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A c c e p t e d M a n u s c r i p t ABSTRACT Pneumococcal pneumonia is characterised by an intense inflammatory response induced mainly by cell wall components of the bacterium. Recognition of cell wall components by Toll-like receptors (TLRs) induces intracellular signalling pathways that culminate in the activation of pro-inflammatory genes through nuclear factor B (NF-B). Tumour necrosis factor-alpha (TNF ) is one of the earliest mediators produced and induces a second wave of pro-and antiinflammatory cytokines that orchestrate the immune response. The magnitude of this response in patients with pneumococcal pneumonia is a complex network and many factors must be considered in the analysis of the cytokine production pattern. First, bacterial growth and the inflammatory response are dynamic processes, produced initially as a local phenomenon with a late systemic extension. Second, host characteristics, such as different cytokine gene polymorphisms, can cause a distinct immune response. Finally, other microorganism determinants and even the immunomodulatory effect of antimicrobials may play a role in cytokine production. Recent data on innate immunity against Streptococcus pneumoniae gathered from the murine model of pneumonia, from studies of human genetic polymorphisms associated with increased susceptibility to pneumococcal infection, and from human clinical trials are discussed. Special emphasis has been placed on the description of the chronology of the complex network of innate immunity triggered by pneumococcal infection.
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Introduction

Streptococcus pneumoniae remains the most common identifiable cause of pneumonia leading to hospitalisation. Mortality from pneumococcal infection decreased significantly with the advent of antibiotic therapy. However, despite the advances in diagnostic methods and in intensive care support, mortality among patients with pneumococcal pneumonia remains high, ranging from 5% to 35% [START_REF] Brandenburg | Clinical presentation, processes and outcomes of care for patients with pneumococcal pneumonia[END_REF][START_REF] Ortqvist | Bacteremic pneumococcal pneumonia in Sweden: clinical course and outcome and comparison with non-bacteremic pneumococcal and mycoplasmal pneumonias[END_REF][START_REF] Afessa | Pneumococcal bacteremia in adults: a 14-year experience in an inner-city university hospital[END_REF].

In 1964, Austrian and Gold [START_REF] Austrian | Pneumococcal bacteremia with especial reference to bacteremic pneumococcal pneumonia[END_REF] observed that in patients with pneumococcal bacteraemia deaths occurring within the first 5 days of treatment were similar among those treated with penicillin, serum or even in untreated patients. The authors concluded that 'antimicrobial therapy has little or no impact upon the outcome of infection among those destined at the onset of illness to die'. This could be due to the capacity of invading pathogens to trigger an inappropriate inflammatory response that can become independent of bacterial presence and lead to multiple organ failure and death. The innate immune system represents the first non-specific step in host defence. It constitutes the earliest response to invading microbes and acts to contain infection in the first minutes to hours of challenge. Through a wide range of mechanisms, including phagocytosis, intracellular killing and activation of pro-inflammatory or antiviral cytokine production, the cells of the innate immune system initiate and support adaptive immunity.
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In this article, the most recent information on innate immunity against S. pneumoniae is discussed. Data reviewed include the murine model of pneumococcal pneumonia, human genetic polymorphisms associated with an increased risk of pneumococcal infection, and human clinical trials. Special interest has been taken to describe the chronology of the complex network activation of innate immunity triggered by pneumococcal infection.

Innate immune response in pneumococcal pneumonia

A prerequisite for the initiation of a host response is the recognition of pathogens by the host immune system. The bronchial and lung epithelium act as a mechanical barrier and as a sentinel system against pathogens [START_REF] Hippenstiel | Lung epithelium as a sentinel and effector system in pneumonia-molecular mechanisms of pathogen recognition and signal transduction[END_REF].

Recognition is performed by a set of diverse receptors called pattern recognition receptors that are located on the cell surface of the epithelial barrier and on haematopoietic cells. These receptors, such as the Toll-like receptors (TLRs), bind microorganism molecular moieties [START_REF] Akira | Pathogen recognition and innate immunity[END_REF]. It has been shown that cell wall components of pneumococci (lipoteichoic acid and peptidoglycan) are recognised by TLR-2 [START_REF] Yoshimura | Cutting edge: recognition of Gram-positive bacterial cell wall components by the innate immune system occurs via Toll-like receptor 2[END_REF] and there is some evidence suggesting that the inflammatory response of murine macrophages to the pneumococcal toxin pneumolysin depends on TLR-4, as mutant mice that lack TLR-4 are significantly more susceptible to invasive disease and death following infection with wild-type pneumococci compared with control mice [START_REF] Malley | Recognition of pneumolysin by Toll-like receptor 4 confers resistance to pneumococcal infection[END_REF].

TLR-2 renders only a modest contribution in the mouse pneumococcal model, as no differences have been found between wild-type and TLR-2 knock-out animals in terms of bacterial clearance and morbidity [START_REF] Knapp | Toll-like receptor 2 plays a role in the early inflammatory response to murine pneumococcal pneumonia but does not contribute to antibacterial defense[END_REF]. Some authors A c c e p t e d M a n u s c r i p t consider that TLR-9 may also play a role in the recognition of S. pneumoniae.

Owing to the autolytic nature of this microorganism, DNA is released, which has been shown to be recognised by TLR-9 [START_REF] Paterson | Innate immunity and the pneumococcus[END_REF].

The intracellular signalling pathways triggered by these diverse pattern recognition receptors are complex and include, among others, molecules such Mal and interleukin-1 receptor-associated kinase 1 (IRAK-1) and interleukin-1 receptor-associated kinase 4 (IRAK-4). Following stimulation of TLR-2 or TLR-4, the adaptor protein Mal triggers the signalling cascade, which culminates in the activation of pro-inflammatory genes through nuclear factor B (NF-B).

Heterozygous carriage of a variant of this protein has been associated with protection from invasive pneumococcal disease (IPD) in humans [START_REF] Khor | A Mal functional variant is associated with protection against invasive pneumococcal disease, bacteremia, malaria and tuberculosis[END_REF]. The protective heterozygote state is likely to be associated with attenuated signalling and reduced NF-B activation. Inherited IRAK-4 deficiency has also been associated with severe and recurrent IPD in children [START_REF] Ku | Selective predisposition to bacterial infections in IRAK-4-deficient children: IRAK-4-dependent TLRs are otherwise redundant in protective immunity[END_REF]. In the absence of IRAK-4, agonists of TLR do not induce the production of major inflammatory cytokines and growth factors in whole blood cells and peripheral blood mononuclear cells.

These signalling pathways converge on the NF-B and interferon regulatory factor families [START_REF] Mizgerd | Acute lower respiratory tract infection[END_REF]. Activation of NF-B occurs following stimulation of a variety of immune receptors, including TLRs and members of the interleukin (IL)-1 and tumour necrosis factor (TNF) receptor superfamilies. In unstimulated cells, NF-B transcription factors are prevented from binding DNA owing to their association with the inhibitors of NF-B (I B) protein family; phosphorylation of A c c e p t e d M a n u s c r i p t the I B inhibitors by the I B kinase complex leads ultimately to their degradation and the release of NF-B, which is then capable of inducing gene transcription [START_REF] Tergaonkar | Distinct roles of I B proteins in regulating constitutive NF-B activity[END_REF]. Some human polymorphisms in the I B genes have been associated with susceptibility to IPD [START_REF] Chapman | I B genetic polymorphisms and invasive pneumococcal disease[END_REF]. NF-B is essential for cytokine expression, neutrophil recruitment and bacterial killing in pneumococcal pneumonia. TLR-2, expressed on the surface of type II alveolar epithelial cells, has been shown to allow S. pneumoniae-induced NF-B activation in this cell type [START_REF] Schmeck | Pneumococci induced TLR-and Rac1-dependent NF-B-recruitment to the IL-8 promoter in lung epithelial cells[END_REF]. Two NF-B proteins (RelA and p50) translocate to the nucleus in response to pneumococcal stimuli. RelA is essential for the transcription of chemokines and adhesion molecules that mediate neutrophil recruitment [START_REF] Quinton | Functions and regulation of NF-B RelA during pneumococcal pneumonia[END_REF], and interrupting RelA compromises the clearance of bacteria from mouse lungs [START_REF] Alcamo | Targeted mutation of TNF receptor I rescues the RelA-deficient mouse and reveals a critical role for NF-B in leukocyte recruitment[END_REF]. In contrast, p50 limits expression of these and other pro-inflammatory genes. Interrupting p50 increases mortality by exacerbating acute lung injury despite effective bacterial clearance [START_REF] Mizgerd | Nuclear factor-B p50 limits inflammation and prevents lung injury during Escherichia coli pneumonia[END_REF]. Thus, a good outcome from pneumococcal pneumonia requires the balance of these two NF-B proteins RelA and p50 with opposing actions on gene expression.

The TNF cascade is also activated in the airway epithelium and alveolar macrophages by bacteria. TNF is a critical early upstream cytokine in pneumococcal pneumonia in combination with IL-1. TNF and IL-1 induce the nuclear translocation of NF-B transcription factors [START_REF] Li | NF-B regulation in the immune system[END_REF], and NF-B is necessary and sufficient for neutrophil recruitment in pneumococcal pneumonia.

In fact, neutrophil recruitment is significantly decreased by deficiency of receptors for TNF and IL-1 ( and ) [START_REF] Jones | Lung NF-B activation and neutrophil recruitment require IL-1 and TNF receptor signaling during pneumococcal pneumonia[END_REF] in this setting; however, there is a A c c e p t e d M a n u s c r i p t functional redundancy between these two cytokines, such that the presence of one can largely compensate for absence of the other [START_REF] Quinton | Functions and regulation of NF-B RelA during pneumococcal pneumonia[END_REF].

Administration of anti-TNF antibody worsens the course of pneumococcal pneumonia in the mouse model as it increases the number of infecting bacteria in the blood, decreases neutrophil counts and accelerates death of infected mice [START_REF] Takashima | Role of tumor necrosis factor alpha in pathogenesis of pneumococcal pneumonia in mice[END_REF]. In humans, an increased risk of opportunistic infections as well as pneumococcal invasive disease has been described in patients on therapy with monoclonal anti-TNF antibodies [START_REF] Colombel | The safety profile of infliximab in patients with Crohn's disease: the Mayo clinic experience in 500 patients[END_REF][START_REF] Baghai | Fatal sepsis in a patient with rheumatoid arthritis treated with etanercept[END_REF]. Conversely, excessive TNF production, via its effects on neutrophil activation, contributes to lung injury in a variety of diseases [START_REF] Wright | TNF receptor signaling contributes to chemokine secretion, inflammation, and respiratory deficits during Pneumocystis pneumonia[END_REF][START_REF] Hildebrandt | Donor-derived TNF-regulates pulmonary chemokine expression and the development of idiopathic pneumonia syndrome after allogeneic bone marrow transplantation[END_REF] and increases the risk of septic shock and death [START_REF] Tracey | Anti-cachectin/TNF monoclonal antibodies prevent septic shock during lethal bacteraemia[END_REF]. Moreover, an association with greater risk of shock and death has been described in patients with a TNF high-secretor profile, linked to polymorphisms in the lymphotoxin +250 locus [START_REF] Waterer | Septic shock and respiratory failure in community-acquired pneumonia have different TNF polymorphism associations[END_REF] and also the TNF -238 locus [START_REF] Wunderink | Tumor necrosis factor gene polymorphisms and the variable presentation and outcome of community-acquired pneumonia[END_REF]. In addition, TNF can cause upregulation of receptors implicated in tissue invasion of pneumococci, such as the platelet-activating factor receptor, increasing the risk of bacteraemia [START_REF] Cundell | Streptococcus pneumoniae anchor to activated human cells by the receptor for platelet-activation factor[END_REF].

Alveolar macrophages (AMs) and dendritic cells are essential in phagocytosis of bacteria and in co-ordinating the innate response to infection [START_REF] Underhill | Phagocytosis of microbes: complexity in action[END_REF]. AMs are the major source of TNF in pneumococcal pneumonia [START_REF] Kirby | The role played by tumor necrosis factor during localized and systemic infection with Streptococcus pneumoniae[END_REF]. In established pneumonia, AMs also contribute to resolution of the inflammatory response but are no longer critical for bacterial clearance as neutrophils become the major cell phagocytosing bacteria [START_REF] Knapp | Alveolar macrophages have a protective antiinflammatory role during murine pneumococcal pneumonia[END_REF]. Host-mediated macrophage apoptosis is a necessary feature in pneumococcal infection, and phagocytosis of apoptotic
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AMs contributes to resolution of inflammation in the lung, and reduces TNF expression, neutrophil recruitment and IPD [START_REF] Marriott | Decreased alveolar macrophage apoptosis is associated with increased pulmonary inflammation in a murine model of pneumococcal pneumonia[END_REF].

Neutrophil action is extremely necessary to achieve S. pneumoniae clearance and is crucial for resolution of pneumococcal pneumonia [START_REF] Kolling | Leucocyte response and anti-inflammatory cytokines in community acquired pneumonia[END_REF]. The ability of neutrophils to combat pneumococci is due to a number of specific activities, including adherence to blood vessel walls, chemotaxis, phagocytosis and microbial killing. The innate immune response increases the rate of neutrophil production from the bone marrow, shortens their maturation time and stimulates the release both of mature and immature neutrophils into the circulation [START_REF] Lawrence | Polymorphonuclear leukocyte (PMN) migration in streptococcal pneumonia: comparison of older PMN with those recently released from the marrow[END_REF].

Adherence to blood vessel walls involves the interaction of specific ligands on neutrophils with receptors on endothelial cells, a process extensively regulated by cytokines IL-1 and TNF, among others [START_REF] Cohen | Molecular events in the activation of human neutrophils for microbial killing[END_REF]. Chemokines, such as IL-8, induced by TNF and IL-1 through the NF-B system, stimulate chemotaxis and influence the directional motility of neutrophils. Chemokine expression in pneumococcal pneumonia is much more dependent on receptors for TNF and IL-1 than in Gram-negative bacterial pneumonia [START_REF] Jones | Lung NF-B activation and neutrophil recruitment require IL-1 and TNF receptor signaling during pneumococcal pneumonia[END_REF]. Finally, binding and ingestion of microorganisms take place when neutrophils recognise serum opsonins (complement and immunoglobulins attached to pneumococci) or specific sugars. Phagocytosis facilitates effective killing by trapping a particle in a phagosome where it can be subjected to high concentrations of microbicidal molecules [START_REF] Cohen | Molecular events in the activation of human neutrophils for microbial killing[END_REF].

Many other cytokines are known to be involved in antipneumococcal defence within the lung. IL-6 has been ascribed both pro-and anti-inflammatory effects.

A c c e p t e d M a n u s c r i p t IL-6 delays neutrophil apoptosis and enhances neutrophil cytotoxic function, including oxygen radical production [START_REF] Biffl | Interleukin-6 delays neutrophil apoptosis via a mechanism involving platelet-activating factor[END_REF]. IL-6 is a major inducer of acute phase proteins, including C-reactive protein (CRP), and in community-acquired pneumonia (CAP) a positive correlation between IL-6 and CRP levels has been reported [START_REF] Ortqvist | Diagnostic and prognostic value of interleukin-6 and C-reactive protein in communityacquired pneumonia[END_REF]. Adaptive immune mechanisms such as T-cell proliferation, the development of antigen-specific cytotoxic T-lymphocytes and B-cell stimulation are also dependent upon IL-6 [START_REF] Barton | IL-6: insights into novel biological activities[END_REF]. A human genotype that has been associated with increased inducibility of IL-6 appears to protect patients from bacterial dissemination during S. pneumoniae infection [START_REF] Schaaf | The interleukin-6 -174 promoter polymorphism is associated with extrapulmonary bacterial dissemination in Streptococcus pneumoniae infection[END_REF].

Regulation of the inflammatory response by anti-inflammatory cytokines prevents further damage. IL-10 contributes by reducing the production of proinflammatory cytokines and chemokines [START_REF] Bogdan | Macrophage deactivation by interleukin 10[END_REF]. Mice lacking any IL-10 response have higher lethality due to septic shock, possibly because of uninhibited proinflammatory reactions [START_REF] Latifi | Interleukin-10 controls the onset of irreversible septic shock[END_REF]. Also, levels of IL-10 are higher in patients with sepsis and septic shock, and non-survivors of sepsis have persistently raised levels of IL-10 while survivors show decreasing IL-10 levels over time [START_REF] Van Der Poll | Antiinflammatory cytokine responses during clinical sepsis and experimental endotoxemia: sequential measurements of plasma soluble interleukin (IL)-1 receptor type II, IL-10, and IL-13[END_REF].

Likewise, a polymorphism in the IL-10 gene promoter (-108G/A) associated with increased IL-10 release correlates with greater severity and mortality in patients with CAP [START_REF] Gallagher | Association of IL-10 polymorphism with severity of illness in community acquired pneumonia[END_REF][START_REF] Schaaf | Pneumococcal septic shock is associated with the interleukin-10-1082 gene promoter polymorphism[END_REF]. Taken together, these data indicate that IL-10 is necessary to counterbalance pro-inflammatory reactions, although IL-10 overexpression might increase mortality due to unresolved infection. Two acute phase proteins play an important role in pneumococcal infection, mannose-binding lectin (MBL) and CRP. Both are produced in the liver during 

The immune response as a dynamic process

Infection is a dynamic process and time represents one of the main contributors to bacterial growth. Data suggest that time can be a critical factor in the evolution of sepsis.

The chronology of pneumococcal infection has been well described in the animal model (Table 1). Despite differences in the inoculum and serotype used, and in specific host responses, these experiments are also good predictors of the chronology of human infection. In the mouse model [START_REF] Bergeron | Cytokine kinetics and other host factors in response to pneumococcal pulmonary infection in mice[END_REF], following inoculation of 10 7 log-phase colony-forming units (CFU) of S. pneumoniae 
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In a similar experiment but with a lower inocula [START_REF] Dallaire | Microbiological and inflammatory factors associated with the development of pneumococcal pneumonia[END_REF] (5 10 4 CFU of S. pneumoniae), two groups of animals were compared: those with a low CFU count in BAL fluid (<10 4 CFU/g), defined as the recovering group, which coincided with health status; and the sick group, which presented a progressive increase in CFU count in BAL fluid. In the latter group, bacterial growth was shown to reach a plateau of 10 7 CFU/g lung tissue 48 h post inoculation.

However, the inflammatory response further amplified after 36 h and peak levels of most mediators were observed 84 h post infection. This late burst of inflammation was most likely due to lysis of dying pneumococci and release of large amounts of toxins rather than by living pneumococci in a well established infection. In this model, IL-6 levels in blood increased progressively in the sicker animals and correlated with the presence of bacteraemia, and no other inflammatory mediators were detected in blood. In lung tissue, IL-6 concentrations remained steady and low for the recovering group but increased in the sick group, reaching statistical significance at 84 h post infection. Levels of IL-1 were also higher in the sick group from 24 h post infection until death.

On the other hand, in the group of mice with higher bacterial growth, more animals became bacteraemic concomitant with the progression of pulmonary infection (25% at 36 h, 60% at 60 h and 100% at 84 h). Higher levels of inflammatory mediators were also observed as bacteria reached the bloodstream. Injection of TNF or the addition of lipopolysaccharide or heat-killed S. pneumoniae to the inoculum enhanced the early host response and survival.
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Cytokines and pneumonia: from mice to human studies

Few human studies have explored the evolution of cytokine production over time in pneumonia (Table 2). The studied populations are very heterogeneous, with great disparity in terms of their aetiology, observational periods and mortality rates.

Patients studied have included those with CAP and a few of them with ventilator-associated or hospital-acquired pneumonia. Only a few studies have been conducted in a homogeneous group of patients with documented pneumococcal pneumonia [START_REF] Bruunsgaard | Elderly humans show prolonged in vivo inflammatory activity during pneumococcal infections[END_REF][START_REF] Calbo | Systemic expression of cytokine production in patients with severe pneumococcal pneumonia: effects of treatment with a -lactam versus a fluoroquinolone[END_REF][START_REF] Calbo | The impact of time on the systemic inflammatory response in pneumococcal pneumonia[END_REF]. The observation period ranged from 0-12 h to 10 days from inclusion, with a variable period of daily determination of cytokine levels. Mortality ranged from 3.4% [START_REF] Ortqvist | Diagnostic and prognostic value of interleukin-6 and C-reactive protein in communityacquired pneumonia[END_REF] to 50% [START_REF] Montón | Cytokine expression in severe pneumonia: a bronchoalveolar lavage study[END_REF].

The most frequently studied cytokines were TNF , IL-6, IL-1 , IL-8 and IL-10 and IL-2 receptor (IL-2R). In most studies [START_REF] Marik | Hydrocortisone and tumor necrosis factor in severe community-acquired pneumonia. A randomized controlled study[END_REF][START_REF] Antunes | Systemic cytokine levels in community-acquired pneumonia and their association with disease severity[END_REF][START_REF] Fernández-Serrano | Molecular inflammatory responses measured in blood of patients with severe community-acquired pneumonia[END_REF][START_REF] Kellum | GenIMS Investigators. Understanding the inflammatory cytokine response in pneumonia and sepsis: results of the Genetic and Inflammatory Markers of Sepsis (GenIMS) Study[END_REF][START_REF] Calbo | Systemic expression of cytokine production in patients with severe pneumococcal pneumonia: effects of treatment with a -lactam versus a fluoroquinolone[END_REF], patients were found to have high baseline levels of systemic cytokines at entry, suggesting that the cytokine cascade was already fully activated by the time patients sought hospital care. Sequential determinations showed a pattern of decline with progressive normalisation of all pro-and anti-inflammatory cytokines detected that was accompanied by clinical recovery. In the studies with a shorter observational period, that is those with only hourly determinations, no variations in cytokine levels were found [START_REF] Millo | Compartmentalisation of cytokines and cytokine inhibitors in ventilator-associated pneumonia[END_REF][START_REF] Maskin | Evaluation of endotoxin release and cytokine production induced by antibiotics in A c c e p t e d M a n u s c r i p t patients with Gram-negative nosocomial pneumonia[END_REF], indicating that the kinetics of cytokine production takes days to produce detectable changes. Plasma levels remained elevated or were higher than on admission in some of the patients who died [START_REF] Antunes | Systemic cytokine levels in community-acquired pneumonia and their association with disease severity[END_REF][START_REF] Calbo | Systemic expression of cytokine production in patients with severe pneumococcal pneumonia: effects of treatment with a -lactam versus a fluoroquinolone[END_REF].
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It is noteworthy that systemic cytokine levels could be determined in only a low proportion of patients [START_REF] Moussa | Phagocyte function and cytokine production in community acquired pneumonia[END_REF][START_REF] Antunes | Systemic cytokine levels in community-acquired pneumonia and their association with disease severity[END_REF][START_REF] Kellum | GenIMS Investigators. Understanding the inflammatory cytokine response in pneumonia and sepsis: results of the Genetic and Inflammatory Markers of Sepsis (GenIMS) Study[END_REF][START_REF] Calbo | Systemic expression of cytokine production in patients with severe pneumococcal pneumonia: effects of treatment with a -lactam versus a fluoroquinolone[END_REF]. The advocated causes to explain the absence of detectable concentrations in serum were the local production and rapid clearance, the short half-life of most cytokines, the number and timing of the sequential determinations in each study, the degree of lung injury, and the different aetiologies implicated in the process [START_REF] Ortqvist | Diagnostic and prognostic value of interleukin-6 and C-reactive protein in communityacquired pneumonia[END_REF][START_REF] Antunes | Systemic cytokine levels in community-acquired pneumonia and their association with disease severity[END_REF]. It seems that only in severe CAP the development of an intense and maintained inflammatory local response can produce a systemic extension of cytokine release.

A correlation between severity and cytokine concentrations has not been well

established and data on this association are full of contradictory evidence [START_REF] Marik | Hydrocortisone and tumor necrosis factor in severe community-acquired pneumonia. A randomized controlled study[END_REF].

It seems, however, that high IL-6 [START_REF] Ortqvist | Diagnostic and prognostic value of interleukin-6 and C-reactive protein in communityacquired pneumonia[END_REF][START_REF] Bonten | The systemic inflammatory response in the development of ventilatorassociated pneumonia[END_REF][START_REF] Montón | Cytokine expression in severe pneumonia: a bronchoalveolar lavage study[END_REF][START_REF] Antunes | Systemic cytokine levels in community-acquired pneumonia and their association with disease severity[END_REF][START_REF] Igonin | Circulating cytokines as markers of systemic inflammatory response in severe community-acquired pneumonia[END_REF][START_REF] Kellum | GenIMS Investigators. Understanding the inflammatory cytokine response in pneumonia and sepsis: results of the Genetic and Inflammatory Markers of Sepsis (GenIMS) Study[END_REF] and probably IL-8 levels [START_REF] Bonten | The systemic inflammatory response in the development of ventilatorassociated pneumonia[END_REF] are the best predictors of increased severity and mortality. Persistent and concomitant elevation both of pro-and anti-inflammatory cytokines may be particularly significant, as will be commented below [START_REF] Kellum | GenIMS Investigators. Understanding the inflammatory cytokine response in pneumonia and sepsis: results of the Genetic and Inflammatory Markers of Sepsis (GenIMS) Study[END_REF].

Cytokine production is a compartmentalised phenomenon and this fact may explain both the low proportion of patients with detectable cytokine levels in serum and the poor correlation between serum levels and illness severity and outcome. Consistent with this fact, high levels of TNF, IL-1 and IL-6 have been found in samples obtained by BAL at the site of infection in unilateral pneumonia, whereas much lower levels were present in the contralateral nonaffected lung [START_REF] Dehoux | Compartmentalized cytokine production within the human lung in unilateral pneumonia[END_REF] and in serum [START_REF] Montón | Cytokine expression in severe pneumonia: a bronchoalveolar lavage study[END_REF].
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Only one study has analysed the relationship between bacterial burden and sequential cytokine concentrations in BAL fluid. The investigators could not show any significant correlation, although it must be taken into account that all included patients were on antimicrobial therapy [START_REF] Montón | Cytokine expression in severe pneumonia: a bronchoalveolar lavage study[END_REF].

The duration of illness may influence cytokine levels at admission. No correlation was found in the study by Ortqvist et al. [39] between time from onset of symptoms and IL-6. In contrast, we have recently shown that in pneumococcal pneumonia, patients with a longer time of evolution presented with higher levels of pro-inflammatory cytokines and a higher expression of acute phase proteins, suggesting a sustained release of pneumococcal antigens over time [START_REF] Calbo | The impact of time on the systemic inflammatory response in pneumococcal pneumonia[END_REF].

Age-related changes in cytokine production over time have been analysed in two studies [START_REF] Bruunsgaard | Elderly humans show prolonged in vivo inflammatory activity during pneumococcal infections[END_REF][START_REF] Dehoux | Compartmentalized cytokine production within the human lung in unilateral pneumonia[END_REF]. In both, lower cytokine concentrations and prolonged inflammatory activity were observed in elderly patients, a phenomenon attributed to immunosenescence.

Only two studies have provided enough data to compare levels of cytokines among patients with pneumonia of different aetiologies [START_REF] Ortqvist | Diagnostic and prognostic value of interleukin-6 and C-reactive protein in communityacquired pneumonia[END_REF][START_REF] Fernández-Serrano | Molecular inflammatory responses measured in blood of patients with severe community-acquired pneumonia[END_REF]. Bacteraemic pneumococcal pneumonia was associated with the highest concentrations of IL-6 [START_REF] Ortqvist | Diagnostic and prognostic value of interleukin-6 and C-reactive protein in communityacquired pneumonia[END_REF]. Legionella pneumonia patients displayed higher initial concentrations of TNF, IL-6, IL-8 and IL-10. However, after 24 h, serum IL-6, IL-8 and IL-10 concentrations increased in the pneumococcal infections but decreased markedly in the Legionella group. In pneumococcal pneumonia, the initial A c c e p t e d M a n u s c r i p t increase in cytokine levels has been related to bacterial lysis caused bylactams. It could be that with the onset of antibiotic-induced bacterial lysis, a release of cell wall components exacerbates inflammation [START_REF] Fernández-Serrano | Molecular inflammatory responses measured in blood of patients with severe community-acquired pneumonia[END_REF]. Likewise, cytokine concentrations have been shown to be higher in bacteraemic compared with non-bacteraemic patients [START_REF] Fernández-Serrano | Molecular inflammatory responses measured in blood of patients with severe community-acquired pneumonia[END_REF][START_REF] Calbo | The impact of time on the systemic inflammatory response in pneumococcal pneumonia[END_REF].

We have recently examined the impact of antimicrobial therapy on cytokine production in pneumococcal pneumonia [START_REF] Calbo | Systemic expression of cytokine production in patients with severe pneumococcal pneumonia: effects of treatment with a -lactam versus a fluoroquinolone[END_REF]. We sought to compare the evolution of pro-and anti-inflammatory systemic cytokine levels over time in patients with severe pneumococcal pneumonia treated either with a -lactam (ceftriaxone) or a fluoroquinolone (levofloxacin). The levofloxacin-treated group showed a shorter time to clinical stability (expressed as an earlier recovery of O 2 saturation and a slower cardiac rate) in parallel with lower TNF levels. The ability of fluoroquinolones to inhibit cytokine production coupled with thelactam cell wall activity (that might result in a second wave of TNF production) could explain these findings.

The most extensive study published so far on cytokines and pneumonia included 1886 adult patients with CAP admitted to hospital from the Emergency Department [START_REF] Kellum | GenIMS Investigators. Understanding the inflammatory cytokine response in pneumonia and sepsis: results of the Genetic and Inflammatory Markers of Sepsis (GenIMS) Study[END_REF]. Patients who developed sepsis and survived were compared with those who developed sepsis and died and with those who never developed sepsis. Many interesting observations are reported in this study. Remarkably, 8%, 57% and 53% of patients displayed normal levels of IL-6, TNF and IL-10 in blood samples, respectively. At the time of admission, cytokine concentrations had already peaked and very few patients had markedly elevated levels later. Many anti-inflammatory strategies have failed to improve survival in pneumonia [START_REF] Mizgerd | Acute lower respiratory tract infection[END_REF]. It appears that timing is crucial to achieve optimal modulation of the inflammatory response. In the mouse model, increased survival has been observed when pro-inflammatory compounds were injected concomitant with the inoculum, suggesting that a stronger inflammatory response in the early hours of infection can be beneficial [START_REF] Dallaire | Microbiological and inflammatory factors associated with the development of pneumococcal pneumonia[END_REF]. By the same token, when anti-TNF was administered together with antibiotic 25 h after the induction of pneumococcal pneumonia, it led to decreased survival and was associated with enhanced bacterial outgrowth [START_REF] Rijneveld | Antitumor necrosis factor antibody impairs the therapeutic effect of ceftriaxone in murine pneumococcal pneumonia[END_REF]. This could be due to the ability of pneumococci to inhibit some components of the host defence in the early stages of infection and hence continue its multiplication without being eliminated [START_REF] Cundell | The molecular basis of pneumococcal infection: a hypothesis[END_REF][START_REF] Johnston | Pathogenesis of pneumococcal pneumonia[END_REF]. In clinical practice, patients arrive at hospital in a wide range of stages of infection and the key to improving the management of the inflammatory response could be to select those severely ill patients in the very early phases of the infection that could benefit from the use of an inflammatory modulator.
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Conclusions

Pneumococcal infection triggers a complex network. Innate immunity acts as a first non-specific step in host defence, initiated by pathogen recognition, which is achieved through a limited set of encoded receptors. These receptors trigger intracellular signalling pathways that converge on signalling hubs such as transcription factors of NF-B. NF-B mediates the nuclear transcription of cytokines such as TNF and other molecules in a dynamic process that requires a balanced pro-and anti-inflammatory response. Single nucleotide polymorphisms occur regularly in genes involved in the host response to S. pneumoniae and some have been associated with an impaired response. Many of the studies carried out on genetic polymorphisms have important methodological limitations and caution should be taken when interpreting the results. However, all these studies taken together strongly support the idea that genetics may explain increased susceptibility to pneumococcal infection. The immune response to infection is a dynamic process, changing over time. Initially it is a compartmentalised phenomenon, which may be followed by a systemic extension beyond the lung. Many factors can interact with this response such the duration of illness, aetiology, some host characteristics and even the immunomodulatory activity of the antimicrobial therapy used. Step 1 (0-4 h)

Step 2 (4-24 h)

Step 3 (24-48 h) Step 4 (48-72 h)

Step 5 (72- 

  A c c e p t e d M a n u s c r i p t the acute phase response and act first by binding to the cell wall of S. pneumoniae activating the classical complement pathway, and second by opsonising bacteria and promoting phagocytosis by neutrophils[START_REF] Kuhlman | The human mannose-binding protein functions as an opsonin[END_REF][START_REF] Kaplan | Interaction of C-reactive protein complexes with the complement system. I. Consumption of human complement associated with the reaction of C-reactive protein with pneumococcal C-A c c e p t e d M a n u s c r i p t polysaccharide and with the choline phosphatides, lecithin and sphingomyelin[END_REF]. In addition, natural non-specific immunoglobulin M (IgM) antibodies are produced in pneumococcal infection; they bind to the microbial surface and activate complement through the classical pathway. CRP bound to pneumococcal phosphocholine, a constituent of the pneumococcal teichoic and lipoteichoic acids that make up C-carbohydrate, activates the classical pathway of complement enhancing opsonophagocytosis of the microorganism[START_REF] Horowitz | Blood clearance of Streptococcus pneumoniae by C-reactive protein[END_REF]. In humans, a variant in the CRP gene has been associated with greater susceptibility to IPD[START_REF] Roy | Research pointers: Association of common genetic variants with susceptibility to invasive pneumococcal disease[END_REF]. Recognition of carbohydrate on the pneumococcal surface by MBL also activates complement. Recently, homozygotes for a MBL codon variant have been shown to present an increased risk of IPD in a population of White individuals[START_REF] Roy | MBL genotype and risk for invasive pneumococcal disease: a case-control study[END_REF].

A

  c c e p t e d M a n u s c r i p t serotype 3, all animals become bacteraemic and mortality was 100% in the control group. In this model, five chronological stages are described. In step 1 (between 0 h and 4 h after infection) there is partial but ineffective bacterial clearance by resident alveolar macrophages, accompanied by the activation of cytokines [TNF and IL-6 in bronchoalveolar lavage (BAL) fluid; TNF, IL-6 and IL-1 in lung tissue; and IL-6 in serum] and transient nitric oxide (NO) release in BAL fluid, which leads to physiological and haematological abnormalities. In step 2 (4-24 h) there is bacterial growth in alveoli and recruitment of neutrophils from the bloodstream to lung tissue and alveoli, associated with high release of all three cytokines and leukotriene B4 (LTB4) at the infected site and transient spill over of IL-1 in serum. In step 3 (24-48 h) there is downregulation of proinflammatory cytokines (TNF and IL-1) in BAL fluid and lungs, but tissue injury become visible and the regeneration processes start concomitant with progression of bacteria to tissue and blood. In step 4 (48-72 h) a sharp reduction in blood leukocytes and a gradual recruitment of monocytes and lymphocytes to BAL fluid is observed; LTB4 and NO levels are very low in serum but increased in BAL fluid, corresponding to monocyte migration; bacteraemia is associated with activation of cytokines (TNF and IL-6). Finally, in step 5 (72-96 h) pulmonary histopathological features include severe air-space disorganisation with loss of alveolar architecture and diffuse tissue damage that coincides with high NO and malondialdehyde levels recovered in BAL fluid; lung weight is further increased, and there is unrestrained bacterial growth, loss in body weight and death.

A

  c c e p t e d M a n u s c r i p t Cytokine levels remained elevated throughout the hospital course and for much longer than clinical signs. No increase in cytokine levels was detected in relation to the onset of organ dysfunction. The highest risk of death was seen in patients who expressed high levels of both IL-6 and IL-10, with the lowest mortality in the group with medium or low IL-6 concentrations combined with low IL-10 concentrations.

  s c r i p t the impaired production of cytokines by peripheral blood monocytes in the elderly. Clin Exp Immunol 1996;106:120-6.

  -acquired pneumonia; TNF , tumour necrosis factor-alpha; IL, interleukin; IL-2R , interleukin 2 receptor alpha; IPD, invasive pneumococcal disease; BSI, bloodstream infection; CRP, C-reactive protein; N/A, not available; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; MIP-1 , monocyte inflammatory protein-1 alpha; VAP, ventilator-associated pneumonia; IL-1ra, interleukin-1 receptor antagonist; sTNFR-I, soluble tumour necrosis factor receptor I; BAL, bronchoalveolar lavage; HAP, hospital-acquired pneumonia; GNB, Gram-negative bacilli; LPS, lipopolysaccharide; sIL-1RII, soluble interleukin-1 receptor II; GPC, Gram-positive cocci.
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	96 h)

2

CFU, colony-forming units; BAL, bronchoalveolar lavage; TNF, tumour necrosis factor; IL, interleukin; NO, nitric oxide; PMN,
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