

  ijms-25-09522




ijms-25-09522







Int. J. Mol. Sci. 2024, 25(17), 9522; doi:10.3390/ijms25179522




Review



The Impact of Liver Failure on the Immune System



Alicja Dąbrowska 1,†,‡, Bartosz Wilczyński 1,†,‡, Jakub Mastalerz 1,‡, Julia Kucharczyk 2,‡, Julita Kulbacka 3, Anna Szewczyk 3,* and Nina Rembiałkowska 3,*





1



Faculty of Medicine, Wroclaw Medical University, Pasteura 1, 50-367 Wroclaw, Poland






2



Faculty of Pharmacy, Wroclaw Medical University, Borowska 211A, 50-556 Wroclaw, Poland






3



Department of Molecular and Cellular Biology, Faculty of Pharmacy, Wroclaw Medical University, Borowska 211A, 50-556 Wroclaw, Poland









*



Correspondence: a.szewczyk@umw.edu.pl (A.S.); nina.rembialkowska@umw.edu.pl (N.R.)






†



These authors contributed equally to this work.








‡



The Students’ Research Group, SKN No. 148, Department of Molecular and Cellular Biology, Faculty of Pharmacy, Wroclaw Medical University, Borowska 211A, 50-556 Wroclaw, Poland.









Citation: Dąbrowska, A.; Wilczyński, B.; Mastalerz, J.; Kucharczyk, J.; Kulbacka, J.; Szewczyk, A.; Rembiałkowska, N. The Impact of Liver Failure on the Immune System. Int. J. Mol. Sci. 2024, 25, 9522. https://doi.org/10.3390/ijms25179522



Academic Editor: Young Woo Eom



Received: 5 July 2024 / Revised: 26 August 2024 / Accepted: 28 August 2024 / Published: 1 September 2024



Abstract

:

Liver failure profoundly affects the immune system, leading to dysregulation of innate and adaptive immune response. This review explores the intricate relationship between liver function and immune homeostasis. The role of the liver as a central hub in immune response initiation is elucidated, emphasizing its involvement in hepatic inflammation induction and subsequent systemic inflammation. Cytokines, chemokines, growth factors, and lipid mediators orchestrate these immune processes, serving as both prognostic biomarkers and potential therapeutic targets in liver failure-associated immune dysregulation, which might result from acute-on-chronic liver failure (ACLF) and cirrhosis. Furthermore, the review delves into the mechanisms underlying immunosuppression in liver failure, encompassing alterations in innate immune cell functions such as neutrophils, macrophages, and natural killer cells (NK cells), as well as perturbations in adaptive immune responses mediated by B and T cells. Conclusion: Understanding the immunological consequences of liver failure is crucial for developing targeted therapeutic interventions and improving patient outcomes in liver disease management.
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1. Introduction


Liver disease remains a prominent issue in the contemporary world. Liver cirrhosis is the final manifestation of hepatic fibrosis, and cirrhosis-associated immune dysfunction (CAID) refers to the unique set of immune changes. It is characterized by systemic inflammation and immune deficiency. Cirrhosis is associated with gastrointestinal system dysregulation, leading to impaired gut function and dysbiosis [1].



Nevertheless, the consequences of cirrhosis are local and systemic, affecting most organs and the immune system. The immune response is attenuated, inevitably resulting in immune deficiency. However, as the ability to combat pathological threats declines, the amount of pro-inflammatory cytokines causing systemic inflammation rises [2]. Furthermore, the severity of those processes is not only usually progressive but also associated with the cirrhosis stage [3]



Acute chronic liver failure (ACLF) is a term used to describe a unique syndrome observed in patients with acutely decompensated chronic liver disease. Its occurrence relates to multi-organ dysfunction and unfavorable short-term survival [3]. There is no single recognized definition of ACLF. Significant associations and societies involved in the research of liver diseases have coined their criteria [4]. It leads to missed diagnoses and problems with incorporating proper treatment. However, most researchers agree that it is a severe form of decompensated liver cirrhosis and is associated with a systemic inflammatory response. ACLF is frequently precipitated by some intrahepatic conditions (alcoholic hepatitis, HBV reactivation), extrahepatic conditions (bacterial infection, gastrointestinal bleeding), or both [5]. The predominant precipitating factor exhibits local and definitional variability, although alcohol consumption emerges as the foremost cause.



The liver is essential for immune regulation, producing proteins and cells that manage responses to antigens. Liver failure disrupts this balance, leading to pathological inflammation and contributing to cirrhosis. This review examines the immune consequences of cirrhosis and ACLF, focusing on recent clinical markers and therapeutic targets [6,7].




2. Role of the Liver in Immune Response


The liver plays a highly significant role in the proper functioning of the immune system, being responsible for cytokine and acute phase reactant production. The hepatic artery supplies the liver with blood, however, it provides only a minor part of oxygen and nutrients to that organ. Most of the blood entering the liver comes from the portal vein. The blood flowing in it is rich in nutrients from the intestines, however, portal blood also contains pathogens and microbe-derived molecules that have passed through the intestinal epithelium [8]. Thus, the liver must develop immune tolerance in the face of harmless substances while providing immunosurveillance and neutralizing pathogens and the harmful molecules they secrete [9]. Multiple cell lines unique to the liver and a distinct proportion of residual lymphocytes facilitate this immune system surveillance.



Kupffer cells (KC) are the most abundant macrophage population residing in the liver. They are immobilized in sinusoidal lumens, constantly investigating the flowing blood in search of threatening pathogens [7]. However, the cells are not only involved in bacterial endocytosis, but their role in regulating the number of neutrophils has also been documented [9,10,11]. Kupffer cells regulate the number of neutrophils, which is crucial to maintaining hepatic homeostasis and responding to liver injury. These resident macrophages detect disruptions in the liver’s normal state and communicate with other cells to orchestrate an immune response. Liver sinusoidal endothelial cells (LSEC) contribute alongside KCs and intra-hepatic myeloid cells to the regulation of T lymphocytes. T cells remain suppressed in normal circumstances, preventing an excess inflammatory response. This state is achieved by constantly producing anti-inflammatory cytokines such as Il-10, low MHC II content on antigen-presenting cells, and low levels of costimulatory molecules [10]. Upon sensing damage, Kupffer cells release chemokines that attract circulating leukocytes, including monocytes, which differentiate into monocyte-derived macrophages within the liver. This recruitment and differentiation process contributes to the repair and regeneration of liver tissue. It helps regulate the infiltration and activity of neutrophils, ensuring a balanced immune response during acute and chronic liver diseases [11,12].



The liver is home to most Invariant killer T cells (iNKT) that respond to lipid antigens from both the external and internal environment. They do not require co-stimulation from other cells and can rely solely on TCR interaction with antigens [13]. Immune cells in the liver are shown in the picture (Figure 1).




3. Immunometabolism and Mitochondrial Dysfunction in ACLF


Immunometabolism refers to the intricate processes by which immune cells regulate and utilize energy through various metabolic pathways to perform their essential functions, including responding to infections, inflammation, and tissue damage. Under normal conditions, immune cells such as macrophages, T cells, and dendritic cells rely on tightly regulated metabolic processes, including glycolysis, oxidative phosphorylation, and fatty acid metabolism, to meet their energy demands and produce crucial molecules for effective immune responses.



In the context of ACLF, these metabolic processes can become significantly dysregulated. Chronic liver damage, systemic inflammation, and oxidative stress commonly associated with ACLF disrupt normal immunometabolism. This disruption leads to inadequate or excessive immune responses, contributing to chronic inflammation and impaired tissue repair [14]. This dysfunction exacerbates the severity of ACLF, as it impairs the immune system’s ability to manage inflammatory and repair processes effectively.



Mitochondria, the cell’s powerhouses, are central to energy production and cellular metabolism. In ACLF, mitochondrial dysfunction is a prevalent issue. This dysfunction results in impaired oxidative phosphorylation, reduced ATP production, and increased reactive oxygen species (ROS) generation. Studies have shown that, in patients with ACLF, there is a significant decrease in β-oxidation of fatty acids in the mitochondria, leading to reduced oxidative phosphorylation and decreased ATP production [15]. These mitochondrial abnormalities contribute to the systemic energy deficit and oxidative stress observed in ACLF patients, which further aggravates liver injury and promotes multi-organ failure [15,16].



The relationship between mitochondrial dysfunction and immunometabolism in ACLF is bidirectional. On the one hand, impaired mitochondrial function disrupts the metabolic pathways of immune cells, leading to altered cytokine production and immune cell activation. On the other hand, the inflammatory milieu characteristic of ACLF can cause further damage to mitochondria, creating a vicious cycle that exacerbates disease severity [14]. This interconnectedness highlights the critical need for targeted therapeutic strategies aimed at restoring mitochondrial function and modulating immunometabolism to potentially mitigate ACLF progression and improve patient outcomes [17,18,19].




4. The Gut–Liver Axis and Initiation of Hepatic Inflammation


The gut–liver axis represents a critical bidirectional communication pathway between the liver and gastrointestinal tract, primarily facilitated by the portal vein. This pathway allows the transportation of various substances, including digestive products, microbial components, and metabolic by-products, from the intestines to the liver [20]. The liver, in turn, influences gut health through bile secretion and immunological factors, which are transported back to the intestines, thereby modulating gut microbiota composition and intestinal immune responses [21].



In a healthy state, this interaction maintains homeostasis. However, in conditions such as cirrhosis, the permeability of the gut membrane significantly increases, a condition often referred to as leaky gut syndrome. This heightened permeability permits the translocation of harmful substances, including bacterial endotoxins like lipopolysaccharides, from the gut into the liver. This influx exacerbates liver injury by promoting systemic inflammation and advancing liver pathology [22].



The immune system plays a crucial role in recognizing translocated substances as threats. Pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs), molecules derived from microorganisms and damaged cells, are detected by pattern recognition receptors (PRRs), such as toll-like receptors (TLRs) and NOD-like receptors (NLRs). In cirrhosis, enhanced bacterial translocation and gut dysbiosis lead to a more significant influx of PAMPs into the intestines and surrounding lymphoid tissues. Microbes crossing the intestinal barrier also enter the systemic circulation, triggering low-grade inflammation. Concurrently, DAMPs are continuously released from damaged hepatocytes, further amplifying systemic inflammation and contributing to the progression of liver disease [7,23,24].




5. Systemic Inflammation


In the course of liver disease, there is both an intense systemic inflammatory response and immunosuppression, which leads to its hyperreactivity and changes in the expression of immune factors (Figure 2). It has been shown that the systemic inflammatory response is the most crucial cause of sudden deterioration in patients who already have chronic liver disease. In the initial stage of ACFL development, pathogens strongly stimulate the immune system and consequent activation, recruitment, and differentiation of effector immune cells. Macrophages play a vital role at this stage. Their population can be divided into M1 macrophages, which participate in antigen presentation and secrete mainly pro-inflammatory cytokines and reactive oxygen species, and M2 macrophages, which secrete mainly anti-inflammatory cytokines [24]. M1 and M2 macrophages will be activated in the early stages of ACLF development. Activation of macrophages (Kupffer cells) present in the liver leads to the recruitment of innate effector cells and liver damage. Circulating monocytes in the blood will also play an important role, as they will infiltrate the liver. As a result of their proliferation, local liver damage can occur, which will induce the secretion of pro-inflammatory cytokines. The expression of progressive inflammation is the increasing secretion of inflammatory mediators, which we can divide into protein mediators (such as cytokines, chemokines, or growth factors) and lipid mediators [25]. Numerous studies have shown that the secretion of inflammatory mediators is directly related to patients’ clinical status and mortality [26]. Moreover, some of these mediators may become therapeutic targets in the future.




6. Mediators of Inflammation


6.1. Cytokines


Cytokines are proteins that are critical mediators of inflammation. They are responsible for regulating and determining the nature of the immune response. Depending on which combinations of cytokines are produced, the immune response may develop as cytotoxic, humoral, cellular, or allergic. Once released from immune cells, cytokines bind to specific receptors, initiating a signaling cascade that drives the immune response [27,28]. Cytokines can be broadly divided into pro-inflammatory cytokines, such as TNF-α, IL-1β, and IL-6, and anti-inflammatory cytokines, including IL-10 and IL-4. Both types are involved in the development of liver conditions, such as decompensated cirrhosis and acute-on-chronic liver failure (ACLF) [25]. For example, IL-1β and TNF-α, produced in response to infection and tissue damage, stimulate TLR4, leading to IL-6 secretion—a pleiotropic cytokine that plays a crucial role in acute-phase protein secretion [29]. A study using a mouse model combined with an ethanol-feeding regimen showed that the acute inflammatory response associated with IL-6 can drive the progression from stable chronic inflammation to progressive liver damage [30].



Moreover, the TNF-α signaling pathway may contribute to the induction of hepatocyte apoptosis in ACLF. Despite the elevation of IL-10 levels, a marked imbalance in favor of pro-inflammatory cytokines persists, exacerbating liver damage [31]. Baseline levels of inflammatory markers measured in the plasma of patients on admission are slightly elevated in compensated cirrhosis, significantly increased in decompensated cirrhosis, and peak in ACLF patients, who exhibit “full-blown” systemic inflammation. Compared to controls, patients with decompensated cirrhosis show elevated inflammatory and anti-inflammatory cytokine levels, including IL-6, IL-7, IL-8, IL-10, IL-12, and TNF-α. However, patients who develop ACLF show an opposite pattern, with decreased levels of IL-7, IL-10, IL-12, TNF-α, MCP-1, and IFN-γ, while levels of IL-6 and IL-8 remain elevated [32]. Another group observed a significant increase in cytokines and chemokines in patients with acute decompensated cirrhosis, with a further increase in cytokines in patients with ACLF, particularly those involved in the innate immune response. The overwhelming secretion of inflammatory mediators in ACLF is so pronounced that it is often referred to as a “cytokine storm”, a phenomenon also observed in sepsis and severe COVID-19 infections [33,34].



In addition to these well-known cytokines, it is worth highlighting the potential of IL-22 and its fusion protein, IL-22FC, in modulating the immune response and promoting tissue repair. IL-22, a member of the IL-10 cytokine family, is crucial to mediating communication between immune cells and epithelial tissues. It primarily signals through the IL-22 receptor, expressed on non-hematopoietic cells, such as epithelial and liver cells, rather than immune cells. When IL-22 binds to its receptor, it activates downstream signaling pathways, particularly the STAT3 pathway. This activation leads to the transcription of genes involved in tissue protection, regeneration, and the maintenance of barrier function. These anti-apoptotic, proliferative, and antimicrobial effects make IL-22 an attractive candidate for therapeutic strategies, especially in tissue damage and inflammation conditions. Thus, IL-22 and IL-22FC offer promising therapeutic potential in treating inflammatory diseases and tissue injury conditions [35].



6.1.1. Cytokines as Prognostic Biomarkers


Cytokine levels correlate with clinical status and patient mortality, making cytokines good candidates to be prognostic biomarkers. A study of 412 patients with hepatitis B virus-related acute-on-chronic liver failure (HBV-ACLF) showed a positive correlation between high serum IL-6 levels and prognosis. In a retrospective analysis, the predictive value of IL-6 levels on 90-day mortality in patients with ACLF was similar to that of MELD (Model of End-Stage Liver Disease) or Meld-Na. It was higher than CRP and serum leukocyte levels [36]. Moreover, IL-6 has recently been shown to be an independent risk factor for death after 28, 90, and 180 days in patients with liver failure [37]. Moreover, the predictive value of serum IL-6 concentration in the development of overt hepatic encephalopathy within 180 days was higher than the efficacy of MELD, especially for patients who had not previously developed overt hepatic encephalopathy [38]. In contrast, a study of patients with esophageal variceal bleeding showed an association between the incidence of infection and death in these patients, and levels of high mobility protein group 1 (HMG1) and IL-6. Also, patients with clinically significant portal hypertension (≥10 mmHg) had elevated serum levels of IL-6 and IL-18. More recently, IL-6, IL-22, interferon-α2, soluble TNF receptor 1, lipocalin-2, and α-fetoprotein have been linked to mortality within 28 days in patients with severe alcoholic hepatitis, and IL-6, IL-13, and endotoxin levels to mortality within 90 days. Moreover, a parameter composed of IL-13 levels and age was better at predicting 90-day mortality in patients with AH than MELD [39]. Low levels of stem cell factor (SCF), low levels of essential fibroblast growth factor (bFGF), and high levels of IL-13 have also been shown to correlate with an increased risk of ACLF [40]. IL-6, initially identified as a key factor in antibody production, has since been recognized as a critical pathway in immune regulation, with its dysregulation implicated in numerous diseases. Targeted therapies that inhibit IL-6 signaling have revolutionized treatment for various conditions, including rheumatic diseases like rheumatoid arthritis, and are being explored for expansion into other areas such as uveitis, neuromyelitis optica, and COVID-19 pneumonia [41].




6.1.2. Cytokines as Potential Therapeutic Targets


Due to the high mortality rate among patients who develop ACFL, and the lack of effective therapy, new therapies, including those based on interference with cytokine signaling, are being sought all the time. Based on a model of severe liver impairment, impaired liver regeneration processes have been shown to result from a shift in activation of the IL-6/STAT3 pro-regenerative pathway to the IFN-γ/STAT1 anti-regenerative pathway, which in turn was related to the inability of Kupffer cells to produce IL-6. Therapy with IL-22Fc reversed this switch in mice and may have therapeutic potential for humans in the future [42,43]. Recently, a phase II study was conducted evaluating the therapeutic potential of F-652, a type of IL-22Fc, in the treatment of patients with alcohol-associated hepatitis. F-652 has been shown to improve patients’ prognosis, as demonstrated by a reduction in Lille and MELD scores, and a decrease in serum cytokine and chemokine levels [44]. Manipulating the signaling of other cytokines, such as IL-6 and IL-11, may also be an important therapeutic option for treating ACLF in the future. However, for now, there are many obstacles in the way. For example, IL-11 has also been shown to have pro-inflammatory and anti-regenerative effects [45,46]. It has been observed that therapy with antibodies that block IL-11 signaling leads to reduced fibrosis, has anti-inflammatory effects, and reduces hepatocyte death in mice with diet-induced steatohepatitis [47] (Figure 3). The use of anti-IL11 therapy is being considered in many diseases, including the treatment of acute and chronic kidney disease [48]. Treatment possibilities for various immunological dysfunctions are shown in Table 1.





6.2. Chemokines


Chemokines (chemotactic cytokines) are a family of small and soluble proteins that act as signaling molecules and function by binding to G-protein-coupled receptors (GPCRs) on the cell surface [49]. They play a crucial role in immune system homeostasis and participate in developing immune and inflammatory responses by stimulating leukocyte migration [50]. Due to differences in the number and position of the N-terminal cysteine residues, chemokines can be divided into four subfamilies: the CXC group, the CX3C group (CX3CL1 or fractalkine), the (X)C group, and the CC group [51]. The increased secretion of chemokines such as CXCL10, CCL2, CCL4, and IL-8 have been observed in both cirrhosis decompensation and ACFL [31,32]. IL-8 is secreted by hepatocytes, stellate cells, and Kupffer cells, among others, and its levels are associated with the prognosis of patients with ACLF [52]. The gene encoding IL-8 is activated in response to IL-1 and TNFα due to the synergistic action of NF-κB in combination with AP-1 or C/EBP [53]. Recently, it has also been suggested that high levels of IL-1β in the serum of ACLF patients may promote IL-8 expression in human umbilical cord mesenchymal stem cells (hUC-MSCs) via the NF-κB signaling pathway, thereby reducing the therapeutic effect of hUC-MSCs on ACLF [54]. It has also been reported that IL-8 can induce the conversion of mature hepatocytes toward a cholangiocyte phenotype [55]. Retrospective analysis showed that IL-8 may be an independent predictor of 28-day mortality in ACLF-HBV patients, but not mortality at 90 and 180 days [56]. More recently, CXCL2, IL-8, total bilirubin, and age were isolated as independent risk factors for poor prognosis in HBV-ACLF patients, and an immunological predictive model was developed based on them, which had a higher prognostic value than Chronic Liver Failure Consortium (CLIF-C) ACLF, MELD, and MELD-Na [57]. In another study, HBV-ACLF patients had statistically significantly higher serum CXCL1 levels compared to healthy subjects, patients with chronic HBV infection, and patients with HBV-compensated cirrhosis [58]. Studies using a mouse model of ACLF have shown that CXCL1 is involved in the mobilization of ACLF neutrophils, and its knockdown leads to reduced neutrophil infiltration, the release of fewer reactive oxygen species, and inhibition of hepatocyte apoptosis, resulting in reduced liver damage and inflammation [59]. Further studies are needed to determine whether CXCL1 can become a prognostic marker and therapeutic target [58]. Elevated IL-8, CXCL9, and CXCL10 levels were associated with shorter survival of cirrhotic patients undergoing transjugular intrahepatic portal-systemic shunt (TIPS). Moreover, CXCL10 has also been linked to the incidence and mortality of ACLF [60,61,62]. Miao Huang et al. recently identified C-C motif chemokine ligand 5 (CCL5) as an essential factor leading to reduced liver regenerative capacity. CCL5 induced the transition of macrophages into a pro-inflammatory phenotype via the Forkhead box O (FoxO) 3a pathway, which led to reduced hepatocyte growth factor (HGF) production. CCL5 may be a promising therapeutic target for treating post-hepatectomy liver failure (PHLF) [63].




6.3. Growth Factors


In addition to cytokines and chemokines, granulocyte-macrophage colony-stimulating factor (GM-CSF) and granulocyte colony-stimulating factor (G-CSF) were abundant in the serum of ACLF patients [31]. They are crucial for differentiating and activating monocytes and neutrophils [64]. In the liver, they induce progenitor cell proliferation [65]. In the case of ACLF, it was reported that G-CSF administration was associated with improved patient survival, which was most likely related to the restoration of immune function and reduced risk of infection [66]. Based on ACLF models, it has been shown that the use of G-CSF and a TLR4 inhibitor leads to the inhibition of inflammation, promotes liver regeneration, and may reduce mortality in ACLF [67]. The transforming growth factor β1/interleukin-31 (TGF-β1/IL-31) pathway has also been shown to correlate with the degree of liver damage and the worse prognosis of patients with ACLF [68]. High fibroblast growth factor 21 (FGF21) levels were observed in cirrhotic patients admitted to the intensive care unit. Moreover, it was higher in patients with ACLF but did not correlate with the severity of the course of ACLF [69].




6.4. Lipid Mediators


Lipid mediators are biologically active lipids that mainly affect numerous cellular processes by binding to G-protein-coupled receptors [70]. In the course of liver diseases, there is an imbalance in the secretion of lipid mediators, including a disruption between pro-inflammatory and anti-inflammatory mediators [71]. Analyzing the plasma of 200 patients with decompensated cirrhosis with or without ACFL for as many as 100 lipid mediators, 16 lipid mediators associated with the patients’ condition were identified. Moreover, levels of Leukotriene E4 (LTE4) and 12-Hydroxyheptadecatrienoic acid (12-HHT) distinguished patients with ACLF from those without ACLF. In addition, LTE4 levels were associated with inflammatory markers, non-apoptotic cell death, and short-term patient mortality [72]. LTE4, like other leukotrienes, is a known mediator of the inflammatory response [73]. Moreover, analysis of albumin-associated lipid mediators showed that patients with acute, uncompensated cirrhosis at risk of disease progression to ACFL have low levels of anti-inflammatory lipid mediators. Prostaglandin (PG) E2 was absent from the albumin of patients with acute uncompensated cirrhosis, suggesting that it is mainly present in this group of patients in a form separated from albumin [74]. The survival of patients with ACLF was also linked to changes in the profile of levels of pro-secretory lipid mediators [75]. Previous studies have also reported that PGE2 is associated with immune deficits in patients with acute decompensated cirrhosis, although the literature data on the subject are divergent [72,76]. PGE2 analysis, long available through ELISA or HPLC, has been central to understanding lipid mediators. However, recent lipidomic studies have expanded this understanding by revealing complex lipid profiles associated with cirrhosis and its progression to ACLF [77]. Specifically, these studies identified distinct lipid signatures—sphingomyelins for acute decompensation and cholesteryl esters for ACLF—highlighting the dynamic nature of lipid changes during disease progression. PGE2 levels were higher in HBV-ACLF patients than in healthy controls and patients with stable viral hepatitis. Moreover, it was shown that increased serum PGE2 levels were associated with a higher risk of infection in patients with ACLF [78]. Moreover, reduced prostaglandin E receptor 2 (EP2) expression on CD8+ T cells was observed in HBV-ACLF patients. Altered PGE2-EP2 was associated with excessive inflammation and stimulation of cells of the acquired immune system in response to LPS and Escherichia coli infection [79]. Albumin infusions have also been shown to promote the reversal of immune dysfunction by binding and inactivating PGE2 [80]. In addition, increased PGE2 levels in patients with acute, uncompensated cirrhosis and who received albumin may be associated with a higher risk of inflammation during the first few days after hospitalization [75]. On the other hand, based on a mouse model, it was also shown that PGE2 secreted by MSCs showed therapeutic potential in treating acute liver failure. PGE2 blocked TGF-β-activated kinase 1 and activated the NLRP3 inflammasome in liver macrophages, reducing cytokine secretion. In addition, PGE2, through the STAT6 and mTOR pathway, induced the transition of macrophages to an anti-inflammatory (M2) form, contributing to reducing hepatocyte death and inflammation [81].





7. Immunosuppression


Liver failure leads to systemic inflammation and strongly affects immune responsiveness. Due to immune dysfunction, innate immune paralysis, disturbance in immune tolerance, and decreased innate and adaptive responses occur. Consequently, those patients develop immunosuppression, which might lead to opportunistic infections and lowered response to vaccinations. This chapter discusses changes in immune cell counts and cellular pathway pathologies (Table 2, Table 3 and Table 4).



7.1. Innate Immune Response


7.1.1. Neutrophils


The liver plays a crucial role in the innate immune response, thus, liver failure might significantly impact its responsiveness. It has been well known since the 1970s that cirrhosis impairs neutrophil phagocytosis, chemotaxis, superoxide production, and attenuated degranulation responses [82,83,84,85].



More importantly, correlations have been found between neutrophils in patients with ACLF and increased mortality [86]. There has also been a study comparing neutrophils from patients with cirrhosis to healthy controls, which has shown decreased expression of a neutrophil adhesion receptor CD62L and reduced transendothelial migration [87]. Exposure to G-CSF is proven not only to significantly improve phagocytic and bactericidal function in neutrophils from acute liver failure patients ex vivo, but also might reduce short-term mortality in patients with ACLF [87,88,89]. Furthermore, a meta-analysis from 2023 carried out by Konstantis et al. has shown that administering G-CSF might lead to improvements in overall survival, liver function, and prognosis, as evidenced by the improvement in the MELD score [90] (Figure 4). On the contrary, another study suggests no clear conclusions regarding the usefulness of G-CSF in ACLF. However, survival benefits were observed in Asian patients [91].





 





Table 2. Changes in immune cell count changes and neutrophil-related pathway pathologies.






Table 2. Changes in immune cell count changes and neutrophil-related pathway pathologies.





	
Neutrophils




	
Author (Year)

	
Article Type

	
Number of patients

	
Conclusions






	
Mookerjee R. P. et al. (2007) [86]

	
Research Article

	
63 patients with alcoholic cirrhosis and cirrhosis superimposed on AH

	
Full activation of neutrophils resulting from the presence of humoral factors such as endotoxin is associated with reversible impairment of their immune response to infection




	
Fiuza C. et al. (2002)

[87]

	
Research Article

	
14 patients with liver cirrhosis and 14 healthy controls

	
Increased neutrophil adhesion to microvascular endothelium and deficient transendothelial migration in patients with liver cirrhosis. G-CSF increases neutrophil transendothelial migration in patients with cirrhosis




	
Kedarisetty C. K. et al. (2015) [88]

	
Randomized Controlled Trial

	
55 patients with decompensated liver cirrhosis

	
Reduced mortality and reduced symptom severity during 12 months of follow-up in patients treated with G-CSF and darbepoetin α




	
Konstantis G. et al. (2023) [90]

	
Systematic Review and Meta-Analysis of Randomized Controlled Trials

	
421 patients with ACLF

	
Reduced mortality and improved MELD scores in patients treated with G-CSF. There is no correlation between improved Child–Pugh score or complication rates.




	
Hou X. et al. (2021) [91]

	
Systematic Review and Meta-Analysis of Randomized Controlled Trials

	
479 patients with ACLF

	
Overall, there is no association between G-CSF treatment and reduced risk of death or complications. Correlation with better survival in the Asian population.










7.1.2. Macrophages


It is crucial to note that, as cirrhosis or ACLF progresses, immune responses become attenuated and are accompanied by macrophage hyporesponsiveness. There is evidence that the cyclooxygenase (COX)-derived eicosanoid prostaglandin E2 (PGE2) correlates with cirrhosis-associated immunosuppression. Elevated circulating concentrations of PGE2 were found in the plasma of patients with acute decompensation of cirrhosis [76]. Albumin, which reduces PGE2 bioavailability, was decreased in the serum of patients with acute decompensation and appears to have a role in modulating PGE2-mediated immune dysfunction. In vivo administration of human albumin solution to these patients significantly improved the plasma-induced impairment of macrophage pro-inflammatory cytokine production in vitro. Consequently, it creates a therapeutic option—human albumin solution infusions may be used to reduce circulating PGE2 levels and thus reduce the risk of infection in patients with acutely decompensated cirrhosis [76,92,93].



Moreover, several studies have shown that circulating monocytes in patients with ACLF exhibit increased expression of the inhibitory MERTK (Mer receptor tyrosine kinase), which regulates M2 macrophage polarization via the JAK1/STAT6 signaling pathway. This expression is higher than in patients with stable cirrhosis and healthy controls [94]. Furthermore, upregulation of MERTK weakens the antigen presentation function and reduces the secretion of inflammatory cytokines [95]. Recently, a study on mice with ACLF detected changes in MERTK, JAK1/STAT6, inflammatory cytokines, and macrophage polarization markers in vitro and in vivo. Furthermore, treatment with mesenchymal stem cells improved liver function and 48-h survival of ACLF mice, but also alleviated inflammatory injury by promoting M2 macrophage polarization and elevated MERKT expression levels in macrophages [96].




7.1.3. Natural Killer Cells (NK Cells)


Constituting as much as half of the resident lymphocyte population in a healthy liver, natural killer cells exhibit a significantly higher abundance than peripheral blood does. Natural killer (NK) cells have cytotoxic and antitumor properties, enabling them to neutralize pathogens and impair the development of neoplasms [97]. Weiss et al. observed in their study a reduced proportion of memory lymphocytes and NK cells in the immune cell profile of patients with ACLF. The selective depletion of these cells emerged as a significant factor contributing to systemic immunosuppression [98]. In patients with cirrhosis, NK cell lytic activity is reduced by elevated levels of TGF-β in advanced liver disease in mouse models [99]. Another critical factor might be suppression of NKG2D, an inhibitory receptor on the NK cell, which is the likely mechanism by which their cytotoxic activity is reduced in chronic liver disease [100].



A different study has shown a possible role of NK cells in HBV-ACLF. Increased counts of CXCL-10 and NK cells were found in the liver, and excessive production of CXCL-10 in the peripheral blood contributed to the apoptosis of NK cells in vitro, as the influence of CXCL-10 and NK cells on each other might mediate the unbalanced distribution of NK cells. Moreover, the decrease in NK cells was associated with the level of HBV DNA and disease severity and had good predictive performance in predicting the outcome of patients with HBV-ACLF through AUROC analysis [101].





 





Table 3. Changes in immune cell count changes and Natural killer cells-related pathway pathologies.






Table 3. Changes in immune cell count changes and Natural killer cells-related pathway pathologies.





	
Natural Killer Cells (NK Cells)




	
Author (Year)

	
Article Type

	
Number of Patients

	
Conclusions






	
Weiss E. et al. (2021) [99]

	
Research Article

	
67 patients with decompensated cirrhosis (including 35 critically ill patients with ACLF in the intensive care unit) and 12 healthy subjects

	
Increased numbers of neutrophils and macrophage M0-like monocytes and decreased numbers of several lymphocyte subsets (including memory lymphocytes) in patients with ACLF




	
Radaeva S. et al. (2006) [101]

	
Research Article

	
Not applicable (mouse model)

	
NK cells killed activated hepatic stellate cells (HSCs), alleviating liver fibrosis. This process depended on retinoic acid early inducible 1/NKG2D and tumor necrosis factor-related apoptosis-inducing ligand.




	
Jeong W. Il et al. (2011) [100]

	
Research Article

	
Not applicable (mouse model)

	
Transforming growth factor-β (TGF-β), produced by indirectly activated HSCs, reduced NK cell cytotoxicity, including that targeting HSCs. It has been suggested that retinol/SOCS1/TGF-b metabolites may be therapeutic targets and improve treatment efficacy with IFN-c and NK cell therapy.




	
Li H. J. et al. (2022) [102]

	
Research Article

	
37 HBV-ACLF patients and 13 control subjects

	
Reduced number of NK cells in the blood of ACLF patients and altered phenotypic and functional profile of NK. The observed association of these disorders with excessive CXCL-10 production











 





Table 4. Changes in immune cell count changes and macrophage-related pathway pathologies.






Table 4. Changes in immune cell count changes and macrophage-related pathway pathologies.





	
Macrophages




	
Author (Year)

	
Article Type

	
Number of Patients

	
Conclusions






	
Bernsmeier C. et al. (2015) [95]

	
Research article

	
41 patients with ACLF, 9 patients with acute decompensation of cirrhosis without ACLF, 17 patients with cirrhosis without decompensation, 23 patients with acute liver failure, 29 healthy individuals

	
Patients with ACLF have higher numbers of immunoregulatory monocytes and macrophages expressing MERTK, suppressing the innate immune response to microbes. MERTK inhibitors can restore the production of inflammatory cytokines by immune cells from ACLF patients and may be developed to enhance the innate immune response in these individuals




	
Kou K. et al. (2022) [96]

	
Review article

	
Not applicable (number of patients not mentioned)

	
Monocytes and macrophages show decreased HLA-DR expression and increased MERTK expression.




	
Li Z.-H. et al. (2023) [97]

	
Research article

	
Not applicable (mouse model)

	
In ACLF mice, MSCs enhanced liver function and 48-h survival while reducing inflammatory injury by promoting M2 macrophage polarization and increasing Mertk expression levels in macrophages.











7.2. Adaptive Immune Response


Acute-on-chronic liver failure (ACLF) occurs in patients who have an acute decompensation of cirrhosis, consequently leading to organ failures and an increased risk of in-hospital mortality. ACLF is connected with systemic inflammation, elevated blood leukocyte counts, increased plasma levels of C-reactive protein, and increased concentrations of cytokines and chemokines [102]. The white blood cell count is a component of the ACLF scoring system developed by the Chronic Liver Failure Consortium, providing an accurate prediction of early mortality in ACLF patients [103]. It has been proposed that in ACLF, peripheral leukocytosis is enriched with effector immune cells with a high potential for inducing tissue damage [31]. Immune cells, their modulators, and their functions are presented below in Table 5.



7.2.1. B Cells


Cirrhosis affects the innate immune response and causes dysregulation of the adaptive immune response. Studies have proven decreased numbers of B cells, including the CD5+ subset, among patients with alcoholic liver disease [105]. Weiss E. et al. conducted a study using results of clinical complete blood count measurements and microarray (genomewide) analysis of blood RNA expression in HS and three groups of patients with cirrhosis, comprising AC, AD, and ACLF. The key results showed that patients with ACLF had leukocytosis fueled by increased populations of neutrophils (that had a unique phenotype) and macrophage M0-like monocytes, and, as expected, which will be described later in this paper, decreased lymphocyte count related to a depletion in memory lymphocytes (of the B-cell, CD4 T-cell lineages), CD8 T cells, and NK cells [98].



Another study demonstrated the loss of CD27+ memory B cells, impaired function, impaired IgG production, and reduced allostimulatory capabilities. Hiroyoshi D. et al. found out that, among patients with chronic hepatitis C, only those that have progressed to cirrhosis display a loss of CD27+ memory B-cells with associated functional abnormalities, such as impaired activation, impaired TNFβ and IgG production, and impaired allostimulatory capacity. However, overall immunoglobulin levels are elevated in cirrhotics due to increased levels of pathogen-specific immunoglobulins such as antibodies against Saccharomyces cerevisiae (ASCA) and against Galα1–3Galβ1–3GlcNAc (alpha-Gal) [106]. This study has shown that cirrhosis is associated with profound reductions of CD27+IgM+ B-cells, a subset of memory B-cells thought to be generated in response to T-independent antigens [107]. Dysfunctional B-cell activation in cirrhosis resulting from hepatitis C infection associated with the disappearance of CD27-positive B-cell population.



Furthermore, another study has proven that alcoholics admitted for acute alcoholic liver disease (ALD) had decreased CD5+ count. In addition to the loss of CD5+ B cells, there was a reduction in the percentage of B cells which were CD5- CD45RAhi. This subset appears phenotypically similar to the IgM-producing CD5- CD45RAlo subset and thus may be enriched for autoantibody-producing cells [108].



Liver cirrhosis might also influence the efficacy of the hepatitis B vaccination, as shown in numerous studies. Hassnine A. et al. carried out a retrospective observational clinical study on 500 individuals (400 chronic HCV patients and 100 healthy controls), who were divided into five groups: A (control group), B (cirrhotic patient not receiving treatment), C (chronic hepatitis patients receiving treatment), D (cirrhotic patients receiving treatment), and E (HCC patients receiving treatment). HCV infection and its complications, such as cirrhosis, are one of the main risk factors for vaccine hypo-responsiveness, as they found a significantly lower response to HBV vaccination in HCV-infected individuals, with an overall response rate of 80% and on multivariate analyses that included age, gender, cirrhosis, alcohol abuse, and Diabetes Mellitus (DM), only patients with liver cirrhosis were less likely to be reactive [109]. Another study from 2020 retrospectively evaluated all patients with chronic HCV infection at Hennepin County Medical Center in Minneapolis, Minnesota, between 2002 and 2018. The researchers noticed a significantly lower response to HBV vaccination in HCV-infected individuals, with an overall response rate of 79% and a response rate of 50% when the cohort of those who received three or more vaccine doses was assessed, compared to the response rate of 90–98% among the healthy population [110].




7.2.2. T Cells


The activity of T cell populations during liver disease is influenced by various factors, including the extent of gut microbe translocation, the activation of antigen-presenting cells (APCs), and the proliferative capacity of T lymphocytes, which tends to decrease with the progression of cirrhosis [111].



A recent study involving ACLF patients revealed a significant increase in mononuclear myeloid-derived suppressor cells. This expansion reduced T cell proliferation and heightened vulnerability to bacterial infections [112].



Furthermore, an increase in T regulatory cells might be connected with poorer short-term survival in ACLF patients with hepatitis B, which might be used as a therapeutic target in the long term. The restoration of a balanced TReg to Th17 ratio seems crucial for improved outcomes, and as a consequence, it likely signifies a proper return to immune homeostasis [113].



One of the most recent studies indicates lower expression of HLA-DR, CD86, and CD54 on monocyte-derived dendritic cells in ACLF patients compared to chronic hepatitis B patients and healthy controls. This may relate to higher levels of procalcitonin (PCT), lower levels of albumin, and decreased prothrombin activity. These patients’ T cells also showed lower Ki-67 and interferon-gamma (IFN-γ) production [114].






8. Conclusions


It is well known that the liver plays a crucial role in the proper functioning of the immune system, as it creates immune tolerance and neutralizes pathogens and their metabolites. The primary causes of cirrhosis are chronic hepatitis B, alcoholic liver disease, chronic hepatitis C, and non-alcoholic fatty liver disease (NAFLD). Each condition raises the risk of infection and compromises the immune system [115,116]. The development of liver conditions, including decompensated cirrhosis and ACLF, involves both anti-inflammatory and pro-inflammatory cytokines. Moreover, ACLF patients exhibit a predominance of pro-inflammatory cytokines, including TNFα and IL-6, along with chemokines, such as IL-8, MCP-1, IP-10, and MIP-1β. The extensive secretion of inflammatory mediators in ACLF is often called a “cytokine storm”. Moreover, cytokines might be used as prognostic markers and potential therapeutic targets.



Regarding the studies, Il-6 is an independent risk factor for death after 28, 90, and 180 days in patients with liver failure [37]. A recent phase II study investigated the therapeutic efficacy of F-652, an IL-22Fc variant, in patients with alcohol-associated hepatitis. While exploring the manipulation of signaling pathways involving other cytokines like IL-6 and IL-11 holds promise as potential therapeutic avenues for future ACLF, further research is essential [117].



As versatile signaling molecules, chemokines significantly influence immune responses and inflammatory processes by regulating leukocyte migration through interaction with G-protein-coupled receptors. CXCL2, IL-8, total bilirubin, and age can be independent prognostic factors in HBV-ACLF patients.



Another potential therapeutic method is exposure to the G-CSF, which has been shown to improve overall survival and liver function, as evidenced by the improvement in the MELD score [90]. Macrophages also become impaired in ACLF patients.



Immunosuppression is a significant clinical problem in patients with liver failure. Increased CXCL-10 levels promote NK cell apoptosis, which contributes to systemic immunosuppression, and the IgG production and costimulatory functions of CD27 memory B cells are impaired in cirrhosis. In addition, the increase in regulatory T cells is probably linked to worse outcomes in HBV patients. On the other hand, reduced T cell proliferation evoked by myeloid-derived suppressor cells causes patients to be more prone to developing life-threatening infections. This paper discussed the most critical aspects of the immune system in liver failure. However, further research is still needed, as liver diseases are a significant problem in society, and studies over possible markers and therapeutic targets might improve the mortality rate and quality of life of those patients.
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Abbreviations




	ACLF
	Acute, chronic liver failure



	ALD
	Alcoholic liver disease



	APCs
	Antigen-presenting cells



	bFGF
	Basic fibroblast growth factor



	CAID
	Cirrhosis-associated immune dysfunction



	CCL5
	C-C motif chemokine ligand 5



	CLIF-C
	Chronic Liver Failure Consortium



	COX
	Cyclooxygenase



	DAMPs
	Danger-associated molecular patterns



	EP2
	Prostaglandin E receptor 2



	FGF21
	Fibroblast growth factor 21



	FoxO
	Forkhead box O



	G-CSF
	Granulocyte colony-stimulating factor



	GM-CSF
	Granulocyte-macrophage colony-stimulating factor



	GPCRs
	G-protein-coupled receptors



	HBV-ACLF
	Hepatitis B virus-related acute-on-chronic liver failure



	HMG1
	High mobility protein group 1



	IFN-γ
	Interferon-gamma



	iNKT
	Invariant killer T cells



	KC
	Kupffer cells



	LTE4
	Leukotriene E 4



	LSEC
	Liver sinusoidal endothelial cells



	MELD
	Model of End-Stage Liver Disease



	MERTK
	Mer receptor tyrosine kinase



	NAFLD
	Non-alcoholic fatty liver disease



	NK
	Natural killer



	NLRs
	NOD-like receptors



	PAMPs
	Pathogen-associated molecular patterns



	PG
	Prostaglandin



	PGE2
	Derived eicosanoid prostaglandin E2



	PHLF
	Post-hepatectomy liver failure



	PRRs
	Pattern recognition receptors



	SCF
	Stem cell factor



	TLRs
	Toll-like receptors



	TIPS
	Transjugular intrahepatic portal-systemic shunt



	TGF-β1/IL-31
	Transforming growth factor β1/interleukin-31



	12-HHT
	12-Hydroxyheptadecatrienoic acid
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Figure 1. Immune cells in the liver. 
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Figure 2. Changes in the release of immune factors in the course of liver disease. 
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Figure 3. Anti-Il-11 antibodies reduce fibrosis and hepatocyte death, and have anti-inflammatory properties. 
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Figure 4. The figure presents the role of the G-CSF in granulopoiesis and its effect on the clinical course of liver failure. 
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Table 1. Treatment possibilities address various immunological dysfunctions.
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	Impaired Function of Immune System
	Treatment Possibilities
	Treatment Effects





	Activation of IFN-Î3/STAT1 anti-regenerative pathway
	F-652 (IL-22 Fc)
	Reduction in Lille and MELD scores, decrease in serum cytokine and chemokine levels.



	Increased levels of IL-11
	Anti IL-11 antibodies
	Reduced fibrosis, anti-inflammatory effect, reduced hepatocyte death



	Increased levels of PGE2
	Human albumin solution
	Improved macrophage function, Reduced infection risk



	Impaired neutrophil phagocytosis, chemotaxis, superoxide production, and attenuated degranulation
	G-CSF
	Improvement in Child–Pugh and MELD scores reduced short-term mortality










 





Table 5. Immune cells, their effector molecules, and actions [104].






Table 5. Immune cells, their effector molecules, and actions [104].





	Immune Cells
	Effector Molecules
	Action





	Plasma and Memory B cells
	IgA, IgG, IgE
	Eliminate antigen



	Th1
	IFNγ, TNF, IL-2, Lymphotoxin
	Pro-inflammatory



	Th2
	I