and phagoagsis. LPS exposure also resulted in evidence of early oxidative
stress with recovery associated with the activation of antioxidant defences. Significant
increases in mitochondrial DNA copy number and expression of mitochondrial
transcription factor A follwing exposure to LPS suggest that mitochondrial biogenesis
is induced during ET. In addition, after LPS exposure there was an increaselicdiHP

oxygen consumption due to mitochondrial adenosine triphosphate generation.
Conclusions

In association with a shift towards an airiflammatory phenotype there is evidence
of the induction of mitochondrial biogenesis and aoxidant defences in ET THP
cells. Further investigation into the potential-cegulation of these preurvival
responses may provide important insights into the mechanisms of immune
deactivation and cellular recovery in human monocytic cells following inflammatory

insults in diverse conditions including sepsis.
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