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Summary

The human response to infection ranges from mild illness which is relatively well 

tolerated to a severe, potentially life-threatening syndrome termed severe sepsis. This 

thesis explored this response in patients hospitalised patients with mild or non-septic 

infection and severe sepsis.

Distinct patterns of particular cytokine mRNA levels were observed in circulating 

peripheral blood mononuclear cells from patients admitted to intensive care with severe 

sepsis compared to patients with non-septic infection not requiring intensive care. A 

means to quantify the degree of immune dysfunction through these assays is put 

forward. The basis of these changes in cytokine mRNA levels is investigated through ex 

vivo mechanistic studies. Genome wide transcriptional changes are evaluated in two 

populations of circulating mononuclear cells, namely the CD14* monocyte and the CD4^ 

lymphocyte.

Key features:

1. The experimental work pertains exclusively to sepsis in humans patients and 

experimental work is based solely on samples from clinical patients

2. The mRNA sequencing of specific circulating leukocyte populations in sepsis is 

novel

3. Recently described advanced bioinformatics techniques are employed in the 

analysis of the large amount of data produced from the RNA sequencing 

experiments

4. This sequencing experiment reveals widespread differences in gene expression 

in CD14* monocytes compared to healthy controls. Pathway and network 

analysis of these differentially expressed genes identified antigen presentation 

and key metabolic pathways, rather than mechanisms for pathogen detection, 

as the greatest defect in monocytes of patients with sepsis
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Abstract

The human response to bacterial infection can range from tolerance with relative 

impunity to severe septic infection resulting in severe critical illness and death. Severe 

sepsis is a lethal disease and accounts for up to a third of patients in the Intensive Care 

Unit. Despite much focus of the nature of the infecting organism, it is increasingly 

recognised that the host response may be of prime importance in determining how 

infection manifests and the resultant consequences for the patient. Patients with severe 

sepsis show signs of systemic inflammation resulting in often multiple organ dysfunction. 

It is now acknowledged however, that a state of relative immune suppression co-exists 

in sepsis patients. This decrement in immune function contributes both to failure in 

eradication of the primary pathogen and the development of new subsequent infections 

which may be fatal.

This thesis set out to validate findings of previous studies by the group of patterns 

of cytokine gene transcription in circulating immune cells in patients with severe septic 

infection compared to infection without sepsis and health. Using assays of cytokine 

mRNA levels, a strong association between mRNA levels and presence of severe sepsis 

in response to infection was demonstrated, which was distinct from that of non-septic 

infection and health.

A series of in vitro experiments involving culturing of peripheral blood mononuclear 

cells from patients with sepsis was then undertaken to attempt to characterise the 

mechanisms underlying the cytokine gene expression findings. These experiments 

illustrated that the decrement in immune function in sepsis is complex. They suggested 

that the abnormal immune response observed in patients with sepsis may be related to 

a defect in antigen presentation by cells of the innate immune system.

In the context of evidence of antigen presenting cell dysfunction, we proceeded to 

perform a transcriptome wide analysis of gene expression in the main blood antigen 

presenting cell, the CD14 monocyte, in patients with severe sepsis compared to healthy 

controls. This was performed, using RNA sequencing, a powerful technique capable of
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giving detailed information on gene transcription. Marked differential gene expression 

was observed in sepsis compared to controls, across a number of cellular functions. 

Pathway and network analysis of differentially expressed genes identified, showed 

antigen presentation mechanisms and other key metabolic pathways, rather than 

mechanisms for pathogen detection, as the greatest defect in monocytes of patients with 

sepsis. In contrast, RNA sequencing of CD4^ lymphocytes from a subset of the same 

patients and performed using the same analysis pipeline, did not detect differential gene 

expression.

This data presented in this thesis indicates that patient immune response plays an 

important role in the pathophysiology of sepsis, and outlines a practical method to 

evaluate immunity in septic patients. The abnormal immune response observed in 

patients with sepsis is primarily related to a defect in antigen presentation by cells of the 

innate immune system.
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Chapter 1 Introduction

1.1 Sepsis

Sepsis may be defined as a clinical syndrome resulting from the body’s response to 

infection. The syndrome is characterised in its severe form by infection associated with 

often widespread organ dysfunction. Sepsis is a common disease in western society. 

With an annual incidence of two to three per 1000 population, sepsis may account for 

as many deaths as acute myocardial infarction (Angus, 2001). Sepsis affects all age 

groups but is more prevalent with increasing age. As population demographics in 

western society change with an increasing proportion of older age groups, sepsis is 

becoming increasingly prevalent.

While the case fatality rate of sepsis in western society is decreasing, as the 

incidence of sepsis increases the overall mortality is increasing (Dombrovskiy, 2007). 

Reduction in case fatality is likely related to a number of factors. These include greater 

awareness of the importance of early recognition of the clinical presentation of sepsis, 

prompt institution of appropriate antibiotic therapy and progressive improvement in 

supportive care of patients who develop septic shock and multiple organ failure. 

However, despite these advances in care, even following aggressive resuscitation of 

shocked patients and administration of appropriate antimicrobial therapy, sepsis 

mortality rates remain disturbingly high at 30% (Rodriguez, 2009).

1.2 Sepsis pathophysiology

The pathophysiology of sepsis remains a conundrum. The dearth of knowledge 

underpinning the mechanisms of this complex disease has hampered the introduction 

of successful novel immune based sepsis therapies and has contributed to the current 

therapeutic impasse. Early sepsis research focussed heavily on the idea that septic 

shock and sepsis-related organ dysfunction were caused by an unchecked or over- 

exuberant pro-inflammatory response to systemic bacterial products such as the cell
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wall molecule lipopolysacharide (LPS). Through animal studies and studies of healthy 

volunteers immune mediators felt to be responsible for this cascade were identified as 

tumour necrosis factor alpha (TNFa) and interleukin 1(3 (IL1). Exogenous administration 

of these mediators was observed to recreate a syndrome resembling severe sepsis in 

humans. Further evidence supporting this idea accrued from experiments involving 

blockade of these mediators and subsequent improvement in outcome in experimental 

models of sepsis (Fischer, 1992, Windsor, 1994). The results of these experiments 

formed the rationale for human trials investigating cytokine antagonism in sepsis. 

Molecules targeted for antagonism have included TNFa, IL1, MIF and HMG-1. A number 

of large randomised controlled clinical trials however failed to show a consistent benefit 

from this approach with some even demonstrating a worse outcome in some populations 

(Abraham, 1999, Zanotti, 2002).

The increasingly complex interplay between circulating bacteria and the innate 

immune response was further elucidated in other experiments examining human 

cytokine responses following exposure to live bacteria. These studies demonstrated that 

not only could an anti-cytokine strategy be detrimental in this setting, but that the initial 

inflammatory response to pathogens was in fact critical in the priming of immune 

responses required to eventually clear the infection (Schultz, 2002).

1.3 New ideas

it is now appreciated that a systemic anti-inflammatory immunologic profile develops 

subsequently or in parallel to the initial pathogen induced inflammatory response in 

sepsis syndrome (Bone, 1996). Furthermore, compartmentalisation of these responses 

occurs such that a net pro-inflammatory shift may be observed in organs at the same 

time as a circulating systemic anti-inflammatory phenotype (Pugin, 1996, Lehmann, 

1995). These systemic pro and anti-inflammatory states involve both innate and 

adaptive arms of the immune system. Anti-inflammation based therapeutic approaches 

were unsuccessful as they failed to address this heterogeneous response and in
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particular the decrement in immune function. In the absence of an effective immune 

modulation therapy in sepsis, and with improved support of failing organ systems for 

patients with septic shock, patients with severe sepsis and septic shock endure a 

prolonged illness often characterised by recurring nosocomial infections (Vincent, 2006, 

Vincent, 2008). Thus while patients with septic shock commonly recover from the 

infection that precipitated their initial illness they frequently succumb to subsequent 

nosocomial infections.

The current emphasis on improving supportive care has failed to make a significant 

impact on sepsis outcomes. Similarly, in failing to consider the importance of the host 

immune response to infection, sustained focus on pathogen detection and 

characterisation has not improved outcome. Currently the prolonged illness endured by 

patients with sepsis accounts for a significant proportion of intensive care resources. 

Thus the direct costs of an episode of sepsis are in the order of €20,000 to €30,000, with 

indirect costs, for rehabilitation and disability, of a similar magnitude (Burchardi, 2004). 

Given that there are approximately 750,000 episodes of sepsis annually in the EU area, 

sepsis is a major economic burden for western society.

In order to make any meaningful progress in sepsis therapy, there is a clearly a 

need to examine therapies focused on modulating the immune response. There is a 

more proximate requirement to understand the molecular basis of the immune 

compromise of sepsis in order to target specific key regulatory gene networks for 

subsequent manipulation. The following review of molecular mechanisms of systemic 

inflammation and immune response in sepsis will focus principally on available data in 

humans, only citing animal data where there is a deficit in the human literature. This 

approach is adopted as there are increasing concerns regarding the broader 

applicability of various animal sepsis models to humans (Rittirsch, 2007, Raven, 2012).
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1.4 Systemic inflammation as a cause of organ dysfunction in 

sepsis

Systemic inflammation is a clinical state frequently characterised by the systemic 

inflammatory response syndrome (SIRS). This syndrome is the result of a stereotypical 

physiological response to a wide range of noxious stimuli. The consensus SIRS criteria 

are based on clinical evaluation of cardiovascular and respiratory systems in addition to 

bedside parameters (e.g. temperature) and laboratory determined leukocyte count 

(Levy, 2003). SIRS can develop in response to stimuli of varying severity, ranging from 

the most trivial respiratory infection to septic shock. This spectrum of inciting illnesses, 

coupled with other often non-pathological triggers (such as cardiopulmonary bypass), is 

so broad as to render the SIRS criteria of little value as a tool to influence clinical 

decisions. However the SIRS concept established systemic inflammation as a clinical 

entity which were used to guide subsequent efforts to define its underlying 

pathophysiology.

1.4.1 Complement

Components of the innate immune system have been identified as playing important 

roles as mediators of systemic inflammation. Although the complement system is an 

integral part of the response to infection, molecules such as the anaphylatoxins C5a and 

C3a have been shown to be present at higher levels in patients with septic shock 

compared to non-shocked patients, implying hyperactivation of the cascade (Stove, 

1996). Furthermore, although levels of C3a and C5a and the lytic complex sC5b-C9 are 

increased, serum complement lytic activity is reduced (Brandtzaeg, 1989, Gerard, 

2003).

Previous data from this research group and others have shown that serum IL6 

correlates with disease severity in patients with sepsis and that IL6 may emanate from 

cells other than circulating peripheral blood mononuclear cells (PBMCs) (White, 2010). 

Animal models exploring the role of complement components in sepsis indicate that C3a
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and C5a do contribute to disease severity and suggest the link between IL6 and disease 

severity may be mediated via proteins of the complement cascade (Rittirsch, 2008).

1.4.2 Other molecular mediators

Nitric oxide synthase (NOS) dysregulation is of central importance in the 

pathophysiology of systemic inflammation in humans. Nitric oxide appears to inhibit 

mitochondrial oxygen metabolism, and the degree of this inhibition correlates to the 

severity of shock (Brealey, 2002). NOS may be responsible for the occurrence of dilated 

cardiomyopathy that is reported in severe forms of septic shock. This likely relates to its 

role as a signalling molecule causing switching of cardiac myosin gene expression from 

adult to neonatal isotypes in animal models of systemic inflammation (Schmitz). 

Hypotension, which occurs as a manifestation of systemic inflammation following 

cardiac surgery, may be also related to dysregulation of inhibitors of nitric oxide synthase 

(Ryan, 2006). However, in patients with septic shock, although antagonism of nitric oxide 

synthase may ameliorate hypotension, it has not been shown to improve overall 

outcome (Lopez, 2004, Bakker, 2004).

Difficulty in maintaining adequate circulating blood volume is a hallmark of severe 

sepsis. Endothelial dysfunction, impaired cell-cell communication and the more recently 

appreciated endothelial glycocalyx dysfunction all contribute directly to increased 

vascular permeability leading to tissue oedema. Indirectly, these processes contribute 

to overall organ dysfunction at the microcirculatory level. This capillary leak syndrome 

seen in systemic inflammation and sepsis may be potentiated by soluble proteins such 

as Angiopoietin II and Endothelin 1 (McCarter, 2006). Disseminated intravascular 

coagulopathy (DIG) which involves dysregulated interaction between the endothelial 

barrier and coagulation system is observed in sepsis and also other states of systemic 

inflammation. The development of DIG may be related to plasma levels of another 

soluble protein. Plasminogen Activator Inhibitor 1 (PAI-1). Its production has been linked 

to the PAI-1 genotype (Hermans, 1999).
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More recently, there is an increasing recognition of role of energy production and 

utilisation by cells involved in the inflammatory and immune response. Alterations in 

metabolic pathways typified by a shift toward aerobic glycolysis following activation of 

receptors for pathogen associated molecular patterns (PAMPs) are thought to have 

important effects on functions such as immune cell activation, phagocytosis and pro- 

inflammatory cytokine production, mediated through enzymes such as hypoxia-inducible 

factor la  (HIF-1a) and AMP-activated protein kinase (AMPK) (O'Neill, 2013)

1.4.3 Cytokines in systemic inflammation

Transcription of the ILIOgene  increases in patients immediately after cardiac surgery in 

the absence of infection (Duggan, 2006). In these cardiac surgery patients, IL10 may be 

protective in the immediate postoperative recovery period, with greater IL10 expression 

observed in patients who do not require vasopressor support for shock after cardiac 

surgery (Duggan, 2006). There is additional experimental data which supports this 

concept as IL10 is reported to attenuate cytokine production which follows LPS injection 

in humans (van der Poll, 1997). Thus IL10 (and similarly IL27 which induces IL10 gene 

expression) may act as a reactive cytokine, counteracting systemic inflammation. IL10 

expression may be protective in other disease specific contexts.

While the inflammatory response to surgery has been extensively reported, the 

association between postoperative inflammatory complications and cytokine levels in 

peripheral blood is inconsistent (Dimopoulou, 2007). Shock after cardiac surgery is 

linked with an inadequate counter-inflammatory response and there is evidence that 

carriage of polymorphic alleles in genes of NOS regulators may contribute to the 

development of shock in this context (Ryan, 2006, Duggan, 2006).

The degree of systemic inflammation immediately following severe sterile insult such 

as trauma or burns has been examined at the level of the leukocyte transcriptome. 

Widespread transcriptional changes affecting greater than 80% of leukocyte cellular 

functions and pathways and mimicking exposure to LPS were observed, and persisted
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over a period of weeks. Upregulation of genes involved in innate immune responses 

such as pathogen recognition were observed while simultaneous decreases in 

expression of adaptive immune related genes, with the magnitude of these changes 

appearing to correlate with clinical outcome (Xiao, 2011).

Less extensive data exist on non-inflammatory immune responses to surgery in 

humans. Nonetheless, molecular evidence of immune suppression has been 

documented in post-operative cohorts, including (i) a decrease in monocyte major 

histocompatibility (MHC) class I! expression reported after major surgery, (ii) apoptosis 

of dendritic cells post cardiac surgery, (iii) marked CD4 T cell and B cell apoptosis and 

(iv) a decrease in inducible IL12 gene expression reported in patients developing post

operative sepsis (Oczenski, 2003, Yadavalli, 2005, Hotchkiss, 2001, Weighardt, 2002). 

Postoperative sepsis has also been linked to reduced gene expression of immune 

related genes including IL1, TNFa and the T cell marker CD3 (Hinrichs, 2010). This latter 

study, however, examined gene expression in whole blood rather than the mononuclear 

cell fraction and therefore may less sensitively detect changes in key immune regulatory 

cells such as monocytes and T cells.

This broad overview of systemic inflammation and its pathophysiology supports an 

idea of a generic response process manifesting in reaction to both infectious and non- 

infectious triggers and varying in severity according to trigger and host factors. Occurring 

in tandem with systemic inflammation is the compromise of the host immune response 

to infection, increasingly recognised as an important feature of the sepsis syndrome. In 

the following sections the pathophysiology of the state of immune compromise in human 

sepsis will be reviewed.
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1.5 Immunity and immune suppression in sepsis

1.5.1 Monocytes

Monocyte, macrophages and dendritic cells are classed as professional antigen 

presenting cells (APCs) by nature of their ability to present antigen bound by surface 

HLA molecules to T cells. Necessary in this process is the presence of co-stimulatory 

molecules which are essential co-factors for T cell activation. Monocytes constitute the 

main blood borne APC. Human circulating monocyte populations may be broadly 

divided on the basis of the expression of the antigens CD14 and CD16 (Geissmann, 

2003, Auffray, 2009). The CD14+/CD16+ monocyte subset has been shown to be 

expanded in sepsis and may be responsible for production of cytokines important in 

sepsis immune responses (Skrzeczynska-Moncznik, 2008, Beige, 2002, Fingerle, 

1993). While the core cellular sensory and signalling machinery of monocytes appears 

to remain functional in patients with sepsis, circulating monocytes have also been shown 

to exhibit a range of specific functional anomalies.

1.5.1.1 Monocyte dysfunction and LPS tolerance

The distinction between systemic inflammation and immune response to infection is 

apparent from the observation that monocytes of patients with sepsis contribute little to 

the overall levels of increased cytokines that are found in the blood of septic patients 

despite their function as important cytokine secreting cells (Gille-Johnson, 2012).. 

Monocytes of patients with sepsis are however less responsive in the classical pro- 

inflammatory sense to LPS stimulation than monocytes from healthy controls or routine 

surgical patients (Tsujimoto, 2006). Monocytes of patients with sepsis express the 

immunoglobulin receptor CD64 in addition to CD163 (a scavenger receptor for the 

haemoglobin/haptoglobin complex) and CD206 (a mannose receptor) (Hirsh, 2001). 

Both surface expression of Toll receptors and expression of Toll receptor genes TLR-2 

and TLR-4 are increased on monocytes of patients with sepsis (Armstrong, 2004).
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These receptors collectively characterise an activation state that is considered to 

represent a normal response in a patient with an infection (Brunialti, 2012, Hirsh, 2001). 

In sepsis patients however, the response to stimulation by LPS and other TLR ligands 

is shifted toward production of anti-inflammatory molecules such as IL1 receptor 

antagonist and IL10 and away from the production of important pro-inflammatory 

cytokines TNFa, IL1, IL12 and IL6, a phenomenon known as LPS tolerance (Cavaillon, 

2006, Biswas, 2009). Although the exact mechanism responsible for dysregulated 

responses to LPS and other bacterial motifs are not fully understood, factors such as 

upregulation of inhibitory signalling molecules, chemokines and microRNAs are thought 

to play a role. Chromatin remodelling and histone modification have been suggested as 

possible contributors to sepsis induced LPS tolerance with, some evidence of a 

modulatory or restorative effect of IFNy on these epigenetic changes (Carson, 2011, 

Turrel-Davin, 2011, Chen, 2010),

The decrement in LPS induced monocyte TNFa production in sepsis patients has 

been used as an index of immune responsiveness in patients with sepsis, allowing the 

identification of patients likely to benefit from an immune adjuvant, such as granulocyte 

monocyte-colony stimulating factor (GM-CSF) (Hall, 2011). This hyporesponsive state 

observed in monocytes of septic patients following LPS stimulation may in turn be linked 

to upregulation of the TLR inhibitory molecules MYD88 and SIGIRR (Adib-Conquy, 

2006). Furthermore, increased gene expression of inhibitory TLR signalling molecules 

in monocytes in patients with sepsis may predict subsequent mortality (Wiersinga, 

2009). It has also been shown that attenuated TNFa production following LPS 

stimulation may be predictive of subsequent staphylococcal bacterial co-infection in 

children with influenza, with mortality related to a decrease in LPS inducible TNFa 

production (Halt, 2013).
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1.5.2 Monocyte-T cell interactions

The interaction between the monocyte co-stimulatory protein CD40 and CD40 ligand 

(CD40L) on CD4 T lymphocytes is an important step in both monocyte and T cell 

activation. This interaction enhances surface expression by monocytes of the co

stimulatory molecules CD80 and CD86. Expression of surface CD40 on monocytes in 

patients with sepsis may be decreased, with the decrement in surface expression 

correlating inversely with IL6 levels in blood (Sugimoto, 2003). Surface expression of 

CD80 and CD86 is markedly lower on monocytes from septic patients (Sinistro, 2008) 

and fails to increase in response to CD40/CD40L ligation. Gene expression of the co

stimulatory molecule CD86 is down-regulated even in the presence of induced gene 

expression of Toll receptors and their signalling molecules (Lissauer, 2009). This shows 

that despite the ability to activate in sepsis, downstream functioning may nonetheless 

be impaired in sepsis.

The programmed cell death receptor PD-1 and its ligand PD-L1 are also important 

in regulating the interaction between monocytes and T cells. The PD-L1 ligand is 

expressed on macrophages and dendritic cells (DCs) in response to stimulation and 

also expressed on T and B cells upon activation. Formation of a PD-1 receptor/PD-LI 

ligand complex transmits inhibitory signals involved in reducing proliferation of CDS T 

lymphocytes and foreign antigen specific T cells in lymph nodes that is mediated through 

apoptosis and regulation of anti-apoptotic protein Bcl-2. In patients with sepsis, CD4 and 

CDS T lymphocyte expression of PD-1 is increased as is monocyte PDL-1 facilitating 

this immune inhibitory signal (Zhang, 2011). Blockade of this receptor-ligand interaction 

reduces apoptosis in T cells, increases TNFa and IL6 production and decreases 

production of I LI 0 by monocytes. Greater expression of monocyte PD-1 itself is reported 

in association with nosocomial infection and mortality in patients with severe sepsis 

(Guignant, 2011).

Consistent with findings indicative of monocyte dysfunction in sepsis, 

monocytes/macrophages in addition to polymorphonuclear leukocytes (PMNLs) have
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been cited as the principal source of IL27 in patients with sepsis where IL27 is 

associated with impaired bactericidal activity of PMNLs (Rinchai, 2012).

The expression of the HLA class I! cell antigen presenting molecule HLA-DR on 

monocytes is markedly downregulated in humans with severe sepsis, and remains so 

for at least 28 days after the onset of sepsis (Poehlmann, 2009). After major trauma, 

this decrease in HLA-DR expression is related to the occurrence of sepsis (Gouel- 

Cheron, 2012, Cheron, 2010). However, this decrease in HLA-DR expression was 

unable to predict clinical outcome in a separate trauma cohort (Trimmel, 2012). In 

contrast, decreased monocyte HLA-DR expression is predictive of mortality and the 

occurrence of nosocomial infection in patients with severe sepsis (Wu, 2011, Landelle, 

2010, Lukaszewicz, 2009). Therefore, quantification of monocyte HLA-DR expression 

has been advocated as a sepsis biomarker or as a tool to identify profoundly immune 

suppressed sepsis patients for inclusion in clinical trials of immune adjuvant therapies 

such as GM-CSF (Meisel, 2009, Lukaszewicz, 2009). These observations form the basis 

of possible therapeutic approaches.

Exogenous stimulation by the cytokine interferon gamma (IFNy) restores monocyte 

HLA-DR expression and attenuates both the reduction in LPS induced TNFa production 

and the increase in IL10. On this basis, the use of IFNy as an immune adjuvant for 

patients with sepsis has been trialled (Turrel-Davin, 2011). Whether observations such 

as decreased MHC class II expression by monocytes is a manifestation or a cause of 

sepsis induced immune dysfunction is still not certain.

1.5.3 Monocytes and the IL12 family cytokines

The IL12 family of cytokines function to regulate the interaction of innate and adaptive 

immune responses through IL23 and IL27, which are members of this cytokine family 

and are produced by APCs (Kastelein, 2007). These cytokines function to regulate CD4 

T cell differentiation. IL12 promotes CD4 T cell differentiation to a Th i phenotype and 

production of IFNy, both of which are of pivotal importance in clearing bacterial infection
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in humans. IL12 production by monocytes has been extensively studied in humans. It is 

composed of two subunits, p35 and p40 (which is also a component of IL23). In 

postoperative surgical patients, production of the p40 subunit of IL12 by LPS stimulated 

monocytes is reduced (Mokart, 2010). Pre-term neonates produce less TNFa and less 

IL12/23p40, the decrement in production of both being more marked in neonates who 

develop sepsis (Lavoie, 2010). In trauma patients, inducible monocyte IL12 production 

is decreased in patients who develop sepsis (Spolarics, 2003). Furthermore, in these 

trauma patients, the CD4 T cell phenotype is skewed toward a Th2 population in contrast 

to the typical Th i responses seen in the setting of bacterial infection. A case report of 

recurrent paediatric sepsis was linked to an underlying deficiency in IL12 production. In 

vitro studies of PBMCs from this child noted that IFNy production was almost absent 

(Haraguchi, 1998).

Elevated IL27 has been observed in patients with sepsis, and indeed has been 

advocated as a biomarker in paediatric sepsis (Wong, 2012, O'Dwyer, 2008). IL27 

appears to inhibit bactericidal potency of PMNLs in humans (Rinchai, 2012). However it 

is not dear whether IL27 is a marker of infection without organ failure, or whether it is 

linked with the occurrence of severe sepsis.

Cytokine production by monocytes is inhibited by IL10. Thus IL6, TNFa and IL12p40 

gene expression in human monocytes is inhibited by IL10 and this effect is mediated in 

part by miRNA-187 (Rossato, 2012). Other factors such as polymorphisms in TNF 

promoter regions have been shown to influence susceptibility to pathogens such as 

meningococcus, through effects on mononuclear TNFa production (Read, 2009). 

Further, regulation of TNFa production by monocytes at the post-transcriptional level by 

miRNA-125b has been recently reported in the neonatal setting (Huang, 2012).

1.5.4 Dendritic cells

Dendritic cells (DCs) originally differentiate from committed monocytes (Leon, 2008). In 

patients with sepsis, monocytes appear to have a greater propensity to differentiate into
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CD1a negative DCs, which have reduced potential to induce T cell expansion and lesser 

potential to expand Foxp3 T regulatory cells (Faivre, 2012). Circulating DCs account for 

a small proportion of what is a predominantly tissue associated immunocyte. 

Phenotypically, circulating DCs are commonly divided into CD11c+ myeloid dendritic 

cells (mDCs) and CD123+ plasmacytoid dendritic cells (pDC) based on surface 

expression of these antigens (Grabbe, 2000). Both mDCs and pDCs have been shown 

to be decreased in patients with septic shock. Furthermore, persistent depletion of 

mDCs was associated with developing nosocomial infection in existing ICU patients 

(Grimaldi, 2011).

In patients with sepsis, circulating DCs also exhibit a persistent decrease in HLA-DR 

surface expression, and following stimulation with LPS, produce less TNFa and greater 

amounts of IL10 (Poehlmann, 2009). In murine sepsis models, DCs demonstrate failure 

to produce IL12 and activate T cells while producing excess IL10 which would tend to 

skew this reduced level of T cell differentiation towards an inappropriate Th2 response 

(Flohe, 2006). Determining exact mechanisms responsible for sepsis induced 

derangements in DCs is technically difficult given their low numbers in circulation. 

Developments in techniques, in particular flow cytometry, have made study of these 

populations in sepsis more feasible.

1.5.5 T lymphocytes

T lymphocytes play a pivotal role as facilitators and effectors of the adaptive immune 

response. An effective functioning pool of T lymphocytes is essential to eradicate 

infection. There is also emerging evidence that CD4 T cells may also be involved in the 

early clearance of bacteria (a process primarily seen as an innate immune role), by 

modulation of the innate response through an IFNy mediated effect on PMNLs 

(Martignoni, 2008). T lymphocyte subpopulations including CD4+CD25+Foxp3+ T 

regulatory cells (T reg), gammadelta (y6) T cells and NK-T cells are increasingly 

recognised as of importance in immune responses in injury and sepsis (Tschop, 2008).
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This may be attributed to the capacity of these cells to interact with both innate and 

adaptive arms of the immune system and their ability to activate non-specifically in 

response to bacterial motifs, soluble mediators or direct cell-cell interaction (Venet, 

2008).

1.5.6 Lymphocyte populations

Absolute lymphocyte numbers are reduced in sepsis. Within the T lymphocyte 

population, however, expansion of some subpopulations and apoptosis of others has 

been observed. Activated CD4 Th1 and CD4 Th17 cells appear to be reduced as are 

the population of circulating yS T cells in patients with sepsis, while the population of 

inhibitory T reg cells is increased or unchanged (Venet, 2005, Venet, 2009, Brunialti, 

2012). Another study investigating the effect of polymixin B haemoperfusion on T cell 

subsets in patients with sepsis reported that while CD4 T lymphocyte numbers were 

reduced, CD4+ Foxp3 expressing T reg cells represented a greater proportion of this 

overall diminished population. This study demonstrated that there was no change in 

absolute number of these T reg cells in sepsis patients compared to healthy controls. 

Interestingly, Polymixin B haemoperfusion was associated with a decrease in IL6 and 

IL10 levels (Ono, 2013).

The use of circulating T reg cell numbers as a prognostic determinant was examined 

in a cohort of 43 patients with shock (septic and non-septic) and healthy controls. T reg 

cell numbers were determined at 12 hours post ICU admission and days three, five and 

seven. Although absolute T reg numbers were lower in sepsis patients compared to 

controls at 12 hours, the percentage T reg of overall CD4 cells was similar in the two 

groups. A greater percentage of T regs in the septic group compared to controls was 

seen at day seven. Despite this observed increase in proportion of T reg cells, a 

persistent CD4 lymphopenia in the septic group meant there was no difference in 

absolute T reg number between groups (Hein, 2010).
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Interestingly, this phenomenon of persistent T cell lymphopenia in sepsis resulting 

in changes in proportions of CD4 T cell subsets has been recently observed in an elderly 

patient cohort. A reduction in immunocompetent CD4+CD28+ T cells (rather than 

inhibitory and regulatory T ceils) was linked to poor prognosis (Inoue, 2013). 

Lymphopenia is also observed in patients with infection who are not septic with one 

study demonstrating decreased active and naTve CD4 and CDS lymphocytes in patients 

with acute respiratory infection from Legionella species. Complete recovery of 

lymphocyte counts was observed following resolution of the acute infection (de Jager, 

2013).

1.5.7 Th17 responses

CD4 cells expressing IL17 are important in host defences at mucosal surfaces. There 

are, however, few human studies of the role of IL17 expressing CD4 cells in sepsis 

(Rendon, 2012). In patients with severe thermal injury, blood levels of IL17 were 

increased in paediatric patients. Furthermore, IL17 levels in whole blood were detected 

in greater concentrations in adults than in children (Finnerty, 2008, Finnerty, 2006). 

However, when CD4 cells were studied in thermally injured patients, there was a marked 

decrease in the number of CD4 cells expressing IL17 with this finding mirrored by a 

reduction in inducible CD4 IL17 production (Inatsu, 2011). Furthermore, thermally 

injured patients exhibited a marked decrease in expression of RORyt (the signature CD4 

Th17 transcription factor) in response to T cell receptor stimulation and following 

challenge with Candida albicans. Another study of CD4 Th17 cell counts in septic 

patients showed this population to represent less that 1% of the total population of CD4 

cells in sepsis patients (Brunialti, 2012).

1.5.8 T cell function

An analysis of T cell expansion and apoptosis in sepsis noted a greater proportion of T 

cells in patients with sepsis expressing both the lymphocyte activation marker CD69 and
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the marker of proliferation, Ki67 (Roger, 2012). However, apoptotic markers were also 

more prominent in CD4 but not CDS cells of patients with sepsis. Hence, the population 

of CD4 cells of patients with sepsis includes the full gamut of proliferating T cells, 

activated T cells and T cells undergoing apoptosis.

A study measuring cellular ATP content in CD4 T cells from sepsis patients of 

varying clinical severity showed a decrease in CD4 ceil ATP levels in non survivors 

(Lawrence, 2010). In patients with severe sepsis, T cell receptor diversity is markedly 

reduced and this reduction in T cell receptor diversity correlates with the occurrence of 

nosocomial infection (Venet, 2013). Decreases in expression of the important co

stimulatory receptor CD28 on T cells of patients with sepsis compared to controls has 

also been demonstrated (Monserrat, 2009).

Further evidence of T cell dysfunction was gleaned from a study of patients who 

developed sepsis after trauma. T cells in these patients exhibited a decrease in inducible 

IFNy (Boomer, 2011). In an attempt to restore this apparent functional impairment of T 

lymphocytes, the effect of recombinant human IL7 ex vivo was investigated in cultures 

from patients with sepsis in response to T cell stimulation. Increases in the proportion of 

CDS cells producing IFNy, an increase in expression of the anti-apoptotic peptide Bcl-2, 

and an increased proliferation of CDS cells was observed (Venet, 2012).

1.5.9 Other mechanisms of immune dysfunction

PMNL (neutrophil) function has also been shown to be impaired in sepsis. Activation of 

TLR2 by LPS can induce neutrophil apoptosis (Navarini, 2009). Low neutrophil counts 

are associated with poorer outcomes in sepsis and detection of phenotypically immature 

granulocytes has been proposed as a biomarker of severity (Nahm, 200S, Seok, 2012). 

Despite expressing increased activation markers, neutrophil trafficking is nonetheless 

impaired in sepsis. This may be due to lower levels of expression of the adhesion 

molecule CXCR2 which is important for neutrophil chemotaxis. For example, lower 

levels of CXCR2 expression were observed in neutrophils of people who died of sepsis.
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IL33, a recently identified member of the IL1 family, has been shown to prevent this TLR 

mediated reduction in CXCR2 dependent chemotaxis (Alves-Filho, 2010). IL10 is an 

important factor contributing to impairment of bacterial clearance in pulmonary sepsis 

(Steinhauser, 1999). Other molecules such as CTLA-4 (cytotoxic T lymphocyte antigen- 

4) and BTLA (B- and T-lymphocyte attenuator) have been shown to impair innate and 

adaptive immune cell responses (Shubin, 2012).

Neuroendocrine mechanisms have also been shown to have anti-inflammatory 

effects, mainly through secretion noradrenaline and acetylcholine. Acetylcholine binding 

to receptors on macrophages suppresses the release of pro-inflammatory cytokines 

(Rosas-Ballina, 2011, Andersson, 2012)

1.6 Gene expression studies in sepsis

The complexity of immune responses in sepsis, in particular the immune suppression is 

manifest. The clinical syndrome of septic shock and the protracted clinical course 

stemming from the associated recurrent infections is unlikely to be meaningfully 

addressed by a single therapeutic advance or by current standard diagnostic techniques 

given this complexity (Williams, 2012). Also, the failure in clinical tnals of novel 

therapeutic targets has undoubtedly been due in part to the heterogeneous populations 

of sepsis patients under study (Khamsi, 2012). Progress will most likely develop through 

multiple approaches which target sepsis from the early stages of predisposition, through 

to infection and established disease. The reproducible nature of gene expression assays 

can provide a means of molecular profiling of patients with sepsis at each of these 

stages. Information gained from such an approach may allow for the development of 

therapies with improved efficacy.

1.6.1 Targeted gene expression studies

RT-PCR based gene expression assays are sensitive and specific in measuring gene 

expression changes. Investigation of gene expression of cytokines in circulating immune
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cell populations as a technique has been shown to be reproducible and robust (Stordeur, 

2003, Stordeur, 2002a). In ICU patients, the potential benefit of gene profiling has been 

examined (Pugin, 2008).A more recent array-based study of whole blood gene 

expression in 30 patients with severe sepsis and 20 controls attempted to define distinct 

illness subtypes using methods such as hierarchical clustering and other bioinformatics 

based approaches (Maslove, 2012). Pathway analysis identified genes/proteins 

involved in Toll like receptor signalling in addition to chemokine/cytokine signaling 

pathways as differentially expressed in patients with severe sepsis in agreement with 

previously cited studies (Azeredo, 2010, Schaaf, 2009, Salomao, 2009). Additionally, 

genes regulating Protein C and genes involved in metabolism of vasopressin, 

noradrenaline and cortisol were differentially expressed in patients with severe sepsis.

1.6.2 Gene arrays

Gene arrays provide a useful platform to study genome-wide transcription and profiling. 

A systematic review of array based transcription profiling in human sepsis was published 

in 2010 which looked at microarray based studies of 12 cohorts totalling 784 patients 

performed between 1987 and 2010 (Tang, 2010). An immediate activation of both 

pathogen recognition receptors and associated signalling pathways was apparent. 

However, no discernible pattern of expression of well recognized inflammatory cytokines 

such as IL10 and TNF could be identified. Strong evidence supporting distinctive pro or 

anti-inflammatory phases at the transcriptional level was also not observed in these 

studies. In addition to severe sepsis patients, patients with infection but without sepsis, 

surgical patients, SIRS, trauma and paediatric patients were included. Furthermore, 

studies were included which measured gene expression in whole blood, PBMC fractions 

or neutrophils. While these studies all noted activation of inflammation (with activation 

of Toll receptor pathways), many observed unequivocal evidence of immune 

suppression. In these studies, non-survivors downregulated genes characterising T cell 

activation along with genes linked to antigen presentation.
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The importance of investigating gene expression in specific cell populations was 

illustrated in a study of Toll like receptor pathways in PBMCs and neutrophils from 

patients with sepsis using real time polymerase chain reaction (RT-PCR) (Salomao, 

2009). Differential gene expression of NFkB related genes was detected, with NFkB 

related genes downregulated in PBMCs and upregulated in neutrophils. Another study 

of enriched populations of monocytes and T cells from trauma patients found significant 

cell specific gene expression changes with increased expression of inhibitory genes and 

decreased expression of activation related genes (Laudanski, 2006). This study further 

highlights the importance of studying gene expression in specific cell types from septic 

patients, and underscores the limitations of studies that examine gene expression from 

blood samples with heterogeneous cell populations as cited by the array review 

(Johnson, 2007, Prucha, 2004).

The relative importance of pathogenic attributes of infecting microorganisms in the 

pathophysiology of sepsis may have been overstated in comparison to the significance 

of the host immune response to the infection. Evidence for this is provided by results of 

gene expression profiling using microarrays in patients with staphylococcal infection. A 

heterogeneous molecular response to infection was observed with varying degrees of 

over-expression of innate immune and under-expression of adaptive immune response 

genes (Banchereau, 2012). Furthermore the clinical characteristics of infection were 

associated with host gene transcnption patterns rather than any bacteriologic virulence 

factor. The proposition that the host response is of greater importance in the 

pathophysiology of sepsis is supported by other studies demonstrating comparable 

gene expression patterns in patients with gram positive and gram negative infections 

(Yu, 2004, Tang, 2008).

Despite the amount of data obtained in these studies, expression microarrays as a 

tool for transcriptome analysis still have their limitations. These limitations include lack 

of specificity from hybridisation and cross hybridisation, dye based detection problems 

and design constraints precluding characterisation of splice variants or unannotated
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genes. The range of gene expression obtained from micro arrays techniques can only 

be characterised as increased or decreased over a range limited to usually +/- 2^, thus 

rendering this technology more a qualitative measure of gene expression as opposed to 

a strictly quantitative measure. Array based studies in septic patients have yielded some 

valuable insights in sepsis. At the transcriptomal level, the technical issues associated 

with gene arrays combined with lack of focus on specific cell populations still leave 

questions unanswered.

1.6.3 Ultra high throughput gene sequencing

Ultra high throughput gene sequencing, (also called next generation sequencing) is a 

relatively new technology that determines DNA sequence by massive parallelisation of 

the sequencing process using short reads, usually of the order of 50 - 800 base pairs. 

The original DNA sequence is reconstructed by assembling short reads together on the 

basis of overlapping areas. The application of this technology to mRNA derived cDNA, 

termed RNA sequencing (RNA-seq) allows interrogation of the transcriptome without a 

priori knowledge of transcript sequence.

A number of proprietary high throughput sequencing platforms have developed, 

differentiated largely with respect to the technology used to generate the small read 

sequence fragments. These include lllumina sequence by synthesis (SBS) technology, 

Roche 454 pyrosequencing, Applied Biosystems SOLID™ and Ion Torrent technologies. 

Variations within each platform have also developed in response to application specific 

needs such as de novo sequencing, deep genome-wide re-sequencing for genetic 

analysis and smaller scale candidate region targeted re-sequencing as a clinical 

diagnostic tool.

The process of RNA-seq using the lllumina platform can be divided into a number of 

steps. Firstly, purified poly-A tailed mRNA is sheared into small fragments onto which 

adapter sequences are ligated. These fragments are then PCR enriched, gel purified 

and the resulting cDNA library quality assessed. The sample is then immobilised by
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hybridisation to the “flow cell” sequencing membrane. Each sequence template is then 

amplified in situ to create concentrated clusters of up to 1000 identical templates. A 

sequencing reaction is then used to sequence millions of clusters in parallel. This 

consists of a single fluorescently labelled dNTP polymerising to the template of interest. 

Duhng the process, each nucleotide serves as a terminator for the reaction. At this point 

the fluorescent dye intensity is imaged and the particular base (T, A, G, C) is identified, 

termed base calling. This fluorescent dye is then cleaved to facilitate addition of the next 

dNTP.

One of the first reports of RNA-seq based mammalian transcriptome analysis was 

performed using the lllumina platform and published in 2008 (Mortazavi, 2008). Studies 

comparing both RNA-seq and micro array based analysis with traditional PCR based 

gene expression have shown RNA-seq to be comparable and in some cases supenor 

to micro arrays (Marioni, 2008, Pan, 2008).

Sequencing based approaches have since gained acceptance as a powerful tool in 

the area of transcriptome analysis (Jacquier, 2009, Martin, 2011). In comparison to 

micro arrays, RNA-seq based technologies have a much wider dynamic range, greater 

sensitivity, are reproducible and are not limited to detection of known transcripts (Wang, 

2009, Marioni, 2008). The volume of data produced by this higher resolution technique 

presents its own experimental and computational challenges (Anders, 2010, Oshlack, 

2010). Gene expression data spanning the entire transcriptome with ever increasing 

depths, coupled with the rapid evolution of the relatively young sequencing technology 

and analysis pipelines has contributed to these challenges.

In terms of sepsis, recent data has outlined sequencing based determination of 

microRNA signatures in whole blood that may have potential as biomarkers (Ma, 2013). 

No studies have yet looked at the mRNA transcriptome profile in discrete circulating 

populations of leukocytes in sepsis prior to this work.
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1.7 Work by this group

1.7.1 Gene expression in severe sepsis, non-septic infection and health

Studies of patients admitted to intensive care with septic shock in addition to hospitalised 

patients with non-septic bacteraemic illness, have identified cytokine gene expression 

profiles in PBMCs that can be correlated with disease type and subsequent outcome in 

septic patients. Reduced mRNA levels of IL2, IL7, IL23, IFNy and TNFa as well as 

elevated mRNA levels of IL10 and IL27 were observed in PBMCs from severe sepsis 

patients when compared with non-septic (bacteraemic) patients and healthy controls 

(O'Dwyer, 2006, O'Dwyer, 2008, White, 2011b).

These data outline the cytokine basis of a complex immune deficit in infected and 

severely septic patients, including cytokines involved in generating bactericidal 

phagocytic activity (IFNy, TNFa), innate cytokines that regulate adaptive immunity (IL23 

and IL27), and cytokines regulating T cell homeostasis (IL2 and IL7). IL10, an anti

inflammatory cytokine, is induced in other disease states such as cardiac surgery and 

is apparently produced in a reactive manner to systemic inflammation (Duggan, 2006). 

In the course of these previous studies by the group, a similar association between 

sepsis and expression of other genes in PBMCs such as ILIp, IL4, IL6, IL12, IL17, IL18 

and TGFp-1 could not be found (White, 2010).

These results are biologically plausible. Phagocytic bactericidal activity is crucially 

dependant on the cytokines IFNy and TNFa (Boehm, 1997). IFNy is primarily produced 

by T h i and NK cells, while monocytes, activated T lymphocytes, and other mononuclear 

cells produce TNFa, major components of the circulating PMCs. Thus deficient IFNy 

and TNFa gene expression in patients with infection and sepsis appears strongly to be 

a maladaptive response. IL23, a member of the IL12 cytokine family, promotes T cell 

activation by antigen presenting cells. We correlated infection and sepsis with 

decreased expression in PBMC of IL23 mRNA but not with IL12 mRNA (Langrish, 2004). 

IL2 and IL7 have been shown to regulate T cell differentiation and homeostasis,
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functions which may be important in the context of the dynamic immune response 

associated with sepsis (Malek, 2008, Fry, 2005).

1.7.2 Characterisation of gene expression changes as cause or effect

To determine whether these indices of gene expression are causally related to the 

development of sepsis or merely indicators of immune dysfunction, a model providing 

an opportunity to anticipate the onset of infection was required. Thoracic surgery, in the 

form of lobectomy or pneumonectomy for lung cancer provides such a model. These 

patients are free of infection prior to surgery yet postoperative respiratory tract infection 

after thoracic surgery is a common event with an incidence of around 20-25% (Arozullah, 

2001).

In a study of cytokine gene expression and respiratory infection after thoracic 

surgery, it was observed that IL2, IL7, IL23 and TNFa gene transcription in PBMCs 

decreased immediately after surgery in patients who subsequently developed 

respiratory infection (White, 2011b, White, 2011c). This decreased gene expression was 

obvious several days before the onset of infection. Importantly IL2, IL7, IL23 and TNFa 

mRNA in PBMCs were lower in preoperative thoracic surgery patients compared to 

healthy controls. Furthermore, the prominent apoptotic signals observed in severe 

sepsis were not obvious in either patients with non-septic infection or infection free 

patients undergoing surgery, which suggests that apoptosis is a late event in sepsis 

(White, 2011b, White, 2011c).

1.8 Issues to be resolved

A set of reproducible assays of gene expression in PBMCs have been developed. These 

assays identified a pattern of cytokine gene expression that was associated with the 

occurrence of sepsis, a pattern which could also be observed in surgical patients before 

the onset of infection. However several issues remain to be clarified. While it is clear 

from the discussion above that sepsis may be related to a severe underlying immune
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suppressive state (as modelled using assays of cytokine mRNA from PBMCs), it is still 

not clear whether patients with infection without sepsis share a similar patterns of 

cytokine gene expression, or if infection and sepsis differ only in the degree of differential 

gene expression.

The strength of the association between sepsis and immune suppression has not 

been quantified. It is not clear whether immune suppression is loosely associated with 

the occurrence of sepsis in patients with infection (with sepsis primarily due to systemic 

inflammation) or whether there is a robust association between sepsis and the degree 

of immune suppression.

Although patients with sepsis exhibit abnormalities in both APCs and T cells it is 

unclear whether T cells of patients with sepsis will respond to direct stimulation, or 

require co-stimulation of antigen presenting cells. While studies show CD4 T cells of 

patients with sepsis exhibit lower IFNy, it is unknown whether the degree of T cell 

activation in patients with sepsis, as assessed by IFNy gene expression, can be 

augmented by cytokines such as IL23 and IL7 (Boomer, 2011).

It has been demonstrated that both monocytes and T cells of humans with sepsis 

exhibit dysregulation of cell surface receptors, signalling pathways and immune 

regulatory cytokines. Gene array studies of patients with sepsis have given some insight 

regarding networks and signalling pathways underlying these anomalies. However, as 

discussed previously, these studies have their limitations. An investigation of gene 

expression in highly purified monocyte and T cell populations from patients with sepsis, 

using an alternative, more comprehensive approach to evaluating gene transcription has 

the potential to provide a unique insight into the nature and extent to which gene 

expression changes in response to infection.
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1.9 Experimental work undertaken in this study

Hypothesis 1

Measuring immune regulatory cytokine gene expression in peripheral blood 

mononuclear cells can provide a robust means of modelling human patient’s response 

to infection.

1. Gene expression of a core group of cytokines was determined by real time PCR in a 

cohort of patients with severe sepsis, patients with non-septic infection and healthy 

controls to determine:

i. Are patterns of cytokine gene expression in patients with severe sepsis and non- 

septic infection similar but different in magnitude; or is sepsis associated with a 

different pattern of cytokine gene expression?

ii. Are patterns of cytokine gene expression linked to the nature of the infecting

organisms, ie gram positive or gram-negative infection?

iii. Is cytokine gene expression in patients with sepsis linked to the nature of the

underlying illness, ie medical or surgical illness?

iv. What is the strength of the association between cytokine gene expression and 

the host responses to infection i.e. sepsis or non-septic infection?

Hypothesis 2a

Cytokines identified as differentially expressed in sepsis and non-septic infection may 

themselves be important regulators of the response to infection.

Hypothesis 2b

Impaired pro-inflammatory cytokine production by cultured peripheral blood 

mononuclear cells in sepsis is secondary to impaired activation of T-cells by antigen 

presenting cells.

2. Gene expression in cultured PBMCs ex vivo from severe sepsis patients and healthy 

controls was investigated to determine:
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i. Can TNFa and IFNy gene expression be modulated by cytokines such as IL23, 

IL27 and IL7?

ii. Could the functional status of PBMCs monocytes and lymphocytes in sepsis be 

evaluated?

Hypothesis 3

Changes in cytokine mRNA levels observed in severe sepsis patients in the earlier 

studies are due to qualitative not quantitative changes in cell populations

3. Immunophenotyping of circulating cell populations in sepsis and health 

Flow cytometry was performed on blood samples from patients with sepsis and 

compared to controls. Lymphocyte and monocyte/dendritic cell populations were 

compared between the two groups to investigate:

i. The phenotypes of the lymphocyte, monocyte and dendritic cell populations in 

the study patients

ii. Could differences identified in gene expression in sepsis patients be accounted 

for by altered cell populations?

Hypothesis 4

Widespread changes in the genome wide expression profile of the main blood antigen 

presenting cell, the CD14+ monocyte are detectable by RNA sequencing and these 

changes may important in immune dysfunction in severe sepsis.

4. Transcnptome profiling by RNA sequencing

Monocytes and CD4 T lymphocytes from patients with severe sepsis were isolated and 

single end RNA sequencing (RNA-seq) was undertaken in order to identify all genes 

showing differential expression compared to healthy controls. Bioinformatic techniques 

specific to RNA-seq data analysis were employed to detect differential gene expression
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in both monocyte and T lymphocyte datasets. Differential exonal expression was also 

analysed. Systems biology based pathway analysis software was used to identify key 

networks from differentially expressed genes to ascertain:

i. Can RNA-seq provide useful insights on transcriptome wide gene expression in 

sepsis compared to healthy controls?

ii. Can systems biology based pathway analysis be useful in the interpretation of 

RNA-seq data in sepsis?

iii. What is the effect of on-going refinements in bioinformatics/statistical analysis 

software on differential gene expression results from this RNA-seq data?
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Chapter 2 Materials and methods

2.1 Ethical approval

All studies undertaken were approved by St James’s Hospital ethics committee and 

adhered to research committee and hospital guidelines in relation to patient research.

2.2 Quantitation of peripheral blood mononuclear cells cytokine 

gene expression

2.2.1 Study design

Based on a power analyses using results of cytokine mRNA levels from the previous 

studies by the group, a least significant number was generated for the cytokines of 

interest. This was 26 for IL7, 23 for IL2, 20 for TNFa, 14 for IL10, 1 for IFNy and 95 for 

IL23 (a level of 0.05). Based on this analysis, a recruitment target of 80 severe sepsis 

patients was set.

2.2.2 Patient enrolment

Patients were recruited from the intensive care unit (ICU) in St James’s Hospital, Dublin. 

Informed written consent was obtained from patient or next of kin. Exclusion criteria 

included (a) malignancy (b) chemotherapy (c) infection with human immunodeficiency 

virus (d) immunosuppressive therapy including long term corticosteroids (e) history of 

immunological or autoimmune disease (f) non-Caucasian ethnic background. The study 

group recruited were as follows:

Group 1: Severe sepsis group

A total of 67 patients ICU patients with severe sepsis or septic shock as an admitting 

diagnosis were enrolled. Patients satisfied the criteria of (i) a documented bacterial 

infection by clinical and/or microbiological evidence and (ii) septic shock (cardiovascular 

failure requiring noradrenaline support) with at least one additional sepsis related organ 

failure.
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Group 2: Mild sepsis group

Hospital in-patients with clinical and bacteriological evidence of infection but who did not 

require ICU care (no organ failure(s) or subsequent development of organ failure(s)) 

were recruited. Patients with both gram positive and gram negative bacterial infections 

were included. Exclusion criteria were as for the severe sepsis group.

Group 3: Healthy controls

Healthy hospital staff and laboratory co-researchers served as the healthy control group

2.2.3 Blood sampling

Blood sampling was performed within 48 hours of meeting the inclusion criteria and or 

7 days later in the severe sepsis group. In the mild sepsis group, blood sampling was 

performed within 24 hours of the official reporting of a positive blood culture authorised 

by a consultant microbiologist. Blood sampling from healthy controls was at one time 

point only. Of the 67 patients in the severe sepsis (ICU) group, 19 had blood samples 

taken at day 1 of ICU admission and again at day 7. 35 were only obtained at day 1 and 

13 only at day 7 of ICU stay. Approximately 20ml blood was collected into Potassium- 

Ethylenediaminetetraacetic (K3EDTA) tubes (Greiner Bio-One, Gloucestershire, UK). 

Blood was stored at room temperature for not less than 2 hours prior to PBMC isolation.

2.2.4 Peripheral blood mononuclear cell (buffy coat) isolation

Whole anticoagulated blood was granulocyte depleted by dextran sedimentation. 

Following this, buffy coat isolation was performed using density gradient centrifugation. 

Supernatant from the dextran step was aspirated and diluted 1:1 with phosphate 

buffered saline (Sigma). 25 mLs of this was carefully layered over 15 mLs of Ficoil 

(Lymphoprep®, Axis Shield, Dundee, Scotland) in a 50ml conical tube (Sarstedt). Tubes 

were centrifuged at 400 x g for 23 minutes with brake off. The cellular interface layer 

between the serum and FIcoll containing the mononuclear cell fraction was carefully 

aspirated. Cells were washed twice with phosphate buffered saline (PBS) (Sigma) and
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lysed prior to storage using a kit lysis buffer (RLT buffer, Qiagen, W est Sussex, UK). 

Lysates were stored at -80° until required.

2.2.5 RNA extraction and cDNA synthesis

Total RNA was extracted using the RNEasy Mini kit (Qiagen, W est Sussex, UK). 

Genomic DNA was eliminated by on column DNAse digestion followed by elution of the 

RNA in RNAse free water. RNA quality and concentration were determined 

spectrophotometrically (Nanodrop 8000, Thermo Scientific, Delaware, USA). cDNA for 

each sample was synthesised from 500ng total RNA using a mastermix prepared per 

reaction as follows: First strand reaction buffer (5X) 6|jL, dithiothreitol (DTT) 0.1M 3jjL, 

munne Moloney leukaemia virus (mMLV) reverse transcriptase 1.25 pL (all Invitrogen 

#28028-013) dimethylsulfoxide 4.5|jL  (Sigma), deoxynucleotide-triphosphates (dNTPs) 

(Promega #U1420), RNAse inhibitor (RNAsin #N2511, Promega), random hexamers 

2[iL (Invitrogen). The final reaction volume was made up to 30|jL with RNAse free water 

and incubated at 37° C for 1 hour on a thermal cycler.

2.2.6 Absolute quantitative real-time polymerase chain reaction (qPCR)

2.2.6.1 Standards

A construct consisting of plasmid into which a sequence including the TaqMan® 

sequence target was cloned and employed as source of known concentration of 

amplicon for each real time PCR assay. In the case of TNF, IFN, (3-actin, IL23 and IL27, 

these were obtained as gifts from Dr P Stordeur, Laboratoire d ’Immunologie, Hopital 

Erasme, 808 route de Lennik, 1070 Brussels. The constructs for IL2 and IL7 were 

purchased commercially (Source Bioscience). A construct containing the IL23 receptor 

amplicon was cloned in-house using the method described in section 2.1.5.2.
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2.2.6.2 Cloning of the IL23 receptor TaqMan® amplicon

The TaqMan® gene expression assay for human IL23r, Hs00332759_m1 (cat 

#4331182) was identified as a suitable assay for quantification of IL23r mRNA. This 

assay is in the 5’ untranslated region of the AY937251.1 transcript. It is 79 base pairs 

in length and is situated close to the boundary of exon 4 and 5. Primers were designed 

using the Primer 3 plus program giving a PCR product of 787 bases containing the 79 

base target of the TaqMan® assay. They were synthesised (Sigma) and the sequences 

were as follows: Forward ACAACAGCTCGGCTTTGGTA, Reverse

GGTGCCCTGTAGAGATGGAA.

The PCR reaction mixture consisted of the following: 10X reaction buffer (Qiagen), 

dNTPs 200 |jM, HotStart®Taq Polymerase (Qiagen) 2.5 U, nuclease free H20, primers 

100 pM, template cDNA 1 |jL. Optimal temperature for primer annealing was determined 

by performing using a gradient PCR trial. The PCR protocol: Initial activation 15 minutes 

at 94°, 3 step cycle of denaturation for 1 min 94°, annealing 1 minute at 59°, extension 

1 minute at 72° for 35 cycles then final extension 10 minutes at 72° C.

The PCR product was run on a 1.2% agarose gel (200mls TRIS-borate-EDTA 

(Sigma), 2.4 g agarose (Sigma)) stained with GelStar® fluorescent nucleic acid stain 

(Lonza, Verviers, Belgium) and the size of the product estimated against a 100 bp ladder 

(New England Biolabs). The gel is shown in

Figure 2.1. The PCR product was excised from the agarose gel and solubilised 

using a standard kit (QIAquick Gel Extraction Kit, Qiagen).

2.2.6.3 TA cloning of IL23R PCR product

The IL23r segment PCR product was ligated into the pCR™2.1-TOPO® cloning vector 

in a cloning reaction consisting of 4 pL PCR product, 1 pL salt solution and 1 pL vector 

incubated at room temperature for 5 minutes and then placed on ice. Two parallel 

cloning reactions were performed, one including a control PCR product and vector and 

one containing no PCR product (vector only).
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2.2.6.4 Transformation of the pCR™2.1-T0P0® construct into competent cells

2 |j L of the TOPO® cloning reaction was added into a vial of One Shot® chemically 

competent E.coli and mixed. The mixture was placed on ice for 15 minutes. The cells 

were then heat-shocked for 30 seconds in a 42° degree water bath and then immediately 

transferred to ice. Transformants were then rescued by addition of 250 |jL super optimal 

broth (S.O.C.) medium and incubated in an orbital incubator for 1 hour at 37° C. Control 

reactions were carried out in parallel.

1000 bp 

500 bp
IL23r PCR product

DNA Ladder PCR

Figure 2.1 Agarose gel of IL23R PCR product.The PCR amplified IL23R TaqMan 
amplicon containing a 787 base pair segment of the IL23R gene is shown at 
approximately the 800 base pair mark. A DNA ladder is shown with bnght bands at 500 
and 1,000 base pairs.

Selective LB agar (Sigma) plates containing 50 pg/mL kanamycin and 40 mg/mL 5- 

bromo-4-chloro-indolyl-|3-D-galactopyranoside (X-gaL) were spread with 50 -  100 pL 

from each transformation and placed in an incubator at 37° C overnight. 5-10 white 

colonies were picked and further sub-cultured on selective plates as before. Colonies 

from each plate were picked and transferred to a PCR tube containing 50 |jL nuclease 

free water. This was then used as a template for a PCR containing forward and reverse 

primers for the IL23r PCR product to confirm presence of the insert. Discrete colonies

33



were then picked and transferred to LB broth supplemented with 50 |jg/mL kanamycin 

and cultured overnight at 37° C. Plasnnids were isolated from the cultured broth using a 

standard kit (Qiagen Plasmid Midi Kit). Plasmid DNA concentration was determined 

spectrophotometncally (Nanodrop) and stored at -20° C. A sample of the construct was 

sent for sequencing (Source Bioscience) to confirm the correct sequence and 

orientation.

6557 bp

4361 bp

1000 bp

500 bp

Figure 2.2 Agarose gel of restriction digest of IL23r fragment pCR™2.1 TOPO® 
construct. Lanes 1 -Q E coR  I digest and lanes 7-12 Hind III digest. The pCR T0P02.1 
vector has restriction sites for EcoRI flanking either side of the multiple cloning site and 
lanes 2, 3, 5 and 6 show the excised insert and vector at the expected sizes (787 and 
3931 bases). Lanes 7, 8, 9, 11 and 12 show digestion with Hind III which has one 
restriction site in the vector and gives a linearised fragment consisting of combined 
vector and insert (4718 bases).
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2.2.6.5 Confirmation of presence of IL23r fragment/plasmid construct

Restriction digests of the constructs were performed to confirm presence of the insert. 

These consisted of the following reaction: 5 |jL plasmid prep, 1 |jL EcoR I or Hind III, 2 

|jL restriction enzyme buffer and 19 |jL nuclease free water, incubated at 37° C 

overnight. Digests were then run on a 1% agarose gel (Figure 2.2).

2.2.6.6 Preparation of standard concentrations of IL23r construct

The mass (m) of the plasmid was determined according to the formula:

where n = plasmid size including insert (bp), g = grams, bp = base pair.

The following calculation was used to determine the mass of plasmid containing the 

desired copy numbers of interest:

Copy number of interest x  mass single plasmid =  mass plasmid DNA needed

A concentration of 1 x 10® was prepared and serial dilutions in 1 mM TRIS-EDTA buffer 

were made across the range from 1 x 10^. TaqMan® PCR was performed on the set of 

dilutions to confirm accuracy of dilutions and a slope of the standard curve between -3.2 

and -3.6.

2.2.6.7 Primers and probes

Primer/probe mixes for TNFa (Hs_00377366_m1), IL2 (Hs_00174114_m1), IL7 

(Hs_00174202_m1, IL10 (Hs_00174086_m1) and IL27 (Hs_00377366_m1) and IL23r 

(Hs_00332759_m1) were obtained as pre-customised mixes from Applied Biosystems 

(ABI, Life Technologies, Warrington, Cheshire, UK). Custom primers and probes for
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IFNy, IL23 and (3-Actin were designed using the sequences detailed in Table 1 and 

synthesised by ABI.
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Table 1. Sequences of custom TaqMan® primers/probes

mRNA target Oligonucleotide sequence (S' ^  3')
IFNy F464: CTAATTATTCGGTAACTGACTTGA

R538: ACAGTTCAGCCATCACTTGGA
P491: 6 Fam-TCCAACGCAAAGCAATACATGAAC-Tamra-p

3-actin F976: GGATGCAGAAGGAGATCACTG
R1065: CGATCCACACGGAGTACTTG
P997: 6 Fam-CCCTGGCACCCAGCACAATG-Tamra-p

IL23 (p19) F533; TACTGGGCCTCAGCCAACT
R649: GAAGGA1 1 I I  GAAGCGGAGAA
P597: 6 Fam-CCTCAGTCCCAGCCAGCCATG
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2.2.6.8 TaqMan® assay

Assays were run on an ABI Prism 7000 or ABI 7900 HT real time PCR system in 

duplicate or triplicate. In addition to the assay for each cytokine mRNA, a parallel assay 

for the reference gene [3-actin mRNA was run on the same plate. Serial dilutions of a 

known concentration of the assay target and p-actin was also run in tandem to give a 

standard curve of copy numbers of target and reference gene.

Reactions mixtures for the inventoried pre-customised ABI assays (TNFa, IL2, IL7, 

IL10, IL23r, IL27) were set up as follows: 15 |jL primer/probe solution, TaqMan® Gene 

Expression Mastermix (ABI, Life Technologies, Warrington, Cheshire, UK) 0.6|jL cDNA 

(standards) or 1 ,8|jL (samples) and made up to 15 [jL with nuclease free water. For p- 

actin, the reaction mixture was set up as follows: forward primer 0.75 pL, reverse primer 

0.75 |jL, probe 0.75 pL, TaqMan® Gene Expression Mastermix 7.5 pL, cDNA 0.6 

(standards) or 1.8 pL (samples) made up to 15 pL with nuclease free water. For IFNy, 

the reaction mixture was set up as follows: forward primer 1.5 pL, reverse primer 2.25 

pL, probe 0.75 pL, TaqMan® Gene Expression Mastermix 7.5 pL, 0.6 pL cDNA 

(standards) or 1.8 pL (samples) made up to 15 pL with nuclease free water. For IL23, 

the reaction mixture was set up as follows: forward primer 2.25 pL, reverse primer 2.25 

pL, probe 0.75 pL, TaqMan® Gene Expression Mastermix 7.5 pL, 0.6 pL cDNA 

(standards) or 1.8 pL (samples) made up to 15 pL with nuclease free water. The reaction 

mixture was loaded onto an ABI MicroAmp® optical reaction plate in either the 96 well 

(#4306737) or 384 well (#4309849) plate format (ABI, Life Technologies, Warrington, 

Cheshire, UK).

2.2.6.9 Absolute quantitation of gene expression

Following completion of the amplifications cycles, raw cycle threshold (Ct) values were 

read for each well and an average of replicates was determined. A scatterplot was 

constructed for the Ct values of the standard curves across the range of dilutions and
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an equation for the slope of a standard curve was determined. Efficiency of the 

amplification is given by the equation:

E  =  lQ(- ' i - / slope)  _

A slope of between -3.2 and -3.6 was accepted giving an efficiency of between 90 and 

100% for the PCR run. Copy number for samples of interest were extrapolated from the 

standard curves for the target transchpt of interest and expressed as target mRNA copy 

number per 10^ copies beta-actin contained in the same sample.

2.2.7 In vitro culture and stimulation of peripheral blood mononuclear 

cells

Peripheral blood mononuclear cells were isolated as described above. Cell numbers 

were manually determined and approximately 2x10® cells/well were added to a 24 well 

tissue culture plate (Nunc) in Roswell Park Memorial Institute Medium (RPMI, Gibco) 

supplemented with sterile-filtered heat-inactivated fetal bovine serum (Hyclone, Thermo 

Scientific, Erembodegem, Belgium), penicillin/streptomycin (Sigma Aldrich) and 

amphotericin B (Sigma Aldrich). For anti-CD3 stimulated cells, wells were coated with 

anti-human CDS (BD Pharmingen, UK) in PBS the evening prior to culture. These wells 

were subsequently washed twice with PBS prior to addition of cells. For other wells, 

phorbol myristate acetate (PMA, Sigma Aldrich) and ionomycin (Sigma Aldrich) were 

added directly to cell suspension at a concentration of 10ng/ml and 100ng/ml 

respectively. Recombinant carrier free human cytokines (IL7, IL23 and IL27) were 

obtained from R&D systems (Minneapolis, MN, USA) and added to culture at 

concentrations of 0.5ng/ml for IL7, 100ng/ml for IL23 and 0.1ng/ml for IL27.

Harvesting of cells was performed following incubation for 4 hours at 37° C 

supplemented with 5% C02. Cell suspensions were centrifuged and medium aspirated 

completely prior to lysis with RLT buffer (Qiagen) and subsequent storage at -80° C until
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analysis. Gene expression assays for IFNy, TNFa and IL10 were performed as 

described as above. BCL2 gene expression was performed using inventoried TaqMan® 

Gene expression assay (Hs00153350_m1).

2.3 Flow cytometric evaluation of interleukin 7,12, 23, 27 and their 

receptors in peripheral blood leukocytes

2.3.1 Determination of cell surface receptors for IL7,12, 23 and 27

Surface staining reagents were added to sterile 12 x 75 mm polypropylene tubes (BD 

Falcon, BD Biosciences, San Jose, California, U.S.). 100 |jL of whole blood from 

patients with sepsis or healthy human volunteers was added to each tube. Tubes were 

incubated for 15 minutes at room temperature in the dark. Red cells were then lysed 

with 1X FACS Lyse Solution (BD Biosciences, San Jose, California, US). Cells were 

washed with a phosphate buffered saline (PBS) supplemented with 1% sterile-filtered 

heat-inactivated fetal bovine serum (Hyclone, Thermo Scientific, Erembodegem, 

Belgium) and 0.02% sodium azide. Cells were centrifuged and resuspended in PBS 

containing 1% paraformaldehyde (Sigma) and stored at 4 degrees in the dark for not 

more than 24 hours until analysis. Analysis was performed on a Cyan ADP flow 

cytometer (Beckman Coulter, California, U.S.).

Stains for immunophenotyping were as follows (mouse anti-human unless otherwise 

stated): Anti-CD56 Fluorescein isothiocyanate (FITC) (#21270563 Immunotools,

Friesoythe, Germany), anti-CD3 Phycoerythrin CF 594 (PE Texas Red) (#562280 BD 

Horizon, BD Biosciences, San Jose, California), anti-CD16 PE Cy5 (#555408 BD 

Biosciences), rat anti-CCR7 PeCy7 (#560092 BD Biosciences), anti-CD45RA V450 

(#560362 BD Biosciences), anti-IL12 receptor PE (p35/p70) (#556065 BD Biosciences), 

anti-IL23 receptor eFIuor® 660 (APC) (#50-7823-42, eBioscience, San Diego, CA, U.S.), 

anti-IL27 receptor PE (FAB14791P R&D Systems), anti-IL7 eFIuor® 780 (APC Cy7) 

(#47-1271-82, eBioscience).
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2.3.2 Determination of production of cytokines IL7, IL12, IL23 and IL27

1 mL whole blood from patients with severe sepsis or from healthy controls was added 

to sterile 12 x 75mm polypropylene tubes (BD Falcon). 10 |jg brefeldin A (#347688 BD 

Biosciences) was added as anti-secretory agent. For samples to be stimulated, 10 |jg 

lipopolysaccharide (LPS) (Enzo Life Sciences, Exeter, U.K.) and human recombinant 

interferon y at a concentration of 0.75 ng/mL was added to each tube. All tubes 

(stimulated and unstimulated) were loosely capped and incubated at 37° C for 4 hours.

Following incubation, surface staining reagents were added to each tube as detailed 

below and tubes incubated for 15 minutes at room temperature in the dark. Red cells 

were lysed by addition of a lysis buffer (FACS Lyse, BD). Cells were washed and then 

permeablised by adding 500 pL permeablising solution (FACS Perm, BD) and then 

incubated with antibodies to cytokines of interest conjugated to fluorochromes as 

detailed below. Cells were washed again and resuspended in 1% paraformaldehyde 

solution and stored at 4° in the dark until analysis.

Cell surface stains for immunophenotyping were as follows (mouse anti-human): 

Anti-Lineage Cocktail 1 (Lin 1 -  containing FITC conjugated antibodies to CD3, CD14, 

CD16, CD19, CD20 and CD56) (#340546 BD Biosciences), anti-HLA-DR PE Texas Red 

(IM3636 Beckman Coulter), anti-human C D IIc  PE Cy7 (#561356 BD Biosciences), 

CD123 eFluor450 (#481239 eBioscience, San Diego, CA, U.S.), anti-human CD14 Vio® 

Green (#130-096-875 Miltenyi Biotec), anti-human CD16 eFIuor® 450 (#48-0168-42 

eBioscience).

Stains for intracellular cytokines were as follows (mouse anti-human): Anti IL12 

(p35/p70) PE (#130-093-432 Miltenyi Biotec), anti IL23 (p i9) eFIuor 660 (APC) (#50- 

7823-42 eBioscience), anti-human IL27 PE (#12-7358-42 eBioscience), anti-IL7 

(MAB207 RnD Systems) conjugated with Lynx APC Cy7 conjugation kit (AbD Serotec, 

Raleigh, NC, U.S.).
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2.4 mRNA sequencing (RNA-seq) of CD14+ Monocytes and CD4+T 

lymphocytes of patients with sepsis and healthy controls

2.4.1 Isolation of peripheral blood CD14 monocytes and CD4 T 

lymphocytes

30 ml EDTA anticoagulated blood was obtained St James’s Hospital ICU patients at with 

severe sepsis with shock. Consent was obtained from relatives of each patient. The 

same volume of blood was obtained from age and sex matched otherwise healthy 

controls attending for routine elective surgical procedures as day patients in the hospital 

day ward. Informed consent was obtained from each control. Blood was stored at room 

temperature until subsequent steps. Blood was diluted 1:4 with sterile endotoxin free 

LPS (Gibco). 35 mL blood was carefully layered over density gradient medium Ficoll 

(Lymphoprep®, Axis Shield, Dundee, Scotland) in a 50ml conical tube (Sarstedt). 

Peripheral blood mononuclear cells were isolated by centrifugation at 400 x g for 23 

minutes. Buffy coat fractions were carefully aspirated, pooled and washed twice with 

PBS.

Monocytes are the main blood antigen presenting cell with CD^4* monocytes being 

the predominant circulating population. CD4^ lymphocytes constitute the major adaptive 

immune cell to which processed bacterial antigen is presented and through their helper 

activity are pivotal in the priming of the immune system for pathogen eradication. These 

cell populations were chosen for RNA sequencing in light of the prior in vitro experiments 

suggesting a defect in the monocyte induced activation of T cells. To gain as specific a 

picture of the transcriptome of the both CD14^ monocytes and CD4 cells and minimise 

detection of transcripts from other circulating leukocytes, a two stage enrichment for 

CD14'" monocytes and CD4"' lymphocytes was then performed. Initial isolation of CD14"' 

monocytes and CD4"' lymphocytes from the peripheral blood mononuclear fraction cell 

was performed be positive selection with magnetic beads labelled with antibodies to
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both CD14 and CD4 (MACS, Miltenyi Biotec, Surrey, UK) with an AutoMACS™ 

separator. .

2.4.2 Cell sorting of CD14 m onocyte/CD4 T lym phocyte enriched cell 

fraction

MACS enriched CD14VCD4'' cell fraction was subsequently stained with anti-human 

CD14-FITC (Miltenyi Biotec), a secondary monocyte marker anti-human CD85k (ILT3)- 

PECy7 and with anti-human CD4-FITC stains in preparation for cell sorting. Highly pure 

CD14 monocytes and CD4 T lymphocytes were obtained from the enriched cell 

suspension by cell sorting. Sorting was MoFlo™ XDP cell sorter (Beckman Coulter, 

Indianapolis, USA). Post sort purity for each cell type was confirmed as greater than 

95%. Cells were lysed using a standard lysis buffer (RLT Plus, Qiagen, Crawley, UK) 

and stored at -80 degrees until use.

0 '
0 64 128 192 256

FSC

Figure 2.3 Dot plot of forward scatter/side scatter of peripheral blood 
mononuclear cells enriched for CD14^ monocytes/CD4^ lymphocytes. R2 -
monocyte gate, R4 - lymphocyte gate.
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Figure 2.4 Dot plot showing CD14VCD85k^ monocyte sort gate (R3)
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Figure 2.5 Dot plot showing sort gate (R5) for CD4 + lymphocytes 

2.4.3 Preparation and RNA-seq of cell populations

Total RNA was isolated from cell lysates using a standard kit (RNEasy Plus Micro, 

Qiagen, UK). Total RNA yield was quantified spectrophotometricaliy (Nanodrop) and
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RNA quality was assayed using a microfluidic electrophoretic chip method (Agilent, 

Santa Clara, California, USA). All samples for sequencing had an RNA integrity number 

of greater than 6.5. Random primed cDNA library preparation and RNA sequencing was 

performed by GATC Biotech, Konstanz, Germany. Samples were shipped frozen and 

were in transit no longer than 24 hours. Sample quality control and cDNA library 

preparation was performed by the vendor prior to sequencing. RNA sequencing was 

performed on an lllumina HiSeq 2000 on a 50 base pair single end read basis. 

Sequencing output was in the form of compressed .fastq read files.

2.4.4 Alignment of RNA-seq reads

RNA seq data analysis was performed on a Linux operating system based server 

obtained specifically for this purpose. Compressed raw data files ( gz or .bz2) were 

obtained following the sequencing process from the sequencing service provider (GATC 

Biotech). Compressed raw data files were reconstituted to .fastq format using a 

standard Linux command line operation.

2.4.4.1 Sequence metrics

Raw sequence data quality control was determined using the FastQC program 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Metrics determined 

included basic statistics, per base sequence quality, per sequence quality scores and 

sequence length distribution.

2.4.5 Alignment to the reference genome

Read alignment was performed using TopHat 2.0.3, a publicly available program that 

aligns RNA-Seq reads to a genome in order to identify exon-exon splice junctions 

(http://tophat.cbcb.umd.edu/index.shtml). The software is hosted by the McKusick 

Nathans Institute of Genetic Medicine at Johns Hopkins school of Medicine, Baltimore, 

U.S.A. The reference genome assembly used UCSC hg19 (University of California,

45



Santa Cruz). During the alignment process, the short read aligner Bowtie ((http://bowtie- 

bio.sourceforge.net/index.shtml) is utilised by the TopHat software to align short 

sequences to the reference transcriptome (termed the Bowtie index). A sample of the 

TopHat script used for a single alignment is given in Appendix A.

2.4.5.1 Alignment metrics

A range of alignment metrics was determined using the java based command line utility 

PICARD (http://picard.sourceforge.net/index.shtml). PICARD tools used included 

Collect Alignment summary metrics, Mark duplicates, Collect RnaSeqMetrics and Mean 

Quality by Cycle.

2.5 Differential analysis RNA-Seq data

Analysis of differential gene expression of RNA-seq data between sepsis patients and 

controls was undertaken using the DESeq2 software package available from the open 

source Bioconductor software project [REF]. These packages run within the R software 

environment on a Linux platform.

2.5.1 Production of read count data from aligned reads

To prepare for differential expression analysis, reads were converted to counts using 

the publicly available python software HTSeq. The HTSeq-count command takes a 

SAM file with alignments and a .gff file with genomic features and outputs the number 

of reads that map to each feature, a feature being a range of positions on a chromosome 

or a union of such intervals. In the case of RNA-seq, features are typically genes.

2.5.2 Analysis of differential gene expression of RNA-seq data

A matrix of raw count values per transcript for each sample was created using the output 

from the software HTSeq. The object DESeqDataSet is then created using this matrix 

combined with sample condition information (patient or control). Count data was then 

normalised to account for depth of sequencing between samples using the function
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estimateSizeFactors. Dispersion estimates were calculated using the function 

estimateDispersions. Differential expression analysis is then performed using the 

command DESeq and the results of the analysis extracted from the DESeqDataSet 

object.

Details regarding variables and tests employed in the differential expression analysis 

of the dataset by the DESeq  command can be obtained as shown in the following output:

> mcols(res, use.names=TRUE)
DataFrame with 4 rows and 2 columns

type
<character>

baseMean intermediate
log2FoldChange results
pvalue results
FDR results

description

<character>
baseMean the base mean over all
rows
log2FoldChange log2 fold change (MAP): condition patient vs
control
pvalue Wald test: condition patient vs
control
FDR Wald test, BH adj.: condition patient vs
control

2.5.3 Pathway analysis of differentially expressed genes

Pathway analysis was performed using the open source Signal Impact and Perturbation 

Analsys SPIA tool and also Ingenuity Pathway Analysis program 

(http://www.ingenuity.com) was used to explore differential gene expression data output 

from the DESeq2  analyses. For each transcript, the expression values selected for 

upload consisted of the adjusted p value (also known as q value or false discovery rate 

(FDR)) and the log2fold change expression of patient over control (log ratio). Specific 

statistical parameters were defined within the program for each analysis.
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2.5.4 Differential exonal expression of RNA-seq data

Differential exonal expression of RNA-seq data was examined using the Bioconductor 

package DEXSeq. As input, DEXSeq uses counts of reads mapping to each of the 

exons of a genome.

2.5.5 Read alignment

FASTQ files were aligned using the package Tophat2 with default parameters using the 

EnsembI human genome (hg19_Homo_sapiens_GrCh37 build) as the reference. 

Tophat alignment scripts and parameters used are detailed in the code contained in 

Appendix A.

2.5.6 Creation of the DEXSeq ExonCountSet object

The EnsembI reference annotation .gtf file was first parsed using a python command to 

define non-overlapping exonic regions. A second python command takes this output 

.gtf file and an aligned SAM file as inputs and outputs a new SAM file containing the 

number of reads corresponding to defined exonic locations. The DEXSeq function 

read.HTSeqCounts is then used to collate the output from each samples individual exon 

referenced SAM file and gives the output in the form of an ExonCountSet object 

containing the information for downstream analysis including differential exonal usage 

analysis and individual visualisation.

2.5.7 Testing for differential exon usage

Exon count data contained within the ExonCountSet were normalised to account for 

different depth of sequencing between samples using the function estimateSizeFactors. 

Dispersion estimation was then performed. Differential exonal expression is then 

calculated using the function testForDEU and fold change estimated using the command 

estimatelog2FoldChanges.
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Chapter 3 Results

3.1 Cytokine gene expression in patients with severe sepsis, non- 

septic bacteraemic patients and healthy controls

Previous work by this group has demonstrated distinct patterns of cytokine gene

expression associated with the occurrence of severe sepsis, A subsequent study then

characterised cytokine changes preceding the onset of sepsis in postoperative infection

(O'Dwyer, 2008, White, 2011a, White, 2011c). To examine whether these patterns of

cytokine gene expression changes were different in patients with severe sepsis

(infection requihng ICU admission) compared to patients in hospital with non-septic

infection (bacteraemia), a new cohort of patients with severe sepsis and non-septic

infection was recruited in addition to a group of healthy controls. This larger study

allowed a compahson of the patterns of cytokine gene expression in patients with non-

septic infection with those with severe sepsis, which was not possible in prior small

studies.

In this study, gene expression patterns in non-septic (bacteraemic) patients with 

gram negative and gram positive blood stream infection (without organ failure) were 

compared to determine whether the type of infection influenced gene expression. Lastly, 

patterns of gene expression in septic patients with medical and surgical illness were 

compared to determine whether the nature of the underlying illness influenced gene 

expression.

3.1.1 Demographics and clinical data of study subjects

Study group demographics, clinical data and calculated standard illness severity scores 

are given in Table 2. The mean patient age at recruitment was 71 and was comparable 

in severe sepsis patients (intensive care) and ward patients with non-septic infection 

(bacteraemia without shock). Based on their ICU admission diagnosis, patients were 

categorised as either medical or surgical. Of ICU patients with (severe sepsis) recruited
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on Day 1, 57% were classified as having a medical illness compared to 43% with a 

surgical illness. 38% of ICU patients sampled at Day 7 were categorised as having a 

medical illness compared to 62% with a surgical illness.

Illness severity at recruitment was estimated from standard combinations of 

physiological parameters, laboratory results and medical history (Knaus, 1985, Vincent, 

1996, Le Gall, 1993). 24% of severe sepsis patients yielded positive results on blood 

culture testing, a figure consistent with other studies (Schwenzer, 1994, Laupland, 2004, 

Claridge, 2009). The chief cause of sepsis in the ICU groups at Day 1 was respiratory 

infection, followed by abdominal sepsis. However, at Day 7, abdominal sepsis followed 

by other non-respiratory infections such as urosepsis or catheter related blood stream 

infections were predominant.

54 patients with sepsis had assays of cytokine gene expression on Day 1 of ICU and 

51 ICU patients with sepsis had assays of cytokine gene expression on Day 7. 19 ICU 

patients with sepsis had assays of cytokine gene expression on both days (Figure 3.1).

ICU
Admission

Day 7 ICU

Figure 3.1 Number of patients with severe sepsis. Blood was drawn for analysis at 
ICU admission Day 1, at Day 7 of ICU stay. 19 patients had samples taken at Day 1 and 
at Day 7.
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Table 2. Demographics of study patients and controls

Severe Sepsis (ICU) Infection* Control
ICU ICU
Admission Day 7

N 54 32 53 20
Median Age (yrs) 71 (60-76) 72 (61-79) 71 (49-81) 30 (27-33)
Gender
Male 23 (54%) 16 (53%) 33 (62%) 8 (40%)
Female 27 (46%) 14 (47%) 20 (38%) 12 (60%)
Patient Type
Surgery 23 20 - -
Medical 31 12 - -
Bacteraemia
Gram positive 10 - 24 -
Gram negative 3 - 29 -
APACHE i r 21 (19-22) 18.4 (15.7-21.7) - -
SOFA* 12 (9.1-15) 8.9 (6.9-10,7) - -
SAPS II* 52 (47-57) 50 (42-58) - -
Septic Shock 42 (84%) 15 (50%) - -
Respiratory Infection 23 (46%) 6 (20%) - -
Abdominal Infection 14 (28%) 16 (53%) - -
Other infection 13 (26%) 8 (27%) - -

Values expressed as means and 95% confidence intervals 

Infection = non septic infection (bacteraemia)

■i^SOFA -  Sequential Organ Failure Assessment Score

* SAPS II -  Simplified Acute Physiology Score

* APACHE II -  Acute Physiology and Chronic Health Evaluation II
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3.1.2 Cytokine gene expression in patients with severe sepsis, infection 

and healthy controls

3.1.2.1 Infection without sepsis (bacteraemia)

Levels of mRNA for the cytokines TNFa, IFNy, IL2, IL7, IL10, IL23 and IL27 in peripheral 

blood mononuclear cell (PBMC) preparations were assayed and the results compared 

between groups (Table 3). When healthy controls and patients with non-septic infection 

were compared, IL2 and IL23 gene expression was lower in patients with non-septic 

infection, whereas gene expression of IL10 and IL27 was greater in patients with non- 

septic infection. IL7, IFNy, and TNFa gene expression was similar in these two groups, 

after Bonferroni correction for multiple comparisons.

In patients with non-septic infection, cytokine gene expression was similar in patients 

with gram positive and gram negative organisms.

3.1.2.2 Severe sepsis compared to non-septic infection

When patients with non-septic infection and patients with severe sepsis on ICU 

admission were compared, IL2, IL7, IL23, IFNy, and TNFa gene expression was lower 

in patients with severe sepsis, while IL27 gene expression was similar in these two 

groups. IL10 gene expression was greater in patients with severe sepsis (Table 3).

The cause of hospital admission for patients in the severe sepsis group (whether 

medical or surgical illness) had no bearing on cytokine gene transcription patterns, which 

were similar in medical, elective surgical and emergency surgical patients (Table 4).
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Table 3. Cytokine gene expression in patients with severe sepsis (on ICU 
admission), patients with infection (bacteraemia without sepsis) and healthy 
controls

Control Infection Severe Sepsis 
(ICU Admission)

Cytokine t n
3 ns 2.8 p<0.0001 2.3

IFNy 2.7-3.3 2.6-3.2 1.8-2.6
n = 20 n = 51 n = 53

4.5 4.9 4.5
TNFa 4.3-4.9 p = 0.04 4.5-5.5 p=0.0008 4.3-5

n = 20 n = 48 n = 50
2.8 p=0.0002 2.3 p=0.002 2

IL2 2.5-3.1 22-2.6 1.6-2.2
n = 20 n = 50 n = 32

3.8 3.7 3.4
IL7 3.7-4.1 ns 3.5-4 p=0.0004 3.2-3.7

n = 19 n = 52 n = 40
2.6 p<0.0001 2.9 p=0.003 3.2

IL10 2.4-2.7 2.8-32 2.9-3.5
n = 19 n = 52 n = 52

5.1 4.8 4.5
IL23 5.0-5.4 p=0.0008 4.6-5.1 p<0.0001 4.3-4.8

n = 20 n = 53 n =51
2.5 p<0.0001 3 ns 3.1

IL27 2.3-2.7 2.8-33 2.7-3.4
n = 19 n = 52 n = 50

Values denote cytokine mRNA copy numbers expressed as logio copies mRNA per 10^ 
copy numbers 3-actin and shown as medians and interquartile ranges.

Analysis is by Wilcoxon rank sum test between healthy controls, patients with non-septic 
infection (bacteraemia), and severe sepsis (Day 1 of ICU admission).
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Table 4. Cytokine mRNA copy numbers in medical and surgical patients with 
sepsis at ICU admission

Medical Surgical
Cytokine P
IFNy 2.2 ns 2.3

1.7-2.6 2.0-2.7
N=31 N=22

TNFa 4,7 0 4.4
4.5-5 3.9-4.7
N=28 N=22

IL2 1.9 ns 2.1
1.6-2.2 1,6-22
N=18 N=14

IL7 3.5 ns 3.5
3.2-3.7 32-3.7
N=23 N=17

IL10 3.2 ns 3.3
2.8-34 2.9-3.6
N=23 N =29

IL23 4.5 ns 4,6
4.3-4.7 4.4-4,9
N=31 N=21

IL27 3.1 ns 3.1
2.8-34 2.7-3.4
N=29 N=21

Values denote cytokine mRNA copy numbers expressed as logio copies mRNA per 10  ̂
copy numbers (3-actin and shown as medians and interquartile ranges.

Analysis by Wilcoxon rank sum test.

Patient group based on ICU admission diagnosis did not have an effect on measured 
cytokine gene expression.
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3.1.3 IL6 protein levels in study groups

Serum IL6 levels were determined by ELISA from serum samples taken at the same 

time as samples for gene expression. In this study, IL6 protein levels showed a graded 

increase with progression from healthy control to non-septic infection to severe sepsis. 

Serum IL6 levels were greatest in patients with severe sepsis at ICU admission (median 

741.8 pg/ml, IQR 578-1247, n=50, p < 0.0001) compared to patients with non-septic 

infection (median 80 pg/ml, IQR 61-105, n=49, p < 0.0001) and healthy controls (Figure 

3.2)
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Figure 3.2 Serum IL6 protein levels in patients with severe sepsis, non-septic 
infection (bacteraemia) and healthy controls. IL6 was significantly different in the 
three groups, with a gradated increase from control (median 38.2 pg/ml, IQR 37.4- 
39.8) to non-septic infection (bacteraemia) (median 80 pg/ml, IQR 61-105, n=49, 
p<0.0001) to severe sepsis (median 741.8 pg/ml, IQR 578-1247, n=50: p < 0.0001).

3.1.4 Cytokine gene expression in sepsis and clinical variables, outcome

No association between the severity of organ failure (using severity scores based on 

clinical and laboratory data) and the pattern of gene expression of individual cytokines 

was observed in this study. Given the detectable differences in cytokine gene 

transcription between patient groups, an analysis of whether such gene expression 

changes varied over time was undertaken.
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In the 19 severe sepsis patients in whom cytokine gene expression was assayed on 

Day 1 of ICU admission and again at Day 7 of ICU stay, after Bonferroni correction for 

multiple comparisons, cytokine gene expression was not found to change over time. 

Indeed, when cytokine gene expression levels from all patients for whom samples were 

available at the time of ICU admission were compared with patients with gene 

expression data at Day 7 of ICU admission, gene expression was similar at ICU 

admission and 7 days later (Table 5). There was no association between mortality and 

PBMC cytokine gene expression.

The lack of association between severity of organ failure and the measured cytokine 

gene expression changes is consistent with the function of these cytokines as regulators 

of the immune response to infection rather than mediators of systemic inflammation and 

resultant organ dysfunction.
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Table 5. Cytokine gene expression in all patients with severe sepsis at Day 1 and 
Day 7 of ICU admission

ICU
Admission Day 7 ICU

Cytokine P
IFNy 2.3 2.6 0.03

1.8-2.6 2.1-3

COUOIIc n = 29
4.5 4.4

TNFa 4.3- 5 4.2-4.9 ns
n = 50 n = 32

IL2 2 2.4 ns
1.6-2.2 1.8-2.9

CMCOIIc n = 18
3.4 3.7

IL7 3.2-3.7 3.4-3.8 0.04
n = 40 n = 25

IL10 3.2 3.1 ns
2.9-35 29-3.4
n = 52 n = 32
4.5 4.5

IL23 43-4.8 4.2-4.7 ns
n = 51 n = 32

IL27 3.1 2.8 0.03
2.7-3.4 2.5-32
n=50 n = 32

Values denote cytokine mRNA copy numbers expressed as logio copies mRNA per 10  ̂
copy numbers 3-actin and shown as medians and interquartile ranges.

Analysis by Wilcoxon rank sum test.
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3.1.5 Serum IL6 protein and clinical variables

In patients with severe sepsis there was a significant association between severity of 

illness as measured by Sequential Organ Failure Assessment (SOFA) scores and serum 

IL6 protein levels at ICU admission and Day 7 ICU stay (Day 1: p < 0.001 Spearmann p 

= 0.796, n = 88; Day 7: p < 0.001 Spearmann p = 0.812, n = 99) (Figure 3.3).
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Figure 3.3 Scatterplot of IL6 vs Sequential Organ Failure Assessment (SOFA) 
severity scores for severe sepsis group patients. Correlation of IL6 and SOFA 
Day 1: Spearman p = 0.8, n = 88, p < 0.001.

3.1.6 Gene expression and patient group

The pattern and magnitude of gene expression changes in this group of cytokines was 

distinct in patients with severe sepsis compared to non-septic infection (bacteraemia) 

alone. IL2 and IL23 expression were decreased in non-septic infection compared to 

baseline (healthy controls with no infection). Patients developing severe sepsis had 

further decreases in IL2 and IL23 but also had lower levels of IL7, IFNy and TNFa. IL10 

and IL27 was increased in non-septic infection and IL10 was increased further in severe 

sepsis (Table 3).
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3.1.7 Gene expression changes, type of infection and underlying illness

In patients with non-septic infection no difference was observed in the pattern of gene 

expression and the nature of the infecting organism (i.e. gram positive or gram negative). 

In severe sepsis patients there was no link between gene expression changes and the 

type of illness (medical or surgical). There was also no association between cytokine 

gene expression and either the severity of organ failure or the outcome of mortality.

3.1.8 Cytokine gene expression index as a discriminatory tool

To maximise the power of the differences in cytokine gene expression to discriminate in 

comparisons between the study groups, a numerical value describing overall cytokine 

gene expression was derived for each patient. This cytokine gene expression index 

consisted of the difference in corrected log mRNA copy numbers for cytokines that were 

decreased in severe sepsis (IFNy, TNFa, IL7 and IL23) and the cytokine increased in 

severe sepsis, IL10. This value was calculated as the corrected copy numbers of: IFNy 

+ TNFa + IL7 + IL23 - IL10). IL2 was excluded from this score as it was not assayed in 

all patients. This index was significantly different in healthy controls, patients with non- 

septic infection and patients with severe sepsis at ICU admission. Day 1. (Figure 3.4).
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Figure 3.4 Cytokine mRNA index for patients with severe sepsis, non-septic 
infection (bacteraemia) and controls. The index was derived as copy numbers of 
((INFy + TNFa + IL7 + IL23) - IL10). This index was significantly different in healthy 
controls (median 6.9, interquartile range 6.5-7.8, n = 18), patients with infection 
(median 5.4, interquartile range 6.0-6.1, n = 47) and patients with severe sepsis at 
ICU admission Day 1 (median 3.8, interquartile range 3.8-5.5, n = 40); Day 7 (median 
4.5, interquartile range 3.8-5.5, n = 23); Control vs non-septic infection (Bacteraemia), 
p < 0.001; Control vs Sepsis Day 1, p < 0.001; Control vs Sepsis Day 7, p < 0.001; 
Non-septic infection (Bacteraemia) vs Sepsis Day 1, p < 0.001; Group comparison 
using Tukey’s Multiple Comparison Test for One-way ANOVA).

3.1.8.1 Logistic regression analysis of cytokine index and patient group

When this index of cytokine gene expression (in patients with severe sepsis at ICU 

admission (Day 1) and those with non-septic infection) was included in a logistic 

regression analysis, there was a significant correlation between cytokine index and 

patient group (Figure 3,5). The odds ratio for developing severe sepsis increased by 3.6 

per unit change of the score, and by an odds ratio of 18,340 over the range of the score, 

with an area under the Receiver Operator Characteristic (ROC) curve of 0.887.
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Figure 3.5 Logistic regression analysis showing probability of sepsis and 
cytokine mRNA score. Logistic regression analysis; Model: n = 87, r2 = 0.39,
p < 0.0001.

3.1.8.2 Multivariate analysis of cytokine gene expression, IL6 and patient group

When blood levels of IL6 were included with the cytokine gene expression score in a 

multivariate analysis (Model: n = 87, r^= 0.76, p < 0.0001), both IL6 (p = 0.0001) and 

cytokine score (p = 0.02) remained significant with an area under a receiver operator 

curve of 0.98. This model correctly identified 36 out of 40 patients with sepsis on Day 1 

and 45 of 47 patients with non-septic infection, giving a positive predictive value of 95% 

and a negative predictive value of 92%.

When the model combining cytokine gene expression and IL6 was applied to a 

comparison of patients with non-septic infection and sepsis patients at Day 7 ICU, the 

positive predictive value was 90% and the negative predictive value was 90%.

3.1.9 Strength of association between gene expression changes and 

response to infection

The characterisation of the host response to infection (severe sepsis and non-septic

infection) using these gene expression assays was robust. Using a logistic regression

model comparing gene expression in groups with infection and severe sepsis, IFNy (p
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< 0.0001), IL10 (p < 0.02) and TNFa (p < 0.03) were statistically significant predictors of 

patient group (sepsis versus non-septic infection). The area under the ROC for this 

regression model was 0.88, with cut-off values of 2.5 for IFNy, 3.1 for IL10 and 4.75 for 

TNFa. From this model therefore, copy numbers of IFNy, IL10 and TNFa above these 

levels would infer an extremely high likelihood of belonging to the severe sepsis group.

The strength of association was further explored using a numerical index combining 

expression changes of five cytokines in each patient (termed cytokine index). This 

showed excellent power in discriminating between non-septic infection and sepsis 

patient groups. This was further enhanced when combined with the serum IL6 data.

3.1.10 IL23 receptor gene expression in severe sepsis, infection and 

controls

Having demonstrated a progressive decrease in gene expression of the antigen 

presenting cell produced cytokine IL23 in non-septic infection (bacteraemia) through to 

severe sepsis compared to healthy controls, we examined downstream signalling of 

IL23. RT-PCR was performed for the IL23 receptor (IL23R) in a subgroup of the patients 

recruited for the cytokine gene expression study. Results are shown in Table 6. 

Compared to controls, IL23R gene expression was significantly decreased in both non- 

septic patients with infection (p < 0.002) and also severe sepsis patients (p < 0.0004).
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Table 6. IL23R gene expression in severe sepsis, non-septic infection and 
controls

Severe Sepsis Bacteraemia Control
N 27 19 9
IL23R 1.067 (0.89-1.30) 1.356 (0.95-1.5) 1.738 (1.45-1.95)

p < 0.002 controls compared to bacteraemia (non-septic infection)

p < 0.0004 controls compared to severe sepsis patients

Values denote copy numbers expressed as logioper 10^ copy numbers p-actin.

Values are expressed as medians and interquartile ranges. Analysis by Wilcoxon rank 
sum test.
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3.1.11 Other serum cytokine protein levels

In addition to IL6, a screening experiment was performed to ascertain serum protein 

levels of TNFa, IFNy, IL10 in addition to IL1 and IL12 (Table 7).
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Table 7. Serum cytokine protein levels in patients with sepsis, bacteraemia and 
controls

Sepsis Bacteraemia Control

Day 1 Day 7

N = 40 p  ̂ N = 13 pn N = 8 P* N = 11

IFNy
2.5 ns 1.0 0.05 4.9

1.9-
20.6

0.001 1.2 ns

1.1-10.9 0.5-6.5 0.2-3.0

TNFa 17.8 ns 12.9 ns 13.4 0.0003 6.0 0.0001

9.9-35.3 10.5-
24.5

9.9-
22.3 5.6-7.2

IL1 1.0

0.6-3.9

ns 0.8 

0.6-0.6

ns 0.9

0.3-3.9

ns 0.3

0-1.7
0.03

IL6 111.2 0.03 37.5 0.0001 16.3 0.0001 0.5 0.0001
50.5-
363.7 15-169.3 0.3-

56.1 0.4-1.6

IL8 62.9 0.05 41.5 0.0001 16.4 0.0001 9.5 0.0001
37.6-
177.2

19.2-
64.2

13-
30.9

7.3-
11.6

IL7 25.84* ns 35.04* ns 34.1* 0.001 22* ns

15.6-55.2 25.4-
51.5

31-
41.7 17-29.5

IL10 34.7 ns 26.0 0.0001 11.6 0.006 4.5 0.0001

19.8-117 10.6-
48.7

4.6-
18.6 4.1-7

IL12 2.1

0.5-5.0

ns 0.6 

0-2.1

ns 2.2 

1.8-8.8
ns 0.9

0.5-2
ns

Values in picomoles per litre given as medians with interquartile ranges below.

Analysis by Wilcoxon rank sum of sepsis Day 1 vs Day 7, non-septic infection 
(bacteraemia) vs all sepsis (Day 1 and Day 7 combined) and control vs non-septic 
infection (bacteraemia)

* Denotes N = 16 Day 1, N = 13 Day 7, N = 8 bacteraemia and N = 11 control. 

Significance levels refer to between group comparisons according to the legend 

¥ = severe sepsis Day 1 vs severe sepsis Day 7 

n = all severe sepsis vs non-septic infection (bacteraemia) 

t  = non-septic infection vs healthy controls 

t  = healthy controls vs all severe sepsis
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3.1.12 Summary of cytokine gene expression changes

A key finding from these gene expression experiments is that there is discordance 

between mRNA in PBMCs and assays of protein levels in whole blood. For example 

IFNy protein levels in whole blood are similar in all three groups, whereas there is a 

marked decrease in IFNy mRNA in PBMCs of septic patients. Whole blood TNFa protein 

levels are increased in patients with sepsis and non-septic infection compared to 

controls, whereas TNFa mRNA is decreased in PBMCs of severe sepsis patients.

IL8 and IL6 are greater in patients with sepsis and non-septic infection (Bacteraemia) 

as would be expected from a chemokine such as IL8 and an acute phase protein such 

asIL6.

IL1 is increased in patients with sepsis and non-septic infection compared with 

healthy controls, yet the levels measured in all three groups are very low, and thus the 

differences between groups are difficult to interpret.

IL12, and IL7 are similar in the three groups. IL10 is increased in patients with non- 

septic infection compared to healthy controls, and further increased in patients with 

severe sepsis. Indeed IL10 is the only cytokine where the differences between groups 

in whole blood protein levels match differences in PBMC mRNA levels.

These differences are most likely related to the test sample, with protein in whole 

blood emanating from a wide range of cells, but primarily endothelium and hepatocytes, 

while the mRNA was assayed in a discreet subpopulation of lymphocytes. Clearly, 

cytokine levels in whole blood do not reflect PBMC cytokine production.

Overall these results indicate that both sepsis and non-septic infection are linked 

with a marked abnormality in immune regulatory cytokine gene expression which is not 

reflected in cytokine protein levels in whole blood. Furthermore, the abnormal cytokine 

gene expression in PBMCs is not related to the type of infection or the nature of the 

underlying illness. Lastly, the strength of the association between the composite index 

of gene expression and the response to infection (development of severe sepsis or not)
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is strong. This is evidenced by a risk of developing sepsis of 3.6 fold per unit change of 

the composite mRNA index score and area under the ROC of 0.89.

3.2 Investigation of the effects of IL23, IL27 and IL7 on gene 

expression of TNFa and IFNy by PBMCs from severe sepsis 

patients

3.2.1 Background

The results in Section 1.1 suggest that distinct patterns of cytokine gene expression 

characterise the human response to infection and severe sepsis. IL2, IL7 and IL23 were 

decreased in all patients compared to controls. Additionally, IFNa and TNFa were shown 

to be differentially expressed in patients with sepsis compared to those with infection 

alone.

3.2.2 Experimental aims

The aim of this study was to investigate whether expression of TNFa and IFNy gene 

expression from sepsis patients, as determined using quantitative RT-PCR, could be 

modulated by exogenous addition of IL23, IL27 and IL7 to laboratory cultures of PBMCs 

from septic patients (N = 8) compared to healthy controls (N = 8). The effect of various 

stimuli on these cultures was evaluated to investigate basic functional status of 

monocytes and lymphocytes in the PBMC isolates. The rationale was to investigate 

whether these leukocytes could demonstrate functional defects which may contribute to 

immunosuppression in these patients. PBMCs were isolated from peripheral blood in 

both patients with sepsis and healthy controls and cultured under various conditions for 

four hours. Cells were then harvested and mRNA extracted for cytokine gene expression 

analysis.
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3.2.3 Stimulation

In addition to exogenous cytokines, the effects of anti-CD3 antibody, the phorbol ester 

PMA/calcium ionophore A23187 (lonomycin) and the bacterial cell wall product 

lipopolysaccharide (LPS) were evaluated on cytokine mRNA production. The mitogens 

PMA/lonomycin induce activation of cultured cells via direct and indirect activation of 

protein kinase C. LPS induces activation of monocytes and granulocytes via the LPS 

binding protein LPB, the CD14 receptor and the TLR-4 receptor. Anti-human CD3 

activates T cells by crosslinking of the T cell receptor CDS.

The data was analysed using multivariate analysis of variance (MANOVA) for gene 

expression in sepsis patients and healthy controls and the effects of stimulation with 

LPS, CDSab and PMA/lonomycin was evaluated. Where statistical significance was 

detected in the overall model, post-hoc testing was performed to identify differences 

between health and sepsis.

3.2.4 IFNy gene expression in cultured PBMCs from severe sepsis and 

controls

IFNy gene expression was lower in PBMCs from the sepsis group compared with 

healthy controls (Figure 3.6). IFNy gene expression differed according to culture 

conditions, with greater IFNy gene expression in the presence of anti-CD3 antibody and 

PMA/lonomycin compared with medium alone (no stimulation) (Table 8). In the sepsis 

group, IFNy gene expression was lower in PBMCs in response to stimulation with LPS 

or PMA/lonomycin compared to controls or stimulation with anti-CD3.

The addition of exogenous human recombinant IL7, IL23 or IL27 had no effect on 

IFNy gene expression at baseline (medium) or following stimulation in either sepsis or 

controls.
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Figure 3.6 IFNy gene expression in cultured PBMCs from patients with sepsis and 
controls and in response to IL7, IL23 and IL27.Values denote copy numbers 
expressed as logioper 10^ copy numbers p-actin. The effect of addition of exogenous 
IL7, IL23 and IL27 on cultures alone and following stimulation with lipopolysaccharide 
(LPS), PMA and lonomycin (PI) or anti-CD3 agonist antibody is evaluated. IFNy is lower 
in sepsis compared to healthy controls overall. No effect of exogenous cytokines was 
observed. The response to stimulation by the monocyte ligand LPS was decreased in 
sepsis compared to stimulation by the T cell activator anti-CD3 or pan-stimulation by 
PMA/lonomycin.
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Table 8. IFNy mRNA in cultured PBMCs from sepsis patients and controls

Control Sepsis Control + IL7 Sepsis + IL7
Medium S.29 (0.3) 3.3 (0.3) 3.48(0.4) 3.19 (0.4)

LPS 3.93 (0.3) 2.48 (0.3) 4.02 (0.4) 2.59 (0.5)
CDS 4.9 (0.3)* 4.36 (0.3)* 5.03 (0.4)# 4.94 (0.4)#

PI 5.4 (0.3)* 3.6 (0.3)* 5.12 (0.4)# 4.09 (0.4)#

Values denote copy numbers of IFNy expressed as logioper 10^ copy numbers [3-actln. 
All values are mean and standard error of the mean. Medium = control medium; LPS = 
lipopolysaccharide; CDS = CD3 agonist antibody; PI = PMA and lonomycin.

MANOVA without IL7

Difference between patient groups, Control > Sepsis, p=0.0001. Difference between 
culture experiment, * = PI and CDS > Medium, p=0.0001. Interaction of patient group 
and culture experiment, p=O.OS. IFNy mRNA was lower in sepsis patients in the LPS 
and PI subgroups, p=O.OOS

MANOVA with IL7

Difference between patient groups with Control > Sepsis, p = 0.02; Difference between 
culture experiments, # = PI and CDS > Medium, p=0.0001

MANOVA contrasting IFNy gene expression with and without IL7

IL7 had no effect on IFNy gene expression in patient groups, or culture conditions
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3.2.5 TNFa gene expression in cultured PBIVICs from sepsis and controls

Baseline TNFa gene expression (culture medium alone) was similar in PBMCs from 

sepsis patients and healthy controls. TNFa expression was increased in cultures 

stimulated with anti-CD3 antibody and with PMA/lonomycin compared with culture 

medium alone in both sepsis and controls (Table 9). TNFa gene expression in cultures 

in response to the four culture conditions (medium, anti-CD3 antibody, LPS and 

PMA/lonomycin) was similar in both patient and control groups.

The addition of exogenous human recombinant IL7, IL23 or IL27 had no effect on 

TNFa gene expression observed at baseline or following stimulation.
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Figure 3.7 TNFa gene expression in cultured PBMCs from severe sepsis patients 
and controls and the effect of exogenous IL7, IL23 and IL27. Values denote copy 
numbers TNFa expressed as logioper 10^ copy numbers p-actin. The effect of addition 
of exogenous IL7, IL23 and IL27 on cultures alone and following stimulation with 
lipopolysaccharide (LPS), PMA and lonomycin (PI) or anti-CD3 agonist antibody is 
evaluated. TNFa mRNA is similar in sepsis compared to healthy controls overall. No 
effect of exogenous cytokines was observed. The response to stimulation by the 
monocyte ligand LPS was decreased in sepsis compared to stimulation by the T cell 
activator anti-CD3 or pan-stimulation by PMA/lonomycin.
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Table 9. TNFa gene expression in PBMCs of patients with sepsis and healthy 
controls

Control Sepsis

Medium 4.8 (0.15) 4.82 (0.15)

LPS 4.83 (0.15) 4.74 (0.16)

CD3 5.55 (0.15)* 5.42 (0.15)*

PI 5.42 (0.15)# 5.32 (0.15)#

Values denote copy numbers TNFa expressed as logioper 10'’ copy numbers (3-actin, 
with a pooled estimate of error variance in parenthesis.

MANOVA

Gene expression similar in Control and Sepsis groups 

Significant overall difference between conditions, p<0.0001.

* CD3 > Control Medium, p <0.0001,

# PMA/lonomycin > Control Medium, p = 0.0008.

No interaction between patient group and culture condition.

In cultures of PBMCs from patients with sepsis and healthy controls, overall TNFa gene 
expression was similar. TNFa was greater in cultured PBMC’s stimulated with CDS 
agonist antibody or PMA/lonomycin compared with control medium.

When these cell cultures were repeated in the presence of IL7, IL23, and IL27, the 
addition of IL7 and IL23 had no effect on the relation between TNFa gene expression 
and patient group or culture condition.
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3.2.6 BCL-2 gene expression in PBIVIC cultures

Previous studies by this group reported changes in gene expression of the apoptotic 

regulator in cultures of sepsis patients compared to healthy controls. In this context, 

BCL-2 gene expression in this culture set was compared between sepsis patients and 

controls.

Consistent with evidence of apoptosis of circulating immune populations in severe 

sepsis, the anti-apoptotic protein Bcl-2 was decreased in sepsis compared to healthy 

controls. As with IFNy and TNFa, stimulation with LPS failed to augment BCL-2 gene 

expression compared to stimulation PMA/'lonomycin or the T cell agonist anti-CD3.

In contrast, the addition of exogenous IL7, while not altering the observed BCL-2 

gene expression differences between sepsis and controls, did however, abolish the 

apparent lack of response to LPS in both groups after four hours. This may indicate an 

early anti-apoptotic effect of exogenous IL7 ex vivo, which may precede other detectable 

functional responses.
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Figure 3.8 Gene expression of the anti-apoptotic protein Bcl-2 in cultured PBMCs 
from sepsis patients and controls and the effect of exogenous IL7. Values denote 
copy numbers BCL-2 expressed as logioper 10^ copy numbers (3-actin. mRNA levels for 
BCL-2 are lower in sepsis compared to healthy controls. The difference in Bcl-2 between 
sepsis patients and controls persists with IL7 and potentiates the global effect of LPS 
stimulation.
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Table 10. BCL-2 mRNA in Cultured PBMCs

Control Sepsis Control + IL7 Sepsis + IL7
Medium 4.3(0.18) S.59 (0.17 4.68 (0.17) 4 (0.17)
LPS 4.0S (0.18) S.7S (0.19) 4.53 (0.18) 3.99 (0.2)
CDS 4.67 (0.18) 4.03 (0.18)* 4.54 (0.18) 4.06 (0.18)
PI 4.82 (0.18) 3.77 (0.17)* 4.62 (0.17) 3.97 (0.17)

Values denote copy numbers BCL-2 expressed as logio per 10^ copy numbers p-actin. 

All values are mean and standard error of the mean.

Medium = control medium; LPS = lipopolysaccharide; CDS = CD3 agonist antibody; PI 
= PMA and lonomycin.

MANOVA without IL7

Difference between patient groups, Control > Sepsis, p < 0.0001 

Difference between culture conditions 

* denotes CDS and PI > Medium in sepsis group, p = 0.02 

No interaction between patient group and culture condition.

MANOVA with IL7

Difference between patient groups. Control > Sepsis, p < 0.0001

No difference between culture conditions

No Interaction between patient group and culture condition.

MANOVA contrasting BCL-2 mRNA with and without IL7

IL7 had no effect on BCL-2 gene expression in sepsis and control groups.

76



3.2.7 Summary of gene expression data from PBMC cultures

IFNy gene expression was decreased in cultures from patients with sepsis compared to 

controls and this decrease was not rectified by stimulation with LPS, a potent 

mononuclear cell activator. Interestingly however, IFNy gene expression by PBMCs of 

sepsis patients did increase following stimulation with the T cell agonist anti-CD3. The 

positive effect of stimulation by anti-CD3 and lack of effect with LPS points to a defect 

in mononuclear cell function while functionally intact T cells,

TNFa production gene expression was observed to be similar in sepsis and controls. 

Again however, the greatest increase in TNFa v»/as observed following stimulation with 

the T cell agonist CD3 or the polyclonal activation cocktail PMA/lonomycin which verifies 

the potential for activation in these cultured T cells upon adequate stimulation.

3.3 PBMC immunophenotyping and cytokine production in patients 

with sepsis

Immunostaining of whole blood samples from patients with sepsis and controls was 

performed in order to examine alterations in mononuclear cell populations which could 

contribute to the altered gene transcription patterns observed in the gene expression 

assays as outlined in the previous sections. Additionally, the production of IL12 family 

cytokine (IL12, IL23 and IL27) by antigen presenting cells (monocytes and dendritic 

cells) was investigated.

3.3.1 Experimental protocol

Immunophenotyping of PBMCs was evaluated in a new cohort of septic patients (N = 

6). Cytokine production was evaluated in a further separate cohort of severe sepsis 

patients (N = 5). Healthy, non-age matched volunteers were recruited as healthy 

controls. Age and clinical details are given for all 11 sepsis patients in Table 11. 

Proportions and characterisation of lymphocyte, monocyte and dendritic cell populations
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was undertaken from whole blood of patients with severe sepsis compared to controls. 

Production of the IL12 family of cytokines was examined.
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Table 11. Demographics of sepsis patients recruited for immunophenotyping 
(n=6) and evaluation of cytokine production (n=5)

Patient Diagnosis Age
Immunophenotyping experiment patients recruited (lymphocytes)
1 Pneumonia post pneumonectomy 75
2 Pneumonia post lobectomy 75
3 Community acquired pneumonia 51
4 Puerperal sepsis 37
5 MSSA sepsis (infected hip prosthesis) 71
6 Peritonitis

Antigen presenting cell experiment (monocytes and dendritic cells)
1 Catheter related blood stream infection 60
2 Pneumonia post lobectomy 62
3 Abdominal sepsis post perforated duodenal ulcer 47
4 Pneumonia 65
5 Pneumonia 72
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3.3.2 Immunophenotyping strategy; lymphocytes

Lymphocytes were initially identified from their characteristic scatter profile. T 

lymphocyte populations were identified using the T cell receptor marker CDS. CD3+ 

populations were further evaluated for the expression of the naive/effector T cell marker 

CD45RA and naive/central memory T-cell marker CCR7. Natural killer (NK) cell 

populations were identified by staining for CD56/CD16. IL7 receptor (CD127) has been 

shown to be downregulated in circulating populations of CD4+ T reg cells (Liu, 2006). 

The gating strategy is illustrated in Figure 3.9.
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Figure 3.9 Dot plots showing gating strategy employed for immunophenotyping 
of lymphocytes in peripheral blood. Plot (top left) showing gated lymphocyte 
population on Forward Scatter/Side Scatter (FSC/SSC). Plot (top right) showing staining 
for CD45RA vs CDS. Middle left plot showing population of CD16/CD56 positive (NK) 
cells. Middle right plot of CD45RA against the T-reg marker IL7R (CD127). Lowermost 
plot of fluorescence of naive and memory marker CCR7 vs IL7R.
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3.3.3 Immunophenotyping strategy: monocytes

The gating strategy for quantification of CD14* and CD16^ monocyte populations is 

shown in Figure 3.10.

GDI 4 VioGreen Log Comp

Figure 3.10 Dot plots showing gating strategy for monocyte immunophenotyping 
using the markers CD14 and CD16. Plot (left) of Forward Scatter/Side Scatter (FSC/ 
SSC) with monocytes enclosed in the R9 gate. The population above the R9 gate 
identified by higher forward scatter (size) and side scatter (granularity) are granulocytes. 
The lowermost population with the yellow green centre are lymphocytes. Plot (right) 
showing distribution of CD14/CD16 fluorescence of the cells from the R9 monocyte gate.

3.3.4 Immunophenotyping of dendritic cells

Dendritic cells were identified on the basis of absence of staining for a FITC conjugated 

cocktail and positive staining for HLA-DR by Fung (Fung, 2010). The gating strategy for 

quantification of dendritic cells with the CD123'' myeloid and C D IIc '" plasmacytoid 

subpopulations is shown in Figure 3.11. Intracellular production of IL12, IL23, IL27 and 

IL7 by monocytes and dendritic cells was evaluated. The effect of stimulation by culture 

in the presence of IFNy and LPS was also examined.
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Figure 3.11 Gating strategy for immunophenotyping of dendritic cell 
populations in human peripheral blood. Top left plot Forward Scatter/Side Scatter 
(FSC/SSC). Top right plot showing staining of R6 gated cells with the Lin-1 cocktail 
versus HLA-DR. The DC population is shown in the R42 gated quadrant (Lin-17HLA- 
DR*). Quantification of the R42 DC population as R46 quadrant CD123+ (myeloid) or 
R43 quadrant CD11c (plasmacytoid) DCs are shown in the bottom left plot. Examples 
of histograms used for quantification of intracellular cytokine fluorescence from cell 
populations are shown bottom right.

3.3.5 Lymphocyte populations in sepsis compared to controls

Analysis of lymphocyte populations from sepsis patients compared to healthy controls 

are shown in Table 12. The population of CD3+CCR7+CD127+ naive and memory T 

cells was decreased in patients with sepsis compared to healthy controls. While some 

differences were noted in other T lymphocyte populations, these did not reach statistical 

significance due to the small number of samples analysed.
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Table 12. Immunophenotyping of peripheral blood T lymphocytes in patients with 
sepsis versus healthy controls

Controls Sepsis
N 6 6 P

CD3+ CCR7+ CD45RA- % 6 (1.3-12.9) 4.2 (2.7-10) ns
CD3+ CCR7I0W CD45RA- % 23.5 (20-31.3) 21 (17-28.8) ns
CD3+ CCR7+CD45RA+ % 12.7 (4-24.6) 7.6 (5.3-17) ns
CD3+ CCR7- CD45RA+ % 28.2 (6.6-43) 18.1 (14.1-24) ns
CD3+CCR7+CD127+ % 55 (53-59) 37 (26-43.6) 0.004
CD3+CCR7+CD127- % 17.5 (14.2-21) 18.7 (7.1-24.7) ns
CD16+ CD56+ % 8.3(4.9-12.3) 1.9 (1-14) ns

Values are given as median and interquartile range. Analysis by Wilcoxon rank sum 
test.
CD3 -  T cell receptor; CD45 -  naive T cell marker; CCR7 -  central T cell marker; CD127 
-  receptor for the T cell trophic cytokine IL7.
NK cells are identified by CD16+/CD56+ staining.
T cells showing downregulation of CD127 likely represent a population of circulating T 
reg cells.
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3.3.6 Monocyte populations and cytokine production

Under unstimulated conditions there was no significant difference observed in the 

number of the three monocyte populations in patients with sepsis compared to controls. 

However, intracellular production of cytokines IL12, IL23 and IL7 in CD14+ and CD16+ 

populations was significantly reduced in sepsis patients compared to controls. IL27 

levels appeared higher in controls than sepsis but overall absolute levels detected were 

low (Table 13).
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Table 13. Immunophenotyping of monocytes in sepsis patients and controls

Control (N = 6) Patient (N = 5) P
CD 14+ % 3.1 (2.S-3.2) 1.5 (1.3-2.9) ns
CD14+ IL12 45.2 (33.8-49.5) 11.3 (0-13) 0.006
CD14+ IL23 56.2 (48.2-90.9) 18(17.4-19.2) 0.006
CD14+ IL7 93.4 (74.1-152.5) 25.8 (25.4-27.2) 0.006
CD14+ IL27 39.1 (31.4-41.7) 11.3 (5.6-14.5) 0.004
CD16+ % 1.6(0.8-3.2) 0.6 (0.4-1.2) ns
CD16+ IL12 11.3 (10.7-11.4) 0 (0-5) 0.006
CD16+ IL23 100.4 (61.2-118.7) 18,7 (16.4-18.7) 0.006
CD16+ IL7 221.7 (157-258.4) 37 (29.3-40.6) 0.006
CD16+ IL27 13.5 (13.2-14.1) 0 (0-0) 0.004
CD14+/CD16+ % 0.1 (0.1-0.2) 0.2 (0.1-1.1) ns

Proportion of CD14+, CD16+ and CD14+/CD16+ in monocyte gate is shown as %.

Median fluorescence intensity (MFI) of staining for intracellular cytokines in each 
population is shown.

All values are medians and interquartile range. Analysis by Wilcoxon rank sum test.
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Following stimulation with LPS and IFNy, the population of CD14+ monocytes 

decreased while the CD16+ monocyte populations increased significantly in the septic 

group compared to controls. There was also a significant increase in the double positive 

monocyte CD14+CD16+ population. Staining for intracellular IL23 and IL7 remained 

significantly decreased in CD14+ monocytes from sepsis compared to controls. There 

was no difference in IL12 detectable between groups following stimulation. IL27 levels 

again appeared higher in controls than in sepsis but again overall absolute levels were 

low (Table 14).
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Table 14. Immunophenotyping of stimulated monocytes from sepsis patients and 
controls

Control (N = 6) Patient (N = 5) P
CD 14+ % 2.9 (2.1-3) 1 (0.7-1.6) 0.01

CD14+ IL12 41.3 (33.2-43.2) 17.4 (14.2- 
23.2) ns

CD14+ IL23 71 (52.1-79.7) 17.4 (16.7- 0.01
23.4)

CD14+ IL7 93.1 (74.4-106.5) 25.8 (21.9- 
27.8) 0.01

CD 14+ IL27 37 (29.3-37.7) 11.3 (0-11.9) 0.01
CD16+ % 0.5(0.3-12) 1.9 (1-2.5) 0.05
CD16+ IL12 11.3 (11.3-11.8) 11.7 (10.9- ns

42.6)

CD16+ IL23 91.6 (64.4-127.6) 16.7 (16.1- 
17.7) 0.01

CD 16+ IL7 213.5 (155.9- 32.1 (28.3- 0.01
290.2) 48.5)

CD 16+ IL27 14.5 (13.5-15.7) 0 (0-11.1) 0,01
CD14+/CD16+ 0.1 (0.1-0.1) 1 (0.2-12.2) 0.02

Cells were stimulated by incubation with LPS and IFNy

The proportion of CD14+, CD16+ or CD14+/CD16+ cells in the monocyte gate is shown 
as %.

Median fluorescence intensity (MFI) of intracellular cytokine staining for each population 
is shown for both groups.

All values are medians and interquartile range.

Analysis by Wilcoxon rank sum test.
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3.3.7 Dendritic cell populations and cytokine production

Dendritic cell (DC) numbers were significantly reduced in the sepsis patient groups 

compared to controls in both unstimulated and stimulated conditions (Table 15, Table 

16). Some intracellular staining for IL23 and IL7 was detectable. However, due to the 

small numbers of subpopulations of DCs, positive fluorescence was difficult to quantify 

over and above background fluorescence.

89



Table 15. Immunophenotyping of dendritic cells in sepsis patients compared to 
controls

Control (N = 6) Patient (N = 5) P
DC % 0.5 (0.4-0.7) 0.1 (0.1-0.2) 0.006
IL12 17 (14.8-19.7) 15.6 (15.3-16.7) ns
IL23 43.6 (36.5-48.3) 26.8 (24.9-35.5) 0.04
IL7 89.7 (81.4-108.5) 63.7 (61.4-72.3) 0.04
IL27 15.7 (14-18.2) 14 (0-14.2) ns
CD 123+ % 0.2 (0.1-0.3) 0 (0-0) 0.006
CD11C+ % 0.2 (0.1-0.3) 0 (0-0.1) 0.01
CD123+/CD11C+
% 0 (0-0.1) 0 (0-0) ns

Proportion of DC and DC subsets indicated as percentages.

Levels of intracellular cytokine staining of DCs are indicated (figures represent median 
fluorescence intensity (MFI).

All values are medians and interquartile range.

Analysis by Wilcoxon rank sum test.
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Table 16. Immunophenotyping of stimulated dendritic cells from sepsis patients 
compared to healthy controls

Control (N = 6) Patient (N = 5) P
DC % 0.6 (0.5-0.9) 0.3 (0.2-0.5) 0.05
IL12 18.3 (14-21) 18.7 (17.4-20.4) ns
IL23 42.8 (34.8-47.1) 30.9 (24.1-33.3) 0.02
IL7 86.6 (73.1-102) 66 (60.3-72.3) 0.03
IL27 14.5 (10.5-15.6) 14.5 (7-14.7) ns
CD 123+ % 0.2 (0.1-0.3) 0 (0-0.1) 0.0061
CD11c+% 0.3 (0.2-0.4) 0.1 (0-0.3) ns
CD123+/CD11C+ 0 (0-0.1) 0 (0-0.1) ns

Stimulation by LPS and IFNy.

Proportion of DC and DC subsets indicated as percentages.

Levels of intracellular cytokine staining of DCs are indicated (figures represent median 
fluorescence intensity (MFI).

All values are medians and interquartile range.

Analysis by Wilcoxon rank sum test.
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3.3.8 Summary of Immunostaining data

Analysis of circulating T lymphocytes showed some variation in relation to a population 

of CD3+CCR7+CD127+ naTve and memory T cells but overall there was no significant 

difference in lymphocyte populations in sepsis compared to controls.

Baseline monocytes numbers were no different in sepsis compared to controls 

however the response to stimulation by LPS/IFNy in sepsis showed a preferential 

increase in CD16+ monocytes. This study showed overall cytokine production by 

monocytes in sepsis was low with CD16+ monocytes appearing to respond better to 

stimulation.

These results confirmed circulating DC populations to be reduced in sepsis 

compared to controls. Further characterisation was difficult given the low number of 

positive events observed. Multicolour flow cytometry relies on spectral overlap 

compensation between fluorochromes to clearly define positive and negative staining 

and to optimise the signal to noise ratio. Where very low numbers of events are observed 

for a population, the contribution of background fluorescence from other fluorochromes 

can become more significant. The DC staining protocol described here relies on 

positivity for HLA-DR to identify DCs. As discussed earlier in this work, there is a 

reduction in expression of HLA-DR on antigen presenting cells in sepsis. This may result 

in reduced detection and evaluation of DC populations by this method.
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3.4 RNA sequencing of CD14 monocytes and CD4 T cells in 

patients with sepsis

3.4.1 Introduction

The data presented heretofore demonstrates clear patterns of key immune cytokine 

gene transcription in both sepsis and non-septic infection compared to controls. Culture 

of PBMCs from patients with sepsis has demonstrated impaired IFNy production which 

was not rectified by stimulation with ligands known to activate antigen presenting cells. 

T cells could however be observed to function with appropriate stimulation. 

Immunophenotyping demonstrated numbers of antigen presenting cells (monocytes and 

dendritic cells) to be similar in sepsis patients and controls. These findings point to a 

functional defect in antigen presenting cells as important in the pathophysiology of 

immune responses in sepsis. In the context of the patterns of gene transcription in 

PBMCs shown in section 3.1 and the experiments pointing to ARC dysfunction detailed 

in section 3.2 above, a logical next step was to examine gene transcription on a wider 

scale in the main blood antigen presenting cell, the monocyte.

3.4.2 Experimental aim

RNA sequencing (RNA-seq) was performed to investigate circulating CD14+ monocyte 

gene transcription in patients with severe sepsis. In order to obtain a faithful and specific 

picture of the monocyte transcriptome without contamination by transcripts from other 

circulating leukocyte populations (in particular polymorphs and lymphocytes), following 

blood sampling, CD14+ monocytes were isolated and enriched to high levels of purity 

prior to extraction of RNA. In a subset of patients who had sufficient CD4 positive 

lymphocytes, this population of cells was also sequenced for comparison. Monocytes 

and CD4 T cells were examined for differentially expressed transcripts compared to 

healthy controls with a view to identifying biologically relevant mediators and pathways 

in patients with severe sepsis.
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3.4.3 Patient recruitment and demographics, monocytes

Ten patients with a diagnosis of severe sepsis (with at least two sepsis related organ 

failures) were recruited for this study. Monocytes were isolated from all severe sepsis 

patients for RNA-seq analysis. Five of these ten severe sepsis patients had sufficient 

CD4 T cells to also perform RNA-seq analysis. Seven healthy controls with a similar age 

range to that of the ten sepsis patients were recruited from healthy patients attending 

hospital for minor day case surgery for the monocyte study. Six further healthy controls 

were recruited for the T cell study. Demographics of patients and controls are given in 

Table 17.

The minimum input amount of total RNA for lllumina RNA-seq sample preparation 

(as specified by the sequencing vendor) was 500 ng, which precluded RNA-seq on cell 

isolates with fewer than approximately 1x10® purified cells.
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Table 17. Demographics of patients used for RNA seq study

Group ID Diagnosis Sex Age
Monocytes
Patients R2 Pneumonia M 84

R4 Urosepsis M 81
R8 Abdominal sepsis M 61
R12 Pneumonia F 68
R14 Faecal peritonitis F 74
R19 Pneumonia M 67
R28 Pneumonia post thoracotomy M 56
R30 Abdominal sepsis F 85
R40 Pneumonia M 58
R45 Pneumonia F 53

Controls R6 - M 62
R22 - M 55
R23 - M 58
R26 - F 70
R48 - F 72
R49 - M 72
R53 - F 84

T Cells
Patients R7 Abdominal sepsis M 61

R13 Faecal peritonitis F 74
R29 Pneumonia post thoracotomy M 56
R31 Abdominal sepsis F 85
R44 Pneumonia F 53

Controls R5 - M 62
R17 - F 52
R42 - F 58
R50 - M 72
R51 - M 72
R52 - F 84

RNA-seq was performed on ten patients with severe sepsis and seven controls.

Five of these ten sepsis patients had sufficient numbers of CD4 lymphocytes to enable 
RNA-sequencing.
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3.4.4 Isolation of high purity CD14+ monocytes and CD4+ lymphocytes

PBMC fractions, when isolated from patients with sepsis using density gradient 

centrifugation, showed significant numbers of polymorphonuclear leukocytes, a finding 

consistent with previous reports (van den Akker, 2008). In the prior gene expression 

studies presented here, granulocyte contamination was not problematic as the cytokines 

of interest are not produced by these populations of cells. Given the sensitivity of RNA- 

seq, considerable focus was placed on the process of cell isolation to ensure high 

purities (> 95%) of both CD14+ and CD4 lymphocytes prior to downstream work.

The CD14 is a receptor which cooperates with TLR-4 on the surface of immune cells 

in recognising bacterial LPS. Although CD14 is expressed predominantly by monocytes, 

it is also expressed by dendritic cells and to a lesser extent by neutrophils. Furthermore, 

CD14 expression by neutrophils is increased in sepsis (Tansho-Nagakawa, 2012). 

Consequently, monocyte enrichment from circulating PBMC from sepsis patients (using 

magnetic bead bound CD14) was observed to result in monocyte purities ranging from 

40% -  80% in preliminary experiments (Figure 3.12). Further enrichment to levels 

acceptable for transcriptome analysis (> 95%) was therefore obtained by cell sorting 

following staining of the CD14+ enriched cells with a second monocyte marker CD85k, 

also known as immunoglobulin-like transcript 3 (ILT3) receptor (Celia, 1997).

CD4, although predominantly expressed on CD4+ T cells, is also expressed on 

APCs (monocytes, macrophages and DCs). Following magnetic bead enrichment, 

further purity of CD4+ lymphocytes was obtained by a sorting strategy based on positive 

staining for CD4+ but negative staining for the APC marker CD85k. The combined two- 

way sort strategy employed is illustrated in Figure 3.13.
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Figure 3.12 Forward Scatter/Side Scatter (FSC/SSC) plot of a PBMC isolate from 
a patient with severe sepsis. Note the high proportion of side scatter events indicating 
high numbers of granulocytes in the buffy coat preparation obtained from density 
gradient centrifugation.
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Figure 3.13 Gating strategy for sorting of CD14 monocytes and CD4T lymphocytes 
from CD14+ monocyte/CD4 lymphocyte enriched sample.Top left: Forward 
Scatter/Propidium iodide; Top right: Forward Scatter/Side Scatter (FSC/SSC); Bottom 
left: FITC/CD85k PeCy7; Bottom right: FITC/CD85k PeCy7. R1 - live cell population gate; 
R2 - monocyte gate; R4 -  lymphocyte gate; R5 -  CD4+ lymphocytes; R3 -  
CD14+/CD85k+ positive monocytes. CD+ T cells sorted using sequential R1/R4/R5 
gates. CD14 monocytes sorted using sequential R1/R2/R3 gates. Post sort analysis of 
CD14+CD85k+ monocytes and CD4+ lymphocytes populations showed > 95% in all 
cases.

3.4.5 RNA seq data output and quality control

A summary of the raw output data from the RNA seq process is given in Table 18. 

Samples were resequenced where necessary to ensure comparable sequencing depth 

across all samples, which ranged from 23X to 60X. Raw sequence data output files 

(identified by the .fastq extension) were analysed for quality using the Java tool FastQC 

(Andrews, 2012).
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Table 18. Details of RNA sequencing runs for each sample

Sample Size (Gb)
Read

Count
(x10®)

Combined Read 
Count 
(xIO®)

Coverage
(X)

R2 2.9 18.7
R2 4.9 32.1 50.8 36
R4 8.5 55.5 55.5 40
R5 6 38.9 38.9 28
R6 8.7 57.3 57.3 41
R7 2.1 13.7
R7 2.4 15.6
R7 0.9 5.5 34.8 25
R8 5.6 36.9 36.9 26
R12 6.5 42.7 42.7 31
R13 2.4 15.6
R13 2.7 17.2
R13 1.3 8.1 40.9 29
R14 4.5 29.0
R14 2.9 18.7 47.7 34
R17 4.6 30.1
R17 3.9 25.2 55.3 40
R19 4 26.0
R19 9.9 64.7 90.7 65
R22 5.4 35.4 35.4 25
R23 7.4 48.5 48.5 35
R26 6.9 45.5 45.5 33
R28 1.8 11.7
R28 2.1 13.3
R28 2.3 14.7 39.7 28
R29 2.1 13.7
R29 2.8 18.1
R29 1.8 11.8 43.5 31
R30 7.1 46.4 46.4 33
R31 5.5 36.2 36.2 26
R40 7.2 47.0 47.0 34
R42 5.1 33.3 33.3 24
R44 4.8 31.6 31.6 23
R45 8.6 56.5 56.5 40
R48 9.3 61.1 61.1 44
R49 6.3 41.1 41.1 29
R50 6.3 41.5 41.5 30
R51 5.8 37.7 37.7 27
R52 11 69.8 69.8 50
R53 3.5 22.7
R53 5.6 36.4 59.0 42
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Table 18. Table includes all patients samples sequenced (CD14+ monocyte and CD4 
lymphocyte isolates). Samples appearing more than once signify repeat sequencing of 
the same sample (technical replicates) so as to obtain comparable sequencing depth 
across patients (biological replicates). Size denotes raw sequencing file size in 
gigabytes (Gb). Read count = number of reads attained for a replicate during a 
sequencing run. Combined read count = total number of reads for a sample when all 
technical replicates have been combined. X coverage = coverage of the entire 
transcriptome/sequencing depth.

3.4.5.1 lllumina quality scores

For each base call generated during sequencing, a quality score is generated for that 

base call. This score, also known as a Phred score which ranges from 0 to 40, indicates 

the probability of that base being called incorrectly. The score is calculated using several 

parameters related to peak shape and resolution at each base and was originally 

devised to characterise quality of DNA sequences (Ewing, 1998). Table 19 lists the 

relationship between Phred scores and base call accuracy.
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Table 19. Relationship between Phred quality scores and base call accuracy

Phred Quality 
Score

Probability of incorrect 
base call

Base call 
accuracy

10 1 in 10 90%
20 1 in 100 99%
30 1 in 1000 99.90%
40 1 in 10000 99.99%
50 1 in 100000 100.00%
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3.4.5.2 Sequencing metrics

All sequence files analysed were within acceptable ranges for the following metrics: per 

base sequence quality, per sequence quality (Phred) scores, per sequence GC content, 

per base N content and sequence length distribution. A summary of the FASTQC 

analysis for all samples (monocytes and lymphocytes) is given in Table 20. Typical 

graphical outputs of each FASTQC metric is given in Appendix A.
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Table 20. RNA seq data quality metrics using the tool FASTQC^

Metric Pass Warn Fail
Basic Statistics 41
Sequence Length Distribution 41
Per base N content 41
Per base sequence quality 41
Per sequence quality scores 41
Per sequence GC content 40 1
Overrepresented sequences 18 22 1
Sequence Duplication Levels 41
Per base GC content 41
Kmer Content 40 1
Per base sequence content 41

Sequence length distribution -  analysis of read lengths which should be uniform for 50 
base pair cycles.

Per base N content -  where sequencer unable to make a base call with sufficient 
confidence, an N is normally substituted instead. A high proportion suggests difficulty in 
interpreting data sufficiently to make valid base calls.

Per base sequence quality -  range of quality (Phred) scores across all bases at each 
base pair position along the reads.

Per sequence quality scores -  determines average quality score over all sequences.

Per sequence GC content -  measures GC content across whole length of each 
sequence and compares to a typical GC content distribution which is roughly normal. 
Can identify potential systematic bias within a sample.

Overrepresented sequences -  gives an indication of the diversity of the library by listing 
all sequences which make up greater than 0.1% of the total.

Duplicate sequences -  Determines the degree of duplication for every sequence in the 
set and creates a plot showing the relative number of sequences with different degrees 
of duplication. High levels can indicate possible enrichment bias (e.g. PCR induced 
bias).

Per base GC content -  overall GC content across all bases, which should be unchanged 
from base to base in a random library.

Kmer content -  an analysis of exactly duplicated sequences by comparing enrichment 
of 5-mers within the library and comparing to expected levels of 5-mer sequence 
fragments based on the base content of the library.

Per base sequence content -  compares proportions of bases across the sequencing 
run. This should be roughly balanced and consistent across the sequencing run. The 
sample will fail if the difference between bases is greater than 20% in any position. 
Typically lllumina sequencing will show differences in bases content in the initial 10 -  
15 bases after which the bases converge.

' http://www.bioinformatics.babraham.ac.uk/projects/fastqc/Help/3%20Analysis%20Modules/
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3.4.6 Read alignment using Tophat

Alignment of reads generated by RNA-seq to the reference human sequence was 

performed using the splice junction aware mapper for RNA sequencing reads Tophat 

(version 2.0.0 or 2.0.3) (Trapnell, 2012b, Trapnell, 2012a). This program utilises the 

short read aligner Bowtie to map RNA-seq reads to the reference genome and then 

parses these reads against an annotated transcript assembly (Langmead, 2009). The 

reference genome used for these alignments was the hg19 build of the UCSC genome^. 

Alignments were performed using all default Tophat parameters apart from the multihit 

parameter (-g option) which was set to 1. This parameter specifies the number of 

alignments to the reference genome that Tophat \n \W allow for a given read. Tophat will 

discard reads that align more than once when this parameter is set to 1.

3.4.7 Alignment output and quality control

The output from the Tophat alignment consisted of 2 data files; the reads that mapped 

to the reference (accepted_hits.bam) and the reads that did not align (unmapped.bam). 

These BAM files are a compressed binary format file for storing sequence data. The 

Sequence Alignment Map (SAM) format is the uncompressed readable version of the 

alignment data. Alignment quality was analysed using the Java based sequencing data 

metrics tool set PICARD and the utility set SAMtools (2013, Li, 2009). Quality indicators 

which were determined included: number of mapped/unmapped reads, cycle related 

variation in quality and overall alignment quality for each sample alignment. A typical 

histogram of per sequence quality scores for reads successfully aligning to the reference 

genome is shown in Figure 3.14. A comparative analysis of basic alignment data using 

PICARD for three technical replicates of one sample is given in Table 21. The 

percentage of reads mapping to the reference transcript assembly was consistent 

across all three technical replicates. Duplicate reads were quantified and expressed as

2 http://support.illumina.com/sequencing/sequencing_software/igenome.ilmn
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a proportion of total mapped reads. Further graphical illustrations of alignment metrics 

are given in Appendix A.
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Figure 3.14 Histogram of mean base call quality score per sequencing cycle for 
aligned reads (accepted_hits) from sample R4. A score greater than 30 estimates a 
base call accuracy of at least 99.9%.
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Table 21. Analysis of read alignment data for the 3 technical replicates of sample 
R13

Run 1 Run 2 Run 3
Number of reads 17218374 8137737 15573510

Alignments
Mapped reads 16416806 7759385 14856816
Total reads mapped (%) 95.34 95.35 95.4
Duplicate reads 10951225 4609657 9761153
Mapped duplicates (%) 66.71 59.41 65.7
Unmapped reads 387426 196596 369841
Total 16804232 7955981 15226657
Variance 414142 181756 346853

The replicates were combined into a single file for downstream analysis.

A high proportion of reads can be seen to map to the reference across each replicate.
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3.4.8 Differential gene expression analysis of monocyte RNA seq data

Calculation of differentially expressed genes in CD14+ monocytes in patients and 

controls was performed using the package DESeq2 (Anders, 2013). This is available 

from Bioconductor, an open source repository of tools for high throughput genomic and 

transcriptomic data within the R statistical programming language^.

The starting input for analysis using DESeq2 is a table of gene counts obtained from 

the RNA seq data. This was collated in matrix format with row names corresponding to 

genes and column names corresponding to sample identifiers. The count value 

represents the number of sequence fragments (reads) that have been assigned to each 

gene. Count data is obtained by combining the alignment data with a reference genome 

file annotated with gene coordinates using the python based tool HTSeq (Reyes, 2013).

3.4.9 Calculation of differential gene expression

The basis of the approach to differential gene expression analysis from RNA seq data 

using DESeq2 involves determining differences in count data for each gene across the 

conditions of interest and then testing for statistical significance. Within-group biological 

variability across each gene is calculated so as to provide a basis for inference of 

differences between groups.

The effect of varying sequencing coverage for each sample (i.e. the number of reads 

generated for each sample in a sequencing run) is first adjusted for, prior to calculation 

of differential expression. This is performed by estimating the effective library size and 

determining a parameter called the SizeFactor for each sample. The SizeFactor is a 

numerical value calculated for each sample by comparing the sequencing depth to an 

ideal reference sample and determining a ratio of sample to reference. Normalisation is 

then achieved by dividing each column of count data (representing an individual sample)

3 http://bioconductor.org/
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Table 22. Size Factor values calculated for adjustment for the effect of sequencing 
depth between samples___________________________________________
Sample Size Factor Sample Size Factor
R6 1.437783135 R8 0.847252554

R22 0.825976857 R12 1.06256258
R23 1.226882934 R14 1.491501768

R26 1.177015554 R19 0.566924434
R48 1.317040357 R28 1.009735458

R49 0.903922174 R30 1.224499875
R53 1.344013303 R40 1.104776698

R2 0.377411809 R45 0.972977115
R4 1.204432195

Adjustment for sequencing depth is performed by benchmarking each sample against a 
combined “reference” sample.

The SizeFactor is calculated from the median ratio of per gene counts divided by the 
reference geometric mean.
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The statistical inference used for differential gene expression analysis in DESeq is 

modelled on the negative binomial distribution. Central to this inference is the estimation 

of the relationship between the data variance (dispersion) and mean. Contributing to this 

variance is the sample to sample variation and the inherent sampling uncertainty in 

quantifying transcript expression by counting reads. The DESeq2 function 

EstimateDispersions estimates a dispersion for each gene based on a model developed 

to take into account variation in RNA-seq data. A dispersion-mean relationship is fitted 

and a final dispersion value is estimated based on this dispersion-mean relationship 

which incorporates observed variance and expected sampling variance. A plot of the 

dispersion for the RNA-seq data for the monocyte dataset is shown in Figure 3.15. This 

illustrates that dispersion (variance) is highest for genes with low counts.
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Figure 3.15 Plot of dispersion estimates for normalised gene counts using 
DESeq2. Gene-wise estimates (black), the fitted values (red) and the final estimates 
used in differential gene expression testing (blue) are indicated. It can be seen that for 
low mean count values, the dispersion (variance) is greater than at higher values.

Having estimated the dispersion (variance), differential gene expression is 

calculated using a generalised linear model incorporating size factor normalised gene 

counts for each sample modelled using a negative binomial distribution and the 

estimated per gene dispersion. Log2fold changes from genes with low counts and high 

dispersion (variance) are moderated by the incorporation of a prior into the estimation 

of dispersion and fold changes. The effect of this can be seen in Figure 3.16. Details of 

the R schpt for this analysis within DESeq2 is given in Appendix A.

3.4.10 Results of differential gene expression in CD14+ monocytes 

compared to healthy controls

Using the standard DESeq2 cut-off level of an adjusted p-value (False Discovery

Rate/FDR) of < 0.1, combined with a log2fold change ratio (patient over control) of gene

expression greater than or less than 1 (equivalent to an absolute fold change greater
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than 2), 786  genes w ere found to be differentially expressed in this cohort of sepsis 

patients com pared to controls. W hen  the F D R  is reduced to < 0.01 with the sam e  

conditions (i.e. a log2fold change of > /<  1), 494  genes are identified to be differentially  

expressed between the groups.

The  h g l 9 build of the U C S C  genom e annotates 2 3 ,2 3 3  transcripts4. The  relationship 

between the m ean normalised count for each transcript and the log ratio change for 

each transcript is shown in Figure 3 .16 . In this figure the m ean of normalised counts on 

the X axis is plotted against the log2fold change to on the y axis. G enes that are not 

differentially expressed are displayed as black dots, while differentially expressed genes  

are displayed as red dots.

Tab le  23  lists genes with the greatest statistically significant difference found in 

sepsis com pared to controls. Tab le  24  lists genes with the greatest differential 

expression betw een sepsis and controls with details of their principal known functions. 

A full list of differentially expressed genes is given in Appendix B.

http://support.illumina.com/sequencing/sequencing_software/igenome.ilmn
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Figure 3.16 MA plot of fold change differential expression over the range of 
normalised counts for CD14 monocytes in sepsis compared to controls. The mean 
normalised counts (A or “average” values) for each transcript are plotted on the 
horizontal axis and its log fold change ratio (M or “minus" values) on the vertical axis. 
Red points indicate genes identified as being differentially expressed with False 
Discovery Rate (FDR by Benjamini-Hochberg method) <0.1.  This plot demonstrates 
that the magnitude fold change required to reach significance decreases as the overall 
counts become larger.
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Table 23. Thirty most highly significant differentially expressed genes in 
monocytes of sepsis patients compared to controls

Gene
Name

Base
Mean log2poldChange FDR

CYP19A1 211 5.7104 4.29 X 10-3®
PID1 990 -2.7585 7.36 X 10-2®
CD1E 29 -4.0665 2.07 X 10-2®
FAM20A 526 4.1883 7.16 X 10-2̂
MCTP2 558 2.5358 1.62 X 10-25
ADAMTS2 572 4.0944 2.88 X 10-'®
C16orf5 293 -2.0505 1.75 X 10-1®
TNFAIP8L3 47 3.3657 1.98 X 10-1®
NKG7 1578 3.2960 2.60 X 10-1®
CD1C 275 -2.5620 3.05 X 10-1®
SQLE 471 2.1931 3.14 X 10-1®
AFF3 27 -2.6565 6.47 X 10-1®
DHCR24 746 3.1095 2.34 X 10-1'*
ADAM9 1975 1.1431 6.35 X 10-1̂
ITGA1 107 2.0039 1.56 X 10-1®
CXCR1 138 2.4667 2.22 X 10-1®
ACVR2A 102 -1.7001 2.73 X 10-1®
OLFM1 109 -3.1872 3.40 X 10-1®
ACVRL1 141 1.6452 3.74 X 10-1®
HOXA10 61 3.0713 8.00 X 10-1®
RNASE2 6871 2.7536 9.66 X 10-1®
HIST1H1C 263 2.6709 1.69 X 10-12
TAF4B 28 -1.8804 2.14 X 10-12
IDH1 4409 1.4627 3.37 X 10-12
PLAC8 6510 2.1160 4.27 X 10-12
SC4M0L 282 1.9388 6.28 X 10-12
FCGR1A 933 1.4951 7.92 X 10-12
FCGR1C 1023 1.5407 1.64 X 10-11
AQP9 12312 2.0473 2.10 X 10-11
ITGA7 90 2.9679 2.10 X 10-11

Base mean -  mean read counts in controls group.

FDR - False Discovery Rate, indicates p-value adjusted for multiple testing by 
Benjamini-Hochberg method.
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Table 24. Transcripts with greatest absolute fold change in gene expression in 
CD14 monocytes of sepsis patients compared to controls

Gene
Name

Log2pold
Change^ Transcript Type(s) Function

CYP19A1 5.71 Cytochrome P450, 
family 19, subfamily 
A, polypeptide 1

Enzyme Conversion androgen 
to oestrogen

FAM20A 4.19
Family with 
sequence similarity 
20, member A

Secreted
glycoprotein

Cell growth and 
maturation

ADAMTS2 4.09 ADAM
metallopeptidase 
with thrombospondin 
type 1 motif, 2

Peptidase Protein assembly

TNFAIP8L Tumor necrosis
l l v l  / \ l l 3.37 factor, alpha-induced Enzyme Immune functiono protein 8-like 3
NKG7 3.30 Natural killer cell 

group 7 sequence 
24-

N/A Immune function 

Cholesterol
DHCR24 3.11 dehydrocholesterol

reductase
Enzyme 1 1 1 w  1 1

biosynthesis

HOXA10 3.07 Homeobox A10 Transcription
regulator

Cell growth and 
proliferation

ITGA7 2.97 Integrin, alpha 7 Other Cell growth
RNASE2 2.75 Ribonuclease, Non- Selective dendritic

RNase A family, 2 secretory cell chemotaxin
(liver, eosinophil- ribonuclease
derived neurotoxin)

HIST1H1C 2.67 Histone cluster 1, 
H1c Enzyme Transcriptional

regulator
MCTP2 2.54 Multiple C2 domains, 

transmembrane 2
Uncharacteri
sed

Uncharacterised

CXCR1 2.47 Chemokine (C-X-C 
motif) receptor 1

G-protein
coupled
receptor

Neutrophil 
chemotactic factor 
(via IL8)

SQLE 2.19 Squalene epoxidase Enzyme Steroid biosynthesis
PLAC8 2.12 Placenta-specific 8 Other Uncharacterised
AQP9 2.05 Aquaporin 9 Transporter Membrane channel,

ITGA1

SC4M0L

ACVRL1

FCGR1C

2.00

1.94

1.65

1.54

Integrin, alpha 1

Methylsterol 
monooxygenase 1 
Activin A receptor 
type ll-like 1 
Fc fragment of IgG, 
high affinity Ic, 
receptor (CD64)

Cell
adhesion
Uncharacteri
sed
Serine/threo 
nine kinase 
N/A

immune
function/bactericidal
activity

Cell adhesion

Uncharacterised

Cell growth, vascular 
proliferation 
FCGR1A pseudogene
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Gene
Name

Log2Fold
Change^ Transcript Type(s) Function

FCGR1A

IDH1

ADAM9

CD1E

0LFM1
PID1

AFF3

CD1C

C16orf5

TAF4B

ACVR2A

1.50

1.46

1.14

-4.067

-3.187
-2.758

-2.656

-2.562

-2.051

-1.880

-1.700

Fc fragment of IgG, 
high affinity la, 
receptor (CD64) 
Isocitrate 
dehydrogenase 1 
(NADP+), soluble 
ADAM
metallopeptidase 
domain 9 
CD Ie molecule

Olfactomedin 1 
Phosphotyrosine 
interaction domain 
containing 1 
AF4/FMR2 family, 
member 3 
C D Ic molecule

Cell death-inducing 
p53 target 1 
TAF4b RNA 
polymerase II, TATA 
box binding protein 
(TBP)-associated 
factor, 105kDa 
Activin A receptor, 
type IIA____________

Transmembr 
ane receptor

Enzyme

Peptidase

MHC like 
glycoprotein 
Other 
Enzyme

Transcription
regulator
Glycoprotein
s

Enzyme

Transcription
regulator

Serine/threo 
nine kinase

Immune responses

Cell metabolism via 
NADPH production

Zinc protease, cell
cell interaction

T cell proliferation

Neural development 
Glucose transport

Transcnptional
activator
Antigen presentation

ER stress transducer, 
proapoptotic 
Transcriptional 
activator, NFkB 
coactivator, TNFAIP3 
activator

Cell growth and 
transcription_________

t Positive or negative log ratios indicate increased or decreased fold change 
respectively in patients compared to controls.
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3.4.11 Pathway analysis of differentially expressed genes in monocytes 

from sepsis patients and healthy controls

To gain insight into the biological significance of genes found to be differentially 

expressed in monocytes of patients compared to controls, a basic systems biology 

analysis was performed. The analysis was performed using the Graphite Web pathway 

analysis platform®. This is a publicly available resource for analysis and visualisation of 

data from high throughput gene expression data. The Signalling Pathway Impact 

Analysis (SPIA) tool was employed which combines traditional gene enrichment 

analysis with a measurement of the perturbation of a particular pathway under a 

condition of interest (Tarca, 2009). Perturbation of a pathway is the effect of the position 

occupied by a differentially expressed gene in the pathway of interest. Genes located 

proximally or at particular confluences in a pathway have the potential to exert greater 

effects on the pathway if differentially expressed compared to more peripheral entities.

pNDE is the probability a given pathway is affected through standard over

representation analysis of the number of differentially expressed genes compared to the 

total number of genes in the pathway of interest. The null hypothesis in this case is that 

the genes that appear as differentially expressed on a given pathway are random.

pPERT is a calculated probability that the pathway will be perturbed based on the 

position within the pathway of the differentially expressed gene. A combined probability 

pG, is a composite probability of pNDE and pPERT which when corrected for multiple 

comparisons gives pFDR. The pathways returned and their parameters are detailed in 

Table 25,

3.4.11.1 Canonical pathways differentially regulated in sepsis patients compared 

to controls

The pathways identified as containing the greatest proportion of differentially expressed 

transcripts as a proportion of all components of pathways from KEGG are shown in

® http://graphiteweb.blo.unipd.it/index.html
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Table 25 . The antigen processing and presentation pathway contained the highest 

proportion of differentially expressed genes (12 out of 60 transcripts). Other pathways 

biologically relevant to the sepsis syndrome showing net inhibition include those 

concerned with cell adhesion, insulin signalling and the complement and coagulation 

cascades.
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Table 25. Pathways identified using Signalling Pathway Impact Analysis (SPIA) 
on the differentially expressed transcripts in monocytes in sepsis compared to 
controls

Pathway pSize NDE pNDE tA pRERT pG pFDR
Antigen
processing and 60 12 7.248 X 10-^ -1.3 0.610 6.91 X 10-® 0.0005
presentation
Cell adhesion
molecules 91 14 2.468 X 10 ® -13.7 0.236 8.94 X 10 ® 0,0005
(CAMS)
Rheumatoid
arthritis 19 5 0.0004 0.00 0.997 0.003 0.0824

Dilated
cardiomyopathy 76 9 0.0011 0.00 1.000 0.009 0.1405

Epithelial cell
signaling in 
Helicobacter 37 6 0.0015 -0.99 0.844 0.010 0.1405

pylori infection
Insulin signaling 
pathway 137 5 0.5049 -26.8 0.005 0.018 0.2017

Complement
and coagulation 67 7 0.0078 -10.9 0.378 0.020 0.2074
cascades

pSize -  total number of genes in pathway.

NDE -  number of pathway genes differentially expressed.

pNDE -  hypergeometric probability of observing NDE by chance.

tA -  observed value of the perturbation score. Inhibition/activation is indicated with 
negative/positive sign of tA.

pRERT -  bootstrap probability associated of tA.

pG -  combined probability of pNDE and pRERT.

pFDR -  adjusted pG using False Discovery Rate correction.
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3.4.11.2 Antigen processing and presentation

Within the antigen processing and presentation pathway, a number of MHC class II 

proteins were consistently downregulated in network analysis in monocytes. The HLA- 

DR antigen-associated invariant chain CD74 molecule (also known as CAP-GLY 

domain containing linker protein 1 or CLIP) was also found to be downregulated in 

monocytes of the sepsis group, a finding consistent with a recent study showing 

decreased CD74 expression to be most significantly associated with mortality after 

septic shock (Cazalis, 2013). The protein produced by the CD74 gene associates with 

MHC class II, stabilising the peptide free form soon after synthesis and is therefore 

critical in the regulation of antigen presentation for immune responses. CD74 also 

functions as a receptor for macrophage Migration Inhibitory Factor (MIF).

Other MHC class II proteins HLA-DRA, HLA-DMB and HLA-DMA, found to be 

differentially expressed in this RNA-seq data also show differential regulation in the 

study by Cazalis. A separate study (Cajander, 2013) has shown reduced expression of 

H1.A-DRA mRNA in whole blood to be significantly reduced in septic patients compared 

to controls, in agreement with the highly significant absolute fold change of 0.5 in sepsis 

patients compared to controls observed here. The network interactions and functional 

context of these differentially expressed genes are illustrated in Figure 3.17 and Figure 

3.18.
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Table 26. Antigen processing and presentation pathway genes differentially 
expressed in monocytes of sepsis patients compared to controls

Gene Description Log2Fold
Change FDR

HLA-DOA Major histocompatibility complex, class II, DO 
alpha

-2.397 2.74 x

CD4 CD4 molecule -1.563 1.80 x °®
HLA-DRA Major histocompatibility complex, class II, DR 

alpha
-1.414 5.19 x-°®

HLA-DPB1 Major histocompatibility complex, class II, DP 
beta 1 -1.582 2.84 x-°5

CTSB Cathepsin B 1.063 4.06 X
CD74 CD74 molecule, major histocompatibility 

complex, class II invariant chain -1.350 3.11 x °^

HLA-DPA1 Major histocompatibility complex, class II, DP 
alpha 1

-1.447 3.93 x

HLA-DMB Major histocompatibility complex, class II, DM 
beta -1.227 2.78 X

HLA-DMA Major histocompatibility complex, class II, DM 
alpha

-1.047 3.70 X

HLA-
DRB1

Major histocompatibility complex, class II, DR 
beta 1 -1,201 4.97 X

HLA-DOB Major histocompatibility complex, class 11, DO 
beta

-1.205 2.43 X -°2

KIR2DL4 Killer cell immunoglobulin-like receptor, long 
cytoplasmic tail, 4 1.153 7.42 X
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Figure 3.17 Network diagram from SPIA tool illustrating relationship between 
genes. Negative fold changes are denoted by blue circles, positive fold changes are 
denoted by red. Deeper shades of blue (toward purple) indicate greater absolute fold 
changes in gene expression in sepsis compared to controls.
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Figure 3.18 Schematic showing functional and subcellular geographical context 
of differentially expressed MHC class I! molecules and MHC Class II associated 
CD74 antigen (CLIP). Illustration produced using Ingenuity Pathway Analysis (IRA) 
software. Green denotes downregulation in sepsis groups compared to controls.

3.4.12 Differential gene expression analysis of RNA seq data from 004"^ T 

lymphocytes in sepsis and controls

The analysis of RNA-seq data of CD4'" lymphocytes cells from sepsis patients compared

to controls was performed using the same analysis pipeline as described in Section 3.4.8

for the monocyte data. Differential gene expression was calculated using DESeq2.

Figure 3.19 shows the dispersion estimate plot for the T-cell dataset.
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Figure 3.19 Plot of dispersion estimates for read counts for CD4 T cells from 
sepsis patients and controls.
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No significant differential gene expression was observed in CD4 lymphocytes 

between sepsis and control groups from this RNA-seq data. The MA plot showing the 

log ratio difference against the normalised count data is shown in Figure 3.20.

Given the large dynamic range of RNA-seq and the large differences observed in 

the monocyte data, it was surprising that no transcripts could be detected as differentially 

expressed. However, numbers in patient and control groups were smaller in comparison 

to the monocyte dataset. In this experiment, CD4* lymphocytes cells were isolated using 

the CD4 surface antigen marker. However, as discussed earlier in this work, significant 

heterogeneity and flux exists in the lymphocyte population during the course of sepsis 

(Roger, 2012). Major alterations in critical functions such as the co-stimulatory pathway 

may be associated with apoptosis and therefore difficult to detect at a single time point 

(Roger, 2009). Detection of gene expression changes in lymphocytes using RNA-seq 

may require study of specific defined homogenous subpopulations of lymphocytes at 

different time points.
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Figure 3.20 MA plot of fold change differential expression over the range of 
normalised counts for the CD4 lymphocyte in sepsis compared to controls. The
mean normalised counts (“average” (A) values) for each transcript are plotted on the 
horizontal axis and its log fold change ratio (“minus” (M) values) on the vertical axis. At 
a FDR < 0.1, no significant differential expression could be observed between sepsis 
patients and controls.

3.4.13 Data clustering and visualisation

The relationship between raw count data from each sample was inspected using visual

analysis tools provided as part of the DESeq2 package. Visualisation of the raw count

data is important in that it enables identification of factors that may have exerted

systematic influence on count data in one or more study samples thus affecting

subsequent downstream analysis and results. Such factors could result from laboratory

batch effects associated with sample isolation, library preparation or the sequencing

process itself.

The extremely wide range of count values across all transcripts and the resultant

variance within a typical sequencing dataset necessitates data transformation prior to

analysis and visualisation. The effect of three such transformations detailed in DESeq2

on standard deviation across mean counts are shown and discussed for the monocyte
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count dataset in Figure 3.21. For the purposes of visualisation of count data from the 

monocyte and T cell experiments, a variance stabilising transformation was applied 

using DESeq2.

n--------- 1--------- 1----------r
0 5000 10000

n--------- 1----------1--------- r
0 5000 10000

rank(mean) rank(mean)

0 5000 10000

rank(mean)

Figure 3.21 Plots illustrating the effect of different transformations on per-gene 
standard deviation versus the mean of counts across all samples for the 
monocyte RNA-seq dataset. The effect on the mean versus standard deviation of raw 
count data can be compared following three different transformations. The left plot 
shows the shifted log plot transformation. The centre plot shows the regularised log 
transformation and the hght plot shows the variance stabilising transformation. The 
objective of these data transformations is to stabilise vahance across the dynamic range 
of measurement to facilitate visual analysis of raw count data.
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3.4.13.1 Sample to sample distances

A variance stabilising transformation was applied to count data for both monocyte and 

CD4 lymphocyte datasets using DESeq2. Heatmaps showing transformed sample to 

sample distances are shown in Figure 3.22 and Figure 3.23 for the CD14 monocyte and 

CD4 lymphocyte studies respectively. Within-group clustering of samples is apparent for 

the monocyte study, showing highly divergent gene expression programmes 

characterising each group. However similar clustering is not apparent for the CD4 

lymphocyte samples.
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Figure 3.22 Heatmap showing distance relationship between samples for 
monocyte count data. Top left key data shows relationship between heatmap colour 
and magnitude of count data being visualised. Shorter distances between samples on 
the heatmap indicate greater similarities in gene expression patterns. Within-group 
clustering of patient and control samples is apparent. Count data is transformed using a 
variance stabilising transformation to facilitate visualisation.
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Figure 3.23 Heatmap showing distance relationship between samples for CD4 
count data. Top left key data shows relationship between heatmap colour and 
magnitude of count data being visualised. Shorter distances indicate greater similarities 
in gene expression patterns. Samples do not appear to cluster according to study group 
(patient or control). Such heterogeneity would likely account for the difficulty in detecting 
differentially expressed genes between groups.

3.4.13.2 Principal component analysis

A principal component analysis was performed on the transformed monocyte and T cell 

count data generated following read alignments. Clustering of samples within patient 

and control groups can be observed for the monocyte count data (Figure 3.24). In 

contrast, the CD4 T cell count data poorly clusters according to patient group (Figure 

3.25).
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Figure 3.24 Principal component analysis of monocyte count data. Clustering of 
within-group samples is apparent. Data is regularised log transformed. In this figure PC1 
and PC2 refer to the respective principal components, and are used to detect batch 
effects such as patient group in this experiment.
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Figure 3.25 Principal component analysis of CD4 T cell count data. Count data has 
been regularised log transformed. Group clustering is less apparent compared to the 
monocyte data but appears more coherent than the heatmap analysis in Figure 3.23.

H  control
patient

PC1

PCI

129



3.4.14 Differential exonal analysis of monocyte data using DEXSeq

Differential exonal expression was investigated using the monocyte RNA-seq dataset. 

This was performed using the Bioconductor package DEXSeq®. For this analysis, RNA- 

seq data was aligned using the GRCh37 version of the EnesmbI genome as the 

reference, as required by DEXSeq. Read counts for approximately 300,000 exons were 

determined. The DEXSeq package then estimated differential exonal expression in 

sepsis compared to controls. In Figure 3.27, the dispersion of exon counts is plotted 

against the normalised counts for each exon.

1e-01 1e+01 10-K33 1e+05

mean of normaHzed counts

Figure 3.26 Plot of dispersion estimates for exonal counts of CD14 monocytes of 
patients compared to healthy controls. As in the dispersion plots for differential gene 
expression, decreasing dispersion (variance) is associated with increasing exon counts.

In Figure 3.27 the log2fold difference in exonal expression is plotted against 

normalised counts for all exons in monocytes. Differentially expressed exons are

® http://bi0c0nduct0r.0rg/packages/2 . i2/bi0c/html/DEXSeq.html
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displayed as red coloured dots, in comparison to the black dots for exons that are not 

differentially expressed.

When this MA plot (Figure 3.27) of differential exonal expression is compared with 

the MA plot for differential gene expression (Figure 3.16), much greater differential gene 

expression over exonal expression (proportion of red points compared to black) is 

observed. Thus differential gene expression, rather than differential exonal expression, 

is the predominant change in monocytes of patients with sepsis. Put in other terms, it 

may be said that basis of differential gene expression in CD14+ monocytes in patients 

with sepsis compared to healthy controls are quantitative rather than qualitative.

1e+051e-01 1e-K)3

mean of normalized counts

Figure 3.27 MA plot of differential exonal expression in CD14 monocytes of sepsis 
patients compared to healthy controls. Red points indicate differentially expressed 
exons (FDR <0.1).
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Table 27. Analysis of differential exonal expression in CD14 monocytes of sepsis 
patients compared to healthy controls using DEXSeq

Gene ID Exon Gene Symbol FDR Log2Fold
Change

ENSG00000005381 E013 MPO 0.012 14.42
ENSG00000132199 E002 EN0SF1 0.0000003 2.66
ENSG00000136059 E001 VILL 0.017 2.62
ENSG00000157168 E011 NRG1 0.021 1.41
ENSG00000157168 E010 NRG1 0.053 1.38
ENSG00000158373 E004 HIST1H2BD 0.00009 1.33
ENSG00000100029 E043 PES1 0.036 1.30
ENSG00000157168 E012 NRG1 0.030 1.27
ENSG00000100029 E046 PES1 0.001 1.17
ENSG00000100029 E044 PES1 0.0001 1.15
ENSG00000100029 E045 PES1 0.012 1.13
ENSG00000100029 E042 PES1 0.062 1.04

ENSG00000026025 E017 VIM 0.013 -1.10
ENSG00000230989 E004 HSBP1 0.060 -1.18
ENSG00000026025 E022 VIM 0.059 -1.44
ENSG00000116350 E020 SRSF4 0.092 -1.44
ENSG00000108671 E014 PSMD11 0.045 -1,86
ENSG00000160789 E067 LMNA 0.033 -2.11
ENSG00000223725 E009 AC007879.5 0.008 -3.29
ENSG00000223725 E008 AC007879.5 0.059 -3.53
ENSG00000120885 E035 CLU 0.001 -3.63
ENSG00000120885 E034 CLU 0.090 -3.63
ENSG00000173442 E021 EHBP1L1 0.098 -13.27

Exons showing a positive absolute fold change are shown in the upper part and those 
showing a negative absolute fold change are shown in the lower part.
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Table 28. Function of genes showing differentially expressed exons from the 
DEXSeq analysis of monocytes in sepsis compared to controls

Gene
Symbol Description Function

MPO myeloperoxidase Neutrophil microbicidal activity

EN0SF1 enolase superfamily 
member 1 Thymidylate synthase regulator

VILL villin-like Villin/gelsolin family; ?actin binding

NRG1 neuroregulin 1 Glycoprotein interacting with tyrosine 
kinase; growth and development

HIST1H2BD histone cluster 1, H2bd Gene transcription

PES1 pescadillo ribosomal Nuclear factor interacting with BRCA1,
biogenesis factor 1 B0P1 and WDR12. Cell proliferation.

VIM vimentin Intermediate filament; cytoskeleton

HSBP1 heat shock factor binding Interacts with HSF1; negative regulator
protein 1 heat shock response

SRSF4 serine/arginine-rich splicing 
factor 4
proteasome (prosome,

Probable mRNA processing

PSMD11 macropain) 26S subunit, 
non-ATPase, 11

Protein trafficking

LMNA lamin A/C Nuclear stability, chromatin structure, 
gene expression

AC007879.
5 long non coding RNA Post transcriptional modification gene 

expression
CLU clusterin Secreted chaperone protein; cell 

survival, tumour progression

EHBP1L1 EH domain binding protein 
1-like 1 Unclear
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3.4.15 Changes in the packages DESeq/DESeq2 and the effect on results of 

differential gene expression estimation

The test for differential gene expression in RNA-seq data using the package DESeq and

the more recently released daughter package DESeq2 employs a method based on the

negative binomial distribution in association with a shrinkage estimator (size factor) for

the distribution’s variance. Notwithstanding the basic statistical approach, new iterations

and refinement of DESeq were seen to have some effect on differential gene expression

results. Thus over the time frame of this thesis the analytic tools evolved. With the

newest version of DESeq2, fewer genes were differentially expressed in monocytes

compared with earlier versions of this analytic package. The latest version of DESeq2

identified very few new genes as differentially expressed that were not identified in

earlier packages. This implies that as the analytic package evolved it became more

conservative.
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Figure 3.28 The effect of evolution of the DESeq/DESeq2 software on results of 
differential gene expression in the monocyte RNA-seq dataset. Numbers within 
each circle denote number of transcnpts found to be differentially expressed at a FDR < 
0,1 and a fold change of + /-1. Top left circle -  DESeq2 version 1.1.46; total number of 
differentially expressed transcnpts = 494. Top hght circle -  DESeq2 version 1.09; total 
number of differentially expressed transcripts = 645. Bottom circle -  DESeq v1.14; total 
number of differentially expressed transcripts = 212. 188 transcripts were found to be 
differentially expressed in all analyses at this level of statistical significance and fold 
change. Of note, in the two analyses using DESeq2 (top circles), 146 transcripts found 
to be statistically significant with DESeq2 v l.09  lose their significance in a repeat 
analysis with the newer release DESeq2 v1,1.46

3.5 Overview of results

The first expenment, examining gene expression of immune regulatory cytokines 

established a robust link between the pattern of cytokine gene expression in humans 

and disease presentation in patients with sepsis and infection. Septic patients were 

distinguished from patients with infection as they exhibited decreases in gene 

expression of IFNy, TNFa and IL7 and IL23. Both groups also showed increases in 

IL27. There was a progressive increase in IL10 in parallel with disease severity. 

Decreased gene expression of the IL23 receptor (IL23R) in non-septic infection and 

severe sepsis pointed toward systematic immune signalling dysfunction.
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While gene expression in PBMCs was linked with disease state, the severity of organ 

failure was instead linked with IL6 protein levels in whole blood. Thus while soluble 

mediators of inflammation such as IL6 link excess inflammation with organ failure in 

sepsis, dysregulation of immune regulatory cytokine gene expression from PBMC was 

only linked to disease presentation.

Cell culture experiments indicated that there was a defect in the response of antigen 

presenting cells in patients with sepsis, which was not amenable to correction by 

addition of the cytokines IL23 and IL7.

Immune staining confirmed decreased IL7 and IL23 expression in CD14"' 

monocytes.

In order to gain a deeper understanding of the role of CD14"' monocytes in the 

pathophysiology of sepsis, RNA sequencing was performed on CD14"^ monocytes of 

patients with severe sepsis. This sequencing experiment confirmed anomalous gene 

expression in CD14"' monocytes but not CD4 lymphocytes.

Pathway and network analysis of differentially expressed genes identified by this 

sequencing experiment showed antigen presentation mechanisms, rather than 

mechanisms for pathogen detection, as the greatest defect in monocytes of patients with 

sepsis.

Given the decrease in cytokines that regulate T lymphocyte expansion, namely IL2 

and IL7, and the marked anomaly in monocyte antigen presentation which is a 

necessary stimulus for T lymphocyte expansion, the lymphopenia that is a characteristic 

feature of sepsis is easy to understand.

Failure of mechanisms required for T lymphocyte activation, namely antigen 

presentation, may account for the failure of T cell activation and have contributed to 

difficulty in detection of differentially expressed genes in CD4 T cells by RNA-seq.

The fundamental abnormality in sepsis may be defective antigen presentation 

manifesting in failure of T lymphocyte activation with the consequences of ongoing 

failure to eradicate infection.
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Chapter 4 Discussion

4.1 Overview

This thesis sought to explore the hypothesis that sepsis in humans is charactised by a 

complex state that induces immune suppression regardless of the clinical context or type 

of infection. The assays of effector cytokine gene expression confirmed this hypothesis; 

indeed this dataset indicates that even patients with infection who have not developed 

severe sepsis, may be immune compromised.

Attempts to manipulate lymphocyte gene expression in vitro using lymphocyte 

cultures failed. T lymphocytes of patients with severe sepsis were responsive to direct 

stimulation, but not indirect stimulation, with no discernable response to the cytokines 

IL7, IL23 and IL27. The lack of response to these cytokines arose primarily because 

antigen presentation by monocytes is dysfunctional in patients with sepsis. This defect 

could not be manipulated or circumvented by IL7, IL23 or IL27 in these in vitro cultures.

Gene transcription in monocytes of septic patients exhibited significant changes 

across a large number of signalling pathways using RNA-seq transcriptional analysis. In 

particular there was a marked difference in expression of the MHC pathway genes 

between septic patients and healthy controls, which may provide an explanation for the 

absence of a response to LPS in the prior cell culture experiments. In light of these 

findings, monocytes appeared incapable of activating T cells by antigen presentation. 

Of note, in a subgroup severe sepsis these patients, no significant changes in CD4 T 

lymphocyte gene transcription could be detected by RNA-seq.

Overall this thesis supports the hypothesis that there exists a profound immune 

suppression in early sepsis which is primarily due to a defect of antigen presentation by 

monocytes and possibly antigen presenting cells.
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4.2 Cytokine gene expression as assayed by PCR

This study of outlines a model of host response to infection based upon gene expression 

of immune regulatory cytokines in PBMCs. Measurement of cytokine gene expression 

was undertaken in an attempt to characterise a patient’s response to infection in terms 

of immune response rather than the inflammatory response typically represented by 

soluble mediators of systemic inflammation. These findings demonstrate the complexity 

of the immune response to infection, and the persistent abnormality of this response in 

patients with severe sepsis. This study outlines the theoretical basis of a practical 

technique to quantify this immune response.

There is a physiologic basis for the cytokines chosen for this study, having been 

identified from prior pilot studies by the group. Functionally, these molecules are 

important in the regulation of the immune response to infection. Both IL2 and IL7 

regulate T cell homeostasis, with IL2 produced in an autocrine manner upon T cell 

activation (Kinter, 2008). IL7, produced by antigen presenting cells, induces naive and 

memory T cells to differentiate into effector T celts. Both IL23 and IL27, produced by 

antigen presenting cells, regulate the interaction between innate and adaptive immunity. 

Specifically, IL23 acts primarily upon memory T cells, inducing differentiation to an 

effector phenotype (Li, 2011). The decreased gene expression of IL23 appears to be 

potentiated by a reduction in expression of its receptor in severe sepsis patients 

compared to non-septic infection and healthy controls. In contrast IL27, with multiple 

potentially antagonist actions, induces T cell IL10 production (Stumhofer, 2007) and 

inhibits phagocytic activity in polymorphonuclear leukocytes (Rinchai, 2012).

IFNy and TNFa production by PBMCs is of pivotal importance in generating an 

appropriate bactericidal response to infection (Boehm, 1997). IFNy induces HLA-DR 

expression by antigen presenting cells and this may be an important mechanism by 

which IFNy may potentially reduce mortality in sepsis (Polk, 1992, Nakos, 2002, Docke, 

1997). TNFa synergises with IFNy in amplifying bactericidal responses of neutrophils.
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While these critical immune functions of TNFa and IFNy were initially documented in 

animals, there is now corroborating human evidence. The occurrence of tuberculosis 

has been linked with polymorphic IFN receptors (Dorman, 2004). Patients with deficient 

IFNy production are at increased risk of gram negative infection (van de Vosse, 2004). 

IFNy administered to trauma patients decreased the incidence of intra-abdominal 

infection (Polk, 1992). Furthermore, when administered to patients with ARDS, IFNy 

decreased the incidence of nosocomial pneumonia (Nakos, 2002). TNFa antagonists, 

when used to treat auto-immune diseases in humans, have been linked with increased 

incidence of mycobacterial disease and pneumocystis cannii pneumonia (Keane, 2001). 

Lastly, mortality in patients with meningococcal meningitis was associated with 

attenuated inducible TNFa, which appeared to represent an inherited trait (Westendorp, 

1997).

IL10, a prototypic anti-inflammatory cytokine, is produced by a wide range of 

leukocytes in response to both infectious and non-infectious stimuli (Ouyang, 2011). 

There is abundant data that in humans the anti-inflammatory effects of IL10 may be 

protective after a non-infectious sterile trigger such as exposure to bacterial LPS or 

following cardiopulmonary bypass (Kumar, 2005, Duggan, 2006). However, in the 

presence of an infection, IL10 has significant immune suppressant effects which is linked 

with increased mortality (Fumeaux, 2002, van Dissel, 1998, van derSluijs, 2004).

The pattern of cytokine gene expression in patients with severe sepsis presented 

here is not reactive, as patients with non-septic infection exhibited similar if not identical 

patterns of dysregulated gene expression. Patients in this study with non-septic infection 

exhibited decreased gene expression of IL2 and IL23 in addition to increased gene 

expression of IL10 and IL27, in much the same way as patients with severe sepsis. IL27 

has recently been advocated as a biomarker of severe sepsis in a study of paediatric 

sepsis (Wong, 2012). There is a clear physiologic basis for this hypothesis as elevated 

IL27 may compromise immunity in sepsis by inhibiting polymorphonuclear leukocyte 

phagocytic activity (Rinchai, 2012). The data in this thesis suggests that IL27 is

139



increased in patients with infection without organ failure, and is unlikely to be a useful 

sepsis bio-marker for severe disease.

The cytokines analysed in this study are immune regulators and effectors, rather 

than mediators of systemic inflammation, which accounts for the apparent lack of 

association between severity of organ failure and cytokine gene expression. In 

preliminary screening studies by this group, only blood levels of IL6 correlated with 

severity of organ failure and hence IL6 was assayed as an index of inflammation (White, 

2010). In this and other studies, the severity of multiple organ failure was related to 

serum IL6 levels (Watanabe, 2005, Fraunberger, 2006), IL6 is produced predominantly 

by hepatocytes and endothelial cells rather than peripheral blood lymphocytes. In 

concert with the complement component C5, IL6 plays a pivotal role generating the 

organ damage of systemic inflammation (Riedemann, 2004, Riedemann, 2002, 

Riedemann, 2003a, Riedemann, 2003b, Ward, 2004, Ward, 2008). While there are 

reports that IL6 levels are greater in septic patients who succumb to their illness, this 

study was too small to examine this association (Goldie, 1995). However, as patients 

with sepsis die from failure of multiple organs, the association between severity of organ 

failure and IL6 levels provides a plausible explanation for the previously described link 

between mortality and IL6

The patterns of cytokine levels in whole blood in patients with non-septic infection 

and sepsis presented here are consistent with findings by other investigators. Studies 

examining serum levels of cytokines other than IL6 in patients with sepsis have shown 

inconsistent results (Damas, 1997, Gogos, 2000). Serum cytokines emanate from many 

cell groups such as hepatocytes, endothelium and circulating leukocytes, and thus 

reflect a global rather than cell specific host response. IL6 is readily assayed in serum 

of patients with sepsis and correlates with severity of organ failure. IL6 can be 

consistently measured in most patients with sepsis, whereas IL1 and TNFa are 

frequently not detected in patients with severe sepsis. Like many other inflammatory

140



processes, IL10 is readily detected in the blood of patients with severe sepsis, and may 

correlate with adverse outcomes. Similarly IL8, a chemokine, is elevated in any infection.

The use of gene expression assays quantifying cellular mRNA expression from 

peripheral blood leukocytes preparations allow sensitive and specific measurement of 

the functional state of specific immune cells. These assays have already shown promise 

in the differentiation of patients at high and low risk for sepsis following surgery (Hinrichs, 

2010). Absolute quantitative RT-PCR or qPCR utilises internal standards of known 

concentrations with each PCR run thereby allowing faithful comparison of results of gene 

expression levels between individual patients and across patient groups (Stordeur, 

2002a, Stordeur, 2003, Stordeur, 2002b).

Micro-array studies of leukocyte gene expression in septic patients have identified 

anomalous expression of immune related genes in septic patients. It is notable that, in 

a review of these studies, there was no discernable distinct pro inflammatory and 

compensatory anti-inflammatory phases nor indeed any transition from pro- 

inflammatory to counter inflammatory response (Tang, 2010). This is consistent with the 

persistently abnormal cytokine gene expression in the first week of sepsis that is 

documented in this thesis. The 2010 review examined gene expression in signalling 

pathways rather than effector cytokines, often in heterogenous cell lines from whole 

blood samples. Micro-array technology was employed rather than gene specific RT- 

PCR. No robust link between sepsis and immune regulatory cytokine gene expression 

was observed. There are several possible explanations for this failure. Firstly, micro 

array assays of cytokine gene expression lack the precision and dynamic range of 

measurement of RT-PCR. In addition whole blood of patients with sepsis mainly 

contains polymorphonuclear leukocytes with very few lymphocytes, and thus the micro 

array studies of whole blood essentially examined gene expression in a cell population 

that was significantly different from PBMCs.

In this study there was a strong link between PBMC cytokine gene expression 

assayed by PCR and sepsis. The logistic regression model of sepsis and cytokine gene
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expression that emanated from this data had an r  ̂value of 0.4. This suggests that the 

host immune response to infection is not a trivial entity in human sepsis and appears to 

have an important role in the pathophysiology of sepsis. Thus, given that severe sepsis 

and infection in humans is strongly associated with an abnormal immune response, 

severe sepsis in humans should be considered to represent a disorder of both immunity 

and inflammation. This approach may be important in future studies of severe sepsis.

In this study, apart from a decrease in CD3+CD127+ lymphocytes (a population of 

naive and memory T cells), leukocyte subsets were similar in health and severe sepsis. 

In addition, populations of effector and central memory T cells were similar in health and 

sepsis. In the context of sepsis, naive T cells are important as they exhibit greater 

potential for cellular expansion compared to long lived memory T cells (Martin, 2012). 

Consequently, a selective deficit of naive T cells in patients with sepsis may contribute 

to the lymphopenia that is a hallmark of sepsis. Lymphopenia in sepsis appears to affect 

discrete lymphocyte populations, other than effector T cells. In humans, a decrease in 

non-effector T cells in patients surviving an episode of sepsis has been reported 

(Monserrat, 2009). Decreases in activated T cells in association with a prolonged 

lymphopenia in addition to a predominance of immune suppressive regulatory T cells 

has been observed in elderly patients with severe sepsis (Inoue, 2013). This persistent 

lymphopenia in sepsis is not innocuous, as prolonged lymphopenia has been linked with 

recurring infection and death in a study of children with sepsis (Felmet, 2005). 

Lymphopenia does not only affect MHC restricted lymphocytes as natural killer cells are 

also decreased in patients with sepsis. However, in contrast to absolute lymphocyte 

counts, mortality in septic patients has been linked with greater natural killer cell counts 

at the onset of the syndrome (Andaluz-Ojeda, 2011).

Although such T cell derangements in patients with sepsis have been ascribed 

almost exclusively to apoptosis (Hotchkiss, 2001), it may not be the only mechanism of 

lymphopenia. Furthermore, apoptosis should not affect naive T cells. A recent study in 

a murine sepsis model reported incomplete recovery of naive T cell precursors after
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sepsis whicii associated with impaired immune response to viral infection (Condotta, 

2013). It is reasonable to infer therefore that persistent lymphopenia in the setting of 

sepsis may affect discrete T cell populations and may not be exclusively related to 

apoptosis.

T lymphocytes expand in response to HLA-DR bound antigen, presented by 

dedicated antigen presenting cells, in the presence of the co stimulatory molecules 

CD80/86 and the T lymphocyte homeostatic cytokines IL2 and IL7. As will be discussed 

below, all of these mechanisms necessary for the interaction of APCs and lymphocytes 

are deficient in patients with sepsis. This combined failure can account for the failure to 

expand or maintain activated T cells in sepsis, but cannot account for the decrease in 

naive T cell numbers observed in sepsis.

4.3 Cell cultures

IFNy gene expression was lower in PBMCs cultured from sepsis patients compared with 

the control group. This is consistent with the observed decrease in IFNy gene expression 

in trauma patients who developed sepsis (Boomer, 2011). However, in this thesis, IFNy 

gene expression in patients with sepsis could be augmented; with greater IFNy gene 

expression when PBMCs were cultured with anti-CD3Ab or PMA/ionomycin. This 

suggests that although T cells of patients with sepsis produce less IFNy, their capacity 

to respond to direct stimulation by exogenous ligands is preserved. Within the sepsis 

group, IFNy gene expression was lower when PBMCs were cultured with LPS, indicating 

a failure of indirect stimulation of T cells by antigen-presenting cells.

These findings of lymphocyte responsiveness differ somewhat from those of a recent 

study of leukocyte function in trauma patients with sepsis. In this study, a similar 

decrease in inducible TNFa and IFNy production in cultured splenocytes of septic 

patients was noted (Boomer, 2011). However, in these trauma patients a decrease in 

inducible TNFa and IFNy production was observed following direct T cell stimulation 

with CDS antibody. The discordance between T cell responsiveness in the trauma study
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and the results presented in this thesis may relate to differences in lymphocyte 

populations (splenocytes in the trauma study versus PBMCs in the work presented 

here). Furthermore, differences in assay techniques may also have played a role 

(peptide measured by ELISA in the trauma study versus mRNA levels by PCR in this 

work). Notwithstanding contrasting study design, there remains an important difference 

in results that cannot be explained away by technique.

This discordance in results is important. It is imperative to fully characterise and 

prioritise the mechanisms of immune deficiency in sepsis in order to plan future immune 

modulation therapies. Immune modulation in sepsis will facilitate therapies directed 

specifically at either antigen presenting cells or T lymphocytes. If the predominant 

immune deficiency in sepsis is due to an underlying defect in antigen presentation, then 

there may be little benefit in employing therapies that directly target T lymphocytes. From 

the cell culture results presented in this thesis it is apparent that in PBMC of septic 

patients, there is a defect in the responsiveness of antigen presenting cells and not of T 

lymphocytes.

In this thesis, attempts to modify IFNy gene expression with the cytokines IL7, IL23 

and IL27 failed. For example, when PBMCs were cultured with IL7, there was no effect 

on the manner in which IFNy gene expression differed between patient groups or in 

response to culture conditions. This suggests that IL7 appears to have little to offer as 

an immune adjuvant in patients with sepsis.

In cultures of PBMCs from both patients with sepsis and healthy controls, TNFa 

gene expression was similar. TNFa increased in response to anti-CD3 agonist antibody, 

again confirming intrinsic potential for T cell activation in response to direct stimulation. 

When these cell cultures were repeated in the presence of IL7 and IL23, their addition 

had no effect on the relation between TNFa gene expression and patient group or 

culture condition. Thus, none of these cytokines when added exogenously to cultures of
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PBMCs from patients with sepsis exhibited a capacity to restore PBMC responsiveness 

to LPS, which works on T cells via antigen presenting cell stimulation.

When BCL2 gene expression was examined in cell cultures, it was found to be 

greater in healthy controls than in sepsis, which is consistent with the recognised 

apoptotic responses observed in patients with sepsis. BCL2 gene expression increased 

in response to CD3 agonist antibody when compared with LPS, and this effect was noted 

in both patient groups. This again suggests that T lymphocytes in patients with sepsis 

are capable of expansion in response to direct stimulation, but not to indirect stimulation 

via antigen presentation cells.

The failure of IL7 and IL23 to augment TNFa and IFNy gene expression in cell 

cultures, particularly following LPS, is understandable when one considers the marked 

defect in expression of genes in the antigen presentation pathways in CD14 monocyte 

discovered subsequently with RNA-seq. Indeed any effect that may be attributable to 

IL7 and IL23 was clearly dwarfed by the effect of direct T cell stimulation with CDS 

agonist antibody.

A recent study examined the effect of recombinant human IL7 (rhlL7) on IFNy 

production and cell expansion in lymphocytes of patients with sepsis (Venet, 2012). 

These investigators found that plasma IL7 and CD127 expression by PBMCs were 

similar in sepsis and healthy controls. Cell culture experiments in the same study 

showed that IL7 enhanced CD4 T lymphocyte expansion after a five day culture period, 

but only in the presence of adequate T cell receptor stimulation with CDS antibody. 

Similarly, IFNy production by lymphocytes was increased following rh!L7, but again only 

in the presence of adequate T cell receptor stimulation by CDSab. Thus in sepsis, IL7 

responsiveness is entirely dependent upon adequate TCR stimulation.

Interestingly, a prior animal study reported that exogenous IL7 increased IFNy 

production of splenocytes from septic mice and reported improved survival following 

challenge with a yeast pathogen (Unsinger, 2012). The cell cultures in this 2012 study
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were performed following co-stimulation with CD3/CD28 agonist antibody, consistent 

with the 2012 findings by Venet.

The results of the cell cultures presented in this thesis suggests that T cells in 

patients with sepsis respond to direct stimulation (producing IFNy, TNFa and BCL2) but 

that indirect stimulation of T cells, which is reliant on functioning antigen presenting cells 

is defective. The cytokines IL7, IL23 and IL27 were ineffective in circumventing this 

deficient response of antigen presenting cells.

The studies involving IL7 discussed above (Venet, 2012, Unsinger, 2012) indicate 

that T cells from patients with sepsis respond to IL7, but only in the presence of adequate 

T cell receptor stimulation. In vivo, such T cell receptor stimulation is provided by MHC 

molecules expressed on the surface of antigen presenting cells such as dendritic cells 

and monocytes. However, from the cell culture experiments presented in this thesis, a 

defect in antigen presenting cells was observed in ex vivo cultures. Furthermore, there 

is a considerable body of research, discussed earlier, demonstrating decreased 

expression of MHC surface molecules in circulating antigen presenting cells in sepsis. 

Thus, it is possible that sepsis is a disorder of immunity where there is a fundamental 

defect in antigen presentation mechanisms, with a consequential defect in T cell 

activation. The RNA-seq experiment shed further light on this hypothesis.

4.4 RNA Sequencing

Next generation sequencing quantifies gene expression accurately and reproducibly 

over a much wider dynamic range than microarray systems resulting in an output from 

arrays that is more qualitative than strictly quantitative (Marioni, 2008, Mortazavi, 2008, 

Wang, 2009). Nonetheless next generation sequencing presents research groups with 

unique challenges. Firstly, these technology platforms are expensive compared with 

conventional assays of gene expression. In addition, next generation sequencing 

presents the researcher with a large volume of raw data that requires stepwise and 

complex manipulation. Until recently the computational power to reconcile sequencing
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data with the respective reference genome was not widely available. The analytical 

techniques required to normalise gene expression, to compare differential expression 

between groups, and to account for the effects of multiple comparisons with small patient 

numbers are still in evolution (Rapaport, 2013),

The analytic approach used in the RNA-seq study of patients with sepsis presented 

here is suitable and appropriate for the number of patients studied (Rapaport, 2013). In 

this thesis, calculation of differential gene expression of RNA-seq data was performed 

using the DESeq2 package, which employs a negative binomial distribution to calculate 

differential expression and then corrects p-values for multiple comparison. This package 

gives differential expression results with a low false discovery rate of differential 

expression while at the same time maintaining robust correlation with a gold standard 

RT-PCR method. In addition, it has the capability to account for differential expression 

of genes at low levels of expression with small sample numbers (Rapaport, 2013).

RNA-seq is a powerful tool that, as illustrated by the data presented in this thesis, 

has the potential to yield novel insights to pathophysiologic mechanisms. Given the 

complex interplay between lymphocyte sub populations and professional antigen 

presenting cells in patients with sepsis, it is important to isolate and study specific 

circulating blood cell lines. In this regard, considerable emphasis was placed on 

enrichment of monocyte and T cell populations of interest to a high levels of purity, to 

allow as clear a transcriptional signal as possible to be obtained for the populations of 

interest.

RNA-seq examines gene expression at a transcriptional level. One of the initial 

steps, the construction of a library of transcripts based upon the reference human 

genome, includes both annotated and unannotated regions. The subsequent 

quantification of transcripts based upon this constructed library is therefore not restricted 

to known expressed transcripts or the annotated genome. In contrast, microarray 

systems are restricted to a defined number of expressed sequences and this represents
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a fundamental limitation to the discovery of novel genes and expression of unannotated 

regions.

In this sequencing experiment, CD14+ monocytes and CD4+ lymphocytes were 

studied, with greater numbers of samples in the monocyte study than the T lymphocytes 

study. While the monocyte study revealed multiple differentially expressed genes using 

the most conservative statistical tests, differential gene expression in CD4+ lymphocytes 

was not obvious. Although the number of replicates in the T cell study were small, these 

numbers should have been adequate to achieve statistical significance (Rapaport, 

2013). Furthermore, the numbers of sequencing reads in the monocyte and T cell 

replicates were similar and adequate, and thus unlikely to account for the lack of 

differential expression in the T cell study.

Lymphocytes were not stimulated prior to isolation and RNA sequencing. This was 

deliberate. In the setting of such severe infection as faecal peritonitis or life threatening 

pneumonia as present in the severe sepsis patients recruited for the RNA -seq study, 

one could expect at least some degree of in-vivo physiologic T cell activation which 

would be detectable upon analysis of the entire transcriptome. Comparison of the 

monocytes and lymphocytes on a like for like basis was the objective. It is plausible then, 

that in early sepsis, or its onset phase, there is primarily a failure of antigen presentation 

with secondary failure of T cell activation, rather than an intrinsic defect in T cell 

functionality. This hypothesis would also account for the results of the cell culture 

experiments, where a discordant response to LPS and CD3 stimulating antibody 

suggested intact T lymphocyte responsiveness in the presence of defective antigen 

presentation mechanisms. Animal sepsis models indicate the plausibility of this 

hypothesis, as in murine sepsis models monocytes are abnormal exhibiting a profound 

defect in phagocytosis (Andre, 2012).

A second possibility is that the T cell sequencing was relatively underpowered, and 

thus failed to detect differential gene expression in septic patients. This seems less 

likely as the patient numbers should have been sufficient to detect differential gene
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expression on the scale of that observed in monocytes (Rapaport, 2013). Lastly, there 

is very likely some heterogeneity within the CD4 T cell population isolated in health and 

sepsis which may increase the potential for differing transcriptomic profiles. This is a 

distinct possibility as it was evident from immunophenotyping that naive T cells were 

proportionately fewer in patients with sepsis than from healthy volunteers. Furthermore, 

even the population of activated T cells in patients with sepsis are heterogeneous, as 

within the memory T cell population the proportion of activated memory T cells are 

decreased in patients with sepsis compared with healthy controls (Monserrat, 2009). 

This latter effect may have led to an underlying difference in the variance of gene 

expression in T lymphocytes between healthy volunteers and patients with sepsis. 

However, on the basis of these potential limitations in sequencing of CD4 T cells, it is 

difficult to discount the important observation that while differential gene expression was 

readily observable in monocytes, it was less so in T cells.

Comprehensive failure of antigen presentation by monocytes was evident from the 

results of the RNA-seq experiment. This alone could account for the failure of T cell 

activation in patients with sepsis that was evident from the sequencing experiment. T 

cell receptor stimulation and interaction between co-stimulatory molecules and their 

cognate ligands are required for clonal expansion of activated T cells (van der Merwe, 

2003, Davis, 1998). T cell expansion is also dependent upon the y chain cytokine family, 

principally IL2 and IL7 (Sprent, 2008).

A concomitant decrease in gene expression of cell surface ligands CD80 and CD86 

was also observed in monocytes of patients with sepsis. These co-stimulatory molecules 

bind to CD28 on T cells and are required for T cell activation in concert with the T cell 

receptor. In the absence of signalling via these co-stimulatory molecules / ligands, T cell 

receptor signalling fails to induce T cell proliferation (Bonnevier, 2002).

Both IL2 and IL7 gene expression are decreased in patients with sepsis. Given the 

combined deficiency in both of these important mediators along with anomalous
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expression of genes in antigen presentation pathways, a downstream effect on T cell 

activation is very probable.

It is plausible that in sepsis both the failure of antigen presentation and expression 

of amplifying co-receptors results in a failure of T cell activation and expansion which 

one would expect to observe in the context of a patient with severe sepsis. There is 

some supporting evidence in the literature for this hypothesis. A recent study of dendritic 

cells in patients with sepsis observed that monocytes of patients with sepsis differentiate 

into dendritic cells that induce anergic or repressive T cells rather than expanding a 

population of activated T cells (Faivre, 2012).

There is ample corroborating evidence from animal models and human studies 

linking sepsis with lymphocyte abnormality. In the first instance lymphopenia, a 

characteristic feature of sepsis, primarily affects immune competent T cells (Inoue, 

2013). Lymphopenia in septic patients is not inconsequential, and has been linked with 

greater frequency of nosocomial infection and excess mortality (Felmet, 2005). This 

lymphopenia of sepsis has been ascribed to apoptosis, mediated by both the 

mitochondrial and death receptor pathways (Hotchkiss, 2005). Lymphocyte apoptosis 

may be a pathophysiologic mechanism as modulation of apoptotic pathways have been 

reported to improve survival in murine sepsis models (Hotchkiss, 1999). However, 

apoptosis is not a universal lymphocyte response in sepsis as lymphocytes in septic 

patients are not uniform, consisting of both apoptotic and expanding populations (Roger, 

2012). Furthermore, recent studies indicate a marked decrease in the diversity of T 

lymphocytes in septic patients (Venet, 2013). While functional anomalies in lymphocytes 

of trauma patients with sepsis has been reported (Boomer, 2011), these findings were 

not fully replicated in this thesis.

The transcriptome of monocytes in sepsis was clearly different from that of healthy 

volunteers. These transcriptomal differences in monocytes principally involved 

difference in expression at the gene rather than the exonal level as evidenced by the far 

greater numbers of differentially expressed genes compared to differential exonal
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expression from this RNA-seq study. When pathway analysis was performed, genes 

and gene networks regulating antigen presentation were very abnormal in monocytes of 

patients with sepsis. While this is not new information, it is surprising that pathway 

analysis highlighted antigen presentation as the greatest difference between health and 

sepsis. These differences were observed in MHC class II molecules along with the 

important chaperone molecule CD74. Dysregulation of the molecular mechanics of 

antigen presentation in sepsis will im p a ir ! cell activation. This may have contributed to 

the decrease in IFNy gene expression presented here in patients with severe sepsis as 

opposed to those with non-septic infection.

The sequencing data provides new information on the extent and complexity of 

abnormalities in antigen presentation pathways and mechanisms in sepsis. It highlights 

the possible role of professional antigen presenting cells such as the CD14 positive 

monocyte in severe sepsis.

RNA-seq also revealed the importance of the multiplicity of soluble factors circulating 

in plasma that control or regulate gene expression in monocytes in patients with sepsis. 

These inhibitory or immune suppressive factors include the IL1 receptor; the IL10 

receptor (which interacts with pathways including S0C3); a receptor for the complement 

protein C3; in addition to IL4, IL8 and other chemokine receptors. Pathway analysis also 

identified pathways containing genes for numerous signalling peptides. Among these 

were several MAP kinases, IRAK and NFKB which were decreased as well as the 

transcription factors FOS, NFAT and SRC. Thus, multiple and potentially redundant 

signalling pathways regulated monocyte activation or the lack thereof in patients with 

sepsis. Many of these pathways were ultimately linked with HLA gene expression and 

thus antigen presentation.

The number and variety of these surface receptors, with overlap and redundancy in 

the related pathways that appear to regulate monocytes function in sepsis, testify to the 

complexity of monocyte activation or indeed deactivation in sepsis in vivo. The net effect 

of these external and / or environmental factors upon monocytes results in an inhibition
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of antigen presentation and decreased expression of co-stimulatory molecules. While 

the Toll receptors and their signalling pathways were not represented in the external 

factors regulating monocytes function, this does not imply that they are not of importance 

in the molecular pathology of sepsis. One may infer however that the Toll receptors and 

linked signalling pathways are not as important in sepsis pathophysiology as the 

aforementioned external factors.

The complexity and scale of the divergent monocyte transcriptome in sepsis 

compared to healthy controls illustrated by RNA-seq is clearly demonstrated in this 

thesis. These transcriptomal changes may be difficult to reverse therapeutically in 

patients once it has reached such levels as those observed in the setting of critical 

illness. Modulation of monocyte immune function as a potential therapeutic target has 

long been recognised, as evidenced by studies such as the small uncontrolled study 

which used IFNy to augment monocyte HLA-DR (Docke, 1997). Unfortunately, these 

early beneficial results observed have yet to be replicated in the clinic. A subsequent 

study demonstrated some benefit of administration of IFNy by inhalation to patients with 

ARDS, thereby reducing the incidence of ventilator associated pneumonia (Nakos, 

2002). Trauma patients administered prophylactic IFNy experienced reduced incidence 

of intra-abdominal infection, while IFNy administered to burn patients resulted in a 

decrease in infections (Polk, 1992). Thus, while there is some evidence that IFNy may 

reduce the incidence of infection in critically ill patients, there is only limited evidence 

that IFNy can be used as a sepsis therapy.
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4.5 Conclusion

The data presented in this thesis suggests that a patient’s immune response is the 

language of pathophysiology of sepsis, and outlines a practical method to evaluate 

immunity in this group.

The abnormal immune response observed in patients with sepsis is primanly related 

to a defect in antigen presentation by cells of the innate immune system.

T lymphocytes in septic patients are not activated, and in the absence of effective 

antigen presentation which characterises sepsis, cannot be activated by the cytokines 

IL7, IL23 and IL27.

Future immune modulation therapies should target activation of innate immunity, 

specifically antigen presenting cells, rather than T lymphocytes.
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4.7 Addendum

The research group applied for patent protection of the algorithms that link sepsis with 

cytokine gene expression in PBMC. These patent applications are currently under 

examination. Details as follows:

A METHOD OF ESTIMATING SEPSIS RISK IN AN INDIVIDUAL WITH INFECTION 

(WlPO WO/2010/041232)

Phase PCT

In collaboration with the technology transfer office at Trinity College Dublin, this patent 

was licensed to Bioracle PLC. In December 2013, Biorcale PLC reached an agreement 

with EKF Diagnostics^ to industrialise these assays onto a novel PCR platform.

 ̂http://www.ekfdiagnostics.com/About_us_85.aspx
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Appendix A

RNA sequencing analysis pipeline

##raw sequence data metrics 
./fastqc R2.fastq

##alignment of reads using Tophat 2.0 and UCSC as the reference 
nohup tophat -p 8 -g 1 --rg-id NG-6006_R13_lib9963_l_sequence -- 
rg-sample NG-6006_R13_lib9963_l_sequence.fastq -o NG-
600 6_R13_lib9963_l_sequence_multihit_genome_l_tophat_2 -G
/home/shared/hgl9/Homo_sapiens/UCSC/hgl9/Annotation/Genes/genes. 
gtf
/home/shared/hgl9/Homo_sapiens/UCSC/hgl9/Sequence/Bowtielndex/hg 
19 NG-6006_R13_lib9963_l_sequence.fastq &

#alignment of reads using Tophat
nohup tophat -p 8 -g 1 --rg-id NG-6006_R13_lib9963_l_sequence -- 
rg-sample NG-6006_R13_lib9963_l_sequence.fastq -o NG-
600 6_R13_lib9 9 63_l_sequence_multihit_genome_l_tophat_2 -G
/home/shared/hgl9/Homo_saplens/UCSC/hgl9/Annotation/Genes/genes. 
gtf
/home/shared/hgl9/Homo_sapiens/UCSC/hgl9/Sequence/BowtieIndex/hg 
19 NG-6006_R13_lib9963_l_sequence.fastq &

##PICARD alignment metrics 
##CollectAlignmentSummaryMetrics

nohup java -XmxlOOOm -jar /home/shared/software/picard-tools- 
1.66/CollectAlignmentSummaryMetrics .jar I=accepted_hits.bam
R=/home/shared/hgl9/Homo_sapiens/UCSC/hgl9/Sequence/Bowtielndex/ 
genome.fa 0=NG-
600 6_R13_lib9963_l_3rd_sequence_multihit_genome_l_alignmentsumma 
rymetrics.txt &

##Markduplicates
nohup java -XmxlOOOm -jar /home/shared/software/picard-tools- 
1.66/MarkDuplicates.jar I=accepted_hits.bam
0=accepted_hits_dupsmarked.bam REMOVE_DUPLICATES=FALSE M= NG- 
6006_R13_lib99 63_l_sequence_multihit_genome_l_tophat_2_dupmetric 
s. txt &

##CollectRnaSeqMetrics
nohup java -XmxlOOOOOm -jar /home/shared/software/picard-tools- 
1.66/CollectRnaSeqMetrics.j ar
REF_FLAT=/home/shared/hgl9/Homo_sapiens/UCSC/hgl9/Annotation/Gen 
es/refFlat.txt
R=/home/shared/hgl9/Homo_sapiens/UCSC/hgl9/Sequence/BowtieIndex/ 
genome.fa STRAND=NONE CHART_OUTPUT=NG-
600 6_R13_lib9963_l_sequence_multihit_genome_l_tophat_2_metries.p 
df I=accepted_hits.bam 0=rnaseqmetrics.txt &

##MeanQualityByCycle
nohup java -XmxlOOOm -jar /home/shared/software/picard-tools- 
1.66/MeanQualityByCycle.jar I=accepted_hits.bam 0=NG-
600 6_R13_lib9963_l_sequence_multihit_genome_l_tophat_2_qualityby 
cycle.txt CHART_OUTPUT=NG-
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6006_R13_lib9963_l_sequence_multihit_genome_l_tophat_2_qualityby 
cycle.pdf &

##conversion .bam to .sam file 
samtools view -h -o out.sam in.bam

##count reads in features using htseq
htseq-count R6/R6_accepted_hits.sam
/home/shared/hgl9/Homo_sapiens/UCSC/hgl9/Annotation/Genes/genes. 
gtf >>R6_countout.txt
monoCountTable<-read.table( "monorev. txt", header=TRUE,
row.names=l)

monoDesign <- data.frame(
row.names = colnames( monoCountTable ),
condition = c{ "control", "control", "control", "control", 
"control", "control", "control", "patient", "patient", "patient", 
"patient", "patient", "patient", "patient", "patient", "patient", 
"patient"))

monoDesign

monocountTable<-monoCountTable 
monoconds<-monoDesign$condition

head{monocountTable)

monoconds

monoconds<-factor(c ("control", "control", "control", "control", 
"control", "control", "control", "patient", "patient", "patient", 
"patient", "patient", "patient", "patient", "patient", "patient", 
"patient"))

library(DESeq) 
library(DESeq2)

mydata=read.table("monorev.txt",row.names=l, header=T)

##create matrix of count data
samples=data.frame(row.names=colnames(mydata), 
condition=c(rep("control",7),rep("patient",10)))

#supply the column
cds=newCountDataSet(monocountTable,samples) 
countData=counts(cds) 
colData=pData(cds)[c ("condition")]
dds=DESeqDataSetFromMatrix(countData=countData, colData=colData, 
design=~condition)
colData(dds)$condition=factor(colData(dds)$condition,levels=c("c 
ontrol","patient"))

dds <- DESeq(dds)

res <- results(dds)

head(res)
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plotMA(dds) 
dev.off()

mcols(res, use.names=TRUE)

write.table(as.data.frame(res) , 
file="monorev_control_patient_results.txt")

plot(res$baseMean, pmin(-loglO(res$pvalue) , 50) , 
log="x", xlab="mean of normalized counts", 
ylab=expression(-log[10](pvalue))) 
abline(v=10,col="red" , lwd=l) 
dev.off()

use <- res$baseMean >= 10 & !is.na(res$pvalue) 
table(use)

resFilt <- res[use,]
resFilt$padj <- p .adjust(resFilt$pvalue, method="BH") 
sum(res$padj < .1, na.rm=TRUE)

sum(resFilt$padj < .1, na.rm=TRUE)

write.table(as.data.frame(resFilt) , 
file="monorevfilt_control_patient_resuits.txt")

#heatmaps

library("RColorBrewer") 
library("gplots")
select <-
order(rowMeans(counts(dds,normalized=TRUE)),decreasing=TRUE)[1:3 
0]
hmcol <- colorRampPalette(brewer.pal(9, "GnBu"))(100)

heatmap.2 (counts(dds,normalized=TRUE)[select,], col = hmcol,
Rowv = FALSE, Colv = FALSE, scale="none", 
dendrogram="none", trace="none", margin=c(10,6))

dev.off()

heatmap.2(assay(rid)[select,], col = hmcol,
Rowv = FALSE, Colv = FALSE, scale="none", 
dendrogram="none", trace="none", margin=c(10, 6))

dev.off()

heatmap.2(assay(vsd)[select,], col = hmcol,
Rowv = FALSE, Colv = FALSE, scale="none", 
dendrogram="none", trace="none", margin=c(10, 6))

dev.off()

distsRL <- dist(t(assay(rid)))

mat <- as.matrix(distsRL)
rownames(mat) <- colnames(mat) <- with(colData(dds),

paste(condition, sep="
") )
heatmap.2(mat, trace="none", col = rev(hmcol), margin=c(13, 13))
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dev.off()

#print sample names in heatmap

distsRL <- dist(t(assay(rid)))

mat <- as.matrix(distsRL) 
rownames(mat) <- colnames(mat)
heatmap.2(mat, trace="none", col = rev(hmcol), margin=c(13, 13)) 
dev.off()

#principal component analysis

print(plotPCA(rld, intgroup=c("condition"))) 
dev.of f ()
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Sequence data metrics

Sequencing quality control metrics

Measure
Filename 
File type 
Encoding 
Total Sequences 
Filtered Sequences 0 
Sequence length 51 
%GC 49

Value
NG-6006_R4_lib9973_l_sequence.fastq 
Conventional base calls 
Sanger / Illumina 1.9 
55466897

Basic statistics

Q uality scores across all bases (S ang er /  Illumina 1 9  encoding)

40

38

36

34

28

26

20

18

16

10

Position in read  (bp )

Per base sequence quality
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Q ualit/ score distribution over all sequences

Average Quality per read

1.8E7

16E7

1.2E7

1.0E7

8000000

6000000

4000000

2000000

14 16 18 20
Mean Sequence Quality (Phred Score)

26 30 32 34 36 38 40

Per base sequence quality scores
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S e q u e n c e  c o n te n t  a c r o s s  all b a s e s
100

90

80

70

60

50

40

30

20

10

0
1 2  3 4 5 6 7 8 9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49 51

Pos i t ion  in r e a d  (bp)

Per base sequence content
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GC d is tribu tion  over all sequences

GC count pe r read 

Theoretica l D istribution
3500000

3000000

2500000

2000000

1500000

1000000

500000

79 82 85 89 92 95 99
Mean GC content (%)

Per sequence GC content
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D istribution o f sequence lengths ove r all sequences

S equence Length

5250 51
Sequence Length (bp)

Sequence length distribution

Sequence Count Percentage Possible Source

CTCGGCTTTGACAGAGTGCAAGACGATGAC 0.1088505095210
60376 No Hit

TTGCAAAATGTCGCAGCTGGA 2117

Overrepresented sequences
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R elative enrichment ove r read length
100

AAAAA

90 GAAGA

TCTTC

CTGGA
80

70

60

50

40

30

Position m read (bp)

Kmer content

1 6 4
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RNA-Seq Coverage vs. 'R'anscript Position 
AII_Reads 

in file accepted hits.bam
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60 60 1000 20 40

Normalized Distance Along Transcript
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Appendix B

Differentially expressed genes in CD14'  ̂monocytes by RNA-seq

Table 29. Differentially expressed genes in monocytes of patients with sepsis 
compared to controls

Gene Base Mean 
Count log2poldChange FDR

CYP19A1 211.0 5.71 4.29 X 10-3®
PID1 989.5 -2.76 7.35 X 10-2®
CD1E 29.4 -4.07 2.07 X 10-28
FAM20A 525.8 4.19 7.15 X 10-2̂
MCTP2 557.5 2.54 1.62 X 10-25

ADAMTS2 571.5 4.09 2.87 X 10-'®
C16orf5 293.4 -2.05 1.75 X 10-'®
TNFAIP8L3 47,3 3.37 1.97 X 10-'®
NKG7 1577.6 3.30 2.59 X 10-'®
CD1C 275.2 -2.56 3.05 X 10 '5
SQLE 470.9 2.19 3.14 X 10 '®
AFF3 26.8 -2.66 6.46 X 10 '®

DHCR24 746.2 3.11 2.34 X 10 '^

ADAM9 1975.2 1.14 6.35 X 10-'^
ITGA1 107.1 2.00 1.55 X 10 '3
CXCR1 137.6 2.47 2.21 X 10'3
ACVR2A 101.8 -1.70 2.73 X 10 '3
OLFM1 108.7 -3.19 3.40 X 10 '3
ACVRL1 141.2 1.65 3.73X 10-'3
HOXA10 61.4 3.07 8.00X 10-'3

RNASE2 6871.1 2.75 9.66X 10-'3
HIST1H1C 262.6 2.67 1.69X 10-'2

TAF4B 27.6 -1.88 2.13X 10'2

IDH1 4409.0 1.46 3.37 X 10 '2

PLAC8 6509.6 2.12 4.26X 10'2

SC4M0L 281.5 1.94 6.28X 10-'2

FCGR1A 932.8 1.50 7.91 X 10'2
FCGR1C 1022.9 1.54 1.64 X 1 0 "
AQP9 12311.7 2.05 2.09 X 1 0 "
ITGA7 89.8 2.97 2.09 X 10-"
SCD 344.7 2.30 2.09 X  1 0 "
PPAP2B 37.9 2.87 3.41 X 1 0 "

167



Gene Base Mean 
Count log2FoldChange FDR

SLC04A1 22.7 3.18 3.55 X 10-”

ECRP 1611.7 2.51 3.58 X 10 "

NAIP 9452.4 1.07 3.58 X 10-"
HIST1H2AC 168.8 2.25 3.70 X 10-"

CYP51A1 872.0 1.74 5.53 X 10-"
PTGS1 587.3 -1.47 5.71 X 1 0 "

MT1F 94.0 1.52 1.77 X 10- °̂
NMNAT2 38.0 1.95 1.77 X 10-̂ °

ZNF33B 151.6 -1.43 2.53 X 10-'°
DDIT4 576.4 2.65 3.27 X 10-'°
S100A9 375565.2 1.79 3.27 X 10-'°
GRB10 228.9 1.98 4.01 X 10-'°
ACSL1 8368.3 1.74 4.05 X 10 '°
FCGR1B 3115.3 1.44 4.71 X 10'°
VAMPS 1687.2 1.33 4.99 X 10 '°
GPER 147.1 2.43 5.72 X 10 '°
THG1L 261.9 -1.08 6.17 X 10 '°
PMAIP1 387.7 -2.07 6.78 X 10 '°
MS4A4A 2791.7 2.49 7.52 X 10 '°
MAF 196.7 2.04 1.02 X 10-®
LAMC1 355.9 2.16 1.14 X 10-®
TEF 52.8 -1.56 1.24 X 10-®
APBA1 11.5 -2.46 1.42 X 10-®
ALCAM 848.2 1.02 1.83 X 10 ®
LOC283070 95.3 -2.01 2.68 X 10 ®
EPAS1 94.4 2.03 3.36 X 10 ®
TCN2 1912.7 1.80 4.64 X 10 ®
PLD4 83.3 -2.93 8.07 X 10-®

CLEC17A 8.8 -2.62 8.86x10®
E2F2 317.0 1.88 9.08 X 10 ®

SRSF8 376.3 -1.11 9.61 X 10®
C19orf59 7291.0 1.87 9.88 X 10 ®
LHFPL2 857.0 1.49 1.07 X 10-®
FPR2 4783.2 1.68 1.39 X 10-®
MERTK 702.9 2.14 1.72 X 10 ®
CD1B 16.7 -2.65 1.77 X 10 ®

EP400NL 214.9 2.17 2.36 X  10 ®
SLC1A3 168.5 1.99 2.53 X 10 ®
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Gene Base Mean 
Count logaFoldChange FDR

ALDH1A1 1772.6 -2.19 2.61 X 10-®
ASPH 918.6 1.38 2.61 X 10®
FAAH 106.0 -1.61 2.87 X  10 ®
C3AR1 8889.2 1.90 3.47 X 10-®

PDE4D 173.1 1.60 4.01 X 10®
SLC26A8 44.3 1.56 6.55 X 10-®
LTB4R 1992.3 1.39 9.38 X 10 ®
DAB2 434.7 1.67 9.74 X 10 ®
S0RBS3 166.8 -1.36 1.08 X 10-̂
SULT1B1 740.4 1.96 1.10 X 10-̂
C1orf127 6.4 -2.44 1.21 X 10-̂
RBL1 92.3 1.06 1.37 X 10-̂
AMT 29.0 -1.88 1.57 X 10-̂
ST20 152.8 1.51 2.21 X 10-̂
PFKM 92.0 -1.18 2.33 X 10-̂
FLT1 68.6 2.32 2.52 X 10-̂
PLBD1 27197.0 1.33 2.52 X 10-̂
HLA-DOA 176.8 -2.40 2.74 X 10-̂
WNT11 8.4 2.26 2.97 X 10-̂
DHCR7 187.1 2.01 3.22 X 10-̂
CAMK1D 148.1 -1.14 3.44 X 10-̂
SC5DL 358.5 1.28 3.46 X 10-̂
S100A8 240586.6 1.89 3.53 X 10-̂
BATF 240.6 1.39 3.56 X 10-̂
C5orf4 28.1 -2.23 3.56 X 10-̂
NCAPD3 148.7 -1.07 3.56 X 10-̂
PDK2 182.8 -1.05 4.44 X 10-̂
IGFBP7 1003.7 1.31 5.03 X 10-̂
C0PZ2 43.6 -1.78 5.40 X 10-̂
CDK14 193.8 1.40 5.40 X 10-̂
IMMP2L 22.3 -1.50 5.43 X 10-̂
ADCY3 391.1 2.08 5.47 X 10-̂
KCNK13 199.6 1.57 6.09 X 10-7
ADM 616.8 2.19 6.47 X 10-7
LAIR1 2449.4 1.11 7.19 X 10-7
S100A12 30144.7 1.94 7.96 X 10-7

M0SC1 2720.2 1.41 8.07 X 10-7

C5orf20 6.1 -2.36 8.10 X 10-7
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Gene Base Mean 
Count log2FoldChange FDR

SLFN13 30.8 1.40 9.48 X 10-̂
COL9A2 35.1 -2.28 1.00 X 10 ®

F0XRED2 39.9 -1.61 1.06 X 10 ®
ZNF395 357.7 -1.01 1.13 X 10®
PR0S1 62.7 1.98 1.20 X 10 ®
CD82 1119.2 1.62 1.23 X 10-®
HIST1H2BK 603.7 1.48 1.40 X 10-®
MAPK13 116.8 1.81 1.47 X 10-®

B4GALT5 2690.0 1.00 1.74 X 10-®
FZD5 71.5 1.65 1.74 X 10 ®
CD4 7836.0 -1.56 1.79 X 10 ®
EMR3 309.5 -1.41 1.82 X 10 ®
ST0N2 8.1 -2.30 2.06 X 10 ®
AC0X2 69.2 1.93 2.07 X 10 ®
KCNJ15 344.0 1.51 2.10 X 10 ®
S0CS3 1674.2 1.70 2.21 X 10-®
EX0C6 628.0 1.09 2.22 X 10 ®
AGFG1 4899.6 1.20 2.36 X 10 ®
WDR17 17.7 -1.37 2.65 X 10 ®
SLC16A7 440.7 1.55 2.66 X 10 ®
SRGAP3 13.1 -1.71 2.72 X 10 ®
ZDHHC9 116.2 1.28 2.72 X 10 ®
ACCS 55.5 -1.97 2.80 X 10-®
UPP1 1628.0 1.29 3.13 X 10-®
EPDR1 39.2 1.94 3.23 X 10 ®
PATZ1 206.1 -1.03 3.42 X 10 ®
PAQR7 198.6 -1.15 3.44 X 10 ®
FOSB 2882.1 -2.02 3.44 X 10-®

HIST1H2AI 6.3 2.43 3.66 X 10 ®
LRG1 439.6 1.70 3.89 X 10 ®
EPHX1 256.9 -1.26 4.13 X 10 ®
SEZ6L 56.4 -2.25 4.82 X 10-®
B3GALNT1 24.2 2.10 4.85 X 10 ®
COQ10A 19.0 -1.31 4.85 X 10 ®
HLA-DRA 56711.0 -1.41 5.18 X 10'®
KIAA1147 141.7 -1.05 5.54 X 10 ®

CYP1B1 7204.7 1.35 5.99 X 10 ®
SLC2A1 76.1 1.63 5.99 X 10 ®
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Gene Base Mean 
Count log2poldChange FDR

DPEP2 830.4 -1.11 6.01 X 10®
FAR2 710.9 1.01 6.74 X 10 ®

MAP3K8 676.9 1.44 7.28 X  10 ®
DUSP6 11861.4 -1.15 7.37 X 10 ®
FAM135A 157.0 -1.34 7.69 X 10 ®

GPR133 83.6 -1.62 7.81 X 10-®
HSD3B7 82.7 1.79 7.81 X 10'®
CEACAM4 622.1 1.35 8.02 X 10 ®

IL10 94.8 2.19 8.02 X 10 ®
CLVS1 65.8 1.21 8.35 X 10-®
FLVCR2 1362.3 1.26 9.35 X 10 ®
FOS 26661.2 -1.43 9.72 X 10 ®
SRPK1 586.7 1.17 9.72 X 10 ®
MAN1A1 1702.0 1.02 9.75 X 10 ®
FAM89A 173.2 1.55 9.92 X 10 ®
HIST1H2BH 4.3 2.36 1.07 X 10-®
RPGRIP1 60.4 -1.52 1.07 X 10-®
NRN1 20.2 1.84 1.11 X 10-®
1F1TM2 8040.5 1.35 1.13 X 10®
MARCO 1248.9 1.48 1.26 X 10-®
OSBPL7 62.8 -1.67 1.36 X 10-®
CDYL2 67.6 1.28 1.38 X 10 ®
GCNT1 672.0 1.31 1.38 X 10-®
DHRS11 18.4 -1.34 1.44 X 10-®
STOM 2659.0 1.19 1.46 X 10 ®
TNFRSF11A 14.5 2.12 1.46 X 10 ®
SETBP1 30.6 -1.81 1.52 X 10 ®
TTC21A 27.6 -1.76 1.55 X 10-®
GCLM 137.9 1.44 1.65 X 10 ®
NRP2 30.7 -1.50 1.74 X 10-®

HIST1H3H 11.2 2.09 1.83 X 10 ®
AHNAK2 2.5 -2.40 2.70 X 10-®
HLA-DPB1 6750.8 -1.58 2.83 X 10 ®
SNED1 20.1 -1.81 2.83 X 10 ®
KREMEN1 123.8 1.73 2.93 X 10 ®
AD0RA2B 142.6 1.49 2.99 X 10 ®

SLC28A3 48.5 1.95 3.03 X 10 ®
RH0BTB3 23.1 1.76 3.19 X 10 ®
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Gene Base Mean 
Count log2poldChange FDR

DLC1 41.6 1.69 3.30 X 10 ®
ABCA6 9.8 -1.84 3.44 X 10-5
DDAH2 449.2 1.33 3.46 X 10-5

CDKN2C 121.5 1.26 3.52 X 10-5
DRAM1 1525,7 1.12 3.95 X 10-5
SLC18A1 4,7 -2.18 3.98 X 10-5

CTSB 37069.0 1.06 4.05 X 10-5

ACAP1 793,8 1,02 4.08 X 10-5

ZKSCAN2 41,7 -1,40 4.32 X 10-5
CTSD 29815,6 1,25 4.45 X 10-5

FKBP1B 97,0 1,14 4.69 X 10-5

VAT1 1664,0 1,20 4.88 X 10-5
LOCI 00130872 15,1 1,86 5.11 X 10-5
DHFRL1 113,2 1.00 5.18 X 10-5

HIST1H2AG 5,0 2.19 5.48 X 10-5

C11orf45 8,0 -1.55 5.60 X 10-5
TBC1D12 115,1 -1.15 5.60 X 10-5

TMEM8B 80,6 -1.45 5.60 X 10-5
KDELC2 81,5 1.12 6.05 X 10-5
C7orf41 207,3 -1.02 6.27 X 10-5

PAG1 1367,0 1.26 6.46 X 10-5
DACH1 78,1 1.31 6.59 X 10-5
PEX14 197.7 1.05 6.64 X 10-5

NLE1 45.4 -1.01 6.76 X 10-5

GPR84 141.7 1.62 6.79 X 10-5

C5orf32 561.7 1.49 7.00 X 10-5

GGH 200.8 1.89 7.00 X  10-5

UPK3A 67.1 -1.50 7.30 X 10-5
C18orf56 3.8 2.31 8.18 X 10-5

SLAMF1 21.3 1.63 8.51 X 10-5
ACSM1 6.2 -1.73 8.67 X 10-5

CD38 172.0 1.53 8.88 X 10-5

TMEM38A 166.5 1.15 9.53 X 10-5

GPR98 2.9 -2.09 1.11 X 10-̂
HIST1H2AM 4.2 2.15 1.14 X 10-̂
DST 52.9 -1.69 1.16 X 10-̂
PAIP2B 19.9 -1.43 1.23 X 10-̂
PPFIBP1 16.7 -1.21 1.25 X 10-̂
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Gene Base Mean 
Count logaFoldChange FDR

CENPO 188.7 1.42 1.25 X 10-̂
KIAA0825 34.2 1.11 1.31 X 10-"
ARHGAP29 93.6 1.20 1.35 X 10-"
TMED8 124.0 1.28 1.40 X 10-"
VWA5A 413.5 1.06 1.40 X 10-"
LILRA5 7954.5 1.06 1.45 X 10-"
NR1D2 377.3 -1.19 1.45 X 10 "
C6orf192 459.3 -1.07 1.46 X 10 "
RTN1 843.5 -1.64 1.47 X 10 "
HLA-DQB2 97.2 -1.96 1.52 X 10 "
RYR1 43.8 -1.43 1.57 X 10 "
SPSB1 27.5 1.45 1.57 X 10 "
TSPYL5 21.9 -1.29 1.57 X 10 "
GPRIN3 170.9 1.13 1.60 X 10 "
KIAA0355 138.2 -1.09 1.66 X 10 "
SMAD1 250.4 1.09 1.66 X 10 "
THBD 449.3 1.38 1.66 X 10 "
GAS6 209.9 1.27 1.73 X 10 "
FAM115C 68.3 1.40 1.77 X 10-"
RASA4 451.4 -1.76 1.79 X 10-"
LOCI 47646 8.1 1.89 1.84 X 10 "
0PHN1 29.1 -1.26 1.89 X 10 "
NLRC4 2010.7 1.16 1.96 X 10-"
MARCKS 3282.8 -1.08 1.96 X 10 "
GPC4 10.2 -1.90 1.98 X 10 "
KCNH7 32.7 1.41 2.06 X 10 "
BCL11A 83.5 -1.26 2.09 X 10 "
PNMA1 222.3 1.34 2.09 X 10-"
KIAA0114 132.4 -1.03 2.14 X 10-"
WASF1 118.8 1.30 2.16 X 10-"
TCTEX1D1 26.1 2.00 2.17 X 10 "
P2RY1 43.7 1.73 2.18 X 10 "
C10orf95 13.7 1.51 2.20 X 10 "
TNFSF8 476.2 -1.25 2.38 X 10 "
LOCI 00127888 4.0 2.16 2.45 X 10 "
SP0CK3 5.9 -1.93 2.56 X 10 "
RNU4ATAC 13.6 -1.92 2.56 X 10 "
CD63 20439.5 1.50 2.61 X 10"
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TPCN1 950.3 -1.07 2.61 X 10-̂

MYL6B 114.9 1.30 2.66 X 10-"

CBX7 112.4 -1.19 2.69 X 10-"
P0LR1E 115.6 -1.02 2.88 X 10-"
TNFAIP8L1 140.8 -1.04 2.91 X 10-"
CD74 47214.9 -1.35 3.10 X 10 "

PTPDC1 17.9 -1.14 3.19 X 10-"
HIST1H2AL 2.2 2.15 3.20 X 10 "

TNIP3 4.7 2.07 3.26 X 10 "
CETP 66.9 1.69 3.42 X 10 "
STARD4 225.1 1.07 3.42 X 10 "
FKBP5 8412.2 1.41 3.48 X 10 "
SEL1L3 348.4 1.58 3.49 X 10-"
LDHA 16873.5 1.31 3.58 X 10 "
SAMSN1 1586.6 1.30 3.58 X 10 "
GCA 9039.5 1.08 3.71 X 10"
ASGR2 2310.7 1.21 3.76 X 10 "
SIDT1 35.9 -1.56 3.76 X 10 "
HLA-DPA1 12899.1 -1.45 3.93 X 10 "
0SBPL1A 215.4 -1.21 4.00 X 10 "
CPAMD8 65.1 -1.55 4.04 X 10 "
LRRC36 6.4 -1.86 4.16 X 10 "
CDK18 41.9 -1.47 4.27 X 10-"
GYG1 4214.8 1.13 4.27 X 10 "

SCCPDH 932.7 1.22 4.39 X 10 "
SRC 438.9 -1.42 4.53 X 10 "

TDRD9 496.6 1.37 4.90 X 10-"
MYCL1 969.8 -1.23 4.93 X 10 "
ZHX3 58.0 -1.09 5.00 X 10 "
BTG2 2260.3 -1.38 5.05 X 10 "

C17orf55 62.3 1.28 5.24 X 10 "
SYN2 28.7 1.72 5.26 X 10 "
IL11RA 29.8 -1.29 5.50 X 10-"
VNN2 9898.0 1.11 5.54 X 10 "
CD1A 54.6 -1.37 5.67 X 10 "
FLT3 1021.6 1.55 5.83 X 10 "
TTC3 709.9 -1.13 6.04 X 10 "
ZNF532 116,4 -1.61 6.27 X 10 "
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CTSK 91.7 -1.23 6.27 X 10-̂
HM0X1 5088.5 1.11 6.28 X 10 "
PTPRM 33.1 1.69 6.32 X 10-"
DNAJC5B 21.4 1.19 6.48 X 10 "
CC2D2A 27.6 -1.26 6.48 X 10 "
XYLB 17.0 -1.29 6.48 X 10 "
CD55 7653.3 1.00 6.52 X 10 "
LEPR 215.8 1.04 6.76 X 10 "
SH3RF1 53.7 -1.06 6.78 X 10 "
BLM 67.1 1.44 7.15 X 10-"
RNU11 4.3 -1.95 7.20 X 10-"
PHLPP2 71.3 -1.05 7.39 X 10 "
TRIP10 46.9 1.31 7.39 X 10 "
SYTL3 269.4 -1.06 7.53 X 10 "
HAUS5 25.7 -1.04 7.53 X 10 "
IGSF22 3.8 -1.83 7.53 X 10 "
TRPV4 84.2 1.19 7.53 X 10 "
SERINC2 321.0 1.24 7.69 X 10 "
BLOC1S1 229.4 1.00 7.86 X  10 "
ZFP36L2 3692.5 -1.53 7.90 X 10 "
OLFML2B 104.2 1.28 7.91 X 10"
TIAM1 473.8 -1.39 8.08 X 10 "
FPR1 29903.4 1.22 8.24 X 10 "
RAB40B 11.7 -1.42 8.25 X 10 "
NFE2L3 300.2 -1.18 8.25 X 10 "
CAPN5 8.8 -1.40 8.43 X 10 "
CXCR2P1 255.4 -1.41 8.47 X 10 "
ZNF783 98.0 -1.21 8.65 X 10 "
RPS6KA5 102.0 -1.11 8.72 X 10 "
CRIPAK 39.5 -1.44 8.91 X 10"
NLRP1 1133.6 -1.52 8.96 X 10 "
TMEM41B 166.9 1.07 9.04 X 10 "
GADD45A 150.1 1.14 9.12 X  10 "
C1orf21 34.0 1.33 9.26 X 10 "
CD248 8.5 1.97 9.47 X 10-"
H2AFJ 596.2 1.42 9.63 X 10 "
DNMBP 135.3 -1.28 1.02 X 10-̂
CEACAM3 211.7 1.46 1.02 X 10-3
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LIMK2 586.0 1.01 1.04 X 10-̂
SH3PXD2B 227.5 1.40 1.04 X 10-̂
GPR44 33.5 -1.32 1.07 X 10-3
KAT2A 110.2 -1.28 1.11 X 10-3

PDGFC 158.4 -1.02 1.11 X 10-3

C11orf95 24.9 -1.18 1.11 X 10-3

VANGL1 90.6 1.04 1.12 X 10-3

PLEKHG4 10.8 -1.37 1.12 X 10-3

ZFP3 35.4 -1.18 1.12 X 10-3
GHRL 26.9 -1.37 1.19 X 10-3

C9orf91 499.1 -1.01 1.24 X 10-3

COLQ 16.3 -1.61 1.24 X 10-3

MT1X 150.7 1.21 1.24 X 10-3

LOCI 00506071 28.3 1.56 1.24 X 10-3

TIFAB 6.4 -1.61 1.25 X 10-3

FLJ35776 31.9 1.38 1.26 X 10-3
SLC22A16 184.4 1.50 1.28 X 10-3
COCH 45.1 1.51 1.30 X 10-3

CYP2U1 77.0 -1.12 1.33 X 10-3

XYLT1 369.9 -1.31 1.34 X 10-3

CDCP1 42.6 1.37 1.35 X 10-3

LEPREL1 3.3 -1.81 1.43 X 10-3

PROCR 12.2 -1.24 1.45 X 10-3

ME1 199.0 1.27 1.47 X 10-3

PCBP4 16.0 1.58 1.54 X 10-3

BCAT1 903.0 1.34 1.61 X 10-3

LGALS1 12906.5 1.21 1.62 X 10-3

MMP25 639.4 1.21 1.69 X 10-3

H0MER2 12.0 -1.32 1.78 X 10-3

CLYBL 22.8 -1.04 1.80 X 10-3

MT1E 13.6 1.66 1.81 X 10-3

LOG 100505738 9.3 -1.47 1.83 X 10-3

FADS1 1050.9 1.00 1.87 X 10-3

IL18BP 197.4 -1.06 2.00 X 10-3

ZNF713 10.5 -1.14 2.03 X 10-3

BGL2A1 3489.5 1.12 2.07 X 10-3

P4HA2 17.9 1.73 2.18 X 10-3

ZG3H12G 84.2 -1.22 2.22 X 10 3
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PRELID2 12.1 -1.05 2.27 X 10-3
AMIG02 27.0 1.29 2.29 X 10-3
ITPRIPL1 10.3 1.26 2.29 X 10-3

RAB6B 4.3 -1.56 2 .34 X 10-3

PTPLA 18.0 1.52 2.34 X 10-3
IRF2BPL 519.9 1.05 2.36 X 10-3

ITIH4 38.2 -1.71 2.39 X 10-3
ESAM 9.6 -1.66 2.41 X 10-3

TFAP4 30.9 -1.27 2.44 X 10-3

NLRP6 6.9 1.62 2.44 X 10-3
STK17A 393.0 1.04 2.50 X 10-3
CTSF 22.1 -1.38 2.53 X 10-3
ZFYVE9 16.4 1.76 2.53 X 10-3
LOCI 00129827 11.3 1.32 2.56 X 10-3
AP3B2 6.1 1.80 2.67 X 10-3
EPN2 7.2 -1.43 2.70 X 10-3
PLEKHA6 3.0 -1.77 2.70 X 10-3

NT5C3L 218.2 -1.29 2.73 X 10-3
HLA-DMB 5732.9 -1.23 2.78 X 10-3
TMEM220 21.9 -1.24 2.89 X 10-3

GGT7 61.5 -1.03 2.91 X 10-3
TANC2 88.7 -1.08 2.94 X 10-3

TMEM102 165.9 1.07 2.96 X 10-3
IRF4 121.0 -1.60 2.96 X 10-3
PLCB1 217.8 -1.21 2.98 X 10-3
PYR0XD2 8,6 -1.44 3,04 X 10-3

XKR9 8.7 1.31 3.06 X 10-3

M0SC2 36.0 1.52 3,10 X 10-3

TBC1D9 938.0 -1.06 3.11 X 10-3
FLJ39051 21.5 1.19 3.14 X 10-3

HLA-DRB6 2435.2 -1.23 3.15 X 10-3
RBP4 7.4 1.73 3.16 X 10-3

LIPC 4.4 1.69 3.19 X 10-3

DHFR 368.6 1.19 3.21 X 10-3
KCNE1 141.2 1.22 3.25 X 10-3
ZNF554 15.3 -1.15 3.27 X 10-3
PFKFB2 100.1 -1.07 3.29 X 10-3
SPC24 1.6 1.81 3.42 X 10-3
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FLNB 323.2 1.26 3.50 X 10-3
KLF14 3.0 1.70 3.56 X 10-3
FAM69A 45.1 1.14 3.57 X 10-3

HLA-DMA 3756,9 -1.05 3.69 X 10-3

C2orf55 15.9 1.05 3.76 X 10-3

S1PR1 88.6 1.44 3.77 X 10-3

NIDI 769.3 -1.13 3.81 X 10-3
SLC45A3 6.6 -1.38 3.93 X 10-3

MAP4K1 292.0 -1.22 3.94 X 10 3

SLC41A2 7.1 -1.26 4.04 X 10-3

VSIG2 29.4 -1.19 4.28 X 10 3

SGK1 4814.6 -1.24 4.28 X 10-3
FAM171B 16.1 1.35 4.55 X 10-3

DDX51 87.5 -1.15 4.60 X 10-3
PNPLA1 131.3 1.03 4.65 X 10-3
PTGIR 97.5 -1.07 4.83 X 10-3
HLA-DRB1 17835.4 -1.20 4.97 X 10-3
KCNK5 5.1 1.64 4.97 X 10-3
CACNA2D3 329.1 -1.37 5.04 X 10-3
PUS7 37.1 -1.05 5.16 X 10-3
SAMD4A 83.6 -1.25 5.19 X 10-3

SLC12A8 6.2 1.44 5.20 X 10-3

PAPD7 112.5 -1.16 5.37 X 10-3
WDR34 16.5 1.39 5.37 X 10-3
SPRY2 63.6 1.52 5.66 X 10-3

ZBTB39 61.7 -1.12 5.73 X 10-3
ANGPT1 32.7 -1.47 5.74 X 10-3

ZNF618 27.6 -1.46 5.81 X 10-3

GHRLOS 10.8 -1.19 5.82 X 10-3

SNORD35A 4.8 -1.68 5.89 X 10-3

CCL24 4.6 1.64 6.01 X 10-3
ZFP36L1 2975.7 -1.02 6.10 X 10-3

SIGLEC11 198.9 1.08 6.17 X 10-3

FSTL3 143.0 1.09 6.17 X 10-3

NR2E1 13.1 -1.00 6.17 X 10-3

JMY 98.5 -1.09 6.50 X 10-3

PDXDC2P 46.9 -1.34 6.61 X 10-3
C17orf57 21.5 -1.02 6.62 X 10-3
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C5orf30 107.9 1.34 6.67 X 10-3

C3 72.3 -1.42 6.91 X 10-3

ERG 4.9 1.58 6.91 X 10-3
PRTN3 3.6 1.70 6.91 X 10-3

SH3BP4 38.5 -1.29 7.07 X 10-3
TCN1 7.6 1.67 7.07 X 10-3

MLXIPL 2.6 1.67 7.08 X 10-3

KANK2 23.0 -1.34 7.13 X 10-3

PCSK9 2.5 1.70 7.20 X 10-3

LOC730091 15.2 -1.26 7.40 X 10-3

ETV3L 12.1 -1.07 7.43 X 10-3

CFH 19.9 1.42 7.55 X 10-3
LBX2 22.8 1.12 7.65 X 10-3

ADSSL1 26.5 -1.10 7.69 X 10-3
KHDRBS2 4.9 -1.36 7.75 X 10-3
HERC2P9 8.3 -1.52 8.01 X 10-3
GP1BA 10.5 -1.40 8.22 X 10-3

KLF1 12.5 1.29 8.25 X 10-3

TIFA 252.1 1.00 8.27 X 10-3
UBE2CBP 14.8 -1.10 8.27 X 10-3

SLPI 13.9 1.53 8.29 X 10-3

LAMB3 10.9 1.29 8.32 X 10-3

ZNF337 84.4 -1.15 8.32 X 10-3

LIMCH1 6.0 -1.49 8.41 X 10-3

MOCOS 6.6 1.50 8.47 X 10-3

DZ1P1L 4.6 -1.48 8.69 X 10-3

IL1R1 207.4 1.00 8.78 X 10-3

GALNT14 8.8 1.66 8.78 X 10-3

TMEM14A 16.8 1.43 8.81 X 10-3

PPP1R15A 4050.9 -1.19 8.81 X 10-3

CA2 118.9 -1.07 8.84 X 10-3

ZNF589 93.2 -1.25 8.90 X 10-3

ATF3 172.9 -1.21 8.94 X 10-3

TXNRD3 8.3 -1.14 9.02 X 10-3

RASA4P 226.9 -1.32 9.03 X 10-3

IRS1 19.2 -1.55 9.22 X 10-3

FLJ42627 87.0 -1.40 9.24 X 10-3

FAM113B 18.2 1.11 9.29 X 10-3

179



Gene Base Mean 
Count log2FoldChange FDR

LOC541471 181.5 1.06 9.29 X 10-3

PNOC 18.6 -1.27 9.29 X 10-3

FLJ12334 4.3 -1.52 9.43 X 10-3

SUCNR1 11,5 1.30 9.47 X 10-3

SLC2A3 6283.9 1.02 9.69 X 10-3

Base mean -  mean read counts in controls group,
FDR - False Discovery Rate, indicates p-value adjusted for multiple testing by 
Benjamini-Hochberg method.
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