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Indeed, it is now postulated that sepsis initiates a complex immunologic response that varies over time, with the concomitant occurrence of both pro-and anti-inflammatory mechanisms alternately predominating [1,2]. After a short pro-inflammatory phase, septic patients enter a stage of protracted immunosuppression. Importantly, similar mechanisms have been observed in patients presenting with a systemic inflammatory response syndrome (i.e., after trauma, burns, major surgery, pancreatitis) suggesting that most intensive care unit (ICU) patients, at least transiently, develop features consistent with severe immunosuppression [1,2]. This is illustrated in ICU patients by reactivation of dormant viruses (CMV or HSV) or infections due to pathogens, including fungi, which are normally pathogenic solely in the immunocompromised host [3][4][5][6]. More specifically, beyond classical risk factors (i.e., prior exposition to antibiotics, central lines, gastrointestinal procedures, total parenteral nutrition in case of candidal bloodstream infections/hematological malignancy, HIV in case of aspergillosis), systemic infections caused by fungal pathogens such as Candida and Aspergillus species have become a prominent cause of disease in severely ill/immunocompromised
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Introduction

Sepsis and related infectious syndromes, including nosocomial infections, represent a major but largely under recognized healthcare problem worldwide, accounting for thousands of deaths every year [1,2]. Despite almost 20 years of anti-inflammatory clinical trials, mortality remains high ranging from 20% for sepsis to over 50% for septic shock [1,2]. The inability of these therapies to mitigate the devastating effects of this condition indicates that the initial hypotheses for sepsis pathophysiology may have been misconstrued or inadequately addressed. In particular, the postulate that death after sepsis is solely due to an overwhelming pro-inflammatory immune response is now considered as inaccurate [1,2].

patients [7][8][9][10]. This may be explained by the incapacity of ICU patients to mount a proper Th-1 response [11][12][13], which constitutes a key step in the host defence against fungal species. In non-ICU patients with invasive aspergillosis, defects in interferon (IFN)-g and TNF-a production have been observed and increased Th-1 responses were associated with improved outcomes [14,15]. Although the mechanistic and molecular bases for ICUacquired immunosuppression are not exhaustively established, several features of the condition have been already described including enhanced leukocyte apoptosis, lymphocyte anergy and deactivated monocyte functions [1,2]. This brief review will focus on immune dysfunctions described so far in ICU patients regarding monocytes and T lymphocytes (as examples for innate and adaptive immune cells) and on their potential use as biomarkers on a routine standardized basis for identification of patients at risk of secondary nosocomial infections and for guidance of putative immunotherapy. Finally, we will more specifically focus on the risk for fungal infections in ICU patients, and on the potential beneficial effects of adjunctive therapy not only to prevent these infections, but also to reinforce immune responses once they are already diagnosed.

T lymphocyte dysfunctions

Functional testing

Lymphocyte anergy in ICU-patients is illustrated by the observation of the loss of delayed-type hypersensitivity reaction to recall skin tests antigens [1,16,17]. This has been described for a long time and is known to be associated with mortality and with the development of secondary infections [1,[16][17][18]. A marked decrease in lymphocyte proliferation in response to antigens (tuberculin, tetanus toxin) or non-specific (phytohemagglutinin, concanavalin A, anti-CD3/anti-CD28 antibodies) stimulations has been described in patients after severe injuries (sepsis, major surgery, severe burn or trauma) [1,18]. Most importantly, it has been observed that the severity of this state of anergy was correlated with poor outcome [1,17], increased occurrence of infectious complications, and subsequent multiorgan failure in patients [17,18]. However, as proliferation tests require a long incubation time (2-3 days for mitogens, 5-7 days for recall antigens), they are not very suitable for clinical decision-making and thus are not performed on a routine basis.

Cell surface marker expression

T lymphocytes have been characterized by the overexpression of inhibitory co-receptors during immunosuppression in ICU. It has recently been demonstrated in trauma patients that anergic T cells presented with increased PD-1, CD47 and CTLA4 expressions that can facilitate preferential triggering of negative signaling pathways during T-cell stimulation [19]. Moreover, this increase in co-repressor receptors appears to be associated with a decrease in the expression of co-activator receptors such as CD28 or CD3, which could also play a role in the development of 20]. However, only fragmentary data are available regarding the correlation of these markers or lymphocyte suppression with mortality/morbidity and the development of nosocomial infections in patients.

Regulatory T cells

A major characteristic of T lymphocyte dysfunctions after severe injury is the increase among patients' circulating lymphocytes of a cell-population with known regulatory properties [17]. CD4  CD25  regulatory T lymphocytes (Treg) have recently been reported as a potent regulatory T cell lineage playing an essential role in the control of both adaptive and innate immune responses [17]. An increase in the percentage of Treg has been described in septic shock patients [21]. Importantly, this increase was observed immediately after the diagnosis of sepsis, but persisted only in non-survivors in association with an augmented CTLA4 expression. A similar increase in Treg percentage has been observed in trauma patients and in mice after polymicrobial septic challenge and stroke [17,22]. We recently observed a strong negative correlation between the increased circulating Treg after septic shock and the decreased lymphocyte proliferation after mitogenic stimulation [23]. This suggests not only that the measurement of Treg percentage may represent a reliable marker for the diagnosis of lymphocyte dysfunctions in patients but also that these cells may play a central role in the development of immunoparalysis after sepsis.

Apoptosis as a mechanism responsible for lymphopenia during sepsis

It is generally agreed that apoptotic cell death represents the major mechanism triggering sepsis-induced lymphocyte anergy/dysfunctions [1,24,25]. After sepsis and severe trauma, this has been shown to be associated with a marked decrease in circulating lymphocyte numbers in correlation with the development of nosocomial infections in these patients [1,17,25]. Pioneering autopsy studies by Hotchkiss et al. 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 [1,25] 

Cell surface marker expression

Several studies in the literature have investigated the expression profile of molecules expressed on the surface of monocytes. Increased attention has been focused on the measurement of HLA-DR (Human Leukocyte Antigen-DR) expression. In ICU patients, a decreased cell-surface expression of HLA-DR has regularly been observed on circulating monocytes, and there is a now general consensus that a diminished mHLA-DR expression is a reliable marker for the development of immunosuppression in critically ill patients [2]. Indeed, the decrease of mHLA-DR expression has been assessed as a predictor for septic complications after trauma, surgery or pancreatitis. In these studies, low levels of mHLA-DR were observed in patients who subsequently developed nosocomial infections [2]. In contrast, in injured patients with uneventful recovery, mHLA-DR rapidly returned to normal values (in general in less than 1 week). Similar results in burn patients and after septic shock also indicate that a low mHLA-DR expression is associated with secondary septic/nosocomial events [35]. Finally, persistent decreased mHLA-DR has been also shown to be predictive of mortality in different groups of critically ill patients [2].

In line, circulating dendritic cells (DCs) also present with decreased mHLA-DR expression and functional impairments in septic shock patients. Moreover, their number is seriously decreased and correlates with poor outcome [36,37].

IL-10 as a soluble mediator responsible for monocyte dysfunctions

Among cytokines released by monocytes and increased after sepsis, IL-10 is the sole cytokine that correlates consistently with mHLA-DR expression [38]. IL-10 production is increased after sepsis and has been shown to predict mortality [1,2]. Given its properties in suppressing the synthesis of numerous pro-inflammatory cytokines [39], this continued release may contribute to the immune dysfunctions observed after septic shock and thus may augment susceptibility to secondary microbial invasion [39]. Gogos et al. showed that IL-10 and IL-10/TNF-a ratios, among a panel of various cytokines (IL-1b, IL-6, sTNF-RI and II), were the most powerful predictors of mortality in patients with severe sepsis [40]. We extended these results by illustrating that IL-10 levels remained higher in non-survivors until 15 days after the onset of septic shock. 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 [38]. This initial value of IL-10 may reflect the severity of the forthcoming immunoparalysis. Of note, elevated serum IL-10 ill patients without sepsis and healthy volunteers. This induced a profound and persistent lymphopenia associated with poor outcome [26]. Similar results were recently observed by Weber et al. [27]. Finally, Bilbault et al. observed a severe down regulation of the expression of the anti-apoptotic gene Bcl-2 in circulating mononuclear cells from patients with severe sepsis [28]. This was associated with a reduced T-cell count. Most importantly, immediately after the onset of severe sepsis this decrease was higher in non-survivors than in survivors [28,29].

Restoration of lymphocyte functions

Augmenting T cell function and fighting lymphopenia may therefore represent a valuable therapeutic strategy in ICUacquired immunosuppression. Interleukin 7 (IL-7) is an essential cytokine for T lymphocyte development, survival, expansion and maturation in humans [30]. Phase I clinical trials in cancer and HIV-infected patients have shown that T cell expansion can be achieved at doses that are well tolerated [30]. A recent study in mice showed that IL-7 injection was able to promote T cell viability, trafficking and functionality and most importantly improved survival after sepsis [31]. Another therapeutic strategy aimed at blocking apoptosis (caspase-inhibitors, overexpression of Bcl-2, inhibition of Fas/FasL signaling) has demonstrated survival improvement in animal models of sepsis [25]. That said, so far no anti-apoptotic drugs have been sufficiently developed to reach 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 [32]. As these protease inhibitors are well tolerated in patients, we may expect enticing possibilities in sepsis. In a phase I clinical trial investigating their effects in boosting the immune system, it was shown that nelfinavir monotherapy was able to induce an increase in naïve T-cell numbers in healthy volunteers [33].

Monocyte dysfunctions

Functional testing

Several groups have demonstrated that monocytes from ICU patients usually present with a diminished capacity to release TNF-a, IL-1a, IL-6, IL-12, whereas the release of anti-inflammatory mediators (IL-1Ra, IL-10) is not affected or even slightly increased in response to LPS, other TLR agonists or whole bacteria in vitro [34]. This shows that LPS can still activate monocytes, but that the intracellular signaling pathways may have been turned to favor production of anti-inflammatory molecules, therefore supporting the concept of leukocyte reprogramming [34].

[AQ2] 

Restoration of monocyte and dendritic cell functions

Based on decreased mHLA-DR and/or increased circulating IL-10, several innovative immunotherapies may be proposed. AS101, with the capacity to inhibit IL-10, has been demonstrated to increase survival in septic mice [41,42] Given the central role of DCs in both innate and adaptive immune responses, increasing their number and restoring their functions might as well constitute another potential treatment. This is supported by experimental data. For example, septic shock renders mice susceptible to a normally innocuous A. fumigatus lung challenge that, in those circumstances, leads to death [43]. This was associated with an inappropriate cytokine profile of lung DCs, whereas the intrapulmonary transfer of DCs from non septic animals prevented fatal A. fumigatus infection [44]. This mouse model indicates that aspergillosis may occur in septic patients without classical risk factors. Moreover, it has been likely underestimated in ICU patients due to the lack of efficient diagnostic tools [10]. The use of fmslike tyrosine kinase 3 ligand -known to activate and expand DCs -was shown to reverse immunoparalysis in a mice model of endotoxin tolerance [45] and to increase resistance to Pseudomonas aeruginosa opportunistic infections in mice after burns [46].

Several other molecules (IFN-g, G-CSF, GM-CSF) have been used to stimulate monocyte functions with interesting preliminary results (increased mHLA-DR expression, restoration of cytokine production) [1,2]. Several prospective randomized multicentered clinical trials using IFN-g have been conducted in trauma patients [1,2]. However, despite interesting results regarding secondary end-points in some sub-groups of patients (decreased severity of nosocomial infections, decreased mortality in infected patients), they remained inconclusive regarding overall mortality or infection rates [1,47,48]. In a prospective, randomized, placebocontrolled trial, Rosenbloom and colleagues investigated whether GM-CSF treatment improved leukocyte functions and mortality in 40 septic patients [49]. They observed a higher leukocyte count, increased mHLA-DR, and better resolution of infections in the treated group but again, 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 beforehand-established impairment in monocyte functions. Indeed, in a recent study in 38 selected septic patients based on decreased mHLA-DR expression, Meisel et al. showed that GM-CSF injection was associated with a rapid restoration of this marker's expression and of monocyte capacity to produce TNF-a in response to LPS, as well as with a reduction in ventilation time and hospital/ ICU stay [50]. Another alternative would be to use these cytokines as adjunctive therapy, i.e. not to prevent the development of nosocomial infections, but to reinforce immune responses once they are already diagnosed (see next part).

Fungal infections in ICU patients

Over the past decade, systemic infections caused by fungal pathogens such as Candida and Aspergillus species have become a prominent cause of disease, especially in severely ill or immunocompromised patients. Advances in health care technology and life support systems have increased the risk of nosocomial fungal infection, which are now a major cause of morbidity and mortality in the ICU [51]. Candida albicans is the most frequent cause of candidiasis, although recently a shift has been observed towards non-C. albicans Candida species, especially C. glabrata, C. tropicalis, C. parapsilosis, and C. krusei [52]. There are a limited number of antifungal drugs available for the treatment of systemic mycoses. These include amphotericin B (conventional and liposomal), echinocandins (anidulafungin and caspofungin) and triazoles (fluconazole and voriconazole). The mortality rate associated with candidemia and invasive aspergillosis, independent of death from the underlying disease, is high at around 40%, and tends to increase in patients with unremitting underlying disease [53].

Important risk factors for Candida infection are the use of antibiotics prior to infection, the presence of a central venous or tunneled vascular catheter, surgical procedures, isolation of Candida at another anatomical site, and low neutrophil count [54]. Mechanical ventilation and chronic pulmonary diseases treated with corticosteroids are risk factors for invasive aspergillosis in the ICU [55]. However, in addition to these well known factors, severe fungal infections often develop in critically ill patients who recently suffered from aseptic episodes, and in which sepsis-induced immunoparalysis is an important factor leading to weakened host defenses. In this context, the severity of the disease in ICU patients has been associated with invasive candidiasis, as well as the length of stay in the ICU [8]. The extent of the alteration of the host defense rather than pathogenic properties of the fungus appears to be the most important determinant of the severity of disease [56]. In ICU patients with sepsis, suppression of monocyte and Th1/IFNg responses most likely renders ICU patients more susceptible to severe fungal infections [57,58]. Due to the importance of the defective host defence mechanisms for the increased susceptibility to fungal infections, as well as the persistence of high mortality rates despite the availability of novel classes of antifungal agents such as azoles and echinocandins, it is currently believed that only a combination of antifungals and adjuvant immunotherapy will be able to improve these grim statistics [59].

An accumulating body of evidence suggests that adjunctive immunotherapy with recombinant IFNg is likely to prove beneficial in patients with invasive fungal infections. As presented above, few clinical trials have shown beneficial effects of r-IFNg for the reverse of immunoparalysis in sepsis or trauma patients. Case reports have shown a beneficial effect of r-IFN-g in combination with antifungal drugs in treating a patient with an Aspergillus fumigatus brain abscess [60], and in treating a patient with S. aureus liver abscesses and invasive Candida albicans infection [61]. In addition, in a small study of three patients with disseminated candidiasis, additional IFNg therapy also had beneficial effects [62]. All these observations suggest that IFNg could be beneficial as adjuvant antifungal therapy, but clinical trials are needed to provide definitive proof and suitable recommendations regarding IFNg treatment of invasive fungal infections.

Additional potential strategies using immunostimulatory cytokines recently proposed to be beneficial for the treatment of fungal infections include GM-CSF and G-CSF. In two small studies, Vazquez et al. investigated the use of GM-CSF as an adjunctive treatment for clinically refractory mucosal candidiasis in patients with advanced AIDS. GM-CSF in combination with antifungal therapy appeared to have beneficial effects on clinical improvement and mycological improvement [63,64]. In addition, there have been anecdotal reports in the literature of patients with disseminated candidiasis that were treated with additional GM-CSF and showed a favorable response [62,65]. Although these studies suggest that GM-CSF may be beneficial in the treatment of fungal infections, the number of patients treated with GM-CSF is limited and randomized controlled trials are needed in order to definitively prove a therapeutic effect.

G-CSF is a hematopoietic growth factor that also promotes the proliferation and differentiation of neutrophils. Roilides et al. showed in vitro evidence that incubation of PMNs with G-CSF enhanced antifungal activity in damaging Candida pseudohyphae, probably by modulating cellular membrane receptors [66]. Treatment of mice with G-CSF leads to a significantly reduced mortality and lower fungal outgrowth in experimental disseminated candidiasis [67]. The first randomized placebo controlled trial addressing adjunctive immunotherapy in non-neutropenic patients with disseminated candidiasis, compared fluconazole alone with fluconazole and G-CSF. This phase 2 study indicated that administration of G-CSF is safe and showed a trend towards faster resolution of infection [59].

Thus, in view of the relative deficiency of IFN-g in candidemic patients -especially those with sepsis-induced immunoparalysis -and the beneficial effects of IFN-g on anti-Candida host defense mechanisms, supplementation of r-IFN-g is rational as adjunctive therapy in patients with severe invasive candidasis or candidemia, in addition to treatment with conventional antifungal drugs. Additional potential candidates for immunoadjuvant therapy for fungal infections include GM-CSF and G-CSF. Larger trials specifically designed to assess the beneficial effects of adjuvant immunotherapy for treatment of severe fungal infections are needed in order to ascertain definitively their beneficial effects. However, significant challenges need to be surpassed in order to be able to perform such trials. Firstly, the difficulty in performing large trials in patients with systemic fungal infections is well-known, especially due to the relatively low number of patients that it is possible to recruit. Secondly, the difficulty of clinical endpoints beyond mortality may be addressed by using time-to-negative blood cultures, which may be used in smaller trials. Finally, but not less important, is the lack of support from the pharmaceutical industry, due to the expiration of patents for IFNg and colony stimulating factors. Despite this, one clinical trial assessing the effect of rIFNg on Cryptococcus meningitis is ongoing in South-Africa (trial no. ISRCTN72024361), and a second study on the effect of rIFNg in candidemia is expected to start at the end of the year in the Netherlands (Netea MG, personal communication).

Conclusion

In conclusion, both arms of immunity, innate and adaptive, are severely dysfunctional in patients presenting with ICUacquired immunosuppression. This very likely contributes to the development of nosocomial/fungal infections in these patients as well as to their inability to clear primary infections. Consequently, stimulating the patient's immune system becomes a promising therapeutic strategy. Although we cannot predict which therapies will be efficacious; r-IFNg, GM-CSF and G-CSF appear as promising candidates as they have shown encouraging preliminary results as adjunctive therapy in fungal infections. deserve to be fully and minutely investigated in randomized clinical trials. However, in order not to repeat the mistakes from the past, an absolute prerequisite for the next clinical trials is to systematically assess patients' immune functions to be able to define individualized immunotherapy. 
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