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Summary

In this thesis I explore the hypothesis that a pro-inflammatory cytokine 

immune response is a beneficial and protective host mechanism in the setting o f the 

human response to infection. The various regulatory pathways involved in the control 

o f this response are subsequently elucidated.

Utilising the technique o f quantitative real-time polymerase chain reaction, 

gene expression, at a messenger RNA level (mRNA), was assessed for a number o f 

genes intimately involved in inflammation. Protein levels were also assayed using an 

enzyme linked immunosorbant assay technique and candidate genes were assessed for 

polymorphisms utilising either an amplifluor or taqman technique. Three patient 

groups were recruited which consisted of; 62 intensive care unit (ICU) patients with 

severe sepsis or septic shock (ICU group); 10 patients, from the general hospital 

wards, with a microbiologically confirmed gram negative bacteraemia and no organ 

failure or signs o f an impending septic crisis (bacteraemia group); 13 healthy staff 

members (control group).

Tumor necrosis factor alpha (TNFa) mRNA levels were elevated in the ICU 

group in comparison with the control group but were further elevated in the 

bacteraemia group. Similarly, interferon gamma (IFNy) mRNA was elevated in the 

bacteraemia group in comparison to the ICU group whilst interleukin 10 (IL-10) 

mRNA was greatest in the ICU group. In late sepsis there was an inverse relationship 

between both IFNy and TN Fa gene expression and severity o f illness and mortality.

Although there was a weak correlation between IFNy and IL-12 mRNA levels, 

IL-12 mRNA did not distinguish between the three groups nor did its levels predict 

mortality. Consequently, we felt it was reasonable to assess the expression o f 

alternative genes linked to T helper cell development. We found that both IL-23 and



IL-27 mRNA levels distinguished between the three groups. The ICU group 

demonstrated the lowest levels o f IL-23 mRNA and the greatest levels o f IL-27 

mRNA. In addition, there was a strong correlation between IL-23 and TNFa in late 

sepsis. IL-18 mRNA levels were not predictive o f response to a septic insult. 

Interestingly, mRNA levels o f the inhibitor o f kappa B-like gene (IkBL), a putative 

member o f the IkB family, also distinguished between the three groups with levels 

highest in the ICU group and intermediate in the bacteraemia group.

Protein levels were generally undetectable, with the exception o f IL-6 and 

asymmetric dimethyl arginine (ADMA), both o f which were directly related to the 

extent o f organ compromise.

We also observed a relationship between promoter polymorphisms in the 

TNFa gene and the dimethylarginine dimethylaminohydrolase II gene and TNFa 

mRNA levels and ADMA protein levels respectively.

Overall, these data suggest that, in the setting o f infection, a vigorous 

proinflammatory response is appropriate and may prove to allow patients to tolerate a 

bacteraemic insult with impunity. The regulation o f this response is likely to be 

multifaceted and involve multiple inflammatory cell pathways, with genetic variants 

possibly playing a role in the variations observed in gene expression.
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1.1 Overview

Acute infection in humans has a scope o f presentation that ranges in severity 

from a mild self-limiting illness to an overwhelming insult with resultant multiple 

organ failure frequently culminating in death. At the less severe end o f the spectrum is 

an illness that may be amenable to home therapy with oral antibiotics and the patient 

may not even present to a hospital. However, at the other end o f the spectrum is a 

devastating disease process, representing a large proportion o f an intensive care unit’s 

(ICU) workload and budget. It is estimated that the ICU treatment o f sepsis utilises 

60% of an ICU budget whilst afflicting 25% of it’s patients (van Gestel et al., 2004). 

The mortality attributable to sepsis in an ICU setting varies between 20% to greater 

than 50% depending on an individual centers expertise and case mix (Angus et al., 

2001).

Critically, in the majority o f cases, it does not appear that the pathogenicity o f 

the invading micro organism determines the host outcome. Identical strains o f bacteria 

may cause disease o f varying severity in different immunocompetent hosts. Presently, 

it is unclear as to the attributes that lead a host to become susceptible to developing 

severe sepsis in response to an infection and it is equally unclear what factors lead to 

the subsequent demise o f the host once they have developed severe sepsis.

By studying groups o f patients that respond with varying severity to 

comparable infectious insults we hope to be able to identify the molecular pathways 

involved in the susceptibility to severe sepsis and in individual patient response to 

infection.
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1.2 Definitions

Traditionally, sepsis has been a vague diagnosis, incorporating a plethora o f  

signs and sym ptom s. Prior to standardisation o f  the term inology used, it w as a 

disorder frequently d iagnosed  by a clin ician on the basis o f  a very non-specific  

clin ical picture. W hilst this approach has proved useful in the identification o f  many 

other heterogenous conditions, a m ore rigid approach w as called  for with the recent 

increase in experim ental and ep idem iologica l work in sepsis. Standardisation o f  the 

defin itions involved  has a llow ed  investigators confidence in the interpretation o f  

results from sepsis trials conducted in different centers and facilitates direct 

com parisons.

A consensus conference, convened  in 1991, produced the com m on definitions 

w hich  are used to characterise sepsis today and are outlined below  (1992).

The system ic inflam m atory response syndrom e (SIR S) fo llow s a w ide range 

o f  insults and includes more than one o f  the fo llow in g  clin ical manifestations:

1) body temperature >38°C  or <36°C

2) heart rate o f  > 90 beats/m inute

3) tachypnea, m anifested by a respiratory rate > 20  breaths/minute or 

hyperventilation, indicated by a partial pressure o f  CO 2 (P aC 02) < 32m m H g

4) W hite B lood C ell count (W C C ) > 12000  cells/mm ^, <  4000/mm^, or the 

presence o f  >10%  immature neutrophils.

These should relate to an acute change in an otherw ise normal patient. A s  

such, they should occur in the absence o f  m itigating circum stances that w ould  

otherw ise explain such changes. Such circum stances w ould include conditions such as 

chem otherapy-induced neutropenia or leukopenia, tachycardia secondary to pain or 

tachypnea secondary to a primary lung disorders such as a pneum othorax.
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Many physiological insults lead to SIRS including pancreatitis, bum  injury, 

ischaemia, multitrauma and tissue injury, haemorrhagic shock, and immune-mediated 

organ injury.

It is only when SIRS occurs as a result of a confirmed infectious process can it 

is termed sepsis.

Sepsis, however, is not a homogenous disorder but rather can present over a 

range o f clinical severity. The consensus conference attempted to identify some 

clearly defined points along this continuum. These include severe sepsis and septic 

shock.

Severe sepsis was defined as sepsis in combination with organ dysfunction, 

hypoperfusion or hypotension. Hypoperfusion abnormalities may include lactic 

acidosis, oliguria and an acute alteration o f mental status.

The concept o f organ dysfunction is distinct from the notion of organ failure 

favoured by older epidemiological descriptions. Organ failure is a dichotomous event 

that is either present or absent. However, dynamically changing organ function is one 

the hallmarks o f the septic syndrome. This is not taken into account when using the 

static criteria favoured by older epidemiological descriptions. Organ dysfunction is 

suggested to be a phenomenon whereby the organ is not capable o f maintaining 

homeostasis. This dysfunction should be viewed as a continuum of change over time 

and as such seen as a dynamic process. However, criteria that are universally 

applicable in quantifying individual organ dysfunction were not proposed at that time. 

Investigators were still obliged, however, to have a set o f criteria that they could use 

to assess the presence or absence o f organ dysfunction. The following is a 

representative set o f criteria which have been used to make this assessment in 

previous epidemiological studies (van Gestel et al., 2004).
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Cardiovascular system dysfunction can be defined as a systolic blood pressure 

< 90mm Hg or mean arterial pressure < 60mm Hg or a reduction in blood pressure o f 

more than 40mmHg from baseline measurements, in the absence o f other causes for 

hypotension, despite adequate fluid resuscitation, or as the need to administer 

vasopressors or inotropes in order to maintain systolic blood pressure > 90mm Hg or 

mean arterial pressure > 60mm Hg.

Renal dysfunction may be defined as being present when urine output falls 

below 0.5ml/kg/hour for at least one hour, despite adequate fluid resuscitation, or 

when the concentration o f serum creatinine climbs above 177mg/dL and this is not 

attributable to chronic renal failure.

Respiratory system dysfunction is usually said to be present when P a02/F i02  

ratio is < 200mmHg in the presence o f a respiratory infection or < 250mmHg if the 

infective source is other than pulmonary. It may also be indicated by the presence of 

assisted ventilation in the first 24 hours o f ICU admission.

Central Nervous System (CNS) dysfunction is usually said to be present where 

there is an acute deterioration o f the neurological condition, which is not attributable 

to the administration o f sedation or to the presence o f CNS disease.

The presence o f a platelet count < 80,000 / mm o f blood, or a decrease o f at 

least 50% in the 2 days preceding admission normally indicates haematological 

dysfiinction.

Metabolic dysfunction is usually defined as the presence o f a metabolic 

acidosis (pH < 7.30 or base deficit > 5mmol/l) in association with a plasma lactate 

level > 3mg/dL.

Hepatic dysfunction is normally said to be present seen when the bilirubin 

concentration rises above 43mg/dL, or alanine aminotransferase (ALT) levels exceed
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s o u  or the International Normalised Ratio (INR) or the Activated Partial 

Thromboplastin Time (APTT) exceeds 1.5 times normal in the absence o f systemic 

anticoagulant agents.

In the absence o f clear guidance from the 1991 consensus conference some 

studies do vary slightly in their individual interpretation o f organ dysfunction. The 

above broadly encompasses most definitions used and were also used in this study to 

define organ dysfunction.

Septic shock is another clearly defined point along the continuum o f clinical 

severity seen in sepsis. It is defined as a subset o f severe sepsis where cardiovascular 

dysfunction persists along with metabolic dysfunction despite adequate fluid 

resuscitation (1992). Patients receiving inotropes or vasopressors would still be 

considered to have septic shock despite the appearance o f normal blood pressures.
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1.3 Epidemiology

Sepsis remains an extremely prevalent disease, associated with a persistently 

high mortality rate, despite a vast increase in knowledge concerning the 

pathophysiology and the risk factors contributing to it. Incidence and mortality rates 

vary widely between studies and amongst different centers. The most recent large 

scale analysis o f the epidemiology o f severe sepsis in the US estimated the national 

annual incidence to be 3.0 cases per 1000 population (Angus et al., 2001). However, 

in a smaller European study o f adult ICUs the incidence has been estimated at 0.54 

cases per 1000 adults annually (van Gestel et al., 2004). Ih e  incidence demonstrates a 

pattern o f increasing up to 100 fold with age. In the US it was observed to be high in 

infants (5.3/1000 aged < lyear), deceased quickly in older children (0.2/1000 aged 5- 

14), increased slowly through most o f adulthood (5.3/1000 aged 60-64), and increased 

sharply in the elderly (26.2/1000 aged >85) (Angus et al., 2001).

The average cost per patient has been estimated at $22,100 (Angus et al., 

2001). Unsuprisingly, this figure increases for non-survivors, patients admitted to an 

ICU, surgical cases and increases proportionately with the number o f organ failures.

The commonest source o f infection identified in the American 

epidemiological study was the respiratory tract followed by the abdominal cavity 

(Angus et al., 2001). This pattern was also observed in a European study with a 

respiratory source observed in 47% of patients followed by an abdominal source in 

34% (van Gestel et al., 2004). The commonest organ failure was shown to be the 

respiratory system (90%) followed by the cardiovascular system (72%) (van Gestel et 

al., 2004).

The mortality rate associated with sepsis remains stubbornly high, despite 

more than a decade o f intensive research into potential therapies. Mortality rates can

1 1



1.1 Overview

Acute infection in humans has a scope o f presentation that ranges in severity 

from a mild self-limiting illness to an overwhelming insult with resultant multiple 

organ failure frequently culminating in death. At the less severe end o f the spectrum is 

an illness that may be amenable to home therapy with oral antibiotics and the patient 

may not even present to a hospital. However, at the other end o f the spectrum is a 

devastating disease process, representing a large proportion o f an intensive care unit’s 

(ICU) workload and budget. It is estimated that the ICU treatment o f sepsis utilises 

60% o f an ICU budget whilst afflicting 25% o f it’s patients (van Gestel et al., 2004). 

The mortality attributable to sepsis in an ICU setting varies between 20% to greater 

than 50% depending on an individual centers expertise and case mix (Angus et al., 

2001).

Critically, in the majority o f cases, it does not appear that the pathogenicity o f 

the invading micro organism determines the host outcome. Identical strains o f bacteria 

may cause disease o f varying severity in different immunocompetent hosts. Presently, 

it is unclear as to the attributes that lead a host to become susceptible to developing 

severe sepsis in response to an infection and it is equally unclear what factors lead to 

the subsequent demise o f the host once they have developed severe sepsis.

By studying groups o f patients that respond with varying severity to 

comparable infectious insults we hope to be able to identify the molecular pathways 

involved in the susceptibility to severe sepsis and in individual patient response to 

infection.

6



1.2 Definitions

Traditionally, sepsis has been a vague d iagnosis, incorporating a plethora o f  

signs and sym ptom s. Prior to standardisation o f  the term inology used, it w as a 

disorder frequently d iagnosed  by a clin ician  on the basis o f  a very non-specific  

clin ical picture. W hilst this approach has proved useful in the identification o f  m any 

other heterogenous conditions, a more rigid approach was called  for with the recent 

increase in experim ental and epidem iological work in sepsis. Standardisation o f  the 

definitions involved  has a llow ed  investigators confidence in the interpretation o f  

results from sepsis trials conducted in different centers and facilitates direct 

com parisons.

A consensus conference, convened in 1991, produced the com m on definitions  

which are used to characterise sepsis today and are outlined below  (1992).

The system ic inflam m atory response syndrom e (SIR S) fo llow s a w ide range 

o f  insults and includes m ore than one o f  the fo llow in g  clin ical manifestations:

1) body temperature >38°C  or <36°C

2) heart rate o f  > 90  beats/m inute

3) tachypnea, m anifested by a respiratory rate >20 breaths/minute or 

hyperventilation, indicated by a partial pressure o f  CO 2 (P aC 02) < 32m m H g

4) W hite B lood  C ell count (W CC) > 12000  cells/mm^, <  4000/mm^, or the 

presence o f  >10%  immature neutrophils.

These should relate to an acute change in an otherw ise normal patient. A s 

such, they should occur in the absence o f  m itigating circum stances that w ould  

otherw ise explain such changes. Such circum stances w ould include conditions such as 

chem otherapy-induced neutropenia or leukopenia, tachycardia secondary to pain or 

tachypnea secondary to a primary lung disorders such as a pneumothorax.

7



Many physiological insults lead to SIRS including pancreatitis, bum injury, 

ischaemia, multitrauma and tissue injury, haemorrhagic shock, and immune-mediated 

organ injury.

It is only when SIRS occurs as a result o f  a confirmed infectious process can it 

is termed sepsis.

Sepsis, however, is not a homogenous disorder but rather can present over a 

range o f clinical severity. The consensus conference attempted to identify some 

clearly defined points along this continuum. These include severe sepsis and septic 

shock.

Severe sepsis was defined as sepsis in combination with organ dysfunction, 

hypoperfusion or hypotension. Hypoperfusion abnormalities may include lactic 

acidosis, oliguria and an acute alteration o f mental status.

The concept o f organ dysfunction is distinct from the notion o f organ failure 

favoured by older epidemiological descriptions. Organ failure is a dichotomous event 

that is either present or absent. However, dynamically changing organ function is one 

the hallmarks o f the septic syndrome. This is not taken into account when using the 

static criteria favoured by older epidemiological descriptions. Organ dysfunction is 

suggested to be a phenomenon whereby the organ is not capable o f maintaining 

homeostasis. This dysfunction should be viewed as a continuum o f change over time 

and as such seen as a dynamic process. However, criteria that are universally 

applicable in quantifying individual organ dysfunction were not proposed at that time. 

Investigators were still obliged, however, to have a set o f criteria that they could use 

to assess the presence or absence o f organ dysfiinction. The following is a 

representative set o f criteria which have been used to make this assessment in 

previous epidemiological studies (van Gestel et al., 2004).
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Cardiovascular system dysfunction can be defined as a systolic blood pressure 

< 90mm Hg or mean arterial pressure < 60mm Hg or a reduction in blood pressure of 

more than 40mmHg from baseline measurements, in the absence o f other causes for 

hypotension, despite adequate fluid resuscitation, or as the need to administer 

vasopressors or inotropes in order to maintain systolic blood pressure > 90mm Hg or 

mean arterial pressure > 60mm Hg.

Renal dysfunction may be defined as being present when urine output falls 

below 0.5ml/kg/hour for at least one hour, despite adequate fluid resuscitation, or 

when the concentration o f serum creatinine climbs above 177mg/dL and this is not 

attributable to chronic renal failure.

Respiratory system dysfunction is usually said to be present when P a02/F i02  

ratio is < 200mmHg in the presence o f a respiratory infection or < 250mmHg if  the 

infective source is other than pulmonary. It may also be indicated by the presence of 

assisted ventilation in the first 24 hours o f ICU admission.

Central Nervous System (CNS) dysfunction is usually said to be present where 

there is an acute deterioration o f the neurological condition, which is not attributable 

to the administration o f sedation or to the presence o f CNS disease.

The presence of a platelet count < 80,000 / mm o f blood, or a decrease o f at 

least 50% in the 2 days preceding admission normally indicates haematological 

dysfunction.

Metabolic dysfunction is usually defined as the presence o f a metabolic 

acidosis (pH < 7.30 or base deficit > 5mmol/l) in association with a plasma lactate 

level > 3mg/dL.

Hepatic dysfunction is normally said to be present seen when the bilirubin 

concentration rises above 43mg/dL, or alanine aminotransferase (ALT) levels exceed
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s o u  or the International Normalised Ratio (INR) or the Activated Partial 

Thromboplastin Time (APTT) exceeds 1.5 times normal in the absence o f  systemic 

anticoagulant agents.

In the absence o f clear guidance from the 1991 consensus conference some 

studies do vary slightly in their individual interpretation o f organ dysfunction. The 

above broadly encompasses most definitions used and were also used in this study to 

define organ dysfunction.

Septic shock is another clearly defined point along the continuum o f clinical 

severity seen in sepsis. It is defined as a subset o f severe sepsis where cardiovascular 

dysfunction persists along with metabolic dysfunction despite adequate fluid 

resuscitation (1992). Patients receiving inotropes or vasopressors would still be 

considered to have septic shock despite the appearance o f normal blood pressures.
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1.3 Epidemiology

Sepsis remains an extremely prevalent disease, associated with a persistently 

high mortality rate, despite a vast increase in knowledge concerning the 

pathophysiology and the risk factors contributing to it. Incidence and mortality rates 

vary widely between studies and amongst different centers. The most recent large 

scale analysis o f  the epidemiology o f severe sepsis in the US estimated the national 

annual incidence to be 3.0 cases per 1000 population (Angus et al., 2001). However, 

in a smaller European study o f adult ICUs the incidence has been estimated at 0.54 

cases per 1000 adults annually (van Gestel et al., 2004). The incidence demonstrates a 

pattern o f increasing up to 100 fold with age. In the US it was observed to be high in 

infants (5.3/1000 aged < lyear), deceased quickly in older children (0.2/1000 aged 5- 

14), increased slowly through most o f adulthood (5.3/1000 aged 60-64), and increased 

sharply in the elderly (26.2/1000 aged >85) (Angus et al., 2001).

The average cost per patient has been estimated at $22,100 (Angus et al., 

2001). Unsuprisingly, this figure increases for non-survivors, patients admitted to an 

ICU, surgical cases and increases proportionately with the number o f organ failures.

The commonest source o f infection identified in the American 

epidemiological study was the respiratory tract followed by the abdominal cavity 

(Angus et al., 2001). This pattern was also observed in a European study with a 

respiratory source observed in 47% o f patients followed by an abdominal source in 

34% (van Gestel et al., 2004). The commonest organ failure was shown to be the 

respiratory system (90%) followed by the cardiovascular system (72%) (van Gestel et 

al., 2004).

The mortality rate associated with sepsis remains stubbornly high, despite 

more than a decade o f intensive research into potential therapies. Mortality rates can



vary from 15% to 80% which may reflect the complex heterogeneity o f sepsis (Angus 

and Wax, 2001; Martin et al., 2003). Mortality rates increase with pre-existing 

medical co-morbidities, with an increase in the number o f failing organs, with 

increasing age and when the patient necessitates an ICU admission. Mortality rates 

can increase 3-fold when comparing children to those aged >85years (Angus et al., 

2001). In a European context, the best estimate o f mortality, at present, comes from a 

multi-center study among 170 French ICUs quoting a 28 day mortality rate o f 56% in 

patients with severe sepsis (Brun-Buisson et al., 1995).

Regardless o f the absolute figure, it is well recognised that severe sepsis is the 

most common cause o f death in the non-coronary ICU (Niederman and Fein, 1990; 

Parrillo et al., 1990). To bring these statistics into perspective, it has been calculated 

that the number o f people who died as a result o f severe sepsis in the USA in 1995 

was equal to the number o f deaths after following myocardial infarctions for the same 

period (Angus et al., 2001).

This healthcare problem is predicted to worsen. It is estimated that the number 

o f cases will increase at the rate o f 1.5% per annum in the US (Angus et al., 2001), 

outstripping the anticipated population growth. This is, in part, due to the high 

prevalence o f sepsis in the older population.
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1.4 Overview of the pathophysiology of sepsis

Inflammation is the process by which the human body attempts to counteract 

and contain potentially injurious agents. This process is largely regulated by cytokines 

and chemokines. Inflammation in response to bacterial infection aims to enhance the 

bactericidal properties o f a host and should facilitate clearance o f the invading 

organism.

Cytokines are inducible proteins or glycoproteins, with a molecular mass o f 8 

to 30 kDa, which can be secreted by numerous cell types, and are used by organisms 

as signalling molecules. The main feature distinguishing them from endocrine 

hormones is their preference for acting at a local level. Thus cytokines usually act as 

paracrine or autocrine factors (Gol-Winkler, 1986; Henderson et al., 1996).

Chemokines, or chemotactic cytokines, are a large family o f structurally 

homologous cytokines that stimulate leukocyte movement and regulate the migration 

o f leukocytes from the blood to the tissues. Most chemokines are produced by a 

variety o f cell types, in response to an inflammatory stimulus, and recruit leukocytes 

to sites o f inflammation.

An inflammatory response may become harmful when unregulated. 

Bactericidal compounds, such as the reactive oxygen species, may become pathogenic 

when released in large quantities around normal tissue. In an attempt to prevent this, 

the inflammatory response is subject to multiple levels o f control involving a diverse 

array o f cell types and their soluble mediators. Consequently, a theory was 

popularised in the 1970s that envisaged invading micro organisms more as bystanders 

than as inherently pathogenic, with the main contributor to the organ damage 

observed during a septic episode being an intrinsic overly exuberant immune response 

that damages host tissue (Thomas, 1972). Until recently, the accepted interpretation
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was that the clinical syndrome o f sepsis results when the initial, appropriate host 

inflammatory response becomes amplified and uncontrolled and begins to damage the 

host tissues it was designed to protect (Bone et al., 1992; Stone, 1994; Warren, 1997). 

This interpretation has been based primarily on rodent or primate models o f 

overwhelming endotoxaemia or bacteraemia. However, the response induced by an 

insult o f this nature does not reflect the scenario observed in human sepsis (Deitch, 

1998; Fink and Heard, 1990; O 'Reilly et al., 1999). Animals stimulated in this manner 

do indeed exhibit an exuberant proinflammatory response with levels of circulating 

cytokines exponentially higher in these animals in comparison to humans with sepsis. 

Unsuprisingly, interventions that blocked these inflammatory mediators resulted in 

increased survival in these animal models (Deitch, 1998; Fink and Heard, 1990; 

O'Reilly et al., 1999). However, both the mode o f administration and the quantity of 

administered stimuli may preclude any meaningfiil comparison with the situation 

observed in human sepsis.

An important observation, when interpreting the results o f animal models, is 

the different responses observed when endotoxin and bacteria are used as stimuli. 

Using knockout mice, it has been demonstrated that loss o f proinflammatory cytokine 

gene expression, whilst detrimental in combating an insult with live bacteria, is o f 

benefit when the animals are stimulated with a sterile inflammatory stimulus such as 

endotoxin (dDharmana et al., 2002). The corollary to this in the human setting is the 

SIRS response to sterile and infective insults. Sterile inflammatory insults include 

pancreatitis, bums and acute transfusion related reactions. One o f the best-defined 

sterile inflammatory reactions is that occurring following exposure to the extra- 

corporeal circuit utilised in cardiopulmonary bypass. Indeed, in prior experiments in 

this laboratory we have demonstrated that the inflammatory reaction, with associated
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hypotension and lactic acidosis, invoked by this response is characterised by a relative 

excess o f proinflammatory cytokines and a relative decrease in anti-inflammatory 

cytokines in comparison to patients that did not display a hypotensive acidotic 

response (Duggan et al., 2006).

It is likely, therefore, that at a cytokine production level, the mechanisms 

which culminate in a host becoming susceptible to and ultimately succumbing as a 

result o f sepsis are different to that observed in either the human model o f sterile 

inflammation or animal models utilising non-physiologically relevant doses o f 

endotoxin or bacteria. This is despite similarities observed along the spectrum of these 

illnesses when evaluating them using purely clinical endpoints.

Indeed, it is plausible that the appropriate human immune response to 

infection may be dependant upon a vigorous proinflammatory response driven and 

propagated by proinflammatory cytokines. This inflammatory response may be 

necessary for adequate bactericidal activity in the host. There is support for this 

hypothesis from a combination o f human and animal sources. Using a mouse model 

investigators have described a 100% mortality in response to infection with 

Salmonella bacteria in mice that have non functioning proinflammatory cytokine 

genes whereas there was a 0% mortality in wild type mice (Dharmana et al., 2002). 

Additionally, trials involving the treatment o f septic patients with a blocking 

compound to the prototypical proinflammatory cytokine, tumor necrosis factor-alpha 

(TNFa), have been conducted with disappointing results (Abraham et al., 1997; Fisher 

et al., 1996; Fisher et al., 1993). Indeed, some o f the results demonstrate a clear dose- 

response relationship between an increasing dose o f the anti-TNFa compound, a 

resultant decrease in circulating physiologically available TN Fa and an increasing 

mortality rate (Fisher et al., 1996) (figure 1.1). Furthermore, the failure o f anti-
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inflammatory therapy in human sepsis has been demonstrated in numerous trials o f 

compounds that block the inflammatory response at various levels. This includes trials 

utilising corticosteroids, nonsteroidal anti-inflammatory drugs, anti-endotoxin agents 

and interleukin-1 receptor antagonists (Bernard et al., 1997; Bone et al., 1987; Fisher 

et al., 1994; Ziegler et al., 1991). Each o f these trials was conducted based on the 

hypothesis that a proinflammatory response to infection is detrimental and is 

responsible for increased mortality in these patients. The failure o f these therapies to 

demonstrate a benefit may lead one to the assumption that the hypothesis underlying 

these studies is inherently flawed.
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Figure 1.1 (reproduced from (Fisher et al., 1996))
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Figure 1. Kaplan-Meier Analysis of Survival in Patients with 
Sepsis Receiving Placebo or One of Three Doses of TNFR:Fc.
An intention-to-treat analysis of mortality from all causes at 28 
days by the Cochran-Mantel-Haenszel test showed a dose- 
response relation between treatment with TNFR:Fc and mortality 
(P = 0.02). Mortality did not differ significantly between the place

bo group and the three treatment groups combined (P = 0.13).

Furthermore, there is recent evidence, from animal models and ex vivo cell 

stimulation experiments, demonstrating the beneficial effects o f proinflammatory 

cytokines in sepsis. Animal models o f peritonitis utilising TNFa blocking agents have 

been shown to decrease survival (Echtenacher et al., 2001; Eskandari et al., 1992). 

Using a “two-hit” model o f sepsis, investigators demonstrated that a bacterial 

challenge that was readily cleared in other groups, resulted in the peripheral seeding 

o f bacterial species in a group that had been subjected to cecal ligation and puncture
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(CPL) 5 days previously (M urphey et al., 2004). The impaired production of 

cytokines crucial to the initiation and propagation o f effector immune cell functions 

characterised the response o f these animals to bacterial challenge. A further animal 

model demonstrated that in late murine sepsis, the proinflammatory T helper cell type 

1 (T h l) response was decreased with development o f an anti-inflammatory Th2 

phenotype (Ono et al., 2001). Furthermore, therapies designed to augment the 

production o f Thl cytokines demonstrated a survival benefit in this model.

That these more recent animal models o f sepsis directly contradict the findings 

o f some o f the earlier studies is likely a reflection o f the different models used. That 

there are so many models o f sepsis and septic shock is tacit evidence that none of 

them are perfect. However, as most deaths in an adult ICU occur after a protracted 

course there is a need for an animal model o f severe chronic sepsis. The murine model 

o f CLP used in the studies referenced above, despite its shortcomings, may come 

closest to reflecting this as the animals can survive for up to 1 week thereby 

displaying features similar to that observed in late sepsis in humans.

Finally, immune cells isolated from patients after either a septic or traumatic 

episode frequently display features o f immunoparalysis, characterised by deficient IL- 

12 and IFNy production with retention o f the ability to produce lL-10 (Goebel et al., 

2000; Nakos et al., 2002; Rigato and Salomao, 2003). Furthermore, treatment o f 

septic patients with proinflammatory compounds, such as IFNy, has shown promise 

both in reversing the immunoparalysis and in terms o f patient morbidity (Docke et al., 

1997; Nakos et al., 2002).

Despite this evidence, it is unlikely that the use o f any one compound in sepsis 

will be o f benefit to all patients due to the heterogenous nature o f the disease. This 

may explain why, despite the overall poor results obtained with TNFa antagonists.
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some subgroups did demonstrate a survival advantage (Fisher et al., 1996; Reinhart 

and Karzai, 2001). A meta-analysis o f clinical trials o f anti-inflammatory agents in 

sepsis showed that although high dose anti-inflammatory treatment is harmfiil in 

general, there is a subgroup that benefit from this treatment (Zeni et al., 1997). 

Additionally, despite encouraging case series data o f the use o f IFNy in patients with 

a demonstrable immune deficiency, multicenter trials are yet to describe an overall 

survival benefit (Polk et al., 1992; W asserman et al., 1998). These aberrant results are 

possibly explained by a small subgroup o f septic patients with greatly exaggerated 

levels o f circulating proinflammatory cytokines, which contribute to excess morbidity 

through the mechanisms postulated earher (Girardin et al., 1988; Hatherill et al., 

2000). Thus, given the heterogenous nature o f the molecular basis o f this disease, 

what may prove to be o f benefit ultimately is the individual treatment o f patients, 

based on their specific immune response, in a timely and targeted fashion.

The ultimate cause o f death in patients with sepsis is usually difficult to 

define. Autopsy studies do not reveal the exact cause o f death in sepsis (Hotchkiss 

and Karl, 2003). Due primarily to effective organ support therapy, it is rare that a 

patient would die secondary to refractory shock or hypoxia, despite the frequency o f 

septic shock and the acute respiratory distress syndrome in these patients. Renal 

failure is common but dialysis can indefinitely support kidney fiinction in an ICU 

setting. Most patients die when care is withdrawn or capped at a predefined level 

when a decision is reached that further treatment is futile. This associated organ 

failure has been attributed to both disseminated coagulopathy and to disruption o f the 

integrity o f micro-vascular endothelium (Cohen, 2002). It is additionally plausible 

that ongoing bacterial overgrowth contributes to organ failure or that organ 

compromise is mediated via a cytokine response that contributes to inflammation.
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whilst not being adequately bactericidal. Evidence for this latter scenario comes from 

an animal model o f pneumonia that describes adequate leukocyte recruitment to the 

area o f infection yet there is a quantitative lack o f adequate bactericidal compounds 

being produced (Deng et al., 2004).

W hatever the molecular mechanisms involved, at a systemic level patients will 

typically develop a single organ failure and if the disease progresses, patients will 

develop failure o f other organ systems. If four or five organs fail the mortality is 

greater than 90%, irrespective o f  treatment (Cohen, 2002).

Respiratory failure is common and usually progresses rapidly. A sustained 

respiratory rate that exceeds 30 breaths per minute is a sign o f impending ventilatory 

collapse. Timely intubation and mechanical ventilation reduce respiratory oxygen 

demand and the risk o f aspiration and cerebral anoxia from catastrophic respiratory 

arrest. Nearly 85% o f patients require ventilatory support, typically for 7-14 days, and 

almost half o f these patients meet the criteria for the diagnosis o f the acute respiratory 

distress syndrome (Bernard et al., 1997; Wheeler and Bernard, 1999).

Cardiovascular failure is manifested by shock. This results in an inadequate 

supply o f oxygen, resulting in lactic acidosis and tissue damage. Circulatory adequacy 

is best gauged using several indices, including mentation, urinary output, skin 

perfusion and blood pressure. Use o f blood pressure alone is problematic, because the 

administration o f vasoactive drugs and fluids can normalise blood pressure without 

correcting the fundamental defect. In sepsis hypotension occurs as a result o f failure 

o f the vascular smooth muscle to constrict. This vasodilatory shock is characterised 

by peripheral vasodilation and a poor response to therapy with vasopressor drugs. At 

least three mechanisms have been implicated as being causal; these are, activation of 

ATP-sensitive potassium channels in the plasma membrane o f vascular smooth
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muscle, activation o f the inducible form o f nitric oxide synthase and deficiency o f the 

hormone vasopressin (Landry and Oliver, 2001). Also present is a reduction in 

myocardial contractility which stems from the numerous circulating myocardial 

depressant factors, often partly correcting by additional beta-adrenergic stimulation 

(Bunnell and Parrillo, 1996).

Renal failure requiring dialysis occurs in fewer than 5% o f patients (Bernard et 

al., 1997; W heeler and Bernard, 1999). However, transient oliguria and moderate 

increases in serum creatinine is common. This is usually related to hypotension and 

restoration o f normal perfusion normally reverses the oliguria,

Frank hepatic failure is very uncommon in sepsis. Conversely, abnormalities 

in serum aminotransferase and bilirubin levels are common.

The cumulative effects o f hypotension, hypoxaemia and treatment with 

sedatives are responsible for most changes in mentation. As a result consciousness is 

frequently altered in patients with sepsis. Substantial reductions in scores on objective 

scales o f neurological function that are not due to medication portend a dismal 

prognosis and are usually the result o f anoxia or intracranial haemorrhage (Bastos et 

al., 1993; Sprung et al., 1990).

In summary, the hypothesis surrounding the pathophysiology o f sepsis on a 

molecular level has changed over time from one defining a pathogenically exuberant 

proinflammatory response damaging host organ tissue to that o f a deficient immune/ 

inflammatory response leading to a subsequent failure to clear the infecting organism. 

As a consequence o f the heterogenous nature of the sepsis response, it is possible that 

both scenarios exist in different patients. Organ failure may ensue from either 

scenario, with the likelihood o f death increasing exponentially for each additional 

organ system failure.
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1.5 Immunity and T helper cell development

1.5.1 Innate and adaptive immunity

Defence against invading microbes is mediated by the early reactions o f innate 

immunity and the later responses o f adaptive immunity. Innate immunity consists of 

cellular defence mechanisms that are in place prior to infection and do not require 

priming by a previous infection to be effective. The innate immune response reacts to 

structures that are common between groups o f  related microbes and is a non-specific 

type o f immunity.

Adaptive immunity, however, is stimulated by exposure to infectious agents 

and increases in magnitude with each successive exposure to a particular microbe. 

The cardinal features o f the adaptive immune response include; specificity for distinct 

antigenic molecules and the ability to remember exposure to a particular microbe and 

respond more vigorously to repeated exposures by the same microbe.

The adaptive response can be divided into two categories; humoral and cell- 

mediated immunity. Humoral immunity is mediated by antibodies, which target 

microbes for elimination. It functions primarily against extracellular microbes and 

their toxins. Cell-mediated immunity, on the other hand, is mediated by T 

lymphocytes and targets primarily intra-cellular pathogens.

Effective host defence requires the coordinated response o f both innate and 

adaptive immunity. The two responses are not distinct, however, and the innate 

response can stimulate and influence the nature o f the adaptive responses. In turn, the 

adaptive response utilises many o f  the effector mechanisms o f the innate response to 

eliminate microbes. Several cytokines that are produced as components o f innate 

immunity, such as IL-18, IL-12 and IL-10, can directly regulate the pattern o f the
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specific cell mediated response by influencing the growth and differentiation o f T 

cells (Trinchieri and Scott, 1995).

1.5.2 Tumor necrosis factor-alpha

Encoded on the short arm o f chromosome 6, TNFa plays a critical role in 

regulating the innate immune system whilst also being key to the development and 

propagation o f acquired immune responses.

Produced primarily by activated macrophages, TNFa production is induced by 

lipopolysaccaride (LPS), IFNy and other inflammatory cytokines including the 

recently identified IL-23 and lL-17 (Hunter, 2005; Vassalli, 1992). TNFa, in turn, 

stimulates a Thl response thus making it a mediator o f both innate and adaptive 

immunity and therefore an important link between specific immune responses and 

acute inflammation. Other cells with the potential to produce TN Fa are T 

lymphocytes, polymorphonuclear leukocytes (PMN), mast cells, smooth muscle cells 

and tumor cells (Steffen et al., 1988; Vassalli, 1992). As the TNFa receptor is present 

on almost all nucleated cells, it has profound systemic effects. A positive feedback 

cycle ensures that TN Fa induces its own synthesis and release (Philip and Epstein, 

1986). This is in part achieved through TNFa mediated induction o f NFkB 

transcription which in turn enhances the transcription o f  the TNFa gene (Collart et al., 

1990; Shakhov et al., 1990).

The main source o f TN Fa, activated mononuclear phagocytes, are also one o f 

its main targets. T N Fa induces activation and differentiation o f monocytes, is 

chemotactic for monocytes in vitro and induces a self amplifying chain o f events 

leading to more T N Fa release (Vassalli, 1992). These actions are strongly synergised 

by interferon gamma (IFNy). Macrophage activation results in induction o f two
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independent cytotoxic pathways; the superoxide pathway and the nitric oxide 

pathway. Induction o f these pathways explains the marked bactericidal effects o f 

TN Fa.

Critical to local inflammatory responses is the action o f T N Fa on endothelial 

cells. T N Fa causes vascular endothelial cells to express adhesion molecules for 

leukocytes and induces the release o f IL-6 and the potent chemotactic agent IL-8 

(Gimbrone et al., 1989; Jirik et al., 1989; Vassalli, 1992). The administration o f high 

doses o f T N Fa reproduces some o f the characteristics o f septic shock. Hypotension, 

from impaired myocardial contractility and reduced vascular smooth muscle tone, 

acidosis, hepatic necrosis, a coagulopathy and ARDS-like pulmonary changes are 

constant findings with injection o f high doses o f T N Fa (Vassalli, 1992). Conversely 

however, the essential protective effects o f T N Fa against lethal bacterial challenge 

have been also demonstrated (Hunter et al., 1996; Silva et al., 1995). This a 

consequence o f T N F a’s ability to induce critical host defence mechanisms, including 

the generation o f cytotoxic oxygen products (Silva et al., 1995).

In summary, T N Fa has varied and wide ranging effects. It can activate and 

promote differentiation o f macrophages, prompt neutrophils to degranulate and 

release more cytokines and stimulate activated lymphocytes to divide. It triggers the 

release o f numerous mediators o f inflammation. It facilitates the local accumulation o f 

it’s best producers, macrophages, and enhances their ability to attack microbes by 

inducing the production o f reactive oxygen and NO derivatives. It also provides a 

critical link between the innate and adaptive immune response.
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1.5.3 T helper cell differentiation

T helper (Th) cells are a subgroup o f lymphocytes that play a critical role in 

regulating the bactericidal capabilities o f the immune system. Interestingly, these cells 

display no inherent cytotoxic or phagocytic properties themselves but act in 

cooperation with other effector immune cells. In particular, Th cells play a role in 

humoral immunity by determining B cell antibody class switching and also play a role 

in cell mediated immunity by maximising the bactericidal activity o f cytotoxic T cells 

and phagocytes.

During an immune response, antigen presenting cells (APCs) endocytose 

foreign material and then display foreign peptide bound to a major histocompatibility 

complex (MHC) class 2 molecule for recognition by naive Th (ThO) cells via the T 

cell receptor (TCR). This results in activation o f the ThO cell. Proliferation then 

occurs, facilitated by the production o f a potent T cell activating factor, IL-2. 

Following many generations o f proliferation, these T helper cells then differentiate 

into either effector Th cells producing cytokines that interact with other leukocytes, 

memory T cells acting as later effector cells during a second immune response, or 

suppressor T cells that play an important role in the self limitation o f the immune 

system (figure 1.2).

The differentiation o f Th cells is defined by the attainment o f the ability to 

produce, selectively, large amounts o f specific effector cytokines upon antigen 

exposure. When naive Th cells develop into effector Th cells they may differentiate 

into different subtypes o f cells. In 1986 Mosmann and colleagues described the 

presence o f two types o f Th cells based on distinct profiles o f cytokine production 

(Mosmann et al., 1986). IFNy, TNFa and TNFp are among the cytokines produced by 

the Thl response, which utilise the transcription factor T-bet. In contrast, the Th 2
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response is defined by the production o f cytokines such as IL-4, IL-6 and IL-10, and 

the transcription factor GATA-3. The most important factor governing the 

polarisation o f Th 0 cells into the appropriate Th 1 or Th 2 response is the local 

cytokine environment to which the Th 0 cell is exposed (Szabo et al., 2003). Other 

factors include the dose o f antigen and the source o f co-stimulation. This dichotomy 

provides a rational explanation for the distinct immune responses observed with cell- 

mediated and humoral immunity.

Figure 1.2
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Schematic representation of the factors affecting the maturation of naive T cells 
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1.5.4 The T helper cell type 2 response and Interleukin 4

Th 2 biased responses are classically responsible for the eradication o f  

extracellular organism s such as helm inthic and arthropod infections. In vitro studies 

suggest that Th 2 differentiation occurs through the activation o f  naive T cells 

m ediated by TC R crosslinking in the presence o f  IL-4 (A nsel et al., 2006). The m ain 

cellular sources o f  IL-4 include m ast cells, basophils, eosinphils, natural killer T cells 

and previously differentiated Th2 cells. The receptor for IL-4 is present on naive T 

cells and receptor occupancy induces STAT6 (signal transduction and activtor o f  

transcription 6) activation along with expression o f  the transcription factor GA TA3, 

which is a m ajor regulator o f  Th 2 lineage com m itm ent. Subsequent m ature Th2 cells 

preferentially  secrete a num ber o f  cytokines including IL-4 itself, IL-10 and lL-6. 

These cytokines stim ulate proliferation o f  B cells and are considered necessary for the 

full m aturation o f  the hum oral im m une system . The antibodies stim ulated by this 

response, how ever, do not prom ote phagocytosis or activate com plem ent efficiently. 

This situation m ay lead to chronic T cell stim ulation often w ithout a significant innate 

im m une response or m acrophage activation. Follow ing initial prim ing with IL-4, Th2 

cells subsequently becom e resistant to Th 1 polarising cytokines and IL-4 production 

then becom es independent o f  extrinsic IL-4 (M urphy et al., 2000).

1.5.5 Interleukin 10

IL-IO, originally know n as cytokine synthesis inhibitory factor, was initially 

found to be produced by stim ulated Th 2 cells w here it fiinctioned by inhibiting 

cytokine production by Th 1 cells (Fiorentino et al., 1989). How ever, it is now 

recognised that IL-IO is produced by a w ide variety o f  cells, including suppressor T
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cells and macrophages. IL-10 enhances survival o f normal human B cells and induces 

proliferation o f activated B cells in concert with IL-4 (Moore et al., 2001).

Activation o f the IL-10 receptor complex results in the inhibition o f synthesis 

o f several cytokines and in the reduction o f their activities on their target cells. IL-10 

activates the suppressor o f cytokine signalling-1 (SOCS-1) and SOC-3 genes (Ding et 

al., 2003). SOCS-1 inhibits IFNy, lL-4 and IL-10 induced signal transduction 

(Yasukawa et al., 1999) while SOCS-3 can inhibit signalling initiated by lL-6 

(Niemand et al., 2003). The other main anti-inflammatory pathway employed by IL- 

10 is inhibition o f NFkP activation by inhibiting IkP kinase (IKK) (Schottelius et al., 

1999). Inhibition o f IKK prevents N F kB and the IkB family of proteins from 

dissociating, thereby preventing nuclear import and export o f N F kB.

In human macrophages, IL-10 has the effect o f inhibiting gene expression o f 

most inducible cytokines and chemokines (Moore et al., 2001). The inhibitory effects 

o f IL-10 on TN Fa and lL-1 are crucial to its anti-inflammatory properties as these 

cytokines act synergistically on many inflammatory pathways and induce many 

secondary mediators such as chemokines. IL-10 inhibits expression o f MHC class II 

antigens on monocytes thus affecting the T cell activating capacity o f monocyte APCs 

(Moore et al., 2001). IL-10 acts on dendritic cells (DC) to produce a response 

consistent with inhibition o f T hl inflammatory responses (Moore et al., 2001). The 

potential beneficial effect o f this inhibition o f production o f chemokines and 

proinflammatory cytokines and mediators is that it is likely to limit the duration and 

potential harmful pathology o f inflammatory responses.

IL-10 plays a central role in striking a balance between pathology and 

protection and is central to the process o f containment and eventual termination o f
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inflammatory responses. In doing so IL-10 facilitates elimination o f infectious 

organisms with minimal damage to host tissues.

1.5.6 Interleukin 6

The cytokine IL-6 is expressed by several cell types, including mononuclear 

phagocytes, vascular endothelial cells, dendritic cells, T and B lymphocytes and 

fibroblasts, in response to variety o f external stimuli such as microbes and other 

cytokines, including IL-4, IL-1, and TN Fa (Kishimoto, 2005). By stimulating the 

synthesis o f acute-phase proteins by hepatocytes, IL-6 contributes to the systemic 

effects o f inflammation. Furthermore, by stimulating the production o f neutrophils 

and by inducing the terminal differentiation o f B cells to antibody producing plasma 

cells, IL-6 performs an important role in the link between innate and adaptive 

immunity (Hirano, 1998).

A novel function has recently been ascribed to IL-6 in the maturation o f naive 

Th cells (Diehl and Rincon, 2002). Two independent pathways involving IL-6 

mediate propagation o f a Th 2 response. IL-6 leads to the production o f endogenous 

IL-4 culminating in a Th 2 response whilst also inhibiting ThI differentiation by 

upregulating SO CS-1 gene expression in an IL-4 independent manner.

Therefore, IL-6 is a pleiotropic cytokine with diverse inflammatory properties 

and also possesses an ability to influence T cell responses through the preferential 

development o f a Th 2 phenotype.

1.5.7 The T helper cell type 1 response and Interleukin 12

The Th 1 cellular response is generally induced by, and particularly effective 

against, intracellular pathogens and those that activate macrophages and NK cells. A
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Th 1 response is associated with enhanced cell-mediated immunity and is therefore 

the appropriate response expected in the face o f most common septic insults that 

result in ICU admission in the developed world. Lymphocytes demonstrating a Th 1 

response pattern characteristically produce IFNy. Requisite for generating optimal Th 

1 responses in many experimental settings is the presence o f IL-12 which activates 

STAT6 (Szabo et al., 2003). The resultant IFNy then activates the STATl 

transcription factor and leads to subsequent T-bet expression, both o f which are also 

essential for Th 1 development.

IL-12 is a heterodimeric cytokine that is produced, in response to stimulation, 

primarily by APCs, but also by neutrophils and macrophages and is composed o f two 

disulfide-linked subunits designated p35 and p40 which are encoded by distinct genes 

(Gately et al., 1998). Secretion o f IL-12 by macrophages directly induces IFNy gene 

transcription in susceptible cell types and is directly inhibited by the cytokine 

products o f Th 2 cells (Boehm et al., 1997; Lederer et al., 1996). The most distinctive 

o f IL-12’s activities is its ability to regulate the balance between Th 1 and Th 2 cells. 

This it achieves by promoting the differentiation o f naive T cells into a population o f 

Th 1 cells on exposure to antigen. Furthermore, it serves as a co-stimulus required for 

maximum secretion o f IFNy by differentiated Th 1 cells and it also stimulates the 

development o f Thl cells from resting memory T cells on repeat exposure to antigen. 

Consequently, the beneficial role o f IL-12 in promoting resistance to a variety o f 

intracellular pathogens is well described (Trinchieri and Scott, 1995).

The IL-12 receptor is primarily expressed on activated T and NK cells, where 

it acts to increase their lytic activity whilst also acting as a short-term growth factor. It 

has been shown that the IL-12 receptor P2 subunit is not expressed on differentiated
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Th 2 cells, providing a mechanism for regulating IL-12 responsiveness (Rogge et al., 

1997; Szabo et al., 1997).

IL-12, therefore, is an important link between innate and adaptive immunity. It 

is produced during early innate immune reactions against intracellular microbes and 

stimulates an adaptive immune response that protects the host against these microbes.

1.5.8 Interferon gamma

The main cellular sources o f IFNy are activated NK cells (Perussia, 1991), 

activated Th 1 cells (Mosmann and Coffman, 1989) and activated CDS' cytotoxic 

cells (Boehm et al., 1997). IFNy production is primarily stimulated by IL-12, TNFa 

and IFNy itself (Hardy and Sawada, 1989). The IFNy receptor is expressed on most 

nucleated cells at modest levels.

Several primary response genes are themselves transcription factors and are 

required for the induction o f the other secondary components o f the cellular response 

to IFNy. One o f these transcription factors, IFNy regulatory factor-y, is also regulated 

by TNFa, and is consequently partly responsible for the synergism observed between 

IFNy and T N Fa (Boehm et al., 1997).

The primary determinant o f Th 1 differentiation is IL-12, by directly inducing 

IFNy secretion in both naive CD4* T cells and NK cells (Trinchieri and Scott, 1995). 

There is also a positive feedback loop whereby IFNy in turn induces IL-12 secretion 

from monocytes leading some commentators to label IFNy as an inducer o f the Th 1 

phenotype (Seder, 1994; Trinchieri and Scott, 1995).

IFNy enhances MHC-associated antigen presentation (Farrar and Schreiber, 

1993) and also promotes T lymphocyte and macrophage endothelial adhesion and 

extravasation to sites o f infection. This promotes the local formation o f inflammatory
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exudates enriched in the agents o f cellular immunity (Boehm et al., 1997). 

Macrophage activation, through induction o f nitric oxide and superoxide production, 

is another major endpoint o f IFNy production. This is o f critical importance in the 

elimination o f intracellular organisms. Similar changes occur in neutrophils.

IFNy also acts on B cells to promote switching to certain IgG subclasses and 

inhibits switching to IL-4 dependant isotypes. This induces antibody responses that 

also participate in phagocyte-m ediated elimination o f microbes, in concert with the 

direct macrophage-activating effects o f this cytokine.

The net effect o f these properties o f IFNy is the implementation o f the Th 1 

response with the promotion o f macrophage-rich inflammatory reactions, while 

inhibiting IgE dependant eosinophil-rich reactions.

1.5.9 Interleukin 18

Produced primarily by macrophages and dendritic cells, IL-18, in cooperation 

with IL-12, enhances the release o f IFNy, from effector Thl cells. Whilst not essential 

for Th 1 differentiation, IL-18 facilitates IL-12 directed Thl differentiation through 

optimisation o f IFNy production (Szabo et al., 2003). The IL-18 receptor is also 

expressed on NK cells, macrophages and endothelial cells and functions through the 

promotion o f nuclear translocation o f NFkB (Tschoeke et al., 2006). Although the 

pleiotropic effects o f  IL-18 have suggested a role in modulating the Th 2 immune 

response depending on the local cytokine environment (Leite-De-Moraes et al., 2001; 

Xu et al., 2000), the most prominent effect o f increased IL-18 is recognised to be the 

promotion o f proinflammatory Th 1 cytokine production.
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1,5.10 An overlap between the T helper cell type 1 response and the T helper cell 

type 17 response and the roles of Interleukin 23 and Interleukin 27

The recent discovery o f a subset o f CD4^ T cells that produces members o f the 

IL-17 family o f  cytokines, TNFa and IL-6 disrupted the simple dichotomy o f the Th 

cell classification by adding a Th 17 subset o f T cells (Aggarwal et al., 2003). This Th 

17 lineage o f T cells is purported to be o f critical importance both in driving an 

autoimmune inflammatory response, a property previously attributed to the Th 1 

response, and also in host protection against bacterial infection (Hunter, 2005; Ye et 

al., 2001). It has been demonstrated that Thl7  cells develop from naive T cells 

following stimulation with transforming growth factor-P and IL-6 and these cells 

utilise the transcription factor RORyt (Bettelli et al., 2006; Veldhoen et al., 2006).

Critical to the development o f this T cell lineage is IL-23, which is a 

heterodimer composed o f a specific p i 9 subunit and the same p40 subunit which is 

also a component o f IL-12. Produced by activated dendritic cells and macrophages, 

IL-23 was originally thought to mediate similar biological ftinctions to IL-12 (Szabo 

et al., 2003). However, it has recently been appreciated that that IL-23 in fact plays a 

limited role in promoting classic cell mediated immunity and functions primarily to 

stimulate T cells to produce IL-17. Interestingly, the IL-23 receptor is not present on 

naive T cells but is detectable on memory CD4^ T cells (Parham et al., 2002). This 

suggests that IL-23 may be preferentially involved in sustaining cytokine production 

in the later stages o f inflammation rather than initiating a pro inflammatory response 

development from naive CD4* T cells. IL-23 may be o f particular importance in the 

production o f TN Fa as it has the capacity to stimulate its production via two 

independent pathways. TNFa production may be induced by IL-17 with IL-23 as a



positive regulator o f this response whilst additionally acting directly on macrophages 

to stimulate TNFa production (Hunter, 2005; Lubberts et al., 2005).

IL-27 is another homolog o f IL-12, which has been implicated in the 

regulation o f T cell development. Its precise fiinction has remained somewhat more 

elusive than was the case for IL-23 and it was initially labelled as an inducer o f Thl 

differentiation and proliferation (Szabo et al., 2003). However, it has recently been 

shown to be involved in the repression o f the development o f Thl 7 cells (Batten et al., 

2006; Stumhofer et al., 2006). These studies demonstrated that IL-27 is a potent 

suppressor o f T h l7  cell development via a STAT 1 dependant process and that in 

contrast to IL-23, it appears that a predominant function o f IL-27 is to limit the extent 

o f the innate and adaptive immune responses.

These recent discoveries have added to our understanding o f the complexities 

surrounding Th cell development. Whilst undoubtedly incomplete, this improved 

appreciation allows us to now attribute certain autoimmune disorders that did not fit 

into the Thl/Th2 paradigm to alterations o f this novel subset o f Thl 7 cells.
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1.6 The role of nitric oxide and asymmetrical dimethyl arginine in sepsis

Endothelium derived nitric oxide (NO) is a potent vasodilator which 

antagonises the effects o f endogenous vasopressors (Cooke and Dzau, 1997). NO is 

produced from L-arginine by an enzyme, Nitric Oxide Synthase (NOS), which exists 

in constitutive, inducible (i), endothelial (e) and neuronal (n) isoforms. The 

endothelial isoform (eNOS) regulates vascular tone and interactions between 

leukocytes and endothelium (Nijveldt et al., 2003a). Consequently, NO has been 

implicated in the pathogenesis o f the hypotension and organ failure attributable to 

severe sepsis (Landry and Oliver, 2001). However, although non selective 

pharmacologic inhibition o f NOS briefly attenuates the haemodynamic anomalies 

seen in these patients with severe sepsis, the overall effect o f such inhibition is to 

increase mortality (Lopez et al., 2004).

This conundrum may, in part, be explained either by the selective inhibition 

o f the various isoforms o f NOS or by an ancillary non-vascular function o f NOS. On 

the one hand, inhibition o f the constitutively expressed isoform o f NOS, essential to 

maintain organ perfusion, may be detrimental (Nijveldt et al., 2003b) and may be 

contribute to the increased mortality observed in these studies. O f considerably 

greater relevance in the context o f sepsis are N O ’s ancillary protective functions. NO 

is known to possess potent anti-microbial properties, antagonism o f which may 

contribute to the excess mortality observed with NOS inhibition in patients with 

sepsis (Boehm et al., 1997). Indeed, many o f the cytokines involved in the 

inflammatory response to infection function by upregulating transcription o f NOS, 

leading ultimately to an enhanced bactericidal state.

Asymmetrical dimethyl arginine (ADMA) is a naturally occurring non 

selective inhibitor o f NOS, derived from protein catabolism, and is metabolised to
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citrulline by dimethylarginine dimethylaminohydrolase (DDAH) (Tran et al., 2003). 

This enzyme exists as two isoforms, with DDAH II found primarily in tissues that 

express eNOS. Notably, DDAH displays reduced activity when operating in an 

inflammatory milieu (Ito et al., 1999). The co-localisation o f DDAH and NOS at 

several sites supports the hypothesis that DDAH may regulate NOS activity by 

controlling the metabolism o f ADMA (Tran et al., 2003).

NO depletion by ADMA is likely to have biologic significance, as elevated 

ADMA levels are seen in patients with vascular disease, hepatic failure and renal 

failure, and are linked with greater severity o f organ failure in ICU patients with 

sepsis (Nijveldt et al., 2003a; Siroen et al., 2005). Furthermore, following a landmark 

paper demonstrating the beneficial effects o f intensive insulin therapy in the ICU 

(Van den Berghe et al., 2006), this group subsequently postulated that the beneficial 

effects o f the administration o f exogenous insulin may be associated with an ability o f 

insulin to regulate ADMA levels in septic patients (Siroen et al., 2005). However, 

additional mechanisms are obviously at work, as this group demonstrated that only a 

minority o f the variability in ADMA levels is explained by variation in insulin levels. 

It is plausible that variation in ADMA levels may also have an additional genetic 

component. Several polymorphisms have been documented in the D DAH  II  gene, at 

least one o f which, located in the promoter region, has been associated with altered 

expression o f DDAH II (Jones et al., 2003). This in turn could plausibly affect 

ADMA levels. However, these polymorphisms have not been studied in a human 

septic population previously. Interestingly, the association that we have previously 

described in this laboratory between polymorphism in the promoter region o f the 

D D AH  II  gene and systemic arterial vasodilation following cardiac surgery with
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cardiopulmonary bypass, suggests a link between pathologic vasodilation, such as 

occurs with severe sepsis, and ADMA metabolism (Ryan et al., 2006).

Figure 1.3

CD^
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prcperties

Schematic representation of the interactions between the NOS pathway and the 
ADMA metabolic pathway. The red line indicates an inhibitory effect.
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1.7 The role of genetic variability in sepsis

Although there is a clear genetic susceptibility to premature death from sepsis, 

(Sorensen et al., 1988) elucidation o f the causative genes has proven a more 

intractable problem. The search for candidate genes continues unabated, as there are 

clear advantages in being able to identify susceptible patients through genotyping 

prior to exposure to potential septic insults.

TN Fa was heralded as a candidate gene in the susceptibility to, and outcome 

from human sepsis as a consequence o f early animal models implicating the protein 

product as pathogenic in this setting (Tracey et al., 1986). The most exhaustively 

researched genetic variant in septic cohorts, in the T N Fa gene, is a promoter 

polymorphism at position -308. Whilst not consistently reproducible, the studies that 

do describe an association at this locus find that the presence o f the TNF2 allele, with 

an adenine (A) at position -308, to be predictive o f susceptibility to sepsis and an 

increased mortality from a septic insult (Clark and Baudouin, 2006). Additionally, 

SNPs at positions -238, -857 and -863 have also been associated with aberrant 

inflammatory responses in some studies (Rahman et al., 2006).

Functional studies examining the influence o f the T N Fa -308 single 

nucleotide polymorphism (SNP) on gene expression have provided conflicting and 

inconsistent results (Appoloni et al., 2001; Stuber et al., 1995). An ELISA based 

technique, quantifying circulating protein levels, remains the most popular surrogate 

for gene expression in this setting. However, ELISA has been proven to lack adequate 

sensitivity when quantifying cytokines in a clinical setting with some studies 

demonstrating that only 10% o f septic patients have detectable cytokine protein 

(Pruitt et al., 1996). Consequently, functional studies have relied on amplified TN Fa 

gene expression using a stimulus such as LPS in order to generate sufficient quantities

38



of protein. This intervention obviously introduces the possibility o f misinterpretation 

o f these results. As an alternative, mRNA quantification may be a more appropriate 

method for quantifying gene expression as protein levels may be influenced by post- 

transcriptional regulation unrelated to genetic polymorphisms. The exquisite 

sensitivity o f this technique in inflammatory states has previously been demonstrated 

(Duggan et al., 2006; Pachot et al., 2005a; Pachot et al., 2005b).

Another cytokine that has been extensively investigated previously in 

genotyping studies in the setting o f sepsis is IL-6. Plasma concentrations o f IL-6 have 

been associated with mortality from sepsis (Fisher et al., 1993) and reporter gene 

assays have demonstrated that the presence o f a C allele at position -174  in the IL-6 

promoter is associated with decreased IL-6 production whilst C homozygotes have the 

lowest basal levels o f circulating plasma lL-6 in healthy subjects (Fishman et al., 

1998). However, the -174  SNP has not been conclusively linked to sepsis 

susceptibility and outcome, as genetic association studies have thus far produced 

conflicting results (Lin and Albertson, 2004).

High plasma concentrations o f plasminogen activator inhibitor-1 (PAI-1) have 

also been associated with poor outcome in sepsis (Paramo et al., 1990). Additionally, 

the 4G allele o f the 4G/5G insertion/deletion promoter polymorphism has been 

associated with higher plasma PAI-1 concentration (Eriksson et al., 1995). Studies 

have supported an association between PAI-I polymorphism and poor outcome in 

meningococcal or post-trauma sepsis (Lin and Albertson, 2004). However, the data 

for sepsis susceptibility and outcome outside o f these groups remain unclear.
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1.8 The role of the inhibitor of kappa B-like gene in sepsis

An emerging candidate gene in the susceptibihty to and the outcome from 

sepsis is the inhibitor o f kappa B-hke gene (IkBL). Suspicion surrounds this gene for 

two main reasons; its’ genomic location and its’ purported function.

IkBL  is located telomeric o f the TNF cluster in the central MHC on 

chromosome 6 (Albertella and Campbell, 1994). The MHC encodes for the human 

leukocyte antigen class I and class II molecules, which play an important role in 

adaptive immunity. Between these 2 gene clusters is a region densely packed with a 

selection o f genes involved in a variety biological activities predominantly related to 

immunity. These include TNFa, lymphotoxin alpha and DDAH  II  amongst others. 

Ik B L ’s  genomic location, in the midst o f these inflammatory-related cluster o f genes, 

may be indicative o f a common function attributable to these genes. Furthermore, 

polymorphisms in the promoter region o f the IkBL gene have previously been 

associated with inflammatory disorders and altered regulation o f the gene (de la 

Concha et al., 2000; Okamoto et al., 2003).

The deduced amino acid sequence of the IkBL gene shows that it comprises 

ankyrin repeat sequences that are known to be involved in protein-protein 

interactions. These sequences are also found in the IkB family o f proteins allowing 

them to bind and thus regulate the NFkB/RcI family o f transcription factors (Price et 

al., 2003). These and other observations suggest that IkBL may be an atypical 

member o f this family.

As IkBL shares homology with the IkB family it is proposed to function in a 

similar fashion. Its genomic location close to the MHC also points to a functional role 

in controlling inflammation and regulating the acute phase proteins (Miterski et al..
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2004). However, the biological function o f the putative IkBL  protein is mainly 

speculative at this stage.
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1.9 Summary

Sepsis is an infection-induced syndrome with a high mortality rate and the 

potential to utilise the majority o f an ICU ’s budget. Ideally, a complex immunological 

cascade ensures a prompt, efficient protective response to invasion by pathogens. 

Early research, using animal models, pointed towards an excessive, poorly regulated 

response that was inherently pathological through the maladaptive release of 

endogenous inflammatory compounds. Secondary to the failure o f anti-inflammatory 

compounds as a therapy in sepsis, an alternative theory implicating a deficient 

immunological defence allowing infection to become established is gaining 

popularity. In particular, regulatory control o f the T helper cell response to infection 

has been widely studied and irregularities identified within this pathway have been 

implicated as being causative.

By examining an immune response that results in severe sepsis and comparing 

this to both the response observed in healthy controls and in a group that tolerate a 

similar infective episode with relative impunity we hope to be able to identify factors 

involved in differentiating an appropriate and inappropriate immune response. Central 

to this is the utilisation o f the technique o f quantitative real time polymerase chain 

reaction (QRT-PCR) as a surrogate for gene expression. This provides an increase in 

sensitivity over older, less sensitive techniques utilising ELISA based technology. 

Although the optimum assessment o f gene function is rightly considered to be protein 

expression, the relatively low levels o f protein expressed in vivo preclude widespread 

use o f ELISA techniques in this setting, without recourse to artificially inflating 

protein levels by exogenous cell stimulation techniques. Recently however, a group 

confirmed that previous reports demonstrating a lack o f correlation between protein 

and mRNA levels may be explained by the inadequate sensitivity o f most protein
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detection assays. Using a sufficiently sensitive test, such as an isotope coded affinity 

tagging method, confirms that mRNA levels track protein variability closely and that 

mRNA quantification is an accurate representation o f gene expression and may be the 

optimal technique in situations where protein production is limited (Fu et al., 2007).

An accurate description o f the pathogenic immune response in sepsis 

introduces the possibility o f uncovering a biomarker useful for prognostication in 

sepsis and is the first step towards the introduction o f novel targeted 

immunomodulating compounds.
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Chapter 2 - Materials and methods
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2.1 General research plan

2.1.1 Study design

We designed a prospective observational study enrolling three patient groups 

with the primary intention o f comparing and contrasting the differing immunological 

responses to infectious insults o f  varying severity. We were primarily interested in 

comparing a deficient immunological response resulting in organ failure against a 

response that is adequately bactericidal without causing compromise to host organ 

function. It is this comparison that may ultimately provide us with the most valuable 

information regarding an adequate immunological response to an infectious insult.

2.1.2 Patients

Three groups were enrolled in this study. Ethics committee approval was 

received from the institutional ethics committee and informed written consent was 

obtained from each patient or from a relative. Two patient groups were recruited from 

St Jam es’s Hospital, Dublin, Ireland, which is a tertiary care university hospital. 

Control samples were obtained from healthy hospital and laboratory staff.

2.1.3 ICU group

A total o f 62 consecutive patients with severe sepsis or septic shock, as 

defined by the American College o f Chest Physicians / Society o f Critical Care 

Medicine Consensus Conference (1992) were enrolled over the course o f 12 months. 

The criteria used for the identification o f severe sepsis and septic shock have been 

outlined in the chapter I .
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Severity o f illness was measured in terms o f organ impairment using a 

composite o f global organ dysfunction. This was standardised by utilising the 

Simplified Acute Physiology Score (SAPS2) (Le Gall et al., 1993), Multiple Organ 

Dysfunction Score (MODS) (Marshall et al., 1995) and the Sequential Organ Failure 

Assessment (SOFA) (Vincent et al., 1996) scoring system on admission to ICU and 

again assessed on day 7 with the MODS and SOFA scores. The data necessary for 

computation o f these scores are presented in tables 2.1, 2.2 and 2.3.

Early scoring systems simply counted the number o f failing organs. However, 

the degree o f dysfunction is an important variable and is a vital component o f the 

more contemporary scores that we have used here. The SAPS2 scoring system 

measures severity o f illness using data collected during the first 24 hours after 

admission to ICU whereas the SOFA and MODS score can be utilised at any point 

during a patient’s illness. The SOFA score represents an improvement in design in 

comparison to the MODS score primarily in the computation o f cardiovascular 

failure. There is a clear correlation between organ failure scores and mortality in 

various studies (Vincent, 2006).

Individual cardiovascular, haematological, renal, metabolic and arterial blood 

oxygenation variables were collected and recorded on day 1 and day 7 o f ICU stay. 

The recorded variables represented the most significant derangements from normal 

values recorded by the nursing staff over each 24-hour period.

The duration o f dialysis, inotrope dependence, ventilation and ICU stay was 

recorded for each patient.
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Table 2.1: Data necessary for the calculation of the SAPS2 score

Type o f admission
Medical 6 
Scheduled surgical 0 
Unscheduled surgical 8

Chronic diseases
None 0 
Haematological 
malignancy 10 
Metastatic carcinoma 9 
AIDS 17

Glasgow Coma Score
14-15 0 
11-13 5 
9-10 7 
6-8 13 
<6 26

Age
<40 0 
40-59 7 
60-69 12 
70-74 15 
75-79 16 
>=80 18

Systolic Blood Pressure
<70 13 
70-99 5 
100-199 0 
>=200 2

Heart Rate
<40 11 
40-69 2 
70-119 0 
120-159 4 
>=160 7

Temperature
<39°C 0 
>39°C 3

If ventilated or receiving 
CPAP; Pa02/Fi02 ratio
<100 11 
100-199 9 
>=200 6

Urine Output
<0.5L/24hours 11 
0.5-0.999L/24hours 4 
>= 1 L/24hours 0

Serum Urea
< 1 Omg/dL 0 
10-29.9mg/dL 6 
>=30mg/dL 10

W hite Cell Count
<1000/mm'^3 12 
1000-19000/mm^3 0 
>=20000/mm^3 3

Potassium
<3mEq/L 3 
3-4.9mEq/L 0 
>=5mEq/L 3

Sodium
>=145mEq/L 1 
125-144mEq/L 0 
<125mEq/L 5

Bicarbonate
<I5m Eq/L 6 
15-19mEq/L 3 
>=20mEq/L 0

Bilirubin
<20mg/dL 0 
21-150mg/dL 4 
>151mg/dL 6

For the calculation o f the SAPS2 score data is collected during the patients first 24 
hours after ICU admission and the following guidelines adhered to. Age; the patients 
age in years at their last birthday. Heart rate; the worst value in 24 hours, either low or 
high. Systolic blood pressure; the worst value in 24 hours, either low or high. 
Temperature; the highest recorded temperature in °C. P a02 /F i02  (the ratio o f arterial 
partial pressure o f oxygen (in mmHg) to fractional concentration o f inspired oxygen); 
to be measured when mechanical ventilation was necessary and the lowest value o f 
the ratio used. Urinary output; if  the patient spends less than 24 hours in the ICU then 
calculate the probable amount produced over 24 hours. Serum urea; use the highest 
value recorded. White cell count; use the worst (high or low) value. Potassium; use 
the worst (high or low) value. Sodium; use the worst (high or low) value. Bicarbonate; 
use the lowest value. Bilirubin; use the highest value. Glasgow coma score; use the 
lowest value. If the patient is sedated, record the estimated Glasgow coma score 
before sedation. AIDS; yes if  HIV positive with clinical complications such as 
pneumocystis carinii pneumonia, Kaposi’s sarcoma, lymphoma, tuberculosis or 
toxoplasma infection. Heamatological malignancy; yes if  lymphoma, acute leukaemia 
or multiple myeloma. Metastatic cancer; yes if  proven metastasis by surgery, CT scan 
or any other radiological method.
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Table 2.2: Data necessary for the calculation of the SOFA score

P a02/F i02 ratio (mmHg) Platelet count Serum bilirubin
>400 0 >150 0 (mg/dL)
301-400 1 101-150 1 <20 0
201-300 2 51-100 2 20-32 1
101-200 and MV 3 21-50 3 33-101 2
<=100 and MV 4 <=20 4 102-204 3

>204 4
Cardiovascular Glasgow coma score Serum creatinine
MAP<70 1 15 0 (mg/dL)
Dopamine<=5 )j.g/kg/min 13-14 1 <110 0
or dobutamine 2 10-12 2 110-170 1

6-9 3 171-299 2
Dopamine >5)ag/kg/min <6 4 300-440
Or or <5 00ml urine/day 3
adrenaline<0.1 |ag/kg/min 3 >440
Or or <200ml urine/day 4
noradrenaline<0.1 |o,g/kg/min

dopamine> 15 |ug/kg/min
Or
adrenaline>0.1 )ag/kg/min 4
Or
noradrenaline>0.1 )ag/kg/min
The SOFA has a maximum score o f 24 and is calculated using the worst recorded 
variables over each 24-hour period. P 0 2 /F i0 2  ratios were not restricted to ventilated 
individuals. It differs from the MODS score primarily in its’ calculation o f the 
cardiovascular variable. The SOFA score uses dose and potency o f inotropic 
medication required to maintain a normal blood pressure to characterise 
cardiovascular abnormality.
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Table 2.3: Data necessary for the calculation of the MODS score

Pa02/Fi02 ratio (mmHg) Serum creatinine(mg/dL) Serum bilirubin(mg/dL)
>300 0 <=100 0 <=20 0
226-300 1 101-200 1 21-60 1
151-225 2 201-350 2 61-120 2
76-150 3 351-500 3 121-240 3
<=75 4 >500 4 >240 4
Platelet count Glasgow coma score Pressure adjusted heart
>120 0 15 0 rate
81-120 1 13-14 1 <=10 0
51-80 2 10-12 2 10.1-15.0 1
21-50 3 7-9 3 15.1-20.0 2
<=20 4 <=6 4 20.1-30.0 3

>30.0 4
The MODS has a maximum score o f 24 and is calculated using the worst recorded 
variables over each 24-hour period. P 0 2 /F i0 2  ratios were not restricted to ventilated 
individuals. Pressure adjusted heart rate was calculated using the following formula:
Pressure adjusted heart rate= (Heart rate X Right atrial pressure)/Mean arterial 
pressure.

The source o f the infection necessitating the ICU admission, and subsequent 

infections over the course o f the ICU stay, were noted. The pathogenic organisms 

were also recorded.

The diagnosis o f respiratory tract infection (RTI) was based on chest X-ray 

appearance in combination with hypoxemia, symptoms, clinical signs or purulent 

tracheal secretions. The diagnosis o f RTI was also accepted in the presence o f a 

microorganism in pleural effusions.

Primary septicaemia was diagnosed by the presence o f a positive blood culture 

(excluding coagulase-negative staphylococci) without an identified primary source of 

infection. Secondary septicaemia was defined as a positive blood culture with the 

recovery o f an identical microorganism from a culture o f the suspected primary 

source o f infection.
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Intra-abdominal infection was diagnosed with the presence o f pus in the 

abdominal cavity verified by laprotomy, percutaneous drainage or radiological 

imaging.

Urinary tract infection (UTI) was diagnosed in the presence o f  an appropriate 

clinical setting or with microbiological confirmation.

The diagnosis o f Central Nervous System (CNS) infection was made based on 

clinical signs, CT scan or positive microbiological culture from a sample of 

cerebrospinal fluid.

Central line infection was diagnosed by a positive microbiological culture in 

the presence o f an appropriate clinical picture.

Skin and soft tissue infections were diagnosed by a positive microbiological 

culture from the suspected site or from blood cultures in the presence o f appropriate 

clinical signs.

Mediastinal infection was diagnosed in the presence o f an appropriate history 

and clinical signs in combination with suggestive chest X ray changes or a positive 

microbiological isolate.

The presence or absence o f infection was verified, on a daily basis, by the ICU 

physician based on these criteria. Microbiological isolates were designated as 

commensals, contaminants or pathogens in conjunction with the microbiology team.

ICU death or survival to ICU discharge was recorded and all patients received 

similar standardised care.

2.1.4 Bacteraemic group

Ten bacteraemic patients were enrolled in the study from hospital wards. The 

clinical microbiology department identified patients on the isolation o f gram-negative
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bacteria from blood cultures. These patients were deemed suitable for enrolment if 

they had no evidence o f end organ impairment or impending septic crises or critical 

illness. W hilst the presence o f SIRS criteria did not exclude these patients, those 

fulfilling the criteria for severe sepsis or septic shock were excluded. We chose not to 

include those with gram-positive or fungal isolates, as these samples were more likely 

to represent contaminants and also to maintain a homogenous group o f patients.

Severity o f illness using the SOFA score was measured at the time o f blood 

sampling. Demographic details, sites of infection and organisms isolated were also 

recorded. Patients were followed up to ensure that they were not admitted to the ICU 

during their hospital stay and that they were eventually discharged from hospital free 

from their acute illness.

2.1.5 Control group

Thirteen hospital and university staff members with no known acute or 

chronic illness were enrolled as a control group.
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2.1.6 Blood sampling

In the ICU group blood sampling was carried out within the first 24 hours o f 

ICU admission and again 7 days later through an indwelling central venous line or by 

venipuncture. In the bacteraemic group, blood was collected by venipuncture within 

24 hours o f the positive blood culture. Controls donated blood samples by 

venipuncture at one time point.

20mls o f blood were collected at each donation. lOmls o f whole blood was 

collected in EDTA anticoagulated containers for mononuclear cell purification. 5mls 

o f  whole blood was collected in EDTA anticoagulated containers for subsequent 

DNA analysis. 5mls o f whole blood was collected in containers containing a clot 

activator for subsequent isolation o f serum.

2.1.7 Exclusion Criteria

Exclusion criteria included:

infection with the human immunodeficiency virus; 

patients receiving chemotherapy in the past 6 months; 

patients receiving treatment with corticosteroids equivalent to 

prednisolone >20mg/day for more than 14 days; 

patients on cyclosporine, cyclophosphamide or azathioprine; 

non - Irish Caucasian ethnic background; 

age less than 16 years old
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2.1.8 Sample size calculation and power calculations

Prospective sample size calculation in this setting was complicated by the lack 

o f previously published material on mRNA copy numbers in this patient cohort. 

Indeed most previously published studies in human populations use a technique o f 

relative quantification o f mRNA thus obviating the need to directly quantify mRNA 

copy numbers. As such we did not know prior to commencement o f the study the 

standard deviation o f the variables or the clinical relevance o f differing copy numbers.

A number o f different comparisons were made in this study but o f primary 

interest was the difference between the bacteraemic and ICU groups in terms of 

mRNA levels, as this potentially allows us to predict the severity o f response to an 

infectious insult. We anticipated that the two groups would be o f different size as 

severe sepsis requiring ICU admission is a more common diagnosis than gram- 

negative bacteraemia with no organ failure in our institution.

In order to quantify the sample size we need to specify the following 

quantities.

standard deviation o f the variable (s) 

clinically relevant difference (5) 

significance level (a  - two-sided) 

power (1-P)

The standardised difference is then calculated as the ratio o f the difference of 

interest to the standard deviation (6/s). Given the problems with the quantification of 

the standardised difference in this case, as outlined above, we specified that we would 

like to be able to detect a difference between the groups o f one standard deviation. 

The standardised difference is therefore 1.0. Using a nomogram (Whitley and Ball, 

2002) (see appendix, A .l) and specifying a value o f 0.2 for p, 0.05 for a  and a
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standardised difference o f 1 we obtain a value o f 30 for N, which is the total sample 

size if  we had equal numbers in each group.

We then calculate the modified sample size (Nm). I f  k is the ratio o f  the

1 2sample sizes in the two groups (n /n ) then the required total sample size is 

Nm= N(l+k)^/4k

and the two sample sizes are N m /(l+k) and kN m /(I+k). In this study we expected to 

enrol approximately five times the number o f ICU patients compared to bacteraemic 

patients. Using the above calculations, for a power o f 80% at a significance level o f 

5% we needed to enrol at least 43 ICU patients and 9 bacteraemic patients.

As we actually enrolled 62 ICU patients and 13 bacteraemic patients we can 

calculate the power o f the study using the same nomogram. As we have unequal 

sample sizes we calculate an effective sample size (N).

N= 4Nmk/(l+k)^, where k=n '/n‘ and Nm=n'+n^

Using this formula to derive N we can draw a straight line between N and a 

standardised ratio o f 1 and reading from the nomogram we conclude that the power in 

this study is close to 90% at an a  level o f 5%.
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2.1.9 Ethical issues

It is possible that research which utilises biomarkers and genetic information 

may have an impact on both the patient and their family in the future. These 

biomarkers have the potential to provide important information about the biological 

effect o f certain exposures and the susceptibility to disease for that individual and 

their family. No medical interpretation o f individual results o f the research was 

provided to study volunteers or to family, w hilst also recognising that study subjects 

have rights to appropriate information before, during and after the study. All 

reasonable efforts were made to ensure that stored genetic and biological material 

could not be traced back to the donor. Confidentiality o f the data was ensured and 

access was limited to directly concerned researchers only. The data were stored and 

reported in a manner that did not identify study participants to a third party.

Ethical approval was obtained from The Federated Dublin Voluntary 

Hospitals and St. Jam es’s Hospital Joint Research Ethics Committee at the start o f the 

study. The Committee operates according to the general principles o f medical ethics 

including the Declaration o f Helsinki. The Committee also complies with the relevant 

provisions o f the International Conference on Harmonisation Guidelines on Good 

Clinical Practice and with Clinical Trials legislation enacted in Ireland. Care was 

taken to inform the participants o f their freedom to refuse participation in the study. 

An information leaflet was provided to each participant or a consenting family 

member.
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2.2 DNA standards

2.2.1 Pre-prepared cytokine standards

The DNA standards for TN Fa, IL-10, P-actin, 1L-I2p35, IFNy, IL-18, IL-4 

and IL-23pl9 consisted o f a cloned PCR product that encompassed the quantified 

amplicon. This was prepared by PCR from a cDNA population containing the target 

mRNA. These standards were a kind gift from Patrick Stordeur, Hopital Erasme, 

Brussels, Belgium. Primer sequences and reaction conditions are given in the 

appendix (A.2).

Stock solutions o f standards, containing 10^ (IFNy, B-actin, TN Fa, lL-23p35 

and lL-4) or 10'° (IL-12p35 and lL-10) copy numbers per )o,l, were aliquoted and 

stored at -20°C. A dilution series from 10  ̂ to 10^ copy numbers per |al was prepared 

in each case and stored at 4°C. The standards were diluted in TE buffer (lOmM Tris- 

HCl, ImM EDTA, pH 8.0) containing double-stranded herring DNA (Sigma) at

10|Lig/ml.
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2.2,2 Preparation of the IL27p28 standard

A vector carrying the IL27p28 coding sequence was purchased from Open 

Biosystems. It consisted o f a 1.9kb cDNA clone inserted into a 4.2 kb vector encoding 

a chloramphenicol resistance marker. The vector is designated pDNR-LIB (figure 

2 . 1).

Figure 2.1

MCS A
MCS B

taxP
pUC
ori

pDNR-LIB
4 2  k b taxP

Not  I
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45
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Map of the pDNR-LIB vector. MCS, multiple cloning site. The stuffer fragment is 
replaced by the IL27 cDNA insert. Unique restriction sites are shown in bold or in 
colour.
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Following transformation, a chloramphenicol resistant colony was streaked 

onto a chloramphenicol (30|ig/ml) LB agar plate and incubated at 37°C overnight. A 

single colony was isolated from this plate and streaked onto another plate. A well- 

isolated colony from this second plate was then used to inoculate a liquid culture 

grown overnight at 37°C. These steps ensure the isolation o f a clone o f a single 

bacterium.

Small and large-scale plasmid DNA isolation was performed from the liquid 

culture using Qiagen mini or midi kits (Qiagen GmBH, Germany) respectively, 

following the manufacturers instructions. Plasmid DNA from a typical extraction is 

shown in figure 2.2.

Figure 2.2

DNA gel. This gel contains, from left to right, a Ikb ladder and 2 lanes containing 
supercoiled plasmid DNA obtained from the midi-kit.
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Single and double restriction digestion procedures were performed by the 

methods o f  Sambrook et al (1989, M olecular cloning; a laboratory manual. Cold 

Spring Harbor Laboratory Press, New York) using EcoRl (single digestion) and Xhol 

and visualised on a gel as in figure 2.3.

Figure 2.3

DNA gel. From left to right this gel contains a Ikb ladder, two lanes containing 
double digested plasmid DNA and two lanes containing plasmid DNA having 
undergone a single digestion.
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2.2.3 DNA Gels

DNA was separated on 1% agarose gels containing Ethidium bromide 

0.5|ag/ml and Tris-Borate-EDTA (TBE) buffer (Sigma). The average run was at a 

voltage o f 135V for 35 minutes. Ethidium bromide-stained DNA was visualised on an 

ultraviolet light box and captured using a Kodak, 440CF documentation system.

2.2.4 Gel purification

The IL-27 fragment was extracted from the agarose gel using a QIAquick Gel 

Extraction Kit (Qiagen) following the manufacturers instructions. The band o f interest 

was carefully removed from the gel using a scalpel. This was then placed in a spin- 

column that contains a DNA binding silica gel. DNA adsorbs to this in the presence of 

high salt buffer while contaminants pass through the column as impurities are washed 

away. Tris elution buffer is added to the column and left to stand for 1 minute before 

the DNA was eluted with the elution buffer.

The plasmid DNA was then quantified using the Nanodrop, as described in a 

later section, giving a concentration usually in |ag/f.iL (see page 63 and the appendix 

(A3)).

2.2.5 Determining the volume of plasmid DNA corresponding to copy numbers 

of target nucleic acid sequences

First, it is necessary to calculate the mass o f a single plasmid molecule. The

plasmid size value is inseted into the formula below:

-21m= (n)( 1.096 X 10" g/bp); where m=mass and n= plasmid size (bp), where 

the size o f the entire plasmid (plasmid + insert) is used in this calculation. Using as an 

example IL-27:
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m = 5277 bp( 1.096 X 10'^') g/bp 

18= 5.78 X 10' g = mass o f 1 plasmid molecule

We then calculate the mass o f plasmid containing the copy numbers o f 

interest, in this example lO" copies:

lO" copies X 5.78 X 10"'^ g/ copy =

5.78 X lO'^g

The concentrations o f plasmid DNA needed to achieve the copy numbers of 

interest were calculated by dividing the mass needed by the volume to be pipetted into 

each reaction. For this example, 5|iL o f plasmid DNA solution is pipetted into each 

PCR reaction. For lO" copies;

5.78 X 10‘̂ g /5 |iL =  1.16 X lO’̂ g/^L.

We then prepare a serial dilution o f the plasmid DNA. The following formula 

is used to calculate the volume needed to prepare the lO" copy standard dilution. For 

this example, the stock solution o f plasmid DNA was taken as having a concentration 

1.5|xg/|iL as determined by spectrophotometric analysis using the nanodrop.

C,v, = C2V2

(1 .5^g/^iL)(V,) = (1.16 X 1 o ’ g/^iL)( 1 OO^L)

V |= 7 .73 |iL

Therefore, for lO " copy numbers o f IL-27 / |xL add 7.73 |j,L plasmid DNA to 

92.27|iL o f dilutent and from this point prepare a serial dilution o f the plasmid DNA.
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2.2.6 Preparation of the IKBL standard

Human IKBL cDNA was purchased from Invitrogen (H-X77909-M Invitrogen 

clone). The complete coding sequence was amplified using the following primers that 

contained introduced restriction sites N del and X ho-1:

- Forward primer: ACTCAGATCATATGAGTAACCCCTC

- Reverse Primer: TGGATCCTCGAGTCACGGTACCTTGAG

The reaction conditions for the PCR were 95°C for 15 min; 95°C for 30 s; 

58°C for 1 min; 72°C for 1 min for 35 cycles.

The amplified products were gel purified as described, confirmed by 

sequencing (Dept, o f Biochemistry, Cambridge University, UK) and quantified using 

nanodrop technology as described below. This PCR product was then cloned into a 

GFP containing vector. This vector was subsequently transformed into E. Coli and 

purified by streaking on kanamycin (30|ag/ml) containing LB agar plates.

Isolation and quantification then proceeded as previously described. For 

calculation o f the volume o f plasmid DNA needed for specific copy numbers we took 

the size o f the vector 4.7 kb and the size o f  the insert as 1155 base pairs and 

performed the calculations as before.
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2.3 Isolation o f cDNA from whole blood

2.3.1 Mononuclear cell isolation

Immediately on obtaining a blood sample, peripheral blood mononuclear cells 

(PBMCs) were purified by density gradient centrifugation o f lOmls o f EDTA 

anticoagulated blood, at 1200rpm for 30 minutes, over lymphoprep (Nycomed 

Pharma, Oslo, Norway). The interface buffy layer o f cells was collected by pipetting 

and subsequently washed for 4 cycles in Hanks Balanced Salt Solution without 

Calcium and Magnesium. Cells were subsequently stored at -80°C, resuspended in 

RLT lysis buffer (Qiagen) and 6)j,l 14.3M 2-Mercaptoethanol (Sigma) until fiirther 

analysis.

2.3.2 Total RNA extraction and quantification

Total RNA was isolated from lysed PBMC using a commercially available kit 

(Qiagen) following the manufacturers instructions. During this procedure all samples 

were treated with RNase-free DNase (Qiagen) for 15 minutes, in order to avoid 

amplification o f contaminating genomic DNA. The quantity and purity o f extracted 

RNA was assessed using the Nanodrop ND 1000 UV-Vis spectrophotometer (Labtech 

International, UK). This technology allows nucleic acid quantification from samples 

as small as 1 fiL with consequent savings in biological material. A typical absorption 

spectrum is presented in graphical format in the appendix (A.3). The integrity o f the 

extracted mRNA was verified on an Agilent 2100 Bioanalyser using the RNA Nano 

LabChip kit (Agilent, CA, USA) (figure 2.4). Whereas standard agarose RNA gels 

require up to 200ng o f RNA, this method requires just lOng o f RNA thus offering 

significant advantages when the amount o f starting material is limited.
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Figure 2.4

/V

nl:

i f f
<;>'st . t ■#>#

nt

4,000 - -  4,000

2,000  -  

1,000 -  

500 -  

200  -

-  2,000 

-  1,000

-  500

-  200

25 -

B

-  25

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

JLl L-i
J O i S J Q i S  - O A 5 5 Q  S 5 S Q  ^1=J 20 ^  J Q 3 5  -*OA5 50 SS SO&Sl aJ  2 0 ^  J O i S  • ^ A S  50 S5

l»J UJ

Agilent 2100 Bioanalyser. A) The two bands depicted in the gel-like image are the 28s 
(top) and 18s (bottom) fragments o f ribosomal RNA. The bands are sharp and clear with the 
28s band displaying approximately twice the intensity o f the IBs band indicating that the 
RNA has not been degraded.
B) The electropherograms display high quality total RNA with the 18s and 28s fragments 
clearly visible at 40 seconds and 47 seconds.
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2.3.3 Reverse Transcription

Preparation for reverse transcription took place in a laboratory area separate 

from that used for dealing with DNA and QRT-PCR. One set o f pipettes, reagents and 

disposable pipette tips were used exclusively for this step to prevent contamination of 

the samples.

Total RNA was reverse transcribed as follows: 11.15|^1 o f water containing 

500ng o f total RNA was mixed with 2|il 100|aM Random Primers (Invitrogen, CA, 

USA) and incubated at 65°C for 10 minutes to denature any RNA secondary structure 

present. 16.85jj,l o f the reverse transcription mix containing the following components 

were then added: (1) 3|^1 O.IM DTT; (2) 4.5|il Dimethyl Sulfoxide: (3); (4) 1.25|nl 

Moloney Murine Leukemia Virus (MMLV) reverse transcriptase (Invitrogen); (5) 6|̂ 1 

SXFirst Strand Buffer (Invitrogen); (6) 1.5|il 4mM dNTPs (Promega, Madison MI, 

USA); 0.6|il RNasin (Promega) IOu/|il. The samples were then incubated at 37°C for 

1 hour.

Although the reverse transcription step can be primed using random hexamers, 

specific primers or oligo-dT primers we chose random hexamers to ensure 

maximisation o f potentially small amounts o f available mRNA.

We used MMLV reverse transcriptase, due to its lack o f inherent RNAse-H 

activity. This is important when synthesising lengthy amplicons during PCR.
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2.4 Quantitative Real-Time Polymerase Chain Reaction

2.4.1 Theory

QRT-PCR is a technique used to determine the number o f copies o f the Rls A7 

cDNA DNA segment o f interest present in a sample. While the procedure follows the 

general pattern o f standard PCR, the DNA is re-quantified after each round o f 

amplification; hence in real time. The TaqMan assay is based on detecting a specific 

PCR product. Amplification proceeds using sequence specific primers and Taq DNA 

polymerase. Detection results from hybridisation o f the target sequence to a doubly 

labelled flurogenic probe. In an intact TaqMan probe, the fluorescent dye and the 

quencher engage in fluorescence resonance energy transfer (FRET) and thus the probe 

is non-fluorescent. During PCR, the probe is cleaved by the inherent 5'-deoxynuclease 

activity o f the Taq DNA polymerase. This only occurs when the TaqMan probe 

hybridises to the target DNA that is being amplified. As a result, the fluorophore is 

cleaved from the probe and diffuses away from the quencher allowing a fluorescence 

signal to be generated. This is demonstrated in figure 2.5.

The ABI Prism 7700 contains a built-in thermal cycler with 96-well positions, 

and is able to detect fluorescence between 500nm and 660nm. Fluorescence is 

induced during the RT-PCR by distributing laser light to all 96 samples contained in 

thin-walled reaction tubes via a multiplexed array o f optical fibres. The resulting 

fluorescent emission returns via the same fibres.
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Figure 2.5
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The principals of QRT-PCR. PCR proceeds using sequence specific primers while a sequence specific probe 
binds downstream of the primer. The 5'-deoxynuclease activity of the Taq DNA polymerase cleaves the probe and 
the reporter dye is separated from the quencher resulting in fluorescence. The Taq DNA polymerase then finishes 
amplifying the area of interest.
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The ABI prism establishes the levels o f background fluorescence for each 

particular run. An algorithm is used to define a fluorescence background threshold. 

The algorithm then searches the data from each sample for a point that exceeds the 

baseline. The cycle at which this occurs is defined as the Crossing Threshold (Ct). It 

is dependent on the starting template copy number and the efficiency o f the PCR 

amplification. The fewer cycles it takes to reach a detectable level o f fluorescence, the 

greater the initial copy number. A typical output graph from the ABI Prism 7700 is 

depicted in the appendix (A.4).

Errors in the quantification o f mRNA transcripts are compounded by any 

variation in the amount o f starting material. The accepted method for minimising 

these errors and correcting for sample-to-sample variation is to amplify, 

simultaneously with the target, a cellular RNA that serves as an internal reference 

against which other RNA values can be normalised. The ideal standard should be 

expressed at a constant level among different tissues o f an organism and should be 

unaffected by any treatment. We used p actin as the housekeeping reference gene in 

this study, which encodes a ubiquitous cytoskeletal protein and is expressed at 

moderately abundant levels in most cell types. Furthermore, p actin is not thought to 

be affected by any o f the standard ICU medications.

Following normalisation using a housekeeping gene, absolute quantification 

then requires the construction o f an absolute standard curve for each individual 

amplicon using serial dilutions o f target DNA o f known concentrations. This allows 

precise determination o f copy numbers o f the gene o f interest by comparison with the 

standard curve.
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2.4.2 Primers and probes

All primers and probes used in this study were synthesized at Applied 

Biosystem s (Foster City, CA). T N Fa, IL-10, IKBL and IL27p28 primers and probes 

were obtained as a pre-customised m ix (Assay ID for T N Fa is H s00174128_m l, for 

lL-10 IS H s00174086_m l, for IKBL is Hs0042821 l_ m l and for IL-27 is 

H s00377366_m l).

(3-actin, IL12p35, IFNy, IL-4, IL-18 and IL 23pl9 primers and probes were 

designed and customised (sequences listed in the appendix, A .5) as per Stordeur et al 

(Stordeur et al., 2002). The probe stock (40pmol/L) was stored at -20°C . lOfiL o f  this 

stock was added to 90 |iL o f  H2 O to make a working solution o f  4pmol/|iL. 1 |aL o f  the 

working solution was used per 20|al QRT-PCR reaction well to make a concentration 

o f  200nM.

The primer stock (60pm ol/L) was stored at -20°C . lOfiL o f  stock was added to 

90^,L o f  H2 O to make a working solution at a concentration o f  6pmol/L. 1, 2 or 3 |iL 

o f  this solution was added per 20|^L QRT-PCR reaction well to make a concentration 

o f  300, 600 or 900 nM (see the appendix, A .5, for the primer concentrations).
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2.4.3 Setting up the QRT-PCR reaction plate

The plate is set up in an extractor hood in a dedicated area not used for DNA 

work. A separate set o f pipettes, reagents and disposable pipette tips are used 

exclusively for the QRT-PCR step to avoid contamination.

The PCR reactions were carried out in an ABI Prism GeneAmp 7000 

Sequence Detection System (Applied Biosystems). All reactions were performed 

either in triplicate or in duplicate.

Each QRT-PCR plate contained:

1) A dilution series o f the DNA standard o f the gene being 

quantified (in concentrations ranging from 10^ to 10  ̂ copies per 

L̂),

2) A dilution series o f the [3 actin DNA standard (in concentrations 

ranging from 10^ to 10  ̂ copies per (iL),

3) Triplicate or duplicate wells containing patient cDNA and 

primers and probe for the gene being quantified,

4) For each patient being analysed on the plate, P actin is 

quantified concurrently for that patient,

5) non-template controls (NTCs) containing water in place o f the 

patient sample are run on each plate.

The concentrations o f the dilution series are designed to encompass the 

expected range o f copy numbers o f the genes being examined. Lack o f product in the 

NTC wells confirms that no contaminanting DNA is present in the reaction mix. A 

sample 96 well plate set-up is depicted in the appendix (A.6).
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Primers, probes, cDNA and DNA standards were thawed on ice whilst 

preparing the PCR mix. Thermocycling was carried out in a 20|j.l final volume 

containing:

water up to 20|il;

10|il Mastermix (Applied Biosystems) containing ampli-Taq Gold® 

DNA polymerase and proprietry buffer designed to increase the 

performance and reliability o f the 5' nuclease activity.

1, 2 or 3 |al o f 6 pmol/|al forward and reverse primers (final 

concentration 300,600 or 900nM, see appendix, A .5);

1|a1 o f 4 pmol/(il Taqman Probe (final concentration 200nM) or If^l of 

pre-customised primer/ probe mix with default primer and probe 

concentrations (appendix, A .5);

0.8|il o f DNA standard dilution or 2.4|j.l patient cDNA.

The 96-well optical reaction plate (Applied Biosystems) was centrifuged 

briefly and covered with an optical adhesive cover prior to analysis.

After an initial denaturation step at 95°C for 10 minutes, temperature cycling 

was initiated. Each cycle consisted o f 95°C for 15 seconds and 60°C for 60 seconds, 

the fluorescence being read at the end o f this second step. In total, 40 cycles were 

performed.
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2.4.4 Interpreting the results

In order to quantify gene expression a standard curve was constructed for each 

QRT-PCR run, for each selected gene from serial dilutions o f the relevant standard. 

This was constructed by plotting log standard copy numbers against Ct values 

obtained from QRT-PCR (figure 2.6).

All calibration curves showed correlation coefficients >0.99, indicating a 

precise log-linear relationship.

Figure 2.6

TNF standard curve

y = “-3:33x+~3g:BB4 
 R* = 0.9962

log TNF copy numbers

Standard curve for quantification of copy numbers. Log standard copy numbers 
are plotted on the X axis and Ct values obtained during QRT-PCR along the Y axis. 
The equation is the equation for the straight line along with an r  ̂value.

The efficiency (E) o f the PCR reaction was then estimated from each standard

curve using the slope o f the line. Using the example in figure 2.6 and the formula:

E~(( 1 0 * standard curve^ 1) X 100'
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E was found to be 99.53%. This indicates that the PCR amphcon 

approximately doubles in quantity during the geometric phase o f its PCR 

amplification.

The mean efficiency o f the standard curves for all target genes was found to be 

98.75% +/- 4.4%.

The mRNA copy numbers were then calculated for each patient sample by 

using the relevant standard curve to convert the obtained Ct value into mRNA copy 

numbers. Results were then expressed in absolute copy numbers after normalisation 

against (3-actin mRNA (mRNA copy numbers o f cytokine mRNA per 10 million P- 

actin mRNA copy numbers).
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2.5 Serum

2.5.1 Serum collection

Serum was obtained from whole blood clotted for 30 minutes at room 

temperature and spun at 2500rpm for 10 minutes. The resulting serum was stored at - 

80°C until fiirther analysis.

2.5.2 Cytokine Enzyme Linked Immunosorbant Assay (ELISA)

We first confirmed the presence o f  protein in the serum samples using the 

Bradford method (Bradford, 1976), in a random selection o f samples prior to ELISA 

measurement. This is a colorimetric assay for measuring total protein concentration 

and involves the binding o f Coomassie Brilliant Blue dye to protein. Bradford reagent 

(Bio-Rad Laboratories, GmbH, Munich, Germany) is mixed with a protein standard. 

Bovine Serum Albumin (BSA) (Sigma), in concentrations ranging from 0 to 1 mg/ml). 

Absorbance at 595nm was measured using a microplate autoreader (Spectrafluor Plus, 

Tecan, Toronto, Canada). Using the standard curve generated from the BSA the 

unknown protein concentrations were determined.

Serum TN Fa, IL-10, IL-6 and IFNy concentrations were measured by ELISA 

(R+D systems, Minneapolis, LfSA) following the manufacturers instructions.

Capture antibodies for T N Fa consisted o f mouse anti-human TN Fa. The 

detection antibodies were biotinylated goat anti-human TN Fa and the standard curve 

was generated using serial dilutions o f recombinant human TN Fa. The lower limit of 

detection for T N Fa was 15.625pg/ml.

Capture antibodies for IL-10 were mouse anti-human IL-10. The detection 

antibodies were biotinylated goat anti-human IL-10 and the standard curve was
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generated using recom binant human IL-10. The low er hm it o f  detection for IL-10 was 

46.875pg/m l.

Sim ilarly, capture antibodies for IL-6 and IFNy were m ouse anti-human IL-6 

and anti-human IFNy. The detection antibodies were biotinylated goat anti-human IL- 

6 and anti-human IFNy and the standard curve was generated using the respective  

recom binant proteins. The low er limit o f  detection for IL-6 w as 9 .375pg/m l and 

15.625pg/m l for IFNy.

After addition o f  Streptavidine-HRP, fo llow ed  by the Substrate Solution (1:1 

mixture o f  FI2 O 2 and Tetram ethylbenzidine), the plates w ere left in the dark for 10-30  

m inutes before stopping the reaction with the addition o f  H2SO4. A bsorbencies were 

read at 450  and 595nm  in a microplate autoreader (Spectrofluor Plus, Tecan).

A ll sam ples w ere tested in duplicate.

2.5.3 ADMA quantification

A D M A  w as measured using a microtitre plate assay developed  by Schulze et 

al in 2004  (Schulze et al., 2004), and manufactured by D L D  D iagnostika Ltd. 

Hamburg , Germany. A D M A  is bound to the solid  phase o f  the microtitre plate. 

A D M A  in the sam ples is then acetylated by pre-treatment w ith  acylation buffer, 

(Im ol/L  Tris-H Cl-buffer) and lyophilised  acylation reagent (N - hydroxysuccinim ido  

carbonic acid d issolved  in 1.5 ml dim ethyl formamide) fo llow ed  by incubation for 

15-20 hours at 4° C. 50|ul o f  treated sam ples then com pete w ith solid phase bound  

A D M A  for a fixed  number o f  rabbit anti-A D M A  antiserum binding sites. After 

w ashing the antibody bound to the solid  phase A D M A  is detected by anti

rabbit/peroxidase. The reaction is monitored at 450nm  using an automated microtitre 

plate reader (B io  T ex EIxSOO) within one hour. The amount o f  antibody bound to the
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solid phase ADMA is inversely proportional to the ADMA concentration o f the 

sample.

Standards are provided with the assay kit and cover the range 0.05-5.0 fxmol/L 

ADMA. On a semi logarithmic graph the concentration o f the standards (x axis, 

logarithmic) are plotted against their optical densities (y axis, linear). The 

concentration o f the samples can be read directly from this standard curve by using 

their average optical density. The sensitivity o f the assay is 0.05^mol/L.
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2.6 DNA analysis

2.6.1 DNA extraction

From whole blood stored at -80°C , DNA was extracted and purified using a 

QIAamp DNA blood Mini Kit (Qiagen, Hilden, Germany). This kit uses spin columns 

and is suitable for whole blood treated with EDTA and yields up to 6)ig DNA from 

200fiL o f whole blood. Salt and pH conditions in the lysate ensure that protein and 

other contaminants, which can inhibit PCR and other downstream reactions, are not 

retained on the QIAamp membrane. DNA bound to the QIAamp column is then 

washed in two buffers, A W l and AW2, which significantly improves the purity o f the 

eluted DNA. This purified DNA is then eluted from the QIAamp spin column in 

water.

Concentration and purity o f DNA was determined using the Nanodrop ND 

1000 UV-Vis spectrophotometer as previously described (A.3). Purified DNA was 

then stored until further analysis at -20“C.
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2.6.2 Amplifluor Assay

The TN Fa, DDAH II, IKBL and IL-10 polymorphisms were genotyped 

commercially by Kbiosciences, UK using Amplifluor technology.

The Amplifluor (Chemicon International, Inc., CA, U.S.A.) SNP genotyping 

system is based on a fluorescent (energy transfer) hairpin primer. The prim er has little 

fluorescence in the native closed state, but upon incorporation into an amplicon 

during PCR, the hairpin unfolds separating the fluorophore and quencher producing a 

signal that can be easily detected. The amplifluor primer consists of four parts:

1) The hairpin structure in the SNP primer. This has been designed to provide 

optimal thermodynamic stability for the molecule. 2) The fluorophore (FAM for one 

allele specific primer and sulforhodamine (SR) for the other allele specific primer). 

This is attached to the 5' end of the primer at the base of the hairpin structure and is in 

close proximity to the quencher when the primer is in the hairpin conformation. 3) 

The quencher; dimethylaminoazosulfonic acid. This non-fluorescent azo dye 

effectively quenches a variety o f fluorophores while allowing Taq polymerase to read 

through it. 3) The Z tail. This is composed o f a unique sequence o f 21 bases at the 3 ’ 

end o f the primer. In a single reaction for a biallelic SNP two distinct Z tails are used, 

one on the 3 ’ end o f the green Amplifluor and another on the 3 ’ end o f the red 

Amplifluor. Unlabelled, allele specific ologonucleotides are synthesized with the 

same green or red Z tails on their 5 ’ end. Once the Z tail is incorporated into the 

amplicon, the primer is able to prime the ampHfication by Taq (Fig 2.7).
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Figure 2.7

Heterozygous DNA Sample
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Amplifuor assay. First, the two Z-tailed, unlabeled, allele-specific primers with the 
common reverse primer initiate a competitive allele specific PCR reaction. During early 
rounds o f  PCR, the allele specific primer with its unique “Z” tail is incorporated in the 
amplicon. The corresponding amplifiuor SNP primer recognizes the complement o f  the 
“Z” tail sequence and is able to prime off that sequence. Incorporation o f  the 
Amplifiuor primer into an allele-specific amplicon melts its hairpin structure, thus 
separating the fiuorophore from the quencher and generating the fluorescent signal. 
(Figure taken from Chemicon International manual).
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2.6.3 Taqman genotyping

Taqman technology was used to genotype the PAI 4G/5G polymorphism. This 

method combines PCR amplification and detection in the same reaction and is based 

on the 5'-3' exonuclease activity of Taq DNA polymerase. A PCR is performed using 

primers that will amplify the DNA region containing the polymophism of interest. 

Included in the reaction are two allele-specific fluorogenic probes, each consisting of 

a different fluorescent reporter dye and a quencher. During PCR, the 5' nuclease 

activity of the Taq DNA polymerase digests the allele-specific probe bound to the 

region of the SNP, releasing the fluorescent dye from the quencher and allowing 

generation of a fluorescence signal. Depending on which dye signal is generated, the 

SNP alleles can be determined.

Each reaction contains 2ng of genomic DNA. Alleles are subsequently 

identified using software that provides scatter plots of allelic calls. An example o f the 

scatterplot produced is given in the appendix (A.7).

Specific primers and fluorescent dye-labelled Taqman MGB probes were 

provided by Applied Biosystems (Perkin Elmer, California, USA). The primer 

sequences, reagent mix for the PCR reaction and PCR reaction conditions are given in 

the appendix (A.8). The PCR procedure was performed on a Peltier Thermal Cycler 

200 (Global Medical Instrumentation, Ramsey, Minnesota, USA). Allelic 

discrimination was then determined using an ABI prism 7000 Sequence Detection 

System (Applied Biosystems / Perkin Elmer).
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2.6.4 Haplotype estimation

The genotyping methods described above are able to determine which two 

alleles are present at each locus but are unable to provide haplotype information. 

Therefore, we do not know from SNP genotyping which combinations o f alleles are 

present on each chromosome. Information regarding the haplotypes is helpful as 

genetic inheritance operates through the transmission o f chromosomal segments, with 

limited numbers o f common haplotypes representing those segments in most 

populations. Thus, the ability to identify haplotypes is a more powerful and also cost 

effective approach to genetic mappmg, since not all genetic variants on a haplotype 

need be identified.

Both experimental and statistical models are available for haplotype 

determination with the later having the advantages o f speed and cost savings. As data 

on related individuals was unavailable in this study to assist in determination o f the 

haplotypes, we instead inferred haplotypes from unphased genotype data. Several 

statistical approaches are available when faced with this problem, including Clark’s 

algorithm (Clark, 1990) and the maximum likelihood estimation o f haplotype 

frequencies via the Expectation Maximisation (EM) algorithm (Excoffier and Slatkin, 

1995). In this case we utilised PHASE version 2 (Stephens and Donnelly, 2003) and 

Haploscore software (Schaid et al., 2002)

(http://www.stat.washington.edu/stephens/software.html).

PHASE uses a Bayesian statistical method for reconstructing haplotypes from 

population genotype data and is regarded as slightly more accurate than other methods 

for reconstructing haplotypes (Stephens and Donnelly, 2003). Haploscore uses the 

EM algorithm and has the useful attribute o f implementing a permutation based 

statistical test o f association allowing the distribution o f haplotypes between groups
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(i.e. between high and low cytokine producers) to be tested for homogeneity. Both 

approaches produced comparable estimates of haplotype frequencies.

Genepop software was used to assess if the genotype distributions were in 

Hardy-Weinberg equilibrium ('http://wbiomed.curtin.edu.au/''geneopop,0. Files were 

then converted from Genepop format to PHASE format using the Arlequin software 

package.

The input file for PHASE specifies the number of individuals to be analysed, 

the number of loci typed, the nature and physical positions of these loci (in this case 

SNPs) and the genotypes for each study subject.

Output from PHASE consists of a number of different files. The first contains 

a summary of the individual haplotype estimates of each individual. Other files 

contain more results including estimates of sample haplotype frequencies, list of most 

likely pairs of haplotypes carried by an individual, estimates o f recombination 

parameters across the region, and goodness of fit of the estimated haplotype to the 

underlying model.

Haplotypes were determined for the IL-10 promoter using SNPs located at 

position IL-10 -1082, IL-10 -819, IL-10 -592. The following SNPs on chromosome 

6 were analysed; TNFa -238, -308, -857, - 863, DDAH II -449 and IKBL -62. 

PHASE was used to infer the haplotypes present in the patient population using 

markers available across the TNFa and IL-10 promoter.
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2.7 Statistics and data presentation

All data were analysed using JMP software (SAS institute, USA). A p value o f 

0.05 was considered significant.

Data were assessed for conformity to a normal distribution using a Shapiro- 

Wilk W ' test. Paired means incorporating non-parametric data were analysed using 

the wilcoxin signed-rank sign test. Between group comparisons involving non- 

parametric continuous data were analysed using the wilcoxin rank sum test. 

Continuous non-paramaetric data were subsequently expressed as the median with the 

interquartile range (IQR) in parenthesis.

Between group comparisons for parametric continuous data was analysed 

using a paired t-test for matched pairs and a t-test for independent groups. Parametric 

data were sunsequently expressed as the mean with the standard deviation (SD) in 

parenthesis.

Categorical data were analysed using a chi-squared test.

Hierarchical clustering was used to identify groups o f relatively homogenous 

observations. W ard’s procedure, which generates clusters that minimse the squared 

Euclidean distance to the center mean, was used to organise objects into a hierarchical 

structure.
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Chapter 3 - Results (1): Demographics and clinical 

variables pertaining to the patient groups
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3.1 ICU group

3.1.1 Description of clinical and biochemical variables on day 1 of ICU stay

The recruitment period was 12 months during which time 62 ICU patients 

fulfilled the criteria for inclusion to the study, and were enrolled. The patient’s 

median age was 70 years (IQR 55.5 to 78 years). The range o f ages was from 22 to 88 

years. Whilst more males (34 (54.8%)) than females (28 (45.2%)) were recruited, this 

difference was not statistically significant (p=0.45).

Blood samples were obtained from 52 (84%) patients on day 1. A median of 

15.5 hours (IQR 10 to 20 hours) elapsed from patient admission to the ICU and the 

first series of blood sampling. The median interval between hospital admission and 

ICU admission was 2 days (IQR 0 to 13 days).

Admission to ICU was then analysed for seasonal variation. 19 (30%>) patients 

were admitted in the spring, 11 (18%>) in the summer months, 18 (29%o) patients 

during the autumn and 14 (23%) during the winter. The difference in patient numbers 

being admitted per season was not found to be significant (p=0.44). Additionally, 

there was no association between the season o f admission and mortality or severity of 

illness as assessed by the organ failure scores on day 1. The source o f the infectious 

insult was not associated with any seasonal variation nor was the age o f the patient 

associated with any seasonal variation.

On admission to ICU, 42 (67.7%) patients fulfilled the criteria for septic shock 

whilst the remaining 20 (32.3%) fulfilled the criteria for severe sepsis only. For the 

purposes o f this study “inotropes” refers to the administration o f either adrenaline or 

noradrenaline in order to maintain a mean arterial blood pressure (MAP) greater than 

60mmHg. The majority o f patients requiring inotropes on admission to ICU received

85



noradrenaline (42 patients) with a minority (3 patients) receiving both noradrenaline 

and adrenaline and no patients receiving adrenaline alone. In those patients receiving 

noradrenaline, the median highest dose administered on day 1 was 13.5mcg/min (IQR 

5 to 27 mcg/min).

All subsequent data in this section refers to patient variables on admission to 

the ICU unless otherwise stated.

The median MAP was 65mmHg (IQR 60 to 75 mmHg) and was significantly 

lower in those patients requiring inotropes (75mmHg Vs 62.5mmHg, p=0.0009). 

Mean central venous pressure (CVP) was 12mmHg (SD 5.6mmHg) and was higher in 

the group receiving inotropes (9mmHg Vs 13mmHg, p=0.02).

Median pH was found to be 7.31 (IQR 7.27 to 7.38), being slightly lower in 

the shocked cohort (7.31 Vs 7.34, p=0.05). The median lactate levels were 3.1mg/dL 

(IQR 1.6 to 5.7mg/dL), with significantly more detectable lactate present in those 

patients requiring inotropes (3.6 Vs 1.8mg/dL, p=0.002).

Median creatinine levels were 117mg/dL (IQR 81 to 183mg/dL) with higher 

creatinine levels observed in shocked patients (136 Vs 94 mg/dL, p=0.02). Similarly, 

other renal variables showed a consistent derangement with higher urea levels (8.6 Vs 

13.7mg/dL, p=0.0006) and lower urine outputs observed in patients requiring 

inotropes on day 1 (lOOOmls Vs I645mls, p=0.002).

Median bilirubin levels were 15mg/dL (IQR 9 to 31 mg/dL) and median AST 

was 48units/L (IQR 21 to 88units/L). Neither measure o f hepatic function was 

associated with the presence o f septic shock.

Shocked patients had a higher INR than those patients not requiring inotropes 

(1.25 Vs 1.4, p=0.02). However, when other haematological variables were assessed
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no difference was detected in the platelet count and APTT between the shocked and 

non-shocked groups.

On admission to the ICU the median P a0 2 /F i0 2  ratio was 143 mmHg (IQR 

94 to 226). However, this measure o f the severity o f acute respiratory disease was 

unrelated to the presence or absence o f septic shock on admission to the ICU.

Demographics o f  the shocked and non-shocked patients on admission to the 

ICU are presented in table 3.1.

Table 3.1: Demographics of the ICU group on day 1

Shocked Non-shocked P value

N 42 20

Male 26 (61%) 10(50% ) Ns

Age 72 (5 7 .5 -5 9 ) 64.5 (45 -  74) Ns

MAP 62.5 (6 0 - 7 0 ) 75 (65 -  80) 0.0009

Lactate 3.6 ( 2 .3 - 6 ) 1.8 ( 1 .2 - 3 ) 0.002

SAPS2 score 47 (3 9 -5 9 ) 35 (2 8 -4 1 ) 0.0008

SOFA score 9 ( 8 - 1 2 ) 4 (3 -5 ) <0.0001

MODS 7.5 (5 -9 .2 5 ) 5 (3 .2 5 -6 .7 5 ) 0.002

Urinary output 1000 (5 9 5 -2 0 0 0 ) 1645 (1 5 0 0 -2 2 0 0 ) 0.002

Results are presented for the two groups; septic shock and severe sepsis on day 1 of 
ICU stay. Values are either absolute counts with percentages in parenthesis or median 
values with interquartile range in parenthesis. Age, years. MAP, mmHg. Lactate, 
mg/dL. Urinary output, mis in 24 hours.
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29 (47%) o f the ICU patients were admitted under the care o f a physician. 33 

(53%) o f the ICU patients were admitted under the care o f a surgeon. The median 

interval between hospital and ICU admission was 2 days (IQR 0-13 days) with the 

vast majority (46 patients (74%>)) being admitted to the ICU within 24 hours o f 

hospital admission.

O f the surgical ICU patients 14 (42% of the surgical population) underwent a 

surgical procedure in the 24 hour period prior to ICU admission. In these patients; 11 

underwent a laparotomy, one patient underwent an oesphagectomy, one patient 

underwent a trans urethral resection o f prostate and one patient underwent an incision 

and drainage o f an epipidymal abscess.

No relationship was detected between severity o f illness and medical or 

surgical cases. In the surgical patients, a recent surgical procedure (within 24 hours of 

ICU admission) was unrelated to severity o f illness, outcome or any subsequent 

pattern o f cytokine gene expression either on ICU admission or on day 7.

33 (53%) o f ICU patients were culture negative in terms o f microbiological 

samples, whereas 8 (13%) o f the ICU patients had more than one organism cultured 

either from different sites or from the same site. An enterococcus species was 

isoloated in 5 cases, escheria coli in 5 cases, a pseudomonas species in 4 cases, 

proteus mirabilis in 4 cases, a methicillin resistant staphylococcal aureus in 3 cases, a 

sensitive staphylococcal aureus in 3 cases, a streptococcus pneumonia in 3 cases, a 

Candida species in 2 cases, Haemophilus influenza in 2 cases amd one case each o f 

neisserria meningitis, clostridium perfinges and a klebsiella species. The infecting 

species was unrelated to severity o f illness, outcome or subsequent cytokine gene 

expression.
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Table 3.2: clinical details of tlie medical/surgical patients in the ICU on day 1

Medical patients Surgical patients p value

N 29 33

Age 71 (54-78) 69 (6 3 -7 8 .5 ) 0.48

1 notropes 19(66) 23(70) 0.79

SOFA score 9 (5.5-11) 8 (5-9.5) 0.45

Death in ICU 5(17) 12(36) 0.15

Gram negative 
organism isolated

5(42) 7(44) 1.0

Results are presentee for the two groups; medical and surgical patients on day 1 of
ICU stay. Values are either absolute counts with percentages in parenthesis or median 
values with interquartile range m parenthesis. Age, years.

On admission to the ICU the most common infective source was the 

respiratory tract accounting for 52% of all infections. Abdominal infections were the 

second most prevelant at 28%, followed by skin and soft tissue infections in 8%, 

central nervous system infections in 5% and urinary tract infections in 3% (figure 

3.1). 33 (53%) patients were culture negative for their admitting infective insult. 

Where an organism was isolated, gram-positive organisms were the most common 

(66%), followed by gram-negative organisms (43%) and fungal pathogens (7%).

The mean SAPS 2 score was 44 (SD 16), the mean SOFA score 8 (SD 3.8) 

and the mean MODS was 6.7 (SD 3.2). Interestingly, lower SAPS2 scores were 

associated with gram-negative infections when compared to gram-positive and fungal 

infections in those patients having positive cultures (37 Vs 53, p== 0.014). This 

association remained when analysing the association with the MODS (5.7 Vs 8.9,
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p=0.005) and whilst a similar trend was present when the SOFA score was used the 

analysis failed to reach statistical significance (7.3 Vs 10, p= 0.06).

Figure 3.1

Source of infection on admission to 
the ICU

■ resp ira tory  trac t  ■  a b d o m in a l  cavity  ■ UTI

■ CSF infection ■ s k i n / s o f t  t issue  B o th e r s

8% 4%

Frequency of the source of infectious insults in ICU patients. This pie chart depicts 
the breakdown of patients in the ICU by the source of their infectious insult 
necessitating their ICU admission.

3.1.2 Description of clinical and biochemical variables on day 7 of ICU stay

49 (79%) patients had blood samples drawn and analysed on day 7 of ICU 

stay. 39 (63%) patients had blood samples drawn and analysed at both time points.

On day 7, 15 (28%) patients were characterised as having septic shock with 

the remaining 38 (72%) fulfilling the criteria for severe sepsis only. In a similar 

fashion to day 1, the majority of patients requiring inotropes received noradrenaline 

(14) with a minority of patients (1) receiving adrenaline alone and no patients 

receiving both. Where noradrenaline was being administered on day 7 the median 

noradrenaline dosage was 1 Imcg/min (IQR 3.8 to 18.5 mcg/min).
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On day 7 in ICU the median MAP was SOmmHg (IQR 70 to 90 mmHg). 

Again, the MAP was significantly lower in those patients requiring inotropes (70 

mmHg Vs 81.5 mmHg, p=0.002). Mean CVP was llm m H g  (SD 3.7) and there was 

no detectable difference in shocked and non-shocked patients with respect to their 

CVP (11 mmHg Vs 1 ImmHg, p=0.98).

The following measures were made on day 7 o f ICU stay unless otherwise

stated.

The median pH was 7.42 (IQR 7.36-7.45) with patients requiring inotropes 

having a significantly lower pH than those not requirmg inotropes (7.37 Vs 7.44, 

p=0.0002). Median lactate levels were 1.6mg/dL (IQR 1.1 to 2.2mg/dL) with the 

shocked group having significantly more detectable lactate than those not requiring 

inotropes (1.4 Vs 2.1mg/dL, p=0.017).

Median creatinine levels were 94mg/dL (IQR 70 to 145mg/dL) and higher 

creatinine levels were observed in shocked patients (131 Vs 78mg/dL, p=0.04). 

Median urinary output over these 24 hours was 1600mls (IQR 588mls to 2373mls) 

with higher urinary output observed in the group o f patients not requiring inotropes 

(1920 Vs 550, p=0.0002). However, the remaining renal variable recorded, urea failed 

to distinguish between the shocked and non-shocked groups at this time point

(p=0.26).

Median bilirubin levels were 15mg/dL (IQR 9 to 30.5mg/dL) and median AST 

levels were 44units/L (IQR 26 to 65units/L). Neither measurement was associated 

with the use o f inotropes (p=0.09 and p=0.8 respectively).

The median INR was 1.1 (IQR 1.0 to 1.3) and was higher in shocked patients 

(1.2 Vs l . I ,  p=0.03). However, the remaining haematological variables collected,
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platelet count and APTT, did not differentiate between shocked and non-shocked 

groups.

The median P a0 2 /F i0 2  ratio was 191 mmHg (IQR 153 to 280). Patients with 

lower ratios were more likely to be inotrope dependant (212 Vs 180, p=0.02).

The median MODS was 6 (IQR 2 to 8) and the median SOFA score was 5 

(IQR 3 to 10). However, the association o f organ failure score and the classification of 

the infectious organism did not remain statistically significant at this time point.

Demographics for the ICU group on day 7 are presented in table 3.3.

Table 3.3: Demographics of the ICU group on day 7

Shocked Non-shocked p value

N 15 38

Male 11 (73%) 10(47% ) Ns

Age 69 (5 4 -7 5 ) 72 (5 7 -7 8 ) Ns

MAP 70 (70-70) 83 (8 0 -9 0 ) 0.002

Lactate 2.1 (1 .6 -3 .2 ) 1.3 (1 .0 -1 .9 5 ) 0.01

SOFA score 11 (1 0 -1 5 ) 4 (0 -  6) <0.0001

MODS 9 ( 7 - 1 2 ) 3 ( 1 - 6 ) <0.0001

Urinary output 550 (1 0 0 -  1395) 1960 (1 4 8 8 -2 8 1 5 ) 0.0002

Results are presentee for the two groups; septic shock and severe sepsis on day 7 of
ICU stay. Values are either absolute counts with percentages in parenthesis or median 
values with interquartile range in parenthesis. Age, years. MAP, mmHg. Lactate, 
mg/dL. Urinary output, mis in 24 hours, ns, non significant.
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3.1.3 Trend in clinical variables over time in the ICU group

As we have more than 30 samples at each time point we may assume that the 

sampling distribution for the group means conforms to a Normal distribution. 

Therefore, the following comparisons utilise the paired t-test to assess changes in the 

variable from admission to ICU to day 7 o f ICU stay.

Over the course o f the first week in ICU the MAP rose an average of 

13mmHg (p< 0.0001) while the CVP remained unchanged (p=0.92).

Detectable lactate fell an average o f 1.8mg/dL (p<0.0001) whilst pH rose by a 

mean o f 0.08 (p=0.0003).

Renal parameters showed similar improvements with urea levels falling by an 

average of 3.6mg/dL (p=0.046). There was also a small non-significant fall in 

creatinine levels over the initial week (mean difference -29m g/dL, p=0.08). However, 

there was no change in the 24-hour urinary output during this period (p=0.24).

Hepatic parameters remained static with bilirubin levels (p=0.52) and AST 

(p=0.92) unchanged over the course o f the week.

Whilst the INR improved by a mean o f 0.49 (p=0.001), other coagulation 

parameter such as platelets and APTT were unchanged (p=0.34 and p=0.054 

respectively).

The P a02 /F i02  ratio improved by an average o f 57mmHg in ICU patients 

over the course o f the initial week (p=0.0009).

These changes are reflected by an average improvement in the SOFA score o f 

1.6 (p=0.008) and in the MODS o f 1.1 (p=0.037) from admission to day 7.
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3.1.4 Association o f clinical variables to outcome

Overall mortality was 27.4%. Clinical and demographic variables that were 

thought could plausibly be associated with outcome following a septic insult in an 

ICU setting were tested for their association with the outcome variable. This was 

prospectively defined as either death during the ICU stay or discharge from the ICU.

Patient age on admission to ICU had no influence on outcome (p=0.59). 

Similarly, MAP and CVP on admission (p=0.33 and p=0.2I respectively) and again 

on day 7 (p=0.67 and p=0.98) were not associated with outcome. There was also no 

detectable association between the season o f admission to the ICU and outcome 

(p=0.94).

The use o f inotropes on day 1 was associated with outcome, with 16 o f 17 

patients who subsequently died requiring inotropes on admission to ICU compared 

with 27 o f 46 patients who were subsequently discharged from ICU (p=0.007). In 

those patients requiring inotropes the maximum dose o f noradrenaline received on 

day 1 was not associated with a poor outcome. In patients still alive on day 7, but who 

subsequently died, 5 o f these 8 patients required inotropes on day 7 while 10 o f 46 

patients who subsequently survived required inotropes (p=0.03).

O f the renal parameters only a greater 24-hour urinary output on day 1 was 

associated with an increased survival (p=0.02). On day 7 a similar trend persisted 

which did not reach significance (p=0.07).

None o f  the metabolic parameters were associated with outcome on day 1. 

However, on day 7 those patients who remained acidotic were more likely to have a 

poor outcome (p=0.004).

No association was detected between type o f  infectious organism and 

outcome. However, those patients who mounted a lesser white cell response on day 1
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were more likely to have a poor outcome (p=0.02). This association did not persist on 

day 7.

Using the standard organ failure assessment tools on day 1, the SAPS2 and the 

SOFA scores were higher in patients who subsequently died (p=0.02 and p=0.004, 

respectively). The MODS, however, failed to reach statistical significance on day 1 

although a similar trend was evident (p=0.06). On day 7 both the SOFA score and the 

MODS predicted mortality (p=0.01 and p=0.008).
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Table 3.4: Factors associated with outcome in the ICU group

Death (n=17) Survival (n=45) p value

Age 69 (5 7 -7 9 .5 ) 71 (5 4 -7 8 ) ns

MAP day 1 65 (60 -70 ) 65 (60 -  79) ns

MAP day 7 80 (70 -  90) 80 (70 -90) ns

Inotropes day 1 16(94) 27 (58) 0.007

Inotropes day 7 5 (62.5) 10(22.2) 0.03

Urine output day 1 935 (3 0 0 -  1848) 1500 (9 5 0 -2 0 0 0 ) 0.02

Urine output day 7 677 (2 2 5 -  1399) 1800 (8 5 0 -2 6 0 0 ) 0.07

pH day 1 7.32 (7 .2 7 -7 .3 9 ) 7.31 (7 .2 7 -7 .3 8 ) ns

pH day 7 7.32 (7 .2 4 -7 .4 0 ) 7.43 (7 .3 8 -7 .4 5 ) 0.004

WCC day 1 1 0 .7 (3 .4 -  15.75) 18 (11.1 - 2 3 ) 0.02

WCC day 7 1 3 .9 (8 .5 -1 8 .6 ) 13.1 (9 .5 -2 2 .3 ) ns

SAPS2 49 (4 0 .5 -6 2 .5 ) 40 (3 3 -5 0 .5 ) 0.02

SOFA day 1 9 (9 -1 2 .5 ) 7 ( 4 - 9 .5 ) 0.004

SOFA day 7 10.5 (8 .5 -1 1 .8 ) 4.5 ( 1 .8 -9 ) 0.01

MODS day 1 7 (5 .5 -1 0 ) 6 (4 -  8) 0.06

MODS day 7 8 (7 -1 0 .7 5 ) 4 ( 1 - 7 ) 0.008

Results are presented for the two outcome groups. Values are either absolute counts 
with percentages in parenthesis or median values with interquartile range in 
parenthesis. Age, years. MAP, mmHg. Urinary output, mis in 24 hours, ns, non 
significant. WCC, white cell count. SAPS, simplified acute physiology score. SOFA, 
sequential organ failure assessment. MODS, multiple organ dysfunction score.

96



3.2 Bacteraemic group

3.2.1 General description

The bacteraemia group comprised 10 patients, 4 male and 6 female. The 

median age was 82 (IQR 68.5 to 86 years). All patients, by virtue o f the inclusion 

criteria, had a gram-negative bacillus (GNB) isolated on blood cultures. The source of 

the bacteraemia was deemed to be the respiratory tract in 4 (40%), the urinary tract in 

4 (40%) and the abdominal cavity in 2 (20%).

Six (60%) patients were classified as medical admissions and 4 (40%) as 

surgical admissions.

The median WCC in this group was 9.6 (IQR 7 to 13) at the time o f blood 

sampling. The median SOFA score was 0.5 (IQR 0 to 3) and the median MODS was 1 

(IQR, 0 to 2.3) and was assessed at the time o f blood sampling using the same criteria 

as in the ICU group.

3.2.2 Comparison of bacteraemia and ICU groups

Patients in the bacteraemic group were significantly older than those in the 

ICU group (p=0.01, figure 3.2A).

SOFA scores on admission to ICU were found to be higher than SOFA scores 

in the bacteraemia group at the time o f blood sampling (p< 0.0001, figure 3.2B). 

Similarly, MODS on ICU admission were higher than MODS in the bacteraemia 

group at the time o f blood sampling (6 Vs 1, p< 0.0001, table 3.5).

The WCC was non-significantly lower in the bacteraemia group at the time o f 

blood sampling when compared to the ICU group on admission (9.6 Vs 15.6, p=0.08). 

The only difference detectable between groups as regards site o f the original infection
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was for UTIs. In four out o f ten bacteraemic patients the urinary tract was deemed to 

be the source o f the infection in comparison to 2 out o f 60 ICU patients (p=0.003, 

table 3.5).

Figure 3.2
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Table 3.5: ICU group Vs Bacteraemia group

ICU group Bacteraemic

group

p value

N 62 10

Male 34 (55%) 4 (40%)

Age 70 (55.5 - 7 8 ) 82 (68.5 -  86) 0.01

SOFA score 8 ( 5 - 1 0 ) 0.5 ( 0 - 3 ) <0.0001

MODS 6 (4 -  9) 1 (0 -2 .2 5 ) <0.0001

Site o f infection

Urinary tract 2 (3%) 4 (40%) 0.003

Results are presented for the two groups; ICU group and bacteraemic group. Values 
are either absolute counts with percentages in parenthesis or median values with 
interquartile range in parenthesis. Values for the ICU group are for day 1 o f ICU stay. 
Age, years. Ns, non significant
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3.3 Discussion

As sepsis is classically such a heterogenous disorder, it is necessary to 

characterise our patient population in order to allow meaningful comparisons with 

other studies and also to properly evaluate the comparisons we are making between 

septic and bacteraemic groups.

The largest recent epidemiological study o f  an ICU population comes from a 

study conducted in 2001 (Angus et al., 2001) which examined 192,980 patients 

admitted to American ICUs with a diagnosis o f severe sepsis. In this case the 

International Classification o f Diseases, ninth revision, clinical modification (ICD-9- 

CM) criteria were used to characterise patients with infections and specific criteria 

were also used to identify organ dysfunction. This study described a mean patient age 

o f 63.8 years in a cohort o f patients that was 49.6% male. They identified the source 

o f the infection as being the respiratory system in the majority (44%) o f cases, with 

the genitourinary system being identified as the source in 9.1% of cases and the 

abdominal cavity in 8.6% o f cases. The overall mortality was 28.6%.

This paper is, at present, one o f the most widely recognised and referenced 

epidemiological papers in the critical care community. Overall, our demographic and 

clinical data is very similar to the data described by Angus et al. However, our patient 

cohort has a greater propensity for the source o f the infection to originate from the 

respiratory tract (52% Vs 44%) and abdominal cavity (28% Vs 8.6%) and the 

genitourinary tract was less likely to be the source o f the infectious insult (3%> Vs 

9.1%).

This discordant epidemiological data may be explained through an analysis o f 

the inclusion criteria. Whereas we studied only an adult population, Angus et al 

included paediatric patients. Additionally, HIV patients, those with haematological
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malignancies and other immunocomprimised groups, which were excluded from our 

study, were included in this epidemiological study. The addition o f these groups o f 

patients is likely to influence to some degree the source o f infectious insult.

Additionally, an important omission from the study by Angus et al was the 

proportion o f patients admitted with or subsequently developing septic shock. The 

diagnosis o f septic shock as opposed to severe sepsis is particularly ominous and is 

regarded as the most extreme end o f the spectrum o f disease that is sepsis.

However, a recent US interventional placebo-control study examining the 

safety profile o f an anti-TNFa compound reported demographic and clinical details 

including the incidence o f septic shock in their cohort (Rice et al., 2006). The study 

drug was administered within 36 hours o f ICU admission and the data collected are 

described as baseline demographics. Additionally, this study specifically excluded 

HIV patients, patients with haematological malignancies and those receiving 

chemotherapy.

The authors described a mean age in the treatment group (43 patients) o f 52 

years and 65% o f patients were male whilst in the control group (38 patients) the 

mean age was 59 years with 61% of the patients being male. In the treatment arm, 

79% of the patients were classified as shocked prior to receiving the study medication 

and in the control group 87% of the patients had septic shock over the same 

observational period. In 51% of the treatment group the respiratory tract was deemed 

the source o f the infectious insult compared with 37%i o f the control group. Whilst no 

further exact data are available on additional sources o f infection an analysis o f the 

graphical data presented suggests that the abdominal cavity was the next most 

common source o f infectious organisms.
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Descriptive data were collected at the time o f administration o f the study 

medication, which was within 36 hours o f the development o f severe sepsis. 

Therefore, it is reasonable to compare these data with the day 1 data collected on our 

patient group. Our patient group on admission to the ICU appear reasonably similar to 

both arms o f this interventional trial. We note that 68% o f our patients were shocked 

on admission to the ICU with, as stated above, the respiratory tract being the source o f 

the pathogen in 52% o f all cases. The relatively small number o f patients in both 

studies may contribute to any o f the minor differences noted. Additionally, the 

inclusion criteria differ with either shock or dysfunction o f two or more organs being 

necessary for inclusion to the interventional study presented above whilst dysfunction 

o f a single organ was deemed sufficient for inclusion to our study.

Based on these data we feel that the cohort o f patients we describe is typical o f 

an ICU population in the developed world. We failed to find significant differences 

between our population and other previously described ICU populations with severe 

sepsis and septic shock. Consequently, the results that follow are applicable to ICU 

populations in other similar centers.

Some o f the results o f the analysis o f the demographic and clinical data 

warrant closer analysis. The recruitment period o f the study deliberately stretched 

over 12 months to examine for a seasonal influence on the severity o f  the infectious 

insult. Theoretically, if  the recruitment period was shortened there is the potential for 

an unrecognised enhanced severity o f infection in a particular season to influence the 

results. Furthermore, it was felt that certain sources o f  infections might be more 

prevalent at a particular time o f year. The relevance o f this lies in the perceived 

potential o f studies conducted over a winter period to recruit an excess o f elderly 

patients with respiratory infections. Analysis o f the results reveals that the time o f
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year a patient is admitted to the ICU does not influence that infectious source, severity 

o f the infection or mortality. Additionally, we did not observe any relationship 

between patient age and the season o f ICU admission. Therefore, we feel that a 

shorter recruitment period would not result in the collection o f a non-random sample 

by virtue o f seasonal variation in ICU admissions in patients with severe sepsis.

We noted with interest that in the septic shock group, despite treatment with 

inotropes to attempt to achieve a target MAP of 60mm Hg, blood pressure remains 

significantly lower in this group than in the non-shocked group. Treatment with 

inotropes, however, was deemed successful in raising the MAP to this target level in 

the majority o f shocked patients as the median MAP was 63mmHg and VOmmHg on 

day 1 and day 7 respectively in the group with septic shock. Whilst lower than 

pressures achieved in the non-shocked group, these levels are usually deemed 

adequate for organ perfusion by the majority o f ICU clinicians.

Additionally, we can comment on the adequacy o f fluid resuscitation in the 

group with septic shock by an assessment o f the central venous filling pressures. The 

CVP on both day 1 and day 7 was significantly higher in the septic shock group, 

which suggests that this group were more aggressively fluid resuscitated. Therefore, 

from this limited information, it appears that the septic shock group were adequately 

treated and did not have a poorer outcome as a result o f  sub optimal resuscitation.

However, despite this appropriate treatment the shocked group displayed signs 

o f tissue hypoperfusion. This can be observed in the differences in the recorded 

metabolic variables between the groups. Lactate was higher and pH lower in the 

shocked group at both time points. This implies that despite appropriate treatment 

with inotropes and fluids, a group o f patients proceeded to develop more severe 

disease as is manifest by a persistent lactic acidosis presumably secondary to tissue
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dysoxia. The differences noted in other markers o f organ function described earlier 

between the shocked and non-shocked groups appear to confirm this finding.

Interestingly, on admission to the ICU, severity o f disease was less in patients 

with a gram-negative infection. This has not previously been reported and suggests 

that in our cohort gram-negative infections were possibly less virulent than other 

infecting organisms.

Also, it is notable that the median values o f the clinical variables tended to 

improve over the course o f the initial week in ICU. This may reflect both the 

appropriateness o f clinical care received and a tendency for these patients to improve 

over time when adequately supported. However, these data may be biased as they do 

not take into account the 12 patients who died prior to contributing to the day 7 data. 

Furthermore, we noted that both the median MODS and SOFA score improved over 

this initial week, but again these data must be viewed with the same caveats.

The MODS scoring system was the first organ failure system to be introduced 

that quantified the degree o f organ dysfunction as opposed to simply counting the 

number o f failing organs. Both the SOFA and the SAPS2 scoring systems have been 

heralded as providing improvements in the prognostic powers o f the original tests. 

These scoring systems are currently in widespread use due to their simplicity, 

reliability and reproducibility. It has previously been shown that there is a clear 

correlation between the total organ failure score and mortality rate in ICU patients 

(Vincent, 2006).

We can confirm these previous findings in our population by reporting that on 

admission to the ICU, both SAPS 2 and SOFA scores could predict subsequent 

mortality whilst the MODS failed to distinguish survivors from non-survivors. This 

may be indicative o f the improvements made in the developments o f  the scoring
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systems, particularly to the cardiovascular variable. The MODS uses a formula 

comprising the heart rate, blood pressure and CVP whereas the SOFA score is felt to 

refine this by assessing the dose o f inotropic medication required. Although the 

SAPS2 score uses only the systolic blood pressure and heart rate to compute a 

cardiovascular variable, it also assesses additional variables such as age, chronic 

diseases, electrolyte concentrations and metabolic variables.

Interestingly, we demonstrate that the prognostic power o f the MODS and 

SOFA score both increase when used later in the time course o f the disease. On day 7 

both scores more accurately predict subsequent non-survivors than they do on 

admission to the ICU.

As regards individual clinical and demographic variables we noted that 

inotrope requirements, reduced urinary output, acidosis and a reduced WCC were 

associated with mortality. It is somewhat surprising that patient age was unrelated to 

outcome as this has been clearly described in the past (Angus et al., 2001). The 

relatively small numbers recruited to this study may account for this.

Inotrope requirements, poor urinary output and acidosis are all factors that 

have been previously recognised as being strong indicators o f a poor outcome in the 

ICU setting (Martin et al., 2000). Whilst a transient leukopenia has been described as 

being as associated with the onset o f septic shock (Damas et al., 1997) and is 

recognised as a poor prognostic sign, this moderate reduction in the WCC has not 

been previously reported. It has been hypothesised that the previously reported 

leukopenia may represent a mechanism o f subversion o f immunity by pathogens. In 

our cohort, the failure to mount an adequate white cell response to an infecting 

organism may represent the lack o f an appropriate inflammatory response in these 

patients that eventually succumb as a result o f their infection.
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3.4 Conclusion

In conclusion, we have recruited a cohort o f patients with severe sepsis that 

closely resembles other previously described patient groups presenting with the same 

diagnosis with respect to severity o f disease, source o f infection, age and mortality. 

The clinical factors and demographic variables described in this study that are 

associated with the eventual outcome o f these patients are factors that have been well 

recognised in the past to be associated with a poor prognosis. We feel that as a result 

the subsequent results are applicable to other critical care centers in the developed 

world containing a similar heterogenous mix o f patients.
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Chapter 4 - Results (2): Description of the distal 

effector cytokines in septic patients and comparisons

between patient groups

107



4.1 Introduction

For the purposes o f this discussion the cytokines assayed by QRT-PCR will be 

grouped and discussed separately. Cytokines will be referred to as proximal / 

regulatory and distal / effector cytokines. In practice there is a significant overlap 

between cytokines that have a primary effect on end organ and cellular function 

versus those whose major effects are promotion or inhibition o f  the production of 

effector cytokines. This is easily observed in the case o f IFNy, whose production 

further polarises cells towards a Thl response as well as having effects on bactericidal 

function. Therefore, whilst this segregation is somewhat arbitrary it facilitates the 

logical analysis o f  the data set.

This section will deal with the effector cytokines and includes data on TNFa, 

IL-10 and IFNy. Throughout the results section cytokine copy numbers are expressed 

as mRNA copy numbers standardised per 10 million P actin mRNA copies.
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4.2 Comparisons between the three groups

On the first day o f critical illness T N Fa mRNA levels in the ICU group were 

greater than in the control group but less than in the bacteraemic group (figure 4.1 A). 

IL-10 mRNA levels in the ICU group were greater than control and bacteraemic 

groups (figure 4. IB). IFNy mRNA levels in the ICU group were less than the control 

and bacteraemic group (figure 4.1C).

Figure 4.1
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value at the top o f the figure represents a 3-group comparison.
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4.3 M ultivariate group comparison

A multivariate logistic regression model o f patients in the bacteraemic and 

ICU groups was constructed which included data for TN Fa, IFNy and IL-10. This 

model had an value o f 0.63, with a receiver operator characteristic curve value of 

0.96. From this model the respective probabilities o f belonging to the bacteraemic and 

ICU groups was determined for each patient and the ratio o f these probabilities was 

considered as a relative risk for outcome in response to infection. This relative risk 

scoring system could be used to identify the bacteraemic group with 100% specificity 

and 70% sensitivity, or identify the ICU group with 100% specificity and 94% 

sensitivity.

4.4 ICU group

4.4.1 Description of the effector cytokines on Day 1

On day 1, in the ICU cohort, median TNFa mRNA levels were 19867 (IQR 

11546 -  28271). Median IL-10 mRNA levels were 852 (IQR 573 -  1639) and median 

IFNy mRNA levels were 132 (IQR 77 -351). Levels o f these cytokines did not 

distinguish between those patients with severe sepsis and those with septic shock on 

day 1. Cytokine mRNA levels on day 1 were not associated with any o f the organ 

failure scores, extent o f lung injury as assessed by the P a02 /F i02  ratio, lactate levels 

or with the type o f infecting organism (gram positive, gram negative or fungal).



4.4.2 Description of the effector cytokines on Day 7

On day 7, median TN Fa mRNA levels were 15242 (IQR 9342 -23819). 

Levels were higher in those patients not requiring inotropes when compared with 

patients with septic shock (p=0.001, figure 4.2A). TN Fa mRNA levels were inversely 

related to both SOFA scores (p<0.0001, figure 4.3) and MODS scores (n=49, 

spearman’s rho 0.45, p=0.0015). There was also a borderline inverse correlation 

between lactate levels and TNFa mRNA levels (n=42, spearman’s rho -0 .31 , p=0.04). 

There was no association between TN Fa mRNA levels on day 7 and extent o f lung 

injury or with the type o f infecting organism.

On day 7, median IL-10 levels were 219 (IQR 96 -  373). Although there was a 

trend for patients with higher lL-10 mRNA levels to require inotropes, this difference 

was not statistically significant (figure 4.2B). IL-10 mRNA levels on day 7 were not 

associated with any o f the organ failure scores, extent o f lung injury, lactate levels or 

with the type o f infecting organism.

On day 7, the median TNFa / ILIO ratio was 88 (IQR 37 -  182). Patients 

requiring inotropes on day 7 had lesser TN Fa / I L I O ratios than those patients not 

requiring inotropes (p=0.0003, figure 4.2C). However, this ratio was not associated 

with any o f the organ failure scores, extent o f lung injury, lactate levels or with the 

type o f infecting organism.

On day 7 median IFNy levels were 257 (IQR 139 -  637). Levels were lower in 

those patients requiring inotropes on day 7 in comparison to patients not requiring 

inotropes (p=0.0004, figure 4.2D). Levels were inversely related to the SOFA score 

(p=0.02) and the MODS score (p=0.02). There was no association detected between 

IFNy levels and the extent o f  lung injury, lactate levels or the type o f infecting 

organism.
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Figure 4.2
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Figure 4.3
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4.4.3 Change in mRNA levels over time

The 39 ICU patients with RNA analysis available at both time points were 

assessed for a change in mRNA levels over time. In these patients there was no 

change in TN Fa mRNA levels over the seven days o f critical illness, whereas IL-10 

mRNA levels decreased and IFNy mRNA levels increased (table 4.1).

Table 4.1: Changes in Cytokine mRNA levels over 7 days in ICU 
patients.

Cytokine N Day 7 minus day 1 mRNA  
levels

P value

TN Fa 39 0.02 (-0.24 to 0.18) 0.35

IL-10 39 -0.51 (-1.48 to -0.30) 0.001

IFNy 39 0.39 (-0.04 to 0.76) 0.001

Results are expressed as differences in log mRNA copy numbers per 10^ p actin 
mRNA copies when day 7 values are subtracted from day 1 values.
All values are expressed as median difference with interquartile range. Analysis is by 
Wilcoxon rank sign test.
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4.4.4 Relationship to mortality

Seventeen o f the 62 ICU patients (27%) died during the course o f their ICU 

stay. O f the 52 patients that were analysed for mRNA levels on the first day o f critical 

illness, 13 died prior to ICU discharge. There was a non-significant trend towards 

greater IL-10 mRNA levels (1262, (721 -  3169) versus 776 (539 -  1353); p = 0.1) 

and lesser IFNy mRNA levels (112 (70 -  140) versus 180 (76 -  411); p = 0.07) in 

non-survivors when compared with survivors. However, when ICU patients were 

dichotomised between those in the highest quartile o f IFNy mRNA production on day 

1 and the remainder, no deaths occurred in the highest quartile group, whereas 13 o f 

the other 39 patients died (p = 0.02).

Eight o f the 49 ICU patients who had blood samples analysed for mRNA 

production after 7 days o f critical illness died prior to ICU discharge. These 8 non

survivors had lesser T N Fa mRNA levels (Figure 4.4).
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Figure 4.4
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A cluster analysis (JMP software), which included ICU data for day 7 TN Fa 

and IFNy mRNA levels, was performed and a cluster o f ICU patients with reduced 

T N Fa and IFNy mRNA levels was characterised. Patients in this cluster were more 

likely to be shocked on day 7 o f critical illness, had greater SOFA scores and had a 

significantly higher mortality (Table 4.2).

Table 4.2: Cluster analysis of TNFa and IFNy mRNA levels in the 

ICU group on Day 7 of critical illness

Cluster 1 2 p value

N 31 18

T N Fa 21379 (16218-28840) 6760 (2884-10715) 0.0001

INFy 407(190-794) 158 (9 3 -2 2 9 ) 0.0004

Shock 4(13% ) 11 (61%) 0.0009

SOFA 3 (0 -  6) 1 0 ( 8 - 1 3 ) 0.0001

Outcome (death) 2 (6.5%) 6 (33%) 0.04

Results are expressed as mRNA copy numbers per 10  ̂P actin mRNA copies. 
All continuous variables are quoted as median with interquartile ranges. All 
comparisons are by W ilcoxin Rank Sum test.
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4.5 Discussion

We have observed that patient response to infection was associated with 

distinct patterns o f cytokine mRNA production. More IFNy and T N Fa mRNA was 

detected in the bacteraemia group when compared to the ICU group. Lesser IFNy and 

T N Fa gene expression was associated with both the occurrence o f severe sepsis in 

response to infection and also with poor outcome in these ICU patients.

IL-10, a potent anti inflammatory cytokine and a direct inhibitor of 

macrophage function, exerts anti inflammatory properties via inhibition o f N F-kB 

nuclear translocation and thereby inhibiting pro-inflammatory cytokine gene 

expression (Moore et al., 2001). lL-10 mRNA levels were greatest in patients with 

severe sepsis and less in patients with bacteraemia who did not develop critical 

illness. This pattern o f lL-10 gene expression may account for the relatively deficient 

IFNy production in patients with sepsis, as IFNy gene expression in antigen presenting 

cells may be inhibited by IL-10 (Fiorentino et al., 1991). Furthermore, exogenous IL- 

10 is reported to inhibit IFNy production in isolated monocytes from patients with 

sepsis (Bjerre et al., 2004).

The Thl cellular response is generally induced by, and particularly effective 

against, intracellular pathogens and those that activate macrophages and natural killer 

(NK) cells. This response is associated with enhanced cell-mediated immunity and is 

therefore the appropriate response expected in the face o f most common septic insults. 

Lymphocytes demonstrating a Thl response pattern characteristically produce IFNy, 

thereby optimising the bactericidal activity o f phagocytes (Boehm et al., 1997).

In contrast Th2 biased responses are classically responsible for defence against 

helminthic and arthropod infections and are also an essential component o f allergic 

type reactions (Mosmann and Coffman, 1989). Mature Th2 cells preferentially secrete
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a number o f cytokines, including IL-10. The antibodies stimulated by this response, 

however, do not promote phagocytosis or activate complement efficiently.

Thus, the maturation o f naive 004"^ T cells into the appropriate Thl or Th2 

phenotype is essential to launch an effective host response to an infection. As IFNy is 

the signature cytokine for the CD4^ Th-1 cytokine response and IL-10 is a Th2 

cytokine, these data suggests that the both the occurrence o f and outcome following 

severe sepsis may be linked to an imbalance in cytokine production in response to 

infection, with a dominant Thl profile providing the optimal defence against 

infection.

Additionally, patients who developed severe sepsis had T N Fa mRNA levels 

intermediate between that observed in the control and bacteraemic groups. This 

exaggerated T N Fa response in patients with infection who did not develop critical 

illness may represent an appropriate and protective response. This concept, that 

certain pro-inflammatory cytokines are beneficial to patients with infection may 

account for the adverse outcome observed in prior studies o f T N Fa antagonists in 

patients with septic shock (Dhainaut et al., 1995; Fisher et al., 1996; Reinhart et al.,

1996). Furthermore, such a protective role o f T N Fa in sepsis may in part account for 

the association with persistent shock and death that we observed in conjunction with 

lesser T N Fa mRNA levels in ICU patients with severe sepsis.

As with T N Fa, IFNy possesses pro inflammatory properties. IFNy is a 

pleiotrophic cytokine, which augments phagocytic bactericidal activity (Boehm et al.,

1997), and consequently the lower IFNy mRNA levels observed in patients with 

severe sepsis and persistent shock is not likely to be a beneficial response. In a similar 

fashion to the pattern o f T N Fa gene expression, the relatively greater levels o f IFNy 

mRNA observed in bacteraemic patients in comparison to the ICU patients may
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represent an appropriate and beneficial T hl cytokine response. This concept is 

consistent with animal models o f sepsis, which confirms the importance o f IFNy in 

bacterial clearance (Deng et al., 2004; Ono et al., 2001; Pammit et al., 2004).

The discordant patterns o f T N Fa and IFNy mRNA production observed 

between the ICU and the bacteraemic groups may be explained by the different 

cellular origins o f these cytokines. TN Fa is produced by a wide variety o f cell types, 

but primarily by macrophages, whereas IFNy is primarily produced by CD4^ Thl 

lymphocytes and NK cells (Boehm et al., 1997).

In humans, several case series document the beneficial use o f exogenous IFNy 

in leishmaniasis, leprosy and multi-drug resistant tuberculosis (Barral-Netto et al., 

1999; Condos et al., 1997; Haas et al., 2002). The therapeutic use o f IFNy in patients 

with sepsis has been less extensively reported. To date, two studies failed to show any 

survival benefit from therapy with subcutaneous IFNy in patient groups prone to 

develop sepsis (Polk et al., 1992; Wasserman et al., 1998). However, a case series of 

patients with severe sepsis coupled with documented monocyte suppression appeared 

to benefit from daily subcutaneous IFNy (Docke et al., 1997). Similarly, trauma 

patients with diminished immune responsiveness, as measured by monocyte MHC 

class II receptor status, were less likely to develop nosocomial pneumonia when 

treated with inhaled IFNy (Nakos et al., 2002).

The data presented in this study utilises the sensitivity o f QRT-PCR as a 

method for evaluating cytokine gene expression. Prior investigations o f cytokine 

responses to infection relied exclusively on ELISA based protein assays and, with the 

exception o f IL-6 were either unable to detect pro-inflammatory cytokines in a 

significant proportion o f patients, or to relate cytokine levels to clinical events (Bjerre 

et al., 2004; Damas et al., 1997; Goldie et al., 1995). However, a QRT-PCR based
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mRNA assay provides uniquely sensitive in vivo information, not relying on ex vivo 

stimulation o f cells to produce adequate amounts o f material for detection which 

creates an artefactual setting. Therefore, QRT-PCR allows us to investigate absolute 

levels o f gene expression in vivo, which can be used as an index o f the adequacy o f 

the cytokine response to infection.
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4.6 Conclusion

These data demonstrate the utility o f measuring cytokine mRNA by QRT-PCR 

in patients with infection. We show a marked association between the pattern of 

cytokine gene expression and the occurrence o f severe sepsis, persistent shock and 

also with survival. Data are presented demonstrating a clear association between 

adverse outcome and an anti-inflammatory cytokine response. In effect, patients that 

tolerated infection with relative impunity showed a predominant Thl response with 

over-expression o f T N Fa and IFNy, and under-expression o f IL-10 in comparison 

with the group that developed severe sepsis. Therefore, these data suggests that the 

occurrence o f severe sepsis may be linked to an imbalance in cytokine production 

secondary to infection, with a dominant proinflammatory Thl response providing the 

optimal defence against infection, associated with a reduced severity o f disease and 

lesser mortality.
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Chapter 5 - Results (3): Regulation of the Thl/Th2 

cellular response following an infectious insult
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5.1 Introduction

This section deals with the main putative regulators o f the CD4^ Thl / Th2 

cellular response and includes data on IL-4 and IL-12, cytokines that were originally 

thought to be the principal regulators o f T cell maturation, and also on the more 

recently characterised cytokines IL-18, IL-23 and IL-27. Throughout the results 

section cytokine copy numbers are expressed as mRNA copy numbers standardised 

per 10 million (3 actin mRNA copies.

5.2 Comparisons between the three groups

IL-4 mRNA levels in the ICU group on day 1 were lower than those o f the 

control and bacteraemic groups (p< 0.0001, figure 5.1 A). IL-12 mRNA levels in the 

ICU group on day 1 were less than those recorded in bacteraemic patients (p=0.03) 

but were similar to levels found in the control group (figure 5 .IB).

There was a difference in IL-23 mRNA expression when the 3 groups were 

analysed together (p = 0.03), with the ICU group demonstrating the lowest IL-23 

mRNA levels (figure 5.1C). IL-27 mRNA levels also differed significantly between 

the three groups (p = 0.003). However, in this analysis the ICU group had the greatest 

levels followed by the bacteraemic group with the control group having the least 

amount o f detectable IL-27 mRNA (figure 5 .ID). The IL-27: IL-23 ratio 

demonstrated a similar pattern with the highest ratio in the ICU group (p = 0.0003, 

figure 5 .IE). IL-18 mRNA levels did not distinguish between the three groups (figure 

5 .IF).

When the ICU group was compared with the combination o f both the control 

and bacteraemia groups, significantly less IL-23 (p = 0.008) and greater IL-27 (p = 

0.003) was detected in the ICU group in comparison with the combined group.
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Similarly the IL-27: IL-23 ratio was greater in the ICU group compared with the 

combined group (p = 0.0002). There was no difference in IL-18 mRNA levels when 

the ICU group was compared with the combined group.

Figure 5.1
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5.3 ICU group

5.3.1 Description of the proximal cytokines on day 1

In the ICU group on day 1, median IL-4 mRNA levels were 11 (IQR 5-53). 

There was a non-significant trend for patients with lower IL-4 mRNA on day 1 to 

require inotropes (9 (4 -  25) Vs 27 (9 -  192), p=0.055). Whilst the SAPS2 score and 

lL-4 levels were inversely related (n= 42, spearman’s rho 0.4, p= 0.009), there was no 

association between mRNA levels and other organ failure scores, lactate levels, extent 

o f lung injury or type o f infecting organism.

On day 1 median IL-12 mRNA levels were 2170 (IQR 923 -4 0 4 0 ). There was 

no association between mRNA levels and requirement for inotropes, any o f the organ 

failure scores, lactate levels, extent o f lung injury or type o f infecting organism.

There was a direct correlation between IL-4 and IL-12 mRNA levels on the 

day o f ICU admission (p= 0.003, figure 5.2A).

On day 1, in the ICU group, median IL-23 levels were 4767 (IQR 1561 -  

9488), median IL-18 levels were 10224 (IQR 5824 -  17460), median IL-27 levels 

were 624 (IQR 322 -  1312) and the median IL-27: IL-23 ratio was 0.16 (IQR 0.06 -  

1.03). We failed to observe a relationship between any o f  these cytokines and the 

requirement for inotropes, organ failure scores, extent o f lung injury or the type of 

infecting organism.

However, there was a direct correlation between IL-4 and IL-23 mRNA on 

day 1 (p< 0.0001, figure 5.2B). No relationship was detected between IL-4 and either 

IL-27 or IL-18.
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Figure 5.2 
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5.3.2 Relationship between the proximal and distal cytokines on day 1

Given the current information available on the regulation o f the effector 

cytokines it is reasonable to examine for an association between the anti

inflammatory cytokine IL-10 and the Th2 regulator IL-4 and between the 

proinflammatory cytokines, TNFa and IFNy and their putative regulators IL-12, IL-18 

and lL-27.

There was no relationship between IL-4 mRNA levels and IL-10 mRNA 

levels on day 1 in the ICU group. Similarly, no relationship was observed between 

any o f the regulatory cytokines and TN Fa mRNA levels on day 1.

IL-12 and IFNy were directly correlated on day 1 (p= 0.01, figure 5.3A). 

There was also a non-significant association between increased IL-23 mRNA and 

increased IFNy mRNA levels (p= 0.06, figure 5.3B) and an inverse relationship 

between IL-27 and IFNy mRNA levels (p= 0.05, figure 5.3C). No relationship was 

observed between IFNy and IL -18 on day 1.
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Figure 5.3
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5.3.3 Description of the proximal cytokines on day 7

On day 7, in the ICU group, m edian IL-4 levels w ere 78 (IQ R 26 -  294), 

m edian IL-12 levels w ere 4267 (IQ R 2175 -  6886) and m edian IL-18 levels were 

12841 (IQR 7025 -  19449). There was no association betw een these cytokine m RNA 

levels on day 7 and requirem ent for inotropes, organ failure scores, extent o f  lung 

injury, lactate levels or the type o f  infecting organism.

On day 7 m edian IL-23 levels were 9148 (IQ R  4052 -  22275). IL-23 m RN A  

did not distinguish betw een patients with severe sepsis and those with septic shock. 

There was an inverse correlation betw een IL-23 m RN A  and lactate levels (n=42, 

spearm an’s rho 0.4, p=0.008), SOFA score (n=49, spearm an’s rho 0.35, p=0.01) and 

M ODS (n= 49, spearm an’s rho 0.46, p= 0.0009). There w as a non-significant trend 

for higher IL-23 m RN A  levels to be associated with h igher P a 0 2  / F i0 2  ratios (n = 

42, spearm an’s rho 0.28, p= 0.06). There was no association betw een the type o f  

infecting organism  and IL-23 levels on day 7.

M edian IL-27 levels w ere 279 (IQ R 122 -  557) at this tim e point. There was a 

non-significant trend for higher IL-27 m RNA levels to be associated w ith the 

requirem ent for inotropes (214 (93 -  540) Vs 446 (196 -  918), p=0.07). How ever, 

there was no association betw een IL-27 m RN A  on day and organ failure scores, 

lactate levels, extent o f  lung injury or type o f  infecting organism .

H igher IL-27: IL-23 ratios on day 7 w ere associated w ith the requirem ent for 

inotropes on day 7 o f  ICU stay (p=0.02, figure 5.4). The IL-27: IL-23 ratio also 

correlated w ith SOFA scores on day 7 (p = 0.01, figure 5.5A). There was an inverse 

correlation betw een IL-27: IL-23 ratio and P a 0 2 /F i0 2  ratios (n=39, spearm an’s rho 

0.33, p=0.03) and higher lactates w ere associated with increasing IL-27: IL-23 ratios 

(p= 0.02, figure 5.5B).
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However, there was no observable relationship at this time point between IL-4 

and any o f the T hl regulators studied; IL-12, IL-18, IL-23 or IL-27.

Figure 5.4
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Figure 5.5
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5.3.4 Relationship between the proximal and distal cytokines on day 7

Similar to our findings on day 1, lL-10 and lL-4 mRNA levels were unrelated 

on day 7 o f ICU stay nor was there any relationship between IFNy mRNA levels and 

the levels o f lL-12, IL-18, IL-23 or IL-27 mRNA on day 7.

However, there was a significant correlation between IL-23 mRNA levels and 

TN Fa mRNA levels (p< 0.0001, figure 5.6).

No relationship was detected between TNFa and IL-12, IL-18 or IL-27.

Figure 5.6
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5.3.5 Change in mRNA levels over time

The ICU patients with RNA analysis available at both time points were 

assessed for a change in mRNA levels over time. In these patients there was no 

significant change in IL-18 or IL-27 mRNA levels over the seven days o f critical 

illness, whereas IL-12, IL-4 and IL-23 mRNA levels increased (table 5.1).

Table 5.1: Changes in Cytokine mRNA levels over 7 days in ICU 
patients.

Cytokine N Day 7 minus day 1 mRNA levels p value

IL-12 39 0.35 (-0.03 to 0.77) 0.001

IL-4 29 0.56(0.2 to 1.07) 0.001

IL-23 38 0.38 (-0.04 to 0.79) 0.003

IL-18 39 0.15 (-0.43 to 0.43) Ns

IL-27 34 -0.27 (-0.62 to 0.14) Ns

Results are expressed as differences in log mRNA copy numbers per lO’ P actin 
mRNA copies when day 7 values are subtracted from day 1 values.
All values are expressed as median difference with interquartile range. Analysis is by 
Wilcoxon rank sign test.
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5.3.6 Relationship to mortality

Seventeen o f the 62 ICU patients (27%) died during the course o f their ICU 

stay. On the first day o f critical illness, from the 52 patients with mRNA available for 

analysis, 13 died prior to ICU discharge. There was a non-significant trend towards 

greater IL-23 mRNA levels (p = 0.07) and lesser IL-27 mRNA levels (p = 0.08) in 

survivors when compared with non-survivors. Higher IL-27:IL-23 ratios on day 1 of 

ICU (p= 0.03) were associated with an increased mortality (table 5.2, figure 5.7).

Eight o f the 49 ICU patients, who had blood samples analysed for mRNA 

levels on the seventh day o f critical illness, died prior to ICU discharge. These 8 non

survivors had lower IL-23 mRNA levels (p = 0.03) and increased IL-27TL-23 ratios 

(p = 0.02) when compared to survivors (table 5.2, figure 5.7).
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Figure 5.7
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Table 5.2: Cytokine mRNA levels and outcome in the ICU group

Survivors Non-survivors P value

N 45 (73%) 17(27%)

IL-12day 1 2282 (9 1 7 -4 0 9 0 ) 1890 (9 9 3 -3 2 3 4 ) ns

IL -12day7 4672 (2 6 1 9 -6 8 8 6 ) 2 4 2 0 (1 5 8 8 -6 3 3 8 ) ns

IL-4 day 1 11 ( 9 -  112) 5 (3 -  46) ns

IL-4 day 7 78 (31 -2 9 2 ) 1 7 9 (1 0 -9 5 5 ) ns

IL-23 day 1 5286 (1851 -  13179) 2121 (13 0 5 -5 5 2 7 ) 0.07

IL-23 day 7 10191 (4 7 8 2 -2 4 2 6 1 ) 5272 (9 9 5 -9 1 1 4 ) 0.03

IL-27 day 1 536 (241 - 9 7 2 ) 708 (4 2 8 -2 8 8 9 ) 0.08

IL-27 day 7 289 ( 1 0 7 -5 4 2 ) 200 (1 4 4 -  1086) ns

IL-18 day 1 10257 (6 4 5 9 -  18550) 7758 (5 3 4 6 -  14775) ns

IL-18 day 7 11996 (6 8 1 6 -2 0 7 4 0 ) 12866(8729-16724) ns

IL-27.IL-23 day 1 0.1 (0 .0 2 -0 .4 ) 0.35 (0 .1 5 -2 .0 2 ) 0.03

IL27:IL-23 day 7 0.03 (0.01 -0 .0 6 ) 0.19(0.03 -0 .6 6 ) 0.02

Results are expressed as mRNA copy numbers per 10 million (3 actin mRNA copies. 
All values are median and inter quartile range, ns, non significant.
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5.4 Discussion

The previous chapter presents data suggesting that both the occurrence of, and 

the outcome following severe sepsis, may be linked to an imbalance in cytokine 

production in response to infection, with a dominant pro-inflammatory Thl profile 

providing the optimal defence against infection. Consequently, o f particular 

importance to the host’s response to an invading pathogen is the induction o f different 

elements o f the CD4^ T helper cell population. This distal cytokine response to 

infection that we have just described is regulated primarily by the induced CD4*  ̂ T 

cell population, which in turn is determined primarily by the antagonistic interaction 

of the cytokines IL-12 and IL-4. These cytokines induce naive CD4' T cells to 

differentiate phenotypically into Thl or Th2 cells respectively (Swain et al., 1990; Wu 

et al., 1993) and were initially characterised as the dominant cytokines influencing 

naive T cell differentiation. The selective differentiation o f precursor CD4* T cells 

into effector Thl and Th2 cells is established during the initial priming o f these cells 

and whilst influenced by a number o f extracellular factors, such as antigen load, mode 

of antigen presentation and the ligation o f select co-stimulatory molecules, the most 

effective polarising factor is the cytokine milieu present during the Th cell 

differentiation process (Szabo et al., 2003).

We observed that the ICU group had a greater IL-12: IL-4 ratio than the 

bacteraemic group. This response appears appropriate and the net effect should have 

polarised CD4^ T lymphocyte differentiation into a Thl response, characterised by 

greater IFNy production. However, IFNy mRNA levels in patients with severe sepsis 

were lower than in control and bacteraemic patients. This data is clearly discordant 

given the role o f IL-12 in stimulating IFNy expression, and suggests that within the 

pathway o f CD4* T cell differentiation, the molecular basis o f the aberrant CD4  Th
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cell polarisation observed in patients with severe sepsis is disconnected from the 

antagonistic interaction o f  IL-12 and IL-4.

The direct relationship observed between the Th2 polarising cytokine IL-4 and 

the Thl cytokines IL-12 and IL-23 is interesting. This may reflect the activation o f 

counter-regulatory mechanisms involving inflammatory and anti-inflammatory 

pathways in an attempt to limit any potentially pathogenic inflammation. There is 

evidence that many stimuli that increase pro-inflammatory mediators, particularly by 

activating NFkB also induce anti-inflammatory cytokines (Moore et al., 2001). 

However, this response was not observed in the effector cytokines in our ICU cohort. 

Additionally, this response is not observed later in the course o f the disease and may 

possibly represent a feature o f disease progression.

IL-12 is o f particular interest in the elaboration o f a cytokine mediated 

inflammatory response to sepsis, as this cytokine regulates production o f IFNy by 

cells o f both the innate and adaptive immune systems (Boehm et al., 1997). 

Furthermore, IL-12 gene deletion experiments indicate that IL-12 has an important 

role in the clearance o f pathogenic bacteria (Cooper et al., 2002).

Interestingly, IL-12 mRNA levels alone were not strongly related to the 

occurrence o f severe sepsis, and not related to outcome in these ICU patients. This is 

surprising when one considers the importance o f IL-12 in T cell differentiation. IL-12 

is secreted predominantly by antigen presenting cells and acts on naive CD4^ cells, 

via the transcription factor STAT 4, to promote differentiation into a T h l, IFNy 

producing, cell-type (Murphy et al., 2000). In animal models this effect is quite 

marked, with STAT 4 knockout mice displaying a deficit in bacterial clearance, which 

is partially reversed by exogenous IFNy (Deng et al., 2004). Curiously, the impaired 

immune response observed in this STAT 4 knockout model appears to be qualitative
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rather than quantitative, as the mice can mount an adequate leukocyte response to 

infection, but with inadequate bacterial clearance.

Furthermore, IL-12 therapy increases survival in animal models o f sepsis (Ono 

et al., 2001; Pammit et al., 2004). A similar phenomenon has been observed in 

humans with sepsis, where lesser production o f IL-12, specifically in response to 

endotoxin, is predictive o f death from severe sepsis after major surgery (Weighardt et 

al., 2002). However, the lack o f variability in IL-12 levels between groups observed 

in this study suggests that, within the cytokine cascade, the basis for an inadequate 

Thl response lies somewhere between IL-12 and IFNy.

IL-12 is a heterodimeric protein composed o f two subunits, p40 and p35, 

encoded by unrelated genes (Gately et al., 1998). Neither subunit has biological 

activity alone, although a p40 homodimer may act as an IL-12 antagonist (Gately et 

al., 1998). Furthermore, IL-12 production by monocytes results in a 500-fold excess 

o f p40 relative to the active heterodimer (D'Andrea et al., 1992). Approximately 20- 

40% o f the p40 in the serum o f normal and endotoxin-treated mice is in the form o f 

the homodimer (Heinzel et al., 1997). In addition, the p40 subunit may lack sensitivity 

as it forms a common component o f other heterodimeric cytokines such as IL-23 

(Vanden Eijnden et al., 2005). As a consequence o f this we chose to measure the p35 

subunit as an index o f the IL -12 heterodimer activity.

Similarly, the exaggerated Th2 response, in terms o f IL-10 production, 

observed in the ICU cohort was not associated with increased production o f its’ 

primary regulator, IL-4. This is again surprising given the central role played by IL-4 

in the differentiation o f a naive CD4* precursor cell into a mature Th2 IL-10 

producer. It is plausible, however that this Th2 response was driven by other factors, 

functioning independently o f IL-4 production.
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Therefore, although we have demonstrated that both the mild and severe 

responses to infection can be predicted by the induced Th cell population, these 

responses appear independent o f the main putative regulators o f Thl/Th2 

development, namely IL-4 and IL-12.

Whereas IL-4 remains the pre-eminent cytokine for inducing Th2 

differentiation, it appears that the critical importance o f the Thl immune response has 

led to the evolution o f multiple mechanisms for the induction and regulation o f Thl 

cells involving a plethora o f more recently discovered cytokines. These include IL-18, 

originally termed IFNy inducing factor, and two cytokines sharing subunits with IL- 

12; IL-23 and IL-27. In addition, IL-23 and IL-27 are pleotropic and are also involved 

in the regulation o f another effector population o f CD4' T cells; the IL-17 producing 

T h l7 lineage o f T cells, purported to be o f critical importance in driving an 

autoimmune inflammatory response and also in host protection against bacterial 

infection (Hunter, 2005; Ye et al., 2001).

We have found that the occurrence o f severe sepsis and the mortality 

associated with the septic insult was linked to a distinct pattern o f regulatory cytokine 

gene expression, specifically excess IL-27 and lesser IL-23 mRNA levels. We failed 

to demonstrate a relationship between IL-18 mRNA and outcome or severity o f 

illness.

Early work suggested that IL-23, which is produced by a wide range o f cells, 

including dendritic cells, macrophages and mature T cells, exclusively acted with IL- 

12 to enhance IFNy production (Szabo et al., 2003). More recently, it is accepted that 

IL-23 plays an important role in promoting inflammation through production o f the 

IL-17 family o f cytokines from a novel subset o f CD4^ T cells, termed T h l7 cells 

(Hunter, 2005). The T h l7 lineage o f T cells have been purported to be o f  critical
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importance both in driving a variety o f autoimmune inflammatory responses, 

including inflammatory bowel disease and animal models o f collagen induced arthritis 

and experimental autoimmune encephalitis, and also in host protection against 

bacterial infection (Chen et al., 2006; Colgan and Rothman, 2006; Hunter, 2005; Ye 

et al., 2001; Yen et al., 2006). Furthermore, while the interaction between the T cell 

subsets is complex, gene deletion studies indicate that IL-12 preferentially induces 

IFNy production whilst IL-23 preferentially induces IL-17 production (Happel et al., 

2005).

Interestingly, the IL-23 receptor is not present on naive T cells but is 

detectable on memory CD4^ T cells which suggests that IL-23 may be preferentially 

involved in sustaining inflammation in the later stages of a response rather than 

initiating a pro inflammatory response from naive CD4* T cells (Parham et al., 2002). 

It appears that IL-23 is necessary for the permanent differentiation o f the T h l7  

lineage thus promoting sustained IL-17 production with potentially profound effects 

on inflammation and immune function (Veldhoen et al., 2006). Additionally, by 

acting directly on macrophages to increase their production o f TNFa, IL-23 has a role 

as an effector cytokine in innate immunity and, in a similar fashion to 1L-I2, provides 

an important link between innate and adaptive immunity (Uhlig et al., 2006).

IL-27 is a cytokine, structurally related to IL-12, whose definitive function has 

proved more elusive. Originally reported to promote the differentiation o f ThI cells 

from naive human CD4^ T cells by acting synergistically with IL-12 (Pflanz et al., 

2002), subsequent data indicated a role in suppression o f T cell responses (Hunter,

2005). Recently, it has been demonstrated that lL-27 can repress the pro- 

inflammatory CD4^ T h l7  response in vivo (Batten et al., 2006; Stumhofer et al.,

2006), thereby acting in an antagonistic fashion to IL-23. Additionally, using a murine
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gene knockout model, investigators have demonstrated that deficient IL-27 was 

associated with resistance to CLP-induced septic peritonitis (Wirtz et al., 2006). Data 

are presented suggesting a direct link between IL-27 and suppression o f endotoxin- 

induced production o f bactericidal products by macrophages whilst IL-27 blocking 

protein improved survival after CPL. Therefore, IL-27 may be a critical negative 

regulator o f the immune response in sepsis.

Our data also supports opposing actions for IL-23 and IL-27. It is plausible 

that an imbalance between IL-23 and IL-27 gene expression in patients with infection 

contributes to an excess mortality by repressing protective inflammatory bactericidal 

responses dependant on either a CD4^ Thl or a T h l7  cell response pattern. There are 

no prior studies o f mRNA levels for these cytokines in humans with sepsis, so 

although we have demonstrated an association between reduced IL-23 mRNA and 

adverse outcome with infection, it is not possible to determine directly from our data 

whether this link is reactive or causal. However in animal models o f  sepsis, gene 

deletion studies indicate that the IL-23 / IL-17 pathway is protective (Happel et al., 

2005; Happel et al., 2003), and it is plausible that the pathophysiology is similar in 

humans.

We observed that the effects o f IL-23 and IL-27 were present both at the onset 

o f sepsis and also in late sepsis, where a strong association between IL-23 and TN Fa 

mRNA levels was apparent. We have previously demonstrated, in chapter 4, a linkage 

between deficient TN Fa mRNA production in late sepsis and adverse outcome in this 

study population. Taken together, these data suggest a deficient protective immune 

response in late sepsis. Interestingly, as TN Fa production may be regulated by IL-17 

(Hunter, 2005; Lubberts et al., 2005), and IL-23 is a positive regulator of the CD4^ 

T h l7 phenotype, the linkage observed between IL-23 and TNFa in late sepsis.
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suggests that a component o f this immune deficiency may encompass the CD4^ T hl7  

response.

Although the individual components o f the innate and adaptive immune 

response to infection are well characterised, along with extensive study o f the 

interaction o f cellular and humoral components o f the immune response, a clear 

understanding o f the pathophysiology o f severe sepsis and septic shock has to date 

proved elusive (Cohen, 2002). As IL-23 and IL-27 regulate cytokine production by 

differentiated CD4^ cells the data presented in this study illustrates the importance of 

adaptive immunity in both the onset and resolution of severe sepsis in immune 

competent adults. This evidence adds to the current available data supporting a 

vigorous pro-inflammatory response as being o f paramount importance in containing 

an infectious insult (Docke et al., 1997; Nakos et al., 2002; O'Dwyer M et al., 2006; 

Pachot et al., 2005a). As such, any benefit observed through antagonism o f its effects 

in animal models is unlikely to translate to an improved outcome in a clinical 

scenario.

Genetic studies have also highlighted the potential importance o f these genes 

in the human response to infection (Filipe-Santos et al., 2006). Disease causing 

mutations in p40 and in the shared receptor subunit o f IL-12 and IL-23, IL-12Rpi, 

were originally attributed to resultant alterations in the IL-12 / IFNy response to 

infection (Altare et al., 1998a; Altare et al., 1998b; de Jong et al., 1998). Whilst it is 

currently appreciated that these mutations must also affect IL-23 dependant pathways 

(Fieschi et al., 2004; Filipe-Santos et al., 2006) the relative contributions o f IL-12 and 

IL-23 has not been defined. It is interesting that, to date, no p35 or IL-12RP2 deficient 

patients have been identified. This may reflect the need for both the IL-12 and IL-23 

genes to fiinction in unison to mediate a competent immune system. The data we
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present represent the first report confirming the potential importance o f IL-23 gene 

expression in human sepsis in vivo.

Although the importance o f lL-23 as a mediator o f pathogenic inflammation in 

inflammatory bowel disease (IBD) is now appreciated it has been suggested that IL- 

23 mediates only the local inflammatory processes whereas IL-12 is o f paramount 

importance to the systemic inflammatory response (Hue et al., 2006; Uhlig et al., 

2006). These investigators propose that IL-23, acting via IL-17, promotes stromal, 

epithelial and endothelial cells and a subset o f  monocytes to produce a combination o f 

cytokines which in turn lead to the recruitment o f neutrophils to the site o f infection 

or injury. In mice, colitis was completely dependant on IL-23, but not IL-12, whereas 

a p i 9 antibody completely inhibited the mucosal immunopathlogy but not the 

systemic immune pathology (Uhlig et al., 2006). However, we have demonstrated that 

systemic IL-23 mRNA levels accurately differentiates between groups based on the 

severity o f response to a septic insult. IL-12, when measured similarly, did not 

differentiate between these groups.

Previously, IL-18 has been implicated as being causative in propagating sepsis 

induced organ failure by virtue o f propagating an excessively vigorous pro- 

inflammatory response (Tschoeke et al., 2006). In contrast to this, we have previously 

described the benefits o f a pro-inflammatory response in patients with sepsis 

(O 'Dwyer M et al., 2006). Additionally, the current study demonstrates that IL-18 

mRNA levels do not differentiate between critically ill infected patients and patients 

that tolerate infection with relative impunity and levels do not relate to severity o f 

illness in the ICU population. Recent evidence from animal models supports this view 

(Moreno et al., 2006). As such, the role o f IL-18 in human sepsis remains unclear.
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5.5 Conclusion

This data adds substantially to the evidence in the previous chapter supporting 

the concept that a vigorous pro-inflammatory response is o f paramount importance in 

containing an infectious insult (O'Dwyer M et al., 2006). As such, any benefit 

observed through antagonism o f its effects in animal models is unlikely to translate to 

an improved outcome in a clinical scenario. Contrary to evidence from in vitro data 

(Hsieh et al., 1993) our data shows no strong evidence that lL-12 plays a dominant 

role in the development o f a Thl inflammatory response in vivo. Other cytokines are 

likely to play a central role with IL-23 and IL-27 likely to be critical importance. 

From these data IL-23 appears to be involved in the propagation o f the immune 

response whilst IL-27 is likely to act as a suppressor o f inflammation. The relative 

importance o f the Thl and Thl 7 pathways remains to be fully elucidated.

We suggest that, based on these data, IL-18 antagonists are unlikely to prove 

of benefit in a clinical scenario. However, up regulation o f the Thl or T h l7 immune 

response with IL-23 or with IL-27 antagonists in a timely and targeted fashion 

warrants further research.
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Chapter 6 - Results (4): Analysis of IkBL mRNA 

levels in response to an infectious insult
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6.1 Introduction

IkBL  is located telom eric o f  the TNF cluster in the central M HC on 

chrom osom e 6 (A lbertella and Cam pbell, 1994). The deduced am ino acid sequence o f 

the IkBL gene shows that it com prises sequences that are know n to be involved in 

protein-protein interactions and are also found in the IkB fam ily o f  proteins allowing 

them  to bind and thus regulate the N FkB/RcI fam ily o f  transcription factors (Price et 

al., 2003). These and other observations suggest that IkBL m ay be an atypical 

m em ber o f  this fam ily and, although speculative, it is proposed that IKBL may 

function in a sim ilar fashion as the IkB family.
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6.2 Three group comparison for IkBL mRNA levels

IkBL mRNA levels distinguished between the ICU group on day 1, the 

bacteraemic group and the control group (p<0.0001) with IkBL mRNA most 

abundant in the sepsis group, intermediate in the bacteraemia group and lowest in the 

control group (figure 6.1).

Figure 6.1
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p values are for comparison with the ICU group. The p value at the top o f the figure 
represents a 3-group comparison.
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6.3 ICU group

6.3.1 Description of IkBL levels in the ICU group

On day 1 in the ICU group IkBL m RN A  was available for analysis in 52 

patients. M edian IkBL m R N A  levels w ere 6670 (IQR 3226 -  8944). On day 7 IkBL  

m RN A  was available for analysis in 49 ICU patients. M edian IkBL m RN A  levels 

w ere 5603 (IQ R 2799 -  8105). IkBL data w ere available for 39 ICU patients at both 

tim e points. The difference betw een detectable levels on day 1 and day 7 was non 

significant (p=0.7). O n both day 1 and on day 7 IkBL m RN A  levels were unrelated to 

the requirem ent for inotropes, severity o f  organ failure, degree o f  acidosis or the type 

o f  infecting organism .

There was no relationship detected betw een IkBL m RN A  levels and outcom e 

in the ICU group at either tim e point. Sim ilarly, there was no relationship betw een the 

extrem es o f  IkBL (highest and lowest quartile) and outcom e at either tim e point.

6.3.2 Relationship between IkBL mRNA and IL-10 mRNA levels

There was no association betw een IkBL  m RN A  levels and any o f  the 

previously characterised cytokines on day 1 in the ICU group. How ever, on day 7, in 

the ICU group, there w as a direct correlation betw een IkBL  m RN A  and IL-10 m RNA 

(p=0.006, figure 6.2A). IkBL  and IL-10 levels were also directly correlated in the 

bacteraem ia group (p=0.003, figure 6.2B). In the control group there was a non

significant trend for increasing IkBL  levels to be associated w ith increasing IL-10 

levels (p=0.08, figure 6.2C).
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Figure 6.2
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6.3.3 Influence of the -6 2  IkBL polymorphism on gene expression

The distribution o f IkBL -6 2  (A/T) alleles conformed to a Hardy-Weinberg 

equilibrium. At position -6 2  in the IkB L promoter 25 patients (41% ) were A 

homozygotes, 10 patients (17% ) were T homozygotes and 25 patients (42% ) were 

heterozygotes. No association was detected between IkBL genotype and IkBL mRNA 

levels on either day 1 or day 7. Similarly, the extremes o f production (highest and 

lowest quartiles) were not associated with any o f the IkBL genotypes assessed.
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6.4 Discussion

W e have dem onstrated that IkBL m RN A  levels rise in response to an 

infectious insult and that the extent o f  that increase is related to the severity o f  the 

infectious insult. This is reflected in the excess o f  detectable IkBL m RN A  in the ICU 

group in com parison to the bacteraem ic group. A dditionally, we have shown that 

IkBL and IL-10 m RN A  levels rise in tandem  in patients w ith infection raising the 

possibility o f  coordinated regulation or even a fianctional interaction betw een IL-10 

and IkBL in vivo.

N F kB is a nuclear factor that stim ulates the transcription o f  m any pro- 

inflam m atory cytokines by binding to specific sites in the prom oter regions o f  these 

genes. N F kB is regulated by a num ber o f  proteins seem ingly specialized in this task: 

the IkB protein fam ily. IkB o is the archetypal m em ber o f  this fam ily and binds to 

N kFB, thereby m asking the N F kB nuclear localization signal, preventing its ’ 

translocation to the nucleus and subsequent enhancem ent o f  gene expression. 

Phosphorylation o f  IkB proteins by the enzym e IkK allows the IkB proteins to be 

ubiquitinated and degraded, thus releasing N F kB (W ilson et al., 2005). O ther 

m em bers o f  the fam ily have different m odes o f  regulation; for exam ple IkBz regulates 

NFkB even though it is thought to be located exclusively in the nucleus (Y am azaki et 

a l.,2001).

The IkBL  gene encodes for a 381 am ino acid protein and contains ankyrin 

m otifs sim ilar to those o f  the IkB fam ily o f  proteins. As IkBL  shares hom ology with 

other m em bers o f  the IkB fam ily, it has been suggested that IkBL  m ay interact with 

N FkB, in a sim ilar fashion to IkB o, and thus m ay regulate cytokine production (Lin et 

al., 2006). Evidence from  this laboratory shows that IkBL  inhibits N F kB activity 

(M ankan et al, unpublished). Therefore, given this potential role, IkBL  is a candidate
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gene in the susceptibihty to, and outcome from, sepsis. Furthermore, the genomic 

location o f IkBL, at the telomeric end o f the MHC on chromosome 6p21.3, 

surrounded by genes involved in inflammation such as TNFa, LTA, LTB and B A Tl, 

further point to a potential role for IkBL in the regulation o f inflammation.

If IkBL does indeed inhibit proinflammatory transcription factors such as 

NFkB, then a rise in levels following an infectious insult is likely to be a counter

productive host response, as increased IkBL levels would in this scenario limit 

defense mechanisms against infection. The distinct differences observed between 

groups in IkBL mRNA at the onset o f the infectious insult mirror the pattern observed 

at the level o f the distal effector cytokines. These data suggest that a suboptimal 

inflammatory response leads to an increase in the severity o f illness in response to 

infection. Increased IkBL levels may be characteristic o f this suboptimal 

inflammatory phenotype. Given the findings reported in the literature, and 

unpublished results from this laboratory, it is plausible that increased levels o f IkBL 

in the ICU group in comparison to the bacteraemic and control groups may impair 

NFkB ’s ability to activate proinflammatory genes. The lesser amounts o f IkBL 

observed in the bacteraemic group may contribute to a more effective immune 

response to infection, and thus allow these patients to tolerate infection with relative 

impunity by preserving, to a relatively greater extent, host bactericidal functions.

IL-10, a potent anti inflammatory cytokine, exerts it’s anti inflammatory 

properties in a variety o f ways, including activation o f the genes SOCS-I and SOCS- 

3, which inhibit pro-inflammatory cytokine signaling pathways, and also through 

stabilisation o f the NFkB-IkB complex (Pestka et al., 2004). IL-IO inhibits the 

phosphorylation o f IkK which is necessary for its activation, thereby inhibiting the 

proteolysis of IkBo and the release ofNFKB (Schottelius et al., 1999). Therefore, an
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important facet o f IL-lO’s anti-inflammatory activities o f IL-10 is to negatively 

regulate NFkB, thereby preventing its activation in response to infection or other 

stimuli.

There are scant data on the mode o f  action o f IkBL in sepsis at present. We 

have described an association between IkBL and IL-10 mRNA in late sepsis which 

may be considered unsurprising viewed in the light o f current data on the interactions 

between IkBu (and by extention, NFkB) and IL-10. Many studies have demonstrated 

that IL-10 inhibits the activity o f NFkB in macrophages and T cells in vitro (Sica et 

al., 2000; Wang et al., 1995), whilst deficiencies in IL-10 production have been 

implicated in the propagation o f prolonged and excessive inflammatory responses 

mediated via NFkB (Saadane et al., 2005). Interestingly, the proposed inhibition may 

be reciprocal, as a dominant negative IkB, which provides a highly effective 

biological block to NFkB activation and translocation resulted in unrestrained IL-10 

synthesis with little or no synthesis o f pro-inflammatory cytokines following exposure 

to LPS (Wilson et a l ,  2005).

We may speculate, therefore, that the increased levels of IL-10 observed in the 

ICU patients, in contrast to the bacteraemic group, may specifically interfere with any 

potential NFkB-IkBL interaction leading to reduced NFkB induced transcription o f 

genes central to the hosts bactericidal activity. Alternatively, the raised IkBL levels 

observed may be a primary phenomenon leading in turn to enhanced IL-10 production 

thus inducing an anti-inflammatory phenotype in a patients with an active infection. 

Either o f these scenarios may lead to the host possessing less than adequate 

bactericidal properties with a subsequent detrimental outcome. It may be useful in 

future studies to quantify NFkB activity along with a measurement of IkBL gene 

expression in order to confirm the mechanism o f action.
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A T/A polymorphism exists in the promoter region o f IkBL at position -62. 

Polymorphisms at this site have been shown to disrupt the binding m otif for the 

transcriptional factors 5EF1, USFl and E47 (Lin et al., 2006). We failed to show an 

association between the -62  SNP and IkBL mRNA levels or any clinical correlates. 

Previously, transfection experiments with luciferase reporter constructs carrying 

reporter alleles o f IkBL showed an effect o f IkBL -6 2  alleles on expression (Boodhoo 

et al., 2004) which have been confirmed in this laboratory (Caraher et al, 

unpublished). Additionally, the -62  SNP has been associated with susceptibility to 

numerous inflammatory disorders such as rheumatoid arthritis, ulcerative colitis and 

diabetes (de la Concha et al., 2000; Lin et al., 2006; Yamashita et al., 2004). 

Unfortunately, we do not have large enough groups to assess the influence o f the -62  

SNP on the susceptibility to sepsis. Genotype frequencies in control groups differ 

between populations with the frequencies o f A homozygotes ranging from 33% to 

10% in Asian control populations (Lin et al., 2006; Yamashita et al., 2004). There are 

no prior data on this SNP in a human septic setting. As the ICU cohort is relatively 

small the effect o f different alleles on IkBL levels in sepsis would have to be very 

strong in order to be detected. Therefore, to definitively assess the association o f this 

allele with outcome from sepsis, severity o f disease, or its functionality in vivo, it will 

likely be necessary to study a much larger and thus statistically more powerful, cohort 

o f patients.
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6.5 Conclusion

We have described how IkBL mRNA levels may be used to discriminate 

between differing responses to a septic insult. Current evidence points to an 

interaction with NFkB, with increased levels o f IkBL ultimately leading to a 

dampened bactericidal response. Whether this is a primary phenomenon or reactive to 

increased IL-10 levels remains unclear from the data presented here. However, the 

data presented is o f importance as it provides a plausible mechanistic link between 

alterations in cytokine gene expression, subsequent alterations in extracellular 

cytokine levels and their intracellular effects. It is these intracellular effects that may 

determine how a host responds to an infectious insult. Further research may lead to 

greater understanding as to mechanism o f action o f increased IkBL levels and the 

position o f IL-10 in the cascade. This is o f obvious importance as immunomodulation 

therapy involving IL-10 may ultimately affect NFkB activity via a mechanism 

involving IkBL, thereby potentially affecting bactericidal properties in an infected 

host.
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Chapter 7 - Results (5): Analysis of protein levels in 

the ICU and control groups
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7.1 Introduction

Asymmetrical dimethyl arginine (ADMA) is a naturally occurring non- 

selective inhibitor o f NOS, derived from protein catabolism, and is metabolised to 

citrulline by dimethylarginine dimethylaminohydrolase (DDAH) (Tran et a l ,  2003).

7.2 ADM A levels

7.2.1 Description of ADM A levels in the ICU and control groups

In total 47 ICU patients and 10 healthy controls had serum analysed for the 

presence o f protein product. Samples were available for analysis from 40 ICU patients 

on day 1 and from 35 ICU patients on day 7. Twenty-eight patients had blood samples 

available for analysis at both time points. Fourteen (30%) patients died prior to ICU 

discharge. Demographic data, clinical details, and pertinent laboratory results for 

patients are detailed in Table 7.1.

On day one, 31 o f the sampled ICU patients (66%) required an infusion of 

inotropes to maintain adequate arterial blood pressure. ADM A levels (p = 0.001, 

figure 7.1), lactate levels (p=0.018) and organ failure scores (p=0.003) were higher in 

the group requiring inotropes (table 7.2). Patients in this group on day 1 were also 

more likely to be non-survivors (p=0.01, table 7.2).

Plasma lactate levels directly correlated with ADM A levels on day 1 

(spearm an’s rho = 0.53, n = 40, p=0.0003). Also, SOFA score and ADMA levels 

directly correlated on day 1 (p<0.0001, figure 7.2A).

In order to elucidate whether the relationship between ADMA levels and 

SOFA score was entirely attributable to cardiovascular failure a non-cardiac organ 

failure score was obtained by excluding the cardiovascular component from the total

162



SOFA score. There was a positive correlation between this score and ADMA levels 

on day 1 (Spearman’s Rho =0.48, n=40, p =0.002).

ADMA levels on day 1 were not related to survival. In order to assess whether 

the highest producers o f ADMA had a worse outcome, ADMA levels were divided 

into quartiles and patients in the highest quartile were compared to the remaining 

patients. These high producers o f ADMA (highest quartile) were not more likely to 

have a higher mortality. However, SOFA scores on day 1 did distinguish between 

survivors and non-survivors on day 1 (p=0.02) (table 7.1).

Figure 7.1
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Table 7.1: Demographics and ADMA levels by group

Survivors Non-survivors p value

N 33 (70) 14(30)

Male sex 17(52) 9(64) ns

SOFA score day 1 7(4-10) 9 (8 .7 5 -1 2 .5 ) 0.02

SOFA score day 7 4 (2 .7 5 -7 .2 5 ) 10.5 (8 .5 -1 1 .7 5 ) 0.006

SAPS2 score 39 (3 0 .5 -5 1 .5 ) 47.5 (3 9 .5 -6 0 .7 5 ) ns

Lactate day 1 2.1 ( 1 .5 - 5 ) 3.6 (2 .2 5 -5 .7 5 ) ns

Lactate day 7 1.5 (1- 1.9) 0 (1 .1 - 4 ) ns

Inotropes day 1 18 (55) 13 (93) 0.01

Inotropes day 7 5(15) 5 (63) 0.005

ADMA day 1 0.88 (0 .5 2 -1 .0 9 ) 0.91 (0 .6 4 -  1.23) ns

ADMA day 7 1.05 (0 .6 6 -1 .2 1 ) 1.24 (0 .7 7 -  1.53) ns

pH day 1 7.31 (7.26-7.38) 7.33 (7.27-7.37) ns

pH day 7 7.44 (7.40-7.45) 7.32 (7.24-7.40) 0.002

WCC day 1 18 (10.7-23) 9.1 (2.3-17.8) ns

WCC day 7 11.6(8.6-17.4) 13.9(8.5-19.3) ns

Base excess day 1 -2.9 (-6.45-1.75) -4.1 (-9.3-1.75) ns

Base excess day 7 2.9(1.1-5.6) 0.1 (-3-1.33) 0.009

All values either as an absolute count with percentage in parenthesis or as median 
with interquartile range in parenthesis. ADMA measured in (j.mol/L. Lactate 
measured in mg/dL. SOFA, sequential organ failure assessment score; SAPS, 
simplified acute physiology score; ADMA, asymmetrical dimethyl arginine; WCC, 
white cell count; ns, non-significant.
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Table 7.2: Requirement for inotropes on day 1

Inotropes No inotropes p value

N 31 (66) 16(34)

Death 13 (42) 12(6) 0.01

pH 7.31 (7 .2 6 -7 .3 5 ) 7.32 (7 .2 9 -7 .4 0 ) ns

Lactate 3.5 (1 .9 -6 .0 2 ) 1.8 (1.05 -3 .7 5 ) 0.02

Base excess -3.5 (-9-3.4) -2 (-4.95-0.55) ns

SOFA 9(8-12) 4(3.25-4.75) <0.0001

SAPS2 47 (38-63) 33.5 (21-41.75) 0.003

ADMA 0.96(0.82-1.29) 0.54(0.48-0.78) 0.001

WCC 14(8-22) 17 (8-24) ns

All values either as an absolute count with percentage in parenthesis or as median 
with interquartile range in parenthesis. ADMA measured in |j.mol/L. Lactate measured 
in mg/dL. SOFA, sequential organ failure assessment score; SAPS, simplified acute 
physiology score; ADMA, asymmetrical dimethyl arginine; WCC, white cell count; 
ns, non-significant.

On day seven 10 patients (24%) required an inotrope to maintain a normal 

blood pressure. Whilst there was a trend towards increasing ADMA levels in those 

patients requiring inotropes to maintain blood pressure this did not reach significance 

(p = 0.07, figure 7.1 and table 7.3).

Plasma lactate levels directly correlated with ADMA levels on day 7 

(spearm an’s rho = 0.42, n = 31, p=0.01). Also, SOFA score and ADMA levels 

directly correlated on day 7 (p=0.002, figure 7.2B). The non-cardiac organ failure
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score was calculated as above from the day 7 SOFA score. This score positively 

correlated with day 7 ADMA levels (spearmans rho =0.47, n=35, p=0.005).

ADMA levels on day 7 were not related to survival, nor were the highest 

producers o f ADMA (highest quartile) more likely to have a higher mortality. 

However, increased SOFA scores, acidosis and requirement for inotropes on day 7 

were associated with increased risk o f death (table 7.1).

On the first day o f critical illness the ICU group had greater ADMA levels 

than did the control group (p=0.005). ADMA levels subsequently rose over the first 

week in the ICU group (p=0.001, figure 7.3).

Table 7.3: Requirement for inotropes on day 7

Inotropes No inotropes p value

N 10 (24) 31(76)

Death 5 (50) 3(10) 0.005

PH 7.36(7.23-7.41) 7.44 (7.40-7.45) 0.0006

Lactate 2.35 (1.48-3.73) 1.2 (1-1.8) 0.006

Base excess 0.05 (4.7-3.8) 2.9 (1.1-4.8) 0.04

SOFA 11 (10-15) 4 (2.3-5.8) <0.0001

ADMA 1.21 (0.88-1.57) 1 (0.66-1.18) ns

WCC 18.2(13.3-22.2) 10(8.2-13.8) 0.01

All values either as an absolute count with percentage in parenthesis or as median 
with interquartile range in parenthesis. ADMA measured in |amol/L. Lactate measured 
in mg/dL. SOFA, sequential organ failure assessment score; ADMA, asymmetrical 
dimethyl arginine; WCC, white cell count; ns, non-significant.
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Figure 7.2
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Figure 7.3
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Various inflammatory markers correlated with ADMA levels on univariate 

analysis on both day 1 and day 7 (table 7.4). Whilst pH, base excess and lactate levels 

correlated with ADMA on both day 1 and day 7, the white cell count (WCC) did not 

correlate with ADMA at either time point (table 7.4).

Table 7.4: Correlation matrix of ADMA and inflammatory markers

ADMA day 1 data ADMA day 7 data

pH 0.31 (0.0002) 0.32 (0.001)

Base excess 0.13 (0.02) 0.24 (0.005)

Lactate 0.29 (0.0003) 0.20 (0.01)

WCC ns ns

Values are r ' with p values in parenthesis. WCC, white cell count; ns, non significant. 
Lactate as mg/dL.
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7.2.2 Influence of a polymorphism in D D A H I I  on ADMA levels

DDAH is an enzyme whose primary function is to metabolise ADMA. This 

enzyme exists as two isoforms, with DDAH II found primarily in tissues that express 

eNOS.

The distribution o f DDAH II  ^ 4 9  alleles conformed to a Hardy Weinberg 

equilibrium. We failed to observe any association between clinical outcome measures 

and carriage o f specific D D AH  II  alleles. Twenty-four (45%) patients were GG 

homozygotes, 5 (11%) were CC homozygotes and 19 (43%) were hetereozygotes at 

position -449  m the D DAH  II  promoter. There was a trend towards increasing 

amounts o f ADMA between different DDAH  II  genotypes. ADMA was most 

abundant in the GG homozygotes, least abundant in the CC homozygotes and 

detectable at intermediate levels in the heterozygotes. This trend was present at both 

time points although it failed to reach significance on either day 1 (p = 0.069) or on 

day 7 (p = 0.32) (figure 7.4). However, carriage o f the G allele at position ^ 4 9  was 

associated with increased ADMA production on both day 1 (p = 0.03) and 7 (p = 

0.04) (Figure 7.5).
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Figure 7.4 
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7.3 IL-6 protein levels

7.3.1 Description o f IL-6 protein levels in the ICU and control groups

Serum was available for analysis o f IL-6 by ELISA in 37 patients on day 1 

and in 36 patients on day 7. In 28 patients IL-6 was available for analysis at both time 

points. On day 1 median IL-6 levels were 305 (IQR 131 -  732, all IL-6 measurements 

as pg/ml). On day 1, 4 patients (11%) had undetectable IL-6 protein. Median IL-6 

levels on day 7 were 64 (IQR 4 -  174). On day 7, 7 patients (19%) had undetectable 

IL-6 protein. The difference in IL-6 levels from day 1 to day 7 was non significant 

(p=0.3).

On day 1, IL-6 protein levels did not distinguish between shocked and non

shocked patients (figure 7.6). Whilst, IL-6 levels on day 1 were not directly associated 

with the pH, there was a direct relationship with base excess (n=37, spearman’s rho 

0.52, p=O.OOI) and with lactate levels (n=37, spearman’s rho 0.33, p=0.04). There 

was also a direct relationship between IL-6 levels and the SAPS2 score (n=37, 

spearman’s rho 0.38, p=0.02) and the SOFA score (n=37, spearman’s rho 0.37, 

p=0.03).

On day 7, median IL-6 protein levels were higher in the shocked patients 

compared to the non-shocked patients (p=0.006, figure 7.6). There was no 

relationship detected between IL-6 protein and acidosis, lactate levels or organ failure 

scores on day 7.
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Figure 7.6
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median, quartiles 25% to 75% (box), and centiles 10% to 90% (whiskers). IL-6 
measured as pg/ml.

On day 1 higher IL-6 levels were associated with an increased risk o f 

subsequent death in the ICU (p=0.0007, figure 7.7A). While the trend remained on 

day 7 the result was not statistically significant (p=0.09, figure 7.7B).

On the first day o f critical illness there was a negative correlation between 

IL-6 protein levels and IFNy mRNA levels (Spearman’s Rho = -0.52, p=0.0009). On 

day 7 there was a negative correlation between IL-6 protein levels and TN Fa mRNA 

levels (Spearmans Rho = -0.43, p==0.006). Also, on day 7, IL-6 protein levels were 

greater in ICU patients in the cluster with lesser T N Fa and IFNy mRNA production
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(table 4.4). Patients in cluster 1 had median IL-6 levels o f 10.7 (0-103) whilst in 

cluster 2 median IL-6 levels were 142 (29 -  456) (p=0.007).

Figure 7.7
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higher in patients who subsequently died in the ICU. B There was a non significant 
trend for IL-6 levels measured on day 7 o f ICU stay to be higher in patients who 
subsequently died. Values, represented as box plots, are median, quartiles 25% to 
75% (box), and centiles 10% to 90% (whiskers). IL-6 measured as pg/ml.

From the control group 7 subjects had serum analysed for the presence o f IL- 

6. Only 2 subjects had detectable levels o f IL-6 protein with the average amount being 

I39pg/ml.
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7.3.2 Correlation between IL-6 and ADMA and between severity of organ 

failure and IL-6 and ADM A levels

On a univariate analysis IL-6 and ADMA correlated on day 7 (p=0.006, figure 

7.8) but not on day 1.

Multivariate analysis o f the relationship between the SOFA scores and the 

biologic markers, ADMA and IL-6, revealed that on day 1 both ADMA (p=0.002) 

and IL-6 (p=0.009) were independently related to SOFA scores, while on day 7 only 

ADMA (p=0.002) was independently related to the SOFA score (Table 7.5).

Figure  7.8
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Table 7.5: Multivariate linear regression between SOFA scores and 
ADMA and IL-6

Day 1 F ratio p value

ADMA 11 0.002

IL-6 7.8 0.009

N=36, r  ̂= 0.35

Day 7

ADMA 12.02 0.002

IL-6 0.88 Ns

N = 30, r  ̂= 0.32

SOFA, sequential organ failure assessment score; ADMA, asymmetrical dimethyl 
arginine; IL-6, interleukin 6; ns, non significant

176



7.3.3 Influence of an IL-6 promoter polymorphism on IL-6 levels

The distribution o f IL-6  -174  alleles conformed to Hardy Weinberg 

equilibrium. We failed to observe any association between clinical outcome measures 

and carriage o f specific IL-6  alleles. 10 (15%) patients were CC homozygotes, 16 

(27%) were GG homozygotes and 34 (54%) were heterozygotes at position -174 in 

the IL-6  promoter (table 7.6). IL-6 genotype was not associated with differing 

amounts o f lL-6 protein (table 7.6). Additionally, neither the CC nor GG 

homozygotes were associated with altered IL-6 protein when compared to the other 

genotypes combined.

Table 7.6: IL-6 protein levels Vs IL-6 -174 genotype

CC GC GG P
value

N 10(15) 34 (54) 33 (27)

IL-6
day
1

160(0-
740)

323(217 
- 797)

293(136- 773) ns

IL-6
day
7

456(0-
784)

39 (4 -
124)

79(13 - 157) ns

Values are either absolute counts with percentages in parenthesis or median with 
interquartile range in parenthesis. IL-6 as pg/ml. Groups compared by Kruskal-Wallis 
test.
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7.4 TNFa, IL-10 and IFNy protein levels

On day 1, in the ICU group TN Fa protein was detectable in 14 o f the 35 

patients (40%) that had serum analysed. The median value was 0 and the mean 67 (all 

values in pg/ml). On day 7, TNFa protein was detectable in 9 o f the 33 patients (28%)

analysed. The median value was 0 and the mean 59.

On day 1, IL-10 protein was detectable in 14 o f 36 patients (38%). The median 

was 0 and the mean 63. On day 7,11-10 protein was detectable in 13 out o f 33 patients 

(39%). The median was 0 and the mean 10.

On day 1, IFNy protein was detectable in 19 out o f 36 patients analysed

(53%). The median value was 0.69 and the mean was 4.58. On day 7, IFNy protein 

was detectable in 18 out o f 33 patients (54%). The median value was 0 and the mean 

value was 4.45.

Protein levels were checked for any correlation with the corresponding mRNA 

levels. No correlation was detected. No relationship was detected between TNFa, IL- 

10 or IFNy and any o f the clinical outcome variables.
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7,5 Discussion

As ADMA is a potent NOS inhibitor and given the ubiquitous involvement o f 

NO in vascular regulation and leukocyte function, the consequences o f excess ADMA 

in inflammatory and septic states are likely to be manifold. There are, however, 

limited data on the role o f ADMA and DDAH II in systemic inflammation, with two 

studies o f critically ill patients observing a relationship between the highest producers 

o f ADMA and fatal outcome (Nijveldt et a l ,  2003a; Siroen et al., 2005). We followed 

the method o f analysis used in these studies and divided the ADMA levels into 

quartiles. However, we failed to find an association between the highest producers 

(highest quartile) and outcome as had been previously described (Nijveldt et al., 

2003a). W hilst our study may not have been adequately powered to detect outcome 

variations, we have demonstrated both an increase in ADMA levels in critically ill 

patients in comparison to healthy controls, and described an association between 

increasing ADMA levels, the occurrence o f septic shock and greater severity o f organ 

failure.

Potentially, in inflammatory states, raised ADMA levels may lead to 

pathogenic changes in the micro-vasculature by inhibiting constitutively expressed 

NOS (Nijveldt et al., 2003b). The consequent loss o f basal NO production may lead to 

impaired blood flow with platelet aggregation causing endothelial damage, interstitial 

oedema and resultant organ failure (Vallance, 2001).

However, ADM A mediated iNOS inhibition in septic patients may interfere 

with macrophage bactericidal properties as NO is an essential component in the 

phagocytic response to bacterial infection. IFNy, released in response to an infective 

insult, acts on macrophages to increase expression o f iNOS (Boehm et al., 1997). This 

activates the cells to a heightened microbicidal state, mediated by NO and adducts o f
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the nitrogenous products o f nitric oxide synthases. As a consequence mice with a non

functional iNOS gene are susceptible to infection (Wei et al., 1995). Furthermore, in 

clinical trials o f NOS inhibition in septic patients, although NOS inhibition 

ameliorates pathogenic vasodilation and lessens vasopressor requirement, the overall 

effect is to compromise survival (Lopez et al., 2004). This suggests, in the context of 

severe sepsis, that NO linked immune mechanisms are o f greater importance that NO 

meditated vascular regulation.

We observed that elevated ADMA levels correlate with vasopressor support 

in early septic shock. W hilst this may seem counterintuitive, as previous evidence 

implicated NO in the pathogenesis o f the hypotension observed in septic shock 

(Brady and Poole-Wilson, 1993), it is plausible that inappropriately increased 

ADMA levels may impair macrophage function via NOS inhibition. The associated 

inflammatory response to an unresolved infection may be partly responsible for the 

observed hypotension and organ failure operating via an alternative mechanism. This 

persistent inflammatory response is reflected in the linkages between lL-6, ADMA 

and the severity o f organ failure. The association with IL-6 is noteworthy as this is a 

well-recognized marker o f generalized inflammation, consistently elevated in septic 

patients (Watanabe et al., 2005).

Approximately 90% of ADMA is metabolised by the enzyme DDAH (Tran 

et al., 2003). It is possible that variation in ADMA levels in septic patients is reactive 

and represents an epi-phenomenon. However, we observed that carriage o f a G allele 

at position -449  in the promoter region of the DDAH II gene is associated with 

increased ADMA levels, which suggests that the DDAH II gene with a G allele at 

position -4A9 is less active than that with a C allele. The more active isoform results 

in lower ADMA levels, less iNOS inhibition and consequently appropriate
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bactericidal phagocytic response. It is noteworthy that D D A H II  maps to 6p21.3, in 

the MHC, a region o f the genome that is particularly rich in genes involved in 

immune and inflammatory responses. It has been hypothesised that this location and 

wide expression in immune cells make D DAH  II  a candidate as a disease 

susceptibility gene in sepsis (Tran et al., 2003).

We have previously described an association between the presence o f the G 

allele at position -A^9  in the D DAH  II  gene and the requirement for vasopressors 

after cardiopulmonary bypass (CPB) during cardiac surgery (Ryan et al., 2006). 

Whilst this is the opposite o f what we observed in septic patients, it is noteworthy 

that the two insults are also quite different. The CPB circuit invokes a sterile 

inflammatory response whereas the septic ICU patients received an infective 

inflammatory insult. Consequently, A DM A’s role in manipulating NO levels may be 

context sensitive. NO may have pivotal beneficial bactericidal properties necessary 

for the resolution o f a septic insult whilst contributing to an undesirable vasodilatory 

state in the setting o f a sterile inflammatory insult.

This potential genetic component to the fluctuations observed in ADMA 

levels secondary to a septic insult may help to explain some o f the residual 

variability observed in a previous study attempting to link exogenous insulin 

administration to ADM A levels (Siroen et al., 2005). Thus, inter-individual 

variability in ADMA production is likely to be multifactorial, with contributions 

from genetic and environmental factors.

We have found that greater IL-6 levels were associated with lesser T N Fa and 

IFNy mRNA levels in a patient group with poor outcome. IL-6 is a Th2 cytokine, it 

activates the acute phase response and controls switching o f immunoglobulin 

subclasses (Kishimoto, 2005). Despite these pro-inflammatory actions, IL-6 does not
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appear to possess significant bactericidal activity, as witnessed by IL-6 knockout mice 

not experiencing excess mortality in animal models o f peritonitis (Leon et al., 1998; 

Remick et al., 2005). Yet IL-6 production is undoubtedly o f importance in patients 

with sepsis, as high IL-6 levels are predictive o f excess mortality, with certain IL-6 

haplotypes linked with greater IL-6 production and greater severity o f organ failure in 

patients with severe sepsis (Sutherland et al., 2005).

However, IL-6 also acts to modulate the balance between the Thl and Th2 

response to infection, promoting the Th2 response via both IL-4 dependant and 

independent mechanisms, and by inhibiting the Thl response (Diehl and Rincon, 

2002). As IFNy is the prototypic Thl cytokine, with a pivotal role in generating cell 

mediated bactericidal activity, IL-6 may actually impair phagocytic bactericidal 

activity by inhibiting IFNy production. This particular phenomenon is specifically 

evident in the context o f mycobacterial disease where IL-6 has been demonstrated to 

inhibit IFNy production and associated bactericidal activity (Diehl and Rincon, 2002; 

Nagabhushanam et al., 2003). Moreover, this may represent the basis for the linkage 

o f greater IL-6 protein levels with lesser T N Fa and IFNy mRNA observed in our 

patients with persistent shock and greater mortality. Thus, IL-6 may generate excess 

inflammation while simultaneously impairing bactericidal activity and it is plausible 

that this is why excess IL-6 production is linked to greater severity o f illness and an 

increased mortality.

The functionality o f the -174  SNP in IL-6 has been reported previously. The C 

allele has been associated with reduced IL-6 production both in reporter gene assays 

and in plasma from healthy controls (Lin and Albertson, 2004). We failed to see any 

effect o f this polymorphism on IL-6 levels in our cohort but the study may have been 

underpowered to detect such an effect. However, a number o f other clinical studies
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have also failed to find any association o f the IL-6 promoter SNP to IL-6 levels in 

vivo (Lin and Albertson, 2004).

Quantification o f cytokine production using ELISA is a well-established 

technique. However, much o f the early work in sepsis relied on rodent and primate 

models o f overwhelming endotoxemia or bacteraemia. There are however concerns 

about the sensitivity o f the method in human sepsis in vivo. Previous studies in 

patients with sepsis report detectable TN Fa in fewer than 10% of samples in some 

cases (Oberholzer et al., 2000). We can confirm these previous observations that 

ELISA is an insensitive technique for quantifying TNFa, IL-10 or IFNy production 

in vivo. It is interesting that even in those patients with detectable protein there was 

no correlation with the results obtained using QRT-PCR.
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7.6 Conclusion

We have confirmed the association between ADMA levels and the extent of 

multiple organ failure in sepsis. We have also demonstrated that ADMA levels are 

upregulated in response to an infective insult and are also associated with 

hypotension in this setting. We hypothesise that this may be due to ineffectual 

bactericidal activity of macrophages and persistent inflammation. Finally, we 

suggest that ADMA levels may be regulated via a genetic component. We propose 

that a polymorphism at position -449  in the DDAHII  may be functional and has the 

potential to be used as a marker for the susceptibility to and severity of an 

inflammatory response secondary to an infective insult. A larger study will be 

required to confirm these findings.
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Chapter 8 - Results (6): Characterisation of genetic 

variants influencing gene expression in patients with

severe sepsis
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8.1 TNFa genetic variants

8.1.1 TNFa promoter SNPS

The polymorphic sites in the TN Fa promoter region assessed were a G/A SNP 

at position -238 , a G/A SNP at position -308, a C/T SNP at position -857  and a C/A 

SNP at position -863. The distribution o f T N Fa alleles conformed to a Hardy 

W einberg equilibrium and allele frequencies are given in table 8.1.

There was no association between the SNPs at positions -238 and -857  and 

T N Fa mRNA levels at either time point. Additionally, there was no association 

between either o f these two SNPs and any o f the clinical correlates assessed.

Patients carrying an A allele at position -863 (n=17) produced more TN Fa 

mRNA on day 1 than did C homozygotes (p=0.037 figure 8.1 A). There was a non

significant trend for patients homozygous for the G allele at position -308  (n=35) to 

produce more T N Fa mRNA on day 1 than those carrying an A allele (p=0.059, figure 

8 .IB).

No patient carrying an A allele at position -863 also carried an A allele at 

position -308  (haplotypes are shown in figure 8.2). The relationship between SNPs 

and TNFa mRNA levels was analysed by comparing all patients with an A allele at 

position -308, all patients with an A allele at position -863 and all other variants as a 

3 group comparison. On day 1, the relationship between the SNPs and TNFa mRNA 

was o f borderline significance with the A allele at -863 being the high producer, the 

A allele at -308 the low producer and the remaining patients being intermediate 

producers (p=0.06, figure 8.2A).

However, upon direct comparison between patients with an A allele at position 

-308  and patients with an A allele at position -863 , the presence o f an A allele at -863
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was associated with greater levels o f TN Fa mRNA when compared with patients 

carrying the A allele at -308 on day 1 (p=0.02, figure 8.2B).

These associations did not persist on day 7.

Patients homozygous for the A allele at position -308  were more likely to 

succumb to severe sepsis than those carrying the G allele (p=0.01, table 8.1).

Table 8.1: Allele frequency for specific promoter SNPs in relation to 

probability of death from severe sepsis.

TN Fa

SNP

frequency Probability 

of death if 

homozygous 

for minor 

allele

Probability 

of death if 

heterozygous

Probability 

of death if 

minor 

allele 

absent

p value

-308 G/A 0.64/0.36 1.0 0.1 0.31 0.01

-238 G/A 0.87/0.13 N/A 0.25 0.38 ns

-857 C/T 0.87/0.13 0 0 0.3 ns

-863 C/A 0.72/0.28 0.5 0.33 0.23 ns

The minor allele refers to the less frequently occurring allele. N/A, non applicable as 
no homozygotes present. Ns, non significant. Comparison by Kruskal-W allis test.
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Figure 8.1
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Figure 8.2
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8.1.2 TNFa promoter haplotypes

Statistical confidence for assigned haplotypes were >95% for all individuals 

but one, which was then removed from the subsequent analysis. Carrier status for 

haplotype 1 (table 8.2) was associated with greater T N Fa mRNA levels on day 1 

when compared to all other haplotypes (p=0.04). Distribution o f mRNA values and 

the p value obtained was identical to that observed using the -863 SNP alone. 

Similarly, an analysis o f carrier status for haplotype 4 and TNFa mRNA levels 

revealed identical results as was seen for the -308  SNP, with a borderline association 

between carriage o f haplotype 4 and lesser TNFa mRNA levels in comparison to all 

other haplotypes (p=0.06). No carriers o f both haplotypes 1 and 4 were identified in 

this study. Direct comparison o f TNFa production between haplotype 1 and haplotype 

4 again revealed identical results to that obtained when analysing the SNPs alone at 

positions -863 and -308. All loci conformed to Hardy-Weinberg Equilibrium and the 

observed allele frequencies are consistent with those reported on the dbSNP and 

Hapmap databases. In addition, frequencies o f TNF-863/-308 haplotypes are similar 

to those reported on Hapmap for the CEPH European population. Because this latter 

population consists o f 30 trios o f both parents and one offspring, the haplotypes can 

be observed directly in most cases. While our haplotype frequencies were inferred 

computationally using PHASE, the similarity with HapMap data suggests that they 

are reliable.

On analysis o f  the data using haploscore (Schaid et al., 2002) we failed to find 

an association between TN Fa production on day 1 and haplotype (global score 

statistic 5.3, degrees o f  freedom (df) 4, p=0.26). Similarly, on day 7 there was no 

association between haplotype and TNFa mRNA using haploscore (global score 

statistic 4.42, d f 4, p=0.35).
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Table 8.2: Frequencies of the observed TNFa promoter haplotypes 

and association with TNFa mRNA production on day 1.

Haplotype -238 -308 -857 -863 Frequency P value

1 G G C A 0.153 0.04*

2 G G C C 0.516

3 G G T C 0.073

4 G A C C 0.194 0.06'

5 A G C C 0.064

A, adenine; C, cytosine; G, guanine; T, thymidine. Frequencies o f all haplotypes = 1.0 
*As haplotype 1 alone possessed an A allele at position -863 this haplotype 

was assessed for association with T N Fa mRNA production on day 1 and was found 
to be associated with greater TN Fa mRNA levels when compared to all other 
haplotypes (p=0.0374, comparison by W ilcoxon rank sum test).

II As haplotype 4 alone possessed an A allele at position -308 this haplotype 
was assessed for association with T N Fa mRNA production on day 1 and was found 
to be associated with non-significantly lesser T N Fa mRNA levels when compared to 
all other haplotypes (p=0.059).
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8.2 IL-10 genetic variants

The polymorphic sites in the IL-10 promoter region assessed were a C/A SNP 

at position -592 , a C/T SNP at position -819  and a G/A SNP at position -1082. The 

distribution o f IL-10 alleles conformed to a Hardy W einberg equilibrium. At the -592 

site 2 patients (3%) were A homozygotes, 33 patients (57%) were C homozygotes and 

23 patients (40%) were heterozygotes. At the -819 site 35 patients (58%) were C 

homozygotes, 2 patients (3%) were T homozygotes and 23 patients (38%) were 

heterozygotes. At the -1082  site 11 patients (18%) were A homozygotes, 16 patients 

(27%) were G homozygotes and 33 patients (55%) were heterozygotes.

Using standard statistical association tests (Kruskal-W allis test and Wilcoxin 

test), no association was detected between any o f the IL-10 genotypes and IL-10 

mRNA levels on either day 1 or day 7 in the ICU group. No association was detected 

between genotypes and any clinical correlates.

Similarly, using haploscore no association was detected between IL-10 

haplotypes and IL-10 mRNA levels on either day 1 (global score statistic 0.06, d f 2, 

p=0.97) or on day 7 (global score statistic 0.52, d f 2, p=0.77).
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8.3 PAI-1 polymorphisms in the ICU group

Patients were analysed for the presence o f a 4G/5G polymorphism in the 

promoter region o f the PAI-1 gene. The distribution o f PAI-1 alleles conformed to a 

Hardy Weinberg equilibrium. 22 patients (35%) were 4G homozygotes, 18 patients 

(29%) were 5G homozygotes and 22 patients (35%) were heterozygotes.

There was no association between genotype and any o f the clinical correlates. 

Similarly, when patients homozygous for the 4G allele were compared against all 

other genotypes no associations were detected.
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8.4 Discussion

The majority o f genetic studies in sepsis have focused on the influence of 

individual SNPs, commonly T N Fa -308, on disease prevalence and gene function and 

have provided inconsistent results (Clark and Baudouin, 2006). However, recent 

genetic advances suggests that individual SNPs may have poor predictive power as 

the unique interactions o f multiple SNPs within a haplotype may affect phenotype to a 

greater extent and therefore provide a more powerful tool to assess associations 

(Judson et al., 2000).

Our analysis shows that individual SNPs are better able to discriminate 

between low and high T N Fa producers than when they are analysed together as a 

haplotype. This is most simply interpreted as indicating that the individual SNPs are 

the biggest determinants o f TNF transcriptional activity. It is noteworthy that the high 

producing genotype containing an A allele at position -863  never exists in our cohort 

with an A allele at -308  (i.e. is in complete linkage disequilibrium with the -308G 

allele) while -308A  is solely found with C homozygotes at position -863. Given that 

linkage disequilibrium between the sites is at a maximum (since only three o f the four 

possible haplotypes are observed in this dataset) haplotype analysis will not add to the 

power o f the individual SNP associations.

It may well be that the discordance between these data and previous 

publications (Clark and Baudouin, 2006), resulting in the labelling o f the TNF2 allele 

as an overproducer o f TNFa, are secondary to the method o f quantification o f in vivo 

gene expression. We propose that QRT-PCR provides more accurate and sensitive 

data when compared with ELISA based assays, performed in conjunction with in vitro 

LPS mediated amplification o f  cytokine gene expression. Indeed the extrapolation
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from in vitro functional genetic tests after LPS stimulation may be o f questionable 

value.

We did not observe an association between SNPs, haplotype structure and 

mRNA production in late sepsis. Following a septic insult it is likely that numerous 

factors influence T N Fa gene expression. Unsurprisingly, genetic variation is o f 

greater importance to TN Fa gene expression at onset o f a septic illness but may 

become overshadowed by other factors and interventions later in the course o f the 

disease.

Whilst we did observe an association between outcome and carriage o f the 

TNF2 allele, caution must be advised in the interpretation o f this result in view o f the 

low number o f A homozygotes in our septic cohort. Although not consistent, other 

studies have described an association between the TNF2 allele and poor outcome in 

sepsis (Clark and Baudouin, 2006; Mira et al., 1999). It has been hypothesised that 

this genotype may be causative in increasing T N Fa production, contributing to a 

pathogenically exuberant inflammatory response resulting in higher mortality in 

sepsis. This assumption, that TNFa plays an exclusively detrimental role in sepsis, has 

been based primarily on animal models (Tracey et al., 1986). The adverse outcome 

observed in clinical trials o f anti-TN Fa compounds in human sepsis serve to 

undermine this hypothesis and suggest a protective role for TNFa (Fisher et al., 

1996). Crucially however, it is worth considering, from the data presented here, that 

the TNF2 allele may be linked with deficient T N Fa production in sepsis, and it is this 

deficiency that may be pathogenic. We have already demonstrated in chapter 3 that 

deficiency o f T N Fa mRNA is associated with a poor outcome in sepsis.

We failed to observe any association between IL-10 genotypes or haplotypes 

and clinical correlates in our septic population. We have previously described an
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association between IL-10 haplotypes and an inflammatory reaction post 

cardiopulmonary bypass in an Irish population using the same combination of 

promoter SNPs (Duggan et al., 2006). The lack o f consistency between these two 

studies is unsurprising given the differing nature inflammatory stimuli. As alluded to 

in the previous chapter, the sterile inflammatory response invoked by exposure to the 

cardiopulmonary bypass circuit may produce a very different response to the infective 

inflammatory stimulus observed in septic patients. Additionally, the relatively small 

numbers recruited to the septic group may preclude meaningful analysis o f any 

association between haplotypes and phenotypes.

Additionally, we did not observe any association between IL -10 genotype and 

IL-10 mRNA levels. The most commonly described functional association in the IL- 

10 promoter region is at position -1082 with a G allele associated with higher 

stimulated IL-10 production (Schaaf et al., 2003; Stanilova et al., 2006). An A allele 

at position -592 has also been associated with lower levels o f IL-10 following 

stimulation (Stuber, 2003). In each case the high producing allele has been associated 

with either sepsis susceptibility (Stanilova et al., 2006; Stuber, 2003), the 

development o f septic shock (Schaaf et al., 2003) or an increased mortality in 

response to a septic insult (Stanilova et al., 2006). An over producing IL-10 allele is 

unlikely to be o f benefit to the host in a septic setting as it may contribute to the 

detrimental anti-inflammatory phenotype characterised in chapter 3. However, 

previous fiinctional studies have quantified IL-10 using ELISA based techniques and 

the reservations around this technique in association with ex vivo stimulated cytokine 

release remains.

The inconsistencies in the published data on IL-10 association studies in 

sepsis have been highlighted in a recent review (Clark and Baudouin, 2006). A
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Bayesian analysis indicated that many o f the studies reporting a positive association 

between genotypes and sepsis were likely to represent false-positive associations. If 

there is a true relationship between IL-10 genotype and sepsis susceptibility or if  the 

lL-10 SNPs assessed have a functional impact on lL-10 levels then the study 

presented here is unlikely to be large enough to detect such an effect.

We failed to observe an association between PAI-1 4G/5G variants and any of 

the clinical correlates assessed. Specifically, presence o f the 4 0  allele was not 

associated with abnormalities o f haemostasis as assessed by the platelet count or the 

coagulation screen. It has been previously demonstrated using promoter constructs 

that the 4G allele produces six times as much PAI-1 mRNA as the 5G allele in 

response to an inflammatory stimulus (Dawson et al., 1993). The PAI-1 gene is o f 

interest in sepsis as activation o f the inflammatory and coagulation pathways are 

closely related and interdependent. Activation o f the coagulation pathways are 

detected in most patients with severe sepsis (Hermans et al., 1999) and administration 

o f  endotoxin to healthy volunteers is associated with an increase in tissue PAI-1 

production (Suffredini et al., 1989).

Some studies have demonstrated an association between the 4G allele and 

increased mortality secondary to meningococcal sepsis (Haralambous et al., 2003; 

Hermans et al., 1999) whereas other studies failed to confirm excess mortality in this 

setting (Westendorp et al., 1999). However, meningococcal sepsis represents a 

distinct disease entity and affects primarily a younger population than the cohort 

presented here. Although coagulation abnormalities are observed in virtually all forms 

o f  sepsis, the severity o f the coagulopathy is especially prominent in meningococcal 

sepsis. Therefore extrapolation o f these results to a heterogeneous group o f septic 

patients may be misleading. Again, as an association study, this current study is
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underpowered to make definitive statements on the Hkely influence o f the PAI-1 

polymorphism in septic patients based on the results presented.
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8.5 Conclusion

We have described an association between TN Fa genetic variants, TNFa 

mRNA levels and outcome in our cohort o f septic patients. Whilst the results 

contradict some previously published work on functional TNFa polymorphisms they 

do incorporate the results presented in chapter 2 into a coherent argument for a 

detrimental anti-inflammatory phenotype in our septic cohort. However, caution must 

always be advised when interpreting the results o f genetic studies from populations o f 

relatively small sizes.

We conclude that genotypic analysis does have a place in risk stratification in 

sepsis. Genetic variants in the TNFa promoter at positions -863 and -308 , or sites in 

linkage disequilibrium with these variants may influence TNFa production whereas 

variants at positions -238 and -857  are unlikely to exert a strong effect either 

individually or as a haplotype. Additionally, fiinctional in vivo studies should take 

advantage o f the increased sensitivity QRT-PCR above ELISA based techniques 

when assessing the influence o f genetic variation on gene function.
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Chapter 9 - General discussion
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9.1 Advantages of the study design

In this study o f the human response to infection, we have described the 

differences between an efficient, appropriate immune response resulting in the 

clearance o f infection with minimal host disease and an inappropriate immune 

response resulting in critical illness, organ failure and a high mortality. In contrast to 

this approach, previous investigators have relied on either serial measurements 

(Goldie et al., 1995; Headley et al., 1997) or healthy controls (Gogos et al., 2000; 

Pachot et al., 2005a) as comparator groups. However, by studying a group o f  patients 

with infection and no critical illness we can describe an appropriate immunological 

and inflammatory response to infection in vivo, a description that has been lacking 

from the literature to date. We have then identified, from the differences between 

these groups, possible causative factors that may render an immune response 

inefficient or inappropriate.

Critically, the differing responses between the groups do not appear to be 

related to pre existing illnesses, organ impairment or morbidity status. The stated 

exclusion criteria ensured that both groups were comparable in terms o f underlying 

illness. It is notable that the group o f patients that do not progress to critical illness in 

response to their infectious insult were significantly older than those patients that did 

progress to severe sepsis. It is tempting to speculate that the relative longevity 

observed in these patients may be explained by an inherent ability to tolerate 

infectious episodes with relative impunity.

9.2 Effector functions and regulation of the distal cytokines

We have demonstrated that by using a combination o f the mRNA levels of 

TN Fa, IFNy and IL-10, it is possible to differendate the severity o f response to, and
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outcome following, an infectious insult, with the overall picture implicating an anti

inflammatory phenotype, characterised by a deficiency o f T N Fa and IFNy, as being 

detrimental in the setting o f  infection. These genes are distal effector cytokines 

possessing properties that are crucial to an efficient and effective host bactericidal 

response. Although derived from different cell types, T N Fa and IFNy have 

synergistic physiological properties, both through the induction o f common 

transcription factors and the also the ability o f IFNy to induce transcription o f the 

T N Fa receptor (Boehm et al., 1997). Consequently, it is plausible that a relative 

deficiency o f both T N Fa and IFNy may be particularly detrimental to the host 

bactericidal response to infection.

The distribution o f T N Fa and IFNy mRNA levels across the three groups is 

particularly interesting. T N Fa mRNA levels are raised to a greater extent in the 

bacteraemic group in comparison to the ICU group. This implies that upregulation o f 

T N Fa production may be an appropriate beneficial response to a septic insult. 

Although this hypothesis may be contrary to earlier theories on the pathophysiology 

o f sepsis (Hotchkiss and Karl, 2003), it does provide a logical and sound mechanistic 

explaination o f the poor results observed in previous trials o f anti-TNFa compounds 

in human sepsis (Abraham et al., 1997; Fisher et al., 1996). In contrast, IFNy mRNA 

levels are decreased in the ICU group in comparison to both the bacteraemic and 

control groups suggesting that this decrease is inappropriate and is unlikely to be o f 

benefit as it is associated with infection and associated critical illness.

The differing patterns that we have observed amongst these proinflammatory 

cytokines are likely to reflect both the differing cellular origins and the different 

regulatory pathways o f these two classical proinflammatory cytokines. It is plausible 

that the high IL-10 levels observed in the ICU group directly inhibit production o f
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IFNy through inhibition o f T hl cell differentiation and subsequent IFNy production. 

Indeed, it has previously been demonstrated that IL-10 directly inhibits IFNy 

production from Thl clones (Bjerre et al., 2004; Fiorentino et al., 1989; Fiorentino et 

al., 1991). Additionally, direct inhibition via IL-10 may explain, in part, why IL-12 

levels only account for a surprisingly small proportion o f the variability observed in 

IFNy levels.

There is a potential additional novel inhibitory pathway attributable to IL-10 

that is worth considering. This pathway is implicated by the association o f IL-10 and 

IkBL mRNA in each o f the patient groups. Whilst the exact function o f IkBL is as yet 

undefined it is purported to fiinction in a manner similar to IkBq and therefore may 

interact with IL-10 and contribute to the production o f an anti-inflammatory 

phenotype (Wang et al., 1995). As discussed in chapter 6, this may plausibly involve 

either an IL-10 mediated upregulation o f the activity o f IkBL or alternatively, higher 

IkBL levels may lead to excess IL-10 production in a manner similar to that 

demonstrated by the IkB family (Wilson et al., 2005). A reduction in the activity of 

NFkB, secondary to raised IkBL levels, resulting in a less efficient bactericidal 

response to infection may, at least partially, explain the increased morbidity and 

mortality in the ICU group. The intracellular effects o f  excess TN Fa, mediated 

through exaggerated gene expression, may plausibly be moderated by the lesser NFkB 

activity through such a mechanism that includes the effects o f IkBL.

Notably, IkBL is a gene whose structure has only recently been elucidated and 

whose exact function is as yet to be defined. Other members o f this family, such as 

IkBz, are currently undergoing preliminary investigations, and it is likely that other 

members o f this family o f transcriptional regulators will be uncovered in the future. 

Therefore, it seems likely that the regulation o f the intracellar effects o f the distal
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effector cytokines that we have investigated will prove to be more complex than is 

currently appreciated and is likely to involve transcription factors yet to be 

discovered.

9.3 The complexity of Thl7 regulation

Whereas the pattern of cytokine mRNA across the three groups implicates IL- 

12 and IL-10 in the regulation of IFNy levels, the same mechanisms do not explain 

why TNFa levels are raised in the ICU group but are higher again in the bacteraemic 

group. Interestingly, we describe a strong association between TNFa and IL-23 on 

day 7 of ICU stay whilst IL-23 levels and the IL-23:IL-27 ratio also distinguishes 

between the three groups on day 1, with reduced IL-23 associated with a poorer 

outcome from a septic insult.

The relevance of IL-23 as a principal regulator of the recently defined Thl7 

response is now appreciated (Weaver et al., 2007). IL-23 has important functions in 

both innate and adaptive immunity. IL-23 can drive an innate immune response, 

characterised by IL-17 production from T cells and TNFa production from 

macrophages, independent of the adaptive immune response. lL-17, in turn, induces 

TNFa production along with a host o f proinflammatory mediators from macrophages. 

It has been hypothesised that ThI7 cells have evolved to provide adaptive immunity 

specific to particular classes of pathogen. Animal models have demonstrated a critical 

role for the IL-23/IL-17 axis in pulmonary host defence against Klebsiella 

pneumoniae and intravenous Candida albicans infection (Happel et al., 2005; Huang 

et al., 2004). Similarly, investigators have described differences in the IL-12/IL-23 

responses when stimulating with intact gram-positive bacteria and when using 

purified bacterial products along with whole bacteria (Smits et al., 2004). However,
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we did not observe such a difference in regulatory cytokine production in response to 

different classes o f invading microorganisms possibly due to the relatively small 

numbers recruited and thus represented in each class.

It is plausible that the observed differences in IL-23 mRNA levels between 

the three groups may also contribute to the relative deficiency in TNFa observed in 

the ICU group, with IL-23 acting either directly or via a mechanism involving IL-17. 

However, in order to determine whether alterations in IL-23 concentrations influence 

the immune response through the T h l7  cellular response, it would be necessary to 

assay IL-17. Nonetheless, the distribution o f IL-23 amongst the three groups, coupled 

with the strong association between IL-23 and TNFa on day 7, implicates the ThI7 

response as being important in the systemic response to sepsis. This is an important 

observation as previous work in IBD implicates the T h l7  only in the local 

inflammatory response whilst the IL-12/IFNy pathway has been shown to be o f 

importance in systemic inflammation (Uhlig et al., 2006).

A model has been proposed for T h l7  development, which envisages IL-6 and 

TGF(3 inducing the production o f a transcription factor, RORyt, which is essential for 

T h l7  differentiation and necessary for the induction o f IL-23 receptor gene 

expression. Although T hl7  cell development is initiated without the presence o f IL- 

23, these cells are not fully committed to the T hl7  phenotype at this stage. IL-23 

exposure is required to lock these cells into the developmental pathway effecting 

functional maturation as T h l7  cells. This may explain, in part, the lack o f association 

between IL-23 and TNFa on day 1 in the ICU group as other factors may be o f greater 

importance in TNFa regulation at this stage.

Critically, IL-6 acts to deviate TGFp driven development o f Foxp3-expressing 

T regulatory cells towards Th l 7  cells (Bettelli et al., 2006). Therefore, it is plausible
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that IL-6 levels on day 1 determine TNFa production, mediated in part through 

elevated IL-17. Whilst we have demonstrated increased IL-6 protein in the ICU group 

in comparison to healthy controls, it would have been interesting to assess the levels 

in the bacteraemic group. Higher levels in the bacteraemic group would clearly 

indicate a protective role for IL-6. In the past, IL-6 has been used as a marker o f 

disease severity in sepsis and we have also demonstrated an association between 

increased IL-6 and an increased disease severity. Importantly, this association may be 

reactive as opposed to causal as it may represent the bodies attempt to mount an 

exuberant T h l7  response in the early stages o f infection.

However, in chapter 7 we alluded to the potential role o f IL-6 in promoting a 

Th2 response to infection, thereby implicating this cytokine as being involved in 

regulating and promoting excess IL-10 production and reduced IFNy production. 

Theoretically, IL-6 has the ability to function in ways that are immunologically polar 

opposites and may lead to a pro or anti-inflammatory phenotype. It is unlikely that IL- 

6 would fulfill both functions simultaneously as this would be self-defeating to a large 

extent. Therefore, the role o f IL-6 in T hl/T h2/T hl7  development in vivo remains 

unclear. We have presented two conflicting yet plausible scenarios. In one IL-6 is a 

Th2 polarising cytokine, contributing to inflammation but inhibiting bactericidal 

properties o f the host and thereby contributing to critical illness. In the other, IL-6 is 

seen as a T h l7  polarising cytokine, contributing to inflammation and pathogen 

elimination, raised levels o f IL-6 being reactive to a septic insult and not a cause o f 

excess mortality. This is again indicative o f the complexities involved in the 

immunological response to a septic insult in vivo. Analysis o f IL-17 and IL-6 mRNA 

levels in the three patient groups may go some way towards clarifying the role o f IL-6 

in human sepsis.
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In addition to IL-6 and IL-23, IL-27 is likely to play a role in the T hl7  

response to an infectious insult and this too may be reflected in the relatively reduced 

TN Fa levels observed in the ICU group. It has previously been demonstrated that IL- 

27 is involved in suppressing the development o f T h l7  effectors (Stumhofer et al., 

2006). Inappropriately raised IL-27 in a cohort o f patients with sepsis may be 

responsible for stunting a T hl7  response, TN Fa production and subsequent 

bactericidal activity. Again, measurement o f IL-17 mRNA levels will be required to 

elucidate the contribution o f IL-27 to the inflammatory response to human sepsis.

It is worthwhile recalling the changes that have occurred in the classification 

o f  IL-27 since its discovery. Originally labelled as a primarily proinflammatory 

compound which enhanced T cell responses (Hunter, 2005) it has recently been 

appreciated that its primary function may be to negatively regulate the development of 

IL-17 producing Th cells (Batten et al., 2006; Stumhofer et al., 2006). It is, o f course, 

plausible that IL-27 fufils functions both as a suppressor and an enhancer o f the T hl7  

cellular response in differing scenarios. This again serves to reinforce both the 

complexities o f the immune response and the dynamic nature o f research into T cell 

regulation. This complexity is reflected by the inability o f any single cytokine 

measured in our patient cohort to accurately predict patient response to an infectious 

insult.

9.4 Relevance of the presented data

The data presented here are o f particular importance in the understanding of 

the potential pitfalls associated with immunomodulating therapies. This is particularly 

the case for researchers seeking to develop novel therapies to treat organ-specific 

autoimmune pathologies. Initial therapies developed for this purpose were quite non-
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specific, targeting distal effector cytokines such as TNFa. However, an increased risk 

o f serious infection often accompanied the use o f these blocking agents (Bongartz et 

al., 2006) leading researchers to develop more targeted and specific agents with the 

aim o f leaving an intact immune response to infection. Trialled therapies now take the 

form o f antibodies to subunits o f particular cytokines in order to increase specificity. 

A clinical trial utilising p40 antibodies has been successful in the treatment o f IBD 

(Mannon et al., 2004). However, antagonists to the common p40 receptor subunit 

blocks both IL-12 and IL-23 signalling (Fuss et al., 2006) whereas an antagonist to the 

p l9  subunit would be specific for IL-23. This is significant as loss o f the lL-12 

signalling pathway increases susceptibility to viruses, mycobacterial and salmonella 

species whereas antagonists o f p l9  have been lauded as compounds that have the 

potential to ameliorate inflammation whilst being less likely to leave the host 

susceptible to such opportunistic pathogens. This hypothesis originates, in part, from 

animal models o f colitis that demonstrates that IL-23 has a role in mucosal 

immunopathology but not in the systemic immune response (Uhlig et al., 2006). As 

previously mentioned, the distribution o f IL-23 in the three groups o f patients implies 

that IL-23 does play a role in the systemic immune response. As such antagonists to 

the p i 9 subunit may leave patients susceptible by blunting the immune response to a 

systemic infection as in the case o f sepsis.

Similarly, it has been suggested that treatment with both IL-27 and agents that 

block the physiological activities o f IL-27 may prove useful in the treatment o f 

inappropriate immune responses. The data presented here should urge caution in the 

use o f supplemental IL-27 in the setting o f an overly active immune response as these 

agents may increase susceptibility to opportunistic infections.
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Although the administration o f IL-6 antibodies have been shown to be 

protective in an animal model o f sepsis (Starnes et al., 1990), this cytokine may be 

critical to the initiation o f a protective T hl7  response in human sepsis. Therefore, the 

presence o f IL-6 may be necessary for optimal host bactericidal functions and IL-6 

antibodies may prove to be detrimental in human sepsis. In contrast, it is also 

plausible that excess IL-6 contributes to a Th2 anti-inflammatory phenotype and that 

neutralisation o f IL-6 may be o f benefit.

9.5 Study limitations

Although we have utilised mRNA expression levels as a proxy for estimating 

functional differences that occur at a protein level the optimal representation o f gene 

function in vivo is generally considered to be protein quantification. There are a 

number o f reservations surrounding the use o f mRNA as a surrogate o f protein levels, 

such posttranscriptional changes not being accurately identified when assaying 

mRNA. However, it has also been suggested that the majority o f the previously 

reported lack o f correlation observed between mRNA and protein may be explained 

by the technical imprecision o f the methods employed to determine protein expression 

levels (Hack, 2004). This is particularly problematic when dealing with genes 

expressed at relatively low levels such that commercially available kits have difficulty 

detecting protein product. Indeed, we faced this particular problem when assaying 

TNFa, IL-10 and IFNy protein product as we found that the ELISA technique we 

employed was not sufficiently sensitive to detect protein in the in vivo situation in the 

majority o f patients assessed.

Recently however, investigators have reproducibly found positive correlations 

between mRNA and proteins expressed at low levels using isotope coded affinity tags
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to quantify protein expression (Fu et al., 2007). These findings imply that perhaps 

mRNA levels may act as an accurate surrogate o f protein expression in the setting o f 

human sepsis as we have demonstrated relatively limited protein production in the in 

vivo situation.

We have made a number o f assumptions about the ability o f the regulatory 

cytokines, IL-23 and lL-27, to influence Th-17 cell development thus affecting the 

host inflammatory response. The optimal method to confirm these assumptions is to 

assay the CD4* T hl7  cells or alternatively the production o f IL-17 mRNA as a 

surrogate o f T h l7  activity. Due to the lack o f available biological material this will 

have to be performed in a different patient cohort in future investigations.

Similarly, we have presented two scenarios in which IL-6 may act in opposing 

fashions as either a Th2 polarising cytokine or as a Th 17 polarising cytokine. It is also 

plausible, given the complexity o f the immune response to infection, that both 

functions are ftilfilled at differing time points or in different scenarios. To definitively 

answer this question IL-6 should be assayed in a bacteraemic group and compared to 

a critically ill septic group or studied separately in an in vitro setting. This will again 

involve further research.

Finally, adequate patient numbers are o f vital importance to accurately 

identify the effects o f most genetic variants. As we have relatively limited numbers o f 

patients to study, it is therefore reasonable to suspect that we may have missed the 

functional importance o f some o f the SNPs assayed as a consequence o f an 

inadequately powered study. It is plausible that these genetic variants may have 

modest effects on transcription or function that would only be recognised in a larger 

patient population. Therefore, the negative findings reported in chapter 8 should be
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repeated using a much larger patient cohort before definitive statements can be made 

regarding the functional consequences of these SNPs.

211



9.6 Concluding remarks

We can explain plausibly how the pattern o f distal effector cytokines affects 

the bactericidal host response to a septic insult and we have also hypothesised how 

this pattern o f purported T helper cell development is regulated. Critically however, 

we lack data to explain the initiating factor leading to a dysregulated immune 

response to infection. Whilst our results do suggest a genetic contribution to the 

individual immune response the genetic variability we assessed explains only a 

minority o f the variability in the pattern o f  cytokine mRNA levels observed. Perhaps 

future research will help to identify strongly functional SNPs and haplotypes in 

regulatory genes or their receptors that will then be assessed in the in vivo situation of 

human sepsis. Interestingly, a recent genome wide association study described a 

highly significant association between the IL-23 receptor and propensity to develop 

inflammatory bowel disease (Duerr et al., 2006). However, large patient numbers will 

be required to elucidate the genetic factors contributing to ICU illness. In terms o f 

fianctional analysis, using the technique o f QRT-PCR, as described in this study, will 

allow sensitive and accurate analysis o f gene expression in contrast to the ambiguous 

results previously seen when using ELISA based techniques.

The central questions driving recent research into sepsis and critical illness are 

whether the identification o f impending critical illness is feasible and whether there is 

data available to accurately predict outcome. Furthermore, in answering these 

questions it may be possible to detect points o f curative intervention. Whilst the 

clinical scoring systems provide reasonable data on subsequent outcome, biomarkers 

have gained in popularity as a method o f diagnosing and classifying sepsis. Although 

some biomarkers such as procalcitonin, IL-6, CRP and lipopolysaccharide binding 

protein have proved useful in this regard, they tell us little regarding the identification

212



o f potential points o f curative intervention when assayed alone (Gaini et al., 2006; 

Uzzan et al., 2006). In contrast, the approach taken in this study, to assay a number o f 

interacting and functionally linked inflammatory genes permits some clarification of 

the complex inflammatory signalling cascade that underlies the clinical course o f the 

syndrome.

Taken simplistically, a common thread running through the results is the 

association o f increasing severity o f illness and death with alterations in biomarkers 

that could potentially lead to impaired bactericidal host defences. This consistency o f 

the results is apparent in the case o f increased IL-10, IL-27 and ADMA and reduced 

TNFa, IFNy and IL-23. These data are potentially o f use in developing therapies for 

the treatment o f patients with severe sepsis. Therapies may take the form o f the 

administration o f either recombinant factors known to be deficient in these patients or 

o f blocking compounds to factors demonstrated to be produced in excess that may 

also impair host defences. The probability o f developing the much-anticipated “magic 

bullet” in these patients is highly unlikely given the heterogenous nature o f both the 

disease and the patient group and the enormous complexity o f the immune response to 

infection in humans. However, this research introduces the possibility o f using 

techniques such as QRT-PCR to identify patients with a dysregulated immune 

response to infection and anticipates the treatment o f these patients in a timely and 

targeted fashion.
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A .l: A nomogram used for the calculation of sample size(W hitley and Ball, 2002)
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In order to calculate sample size a straight line is drawn connecting the required 
power to the calculated standardised difference. Where this line intersects the 
diagonal line marked 0.05 is the sample size for an a of 0.05.



A.2: Oligonucleotides used for standard preparation

mRNA targets Oligonucleotides (5 '-> 3 ')“ Product size (bp) Conditions for “ 
“classical” PCR'’

ILIO F296: TTTACCTGGAGAGGTGATG 
R771: TTGGGCTTCTTTCTAAATCGT

476 A=56, M g=l .5

TN Fa F83: ACCATGAGCACTGAAAGCAT 
R488: AGATGAGGTACAGGCCCTCT

406 A=58, Mg=1.5

IFNy F I54: TTGGGTTCTCTTGGCTGTTA 
R632: AAATATTGCAGGCAGGACAA

479 A=58, Mg=1.5

B-actin F745: CCCTGGAGAAGAGCTACGA 
R1253: TAAAGCCATGCCAATCTCAT

509 A=58, M g=l.5

IL12 F I 85: AGCCTCCTCCTTGTGGCTA 
R412: TGTGCTGGTTTTATCTTTTGTG

228 A=58, Mg=1.5

1L18 F I33: AGTCTACACAGCTTCGGGAAGA 
R653: GTCCTGGGACACTTCTCTGAAA

113 A=60, Mg=1.5

IL4 F27: TAATTGCCTCACATTGTCACT 
R52P: ATTCAGCTCGAACACTTTGAA

503 A=58,Mg=1.5

“F and R indicate forward and reverse primers, respectively; numbers indicate 
the sequence position.
’’Conditions, for all targets, were as follows: dcnaturation at 95°C for 20s, 
annealing (temperature as stated (A)) for 20s and elongation at 72°C for 45s, 
for a total o f  35 cycles. MgC12 concentration (Mg,mM) was as stated.(For the 
complete procedure see Stordeur et al„ 1995, PCR for IFNy(Stordcur et al., 
1995).



A.3: Nanodrop ND 1000 UV-Vis spectrophotometer

Measure
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The nanodrop allows saving in the use o f biological material ( l|j. l Vs lO jil with the 
spectrophotometer). The displayed curve also supplies better information about the 
quality o f the sample as opposed to just receiving the A26o:A28o ratio as is the case 
with the spectrophotometer.



A.4: ABI Prism 7700
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Fluorescence is depicted on the Y axis with cycle number on the X axis. The 
background fluorescence is depicted by the horizontal green line. Two different genes 
are analysed here with the housekeeping gene breaching background fluorescence 
sooner than the target gene. The non-template controls fail to breach the background 
fluorescence.



A.5: Oligonucleotides for real-time PCR

mRNA targets Oligonucleotides (5 '—>3')’ Product size
(bp)

Final concentration 
(nM)*’

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

90 F300; R300

IFN-y F464: CTAATTATTCGGTAACTGACTTGA
R538: ACAGTTCAGCCATCACTTGGA
P491: 6Fam-TCCAACGCAAAGCAATACATGAAC-Tamra-p

75 F600; R900

IL12p35 F212: CTCCTGGACCACCTCAGTTTG 
R287: GGTGAAGGCATGGGAACATT 
P234: 6Fam-CCAGAAACCTCCCCGTGGCCA-Tamra-p

76 F600; R900

ILI8 F I51: AAGAGGAAAGGAACCTCAGACC
R263: CCACAAAGTTGATGCAATTGTC
P 175: 6Fam-CCAGATCGCTTCCTCTCGCAACA-Tamra-p

113 F300; R600

IL4 F I74: ACTTTGAACAGCCTCACAGAG
R247: TTGGAGGCAGCAAAGATGTC
P204: 6Fam-CTGTGCACCGAGTTGACCGTA-Tamra-p

74 F300; R900

IL23pl9 F533: TACTGGGCCTCAGCCAACT
R649: GAAGGATTTTGAAGCGGAGAA
P597: 6Fam-CCTCAGTCCCAGCCAGCCATG-Tamra-p

117 F900; R900

TN Fa Supplied as a precustomised mix from Applied Biosystems F900; R900; P250
ILIO Supplied as a precustomised mix from Applied Biosystems F900; R900; P250
1K.BL Supplied as a precustomised mix from Applied Biosystems F900; R900; P250
IL27p28 Supplied as a precustomised mix from Applied Biosystems F900; R900; P250

“ F, R and P indicated forward and reverse primers and probes, respectively; numbers 
indicated the sequence position.
’’ Final concentration of forward (F) and reverse (R) primers.



A.6: Set-up for a 96 well plate for QRT-PCR quantifying TNFa
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A .7: Scatterpiot generated from the ABI prism 7000 for allelic discrimination
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A clear distinction can be observed between 4G homozygotes which are depicted in 
red, 5G homozygotes in blue, heterozygotes in green with non template controls in 
black.



A.8: Primers, probes, PCR reagent mix and reaction conditions for Taqman 

genotyping

Forward Primer 5’-AGCCAGACAAGGTTGT TGACA-3’

Reverse Primer 5’ GCCGCCTCCGATGATACAC-3’

Allele 1 Probe 5’- CTGACTCCCCACGTGT-3’. 5 'Fluor Label 6-FAM  

Allele 2 Probe 5’ -  CTGACTCCCCCACGTGT-3 ’ 5-Fluro Label, VIC

PCR amplification was then performed using:

- 12.5|aL of Taqman universal PCR mastermix (Applied Biosystems/ Perkin Elmer), 

containmg AmpliTaq Gold DNA polymerase.

- 0.2|iM of the probe labelled with the FAM dye,

- 0.2^M of the probe labelled with the VIC dye,

- 0.9|iM of the forward primer,

- 0.9 |iM of the reverse primer and

- 9.875|^L of water containing 2ng genomic DNA.

The cycling conditions consisted of a denaturation step at 95° C for 10 minutes, 40 

cycles at 92° C for 15 seconds, a 60 second annealing step for 40 cycles at 62° C and 

finally a holding temperature of 15° C.



A9: Related publication. The occurrence of severe sepsis and septic shock are 

related to distinct patterns of cytokine gene expression. Shock 2006 Dec;26 (6) 

:544-50.



AlO: Related publication. Septic shock is correlated with asymmetrical dimethyl 

arginine levels, which may be influenced by a polymorphism in the 

dimethylarginine dimethylaminohydralase 2 gene: a prospective observational 

study. Critical Care 2006; 10(5):R139.



A l l :  Related publication. The human response to infection is associated with 

distinct patterns of interleukin 23 and interleukin 27 gene expression. Intensive 

Care Medicine 2008 Apr; 34(4):683-691.
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ABSTRACT—Patient response to acute bacterial infection is highly vanable. Differing outcomes in this setting may be 
related to variations in the immune response to an infectious Insult. Using quantitative real-time polymerase chain reaction, 
we quantified gene expression of the tumor necrosis factor a{7A/Fa), interferon y {IFNy), and interleukin 10 (/L70), IL12p35. 
and IL4 genes in 3 patient groups. These groups consisted of an intensive care unit (ICU) cohort who presented with 
severe sepsis or septic shock, a group of noncrltically ill ward patients with documented Gram-negative bacteremia, and a 
group of healthy controls. Greater interleukin 10 messenger RNA (mRNA) levels were detected in the ICU group in 
comparison with both the bacteremic and control groups (P< 0.0001). More TNF-a mRNA was detected in the ICU group 
when compared with the control group (P < 0.0001). However, TNF-a mRNA was most abundant in the bacteremic group 
(P =  0.0007). Lesser IFN-y mRNA levels were detected in the ICU group when compared with both the bacteremic and 
control groups (P < 0.0003). Cytokine mRNA levels were not associated with the occurrence of shock upon admission to 
ICU. On the seventh day of ICU stay, the presence of shock was associated with lesser IFN-y mRNA (P =  0.0004) and 
lesser TNF-a mRNA (P = 0.001). Survivors had greater TNF-a mRNA copy numbers on day 7 of ICU stay than 
nonsurvivors (P = 0.002). We conclude that a proinflammatory response is the appropriate response in the setting of 
infection and is associated with lesser requirements for inotropes and lesser mortality. Quantitative real-time polymerase 
chain reaction can be used to predict infection outcome in clinically relevant situations where enzyme-linked 
immunosorbent assay testing has proved disappointing.

KEYWORDS— Sepsis syndrome, cytokines, interferon type II, TNF-a, RT-PCR

INTRODUCTION

Acute bacterial infection has a whole gamut o f presentation, 
ranging in severity from a m ild  se lf-lim iting illness to an 
overwhelming insult w ith resultant m ultip le organ failure. This 
latter “ sepsis syndrome”  (1) is a devastating illness and is a 
common intensive care unit (IC U ) admission diagnosis, w ith an 
incidence o f 3 per 1000 population per annum (2). It has been 
characterized as a “ dysregulation o f in flam m ation”  in response 
to infection, w ith life-threatening organ failure attributed to a 
combination o f excessive cytokine-mediated inflammation, 
disseminated coagulopathy, and disruption o f the integrity o f 
microvascular endothelium (3). However, in contrast to this 
hypothesis, a marked immune paresis, often characterized as a 
predominant anti-inflammatory cytokine response (4, 5), or a 
deficit in the major histocompatibility complex gene expression 
(6, 7) is well documented in patients w ith  severe sepsis, w ith 
the severity o f the immune paresis related to adverse outcome.

These hypotheses, which have been generated prim arily by 
direct measurement o f cytokine proteins in blood (5) or in 
cells stimulated w ith  endotoxin in  v itro  (4, 6), are clearly 
discordant. In addition, neither o f these methods provides a 
c lin ica lly  relevant reproducible assay.
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This study was supported by the Intensive Care Society o f Ireland and by 
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However, recent developments in polymerase chain reac
tion (PCR) technology has provided a sensitive and reprodu
cible assay o f cytokine gene expression suitable for use in 
unstim ulated cells, w hich quantifies absolute levels o f 
cytokine messenger R NA (m RNA), and is termed quantitative 
real-time PCR (QRT-PCR) (8).

A lthough this technique has recently been used in patients 
w ith  septic shock (7, 9), it remains unclear whether there is a 
distinct pattern o f cytokine m RNA production associated w ith 
the occurrence o f shock in patients w ith  severe sepsis and 
whether this pattern is consistent or changes over the time 
course o f the disease. Furthermore, the occurrence o f severe 
sepsis in response to bacterial infection may be associated 
w ith a pattern o f cytokine gene expression, which is distinct 
from that observed in patients who do not develop critica l 
illness in response to infection. Therefore, QRT-PCR may be 
useful in predicting the outcome o f an infectious insult.

This study was performed, using QRT-PCR, to determine 
the pattern o f cytokine gene expression associated w ith both 
severe sepsis and infection in the absence o f  critical illness and 
also to determine whether there was a characteristic cytokine 
pattern linked to the occurrence and resolution o f septic shock.

MATERIALS AND METHODS

Patients
This study was conducted in St James's Hospital. Dublin. Ireland and was 

approved by the institutional ethics committee. Informed written consent was 
obtained from each patient or a relative. A  total o f 62 con.secutive patients 
pre.senting w ith severe sepsis or septic shock, as defined by the American College
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of Chest Physicians/Society o f Critical Care Medicine Consensus Conference (1), 
as a primary admission diagnosis were enrolled for 12 months. A ll ICU patients 
received sim ilar standardized care.

Severity o f illness was characterized upon admission to ICU using the Simplified 
Acute Physiology Score (SAPS II) (10) and the .sequential organ failure assessment 
(SOFA) (11) scoring systems and again, on day 7, with the SOFA score.

Individual c lin ica l and laboratory variables were collected on days 1 and 7 o f 
ICU stay. The recorded variables represented the most significant derangements 
from normal values recorded for each 24-h period. Tlie source o f infection 
necessitating the ICU admission, subsequent infections over the course of the ICU 
slay, and the respective pathogenic organisms were noted. Intensive care unit death 
or survival to ICU discharge was recorded.

Ten consecutive patients, from hospital wards, w ith a dcx:umented Gram-negative 
bacteremia confirmed on blood culture were identified by the microbiology depart
ment and enrolled i f  no organ failure or impending septic crisis was identified.

Thirteen healthy staff members served as a control group,

Exclusion criteria
Exclusion criteria included the follow ing: (1) pre-existing overt organ failure. 

(2) in fection  w ith  the human im m unodeficiency virus, (3) patients w ith 
neutropenia as a result o f chemotherapy. (4) patients receiving long-term treatment 
with corticosteroids. (5) patients w ith  trauma and bums, and (6) patients w ith non- 
Irish white ethnic background.

Blood sampling
Blood sampling was carried out w ith in the first 24 h o f ICU admission and 

again 7 days later. In bacteremic patients, blood sampling was carried out within 
24 h o f the positive blood culture being reported. Blood samples were collected 
from healthy controls at 1 time point.

Peripheral blood mononuclear cells (PBMCs) were immediately purified by 
density gradient centrifugation o f EDTA-anticoagulated blood using lymphoprep 
(Nycomed Pharma, Oslo, Norway).

Serum was obtained from whole blood clotted for .'̂ 0 min.

Total RNA extraction and reverse transcription
Total RNA was isolated from lysed PBMC using a commercially available kit 

(Qiagen) following the manufacturer’s instnictions. To avoid amplification o f contami
nating genomic DNA, all samples were treated with ribonuclease-free deoxyribonuclease 
(Qiagen, Hilden. Germany) for 15 min. The quantity and purity o f extracted RNA was 
measured w ith a spectrophotometer (Eppendorf BioFliotometer: Eppendorf AG, 
Hamburg. Germany). The quality o f the extracted mRNA was verified on an Agilent 
2100 Bioanalyzer using the RNA Nano LabChip kit (Agilent Technologies, Palo Alto, 
Calif).

Total RNA was then reverse transcribed as follows: 11.15 o f water 
containing 500 ng o f total RNA was first incubated at 65°C for 10 min; 18.85 ^iL 
o f the reverse transcription m ix containing the follow ing components were added: 
( I )  3 o f O.l mol/L dithiothreito l. (2) 4.5 o f dimethyl sulfoxide. (.3) 2 o f 
l(X) ^m o l/L  random primers (Invitrogen Corporation. Carlsbad. Calif), (4) 1.25 / iL  
o f Moloney murine leukemia virus reverse transcriptase (Invitrogen Corporation), 
(5) 6 / iL  5X first-strand buffer (Invitrogen Corporation). (6) 1.5 fA . o f 4 mmol/L 
deoxynucleotide triphosphate mix (Promega Corporation, Madison. Wis). and 
(7) 0.6 o f ribonuclease inhib itor (Promega Corporation) 10 U /pL. The samples 
were then incubated at 37°C fo r 1 h.

Primers and probes
A ll primers and probes used in this study were synthesized at Applied 

Biosystems (Foster City. CalifX Tumor necrosis factor (TNF) a  and interleukin 
(IL ) 10 primers and probes were obtained as a precustomized m ix (assay ID  for 
TNF-a is Hs00174128_ml. and that for IL-IO  is H-s00174086_mI). The ^-actin. 
IL-12P35. and IL-4. and interferon (IFN) y primers and probes were designed and 
customized (sequences listed in Appendix 1). as per Stordeur et al. (8).

Real-time PCR
The PCR reactions were carried out in an A B ! Prism 7000 (Applied 

Biosytems). AL reactions were performed either in triplicate or in duplicate. 
TTiermocycling was carried out in a 20-fiL  final volume containing the follow ing; 
( I ) water up to 20 / iL ; (2) 10 / iL  o f Master M ix  (Applied Biosystems): (3) 1, 2, or 
3 f jL  o f 6 p m o l/jL  forward and reverse primers (final concentration o f 300. 600. or 
900 nm ol/L; see Appendix I) ; (4) I / iL  o f 4 pm o l/^L  Taqman probe (final 
concentration oc' 200 nm ol/L) or I p L  o f precustomized primer/probe m ix with 
default primer ind probe concentrations (Appendix I); (5) 0.8 o f standard 
d ilu tion or 2.4 j L  o f complementary DNA (cDNA). After an in itia l denaturation 
step at 95°C fo i 10 min. temperature cycling was initiated. Each cycle consisted o f 
95°C for 15 s md 60°C fo r 60 s, the fluorescence being read at the end o f this 
second step. In total. 40 cycles were performed.

Standard curves and expression of the results
The DNA standards fo r TNF-a, IL-10, /5-actin. IL-12p35. IL-4. and IFN-y 

consisted o f a cloned PCR prcxluct that included the quantified amplicon prepared by 
PCR fn)m a cDNA population containing the target mRNA. Detailed information on 
these standards is given in Appendix 2. To quantify transcript levels, a standard curve 
was constructed, for each PCR run. tor each selected mRNA target from senal 
dilutions o f the relevant standard. A ll standard curves showed correlation coefficients 
o f greater than 0.99. indicating a precise log-linear relationship.

The mean efficiency o f the standard curves fo r all target cD N A  was 98.7591- = 
4.4%. The m RNA copy numbers were then calculated fo r each patient sample 
using the standard curve to convert the obtained crossing threshold value into 
m RNA copy numbers. Results were then expressed in absolute copy numbers after 
normalization against /J-actin mRNA (m RNA copy numbers o f cytokine mRNA 
per 10 m illion  ^-actin m RNA copy numbers).

Cytokine enzyme-linked immunosorbent assay
Serum TNF-a. IL - 10. IFN-y, and IL-6  concentrations were measured by enzyme- 

linked immunosorbent assay (R &D systems, Minneapolis. Minn), following the 
manufacturers instructions. Tlie lower lim it o f detection for TNF-a, IL-10, IFN-y, 
and IL-6 was 16, 47. 16, and 9 pg/mL. A ll samples were tested in duplicate.

Statistical analysis
The W ilcoxon rank sum test was used to analyze the differences between 

groups for continuous variables, Categoncal variables were analyzed by chi-square 
test and Fisher exact test as appropriate. Hierarchical cluster analysis was 
performed w ith standardized data using Ward method. Data analysis was 
performed using the JMP statistical package (SAS Institute, Cary, N O .

RESULTS

A fter g iv ing  the ir con.sent, 62 ICU patien ts, 10 bacterem ic 
w ard patien ts, and 13 healthy  con tro ls w ere recru ited  into the 
study. B lood sam ples w ere availab le  for PC R  analysis  from  
52 o f the IC U  pa tien ts  on the first day o f critical illness and 
from  49 ICU pa tien ts  on the seventh  day o f critica l illness. A 
total o f 39 ICU  pa tien ts  had b lood sam ples availab le  for PCR 
analysis at both tim e points.

T he  dem ograph ics, illness severity  scores, and  sites o f 
infection  for the septic  shock and severe  sepsis g roups on day 
1 and the bacterem ic  g roup are listed in T ab le  1. T here  w ere

T a b le  1. Demographics of shocked, nonshocked, 
and bacteremic groups

Shocked Nonshocked Bacteremic P

n 42 20 10

Male 26 (61%) 10 (50%) 4 (40%) NS

Age, year 70 (56-77) 62 (43-72) 82 (62-85) 0.017

SAPS II score 47 (39-59) 35 (28-41) 27 (21-33) <0,0001

SOFA score 9 (8-12) 4 (3-5) 0.5 (0-1) <0.0001

Duration of 
ventilation, d

9 (3-21) 2 (0-17) 0.049

Duration of 
ICU stay, d

11 (4-25) 5 (2-22) NS

Site of infection

Respiratory 21 (50%) 11 (55%) 4 (40%) NS

Abdominal 14 (33%) 7 (35%) 3 (30%) NS

Other 8 (19%) 2 (10%) 3 (30%) NS

Results are presented for the 3 groups (patients with septic shock and 
severe sepsis on day 1 and patients with bacteremia). Values are either 
absolute counts, with percentages or median values with interquartile 
range in parentheses. Significant differences among the 3 groups were 
determined by a Kruskal-Wallls test.
NS indicates nonsignificant.
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T a b le  2. Demographics of ICU patients

Survivors Nonsurvivors P

n 45 17

Male 24 (53%) 10 (59%) NS

Age, year 62 (19-81) 67 (39-86) NS

SOFA at day 1 7 (4-10) 9 (9-13) 0.003

SAPS II 40 (33-51) 49 (41-60) 0.02

Ventilated at day 1 36 (80%) 17 (100%) NS

Shock at day 1 26 (58%) 16 (94%) 0.006

ICU stay 12 (3.5-27) 5 (3-10.5) 0.03

Site of infection

Respiratory 22 (49%) 10 (59%) NS

Abdominal 15 (33%) 5 (29%) NS

Others 8 (18%) 2 (12%) NS

Results are presented for survivors and nonsurvivors from the ICU 
group. Age and severity of illness scores are presented as medians, writh 
the interquartile range In parentheses.
Abbreviation Is explained in the footnote to Table 1.

sign ificant differences between the groups in the organ 
severity scores (P <  0.0001) and age. Shocked patients on 
day 1 also had a longer duration o f ventila tion than non
shocked patients.

The demographics, illness severity scores, and sites o f 
infection for survivors and nonsurvivors in the group w ith 
severe sepsis are listed in Table 2. Survivors had lesser illness 
severity scores and were less like ly  to be shocked on day 1 
compared w ith  nonsurvivors.

Day 1 mRNA comparisons
On the firs t day o f c ritica l illness, TNF-or m R N A  levels in 

the ICU group were greater than tho.se in the control group but

T a b le  3 . Cytokine mRNA quantification in ICU patients with 
sepsis on day 1 compared with controls and 

patients with bacteremia

tCU day 1 Bacteremia Control

n 52 10 13

TNF-a 19,866 36,294 577
(11,545-28,270) (28,858-72,275) (422-1,679)

P 0.0007 <0.0001

IL-10 851 (573-1,638) 163 (88-363) 66 (33 -81)

P <0.0001 <0.0001

IL-12 2170 (923^,039) 3,843 (1,937-5,910) 2,123 (1,676-5,597)

P 0.03 NS

IFN-y 131 (76-350) 745 (285-941) 883 (617-1,216)

P 0.0003 <0.0001

IL-4 9 (2-28): n = 39 201 (22-512); n = 9 161 (58-262); n = 12

P 0.005 0.0004

Results are expressed as mRNA copy numbers per 10 million 0-actin 
mRNA copies.
All values are median and interquartile range. All comparisons are by 
Wilcoxon rank sum test, with P values stated as uncorrected values. All 
P  values are for comparison with the ICU group.
Abbreviation is explained In the footnote to Tatile 1.

O 'Dwyer e t  a l .

less than those in the bacteremic group. IL -10  m RNA levels in 
the ICU group were greater than those in the control and 
bacteremic groups. IFN-y m RN A levels in the ICU group 
were lesser than those in the control and bacteremic groups. 
lL -4  m RN A levels in the ICU group were lesser than those in 
the control and bacteremic groups. 1L -I2  m RN A levels in the 
ICU group were less than those in the bacteremic group but 
sim ilar to those in the control group (Table 3).

Multivariate group comparison
A  multivariate logistic regression model, which included 

data fo r TN F-a, IF N -7, and IL -1 0 , o f  patients in  the 
bacteremic and ICU groups was constructed. This model had 
an R~ value o f 0.63, w ith a receiver operating characteristic 
curve value o f 0.96. From th is m odel, the respective 
probabilities belonging to the bacteremic and ICU groups 
were determined fo r each patient, and the ratio o f these 
probabilities was considered as a relative risk fo r outcome in 
response to infection. This relative risk scoring system could 
be used to id e n tify  the bacterem ic group w ith  100% 
specific ity and 70% sensitivity or iden tify  the ICU group 
w ith 100% specific ity and 94% sensitivity.

Shock and mRNA levels in the ICU group
In the ICU group, there was no association between the 

cytokine m RNA levels and the pre.sence or absence o f shock 
on day I o f critica l illness. However, on the seventh day, 
patients w ith shock di,splayed s ign ificantly lower TN F-a and 
IFN-y m RN A levels compared w ith  the patients w ithout .shock 
(Table 4).

Mortality and mRNA levels
Seventeen (27%) o f the 62 ICU patients died during the 

course o f their ICU stay. O f the 52 patients that were analyzed 
for m RN A levels on the first day o f critica l illness, 13 died 
before ICU discharge. There was a nonsignificant trend 
toward greater IL-10 m RNA levels (1,262 |7 2 1 -3,169] vs. 
776 (539-1,3531; / ” = 0.1; a ll values expressed as median 
w ith interquartile range in parentheses and units as m RNA 
copy numbers per 10 m illion  /J-actin copy numbers) and

T a b le  4 . The relationship between cytokine mRNA levels and the 
presence of shock on day 7 in the ICU group

Cytokine Shock group Group without shock P

n 15 34

TNF-a 9,667 (6,207-17,291) 19,179 (10,902-28,543) 0.001

IL-10 355 (154-452) 189 (56-312) 0.11

IL-12 2,619 (2,109-8,014) 4,619 (2,669-6,699) NS

IFN-y 150 (70-195) 368 (196-772) 0-0004

IL-4 229 (26-671); n = 15 66 (15-270); n = 31 NS

Results are expressed as mRNA copy numtjers per 10 million /J-actin 
mRNA copies.
All comparisons are by Wilcoxon rank sum test. All values are stated as 
median with interquartile ranges.
Abbreviation is explained in the footnote to Table 1.
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lesser IF N -y  n iR N A  levels (112 |70-140 | vs. 180 [7 6 ^ 1 1 ]; 
P = 0.07) in nonsurvivors when compared w ith survivors. 
However, when ICU patients were dichotomized between 
those in the highest quartile o f IFN -y m R N A production 
on day 1 anid the remainder, no deaths occurred in the highest 
quartile grciup, whereas 13 o f the other 39 patients died 
(P = 0.02).

Eight o f the 49 ICU patients who had blood samples 
analyzed foT m R N A production after 7 days o f critical illness 
died before ICU discharge. These 8  nonsurvivors had lesser 
TN F-a m R N A  levels (Table 5).

White blood cell count and mRNA levels

The IC U  and bacteremic groups were analyzed for an 
association between white blood cell counts and cytokine 
mRNA levels fo r each cytokine. When a correction for m ultip le 
te,sting was used, no a.s.sociation was observed between total 
white blood cell count or any white cell sub.set and any o f 
the cytokine mRNAs in either ICU or bacteremic groups at all 
time points

Protein levels

Most patients had no detectable TNF-a, lL -10, or IFN-y 
protein, and levels were unrelated to m R N A copy numbers for 
each constituent cytokine. However. IL -6  protein was present 
in measurable quantities on day 1 (306 1131 7311; all values 
expres.sed as median, w ith  interquartile range in parenthesis 
and units as pg/m L) and day 7 (63 13.6-174|). On day 1, IL -6  

levels discrim inated between subsequent survivors and non
survivors, levels being higher in nonsurvivors (783 |.‘)66-926| 
vs. 271 (49-4701). Patients who were shocked on day 7 had 
higher IL - 6  levels than tho,se who were not shocked (173 
|48 6171 vs. 23 |0-117|).

Cluster analysis in the ICU group
A  cluster analysis (JMP software), which included ICU data 

fo r day 7 T N F -a  and IF N - / m R NA levels, was performed, and 
a cluster o f  ICU patients w ith reduced TNF-a and IF N -/ 
m RN A levels was characterized. Patients in this cluster were 
more like ly  to be shocked on day 7 o f critica l illness, had

T a b le  5  Relationship between cytokine mRNA levels In 
the iCU group on day 7 of critical Illness 

and subsequent outcome

Survivors Nonsurvivors P

n 41 8

TNF-a 17,329 (10,766-25,600) 6,898 (3,814-9,605) 0.002

IL-10 255 (133-^02) 40 (24-348) 0.08

IL-12 4,672 (2,619-6,885) 2,420 (1,588-6,338) NS

IFN-y 293 (158-677) 148 (59-565) NS

IL-4 76 (27-281); n = 38 178 (10-954); n = 8 NS

Results are expressed as m RNA copy numbers per 10 million /!-actin 
m RNA copies.
All values are median and interquartile range. All comparisons are by 
W ilcoxon rank sum test, w itt\ P  values stated as uncorrected values. 
Abbreviation is explained in the footnote to Table 1.

T a b le  6  Cluster analysis of TNF- and IFN- mRNA levels in the ICU
group on day 7 of critical Illness

Cluster 1 2 P

n 31 18

TNF-a 21,379 (16,218-28,840) 6,760 (2,884-10.715) 0.0001

IFN-y 407 (190-794) 158 (93-229) 0.0004

Shock 4 (13%) 11 (61%) 0.0009

SOFA 3 (0-6) 10 (8-13) 0.0001

Outcome
(death)

2 (6.5%) 6 (33%) 0.04

Results are expressed as mRNA copy numbers per 10 million /i-actin 
mRNA copies.
All continuous variables are quoted as median with interquartile ranges. 
All comparisons are by W ilcoxon rank sum test.

greater SOFA scores, and had a s ignificantly higher m ortality 
rate (Table 6 ).

DISCUSSION

In this study, patient response to infection was a.ssociated 
w ith  d istinct patterns o f cytokine m RNA production. More 
IFN - 7  and TN F-a m R NA was detected in the bacteremia 
group when compared w ith  the ICU group. Lesser IFN-y and 
T N F -a  gene expression was associated w ith  both the 
occurrence o f .severe sepsis in response to infection and the 
poor outcome in these ICU patients.

IL-10, a potent anti-inflam m atory cytokine and a direct 
inh ib itor o f macrophage function, exerts anti-inflam matory 
properties via inh ib ition  o f nuclear factor k B  nuclear trans
location, thereby inh ib iting  proinflam m atory cytokine gene 
expression (12). lL -1 0  m R NA levels were greatest in patients 
w ith  sepsis and lowest in patients w ith bacteremia who did not 
develop critica l illne.ss. This pattern o f IL-10 gene expression 
may account fo r the re latively deficient IF N - / production in 
patients w ith  sepsis because IFN-y gene expression in antigen- 
presenting cells may be inhib ited by IL-10 (13). Furthermore, 
exogenous IL-10  is reported to inh ib it IFN - 7  production in 
isolated monocytes from  patients w ith sepsis (14).

Because IFN-y is the signature cytokine fo r the CD4* T  

helper cell ( T h ) I cytokine response, and IL-10  is a T h 2 

cytokine, these data suggest that both the occurrence o f severe 
sepsis and outcome after severe sepsis may be linked to an 
imbalance in cytokine production in response to infection, 
w ith  a dominant T h I pro file  provid ing the optimal defense 
against infection.

In addition, patients who developed severe sepsis had TN F-a 
m RN A levels intermediate between that observed in the 
control and bacteremic groups. This exaggerated TN F-a 
response in patients w ith  infection who did not develop 
critica l illness may represent an appropriate and protective 
response. The concept that certain proinflam m atory cytokines 
are beneficial to patients w ith infection may account for the 
adverse outcome observed in prio r studies o f  TN F-a antago
nists in patients w ith  septic shock (15-17). Furthermore, such 
a protective role o f TN F -a  in sepsis may, in part, account for 
the association between persistent shock and death that we
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observed  in con junction  w ith  lesser T N F -a  m R N A  levels in 
ICU pa tien ts  w ith severe sepsis.

A s w ith T N F -a , IFN-y possesses proinflam m atory  properties. 
The IF N -f is a pleio tropic cytokine, w hich augm ents phag
ocytic bactericidal activity  (18); consequently , the low er IFN-y 
m R N A  levels observed in patien ts w ith  severe sepsis and persis
tent shock is not likely to be a beneficial response. In a fashion 
sim ilar to  the pattem  o f  T N F -a  gene expression , the relatively 
g reater levels o f  IFN-y m R N A  observed in bacterem ic patients, 
in com parison  to the ICU patients, m ay  represent an  ap 
propriate and beneficial T h I cy tok ine response. This concept is 
consistent w ith anim al m odels o f  sepsis, w hich confirm s the 
im portance o f IPTN-y in bacterial c learance (19 -21 ).

In hum ans, several case  series docum ent the beneficial use o f 
exogenous IFN -y in le ishm aniasis, leprosy, and niultidrug- 
resistant tuberculosis (2 2 -2 4 ). T he  therapeutic use o f IFN -y in 
patients w ith sepsis has been less extensively  reported. T o  date, 
2 studies failed to show  any survival benefit from  therapy w ith 
subcutaneous IFN-y in patient groups prone to develop  sepsis 
(25, 26). H ow ever, a case series o f  patients w ith severe sepsis 
coupled  w ith docum ented  m onocyte  suppression  seem ed to 
benefit from  daily  subcutaneous IFN-y (6). S im ilarly , traum a 
patients w ith dim inished im m une responsiveness, as m easured  
by m onocy te  m ajor h istocom patib ility  com plex class II recep
tor status, w ere less likely to develop  nosocom ial pneum onia 
w hen treated w ith  inhaled IFN -y (27).

IL -12 is a he te rod im eric  p ro te in  com po.sed o f 2 subunits, 
p40 and p35, encoded  by unrela ted  genes  (28). N either 
subunit has bio logical ac tiv ity  a lone, a lthough  a p40  h o m o 
d im er m ay act as IL -12 an tagon ist (28). F urtherm ore . IL -12 
p roduction  by m onocy tes resu lts  in a 500-fo ld  excess o f  p40  
re la tive  to the active  he te rod im er (29). A pprox im ately  20%  to 
40%  o f  the p40  in the serum  o f  norm al and endo tox in -trea ted  
m ice is in the form  o f  a hom od im er (30). In add ition , the p40 
subunit m ay lack sensitiv ity  because it form s a com m on 
com ponen t o f o ther he te rod im eric  cy tok ines such as IL-23 
(31). A s a consequence o f  th is, we chose to  m easu re  the p35 
subunit as an index o f  the IL -12 he te ro d im er activ ity . Both 
IL -12 and IL -4 have im portan t roles in C D 4* T -lym phocyte  
d ifferen tia tion , being  the principal regu lato rs  o f  naive T -cell 
m atura tion  in to  T h I o r T h 2  cells, respec tive ly  (32 , 33). In this 
s tudy, the ICU  group had a h igher IL -12 /IL -4  ra tio  than  the 
bacterem ic  group. T his response  seem s app rop ria te , and  the 
net e ffec t should  have po larized  CD4*  T  lym phocyte  d iffe r
en tia tion  in to  a T h I response , charac te rized  by g rea ter IFN -y 
p roduction . H ow ever. IF N -y  m R N A  levels  in patients w ith 
severe  sepsis w ere  low er than  those in the con tro l and 
b acterem ic  patien ts. T hese  da ta  are c learly  d iscordan t and 
suggest that, w ith in  the pa thw ay  o f  CD4'^ T -ce ll d iffe r
en tia tion . the m o lecu lar basis o f  the aberran t CD4'^ T h  cell 
po lariza tion  observed  in pa tien ts  w ith severe  sepsis is d ista l to 
the an tagon istic  in teraction  o f  IL -12 and IL-4.

O ne potentia l lim itation  o f  th is  study lies in the m ethod 
used fo r the iso la tion  o f  P M B C s from  w hole  blood. It is 
p lau sib le  th a t g ra n u lo cy te s  m ay  c o n ta m in a te  the PB M C  
p opula tion  during  the density  g rad ien t purification  step because 
o f the s im ila r density  o f the cell types. Yet because  g ran u lo 
cytes produce com paratively very small am ounts o f  IFN-y, IL-12,

and IL -4 (18 . 32. 33) and also  largely  contain  m uch less R N A  
in com parison  to PB M C s. the results p resented  here  rem ain  
sign ifican t. H ow ever, there  rem ains this po ten tia l constrain t in 
the in te rp reta tion  o f  the T N F -a  and  IL -10 results.

T he data p resen ted  in our study use the sensitiv ity  o f  Q R T- 
PC R  as a m ethod fo r evaluating  cy tok ine gene expression . 
P rio r investigations o f  cy tok ine responses to in fection  re lied  
exclu sive ly  on enzym e-linked  im m unosorben t a ssay -b a sed  
p ro te in  assays and. w ith the excep tion  o f IL -6. w ere unab le  to 
e ith e r  de tec t p ro in flam m ato ry  cy to k in e s  in a s ig n ifican t 
p roportion  o f  patien ts o r relate cy tok ine levels to c linical 
even ts (14 , 34, 35). S im ilarly , we w ere  unable to detect serum  
cy tok ine p ro te in , o ther than IL-6, in m ost patients. IL -6 did 
d istingu ish  betw een  survivors and nonsurv ivors on day  1 o f 
ICU stay  and was re la ted  to severity  o f  the d isease  on day 7, 
w hich is in keep ing  w ith p rio r s tudies (34, 35). H ow ever, a 
Q R T -P C R -b ased  m R N A  assay  p rov ides un iquely  sensitive  in 
vivo  in fo rm ation , not re ly ing  on ex  vivo  s tim ulation  o f  cells to 
produce  adequate  am ounts o f  m ateria l for detection  w hich 
creates an a rtifactual setting. T herefo re . Q R T -P C R  allow s us 
to investigate  absolute levels o f gene expression  in vivo, 
w hich can be u.sed as an index o f  the adequacy o f the cytok ine 
response to  infection.

T his study dem onstra tes  the use o f  m easuring  cytokine 
niR N A  by Q R T -P C R  in patien ts w ith infection . W e show  a 
m arked  association  betw een the p a ttem  o f cy tok ine gene 
exp ression  and the occurrence o f  severe  sepsis, persisten t 
shock, and survival, w ith an association  betw een adverse 
outcom e and an an ti-in flam m atory  cytokine response.

ACKNOWLEDGMENT
Ross M cM anus is a Health Research BoardA Velcom e Lecturer.

REFERENCES
1. A m erican C ollege o f Chest Physician.s/Society o f C ritical Care M edicine 

Consensus Conference. D efinitions for sepsis and organ failure and guidelines 
for the use o f  innovative therapies in sepsis. C rif C are M et! 2 0 :864-874 . 1992.

2. Angus D C. Linde-Zw irble W T, L idicker J. C lerm ont G. C arc illo  J. Pinsky MR: 
Epidem iology o f .severe sepsis in the U nited States: analysis o f incidence, 
outcom e, and associated costs o f  care. C rit Care M ed  29 :1303-1310 . 2001.

3. Cohen J: T he im m unopathogenesis o f sepsis. N ature  420 :8 8 5 -8 9 1 . 2002,
4. W estendorp RG. Langerm ans JA. H uizinga TAV, E louali AH. V erw eij CL. 

Boom sm a Dl. V andenhroucke JP: G enetic influence on cy tokine production 
and fatal m eningococcal d isease. Lancet 349:170-173 . 1997.

.‘5. van Dissel JT . van Langevelde P. W estendorp RG. K w appenberg K. Frolich 
M: A nti-inflam m atory cytokine profile and m ortality  in feb rile  patients. Lancet 
351:950-953 . 1998.

6. Docke W D , Randow  F. Syrbe U. K rausch D. A sadullah K. Reinke P. Volk 
HD. Kox W: M onocyte deactivation in sep tic patients: restoration by IFN- 
gam m a treatm ent. N at M ed  3 :678-681 . 1997.

7. Pachot A. M onneret G. Brion A, V enet F. Bohe J. B ienvenu J. M ougin B. 
Lepape A: M essenger R N A  expression o f  m ajor h istocom patib ility  com plex 
class II genes in whole blood from septic shock patien ts. C rit C are M ed  
33 :31 -38 , 2005.

8. S tordeur P. Poulin LF, C raciun L. Zhou L. Schandene L. de Lavareille A. 
G orie ly  S, G oldm an M: Cytokine m RN A  quantifica tion  by real-tim e PCR. 
J  Im m unol M ethods  259:55-64 . 2002.

9. Pachot A. M onneret G. Voirin N, L eissner P. Venet F . Bohe J, Payen D, 
Bienvenu J, M ougin B. Lepape A: Longitudinal study o f cy tokine and immune 
tran sc rip tio n  fa c to r m RN A  expression  in sep tic  shock . C lin  Im m unol 
114:61-69 . 2005.

10. Le G all JR. Lem eshow  S. Saulnier F: A new  S im plified  A cute Physiology 
Score (SA PS II) based on a European/N orth A m erican  m ulticen ter study. 
JA M A  270 :2957-2963 . 1993.

CopyngM ©  2006 by the Shock Society. Unauthorized reproduction of this article is prohibited.



SHOCK D ecember 2 0 0 6 U sing  PCR t o  P r e d ic t  O u tc o m e  A f t e r  In fe c t io n  549

11. V incent JL. Moreno R. Takaia J. W illa tts S. De Mendonca S. Bniining H. 
Reinhart CK. Suier PM, Thijs LG; The SOFA (Sepsis-related Organ Failure 
Assessment) score to describe organ dysfunction/failure. On behalf o f the 
W orking Group on Sepsis-Related Problems o f the European Society o f 
Intensive Care Medicine. Intensive Care Med 22:707-710, 1996.

12. Moore K W , de Waal Malefyt R, Coffman RL, O ’Garra A: Interleukin-10 and 
the interleukin-10 receptor. Annu Kev Immunol 19:683-765. 2001.

13. Fiorentino DF. Z lo tn ik A. Vieira P. Mosmann TR. Howard M. Moore KW, 
O 'Garra A ; IL-10 acts on the antigen-presenting cell to inhibit cytokine 
prcxluction by T h l cells. J Immunol 146:3444-3451. 1991.

14. Bjerre A, Brusletto B. Hoiby EA. K ie ru lf P. Brandtzaeg P: Plasma interferon- 
gamma and interleukin-10 concentrations in systemic meningococcal disease 
compared w ith  severe systemic Gram-positive septic shock. C rir Care Med 
32 :4 33 ^38 . 2004.

15. Fisher CJ Jr. Agosti JM. Opal SM, Lowry SF. Balk RA. Sadoff JC. Abraham 
E, Schein RM. Benjamin E: Treatment o f .septic shock with the tumor necrosis 
factor receptor: Fc fusion protein. The Soluble TNF Receptor Sepsis Study 
Group. N  Engl J  Med 334:1697-1702. 1996.

16. Dhainaut JF. Vincent JL. Richard C, Lejeune P. Martin C. Fierobe L, Stephens 
S, Ney UM , Sopwith M: CDP571. a humanized antibody to human tumor 
necrosis factor-alpha: safety, pharmacokinetics, immune response, and 
influence o f the antibody on cytokine concentrations in patients w ith  septic 
shock. CPD571 Sepsis Study Group. Crh Care Med 23:1461-1469. 1995.

17. Reinhart K. Wiegand-Lohnert C. Grimminger F. Kaul M. W ithington S. 
Treacher D, Eckart J. W illatts S. Bouza C, Krausch D, et al: Assessment o f the 
safety and efficacy o f the monoclonal anti-tumor necrosis factor antibody- 
fragment, M A K  195F. in patients w ith sepsis and septic shcxk: a multicenter, 
random ized, p lacebo-contro lled, dose-ranging study. C r ii Care Med 
24:733-742, 1996.

18. Bi>ehm U, Klamp T, Gniot M, Howard JC: Cellular responses to interfewn- 
gamma. Annu Rev Immunol 15:749-795, 1997.

19. Deng JC. Zeng X, Newstead M. Moore TA , Tsai WC. Thannickal VJ, 
Standiford TJ: STAT4 is a cntical mediator o f early innate immune responses 
against pulmonary Klebsiella infection. J Immunol 173:4075-4083, 2004.

20. Ono S. Ueno C, Aosasa S, T.sujimoto H. Seki S. M iKhizuki H: Severe sepsis 
induces deficient mierteron-gamma and interleukin-12 pnxluction. but interleukin- 
12 therapy impmves survival in peritonitis. Am .1 Sur^ 182:491-497, 2001.

2 L  Pammit M A , Budhdvardpu V N , RauUe EK, Klose KE, Teale JM, Ar\ilanandam 
BP: Intranasal interleukin-12 treatment promotes antim icrobial clearance and 
survival in  pulmonary Franrise lla  tularensis subsp. novicida infection. 
Aniim icroh Agents Chemoiher 48:4513-4519, 2004.

22. Haas N. Hauptmann S. Paralikoudi D. Muche M. Kolde G: Inteileron-gamma

treatment induces granulomatous tissue reaction in a case o f localized 
cutaneous leishmaniasis. Am J  Dermaiopathol 24:319-323. 2002.

23. Barral-Netto M , Santos S, Santos 1, von Sohsten R. Bittencourl A L, Carvalho 
EM. Barral A. Waters M: Immunochemotherapy w ith  interferon-gamma and 
multidrug therapy for m ultibacillary leprosy. Acta Trap  72:185-201, 1999,

24. Condos R, Rom W N. Schluger NW : Treatment o f multidrug-resistant 
pulmonary tuberculosis w ith interferon-gamma via aerosol. Lancet 349: 
1513-1515, 1997.

25. Wasserman D. Ioannovich JD. Hinzmann RD, Deichsel G. Steinmann GG: 
Interferon-gamma in the prevention o f severe bum-related infections: a 
European phase III multicenter trial. The Severe Bums Study Group. Crit Care 
M « /26:434^39. 1998.

26. Polk HC Jr. Cheadle WG, Livingston DH. Rodriguez JL, Starko K M . Izu AE, 
Jaffe HS, Sonnenfeld G: A randomized prospective c lin ical trial to determine 
the efficacy o f interferon-gamma in severely injured patients. Am J  Surg 
163:191-196, 1992.

27. Nakos G, Malamou-Mitsi VD. Lachana A. Karassavoglou A, K itsiouli E. 
Agnandi N. Lekka ME: Immunoparalysis in patients w ith  severe trauma and 
the effect o f inhaled interferon-gamma. C rit Care Med 30:1488-1494. 2002.

28. Gately M K . Renzetti LM . Magram J. Stem AS. Adorin i L. Gubler U. Presky 
DH: Tlie interleukin-12/interleukin-12-receptor system: role in normal and 
pathologic immune responses, Annu Rev Immunol 16:495-521, 1998.

29. D'Andrea A. Rengaraju M, Valiante NM. Chehimi J, Kubin M . Aste M, Chan 
SH. Kobayashi M. Young D. Nickbarg E: Production o f natural k ille r cell 
stimulatory factor (interleukin 12) by peripheral blocxl mononuclear cells. 
J Exp Med 176:1387-1398. 1992.

30. Heinzel FP. Hujer A M . Ahmed FN. Rerko RM: In vivo production and 
function o f lL-12 p40 homodimers. J Immunol 158:4381-4388. 1997.

31. Vanden Eijnden S, G onely S. De W it D. Willems F. Goldman M: IL-23 up- 
regulates IL-10 and induces IL-17 synthesis by polyclonally activated naive 
T  cells in human. Eur J Immunol 35:469-475. 2005.

32. Wu CY. Demeure C. K in iwa M. Gately M. Delespesse G: IL-12 induces the 
production o f IFN-gamma by neonatal human CD4 T  cells. J Immunol 151: 
1938-1949, 1993.

33. Swain SL, Weinberg AD. English M, Huston G: IL-4  directs the development 
o f Th2-like helper effectors. J  Immunol 145:3796-3806, 1990.

.34. Goldie AS. Fearon KC. Ross JA, Barclay GR, Jackson RE, Grant IS, Ramsay 
G. B lyth AS, Howie JC: Natural cytokine antagonists and endogenous 
antiendotoxin core antibtxlies in sepsis syndrome, TTie Sepsis Intervention 
Group. 274:172-177, 1995.

35, Damas P, Canivet JL. de Groote D. Vrindts Y. Albert A. Franchimont P. Lamy 
M: Sepsis and serum cytokine concentrations. Crit Care Med 25:405-412, 1997.

A p p e n d ix  I. Oligonucleotides for real-time PCR

mRNA targets Oligonucleotides (5'—*3')* Product size, bp Final concentration, nmol/L^

/3-actin F976: GGATGCAGAAGGAGATCACTG 

R1065: CGATCCACACGGAGTACTTG 

P997: 6Fam-GCCTGGCACCCAGCACAATG-Tamra-p

90 F300; R300

\FN -y F464; CTAATTATTCGGTAACTGACTTGA

R538: ACAGTTCAGCCATCACTTGGA

P491: 6Fam-TCCAACGCAAAGCAATACATGAAC-Tamra-p

75 F600; R900

IL-12p35 F212; CTCCTGGACCACCTCAGTTTG 

R287: GGTGAAGGCATGGGAACATT 

P234: 6Fam-CGAGAAACCTCCCCGTGGCCA-Tamra-p

76 F600; R900

IL-4 F174: ACTTTGAACAGCCTCACAGAG 

R247: TTGGAGGCAGCAAAGATGTC 

P204: 6Fam-CTGTGCACCGAGTTGACCGTA-Tamra-p

74 F300; R900

TNF-a Supplied as a precustomized mix from Applied Blosystems F900; R900; P250

IL-10 Supplied as a precustomized mix from Applied Biosystems F900; R900; P250

*F, R, and P indicate fonward and reverse primers and probes, respectively: numbers indicated the sequence position. 
tF inal concentraton of forward and reverse primers and probe, 
bp indicates base pair.
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A p p e n d ix  II. Oligonucleotides for standard preparation

O ’ D w y e r  et a l .

mRNA targets Oligonucleotides (5'->3')* Product size, bp Conditions for ‘‘classic" PCR^

IL-10 F296; TTTACCTGGAGAGGTGATG 

R771; TTGGGCTTCTTTCTAAATCGT

476 A = 56, Mg = 1.5

TNF-a F83: ACCATGAGCACTGAAAGCAT 

R488; AGATGAGGTACAGGCCCTCT

406 A = 58, Mg = 1.5

IFN-y FI 54: TTGGGTTCTCTTGGCTGTTA 

R632: AAATATTGCAGGCAGGACAA

479 A = 58, Mg = 1.5

^-actin F745: CCCTGGAGAAGAGCTACGA 

R1253: TAAAGCCATGCCAATCTCAT

509 A = 58, Mg = 1.5

IL-12 F185: AGCCTCCTCCTTGTGGCTA 

R412: TGTGCTGGTTTTATCTTTTGTG

228 A = 59. Mg = 1.5

IL-4 F27: TAATTGCCTCACATTGTCACT 

R529: ATTCAGCTCGAACACTTTGAA

503 A = 58, Mg = 1.5

*F and R indicate forward and reverse primers, respectively; numbers indicate the sequence position.
^Conditions, for all targets, were as follows: denaturation at 95“C for 20 s, annealing {temperature as stated [A]) for 20 s and elongation at 72°C for 
45 s, for a total of 35 cycles. Magnesium chloride concentration (Mg, mmol/L) was as stated.

A p p e n d ix  III. Correlation matrix of white cell subsets to cytokine mRNA In patients with bacteremia and In ICU patients on day 1

TNF-a IFN-y IL-12 IL-4 IL-10

WCC 0.04 (0.12) 0.02 (0.27) 0.03 (0.16) 0 (0.91) 0 (0.92)

PMNs 0.02 (0.26) 0 (0.76) 0,05 (0.09) 0 (0.64) 0.005 (0.63)

PBMCs 0 (0.87) 0 (0.76) 0.04 (0.11) 0 (0,64) 0 (0.49)

All correlations were analyzed by linear regression analysis and presented as values, with significance level in parentheses. 
P values are reported as values uncorrected for repeated measures.
PMN indicates polymorphonuclear lymphocytes; WCC, white celt count.

A p p e n d ix  IV. Correlation matrix of white celt subsets to cytokine mRNA on day 7 for the ICU group

TNF-fl IFN-y IL-12 IL-4 IL-10

WCC 0.05 (0.1) 0.08 (0.06) 0 (0.92) 0 (0.75) 0 (0.67)

PMNs 0.06 (0.1) 0.08 (0.06) 0 (0.92) 0.005 (0.6) 0.01 (0.48)

PBMCs 0.002 (0.74) 0.02 (0.36) 0.003 (0.69) 0.02 (0.3) 0.03 (0.28)

All correlations were analyzed by linear regression analysis and presented as r® values, with significance level in parentheses. 
P values are reported as values uncorrected for repeated measures.
PMN indicates polymorphonuclear lymphocytes; WCC, white cell count.
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Abstract

Introduction Asymmetrical dimethyl arginine (ADMA) is an 
endogenous non-selective inhibitor of nitric oxide synthase that 
may influence the severity of organ failure and the occurrence of 
shock secondary to an infectious insult. Levels may be 
genetically determined by a promoter polymorphism in a 
regulatory gene encoding dimethylarginine
dimethylaminohydrolase II (DDAH II), vi^hich functions by 
metabolising ADMA to citrulline. The aim of this study was to 
examine the association between ADMA levels and the severity 
of organ failure and shock in severe sepsis and also to assess 
the influence of a promoter polymorphism in DDAH  II on ADMA 
levels.

Methods A prospective observational study was designed, and 
47 intensive care unit (ICU) patients with severe sepsis and 10 
healthy controls were enrolled. Serum ADMA and IL-6 were 
assayed on admission to  the ICU and seven days later. Allelic 
variation for a polymorphism at position -449 in the DDAH  II 
gene was assessed in each patient. Clinical and demographic 
details were also collected.

Results On day 1 more ADMA was detectable in the ICU group 
than in the control group (p =  0.005). Levels subsequently 
increased during the first week in ICU (p =  0.001). ADMA levels 
were associated with vasopressor requirements on day one (p 
=  0.001). ADMA levels and Sequential Organ Failure 
Assessment scores were directly associated on day one (p = 
0.0001) and day seven (p =  0.002). The degree of acidaemia 
and lactaemia was directly correlated with ADMA levels at both 
time points (p <  0.01). On day seven, IL-6 was directly 
correlated with ADMA levels (p =  0.006). The variant allele with 
G at position -449 in the D D AH  II gene was associated with 
increased ADMA concentrations at both time points (p <  0.05).

Conclusion Severity of organ failure, inflammation and 
presence of early shock in severe sepsis are associated with 
increased ADMA levels. ADMA concentrations may be 
influenced by a polymorphism in the D D AH  II gene.

Introduction
Overwhelm ing infection w ith resultant multiple organ failure, 
which has been termed the 'sepsis syndrome' [1], is a devas
tating illness, and a common intensive care unit (ICU) admis
sion diagnosis, w ith an incidence of 3 per 1,000 population 
per annum [2]. The sepsis syndrome has been characterised

as a dysregulation o f inflammation in response to infection, 
with life-threatening organ failure attributable to  a combination 
of excessive inflammation, disseminated coagulopathy and 
disruption o f the integrity of m icrovascular endothelium [3].

ADMA =  asymmetrical dimethyl arginine; DDAH =  dimethylarginine dimethylaminohydrolase; ELISA =  enzyme-linked immunosorbent assay; eNOS =  
endothelial NO synthase; INOS =  inducible NO synthase; ICU =  intensive care unit; IL =  interleukin; NO =  nitric oxide; NOS =  nitric oxide synthase: 
SOFA =  Sequential Organ Failure Assessment.
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Endothelium-derived nitric oxide (NO) is a potent vasodilator 
that antagonises the effects of endogenous vasopressors [4]. 
NO is produced from L-arginine by an enzyme, nitric oxide syn
thase (NOS), which exists in constitutive, inducible, endothe
lial and neuronal isoforms. The endothelial isoform (eNOS) 
regulates vascular tone and interactions between leukocytes 
and endothelium [5]. Consequently, NO has been implicated 
in the pathogenesis of the hypotension and organ failure attrib
utable to severe sepsis [6]. However, although non-selective 
pharmacological inhibition of NOS briefly attenuates the 
haemodynamic anomalies seen in these patients with severe 
sepsis, the overall effect of such inhibition is to increase mor
tality [7].

This conundrum may be explained in part either by selective 
inhibition of the various isoforms of NOS or by an ancillary non- 
vascular function of NOS. Specifically, inhibition of the consti- 
tutively expressed isoform of NOS, which is essential to main
tain organ perfusion, may be detrimental [8]. However, and of 
considerably greater importance in the context of sepsis, NO 
has an ancillary yet critical protective function, possessing 
potent antimicrobial properties, antagonism of which may 
account for the excess mortality observed with NOS inhibition 
in patients with sepsis [9],

Asymmetrical dimethyl arginine (ADMA) is a naturally occur
ring non-selective inhibitor of NOS, derived from protein 
catabolism, and is metabolised to citrulline by dimethylarginine 
dimethylaminohydrolase (DDAH) [10]. The co-localisation of 
DDAH and NOS at several sites supports the hypothesis that 
DDAH may regulate NOS activity by controlling the metabo
lism of ADMA [10). DDAH exists as two distinct isoforms, with 
DDAH I present in tissues expressing neuronal A/OS, whereas 
DDAH II has an expression pattern similar to that of eNOS 
[11], thus making DDAH II characteristic of vascular tissue 
such as the heart and endothelium. Variation in DDAH II 
expression or activity might therefore be an important mecha
nism in the haemodynamic alterations and end-organ damage 
obsen/ed in sepsis. Notably, DDAH displays decreased activ
ity when operating in an inflammatory milieu [1 2], Depletion of 
NO by ADMA has biological significance, because elevated 
ADMA levels are seen in patients with vascular disease, 
hepatic failure and renal failure, and are linked with greater 
severity of organ failure in ICU patients with sepsis [5,13], Fur
thermore, it has recently been postulated that the beneficial 
effects of the administration of exogenous insulin may be asso
ciated with fluctuations in ADMA levels in patients with sepsis
[13]. However, variation in ADMA levels may also have a 
genetic basis. Gene polymorphism, observed in the promoter 
region of the DDAH II gene, may have functional significance
[14] but has not previously been studied in a human popula
tion with sepsis. However, an association between gene poly
morphism in the promoter region of the DDAH II gene and 
systemic arterial vasodilation after cardiac surgery with cardi
opulmonary bypass suggests a link between pathological

vasodilation, such as that occurging with severe sepsis, and 
ADMA metabolism [15].

We undertook a study to assess the relationship between 
ADMA levels and organ failure in ICU patients with severe sep
sis and also to assess the possible functionality of a polymor
phism in the DDAH II promoter, designated DDAH II -449 
(single-nucleotide polymorphism (SNP) ID rs805305).

Materials and methods
This study was conducted in the ICU of St James's Hospital, 
Dublin, Ireland, and was approved by the local research ethics 
committee. Informed written consent was obtained from each 
patient or a first-degree relative. A total of 47 consecutive 
patients with severe sepsis or septic shock, as defined by the 
American College of Chest Physicians/Society of Critical 
Care Medicine Consensus Conference [1] were enrolled. Ten 
healthy staff members served as a control group.

Severity of illness was characterised with the Sequential 
Organ Failure Assessment (SOFA) sconng system [16] and 
the Simplified Acute Physiology Score (SAPS2) [17] on 
admission to ICU, and with the SOFA score again on day 
seven, individual clinical and laboratory variables relating to 
inflammation were collected on days one and seven of ICU 
stay. The recorded variables represented the most significant 
derangements from normal values recorded over each 24- 
hour period. The requirement for vasoactive or vasopressor 
medications to maintain a mean arterial pressure greater than 
60 mmHg was recorded. These medications consisted of 
either adrenaline or noradrenaline infusions. Death in ICU or 
survival to ICU discharge was recorded.

Blood sampling was performed within the first 24 hours of ICU 
admission and again seven days later through an indwelling 
central venous line. Serum was obtained from whole blood 
clotted for 30 minutes at room temperature and spun at 2,500 
rev./minute for 10 minutes.

ADMA was measured with a microtitre plate assay (DLD Diag- 
nostika Ltd, Hamburg, Germany) as described previously [18],

Serum IL-6 concentrations were measured by ELISA (R&D 
Systems, Minneapolis, MN, USA) in accordance with the man
ufacturer's instructions. The lower limit of detection for IL-6 
was 9.4 pg/ml. All samples were tested in duplicate.

Genomic DNA was extracted from whole blood with a com
mercially available DNA isolation kit (OlAmp DNA blood Midi 
kit, Oiagen GmBH, Crawley, West Sussex, UK). Allelic varia
tion for the polymorphism was assayed using Amplifluor tech
nology by Kbiosciences (Hoddesdon, Herts., UK). Primer 
sequences are listed in Table 1.
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Table 1

Locus Primer

DDAHII-449 Allele 1 GAAGGTGACC/W GTTCATGCTGACTGGAAGTCCAGCCCGG

Allele 2 GAAGGTCGGAGTCAACGGATTGACTGGAAGTCCAGGCGGC

Common CCAGCTTTCTCCTTCTGTCCCATAA

Table 2

Demographics and asymmetrical dimethyl arginine (ADMA) levels by group

Parameter Survivors Non-survivors P

Total patients 33 (70) 14 (30)

Male sex 17 (52) 9 (64) ns

SOFA score, day 1 7 (4-10) 9 (8.75-12.5) 0.02

SOFA score, day 7 4 (2.75-7.25) 10.5(8.5-11.75) 0.006

SAPS2 score 39 (30.5-51.5) 47.5 (39.5-60.75) ns

Lactate, day 1 2.1 (1.5-5) 3.6 (2.25-5.75) ns

Lactate, day 7 1.5 (1-1.9) 2 (1.1-4) ns

Vasoactive agents, day 1 1 8 (55) 13 (93) 0.01

Vasoactive agents, day 7 5 (15) 5 (63) 0.005

ADMA, day 1 0.88 (0.52-1.09) 0.91 (0.64-1.23) ns

ADMA, day 7 1.05 (0.66-1.21) 1.24 (0.77-1.53) ns

pH, day 1 7.31 (7.26-7.38) 7.33 (7.27-7.37) ns

pH, day 7 7.44 (7.40-7.45) 7.32 (7.24-7.40) 0.002

W CC, day 1 18 (10.7-23) 9.1 (2.3-1 7.8) ns

V^CC, day 7 11.6 (8.6-17.4) 13.9 (8.5-19.3) ns

Base excess, day 1 -2.9 (-6.45 to 1.75) -4.1 (-9.3 to 1.75) ns

Base excess, day 7 2.9 (1.1-5.6) 0.1 (-3 to 1.33) 0.009

IL-6, day 1 277 (107-499) 782 (566-1,060) 0.001

IL-6, day 7 22 (0-651) 130 (68-425) ns

All values are shown either as absolute counts with percentages in parenthesis or as medians with interquartile ranges in parenthesis. ADMA was 
measured in nmol/l, lactate in mmol/l, and IL-6 in pg/ml. SOFA, Sequential Organ Failure Assessment score; SAPS, simplified acute physiology 
score; ADMA, asymmetrical dimethyl arginine; WCC, white cell count; ns, not significant.

Statistical analysis was performed with the JMP software 
package (SAS, Cary, NC, USA). Between-group comparisons 
for continuous variables were analysed by W ilcoxon rank sum 
test, W ilcoxon sign rank test and Kruskal-Wallis test where 
appropnate. Spearman's rank correlation coefficient was used 
to analyse the relationship between continuous variables. For 
all comparisons, p  <  0.05 was considered significant.

Results
Consent was gained for 47  ICU patients and from 1 0 healthy 
controls; they were recruited into the study. B lood samples 
were available for analysis from 40 patients on day 1 and from 
35 patients on day 7; 28 patients had blood samples available 
for analysis at both tim e points. Fourteen (30% ) patients died

Page 3 of 7
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before discharge from ICU. Demographic data, clinical details 
and levels o f inflammatory markers for patients are detailed in 
Tables 2 to  4.

Day one comparisons
On day one, 31 patients (66% ) required infusion of a vasoac
tive com pound to maintain adequate arterial pressure. ADMA 
levels (p =  0.001), lactate levels (p =  0.018) and organ failure 
scores (p <  0 .003) were higher in this group requiring vasoac
tive infusions (Table 3). Patients in this group on day one were 
also more likely to be non-survivors (p =  0.01; Table 3).

Plasma lactate levels were directly correlated with ADM A lev
els on day 1 (r^=  0.28, n  =  40, p =  0 .0003). In addition, SOFA
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Table 3

Requirement for vasoactive infusions on day 1

Parameter Vasoactive infusions No vasoactive 
infusions

P

Total patients 31 (66) 16 (34)

Death 13 (42) 1 (6) 0.01

IL-6 3 54  (1 8 9 -7 6 8 ) 293  (8 7 -65 7 ) ns

pH 7.31 (7 .26 -7 .35 ) 7.32 (7 .29 -7 .40 ) ns

Lactate 3 .5 (1 .9 -6 .0 2 ) 1.8 (1 .05 -3 .75 ) 0.018

Base excess -3.5 (-9 to 3.4) -2 (-4.95 to  0.55) ns

SOFA 9 (8 -1 2 ) 4 (3 .25 -4 .75 ) <0.0001

SAPS2 47 (3 8 -6 3 ) 33.5 (2 1 -41 .75 ) 0.003

ADMA 0.96 (0 .82 -1 .29 ) 0.54 (0 .48-0 .78) 0.001

W C C 14 (8 -2 2 ) 17 (8 -2 4 ) ns

MAP 65 (6 0 -7 0 ) 79 (6 6 -80 ) 0.001

Heart rate 110 (9 0 -1 2 0 ) 103 (9 6 -11 8 ) ns

CVP 13 (1 0 -1 6 ) 11 (7 -1 2 ) ns

Noradrenaline 13 (5 -2 6 )

All values are shown either as absolute counts with percentages in 
parenthesis or as medians with interquartile ranges in parenthesis. IL- 
6 was measured in pg/ml, asymmetrical dimethyl arginine (ADMA) in 
^mo!/l, lactate in mmol/l, and mean arterial pressure (MAP) and 
central venous pressure (CVP) in mmHg. Noradrenaline dosage was 
measured in ^g/minute. SOFA, Sequential Organ Failure 
Assessment score; SAPS, simplified acute physiology score; WCC, 
white cell count; ns, not significant.

score and ADMA levels were directly correlated on day 1 (/•̂  =  
0.31, n =  40, p <  0.0001).

To elucidate whether the relationship between ADM A levels 
and SOFA score was entirely attributable to  cardiovascular 
failure, a non-cardiac organ failure score was obtained by 
excluding the cardiovascular com ponent from the total SOFA 
score. There was a positive correlation between this score and 
ADM A levels on day 1 =  0.23, n =  40, p  =  0.002).

ADM A levels on day 1 were not related to survival, nor were 
the highest producers o f ADM A (highest quartile) more likely 
to have a higher mortality. However, S O FA scores and IL-6 lev
els on day one did distinguish between survivors and non-sur- 
vivors on day 1 (p =  0.02 and p  =  0.001, respectively) (Table 
2 ).

Day seven comparisons
On day seven, 10 patients (24% ) required infusion with 
vasoactive medication to  maintain a normal blood pressure. 
Although there was a trend towards increasing AD M A levels 
in those patients requiring vasoactive infusions to maintain 
blood pressure, this did not reach significance (p =  0.07; 
Table 4).

Plasma lactate levels were directly correlated w ith AD M A lev
els on day 7 ( r ^ =  0.1 8, n =  31, p  =  0.01). In addition, SOFA

Table 4

Use of vasoactive infusions on day 7

Parameter Vasoactive
infusions

No vasoactive 
infusions

P

Total patients 10 (24) 31 (76)

Death 5 (50) 3(10) 0.005

IL-6 299 (20-784) 23 (0-117) 0.037

pH 7.36 (7.23-7.41) 7.44 (7.40-7.45) 0.0006

Lactate 2.35 (1.48-3.73) 1.2 (1-1.8) 0.006

Base excess 0.05 (4.7-3.8) 2.9 (1.1-4.8) 0.04

SOFA 11 (10-15) 4 (2.3-5.8) <0.0001

ADMA 1.21 (0.88-1.57) 1 (0.66-1.18) ns

W CC 18.2 (13.3-22.2) 10 (8.2-13.8) 0.01

MAP 70 (69-76) 82 (80-90) 0.01

Heart rate 100 (85-111) 78 (70-90) 0.04

CVP 11 (10-12) 10 (9-14) ns

Noradrenaline 12 (4-21)

All values are shown either as absolute counts with percentages in 
parenthesis or as medians with interquartile ranges in parenthesis. IL-
6 was measured in pg/ml, asymmetrical dimethyl arginine (ADMA) in 
l^mol/l, lactate in mmol/l, and mean arterial pressure (MAP) and 
central venous pressure (CVP) in mmHg. Noradrenaline dosage was 
measured in ^g/minute. SOFA, Sequential Organ Failure 
Assessment score; V\/CC, white cell count; ns, not significant.

Table 5

Asymmetrical dimethyl arginine (ADMA) levels by group

Parameter Control Day 1 ICU= Day 7 ICUt>

ADMA 0.63 (0 .57 -0 .71 ) 0.89 (0 .57 -1 .09 ) 1.05 (0 .71 -1 .32 )

All values are in ^imol/l and are presented as medians with 
interquartile ranges in parenthesis. ICU, intensive care unit. 
"Comparison between day 1 ICU and control group by Wilcoxon 
rank sum test; p =  0.005. ^Comparison between day 1 ICU and day
7 ICU by Wilcoxon signed rank test; p =  0.001.

score and ADM A levels were directly correlated on day 7 (r'  ̂=  

0.23, n  =  35, p  =  0.002). The non-cardiac organ failure score 
was calculated as above from the day 7 SOFA score. This 
score was positively correlated with ADMA levels on day 7 (r^ 

=  0.22, n =  35, p =  0.005).

ADM A levels on day 7 were not related to survival, nor were 
the highest producers of ADM A (highest quartile) more likely 
to have a higher mortality. However, increased SOFA scores, 
acidosis and requirement for infusion of vasoactive 
medications on day 7 were associated with increased risk of 
death (Table 2).

ADMA levels by group
On the first day of critical illness, the ICU group had greater 
ADM A levels than the control group (p =  0 .005). ADM A levels
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Table 6

Correlation matrix of asymmetrical dimethyl arginine (ADMA) 
and inflamm atory marlters

Parameter ADMA day 1 data ADMA day 7 data

pH 0.31 (0.0002) 0.32 (0.001)

Base excess 0.13 (0.02) 0.24 (0.005)

Lactate 0.29 (0.0003) 0 .20  (0.01)

W CC ns ns

IL-6 ns 0.25 (0.006)

Values are with p values in parenthesis. W CC, white cell count; ns, 
not significant.

Table 7

Multivariate linear regression between SOFA scores and 
ADMA and IL-6 ieveis

Parameter F ratio P

Day 1 (n = 36, r2=0.35)

ADMA 11 0.002

IL-6 7.8 0.009

Day 7 (n = 30. r2=0.32)

ADMA 12.02 0.002

IL-6 0.88 ns

SOFA, Sequential Organ Failure Assessment score; ADMA, 
asymmetrical dimethyl arginine; ns, not significant.

subsequently rose over the first week in the ICU group (p =  
0 .001; Table 5).

Correlation between ADMA levels and inflammatory 
markers
Various inflammatory markers were correlated with ADMA lev
els on univariate analysis on both day 1 and day 7 (Table 6). 
W hereas pH, base excess and lactate levels were correlated 
with AD M A on both day 1 and day 7, IL-6 levels were corre
lated w ith ADM A only on day 7, and the white cell count was 
not correlated with ADMA at either time point (Table 6),

Correlation between severity of organ failure and ADMA  
and IL-6 levels
Multivariate analysis of the relationship between the SOFA 
scores and the biological markers ADMA and IL-6 revealed 
that on day 1 both ADMA (p =  0.002) and IL-6 (p =  0.009) 
were independently related to SOFA scores, whereas on day 
7 only ADM A (p =  0.002) was independently related to the 
SOFA score (Table 7).

Allelic variations
The distribution of D D A H  II alleles conformed to a Hardy- 
W einberg equilibrium. There was no association between any 
clinical outcom e measure and carriage of specific D D A H  II 
alleles. Twenty-four patients (45% ) were G G  homozygotes, 5

Table 8

Variation in asymmetrical dimethyl arginine (ADM A) ieveis with 
carriage of specific alleles at DDAH II -449

Day ADMA (^imol/l) p

GC/GG genotype CC genotype

1 0.91 (0.63-1.16) 0.51 (0.45-0.70) 0.03

7 1 .06(0.77-1 .35) 0 .835(0 .67 -1 .03) 0.04

Values are medians w'ith interquartile ranges in parenthesis. Patients 
carrying variant allele with G at position -449 have either a GG or a 
GC genotype. DDAH, dimethylarginine dimethylaminohydrolase.

(11% ) were 0 0  homozygotes and 19 (43%) were heterozy
gotes at position -449 in the D D A H  II promoter. There was a 
trend towards increasing amounts of ADMA between different 
D D A H  II genotypes. ADMA was most abundant in the G G  
homozygotes, least abundant in the CO homozygotes and 
detectable at intermediate levels in the heterozygotes. This 
trend was present at both time points, although it failed to 
reach significance on either day 1 (p =  0.069) or on day 7 (p 
=  0.32). However, carriage of the G allele at position -449 was 
associated w ith increased ADM A production on both day 1 (p 
=  0.03) and day 7 (p =  0.042) (Table 8).

Discussion
There are lim ited data on the role of ADMA and DDAH II in sys
tem ic inflammation, with tw o studies of critically ill patients 
observing a relationship between the highest producers of 
ADM A and fatal outcome [5,13]. Although our study may not 
have been adequately powered to detect outcome vanations, 
we have demonstrated both an increase in ADM A levels in c rit
ically ill patients in comparison with healthy controls and 
described an association between increasing ADM A levels, 
the occurrence of septic shock and greater severity of organ 
failure.

Given the ubiquitous involvement o f NO in vascular regulation 
and leukocyte function, the consequences of excess ADMA in 
inflammatory and septic states are likely to be manifold. Raised 
ADM A levels may lead to  pathogenic changes in the microvas
culature by inhibiting constitutively expressed NO S [8]. The 
consequent loss of basal NO production may lead to  impaired 
blood flow  w ith platelet aggregation, causing endothelial dam
age, interstitial oedema and resultant organ failure [1 9].

However, ADM A mediated inhibition of inducible N O S (iNOS) 
in patients w ith sepsis may interfere with macrophage bacteri
cidal properties, because NO is an essential com ponent in the 
phagocytic response to bacterial infection, interferon-y, 
released in response to an infective insult, acts on macro
phages to increase the expression of iNOS [9]. This activates 
the cells to a heightened m icrobicidal state, mediated by NO 
and adducts of the nitrogenous products o f nitric oxide syn
thases. As a consequence mice with a non-functional iN O S  
gene are susceptible to  infection [20]. Furthermore, in clinical
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trials of NO S inhibition in patients with sepsis, although NOS 
inhibition ameliorates pathogenic vasodilation and lessens 
vasopressor requirement, the overall effect is to comprom ise 
survival [7], This suggests, in the context of severe sepsis, that 
NO-linked immune mechanisms are of greater importance 
than NO-m editated vascular regulation.

W e observed that elevated ADM A levels are correlated with 
vasopressor support in early septic shook. A lthough this may 
seem counterintuitive because previous evidence implicated 
NO in the pathogenesis of the hypotension observed in septic 
shock [21], it is plausible that inappropriately increased ADMA 
levels may impair macrophage function by means of NOS inhi
bition. The associated inflammatory response to an unresolved 
infection may be partly responsible for the observed hypoten
sion and organ failure operating through an alternative mecha
nism. This persistent inflammatory response is reflected in the 
linkages between IL-6, ADM A and the severity of organ failure 
(Tables 6 and 7). The association with IL-6 is noteworthy 
because this is a well-recognised marker of generalised 
inflammation, consistently elevated in patients w ith sepsis 
[2 2 ].

About 90%  of ADM A is metabolised by the enzyme DDAH 
[10], It is possible that variation in ADMA levels in patients w ith 
sepsis is reactive and represents an epiphenomenon. H ow 
ever, we observed that carriage of a G at position -449 in the 
promoter region o f the D D A H  II gene is associated with 
increased ADM A levels, which suggests that the D D A H  II 
gene with a G at this position is less active than that w ith a C. 
The more active isoform results in lower AD M A levels, less 
iNOS inhibition and consequently an appropriate bactericidal 
phagocytic response. It is noteworthy that D D A H  II maps to 
6 p 2 1 ,3, a region of DNA that is particularly rich in genes 
involved in immune and inflammatory responses. It has been 
hypothesised that this location and w ide expression in immune 
cells make it a candidate as a disease susceptibility gene in 
sepsis [10].

W e have previously described an association between the 
presence o f a G at position -449 in the D D A H  II gene and the 
requirement for vasopressors after cardiopulmonary bypass 
during cardiac surgery [15]. A lthough this is the opposite of 
what we observed in septic patients, it is noteworthy that the 
tw o insults are also quite different. The cardiopulmonary 
bypass circu it invokes a sterile inflammatory response, 
whereas the IGU patients w ith sepsis received an infective 
inflammatory insult. Consequently, the role of A DM A in manip
ulating NO levels may be context sensitive. NO may have piv
otal beneficial bactericidal properties necessary for the 
resolution of a septic insult while contributing to an undesira
ble vasodilatory state in the setting of a sterile inflammatory 
insult.

This potential genetic com ponent to the fluctuations observed 
in ADM A levels secondary to  a septic insult may help to explain 
some of the residual variability observed in a previous study 
attempting to link exogenous insulin administration to ADMA 
levels [13]. Thus, interindividual variability in ADM A production 
is likely to  be multifactorial, w ith contributions from genetic and 
environmental factors.

Conclusion
W e have confirmed the association between ADM A levels and 
the extent of multiple organ failure in sepsis. W e have also 
demonstrated that ADM A levels are upregulated in response 
to an infective insult and are also associated w ith hypotension 
in this setting. W e hypothesise that this may be due to ineffec
tive bactericidal activity of macrophages and persistent inflam
mation. Finally, we suggest that ADM A levels may be regulated 
via a genetic component. W e propose that a polymorphism at 
position -449 in the D D A H  II may be functional and has the 
potential to be used as a marker for the susceptibility to and 
severity of an inflammatory response secondary to an infective 
insult. A larger study will be required to confirm these findings.

Key messages

ADMA, an endogenous non-selective inhibitor of NOS, 
may have a key role in vascular regulation.

Comprom ised NO production may influence morbidity 
by disrupting m icrocirculatory blood flow  and also could 
potentially com prom ise key bactericidal functions in the 
host.

Increased ADM A levels are associated w ith multiple 
organ failure and shock in the setting o f a septic insult.

• ADM A may be regulated by means of host genetic 
mechanisms, which influence the efficiency of the enzy
matic breakdown of ADM A by D D A H  II.
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A b s tra c t Objective: The devel
opm ent and progression of severe 
sepsis is related to a deficiency in pro- 
inflam m atory cytokine production, 
characterised by lesser IFNy levels, 
which are not explained by variations 
in levels o f  the main putative regulator 
o f IFNy, nam ely lL-12. As alternative 
regulators o f IFN y may be of greater 
im portance in hum an sepsis, we 
investigated the hypothesis that the 
developm ent o f severe sepsis is re
lated to variations in IL-18, IL-23 and 
IL-27 gene expression. Design and  
setting: A prospective observational 
trial in a m ixed intensive care unit 
(ICU) and hospital wards in a univer
sity teaching hospital. Patients and  
participants: S ixty-tw o ICU patients 
with severe sepsis, 13 bacteraem ic

patients with no acute critical illness, 
and 10 healthy controls. M easure
m ents and  results: All subjects were 
assayed for IL-18, IL-23 and IL-27 
m RNA levels in peripheral blood. 
IL-27 mRNA levels distinguished 
betw een the three groups, with levels 
highest in the ICU group, interm ediate 
in the bacteraem ic group and lowest in 
the control group. IL-23 distinguished 
betw een the groups, with levels lowe.st 
in the ICU group. In late .sepsis IL-23 
and T N Fa mRNA levels were d i
rectly related. IL-18 m RNA levels did 
not distinguish betw een the patient 
groups. Conclusions: We conclude 
that the deficient pro-inflam m atory 
response in patients with sepsis is ex
pansive and includes deficient IL-23 
and excessive IL-27 gene expression. 
This provides further evidence that 
upregulation of a cytokine-based 
im m une response is beneficial in 
sepsis.

K ey w o rd s Sepsis syndrom e ■ 
C ytokines ■ Reverse tran.scriptase 
polym erase chain reaction • Helper 
T-cells

Introduction

The hum an response to infection ranges from  a m ild sub- 
clinical illness to life-threatening septic shock. In hum ans 
the developm ent o f severe sepsis has been linked with 
a profound im m une paresis [ I , 2]. We have previously

dem onstrated that one aspect o f  the m olecular basis o f 
this im m une paresis is an increase in anti-inflam m atory 
cytokine gene expression, principally interleukin (IL) 
10, and a decrease in interferon (IFN) y and tum our 
necrosis factor (TNF) a  gene expression [3]. Additionally, 
we have described an association betw een mortality



and deficient IFNy m essenger RNA (m RNA) levels in 
sepsis.

IFN y is produced by natural killer cells, m onoyctes and 
CD4'^ T  helper cell type 1 (T h l)  cells. In these cells the 
pre-em inent cytokine influencing the production o f IFNy. 
is considered to be IL-12 [4]. Interestingly, in our previous 
study variability in IL -12 mRNA levels accounted for only 
a m inority o f the variability in IFN y gene expression, and 
we failed to detect a relationship betw een IL-12 mRNA 
levels and outcom e [3]. However, it has recently been ap
preciated that IFNy production in response to infection is 
regulated by a num ber o f  additional cytokines. These in
clude lL-18. originally term ed IFN y-inducing factor, and 
two hom ologs o f IL-12. nam ely IL-23 and IL-27 [5. 6]. In 
addition, the latter two pleiotropic cytokines have recently 
been reported as being antagonistic regulators o f CD4* 
T  cells that have a T h l 7 phenotype and may therefore m e
diate the im m une response to infection via this novel path
way |7].

We hypothesised that variability in the cytokine regula
tors o f IFNy production, other than IL-12. may prove im 
portant in the hum an response to infection. We perform ed 
a study to determ ine w hether the nature o f response to 
an infectious insult and patient outcom e from severe sep
sis are linked with distinct patterns o f  IL-18. IL-23 and 
IL-27 gene expression. In this study we used a m ethodol
ogy incorporating quantitative real-tim e polym erase chain 
reaction (QRT-PCR) to provide an absolute quantification 
of specific cytokine m essenger RNA (m RNA) copy num 
bers. The suitability o f QRT-PCR as a m ethod o f quantifi
cation of in vivo cytokine gene expression in hum an sepsis 
is becom ing increasing recognised as an appropriate and 
acceptable assay [3. 8]. This technique is extrem ely sensi
tive and when used in hum ans with infection can detect 
a link betw een distinct patterns o f cytokine mRNA and 
outcom e in patients w ithout recourse to exogenous stim u
lation with adjuvant agents such as lipopolysaccharide [3]. 
W hilst the lack o f  sensitivity associated with protein assays 
in this setting is well known [3. 9. 10] a recent report con
firms the suitability o f mRNA quantification as a surrogate 
o f protein expression [II] .

Materials and methods

Patients

T his study was conducted in St Jam es's Hospital. Dublin. 
Ireland, and was approved by the institutional ethics 
com m ittee. Inform ed written consent was obtained from 
each patient or a relative. Exclusion criteria included: 
(a) pre-existing overt organ failure, (b) infection with the 
hum an im m unodeficiency virus, (c) patients neutropenic 
as a result o f chem otherapy, (d) patients receiving long
term  treatm ent with corticosteroids, (e) traum a and bum s 
patients, and (f) non-Irish white ethnic background. Three 
patient groups were recruited:

Croup I: ICU group

A total o f 62 consecutive intensive care unit (ICU) pa
tients presenting with severe sepsis or septic shock [12] 
as a prim ary adm ission diagnosis were enrolled over 
12 m onths. All ICU patients received sim ilar standardised 
care. Severity o f illness was characterised on adm ission 
to the ICU using the Sequential Organ Failure A ssessm ent 
(SOFA) scoring system  [13] and the Sim plified Acute 
Physiology Score 2 (SAPS II) [14] and again on day 7 
o f ICU stay using the SOFA score. Individual clinical 
and laboratory variables were collected on day I and 
day 7 o f ICU stay. The recorded variables represented 
the most significant derangem ents from norm al values 
recorded over each 24-h period. ICU death or survival to 
ICU discharge was recorded. Shock was defined as the 
requirem ent for vasopressors to m aintain a mean arterial 
pressure greater than 60 m mHg. Vasopressors referred 
to adrenaline and/or noradrenaline. The dem ographics 
o f this patient group have been previously discussed [3] 
and are presented in Tables 1 and 2. ICU patients were 
culture negative for their adm itting infective insult in 
39%  of cases (n = 24). W here an organism  was iso
lated. Gram -positive organism s were the most com m on 
(66% ). follow ed by G ram -negative organism s (43% ) 
and fungal pathogens (7% ). Isolation o f an individual 
pathogen was not associated with any particular profile

Table 1 Demographic and 
clinical characteristics of septic 
shock and severe sepsis patients 
on day 1 and bacteraemic 
patients (SOFA. Sequential 
Organ Failure Assessm ent [13]; 
SAPS. Sim plified Acute Physi
ology Score [14]; IQR. inter
quartile range)

Septic shock 
(n = 42)

Severe sepsis 
(n = 20)

Bacteraemia
(n = 1 0 )

P

Males 26(61% ) 10(50% ) 4 (40%) 0.37
Age. median (years; IQR) 7 0 (5 6 -7 7 ) 6 2 (4 3 -7 2 ) 8 2 (6 2 -8 5 ) 0.017
SOFA score, median (IQR) 9 (8 -1 2 ) 4 (3 -5 ) 0.5 (0-1) <0.0001
SAPS II, median (IQR) 4 7 (3 9 -5 9 ) 35 ( 2 8 ^ 2 ) - 0.0008
Duration o f ventilation, 
median (days)

9 (3 -2 1 ) 2 (0 -1 7 ) - 0.049

Duration of ICU stay, 
median (days)
Site o f infection

11 (4-25) 5 (2 -2 2 ) 0.08

Respiratory 21 (50%) 11 (55% ) 4 (40% ) 0.74
Abdominal 14(33% ) 7 (35% ) 3 (30%) 0.67
Other 8 (19%) 2 (10% ) 3 (30%) 0.48



Table 2 Survivors vs. non
survivors from the ICU group 
(SOFA. Sequential Organ Failure 
A ssessm ent [13]; SAPS. 
Sim plified Acute Physiology 
Score [14]; IQR. interquartile 
range)

Survivors 
(n = 45)

Non-survivors
(n = 1 7 )

P

Males 24 (53%) 10(59% ) 0.78
Age. median (years; IQR) 6 2 (1 9 -8 1 ) 6 7 (3 9 -8 6 ) 0.55
SOFA day 1. median (IQR) 7 (4 -1 0 ) 9 (9 -1 3 ) 0.003
SAPS II. median (IQR) 4 0 (3 3 -5 1 ) 4 9 (4 1 -6 0 ) 0.02
Ventilated day 1 36 (80%) 17(100% ) 0.05
Shock dayl 26 (58%) 16 (94%) 0.006
ICU stay, median (days; IQR) 
Site o f infection

12(3 .5 -27 ) 5 (3-10.5) 0.03

Respiratory 22 (49%) 10(59% ) 0.57
Abdominal 15 (33%) 5 (29%) 0.88
Others 8(18% ) 2(12% ) 0.53

o f cytokine m RNA levels nor was a particular class of 
pathogen associated with any profile o f cytokine mRNA 
levels.

Group 2: bacteraem ia group

Ten consecutive patients from  hospital wards with a doc
um ented G ram -negative bacteraem ia, confirm ed on blood 
culture, were identified by the m icrobiology departm ent 
and were enrolled if  no organ failure or im pending 
septic crisis were identified. The specific presence of 
a G ram -negative isolate was deem ed the most appropriate 
m ethod o f elim inating potential contam inated blood cul- 
ttire sam ples.

Group 3: control group

T hirteen healthy staff m em bers served as a control group. 

B lood sam pling

B lood sam pling was carried out within the first 24 h o f ICU 
adm ission and again 7 days la te r In the bacteraem ia group 
blood sam pling was carried out within 24 h o f the posi
tive blood culture being reported. Blood sam ples were co l
lected from healthy controls at one tim e point. The buffy 
coat layer was isolated from peripheral blood sam ples and 
RNA was isolated from this layer and reverse transcribed 
as previously described [3]. B lood sam ples were available 
for PCR analysis from  52 of the patients with severe sepsis 
or septic shock on the first day of critical illness and from 
49 o f these patients on the seventh day o f critical illness. 
A total o f  39 patients had blood sam ples available for PCR 
analysis at both time points.

custom ised (sequences listed in A ppendix 1, Electronic 
Supplem entary M aterial, ESM ) as per S tordeur et al. [15].

Quantitative real-tim e PCR

The QRT-PCR reactions were carried out in an ABI 
Prism 7000 (Applied Biosytem s). All reactions were per
form ed either in triplicate or in duplicate. T herm ocycling 
was carried out in a 20 |tl final volume as previously 
described [3].

Standard curves and expression o f the results

Preparation o f the DNA standards and standard curves 
have been previously described [3]. All standard curves 
show ed correlation coefficients higher than 0.99. The 
efficiency o f the standard curves for all target cDNA was 
greater than 96%. Results were expressed in absolute copy 
num bers after norm alisation against f^-actin m RNA (copy 
num bers o f  cytokine mRNA per 10 m illion f^-actin mRNA 
copy num bers).

Statistical analysis

The W ilcoxon rank sum test was used to analyse the dif
ferences betw een groups for continuous variables. C ate
gorical variables were analysed by test and F isher’s 
exact test as appropriate. The correlation betw een contin
uous variables was analysed using Spearm an’s rank corre
lation coefficient. Data analysis was perform ed using the 
JM P statistical software package (SAS, Cary, NC, USA).

Prim ers and probes

All prim er and probes used in this study were synthesised 
at A pplied B iosystem s (Foster City, CA, USA). lL-27 
prim ers and probes were obtained as a pre-custom ised mix 
(assay ID for IL-27 is H s00377366_m l). f^-Actin, IL-18 
and IL -23p l9  prim ers and probes were designed and

Results

Day 1 com parisons betw een the three groups

There was a difference in IL-23 m RNA levels when the 
three groups were analysed together (p  =  0.03), with the 
severe sepsis/septic shock group dem onstrating the lowest
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IL-23 mRNA levels (Fig. la). There was a difference in 
IL-27 mRNA levels betw een the three groups (p  = 0.003), 
with the severe sepsis/septic shock group having the 
greatest levels follow ed by the bacteraem ic group with the 
control group having the least am ount o f detectable IL-27 
mRNA (Fig. lb). IL-18 m RNA levels did not distinguish 
betw een the three groups (Fig. Ic). Quantitative data for 
the differences in mRNA levels betw een the groups are 
presented in Appendix 2 (ESM).

Severity o f illness and mRNA levels 
in the severe sepsis/septic shock group

In the severe sepsis/septic shock group, no association 
was detected betw een cytokine mRNA levels and the 
presence or absence o f shock or the severity o f disease, 
as assessed by the SOFA score, on day 1. In the severe 
sepsis/septic shock group on day 7 there was an inverse 
correlation betw een IL-23 m RNA levels and SOFA score



Table 3 Cytokine mRNA levels 
and outcome in the severe 
sepsis/septic shock group. 
Results are expressed as mRNA 
copy numbers per 10 million 
fi actin mRNA copies; all values 
are median and interquartile 
range

Cytokine Survivors Non-survivors

Dayl
IL-23
IL-27
IL-18

Day7
IL-23
IL-27
lL-18

5286(1,851-13.179) (n = 38) 
536 (241-972) (n = 34) 

10.257 (6.459-18,550) (n = 37)

10.191 (4,782-24.261) (/i = 41) 
289 (107-542) (n = 39)

11.996 (6.816-20.740) (h = 40)

2121 (1,305-5,527) (n= 13) 0.07
708 (428-2,889) (n= 12) 0.08

7758 (5,346-14,775) (n= 13) 0.46

5272 (995-9.114) (n = 8) 0.03
200 (144-1.086) (n = 7) 0.64

12.866 (8.729-16,724) (n = 8) 0.87

n = 44
Spearmans Rho=-0.44
p = 0.002
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Fig. 2 Correlation between SOFA score and IL-23 niRNA levels on 
day 7 in the ICU group with severe sepsis or septic shock. IL-23 is 
expressed as copy numbers of cytokine mRNA per 10 million P-actin 
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Fig. 3 Correlation between TNFu niRNA levels and IL-23 mRNA 
levels on day 7 in the ICU group with severe sepsis or septic shock. 
Cytokine mRNA levels expressed as copy numbers per 10 million 
P-actin mRNA copy numbers

(p = 0.002, Fig. 2). No association was detected between 
IL-27 mRNA levels and SOFA score. Similarly, IL-18 
mRNA levels were not correlated with organ failure 
scores.

Mortality and mRNA levels

Seventeen o f the 62 severe sepsis/septic shock patients 
(27%) died during the course o f their ICU stay. On the 
first day o f critical illness from the 52 patients with mRNA 
available for analysis 13 died prior to ICU discharge. 
There was a non-significant trend towards higher IL-23 
mRNA levels (p = 0.07) and lower IL-27 mRNA levels 
(/? = 0.08) in survivors than in non-survivors (Table 3). 
On the seventh day o f critical illness 8 o f the 49 severe 
sepsis/septic shock patients who had blood samples 
analysed for mRNA levels died prior to ICU discharge. 
These 8 non-survivors had lower IL-23 mRNA levels 
(p = 0.03) than survivors (Table 3).

Change in mRNA levels over time

The severe sepsis/septic shock subgroup for whom blood 
samples were available at both time points were analysed 
for a change in mRNA levels over time. From day I to 
day 7 IL-18 mRNA levels decreased (p <  0.0001), IL-23 
mRNA levels increased (p = 0.02), and IL-27 mRNA 
levels remained unchanged. Quantitative data fo r these 
changes are presented in Appendix 3 (ESM).

Relationship to proinflammatory cytokines

We have previously described the relationship between 
proinflammatory cytokine mRNA levels (TNFa and IFNy) 
and outcome in this cohort [3]. In the severe sepsis/septic 
shock group on day 1 there was a non-significant associa
tion between increased IL-23 mRNA and increased IFNy 
mRNA levels (« = 5 1. Spearman's p = 0.26, p = 0.06) and 
an inverse association between IL-27 and IFNy mRNA



levels (7! = 44, Spearman's (> = -0 .29 , p = 0.05). In the 
severe sepsis/septic shock group on day 7 there was no 
relationship between IFNy mRNA levels and the levels o f 
IL-18, IL-23 or IL-27 mRNA. On day 7 o f critical illness 
there was a significant correlation between IL-23 mRNA 
levels and TNFa mRNA levels (p <  0.0001, Fig. 3).

Discussion

In this study o f patients with infection the presence o f sep
sis with associated critical illness and the mortality associ
ated with this septic insult was linked to a distinct pattern 
o f cytokine gene expression, specifically excess IL-27 and 
lesser IL-23 mRNA levels. There was no relationship be
tween IL - 18 mRNA and outcome or severity o f illness.

Early work suggested that IL-23, which is produced 
by a wide range o f cells, including dendritic cells, 
macrophages and mature T  cells, exclusively acted with 
IL-12 to enhance IFNy production [4], However, by acting 
directly on macrophages to increase their production o f 
TNFa, IL-23 has an additional role as an effector cytokine 
in innate immunity and, in a similar fashion to IL-12, 
provides an important link between innate and adaptive 
immunity (16]. Interestingly, in a multiple sclerosis model 
the IL-23 receptor was not present on naive T  cells but was 
detectable on memory CD4'^ T  cells [17]. This suggests 
that IL-23 is preferentially involved in sustaining cytokine 
production in the later stages o f inflammation rather than 
initiating a pro-inllammatory response development from 
naive €04"^ T  cells. This may account for the association 
observed between IL-23 expression and SOFA scores in 
late sepsis that is not apparent in the early stages o f the 
disease. Similarly, we observed a stronger relationship 
between deficient IL-23 expression and mortality in late 
sepsis in comparison to early sepsis.

More recently it has become clear that IL-23 has 
a major role in promoting inflammation through the induc
tion o f the IL-17 family o f cytokines from a novel subset 
o f €04"^ T  cells, termed T li l7  cells [18]. It appears that 
IL-23 is necessary for the permanent differentiation o f the 
TTil7 lineage thus promoting sustained IL-17 production 
with potentially profound effects on inflammation and 
immune function [19]. The T h l7  lineage o f T  cells have 
been purported to be o f critical importance both in driving 
a variety o f autoimmune inflammatory responses, includ
ing inflammatory bowel disease and animal models o f 
collagen induced arthritis and experimental autoimmune 
encephalitis and also in host protection against bacterial 
infection [20-23]. Furthermore, while the interaction be
tween the T  cell subsets is complex, gene deletion studies 
suggest that IL-12 preferentially induces IFNy production 
whilst IL-23 preferentially induces IL-17 production [18].

IL-27 is a cytokine, structurally related to IL-12, whose 
definitive function has proved more elusive. Originally 
reported to promote the differentiation o f T h l cells from

naive human €04^^ T  cells by acting synergistically with 
IL-12 [6], subsequent data indicated a role in suppres
sion o f T  cell responses [24]. Recently, using a gene 
knockout model, investigators have demonstrated that 
IL-27 regulates macrophage function and that the loss o f 
IL-27 production is associated with a greater capacity to 
eliminate microbial infections with resultant improved 
survival [25], In addition, IL-27 may act by repressing the 
pro-inflammatory €04^^ T h l7 response in vivo [26, 27], 
thereby acting in an antagonistic fashion to IL-23.

Our data in patients with infection also suggests 
opposing actions for IL-23 and IL-27. It is plausible that 
an imbalance between IL-23 and IL-27 gene expression 
in patients w ith infection contributes to an excess mor
tality by repressing protective inflammatory bactericidal 
responses by phagocytic cells. There are no prior studies 
o f mRNA levels for these cytokines in humans with 
sepsis, and therefore although we have demonstrated an 
association between cytokine mRNA levels and adverse 
outcome w ith infection, it is not possible to determine 
directly from our data whether this link is reactive or 
causal. However, in animal models o f sepsis, gene deletion 
studies indicate that IL-23 is protective whilst IL-27 
impairs macrophage function [18, 28], and it is plausible 
that the pathophysiology is sim ilar in humans.

Prior reports o f disease-causing mutations in the p40 
subunit shared by IL-12 and IL-23 and in the shared re
ceptor subunit o f IL-12 and IL-23, IL-12Rf^l, were orig i
nally attributed to resultant alterations in the IL-12/IFNy 
response to infection [29-31]. Whilst it is currently ap
preciated that these mutations also affect IL-23 dependent 
pathways [32, 33] this is the first report confirming the po
tential importance o f IL-23 gene expression in human sep
sis in vivo. Although the importance o f IL-23 as a mediator 
o f pathogenic inflammation in inflammatory bowel disease 
is now appreciated, it had been suggested that IL-23 medi
ates only the local inflammatory processes whereas IL-12 
is o f paramount importance to the systemic inflammatory 
response [16, 34], In contrast, we have demonstrated that 
systemic IL-23 mRNA levels accurately differentiates be
tween groups based on the severity o f response to infec
tion. IL-12, when measured similarly, did not differentiate 
between these groups [3].

We observed that the effects o f IL-23 and IL-27 were 
present both at the onset o f sepsis, where cytokine levels 
differentiate between the three groups, and also in late 
sepsis, where we observed a strong association between 
IL-23 and TNFa mRNA levels. We have previously 
reported a linkage between deficient TNFa mRNA pro
duction in late sepsis and adverse outcome in this study 
population [3], Taken together these data suggest that the 
deficient protective cytokine response in late sepsis is 
quite complex and possibly involves a number o f inflam
matory cell subpopulations. This study adds to the current 
available data supporting a vigorous pro-inflammatory 
response as being o f paramount importance in containing



infection [1-3 , 35]. However, as these cytokines are 
pleiotropic, it is unclear from  these data w hether this 
deficiency involves the innate or the adaptive system  or 
possibly both, and this will require further study o f cellular 
sub-populations to fully elucidate.

Previously IL-18 has been im plicated as being causa
tive in propagating sepsis induced organ failure by virtue 
o f propagating an excessively vigorous pro-inflam m atory 
response [36]. In contrast, we have previously described 
the benefits o f a pro-inflam m atory response in patients 
with sepsis [3]. A dditionally, the current study dem on
strates that IL-18 mRNA levels do not differentiate 
betw een critically ill infected patients and patients who 
tolerate infection with relative im punity and levels do not 
relate to severity o f illness in the ICU population. Recent 
evidence from  anim al m odels supports this view [37], 
Indeed it m ight even be inferred from  the greater levels 
o f  IL-18 in bacteraem ic patients that IL-18 is a protective 
cytokine produced in response to infection. However, as 
yet the role o f IL-18 in hum an sepsis rem ains unclear.

A lthough protein quantification m ay ideally be the 
m ost accurate representation o f gene function, we have 
previously dem onstrated that protein analysis lacks sen
sitivity and accuracy in this setting [3], This study again 
show s that QRT-PCR is a sensitive and accurate m ethod 
o f  quantifying im m unological m ediators and has the 
potential for w idespread use in a clinical scenario. It has 
been suggested that the lack o f correlation betw een mRNA 
and protein can be explained by the technical im precision 
o f the m ethods used to determ ine the protein expression

levels [38]. This is particularly problem atic when dealing 
with genes expressed at relatively low levels such that 
com m ercially available kits have difficulty detecting 
protein product. Recently, however, investigators have 
reproducibly found positive correlations between mRNA 
and protein expressed at low levels using isotope coded 
affinity tags to quantify protein expression [ I I ] .  This 
implies that mRNA levels acts as an accurate surrogate of 
protein expression in this setting.

Additionally, our definition o f septic shock differs 
slightly from  consensus conference guidelines [12]. In 
the place of using systolic blood pressure as a guide to 
the com m encem ent o f inotropes, clinical practice in this 
ICU is to com m ence inotropes when the mean arterial 
pressure rem ains below 60 m mHg despite adequate fluid 
resuscitation. This approach is recom m ended by some 
publications [39]. In practice, however, the vast majority 
o f our patients met the blood pressure requirem ents for 
both definitions o f  septic shock.

As supported by our data, we suggest that IL-18 
antagonists are unlikely to prove o f benefit in hum an 
sepsis. However, in patients with sepsis up regulation of 
a cytokine based im m une response with exogenous IL-23 
or with IL-27 antagonists in a timely and targetted fashion 
warrants further research.
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