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Monitoring Immune Dysfunctions in the Septic Patient: A New Skin for the Old Ceremony

THE OLD CEREMONY

Septic syndromes represent a major, although largely underrecognized healthcare problem worldwide, accounting for thousands of deaths every year. Epidemiological studies estimated the number of cases of sepsis to be 750,000 in 1995 in the USA (resulting in more than 210,000 deaths) and nearly 60,000 in 2001 in France [START_REF] Angus | Epidemiology of sepsis: an update[END_REF][START_REF] Brun-Buisson | EPISEPSIS: a reappraisal of the epidemiology and outcome of severe sepsis in French intensive care units[END_REF]. Mortality remains high, ranging from 20% for sepsis to >50% for septic shock [START_REF] Angus | Epidemiology of sepsis: an update[END_REF][START_REF] Brun-Buisson | The costs of septic syndromes in the intensive care unit and influence of hospital-acquired sepsis. Intensive[END_REF][START_REF] Dombrovskiy | Rapid increase in hospitalization and mortality rates for severe sepsis in the United States: a trend analysis from 1993 to 2003[END_REF]. More worrisome, a 75% increase in the incidence rate of severe sepsis has been observed over the past two decades, which may be partly explained by the improved care of the elderly and by associated comorbidities in patients [for example, cancer, diabetes [START_REF] Brun-Buisson | EPISEPSIS: a reappraisal of the epidemiology and outcome of severe sepsis in French intensive care units[END_REF]]. Therefore, as the population further ages, the incidence of sepsis is projected to increase significantly, leading, for example, to over a million cases of severe sepsis in 2020 in the USA alone [START_REF] Angus | Epidemiology of sepsis: an update[END_REF]. Accordingly, a recent study showed that the hospitalization rate for severe sepsis has almost doubled from 1993 to 2003 and that the population-based mortality rate has risen by two-thirds during the same period of time [START_REF] Dombrovskiy | Rapid increase in hospitalization and mortality rates for severe sepsis in the United States: a trend analysis from 1993 to 2003[END_REF].

The provision of apparently adequate fluid resuscitation/goal-directed therapy, specific antibiotics, and low-dose steroids; management of blood glucose levels; aggressive operative intervention; selective use of activated protein C; and almost 20 years of anti-inflammatory clinical trials have had only a modest effect in decreasing mortality. The inability of these therapies to mitigate the devastating effects of this condition indicates that the initial hypotheses for sepsis pathophysiology have been misconstrued or inadequately addressed. Furthermore, treating septic patients as a group despite the extreme heterogeneity characterizing this population constitutes another explanation. In particular, the failure of anti-inflammatory strategies based on the postulate that death after sepsis is solely due to an overwhelming pro-inflammatory immune response is an illustrative example [START_REF] Zeni | Anti-inflammatory therapies to treat sepsis and septic shock: a reassessment[END_REF][START_REF] Remick | Pathophysiology of sepsis[END_REF]. Rather, we can now postulate that immune dysfunctions that are supposed to play a role in mortality may be different between a patient succumbing within the very first hour after sepsis and a patient surviving these first critical hours but dying later from a secondary nosocomial infection.

THE NEW SKIN

Several lines of evidence have established that death from septic shock may be due to the effect of distinct mechanisms over time. Early in septic shock, a massive release of inflammatory mediators (normally designated to trigger immune response against pathogens) occurs, which may be responsible for organ dysfunction and hypoperfusion [START_REF] Hotchkiss | The pathophysiology and treatment of sepsis[END_REF][START_REF] Annane | Sep-tic shock[END_REF]. Concomitantly, the body develops compensatory mechanisms to prevent overwhelming inflammation and dampen an overzealous anti-Septic syndromes represent a major although largely underrecognized healthcare problem worldwide, accounting for thousands of deaths every year. It is now agreed that sepsis deeply perturbs immune homeostasis by inducing an initial tremendous systemic inflammatory response which is accompanied by an anti-inflammatory process, acting as negative feedback. This compensatory inhibitory response secondly becomes deleterious as nearly all immune functions are compromised. These alterations might be directly responsible for worsening outcome, as they may play a major role in the decreased resistance to nosocomial infections in patients who survived initial resuscitation. Consequently, immunostimulatory therapies may now be assessed for the treatment of sepsis. This review focuses on immune dysfunctions described in septic patients and on their potential use as markers on a routine standardized basis for prediction of adverse outcome or of occurrence of secondary nosocomial infections. This constitutes a prerequisite to a staging system for individualized treatment for these hitherto deadly syndromes. Online address: http://www.molmed.org doi: 10.2119/2007-00102. Monneret infectious response (Figure 1). These negative feedback mechanisms, although having protective effects during the first hours, may paradoxically become deleterious as they persist over time. Indeed, considerable clinical and experimental evidence indicates that patients rapidly present with numerous compromised immune functions [START_REF] Hotchkiss | The pathophysiology and treatment of sepsis[END_REF][START_REF] Annane | Sep-tic shock[END_REF][START_REF] Munford | Normal responses to injury prevent systemic inflammation and can be immunosuppressive[END_REF]. Therefore, as our capacity to treat patients during the very first hour of shock has improved (early and aggressive initial supportive therapy), many patients now survive this critical step but eventually die later in a state of immunosuppression. Indeed, it has been observed that the majority of nonsurviving septic shock patients (>80%) die late after initial resuscitation and present with hallmarks of immunosuppression, whereas patients who survive are those who spontaneously recover immune functions without specific treatments [START_REF] Monneret | Persisting low monocyte human leukocyte antigen-DR expression predicts mortality in septic shock[END_REF]. The necessity of an effective immune response to survive septic shock is further illustrated by a recent genomewide study of mRNA expression in patients [START_REF] Pachot | Systemic transcriptional analysis in survivor and non-survivor septic shock patients: a preliminary study[END_REF]. Among 14,500 genes, we observed that the 19 genes overexpressed in survivors were mainly involved in innate immune re-sponse [cytokine, chemokine receptors, effectors of the Toll-like receptor (TLR) pathways].

These immune alterations are thought to play a major role in impaired clearance of microorganisms. They could explain patients' difficulty to fight the primary bacterial infection and their decreased resistance to secondary nosocomial infections. As evidence, a proportion of nosocomial infections observed in septic patients are due to commensal organisms, which become pathogenic solely in fragile, immunocompromised hosts [START_REF] Pugin | Immunostimulation is a rational therapeutic strategy in sepsis[END_REF]. Consequently, immunostimulatory therapies constitute an innovative strategy that deserves to be assessed for the treatment of sepsis. The goal is to improve bacterial killing at the primary site of infection and to prevent the development of nosocomial infections and the reactivation of dormant viruses [START_REF] Pugin | Immunostimulation is a rational therapeutic strategy in sepsis[END_REF]. However, despite encouraging preliminary studies (interferon-γ, GM-CSF), we are still far from being able to initiate larger clinical trials. In particular, we need to be able to identify patients beforehand who would actually benefit from immunostimulating therapies. Indeed, in the absence of specific clinical signs of immune status in patients, it is necessary to determine the best biological tools for patients' stratification according to their immune status (a missing step in most previous clinical trials). This would allow us to define the right action (that is, stimulating innate immunity and/or adaptive immunity, blocking apoptosis, restoring other altered functions) at the right time (early or delayed) in the right patient (individualized/tailored therapy). Also, this would allow us to conduct a close monitoring of patients' immune and inflammatory responses to the drugs (drug efficacy or drug side effects-for example, reactivation of deleterious inflammatory response). Consequently, more knowledge of sepsis pathophysiology is needed not only if we are to develop better, more effective interventions, but also to identify for whom and when these interventions will be most efficacious.

Although the mechanistic and molecular bases for sepsis-induced immunosuppression are not exhaustively established, several features of the condition have been described, including enhanced leukocyte apoptosis, lymphocyte anergy, and deactivated monocyte functions [START_REF] Hotchkiss | The pathophysiology and treatment of sepsis[END_REF][START_REF] Annane | Sep-tic shock[END_REF][START_REF] Munford | Normal responses to injury prevent systemic inflammation and can be immunosuppressive[END_REF][START_REF] Monneret | Persisting low monocyte human leukocyte antigen-DR expression predicts mortality in septic shock[END_REF][START_REF] Pachot | Systemic transcriptional analysis in survivor and non-survivor septic shock patients: a preliminary study[END_REF][START_REF] Pugin | Immunostimulation is a rational therapeutic strategy in sepsis[END_REF][START_REF] Wesche | Leukocyte apoptosis and its significance in sepsis and shock[END_REF][START_REF] Monneret | Marked elevation of human circulating CD4 + CD25 + regulatory T cells in sepsis-induced immunoparalysis[END_REF]. This review focuses on immune dysfunctions described in septic patients and on their potential use as markers on a routine standardized basis for prediction of adverse outcome or occurrence of secondary nosocomial infections.

FUNCTIONAL TESTING

Because it directly measures ex vivo the capacity of a cell population to respond to an immune challenge, functional testing theoretically represents the best method to establish the diagnosis of immunoparalysis. Two hallmarks of sepsis are regularly reported: decreased monocyte capacity to release proinflammatory cytokines in response to lipopolysaccharide (LPS) challenge and lowered lymphocyte proliferation in response to antigens (tuberculin, tetanus toxin) or nonspecific (phytohemagglutinin, concanavalin A, anti-CD3, anti-CD28 antibodies) stimulations [START_REF] Lederer | The effects of injury on the adaptive immune response[END_REF][START_REF] Manjuck | Decreased response to recall antigens is associated with depressed costimulatory receptor expression in septic critically ill patients[END_REF][START_REF] Roth | Susceptibility to programmed cell death in T-lymphocytes from septic patients: a mechanism for lymphopenia and Th2 predominance[END_REF][START_REF] O'mahony | Depression of cellular immunity after multiple trauma in the absence of sepsis[END_REF][START_REF] Faist | Depression of cellular immunity after major injury: its association with posttraumatic complications and its reversal with immunomodulation[END_REF][START_REF] Hensler | Distinct mechanisms of immunosuppression as a consequence of major surgery[END_REF][START_REF] Puyana | Both T-helper-1-and Thelper-2-type lymphokines are depressed in posttrauma anergy[END_REF][START_REF] De | Induction of global anergy rather than inhibitory Th2 lymphokines mediates posttrauma T cell immunodepression[END_REF][START_REF] Pellegrini | Relationships between T lymphocyte apoptosis and anergy following trauma[END_REF][START_REF] Laudanski | Cell-specific expression and pathway analyses reveal alterations in trauma-related human T cell and monocyte pathways[END_REF][START_REF] Bandyopadhyay | Negative signaling contributes to T-cell anergy in trauma patients[END_REF]. Lymphocyte anergy is illustrated by the loss of delayed-type hypersensitivity reaction to skin test recall antigens in patients. This has been described for a long time and is known to be associated with mortality and with the development of secondary infections [START_REF] Meakins | Delayed hypersensitivity: indicator of acquired failure of host defenses in sepsis and trauma[END_REF][START_REF] Rode | Lymphocyte function in anergic patients[END_REF][START_REF] Christou | The delayed hypersensitivity response and host resistance in surgical patients: 20 years later[END_REF]. Indeed, a marked decrease in lymphocyte proliferation has been described in patients after severe injuries (sepsis, major surgery, severe burn or trauma) [START_REF] Lederer | The effects of injury on the adaptive immune response[END_REF][START_REF] Manjuck | Decreased response to recall antigens is associated with depressed costimulatory receptor expression in septic critically ill patients[END_REF][START_REF] Roth | Susceptibility to programmed cell death in T-lymphocytes from septic patients: a mechanism for lymphopenia and Th2 predominance[END_REF][START_REF] O'mahony | Depression of cellular immunity after multiple trauma in the absence of sepsis[END_REF][START_REF] Faist | Depression of cellular immunity after major injury: its association with posttraumatic complications and its reversal with immunomodulation[END_REF][START_REF] Hensler | Distinct mechanisms of immunosuppression as a consequence of major surgery[END_REF][START_REF] Puyana | Both T-helper-1-and Thelper-2-type lymphokines are depressed in posttrauma anergy[END_REF][START_REF] De | Induction of global anergy rather than inhibitory Th2 lymphokines mediates posttrauma T cell immunodepression[END_REF][START_REF] Pellegrini | Relationships between T lymphocyte apoptosis and anergy following trauma[END_REF][START_REF] Laudanski | Cell-specific expression and pathway analyses reveal alterations in trauma-related human T cell and monocyte pathways[END_REF][START_REF] Bandyopadhyay | Negative signaling contributes to T-cell anergy in trauma patients[END_REF]. This was associated with diminished production of cytokines such as interleukin (IL)-2 and γ-interferon (IFN-γ) by peripheral blood mononuclear cells [START_REF] Lederer | The effects of injury on the adaptive immune response[END_REF][START_REF] Murphy | Use of intracellular cytokine staining and bacterial superantigen to document suppression of the adaptive immune system in injured patients[END_REF][START_REF] Heidecke | Selective defects of T lymphocyte function in patients with lethal intraabdominal infection[END_REF]. Manjuck et al. [START_REF] Manjuck | Decreased response to recall antigens is associated with depressed costimulatory receptor expression in septic critically ill patients[END_REF] observed that decreased proliferative response to tetanus toxin in severe septic patients was associated with diminished expression of monocyte HLA-DR and CD86 and of lymphocyte CD28 (all activator coreceptors during the process of antigen presentation), whereas expression of cytotoxic T lymphocyte antigen (CTLA)-4 (an inhibitory coreceptor) was increased on lymphocytes. Similarly, recent data in trauma correlated diminished lymphocyte proliferation with increased expression of inhibitory coreceptors on lymphocytes [START_REF] Bandyopadhyay | Negative signaling contributes to T-cell anergy in trauma patients[END_REF]. Most important, it has been observed that the severity of this state of anergy correlated with poor outcome, increased occurrence of infectious complications, and subsequent multiorgan failure [START_REF] Manjuck | Decreased response to recall antigens is associated with depressed costimulatory receptor expression in septic critically ill patients[END_REF][START_REF] O'mahony | Depression of cellular immunity after multiple trauma in the absence of sepsis[END_REF][START_REF] Faist | Depression of cellular immunity after major injury: its association with posttraumatic complications and its reversal with immunomodulation[END_REF][START_REF] Hensler | Distinct mechanisms of immunosuppression as a consequence of major surgery[END_REF][START_REF] Puyana | Both T-helper-1-and Thelper-2-type lymphokines are depressed in posttrauma anergy[END_REF][START_REF] De | Induction of global anergy rather than inhibitory Th2 lymphokines mediates posttrauma T cell immunodepression[END_REF][START_REF] Pellegrini | Relationships between T lymphocyte apoptosis and anergy following trauma[END_REF][START_REF] Laudanski | Cell-specific expression and pathway analyses reveal alterations in trauma-related human T cell and monocyte pathways[END_REF][START_REF] Bandyopadhyay | Negative signaling contributes to T-cell anergy in trauma patients[END_REF][START_REF] Ochoa | T lymphocytes[END_REF].

Usually performed with peripheral blood mononuclear cells (that is, lymphocytes and monocytes), the measurement of cell proliferation in vitro investigates both the capacity of lymphocytes to proliferate and of monocytes to present antigens (when performed with recall antigens) in a single test. Proliferation is usually assessed by [ 3 H]thymidine uptake or, more recently, by the use of fluorescent probes [such as carboxyfluorescein diacetate succinimidyl ester (CFSE)]. However, as proliferation tests require long incubation time (two to three days for mitogens, five to seven days for recall antigens), they are not suitable for clinical decision-making and thus are not performed on a routine basis.

Concomitantly, many groups have investigated the capacity of patient cells (mainly antigen-presenting cells/monocytes) to release proinflammatory cytokines in response to LPS, other TLR agonists, or whole bacteria in vitro (see recent review in 32). These tests represent reliable methods to assess the phenomenon of endotoxin tolerance defined as a reduced responsiveness to a secondary LPS challenge following a first inflammatory response. Monocytes from septic patients usually present with a diminished capacity to release tumor necrosis factor (TNF)-α, IL-1α, IL-6, and IL-12, whereas the release of anti-inflammatory mediators (IL-1ra, IL-10) is not affected or even slightly increased [START_REF] Munoz | Dysregulation of in vitro cytokine production by monocytes during sepsis[END_REF][START_REF] Van Deuren | Differential expression of proinflammatory cytokines and their inhibitors during the course of meningococcal infections[END_REF][START_REF] Munoz | Dissociation between plasma and monocyte-associated cytokines during sepsis[END_REF][START_REF] Rigato | Impaired production of interferon-gamma and tumor necrosis factoralpha but not of interleukin 10 in whole blood of patients with sepsis[END_REF][START_REF] Stanilova | High interleukin 12 and low interleukin 10 production after in vitro stimulation detected in sepsis survivors[END_REF][START_REF] Cavaillon | Endotoxin tolerance: is there a clinical relevance?[END_REF]. This shows that LPS can still activate monocytes but that the intracellular signaling has been turned to favor production of anti-inflammatory molecules, therefore supporting the concept of leukocyte reprogramming [START_REF] Zhang | Lipopolysaccharide structure-function relationship in activation versus reprogramming of mouse peritoneal macrophages[END_REF][START_REF] Cavaillon | Bench-tobedside review: endotoxin tolerance as a model of leukocyte reprogramming in sepsis[END_REF]. Of note, cytokine measurements have usually been performed using homemade protocols, therefore leading to poor reproducibility. However, some results are now obtained with commercially available kits, allowing for better standardization [START_REF] Nierhaus | Reversal of immunoparalysis by recombinant human granulocyte-macrophage colony-stimulating factor in patients with severe sepsis[END_REF][START_REF] Ploder | Lipopolysaccharide-induced tumor necrosis factor alpha production and not monocyte human leukocyte antigen-DR expression is correlated with survival in septic trauma patients[END_REF]. Still, large multicenter clinical trials are required to assess this test with regard to outcome and compare it with other markers of monocyte dysfunction such as reduced monocyte HLA-DR expression (mHLA-DR, see below).

In summary, although not suitable for routine monitoring and clinical decisionmaking, these functional tests remain essential to obtain further insights to the pathophysiology of sepsis-induced immunosuppression and assess the validity of surrogate markers, more easily measurable and standardizable.

MEASUREMENT OF CIRCULATING MEDIATORS

Despite a large number of studies focusing on the measurement of plasmatic concentrations of various mediators, none of them has been consensually accepted. This might be explained by the complexity of the interactions between the numerous networks and amplifica-tion cascades involved in sepsis pathophysiology. Indeed, hundreds of mediators are likely to participate in sepsis pathophysiology, and their concentrations vary rapidly over time [START_REF] Marshall | Such stuff as dreams are made on: mediator-directed therapy in sepsis[END_REF]. Numerous correlations have been observed between the increased concentration of one particular circulating mediator and adverse outcome, but none of them is routinely used for patient staging and monitoring. This is especially true for pro-inflammatory cytokines. TNF-α, IL-6, and IL-8 have been extensively investigated during the last two decades without providing clear-cut results. An alternative strategy might be to stratify patients on the basis of decreased levels (instead of increased levels) of these proinflammatory mediators, which might subsequently be proposed as substitutive therapy. An example would be the study of circulating levels of GM-CSF. It has been documented that plasma concentrations of GM-CSF after sepsis were significantly depressed in nonsurvivors in comparison with survivors, whose levels were similar to healthy donors [START_REF] Perry | Low plasma granulocyte-macrophage colony stimulating factor is an indicator of poor prognosis in sepsis[END_REF]. This therefore provides a rationale for starting therapies aimed at restoring GM-CSF concentration.

Regarding pro-inflammatory cytokines, high mobility group box 1 (HMGB1) deserves to be specially investigated, as it represents a delayed/late mediator in sepsis [START_REF] Wang | HMG-1 as a late mediator of endotoxin lethality in mice[END_REF]. Its concentration continues to be elevated while other proinflammatory cytokines such as TNF-α or IL-6 have returned to normal [START_REF] Sunden-Cullberg | Persistent elevation of high mobility group box-1 protein (HMGB1) in patients with severe sepsis and septic shock[END_REF][START_REF] Angus | Circulating highmobility group box 1 (HMGB1) concentrations are elevated in both uncomplicated pneumonia and pneumonia with severe sepsis[END_REF]. Moreover, HMGB1 may interact with other aspects of sepsis pathophysiology, including apoptosis, dysfunctional dendritic cells (DCs), maturation, or chemotaxis [START_REF] Bianchi | DAMPs, PAMPs and alarmins: all we need to know about danger[END_REF]. It has also been shown that its persistent increase during sepsis is associated with unfavorable outcome [START_REF] Angus | Circulating highmobility group box 1 (HMGB1) concentrations are elevated in both uncomplicated pneumonia and pneumonia with severe sepsis[END_REF][START_REF] Pachot | Longitudinal study of cytokine and immune transcription factor mRNA expression in septic shock[END_REF]. It would therefore be interesting to assess its concentration in a large cohort of septic patients.

On the other hand, in the particular context of immunosuppression, measuring persistently increased concentrations of anti-inflammatory mediators may be an indicator for the initiation of immune-stimulating therapy. Lots of candidates have been proposed, but the most consistent data concerns IL-10. Gogos et al. [START_REF] Gogos | Pro-versus anti-inflammatory cytokine profile in patients with severe sepsis: a marker for prognosis and future therapeutic options[END_REF] showed that IL-10 and IL-10/TNF-α ratios, among a panel of various cytokines (Il-1, IL-6, sTNF-RI and II), were the more powerful predictors of mortality in patients with severe sepsis both at admission and 48 h later. Van Dissel et al. [START_REF] Van Dissel | Anti-inflammatory cytokine profile and mortality in febrile patients[END_REF] reported similar results: they observed that a high IL-10/TNF-α ratio was associated with unfavorable outcome in a group of 450 febrile patients. Accordingly, in critically ill septic patients at admission, higher values of IL-10 were measured in nonsurvivors and provided better prognostic information than IL-4 ( 52). An anti-inflammatory profile was also found to be associated with severity in children with meningococcal sepsis [START_REF] Carrol | A predominantly anti-inflammatory cytokine profile is associated with disease severity in meningococcal sepsis[END_REF]. We extended these results by illustrating that IL-10 levels remained higher in nonsurvivors until 15 days after the onset of septic shock in a group of 38 patients [START_REF] Monneret | The anti-inflammatory response dominates after septic shock: association of low monocyte HLA-DR expression and high interleukin-10 concentration[END_REF]. In parallel, neither TNF-α nor transforming growth factor (TGF)-β values were able to differentiate survivors from nonsurvivors [START_REF] Monneret | The anti-inflammatory response dominates after septic shock: association of low monocyte HLA-DR expression and high interleukin-10 concentration[END_REF]. In addition, we observed that IL-10 was the sole cytokine to correlate with mHLA-DR values. In particular, high IL-10 concentrations at the beginning of shock were negatively correlated with the nadir of mHLA-DR measurements during the 2 weeks of monitoring [START_REF] Monneret | The anti-inflammatory response dominates after septic shock: association of low monocyte HLA-DR expression and high interleukin-10 concentration[END_REF]. Consequently, this initial value of IL-10 may reflect the severity of the forthcoming immunoparalysis. Similar results have been observed with IL-10 mRNA measurements in comparable cohorts of patients [START_REF] Pachot | Longitudinal study of cytokine and immune transcription factor mRNA expression in septic shock[END_REF][START_REF] Abe | Up-regulation of interleukin-10 mRNA expression in peripheral leukocytes predicts poor outcome and diminished human leukocyte antigen-DR expression on monocytes in septic patients[END_REF][START_REF] Lekkou | Cytokine production and monocyte HLA-DR expression as predictors of outcome for patients with community-acquired severe infections[END_REF]. Very recently, Leonidou et al. ( 57) confirmed these results. They observed that high IL-10 levels were associated with mortality after severe sepsis and, importantly, with stress-induced hyperglycemia, whereas TNF-α, IL-6, and TGF-β concentrations did not have any predictive value. Given the properties of IL-10 in suppressing the synthesis of numerous proinflammatory cytokines [START_REF] Sfeir | Role of interleukin-10 in monocyte hyporesponsiveness associated with septic shock[END_REF], its continued release may contribute to the immune dysfunctions observed after septic shock and thus may augment susceptibility to secondary microbial invasion [START_REF] Oberholzer | Interleukin-10: a complex role in the pathogenesis of sepsis syndromes and its potential as an anti-inflammatory drug[END_REF][START_REF] Sfeir | Role of interleukin-10 in monocyte hyporesponsiveness associated with septic shock[END_REF][START_REF] Muehlstedt | Increased IL-10 production and HLA-DR suppression in the lungs of injured patients precede the development of nosocomial pneumonia[END_REF].

Along with IL-10, TGF-β constitutes a potent immunosuppressive cytokine often described as being implicated in immunoparalysis ( 9) and as playing a role in monocyte deactivation during endotoxin tolerance [START_REF] Randow | Mechanism of endotoxin desensitization: involvement of interleukin 10 and transforming growth factor beta[END_REF]. In numerous clinical studies, however, its plasma levels were found to be in normal range (or slightly above), and no difference has been observed between survivors and nonsurvivors [START_REF] Heidecke | Selective defects of T lymphocyte function in patients with lethal intraabdominal infection[END_REF][START_REF] Monneret | The anti-inflammatory response dominates after septic shock: association of low monocyte HLA-DR expression and high interleukin-10 concentration[END_REF][START_REF] Lekkou | Cytokine production and monocyte HLA-DR expression as predictors of outcome for patients with community-acquired severe infections[END_REF][START_REF] Leonidou | Cytokine production and hospital mortality in patients with sepsis-induced stress hyperglycemia[END_REF][START_REF] Astiz | Monocyte response to bacterial toxins, expression of cell surface receptors, and release of anti-inflammatory cytokines during sepsis[END_REF]. These results suggest that IL-10 might be more important than TGF-β in the pathophysiology of sepsis-induced immunoparalysis. This is in accordance with experimental data showing that blocking IL-10 is more efficient than blocking TGF-β in reversing endotoxin tolerance [START_REF] Sfeir | Role of interleukin-10 in monocyte hyporesponsiveness associated with septic shock[END_REF][START_REF] Randow | Mechanism of endotoxin desensitization: involvement of interleukin 10 and transforming growth factor beta[END_REF][START_REF] Astiz | Monocyte response to bacterial toxins, expression of cell surface receptors, and release of anti-inflammatory cytokines during sepsis[END_REF].

Many other mediators are known to be elevated during septic shock and to possess immunosuppressive properties; we can mention soluble HLA-G molecules, prostaglandin E2, α-melanocytestimulating hormone, adrenomedullin, and vaso-intestinal peptide [START_REF] Monneret | Soluble human leukocyte antigen-G5 in septic shock: marked and persisting elevation as a predictor of survival[END_REF][START_REF] Martinez | Anti-inflammatory role in septic shock of pituitary adenylate cyclaseactivating polypeptide receptor[END_REF][START_REF] Yaqub | A human whole blood model of LPS-mediated suppression of T cell activation[END_REF][START_REF] Catania | Plasma concentrations and anti-L-cytokine effects of alpha-melanocyte stimulating hormone in septic patients[END_REF][START_REF] Christ-Crain | Midregional pro-adrenomedullin as a prognostic marker in sepsis: an observational study[END_REF]. There is also evidence for a direct interaction between nervous, endocrine, and immune systems. Numerous mediators participating in this network and increased during sepsis behave as immunosuppressors: cortisol, norepinephrine, acetylcholine [START_REF] Catania | Plasma concentrations and anti-L-cytokine effects of alpha-melanocyte stimulating hormone in septic patients[END_REF][START_REF] Christ-Crain | Midregional pro-adrenomedullin as a prognostic marker in sepsis: an observational study[END_REF][START_REF] Tulzo | Monocyte human leukocyte antigen-DR transcriptional downregulation by cortisol during septic shock[END_REF][START_REF] Elenkov | The sympathetic nerve: an integrative interface between two supersystems: the brain and the immune system[END_REF][START_REF] Tracey | Physiology and immunology of the cholinergic antiinflammatory pathway[END_REF]. However, they all need to be assessed in large clinical studies.

It should be noted that measuring concentrations of a single mediator (or a few mediators) for establishing patients' immune status remains questionable because it provides only a partial view of the disorders. In many cases, determining what force dominates (pro-vs antiinflammatory responses) on the basis of serum measurements will remain nearly impossible, because both responses are enhanced during septic shock. An alternative would be to use a panel of markers rather than a single parameter, allowing a better definition of individualized pro-/anti-inflammatory profiles [START_REF] Pachot | Longitudinal study of cytokine and immune transcription factor mRNA expression in septic shock[END_REF][START_REF] Osuchowski | Chronic sepsis mortality characterized by an individualized inflammatory response[END_REF][START_REF] Osuchowski | Circulating cytokine/inhibitor profiles reshape the understanding of the SIRS/CARS continuum in sepsis and predict mortality[END_REF][START_REF] Oberholzer | Plasma cytokine measurements augment prognostic scores as indicators of outcome in patients with severe sepsis[END_REF].

CELLULAR MONITORING Antigen-Presenting Cells: Dendritic Cells

Preliminary results in mice suggest the importance of dendritic cell (DC) dysfunction and apoptosis during sepsis. DCs are not only affected/killed by the systemic inflammatory response but may also contribute to the development of immune suppression during sepsis by impaired functions such as reduced IL-12 production or decreased capacity to activate T cells [START_REF] Huang | Changes in dendritic cell function in the immune response to sepsis: cell-and tissuebased therapy[END_REF]. Accordingly, in several murine studies, secondary infections and mortality have been reversed by administration of DCs purified from naive animals [START_REF] Benjamim | Reversal of long-term sepsis-induced immunosuppression by dendritic cells[END_REF] or fms-like tyrosine kinase 3 ligand (FLT3-L, a DC growth factor) [START_REF] Toliver-Kinsky | Enhancement of dendritic cell production by fms-like tyrosine kinase-3 ligand increases the resistance of mice to a burn wound infection[END_REF][START_REF] Wysocka | Flt3 ligand treatment reverses endotoxin tolerance-related immunoparalysis[END_REF].

In humans, Guisset et al. [START_REF] Guisset | Decrease in circulating dendritic cells predicts fatal outcome in septic shock[END_REF] have observed a reduced DC blood count in septic patients. Interestingly, this loss was more important in patients who died than in survivors. The number of circulating DCs was also inversely correlated with severity scores such as SAPS II [START_REF] Guisset | Decrease in circulating dendritic cells predicts fatal outcome in septic shock[END_REF]. Ho et al. ( 79) monitored blood DCs in 56 patients before and after surgery. They observed that the number of DCs increased acutely in response to the stress of surgery but dropped below preoperative levels on days 2 to 3. In a postmortem study of spleen from 26 septic patients and 20 trauma patients, Hotchkiss et al. [START_REF] Hotchkiss | Depletion of dendritic cells, but not macrophages, in patients with sepsis[END_REF] observed that sepsis causes a dramatic reduction in the percentage area of spleen occupied by follicular DCs and that the number of MHC II + interdigitating DCs was decreased in septic patients compared with trauma patients. Regarding DC functions, Faivre et al. [START_REF] Faivre | Accelerated in vitro differentiation of blood monocytes into dendritic cells in human sepsis[END_REF] investigated the ability of monocytes to differentiate into functional DCs in vitro in patients undergoing surgery for peritonitis. They observed that, although the ability of patients' deactivated monocytes to differentiate into mature DCs was faster than in healthy individuals, these DCs were unable to increase T-cell response. De et al. [START_REF] De | Failure of monocytes of trauma patients to convert to immature dendritic cells is related to preferential macrophage-colony-stimulating factordriven macrophage differentiation[END_REF] observed that in trauma patients, monocytes with reduced IL-12 production and decreased ability to induce T-cell proliferation also had decreased capacity to differentiate into DCs in vitro. Overall, these studies suggest that, as observed in murine models of sepsis, human DCs may be not only decreased in blood after sepsis but also dysfunctional, which may therefore play a pivotal role in the development of sepsisinduced immunosuppression. Consequently, the monitoring and potential reversal of DC dysfunctions may represent an innovative therapeutic strategy for the treatment of sepsis.

Antigen-Presenting Cells: Monocytes

Monocytes from septic patients are characterized not only by decreased capacity to mount a pro-inflammatory reaction upon secondary bacterial challenge (as previously discussed), but also by impairment in antigen presentation, likely due to the lowered expression of major histocompatibility (MHC) class II molecules. Indeed, in septic patients, decreased cell-surface expression of HLA-DR molecules has regularly been observed on circulating monocytes. As opposed to circulating mediators, the major advantage of measuring a cellsurface marker such as mHLA-DR is that its level of expression is a result of the sum of the effects of multiple mediators, all of which are potentially regulated during septic shock. For example, mHLA-DR expression has been shown to be positively and negatively regulated by cytokines such as IFN-γ and IL-10, as well as by corticoids and catecholamines [START_REF] Koppelman | Interleukin-10 down-regulates MHC class II alphabeta peptide complexes at the plasma membrane of monocytes by affecting arrival and recycling[END_REF][START_REF] Krakauer | IL-1 and tumor necrosis factor-alpha each up-regulate both the expression of IFN-gamma receptors and enhance IFN-gamma-induced HLA-DR expression on human monocytes and a human monocytic cell line (THP-1)[END_REF][START_REF] Schwiebert | Modulation of MHC class II expression in human cells by dexamethasone[END_REF][START_REF] Basta | A beta-adrenergic agonist modulates DR alpha gene transcription via enhanced cAMP levels in a glioblastoma multiforme line[END_REF]. There is general consensus that diminished mHLA-DR expression may be a reliable marker for immunosuppression in critically ill patients [START_REF] Angus | Circulating highmobility group box 1 (HMGB1) concentrations are elevated in both uncomplicated pneumonia and pneumonia with severe sepsis[END_REF][START_REF] Fumeaux | Is the measurement of monocytes HLA-DR expression useful in patients with sepsis?[END_REF][START_REF] Tschoeke | Human leukocyte antigen expression in sepsis: what have we learned?[END_REF].

mHLA-DR Expression and Functional Parameters

Importantly, several studies have demonstrated the association of low mHLA-DR expression and impairment of various monocytic functions. Monocytes from septic patients with decreased mHLA-DR produced low amounts of TNF-α and IL-1 in response to bacterial challenges, including LPS and SEB or PMA stimulations [START_REF] Astiz | Monocyte response to bacterial toxins, expression of cell surface receptors, and release of anti-inflammatory cytokines during sepsis[END_REF]. Similarly, lymphocytes from septic patients with low mHLA-DR have been shown to be unable to proliferate in response to tetanus toxin as a consequence of a failure in antigen presentation [START_REF] Manjuck | Decreased response to recall antigens is associated with depressed costimulatory receptor expression in septic critically ill patients[END_REF]. Accordingly, Wolk et al. [START_REF] Wolk | Impaired antigen presentation by human monocytes during endotoxin tolerance[END_REF], in an experimental model of endotoxin tolerance, reproduced the decrease of mHLA-DR and showed that it is associated with impairment in T-cell proliferation and IFN-γ production in response to recall antigens. In a series of nine consecutive septic patients with immunosuppression, the administration of GM-CSF induced sustained mHLA-DR recovery accompanied by a restoration in ex vivo TNF-α production after LPS challenge [START_REF] Nierhaus | Reversal of immunoparalysis by recombinant human granulocyte-macrophage colony-stimulating factor in patients with severe sepsis[END_REF]. Recently, in surgical patients, Schneider et al. [START_REF] Schneider | Perioperative recombinant human granulocyte colony-stimulating factor (filgrastim) treatment prevents immunoinflammatory dysfunction associated with major surgery[END_REF] observed that G-CSF-induced restoration of mHLA-DR was accompanied not only by increased lymphocyte proliferation and Th1 cytokine production (IL-2 and IFN-γ) in response to PHA but also by a better capacity to release inflammatory cytokines in a whole-blood model after LPS challenge. Finally and intriguingly, it has been proposed that the level of cell-surface MHC class II molecules directly modulates the degree of inflammatory response to LPS independently of CD14 and TLR4 equipment. In comparison with HLA-DR-positive cells, HLA-DR-negative cells secreted markedly reduced amounts of TNF-α and IL-8 [START_REF] Piani | Expression of MHC class II molecules contributes to lipopolysaccharide responsiveness[END_REF]. Overall, these data demonstrate that diminished mHLA-DR is a surrogate marker for monocyte dysfunction. Importantly, the restoration of normal mHLA-DR levels is associated with the recovery of monocyte functions.

mHLA-DR Expression and Clinical Study

Up to now, the decrease of mHLA-DR expression has mainly been assessed as a predictor of septic complications after trauma, surgery, or pancreatitis [START_REF] Bandyopadhyay | Negative signaling contributes to T-cell anergy in trauma patients[END_REF][START_REF] Hershman | Monocyte HLA-DR antigen expression characterizes clinical outcome in the trauma patient[END_REF][START_REF] Wakefield | Changes in major histocompatibility complex class II expression in monocytes and T cells of patients developing infection after surgery[END_REF][START_REF] Giannoudis | Immediate IL-10 expression following major orthopaedic trauma: relationship to anti-inflammatory response and subsequent development of sepsis[END_REF][START_REF] Ditschkowski | HLA-DR expression and soluble HLA-DR levels in septic patients after trauma[END_REF][START_REF] Satoh | Human leukocyte antigen-DR expression on peripheral monocytes as a predictive marker of sepsis during acute pancreatitis[END_REF][START_REF] Tschaikowsky | Coincidence of proand anti-inflammatory responses in the early phase of severe sepsis: longitudinal study of mononuclear histocompatibility leukocyte antigen-DR expression, procalcitonin, C-reactive protein, and changes in T-cell subsets in septic and postoperative patients[END_REF][START_REF] Walsh | Characterization of circulating monocytes expressing HLA-DR or CD71 and related soluble factors for 2 weeks after severe, non-thermal injury[END_REF]. In these studies, low levels of mHLA-DR (<40% of positive monocytes, normal >90%) were observed in patients who subsequently developed nosocomial infections. In contrast, in injured patients with uneventful recovery, mHLA-DR rapidly returned to normal values (in general, <1 week). In the work of Allen et al. [START_REF] Allen | Early postoperative monocyte deactivation predicts systemic inflammation and prolonged stay in pediatric cardiac intensive care[END_REF], diminished mHLA-DR expression after cardiac surgery was found to be an independent predictor of septic complications after correction for usual clinical parameters in a multiple logistic regression analysis. Results in burn patients also indicate that low mHLA-DR expression is associated with secondary septic events (100,101). Similar results have been reported in septic shock. Patients who developed secondary infections exhibited persistent decrease of mHLA-DR expression [START_REF] Tulzo | Monocyte human leukocyte antigen-DR transcriptional downregulation by cortisol during septic shock[END_REF]. Our unpublished data obtained from >200 septic shock patients indicate that, seven days after the onset of shock, patients with mHLA-DR <40% will later develop nosocomial infections.

On the other hand, low mHLA-DR has also been shown to be predictive of adverse outcome in different groups of critically ill patients (97,102,103). We recently observed that burn patients rapidly presented with decreased mHLA-DR expression in the first day after burn, and that this expression subsequently increased in patients who survived but remained low in nonsurvivors (101). Regarding severe sepsis and septic shock, the predictive value for outcome of decreased mHLA-DR remains somewhat conflicting. Although the decrease of mHLA-DR is generally well accepted, its correlation with mortality is not reported by every author. 68) observed lower mHLA-DR in patients who died. However, those preliminary studies included a very limited number of patients and narrowed, in general, the monitoring at the first 48 h after onset of disease. Importantly, we observed that the difference in mHLA-DR values between survivors and nonsurvivors became significant only 48 h after the onset of shock (110). In 93 consecutive septic shock patients, we observed that, although mHLA-DR values were not significantly different between groups during the first 48 h, persisting low mHLA-DR values (<30% of positive monocytes at day 3 to 4 after ICU admission) identified a population of patients with a high mortality rate. Multivariate logistic regression analysis revealed that low mHLA-DR (<30%) at day 3 to 4 remained independently associated with mortality after adjustment for usual clinical confounders. Decreased mHLA-DR was even found to be a better predictor of mortality than SAPS II and SOFA scores (110). In parallel, we demonstrated that the loss of mHLA-DR expression was due to a global regulation at the transcriptional level of all MHC class II restricted genes and that the magnitude of this regulation affected clinical outcome (111).

Cutoff values, however, remain to be precisely defined regarding specific clinical context (they may be different depending on the type of injury) and elapsed time after the onset of sepsis/ injury. Therefore, multicenter clinical trials need to be designed with appropriate numbers of patients prospectively selected on the basis of well-defined criteria and ultimately classified on the basis of well-defined outcomes [START_REF] Fumeaux | Is the measurement of monocytes HLA-DR expression useful in patients with sepsis?[END_REF]. A prerequisite for all centers performing mHLA-DR measurements should also be the standardization of the different protocols. For that purpose, a standardized test has recently been proposed. It is based on the use of calibrated beads allowing the conversion fluorescence intensity to number of antibodies fixed per cell, and is therefore indicative of the number of HLA-DR molecules per monocyte. Using this method, results become comparable between different laboratories (112). That said, the standardized use of an isotype control for determining the percentage of positive cells remains a robust and reproducible method when conducted appropriately. Ideally, in ensuing clinical studies, these two modes of expression of mHLA-DR (percentages versus number of HLA-DR molecules per cell) should be compared regarding their respective value as prognostic markers.

Other molecules have been demonstrated to be downregulated on the monocyte surface during sepsis: CD14, CD86, GM-CSF receptor, and CX3CR1 (113-118). Their decreased expression was correlated with mortality. Finally, another field of investigation concerns the respective roles of the numerous mechanisms that negatively regulate TLR-associated signaling pathways (for example, IRAK-M, SIGIRR, Tollip, SOCS, and MyD88s) in clinical samples [START_REF] Cavaillon | Bench-tobedside review: endotoxin tolerance as a model of leukocyte reprogramming in sepsis[END_REF]. This might reveal both diagnostic markers and new therapeutic targets.

Studies of T-Lymphocyte Subsets

Because of their ability to interact not only with cells of the innate immune system but also with other cells of the adaptive response, T lymphocytes play a central role in the anti-infectious immune response, as both effectors and regulators of this response. This has been illustrated by the description of increased mortality, decreased bacterial clearance, and altered pro-inflammatory immune response after polymicrobial septic challenge in mice lacking both T and B cells (119,120). A growing body of evidence has now confirmed that the lymphocyte-mediated immune response may be dysfunctional after severe sepsis and may play a major role in the development of a state of immunoparalysis in patients.

Besides the functional defects that have been previously described, a marked decrease in the number of circulating lymphocytes has been observed in patients after sepsis and severe trauma (Table 1) [START_REF] Roth | Susceptibility to programmed cell death in T-lymphocytes from septic patients: a mechanism for lymphopenia and Th2 predominance[END_REF][START_REF] Christou | The delayed hypersensitivity response and host resistance in surgical patients: 20 years later[END_REF](120)(121)(122). Most importantly, the extent of this lymphopenia has been correlated with the development of nosocomial infections in those patients [START_REF] Christou | The delayed hypersensitivity response and host resistance in surgical patients: 20 years later[END_REF]122).

During the phase of immunoparalysis, T lymphocytes have also been characterized by a shift toward Th2-type immune response. Several studies have observed that mononuclear cells from injured patients present with reduced levels of Th1 cytokines (including TNF-α, INF-γ, and IL-2) but increased levels of Th2 cytokines (mainly IL-4) and that the reversal of the Th2 response improves survival among patients with sepsis [START_REF] Hotchkiss | The pathophysiology and treatment of sepsis[END_REF]123). This has been mainly demonstrated by the measurement of cytokine production by ELISA or flow cytometry after in vitro cell stimulation. With similar approaches, however, some authors instead observed global downregulation of Th1 and Th2 responses in patients after sepsis or severe trauma [START_REF] Puyana | Both T-helper-1-and Thelper-2-type lymphokines are depressed in posttrauma anergy[END_REF][START_REF] De | Induction of global anergy rather than inhibitory Th2 lymphokines mediates posttrauma T cell immunodepression[END_REF][START_REF] Murphy | Use of intracellular cytokine staining and bacterial superantigen to document suppression of the adaptive immune system in injured patients[END_REF][START_REF] Heidecke | Selective defects of T lymphocyte function in patients with lethal intraabdominal infection[END_REF]124). We observed similar results based on the measurements of Th2 cell-surface marker (CRTH2) (125) or Th1/Th2 transcription factor mRNA by qRT-PCR [START_REF] Pachot | Longitudinal study of cytokine and immune transcription factor mRNA expression in septic shock[END_REF]. Interestingly, in those patients, mRNA expression of FOXP3 (specific transcription factor for regulatory T cells) was not affected, supporting the idea that regulatory functions are maintained during sepsis (or even increased) while effector responses are almost totally downregulated (126).

Regarding their phenotype, T lymphocytes have been characterized by the overexpression of inhibitory coreceptors during the phase of immunoparalysis. trauma patients that anergic T cells had increased PD-1, CD47, and CTLA4 expression that would facilitate preferential triggering of negative signaling pathways during T-cell stimulation [START_REF] Bandyopadhyay | Negative signaling contributes to T-cell anergy in trauma patients[END_REF] and therefore lead to lymphocyte anergy. Moreover, this increase in corepressor receptors (in particular CTLA-4) appears to be associated with a decrease in the expression of co-activator receptors such as CD28 [START_REF] Manjuck | Decreased response to recall antigens is associated with depressed costimulatory receptor expression in septic critically ill patients[END_REF] or CD3 (127), which could also play a role in the development of immunoparalysis (128). Finally, one likely major characteristic of T lymphocyte dysfunction after severe injury is the increase among patients' circulating lymphocytes of a cell population with known regulatory properties. CD4 + CD25 + regulatory T lymphocytes (Treg) have recently been reported to be a potent regulatory T-cell lineage, playing an essential role in the control of both adaptive and innate immune responses ( 129). An increase in the percentage of Treg has been described in septic shock patients [START_REF] Monneret | Marked elevation of human circulating CD4 + CD25 + regulatory T cells in sepsis-induced immunoparalysis[END_REF]. Importantly, this increase was observed immediately after the diagnosis of sepsis but persisted only in nonsurviving patients in association with augmented CTLA4 expression. These results were further extended by the observation that this relative increase was in fact due to a decrease of CD4 + CD25 -circulating T lymphocytes (Treg counterparts) and not so much to a change in the absolute Treg count in patients (126). This suggests a lower sensitivity of these cells to the apoptotic/ death mechanisms occurring after severe injury, as illustrated by the decreased cell number of every lymphocyte lineage but Treg in the circulating blood of septic patients (Table 1). Subsequently, a similar increase of Treg percentage has been observed in trauma patients (130) and in mice after polymicrobial septic challenge and stroke (131-134). In total, even if the actual role of these cells in the immune dysfunction occurring after severe injury remains to be demonstrated (inconclusive results of functional studies in murine models), based on their potent regulatory properties one could postulate a role for Treg in the development of lymphocyte anergy after severe injury. This hypothesis seems to be confirmed by our personal observations of a strong correlation between increased Treg/effector ratio measured in whole blood after septic shock and decreased proliferative response of lymphocytes after mitogenic stimulation.

It has recently been demonstrated in

Regarding other populations of regulatory lymphocytes, a role for γδ T cells as well as natural killer (NK) T cells has been proposed in the development of immune dysfunction after severe injury mainly on the basis of animal models (135,136). These results have been in part confirmed by a clinical study demonstrating the decreased percentage of γδ T cells in septic shock patients (127). However, the preferential tissue location of those lymphocyte subpopulations and their low percentage in the circulating blood render their study in the human setting technically difficult and therefore their involvement in injury-induced immune dysfunction hard to demonstrate.

In total, there is compelling evidence that septic patients present with dysfunctions of their adaptive and innate immune responses, which might play a role in morbidity and mortality after severe injury.

MONITORING OF APOPTOSIS

Increased apoptosis of immune effector cells has been shown to be a hallmark of sepsis, and a number of studies have suggested that this dysregulated process may contribute to the immune dysfunction and multiple organ failure observed during this deadly disease. Both the death-receptor and the mitochondrial pathways are likely to be involved in sepsis-induced apoptosis, as well as numerous inducers including steroids, cytokines (TNF-α, HMGB1), Fas ligand, heat shock proteins, oxygen radicals, nitric oxide, and some specific T lymphocytes [START_REF] Wesche | Leukocyte apoptosis and its significance in sepsis and shock[END_REF]120,137,138).

Pioneering autopsy studies by Hotchkiss and colleagues [START_REF] Hotchkiss | Depletion of dendritic cells, but not macrophages, in patients with sepsis[END_REF]139,140) disclosed a profound, progressive, apoptosis-induced loss of cells of the adaptive immune system in the spleen, blood, and gut-associated lymphoid tissue of adults who had died of sepsis. Although no loss of CD8 + T cells or NK cells occurred, sepsis markedly decreased the level of B and CD4 + T cells. This loss was especially important because it occurred during the life-threatening infectious process, while clonal expansion of these cells might have been expected [START_REF] Hotchkiss | The pathophysiology and treatment of sepsis[END_REF] 143) observed a severe downregulation of the expression of the anti-apoptotic gene BCL2 in circulating mononuclear cells from patients with severe sepsis. This was associated with reduced T-cell count and increased annexin V labeling. Most importantly, immediately after the onset of severe sepsis, this decrease was higher in nonsurvivors than survivors. A second study by this group confirmed these results by measuring the Bax/Bcl-xl and Bax/Bcl-2 ratios in septic shock patients (144).

Similarly, DCs appear to be apoptotic in spleens of septic patients [START_REF] Ho | Surgical and physical stress increases circulating blood dendritic cell counts independently of monocyte counts[END_REF]. Regarding monocytes/macrophages, Williams et al. observed an increased apoptosis of circulating monocytes in septic patients (145). Adrie et al. found that septic patients exhibited an increased percentage of monocytes with a depolarized mitochondria (as a marker of apoptosis) compared with healthy individuals (146). Furthermore, among septic patients, this percentage was significantly higher in nonsurvivors than survivors. However, one limitation to appreciate the incidence of monocytes/macrophage apoptosis is that some of these changes may represent an increased role in clearance of apoptotic cells, which may make these cells look overtly more apoptotic as a result of handling a greater amount of apoptotic material (147). That said, the downmodulation of expression of CD14 (a cell-surface marker decreased during monocyte apoptosis) on monocytes from septic shock patients tends to confirm this increased apoptotic process, especially because a higher decrease was observed in patients who did not survive (114).

Paradoxically, neutrophil apoptosis is delayed in sepsis (148). Neutrophils are constitutively apoptotic in healthy individuals, and this program is normally activated within hours of maturation and release from marrow stores. As a result, the septic patient has an increased number of activated neutrophils, essential for pathogen eradication but also implicated in organ injury because of their excessive release of damaging proteases (148). The perplexing role of neutrophils in sepsis pathophysiology remains to be fully investigated.

Finally, increased apoptosis has also been observed in endothelial and epithelial cells. The hypothesis of endothelial cell apoptosis after sepsis is based on the observation that higher levels of "shed" endothelial cells were detected in the blood of septic shock patients (149). The M30 neoantigen, which is a product of cytokeratin 18 caspase cleavage and release, can be detected via ELISA during the process of epithelial cell apoptosis. Serum levels of M30 antigen are significantly increased in septic patients in comparison with noninfected trauma patients or healthy controls (150). Moreover, nonsurviving patients exhibit a significantly higher increase in M30 compared with surviving patients or healthy volunteers (150). Although it is strongly suspected that these cells are dysfunctional in septic patients, clear-cut documentation in the in vivo setting is difficult to obtain.

Aside from these cellular measurements of apoptosis, the ability of septic or severely injured patients' serum to induce apoptosis has been largely described on various cell culture populations (151-153). Accordingly, several groups observed increased serum levels of proapoptotic fac-tors such as sFas or sFasL in septic and critically ill patients [START_REF] Roth | Susceptibility to programmed cell death in T-lymphocytes from septic patients: a mechanism for lymphopenia and Th2 predominance[END_REF]154,155). Importantly, these markers exhibited direct correlation with the occurrence of multiple organ failure, and serum levels were higher in septic patients who died compared with survivors.

In conclusion, there is no doubt that sepsis induces extensive apoptosis of most immune cells. This may play a major role in sepsis-induced immune dysfunction and in patients' altered capacity to clear microorganisms. This deleterious role of apoptosis has been largely demonstrated in numerous murine experiments in which its prevention improved the likelihood of survival. Several inhibitory strategies have been applied, which may point to novel therapeutic approaches in the clinic: caspase inhibitors, antiretroviral protease inhibitors, Fas targeting siRNA, Bcl-2 overexpression, CD95 inhibition [START_REF] Wesche | Leukocyte apoptosis and its significance in sepsis and shock[END_REF]138,156,157). Most importantly, the degree of apoptosis of circulating lymphocytes correlates with sepsis severity and predicts fatal outcome, suggesting the importance of its measurement as a prognostic biomarker to help in stratifying patients. However, a major limitation may be the drawbacks inherent in this type of experiment, such as the necessity of rapid processing of the samples (especially regarding annexin V staining), hardly compatible with their use in ICUs (158). Furthermore, as methods used for studying apoptosis may often have a significant rate of false-positive results (especially the deoxyuridine triphosphate nick-end labeling assay), it is recommended to establish apoptosis on the basis of two or more methods of detection among DNA-hypoploidy, morphology, DNA laddering, annexin V staining, active caspase-3, or mitochondrial permeability measurements [START_REF] Wesche | Leukocyte apoptosis and its significance in sepsis and shock[END_REF].

TOWARD A GENOMIC APPROACH

It is likely that determining a single parameter, as good as it may be, won't be sufficient to characterize the complexity of septic patients' immunological status, which rapidly changes over time.

Therefore, the introduction of highthroughput technologies, such as oligonucleotide microarrays, represents an emerging opportunity to open up new dimensions in sepsis research. DNA microarrays allow genomewide assessment of changes in mRNA abundance, therefore usable to monitor changes in gene expression. Although the field that has reaped the most important benefit from the postgenomic era is cancer diagnostics, several recent microarray-based genomewide expression studies have contributed to the description of sepsisinduced host response (159,160). Initially, numerous studies examined the cellular response to different microbial pathogens or pathogen-associated molecular patterns (PAMPs) in vitro. Changes in gene expression after stimulation have been experimentally studied in human circulating leukocytes (161), DCs (162,163), and differentiated human macrophages (164) and in several animal models (165-167). Recent studies took advantage of this approach to assess whether it could successfully be applied to the differentiation between sterile systemic inflammation and sepsis in ICU patients (168-170).

Regarding outcome prediction and monitoring, several studies conducted in patients after surgery (171) or severe trauma (172-174) have shown promising results. We addressed this question in septic shock patients monitored after the early pro-inflammatory reaction, when the patient's immune functions are known to be severely depressed (>48 h after the onset of shock) [START_REF] Pachot | Systemic transcriptional analysis in survivor and non-survivor septic shock patients: a preliminary study[END_REF]. Stratifying the results according to the outcome, we identified a set of 28 genes whose systemic transcriptional expression discriminated survivors with a sensitivity and specificity of 100% and 88%, respectively. Numerous genes in this list encoded for mediators of pathogen-recognition pathways, pro-inflammatory response, and cell-migration processes, supporting the hypothesis of the occurrence of better recovery of immune function in patients who survived. Among the genes upregulated in survivors, the chemokine receptor CX3CR1 showed the highest factor of change (≈8-fold increase in comparison with nonsurvivors). Additional investigations showed a persistent decrease of systemic CX3CR1 expression in monocytes from septic shock patients at both the mRNA and protein levels (118). Importantly, CX3CR1 downmodulation was significantly more pronounced in nonsurvivors. It might directly impair monocyte recruitment in tissue and contribute to patients' inability to kill invading microorganisms ( 175). This illustrates the potential of a global transcriptional analysis to identify new molecules that may play a role in sepsis pathophysiology and may be used as prognostic markers. Similarly, Wong et al. (176) investigated the transcriptional response during the early phase of septic shock (<48 h) in children. Their data indicated that patients had decreased systemic expression of a large number of genes that either were dependent or played a direct role in zinc homeostasis. Among genes differently expressed between survivors and nonsurvivors, two isoforms of metallothionein-known to sequester zinc in the intracellular compartment-demonstrated increased expression in the nonsurvivors. Interestingly, these results have been recently extended by the analysis of additional data obtained 48 h after the first time point (177). This second study revealed time-dependent regulation of gene networks primarily related to immunity and inflammation and confirmed the persistent downregulation of genes related to zinc homeostasis.

Despite discrepancies in the very first transcriptome studies (due to differences in specific technological aspects), gene expression profiling is now recognized as providing meaningful data when conducted with rigorously validated and standardized methodologies. A recent study comparing data obtained from the latest, state-of-the-art platforms showed minimal technical variation and good correlation with qRT-PCR, the gold standard for mRNA measurement (178). Similarly, recent comparative cross-laboratory studies gave very promising data (179,180). Thus, because of patients' heterogeneity and of the high complexity of sepsis pathophysiology, much will be gained from the next multicenter studies monitoring the dynamic behavior of gene expression over time (181,182).

The identification of polymorphic genome variations that may influence susceptibility to sepsis and/or alter its outcome represents another challenge (183). Although numerous studies have observed that single nucleotide polymorphisms (SNPs) in genes involved in sepsis response are associated with increased susceptibility to disease/adverse outcome, results were often inconsistent. This might be explained not only by methodological limitations, in terms of both study design and genotyping methods (184), but also by the complexity of sepsis pathophysiology. This also suggests that a panel of SNPs will probably be more efficient in characterizing the genetic background of the disease. The development of genomewide human SNP genotyping microarrays featuring thousands of genetic markers represents an emerging opportunity to address this question.

FUTURE THERAPEUTIC STRATEGIES AND CONCLUSION

Our understanding of the pathogenesis of sepsis has been oversimplified during the past decades and, as a result, many clinical trials addressed the pro-inflammatory side when there was no evidence that hyperinflammation was dominant in patients. Some issues remain before we gain a complete picture of events leading to immunosuppression: Are the major sepsis-induced inhibitory mechanisms all established? What is the physiciancaused part of immunosuppression, because sedatives, catecholamines, insulinall immunosuppressive-are administered to the patient? Is the cellular energetic status crucial in maintaining immune functions? How important is the neuroendocrine-mediated part of immunosuppression? How preponderant is immune failure among other organ failures? Nonetheless, we can reasonably state that patients with sepsis present with features consistent with im-munoparalysis. Consequently, stimulating the patient's immune system may become a promising therapeutic strategy. As presented in this review, we delineate four types of therapeutic interventions: blocking soluble anti-inflammatory mediators, restoring antigen-presenting cell function, restoring T lymphocyte function, and blocking apoptosis (Table 2). In order not to repeat the mistakes from the past, we should keep in mind that targeting a single mediator/function among many immune dysfunctions may be inefficient.

Regarding an eventual blockade of IL-10 function, we presently lack enough consistent data in the human setting, and studies in animal models have provided contrasting results. AS101, with the capacity to inhibit IL-10, has been demonstrated to increase survival in septic mice (185), whereas anti-IL-10 antibodies did not improve bacterial clearance and mortality in murine models (186). That said, we may speculate that blocking a single mediator in a context where many inhibitory pathways are involved/activated, would remain inefficient (as was targeting a single pro-inflammatory mediator during the early cytokine cascade in septic shock). However, AS101 might still be interesting because it acts through different mechanisms (inhibition of IL-10, activation of macrophage functions, inhibition of IL-1β converting enzyme). Further investigations are required.

Several molecules (IFN-γ, G-CSF, GM-CSF) have been used to stimulate monocyte functions and gave interesting preliminary ex vivo results (increase in mHLA-DR expression, restoration of cytokine production). Several prospective randomized multicenter trials using IFN-γ have been conducted in trauma patients. However, despite interesting results regarding secondary end points in some subgroups of patients (decreased severity in nosocomial infections, decreased mortality in infected patients), they remained inconclusive regarding overall mortality or infection rates (187,188). Presneill et al. (189) presented preliminary GM-CSF data in 10 patients with sepsis-induced respiratory failure. They observed modest improvement in gas exchange, ARDS resolution, and alveolar leukocyte phagocytic functions, but it was not accompanied by enhanced survival. In a prospective, randomized, placebo-controlled trial, Rosenbloom et al. (190) investigated whether GM-CSF treatment can improve leukocyte functions and mortality in 40 septic patients. They observed a higher leukocyte count, increased mHLA-DR, and better cure/ improvement of infection in the treated group but no difference in mortality. Nevertheless, it should be noted that these trials were designed without patient stratification, whereas drug efficacy should be assessed only in patients with established impairment in monocyte function. To our knowledge, only two studies stratified septic and trauma patients with respect to mHLA-DR. Because of the small number of patients included, it is not yet possible to reach conclusions on the impact of IFN-γ treatment in septic patients, but promising results have shown a decrease in mortality and/or rate of nosocomial infection (107,191). A randomized, double-blind, placebo-controlled phase II trial using GM-CSF has just been completed in patients with severe sepsis and septic shock; results are still not available (www.clinicaltrials.gov/ct2/show/NCT0 0252915). Given the central role of DCs in both innate and adaptive immune responses, increasing their number and restoring their function might constitute another potential treatment. In particular, the use of FLT3-L-known to activate and expand DCs-was shown to reverse immunoparalysis in a mouse model of endotoxin tolerance [START_REF] Wysocka | Flt3 ligand treatment reverses endotoxin tolerance-related immunoparalysis[END_REF] and to increase resistance to P. aeruginosa opportunistic infections in burned mice [START_REF] Toliver-Kinsky | Enhancement of dendritic cell production by fms-like tyrosine kinase-3 ligand increases the resistance of mice to a burn wound infection[END_REF]. In human patients, phase II/III trials have been conducted in cancer patients, but not yet in sepsis. Interestingly, GM-CSF and FLT3-L have synergistic effects on the DC maturation process. Activation of TLRs may also allow upregulation of specific antimicrobial defenses; this approach is currently under investigation (192).

Augmenting T-cell function and fighting lymphopenia may represent another therapeutic strategy. For example, IL-7 is an essential cytokine for T-lymphocyte development, survival, expansion, and maturation in humans. Phase I clinical trials in cancer patients and HIV-infected patients have shown that T-cell expansion can be achieved at doses that are well tolerated (193,194). The use of ligands of co-activator receptors for effector T lymphocytes may also have beneficial effects. As an example, recent results by Scumpia et al. (128) have shown that anti-GITR agonistic antibodies were able to restore lymphocyte proliferation, prevent CD3 downmodulation, decrease bacteremia, and increase survival in a mouse model of sepsis. Intravenous use of immunoglobin therapy has also been proposed as an adjuvant treatment for sepsis, but its benefits remain unclear. The authors of recent meta-analyses recommend conducting larger clinical trials with patient stratification (195,196).

Finally, strategies designed at blocking apoptosis, including caspase inhibitors, overexpression of Bcl-2, and inhibition of Fas/FasL signaling, have demonstrated survival improvement in animal models of sepsis as well [START_REF] Wesche | Leukocyte apoptosis and its significance in sepsis and shock[END_REF]138,156,157). That said, no therapeutic strategy is sufficiently developed for clinical use. An alternative might be provided by HIV protease inhibitors, whose activity is partly mediated through anti-apoptotic effects. Administration of ritonavir improved survival in a murine model of sepsis, even when given after the onset of the disease (197). As these protease inhibitors are well tolerated in patients, we may expect enticing possibilities in sepsis. A phase I trial is currently underway, investigating in healthy volunteers the effects of these drugs in boosting the immune system (www.clinicaltrials.gov/ct2/show/ NCT00346619). Of note, drugs aimed at blocking apoptosis may be used as adjunctive agents in association with molecules targeting monocytes or leukocytes.

In summary, both arms of immunity, innate and adaptive, are severely dys- functional in septic patients. This very likely contributes to the development of nosocomial infections and patients' inability to clear primary infections. Consequently, therapies capable of restoring immune function represent a new worthwhile strategy. Although we cannot predict that these therapies will be efficacious, they surely deserve to be fully investigated, considering the high mortality that has characterized septic syndromes for 25 years. In order not to repeat the mistakes from the past, an absolute prerequisite for clinical trials is to systematically assess patients' immune functions to be able to define individualized immunotherapy.

Figure 1 .

 1 Figure 1. Simplified description of pro-and anti-inflammatory systemic immune responses over time after septic shock. The dashed lines represent pro-or anti-inflammatory responses; the bold line represents the result at the systemic level. The shift from a pro-inflammatory to an anti-inflammatory immune response predominant at the systemic level likely occurs before 24 h after diagnosis of shock.
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Table 1 .

 1 Comparative study of absolute cell numbers of lymphocyte subpopulations between septic shock patients and healthy individuals.

	Cells/mL	Septic patients	Healthy volunteers
	Total lymphocytes	1239 ± 237	3113 ± 739
	CD3 + T lymphocytes	626 ± 58	1352 ± 86
	CD4 + T lymphocytes	428 ± 74	836 ± 49
	CD4 + CD25 + (Treg)	168 ± 32	173 ± 13
	CD4 + CD25 -	260 ± 44	663 ± 41
	γδ T lymphocytes	16 ± 4	56 ± 9
	Others (including B, CD8 + , NK)	613	1761
	Data (mean ± SEM) from Lyon clinical studies (126,127) were extracted to provide a global
	picture of the absolute count of lymphocyte subpopulations measured in whole blood
	from septic shock patients between days 3 and 5 after shock and from healthy individuals.

Table 2 .

 2 Putative target-directed therapies for restoring immune function during sepsis-induced immunosuppression based on biological staging.

	Target/Immune dysfunction	Surrogate marker	Drug
	Deactivated monocytes	Decreased pro-inflammatory cytokine release	IFN-γ, GM-CSF, G-CSF, TLR agonists
		in response to LPS	
		Decreased HLA-DR expression	
		Decreased CX3CR1 expression	
		Decreased circulating GM-CSF concentration	
	Deactivated/decreased DCs	Decreased circulating DCs	FLT3-L, TLR agonists
	Lymphocyte anergy	Lowered lymphocyte proliferation	IL-7, GITR agonists
		Increased % of Treg	
		?	I m m u n o g l o b u l i n s
	Persistent increased IL-10 concentration	Persistent increased IL-10 concentration	Anti-IL-10, AS 101
	Increased apoptosis	Lymphopenia	Ritonavir, caspase inhibitors, Fas/FasL
			blockers
		Decreased circulating DCs	
		Decreased monocyte CD14 expression	
		Increased annexin-V labeling	

4 | M O N N E R E T E T A L . | M O L M E D 1 4 ( 1 -2 ) 6 4 -7 8 , J A N U A R Y -F E B R U A R Y 2 0 0 8

6 | M O N N E R E T E T A L . | M O L M E D 1 4 ( 1 -2 ) 6 4 -7 8 , J A N U A R Y -F E B R U A R Y 2 0 0 8

8 | M O N N E R E T E T A L . | M O L M E D 1 4 ( 1 -2 ) 6 4 -7 8 , J A N U A R Y -F E B R U A R Y 2 0 0 8

ACKNOWLEDGMENTS

This review does not represent an exhaustive listing of studies aimed at monitoring immunological functions in the critically ill patient. We sincerely apologize for works not cited in this manuscript. G.M. thanks all the Immunology Laboratory staff at Hôpital E. Herriot for constant support over the years. None of the authors has any potential financial conflict of interest related to this manuscript.