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In this Review, Albillos and colleagues describe cirrhosis-associated immune dysfunction
(CAID) and its components, systemic inflammation and immune deficiency, as well as the
role of CAID in the pathogenesis of acute-on-chronic liver failure. Therapies that aim to
modulate CAID are discussed.
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Abstract

The term cirrhosis-associated immune dysfunction (CAID) comprises the distinctive
spectrum of immune alterations associated with the course of end-stage liver disease.
Systemic inflammation and immune deficiency are the key components of CAID. Their
severity is highly dynamic and progressive, paralleling cirrhosis progression. CAID
involves two different immune phenotypes: The low-grade systemic inflammatory
phenotype can be found in patients with compensated disease or clinical decompensation
with no organ failure. In this phenotype, there is an exaggerated immune activation, but
the effector response is not markedly compromised. The high-grade systemic
inflammatory phenotype is present in patients with acute-on-chronic liver failure, a clinical
situation characterized by decompensation, organ failure and high short-term mortality.
Along with high-grade inflammation, this CAID phenotype includes intense immune
paralysis that critically increases the risk of infections and worsens prognosis. The
intensity of CAID has important consequences on cirrhosis progression and correlates
with the severity of liver insufficiency, bacterial translocation and organ failure. Therapies
targeting the modulation of the dysfunctional immune response are currently being
evaluated in preclinical and clinical studies

Key points

o Systemic inflammation and immune deficiency are the key components of
cirrhosis-associated immune dysfunction (CAID), and their intensity varies according to
the stage of cirrhosis and the presence of incidental events.

o The low-grade systemic inflammatory phenotype is present in patients with
cirrhosis with no organ failure and contributes to worsening systemic circulatory
dysfunction and precipitating complications and acute decompensation.

. The high-grade systemic inflammatory phenotype is the pathogenic driver of organ
failure in acute-on-chronic liver failure. A key component of this phenotype is an intense
immune paralysis that critically

. A crucial component of the high-grade systemic inflammatory phenotype is an
intense functional paralysis of immune system cells that critically increases the risk of
infections.

. An abnormal gut-liver axis, causing intestinal dysbiosis, disrupted intestinal barrier
and increased bacterial translocation, has a leading pathogenic role in systemic
inflammation.

. Treatment of CAID should involve strategies to modulate, rather than inhibiting,
the immune response, as abrogation or stimulation of the inflammatory response could
increase the infection risk or worsen immunopathology, respectively
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[H1] Introduction

Cirrhosis is a progressive and dynamic liver disease that comprises two consecutive
stages: an often-asymptomatic phase known as compensated disease, and a
decompensated stage characterized by complications arising from portal hypertension
and hepatic insufficiency. Cirrhosis is considered to be a systemic disease as it affects
most organs and systems of the body, including the immune system. The term cirrhosis-
associated immune dysfunction (CAID) refers to the wide spectrum of immune alterations
present in cirrhosis™?. CAID is characterized by two key components — systemic
inflammation and immune deficiency — which show a variable intensity depending on
cirrhosis stage and the presence of incidental events, such as bacterial infections 2. The
most severe immune alterations are found in patients with acute-on-chronic liver failure
(ACLF), a syndrome characterized by acute decompensation of cirrhosis, hepatic and/or
extrahepatic organ failures and high short-term mortality®. Patients with ACLF have the
highest grade of systemic inflammation and severe immunodeficiency, which contributes
not only to an increased risk of infections but also to organ failure pathogenesis®.

According to the intensity of CAID, two differentimmune phenotypes can be characterized:
a low-grade systemic inflammatory phenotype present in compensated and
decompensated patients with no organ failure, and a high-grade systemic inflammatory
phenotype present in patients with ACLF and characterized by severe systemic
inflammation and immunodeficiency. These phenotypes represent both extremes of a
continuous spectrum of immune alterations that are, however, potentially reversible,
depending on the clinical situation. The low-grade systemic inflammatory phenotype
includes an increased expression of surface activation antigens in circulating immune
cells, and production of pro-inflammatory cytokines > . When cirrhosis progresses to a
decompensated state, CAID is more pronounced and the effector immune response to the
persistent bacterial challenge becomes increasingly impaired®'®. Finally, in ACLF, the
high-grade systemic inflammation, along with the excessive compensatory anti-
inflammatory response and the exhaustion and dysregulation of the immune effector cells,

critically affects prognosis, leading to multi-organ failure and high short-term mortality>"'-
13

The gut-liver axis has a key role in the pathogenesis of CAID. The intestinal epithelial and
vascular barriers, the gut microbiota, the liver and the immune system establish complex
interactions to both maintain tolerance to harmless stimuli while at the same time
orchestrating an effective response against bacterial pathogens. However, cirrhosis is
accompanied by detrimental changes to the gut, including dysbiosis and increased
intestinal permeability’*'®. These alterations promote bacterial translocation from the
intestinal lumen to the portal and systemic circulation, which markedly contributes to the
systemic inflammation¢ |

This Review summarizes the current knowledge about the immune alterations associated
with cirrhosis at its different stages. We describe the contribution of the liver to the immune
response, and its predominant role in innate immunity. Thereafter, we address in detail
the distinctive abnormalities of the two components of CAID — systemic inflammation and
immunodeficiency — and the pathogenic mechanisms of each one. The description of
systemic inflammation also covers the stages of cirrhosis associated with the phenotypes
of low-grade and high-grade inflammation. We explain in detail the contribution of CAID to
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the pathogenesis of ACLF, in particular the roles of high-grade systemic inflammation in
organ failure and that of immunodeficiency in the increased susceptibility to bacterial
infections. This Review also describes abnormalities of the gut-liver axis, including failure
of the intestinal barrier, and their contribution to the immunological disturbance of cirrhosis.
Finally, we address the targets that are amenable to modulation to improve the
dysfunctional immune response in cirrhosis.

[H1] Liver and immune system in health

The liver is strategically placed, receiving a dual blood supply through the portal vein and
the hepatic artery. This blood supply provides a broad spectrum of systemic and gut-
derived antigens that are continuously screened and classified as harmless dietary or
commensal elements or as pathogenic bacteria and microbially-derived products.
Depending on the pathogenic potential of the antigens, the liver must remain tolerant or
activate an effective response, precisely balancing tolerance and immune activation.

[H2] Immune role of liver-resident cells

A number of specialized innate and adaptive immune cells are able to detect, present and
clear pathogens arriving to the liver. Tissue distribution, gene expression and functional
heterogeneity of liver-resident immune cells have been characterized by single-cell RNA
sequencing’’. Within the liver, antigen-presenting cells (APCs) (such as Kupffer cells,
dendritic cells and liver sinusoidal endothelial cells), T cells, B cells, natural killer (NK) cells
and monocytes have been identified. These populations control the local inflammatory
response, thereby preventing the spread of inflammatory signals beyond the liver and,
consequently, systemic inflammation. In addition, parenchymal cells such as hepatocytes
have surveillance roles, acting as APCs by expressing MHC-I and MHC-Il and
costimulatory molecules'®. They also produce critical immune components, such as acute-
phase proteins (hepcidin, fibrinogen and proteinase inhibitors), complement proteins and
soluble pattern recognition receptors (PRRs), that are involved in adaptive and innate
immune responses'® (Figure 1).

Despite continuous challenge with pathogen-associated molecular patterns (PAMPS), in
basal conditions the balance between adaptive immunity and tolerance is regulated by a
carefully controlled network of liver-resident APCs and the unique hepatic
microenvironment, which has been reviewed elsewhere?*-??, In sterile injury, release of
damage-associated molecular patterns (DAMPs) from necrotic cells causes robust
recruitment of innate immune cells. The subsequent release of toxic mediators from
immune cells is thought to be damaging in non-resolving sterile injuries in which the
dysregulated immune response leads to chronic inflammatory disease. In the case of
bloodborne infection, the numerous innate and adaptive immune cells that specialize in
detection and capture of pathogens from the blood participate in coordinated immune
responses leading to pathogen clearance, leukocyte recruitment and antigen presentation
to lymphocytes within the vasculature. The critical balance between immune activation
and tolerance is disrupted in cirrhosis, correlating with the dysregulation and exhaustion
of immune cells and the impaired synthesis of key immune proteins.

[H2] The gut-liver axis and gut immune system
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The term gut-liver axis has been coined to highlight the close functional relationship
between the intestine (particularly its microbiota and specific immune system) and the
liver'*'®. Anatomically, the portal vein transports gut-derived antigens towards the liver,
which in turn provides bile acids, lipids and antibodies through the bile back to the
intestine. This bidirectional communication is profoundly altered in cirrhosis due to
damage to the epithelial, vascular and immune intestinal barriers at different levels' %23,

The gut-associated lymphoid tissue (GALT) represents the largest immunological organ
in the human body and constitutes the first defense against gut-derived antigens and
pathogens®® . GALT is composed of Peyer’s patches, intestinal lymphoid follicles,
intraepithelial lymphocytes, and mesenteric lymph nodes (MLN). In addition, colon
patches and isolated lymphoid follicles in the large intestine have a role in intestinal
immunity®*. Peyer’s patches and MLN act as inducers of immunity and tolerance, whereas
the effector sites are distributed along the lamina propria and mucosal epithelium?>2°.

An array of innate and adaptive immune cells orchestrates the intestinal response to
luminal agents reaching and adhering to the epithelium. In particular, intestinal
macrophages are effective in killing penetrated bacteria, whereas intestinal dendritic cells
transport them alive to MLN for antigen presentation and modulation of adaptive T cell
response (that is, induction of tolerance or priming)?’. The GALT harbors nearly 95% of
CD4* T cells®®. Intraepithelial lymphocytes, in particular the y& subpopulation, maintain a
close relationship with the intestinal epithelial cells, acting as essential mediators
balancing the host-microbial homeostasis®. Finally, intestinal B cells mediate protection
against lethal spreading of commensal bacteria from the colon when epithelial integrity is
disrupted®. Indeed, genetically modified mice with dysfunctional B cells (MYD88-
depleted) present with an approximately 100 times higher culturable bacterial load in the
liver in models of induced colitis without MYD88 depletion *'.

[H1] Systemic inflammation in cirrhosis

Inflammation is a physiological response initially designed to restore homeostasis
following different insults such as bacterial infections or tissue injury *2. Inflammation can
be triggered by recognition of distinctive molecules derived from bacteria (for example,
lipopolysaccharides (LPS)), known as PAMPs. In the absence of infection, systemic
inflammation could also be activated by intracellular molecules released from injured or
dying cells, known as DAMPs*. DAMPs, such as high-mobility group box 1 protein
(HMGB1), are located inside cells, which prevents their recognition by the host immune
system, thereby avoiding pathological inflammation and autoimmunity®*. PAMPs and
DAMPs bind to specific PRRs located on peripheral innate immune cells®*. Receptor
engagement activates downstream signaling pathways, leading to increased transcription
and release of inflammatory cytokines and activation and recruitment of immune effector
cells.

[H2] Evidence of systemic inflammation

Low-grade systemic inflammation is present in experimental models and patients with
compensated and decompensated cirrhosis with no ACLF (such as patients with ascites)
253537 - gystemic inflammation is evidenced by the increased plasma concentration of
acute-phase proteins (such as C-reactive protein and LPS binding protein)®, endothelial
activation markers (such as intercellular adhesion molecule 1 (ICAM1), vascular cell
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adhesion protein 1 (VCAM1), vascular endothelial growth factor (VEGF), von Willebrand
factor (VWF), P-selectin, nitrates or nitrites)**°, cytokines (such as tumour necrosis factor
(TNF), IL-1B, IL-6, interferon-y (IFNy) and IL-17)8, and their soluble receptors (such as
TNF soluble receptors | and 11)>*' In addition, activation of circulating immune cells is
supported by the increased respiratory burst in neutrophils of patients with cirrhosis®, and
the enhanced expression of CD11b receptor, which mediates neutrophil adhesion to the
endothelium and is also involved in cytotoxicity and neutrophil-mediated tissue injury *2.
Systemic inflammation in cirrhosis is also supported by an increased expression of HLA-
DR and co-stimulatory molecules in monocytes and B cells "*3. Further, there is a Th1
(pro-inflammatory) polarization of T cells, which produce increased levels of IFNy%"#4
(Table 1).

The dynamic nature of CAID is such that the intensity of systemic inflammation increases
as cirrhosis progresses from the compensated to the decompensated stage®53°. In fact, it
has been shown that inflammatory markers are only slightly increased in patients with
compensated cirrhosis, different inflammatory grades and profiles are observed in acute
decompensation with no ACLF, and certain cytokines are significantly increased in those
with  ACLF*°. Mediators of adhesion and migration of leukocytes are particularly
upregulated in patients with ACLF, and, interestingly, some of these markers (VCAM1,
ICAM1 and granulocyte-macrophage colony-stimulating factor (GM-CSF)) positively
correlate with 3-months mortality in these patients “°.

The extreme exacerbation of systemic inflammation in ACLF is evidenced by the
increased levels of pro-inflammatory (that is, TNF, IL-6, IL-8) and anti-inflammatory (that
is, IL-10, IL-1RA) cytokines''!, soluble markers of macrophage activation (sCD163 and
mannose receptor)*’, C-reactive protein, and white blood cells in plasma of patients with
ACLF 3. The magnitude of this ‘cytokine storm’ defines and differentiates the high-grade
and low-grade phenotypes. Interestingly, cytokines and immune cells of the innate
response are predominantly involved, suggesting a greater contribution of the innate than
the adaptive response to systemic inflammation in patients with ACLF"'. Further, different
cytokine profiles have been observed for different precipitating events. For instance, in
patients with alcohol-induced ACLF, IL-8 is markedly augmented, whereas TNF, IL-6 and
IL-1RA are predominantly increased in response to bacterial infections . These patterns
might indicate that specific signaling pathways are involved depending on the aetiology,
which would have implications for the search for therapeutic targets and prognostic
markers.

[H2] Mechanisms of systemic inflammation

Once in the circulation or in the liver, PAMPs and DAMPs are recognized by PRRs such
as Toll-like receptors (TLRs) and nucleotide-binding oligomerization domain-like receptors
(NLRs), leading to the activation of pro-inflammatory signaling pathways*®. Production of
inflammatory cytokines requires the full activation of a cytosolic multiprotein complex
known as the inflammasome, which can be accomplished via canonical and non-canonical
pathways. Following recognition of PAMPs and DAMPs, canonical activation of
inflammasomes requires the transcriptional upregulation of pro-inflammatory cytokines
and inflammasome components, and assembly of the inflammasome, cleavage of
caspase-1, and activation and secretion of cytokines® . This process leads to the
conversion of pro-inflammatory cytokines IL13 and IL-18 into their active forms and their
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secretion into the extracellular compartment. In addition, human monocytes also display
a non-canonical one-step pathway of inflammasome activation in response to LPS.
Intracellular recognition of LPS is mediated by caspases 4 and 5 (caspase 11 in mice) and
triggers a type of programmed pro-inflammatory cell death known as pyroptosis***°.
Further, IL1R and IL1a are released upon non-canonical inflammasome activation
Interestingly, it has been shown that IL-1a is an independent predictor of death in patients
with ACLF and no previous clinical decompensations, whereas IL-1( is an independent
predictor of death in those with previous episodes of ascites®'.

49,50

Depending on the CAID phenotype, PAMPs and DAMPs from different sources and in
variable magnitudes lead to activation of the inflammasome. The low-grade systemic
inflammation in compensated and decompensated cirrhosis with no ACLF is driven by
translocation of bacteria and PAMPs, progressive loss of tolerance leading to an excessive
pro-inflammatory response upon antigen recognition, and probably also to increased
release of DAMPs from injured hepatocytes (Figure 2). PAMPs also have the driving role
in the pathogenesis of the high-grade systemic inflammation of cirrhosis with organ failure,
also known as ACLF. Additionally, in this setting there is more robust evidence of
mechanisms that depend on the precipitating event that leads to DAMP release, and
contribute to the high-grade inflammation, as explained below

[H2] Low-grade systemic inflammation

[H3] Translocation of bacteria and PAMPs. Intestinal permeability is increased in
patients with cirrhosis due to functional and anatomical alterations that affect the mucus
lining, intercellular junction proteins and endothelial cells °°2. Further, bacterial overgrowth
and dysbiosis contribute to the migration of an increasing number of bacterial species and
microbial-derived PAMPs from the intestinal lumen to the systemic circulation or the liver,
following the lymphatic and portal vein routes, respectively'*'®.

Although LPS is considered the prototypical PAMP, other molecules such as lipoteichoic
acid from gram-positive bacteria, virus-derived double-stranded or single-stranded RNA,
and bacterial-associated unmethylated CpG motifs, among others, can also bind to and
activate PRRs®*. In addition, the gut mycobiota might also be involved in the pathogenesis
of inflammation in cirrhosis. Increased translocation of fungal B-glucan promotes
inflammation via activation of the C-type lectin-like receptor CLEC7A on Kupffer cells. This
induces IL-1B synthesis and secretion, which, interestingly, can be reversed with
antifungal agents in mice with ethanol-induced steatohepatitis*®. Moreover, patients with
alcohol-induced cirrhosis have fungal dysbiosis, characterized by reduced diversity and
by Candida overgrowth, and increased immune response to mycobiota, which correlate
with mortality>*.

[H3] Progressive loss of tolerance leading to an excessive pro-inflammatory
response upon antigen recognition. Under physiological conditions, the ‘pro-
inflammatory’ hepatic environment (due to a persistent exposure to low levels of gut-
derived antigens) is attenuated by mechanisms of tolerance that aim to dampen the ability
of APCs to activate lymphocytes®>®’. However, there is a progressive impairment of
tolerance to antigen recognition in cirrhosis that leads to an augmented pro-inflammatory
response and contributes to chronic inflammation. First, livers of cirrhotic rats are
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abnormally sensitive to LPS-induced apoptosis due to an altered unfolded protein
response that favors a lack of nuclear factor-xB (NF-kB)-dependent antiapoptotic proteins
%8 Second, monocytes of patients with cirrhosis show hyperproduction of TNF upon LPS
stimulation due to decreased levels of IL-1R-associated kinase (an inducible suppressor
of TNF)®. Further, defective production of the anti-inflammatory cytokine IL-10 by Kupffer
cells has been observed in rats with CCls-induced liver fibrosis . Finally, monocytes of
patients with advanced cirrhosis show a defective phosphorylation of glycogen synthase
kinase 3B (which in normal circumstances would contribute to decrease pro-inflammatory
cytokines and increase IL-10), resulting in unrestricted production of pro-inflammatory
cytokines upon LPS stimulation °'.

[H3] Increased release of DAMPs from injured hepatocytes. Chronic liver diseases of
many aetiologies (alcohol, viral, metabolic, etc.) progressively induce hepatocyte injury
and death. The subsequent release of intracellular DAMPs has been proposed to
contribute to sterile inflammation®. However, the potential contribution of DAMPs to
systemic inflammation in cirrhosis without organ failure remains rather speculative.

Alcohol consumption promotes inflammation and has a deleterious effect on immune cells,
which has been extensively reviewed elsewhere®**. Alcohol alters both the innate and
adaptive responses, leading to inflammation not only in the liver but also in other organs
such as the gut, brain or the lungs, which suggests that common pathways underlie its
proinflammatory effects. Other aetiologies of cirrhosis such as metabolic-associated fatty
liver disease (MAFLD; also known as nonalcoholic fatty liver disease (NAFLD) also display
specific pro-inflammatory sterile pathways®®. In particular, dietary factors (such as
fructose, saturated fat, trans fat or cholesterol) have been proven to trigger inflammation
by lipotoxic effects, mitochondrial dysfunction, oxidative and endoplasmic reticulum stress
and sterile cell death mechanisms in mice with high-fat and/or high-fructose-induced
hepatic steatosis %', In addition, increased visceral adipose tissue is characterized by
the infiltration of pro-inflammatory macrophages, which induce release of chemokines and
cytokines that contribute to hepatic inflammation and insulin resistance in mice fed a high-
fat and high-cholesterol diet .

[H2] High-grade systemic inflammation

[H3] Bacterial infection-induced ACLF. Bacterial infections are the most frequent
identifiable trigger of ACLF®. LPS is characteristically recognized by TLR4% and, following
receptor engagement, two different signaling pathways can be activated. The MYD88-
dependent pathway involves nuclear translocation of the transcription factor NF-xB, which
induces the synthesis and release of pro-inflammatory cytokines (such as TNF, IL-6 and
pro-IL-1B). The MYD88-independent pathway, on the other hand, involves TRIF-mediated
signaling in response to LPS, which occurs at the endosomal membrane after
internalization of the TLR4. This results in the production of IFNB and IP-10 (also known
as CXCL10) via interferon regulatory factor 3 (IRF3) in liver parenchymal cells™.

[H3] Alcohol-induced ACLF. Sterile and non-sterile mechanisms induce systemic
inflammation in patients with alcohol-related liver disease and ACLF. On one hand, chronic
alcohol consumption disrupts the intestinal barrier contributing to dysbiosis’"2, impairing
the tight junctions, reducing the mucus layer and decreasing the production of
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antimicrobial peptides’®. The increased bacterial translocation, which is exacerbated in the
setting of ACLF, activates the pathogen-induced pro-inflammatory pathways. On the other
hand, sterile mechanisms triggered by DAMPS released from apoptotic hepatocytes are
also involved in the pathogenesis of alcohol induced liver injury. Specifically, ethanol
contributes to mitochondrial cytochrome c release, which increases the expression of Fas
ligand thus promoting hepatocyte apoptosis’. In addition, other experimental evidences
suggest that cytochrome P450 2E1 contributes to the oxidative stress and macrovesicular
fat accumulation induced by alcohol™. 3. . It is likely that the resultant hepatocyte injury
and cell death results in the release of intracellular components (DAMPs), such as
mitochondrial DNA, ATP and HMBGH1, that further activate liver and circulating immune
cells , further driving liver damage and systemic inflammation in ACLF. Caspase-cleaved
keratin 18 and keratin 18 serum levels, reflecting apoptotic and mainly non-apoptotic cell
death, respectively, are increased in patients with alcoholic hepatitis-related ACLF and
their values correlate with markers of systemic inflammation, such as IL-6 and IL-8, hepatic
failure and severity of ACLF, but not with markers of extrahepatic organ injury "®. Similar
findings have been reported in the context of acute deterioration of liver function in patients
with chronic hepatitis B infection”’. Intracellular components released by necrotic
hepatocytes (such as HMGB1, cyclophilin A, gp60) contribute to exacerbating hepatic
inflammation in experimental models of liver failure "®"°. The clinical and experimental
evidence supporting the contribution of liver-derived DAMPs to systemic inflammation in
alcohol-induced ACLF is weaker than that for the driving-role of gut-derived PAMPs.

[H2] Consequences of systemic inflammation

Low-grade systemic inflammation influences the clinical expression of cirrhosis by
modifying the function of somatic cells via the direct effects of proinflammatory cytokines
and/or the recruitment of circulating activated immune cells by the peripheral tissues
(Figure 3). Pro-inflammatory cytokines further stimulate the endothelial production of nitric
oxide and ROS, worsening peripheral vasodilation, portal hypertension and cardiac
dysfunction®®-®*_ The intensity of splanchnic and peripheral vasodilation is, therefore,
greater in patients and in experimental models of cirrhosis with bacterial translocation and
severe systemic inflammation®®'%384 The magnitude of systolic dysfunction relates not
only to the severity of systemic circulatory dysfunction but also to markers of systemic
inflammation and bacterial translocation®®2. Indeed, sCD163, a marker of macrophage
activation, has been shown to correlate with the risk of variceal bleeding and overall
survival in patients with cirrhosis®®#°,

The influence of systemic inflammation on expression of cirrhosis is well-exemplified by
acute kidney injury, including classical hepatorenal syndrome, which is driven by
peripheral vasodilation and cardiac dysfunction aggravated by low-grade systemic
inflammation®” (Figure 4). Preliminary evidence suggests that inflammation-related
tubular injury and apoptosis could contribute to renal dysfunction, as shown by increased
renal expression and urinary excretion of TLR4 in patients with acute decompensation of
cirrhosis®®. Peripheral inflammation can modify brain signaling in patients with cirrhosis
and contributes to regulate the onset and severity of hepatic encephalopathy®® . Similar
to other organs, pro-inflammatory cytokines can activate cerebral endothelial cells.
Circulating immune cells can adhere to the activated endothelium and be recruited by
brain parenchyma. This leads in turn to activation of resident immune cells (such as
microglia and astrocytes) that produce mediators (such as cytokines) that alter
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neurotransmission and behavior®’® . Inflammation in this setting is also driven by a

dysbiotic microbiota, with a study showing a correlation between inflammatory cytokines
in serum and certain microbial families (Enterobacteriacae, Veillonellaceae and
Fusobacteriaceae) in faeces of patients with cirrhosis and encephalopathy %. The
relationship between the gut microbiota, neuroinflammation and encephalopathy in
cirrhosis is further supported by the fact that fecal microbiota transplantation ameliorates
GABAergic, microglial and neuronal activation and inflammation in mice with cirrhosis %.

In addition to modifying the clinical expression of cirrhosis, systemic inflammation, along
with portal hypertension, drives the clinical course of decompensated cirrhosis, as
elegantly shown in a study that analysed the course of patients with acute decompensation
of cirrhosis 8. In this study, patients with a stable course show low-grade inflammation that
subsequently improves, whereas those with unstable course that required readmission
had low-grade inflammation but severe portal hypertension, with a mortality at 1 year of
9.1% and 35.6%, respectively. In contrast, patients with pre-ACLF had the highest degree
of inflammation at admission, which aggravated on follow-up, and had a mortality rate at
1 year of 67.4%. These data underscore the pathogenic role of systemic inflammation in
driving organ failure in acutely decompensated cirrhosis and, therefore, the transition to
ACLF.

Finally, chronic inflammation has also been suggested to be involved in the pathogenesis
of hepatocellular carcinoma®. In particular, increased IL-6 levels and overactivated
STAT3 have been observed in patients with hepatocellular carcinoma and in preclinical
models®***°. TNF and its downstream targets, NF-kB and c-Jun N-terminal kinase, also
promote hepatocellular carcinoma through inflammation, hepatocyte death and
compensatory proliferation in mouse models °"%. Blocking tumour-promoting
inflammatory signals and enhancing tumour immunity through immune checkpoint
inhibitors could be an effective strategy for treating hepatocellular carcinoma®.

High-grade systemic inflammation is the driver of disease in patients with ACLF, in whom
there is a close correlation between the magnitude of inflammation and organ failure and
survival**®. This clinical correlation underlines the critical contribution of high-grade
systemic inflammation to the pathogenesis of organ failure in ACLF. In fact, organ failure
in this setting is not only the result of the haemodynamic derangement of cirrhosis, but
mainly of the massive release of cytokines, activation of cell death mechanisms'®,
exacerbation of oxidative stress, and high recruitment and activation of immune effector
cells'’. It has been hypothesized that high-grade systemic inflammation leads to organ
failure by causing direct damage to tissues (immunopathology) or as a result of an
energetic imbalance (immunometabolism).

The term ‘immunopathology’ has been coined to describe the collateral effects of the
immune response in other cells and tissues'®. The detrimental consequences of an
exaggerated activation of effector cells is central to the pathogenesis of organ failure in
critical conditions, such as sepsis: systemic inflammation promotes ischemic acute renal
tubular necrosis, prompted by capillary leucocyte infiltration, microthrombosis, apoptosis,
and mitochondrial injury, which substantially increases the risk of acute kidney failure
103104 1n line with these findings, the greater the severity of ACLF the lower the therapeutic
response to terlipressin and albumin in patients with hepato-renal syndrome—acute kidney
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injury, which indicates an inflammatory rather than a haemodynamic pathogenesis of
kidney injury in ACLF ' (Figure 4). Inflammation also drives cerebral hypoperfusion and
dysfunction, contributing to the development of hepatic encephalopathy in animal models
and patients with advanced cirrhosis and ACLF 196197,

On the other hand, the term ‘immunometabolism’ refers to the energetic imbalance that a
highly metabolically active immune system provokes in cells of other tissues, contributing
to organ dysfunction. An effective immune response is metabolically costly, as it requires
the synthesis of many new proteins, including cytokines, chemokines and acute phase
reactants'®. Each population of immune cells has a distinct metabolism and nutrient
usage. For example, metallothionein 3 has been suggested to control the phenotype and
metabolic programming of macrophages by promoting mitochondrial respiration,
suppressing glycolysis and promoting oxidative phosphorylation'®. Consistent with these
observations, metabolomic studies in the blood of patients with ACLF have shown that
this condition is associated with a distinctive fingerprint of 38 metabolites, with an intensity
that correlates with the severity of systemic inflammation'®. The fingerprint represents
increases in glycolysis and related pathways, indicating the presence of a marked
inhibition of mitochondrial energy production (ATP-producing fatty acid 3-oxidation), which
might contribute to the organ failure in ACLF'°. Further, systemic inflammation induces
changes in other bioactive molecules, such as tryptophan, which is degraded through the
kynurenine pathway'"". In fact, patients with ACLF have an increased serum concentration
of metabolites of that route, which correlates with the intensity of systemic inflammation''?.
[H1] Immunodeficiency and cirrhosis

Although a standard definition of immunodeficiency is lacking, it can be arbitrarily identified
as the presence of abnormalities of immune system cells that compromise their effector
function and result in immune paralysis. These alterations include functional defects,
expansion of immune inhibitory subsets or reduced expression of costimulatory
molecules'®. Immunodeficiency is also a dynamic feature of CAID that begins in
compensated cirrhosis, increases with cirrhosis progression through the decompensated
stage and peaks in ACLF* . Immunodeficiency in cirrhosis is the consequence of two main
factors: the structural distortion of the liver parenchyma, which compromises its
surveillance role, and the functional impairment of circulating immune cells.

[H2] Liver structural distortion in cirrhosis

The progression of cirrhosis alters the architecture of the liver, replacing parenchymal and
non-parenchymal cells with scar tissue. Deposition of extracellular matrix and
capillarization of sinusoids hinders the surveillance role of resident APCs. Activity of the
mononuclear phagocyte system (previously known as the reticulo-endothelial system) is
decreased in patients with cirrhosis, which is associated with a greater risk of bacterial
infections and mortality '*''*. In addition, intrahepatic shunting through vascularized septa
prevents gut-derived portal and systemic bacteria to be ‘filtered’ and cleared by Kupffer
cells'’®. Furthermore, hepatocyte loss decreases the synthesis of immune proteins and
receptors, specifically the synthesis of complement components, soluble PRRs (LPS
binding protein and soluble CD14), albumin, and acute phase proteins (mannose-binding
Lectin, C-reactive protein, hepcidin, fibrinogen, and proteinase inhibitors), as
demonstrated in different cohorts of patients with cirrhosis ''¢-"18,
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[H2] Damage of circulating immune cells

CAID entails not only local (that is, hepatic) but also systemic alterations that affect
circulating innate and adaptive immune cells. Damage of circulating immune cells is
evidenced by hyperactivation and upregulation of cell activation markers and a
dysfunctional effector response that has been characterized in different immune system
cell populations (Table 2).

[H3] Monocytes. Levels of circulating monocytes are increased in patients with
decompensated cirrhosis, in particular the non-classical CD14"CD16" proinflammatory
and profibrotic subset "''°. These monocytes show signs of activation, such as increased
human leucocyte antigen (HLA-DR) expression and increased spontaneous TNF
production”®. Indeed, circulating monocytes are one of the main sources of increased
serum TNF in decompensated cirrhosis’. Remarkably, despite being increased in number,
circulating monocytes decrease in function during cirrhosis progression . The reported
defects in decompensated cirrhosis include altered phagocytosis, chemotaxis, superoxide
generation, lysosomal enzyme production'®, and defective Fcy receptors, which are key
for the clearance of IgG-coated microorganisms '?'. In addition, expansion of an AXL-
expressing monocyte population (CD14*CD16"9"HLA-DR"") has been characterized.
AXL" cells from patients with cirrhosis display attenuated TNF/IL-6 responses and T cell
activation'?.

Monocyte function impairment worsens as cirrhosis progresses to ACLF. Monocytes of
patients with ACLF display reduced HLA-DR isotype expression, elevated frequencies of
IL-10-producing cells, an inability to produce TNF in response to LPS and impaired
phagocytic and oxidative burst capacity '#'2-'2°_ This phenotype of circulating monocytes
relies on altered transcriptional programs and epigenetic modifications that have been
characterized in patients with severe alcoholic hepatitis'®. Monocyte dysfunction
represents the most distinctive feature of immune cell paralysis in ACLF, resembling what
is observed in sepsis'®. These abnormalities might be partially restored by metabolic
reprograming of the cells using a pharmacological inhibitor of glutamine synthetase in in
vitro generated- and in patients with ACLF-derived monocytes '3. Additionally, the reduced
response of cultured monocytes to LPS and impaired function of monocytes in ACLF could
also be due to the concomitant increase in the levels of monocytes that express MER
receptor tyrosine kinase (MERTK) '?’. MERTK is involved in downregulation of innate
immune responses aimed at resolving inflammation in endotoxic shock '%. Activation of
MERK inhibits TLR activation and pro-inflammatory cytokine production. The number of
MERK-expressing monocytes in ACLF has been found to positively correlate with disease
severity and inflammation. Notably, the ex vivo addition of an inhibitor of MERTK rescued
the production of inflammatory cytokines upon LPS stimulation in monocytes '?’. Finally,
expansion of other monocytic cell subsets such as monocyte myeloid-derived suppressor
cells also contributes to impair monocyte function in patients with ACLF'?°.

[H3] Neutrophils. In patients with decompensated cirrhosis, neutrophils are depleted due
to splenic sequestration '°, and show an impaired phagocytic activity and reduced
chemotaxis to the site of infection in patients with decompensated cirrhosis'*'®'. It has
been suggested that hyperammonemia observed in cirrhosis induces neutrophil swelling,
further impairing their phagocytic activity *"'32. The p38"APX signaling pathway is activated
in response to the osmotic alteration; however, this in turn leads to an increase in the
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neutrophil respiratory burst 3132, The respiratory burst refers to the massive release of
ROS by neutrophils, monocytes or macrophages in order to degrade internalized particles
and bacteria. Neutrophil priming and the excessive production of ROS induce tissue
damage and fibrosis and contribute to the exhaustion of phagocytic cells in patients with
cirrhosis '**'34. Further mechanisms of neutrophil dysfunction include the formation of
neutrophil extracellular traps, which are networks of extracellular fibers composed of DNA,
citrullinated histones and antimicrobial peptides capable of directly killing bacteria. Ex vivo
stimulation of neutrophils from patients with alcohol-related liver disease showed reduced
formation of neutrophil extracellular traps compared with healthy individuals. In preclinical
models, alcohol also markedly decreases formation of hepatic neutrophil extracellular
traps and neutrophil clearance by macrophages'°. Neutrophil dysfunction in patients with
decompensated cirrhosis contributes to their increased susceptibility to bacterial
infections™®'¥" and, thus, the clinical correlation between neutrophil alterations and
survival has been further explored. Specifically, it has been shown that neutrophil
phagocytic capacity and the resting oxidative burst might predict the development of
infection, organ dysfunction and 90-days survival in decompensated cirrhosis "2,

[H3] Lymphocytes. The lymphocyte compartment is also altered in patients with cirrhosis.
Circulating CD4"* T helper cells are depleted due to defective thymopoiesis, excessive
splenic pooling and activation of cell death mechanisms by bacterial translocation'®.
Reduced numbers of blood mucosal-associated invariant T (MAIT) cells have been found
in patients with alcohol-related liver disease. These cells were hyperactivated and
displayed defective antibacterial cytokine and cytotoxic responses'®’. These alterations
were exacerbated in patients with severe alcoholic hepatitis, which is in line with the
dynamic course of CAID. Moreover, T cell responses in patients with ACLF are attenuated
by the expansion of certain monocytic cells such as monocyte myeloid-derived suppressor
cells that have reduced potential to activate T cells '?°. Other factors described in patients
with decompensated cirrhosis that can contribute to impair T cell responses in this setting
include the expansion of a subset of HLA-DR*CD8" T cells with immune-modulatory
properties through the expression of high levels of programmed cell death protein 1 (PD-
1) and T cell immunoglobulin and mucin domain-containing protein 3 (TIM3)'*'~3, and
elevated IL-10 levels'* (Figure 5) Moreover, circulating NK cells exhibit reduced cytolytic
activity and poor response to cytokine stimulation in patients with alcohol-related cirrhosis
%5 Finally, profound abnormalities in B cells can be found as well. Memory B cells are
depleted in the serum of patients with HCV-related cirrhosis , specifically the CD27*IgM*
subset, which are hyporesponsive upon CD40-TLR9 stimulation, showing an impaired
production of cytokines and immunoglobulins and reduced CD4" T cell allostimulatory
capacity '°.

[H2] Mechanisms of immunodeficiency in CAID

Immunodeficiency progresses from the compensated to the stable decompensated
cirrhosis stage, culminating in ACLF. In patients with stable decompensated cirrhosis and
with acute decompensations, immunodeficiency is exemplified by the previously described
alterations in APCs (that is, monocytes and neutrophils), such as reduced phagocytic
ability® . At the other end of the spectrum, immunodeficiency in ACLF is characterized by
decreased HLA-DR expression and impaired TNF production in response to LPS by
monocytes, severely impaired phagocytic and oxidative burst capacity by monocytes and
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neutrophils, and by increased levels of the regulatory MERKT+ monocyte subset and of
monocytes that produce anti-inflammatory cytokines (for example, IL-10)° (Figure 6).

There are other mechanisms that lead to immunodeficiency in cirrhosis:

[H3] Excessive immunosuppressive response to counteract systemic inflammation. This
so-called compensatory anti-inflammatory response syndrome (CARS) was first described
in critically ill patients with sepsis and trauma'¥’, and is characterized by increased
lymphocyte apoptosis and anergy'*®, decreased cytokine production and HLA expression
upon monocyte stimulation''%°, and upregulation of anti-inflammatory cytokines, such as
”_-10149_151.

The magnitude of this compensatory response at hospital admission, measured by the
augmented serum levels of IL-10 or the number of circulating regulatory MERKT+
monocytes has been shown to predict a poor outcome in patients with ACLF'%":152,

[H3] Immune cell exhaustion. Immune cell exhaustion in ACLF is driven by an exacerbated
translocation of bacteria and PAMPs from the gut, as well as by the release of DAMPs
from injured hepatocytes. In patients with severe alcoholic hepatitis, activation of TLRs
induces a pronounced impairment of neutrophil function (phagocytosis and oxidative
burst)'®3" reduced ability of T cells to produce IFNy, and increased serum levels of
immune inhibitory receptors, such as PD-1 and TIM3 '5* . Endotoxin removal or blockade
of TLR restores the antimicrobial activity of neutrophils and T cells )'*''%3 which is the
rationale for the potential therapeutic role for endotoxin removal strategies in alcoholic
hepatitis . In preclinical models of cirrhosis, long-term translocation of PAMPs induces the
overexpression of type 1 interferons in the liver and IL-10 in myeloid cells, which impairs
the bactericidal capacity of liver myeloid cells'*.

[H3] Reprogramming and dysfunction of immune cells by the metabolic abnormalities of
cirrhosis.

Dysfunctional and decreased concentration of albumin'®'® is relevant not only to the
haemodynamic derangement but also to the immune cell damage in CAID. In healthy
individuals, albumin can bind in serum to pro-inflammatory molecules and also to
immunosuppressive mediators such as prostaglandin E2 (PGE2), whose serum
concentrations are markedly elevated'®'*” . PGE2 contributes to alveolar macrophages
dysfunction by inhibiting NADPH oxidase-mediated bacterial killing'®® and via upregulation
of cAMP and inhibition of FcyR-mediated phagocytosis'® . Human albumin infusion
reduces circulating PGE2 levels, and attenuates suppressed macrophage
proinflammatory cytokine secretion and bacterial killing in vitro in patients with acutely
decompensated cirrhosis or ACLF and in mouse models of cirrhosis'®’.

Other metabolic features contributing to immune dysfunction are hyperammonemia and
hyponatremia, which act synergistically to induce neutrophil swelling and impair
phagocytosis. Interestingly, neutrophil phagocytic dysfunction was abrogated by p38
mitogen-activated protein kinase signaling inhibition in ex vivo studies in neutrophils from
rats and patients with cirrhosis 2. Additionally, it has been suggested that the functional
status of monocytes is determined by their underlying metabolic program. In comparison
to non-classical human (CD149"CD16") monocytes, which utilize respiratory chain
metabolism, classical monocytes (CD14"*CD16") exhibit a more pro-inflammatory
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phenotype and depend on carbohydrate metabolism as their energy source'®. Using cell
culture experiments, it has been shown that ACLF-conditioned human monocytes had low
glycolysis activity, with impaired expression of genes coding for glycolytic enzymes
including HK1, PGK1, PFKM and ENOZ2. Redirecting glutamate metabolism by inhibiting
glutamine synthetase in the tricarboxylic acid cycle restored phagocytosis'®. Finally, it has
been shown that the peritoneal cavity is particularly rich in glutamate, which is exploited
by peritoneal tissue-resident macrophages to maintain respiratory burst activity during
phagocytosis as demonstrated in human cultured cells'®"

Taken together, the evidence indicates that immune deficiency in cirrhosis is mainly the
result of ‘environmental’ circulating factors that impair the function of immune system cells:
an excessive regulatory immune response with increased inhibitory cytokines or immune
cell subsets (e.g. IL10, MERKT), bacterial products from a disrupted intestinal barrier (e.g.
endotoxin), and the metabolic abnormalities of liver insufficiency (e.g. ammonia, PGEZ2,
dysfunctional albumin, catecholamines). In addition, transcriptional profiling of
CD14"CD16™ monocytes from patients with ACLF revealed upregulation of an array of
immunosuppressive genes associated with scavenger receptors (including CD163, CD36,
MARCO, MRCT1), suppressive cytokines (/IL10), chemokines (CCL22) and MERTK,
whereas monocytes in decompensated cirrhosis showed a preserved capacity to respond
to inflammatory triggers, such as LPS '*. Moreover, various key regulatory genes involved
in antibacterial and oxidative burst responses, including IRF8 and the gene encoding
protein kinase C (PRKCE), were repressed in monocytes from patients with ACLF, which
might contribute to the impaired ability to activate transcription and phosphorylation of the
NADPH oxidase complex, respectively'. Culturing monocytes from healthy individuals in
ACLF plasma induced an ACLF phenotype at the transcriptional level and impaired
phagocytosis in these cells '*. The potential pathogenic role of a circulating factor in
immune deficiency in ACLF raises the possibility of restoring immune cell function by
removing the toxins or immune inhibitory factors present in the circulation.

[H2] Consequences of immunodeficiency

This immunodeficiency increases the risk of bacterial infections at any stage of liver
disease, even in compensated cirrhosis'®?. Bacterial infections are not only more frequent
but also more severe than in healthy individuals, with an estimated overall mortality of 38%
versus 10%, respectively '%'®* In ACLF, bacterial infections are highly frequent and
constitute the most identifiable triggers of this condition . Bacterial infections are also
highly detrimental if they occur during the clinical course of patients admitted with ACLF
of any other aetiology, being independent predictors of 90-day mortality in ACLF'®®,

[H1] Gut-associated lymphoid tissue in cirrhosis

Immune system dysfunction in cirrhosis affects the largest immunological organ in the
human body, the GALT, which contains immune inducer sites such as interepithelial
lymphocytes and Peyer’s patches in the small intestine as well as cryptopatches, isolated
lymphoid follicles in the large intestine, and immune effector sites such as the lamina
propria and MLN.

[H2] Intestinal barrier dysfunction
Damage of the intestinal barrier associated to cirrhosis results in an increased passage of
bacterial components such as such as LPS or bacterial DNA in experimental models and
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patients 2>'%%-1%% (Figure 7). Whereas bacterial components seem to reach the internal

milieu by the paracellular route, whole viable bacteria could translocate via the
transcellular route. The severity of intestinal barrier dysfunction and gut bacterial
translocation correlate with the severity of cirrhosis, and they are more intense in patients
with ascites. The severity of intestinal barrier dysfunction correlates with that of cirrhosis
and especially with the development of ascites. There is a direct relationship between the
frequency and severity of complications of decompensated cirrhosis, e.g. bacterial
infections and encephalopathy, with dysbiosis and intestinal barrier dysfunction

Intestinal dysbiosis set the stage for intestinal barrier disruption in cirrhosis. Altered
intestinal microbiota and bacterial overgrowth have been recognized in humans and
experimental models of cirrhosis'”®. Metagenomic techniques have characterized the gut
microbiome in cirrhosis as one of reduced diversity, significantly increased abundance of
potentially pathogenic bacteria (such as Enterococcaceae, Staphylococcaceae and
especially Enterobacteriaceae), and decreased relative abundance of potentially
beneficial autochthonous bacteria (such as Lachnospiraceae and Ruminococcaceae)' '
74 This microbiome profile in cirrhosis accompanies worsening disease, becomes more
intense in the setting of decompensation, and is associated with poor outcomes'*175

The pathological translocation of viable bacteria from the intestinal lumen to the mesenteric
lymph nodes and to the systemic circulation is well demonstrated in cirrhosis and is the
pathogenetic basis of spontaneous bacterial infections and more specifically spontaneous
bacterial peritonitis'®'"®. In cirrhosis, the access of intestinal bacteria that results in
translocation occurs through the lymphatic and the vascular routes, the latter due to the
breakdown of the intestinal vascular barrier'”” . The rupture of the gut vascular barrier
facilitates the entry to the portal venous blood compartment, which is independent of the
lymphatic pathway, since it is only present in experimental models of cirrhosis and not in
those of portal hypertension without liver damage'’”. It is important to mention that in rats
with cirrhosis obeticholic acid restored the reduced signaling of the farnesoid X receptor
(FXR) in the ileum, improved the state of the mucous layer and stabilized the vascular
barrier of the intestine, which supports the concept that the nuclear receptor FXR is
involved, at least partially, in the regulation of the vascular and mucosal barriers of the
intestine in cirrhosis'’. The reduction in gut FXR signaling is likely to be a consequence
of the luminal reduction of primary bile acids and the intestinal inflammation seen in
experimental models of cirrhosis'""'78,

The functional abnormalities in the intestinal barrier described earlier have been linked to
changes in intestinal mucosal immunity, deficiencies in secretory barrier function and
disorganization of interepithelial tight junction proteins in humans and experimental
models of cirrhosis. The persistent stimulation of intestinal immune cells by an abnormal
gut microbiota with increased adherence to the muco-epithelial layer leads to a state of
subclinical inflammation, which is evidenced by a higher number of activated monocytes,
dendritic cells and T cells in the intestine and MLNs?**"'7%_ |n experimental models of
cirrhosis, intestinal CD103" dendritic cells become activated during ascitic
decompensation, as shown by expansion of the pro-inflammatory CD4+ dendritic cell
subpopulation, augmented TNF production and increased phagocytic and migratory
capacity'”® Furthermore, intestinal macrophages that are normally anergic to low-level
bacterial stimuli become activated, expressing innate immune receptors for bacterial
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translocation and releasing nitric oxide and IL-6 in patients with cirrhosis'®’. As cirrhosis

progresses to the ascitic stage, the levels of intraepithelial and lamina propria lymphocytes
(T helper (including effector memory subset), cytotoxic, regulatory, B cells and NK cells)
increase and switch to a Th1 regulatory pattern with expansion of TNF- and IFNy-
expressing cells in the lamina propria, with concomitant Th17 depletion'®'®°. Notably,
bowel decontamination redistributes microbial composition, reduces pro-inflammatory
activation of mucosal immune cells, and diminishes intestinal permeability and bacterial
translocation, supporting the notion that dysbiosis has a major role in driving intestinal
inflammation in cirrhosis '"°.

Development of overt culturable and, thus, intense bacterial translocation into MLNs is
associated with the absence of activated phenotype, lowered TNF production (even less
than healthy individuals as controls) and relatively deficient phagocytosis and migration
capacity of intestinal CD103+ dendritic cells in experimental models of decompensated
cirrhosis'®. Again, bowel decontamination with antibiotics eliminated bacterial DNA in
MLNs and gut bacterial translocation, normalized the activation state and phagocytic
function of intestinal CD103+ dendritic cells, and increased their TNF production. These
data further reinforce the notion that the continuous pressure of gut dysbiosis in cirrhosis
shapes the phenotypic and functional profile of intestinal immune cells to produce effects
that range from their activation and enhanced function to their exhaustion and tolerance.
Importantly, these changes appear to be specific to GALT, as monocyte-derived dendritic
cells from peripheral blood from patients with cirrhosis are phenotypically and functionally
indistinguishable from those derived from healthy donors''. This points to GALT being
the primary site for derangement and deficiencies in innate immune function in advanced
cirrhosis.

Disruption of the intestinal barrier in cirrhosis includes diminished secretion of anti-
microbial peptides by intestinal Paneth cells, such as a-defensins, in particular a-defensins
5 and 7, as demonstrated in small intestinal tissue of human and experimental models of
decompensated cirrhosis'’®18218% |nterestingly, upon intestinal microbiota-derived signals,
such as LPS and muramyl dipeptide, Paneth cells also secrete pro-angiogenic molecules
that promote intestinal and mesenteric angiogenesis and contribute to the development of
portal hypertension'®*. Alterations in the secretory functions of the intestinal mucosa
contribute to small intestinal bacterial overgrowth and translocation in models of cirrhosis
but also affect intestinal dendritic cells and their migratory capacity, particularly into areas
of inflammation'”®. Finally, dysfunctional mucus machinery, with diminished mucus
thickness, reduced goblet cell numbers and reduced expression of mucin genes, has been

observed in experimental models of advanced cirrhosis'"”.

[H2] Abnormal gut-liver axis and CAID

An abnormal gut-liver axis characterized by an altered gut microbiome and a disrupted
intestinal barrier is the main driver of low-grade and high-grade systemic inflammation in
cirrhosis?. Indeed, in response to dysbiosis and pathological bacterial translocation, the
GALT becomes a major cytokine-releasing organ, with lymphocytes from the epithelium
and lamina propria as well as monocytes of MLNs displaying increased production of pro-
inflammatory cytokines such as TNF and IL-6 in experimental models and patients with
cirrhosis 23718 |n advanced cirrhosis, systemic inflammation results from the sum of
cytokines and immune cells activated in the gut and MLN and those produced by the
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systemic immune system in response to the increased passage of bacteria and their
products as a consequence of intestinal dysbiosis and barrier dysfunction®%’

The causal link between gut dysbiosis and systemic inflammation has been reinforced in
a proof of concept study in patients with cirrhosis undergoing transjugular intrahepatic
portosystemic shunt (TIPS), who display compartment-specific patterns of circulating
bacteria, that is, different genera in central, hepatic, portal, and peripheral venous blood,
and inflammatory cytokine clusters that are associated with to the abundance of blood
microbiota genera in each patient'®. Similarly, compartmentalization of microbiota
composition and immune response is also observed between ascites and blood in patients
with decompensated cirrhosis'®.

[H2] CAID and non-intestinal barriers

Dysbiosis, specifically a decrease in autochthonous bacteria and an increase in potentially
pathogenic species, has been found in stool and colonic mucosa in patients with
cirrhosis'®®. However, studies have also found changes in the salivary microbiota that were
associated with significant inflammation related to Th1 and Th17 cell activation'®.
Interestingly, these alterations in bacterial salivary composition were associated with a
higher risk of liver-related hospitalizations. The fact that the oral cavity is an additional
source of inflammation was further validated with studies that demonstrated that
periodontal care is associated with improved oral and gut dysbiosis, systemic
inflammation, MELD score, and cognitive function in patients with cirrhosis 190 This
observation is particularly relevant as oral health problems and periodontitis are markedly
increased in these individuals 9192,

Another compartment with an emerging role in the immune dysfunction of cirrhosis is the
peritoneal cavity. Spontaneous bacterial peritonitis (SBP) is the most frequent bacterial
infection that occurs in patients with decompensated cirrhosis and is a common precipitant
of ACLF'® . The pathogenesis of SBP reflects failure of the intestinal and peritoneal
barriers, enabling viable bacteria to gain access to the sterile peritoneal cavity. The healthy
peritoneal niche is mainly populated by a heterogeneous population of macrophages that
are crucial for immunological surveillance, resolution of inflammation, and recruitment and
activation of other immune cells'®*'% In contrast to circulating MAIT cells, which are
depleted and dysfunctional in cirrhosis, peritoneal MAIT cells of patients with cirrhosis are
immunocompetent and migratory and accumulate in the peritoneal cavity during SBP,
contributing to inflammation '%°. Furthermore, a study has identified in ascitic fluid of
patients with cirrhosis an alternative phenotypically, transcriptionally and functionally
distinct population of large CD14+ peritoneal macrophages that express CD206, exhibit
features of inflammatory priming, and remain a substantial source of cytokine production
after repeated exposure to bacterial products'®. Similarly, peritoneal macrophages that
express the complement receptor of the immunoglobulin superfamily (CRIg) display
enhanced phagocytic and antimicrobial effector activity in patients with decompensated
cirrhosis and ascites '’. Finally, macrophages from sterile ascitic fluid show constitutive
activation of caspase-1 and a marked increase expression of IL-1 and IL-18 compared
with circulating monocytes, suggesting an activation of the inflammasome in the ascitic
fluid of patients with cirrhosis that facilitates an exacerbated inflammatory response even
in the absence of a priming signal'®. In fact, SBP is characterized by a low microbial load
that provokes an intense inflammatory peritoneal response, which correlates with systemic
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inflammation and clinical outcomes, such as renal failure®®. In addition, evidence indicates
an association between alteration of peritoneal macrophage function, systemic
inflammation and clinical outcomes in SBP. During SBP, levels of CD206 in ascitic fluid,
but not in serum, correlate with mortality as well as with peritoneal and systemic
inflammation '°. Therefore, the dysregulated innate immune response of decompensated
cirrhosis includes the presence in ascitic fluid of a subset of large peritoneal macrophages
with an inflammatory phenotype that are resistant to tolerance and prone to massive
release of proinflammatory cytokines upon TLR stimulation. Despite compartmentalization
of the peritoneal immune response in cirrhosis, the massive release of pro-inflammatory
cytokines during bacterial infection contributes to systemic inflammation and organ failure.

[H1] Modulation of CAID

Therapeutic approaches for CAID are extremely challenging because, on the one hand,
systemic inflammation and organ immunopathology drive organ failure and increase risk
of death. On the other hand, bacterial infections are the most important cause of organ
failure and death in patients with decompensated cirrhosis'®. Targeting systemic
inflammation will clearly increase the risk of infection, whereas approaches to stimulate
the inflammatory response likely worsen immunopathology. Therefore, treatment of CAID
must involve strategies to modulate the immune response rather than directly inhibit or
stimulate it. There are no specific therapies for CAID of proven benefit, but there is indirect
evidence that some interventions might be beneficial and that provide clues to the
development of novel approaches (Table 3).

[H2] Targeting bacterial translocation

Decontamination with non-absorbable antibiotics ameliorates systemic vascular nitric
oxide production, inflammation, and hemodynamic alterations in experimental models and
in human cirrhosis'2%_ It also helps normalize dendritic cell dysfunction and increase
TNF production'”. Studies have suggested temporal benefits of using poorly absorbed
antibiotics for the prevention of further decompensation and reduction in mortality, and it
is now the standard of care for patients with an episode of SBP?°'. In the first double-blind
randomized controlled clinical trial of patients with a prior episode of SBP, 80 patients were
randomized to norfloxacin or placebo. The recurrence of SBP was reduced from 68% to
20% in the norfloxacin group (p=0.006)"" . The importance of targeting bacterial
translocation with norfloxacin was confirmed in another study in which a statistically
significant reduction in the risk of infection and mortality was observed in patients with
decompensated cirrhosis?%2. In addition, intestinal decontamination with rifaximin has been
shown to modulate the intestinal microbiome and improve cognitive function and
endotoxemia in hepatic encephalopathy?®. Ongoing clinical trials are further investigating
the efficacy of rifaximin and simvastatin to prevent ACLF, reduce complications and
hospital readmissions, and improve cost-effectiveness, quality-of-life and survival
(LIVERHOPE project, EU H2020, NCT03780673). However, long-term use of antibiotics
in patients with cirrhosis decreases gut bacterial diversity, and is an independent predictor
of infection with antibiotic-resistant microorganisms®*. Therefore, newer strategies are
being developed that aim to reduce translocation without affecting microbial diversity.
Probiotics have been studied in patients with cirrhosis but have not been found to affect
immune function?”®. CARBALIVE is an orally administered, non-absorbable, highly
engineered, activated charcoal with a wide range of porosities that adsorbs endotoxins
and other products of bacterial metabolism, reduces translocation and influences severity
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of immune dysfunction in a bile-duct ligation model of cirrhosis. The exact mechanism of
how modulating the gut environment changes immune function is unknown 2%, This
therapy is currently being evaluated in phase 2 clinical trials (NCT03202498). Another
potential therapeutic strategy to reduce the effect of endotoxemia is inhibiting its receptor,
TLR4. In sepsis, administration of TAK242, a TLR4 inhibitor, improved the outcome of
patients with gram-negative infections®’. This drug is being repurposed and is entering
phase 2 clinical trials for patients with ACLF.

[H2] Targeting humoral factors in the circulation

Several lines of investigation indicate that incubation of normal monocytes or neutrophils
with plasma from patients with cirrhosis and liver failure is associated with induction of
cellular dysfunction, supporting the notion that circulating humoral factors, such as
endotoxins, prostaglandins, catecholamines and products of cell death, might contribute
to CAID 31197 |t is possible that the beneficial effect of albumin on reducing the risk of
recurrence of SBP and mortality is most likely due to its ability to bind to endotoxin and
prostaglandins, both of which affect the function of immune cells'®"'%72%8-210 This strategy
of targeting circulating humoral factors is the basis of the newer modality of artificial
extracorporeal liver support, DIALIVE, which incorporates two filters: one to exchange
albumin, and the second to remove circulating factors such as endotoxins and products of
cell death®'!. This device is currently being evaluated in phase 2 clinical trials in patients
with ACLF (NCT03065699). In addition to binding circulating humoral factors, it has been
proposed that albumin may internalize in leukocytes and reduce inflammation in patients
with decompensated cirrhosis by inhibiting endosomal TLR signaling?'.

Another factor susceptible to modulation is increased sympathetic nervous system activity,
a well-known feature of cirrhosis that is particularly excessive in the intestine 2'3.
Sympathetic nerve fibers are in close contact with GALT, and the mononuclear cells
express R- and a-adrenoreceptors®'*?'®. Moreover, nearly all types of immune cells,
whether local or circulating, express 3- and a-adrenoreceptors and are modulated by
catecholamines. In cirrhosis, systemic noradrenaline levels are increased in early stages,
correlate with severity of disease and are predictive for survival®'®. Sympathetic nervous
system hyperactivity in cirrhosis has traditionally be seen as a compensatory mechanism
counterbalancing arterial vasodilation. However, in addition to its hemodynamic actions,
noradrenaline has been demonstrated to directly influence the microbiome?'”?'8, exert
detrimental effects on enterocytes?'®??, increase intestinal permeability??!, facilitate
various immunosuppressive actions?'*??2_ and contribute to the initiation and perpetuation
of intestinal inflammation both in animal models and also in humans 2. Indeed, in an
animal model of cirrhosis, splanchnic sympathectomy increased the influx of neutrophils
and monocytes into the peritoneal cavity in response to intraperitoneal E. coli, which
improved E. coli phagocytosis, thereby preventing its systemic spreading ?**. Moreover, it
is tempting to speculate whether noradrenaline levels contribute to driving the high-grade
systemic inflammation in ACLF. In fact, noradrenaline levels are known to be up to three
times higher in ACLF than in patients with acute decompensated cirrhosis, which strongly
correlates with the severity of systemic inflammatory response?®®. In this context, a large-
scale retrospective investigation in 349 patients indicates that non-selective (-blockers
lower mortality in patients with ACLF?%. Interestingly, 28-day and 3-month mortality were
increased in patients who discontinued non-selective B-blockers at the time of ACLF
onset.
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[H2] Targeting the bone marrow

Patients with advanced cirrhosis, alcoholic hepatitis and ACLF typically display alterations
in peripheral blood count, namely a reduction in the lymphocyte-to-neutrophil ratio?’. This
finding is probably due to increased granulopoiesis, which correlates with risk of infection
and mortality in patients with advanced cirrhosis ??’. These observations are explained by
the demonstration that hematopoetic stem cell niches in the bone marrow of patients with
cirrhosis are shifted towards granulopoeisis , and the severity of this abnormality is
associated with increased severity of liver disease and risk of infection??®. Hence,
strategies to improve immune function through the use of granulocyte colony-stimulating
factor (GCSF) has been tried with some success. Although its use in patients with ACLF??°,
long-term administration of GCSF was associated with increased mobilization of CD34"
cells from the bone marrow, reduced risk of infection, and improved transplant-free
survival®®, suggesting that targeting the bone marrow might have a beneficial role.
However, in a placebo-controlled multicenter clinical trial in patients with ACLF, GCSF was
not shown to reduce mortality, suggesting that it should be used only in the context of
clinical trials®"

[H2] Targeting immune cells directly

[H3] Immunometabolism. ACLF is characterised pathophysiologically by systemic
inflammation and the increased production of cytokines, which are energy-consuming
processes. Metabolomic data suggest that patients with ACLF have severe mitochondrial
dysfunction, leading to a switch of metabolism to the cytosol, resulting in increased amino
acid breakdown and production of toxic metabolites''®. This metabolic switch has been
shown to involve glutamine, which is an extremely important amino acid for maintaining
gut and immune health. Inhibition of glutamine synthesis in vitro resulted in partial
restoration of monocyte function in patients with ACLF, providing evidence of severely
disrupted cellular energy metabolism 3. However, these data do not necessarily provide
evidence that inhibiting glutamine synthesis in vivo could be a possible therapeutic option,
as this might negatively affect gut function by leading to hyperammonemia, which in itself

might impair neutrophil function through the p38 MAPK pathway'*?.

[H3] Cell signaling. In decompensated cirrhosis, cells of both the innate and adaptive
immune system show intracellular signaling resulting in functional defects that provide
potential therapeutic targets. Neutrophils from patients with ACLF were shown to have
defective AKT-p38 MAPK pathway signalling, resulting in an impairment of N-
formylmethionine-leucyl-phenylalanine-induced myeloperoxidase release and bactericidal
activity®®?. Activation of the TLR7/TLR8 pathway using the agonist CL097 restored
neutrophil function ex vivo, providing a potentially novel therapeutic approach?®?,
Monocytes have been extensively studied in patients with ACLF, and show evidence of
deficiencies in many pathways. Reduced phagocytic and bactericidal activity of monocytes
in ACLF was shown to correlate with increased expression of MERTK . Pharmacological
inhibition of MERTK with UNC56915 (Calbiochem/Millipore, UK) restored the functional
status of the monocytes ex vivo, providing a possible future therapeutic target'?’. In
addition, peripheral blood mononuclear cells have been shown to exhibit defective T cell
responses in patients with alcohol-related ACLF, which was associated with increased
expression of TIM3 and PD1. Inhibition of these proteins ex vivo restored T cell responses,
indicating a potential novel therapy'®?.
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[H1] Conclusions

Immune system abnormalities are an intrinsic component of cirrhosis, and are responsible
for some distinctive features of the disease. The key components of the so-called CAID
are systemic inflammation and immune deficiency, which can be categorized as two
phenotypes according to the intensity of inflammation: low-grade and high-grade. CAID is
a dynamic process, and as cirrhosis progresses from the compensated to the
decompensated stage and to ACLF so does the intensity of systemic inflammation and
immune deficiency. Patients with ACLF have the highest grades of systemic inflammation
(‘high-grade phenotype’) and of impairment of the effector functions of the immune system,
which critically affect the risk of bacterial infections and survival. CAID contributes to
modulation of the clinical course of cirrhosis: systemic inflammation worsens circulatory
dysfunction and, along with increased portal hypertension, drive acute hepatic
decompensations, whereas high-grade inflammation is the key conductor of organ failure
and ACLF. The pathogenesis of systemic inflammation is mainly due to stimulation of
immune system cells by PAMPS translocated into the circulation from a gut with dysbiosis
and disruption of the intestinal barrier. Immunodeficiency in turn results from structural
distortion of the liver parenchyma and mainly by the functional impairment and
reprogramming of circulating immune cells due to the metabolic abnormalities of liver
insufficiency. Treatment of CAID must involve strategies to modulate the immune
response as targeting systemic inflammation will increase the infection risk, and
approaches to stimulate the inflammatory response might worsen immunopathology and
organ failure.
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Table 1: Evidences of systemic inflammation in cirrhosis

nitrates/nitrites 34!

Changes Compensated and ACL
decompensated cirrhosis

Acute phase proteins T C-Reactive protein and LBP ° ™

Cytokines T Pro-inflammatory cytokines (TNFq, IL-1b, IL- | TT7(
6, IFNy, IL-17, MCP-1, MIP-1b) and soluble | inflar
receptors (TNF soluble receptors | and I, | profi
sTNFRI, sTNFRII, sgp130, suPAR)?*3234 even

Neutrophil activation T Respiratory burst and activation markers | Incre
(CD11b)>#2

Monocyte activation T HLA-DR expression and co-stimulatory | Incre
molecules (CD80/CD86) TTNF secretion’ recej

T cell activation Th1 polarization and Not
increased IFNy production®#*

B cell activation T HLA-DR expression and Not .
co-stimulatory molecules*

Endothelial activation molecules T serum levels of ICAM-1, VCAM-1, VEGF, | TT s

LBP, lipopolysaccharide binding protein; TNF, tumor necrosis factor; IFNy, interferon-y;
sTNFRI, soluble tumor necrosis factor receptor |; sTNFRII, soluble tumor necrosis factor
receptor 1l; sgp130, soluble gp130; suPAR, soluble urokinase plasminogen activator
receptor; HLA-DR, human leukocyte antigen-DR; ICAM, intercellular adhesion molecule
1; VCAM-1, vascular cell adhesion protein 1; VEGF, vascular endothelial growth factor.
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Table 2: Evidence of damage of circulating and tissue-resident immune cells in cirrhosis

Cell type Cellltissue Compensated and decompensated cirrhosis
Circulating immune | Monocytes -T non-classical CD14+CD16+ subset with T HLA-DR express
cells and TNF production

- | chemotaxis, superoxide generation, phagocytosis @
lysosomal enzyme production with cirrhosis severity 20121
- T AXL-expressing subset'?

Neutrophils - |phagocytosis® %32
- | chemotaxis to the site of infection°
- T respiratory burst'?

Lymphocytes - | CD4+ T helper cells'®

- | MAIT cells "

- | NK cells cytolytic activity
- Memory B cells: depleted, hyporesponsive, impaired product
of cytokines and immunoglobulins™®

145

Tissue-resident cells Liver

-Kupffer cells: impaired and decreased activity'"

-Hepatocytes: replaced by scar tissue, | synthesis of imm
proteins and PPR 116,118

GALT and MLN

T activated monocytesz3,37,167,185

T activated T cells with a Th1 switch (TNF, IFNy)?**7

T activated dendritic cells with Tphagocytosis and TTNF product
(phagocytosis and | TNF in GBT)'"®

T proinflammatory cytokines (TNF, IL6)?337.167.185

Peritoneum (ascites)

- Competent MAIT cells that T in SBP'%

- Tpro-inflammatory CD206+ large peritoneal macrophag
subset'%

- | macrophages with high phagocytic and antimicrobial acti
with cirrhosis severity 1%

T primed proinflammatory macrophages'®®

MERK, MER receptor tyrosine kinase; MAIT, mucosal-associated invariant T; HLA-DR,
human leukocyte antigen-DR; CXCR, chemokine receptor; MLN, mesenteric lymph
nodes; GBT, gut bacterial translocation; GALT, gut-associated lymphoid tissue.
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Table 3: Potential strategies to modulate cirrhosis-associated immune dysfunction

Target

Mechanism

Therapy

Gut bacterial
translocation

Reducing endotoxaemia and
priming of immune cells

Clinically available: Poorly
absorbed antibiotics?®'2%
Clinical trials:

Catecholamines

CARBALIVE
(NCT03202498),
probiotics?%®
Circulating humoral | Endotoxin Clinical: Albumin2°8-210
factors Clinical  Trials: DIALIVE
(NCT03065699), TAK242207
(NCT04620148)
Products of cell death Clinical ~ Trials: ~ DIALIVE
(NCT03065699), TAK242207
(NCT04620148)
Prostaglandin E2 Clinical: Albumin28-210
Experimental. COX-2
inhibitors™®’

Clinical: Non-selective beta-
blockers??

Bone marrow

Reduced haematopoietic stem
cell niche

Clinical Trials: Granulocyte
colony stimulating factors®'’

Immunometabolism

Failure of cellular bioenergetics

Experimental: Inhibition of
glutamine synthase'

Ammonia Clinical: Various?*®
Immune cell | Neutrophils: AKT-p38 MAP | Experimental. TLR7/8
signalling kinase signalling agonist, CL097%%?
Monocytes: MERTK | Experimental. MERTK
overexpression inhibitor UNC569'%7
Lymphocytes

Experimental: PDI and TIM-
3 inhibitors'?
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Figure 1. Immune cells in the liver. Kupffer cells are highly specialized tissue-resident
macrophages that can detect, bind and internalize apoptotic neutrophils and pathogens.
Activation of Kupffer cells might also lead to the production of cytokines involved in the
inflammatory response. As antigen-presenting cells (APCs), Kupffer cells express MHC-I,
MHC-II, and costimulatory molecules needed for activation of T and invariant natural killer
(NK) T cells®®. Liver sinusoidal endothelial cells (LSECs) line the sinusoidal capillary
channels and are endowed with fenestrations that allow them to filter the blood in search
of pathogens. Similarly to Kupffer cells, LSECs act as scavengers and APCs and
contribute to maintaining immunotolerance by expressing inhibitory molecules®.
Dendritic cells enter the liver as immature cells, and mature as they move from the portal
to the systemic circulation. Dendritic cells are poor activators of T cells in the liver in
contrast to other tissues. Hepatocytes also display surveillance roles, acting as APCs by
expressing MHC-l and Il and costimulatory molecules'. Finally, multiple types of
lymphocytes can be found within the liver?*%: CD8" liver-resident memory T cells patrol
and reside within the hepatic sinusoids®*®. They can activate stronger anti-viral immune
responses than circulating memory CD8+ T cells in chronic viral hepatitis?**2*°, Innate
lymphoid cells (ILCs) present a classic lymphoid cell morphology, but lack the expression
of antigen-specific receptors. This subgroup of lymphocytes includes classic cytotoxic NK
cells, lymphoid tissue-inducer cells, and other non-cytotoxic ILC populations®*®. Mucosal-
associated invariant T (MAIT) cells are unconventional T cells that can be found not only
in the liver but also in the intestinal mucosa and peripheral blood. They recognize riboflavin
metabolites of bacterial or fungal origin, and perform antibacterial functions by secreting
interferon-y (IFNy), tumor necrosis factor (TNF) and IL-17, and killing infected cells®*’.
Invariant NKT cells patrol the sinusoids by displaying a T cell receptor that recognizes
glycolipid antigens (mainly a-galactosylceramide)?*?. Upon activation, they produce both
pro-inflammatory and anti-inflammatory cytokines and further activate other immune
effectors such as dendritic cells, NK, B, and T cells.

Figure 2. Low-grade systemic inflammation in cirrhosis. Several factors contribute to
low-grade systemic inflammation. A) Increased translocation of bacteria and pathogen-
associated molecular patterns (PAMPs) due to intestinal dysbiosis, bacterial overgrowth
and altered tight junction proteins. This also activates pattern recognition receptors,
contributing to the overproduction of cytokines®®'42337.18 B) |ncreased damage-
associated molecular patterns (DAMPs) released from injured hepatocytes bind to pattern
recognition receptors, activating pro-inflammatory sterile signaling pathways. C)
Dysfunctional and decreased levels of albumin also contribute to systemic inflammation
because, under physiological conditions, albumin has anti-inflammatory properties by
binding and neutralizing PAMPs'®. D) The loss of tolerance is related to an altered
unfolded protein response at the endoplasmic reticulum and to an increased production of
tumor necrosis factor (TNF) upon lipopolysaccharide (LPS) stimulation®®*°. Although LPS
is the most characteristic ligand of Toll-like receptor 4 (TLR4), other PAMPs and DAMPs
can bind and activate this receptor. TLR4 is mainly expressed in sentinel cells such as
macrophages and dendritic cells, but it has been also identified in other cell subtypes such
as hepatic stellate cells and endothelial cells. Depending on the specific ligand and the
target cell expressing TLR4, two downstream signaling pathways can be activated. The
MYD88-dependent pathway involves the nuclear translocation of the transcription factor
nuclear factor kB (NF-kB), which induces the release of pro-inflammatory cytokines. On
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the other hand, the MYD88-independent pathway involves the nuclear translocation of
interleukin regulatory factor 3 (IRF3) and leads to the induction of type 1 interferons.

Figure 3. Pathogenesis and consequences of low-grade systemic inflammation in
cirrhosis. Low-grade systemic inflammation is a distinctive feature of compensated and
stable decompensated cirrhosis?*#%37_ (A) Systemic inflammation is characterized by an
increased production of proinflammatory cytokines and the upregulation of cell activation
markers in circulating immune cells. Systemic inflammation mainly results from the chronic
and episodic passage of bacterial products (that is, pathogen-associated molecular
patterns (PAMPs)) from a leaky gut to the internal milieu, and to a minor extent from the
release of damage-associated molecular patterns (DAMPs) from damaged hepatocytes
undergoing necroptosis or apoptosis®®3>3" Circulating activated immune cells can be
recruited by peripheral tissues and, in addition, the pro-inflammatory cytokines can alter
the function of somatic cells. Via these two mechanisms, the chronic low-grade
inflammation contributes to the clinical expression of cirrhosis. (B) Pro-inflammatory
cytokines activate endothelial nitric oxide synthase and endothelial cells that release
tissue factor increasing von Willebrand factor, which worsen peripheral vasodilation and
promote portal vein thrombosis®**#-#_ Chronic inflammation is also accompanied by
sarcopenia, frailty, insulin resistance and osteopenia®®*°. IL-6 and other cytokines
stimulate the hepatic synthesis of hepcidin leading to anemia, and of C-reactive protein
and other acute phase reactants. Fatigue and depression are related to inflammation-
induced tryptophan metabolism via the kynurenine pathway. Pro-inflammatory cytokines
and immune system cells recruited by the brain lead to microglial activation, which alters
neurotransmission, behavior and encephalopathy?®®—*.

Figure 4. Pathogenetic contribution of low-grade and high-grade systemic
inflammation to hepatorenal syndrome. Acute kidney injury (AKI), which is one of the
most frequent complications of cirrhosis, exemplifies the different pathogenic roles of low-
grade and high-grade systemic inflammation. (A) Peripheral arterial vasodilatation related
to portal hypertension leads to effective hypovolemia, which is the pathogenic driver of
classical hepatorenal syndrome (HRS), a functional form of AKI*".In this context, low-
grade systemic inflammation contributes to worsen peripheral vasodilation by further
increasing nitric oxide overproduction. (B) Kidney is the most frequent failing organ in
acute-on-chronic liver failure (ACLF). High-grade inflammation is the pathogenic driver of
kidney failure in ACLF, having a lesser role in hemodynamic changes'"'% In this setting,
kidney tubular and parenchymal (and other organs) failure are the consequence of
apoptotic and non-apoptotic cell death mechanisms, mitochondrial dysfunction and
microthrombosis®'"°.  Additionally, further tissue injury is the consequence of 1)
immunopathology, that stands for the collateral damage secondary to the massive
cytokine release and immune tissue infiltration by activated immune system cells, and 2)
immunometabolic alterations, specifically an energetic switch aiming to counteract the
nutrient shortage by diminishing mitochondrial oxidative phosphorylation and ATP
production. C) Progression of cirrhosis from the compensated to the decompensated
stage and to ACLF is characterized by the development of acute complications, such as
ascites, variceal bleeding or bacterial infections, and by tissue injury leading to organ
failure, respectively. Portal hypertension and systemic cardiocirculatory dysfunction are
the drivers of the transition from compensated to decompensated cirrhosis, whereas
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systemic inflammation drives the tissue injury that leads to extrahepatic organ failure and
results in acute-on-chronic liver failure.

Figure 5. Cirrhosis-associated immune dysfunction in ACLF. High-grade systemic
inflammation and immune cell paralysis characterize the dysfunctional immune response
in acute-on-chronic liver failure (ACLF). A) High-grade systemic inflammation. The
overproduction of pro- and anti-inflammatory cytokines as well as activation and
recruitment of neutrophils to the site of organ failure are a consequence of the
activation of Toll- and Nod-like receptors in peripheral monocytes and dendritic
cells, as a consequence of the increased levels of damage-associated molecular
patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs). 11.73.76.78.79.251
B) Immune cell paralysis. In ACLF, there is an acquired paralysis of the immune
system that affects innate and acquired immune responses and is secondary to an
excessive compensatory anti-inflammatory response, exhaustion of immune effectors,
and metabolic and neuroendocrine disturbances [such as increased prostaglandin E2
(PGE2), hyperammonemia and hyponatremia] 231232 |ncreased IL-10 is involved in
the paralysis of cells of the immune system, since it inhibits nuclear factor-kB (NF-
kB) activity, which results in a reduction in monocyte secretion of tumor necrosis
factor (TNF), IL-1, IL-6, IL-8 and IL-12. IL10 levels inversely correlate with the
expression of inhibitory receptors in monocytes (MERTK) and lymphocytes
[programmed cell death 1 (PD1) and T cell immunoglobulin and mucin domain-containing
3 (TIM3)]. IL10 expression also correlates with decreased interferon-y (INFy) production,
which contribute to immune cell dysfunction. Monocyte antigen presentation ability and
TNF production in response to LPS are compromised due to decreased monocyte
HLA-DR expression. The augmented expression of CXCR1 and CXCR2 receptors by
neutrophils contributes to hepatocyte death through early apoptosis and necrosis. In
addition, they show an impaired phagocytic activity, reduced chemotaxis to the site of
infection and an increased respiratory burst, which generates reactive oxygen species
(ROS) that contribute to tissue damage and to the exhaustion of phagocytic cells. MERTK:
tyrosine-protein kinase MER.

Figure 6. Dynamics of cirrhosis-associated immune dysfunction. Systemic
inflammation and immune deficiency are the two components of the cirrhosis-associated
immune dysfunction (CAID). CAID should be viewed as a continuum of immunological
abnormalities thorough the spectrum of cirrhosis severity. CAID can be arbitrarily divided
into two phenotypes according to the intensity of inflammation: low-grade and high-grade
systemic inflammation. The severity of systemic inflammation parallels the course of
cirrhosis, beginning in the compensated stage, becoming more intense in the stable
decompensated stage, peaking during episodes of acute decompensation, and
culminating in acute decompensation with acute-on-chronic liver failure (ACLF). Peaks of
inflammation due to infectious (such as bacterial infections) or non-infectious (such as
alcohol) triggers worsen systemic circulatory dysfunction and contribute to the
precipitation of episodes of acute decompensation (such as ascites, acute kidney injury,
and encephalopathy) in stable decompensated cirrhosis. Immunodeficiency is
characteristically present in ACLF, where it contributes to the extremely high susceptibility
to bacterial infections. However, it is already present in patients with stable
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decompensated cirrhosis, contributing to episodes of acute decompensation triggered by
bacterial infection.

Figure 7. Disruption of the gut-liver axis in cirrhosis: contribution to cirrhosis-
associated immune dysfunction. Intestinal dysbiosis sets the stage for the disruption of
the gut-liver axis in patients with cirrhosis'*. Dysbiosis in cirrhosis is the consequence
of intestinal hypomotility and reduced bile acid flow with decreased luminal levels
of bile acids. Dysbiosis and overabundance of 7-a-dehydroxylating bacteria
increase secondary bile acids in the intestinal lumen. This leads to reduced
intestinal farnesoid X receptor (FXR) signaling, which compromises the synthesis
of mucous and antimicrobial peptides and damage of the integrity of the gut
vascular barrier. The final consequence is loosening of the epithelial tight junctions,
mucous layer thinning and reduced innate defenses, which facilitate penetrability of
bacteria and the interaction of pathobionts with mucosal immune system cells. The
persistent stimulation of intestinal immune cells by an abnormal gut microbiome leads to
a state of subclinical inflammation, which is evidenced by a higher number of activated
monocytes, dendritic cells and T lymphocytes in the intestine and mesenteric lymph
nodes. Intraepithelial, lamina propria and mesenteric lymph node inflammation features a
Th1 regulatory pattern of immune cell activation along with an increased synthesis of
interferon-y (INF-y) and tumor necrosis factor (TNF), which further contributes to an
increase in intestinal permeability. Additionally, activated immune system cells convert
gut-associated lymphoid tissue into a cytokine-releasing organ that majorly contributes to
systemic inflammation in cirrhosis. Disruption of the intestinal barrier is extreme in patients
with advanced decompensated cirrhosis with the concurrence of profound dysbiosis and
an overabundance of Enterobacteriaceae on top of markedly damaged epithelial, immune
and vascular intestinal barriers. The result is the massive passage to the circulation of
PAMPs and viable bacteria, causing systemic and liver inflammation as well as
spontaneous bacterial infections.
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Glossary

Cirrhosis-associated immune dysfunction
Dysfunctional immune response associated with cirrhosis and characterized by systemic
inflammation and immune paralysis.

Systemic inflammation:
Increased expression of surface activation antigens in circulating immune cells, and
production of pro-inflammatory cytokines.

Acute-on-chronic liver failure:
Acute decompensation of cirrhosis associated with organ failure and high short-term
mortality.

Phenotype with low-grade systemic inflammation

Increased immune activation and mild to moderate compromise of the immune effector
response in patients with compensated cirrhosis or acute decompensation with no organ
failure.

Phenotype with high-grade systemic inflammation
Extreme activation with massive release of cytokines along with functional impairment of
circulating immune system cells in patients with acute-on-chronic liver failure.

Gut-liver axis
Bidirectional functional connection between the liver and the intestine, particularly its
microbiota and immune system.

Pathogen-associated molecular patterns
Sets of microbial molecular patterns that can be recognized by specific receptors of
immune system cells.

Damage-associated molecular patterns
Intracellular molecules released by injured or dying cells that can be recognized by specific
receptors of immune system cells.

Gut-associated lymphoid tissue
Lymphoid tissue lining the intestine and composed of Peyer’s patches, intestinal lymphoid
follicles, intraepithelial lymphocytes and mesenteric lymph nodes.

Immunopathology
Immune-mediated tissue damage due to an excesive immune activation.



