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REVIEWS

of sepsis

Liver — guardian, modifier and target

Sepsis is defined as a life-threatening organ dysfunction
that results from a dysregulated host response to infection'
(BOX 1). The liver has crucial roles in sepsis as it represents
an important line of defence against microorganisms,
as well as a frequent target of the dysregulated inflam-
mation®*. For the former, close interaction and communi-
cation is critical between hepatocytes and additional cell
types, such as endothelial, Kupffer and hepatic stellate
cells in the space of Disse? (FIC. 1). Under physiological
conditions, these cells are primed to eliminate antigens
transported in the blood stream from the gut lumen in
a state of homeostasis. However, during microbial infec-
tion, these cells turn into an alarm system, giving rise to
signals that aim to recruit additional cells into the liver
to protect the body from invading microorganisms*.
This process triggers the inflammatory response of the
body and contributes to efficient elimination of micro-
organisms. However, this protective response also results
inliver injury and becomes impaired when liver cirrhosis
is present. This Review describes the responses of the liver
during sepsis, to highlight the mechanisms leading to liver
injury during sepsis and to delineate the impaired defence
against microbial infection in patients with liver cirrhosis.

Liver involvement during sepsis
The importance of the gut-liver axis. Microbial patho-
gens play an essential part in sepsis and frequently

Pavel Strnad’2*, Frank Tacke'*, Alexander Koch' and Christian Trautwein’

Abstract | Sepsis and septic shock are characterized by life-threatening organ dysfunction caused
by a dysregulated host response to infection. The liver has a central role during sepsis, and is
essential to the regulation of immune defence during systemic infections by mechanisms such as
bacterial clearance, acute-phase protein or cytokine production and metabolic adaptation to
inflammation. However, the liver is also a target for sepsis-related injury, including hypoxic hepatitis
due to ischaemia and shock, cholestasis due to altered bile metabolism, hepatocellular injury due
to drug toxicity or overwhelming inflammation, as well as distinct pathologies such as secondary
sclerosing cholangitis in critically ill patients. Hence, hepatic dysfunction substantially impairs

the prognosis of sepsis and serves as a powerful independent predictor of mortality in the intensive
care unit. Sepsis is particularly problematic in patients with liver cirrhosis (who experience
increased bacterial translocation from the gut and impaired microbial defence) as it can trigger
acute-on-chronic liver failure — a syndrome with high short-term mortality. Here, we review the
importance of the liver as a guardian, modifier and target of sepsis, the factors that contribute

to sepsis in patients with liver cirrhosis and new therapeutic strategies.

translocate from the gut lumen into the blood stream,
where they have to pass through the liver via the portal
vein®. The gut lumen harbours at least as many bacteria
as the human body has eukaryotic cells, which is essen-
tial as bacteria in the gut facilitate the digestion and use
of nutrients’. The digested food components enter the
body via the portal blood stream, and the liver plays a
crucial part in storing and processing fat, glucose and
amino acids to maintain homeostasis.

The gut and the associated local immune system
work together to prevent translocation of intestinal bac-
teria into the portal vein. After the gut intestinal epi-
thelial barrier, the liver constitutes the second line of
defence in eliminating invading bacteria and bacterial
products, inhibiting a spread of bacteria into the body
and, therefore, sepsis*’. Accordingly, patients with liver
cirrhosis have an increased risk of bacterial infections®,
which is often due to bacterial translocation from
the intestine”®.

Liver immune surveillance mechanisms. Owing to its
unique anatomical location, the liver is highly exposed
to circulating antigens, endotoxins, danger signals and
even microorganisms, which reach the liver either from
the gastrointestinal tract via the portal vein, or from the
systemic circulation via arterial blood. Thus, the liver is
an important line of defence, together with the spleen,

NATURE REVIEWS | GASTROENTEROLOGY & HEPATOLOGY

VOLUME 14 | JANUARY 2017 | 55

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



mailto:ctrautwein@ukaachen.de
http://dx.doi.org/10.1038/nrgastro.2016.168

REVIEWS

Key points

* The liver represents a key integrator of microbial responses

* During microbial infection, the liver switches from tolerogenic towards immunogenic
responses and initiates the production of acute-phase proteins

* Overwhelming inflammatory responses contribute to development of liver injury in
sepsis and to progression of acute-on-chronic liver failure in patients with liver cirrhosis

e Sepsis-induced liver injury comprises hypoxic hepatitis, sepsis-induced cholestasis
and secondary sclerosing cholangitis of critically ill patients

* Patients with liver cirrhosis have an increased risk of microbial infections and are at
high risk of death from sepsis, therefore, a fast and risk-adjusted antimicrobial therapy
is important

but also a major site for the regulation of immune and
inflammatory responses’ (FIC. 1). The majority of mech-
anisms related to immune surveillance or bacterial clear-
ance by the liver take place at the hepatic sinusoids'.
Within the hepatic sinusoid, endothelial cells, hepatic
stellate cells (located in the subendothelial space of
Disse), resident macrophages (Kupffer cells) and mani-
fold immune cell subsets (such as polymorphonuclear
leukocytes, monocytes or natural killer T cells) encoun-
ter microorganisms, nonself-antigens, danger signals
and/or other humoral factors relevant for inducing
inflammatory responses’.

Infection-induced programmed cell death such as
RIPK1-dependent or RIPK3-dependent necroptosis,
as demonstrated for infections with intracellular bacteria,
or caspase-1-dependent pyroptosis, as demonstrated for
Shigella or Salmonella infections, is an important source
of cytokines (IL-1P) or danger-associated molecu-
lar patterns (also known as alarmins) involved in the
activation of immunity within the liver''-"%.

Importantly, many mechanisms in the liver gener-
ally ensure suppression of immune responses to avoid
accidental immune activation, hyperinflammation or
autoimmunity®. For example, in a mouse model that
used antigens attached to 0.5 um latex particles, Kupffer
cells rapidly cleared the particles to induce immunologi-
cal tolerance via regulatory T cells™. However, in the case
of concomitant, experimentally induced liver injury, the
same antigens are processed in an immunogenic fashion
and induce cytotoxic T-cell responses' (FIC. 2). This find-
ing illustrates that the liver consists of a complex net-
work that integrates inflammatory signals to enable a
rapid switch from tolerogenic towards immunogenic
responses (reviewed elsewhere?).

During sepsis, different types of immune reactions
can be distinguished, which are often categorized as
type 1 or type 2 immunity”. Type 1 immunity, which is
typically excessively activated in sepsis, comprises intense
phagocytosis and type 1 T-helper cell activation (IFNy,
IL-2), whereas type 2 immunity is related to wound
healing, type 2 T-helper cell activation (IL-4, IL-10) and
resolution of inflammation'®. The liver immune system
participates in these processes during sepsis. Notably,
the liver-induced immunogenic response represents
a double-edged sword that contributes to clearance of
microbial products, but can also cause organ damage due
to an overwhelming systemic inflammatory response'®.

Bacterial clearance and neutrophils. The liver is essen-
tial for clearing bacteria and associated toxins (such as
endotoxin) from the bloodstream. In animal models of
intravenous bacteria injection, >60% of the injected bac-
teria can be trapped in the liver within 10 min'®. The liver
is an important site for neutrophils, which provide
immune protection against pathogens by phagocytosing
bacteria or releasing antimicrobial granule proteins®*.
Furthermore, neutrophils can form a sticky web of extra-
cellularly released nuclear DNA decorated with histones
and proteases, which trap and kill bacteria'” (FIG. 2a).
These neutrophil extracellular traps (NETs) are formed
in the liver vasculature during sepsis'®. In a mouse model
of Staphylococcus-aureus-induced sepsis, NETs formed
in the liver efficiently cleared bacteria and were protec-
tive against bacteraemia and sepsis'’. However, the NETs
also impaired blood flow in the liver and led to a mild
(ischaemic) hepatic injury", which possibly contributed
to the impaired hepatic microcirculation observed in
sepsis®**!. Consequently, neutrophils can also promote
tissue injury in the liver>#.

The heterogeneity of neutrophils has been recog-
nized, with the ageing of these immune cells associ-
ated with an overly active, proinflammatory neutrophil
phenotype®*®. Interestingly, the gut microbiota, as
well as Toll-like receptor (TLR) signalling in myeloid
cells, promoted neutrophil ageing in mouse models,
and depletion of gut microbiota or myeloid TLR sig-
nalling dramatically improved endotoxin-induced
septic shock®. Further studies are needed to address
the heterogeneity of neutrophils and whether a switch
between different subsets might represent a viable
therapeutic approach.

Hepatic macrophages have the capacity to directly
eliminate invading bacteria and to mount effec-
tive immune responses against pathogenic bacteria,

Box 1| Definition of sepsis and septic shock

* According to the Third International Consensus
Definitions for Sepsis and Septic Shock (Sepsis-3)
published in 2016, sepsis should be defined as
a life-threatening organ dysfunction caused
by a dysregulated host response to infection®.

Organ dysfunction can be assessed by using the
Sequential (or Sepsis-related) Organ Failure Assessment
(SOFA) score of 2 points or more’. For out-of-hospital,
emergency department or general-ward patients with
suspected infection, the new bedside clinical score
named quick SOFA (qSOFA) can be easily used.

The gSOFA criteria comprise a respiratory rate of

>22 per min, newly or worsened altered mentation
(Glasgow coma scale <15) and systolic blood pressure
level <100mmHg.

Septic shock, as a subset of sepsis, is characterized

by a vasopressor demand to maintain a mean arterial
pressure level of 65mmHg, and a serum lactate level
>2mmol/l (>180mg/l) in the absence of hypovolaemia.

Sepsis is associated with an in-hospital mortality
of >10%, whereas septic shock is related to hospital
mortality >40%.
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Figure 1| Initiation of immune defence mechanisms in the liver during sepsis. Bacteria and bacterial products
such as endotoxin (lipopolysaccharide; LPS) reach the liver via hepatic arteries and the portal vein. Additionally, systemic
cytokines and danger-associated molecular patterns (DAMPs) related to ischaemic hepatocyte or cholangiocyte injury
accumulate in the hepatic sinusoid. The stellate cells and hepatic macrophages (Kupffer cells) respond to these danger
signals (alarmins) by producing large amounts of inflammatory cytokines (TNF, IL-6, IL-1p) and chemokines (CCL2) that
attract other immune cells (for example, neutrophils and monocytes) and provide the signal to hepatocytes to switch
from a homeostatic to an inflammatory gene and protein expression programme. This process involves the induction

of acute-phase proteins (APPs) such as serum amyloid A-1 (SAA) and other inflammatory mediators (IL-8 and CXCL1).
Neutrophils (via intercellular adhesion molecule 1 (ICAM1) and lymphocyte function-associated antigen 1 (LFA1)
interactions) and monocytes accumulate in the liver, contributing to antimicrobial defence (via neutrophil extracellular
trap (NET) formation or phagocytosis) as well as to immune-mediated hepatocyte injury (via apoptosis induction

through TNF). LSEC, liver sinusoidal endothelium cell.

constituting another line of antimicrobial defence?®.
These cells consist of functionally diverse subpopu-
lations, such as Kupffer cells that originate from local
progenitor cells and act as stationary scavengers in the
sinusoid, as well as monocyte-derived macrophages
that can rapidly accumulate at sites of liver injury and
augment proinflammatory, but also wound-healing,
responses?. Kupffer cells are equipped with danger-
recognition receptors and scavenger receptors that
enable them to efficiently recognize and eliminate cir-
culating bacteria’. Interestingly, Kupffer cells intimately
cooperate with platelets to limit the deleterious systemic
consequences of sepsis.

In addition to the liver, the mononuclear phagocyte
system (also known as the reticuloendothelial system)
in the spleen is important for clearing pathogens from
the bloodstream, especially encapsulated bacteria®.
The spleen also contains a specialized fraction of B cells
termed innate response activator B cells, which effi-
ciently phagocytose bacteria and protect from cytokine
release and septic shock™.

Liver defence mechanisms against intracellular bac-
teria and viruses. The discussed mechanisms do not
necessarily apply to systemic infections with intra-
cellular bacteria or viruses. For example, in a mouse
model of Listeria monocytogenes infection, Kupffer cells
were not able to completely eliminate these intracellular
bacteria. Instead, Listeria induced Kupffer cell-death
by necroptosis, which triggered the release of hepato-
cytic danger signals (such as the alarmin IL-33) and
monocyte recruitment that was sufficient to elimin-
ate bacteria and restore immune homeostasis''. The
accumulation of monocyte-derived macrophages in the
liver also seems important for systemic viral infections.

Aggregates of these cells in the liver (termed intra-
hepatic myeloid-cell aggregates for T-cell population
expansion) were priming sites for efficient cytotoxic
CD8" T-cell responses in mouse models of different
systemic viral infections (namely, recombinant adeno-
virus expressing a fusion protein, lymphocytic chorio-
meningitis virus or adenovirus vector transfer of the
HBV genome)**.

Adaptation of hepatic biosynthesis and metabolism.
Sepsis has profound implications for the function of
the liver and drastically changes its gene and protein
expression pattern, inducing inflammatory pathways
and downregulating house-keeping functions such as
metabolic, biotransformation or bile transport activ-
ities***. This adaptation considerably changes the
plasma proteome and metabolome in conditions of sep-
sis?**. However, although strong data on circulating bio-
markers from both humans and animal models exist”*’,
little evidence of transcriptional changes in the human
liver during sepsis has been obtained™.

The hepatocellular reaction to sepsis is termed acute-
phase response and results in the release of ~30 acute-phase
proteins (APPs) with various biological functions in
systemic circulation*! (TABLE 1). Inflammatory cytokines,
mainly IL-6 and IL-1-type cytokines from monocytes
and macrophages, trigger the production of APPs
in hepatocytes*.

IL-6 has two principle mechanisms to mediate bio-
logical effects: classic IL-6-receptor (IL-6R) signalling
via a membrane-bound receptor subunit, as shown for
acute-phase response induction in hepatocytes; and
IL-6 trans-signalling, in which soluble IL-6R binds
secreted IL-6 in a bioactive complex that has a long cir-
culating half-life and can act on cells that lack IL-6R but
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Figure 2 | Hepatic mechanisms balancing immune activation and immune suppression in patients with sepsis.
a| A state of immune activation is characterized by activated macrophages or Kupffer cells and natural killer T (NKT) cells
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\
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that produce inflammatory mediators such as interferons (IFNs), IL-1, IL-8 and TNF. Additionally, neutrophils release
reactive oxygen species and form neutrophil extracellular traps (NETs). b | To elicit immunosuppression, acute-phase
proteins (APPs) recruit monocytes and neutrophils with immune-suppressive functions termed myeloid-derived
suppressor cells (MDSCs), which produce anti-inflammatory cytokines such as IL-10 and transforming growth factor
(TGF)-B. MDSCs also suppress T-cell responses via arginase-1, inducible nitric oxide synthase (iNOS) and via induction

of regulatory T cells (T,

reg:

). LSEC, liver sinusoidal endothelial cell; TCR, T cell receptor.

express glycoprotein 130 (also known as interleukin-6
receptor subunit beta) — the common signal transducer
of all IL-6 family members*® (FIC. 3).

Many of the APPs contribute to systemic activation
of immune responses (TABLE 1), for instance, by acting
as opsonins*, by activating neutrophils or macrophages
via pattern-recognition receptors’>* or by antimicro-
bial functions of the complement system®. Importantly,
many of the APPs have pleiotropic functions in sepsis.
For example, the C-reactive protein opsonizes bac-
teria, mediates complement activation and phago-
cytosis, but also induces reactive oxygen species and
cytokine releases from macrophages*. Similarly,
fibrinogen is not only involved in clot formation but
also promotes leukocyte recruitment to inflamma-
tory sites and might enhance local cytokine levels, as
has been shown for fibroblast growth factor 2, which
has a role in would healing**’. Concurrently, many
proteins related to homeostasis, metabolism or trans-
porter functions (such as cytochrome P450 members
or albumin) are downregulated in the liver during sep-
sis and are consequently termed negative acute-phase
reactants® (TABLE 1).

Overall, APPs are critical for controlling the sys-
temic inflammatory response in sepsis. In mouse mod-
els with absent acute-phase response, owing either to
hepatocyte-specific deletion of the glycoprotein 130
signal-transducing receptor, or to hepatocyte-specific
deletion of the intracellular signalling molecule
STATS3, the sepsis-induced mortality was substantially
increased compared to wild-type mice, despite nor-
mal bacterial clearance®?’. The hepatic APPs serum
amyloid A-1 and the chemokine CXCL1 cooperatively
promoted the mobilization of myeloid-derived sup-
pressor cells (MDSC), which prevented excessive
inflammation®. These data corroborate the central role
of the liver during sepsis as a modulator of systemic
immune activation.

Iron mobilization and storage. Hepcidin, the liver-
derived central regulator of iron homeostasis and a
characteristic APP*, controls iron availability during
sepsis. The IL-6-induced increase in hepcidin produc-
tion leads to iron sequestration in macrophages and a
decrease in circulating iron*. This process harms extra-
cellular microorganisms that depend on the availability
of exogenous iron (siderophiles) and it might also impair
clearance of intracellular infections such as Salmonella
or mycobacteria®. On a functional level, the downregu-
lation of hepatic hepcidin expression in mice increased
mortality during polymicrobial sepsis, organ damage and
oxidative stress, and also compromised host inflamma-
tory responses and bacterial clearance®’. Furthermore,
hepcidin-deficient mice were more susceptible to death
from infection by the siderophilic bacterium Vibrio
vulnificus compared with wild-type mice®. In line with
these animal studies, increased iron availability in serum,
reflected by elevated transferrin saturation, was a strong
negative outcome predictor in critically ill patients®.

Liver-mediated immunosuppression. The hepatic
response to sepsis involves the activation of anti-
inflammatory pathways (FIG. 2b). Hepatic APPs induce
the mobilization of MDSCs* that produce the anti-
inflammatory cytokines IL-10 and TGFp, and sup-
press CD4" and CD8* T-cell responses by secreting
arginase-1, inducible nitric oxide synthase (iNOS, also
known as NOS2) and by inducing regulatory T cells®.
Desensitization to lipopolysaccharide (LPS), termed
endotoxin tolerance, represents another major mech-
anism of immunosuppression and limits overwhelming
inflammatory reactions in sepsis®. For example, pre-
treatment of rats with daily injections of LPS reduced
plasma cytokine release, alleviated multiple organ
injuries and improved survival in a model of poly-
microbial sepsis®. After continuous exposure to LPS,
cells become refractory to TLR4 signalling and produce
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anti-inflammatory mediators in response to endotoxin®.
Monocytes and macrophages, including the Kupffer cells
of the liver, clearly display endotoxin tolerance in vitro
and in vivo®. However, experimental data indicate that
hepatocytes®, sinusoidal endothelial cells®” and hepatic
stellate cells®® can also be desensitized to LPS.

In conclusion, the liver can trigger both defence and
immunosuppressive processes and the balance between
these processes during sepsis is crucial for survival.

Liver injury mechanisms during sepsis
Prognostic role of liver dysfunction. Updated consen-
sus recommendations published in 2016 led to a par-
tial redefinition of sepsis and septic shock to emphasize
the life-threatening organ dysfunction resulting from a
dysregulated host response to infection' (BOX 1). Among
the different organ failures (circulatory, respiratory
and kidney, among others), hepatic dysfunction has an
exceptional prognostic relevance for the course of sepsis
and is a powerful independent predictor of mortality®-”.
Serum bilirubin levels, as a key marker of hepatic dys-
function, are a vital component of prognostic scores at
the intensive care unit (ICU), such as the Sepsis-related
Organ Failure Assessment (SOFA) score”. Recognition
of sepsis-related liver dysfunction and differentiation
between the clinical patterns of liver injury in sepsis is,
therefore, of a great importance.

Hypoxic hepatitis. Hypoxic hepatitis (also known as
‘shock liver;, ischaemic hepatitis or hypoxic liver injury”)
(FIC. 4), is triggered by inadequate oxygen concentration in
the blood (hypoxaemic hypoxia), reduced blood flow due
to decreased arterial and/or increased venous pressures
(ischaemic hypoxia) or lack of oxygen carriers (anaemic
hypoxia). Additionally, microthrombi can impair perfu-
sion within the liver’. Liver sinusoidal endothelial cells
also contribute to this situation as they respond to inflam-
matory signals such as endotoxin with an iNOS-dependent
endothelial dysfunction, characterized by a decreased
vasodilatatory response to acetylcholine and decreased
endothelial nitric oxide synthase phosphorylation™.

Table 1| Typical acute-phase proteins produced by hepatocytes

Mediators

Biological activity

Acute-phase proteins (examples)

C-reactive protein, serum amyloid A, serum amyloid P,
lipopolysaccharide binding protein

al-antichymotrypsin, al-antitrypsin, a2-macroglobulin
C3, C4, C9, C4b-binding protein, mannose-binding

lectin, C1 esterase inhibitor

Hepcidin, ferritin

Haptoglobin, ceruloplasmin, haemopexin

Fibrinogen, plasminogen, tissue plasminogen

Secreted pathogen-
recognition or pattern-
recognition receptors

Proteinase inhibitors

Complement factors
and modulators

Iron homeostasis regulators
Metal chelators or transporters

Coagulation and fibrinolysis

activator, plasminogen-activator inhibitor 1, protein S

Negative acute-phase reactants (examples)

Albumin, transferrin, transthyretin, retinol-binding
protein, antithrombin, transcortin

Homeostasis, metabolism,
transporter proteins

REVIEWS

Hypoxic hepatitis occurs with an incidence of ~10%
in critically ill patients and is associated with an in-
hospital mortality of ~50%7°-%. Classic clinical criteria
for the diagnosis of hypoxic hepatitis include: under-
lying clinical setting of cardiac, respiratory or circulatory
failure; an abrupt elevation of serum aminotransferase
levels (typically >20 times the upper limit of normal lev-
els); and the exclusion of other causes of acute liver cell
necrosis, such as acute viral or drug-induced hepatitis™.

Increased serum activities of aspartate aminotrans-
ferase and alanine aminotransferase can be measured a
few hours after the initiation of hepatic damage and are
usually accompanied by elevated lactate dehydrogenase
activity. MicroRNA (miR) released from injured hepato-
cytes such as miR-122 might represent new sensitive and
specific markers in this setting®. The same is true for
circulating keratins and keratin fragments that indicate
apoptotic and necrotic cell death in the liver®. Full-
length (M65) and caspase-cleaved (M30) serum kera-
tin 18 levels are indeed elevated in patients with sepsis®
and might predict patient mortality®.

Additional predictors of an unfavourable outcome
are an impaired hepatic biosynthetic capacity, con-
comitant septic shock, increased arterial ammonia
levels and sustained elevation of serum aminotransfer-
ase levels (>24h), reflecting ongoing hepatic hypox-
aemia or hypoperfusion’®. After initial hypoxic liver
damage, one-third of patients develop cholestatic
hepatic dysfunction®.

Sepsis-induced cholestasis. Cholestasis is a common
complication in patients with sepsis® (FIC. 4) and results
either from impaired bile formation at the hepatocellular
level (hepatocellular cholestasis), or from defective bile
flow at the level of small or large bile ducts (ductular
cholestasis) without, necessarily, a biliary obstruction®’.
Experimental evidence from animal models of sepsis
revealed that proinflammatory cytokines and mediators
downregulate the expression of hepatocellular trans-
port systems (such as the basolateral sodium taurocho-
late cotransporter, organic anion transporting protein,
canalicular bile-salt export pump and canalicular con-
jugate export pump), thereby linking inflammation to
hepatocellular cholestasis®—~

Phosphatidylinositol 3-kinase gamma (PI3Ky) was
suggested to serve as an important trigger of sepsis-
induced cholestasis via internalization of the pro-
teins of the excretory apparatus and downregulating
hepatocellular biotransformation. Accordingly, PI3Ky-
knockout mice were protected from sepsis-induced,
experimental cholestasis™.

Additional mechanisms include altered transporter
trafficking (for example, transporter retrieval from the
canalicular membrane), pericanalicular reorganization
of the cytoskeleton (which affects microtubules and actin
microfilaments required for bile-canalicular contrac-
tions) and disrupted tight junctions between hepatocytes
that affect bile secretion”~*. The mechanisms of ductular
cholestasis in sepsis are less well understood than those
of hepatocellular cholestasis. Cholangiocytes can secrete
proinflammatory cytokines (TNE IFNy), which promote
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periductular inflammation (for example, neutrophil
accumulation)®. Moreover, inflammatory cytokines
inhibit the chloride and bicarbonate ion transport by
cholangiocytes”, thereby impairing bile flow.

Cholestatic liver dysfunction (serum bilirubin levels
>20mg/1) and jaundice occur in ~20% of critically ill
patients, typically within the first 48 h after admission to
the ICU, and are usually associated with severe infections
such as pneumonia and Gram-negative bacterial sepsis,
cardiac failure, high pressure mechanical ventilation
or drugs*+-1,

Clinical conditions contributing to hyperbilirubin-
aemia in critically ill patients with sepsis-induced
cholestasis are an increased load of bilirubin (from
haemolysis, trauma and/or haematoma) and extra-
hepatic disturbances of bile flow (choledocholithiasis
and/or intraductal inflammation)'”'. Basic examinations
in cholestatic liver dysfunction by ultrasonography,
CT or MRI aim to exclude biliary pancreatitis, occlu-
sion of bile ducts or tumorous infiltration of the liver.
Endoscopic retrograde cholangiopancreatography with
stent insertion and (endoscopic) ultrasonography might
be useful to diagnose or treat biliary obstruction'

Increased serum bile acid concentrations observed in
cholestatic conditions interfere with physiological pro-
cesses and negatively influence organ function, resulting
in impaired glucose and lipid metabolism, suppression
of immune response, vasodilatation and impaired renal
function'”'". Notably, bile acids also act as hormones
that activate at least four distinct nuclear receptors that
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Figure 3| Induction of acute phase proteins in hepatocytes by IL-6. Classic IL-6
signalling: IL-6 binds to the IL-6-receptor (IL-6R) on hepatocytes, dimerizes with
gylcoprotein 130 (gp130) and activates signal transducer and activator of transcription
(STAT)-3 signalling via tyrosine phosphorylation at different residues (Y2-Y6) that induces
acute-phase proteins. IL-1p-dependent signals can partially modify this activation.
Additional intracellular signalling pathways such as STAT1, Ras/mitogen-activated
protein kinase (MAPK) are activated in parallel. In IL-6 trans-signalling, IL-6 binds to
soluble IL-6R released from cell surfaces by proteolysis or alternative splicing. The
agonistic IL-6-IL-6R complex can bind to gp130 to enable signalling in cells that lack the
IL-6R. IL-6 trans-signalling can be antagonized by soluble gp130. NF-xB, nuclear factor kB.

regulate intracellular metabolic pathways in hepato-
cytes'®. Bile-acid overload leads to increased oxidative
stress, cell membrane permeability, impaired regener-
ation and retraction of bile transporters from the plasma
membrane to the cytosol**'%. In agreement with their
important biological role, plasma bile-acid levels meas-
ured at the time of diagnosis were superior to bilirubin
levels in predicting short-term mortality of individuals
with sepsis”’.

Cholestasis and jaundice in patients with sepsis are
associated with an increased risk of infections, includ-
ing bacterial translocation, gastrointestinal complica-
tions and renal failure, and consequently contribute to
high morbidity and at least a twofold increased mortal-
ity’®8%. Moreover, 1-year mortality of >90% has been
reported in patients with initial hypoxic hepatitis and
consecutive jaundice®.

Secondary sclerosing cholangitis. Sclerosing cholangitis
in critically ill patients, also known as secondary sclero-
sing cholangitis (SSC) or ischaemic-like cholangiopathy,
is characterized by inflammation, fibrosis and destruc-
tion of the bile ducts. SSC is associated with rapid
progression to liver cirrhosis (FIC. 4). As an underlying
mechanism, biliary epithelial cells are exceptionally
vulnerable to hypoxia, which triggers different forms
of cell death such as apoptosis or necrosis'””. The major
risk factors for SSC in critically ill patients are severe
systemic hypotension (during severe shock), trauma or
acute respiratory distress syndrome and the systemic
inflammatory response syndrome'®, which suggests
that ischaemia and inflammation are major triggers for
this condition. In this respect, patients with SSC have a
distinct bile microbial profile with a high incidence of
difficult-to-treat microorganisms'®. SSC in critically ill
patients leads to progressive inflammatory destruction
of the biliary system and patients without the option of
liver transplantation have a poor prognosis'"’.

Current and potential future therapeutic targets. The
management of hypoxic hepatitis and sepsis-induced
cholestasis aims to treat the underlying disease by means
described in the latest guidelines for treatment of sepsis
and cardiac shock'"!"2,

An early appropriate haemodynamic restoration
by fluid resuscitation and vasopressors that consti-
tutes a cornerstone of sepsis treatment''?, supports the
improvement of hepatic perfusion and can prevent
liver dysfunction. Interestingly, experimental evidence
in human hepatocytes indicate that catecholamines,
especially adrenaline, can induce a LPS-like inflamma-
tory response that might exacerbate hepatic dysfunction
during sepsis'®. With regard to splanchnic circulation,
adrenaline stimulates both the vasoconstrictory , and
B,-adrenergic receptors. However, at high adrenaline
doses in patients with sepsis, the a -effect prevails and
consequently adrenaline can impair splanchnic circu-
lation in septic shock'*. Additionally, in patients with
cirrhosis who had undergone liver resection, low doses
of dobutamine improved hepatic perfusion as well as
oxygenation and stabilized remnant liver function'”.
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Figure 4 | Clinical patterns of liver dysfunction in sepsis. Sepsis induces the
development of hypoxic hepatitis, sepsis-induced cholestasis and later, the emergence
of secondary sclerosing cholangitis. Hypoxic hepatitis frequently occurs within the first
48 h after admission; this condition is triggered by inadequate oxygen supply and is
characterized by a massive increase in serum aspartate aminotransferase (AST), as well
as alanine aminotransferase (ALT) activities. Sepsis-induced cholestasis often develops
as a consequence of impaired hepatocellular bile formation or defective bile flow.

The molecular mechanisms are an inflammation-mediated impairment of hepatocellular
transport systems (NTCP, basolateral sodium taurocholate cotransporter; OATP, organic
anion transporting protein; BSEP, canalicular bile-salt export pump; MRP2, canalicular
conjugate export pump), a disruption of tight junctions and decreased intracellular
biotransformation. Phosphatidylinositol 3-kinase gamma (P13Ky) was suggested as

a key molecular switch in this process. Secondary sclerosing cholangitis is characterized
by inflammation, fibrosis and destruction of the bile ducts, and is triggered by

ischaemia of biliary cells. The hallmark of secondary sclerosing cholangitis is early
formation of biliary casts that fill the intrahepatic ductal system. LPS, lipopolysaccharide;
LSEC, liver sinusoidal endothelial cell.

To date, no specific liver-targeted therapy for
hypoxic hepatitis exists. In experimental studies, a pro-
tective effect of statins (inhibitors of 3-hydroxy-3-
methylglutaryl-coenzyme A reductase) has been
demonstrated''®'””, and one clinical study showed an
association of statin medication (before ICU admis-
sion) with a decreased incidence of hypoxic hepatitis in
critically ill patients's.

Animal study data suggest an immunomodulatory
effect of corticosteroids on sepsis-induced cholestasis
by induction of hepatobiliary transporters (through
counteracting LPS-induced MRP2 downregulation)
and re-establishment of bile transport'”’. However,
on the basis of the results of the largest clinical trial on
corticosteroid therapy in sepsis, corticosteroid admin-
istration is not recommended as adjuvant therapy for
septic shock as it did not improve patient survival'?.

REVIEWS

Remarkably, in subgroup analyses, corticosteroid-
treated patients showed a faster improvement of liver
failure during the first week on the ICU than the
patients without corticosteroids, but this effect was
not associated with decreased mortality'?'. Given these
data, corticosteroid therapy might be beneficial in a
selected subgroup of patients with liver dysfunction in
an intensive care setting.

Tight glycaemic control with intensive insulin ther-
apy has been demonstrated to reduce cholestasis and
biliary sludge®. However, owing to the higher mor-
tality reported in ICU patients treated with intensive
insulin therapy compared with moderate glycaemic
control, intensive insulin therapy in sepsis is not rec-
ommended'??. Enteral nutrition, in comparison with
parenteral nutrition, decreases the risk of cholestatic
liver dysfunction, jaundice and the formation of sludge
in the gall bladder'®. A stabilization of the gut barrier,
a reduced rate of metabolic complications in the liver
and a stimulation of acid secretion promoting restor-
ation of enterohepatic cycle might account for these
beneficial effects'?*'?. Thus, enteral nutrition should be
attempted in these patients whenever feasible. Regardless
of the administration route, an excessive caloric intake
should be avoided as, in addition to other serious effects,
it might predispose individuals to the development of
liver steatosis'.

High-volume plasma exchange with fresh frozen
plasma represents an attractive option for patients with
sepsis-related liver dysfunction. To this end, high-volume
plasma exchange improved transplant-free survival in
patients with acute liver failure and an attenuation of the
systemic inflammatory response was suggested as one of
the major beneficial effects of the therapy'*-'%.

Sepsis in liver cirrhosis

Bacterial infection in liver cirrhosis. Multiple studies
demonstrated that patients with liver cirrhosis have
an increased risk of developing bacterial infections®.
Infections are found in 25-35% of patients with cirrhosis
that have been admitted to a hospital®, and urinary infec-
tions and spontaneous bacterial peritonitis (SBP) are
particularly common’?®. Other sources are subcutaneous
tissue infections, respiratory infections and spontane-
ous bacteraemia®’. Notably, bloodstream infections are
ten times more common in patients with cirrhosis than
patients without cirrhosis'®. In addition, infections are
more common in patients with advanced liver disease
and/or renal insufficiency®’.

Although the underlying mechanisms are incom-
pletely understood, the involvement of a complex
immune dysfunction, an altered gut microbiota and
increased bacterial translocation through the intestinal
wall has been suggested**!*! (FIC. 5). As predisposing
events, patients with liver cirrhosis display an altered bile
composition, a delayed intestinal transit time, increased
intestinal permeability and a decreased production
of intestinal antimicrobial peptides (FIG. 5). Notably,
most of these changes correlate with the severity of liver
impairment®'*?. Bacterial cultures from mesenterial
lymph nodes were positive in 30% of patients with
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Child-Pugh stage C cirrhosis, compared with only
9-15% of patients without cirrhosis'*>'**. Further evi-
dence of the relevance of an intact mucosal barrier
comes from patients with cirrhosis with inherited defects
in microbial-defence-related genes such as NOD2 and
TLR2, who have an increased risk of developing SBP
and display increased mortality™*>'%.

Source and type of bacterial infection. Many of the
infections (45-70%) found in patients with cirrhosis
are health-care associated (diagnosed within 48h of
admission in patients with a prior hospitalization for at
least 2 days in the last 6 months), whereas nosocomial
and community-acquired cases are less common®'2»!%7.
The high rate of health-care-associated infections is not
surprising given the frequent hospitalization of this frail
population. Similarly to nosocomial infections, the likeli-
hood of resistant microorganisms might be increased in
health-care-associated infections'. Secondary infec-
tions are detected in 20-50% of hospitalized patients
and are often due to potentially preventable causes such
as aspiration, catheter-associated urinary tract infec-
tion and/or Clostridium-difficile-associated colitis®. The
majority of infections in cirrhosis result from Gram-
negative bacteria, often of intestinal origin®’. However,
Gram-positive cocci are also important, particularly in
hospitalized patients®.

Gall bladder

Nosocomial infections are more commonly associ-
ated with the presence of nonclassic pathogens, includ-
ing fungi and multidrug-resistant bacteria (pathogens
resistant to three major antibiotic families including
B-lactams)®'*”1%, Notably, patients with multidrug-
resistant bacteria are more likely to develop severe dis-
ease and also display increased mortality than patients
with less resistant bacteria®?’. The infection site is also
of prognostic relevance. In this respect, SBP, pneumo-
nia or C. difficile-associated colitis are associated with
high fatality rates, whereas urinary and soft-tissue infec-
tions typically display a more favourable outcome”®'*,
Development of septic shock is a particularly dreadful
complication with mortality >75%"'!,

Prognosis of bacterial infections. In patients with
cirrhosis, infections are more common and have a
major effect on prognosis as they are associated with
a fourfold increase in mortality compared with other-
wise healthy individuals with an infection'* In patients
with advanced liver cirrhosis and bacterial infections,
the 30-day mortality is ~30% and an additional 30%
die within a year®'*2. In some conditions, such as initial
nonresponse to empiric antibiotic therapy or noso-
comial infections, mortality often exceeds 50%*>'*4.
Bacterial infections predispose an individual to the
occurrence of gastrointestinal bleeding, development
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Figure 5| Factors promoting infections and sepsis in patients with liver cirrhosis. Patients with liver cirrhosis
display a complex immune dysfunction, an altered gut microbiota and increased bacterial translocation through the

intestinal wall. The presence of portal hypertension leads to appearance of portosystemic shunts that decrease bacterial

clearance in the liver. Portal hypertension might also result in overactive spleen (hypersplenism) with an increased
degradation of circulating blood cells and consecutive impairment of microbial defence. An altered bile composition,

adelayed intestinal transit time, decreased gastric acid production and a disturbed production of intestinal antimicrobial

peptides results in small intestinal bacterial overgrowth. The systemic inflammatory response leads to an increased
leakiness of tight junctions further increasing gut permeability. Bacterial translocation contributes to an additional
activation of the immune response with increased levels of cytokines (TNF) and reactive oxygen species (ROS),
thereby forming a vicious cycle. LPS, lipopolysaccharide.
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of hepatic encephalopathy, hypervolaemic hypona-
traemia, kidney failure and acute-on-chronic liver
failure (ACLF)®114,

Importantly, bacterial infections constitute the most
common precipitating event to trigger ACLF and acute
kidney injury in patients with cirrhosis'*"'*¢!*". The
underlying pathogenic mechanisms include haemo-
dynamic changes with splanchnic arterial vasodila-
tion, an inadequate cardiac output and hepatocyte
injury through a strong inflammatory reaction and
the resulting production of reactive oxygen or nitro-
gen species'*>*>!*8, Notably, the inflammation-induced
tissue damage depends on the intensity of the inflam-
matory response and the capacity of organs to toler-
ate it"*"'*, In this respect, patients with ACLF have been
suggested to possess a decreased tolerance of different
target organs to the inflammatory response'’.

Early diagnosis of infection in patients with cir-
rhosis is of crucial importance but is highly challeng-
ing. Advanced liver disease is often characterized by
a persistent immune activation and a high degree of
systemic inflammation that can result in elevated levels
of inflammatory markers such as C-reactive protein or
procalcitonin, even in absence of a bacterial infection®.
Similarly, signs of systemic inflammatory response
might be present even without an infection owing to
hyperdynamic circulation, hepatic encephalopathy and
fluid overload™. By contrast, patients with advanced
sepsis can present with normal heart rate owing to the
use of B-blockers and the lack of other systemic inflam-
matory response criteria because of immune dysfunc-
tion and hypersplenism®. Additionaly, the synthesis of
C-reactive protein produced primarily by hepatocytes
might not be appropriately elevated in individuals with
advanced liver disease®'. Novel methods might improve
early detection of bacterial infection in cirrhosis, includ-
ing real-time PCR-based multipathogen assays and
mass-spectroscopy-based methods detecting antibiotic-
resistant pathogens in patient samples such as blood or
ascites fluid®. However, not all of these proposed new
methods (such as PCR for bacterial DNA from blood or
ascites) could predict mortality in patients with cirrhosis
in prospective multicentre trials'*?, highlighting the need
for additional tools and studies.

Preventing and treating bacterial infections. Given the
detrimental role of bacterial infections in patients with
cirrhosis, antibiotic treatment is of major relevance.
Patients with severely decompensated cirrhosis were
shown to benefit from primary antibiotic prophylaxis
with norfloxacin’*"'*?, and norfloxacin can also be used
as a secondary prophylaxis for patients after SBP until
liver function becomes compensated'®. In patients
with cirrhosis and gastrointestinal bleeding, immedi-
ate antibiotic therapy with broad coverage against
intestinal bacteria (such as ceftriaxone intravenously
for at least 5 days) is essential to improve survival'®1¢,
Conversely, long-term antibiotic prophylaxis is associ-
ated with emergence of multidrug-resistant pathogens
and might contribute to development of C. difficile-
associated diarrhoea®'”. To minimize this outcome,
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the principles of correct antibiotic stewardship should
be followed whenever possible'””. In addition, a prophy-
lactic treatment with rifaximin might become an inter-
esting future option as its effect is largely restricted to the
intestinal lumen and does not lead to major alterations
in intestinal microbiota®'’.

In patients with cirrhosis and with a bacterial infec-
tion, a fast and appropriate antibiotic therapy is vital as
both a delay in drug administration and an inappropri-
ate therapy result in increased mortality*®'*%. The
empiric therapy should be chosen on the basis of the risk
profile of the patient, the local occurrence of resistant
bacteria, the site of infection and previous exposure to
antibiotics. Third-generation cephalosporins are often
suitable for many community-acquired infections,
whereas nosocomial and health-care-associated infec-
tions often require the use of broader-spectrum anti-
biotics®**!, In patients with SBP, antibiotic treatment
should be accompanied by intravenous albumin supple-
mentation that reduces the incidence of renal failure and
decreases mortality'®. Furthermore, a response to treat-
ment of SBP should be assessed by repeated paracentesis
48h after initial diagnosis'®. In contrast to SBP, albumin
supplementation did not provide an obvious benefit in
other infection types, although an association with a tem-
porary improvement in renal and/or circulatory function
was observed!*®'®®. Thus, further studies are needed to
delineate the effects of albumin in this setting.

The role of nonselective 3-blockers as a prophylaxis for
oesophageal varices in patients with decompensated liver
cirrhosis is heavily debated as studies have demonstrated
controversial results ranging from improved survival
in refractory ascites'® to increased mortality in SBP'®.
Interestingly, nonselective B-blockers decreased intesti-
nal permeability and bacterial translocation in patients
with cirrhosis'® and reduced portal hypertension'®’.
In patients with ACLE the use of nonselective -blockers
was associated with lowered ACLF grades, reduced
severity of systemic inflammation and even improved
28-day mortality; however, no effect on 6-month and
1-year mortality was noted'®. Although further studies
are needed to better understand the risks and benefits
of B-blockers in patients with advanced liver cirrhosis,
the authors discourage their use in patients with sepsis.

Other useful approaches include a combined treat-
ment with the vasoactive drug terlipressin and intra-
venous albumin that have been studied in patients with
acute kidney insufficiency and cirrhosis associated
with sepsis'®. This therapy improved arterial pressure
and patients responding to this treatment displayed
an improved 3-month survival'”. Interestingly, com-
bined treatment of granulocyte colony-stimulating
factor and erythropoietin improved 1-year survival in
patients with decompensated cirrhosis'”'. Although
further data are needed to confirm this single-centre
randomized trial, one could speculate that the supple-
mentation with granulocyte colony-stimulating factor
corrects the impaired neutrophil function that occurs in
patients with cirrhosis. In fact, this effect might explain
the reduced occurrence of septic shock seen in the
treatment group'”".
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Conclusions

As highlighted in this Review, the liver represents a cru-
cial conductor of antimicrobial response that contributes
both to the clearance of pathogens and the triggers of
immunosuppression that provide protection from an
overwhelming immune response. A dysregulation of this
complex interface leads to sepsis-induced liver injury
and increased sepsis-related mortality. The importance
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