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Abstract

:

Sepsis is a life-threatening condition that arises when the body’s response to an infection injures its own tissues and organs. Despite significant morbidity and mortality throughout the world, its pathogenesis and mechanisms are not clearly understood. In this narrative review, we aimed to summarize the recent developments in our understanding of the hallmarks of sepsis pathogenesis (immune and adaptive immune response, the complement system, the endothelial disfunction, and autophagy) and highlight novel laboratory diagnostic approaches. Clinical management is also discussed with pivotal consideration for antimicrobic therapy management in particular settings, such as intensive care unit, altered renal function, obesity, and burn patients.
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1. Introduction


Sepsis is an important syndrome associated with significant morbidity and mortality. The true extent of sepsis is not fully understood due to its variability and the lack of specific epidemiological data, due to different diagnostic criteria and definitions. The World Health Organization (WHO) has stated that the worldwide annual mortality due to sepsis is around 6 million, with most of these deaths being preventable [1,2,3,4,5,6,7]. Originally defined as “the decomposition of animal or vegetable matter in the presence of bacteria” [8], “sepsis” is currently identified as “a life-threatening condition that arises when the body’s response to an infection injures its own tissues and organs” [9]. Initiated by an invading pathogen, generally represented by bacteria and, less frequently, by viruses or fungi, sepsis results in an inflammatory process in which the body’s own response has a deleterious effect upon itself. This pathophysiological response can culminate in multiorgan failure, usually due to a combination of cardiovascular, cellular, coagulation and endothelial dysfunction [10], eventually leading to septic shock, a clinical proinflammatory response, predominantly cytokine-mediated (see Figure 1).



To understand the importance, complexity, and challenges posed by sepsis, this narrative review provides background on the postulated pathophysiological mechanisms underlying sepsis, before focusing on diagnostic and therapeutical considerations about this syndrome.




2. Literature Research


The literature research was conducted between March and April 2021 using the well-established PubMed database. Animal models, case series, controlled and uncontrolled studies, and meta-analyses were included. Case reports were excluded. Only English-language papers were taken into account. We did not set a specific time window for the research, but the focus was placed on papers published in the last 10 years. The keywords used were “sepsis”, “septic shock”, “pathogenesis”, “innate immunity”, “adaptive immunity”, “complement system”, “endothelium”, “autophagy”, “diagnosis”, “biomarker”, “antibiotic therapy”, “intensive care unit”, “obesity”, “burn patients”, “pharmacokinetic”, and/or “adjunctive therapies”. In the first step, papers were screened by abstract and title. Then, the full text of the selected papers was examined. Papers were excluded if their content had nothing to do with sepsis pathophysiology, diagnosis, or antimicrobic therapeutical approach.




3. Pathophysiology of Sepsis


3.1. The Innate Immunity


The mechanisms resulting in the development of sepsis are very complex and not completely understood. However, it is well established that at the beginning of sepsis the inflammatory response is mediated by the activation of the innate immune system cells, mainly represented by macrophages, monocytes, neutrophils, and natural killer cells. Multiple infection-derived microbial products are simultaneously recognized by complement and specific cell-surface receptors. Amongst these, toll-like receptors (TLRs) are transmembrane receptors expressed by monocytes and macrophages and able to detect extracellular pathogen-associated molecular patterns (PAMPs) (such as bacterial endotoxins and fungal β-glucans) and damage-associated molecular patterns (DAMPs) released from injured endogenous cells (such as ATP, high mobility group proteins, and mitochondrial DNA). To this extent, nod-like receptors (NODs), which are expressed intracellularly, recognize pathogens invading the cytosol. Furthermore, retinoic acid inducible gene (RIG)-like receptors, mannose-binding lectin (MBL), and scavenger receptors also take part in this process [11].



Therefore, the binding between cellular receptors and different components of bacteria, viruses, and fungi, as well as host products derived from tissue damage, induces multiple intracellular signaling pathways, ultimately leading to the expression of several common gene classes involved in inflammation, adaptive immunity, and cellular metabolism, the second key step in the activation of the immune response during sepsis. In particular, the phosphorylation of mitogen-activated protein kinases (MAPKs), Janus kinases (JAKs), or signal transducers and activators of transcription (STATs) and nuclear translocation of nuclear factor κΒ (NF-κΒ) initiate the expression of multiple early activation genes which are promptly translated into signaling proteins, including cytokines associated with inflammation (such as tumor necrosis factor (TNF), interleukin (IL)-1, IL-12, IL-18, and type I interferons (IFNs)). These proinflammatory intermediates subsequently induce a cascade of other inflammatory cytokines and chemokines (including IL-6, IL-8, IFNγ, C-C motif chemokine ligand 2 (CCL2), CCL3, and C-X-C motif chemokine ligand 10 (CXCL10)), as well as the polarization and suppression of components of adaptive immunity [12].



These inflammatory networks cause the activation of the complement system, the proliferation of leukocytes, and an increased expression of endothelial adhesion molecules, with profound effects on coagulation and vascular and lymphatic endothelium, such as the transition of the endothelium to a procoagulant state, the loss of endothelial tight junctions, and increased vascular permeability [13].




3.2. The Complement System


The complement system, which consists of multiple proteins in body fluids, receptors, and regulatory proteins, carries out a defensive action against infectious agents and acts as an immune sensor, effector, and regulator. Complement activation can be initiated via three different pathways: the classical (including antibodies, C1q, C2, and C4), the alternative (including complement factor B and spontaneous C3 hydrolysis to form C3b), and the lectin pathway (including MBL and ficolins) [14,15]. The common result of these pathways is the cleavage of C3 and C5 to generate anaphylatoxin peptides (i.e., C3a and C5a), C3b, and C5b. C3b is an important phagocytosis-promoting product, whereas C5b interacts with C6–C9 to form the membrane attack complex on cell membranes. C5a, under conditions of regulated production, supplies defensive functions by enhancing chemotactic responses of neutrophils, phagocytosis, and oxidative burst that is involved in killing bacteria [16,17,18].



The role of complement in sepsis pathogenesis might appear ambiguous. On one hand, C3 deficiency, which results in the inhibition of most complement effector functions, clearly increases sepsis-associated mortality in animals [19]; these observations underline the pivotal role of complement as a defense mechanism against invading microbes. Contrariwise, other data have indicated that inhibition of C5a signaling improves the survival of experimental animal models [20,21]. Increased production of C5a, as occurs during sepsis, can lead to adverse systemic consequences. Neutrophils become functionally paralyzed [22], unable to respond chemotactically to C5a, but also to the chemotactic peptide N-formyl-Met-Leu-Phe (fMLP), which is produced by bacteria [23]. Perturbations in signaling pathways of neutrophils cause their incapacity to phosphorylate extracellular signal-regulated kinase 1/2 (ERK1/2) which is a crucial factor in the MAPK signaling cascade involved in neutrophils activation. Under these conditions, neutrophils cannot phosphorylate neutrophil cytosol factor 1 (NCF1), preventing the assembly of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase [22]. In the presence of relatively high levels of C5a, macrophages have potentiated responses [24], which lead to a considerably increased production of proinflammatory mediators such as TNF and various chemokines. Moreover, generation of C5a during sepsis is associated with apoptosis of thymocytes, which has been associated with increased binding of C5a to thymocytes, which is due to upregulated expression of C5a receptor mRNA and protein and to the consequent activation of caspases 3, 4, and 6 [25]. Blockade of C5a in experimental models of sepsis has been shown to be beneficial in various models from different studies. For example, inhibition of C5a by antibodies in a primate model of sepsis markedly attenuated Escherichia coli-induced septic shock and the development of adult respiratory distress syndrome [26]. Similarly, the blockade of C5a with antibodies in a murine pneumococcal pneumonia model was highly effective in diminishing the severity of sepsis, favoring cellular and organ protection and improving outcome [27].




3.3. The Role of the Endothelium


Sepsis is not only a state of systemic inflammation, but also a state of deregulated hemostasis. Hemostasis is a complex process regulated by the endothelium, soluble plasma molecules, platelets, and leukocytes; it not only is involved in the balance between pro- and anticoagulant forces, but also directs platelet and fibrin clotting to areas of focal vascular injury [28]. Sustained inflammation during severe sepsis drives hemostasis in a condition of deregulation characterized by a prothrombotic and antifibrinolytic state, organ ischemia, and multiple organ dysfunction syndrome.



Sepsis is associated with severe endothelium dysfunction leading to deregulation of vascular reactivity and hemostasis. This damage of the endothelial cells (ECs) is considered pivotal to the progression to organ failure during sepsis. Under normal conditions, the endothelium serves as an anticoagulant surface that regulates the flow of gases, water, solutes, lipids, proteins, and other macromolecules within the microcirculation [29,30]. The endothelium integrity is maintained by the cell cytoskeleton (actin), intercellular adhesion molecules (tight junctions), and numerous supportive proteins. During sepsis, these structures are broken up essentially in response to neutrophil and platelet adhesion, the release of inflammatory mediators, and toxic intermediates. Combined with the increased expression of adhesion molecules (selectins and integrins), the binding of leukocytes to the endothelial surface results in vascular fluid leakage and extravasating leukocyte migration across the endothelial barrier. Although in trauma or localized infection these responses enable platelets and immune cells to reach tissue sites, sepsis causes prolonged and generalized responses that can lead to substantial tissue injury [31].



The glycocalyx is a glycoprotein–polysaccharide layer that covers the endothelium and supports several key physiological processes such as vascular barrier function, hemostasis, leukocyte and platelet adhesion, and anti-inflammatory and antioxidant defenses [32,33]. Loss of barrier function induced by glycocalyx shedding, which occurs in the presence of oxidants, cytokines, and bacterial endotoxins [32], is associated with the formation of edema [34] and is a key contributor to sepsis-induced organ failure. Shedding of the glycocalyx may also hamper the ability to sense and transduce blood flood-induced sheer stress, resulting in the endothelial release of nitric oxide (NO) or endothelin (ET). Increased plasma concentrations of NO and ET metabolites are regarded as key mediators in the systemic inflammatory response that lead to fatal multiple organ dysfunction [35].



In sepsis and septic shock, the normal anticoagulative state within the vasculature is disrupted. This state of hypercoagulability is characterized by fibrin deposition, microvascular thrombi, neutrophil extracellular trap formation, and endothelial damage. Platelet activation can itself propagate both coagulation and inflammatory response by forming aggregates that can activate thrombin release, a serine protease that induces secretion of proinflammatory cytokines and growth factors. Platelets might also trigger inflammation by activating dendritic cells [36].




3.4. Autophagy


Autophagy is a highly conserved degradative pathway involved in maintaining intracellular homeostasis under physiological conditions, playing a crucial role in the pathogenesis of inflammation and infectious diseases [37,38]. There are three types of autophagy: macroautophagy, chaperone-mediated autophagy, and microautophagy. To eliminate damaged proteins and organelles, as well as cytoplasmatic bacteria and pathogens [39], cells exploit this adaptive mechanism to protect themselves from damages and apoptosis [40]. Several intracellular signaling pathways are responsible for autophagy induction, such as 5′ adenosine monophosphate-activated protein kinase (AMPK) and c-Jun N-terminal kinase (JNK)/p38, two MAPK pathways, generating ROS and regulating the NF-κB under activation of TLR4 and TLR9, respectively [41,42]. Recently, the induction of autophagy has received increased attention in the context of sepsis: it mainly protects the host against multiorgan dysfunction syndrome (MODS) by preventing immune cell apoptosis, maintaining the homeostatic balance between pro- and anti-inflammatory cytokines, and preserving mitochondrial functions [43,44,45,46].



Although the activation of autophagy and high cell vitality should protect cells against microbial infection during the early stages of sepsis, this benefit is limited until severe sepsis occurs, since a substantial increase in autophagy does not reverse the massive inflammatory response established but worsens tissue and organ injury [47,48]. Consistently with these findings, the regulation of autophagy and its mechanism of action during sepsis takes place in different ways. Since sepsis-induced immunosuppression mainly involves the apoptosis of immune cells (such as T cells, macrophages, B cells, and dendritic cells), autophagy interacts with several cellular components to alleviate the excessive inflammatory responses [49]. In the context of acquired immunity, autophagy pathways are involved in the regulation of CD4+ T cell apoptosis [50,51]. However, during sepsis this mechanism is insufficient, so the blockade of T cell autophagy accelerates apoptosis; consequently, the increased expression of IL-10 by CD4+ T cells might promote a further immunosuppressive state. Lipopolysaccharide (LPS) involvement can increase the macrophage migration inhibitory factor (MIF) secretion rate of autophagy-deficient macrophages, thus worsening inflammation status [52]. A further exacerbation of the inflammatory response occurs when excessive autophagy leads to programmed cell death of macrophages [53]. By contrast, an increase in autophagy induction triggers the formation of neutrophil extracellular traps (NETs), which establish a physical barrier to contain microbes, reducing host tissue damages [54].



A crucial step during sepsis-caused organ failure is represented by mitochondrial dysfunction, which may impair cellular energy and increase oxidative stress [55]. Mitochondria are prone to damage in sepsis, and their inner membrane electrochemical potential decreases: these damaged organelles are removed by autophagosomes and eventually degraded by fusion with lysosomes, promoting the recovery of septic organ function [56]. By contrast, an impairment in the autophagy of mitochondria leads to reduced mitochondrial clearance and an increase in inflammation [57]. Therefore, blocking autophagy promotes mitochondrial damage, increases the production of ROS, elevates inflammatory cytokines, and promotes apoptosis during sepsis. In addition, when sepsis occurs, several noncoding RNAs, such as microRNAs (miRs), can directly regulate autophagy-related proteins and indirectly interfere with autophagy signaling pathways [58,59]. It has been recently demonstrated that the miR-19b-3p protects cells from sepsis-induced inflammation injury via inhibiting the NF-κB signaling pathway, and Krüppel-like factor 7 (KLF7) was a potential target [60]. By contrast, overexpression of miR-126 could protect podocytes from sepsis-induced injury through the epidermal growth factor-like domain multiple 6/dyskeratosis congenita 1 (EGFL6/DKC1) signaling pathway [61].



Based on previous evidence, the protective effects of autophagy are mainly evident on multiple organs and systems, including heart, liver, lungs, kidneys, brain, and coagulation system. In this context, the development of autophagic vacuoles and the expression of autophagy-associated proteins differ between distinct tissues or organs and specific stages of sepsis.




3.5. Downregulation of the Immune System


Besides the systemic inflammatory response characterizing sepsis during the early stages of the process, a prolonged state of immunosuppression also occurs in both the initial and late phases of the disease [62,63]. Indeed, patients who survive the early inflammatory stage of sepsis enter a late phase characterized by profound immunosuppression: these patients frequently experience ongoing infectious foci, despite antimicrobial therapy; reactivation of latent viral infection; and acquisition of secondary hospital-acquired infections, often with opportunistic microorganisms, which usually do not tend to infect patients with normal immune status.



Sepsis has been described as a two-phase process where an initial hyperinflammatory phase is followed by a prolonged immunosuppressive phase [64,65]. However, in clinical practice, it is evident that these two phases tend to overlap. Indeed, several studies have shown that both proinflammatory and anti-inflammatory responses occur simultaneously in the first stage of sepsis [66,67,68]. The net effect of such mechanisms results in immunosuppression involving both the innate and the adaptive immune systems.



As is well known from clinical practice, neutrophil count increases in circulating blood within the first hours after sepsis occurs, because of increased release of mature and immature cells from the bone marrow [69] and delayed apoptosis [70]. However, functional abnormalities have been described, including loss of chemotactic activity [71] and production of anti-inflammatory IL-10 able to inhibit lymphocyte proliferation [72,73].



A hallmark of sepsis-induced immunosuppression is represented by the mechanism named “endotoxin tolerance” [74], which concerns monocytes/macrophages, cells involved in both the early and the late phases of sepsis. After the release of the cytokine storm which characterizes the early phase, these cells undergo a reprogramming process involving epigenetic modifications [75] and microRNA activity [76]. After endotoxin tolerance occurs, monocytes/macrophages show reduced ability to release proinflammatory cytokines (TNF, IL-1α, IL-1β, IL-6, IL-12, IFNγ) in response to TLR stimuli, while the production of anti-inflammatory cytokines (IL-1 receptor antagonist and IL-10) seems not impaired or even enhanced [77,78]. The DR isotype of the human leukocyte antigen (HLA-DR) is largely reduced on the cellular surface of monocytes/macrophages, thus accounting for a reduced ability to present antigen to the adaptive immune system [78,79,80,81,82] (this mechanism has also been described among dendritic cells, both myeloid and plasmacytoid). Persisting low monocyte HLA-DR expression predicts mortality in septic shock [83]. A crucial event for the onset of the endotoxin tolerance is represented by the nuclear translocation of the transcription factor hypoxia-inducible factor-1α (HIF-1α), which governs the described reprogramming events through the activation of several genes such as IRAKM, VEGFA, and MMP. Such a process should not be considered as an immune-paralysis outcome, but as a reprogramming process towards cellular activities other than inflammation, such as high phagocytosis activity, tissue remodeling, and antimicrobial activity [74]. Moreover, another effect of HIF-1α activation is the increased expression of the programmed cell death ligand 1 (PD-L1) which leads to lymphocyte apoptosis as described below.



Together with endotoxin tolerance, massive cellular apoptosis of CD4+ and CD8+ T cells [84] and immune exhaustion of T lymphocytes [65] are typical of sepsis-induced immunosuppression. In the contest of persistent high antigen load, immune exhaustion occurs, a phenomenon characterized by progressive loss of function, changes in transcriptional profiles, and sustained expression of inhibitory receptors. At first, cells lose their ability to produce IL-2 and TNFα, followed by the loss of high proliferative capacity and cytotoxic activity, eventually leading to apoptosis [65]. The programmed cell death 1 (PD1) receptor is highly expressed on the cellular surface of T lymphocytes during immune exhaustion. PD1 activation after the exposure to its ligand PD-L1 (overexpressed by monocytes/macrophages, dendritic cells, and capillary endothelial and bronchial epithelial cells during sepsis) induces intracellular pathways interrupting the T cell receptor transduction signals and ultimately leading to reduction in IL-2 synthesis, inhibition of activation and proliferation, decreased effector functions (cytokine secretion and cytotoxicity), and accelerated apoptosis [85]. PD1 on circulating T cells from patients with sepsis correlated with decreased T cell proliferative capacity, increased nosocomial infections, and mortality [86].



Interestingly, several pieces of evidence pointed out that during sepsis there is a marked reduction in transcription factors which modulate the differentiation towards effector T cells (Tbet, GATA3, and RORγt, respectively modulating the Th1, Th2, and Th17 response), while FOXP3, the transcription factor responsible for differentiation into regulatory T cells (Tregs), is not affected. Indeed, Tregs are not reduced during sepsis and their relative count is expanded, with deleterious effects on T cell proliferation and functions [65,87,88].




3.6. The Role of the Microbiome


The microbiome is the microbic consortium of bacteria, viruses, fungi, and protozoa living upon (skin) and inside (gut, lung) our body. The last few decades have seen an increasing interest regarding the physiological and pathogenetic role of the microbiome in several medical conditions, included sepsis. Indeed, the gut microbiome exerts numerous physiological roles as an independent organ within the human body: it produces functionally active metabolites which influence immune functions of several immune cells; it increases the gut barrier function, inhibiting hematic translocations of resident microorganisms; and it directly promotes the maturation of local immune cells, driving the expansion of antigen-specific activated T cells and enhancing responsiveness of immune cells to cytokines [89].



A loss in the alpha diversity, characterized by the reduction in species composing the microbic consortium, has emerged as a negative prognostic factor during sepsis. The imbalance between microbic communities disrupts the inner homeostasis and is capable to lead to an expansion of species with enhanced ability to disseminate to the blood and cause infection [90]; for example, a reduction in anaerobic bacteria in the gut was correlated with overgrowth of aerobic bacteria (such as Staphylococcus and Enterococcus) and an expansion of opportunistic fungi (such as Candida and Aspergillus) [91]. This is particularly true in the case of sepsis, where the prompt use of broad-spectrum antimicrobics is warranted as a first-line regimen, with a consequent reduction in alpha diversity. Moreover, considering that the apoptosis of lymphoid tissues broadly affects the gut-associated lymphoid tissue (both lymph nodes and mucosa-associated lymphoid tissue), it appears evident that sepsis represents an ideal setting for bacterial and fungal translocation, as well for viral reactivation.



Such phenomena are not restricted to the gut, but are of interest in the lung as well, since a progressive reduction in alpha diversity has been described under invasive ventilation until the development of pneumonia [92]. During viral infections, the commensal gut microbiome contributes to set a homeostatic type I IFN-dependent immune response at distal nongastrointestinal tract sites [93,94] and locally regulates NF-kB and inflammasome-dependent release of proinflammatory cytokines (e.g., TNF-α, IL-1β, IL-6, and lL-18) which are pivotal for the distal recruitment of immunocompetent cells (e.g., monocytes, granulocytes, dendritic cells) that circumscribe viral replication [95].



SARS-CoV-2, the novel coronavirus responsible for the COVID-19 pandemic, is not exempt from gut microbiome involvement: indeed, abdominal discomfort, nausea, diarrhea, and vomiting have been described as less common symptoms of COVID-19, with a prevalence of diarrhea of about 10% in some case series. Gut microbiome dysbiosis was observed in hospitalized COVID-19 patients, showing an imbalance of intestinal microflora diversity with decreased levels of probiotic bacteria (e.g., Lactobacillus and Bifidobacterium), a higher relative abundance of opportunistic pathogens (e.g., Streptococcus, Rothia, Actinomyces), and a lower relative abundance of beneficial symbionts. Notably, these shifts in gut microbiome composition persisted after the resolution of respiratory symptoms and were correlated with disease severity [96,97,98].



So far, several efforts have been made to characterize a healthy microbiome, as well as to identify specific microbiome signatures able to predict sepsis onset or higher risk to develop sepsis or to stratify patients with different prognoses [89]. Although there is still a long way to go, currently we know that microbiome composition is associated with susceptibility to sepsis (e.g., intestinal domination with proteobacteria was associated with increased risk of subsequent Gram-negative bloodstream infection among allogeneic hematopoietic cell transplant receivers [99]) and that different enterotypes can predict different outcomes (e.g., intestinal domination of Enterococcus at intensive care unit admission was associated with increased risk for death in patients with and without sepsis [100]).




3.7. Cellular, Tissue, and Organ Failure


Sepsis is also described as a systemic disorder, affecting all organs of the body. Although the molecular basis of organ failure remains unclear, six types of organ dysfunction predominantly characterize sepsis: neurological (altered mental status), pulmonary (hypoxemia), cardiovascular (shock), renal (oliguria and/or increased creatinine concentration), hematological (decreased platelet count), and hepatic (hyperbilirubinemia). The underlying mechanism behind tissue and organ dysfunction in sepsis seems to be a diminished oxygen delivery to and utilization by cells with a consequent increased anaerobic glycolysis and lactic acid production. Several factors, including hypotension, reduced red-cell deformability, and microvascular thrombosis, contribute to impair tissue oxygenation in septic shock in addition to mitochondrial damage caused by oxidative stress [101]. All these mechanisms in conjunction with systemic hyperinflammation and sustained immunosuppression, generalized increased catabolism, insulin resistance, and hyperglycemia can contribute to the cellular level damage.





4. Diagnosis of Sepsis


4.1. MDR and Sepsis


In the last few decades, a specific sepsis population with a high mortality risk is accounted for by patients with septic shock by multidrug-resistant (MDR) microorganisms, with Gram-negative pathogens being responsible for most cases [102]. In particular, an increased frequency of MDR Gram-negative pathogens, such as MDR Acinetobacter baumannii (MDR-AB) and Klebsiella pneumoniae carbapenemase-producing Klebsiella pneumoniae (KPC-Kp), have been observed among critically ill intensive care unit (ICU) patients.



MDR bacteria are defined by international guidelines as microorganisms nonsusceptible to at least three different antimicrobial categories [103], and the burden of their infection is variable in different areas worldwide [104]. The constantly increasing spread of MDR severe infections is due to a strong increase in the level of care and in the use of antibiotics, despite the improvement in social and health conditions. Although several risk factors for MDR microorganism infections have been identified (see Table 1), the real causes for this increased risk are still unclear, and the appropriateness of initial antibiotic therapy still represents a crucial variable in septic patients, thus affecting the clinical outcome [105,106,107,108].



It is well established that bacterial, viral, fungal, or parasitic infections can cause sepsis, making diagnosis particularly challenging where an infectious source is not immediately obvious. As widely reported in the literature, early recognition of sepsis is critical for timely initiation of treatment. To this extent, patients with severe forms of sepsis treated with antibiotics within 1 h of the onset of symptoms have greater survival chances than those with delayed treatment [109,110]. In this scenario, an early diagnosis of sepsis is crucial to identifying the etiology of infection and a targeted antimicrobial therapy.




4.2. Diagnostic Tools


The ideal diagnostic technology for sepsis should include the following characteristics: a rapid and broad-based detection, minimal invasiveness, clinical sample usage with low specimen volumes, high sensitivity and specificity for the immediate initiation of targeted antibiotic use in the presence of signs and symptoms of systemic inflammation, and detection of drug resistance and unknown and emerging pathogens. So far, blood culture is commonly known as the gold standard for the detection of microbial pathogens in the bloodstream. However, the organisms’ growth to detectable levels in routine blood cultures can take up to 5 days, with additional time being required for identification (24 h) and testing for antibiotic susceptibility (48 h) [111,112,113,114]. False positives via contamination during sample collection (e.g., Staphylococcus epidermidis) are also common. Moreover, adults with bacteremia and/or with fungemia might receive an inappropriate treatment before microbiology culture results become available [115].



The delayed detection of pathogens and the prolonged and empiric use of broad-spectrum antibiotics might expose patients to adverse events such as antibiotic allergic reactions and drug toxicity, antimicrobial-resistant bacterial strain selection, longer hospitalization time, and increased medical bills [116]. Following this evidence, although routine blood culture is still considered the gold standard diagnostic for sepsis, it is essential to shorten as well as to improve current laboratory procedures for the detection of microorganisms.



Besides blood culture techniques, a new generation of technologies for sepsis diagnosis, which are not dependent upon initial microbial growth, are emerging. Amongst them, nucleic acid amplification technologies (NAATs) amplify the nucleic acid sequences to a detectable level and identify the infecting agent or the status of the immune response. The detection of bacterial DNA fragments by real-time polymerase chain reaction (RT-PCR) in blood samples and the detection of 16S rRNA fragments of Gram-positive and Gram-negative bacteria or 18S rRNA fragments of Candida spp. appear to be very promising for shortening pathogen identification, since they have shown a high degree of specificity and sensitivity, and thus decreasing mortality and length of hospitalization and ICU stay of patients. The main disadvantages of these techniques are high costs, lack of standardization, and the need for skilled personnel to perform them [117].



Because of the complexity of sepsis pathophysiology and limitations of diagnostic tests based on blood cultures, there is great interest in promising biomarkers that could be used to effectively diagnose sepsis and to improve the prediction of mortality, especially in the early phase of the inflammatory response. Biomarkers are defined as “characteristics that are objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention” and are commonly used to differentiate between distinct pathogenic conditions, indicate disease severity guide treatments, monitor therapeutic responses, and predict prognosis [118]. C-reactive protein (CRP) is probably the most widely measured acute-phase liver-produced protein in routine biochemistry. Although meta-analyses demonstrated that CRP has a moderate degree of sensitivity [119,120], not enough data are available to strongly recommend it in clinical practice. There are many causes for elevated CRP levels other than sepsis, including inflammation, burn injuries, cardiovascular disease, and malignancy, which all contribute to the low specificity and limited usage of CRP as a sepsis biomarker [121].



CD64 is an IgG-binding receptor expressed by neutrophils, monocytes, and macrophages in response to cytokines released during bacterial infection; given that its expression is upregulated in the early stages of activation of the innate immune response, it performs particularly well as a diagnostic marker of sepsis [122], although its use might be limited by flow cytometry, the method used for CD64 detection, requiring specialized laboratory equipment.



Presepsin (PSEP) is a 13 kDa soluble fragment of CD14, a glycoprotein that is expressed on the surface of immune cells, such as monocytes and macrophages, that acts as a receptor for LPS. It is filtered out through renal glomeruli and then reabsorbed and consequently catabolized within the proximal tubular cells (an inverse correlation between PSEP and glomerular filtrate rate has been described). Indeed, PSEP concentration increases when there is PAMP recognition during infection; thus, it could be helpful in differentiating between bacterial infections and non-infectious sepsis. In the immune response to sepsis, the serum levels of PSEP do increase before the ones for procalcitonin or IL-6, so it has been proposed as a potential biomarker of infection and systemic inflammation, with proposed cut-off levels for sepsis of 400–600 pg/mL. Used alone, as well as in conjunction with other established biomarkers, PSEP has been shown to provide useful insight to distinguish between normal and pathological conditions, graduate the disease severity, guide treatment, monitor therapeutic responses, and predict prognosis [123,124,125].



Another promising biomarker for sepsis and septic shock is proadrenomedullin (pro-ADM), a 48-amino-acid peptide derived from adrenomedullin, which is produced by vascular endothelial cells and smooth muscle cells and exerts biological effects on vasodilatation, bronchodilatation, natriuresis, cardiac contractility, and glomerular filtrate rate. Pro-ADM has been proposed as an early predictor of high mortality risk and severity of organ disfunction, as well as a clinical progression biomarker capable to identify patients at higher risk for delayed or insufficient therapy. Its diagnostic and prognostic value has been investigated in several clinical studies, which confirmed pro-ADM as a good biomarker in assessing a patient’s initial state, evolution, and prognosis. Uncertainties remain about the best cut-off for the early diagnosis of sepsis and for predicting patient prognosis, and further studies are needed to highlight several dark gaps about pro-ADM release kinetic and average half-life in the bloodstream in order to reduce the risk of false-positive or -negative results [126,127].



Overall, these biomarkers are limited in their specificity and are not sufficient to differentiate sepsis from other inflammatory processes, and no single biomarker has been approved for absolute diagnosis of sepsis. The only biomarker to achieve clinical implementation for sepsis is procalcitonin (PCT). PCT is a peptide, precursor of the hormone calcitonin, that is produced by parafollicular cells of the thyroid and by the neuroendocrine cells of the lung and the intestine. In healthy individuals, procalcitonin levels are nearly undetectable, whereas they are higher in patients with invasive bacterial infections. A PCT assay for the assessment of risk for developing severe sepsis in critically ill patients upon their first day of admission to intensive care units has been approved by the FDA. To this extent, several studies have demonstrated that PCT may accurately differentiate sepsis from noninfectious diseases and thereby contribute to early diagnosis and effective management of these conditions. However, given that PCT is strictly related to an inflammatory state, it may not be completely specific for infection [128,129].



The progress made in mass spectrometry has improved the use of proteomic and metabolomic techniques as emerging diagnostic tools for sepsis [130]. This approach has already been used to identify a panel of metabolites, described as a “biopattern”, for differentiating pediatric patients with suspected sepsis [131]. However, to date, the biomarkers found in metabolomic and proteomic studies of sepsis have not met the thresholds for clinical implementation due to several intrinsic limitations: large variability in sample collection time and preparation, data acquisition, and data analysis parameters that might result in variable metabolic and proteomic signatures.



Within noncoding RNAs, miRNAs represent another class of potential sepsis biomarkers. They are endogenous, single-stranded, noncoding RNA molecules, composed of 18–24 nucleotides that modulate gene expression at the post-transcriptional level, usually targeting messenger RNAs (mRNAs) and inducing their degradation and translation repression. Abnormal expression of a large panel of miRNAs, including miRNA-122a, -146a, and -205 family members, has been reported to contribute to the development and diagnosis of sepsis (through LPS and cytokine stimulation). In this context, a promising method is the use of specific miRNAs to detect microbiological species instead of blood cultures. This can be possible by detecting changes in the expression of miRNAs produced by microorganisms. The specificity and selectivity of the method might be increased by detecting the changes in the expression of miRNAs in various bacterial infections [132,133,134].



Finally, a different approach to sepsis diagnosis has been the development of computer-based predictive algorithms that can measure, in real time, the risk for a patient to develop sepsis three hours prior to an extended sepsis episode. The prediction itself is achieved through the analysis of correlations between nine common vital sign measurements, namely age, heart rate, oxygen saturation, pH, pulse pressure, respiration rate, temperature, systolic blood pressure, and white cell count [135]. This type of approach could be attractive due to the use of routinely measured parameters without the need for any extra testing.





5. Therapeutic Approach


5.1. General Considerations


Besides supportive therapy (vasopressor administration, mechanical ventilation, renal replacement therapy), the treatment of sepsis and septic shock is based on empirical antibiotic therapy and infection source control. The 2021 Surviving Sepsis Campaign provides recommendations about the management of sepsis and septic shock [136]. As reported above, it is crucial to collect blood cultures prior to antibiotic administration and to start therapy with broad-spectrum antibiotics within 1 h after recognition of sepsis or septic shock condition. In 2014, the MEDUSA trial showed that delay in antimicrobial therapy and source control was associated with increased mortality in sepsis and septic shock patients: every hour the antibiotic therapy was delayed, mortality increased by 2% [137,138].



Nevertheless, it is important to administer appropriate antibiotic therapy rather than early administration of any antibiotic. Kumar and colleagues demonstrated that initiation of inappropriate antimicrobials was associated with a 5-fold reduction in survival from 52.0% to 10.3% in patients with septic shock [139]. The choice of the proper antibiotic is mostly guided by the following:




	
Pathogen epidemiology (patient from community, chronic care institution or hospital, and local pathogen prevalence and susceptibility);



	
Presumed anatomical focus or source of infection;



	
Patient’s features (concomitant underlying diseases, chronic organ failures, medications, devices, immune status, colonization with specific pathogens, and allergies).








Chosen antimicrobials must cover all likely pathogens, including bacterial and potentially fungal and viral coverage. Once the pathogen has been identified and sensitivities are established, therapy can be narrowed. Approximately one-third of patients with sepsis do not have a causative pathogen identified [136]. Since continued unnecessary antimicrobial therapy is associated with major individual and societal risks, it is recommended to de-escalate antimicrobials based on clinical improvement even if cultures are negative.



Initial therapy for a sepsis of unknown origin should cover both Gram-positive and Gram-negative bacteria. A “multidrug regimen” is usually chosen to broaden pathogen coverage, until microbiological exams reveal specific causative pathogens. Selected individuals (i.e., neutropenic patients) and hospitalized patients, characterized by a dysregulated immune system, are at high risk of infection with MDR microorganisms. Several scores have been designed to assess patients’ risk for harboring a resistant pathogen, such as those of Shorr et al. [140] and Bassetti et al. [141] (Table 1).




5.2. Patients in ICU


Critically ill patients with severe sepsis present a significant fluid shift from the intravascular compartment to interstitial space, caused by aggressive fluid resuscitation and hyperdynamic state associated with sepsis itself [142,143,144,145,146,147,148,149,150,151,152,153,154]. Extracellular fluid changes may also be enhanced by edematous states, pleural effusion, postsurgical drains, and extracorporeal membrane oxygenation.



Time-dependent antibiotics, which reach maximal efficacy when their concentration exceeds the MIC for a longer time, are mostly hydrophilic, so they result underdosed when Vd and drug clearance are increased. Such is the case of β-lactams, whose antimicrobial activity is optimized by more frequent administration rather than higher doses. Studies in ICUs have demonstrated that extended (3–4 h) or continuous (24 h) infusions of β-lactam antibiotics have equivalent or improved outcomes compared to intermittent (0.5–1 h) infusions, without increased adverse events.



For example, extended infusions of cefepime, administered over 3 to 4 h, were shown to significantly decrease mortality (20% for intermittent infusion vs. 3% for extended infusion; p = 0.03) and ICU length of stay (18.5 days for intermittent infusion vs. 8 days for extended infusion; p = 0.04) for invasive Pseudomonas aeruginosa infections. Patients treated with continuous infusions of piperacillin–tazobactam have had a better clinical response when compared to inpatients treated with intermittent infusions [139]. On the contrary, lipophilic antibiotics such as fluoroquinolones and macrolides are less affected by changes in fluid status [155].



For concentration-dependent antibiotics such as aminoglycosides or daptomycin, dose optimization can be achieved by combining peak (1 h post-infusion cessation) and trough sampling with dose optimization based on the calculated AUC. For such drugs, therapeutic drug monitoring (TDM) is a useful tool to attain Cmax/MIC target and to reduce nephrotoxicity (for aminoglycosides) which is associated with elevated trough concentrations [154].



Antibiotics such as glycopeptides (e.g., vancomycin) are both concentration- and time-dependent: their exposure target achievement is described by the area under the concentration–time curve during a 24 h time period (AUC0–24) to the MIC ratio (AUC0–24/MIC). A PK/PD target of AUC0–24/MIC of 400 for vancomycin is generally efficacious against organisms such as methicillin-resistant Staphylococcus aureus (MRSA). Besides, given that vancomycin is predominantly renally eliminated, loading doses are used in critically ill patients to overcome the lag time in achieving target antibiotic concentrations and to minimize risk of treatment failure [139].



Hypoalbuminemia also increases the Vd because an enhanced proportion of unbound drug is distributed to tissues and is available for elimination. Therefore, highly protein-bound antibiotics require altered doses to reach target concentrations: time-dependent antibiotics such as ertapenem and flucloxacillin will need more frequent dosing, while AUC0-24/MIC-dependent drugs such as daptomycin will need higher doses [139].




5.3. Patients with Altered Renal Clearance


Dose adjustment is routinely recommended in patients with impaired renal function. Nevertheless, critically ill patients often present an augmented renal clearance (ARC) with a 130–160 mL/min creatinine clearance, due to aggressive fluid resuscitation, increased cardiac output, vasopressor use, and enhanced kidney blood flow. Patients with ARC are more likely to be younger (age < 50 years), male, have a modified Sequential Organ Failure Assessment Score (SOFA < 4 or less), and be admitted because of trauma [154]. This condition requires antimicrobial dose adjustments to avoid subtherapeutic concentrations, especially for β-lactams. Unfortunately, dose increase in these patients is not standard practice.



Another condition that may profoundly affect antibiotic dosing is continuous renal replacement therapy (CRRT), used for AKI management in hemodynamically unstable critically ill patients. Indeed, severe sepsis and septic shock are among the two most common reasons for CRRT initiation. CRRT can differ in modalities, hemofilters, and effluent rates, all of which may require dosing adjustments [156]. Seyler et al. revealed that the recommended doses of β-lactams for patients receiving CRRT with Pseudomonas aeruginosa infection were generally not adequate to attain pharmacodynamic targets in the first 48 h of therapy [157]. Roberts et al. similarly report that usual empirical dosing of antibiotics in severely ill patients with CRRT failed to reach targets [158]. For example, meropenem has a short half-life of 1 h, and its elimination is mainly renal through glomerular filtration and tubular secretion. In CRRT, the half-life is 4.5 h, and drug clearance is determined by the volume of filtrate produced and the dialysate flow rate. In renal failure, the half-life of meropenem is increased up to 10-fold. In patients with ARC, standard meropenem regimens are insufficient in intermittent administration; prolonged (1 g q4h infused over 120 min) or continuous infusion ensures an appropriate MIC coverage over the whole dosing interval [152].




5.4. Obese Patients


Clinical studies report conflicting results about the impact of obesity on mortality in critically ill sepsis patients. Obesity is known as a chronic inflammation state that is related to increased oxidative stress [159]. A multitude of physiologic changes affecting PK and PD can occur in obese patients and may be responsible for antibiotic treatment failure due to lower serum concentration. In critically ill obese patients, antimicrobial Vd and clearance can be very changeable (Table 2).



In particular, Vd is generally increased as a result of increased adipose tissue (which can affect the Vd of lipophilic antimicrobials) and increased lean mass and plasma volume (which can affect the Vd of hydrophilic antimicrobials). These changes add up to all changes that can occur in other critically ill patients. Furthermore, in obese patients, renal clearance is often augmented, most likely due to the increased kidney mass and renal blood flow associated with obesity. That may affect the elimination rate. Conversely, hepatic clearance could be reduced by the great incidence of hepatic steatosis or other hepatic disfunction that can lead to a decreased drug metabolism [160]. BMI is the most common index used to classify obesity, but it considers only the weight and the height of the patients. To tailor an accurate weight-based antibiotic dosing, we need other descriptors such as total body weight (TBW), which is the actual weight of the patient and is expressed in kg; ideal body weight (IBW), which relates height–weight combination to mortality for adult men and women; and adjusted body weight (ABW), which relates the other size descriptors with a dosing weight correction factor, an index that reflects the different distribution of drugs in the adipose tissue and is different for each antibiotic, going from 0.3 to 0.4. For lipophilic antibiotics, the most important index for Vd seems to be TBW, because they can be distributed into tissues, including adipose tissues. Conversely, ABW is most appropriate for hydrophilic antimicrobials, which have limited distribution to adipose tissues.



The measurement of ClCr via 24 h urine collection is suggested to determine the correct renal clearance in obese patients. That is more important in this population because formulas such as the Cockroft–Gault equation (based on IBW) do not consider body composition and show large errors in ClCr estimates [161].



In general, if renal and hepatic functions are normal, the available data support using the high end of the dosing range, especially as regards penicillins, cephalosporins, carbapenems, and fluoroquinolones. In particular, for meropenem, the use of higher doses and prolonged infusion regimens is suggested [148,161]. For vancomycin, recent studies suggest a divided-dose strategy reducing the loading dose to 20–25 mg/kg and then adjusting the other doses based on renal function, trough levels, and possible area under the curve/MIC ratios. Two-point measurement, peak and trough, would increase the accuracy of AUC estimates. In general, if available, the use of TDM is recommended [148].




5.5. Burn Patients


Burn patients represent a particular population of critically ill patients. They are more susceptible to acquiring infections, and sepsis is the most important cause of mortality (rates of sepsis-related death are 50–84% in adult burn patients) [162]. This increased susceptibility has been attributed to some causes such as a nonspecific immunosuppressive state induced by burns (myeloid maturation arrest causing neutropenia, compromised cytotoxic T lymphocyte response, impaired neutrophil function, and decreased macrophage production [163]), loss of skin protection, respiratory injury from smoke, and frequent use of invasive devices (tracheal intubation, intravascular and urinary catheters) [164]. The leading cause of sepsis in these patients is the infection of burn wounds, and the most common isolated organisms are Pseudomonas aeruginosa and methicillin-resistant Staphylococcus aureus [162]. Besides, burn patients frequently require prolonged hospitalization and intensive care unit, so they can incur hospital-acquired infections, including intravascular catheter-related infections and ventilator-associated pneumonia.



Burn patients present extreme pathophysiological changes and profound alteration in PK and PD parameters. Defining infection itself can be challenging in this contest because clinical symptoms that result from the systemic inflammatory response that characterizes major burns are often the same as those of sepsis. Burn injury is characterized by a biphasic systemic response. In the first 48 h, there is a great inflammatory response that induces specific hemodynamic alterations, including increased capillary leak, splanchnic and peripheral vasoconstriction, and myocardial depression. The fluids and albumin shift into the interstitial space, resulting in relative intravascular hypovolemia, systemic hypotension, and organ hypoperfusion. In this phase, the delivery of large quantities of IV fluid is recommended to prevent further organ dysfunction and restore the circulating plasma volume. The second phase of major burn injury is characterized by a hypermetabolic state, in part mediated by elevated concentrations of endogenous catecholamines, characterized by supraphysiologic thermogenesis, increased catabolism of protein, and cardiac contractility that leads to a major organ blood flow and reduction in systemic vascular resistance. Due to the extreme physiological changes associated with major burns, the PK of antimicrobials is significantly distorted, and the application of “standard” doses is likely to result in suboptimal concentrations (either sub- or supratherapeutic) and clinical failure or drug toxicity [165,166].



In this context, it is necessary to consider the intrinsic properties of the antibiotic itself, including Vd, lipid solubility, and protein binding. While the hydrophilic molecules, such as aminoglycosides and β-lactams, normally have a relatively small Vd (principally restrict to extracellular space), this can be significantly increased in major burn injury, principally because of the widespread capillary leak, interstitial edema formation, and aggressive large volume IV fluid resuscitation. Besides, it is important to consider that the unbound fraction of a drug is responsible for the pharmacological effects and any potential toxicity, since hypoalbuminemia is often present in burn patients. Albumin binds acidic antibiotics, such as ceftriaxone, teicoplanin, daptomycin, and ertapenem. Finally, it must be noted that the renal function in burn patients is extremely variable, going from AKI requiring institution of renal replacement therapy to ARC.



Given these substantial variations in PK, alternative dosing strategies are required. It is necessary to give an adequate loading dose to rapidly achieve therapeutic concentration for an efficient bacterial killing, especially for concentration-dependent antibiotics. Regarding hydrophilic agents, the increased Vd, particularly in the case of ARC, can lead to a reduction in drug exposure with the use of “standard” doses. Good strategies that increase the probability of achieving adequate concentration are to administer the antibiotics in more frequent administration or the use of continuous infusions. For these reasons, TDM is highly recommended to optimize drug doses and dosing intervals [152].




5.6. Adjunctive Therapies


Since sepsis and septic shock are characterized by a dysfunction of the immune response, with an initial increase in proinflammatory cytokines and a subsequent immune-paralysis, adjunctive immune-modulatory treatments have been developed in support of antibiotic therapies to restore immune response. Single adjunctive therapies have been studied and are currently being evaluated in clinical trials, with discordant results. Nevertheless, an observational study by Marik et al. showed a synergistic effect of a combination of intravenous vitamin C, thiamine, and hydrocortisone, resulting in a reduction in organ dysfunction and mortality of patients with septic shock [167].



We report a summary of the rationale and limitations for use of each adjuvant therapy in Table 3.





6. Take-Home Messages


In Figure 2 are reported most important take home messages from this review.



	
The mechanisms of sepsis are mainly based on the activation of a hyperinflammatory innate immune system response to infective stimuli and consequent endothelial activation and humoral changes, but it mostly relies on immunosuppression mechanisms involving both the innate and the adaptive immune systems.



	
The gold-standard diagnostic laboratory technique for the diagnosis of sepsis remains blood cultures.



	
Procalcitonin is an important tool to differentiate sepsis from noninfectious diseases and thereby contribute to early diagnosis.



	
Prompt empirical broad-spectrum antibiotic therapy and source control of infection are the most effective treatment strategy in sepsis.



	
Pharmacokinetic/pharmacodynamic adjustments are recommended for patients with specific characteristics (obesity, burns, altered renal function).







7. Conclusions


The dysregulated host response to infection leading to sepsis and septic shock is a life-threatening event that, despite advances in organ support and antimicrobial therapy, as well as the implementation of international guidelines, is still associated with a high mortality rate. This evidence warrants an urgent clarification of the molecular mechanisms underlying clinical response in patients with sepsis or septic shock.



The key to improving these processes lies in acquiring in-depth knowledge of the intricate interplay between host defense, infection, and pathogen virulence, as well as timing and type of interventions that are most effective according to the personal characteristics of individual patients. Of importance, the pharmacokinetic and pharmacodynamic properties of antibiotics should be considered because of changes in clearance and volume of distribution that are frequently observed in critically ill patients, with the potential to influence the concentration of the drug at the site of infection [186,187,188,189,190,191,192,193,194,195,196,197,198,199,200].



On these bases, the knowledge of mechanisms related to progression from sepsis to septic shock and adequate management of patients, including choice and dosages of antimicrobials, are crucial to improving the outcome of septic patients.
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Figure 1. A graphical summary of the pathophysiological mechanisms involved in sepsis onset and persistence and related organ injuries. ALI: acute lung injury; AKI: acute kidney injury; ARDS: acute respiratory distress syndrome; CCL: C-C motif chemokine ligand; CXCL: C-X-C motif chemokine ligand; ET: endotoxin tolerance; GALT: gut-associated lymphoid tissue; HIF-1α: hypoxia-inducible factor-1α; HLA-DR: human leukocyte antigen-DR isotype; IFNγ: interferon γ; IL: interleukin; LPS: lipopolysaccharide; MAC: membrane attack complex; NET: neutrophil extracellular trap; NF-kB: nuclear factor kappa-light-chain-enhancer of activated B cells; NO: nitric oxide; PD-1: programmed cell death 1 receptor; PD-L1: programmed cell death ligand 1; PRRs: pattern recognition receptors; ROS: reactive oxygen species; SAE: sepsis-associated encephalopathy. 
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Figure 2. “Take home messages” about the main points treated in this review. 
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Table 1. Main risk factors for MDR infections.






Table 1. Main risk factors for MDR infections.





	Advanced age



	Diabetes



	End-stage liver disease



	Immunosuppressive therapy



	Use of corticosteroids



	Malignancy



	Organ transplantation



	Recent surgery



	Recent exposure (<3 months) to antibiotic therapy



	Prior hospital admission



	MDR colonization



	Local epidemiology







Legend. MDR: multidrug-resistant.
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Table 2. Antimicrobials requiring dose adjustment in obese patients.
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	Antibiotic
	Recommended Dosages





	Piperacillin–tazobactam
	Up to 4.5 g q8h (prolonged infused over 4 h) or 4.5 g q6h (30 min infusion)

Prolonged infusions preferred for critically ill obese patients



	Ceftazidime
	Up to 2 g q8h prolonged infusion



	Meropenem
	Consider extended or continuous infusion

Dosage adjustments based solely on body weight are unnecessary



	Vancomycin
	Load: 20–25 mg/kgTBW

Maintenance: 10–15 mg/kgTBW q12h initially, then adjust by TDM

Consider 10–12.5 mg/kgTBW q12h if BMI ≥ 40 kg/m2

Alternative approach using ABW0.4: loading dose 25–30 mg/kgABW, initial maintenance dose ~15 mg/kgABW q12h



	Daptomycin
	Same weight-based dose but use ABW0.4

Use of TBW to determine ClCr by the Cockcroft–Gault equation overestimated GFR in morbidly obese subjects.

Use of the four-variable MDRD equation or the Cockcroft–Gault equation using IBW provided an unbiased estimate of GFR

Consider TDM



	Levofloxacin
	750 mg q24h (over 90 min)

1000 mg q24h has been suggested for ClCr > 110 mL/min to target Gram-negative pathogens

Optimization of drug exposure by TDM would be helpful



	Aminoglycosides

(gentamycin, amikacin)
	Use ABW0.4 for initial dose



	Clindamycin
	IV: 600 mg q6h or 900 mg q8h

PO: 450–600 mg q6h or 600–900 mg q8h







Legend: ABW: adjusted body weight; BMI: body mass index; ClCr: creatinine clearance; TDM: therapeutic drug monitoring.
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Table 3. Adjunctive therapies for treatment of sepsis and septic shock.
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	Treatment
	Rationale for Use
	Limitations
	References





	Corticosteroids
	The recommendation is to use iv hydrocortisone if and only in septic shock with haemodynamic instability that doesn’t respond to fluid resuscitation and vasopressor therapy. Increase adrenergic responsiveness and downregulate the exuberant anti-inflammatory response.

Controversial role: most of the studies show no benefit on survival, but can result in faster haemodynamic stabilization, and fewer days on the ventilator. A study (APROCCHSS-2018) reports a significant reduction in 90-day mortality in patients treated with the association of hydrocortisone plus fludrocortisone.
	Immunocompromised patients. In these patients, corticosteroids therapy had adverse effects on hemodynamic stability, prolonged ICU and hospital duration, and increased risk of hyperglycemia.
	Annane 2018-APROCCHSS [168]

Lu 2020 [169]



	Vitamin A

(Retinol and

β-carotene)
	Reduces oxidative stress and completely block the lipid peroxidation.

Vitamine A (retinol and β-carotene) are depleted in patients with infections, sepsis and septic shock compared to healthy patients.

β-carotene has more antioxidant properties than retinol, while retinol enhances the antioxidant effect of ascorbic acid and can quickly accumulate during supple- mentation → β-carotene (and not retinol) should be supllemented during deficiency.
	Vitamin A cannot be directly measured, that is why it is needed to dose serum β-carotene and plasmatic retinol.

High rate of renal excretion of retinol and retinol binding protein are detected during infection and sepsis, explaining the deficinecy but also limiting the supllementation target.

Reduces mortality and ICU length of stay but not invasive support ventilation occurrence.
	Zanza 2019 [170]

Matos 2012 [171]



	Vitamin B1

(Thiamine)
	Cofactor for pyruvate dehydrogenase, essential for glucose metabolism and generation of adenosine triphosphate → promotes aerobic metabolism, reduces lactate; reduces oxidative stress; reduces oxalate production from vitamin C, decreasing the risk of oxalate nephropathy.

Thiamine is depleted in the hypermetabolic state of septic shock.
	
	Hwang 2019 (ATESS) [172]

Coloretti 2020 [173]

Parikh 2019 [174]



	Vitamin C

(Ascorbic acid)
	Cofactor/co-substrate for the synthesis of catecholamines (norepinephrine) and vasopressin;

protective antioxidant;

improves microvascular function (contributes to endothelial cell proliferation and reduces endothelial barrier permeability);

has bacteriostatic activity at high concentrations.

Vitamin C is depleted in septic shock and oxidative stress is elevated.
	Increased metabolization into oxalic acid → calcium oxalate nephropathy;

altered blood glucose measurements;

increased iron absorption;

false negative results on fecal occult blood testing;

hemolysis in patients with G6PD enzyme deficiency;

uncertainty regarding optimal dose and timing;

many trials show no efficacy when administered alone, but better outcome when administer with hydrocortisone and thiamine.
	Hwang 2019 (ATESS) [172]

Coloretti 2020 [169]

Kuhn 2019 [175]

Moskowitz 2018 [176]

Ahn 2019 [177]



	Vitamin E
	Antioxidant activities; stabilization of cellular membranes; empowerment of the immune response during infections.

In most studies about the use of vitamin E in critical care settings it is not used as monotherapy but in combination with other antioxidant compounds.
	Unconclusive results from clinical trial.
	Zanza 2019 [170]



	Intravenous immunoglobulins (IVIg)
	Pathogens and toxins clearance; anti-inflammatory effects at high doses; antiapoptotic effect;

endogenous immunoglobulins are decreased in sepsis and septic shock.
	Rare allergic reactions;

renal failure;

cholestasis;

different outcomes in different infections and pathogens;

uncertainty about effects of different IVIg composition (percentage of IgG, IgM or IgA);

no studies have compared IVIg regimens to one another;

expensive.
	Busani 2017 [178]

Aubron 2019 [179]

Iizuka 2017 [180]



	Extracorporeal Blood Purification and Hemoadsorption (CytoSorb)
	Remove endotoxins, proinflammatory mediators and lactate;

hemodynamics improvement and reduction in vasopressor doses.
	Removal of drugs and useful molecules (e.g., immune mediators);

should be started within 24 h after onset of septic shock.
	Busani 2017 [178]

Kogelmann 2017 [181]

Dimski 2020 [182]



	Anti-PD-1 and

anti-PD-L1 antibodies
	Inhibition of the PD-1/PD-1L pathway, which inhibits T cells activation by blocking CD28 signalling. Antiapoptotic effect; increase in T cell IFNγ production.
	Rare autoimmune reactions;

lack of in vivo studies in septic shock patients.
	Busani 2017 [178]

Thampy 2018 [183]



	OX-40L
	Ligand of OX-40L (on T lymphocytes surface) which activates T cells through the NK-kB and PI3 kinase pathways.

Antiapoptotic effect; increase in T cell IFNγ production.
	lack of in vivo studies in septic shock patients.
	Thampy 2018 [183]



	IL-7 and IL-15
	Antiapoptotic effect; expansion and activation of T and NK cells; production of proinflammatory cytokines.
	Fever;

hypotension;

capillary leak syndrome;

evidence only from animal models of septic shock.
	Busani 2017 [178]

Thampy 2018 [183]



	Adrecizumab
	Adrenomedullin (ADM) non-neutralizing antibody; ADM is a vasodilator peptide which can contribute to hypotension in sepsis, but it also stabilises endothelial barrier; excessive levels of circulating ADM in sepsis are related to higher mortality;

binding circulating ADM, adrecizumab potentiates ADM function of keeping vascular integrity and reduces ADM vasodilator activity.
	Benefit demonstrated on animal models of septic shock; trials on humans still ongoing;

may need to administer within 12 h following vasopressor therapy;

available data limited to patients with high levels of ADM.
	Geven 2019 [184]

Deniau 2020 [185]



	Selective digestive tract decontamination
	Use of topical and systemic antimicrobial to reduce the gut abundance of potentially pathigenic microorganisms.

Reduction of respiratory tract infections and mortality among adults receiving mechanical ventilation. Eradication and less acquisition of rectal resistant microorganisms.
	Limited use related to concern on promotion of antibiotic resistant strains development.
	Kullberg 2021 [89]



	Probiotics
	Alive bacteria of selected species and strains. Alteration of gut microbiome to reverse the disruption in alha diversity and reduce the abundances of pathogenic bacteria.
	Limited evindence of efficacy, probably to relate with the high variability between probiotic formulations and between bacterial strains phenotype of the same specie.
	Kullberg 2021 [89]



	Fecal microbiome transplant
	Intrarectal transplant of feces from a healthy donor to a ill patient. It provide a complete microbiome and has been show to cure Clostridioided difficile colitis and few cases of sepsis.

No randomized clinical trial results available.
	Risk of transference of antibiotic resistant strain.
	Kullberg 2021 [89]
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TAKE HOME MESSAGES

The mechanisms of sepsis are mainly based on the activation of hyper-inflammatory innate
immune system response to infective stimuli and consequent endothelial activation and
humoral changes, but it mostly relies on immunosuppression mechanisms involving both
the innate and the adaptive immune systems.

The gold-standard diagnostic laboratory technique for diagnosis of sepsis remains the
blood cultures.

Procalcitonin is an important tool to ditferentiate sepsis from non-infectious diseases and
thereby contribute to early diagnosis

Prompt empirical broad spectrum antibiotic therapy and source control of infection are the
most effective treatment strategy in sepsis.

Pharmacokinetic/pharmacodynamic adjustment are recommended for patients with spe-
cific characteristic (obesity, burns, altered renal function).
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‘The mechanisms of sepsis are mainly based on the activation of hyper-inflammatory innate
immune system response to infective stimuli and consequent endothelial activation and.
‘humoral changes, but it mostly relies on immunosuppression mechanisms involving both
the innate and the adaptive immune systems.

The gold-standard diagnostic laboratory technique for diagnosis of sepsis remains the

blood cultures.

Procalditonin is an important tool to differentiate sepsis from norinfectious diseases and.
thereby contribute to carly diagnosis
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most effective treatment strategy i sepsis
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ific characteristic (obesity, burns, altered renal function)
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