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Abstract

:

Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated host response to an infection; it carries a risk for mortality, considerably exceeding that of a mere infection. Sepsis is the leading cause for acute kidney injury (AKI) and the requirement for renal replacement therapy (RRT) in intensive care unit (ICU) patients. Almost every second critically ill patient with sepsis will develop AKI. In septic shock, the dysregulated host response to infectious pathogens leads to a cytokine storm with uncontrolled production and release of humoral proinflammatory mediators that evoke cellular toxicity and promote the development of organ dysfunction and increased mortality. In addition to treating AKI, RRT techniques can be employed for extracorporeal adsorption of inflammatory mediators using specifically developed adsorption membranes, hemoperfusion sorbent cartridges or columns; these techniques are intended to decrease the level and early deleterious effects of circulating proinflammatory cytokines and endotoxins during the first hours and days of septic shock treatment, in order to improve patient outcomes. Several methods and devices, such as high cut-off membranes, the Oxiris®-AN69 membrane, CytoSorb® and HA380 cytokine hemoadsorption, polymyxin B endotoxin adsorption, and plasmapheresis have been examined in small study series or are under evaluation as ways of improving patient outcomes in septic shock. However, to date, the data on actual outcome benefits have remained controversial, as discussed in this review.
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1. Definitions and Epidemiology of Sepsis and Septic Shock


Sepsis is a severe multi-organ syndrome caused by an infection and is associated with increased morbidity and mortality. According to the most recent iteration of the Sepsis-3 criteria, sepsis is defined as a life-threatening organ dysfunction associated with a dysregulated host response to an infection [1]. Organ dysfunction in the Sepsis-3 criteria is denoted as a clinical deterioration reflected by an increase of ≥2 points in the Sequential Organ Failure Assessment (SOFA) score in response to infection [2]. Furthermore, septic shock is classified as a subtype of sepsis with more substantial hemodynamic and metabolic deteriorations as well as a more elevated risk of death than in general sepsis [1]. The criteria for septic shock include persistent hypotension necessitating vasopressor medication to maintain a target mean arterial pressure of ≥65 mmHg and a serum lactate level of >2 mmol/l in spite of volume resuscitation.



According to a recent global survey, sepsis is a common condition worldwide with an age-standardized incidence rate of 677.5 per 100,000 population [3]. Sepsis is associated with a high mortality as 11 million sepsis-related deaths were recorded in 2017, accounting for nearly 20% of all deaths globally [3]. Recent studies have described a hospital mortality rate of 15–30% and a one-year mortality of 35% in patients with sepsis [4,5,6]. Most cases of septic infections originate from the respiratory system and gastrointestinal tract. The causative agents are most commonly Gram-positive bacteria followed by Gram-negative bacteria and fungi [3,7,8], but in some septic patients the causative organism cannot be identified.



Septic shock, the most severe form of sepsis, is less common and affects 10–20% of sepsis patients admitted to intensive care units (ICUs), corresponding to an estimated incidence of 20 per 100,000 population [4,9]. Septic shock carries a higher mortality risk compared to general sepsis, with observed ICU, hospital, and one-year mortality rates ranging between 37–47%, 39–56%, and 60%, respectively [4,6,9].




2. Cytokine Storm in Septic Shock


The immune system is responsible for recognizing foreign invaders, responding proportionally to the pathogen burden, and restoring homeostasis back to normal during the infection. Due to constant exposure to external pathogens, the immune system invariably seeks to strike a balance between proinflammatory and anti-inflammatory states. A cytokine storm is a cascade of several adverse immune dysregulation disorders of both pro- and anti-inflammatory cytokines, associated with subsequent collateral organ damage [10].



Cytokines are small, usually <40 kDa, proteins released from white blood cells, particularly macrophages, B lymphocytes, T lymphocytes, and mast cells, but also from endothelial cells, fibroblasts, and various stromal cells. Cytokines play a key role as initiators and regulators of stress metabolism [11]; these agents may be categorized into lymphokines (cytokines produced by lymphocytes), monokines (cytokines produced by monocytes), chemokines (cytokines produced by chemotactically active cells), and interleukins (IL; cytokines produced by leukocytes), although there is some overlap in the terminology [12]. The proinflammatory cytokines include, but are not limited to, IL-1 (a family of 11 cytokines), IL-6, IL-17, and tumor necrosis factor α (TNF-α). These compounds activate target cells through specific receptors and stimulate the cells to produce chemokines, proinflammatory cytokines, and other biologically active substances. Subsequently, there are increases in the expression of surface antigens and adhesion molecules in stimulated cells, and therefore enhanced proinflammatory cell–cell interactions [13]. IL-4, IL-10 (family of 12 cytokines), and tumor growth factor β (TGF-β) attenuate the intensity of the inflammatory response and thus strive to prevent any collateral tissue damage caused by excessive cell stimulation and inflammation [14]. The purpose of certain chemokines, such as IL-8, is to attract different types of white blood cells into the targeted peripheral tissue during inflammation to combat the external threat. Once a chemokine binds to the leukocyte surface receptor, the cell becomes activated and undergoes rapid morphologic changes. Then, the chemotactically activated leukocyte penetrates into the tissue between the endothelial cells in the vessel wall and starts to migrate toward the target inflammation process [15]. Interferons fall into three different groups; type I interferons are a family of 20 interferons (e.g., IFN-α, IFN-β, and IFN-ω) which are important for defending against viruses. Type III interferons consist of four different interferons (IFN-λ 1–4) with similar functions to type I interferons [16]. IFN-α inhibits cell growth and division and may thus be used in the treatment of neoplasms [17]. IFN-λ is involved in antiviral defense in the liver and on epithelial surfaces. IFN-γ is a type II interferon, which increases macrophage activation and tissue antigen expression, and can cause prompt symptoms such as chills, fatigue, and fever in a clinical setting [18]. In fact, a monoclonal antibody, emapalumab, which binds IFN-γ, has been approved by the FDA for the treatment of a cytokine storm in patients with primary hemophagocytic lymphohistiocytosis [19].



In septic shock, the detection of pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) leads to the dysregulated activation of a variety of cells (especially macrophages, T-cells, neutrophils, and endothelial cells). This is followed by the release of inflammatory cytokines (Figure 1) as well as adverse tissue and organ damage. The onset and duration of a cytokine storm depend on the causative pathogen and received care [20]. Early symptoms related to a cytokine storm are fever, fatigue, myalgia, arthralgia, headache, rash, diarrhea, anorexia, and neuropsychiatric disorders. Later effects include hypoxemia, dyspnea, hypotension, vasodilatory shock, disseminated intravascular coagulation with vascular thromboses, and/or catastrophic hemorrhages. Severe cases of cytokine storms can lead to renal failure, acute liver injury, stress-related takotsubo-like cardiomyopathy, and/or death [10]. Laboratory findings in cytokine storm include increased levels of CRP, procalcitonin, leukocytosis or leukopenia, thrombocytopenia, anemia, as well as elevated ferritin and D-dimer levels [21,22]. The concentrations of interferon-γ, IL-6, and IL-10 are typically raised during a cytokine storm. However, precise measurement of circulating cytokine levels can be difficult due to the short half-lives of these molecules [10].



The general treatment strategy for a septic-shock-induced cytokine storm involves supportive care to maintain critical organ function and the elimination of exogenous and endogenous triggers for the abnormal activation of the immune system. Targeted immunomodulation (e.g., with the IL-6 antagonist, tocilizumab, in the management of COVID-19 infection) and nonspecific immunosuppression (e.g., corticosteroids) can be used to limit the collateral damage caused by the adversely activated immune system in conditions where the elimination of the triggering pathogen is not possible [23]. The removal of cytokines with blood purification therapies has been suggested as one method to improve immune homeostasis in sepsis, but there are limited outcome data regarding these approaches. However, the use of extracorporeal adsorption of inflammatory mediators using specifically developed filters, adsorption membranes, hemoperfusion sorbent cartridges or columns has lately attracted attention and these techniques are discussed in detail below (Figure 2) [24,25].




3. Acute Kidney Injury in Sepsis and Septic Shock


Acute kidney injury (AKI) is common in critically ill patients with or without sepsis. According to the 2012 Kidney Disease: Improving Global Outcomes (KDIGO) [26] guidelines, AKI is defined as an increase in serum creatinine by ≥0.3 mg/dl or ≥26.5 µmol/L in 48 h or ≥1.5 times baseline within the prior 7 days or a decrease in urine volume <0.5 mL/kg/h for 6 h [26]. AKI is further staged into three separate categories according to the severity of the kidney injury, with each increasing stage of AKI being associated with an increased risk of death and a greater need for renal replacement therapy (RRT).



Observational studies have demonstrated an AKI incidence of about 40% in patients with sepsis; the incidence has been as high as 41–64% in patients with septic shock [27,28,29]. Conversely, septic AKI has been estimated to account for almost 50% of all AKI patients treated in the ICU [30]. Risk factors associated with septic AKI include septic shock, high markers of disease severity, comorbidities, and blood-culture-positive infection [27,30,31]. RRT is commonly required in septic AKI patients, as every fifth patient required RRT in a substudy of a large international ICU audit [32]. Furthermore, patients with septic AKI were more likely to need RRT compared to those with non-septic AKI in that study. According to the KDIGO guidelines for the management of AKI, indications for the initiation of RRT in patients with AKI include severe and refractory electrolyte imbalance (e.g., marked hyperkalemia), acid–base disturbances (e.g., severe metabolic acidosis), or fluid dysbalance (e.g., high volume overload and/or low urine output), irrespective of the presence of sepsis [26]. The KDIGO guidelines further recommend favoring continuous RRT (CRRT), typically continuous veno-venous hemodialysis (CVVHD) or hemodiafiltration (CVVHDF), instead of intermittent hemodialysis (IHD) in patients with severely compromised hemodynamics. CRRT is better tolerated than IHD due to the slower and more gentle fluid removal [26]. Accordingly, CRRT has been the treatment of choice in hemodynamically unstable AKI patients with or without sepsis in large surveys on ICU clinical practice [33].



Concomitant AKI during sepsis is associated with worse patient outcomes than sepsis without AKI; similar observations have been made in patients with septic shock. The overall mortality associated with septic AKI has reached 30–70% depending on the study cohort [27,29,30]. Furthermore, AKI in patients with sepsis has been associated with prolonged ICU and hospital stays in survivors [27,30]. Risk factors for mortality in patients with septic AKI, as with sepsis alone, have included older age, comorbidities, higher disease severity and decreased urine output [34,35]. Nonetheless, a recovery of renal function has been observed in up to 40% of patients that survive septic AKI. In previous studies, the intensity of fluid resuscitation, prior kidney function, acute disease severity, and RRT requirement have been associated with renal recovery [36,37].



The pathophysiology of septic AKI is complex, multifaceted, and currently incompletely understood. Pro- and anti-inflammatory cytokine responses to severe infection contribute substantially to the development of septic AKI. The detrimental immune response to sepsis evokes adverse changes in both the systemic and renal circulations. In contrast to non-septic AKI, due to attenuated renal circulation during hypovolemic or cardiogenic shock, the outcomes in studies examining the renal circulation of experimental animals subjected to septic AKI have been more inconsistent and shown that the circulation can decrease, remain preserved, or increase [38]. Unfortunately, there is not much data available on renal circulation in human subjects with septic AKI. Recent observations from studies with small samples and that apply various methodologies, including phase contrast magnetic resonance imaging and Doppler ultrasound, have detected a decrease in renal blood flow in patients with septic AKI [39,40]. Moreover, renal microcirculatory alterations in the absence of macrovascular perfusion attenuation have been observed in an experimental rat model of endotoxemia. This suggests that adverse micro- and macrocirculatory changes are likely to be present during septic AKI [41]. Histopathological studies on the kidneys of patients dying due to sepsis and associated AKI have yielded nonspecific findings common to many severe illnesses associated with non-septic AKI [42].




4. Renal Replacement Techniques in Sepsis and Septic Shock


Some previous studies have suggested that RRT is associated with improved survival in sepsis and septic shock, but the current data remain inconsistent and controversial. Furthermore, the optimal RRT modality of choice, namely CRRT or IHD, and the timing of RRT initiation remain under debate in cases of septic AKI. There is no convincing evidence that increasing the effective dose of dialysis to over 25 mL/kg/h in CRRT confers any benefit in terms of mortality, duration of hospitalization, or renal recovery.



A recent meta-analysis conducted by Nash and coworkers assessed RRT modality in critically ill AKI patients with twenty-one eligible studies included in the analyses. No significant differences were observed in short-term mortality or kidney survival between CRRT, IHD, and sustained low-efficiency dialysis [43]. The authors, however, suggested that well-designed, adequately powered trials are needed to clarify the role of RRT modalities in the treatment of critically ill patients with AKI. In a retrospective multicenter trial, 25,750 critically ill AKI patients alive at hospital discharge were grouped according to initial RRT modality (CRRT or IHD). The study implied that renal recovery may be lower in patients treated with IHD as the primary modality for RRT [44]. The studies were, however, not restricted to patients with septic AKI.



In the Randomized Evaluation of Normal versus Augmented Level (RENAL) replacement therapy study, a total of 1508 critically ill AKI patients were randomized to receive CVVHDF with an effluent flow of either 40 mL/kg/h (higher-intensity therapy) or 25 mL/kg/h (lower-intensity therapy). No differences were observed between the treatment intensity groups in 90-day mortality or restoration of kidney function [45]. The IVOIRE study compared hemofiltration doses of 35 mL/kg/h and 70 mL/kg/h in 140 critically ill patients with septic shock but found no differences between the doses in terms of mortality, hemodynamic profile or organ function [46]. A randomized prospective study conducted by Park et al. examined the effect of dialysis dose on mortality in 212 critically ill patients with septic AKI by comparing conventional (40 mL/kg/h) and high (80 mL/kg/h) doses of CVVHDF. No differences in mortality were observed between the groups, but high doses of CVVHDF significantly reduced the concentrations of cytokines such as IL-6, IL-8, IL-1b, and IL-10, whereas this did not occur with the conventional dialysis dose [47]. A Cochrane review published in 2016 included six randomized controlled studies enrolling 3185 critically ill participants with AKI. The authors concluded that there was no significant difference between intensive versus less intensive CRRT on the mortality risk, the number of patients who were free of RRT after CRRT discontinuation, or in the length of hospital stay [48].



During recent years, several randomized controlled trials have examined the optimal timing of RRT initiation in critically ill AKI patients. The Effect of Early versus Late Initiation of RRT on Mortality in Critically Ill Patients with Acute Kidney Injury (ELAIN) trial and the Artificial Kidney Initiation in Kidney Injury (AKIKI) trial were published in 2016, but with opposing results [49,50]. The studies, however, differed in terms of study design, patient population and definitions of early and late initiation of RRT. The ELAIN study, a single-center trial with 231 mostly surgical patients (>94%), reported a significant mortality benefit in patients who were started on RRT within 8 h after reaching KDIGO stage 2 AKI (early group) compared to patients that were started on RRT at a later stage (within 12 h after reaching KDIGO stage 3 AKI, late group). The AKIKI trial was a multicenter trial with 620 mostly medical critically ill AKI patients, and found no differences in mortality between the early and the late groups. In the early group, patients were started on RRT within 6 h after reaching KDIGO stage 3 AKI, whereas in the late group RRT was only initiated when one or more of the classic criteria for dialysis initiation were met (severe hyperkalemia, acidosis or fluid retention) [49,50]. The Initiation of Dialysis Early Versus Delayed in the Intensive Care Unit (IDEAL-ICU) trial published in 2018 was a randomized multicenter trial that compared an early strategy with a delayed strategy for RRT initiation in severe AKI in patients in the initial phase of septic shock [51]. In the early strategy group, RRT was initiated within 12 h after documentation of failure-stage AKI (according to the risk, injury, failure, loss, and end-stage kidney disease (RIFLE) classification criteria). Patients assigned to the delayed-strategy group were started on RRT when at least one of the emergency criteria was met (hyperkalemia, metabolic acidosis, or fluid overload, including pulmonary edema). The trial was stopped prematurely due to futility after the second planned interim analysis. Among the 477 patients included in the analyses, 58% in the early strategy group and 54% in the delayed-strategy group had died at the 90 days follow-up (p = 0.38) [51]. The Standard versus Accelerated Initiation of Renal-Replacement Therapy in Acute Kidney Injury (STARRT-AKI) trial included 2927 critically ill AKI patients in the modified intention-to-treat analysis (1465 in the accelerated strategy group and 1462 in the standard strategy group) [52]. In the accelerated strategy group, clinicians were requested to start RRT within 12 h after their patients had fulfilled the KDIGO stage 2 AKI criteria. In the standard strategy group, clinicians were discouraged from initiating RRT until the development of hyperkalemia, metabolic acidosis or evidence of severe respiratory failure resulting from volume overload, or persistent unresolved AKI for at least 72 h after randomization. At 90 days, 43.9% of the patients in the accelerated strategy group and 43.7% of the patients in the standard strategy group had died (relative risk, 1.00; 95% confidence interval (CI), 0.93 to 1.09; p = 0.92). Among survivors at 90 days, 85 of 814 patients (10.4%) in the accelerated strategy group and 49 of 815 patients (6.0%) in the standard strategy group (relative risk, 1.74; 95% CI, 1.24 to 2.43) were dependent on maintenance dialysis, suggesting that an early initiation of RRT might have resulted in an attenuated renal prognosis in the initial survivors [52].




5. High Cut-Off Membranes


The cut-off of a membrane describes the smallest molecular weight of a solute that it retains. The cut-off value of high cut-off (HCO) membranes is generally considered to approximate to the molecular weight of albumin (65 kDa) and standard RRT low-flux membranes have cut-off values ranging between 10 and 30 kDa [53]. The medium cut-off membranes fall between the low cut-off and high cut-off membranes (35–45 kDa). Most cytokines have molecular weights between 8 and 60 kDa. The currently available HCO membranes include Septex (CRRT) and Theralite (IHD), marketed by Baxter. The available studies using HCO membranes in septic patients have not shown unequivocal improvements in patient outcomes.



In an early small-scale study, Morgera et al. examined the effects of intermittent high-permeability hemofiltration (HPHF) on protein and coagulation status, hemodynamics, and the clearance of IL-6 and TNF-α in 16 patients with multiple organ failure induced by septic shock [54]. Intermittent hemofiltration was performed for 12 h every other day for 5 days using a polyamide 60 kDa cut-off hemofilter. A standard hemofilter with a larger surface area and a 30 kDa cut-off was used on the remaining days. They showed that although HPHF was hemodynamically well-tolerated and did not significantly affect the coagulation status, transmembrane protein loss was significant, at 7.6 g per 12 h treatment. The sieving coefficient for IL-6 was high (up to 0.90) throughout the study and although HPHF seemed to significantly lower IL-6, the filtration capacity for TNF-α was poor. In another study, the same research group compared the effects of different treatment modalities and dialysis doses for CRRT with HCO membranes (P2SH; effective surface area 1.1 m2, steam sterilized; Gambro Corporate Research, Hechingen, Germany) on clinical parameters, protein loss, and circulating cytokine levels [55]. In the study, twenty-four patients with septic AKI were randomly allocated to either continuous veno-venous hemofiltration (CVVHF) with an effluent rate of 1000 mL/h or 2500 mL/h or CVVHD with a dialysate flow rate of 1000 mL/h vs. 2500 mL/h (four groups). In the whole study population, APACHE II scores improved during RRT and organ dysfunction declined, with no differences between the treatment groups. A significant reduction in plasma levels of interleukin-1 receptor antagonist (IL-1ra) and IL-6 was observed in those with high baseline concentrations of IL-1ra and IL-6. The clearance of IL-1ra was higher with CVVHF compared to CVVHD, whereas no differences in clearances were observed for IL-6. Increasing effluent or dialysate flow significantly increased cytokine clearances. In a further randomized pilot study, Morgera et al. compared the use of the PS2H HCO membrane for hemofiltration with conventional hemofiltration (filter cut-off 30 kDa) in 30 patients (20:10). The norepinephrine requirement was shown to be reduced over time and the clearance rates for IL-6 and IL-1ra were significantly higher in the HCO group [56].



There is evidence that HCO membranes can efficiently lower cytokine levels in patients with high pre-treatment plasma values, whereas in those with low baseline levels, the plasma cytokine levels may even rise during HCO RRT [55]. In a retrospective case-control study of 24 patients with septic shock, published in 2016, Chelazzi and coworkers compared the use of CVVHD with an HCO membrane to CVVHDF with a medium cut-off membrane (AN-69-ST, Gambro Lundia AB, Lund, Sweden). The authors reported a shorter requirement for vasopressors and mechanical ventilation, a shorter duration of ICU stay, and a lower hospital mortality in those patients receiving HCO CVVHD [57]. The later published randomized studies, however, have not shown any mortality benefit with HCO RRT in septic shock. In an Australian single-center randomized double-blind study comparing HCO and standard CVVHF in 76 (36 vs. 36) patients with vasopressor-dependent AKI, no differences between the groups were observed in terms of the duration of vasopressor requirement or hospital and ICU mortality [58]. In an analysis of cytokine clearance in the same study cohort, the sieving coefficient values and clearances were higher for IL-6 and IL-8 with an HCO membrane, as was combined cytokine mass removal. However, there were no significant differences in the reduction of cytokine plasma levels between the HCO and standard groups [59].



The randomized High Cut-Off Sepsis (HICOSS) trial aimed to examine the benefits of an HCO membrane for CVVHD in 120 patients with septic shock and concomitant AKI. The study was, however, terminated early after the first interim analysis, including only 81 patients, detected no difference in 28-day mortality between the HCO and standard groups. Furthermore, no differences were observed in the duration of ICU stay or mechanical ventilation or the need for vasopressors [60].




6. Medium Cut-Off Membranes


6.1. Ultraflux EMIC2


The Ultraflux EMIC2 filter (Fresenius Medical Care, Bad Homburg, Germany) for CRRT is a medium cut-off polysulfone-based membrane with a cut-off of 45 kDa and a sieving coefficient of 0.9 for β2-microglobulin (17 kDa) and 0.01 for albumin. Recent studies have examined the performance of the EMIC2 hemofilter for the clearance and reduction in plasma cytokines, including TNF-α, ILs 1α, 1β, 2, 4, 6, 8, and 10, vascular endothelial growth factor (VEGF), macrophage chemoattractive protein 1 (MCP-1), and endothelial growth factor (EGF), in comparison with a standard low cut-off hemofilter in patients with septic AKI [61,62,63].



Eichhorn and coworkers performed a combined in vitro and clinical study to examine the effects of CVVHD with the EMIC2 or a standard low cut-off hemofilter (AV-1000, Fresenius Medical Care, Bad Homburg, Germany) [61]. The in vitro clearance values of IL-6 (26 kDa) and IL-10 (17 kDa) were significantly higher for the EMIC2 filter. However, no differences were observed in the clearance of the low-molecular-weight cytokine IL-8 (8 kDa). The in vivo part of the study examined 30 patients with septic AKI randomized to CVVHD with EMIC2 (14 patients) or AV-1000 (16 patients). The clearance rates of IL-6 and IL-10 were higher for EMIC2 but the mean plasma cytokine concentrations decreased similarly between the treatment groups. Balgobin et al. compared the use of EMIC2 and AV-1000 in a randomized cross-over setting. They showed that plasma levels of neither the proinflammatory cytokines TNF-α, IL-1α, IL-1β, IL2, IL-6, and IL-8, nor the anti-inflammatory cytokines IL-4 or IL-10, were lowered during 24 h of CRRT, irrespective of which hemofilter was employed [62]. In line with these earlier studies, Lumlertgul and coworkers recently detected a reduction in plasma levels of multiple cytokines during the first 48 h of CVVHD with EMIC2. However, the CVVHD clearance of the tested 12 cytokines in proportion to plasma levels was low. They concluded that endogenous cytokine metabolism may be a more important determinant of plasma levels than the CRRT-associated clearance [63].




6.2. Oxiris


The oXiris® haemofilter (Baxter, Deerfield, IL, USA) is a medium cut-off (35–40 kDa) polyacrylonitrile methalylsulfonate (AN69)-based membrane, coated with positively charged polyethyleneimine (PEI) and pre-grafted with 4500 IU of heparin per m2. The positively charged PEI coating enables the adsorption of negatively charged endotoxins in addition to the cytokine adsorption and clearance in addition to renal replacement properties attributable to the AN69 hemofilter membrane.



Malard et al. examined the effects of in vitro hemoperfusion with the oXiris® hemofilter, CytoSorb®, and Toraymyxin® (polymyxin B) hemoperfusion devices. Heparinized human plasma was pre-incubated with pathological quantities of cytokines and filtered in a closed-loop circulation model for 2 h and the removal of 27 cytokines for each device was examined. Endotoxin removal by oXiris and Toraymyxin was assessed using a six-hour hemoperfusion. Endotoxin (lipopolysaccharide) removal was most rapid with Toraymyxin, whereas it was negligible with CytoSorb. At the end of hemoperfusion, there was no significant difference between the endotoxin removal rates using oXiris and Toraymyxin. The removal rates of cytokines and other inflammatory mediators were similar between Oxiris and CytoSorb [64]. Broman et al. compared the endotoxin and cytokine reducing properties of Oxiris and a standard medium cut-off hemofilter (M150ST, Baxter, USA) for CRRT in a randomized cross-over double-blind study including 16 patients with septic shock. They reported that endotoxin levels decreased with Oxiris, whereas they remained stable with the standard hemofilter. Levels of TNF-α, IL-6, IL-8, and interferon y, decreased more with the Oxiris filter [65].



Currently, data on the clinical effects of the Oxiris hemofilter in sepsis and septic shock are mainly based on anecdotal findings of case series and retrospective cohorts. Randomized controlled studies showing improved prognosis are lacking. Shum and coworkers examined the development of SOFA scores during CVVHF with the Oxiris filter compared to a matched historical cohort treated with standard CVVHF. They reported a reduction of 37% in SOFA scores at 48 h post-initiation of Oxiris–CVVHF versus an increment of 3% in the historical controls but no differences were observed in mortality between the two cohorts [66]. In a retrospective cohort of 60 patients with sepsis or septic shock and CVVHD using the Oxiris membrane, there were improvements in hemodynamics and vasoactive requirements and SOFA scores became reduced during the first 48 h of CVVHD. At the same time, reductions were observed in the levels of IL-6, IL-10, procalcitonin, and endotoxin activity. The study did not report mortality in the cohort and it is not clear whether some patients had died before the end of the 48 h of CRRT [67]. In another retrospective cohort from two French centers, 31 patients with septic shock and AKI received CRRT with the Oxiris membrane between 2014 and 2019. The researchers observed a lower-than-expected hospital mortality for patients with the highest severity of illness according to the Simplified Acute Physiology (SAPS) scores but did not detect a reduction in SOFA scores during the first 48 h of CRRT with Oxiris [68].





7. Hemoadsorption


7.1. Polymyxin B Hemoadsorption


Endotoxin (lipopolysaccharide) is an essential component of Gram-negative bacteria cell walls. Hemoadsoption using polystyrene fibers with immobilized Polymyxin B which possesses a high affinity for endotoxins was first approved in Japan in 1994 and later awarded the CE designation in 1998. Polymyxin B is a polycationic antibiotic which binds the lipid A portion of the endotoxin and neutralizes its toxicity [69]. The efficacy of polymyxin B hemoperfusion (PMH) on patient survival in septic shock has been studied in several randomized trials, but a survival benefit remains to be conclusively demonstrated.



The Early Use of PMH in Abdominal Septic Shock (EUPHAS) trial was the first randomized controlled trial examining the effects of PMH on 28-day mortality. All study patients had received emergency surgery for intra-abdominal sepsis or septic shock due to Gram-negative bacteria [70]. Mean arterial pressure increased and SOFA scores declined with PMH but not with conventional treatment, and mortality was lower in the PMH group (32% vs. 53%, adjusted HR 0.36, 95% CI 0.16–0.80). The study was stopped early due to the statistically significant survival benefit associated with PMH and the number of enrolled patients was therefore limited to only 64. A French multicenter, randomized controlled trial performed in 18 ICUs enrolled 243 patients with septic shock within 12 h after emergency surgery for peritonitis related to intestinal perforation. The PMH group received conventional therapy plus two PMH treatments. Mortality at 28 and 90 days was similar in the PMH and the standard therapy groups, contradicting the results of the EUPHAS trial [71]. The North American Effect of Targeted Polymyxin B Hemoperfusion on 28-day mortality in Patients with Septic Shock and Elevated Endotoxin Level (EUPHRATES) randomized multicenter trial examined 450 patients with septic shock and high endotoxin activity levels. Survival was compared in patients treated with two 2 h PMH sessions within 24 h and those receiving conventional care; no differences were observed in 28-day mortality between the study groups [72]. A post-hoc analysis of the EUPHRATES data revealed a mortality benefit when patients with very high endotoxin activity levels (≥0.90) were excluded from the analyses (26.1% vs. 36.8%, p = 0.047). The researchers suspected that in the case of extremely high endotoxin levels, two 2 h PMH sessions were insufficient to achieve any significant endotoxin clearance and thus a survival benefit [73].



In a recent meta-analysis including 13 trials and 1163 patients, PMH was associated with a lower mortality at the longest follow-up available compared to standard treatment. However, the analysis was limited by its very high heterogeneity. No differences were observed in 30-day mortality. The low-risk of bias studies (three trials, 745 patients) observed no differences in mortality [74]. The ongoing Safety and Efficacy of Polymyxin B Hemoperfusion for Endotoxemic Septic Shock in a Randomized, Open-Label Study (TIGRIS) (ClinicalTrials.gov identifier: NCT03901807) is currently enrolling patients (target of 150 patients) with septic shock. The inclusion criteria include endotoxin activity levels of 0.60–0.89 to corroborate the results of the EUPHRATES trial post-hoc analysis on the survival benefit of PMH.




7.2. CytoSorb


CytoSorb® (CytoSorbents, Monmouth Junction, NJ, USA) is an extracorporeal blood purification device targeting the removal of cytokines in the low- to middle-molecular-weight range (10–55 kDa) using highly porous pyrrolidone-coated polystyrene-divinyl-benzene polymer beads. CytoSorb was awarded the CE marking in Europe in 2011 for the management of conditions associated with elevated cytokinemia, such as sepsis and septic shock. The high (>95%) removal rate of pro- and anti-inflammatory cytokines including IL-6, IL-10, TNF-α, and IFN-γ is based on surface adsorption, pore capture, and the large surface area of the CytoSorb cartridge. CytoSorb has been superior in efficacy when compared to the high cut-off filter EMiC2 and endotoxin removal cartridge polymyxin B but similar to that of the Oxiris cytokine filter [64,75]. When compared to the Oxiris filter and the Toraymyxin (polymyxin B) device, however, CytoSorb did not remove endotoxins and has been associated with mild plasma protein loss and thrombocytopenia [64,76]. CytoSorb has been demonstrated to be safe and to decrease vasopressor requirements and plasma cytokine levels or lactatemia in patients with sepsis or septic shock and normal kidney function as a stand-alone hemoadsorption therapy. Similar results have been demonstrated with CytoSorb as an adjunctive blood purification therapy in septic patients receiving dialysis and/or extracorporeal membrane oxygenation (ECMO) [77,78,79]. However, one prospective study examining 45 patients with sepsis or septic shock and one large retrospective study on 100 patients with septic shock failed to demonstrate a reduction in vasopressor dosing requirements, although there was a decrease in serum lactate levels after CytoSorb therapy. Both studies detected a decrease in SOFA and APACHE-II scores after CytoSorb therapy in the survivor groups and observed that mortality was lower than predicted by the APACHE-II score [80,81]. In another study by Schittek et al., 43 patients with septic shock and CRRT-treated AKI were prospectively enrolled to receive CytoSorb adjunction therapy and compared with a historical cohort of 33 patients. No difference was observed in survival between the groups [82].



Patient outcomes were also assessed by Brouwer et al. in two consecutive studies on a propensity-score-weighted retrospective cohort of 116 patients with septic shock and CRRT-dependent AKI. A total of 67 patients received CytoSorb therapy with the other 49 patients receiving CRRT and standard care. At baseline, the CytoSorb group had higher serum lactate levels and vasopressor dosing compared to the control group and the groups were weighted with stabilized inverse probability of treatment weights (sIPTW). In the sIPTW analysis, the patients who received CytoSorb had better 28-day and one-year survival compared to the CRRT group in the first and second study, respectively [83,84]. Similarly, Rugg et al. demonstrated a survival benefit associated with CytoSorb therapy in another retrospective cohort study exploring propensity-score-matched patients (42 receiving CytoSorb vs. 42 controls) with septic shock and CRRT-treated septic AKI [85]. The largest study on septic shock patients and CytoSorb hemoadsorption to date was published in 2021 by Kogelmann et al. These authors evaluated the accuracy of a new dynamic scoring system in predicting mortality in this population as well as guiding the timing of CytoSorb therapy initiation. Altogether, 502 patients were recruited in this retrospective study, with 198 receiving CytoSorb along with CRRT. Out of the 304 patients receiving standard therapy, only 69 patients required CRRT. Although a direct comparison between CytoSorb-treated patients and controls was not reported, improved survival was observed in the CytoSorb group in patients who initiated CytoSorb hemoadsorption earlier (≤12 h vs. >24 h, p = 0.037). However, CytoSorb therapy was not associated with 56-day survival (p = 0.095) in a multivariable analysis of a subset of patients who received CytoSorb or CRRT and standard care [86]. Finally, CytoSorb therapy was not associated with improved survival in a recent meta-analysis assessing the effect of different extracorporeal blood purification techniques on mortality in patients with sepsis [87]. A clinical trial assessing the efficacy of CytoSorb hemoadsorption compared to standard medical therapy in terms of shock reversal in patients with early refractory septic shock is ongoing (ClinicalTrials.gov identifier: NCT04742764).




7.3. HA380


HA380 (Jafron Biomedical Co., Ltd., Zhuhai, China) is a CE-labeled hemoadsorption cartridge developed to treat patients with septic shock. It contains hemocompatible, porous polymeric beads that adsorb cytokines and mid-molecular-weight toxins onto the surface of the beads. The range of molecule sizes adsorbed by the HA380 lies in a range between 10–60 kDa [88]. It has been reported that HA380 can adsorb several cytokines including IL-1, IL-6, IL-8, IL-10, and TNF-α [89] in addition to complements, free hemoglobin, and other molecules over a wide range of molecular weight [88]. A clinical trial examining the use of the HA380 hemoadsorption in tandem with CVVHDF using the Oxiris membrane compared to mere Oxiris CVVHDF (ClinicalTrials.gov identifier: NCT04997421) and a large observational study examining the effects of HA380 on cytokine levels (ClinicalTrials.gov identifier: NCT04306419) are ongoing.





8. Plasma Exchange in the Treatment of Septic AKI


8.1. Plasma Exchange


Plasmapheresis or plasma exchange (PE) is an extracorporeal therapy in which the patient’s plasma is removed and exchanged for fresh frozen plasma and/or albumin and crystalloid solution. During the course of PE, potentially injurious autoantibodies and cytokines are removed and the patient receives regular donor plasma without the excess molecules, thus ameliorating the targeted inflammatory condition. The application of PE in patients with sepsis has been studied previously with the hypothesis that the removal of detrimental cytokines should reduce the adverse immune response to infection. However, the results on patient outcomes have been inconclusive and research focus in blood purification techniques in septic patients has shifted more towards newer technologies, such as special dialysis filters and hemoadsorption devices.



Prior studies have shown that PE is relatively safe and can restore hemodynamic stability, fluid balance and organ dysfunction in patients with septic shock, but no evidence for improved patient survival has emerged [90,91]. Only one randomized controlled trial on the efficacy of PE in adult patients with sepsis or septic shock has been performed by Busund et al., demonstrating a lower 28-day all-cause mortality in the PE arm [92]. However, a meta-analysis assessing the effect of PE on survival in patients with sepsis or septic shock detected an unclear-to-high risk of bias, and criticized the low sample sizes in these studies (including the study of Busund et al.). Furthermore, it was reported that PE was not associated with any survival benefit [93]. Recently, a case report on the use of a new technique, i.e., continuous PE in combination with dialysis in the management of sepsis, was published; this may represent a new approach for investigating the feasibility of PE in the treatment of sepsis [94]. Nonetheless, the latest update of the Surviving Sepsis Campaign: International Guidelines for Management of Sepsis and Septic Shock: 2016 does not recommend the use of PE in the management of sepsis due to insufficient evidence [95].




8.2. Coupled Plasma Filtration and Adsorption


Coupled plasma filtration and adsorption (CPFA) is a two-stage blood purification technique that was developed for the management of sepsis in the late 1990s. The CPFA circuit consists of a plasma filter and a CRRT dialysis hemofilter connected in series. The plasma filter diverts the plasma of the patient through a hydrophobic styrenic polymer resin adsorbent cartridge with a high affinity for inflammatory mediators (such as IL-1β, TNF-α, IL-6, IL-8, C3a desArg, and IL-10) and endotoxins. Then, the filtered plasma is returned to the patient through a dialysis hemofilter for further solute and fluid removal [96]. Circuit anticoagulation can be performed with either regular heparin-based anticoagulants or regional citrate anticoagulation, as septic patients with AKI are at an increased risk of bleeding similarly to patients with concomitant traumatic or burn injuries [97,98].



In a pilot study conducted by Ronco et al. in 2002, CPFA was demonstrated to improve hemodynamics, decrease vasopressor requirement and TNF-α levels in a small sample of patients with septic shock as compared to CVVHDF [99]. Formica et al. reported similar findings in a similarly sized prospective study on septic shock patients with or without septic AKI [100]. Furthermore, favorable effects on patient hemodynamics and inflammatory mediator levels were observed in a more recent prospective study comparing CFPA with high-volume hemofiltration in fourteen patients with septic shock and multiple organ dysfunction syndrome [101]. However, in an earlier experimental study on pigs with peritonitis-induced septic shock treated with CPFA, no improvement in hemodynamic or biochemical measures was observed as compared to supportive therapy [102].



There is very little clinical outcome data about the pros or cons of CPFA in patients with sepsis. The COMPACT trial randomized 192 patients with septic shock to receive CPFA vs. no CPFA with standard therapy. No benefit was observed in terms of mortality or other clinical outcomes. However, a subgroup analysis showed a survival benefit in patients treated with a higher CPFA dose [103]. A subsequent study designated as COMPACT 2 which was intended to explore the effects of higher-dose CPFA in patients with septic shock had to be prematurely terminated due to increased mortality in the CPFA arm observed in the predetermined interim analysis. The subsequent events led to the early discontinuation of another similarly designed randomized study, the ROMPA trial, before target sample size was achieved leading to inconclusive results [104]. Thus, a meta-analysis on the effects of CPFA on patients with severe sepsis including 17 eligible studies concluded that further evidence is required before one can draw definite conclusions. However, fewer deaths were observed in patients who received CPFA compared to other treatments [105].



More recently, CPFA was explored in severe burn patients with septic shock and AKI in a retrospective cohort study. The study demonstrated a survival benefit compared to RRT alone, although more data in this set-up will be needed [106]. Furthermore, the concept of combining CPFA with another blood purification technique was adopted in a small cohort of postoperative patients with severe sepsis. The patients in the intervention arm received CPFA in combination with polymyxin B hemoadsorption in a single circuit. The researchers observed an amelioration in hemodynamics and a decrease in inflammatory marker activity without any severe adverse effects in patients who received CPFA in combination with PMH [107].





9. Conclusions


Sepsis and septic shock remain common conditions and, especially with concomitant septic AKI, are associated with substantial morbidity and mortality despite modern critical care and the recently introduced blood purification techniques. Several advanced RRT filters and hemoadsorption devices have been demonstrated to provide effective clearance of proinflammatory cytokines and/or endotoxins in patients with sepsis or septic shock. However, definitive data that these blood purification techniques confer any survival benefit remain elusive. Thus, the latest Surviving Sepsis Campaign: International Guidelines for Management of Sepsis and Septic Shock issued in 2016 do not provide any recommendations on the use of blood purification techniques in patients with sepsis. Currently the indications for RRT initiation in septic AKI do not differ from AKI caused by other etiologies. The use of special adsorptive techniques may be considered for adjunctive therapy on a case by case basis. The lack of convincing outcome data is actually not surprising, as in recent years several randomized controlled trials evaluating a variety of interventions in critically ill patients with or without sepsis have failed to detect any survival benefit. This highlights the difficulty in assessing the effects of interventions in large cohorts of patients with different backgrounds, i.e., the interventions may be beneficial in some and hazardous in others, leading to an inconclusive overall effect. Nevertheless, several of the ongoing trials on different blood purification filters and hemoadsorption devices are likely to shed further light on optimal patient and technique selection to achieve better outcomes in the management of sepsis and septic shock.







Author Contributions


T.H., P.U. and M.J.J. drafted, revised, and approved the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We would like to thank Ewen MacDonald for linguistic consultation.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Singer, M.; Deutschman, C.S.; Seymour, C.C.; Shankar-Hari, M.; Annane, D.; Bauer, M.; Bellomo, R.; Bernard, G.R.; Chiche, J.-D.; Coopersmith, C.C.M.; et al. The third international consensus definitions for sepsis and septic shock (sepsis-3). JAMA 2016, 315, 801–810. [Google Scholar] [CrossRef] [PubMed]

	



Vincent, J.-L.; Moreno, R.; Takala, J.; Willatts, S.; de Mendonça, A.; Bruining, H.; Reinhart, C.K.; Suter, P.M.; Thijs, L.G. The SOFA (sepsis-related organ failure assessment) score to describe organ dysfunction/failure. Intensive Care Med. 1996, 22, 707–710. [Google Scholar] [CrossRef] [PubMed]

	



Rudd, K.E.; Johnson, S.C.; Agesa, K.M.; Shackelford, K.A.; Tsoi, D.; Kievlan, D.R.; Colombara, D.V.; Ikuta, K.S.; Kissoon, N.; Finfer, S.; et al. Global, regional, and national sepsis incidence and mortality, 1990–2017: Analysis for the global burden of disease study. Lancet 2020, 395, 200–211. [Google Scholar] [CrossRef]

	



Shankar-Hari, M.; Harrison, D.; Rubenfeld, G.; Rowan, K. Epidemiology of sepsis and septic shock in critical care units: Comparison between sepsis-2 and sepsis-3 populations using a national critical care database. Br. J. Anaesth. 2017, 119, 626–636. [Google Scholar] [CrossRef] [PubMed]

	



Rhee, C.; Dantes, R.; Epstein, L.; Murphy, D.J.; Seymour, C.W.; Iwashyna, T.J.; Kadri, S.S.; Angus, D.C.; Danner, R.L.; Fiore, A.E.; et al. Incidence and trends of sepsis in US hospitals using clinical vs claims data, 2009–2014. JAMA 2017, 318, 1241–1249. [Google Scholar] [CrossRef] [PubMed]

	



Laupland, K.B.; Zygun, D.A.; Doig, C.J.; Bagshaw, S.M.; Svenson, L.; Fick, G.H. One-year mortality of bloodstream infection-associated sepsis and septic shock among patients presenting to a regional critical care system. Intensive Care Med. 2005, 31, 213–219. [Google Scholar] [CrossRef]

	



Martin, G.S.; Mannino, D.; Eaton, S.; Moss, M. The epidemiology of sepsis in the United States from 1979 through 2000. N. Engl. J. Med. 2003, 348, 1546–1554. [Google Scholar] [CrossRef]

	



Vincent, J.-L.; Sakr, Y.; Sprung, C.L.; Ranieri, V.M.; Reinhart, K.; Gerlach, H.; Moreno, R.; Carlet, J.; Le Gall, J.-R.; Payen, D. Sepsis in European intensive care units: Results of the SOAP study. Crit. Care Med. 2006, 34, 344–353. [Google Scholar] [CrossRef]

	



Vincent, J.-L.; Jones, G.; David, S.; Olariu, E.; Cadwell, K.K. Frequency and mortality of septic shock in Europe and North America: A systematic review and meta-analysis. Crit. Care 2019, 23, 1–11. [Google Scholar] [CrossRef]

	



Fajgenbaum, D.C.; June, C.H. Cytokine storm. N. Engl. J. Med. 2020, 383, 2255–2273. [Google Scholar] [CrossRef]

	



Callard, R.; George, A.; Stark, J. Cytokines, chaos, and complexity. Immunity 1999, 11, 507–513. [Google Scholar] [CrossRef]

	



Zhang, J.-M.; An, J. Cytokines, inflammation, and pain. Int. Anesthesiol. Clin. 2007, 45, 27–37. [Google Scholar] [CrossRef]

	



Blackwell, T.S.; Christman, J.W. Sepsis and cytokines: Current status. Br. J. Anaesth. 1996, 77, 110–117. [Google Scholar] [CrossRef] [PubMed]

	



Opal, S.M.; DePalo, V.A. Anti-inflammatory cytokines. Chest 2000, 117, 1162–1172. [Google Scholar] [CrossRef] [PubMed]

	



Le, Y.; Zhou, Y.; Iribarren, P.; Wang, J. Chemokines and chemokine receptors: Their manifold roles in homeostasis and disease. Cell. Mol. Immunol. 2004, 1, 95–104. [Google Scholar] [PubMed]

	



McNab, F.; Mayer-Barber, K.; Sher, A.; Wack, A.; O’Garra, A. Type I interferons in infectious disease. Nat. Rev. Immunol. 2015, 15, 87–103. [Google Scholar] [CrossRef] [PubMed]

	



Van Horssen, R.; Ten Hagen, T.L.; Eggermont, A.M. TNF-α in cancer treatment: Molecular insights, antitumor effects, and clinical utility. Oncologist 2006, 11, 397–408. [Google Scholar] [CrossRef] [PubMed]

	



Vadhan-Raj, S.; Nathan, C.F.; Sherwin, S.A.; Oettgen, H.F.; Krown, S.E. Phase I trial of recombinant interferon gamma by 1-hour i.v. infusion. Cancer Treat Rep. 1986, 70, 609–614. [Google Scholar] [PubMed]

	



Locatelli, F.; Jordan, M.B.; Allen, C.; Cesaro, S.; Rizzari, C.; Rao, A.; Degar, B.; Garrington, T.P.; Sevilla, J.; Putti, M.-C.; et al. Emapalumab in children with primary hemophagocytic lymphohistiocytosis. N. Engl. J. Med. 2020, 382, 1811–1822. [Google Scholar] [CrossRef] [PubMed]

	



Chousterman, B.G.; Swirski, F.; Weber, G.F. Cytokine storm and sepsis disease pathogenesis. Semin. Immunopathol. 2017, 39, 517–528. [Google Scholar] [CrossRef] [PubMed]

	



Arkader, R.; Troster, E.J.; Lopes, M.R.; Junior, R.R.; Carcillo, J.A.; Leone, C.; Okay, T.S. Procalcitonin does discriminate between sepsis and systemic inflammatory response syndrome. Arch. Dis. Child. 2005, 91, 117–120. [Google Scholar] [CrossRef] [PubMed]

	



Lee, D.W.; Gardner, R.A.; Porter, D.L.; Louis, C.U.; Ahmed, N.; Jensen, M.C.; Grupp, S.A.; Mackall, C.L. Current concepts in the diagnosis and management of cytokine release syndrome. Blood 2014, 124, 188–195. [Google Scholar] [CrossRef] [PubMed]

	



Tang, Y.; Liu, J.; Zhang, D.; Xu, Z.; Ji, J.; Wen, C. Cytokine storm in COVID-19: The current evidence and treatment strategies. Front. Immunol. 2020, 11, 1708. [Google Scholar] [CrossRef] [PubMed]

	



Stegmayr, B.; Abdel-Rahman, E.M.; Balogun, R.A. Septic shock with multiorgan failure: From conventional apheresis to adsorption therapies. Semin. Dial. 2012, 25, 171–175. [Google Scholar] [CrossRef] [PubMed]

	



Honore, P.M.; Hoste, E.; Molnár, Z.; Jacobs, R.; Joannes-Boyau, O.; Malbrain, M.L.; Forni, L.G. Cytokine removal in human septic shock: Where are we and where are we going? Ann. Intensive Care 2019, 9, 1–13. [Google Scholar] [CrossRef]

	



KDIGO Clinical Practice Guideline for Acute Kidney Injury. Summary of recommendation statements. Kidney Int. Suppl. 2012, 2, 8–12. [Google Scholar] [CrossRef]

	



Bagshaw, S.M.; George, C.; Bellomo, R. Early acute kidney injury and sepsis: A multicentre evaluation. Crit. Care 2008, 12, R47. [Google Scholar] [CrossRef]

	



Oppert, M.; Engel, C.; Brunkhorst, F.M.; Bogatsch, H.; Reinhart, K.; Frei, U.; Eckardt, K.-U.; Loeffler, M.; John, S.; German Competence Network Sepsis (Sepnet). Acute renal failure in patients with severe sepsis and septic shock—A significant independent risk factor for mortality: Results from the German Prevalence Study. Nephrol. Dial. Transplant. 2007, 23, 904–909. [Google Scholar] [CrossRef]

	



Bagshaw, S.M.; Lapinsky, S.; Dial, S.; Arabi, Y.; Dodek, P.; Wood, G.; Ellis, P.; Guzman, J.; Marshall, J.; Parrillo, J.E.; et al. Acute kidney injury in septic shock: Clinical outcomes and impact of duration of hypotension prior to initiation of antimicrobial therapy. Intensive Care Med. 2009, 35, 871–881. [Google Scholar] [CrossRef]

	



Bagshaw, S.M.; Uchino, S.; Bellomo, R.; Morimatsu, H.; Morgera, S.; Schetz, M.; Tan, I.; Bouman, C.; Macedo, E.; Gibney, N.; et al. Septic acute kidney injury in critically ill patients: Clinical characteristics and outcomes. Clin. J. Am. Soc. Nephrol. 2007, 2, 431–439. [Google Scholar] [CrossRef]

	



Liu, J.; Xie, H.; Ye, Z.; Li, F.; Wang, L. Rates, predictors, and mortality of sepsis-associated acute kidney injury: A systematic review and meta-analysis. BMC Nephrol. 2020, 21, 318. [Google Scholar] [CrossRef] [PubMed]

	



Peters, E.; Antonelli, M.; Wittebole, X.; Nanchal, R.; François, B.; Sakr, Y.; Vincent, J.-L.; Pickkers, P. A worldwide multicentre evaluation of the influence of deterioration or improvement of acute kidney injury on clinical outcome in critically ill patients with and without sepsis at ICU admission: Results from the intensive care over nations audit. Crit. Care 2018, 22, 1–11. [Google Scholar] [CrossRef]

	



Legrand, M.; Darmon, M.; Joannidis, M.; Payen, D. Management of renal replacement therapy in ICU patients: An international survey. Intensive Care Med. 2013, 39, 101–108. [Google Scholar] [CrossRef] [PubMed]

	



Pérez-Fernández, X.; Sabater-Riera, J.; Sileanu, F.; Vázquez-Reverón, J.; Ballús-Noguera, J.; Cárdenas-Campos, P.; Betbesé, A.; Kellum, J.A. Clinical variables associated with poor outcome from sepsis-associated acute kidney injury and the relationship with timing of initiation of renal replacement therapy. J. Crit. Care 2017, 40, 154–160. [Google Scholar] [CrossRef] [PubMed]

	



Järvisalo, M.J.; Hellman, T.; Uusalo, P. Mortality and associated risk factors in patients with blood culture positive sepsis and acute kidney injury requiring continuous renal replacement therapy—A retrospective study. PLoS ONE 2021, 16, e0249561. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.C.; Hu, B.; Frank, R.D.; Kashani, K.B. Inpatient kidney function recovery among septic shock patients who initiated kidney replacement therapy in the hospital. Nephron 2020, 144, 363–371. [Google Scholar] [CrossRef] [PubMed]

	



Fiorentino, M.; Tohme, F.A.; Wang, S.; Murugan, R.; Angus, D.C.; Kellum, J.A. Long-term survival in patients with septic acute kidney injury is strongly influenced by renal recovery. PLoS ONE 2018, 13, e0198269. [Google Scholar] [CrossRef] [PubMed]

	



Langenberg, C.; Bellomo, R.; May, C.; Wan, L.; Egi, M.; Morgera, S. Renal blood flow in sepsis. Crit. Care 2005, 9, R363–R374. [Google Scholar] [CrossRef]

	



Prowle, J.R.; Molan, M.P.; Hornsey, E.; Bellomo, R. Measurement of renal blood flow by phase-contrast magnetic resonance imaging during septic acute kidney injury. Crit. Care Med. 2012, 40, 1768–1776. [Google Scholar] [CrossRef]

	



Lerolle, N.; Guérot, E.; Faisy, C.; Bornstain, C.; Diehl, J.-L.; Fagon, J.-Y. Renal failure in septic shock: Predictive value of doppler-based renal arterial resistive index. Intensive Care Med. 2006, 32, 1553–1559. [Google Scholar] [CrossRef]

	



Legrand, M.; Bezemer, R.; Kandil, A.; Demirci, C.; Payen, D.; Ince, C. The role of renal hypoperfusion in development of renal microcirculatory dysfunction in endotoxemic rats. Intensive Care Med. 2011, 37, 1534–1542. [Google Scholar] [CrossRef] [PubMed]

	



Lerolle, N.; Nochy, D.; Guérot, E.; Bruneval, P.; Fagon, J.-Y.; Diehl, J.-L.; Hill, G. Histopathology of septic shock induced acute kidney injury: Apoptosis and leukocytic infiltration. Intensive Care Med. 2010, 36, 471–478. [Google Scholar] [CrossRef]

	



Nash, D.M.; Przech, S.; Wald, R.; O’Reilly, D. Systematic review and meta-analysis of renal replacement therapy modalities for acute kidney injury in the intensive care unit. J. Crit. Care 2017, 41, 138–144. [Google Scholar] [CrossRef] [PubMed]

	



Bonnassieux, M.; Duclos, A.; Schneider, A.G.; Schmidt, A.; Bénard, S.; Cancalon, C.; Joannes-Boyau, O.; Ichai, C.; Constantin, J.-M.; Lefrant, J.-Y.; et al. Renal replacement therapy modality in the ICU and renal recovery at hospital discharge. Crit. Care Med. 2018, 46, e102–e110. [Google Scholar] [CrossRef] [PubMed]

	



Bellomo, R.; Cass, A.; Norton, R.; Gallagher, M.; Su, S.; Cole, L.; Finfer, S.; McArthur, C.; McGuinness, S.; Myburgh, J.; et al. Intensity of continuous renal-replacement therapy in critically ill patients. N. Engl. J. Med. 2009, 361, 1627–1638. [Google Scholar] [CrossRef] [PubMed]

	



Joannes-Boyau, O.; Honoré, P.M.; Perez, P.; Bagshaw, S.M.; Grand, H.; Canivet, J.-L.; Dewitte, A.; Flamens, C.; Pujol, W.; Grandoulier, A.-S.; et al. High-volume versus standard-volume haemofiltration for septic shock patients with acute kidney injury (IVOIRE study): A multicentre randomized controlled trial. Intensive Care Med. 2013, 39, 1535–1546. [Google Scholar] [CrossRef]

	



Park, J.T.; Lee, H.; Kee, Y.K.; Park, S.; Oh, H.J.; Han, S.H.; Joo, K.W.; Lim, C.-S.; Kim, Y.S.; Kang, S.-W.; et al. High-dose versus conventional-dose continuous venovenous hemodiafiltration and patient and kidney survival and cytokine removal in sepsis-associated acute kidney injury: A randomized controlled trial. Am. J. Kidney Dis. 2016, 68, 599–608. [Google Scholar] [CrossRef]

	



Fayad, A.I.; Buamscha, D.G.; Ciapponi, A. Intensity of continuous renal replacement therapy for acute kidney injury. Cochrane Database Syst. Rev. 2016, 10, CD010613. [Google Scholar] [CrossRef]

	



Zarbock, A.; Kellum, J.A.; Schmidt, C.; van Aken, H.; Wempe, C.; Pavenstädt, H.; Boanta, A.; Gerß, J.; Meersch, M. Effect of early vs delayed initiation of renal replacement therapy on mortality in critically ill patients with acute kidney injury. JAMA 2016, 315, 2190–2199. [Google Scholar] [CrossRef]

	



Gaudry, S.; Hajage, D.; Schortgen, F.; Martin-Lefevre, L.; Pons, B.; Boulet, E.; Boyer, A.; Chevrel, G.; Lerolle, N.; Carpentier, D.; et al. Initiation strategies for renal-replacement therapy in the intensive care unit. N. Engl. J. Med. 2016, 375, 122–133. [Google Scholar] [CrossRef]

	



Barbar, S.D.; Clere-Jehl, R.; Bourredjem, A.; Hernu, R.; Montini, F.; Bruyère, R.; Lebert, C.; Bohé, J.; Badie, J.; Eraldi, J.-P.; et al. Timing of renal-replacement therapy in patients with acute kidney injury and sepsis. N. Engl. J. Med. 2018, 379, 1431–1442. [Google Scholar] [CrossRef] [PubMed]

	



The STARRT-AKI Investigators for the Canadian Critical Care Trials Group; The Australian and New Zealand Intensive Care Society Clinical Trials Group; The United Kingdom Critical Care Research Group; The Canadian Nephrology Trials Network; The Irish Critical Care Trials Group. Timing of initiation of renal-replacement therapy in acute kidney injury. N. Engl. J. Med. 2020, 383, 240–251. [Google Scholar] [CrossRef] [PubMed]

	



Neri, M.; Villa, G.; Garzotto, F.; Bagshaw, S.; Bellomo, R.; Cerda, J.; Ferrari, F.; Guggia, S.; Joannidis, M.; Kellum, J.; et al. Nomenclature for renal replacement therapy in acute kidney injury: Basic principles. Crit. Care 2016, 20, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Morgera, S.; Rocktäschel, J.; Haase, M.; Lehmann, C.; von Heymann, C.; Ziemer, S.; Priem, F.; Hocher, B.; Göhl, H.; Kox, W.J.; et al. Intermittent high permeability hemofiltration in septic patients with acute renal failure. Intensive Care Med. 2003, 29, 1989–1995. [Google Scholar] [CrossRef] [PubMed]

	



Morgera, S.; Slowinski, T.; Melzer, C.; Sobottke, V.; Vargas-Hein, O.; Volk, T.; Zuckermann-Becker, H.; Wegner, B.; Müller, J.M.; Baumann, G.; et al. Renal replacement therapy with high-cutoff hemofilters: Impact of convection and diffusion on cytokine clearances and protein status. Am. J. Kidney Dis. 2004, 43, 444–453. [Google Scholar] [CrossRef] [PubMed]

	



Morgera, S.; Haase, M.; Kuss, T.; Vargas-Hein, O.; Zuckermann-Becker, H.; Melzer, C.; Krieg, H.; Wegner, B.; Bellomo, R.; Neumayer, H.-H. Pilot study on the effects of high cutoff hemofiltration on the need for norepinephrine in septic patients with acute renal failure. Crit. Care Med. 2006, 34, 2099–2104. [Google Scholar] [CrossRef]

	



Chelazzi, C.; Villa, G.; D’Alfonso, M.G.; Mancinelli, P.; Consales, G.; Berardi, M.; de Gaudio, A.R.; Romagnoli, S. Hemodialysis with high cut-off hemodialyzers in patients with multi-drug resistant gram-negative sepsis and acute kidney injury: A retrospective, case-control study. Blood Purif. 2016, 42, 186–193. [Google Scholar] [CrossRef]

	



Atan, R.; Peck, L.; Prowle, J.; Licari, E.; Eastwood, G.M.; Storr, M.; Goehl, H.; Bellomo, R. A double-blind randomized controlled trial of high cutoff versus standard hemofiltration in critically ill patients with acute kidney injury. Crit. Care Med. 2018, 46, e988–e994. [Google Scholar] [CrossRef]

	



Atari, R.; Peck, L.; Visvanathan, K.; Skinner, N.; Eastwood, G.; Bellomo, R.; Storr, M.; Goehl, H. High Cut-off hemofiltration versus standard hemofiltration: Effect on plasma cytokines. Int. J. Artif. Organs 2016, 39, 479–486. [Google Scholar] [CrossRef]

	



Honoré, P.; Jacobs, R.; Boer, W.; Joannes-Boyau, O.; de Regt, J.; de Waele, E.; van Gorp, V.; Collin, V.; Spapen, H. New insights regarding rationale, therapeutic target and dose of hemofiltration and hybrid therapies in septic acute kidney injury. Blood Purif. 2012, 33, 44–51. [Google Scholar] [CrossRef]

	



Eichhorn, T.; Hartmann, J.; Harm, S.; Linsberger, I.; König, F.; Valicek, G.; Miestinger, G.; Hörmann, C.; Weber, V. Clearance of selected plasma cytokines with continuous veno-venous hemodialysis using ultraflux EMiC2 versus ultraflux AV1000S. Blood Purif. 2017, 44, 260–266. [Google Scholar] [CrossRef]

	



Balgobin, S.; Morena, M.; Brunot, V.; Besnard, N.; Daubin, D.; Platon, L.; Larcher, R.; Amigues, L.; Landreau, L.; Bargnoux, A.-S.; et al. Continuous veno-venous high cut-off hemodialysis compared to continuous veno-venous hemodiafiltration in intensive care unit acute kidney injury patients. Blood Purif. 2018, 46, 248–256. [Google Scholar] [CrossRef] [PubMed]

	



Lumlertgul, N.; Hall, A.; Camporota, L.; Crichton, S.; Ostermann, M. Clearance of inflammatory cytokines in patients with septic acute kidney injury during renal replacement therapy using the EMiC2 filter (Clic-AKI study). Crit. Care 2021, 25, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Malard, B.; Lambert, C.; Kellum, J.A. In vitro comparison of the adsorption of inflammatory mediators by blood purification devices. Intensive Care Med. Exp. 2018, 6, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Broman, M.E.; Hansson, F.; Vincent, J.-L.; Bodelsson, M. Endotoxin and cytokine reducing properties of the oXiris membrane in patients with septic shock: A randomized crossover double-blind study. PLoS ONE 2019, 14, e0220444. [Google Scholar] [CrossRef] [PubMed]

	



Shum, H.; Chan, K.; Kwan, M.; Yan, W. Application of endotoxin and cytokine adsorption haemofilter in septic acute kidney injury due to gram-negative bacterial infection. Hong Kong Med. J. 2013, 19, 491–497. [Google Scholar] [CrossRef]

	



Turani, F.; Barchetta, R.; Falco, M.; Busatti, S.; Weltert, L. Continuous renal replacement therapy with the adsorbing filter oXiris in septic patients: A case series. Blood Purif. 2019, 47, 54–58. [Google Scholar] [CrossRef] [PubMed]

	



Schwindenhammer, V.; Girardot, T.; Chaulier, K.; Grégoire, A.; Monard, C.; Huriaux, L.; Illinger, J.; Leray, V.; Uberti, T.; Crozon-Clauzel, J.; et al. oXiris® use in septic shock: Experience of two French centres. Blood Purif. 2019, 47, 29–35. [Google Scholar] [CrossRef]

	



Shoji, H.; Opal, S. Therapeutic rationale for endotoxin removal with polymyxin B immobilized fiber column (PMX) for septic shock. Int. J. Mol. Sci. 2021, 22, 2228. [Google Scholar] [CrossRef]

	



Cruz, D.N.; Antonelli, M.; Fumagalli, R.; Foltran, F.; Brienza, N.; Donati, A.; Malcangi, V.; Petrini, F.; Volta, G.; Pallavicini, F.M.B.; et al. Early use of polymyxin B hemoperfusion in abdominal septic shock. JAMA 2009, 301, 2445–2452. [Google Scholar] [CrossRef]

	



Payen, D.M.; Guilhot, J.; Launey, Y.; Lukaszewicz, A.C.; Kaaki, M.; Veber, B.; Pottecher, J.; Joannes-Boyau, O.; Martin-Lefevre, L.; Jabaudon, M.; et al. Early use of polymyxin B hemoperfusion in patients with septic shock due to peritonitis: A multicenter randomized control trial. Intensive Care Med. 2015, 41, 975–984. [Google Scholar] [CrossRef] [PubMed]

	



Dellinger, R.P.; Bagshaw, S.M.; Antonelli, M.; Foster, D.M.; Klein, D.J.; Marshall, J.C.; Palevsky, P.M.; Weisberg, L.S.; Schorr, C.; Trzeciak, S.; et al. Effect of targeted polymyxin B hemoperfusion on 28-day mortality in patients with septic shock and elevated endotoxin level. JAMA 2018, 320, 1455–1463. [Google Scholar] [CrossRef] [PubMed]

	



Klein, D.J.; Foster, D.; Walker, P.M.; Bagshaw, S.M.; Mekonnen, H.; Antonelli, M. Polymyxin B hemoperfusion in endotoxemic septic shock patients without extreme endotoxemia: A post hoc analysis of the EUPHRATES trial. Intensive Care Med. 2018, 44, 2205–2212. [Google Scholar] [CrossRef]

	



Putzu, A.; Schorer, R.; Lopez-Delgado, J.C.; Cassina, T.; Landoni, G. Blood purification and mortality in sepsis and septic shock. Anesthesiology 2019, 131, 580–593. [Google Scholar] [CrossRef] [PubMed]

	



Harm, S.; Schildböck, C.; Hartmann, J. Cytokine removal in extracorporeal blood purification: An in vitro study. Blood Purif. 2020, 49, 33–43. [Google Scholar] [CrossRef] [PubMed]

	



Schädler, D.; Pausch, C.; Heise, D.; Meier-Hellmann, A.; Brederlau, J.; Weiler, N.; Marx, G.; Putensen, C.; Spies, C.; Jörres, A.; et al. The effect of a novel extracorporeal cytokine hemoadsorption device on IL-6 elimination in septic patients: A randomized controlled trial. PLoS ONE 2017, 12, e0187015. [Google Scholar] [CrossRef]

	



Hawchar, F.; László, I.; Öveges, N.; Trásy, D.; Ondrik, Z.; Molnar, Z. Extracorporeal cytokine adsorption in septic shock: A proof of concept randomized, controlled pilot study. J. Crit. Care 2019, 49, 172–178. [Google Scholar] [CrossRef]

	



Kogelmann, K.; Jarczak, D.; Scheller, M.; Drüner, M. Hemoadsorption by CytoSorb in septic patients: A case series. Crit. Care 2017, 21, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Kogelmann, K.; Scheller, M.; Drüner, M.; Jarczak, D. Use of hemoadsorption in sepsis-associated ECMO-dependent severe ARDS: A case series. J. Intensive Care Soc. 2019, 21, 183–190. [Google Scholar] [CrossRef]

	



Paul, R.; Sathe, P.; Kumar, S.; Prasad, S.; Aleem, M.; Sakhalvalkar, P. Multicentered prospective investigator initiated study to evaluate the clinical outcomes with extracorporeal cytokine adsorption device (CytoSorb®) in patients with sepsis and septic shock. World J. Crit. Care Med. 2021, 10, 22–34. [Google Scholar] [CrossRef]

	



Mehta, Y.; Mehta, C.; Kumar, A.; George, J.; Gupta, A.; Nanda, S.; Kochhar, G.; Raizada, A. Experience with hemoadsorption (CytoSorb®) in the management of septic shock patients. World J. Crit. Care Med. 2020, 9, 1–12. [Google Scholar] [CrossRef] [PubMed]

	



Schittek, G.A.; Zoidl, P.; Eichinger, M.; Orlob, S.; Simonis, H.; Rief, M.; Metnitz, P.; Fellinger, T.; Soukup, J. Adsorption therapy in critically ill with septic shock and acute kidney injury: A retrospective and prospective cohort study. Ann. Intensive Care 2020, 10, 154. [Google Scholar] [CrossRef] [PubMed]

	



Brouwer, W.P.; Duran, S.; Kuijper, M.; Ince, C. Hemoadsorption with CytoSorb shows a decreased observed versus expected 28-day all-cause mortality in ICU patients with septic shock: A propensity-score-weighted retrospective study. Crit. Care 2019, 23, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Brouwer, W.P.; Duran, S.; Ince, C. Improved survival beyond 28 days up to 1 year after CytoSorb treatment for refractory septic shock: A propensity-weighted retrospective survival analysis. Blood Purif. 2020, 50, 1–7. [Google Scholar] [CrossRef]

	



Rugg, C.; Klose, R.; Hornung, R.; Innerhofer, N.; Bachler, M.; Schmid, S.; Fries, D.; Ströhle, M. Hemoadsorption with CytoSorb in septic shock reduces catecholamine requirements and in-hospital mortality: A single-center retrospective ‘genetic’ matched analysis. Biomedicines 2020, 8, 539. [Google Scholar] [CrossRef] [PubMed]

	



Kogelmann, K.; Hübner, T.; Schwameis, F.; Drüner, M.; Scheller, M.; Jarczak, D. First evaluation of a new dynamic scoring system intended to support prescription of adjuvant cytosorb hemoadsorption therapy in patients with septic shock. J. Clin. Med. 2021, 10, 2939. [Google Scholar] [CrossRef] [PubMed]

	



Snow, T.A.; Littlewood, S.; Corredor, C.; Singer, M.; Arulkumaran, N. Effect of extracorporeal blood purification on mortality in sepsis: A meta-analysis and trial sequential analysis. Blood Purif. 2020, 50, 1–11. [Google Scholar] [CrossRef]

	



Montin, D.P.; Ankawi, G.; Lorenzin, A.; Neri, M.; Caprara, C.; Ronco, C. Biocompatibility and cytotoxic evaluation of new sorbent cartridges for blood hemoperfusion. Blood Purif. 2018, 46, 187–195. [Google Scholar] [CrossRef]

	



He, Z.; Lu, H.; Jian, X.; Li, G.; Xiao, D.; Meng, Q.; Chen, J.; Zhou, C. The efficacy of resin hemoperfusion cartridge on inflammatory responses during adult cardiopulmonary bypass. Blood Purif. 2021, 9, 1–7. [Google Scholar] [CrossRef]

	



David, S.; Bode, C.; Putensen, C.; Welte, T.; Stahl, K.; Busch, M.; Haller, H.; Hoeper, M.M.; Lehmann, F.; Schmidt, J.J.; et al. Adjuvant therapeutic plasma exchange in septic shock. Intensive Care Med. 2021, 47, 352–354. [Google Scholar] [CrossRef]

	



Keith, P.D.; Wells, A.H.; Hodges, J.; Fast, S.H.; Adams, A.; Scott, L.K. The therapeutic efficacy of adjunct therapeutic plasma exchange for septic shock with multiple organ failure: A single-center experience. Crit. Care 2020, 24, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Busund, R.; Kuklin, V.; Utrobin, U.; Nedashkovsky, E. Plasmapheresis in severe sepsis and septic shock: A prospective, randomised, controlled trial. Intensive Care Med. 2002, 28, 1434–1439. [Google Scholar] [CrossRef]

	



Rimmer, E.; Houston, B.L.; Kumar, A.; Abou-Setta, A.M.; Friesen, C.; Marshall, J.C.; Rock, G.; Turgeon, A.F.; Cook, D.J.; Houston, D.S.; et al. The efficacy and safety of plasma exchange in patients with sepsis and septic shock: A systematic review and meta-analysis. Crit. Care 2014, 18, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Satoh, K.; Okuyama, M.; Irie, Y.; Kitamura, T.; Nakae, H. Continuous plasma exchange with dialysis for severe sepsis: Case series of a novel blood purification method. Cureus 2021, 13, e12495. [Google Scholar] [CrossRef]

	



Rhodes, A.A.; Evans, L.E.; Alhazzani, W.; Levy, M.M.; Antonelli, M.; Ferrer, R.; Kumar, A.; Sevransky, J.E.; Sprung, C.L.; Nunnally, M.E.; et al. Surviving sepsis campaign: International guidelines for management of sepsis and septic shock: 2016. Crit. Care Med. 2017, 43, 304–377. [Google Scholar] [CrossRef] [PubMed]

	



Tetta, C.; Cavaillon, J.M.; Schulze, M.; Ronco, C.; Ghezzi, P.M.; Camussi, G.; Serra, A.M.; Curti, F.; Lonnemann, G. Removal of cytokines and activated complement components in an experimental model of continuous plasma filtration coupled with sorbent adsorption. Nephrol. Dial. Transplant. 1998, 13, 1458–1464. [Google Scholar] [CrossRef]

	



Mariano, F.; Tetta, C.; Stella, M.; Biolino, P.; Miletto, A.; Triolo, G. Regional citrate anticoagulation in critically ill patients treated with plasma filtration and adsorption. Blood Purif. 2004, 22, 313–319. [Google Scholar] [CrossRef]

	



Mariano, F.; Morselli, M.; Hollo, Z.; Agostini, F.; Stella, M.; Biancone, L. Citrate pharmacokinetics at high levels of circuit citratemia during coupled plasma filtration adsorption. Nephrol. Dial. Transplant. 2015, 30, 1911–1919. [Google Scholar] [CrossRef] [PubMed]

	



Ronco, C.; Brendolan, A.; Lonnemann, G.; Bellomo, R.; Piccinni, P.; Digito, A.; Dan, M.; Irone, M.; La Greca, G.; Inguaggiato, P.; et al. A pilot study of coupled plasma filtration with adsorption in septic shock. Crit. Care Med. 2002, 30, 1250–1255. [Google Scholar] [CrossRef]

	



Formica, M.; Olivieri, C.; Livigni, S.; Cesano, G.; Vallero, A.; Maio, M.; Tetta, C. Hemodynamic response to coupled plasmafiltration-adsorption in human septic shock. Intensive Care Med. 2003, 29, 703–708. [Google Scholar] [CrossRef]

	



Hu, D.; Sun, S.; Zhu, B.; Mei, Z.; Wang, L.; Zhu, S.; Zhao, W. Effects of coupled plasma filtration adsorption on septic patients with multiple organ dysfunction syndrome. Ren. Fail. 2012, 34, 834–839. [Google Scholar] [CrossRef] [PubMed]

	



Sykora, R.; Chvojka, J.; Krouzecky, A.; Radej, J.; Kuncova, J.; Varnerova, V.; Karvunidis, T.; Novak, I.; Matejovic, M. Coupled plasma filtration adsorption in experimental peritonitis-induced septic shock. Shock 2009, 31, 473–480. [Google Scholar] [CrossRef] [PubMed]

	



Livigni, S.; Bertolini, G.; Rossi, C.; Ferrari, F.; Giardino, M.; Pozzato, M.; Remuzzi, G. Efficacy of coupled plasma filtration adsorption (CPFA) in patients with septic shock: A multicenter randomised controlled clinical trial. BMJ Open 2014, 4, e003536. [Google Scholar] [CrossRef] [PubMed]

	



Giménez-Esparza, C.; Portillo-Requena, C.; Colomina-Climent, F.; Allegue-Gallego, J.M.; Galindo-Martínez, M.; Mollà-Jiménez, C.; Antón-Pascual, J.L.; Mármol-Peis, E.; Dólera-Moreno, C.; Rodríguez-Serra, M.; et al. The premature closure of ROMPA clinical trial: Mortality reduction in septic shock by plasma adsorption. BMJ Open 2019, 9, e030139. [Google Scholar] [CrossRef]

	



Hazzard, I.; Jones, S.; Quinn, T. Coupled plasma haemofiltration filtration in severe sepsis: Systematic review and meta-analysis. J. R. Army Med. Corps 2015, 161, i17–i22. [Google Scholar] [CrossRef]

	



Mariano, F.; Hollo’, Z.; Depetris, N.; Malvasio, V.; Mella, A.; Bergamo, D.; Pensa, A.; Berardino, M.; Stella, M.; Biancone, L. Coupled-plasma filtration and adsorption for severe burn patients with septic shock and acute kidney injury treated with renal replacement therapy. Burns 2020, 46, 190–198. [Google Scholar] [CrossRef]

	



Yaroustovsky, M.; Abramyan, M.; Krotenko, N.; Popov, D.; Plyushch, M.; Rogalskaya, E. A pilot study of selective lipopolysaccharide adsorption and coupled plasma filtration and adsorption in adult patients with severe sepsis. Blood Purif. 2015, 39, 210–217. [Google Scholar] [CrossRef]








[image: Ijms 22 10238 g001 550] 





Figure 1. Mechanisms of a septic-shock-induced cytokine storm and associated complications. The presence of pathogenic microbes leads to the detection of pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) that both lead to dysregulated activation of various cells (especially macrophages, T-cells, neutrophils, and endothelial cells). This is followed by the release of proinflammatory and anti-inflammatory cytokines. The dysregulated host response can induce many clinical adverse effects, including systemic inflammatory response syndrome, multi-organ failure, activation of coagulation, or death. PAMP, pathogen-associated molecular pattern; DAMP, damage-associated molecular pattern; IL, interleukin; IFN, interferon; and TNF, tumor necrosis factor. 
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Figure 2. Current evidence on the clearance and adsorption of cytokines and endotoxins by different blood purification techniques. IL, interleukin; IFN, interferon; FGF, fibroblast growth factor; TNF, tumor necrosis factor; MCP, macrophage chemoattractive protein. 
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