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Abstract

:

Sepsis is triggered by infection-induced immune alteration and may be theoretically improved by pharmacological and extracorporeal immune modulating therapies. Pharmacological immune modulation may have long lasting clinical effects, that may even worsen patient-related outcomes. On the other hand, extracorporeal immune modulation allows short-term removal of inflammatory mediators from the bloodstream. Although such therapies have been widely used in clinical practice, the role of immune modulation in critically ill septic patients remains unclear and little evidence supports the role of immune modulation in this clinical context. Accordingly, further research should be carried out by an evidence-based and personalized approach in order to improve the management of critically ill septic patients.
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1. Introduction


Sepsis [1] represents an acute syndrome of major interest for intensive care physicians because of significant incidence and severe clinical outcomes [2]. Pathophysiology of sepsis originates from a non-physiological, non-protective, non-adaptive inflammatory response to microbiological threats [1]. Identification and control of the source of infection [2] as well as timely and appropriate antibiotic therapy [3] were shown as the most effective interventions that may improve sepsis-induced organ dysfunction. Accordingly, a pathophysiological approach to sepsis is strongly advocated. In the light of this view, immune modulation by pharmacological and extracorporeal blood purification therapies (EBPT) represents a complementary therapy for sepsis and many studies have been conducted with the aim to find a role for such an intervention in this field. In this paper, we clarified the rationale and the role of immune modulation in critically ill septic patients.




2. Immune Alteration in Sepsis


2.1. Pathophysiology of Immune Alteration in Sepsis


Sepsis is a life-threatening organ dysfunction, which is caused by dysregulated host response to infection [1]. Sepsis is an old disease [4] and seminal research hypothesized a causative link between the pathogenicity of specific microorganisms and the severity of this syndrome. However, recent research, most of which was based on molecular assessment of human inflammatory genes, has described the pivotal role of host response in the development of sepsis-associated organ dysfunction and consequent clinical outcomes [5,6]. Specifically, sepsis results from host-pathogen interactions that occur when microorganisms invade sterile organs of the body as well as when microbiota are altered by concurrent conditions (e.g., drug and diet) that shift symbiosis to dysbiosis [7,8]. In some patients, this process results in an exaggerated, uncontrolled, and self-sustaining systemic inflammatory response that causes metabolic derangements and organ dysfunction [6].



Immune response to pathogen invasion is initiated by the recognition of highly conserved pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs), which belong to microorganisms and injured tissues of the host, respectively. These molecules are recognized by specific receptors (e.g., Toll-like Receptors) that activate multiple intracellular pathways. Specifically, the activation of selective receptors induces the phosphorylation of mitogen-activated protein kinases (MAPKs), Janus kinases (JAKs), or signal transducers and activators of transcription (STATs) [9]. These molecular pathways induce the expression of specific genes, which codify for inflammatory (e.g., cytokines) and metabolic molecules (e.g., hormones) that orient host response to deal with microbial threats. Moreover, PAMPs e DAMPs trigger further cellular (e.g., neutrophil release of toxic agent) and non-cellular (e.g., complement activation) responses that magnify immune response to pathogen invasion [10]. Among PAMPs, lipopolysaccharide (LPS), a molecule of the outer membrane of the Gram negative bacteria, has been found to induce a dose-dependent activation of the inflammatory system [11]. Among DAMPs, nuclear and cytosolic factors as well as hyaluronan and heparan sulfate of the extracellular matrix are potent activators of the immune system response [12]. On the other hand, a growing body of evidence supports the role of microbiota as organs that may influence immune system response to infection and induce tolerance towards specific molecules (e.g., endotoxins) [13,14,15], which may have an impact on patient-related clinical outcomes.



The physiological inflammatory response to pathogen invasion of the body implies immune activation and immune suppression, while sepsis occurs when the balance between these pathways is lost [9]. Traditionally, immune activation was considered as the early stage of inflammation, which is triggered by innate pathways of response. Many cytokines have been identified as immune-activating molecules and include tumor necrosis factor-α (TNF-α), several interleukins (e.g., IL-1β, IL-2, IL-6, IL-8), and interferon-γ (IFN-γ). On the other hand, immune suppression was considered the late stage of inflammation, which was intended to extinguish immune activation when the pathogen threat is solved. This stage is mediated by the release of specific molecules like IL-10 and is pathologically exaggerated when chronic critical illness occurs [16].




2.2. Immune Alteration-Induced Organ Dysfunction in Sepsis


In the last few years, an increasing body of evidence has demonstrated that immune activation and immune suppression happen concurrently and cause organ dysfunction, and the severity of which may be evaluated by the Sequential Organ Failure Assessment (SOFA) score [17] (Table 1). The SOFA score has been demonstrated important to synthetize and report sepsis-associated organ dysfunction as well as to provide prognostication for this patient population [18]. Moreover, a simplified version of the SOFA score, namely the quick SOFA (qSOFA) [1], has been identified as an effective tool to identify patients with suspected infection outside the ICU, at risk of poor clinical outcomes. The qSOFA has such an important diagnostic implication when at least two of the following clinical criteria are present: respiratory rate of 22/minute or greater, altered mentation and systolic blood pressure of 100 mmHg or less [19].





3. Immune Modulation in Sepsis


3.1. Rationale of Immune Modulation in Sepsis


Immune alteration represents the main pathological pathway that causes and sustains sepsis. Accordingly, immune modulation has appeared as a promising adjuvant therapy in patients who suffer from such disease. Immune modulation may be carried out by specific interventions with the aim to mitigate both pro- and anti-inflammatory bursts, thus allowing for an appropriate and protective response to microbial threat. Immune modulation should be considered as a complementary therapy and should be used with the aim of limiting infection-induced inflammatory alteration by the time appropriate etiologic therapies (e.g., source infection control and antibiotics) are delivered to the patient [2].




3.2. Indirect Immune Modulation in Sepsis


In order to limit immune alteration caused by host response to infection, the microbiological threat must be identified and treated. Such an approach implies the identification of both source (organ or system) and agent (bacterium, virus, parasite or fungus) that cause infection. The source of infection must be determined by clinical assessment (e.g., symptoms) of the patient and possibly confirmed by radiological examination (e.g., Ultra-Sound Scan, chest X-Ray, or CT-scan) [2]. The identification of the source of infection may guide the decision to withdraw samples from specific organs (e.g., cerebrospinal fluid from the central nervous system) that will be tested to identify the agent responsible for infection. In this context, blood samples should always be withdrawn and sent for microbiological examination in order to identify systemic diffusion of the microorganism, which may be associated with the risk of delivering infection to other sites [2]. The identification of the microbiological threats offers the possibility to target antimicrobial therapy to the etiologic cause of infection and deliver an appropriate treatment [2]. Moreover, identifying the source offers the possibility to control the progression of infection at a local level by surgery (e.g., intestinal resection after organ perforation) or interventional radiology (e.g., drainage of an abscess) [2].




3.3. Direct Immune Modulation in Sepsis


3.3.1. Pharmacologic Immune Modulation in Sepsis


Many different drugs have been tested with the aim to provide immune modulation in patients with sepsis (Table 2).



The pathophysiological hypothesis beyond the administration of immune modulating drugs in patients with sepsis relies on the concept of smoothing both hyper- and hypo-inflammation via synthetic analogues of cytokines that are intended to hold such features. As an example, IFN-γ and the granulocyte-macrophage colony-stimulating factor (GM-CSF) have been investigated in order to provide immune modulation due to pleiotropic effects on innate inflammation. The administration of these drugs has shown controversial efficacy and no significant adverse events [20,21]. However, the administration of these drugs was conducted under specific clinical criteria that did not take into account any immune system biomarker (C-reactive protein, cytokines), which may have hampered the results of trials. Specifically, GM-CSF has been demonstrated as effective to improve immune suppression in other clinical contexts and provide some benefit on attenuating lung remodeling in patients with pulmonary fibrosis [22] or immunosuppressive T-regulatory cells replication in cancer vaccine therapy [23]. Moreover, the administration of cytokine analogues like IL-7 have shown significant anti-apoptotic and lymphopoietic effects on T-cells, which may reverse sepsis-associated lymphocyte depletion. Recombinant IL-7 has been described to improve survival in animal models of bacterial and fungal sepsis [24,25], although no definitive clinical evidence supports its use in daily clinical practice.



Recently, complement manipulation may play a role in the development of sepsis-associated immune alteration. Specifically, C5a activity has been demonstrated as crucial in the development of inflammatory mediated tissue damage and its inhibition via selective antibodies was demonstrated effective to mitigate sepsis severity in animal models [26]. However, no definitive clinical data support the use of this therapy in daily clinical life. On top of that, an increasing amount of evidence has shown the interaction between complement and coagulative systems [27]. The latter is frequently altered in patients with sepsis and many drugs have been tested with the aim to improve coagulative dysfunction. However, the administration of recombinant human soluble thrombomodulin [28] as well as activated protein C [29] did not show any benefit on 28-day mortality of critically ill patients with sepsis.



In the last decades, the administration of intravenous immunoglobulins (IVIg) has been increasing in patients with sepsis and such therapy appears characterized by multiple mechanisms of action that include pathogen recognition and killing, toxin scavenging, inflammatory genes-reduced transcription, and anti-apoptosis effects on immune cells [30]. Both polyclonal and monoclonal IgG as well as IgM-enriched polyclonal antibodies have been tested as adjuvant therapies. However, no significant benefits on patient-related outcomes have been observed in clinical trials [31]. As a result, current guidelines [2] do not recommend the use of IVIg in patients with sepsis. On the other hand, small sample sizes and the heterogeneity of IVIg formulations tested in clinical trials support the need for further investigations on the role of this adjuvant therapy in patients with sepsis [32].



Moreover, glucocorticoids are drugs with immune-modulating properties and mimic hormones that are released by adrenal glands when the organism in under stress [33]. Glucocorticoids exert long lasting immune suppressing effects by inhibiting cellular synthesis of pro-inflammatory cytokines [34]. Although the administration of Dexamethasone and Methylprednisolone may increase the risk of secondary infections [35] in patients with sepsis, Hydrocortisone appeared safe and effective to shorten shock duration, mechanical ventilation and ICU length of stay [36]. On the contrary, Methylprednisolone decreased treatment failure of patients with severe community-acquired pneumonia and high initial inflammatory response [37] while Dexamethasone was demonstrated effective to reduce 28-day mortality of patients with acute respiratory failure caused by Coronavirus Disease 19 (COVID-19) [38]. As a result, Hydrocortisone is recommended in patients with septic shock [2], Dexamethasone in patients with COVID-19, and Methylprednisolone, as a rescue therapy, in patients with severe community-acquired pneumonia [39].



Finally, many drugs have been tested with the aim to provide immune modulation via the interaction with ultra-specific pathways of inflammatory host response to infection. As an example, the administration of Sivelestat, a neutrophil elastase inhibitor, may play some role to improve the outcome of septic patients with acute respiratory distress syndrome and disseminated intravascular coagulation [40]. Moreover, sepsis-associated immune paralysis may be improved by the administration of immune checkpoints such as the programmed cell death protein 1/programmed death ligand (PD-1/PD-L) pathway inhibitor [41]. Furthermore, Heme oxygenase inducers promote oxidative conversion of Heme to carbon monoxide, iron, and biliverdin, thus playing pleiotropic modulation of inflammatory pathways involved in host response to infection [42]. In summary, neutrophil elastase inhibitors, PD-1/PD-L, and Heme oxygenase inducers represent promising immune modulating therapies in critically ill septic patients and ongoing clinical trials will shed light on their role in this population.




3.3.2. Extracorporeal Immune Modulation in Sepsis


Extracorporeal removal of PAMPs, DAMPs, and cytokines is considered the new frontier of immune modulation in patients with sepsis. Such interventions allow mediators removal from the bloodstream via specific characteristics of the internal surface of membranes. Moreover, their application in critically ill patients with sepsis appeared feasible and was made easy by the significant rate of acute kidney injury that required continuous renal replacement therapy (CRRT) [43]. Accordingly, EBPT allows selective and non-selective removal of mediators, thus providing short term immune modulation and preventing long-term immune complications that were associated with longer-lasting pharmacological interventions. In the light of this view, the last version of the Surviving Sepsis Campaign Guidelines [2] refers to EBPT as complementary treatments that should be applied with the aim to provide immune system control and multi-organ support by the time etiologic treatments will be delivered to the patient (e.g., control of source of infection and antibiotics).



EBPT are characterized by important features that should be considered when prescribing such interventions [44]. First, each device is characterized by a certain degree of biocompatibility, which refers to the level of complement and platelet activation that results from the interaction between blood and artificial surfaces [44]. Biocompatibility may influence the half-life of the device, condition its efficacy, and worsen inflammatory burst of the host. Although any device available in the market must adhere to specific requirements of the ISO10993, no clinical data exist on the comparison of different devices in terms of biocompatibility [44]. Moreover, EBPT may cause unintended removal of drugs or vitamins, which may have a non-favorable impact on patients’ related clinical outcomes. Specifically, lowering antibiotic blood concentration by extracorporeal removal may worsen infection control and increase sepsis-associated inflammatory burst with consequent life-threatening complications [44]. Accordingly, antibiotic dosage should be adapted to any specific EBPT and a strict control of antibiotic blood level concentration is strongly advocated due to the lack of information about clearance characteristics of the majority of new membranes available in the market [44]. Third, EBPT imply a certain degree of heat dissipation to the environment, despite any device for such therapy being endowed by heaters. Heat dissipation may mask fever and cause hypothermia, thus increasing peripheral vasoconstriction [45] and risk of organ hypoperfusion as well as conditioning drug solubility in the bloodstream, enzymes function, and mediators removal at a membrane level. Moreover, hypothermia itself was associated with increased organ dysfunction and 28-day and in-hospital mortality in critically ill patients [46].



Main Application of Extracorporeal Immune Modulation in Critically Ill Septic Patients



Mediators removal via extracorporeal therapy may be selective or non-selective [44] (Table 2). Selective removal of mediators is allowed by specific interaction between soluble molecules and membrane characteristics.








	▪

	
Non selective extracorporeal removal of inflammatory mediators









PAMPs and cytokines may be non-selectively removed by EBPT via:




	-

	
electrostatic interactions between soluble molecules and the internal surface of the membrane (adsorption);




	-

	
trans-membrane flux via gradient (diffusion via hemodialysis) and pressure (convection via hemofiltration) concentration, according to the cut-off of the device.









Electrostatic interactions regulate mediator removal of many different devices for EBPT. Specifically, acrylonitrile-69 surface-treated (AN69-ST, Baxter, IL, USA) and surface modified membranes (Oxiris®, Baxter, IL, USA) are devices for CRRT that are characterized by heparin-coated polymers of sodium methallylsulfonate and polyethyleneimine. They allow adsorption of both pro- and anti-inflammatory cytokines (tumor necrosis factor α, IL 6, IL 8, and interferon γ) as well as endotoxin (Oxiris®), both in vitro [47] and in patients with septic acute renal failure [48]. Moreover, EBPT with Oxiris® was associated with significant reduction of IL-6 blood level concentration in critically ill patients admitted to the ICU for COVID-19 [49,50].



Another EBPT which allows for CRRT and mediators removal by adsorption is Hemofeel® (Toray Medical Co Ltd., Tokyo, Japan), a device made by polymethylmethacrylate that was demonstrated as effective in the removal of IL-8 and IL-6 by in-vitro study [51]. However, no clinical evidence exists on the effect of such therapy on the outcome of critically ill patients with sepsis.



Among EBPT that allow mediators removal via adsorption, Cytosorb® represented a promising tool to deliver immune modulation in patients with sepsis. This cartridge is made by highly porous polystyrene divinylbenzene copolymer covered with a biocompatible polyvinylpyrrolidone coating and in-vitro studies demonstrated a certain degree of efficacy to remove pro- and anti-inflammatory cytokines [47]. However, a recently published randomized trial, which enrolled critically ill patients with sepsis, did not demonstrate any effect of Cytosorb® hemoperfusion compared with standard care on IL-6 blood level concentration and 60-day mortality [52].



Moreover, the Seraph®-100 is a sorbent made by polyethylene beads, whose internal surface contains heparin. Although in vitro studies have shown some efficacy of this EBPT on cytokines (TNF-α), bacteria (Staphylococcus Aureus) and viruses (Zika virus, Cytomegalovirus, Adenovirus and Severe Acute Respiratory Syndrome Coronavirus-2) by adsorption [53], no clinical evidence exists on the effect of such therapy on the outcome of critically ill patients with sepsis.



On the other hand, Coupled Plasma Filtration and Adsorption (CPFA) represents a hybrid EBPT which allows mediator removal via plasma filtration and adsorption by styrene resin. Although in vitro studies demonstrated a direct relationship between cytokines removal and volume of plasma cleared by such device, a recent randomized controlled trial was stopped because of futility. Furthermore, this trial observed a significant rate of clotting (48% of the treatments) despite anticoagulation with heparin [54].



Finally, immune modulation may be performed by trans-membrane removal of mediators via gradient (diffusion via haemodialysis) and pressure (convection via hemofiltration) concentration. However, only membranes with a large pore size (20 nm) [55], namely high cut-off membrane (HCO), have been demonstrated as effective to remove inflammatory mediators (the majority of which have a molecular weight above 60 kDa). Although convection appears more effective than diffusion for mediator removal, the significant albumin loss associated with the former is of concern [56]. Accordingly, diffusive modalities are preferred when HCO membranes are used. Immune modulating effect of EBPT via HCO membranes have been suggested by an increasing number of randomized controlled trials that demonstrated significant cytokines blood level reduction when this therapy was compared to conventional renal replacement therapy [56,57,58,59,60]. Despite such promising effect of HCO EBPT on mediator removal, this intervention has not been demonstrated effective on other patients’ related clinical outcomes and its application in daily clinical practice is still a matter of debate.




	▪

	
Selective extracorporeal removal of inflammatory mediators









To the best of our knowledge, endotoxin is the only PAMP that may be selectively removed via adsorption by Toraymyxin® (Toray Industries, Tokyo, Japan) hemoperfusion. Toraymyxin® is a cartridge made by polystyrene fibers and Polymyxin-B, a cationic antibiotic that is characterized by high affinity for endotoxin via ionic and hydrophobic bonds [47]. This device has been widely used in daily clinical practice [61,62], although randomized controlled trials carried out in this field have shown controversial results [63]. However, these trials enrolled patients with inhomogeneous characteristics mainly due to comorbidities, clinical severity, type of infection, timing, and protocol of EBPT provided that do not allow any final conclusion in this field. On the other hand, Toraymyxin® was demonstrated as effective to improve the outcome patients at high risk of mortality (above 30%) [64] and for whom endotoxin level did not exceed the capability of the cartridge to remove such a molecule [65]. Moreover, Toraymyxin® has shown immune modulating effect beyond endotoxin removal and very recently it was demonstrated effective as to improve immune suppression by allowing Monocyte Human Leukocyte Antigen-DR increase [66]. Finally, Toraymyxin® hemoperfusion was used in a cohort of critically ill patients admitted to the ICU for COVID-19 [67] who developed secondary bacterial infections and for whom blood endotoxin activity was deemed implicated in the pathophysiology of immune system alteration and organ dysfunction.





3.4. Filling the Gap of Immune Modulation in Sepsis


Immune modulation offers enticing perspectives of treatment for critically ill septic patients. However, the real application of this complementary treatment is still a matter of debate due to controversial results between laboratory and clinical trials. Sepsis is a clinical syndrome, which complex pathophysiology may be explained by the multifaced genetic (e.g., polymorphic inflammatory pathways) and epigenetic (e.g., comorbidities and clinical intervention applied) interplay that characterizes each single patient. Accordingly, a personalized approach to sepsis may address such a gap via the clinical application of biomarkers of single-cell transcriptomics [68], big data analysis [69], and machine-learning methods by specific models [70], in order to identify specific patient populations that may benefit more from some specific immune modulating intervention and help the design of future clinical trials.





4. Conclusions


Immune modulation represents a complementary therapy for critically ill patients with sepsis. Among immune modulating strategies, EBPT appear safe and timely targeted compared with longer lasting pharmacological therapies. However, little evidence supports the efficacy of immune modulation in critically ill patients with sepsis. Accordingly, immune modulation remains a matter of debate and further research, carried out by evidence-based and personalized approaches, is warranted in order to improve the management of critically ill septic patients.







Author Contributions


Conceptualization, S.L.C. and G.D.P.; S.L.C. and G.D.P.; methodology, S.L.C. and G.D.P.; data curation, S.C. and D.L.G.; writing—original draft preparation, S.L.C. and S.C.; writing—review and editing, S.L.C., S.C., D.L.G. and G.D.P.; supervision, S.L.C. and G.D.P.; 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.




Conflicts of Interest


The authors declare no conflict of interest with this paper.




References


	



Singer, M.; Deutschman, C.S.; Seymour, C.W.; Shankar-Hari, M.; Annane, D.; Bauer, M.; Bellomo, R.; Bernard, G.R.; Chiche, J.-D.; Coopersmith, C.M.; et al. The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 2016, 315, 801–810. [Google Scholar] [CrossRef]

	



Rhodes, 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. Intensive Care Med. 2017, 43, 304–377. [Google Scholar] [CrossRef]

	



Seymour, C.W.; Gesten, F.; Prescott, H.C.; Friedrich, M.E.; Iwashyna, T.J.; Phillips, G.S.; Lemeshow, S.; Osborn, T.; Terry, K.M.; Levy, M.M. Time to Treatment and Mortality during Mandated Emergency Care for Sepsis. N. Engl. J. Med. 2017, 376, 2235–2244. [Google Scholar] [CrossRef] [PubMed]

	



Cutuli, S.; De Pascale, G.; Antonelli, M. ’σήψις’ yesterday, sepsis nowadays: What’s changing? J. Thorac. Dis. 2017, 9, E166–E167. [Google Scholar] [CrossRef]

	



De Pascale, G.; Cutuli, S.; Pennisi, M.; Antonelli, M. The role of mannose-binding lectin in severe sepsis and septic shock. Mediat. Inflamm. 2013, 2013, 625803. [Google Scholar] [CrossRef] [PubMed]

	



Davenport, E.; Burnham, K.L.; Radhakrishnan, J.; Humburg, P.; Hutton, P.; Mills, T.C.; Rautanen, A.; Gordon, A.C.; Garrard, C.; Hill, A.V.S.; et al. Genomic landscape of the individual host response and outcomes in sepsis: A prospective cohort study. Lancet Respir. Med. 2016, 4, 259–271. [Google Scholar] [CrossRef]

	



Cutuli, S.L.; Carelli, S.; De Pascale, G. The gut in critically ill patients: How unrecognized “7th organ dysfunction” feeds sepsis. Minerva Anestesiol. 2020, 86, 595–597. [Google Scholar] [CrossRef]

	



Cutuli, S.L.; De Maio, F.; De Pascale, G.; Grieco, D.L.; Monzo, F.R.; Carelli, S.; Tanzarella, E.S.; Pintaudi, G.; Piervincenzi, E.; Cascarano, L.; et al. COVID-19 influences lung microbiota dynamics and favors the emergence of rare infectious diseases: A case report of Hafnia Alvei pneumonia. J. Crit. Care 2021, 64, 173–175. [Google Scholar] [CrossRef]

	



Hotchkiss, R.; Moldawer, L.; Opal, S.; Reinhart, K.; Turnbull, I.; Vincent, J. Sepsis and septic shock. Nat. Rev. Dis. Primers 2016, 2, 16045. [Google Scholar] [CrossRef]

	



Boomer, J.; Green, J.; Hotchkiss, R. The changing immune system in sepsis: Is individualized immuno-modulatory therapy the answer? Virulence 2014, 5, 45–56. [Google Scholar] [CrossRef] [PubMed]

	



Marshall, J.C.; Foster, D.M.; Vincent, J.; Cook, D.J.; Cohen, J.; Dellinger, R.P.; Opal, S.M.; Abraham, E.H.; Brett, S.J.; Smith, T.J.; et al. Diagnostic and Prognostic Implications of Endotoxemia in Critical Illness: Results of the MEDIC Study. J. Infect. Dis. 2004, 190, 527–534. [Google Scholar] [CrossRef] [PubMed]

	



Rubartelli, A.; Lotze, M.T. Inside, outside, upside down: Damage-associated molecular-pattern molecules (DAMPs) and redox. Trends Immunol. 2007, 28, 429–436. [Google Scholar] [CrossRef] [PubMed]

	



Binnie, A.; Tsang, J.L.; Hu, P.; Carrasqueiro, G.; Castelo-Branco, P.; Dos Santos, C.C. Epigenetics of Sepsis. Crit. Care Med. 2020, 48, 745–756. [Google Scholar] [CrossRef] [PubMed]

	



Wolff, N.S.; Hugenholtz, F.; Wiersinga, W.J. The emerging role of the microbiota in the ICU. Crit. Care 2018, 22, 78. [Google Scholar] [CrossRef]

	



Kitsios, G.D.; Morowitz, M.J.; Dickson, R.P.; Huffnagle, G.B.; McVerry, B.J.; Morris, A. Dysbiosis in the intensive care unit: Microbiome science coming to the bedside. J. Crit. Care 2017, 38, 84–91. [Google Scholar] [CrossRef]

	



Yadav, H.; Cartin-Ceba, R. Balance between Hyperinflammation and Immunosuppression in Sepsis. Semin. Respir. Crit. Care Med. 2016, 37, 042–050. [Google Scholar] [CrossRef]

	



Vincent, J.; Moreno, R.; Takala, J.; Willatts, S.; Mendonça, A.D.; Bruining, H.; Reinhart, C.K.; Suter, P.M.; Thijs, L.G. The SOFA (Sepsis-related Organ Failure Assessment) score to describe organ dysfunction/failure. On behalf of the Working Group on Sepsis-Related Problems of the European Society of Intensive Care Medicine. Intensive Care Med. 1996, 22, 707–710. [Google Scholar] [CrossRef]

	



Ferreira, F.L.; Bota, D.P.; Bross, A.; Mélot, C.; Vincent, J.-L. Serial Evaluation of the SOFA Score to Predict Outcome in Critically Ill Patients. JAMA 2001, 286, 1754–1758. [Google Scholar] [CrossRef]

	



Seymour, C.; Liu, V.; Iwashyna, T.; Brunkhorst, F.; Rea, T.; Scherag, A.; Rubenfeld, G.; Kahn, J.M.; Shankar-Hari, M.; Singer, M.; et al. Assessment of Clinical Criteria for Sepsis: For the Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). JAMA 2016, 315, 762–774. [Google Scholar] [CrossRef]

	



Mathias, B.; Szpila, B.E.; Moore, F.A.; Efron, P.A.; Moldawer, L.L. A Review of GM-CSF Therapy in Sepsis. Medicine 2015, 94, e2044. [Google Scholar] [CrossRef] [PubMed]

	



Döcke, W.; Randow, F.; Syrbe, U.; Krausch, D.; Asadullah, K.; Reinke, P.; Volk, H.-D.; Kox, W. Monocyte deactivation in septic patients: Restoration by IFN-gamma treatment. Nat. Med. 1997, 3, 678–681. [Google Scholar] [CrossRef]

	



Piguet, P.F.; Grau, G.E.; De Kossodo, S. Role of Granulocyte-Macrophage Colony-Stimulating Factor in Pulmonary Fibrosis Induced in Mice by Bleomycin. Exp. Lung Res. 1993, 19, 579–587. [Google Scholar] [CrossRef]

	



Serafini, P.; Carbley, R.; Noonan, K.A.; Tan, G.; Bronte, V.; Borrello, I. High-Dose Granulocyte-Macrophage Colony-Stimulating Factor-Producing Vaccines Impair the Immune Response through the Recruitment of Myeloid Suppressor Cells. Cancer Res. 2004, 64, 6337–6343. [Google Scholar] [CrossRef]

	



Shindo, Y.; Fuchs, A.G.; Davis, C.G.; Eitas, T.; Unsinger, J.; Burnham, C.-A.D.; Green, J.M.; Morre, M.; Bochicchio, G.V.; Hotchkiss, R.S. Interleukin 7 immunotherapy improves host immunity and survival in a two-hit model of Pseudomonas aeruginosa pneumonia. J. Leukoc. Biol. 2017, 101, 543–554. [Google Scholar] [CrossRef] [PubMed]

	



Unsinger, J.; Burnham, C.-A.D.; McDonough, J.; Morre, M.; Prakash, P.S.; Caldwell, C.C.; Dunne, W.M.; Hotchkiss, R.S. Interleukin-7 Ameliorates Immune Dysfunction and Improves Survival in a 2-Hit Model of Fungal Sepsis. J. Infect. Dis. 2012, 206, 606–616. [Google Scholar] [CrossRef]

	



Rittirsch, D.; Flierl, M.; Nadeau, B.; Day, D.; Huber-Lang, M.; Mackay, C.R.; Zetoune, F.S.; Gerard, N.P.; Cianflone, K.; Köhl, J.; et al. Functional roles for C5a receptors in sepsis. Nat. Med. 2008, 14, 551–557. [Google Scholar] [CrossRef] [PubMed]

	



Oncul, S.; Afshar-Kharghan, V. The interaction between the complement system and hemostatic factors. Curr. Opin. Hematol. 2020, 27, 341–352. [Google Scholar] [CrossRef]

	



Vincent, J.; Francois, B.; Zabolotskikh, I.; Daga, M.K.; Lascarrou, J.-B.; Kirov, M.Y.; Pettilä, V.; Wittebole, X.; Meziani, F.; Mercier, E.; et al. Effect of a Recombinant Human Soluble Thrombomodulin on Mortality in Patients with Sepsis-Associated Coagulopathy: The SCARLET Randomized Clinical Trial. JAMA 2019, 321, 1993–2002. [Google Scholar] [CrossRef]

	



Ranieri, V.M.; Thompson, B.T.; Barie, P.S.; Dhainaut, J.-F.; Douglas, I.S.; Finfer, S.; Gårdlund, B.; Marshall, J.C.; Rhodes, A.; Artigas, A.; et al. Drotrecogin Alfa (Activated) in Adults with Septic Shock. N. Engl. J. Med. 2012, 366, 2055–2064. [Google Scholar] [CrossRef] [PubMed]

	



Shankar-Hari, M.; Spencer, J.; Sewell, W.; Rowan, K.M.; Singer, M. Bench-to-bedside review: Immunoglobulin therapy for sepsis -biological plausibility from a critical care perspective. Crit. Care 2012, 16, 206–214. [Google Scholar] [CrossRef]

	



Alejandria, M.M.; Lansang MA, D.; Dans, L.F.; Mantaring, J.B., III. Intravenous immunoglobulin for treating sepsis, severe sepsis and septic shock. Cochrane Database Syst. Rev. 2013, 2013, CD001090. [Google Scholar] [CrossRef]

	



Laupland, K.B.; Kirkpatrick, A.W.; Delaney, A. Polyclonal intravenous immunoglobulin for the treatment of severe sepsis and septic shock in critically ill adults: A systematic review and meta-analysis. Crit. Care Med. 2007, 35, 2686–2692. [Google Scholar] [PubMed]

	



Peeters, B.; Langouche, L.; Berghe, G.V.D. Adrenocortical Stress Response during the Course of Critical Illness. Compr. Physiol. 2017, 8, 283–298. [Google Scholar] [CrossRef]

	



Heming, N.; Sivanandamoorthy, S.; Meng, P.; Bounab, R.; Annane, D. Immune Effects of Corticosteroids in Sepsis. Front. Immunol. 2018, 9, 1736. [Google Scholar] [CrossRef]

	



Gibbison, B.; López-López, J.A.; Higgins, J.P.T.; Miller, T.; Angelini, G.D.; Lightman, S.L.; Annane, D. Corticosteroids in septic shock: A systematic review and network meta-analysis. Crit. Care 2017, 21, 1–8. [Google Scholar] [CrossRef]

	



Rygård, S.L.; Butler, E.; Granholm, A.; Møller, M.H.; Cohen, J.; Finfer, S.; Perner, A.; Myburgh, J.; Venkatesh, B.; Delaney, A. Low-dose corticosteroids for adult patients with septic shock: A systematic review with meta-analysis and trial sequential analysis. Intensive Care Med. 2018, 44, 1003–1016. [Google Scholar] [CrossRef]

	



Torres, A.; Sibila, O.; Ferrer, M.; Polverino, E.; Mendendez, R.; Mensa, J.; Gabarrus, A.; Sellares, J.; Restrepo, M.; Anzueto, A.; et al. Effect of corticosteroids on treatment failure among hospitalized patients with severe community-acquired pneumonia and high inflammatory response: A randomized clinical trial. Acute Critical Care 2015, 46, 677–686. [Google Scholar] [CrossRef]

	



Recovery Collaborative Group; Horby, P.; Lim, W.S.; Emberson, J.; Mafham, M.; Bell, J.L.; Linsell, L.; Staplin, N.; Brightling, C.; Ustianowski, A.; et al. Dexamethasone in Hospitalized Patients with Covid-19—Preliminary Report. N. Engl. J. Med. 2021, 384, 693–704, (online ahead of print). [Google Scholar]

	



Metlay, J.P.; Waterer, G.W.; Long, A.C.; Anzueto, A.; Brozek, J.; Crothers, K.; Cooley, L.A.; Dean, N.C.; Fine, M.J.; Flanders, S.A.; et al. Diagnosis and treatment of adults with community-acquired pneumonia. An official clinical practice guideline of the american thoracic society and infectious diseases society of America. Am. J. Respir. Crit. Care Med. 2019, 200, e45–e67. [Google Scholar] [CrossRef]

	



Hayakawa, M.; Katabami, K.; Wada, T.; Sugano, M.; Hoshino, H.; Sawamura, A.; Gando, S. Sivelestat (Selective Neutrophil Elastase Inhibitor) improves the mortality rate of sepsis associated with both acute respiratory distress syndrome and disseminated intravascular coagulation patients. Shock 2010, 33, 14–18. [Google Scholar] [CrossRef]

	



Nakamori, Y.; Park, E.J.; Shimaoka, M. Immune Deregulation in Sepsis and Septic Shock: Reversing Immune Paralysis by Targeting PD-1/PD-L1 Pathway. Front. Immunol. 2021, 11, 624279. [Google Scholar] [CrossRef] [PubMed]

	



Ryter, S.W. Therapeutic Potential of Heme Oxygenase-1 and Carbon Monoxide in Acute Organ Injury, Critical Illness, and Inflammatory Disorders. Antioxidants 2020, 9, 1153. [Google Scholar] [CrossRef] [PubMed]

	



Bellomo, R.; Kellum, J.A.; Ronco, C.; Wald, R.; Martensson, J.; Maiden, M.; Bagshaw, S.M.; Glassford, N.J.; Lankadeva, Y.; Vaara, S.T.; et al. Acute kidney injury in sepsis. Intensive Care Med. 2017, 43, 816–828. [Google Scholar] [CrossRef]

	



Cutuli, S.; Grieco, D.; De Pascale, G.; Antonelli, M. Hemadsorption. Curr. Opin. Anaesthesiol. 2021, 34, 113–118, (online ahead of print). [Google Scholar] [CrossRef] [PubMed]

	



Douvris, A.; Malhi, G.; Hiremath, S.; McIntyre, L.; Silver, S.; Bagshaw, S.M.; Wald, R.; Ronco, C.; Sikora, L.; Weber, C.; et al. Interventions to prevent hemodynamic instability during renal replacement therapy in critically ill patients: A systematic review. Crit. Care 2018, 22, 41. [Google Scholar] [CrossRef]

	



Kushimoto, S.; Gando, S.; Saitoh, D.; Mayumi, T.; Ogura, H.; Fujishima, S.; Araki, T.; Ikeda, H.; Kotani, J.; Miki, Y.; et al. The impact of body temperature abnormalities on the disease severity and outcome in patients with severe sepsis: An analysis from a multicenter, prospective survey of severe sepsis. Crit. Care 2013, 17, R271. [Google Scholar] [CrossRef]

	



Malard, B.; Lambert, C.; Kellum, J. In vitro comparison of the adsorption of inflammatory mediators by blood purification devices. Intensive Care Med. Exp. 2018, 6, 12. [Google Scholar] [CrossRef]

	



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]

	



Villa, G.; Romagnoli, S.; De Rosa, S.; Greco, M.; Resta, M.; Montin, D.P.; Prato, F.; Patera, F.; Ferrari, F.; Rotondo, G.; et al. Blood purification therapy with a hemodiafilter featuring enhanced adsorptive properties for cytokine removal in patients presenting COVID-19: A pilot study. Crit. Care 2020, 24, 1–13. [Google Scholar] [CrossRef]

	



Cascarano, L.; Cutuli, S.L.; Pintaudi, G.; Tanzarella, E.S.; Carelli, S.; Anzellotti, G.; Grieco, D.L.; DE Pascale, G.; Antonelli, M. Extracorporeal immune modulation in COVID-19 induced immune dysfunction and secondary infections: The role of oXiris® membrane. Minerva Anestesiol. 2021, 87. (online ahead of print). [Google Scholar] [CrossRef]

	



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] [PubMed]

	



Seffer, M.-T.; Cottam, D.; Forni, L.G.; Kielstein, J.T. Heparin 2.0: A New Approach to the Infection Crisis. Blood Purif. 2021, 50, 28–34, (online ahead of print). [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]

	



Ankawi, G.; Neri, M.; Zhang, J.; Breglia, A.; Ricci, Z.; Ronco, C. Extracorporeal techniques for the treatment of critically ill patients with sepsis beyond conventional blood purification therapy: The promises and the pitfalls. Crit. Care 2018, 22, 262. [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]

	



Haase, M.; Bellomo, R.; Baldwin, I.; Haase-Fielitz, A.; Fealy, N.; Davenport, P.; Morgera, S.; Goehl, H.; Storr, M.; Boyce, N.; et al. Hemodialysis Membrane With a High-Molecular-Weight Cutoff and Cytokine Levels in Sepsis Complicated by Acute Renal Failure: A Phase 1 Randomized Trial. Am. J. Kidney Dis. 2007, 50, 296–304. [Google Scholar] [CrossRef]

	



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]

	



Morgera, S.; Haase, M.; Rocktäschel, J.; Böhler, T.; Vargas-Hein, O.; Melzer, C.; Krausch, D.; Kox, W.J.; Baumann, G.; Beck, W.; et al. Intermittent High-Permeability Hemofiltration Modulates Inflammatory Response in Septic Patients with Multiorgan Failure. Nephron Clin. Pract. 2003, 94, c75–c80. [Google Scholar] [CrossRef]

	



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]

	



Antonelli, M.; Bello, G.; Maviglia, R.; Cutuli, S.; Ronco, C.; Cruz, D.; Ranieri, V.M.; Martin, E.; Fumagalli, R.; Monti, G.; et al. Polymyxin B hemoperfusion in clinical practice: The picture from an unbound collaborative registry. Blood Purif. 2014, 37, 22–25. [Google Scholar]

	



Cutuli, S.L.; Artigas, A.; Fumagalli, R.; Monti, G.; Ranieri, V.M.; Ronco, C.; Antonelli, M. Polymyxin-B hemoperfusion in septic patients: Analysis of a multicenter registry. Ann. Intensiv. Care 2016, 6, 77. [Google Scholar] [CrossRef]

	



Fujii, T.; Ganeko, R.; Kataoka, Y.; Furukawa, T.; Featherstone, R.; Doi, K.; Vincent, J.; Pasero, D.; Robert, R.; Ronco, C.; et al. Polymyxin B-immobilized hemoperfusion and mortality in critically ill adult patients with sepsis/septic shock: A systematic review with meta-analysis and trial sequential analysis. Intensive Care Med. 2018, 44, 167–178. [Google Scholar] [CrossRef]

	



Chang, T.; Tu, Y.K.; Lee, C.T.; Chao, A.; Huang, C.H.; Wang, M.J.; Yeh, Y.C. 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. Crit. Care Med. 2017, 45, e858–e864. [Google Scholar] [CrossRef] [PubMed]

	



Romaschin, A.D.; Obiezu-Forster, C.V.; Shoji, H.; Klein, D.J. Novel Insights into the Direct Removal of Endotoxin by Polymyxin B Hemoperfusion. Blood Purif. 2017, 44, 193–197. [Google Scholar] [CrossRef] [PubMed]

	



Srisawat, N.; Tungsanga, S.; Lumlertgul, N.; Komaenthammasophon, C.; Peerapornratana, S.; Thamrongsat, N.; Tiranathanagul, K.; Praditpornsilpa, K.; Eiam-Ong, S.; Tungsanga, K.; et al. The effect of polymyxin B hemoperfusion on modulation of human leukocyte antigen DR in severe sepsis patients. Crit. Care 2018, 22, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



De Rosa, S.; Cutuli, S.; Ferrer, R.; Antonelli, M.; Ronco, C.; the COVID-19 EUPHAS2 Collaborative Group. Polymyxin B hemoperfusion in COVID-19 Patients with endotoxic shock: Case Series from EUPHAS II registry. Artif. Organs 2020. (online ahead of print). [Google Scholar] [CrossRef]

	



Scicluna, B.P.; Vught, L.A.; Zwinderman, A.H.; Wiewel, M.A.; Davenport, E.E.; Burnham, K.L.; Nürnberg, P.; Schultz, M.J.; Horn, J.; Cremer, O.L.; et al. Classification of patients with sepsis according to blood genomic endotype: A prospective cohort study. Lancet Respir. Med. 2017, 5, 816–826. [Google Scholar] [CrossRef]

	



Celi, L.; Mark, R.; Stone, D.; Montgomery, R. “Big data” in the intensive care unit. Closing the data loop. Am. J. Respir. Crit. Care Med. 2013, 187, 1157–1160. [Google Scholar] [CrossRef]

	



Mohammed, A.; Van Wyk, F.; Chinthala, L.K.; Khojandi, A.; Davis, R.L.; Coopersmith, C.M.; Kamaleswaran, R. Temporal Differential Expression of Physiomarkers Predicts Sepsis in Critically Ill Adults. Shock 2020. (online ahead of print). [Google Scholar] [CrossRef]








[image: Table] 





Table 1. The Sequential Organ Failure Assessment (SOFA) Score.
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Systems

	
Score




	
0

	
1

	
2

	
3

	
4






	
Respiration,

PaO2/FiO2 ratio, mmHg (kPa)

	
≥400 (53.3)

	
<400 (53.3)

	
<300 (40)

	
<200 (26.7) with respiratory support

	
<100 (13.3) with respiratory support




	
Coagulation,

Platelet count, cells × 103/mm3

	
≥150

	
<150

	
<100

	
<50

	
<20




	
Hepatic,

Bilirubin, mg/dL (μg/L)

	
≤1.2 (20)

	
1.2–1.9 (20–32)

	
2–5.9 (33–101)

	
6–11.9 (102–204)

	
≥12 (204)




	
Cardiovascular

MAP, mmHg

Catecholamines, μg/kg/min for at least 1 h.

	
≥70

-

	
<70

-

	
-

Dopamine < 5

Dobutamine (any)

	
-

Dopamine 5.1–15 or epinephrine ≤ 0.1 or norepinephrine ≤ 0.1

	
-

Dopamine > 15 or epinephrine > 0.1 or norepinephrine > 0.1




	
Central Nervous System,

Glasgow Coma Score

	
15

	
13–14

	
10–12

	
6–9

	
<6




	
Renal

Creatinine, mg/dL (μmol/L)

Diuresis, mL/day

	
<1.2 (110)

	
1.2–1.9 (110–170)

	
2–3.4 (171–299)

	
3.5–4.9 (300–440)

<500

	
≥5 (440)

<200








Abbreviations: FiO2, fraction of inspired oxygen; MAP, mean arterial pressure; PaO2, partial pressure of oxygen.
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Table 2. Immune modulating strategies in critically ill septic patients.






Table 2. Immune modulating strategies in critically ill septic patients.








	Immune Modulating Strategies in Sepsis





	
	
Pharmacological




	-

	
Interferon-γ




	-

	
Granulocyte-macrophage colony-stimulating factor




	-

	
Interleukin 7




	-

	
Anti-C5a




	-

	
Recombinant human soluble thrombomodulin




	-

	
Recombinant human-activated protein C




	-

	
Intravenous Immunoglobulin




	-

	
Glucocorticoids




	-

	
Neutrophil elastase inhibitors




	-

	
Programmed cell death protein 1/programmed death ligand




	-

	
Heme oxygenase inducers














	
	
Extracorporeal blood purification therapies
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