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Sepsis is the primary cause of AKI in critically ill patients. During the last decades, several extracorporeal blood purification techniques have been developed for sepsis and sepsis-induced AKI management. These therapies could act on both the infectious agent itself and the host immune response. In this manuscript, we review the available literature discussing the different extracorporeal blood purification techniques, including high volume hemofiltration, cascade hemofiltration, hemoperfusion, coupled plasma filtration adsorption, plasma exchange and specific optimized renal replacement therapy membranes.

Introduction

Septic shock represents approximatively 15% of ICU admissions and its incidence is increasing [START_REF] Quenot | The epidemiology of septic shock in French intensive care units: the prospective multicenter cohort EPISS study[END_REF]. It is the leading cause of death in the ICU [START_REF] Bossi | Diagnosis of sepsis, severe sepsis and septic shock][END_REF]. Despite recent advances in intensive care and the release of international recommendations, mortality related to sepsis is still very high, reaching 40% at day 28 in case of septic shock [START_REF] Quenot | The epidemiology of septic shock in French intensive care units: the prospective multicenter cohort EPISS study[END_REF][START_REF] Rhodes | Surviving Sepsis Campaign: International Guidelines for Management of Sepsis and Septic Shock: 2016[END_REF].

Septic shock management combines symptomatic support of organ dysfunctions, early and adapted antimicrobial therapy, and source control whenever possible. Severe inflammatory conditionssuch as septic shockare characterized by marked immune alterations. The host systemic inflammatory response to sepsis, although necessary, can become deleterious if excessive or unbalanced. The new definition of sepsis, a dysregulated host response to an infectious process, is in line with this concept [START_REF] Singer | The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3)[END_REF]. Intense anti-inflammatory cytokinesnamely IL-10production [START_REF] Kasten | Neutrophils are significant producers of IL-10 during sepsis[END_REF], endotoxin tolerance, i.e. incapacity to produce TNF-α after a new exposure to endotoxin [START_REF] Astiz | Monocyte response to bacterial toxins, expression of cell surface receptors, and release of anti-inflammatory cytokines during sepsis[END_REF], and finally immunoparalysis due to prolonged release of inflammatory mediators, are some examples of these immune alterations [START_REF] Hotchkiss | Sepsis-induced immunosuppression: from cellular dysfunctions to immunotherapy[END_REF]. Most sepsis-induced deaths occur during this secondary phase of immune incompetence, mainly due to healthcare-associated infections or viral reactivations [START_REF] Venet | Monitoring the immune response in sepsis: a rational approach to administration of immunoadjuvant therapies[END_REF].

Adjuvant therapies have been developed in order to modulate the complex immunoinflammatory process triggered by sepsis. Hydrocortisone effect on survival to septic shock is still debated [START_REF] Venkatesh | Adjunctive Glucocorticoid Therapy in Patients with Septic Shock[END_REF][START_REF] Annane | Hydrocortisone plus Fludrocortisone for Adults with Septic Shock[END_REF]. The most promising molecules to date seem to be rhIL-7 and GM-CSF [START_REF] Venet | Management of Sepsis-Induced Immunosuppression[END_REF][START_REF] Shindo | Interleukin 7 immunotherapy improves host immunity and survival in a two-hit model of Pseudomonas aeruginosa pneumonia[END_REF][START_REF] Francois | Interleukin-7 restores lymphocytes in septic shock: the IRIS-7 randomized clinical trial[END_REF][START_REF] Shindo | Interleukin-7 and antiprogrammed cell death 1 antibody have differing effects to reverse sepsis-induced immunosuppression[END_REF]. These therapies could limit sepsis-induced immunoparalysis, thus avoiding secondary infectious complications, which are responsible for an important part of sepsis-associated mortality [START_REF] Venet | Monitoring the immune response in sepsis: a rational approach to administration of immunoadjuvant therapies[END_REF][START_REF] Hotchkiss | Immunosuppression in sepsis: a novel understanding of the disorder and a new therapeutic approach[END_REF]. Thanks to technological advances on membranes and extracorporeal circuits, some therapies have also been developed to induce a non-specific modulation of the uncontrolled immuno-inflammatory process observed during septic shock. Some have been well studied yet, others are currently under investigation. These techniques rely on the concept of "blood purification" [START_REF] Rimmelé | Clinical review: blood purification for sepsis[END_REF]. They could interfere with pro and anti-inflammatory mediators, with the infectious agent itself or with its components, or both [START_REF] Lukaszewicz | Purification methods: a way to treat severe acute inflammation related to sepsis?[END_REF][START_REF] Ronco | Endotoxin removal: history of a mission[END_REF]. The aim of this review is to present the pathophysiological theories underlying the blood purification concept and to discuss the available literature assessing these therapies.

Extracorporeal blood purification techniques: rationale

Several theories have been proposed to explain the potential positive effects of blood purification techniques. First, Ronco et al. proposed the "cytokine peak hypothesis": blood purification lowers pro-and anti-inflammatory molecules' plasmatic concentrations during early sepsis, avoiding a "toxic threshold" and thus limiting organ dysfunctions (19) (Figure 1). Blood purification could also involve the pathogen agent itself, or one of its components such as the endotoxin [START_REF] Ronco | Endotoxin removal: history of a mission[END_REF]. Indeed, infusion of ultrafiltrate obtained from infected animals to healthy ones led to death, suggesting the transmission of either the infectious agent itself or some cytokines that induced fatal organ dysfunctions [START_REF] Lee | Continuous arteriovenous hemofiltration therapy for Staphylococcus aureus-induced septicemia in immature swine[END_REF]. Later, Honoré et al. suggested that cytokine removal from the blood compartment would mobilize cytokines from the tissues via concentrations equalization. Cytokine removal from tissues could limit their local deleterious effects. This theory was named the "threshold immunomodulation hypothesis" [START_REF] Honoré | Extracorporeal removal for sepsis: Acting at the tissue level--the beginning of a new era for this treatment modality in septic shock[END_REF]. More recently, the "cytokinetic model" proposes that lowering cytokines blood concentration would restore an appropriate cytokine gradient between blood and infected tissues, thus promoting leucocyte chemotaxis (16) (Figure 2). Lastly, a "cellular" theory suggested that complex interactions could occur between the adsorbing material or the hemofilter and immune cells. For example, expression of surface molecules, involved in leukocyte adhesion and migration, antigen presentation, and apoptosis, may be modulated by various blood purification techniques [START_REF] Peng | Blood purification in sepsis: a new paradigm[END_REF][START_REF] Rimmelé | Leukocyte capture and modulation of cell-mediated immunity during human sepsis: an ex vivo study[END_REF][START_REF] Srisawat | The effect of polymyxin B hemoperfusion on modulation of human leukocyte antigen DR in severe sepsis patients[END_REF]. Some immune cells (namely monocytes and neutrophils) can also be adsorbed on the blood purification device, thus participating in the immune modulation [START_REF] Ma | Granulocyte and monocyte adsorptive apheresis ameliorates sepsis in rats[END_REF].

Hence, blood purification mechanisms of action are not completely understood yet, justifying further experimental research. Moreover, optimal initiation timing and duration of extracorporeal blood purification for septic shock are not determined to date. Recent advances in ICU patients' immune monitoring will probably help to answer those questions within the next decade. The best biomarker(s) to describe sepsis-associated immune alterations, to choose a therapeutic strategy and monitor its efficacy are still unknown [START_REF] Rouget | Biological markers of injury-induced immunosuppression[END_REF]. Our team recently conducted the REALISM study with the goal to help answering these questions, not only during sepsis but also in case of other severe inflammatory states such as severe trauma, burns, and major surgeries [START_REF] Rol | REALISM study group. The REAnimation Low Immune Status Markers (REALISM) project: a protocol for broad characterisation and follow-up of injury-induced immunosuppression in intensive care unit (ICU) critically ill patients[END_REF]. Results will be available in the upcoming years.

Available extracorporeal blood purification techniques

High volume hemofiltration

High volume hemofiltration (HVHF) is a modification of continuous renal replacement therapy (RRT), in hemofiltration mode. In HVHF, ultrafiltration flow is set to a much higher value (i.e. > 50 mL.kg -1 .h -1 ) than that recommended for standard renal support for AKI [START_REF] Rimmelé | High-volume hemofiltration in the intensive care unit: a blood purification therapy[END_REF]. High ultrafiltration flow enhances middle molecular weight (500 Da to 60 kDa) hydrophilic molecules clearance [START_REF] Kellum | Diffusive vs. convective therapy: effects on mediators of inflammation in patient with severe systemic inflammatory response syndrome[END_REF].

The first encouraging results were obtained in the 1990's when studying cardiac function of septic pigs [START_REF] Grootendorst | High volume hemofiltration improves right ventricular function in endotoxin-induced shock in the pig[END_REF]. Later, in an experimental porcine model of acute pancreatitis complicated with sepsis, HVHF improved hemodynamic parameters, 60-hour survival, and immunoparalysis.

The magnitude of these beneficial effects correlated with higher ultrafiltration flows and frequent hemofilter changes [START_REF] Yekebas | Attenuation of sepsis-related immunoparalysis by continuous veno-venous hemofiltration in experimental porcine pancreatitis[END_REF][START_REF] Wang | Amelioration of hemodynamics and oxygen metabolism by continuous venovenous hemofiltration in experimental porcine pancreatitis[END_REF].

In humans, numerous studies have demonstrated hemodynamic [START_REF] Cole | High-volume haemofiltration in human septic shock[END_REF][START_REF] Boussekey | A pilot randomized study comparing high and low volume hemofiltration on vasopressor use in septic shock[END_REF] and respiratory [START_REF] Tapia | Effectiveness of short-term 6-hour high-volume hemofiltration during refractory severe septic shock[END_REF] improvement, as well as a lower than expected mortality [START_REF] Tapia | Effectiveness of short-term 6-hour high-volume hemofiltration during refractory severe septic shock[END_REF][START_REF] Honore | Prospective evaluation of short-term, high-volume isovolemic hemofiltration on the hemodynamic course and outcome in patients with intractable circulatory failure resulting from septic shock[END_REF][START_REF] Rapaport | Impact of high volume hemofiltration on hemodynamic disturbance and outcome during septic shock[END_REF][START_REF] Ratanarat | Pulse highvolume haemofiltration for treatment of severe sepsis: effects on hemodynamics and survival[END_REF]. However, the IVOIRE trial ("hIgh VOlume in Intensive care"), a randomized controlled trial, comparing ultrafiltration flow rates of 35 and 70 mL.kg -1 .h -1 during a 96-hour period in 140 early septic shock patients with AKI, did not show any difference on mortality at day 28, 60, or 90. HVHF also failed to improve secondary outcomes (ventilator-, RRT-, and vasopressors-free days, length of stay, hemodynamic and standard biologic parameters, severity scores evolution) [START_REF] Honoré | High-volume versus standard-volume haemofiltration for septic shock patients with acute kidney injury (IVOIRE study): a multicentre randomized controlled trial[END_REF]. A recent metaanalysis did not report any 28-day survival benefit of HVHF compared with conventional CVVH (continuous veno-venous hemofiltration) in septic AKI [START_REF] Clark | High-volume hemofiltration for septic acute kidney injury: a systematic review and meta-analysis[END_REF]. The Cochrane collaboration metaanalysis on this subject was recently updated. It did not conclude in any beneficial effect of HVHF during sepsis, compared to usual renal support techniques [START_REF] Borthwick | Highvolume haemofiltration for sepsis in adults[END_REF].

It is also worth noting important HVHF drawbacks. Of those, removal of little molecular weight molecules must be taken into account (nutrients, vitamins, trace elements, medications like antibiotics). Treatment cost and nursing workload are increased, due to the frequent change of substitution fluid containers [START_REF] Srisawat | Cost of acute renal replacement therapy in the intensive care unit: results from The Beginning and Ending Supportive Therapy for the Kidney (BEST Kidney) study[END_REF].

Cascade hemofiltration

Cascade hemofiltration has been proposed to avoid these limitations while conserving theoretical HVHF advantagesnamely high clearance of middle weight molecules [START_REF] Rimmelé | Hemofiltration with the Cascade system in an experimental porcine model of septic shock[END_REF]. The primary idea is to selectively remove middle molecules, while retaining little ones (trace elements, vitamins, medications) by combining two hemofilters with distinct cut-offs. The first hemofilter, with a relatively high cut-off, generates a first ultrafiltrate containing low and middle weight molecules and directs it towards a second filter. This latter is characterized by a much lower cut-off. Only middle molecules will then be cleared in the final effluent, while little ones will be re-injected as a pre-dilution before the first hemofilter, to be finally infused back to the patient. Infused volumes are much lower than those required for HVHF [START_REF] Rimmelé | Cascade hemofiltration: principle, first experimental data[END_REF].

Cascade hemofiltration lowered epinephrine requirements in a porcine septic shock model [START_REF] Rimmelé | Cascade hemofiltration: principle, first experimental data[END_REF]. In humans however, a recent study comparing adjunction of cascade HVHF to standard care in 60 septic shock patients did not show any beneficial effect, neither inflammatory mediators nor on clinical endpoints, except the number of RRT-free days [START_REF] Quenot | Very high volume hemofiltration with the Cascade system in septic shock patients[END_REF].

Hemoperfusion

Hemoperfusion is a technique in which patient's blood is in contact with adsorbing materials. Some molecules can therefore adhere to such materials, thanks to van der Waals, electrostatic, and/or hydrophobic interactions [START_REF] Winchester | Sorbents in acute renal failure and the systemic inflammatory response syndrome[END_REF]. Removal of high molecular weight molecules is then allowed, with no particular cut-off consideration. Biocompatibility issues with these adsorbing materials have been resolved. Importantly, hemoperfusion is notbut can be added to a renal replacement therapy technique.

Polymyxin B

Polymyxin B (Toraymyxin ® , Toray industries, Tokyo, Japan) is the most commonly used adsorbing material worldwide, particularly in Japan where it is routinely provided to patients with Gram negative bacilli (GNB)-induced severe septic conditions. Indeed, this therapy targets bacterial endotoxin, which largely triggers inflammation in septic shock. Interestingly, blood purification techniques' beneficial effects, suggested by a recent meta-analysis, were primarily due to results from Japanese cohorts assessing polymyxin B hemoperfusion [START_REF] Zhou | Blood purification and mortality in sepsis: a metaanalysis of randomized trials[END_REF]. Several retrospective Japanese cohorts triggered conflicting results on mortality [START_REF] Iwagami | Postoperative polymyxin B hemoperfusion and mortality in patients with abdominal septic shock: a propensity-matched analysis[END_REF][START_REF] Lee | Behalf of the NTUH Center of Microcirculation Medical Research (NCMMR). Effects of polymyxin B hemoperfusion on hemodynamics and prognosis in septic shock patients[END_REF][START_REF] Saito | Efficacy of polymyxin Bimmobilized fiber hemoperfusion for patients with septic shock caused by Gram-negative bacillus infection[END_REF]. Two other propensity-matched cohorts were recently published. The first one, conducted on nearly 2000 septic shock patients requiring renal replacement therapy, concluded in a 6% absolute mortality lowering [START_REF] Iwagami | Potential Survival Benefit of Polymyxin B Hemoperfusion in Septic Shock Patients on Continuous Renal Replacement Therapy: A Propensity-Matched Analysis[END_REF]. The second one confirmed this positive result, with an 8% absolute hospital mortality decrease among 500 septic shock Japanese patients [START_REF] Nakamura | Japan Septic Disseminated Intravascular Coagulation (JSEPTIC DIC) study group. Potential survival benefit of polymyxin B hemoperfusion in patients with septic shock: a propensity-matched cohort study[END_REF]. The analysis of a registry recording data from septic shock patients treated with polymyxin B hemoadsorption in Asia (n=60) and in Europe (n=297) showed an improvement in SOFA score after polymyxin B hemoperfusion, although there was no control group in this cohort [START_REF] Cutuli | Polymyxin-B hemoperfusion in septic patients: analysis of a multicenter registry[END_REF].

Considering randomized controlled trials, the EUPHAS ("Early Use of Polymyxin B Hemoperfusion in Abdominal Sepsis") study, enrolling patients with abdominal severe sepsis or septic shock, showed hemodynamic and respiratory enhancement. A positive effect on 28-day survival was also observed, although it was not the primary outcome [START_REF] Cruz | Early use of polymyxin B hemoperfusion in abdominal septic shock: the EUPHAS randomized controlled trial[END_REF]. Polymyxin B hemoperfusion was also evaluated in peritonitis-induced early septic shock in the ABDOMIX trial ("effects of hemoperfusion with a polymyxin B membrane in peritonitis with septic shock").

Approximatively 140 patients were randomized to receive either standard care or standard care plus two hemoperfusion sessions (> 90 minutes with a 24-hour interval between sessions). The intervention was not associated with different SOFA score evolution. However, it was associated with a trend towards higher mortality (34 vs. 24%, p=0.11) [START_REF] Payen | Early use of polymyxin B hemoperfusion in patients with septic shock due to peritonitis: a multicenter randomized control trial[END_REF]. Cytokines plasmatic concentrations were not different between groups after the second hemoperfusion session, even when restricting analysis to patients with GNB-proven peritonitis [START_REF] Coudroy | Modulation by Polymyxin-B Hemoperfusion of Inflammatory Response Related to Severe Peritonitis[END_REF]. Finally, the EUPHRATES ("safety and efficacy of polymyxin B hemoperfusion for septic shock") trial was a double blinded (sham circuit in the control group) randomized controlled trial, conducted in North America. It this study, 450 septic shock patients with a demonstrated elevated plasma endotoxin level (EAA>0.6) were randomized to either standard of care or standard of care plus hemoperfusion (two sessions of 90 to 120 minutes within 24 hours). In this trial, day 28 mortality was not different between groups, including in a per-protocol analysis of the subgroup of patients with a high organ dysfunction score and who did effectively receive the two polymyxin hemoperfusion sessions (n=244) [START_REF] Dellinger | Effect of Targeted Polymyxin B Hemoperfusion on 28-Day Mortality in Patients With Septic Shock and Elevated Endotoxin Level: The EUPHRATES Randomized Clinical Trial[END_REF]. However, an exploratory post-hoc analysis suggested a beneficial effect on hemodynamic parameters, ventilator-free days, and survival, in the subgroup of patients with an EAA between 0.6 and 0.9 (n=194) [START_REF] Klein | Polymyxin B hemoperfusion in endotoxemic septic shock patients without extreme endotoxemia: a post hoc analysis of the EUPHRATES trial[END_REF].

To sum up with polymyxin B hemoperfusion, it seems that its potential beneficial effect on survival can be observed only when the control group mortality is higher than 30-40% [START_REF] Chang | Effects of Polymyxin B Hemoperfusion on Mortality in Patients With Severe Sepsis and Septic Shock: A Systemic Review, Meta-Analysis Update, and Disease Severity Subgroup Meta-Analysis[END_REF].

However the level of evidence for the effect of polymyxin B hemoperfusion on mortality remains quite low. Future research should focus on patients with very high expected mortality and/or EAA between 0.6-0.9. Lastly, considering the numerous positive results obtained in Japan, one could also hypothesize that patient's genetic and enzymatic profile could play a role in patient's response to this therapy.

CytoSorb

®

Other adsorbing materials are available such as divinylbenzene (CytoSorb ®, CytoSorbents Corp., Monmouth Junction, NJ, USA). CytoSorb ® is designed and marketed to remove pro-and anti-inflammatory cytokines from the blood. An ex vivo study demonstrated that this adsorbing cartridge can remove activated leucocytes and monocytes from blood and modulate cytokine (TNF-α, IL-8) expression [START_REF] Rimmelé | Leukocyte capture and modulation of cell-mediated immunity during human sepsis: an ex vivo study[END_REF]. This cartridge also lowers plasma concentrations of several DAMPs and PAMPs (Damage or Pathogen Associated Molecular Patterns), as well as mycotoxins, in an in vitro model of bovine blood added with inflammatory mediators [START_REF] Gruda | Broad adsorption of sepsis-related PAMP and DAMP molecules, mycotoxins, and cytokines from whole blood using CytoSorb® sorbent porous polymer beads[END_REF]. In another in vitro study with human blood, CytoSorb ® efficiently removed numerous pro and antiinflammatory cytokines, complement factors, serine protease, and growth factors, with removal rates higher than 90-95% for almost all these molecules at 120 minutes. Importantly, endotoxin is not removed by CytoSorb ® (61).

In a murine septic shock model, treatment with CytoSorb ® lowered IL-6 and IL-10 but also mortality [START_REF] Peng | Effects of hemoadsorption on cytokine removal and shortterm survival in septic rats[END_REF]. In humans, evidence is scarce. Almost all publications are case reports or case series [START_REF] Houschyar | Continuous hemoadsorption with a cytokine adsorber during sepsis -a review of the literature[END_REF]. A prospective case-control trial took place recently in Hungary, but results are not available yet (NCT 02288975). In a randomized controlled trial comparing standard care and adjunction of hemoperfusion with CytoSorb ® (6-hour sessions during 7 consecutive days) in septic shock patients with respiratory failure, hemoperfusion with Cytosorb ® was not associated with a decrease in IL-6 plasma levels (primary endpoint). The intervention was associated with a modest cross-adsorber IL-6 clearance [START_REF] Schädler | The effect of a novel extracorporeal cytokine hemoadsorption device on IL-6 elimination in septic patients: A randomized controlled trial[END_REF]. Intermittent and short sessions of hemoperfusion were used, and IL-6 levels were quite low for septic shock patients, potentially explaining these results.

To date, the level of evidence supporting the use of CytoSorb ® in septic shock remains low.

However, further studies are required to establish its safety and efficacy in patients with very high inflammatory response. Indeed, CytoSorb ® can also be used in other conditions generating inflammation, such as severe burns or cardio-pulmonary bypass. It also removes many drugs and medications, and myoglobin, bilirubin, and bile acids [START_REF] Poli | Hemoadsorption with CytoSorb®[END_REF].

Plasma exchange

Techniques derived from plasmapheresis have also been evaluated in septic shock. Only a limited number of studies are available, with interesting results especially in GNB-induced sepsis. Early initiation seems to be associated with better efficacy [START_REF] Hjorth | Plasmapheresis as part of the treatment for septic shock[END_REF]. A randomized trial first suggested a decrease in early sepsis inflammatory markers and a trend towards less organ dysfunctions in plasmapheresis-treated patients [START_REF] Reeves | Continuous plasmafiltration in sepsis syndrome. Plasmafiltration in Sepsis Study Group[END_REF]. Another trial involving 100 severe sepsis or septic shock patients even suggested a survival benefit when plasma exchange was added to conventional care [START_REF] Busund | Plasmapheresis in severe sepsis and septic shock: a prospective, randomised, controlled trial[END_REF]. This study however presents several limitations. Groups were not strictly comparable before treatment, with patients older and more likely to have respiratory failure in the control group. Moreover, this positive result was mainly driven by the subgroup of patients with intra-abdominal sepsis. In other types of infection, plasmapheresis did not appear to confer any advantage over standard care. In children, another study, although underpowered, did not show any beneficial effect of plasma filtration [START_REF] Long | A randomised controlled trial of plasma filtration in severe paediatric sepsis[END_REF]. A meta-analysis focusing on adult septic shock patients concluded that plasma exchange could be beneficial on survival, but the methodological quality of included studiesconducted 20 years agois questionable [START_REF] Rimmer | The efficacy and safety of plasma exchange in patients with sepsis and septic shock: a systematic review and meta-analysis[END_REF]. A recent pilot (n=20) non randomized trial demonstrated a rapid reduction of vasopressors requirements and plasmatic cytokine lowering, along with reduction of endothelial hyperpermeability, after plasma exchange during early septic shock [START_REF] Knaup | Early therapeutic plasma exchange in septic shock: a prospective open-label nonrandomized pilot study focusing on safety, hemodynamics, vascular barrier function, and biologic markers[END_REF]. However, the level of evidence of such trials cannot support the routine use of this technique to date in sepsis.

Coupled plasma filtration and adsorption (CPFA)

CPFA is an extracorporeal therapy in which plasma is separated from blood at the beginning of the extracorporeal circuit, then runs slowly through an adsorbing cartridge. The slow plasma flow enables a prolonged contact time with the adsorbing material, thus optimizing molecules adhesion. "Purified" plasma is then returned to the main circuit. Blood then undergoes conventional hemofiltration, allowing for kidney support in addition to blood purification for sepsis (Figure 3). CPFA has shown similar positive results than HVHF on hemodynamics [START_REF] Ronco | A pilot study of coupled plasma filtration with adsorption in septic shock[END_REF][START_REF] Formica | Hemodynamic response to coupled plasmafiltration-adsorption in human septic shock[END_REF] and immune function modulation, reflected for instance by monocyte HLA-DR expression [START_REF] Mao | Effects of coupled plasma filtration adsorption on immune function of patients with multiple organ dysfunction syndrome[END_REF]. In the COMPACT-1 randomized trial, patients who received the highest "dose" of CPFA seemed to benefit from this therapy on the mortality criterion, compared to controls [START_REF] Livigni | Gruppo Italiano per la Valutazione degli Interventi in Terapia Intensiva (Italian Group for the Evaluation of Interventions in Intensive Care Medicine) is an independent collaboration network of Italian Intensive Care units. Efficacy of coupled plasma filtration adsorption (CPFA) in patients with septic shock: A multicenter randomised controlled clinical trial[END_REF]. Therefore, the COMPACT-2 trial (NCT 01639664) evaluated the effect of high doses of CPFA in septic shock.

This study was stopped prematurely, as CPFA was associated with an increase in early mortality compared to the control group. Before publication of the final results, the manufacturer released a safety report recommending not to use CPFA in septic shock. Definitive results should be available soon.

Hemofiltration with highly adsorbing membranes

The potential synergistic effect of the various blood purification techniques may represent an interesting strategy [START_REF] Honore | Are the synergistic effects of high-volume haemofiltration and enhanced adsorption the missing key in sepsis modulation?[END_REF]. Several associations have been tested ex vivo or in animal models [START_REF] Uchino | Super high flux hemofiltration: a new technique for cytokine removal[END_REF]. For example, a standard polyacrilonytrile hemofiltration membrane was modified with the adjunction of a positively-charged polyethyleneimine polymer (oXiris ® ), to enhance its endotoxin and cytokines adsorption capacities (Figure 4). The oXiris ® membrane was compared to a standard hemofiltration membrane in a porcine model of septic shock. After 6 hours of HVHF, volume of fluids infused was reduced, as well as hyperlactatemic acidosis, in the oXiris ® group [START_REF] Rimmelé | High-volume haemofiltration with a new haemofiltration membrane having enhanced adsorption properties in septic pigs[END_REF]. An industry-sponsored in vitro study showed that the oXiris ® membrane present similar endotoxin adsorption properties than polymyxin B, while CytoSorb ® does not adsorb endotoxin.

Regarding pro and anti-inflammatory cytokines, removal rates were similar with oXiris ® and CytoSorb ® (> 90% at 120 min for most cytokines studied), while polymyxin B was less efficient [START_REF] Malard | In vitro comparison of the adsorption of inflammatory mediators by blood purification devices[END_REF]. Moreover, oXiris ® is a continuous renal replacement therapy membrane, while neither CytoSorb ® nor polymyxin B are. However, clinical evidence remains scarce and often limited to case series. One of them compared 6 patients with sepsis-induced AKI treated with oXiris ® to 24 historical severity-matched controls, and concluded that the SOFA score was reduced after 48h in the oXiris ® group [START_REF] Shum | Application of endotoxin and cytokine adsorption haemofilter in septic acute kidney injury due to Gram-negative bacterial infection[END_REF]. We recently launched the multicenter randomized controlled trial ECRO (Endotoxin and Cytokines Removal during continuous hemofiltration with oXiris ® ), comparing a standard membrane and the oXiris ® filter in peritonitis-induced septic shock with indication for renal replacement therapy (NCT 03426943). A comparable Swedish study was recently completed in GNB-documented or suspected septic shock, but results have not been published yet (NCT 02600312). Other highly adsorbing membranes are commercialized, for example AN69 ST ® [START_REF] Shiga | Continuous hemodiafiltration with a cytokine-adsorbing hemofilter in patients with septic shock: a preliminary report[END_REF] or polymethylmetacrylate membranes [START_REF] Honore | Newly designed CRRT membranes for sepsis and SIRS--a pragmatic approach for bedside intensivists summarizing the more recent advances: a systematic structured review[END_REF], for which thrombogenicity issues seem to be solved [START_REF] Oshihara | A New Poly(Methyl Methacrylate) Membrane Dialyzer, NF, with Adsorptive and Antithrombotic Properties[END_REF].

High cut-off membranes

To enlarge the spectrum of middle molecular weight molecules removal, the membrane cut-off can be increased. These filters, first used with hemofiltration techniques, were associated with hemodynamic improvement in experimental [START_REF] Lee | Continuous arteriovenous hemofiltration therapy for Staphylococcus aureus-induced septicemia in immature swine[END_REF] and human sepsis [START_REF] Morgera | Pilot study on the effects of high cutoff hemofiltration on the need for norepinephrine in septic patients with acute renal failure[END_REF]. The major drawback was the massive albumin leakage into the effluent, which could rise up to 15 g in 4 hours [START_REF] Morgera | Intermittent high permeability hemofiltration in septic patients with acute renal failure[END_REF].

Nevertheless, when used with diffusive rather than convective modalities, albumin loss is clearly and logically reduced [START_REF] Haase | Hemodialysis membrane with a high-molecular-weight cutoff and cytokine levels in sepsis complicated by acute renal failure: a phase 1 randomized trial[END_REF]. Cut-off and other membrane parameters optimization (for example surface or pore size homogeneity) represent another solution to such difficulties [START_REF] Honore | Newly designed CRRT membranes for sepsis and SIRS--a pragmatic approach for bedside intensivists summarizing the more recent advances: a systematic structured review[END_REF].

Such "modified HCO membranes" display similar properties, but their slightly lower cut-off limits albumin loss while still removing inflammatory mediators [START_REF] Haase | Hemodialysis membrane with a high-molecular-weight cutoff and cytokine levels in sepsis complicated by acute renal failure: a phase 1 randomized trial[END_REF][START_REF] Naka | Super high-flux" or "high cut-off" hemofiltration and hemodialysis[END_REF].

HCO membranes have shown promising properties on inflammation mediators removal, although the level of evidence is still low. When assessing the single-pass effect and compared to standard-CVVH, HCO-CVVH resulted in lowering one of the apoptosis indices in a pilot study of AKI patients [START_REF] Atan | High cut-off hemofiltration versus standard hemofiltration: a pilot assessment of effects on indices of apoptosis[END_REF]. On the opposite, it did not modify nucleosome concentration of levels of TLR2 and TLR4 expression [START_REF] Atan | Nucleosome levels and toll-like receptor expression during high cut-off haemofiltration: a pilot assessment[END_REF]. Sieving coefficients of many cytokines were higher with HCO-CVVH than with standard-CVVH, but this did not result in lower plasma cytokine concentration [START_REF] Atan | High cut-off hemofiltration versus standard hemofiltration: effect on plasma cytokines[END_REF]. In a retrospective analysis of 28 septic shock patients treated with HCO-CVVHD (with no control group), effective removal of IFN-α, IL-1β, IL-2, IL-6, IL-10 and IL-12 was observed [START_REF] Kade | Effectiveness of High Cut-Off Hemofilters in the Removal of Selected Cytokines in Patients During Septic Shock Accompanied by Acute Kidney Injury-Preliminary Study[END_REF]. In a prospective observational cohort of 38 patients with septic shock-associated AKI treated with HCO-CVVHD, a significant reduction in circulating IL-6 and TNF-α levels was observed [START_REF] Villa | Organ dysfunction during continuous veno-venous high cut-off hemodialysis in patients with septic acute kidney injury: A prospective observational study[END_REF]. One retrospective study focused on clinical outcome. HCO-CVVHD was compared to high flux-CVVHDF in 16 vs 8 septic patients with AKI. In the HCO group, ICU length of stay and mortality were reduced, but hospital-mortality was not different between groups (92).

Conclusion

Will extracorporeal blood purification be someday part of standard sepsis management? Data published so far from animal and human studies are too conflicting to firmly answer this question (Table 1). Although hemodynamic and respiratory improvements, along with inflammation mediators removal, have been observed when using such techniques, a clear clinical positive effect on patient survival has not been proven yet. While some blood purification techniques did not show any clear benefit in randomized controlled trials, membrane optimization (highly adsorptive, high cut-off) seems to be a promising field for future development and research. Patients' selection based on biomarkers like endotoxin levels could also allow to identify those patients who will benefit from such therapies. 
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Table 1 .

 1 Major publications for each blood purification technique.

	Technique	Animal studies	Human non-RCTs	Human RCTs
	HVHF	Yekebas et al., Crit Care Med	Tapia et al., J Trauma Acute Care	Joannes-Boyau et al., Intensive
		2001	Surg 2012	Care Med 2013, "IVOIRE"
		 mortality,	Respiratory improvement, mortality	No difference on mortality
		 immunosuppression	lower than expected	No difference on ventilator-, RRT-,
				and vasopressors-free days, length
				of stay, hemodynamic and standard
				biologic parameters, severity
				scores evolution
	Cascade	Rimmelé et al., Ann Fr Anesth	NA	Quenot et al., Intensive Care
		Réanim 2009		Med 2015
		 epinephrine requirements		No difference on mortality
				No difference on vasopressors-or
				ventilator-free days
				More RRT-free days
	Hemoperfusion	Iba et al., J Surg Res 2011		
	with polymyxin B	 organ damage,  pro-		
		inflammatory cytokines, 		
		mortality		

Mitaka et al., J Surg Res 2016 Hemodynamic

  and acid-base balance maintained,  lactate,  creatinine,  IL-6 and IL-10

Iwagami et al., Blood Purif 2016  6% absolute mortality Nakamura et al., Crit Care 2017  8% absolute hospital mortality Payen et al., Intensive Care Med 2015, "ABDO-MIX"

  

	No difference on mortality
	No difference on SOFA evolution
	or cytokines concentration
	Dellinger et al., JAMA 2018,
	"EUPHRATES"
	No difference on mortality
	Post-hoc analysis : 
	hemodynamic parameters,
	ventilator-free days, and 
	survival, in patients with EAA 0.6-
	0.9
	Hemoperfusion
	with CytoSorb ®

Gruda et al., PloSOne 2018  DAMPs and PAMPs Malard et al., Intensive Care Med Exp 2018 Schädler et al., PloSOne 2017

  No decrease in plasmatic IL-6 level

			Removal rates > 90-95% for	Modest cross-adsorber IL-6
		Peng et al., Crit Care Med 2008	numerous pro and anti-inflammatory	clearance
		 IL-6 and IL-10	cytokines, complement factors, serine	
		 mortality	protease, and growth factors	
	Plasma exchange	Toft et al., Blood Purif 2008	Hjorth & Stenlund, Scand J Infect	Reeves et al., Crit Care Med
		Temporary  activated cell-	Dis 2000	1999
		mediated immunity	Mortality < expected by APACHE	 early sepsis inflammatory
				markers, trend towards less organ
		Natanson et al., Transfusion	Knaup et al., Crit Care 2018	dysfunctions
		1993	 vasopressors requirement, 	
		 survival, worsened	plasma cytokines,  endothelial	
		hemodynamics	permeability	
				"COMPACT-2" (not published
				yet)
				 early mortality (72 hours)
	Highly-adsorptive	Rimmelé et al., Nephrol Dial		
	membranes	Tranplant 2009		
		 fluids requirements,		
		 hyperlactatemic acidosis		

Busund et al., Intensive Care Med 2002  mortality (result very discussed CPFA Tetta et al., Crit Care Med 2000  mortality Sykora et al., Shock 2009 No beneficial effect Ronco et al., Crit Care Med 2002  vasopressors requirements  immunosuppression markers Livigni et al., BMJ Open 2014, "COMPACT-1"  mortality in patients receiving the higher "dose" of CPFA ?

Shum et al., Hong Kong Med J 2013  SOFA score NA High cut-off membranes Lee et al., Crit Care Med 1993 Hemodynamic improvement Villa et al., PloSOne 2017

   IL-6 and TNF-α

Chelazzi et al., Blood Purif 2016

   ICU length of stay,  ICU mortality NA
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