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Review
The role of neutrophils in alcohol-related hepatitis

Reenam S. Khan1, Patricia F. Lalor1, Mark Thursz2, Philip N. Newsome1,*
Summary

Alcohol-related liver disease is a major cause of liver disease-associated mortality, with inpatient care being a major contributor to
its clinical and economic burden. Alcohol-related hepatitis (AH) is an acute inflammatory form of alcohol-related liver disease.
Severe AH is associated with high short-term mortality, with infection being a common cause of death. The presence of AH is
associated with increased numbers of circulating and hepatic neutrophils. We review the literature on the role of neutrophils in AH.
In particular, we explain how neutrophils are recruited to the inflamed liver and how their antimicrobial functions (chemotaxis,
phagocytosis, oxidative burst, NETosis) may be altered in AH. We highlight evidence for the existence of ‘high-density’ and ‘low-
density’ neutrophil subsets. We also describe the potentially beneficial roles of neutrophils in the resolution of injury in AH through
their effects on macrophage polarisation and hepatic regeneration. Finally, we discuss how manipulation of neutrophil recruitment/
function may be used as a therapeutic strategy in AH. For example, correction of gut dysbiosis in AH could help to prevent excess
neutrophil activation, or treatments could aim to enhance miR-223 function in AH. The development of markers that can reliably
distinguish neutrophil subsets and of animal models that accurately reproduce human disease will be crucial for facilitating
translational research in this important field.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction
Alcohol-related hepatitis (AH) is an acute inflammatory condi-
tion, that typically occurs on a background of chronic liver
disease and is associated with features of liver failure. Based
on National Inpatient Sample data in the US, between 2007-
2014 there were 159,973 admissions for ALD, 18.4% of which
involved a primary diagnosis of AH.1

Patients with severe AH have a poor prognosis, with mor-
tality rates of 20% at 28 days, up to 30% at 90 days, and 50%
at 1 year.2–4 Infection is a common cause of mortality in AH; for
example, in the landmark STOPAH trial, infections were
responsible for 25% of all deaths.5 Traditionally, steroids,
pentoxifylline and N-acetylcysteine have been given for the
treatment of AH, but recent studies suggest no convincing
long-term survival benefit.6 Whilst liver transplant has been
associated with an unequivocal survival benefit in severe AH,7

this intervention is not widely available due to systemic stig-
matisation, lack of social support, recurrent alcohol use, pres-
ence of sepsis and frequency of multi-organ failure. This
highlights an unmet clinical need for new therapies in AH.

Patients with AH frequently have increased circulating
neutrophil counts.8,9 According to a study by Ma et al., there
are two histological subtypes in AH, despite a similar clinical
presentation, one with high intrahepatic neutrophils and low
levels of CD8 T cells and vice versa. In their study, the degree
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of hepatic neutrophil infiltration significantly correlated with the
model for end-stage liver disease score.10 Other studies
demonstrate an association between hepatic neutrophil infil-
tration and 90-day mortality.11 In patients with severe AH, a
high systemic neutrophil-to-lymphocyte ratio has been shown
to be predictive of mortality,12 acute kidney injury and infec-
tion.13 In this review, we summarise what is known about
neutrophils in the pathogenesis of AH, to determine if and how
they may be used as a therapeutic target.

Neutrophil production, maturation
and classification
Neutrophils are polymorphonuclar cells that encompass 70%
of all leukocytes. They are made in large numbers (>1x1011

cells/day) from haematopoietic precursors in the bone marrow,
in a process known as granulopoiesis, that takes around 14
days. During neutrophil maturation in humans, they start to
express CD15 and CD11b, followed by CD16 and CD10 at a
later stage.14 In health, only 1-2% of neutrophils in the body are
found in the circulation due to tight regulation of neutrophil
migration between the bone marrow, the blood, and the target
tissues. Cytokines, such as granulocyte colony stimulating
factor (G-CSF) and granulocyte-macrophage colony stimu-
lating factor promote neutrophil egress from the bone marrow
as well as neutrophil proliferation, survival, and differentiation.
itment; sepsis.
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Key points

� Alcohol-related hepatitis (AH) is frequently associated with increased neutrophil counts in the circulation and the liver.

� Neutrophils in AH are activated at baseline, predisposing them to spontaneous NETosis, and promoting the release of reactive oxygen
species and proteases.

� Neutrophils in AH exhibit impaired phagocytotic and oxidative burst responses to E. coli, which may increase infection risk.

� Neutrophils may contribute to resolution of injury through release of hepatocyte growth factor and by inducing conversion of
macrophages to a ‘pro-resolution’ phenotype.

� Neutrophil miR-223 protects against oxidative stress, but its expression is reduced in AH.
Alcohol excess and cirrhosis, both of which are
commonly associated with AH, are associated with
impaired granulopoiesis.

Neutrophils provide the first line of defence against bacterial
infection. Mature neutrophils have a broad array of pattern
recognition receptors that scan the extracellular milieu and
endosomal compartments (Fig. 1). Circulating neutrophils are
usually in a ‘resting’ state, characterised by non-adherence, a
round morphology and limited capacity to respond to activating
stimuli. There are neutrophil pattern recognition receptors, such
as Toll-like receptor (TLR)2 and TLR9, that can detect structural
motifs on invading pathogens (pathogen-associated molecular
patterns), and endogenous danger signals indicating host injury
or stress (danger-associated molecular patterns). These ‘prime’
the neutrophils for a more robust response to activation.

Neutrophil Fc receptors or complement receptors can also
recognise opsonised microbes, which cause direct cell acti-
vation. Activated cells can ingest pathogens in a process
Toll-like receptors
TLR2, TLR4, TLR9

Fc-coupled receptors
FcαR1, FcγRIIa

G protein-coupled receptors
Formyl peptide receptors:
FPR1, FPR2, FPR3
Chemokine receptors:
CXCR1, CXCR2, CCR1, CCR2

JAKP
P

Fig. 1. Key receptors found on mature neutrophils. CCR, C–C motif chemokine
mokine receptor; FcaR1, Fc alpha receptor 1; FccRIIa, Fc gamma receptor 2a; FPR,
GM-CSFR, granulocyte monocyte colony stimulating factor receptor; IFN, interferon;
macrophage-1 antigen; NLRP3, NLR family pyrin domain containing 3; NOD, nucle
crosis factor receptor; VLA-1, very late antigen 1.
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known as phagocytosis. They can also produce an ‘oxidative
burst’ of superoxide ions and reactive oxygen species (ROS)
which kill microorganisms, and they can release neutrophil
extracellular traps (NETs).

Emerging evidence demonstrates that neutrophils play
diverse roles beyond bacterial killing. Although circulating
neutrophils only have a half-life of around 12 h, the half-life of
tissue neutrophils is approximately 6-15-fold longer than this,15

allowing sufficient time for neutrophil plasticity.
Whilst there is heterogeneity in neutrophil phenotype and

function, whether this is due to the presence of distinct
neutrophil subsets, or whether this simply represents different
stages of neutrophil activation in response to environmental
cues remains controversial.16 On density gradient centrifu-
gation, the bulk of neutrophils are dense and separate at the
bottom of the gradient. These ‘high-density’ neutrophils
(HDNs) have classic morphological features of a lobulated
nucleus and a granular cytoplasm. In the upper part of the
Cytokine receptors
Type 1: G-CSFR, GM-CSFR
Type 2: IFNα, IFNγ
IL-1R family
TNFR family

Integrins
β2 integrins: LFA, MAC1
α4β2 integrins: VLA-1

NOD-like receptors
NOD2, NLRP3

C-type lectin
Dectin 1, CLEC2

JAK P
P

receptor; CLEC2; C-type lectin-like type 2; CXCR, chemokine C-X-C motif che-
formyl peptide receptor; G-CSFR; granulocyte colony stimulating factor receptor;
IL1R, interleukin 1 receptor; LFA, lymphocyte function-associated antigen; Mac-1,
otide-binding oligomerization domain; TLR, Toll-like receptor; TNFR, tumour ne-
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density gradient, where peripheral blood mononuclear cells
are typically found, are ‘low-density’ neutrophils (LDNs).
These comprise immature neutrophils and mature cells with
immunosuppressive properties, known as ‘myeloid-derived
suppressor cells’ (MDSCs). Studies of MDSCs have pre-
dominantly been in the context of cancer, in which they pro-
mote tumour progression.17 MDSCs share the panel of
surface markers that is used to define adult mature neutro-
phils (CD14-CD15+CD16+CD66b+).18 However, MDSCs are
morphologically immature, with band-like nuclei,19 yet exhibit
an immunosuppressive phenotype that is not seen in imma-
ture neutrophils. Cho et al. reported an increased population
of LDNs in patients with AH.20 In comparison to HDNs, these
LDNs exhibited reduced ROS production at rest and upon
lipopolysaccharide (LPS) stimulation, as well as reduced
phagocytic capacity. They were also less susceptible to
macrophage efferocytosis, impeding hepatic clearance.

Neutrophil recruitment in alcohol-
related hepatitis
Neutrophil recruitment in AH is a complex process (summar-
ised in Fig. 2), which depends on neutrophil priming, chemo-
kines, and activation of the endothelial cells lining the
hepatic sinusoids.
Circulating
DAMPs, PAMPs

CXCL1
CXCL8

CXCL1
CXCL8

CXCL2

ICAM-1 binds Mac-1,
VCAM-1 binds VLA-4,

Hyaluronan binds CD44

Primed
neutrophil

Kupffer cel

Hepatic
stellate cell

Hepatocyte

HSEC

Resting
neutrophil

Fig. 2. Neutrophil recruitment in the hepatic sinusoids in alcohol-related hepa
cytokines: (A) CXCL2, released by activated Kupffer cells, (B) CXCL1 and CXCL8, rel
stellate cells. CCL2 released by Kupffer cells plays an indirect role, through the rec
Circulating DAMPs and PAMPS prime neutrophils via TLRs for subsequent activation
allowing their binding to ICAM-1 (to Mac1), VCAM-1 (to VLA-4), which are upregulate
in the extracellular matrix, promoting its interaction with CD44 on neutrophils. These
localise to the site of tissue injury through their interaction with platelets and chem
extravasate into the tissues. CCL2, C–C motif chemokine ligand 2; CXCL, C-X-C mot
peptide gradient; HSEC, hepatic sinusoidal endothelial cell; ICAM1, intracellular
pathogen-associated molecular patterns; SHAP, serum-associated hyaluronan-asso
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Neutrophil priming and/or activation

Neutrophil priming and/or activation may be a pre-requisite for
their efficient hepatic recruitment. In AH, gut dysbiosis and
increased gut permeability results in an increased bacterial load
in the enterohepatic circulation,21 which can contribute to
neutrophil priming and/or activation. Taieb et al. found that, in
comparison to patients with alcohol-related cirrhosis and
healthy volunteers, patients with AH had increased systemic
neutrophil activation on flow cytometry, as evidenced by
increased beta integrin expression and reduced L-selectin
expression.22 Bajt et al. demonstrated the close association
between upregulation of neutrophil activation markers in mice
and stable accumulation of neutrophils in the murine liver.23 In
the absence of neutrophil activation, C-X-C motif chemokine
ligand (CXCL)1 administration was not associated with hepatic
recruitment in this study.23 Lowe et al. found that, in a murine
model of AH, treatment with antibiotics was associated with
reduced neutrophil infiltration, reduced hepatic injury and
reduced hepatic steatosis.24

Neutrophil chemotaxis

In AH, several chemokines, including CXCL1, CXCL2 and
CXCL8 promote neutrophil recruitment (Fig. 2). Activated
IL-17

CCL2,
IL-1, IL-6

Th17

FPG and platelets
guide further localisation Change in neutrophil shape,

extravasation into the tissues

l

Space
of Disse

Vessel
lumen

Parenchyma

titis. Neutrophil recruitment towards areas of liver injury occurs due to multiple
eased by activated HSECs, (C) CXCL1 and CXCL8, released by activated hepatic
ruitment of Th17 cells, which release IL-17 to activate the hepatic stellate cells.
. Upon activation, there are conformational changes in the integrins on neutrophils
d on activated HSECs. Activated HSECs produce SHAP, which binds hyaluronan
interactions result in cell arrest and adhesion, following which neutrophils further
otactic peptides (FPG) released by activated endothelium. The neutrophils then
if chemokine ligand; DAMPs, damage-associated molecular patterns; FPG, formyl
adhesion molecule-1; IL-, interleukin; Mac-1, macrophage-1 antigen; PAMPs,
ciated protein; TLR, Toll-like receptor; VCAM1, vascular cell adhesion protein.
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Kupffer cells can directly influence neutrophil recruitment
through secretion of CXCL2, which binds C-X-C motif che-
mokine receptor 2 (CXCR2) on neutrophils. Cytokines pro-
duced by activated Kupffer cells can also promote neutrophil
recruitment indirectly through stimulation of other cell types.
For example, interleukin (IL)-1 and IL-6 activate T helper 17
cells, prompting the release of IL-17, which stimulates hepatic
stellate cell production of CXCL1 and CXCL8.25 Tumour ne-
crosis factor a (TNFa) produced by activated Kupffer cells
contributes to endothelial cell activation, resulting in further
CXCL1 and CXCL8 production.26 However, in a murine model
of AH, CXCL1 production by hepatocytes and hepatic stellate
cells was upregulated, even when Kupffer cells were depleted
using clodronate.27 The authors proposed that the increased
CXCL1 production was mediated by TLR2 and TLR9 activation.
Supporting this hypothesis, they showed, in a murine model of
AH, that Tlr2 and Tlr9 knockout mice exhibited reduced hepatic
CXCL1 protein, reduced serum CXCL1 and reduced neutrophil
infiltration compared with wild-type mice.27

In a murine model of AH, CXCL1 blockade with a neutral-
ising antibody or its genetic deletion were associated with
amelioration of neutrophil infiltration.28 Dominguez et al.
observed increased levels of CXCL1 and CXCL8 expression in
liver biopsy specimens from patients with AH, both at the gene
and protein level. Hepatic expression of these chemokines
correlated with neutrophil infiltration. Elevated hepatic CXCL8
levels, but not CXCL1 levels, were found to be associated with
an adverse prognosis. Serum CXCL8 was also shown to be
elevated in patients with AH, a finding supported by
other studies.29,30

The ability of neutrophils to perform chemotaxis for trans-
migration is dependent on a neutrophil secondary granule
protein called lipocalin 2 (LCN2). Using biopsy samples, Wieser
et al. demonstrated increased hepatic expression of LCN2+
neutrophils in patients with AH, compared with patients with
non-alcoholic fatty liver disease and those with cirrhosis
without AH.31 Compared to wild-type mice, ethanol-fed Lcn2-/-

mice exhibited reduced serum transaminitis, and reduced his-
tological evidence of inflammation and steatosis, despite the
presence of similar hepatic cytokine profiles. These results
were also reproduced using antibodies to LCN2 in wild-type
mice. The underlying mechanism of this effect is unknown
but it is speculated that LCN2 has pro-inflammatory properties
and influences macrophage polarisation.32
Neutrophil adhesion and transmigration

Typically, neutrophils are captured from blood flow and ‘tether
and roll’ on the vascular endothelium, before firmly binding to
it and emigrating out of the vasculature into the target tissues.
In most organs this occurs in post-capillary venules. However,
the liver is unique in that it receives a dual blood supply from
the hepatic artery and the portal vein, both of which drain into
hepatic sinusoids, lined by hepatic sinusoidal endothelial cells
(HSECs). Within the liver, around 70-80% of neutrophil
recruitment occurs across the hepatic sinusoidal endothelium,
rather than in the post-capillary venules.33 The sinusoidal
endothelium is discontinuous, fenestrated, and lacks basal
lamina and tight junctions. Blood flow rates through the he-
patic sinusoids are also relatively slow compared to other
vascular beds. This means that in the hepatic sinusoids, initial
1040 Journal of Hepatology, Octobe
capture and leukocyte adhesion may occur without a ‘roll-
ing’ step.34

In conditions of inflammation, when neutrophils are acti-
vated and less deformable, there may be some physical trap-
ping in the narrow sinusoidal vessels. Initial adherence of
neutrophils to HSECs depends on surface interactions with
adhesion molecules on endothelial cells. Intercellular adhesion
molecule 1 (ICAM-1) can bind Mac1 integrin on neutrophils,
and vascular cell adhesion molecule 1 (VCAM-1) binds VLA-4
(a4b1 integrin) on neutrophils.35 Evidence suggests that
endothelial cells are activated in AH, with accompanying
upregulation of surface adhesion molecules, some of which
may be shed to yield soluble forms of adhesion molecules.
However, the relative importance of key soluble and membrane
bound receptors varies between different studies. In four
studies, circulating levels of ICAM-1 were increased in patients
with AH.36–39 Blaya et al. found that levels of plasma VCAM-1
were also raised in patients with AH and correlated with 90-
day mortality in this group.36 However, Adams et al. found no
change in circulating VCAM-1 despite an increase in soluble
ICAM-1.38 Further, in the study by Blaya et al., whilst qPCR
revealed increased hepatic gene expression of ICAM1, there
was no difference in hepatic VCAM1 gene expression in pa-
tients with AH and healthy controls.36 The predominant role of
ICAM-1 in neutrophil infiltration in AH is further supported by
animal studies; in rats given intragastric ethanol to induce AH,
hepatic expression of ICAM-1 was increased and corre-
sponded with increased neutrophil infiltration.40 Further, ICAM-
1 deficiency decreased alcohol-induced liver injury and hepatic
migration of neutrophils in mice fed a high-fat diet
with ethanol.41

Hyaluronan is a molecule found in the extracellular matrix
that is secreted by multiple cell types, including endothelial
cells. It is highly expressed in the liver sinusoids, and binds
CD44 on the neutrophil surface, providing an additional
mechanism of neutrophil recruitment. Serum hyaluronan levels
were found to be elevated in patients with AH, with levels
reducing after cessation of alcohol consumption.39 Urashima
et al. demonstrated that, in comparison to healthy individuals,
patients with alcohol-related cirrhosis who were actively
drinking had higher levels of CD44 expression in the liver, which
decreased after abstinence.42 Mcdonald et al. found that, in
mice, the presence of endotoxaemia did not increase avidity of
neutrophil CD44 for hyaluronan. However, TLR4 activation on
HSECs triggered increased deposition of serum-associated
hyaluronan-associated protein, which covalently binds hyalur-
onan.43 The formation of this complex results in alteration of
the hyaluronan configuration in a way that potentiates its
binding to CD44.43–45 Thus, Mcdonald et al. demonstrated that
LPS-induced hepatic injury and neutrophil infiltration could be
significantly ameliorated by blocking hyaluronan-CD44 in-
teractions using an anti-CD44 antibody.43

The role of E-selectin in neutrophil recruitment in AH is less
clear. In a murine model of AH, Bertola et al. demonstrated that
hepatic expression of E-selectin was increased 10-fold, and
that genetic depletion of E-selectin was associated with
reduced neutrophil infiltration and hepatic injury.46 However, in
the human liver, E-selectin is hardly expressed in normal
endothelium, although studies suggest some upregulation in
inflammatory liver diseases.47 Nevertheless, in 15 human liver
biopsy samples from patients with AH, Adams et al. found
r 2023. vol. 79 j 1037–1048
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prominent E-selectin staining in the sinusoids in only one
case.47 Thus, it is possible that non-selectin-mediated capture
mechanisms predominate in the human liver sinusoid in the
context of AH. However, once cells are firmly bound to HSECs,
they are directed towards their targets in tissue by chemotaxis.
Peptides released by activated hepatic endothelium can also
provide a stimulus for neutrophil chemotaxis by binding their
specialised receptors (formyl peptide receptor 1) on neutro-
phils.48 At this stage, platelets also play a role in their migration
by binding to HSECs and allowing the neutrophils to ‘crawl’
over them using Mac1 integrin.48 In order to perform their
antimicrobial activities, neutrophils must effectively migrate to
the site of infection. Artru et al. used transwell assays to
demonstrate that neutrophils from patients with severe AH
have a reduced capacity to migrate towards CXCL8, in com-
parison to patients with alcohol-related cirrhosis alone, or
healthy controls.49 They hypothesised that this was due to
downregulation of CXCR2 on neutrophils, in response to
endotoxinaemia. Administration of IL-33 was able to partially
restore CXCR2 expression on neutrophils and enhance
migration towards CXCL8.49
Neutrophil antimicrobial function in alcohol-
related hepatitis
Enriched pre-made granular proteins enable neutrophils to
mount rapid, potent antimicrobial responses. For phagocy-
tosis, neutrophils have ‘opsonic’ and ‘non-opsonic’ receptors.
Opsonic receptors, such as such as Fc receptors and the
complement receptors, can detect host-derived proteins (op-
sonins) bound to target particles. Non-opsonic receptors
recognise distinct molecular patterns on the target particle.
Upon receptor activation, signalling pathways are activated
that result in internalisation of particles within a distinctive
organelle known as a phagosome. This fuses with internal ly-
sosomes to form a phagolysosome.

Production of ROS for oxidative bursts is mediated by the
reduced nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase complex. The NADPH oxidase complex has
cytoplasmic (p47phox and p67phox) and membrane components
(gp91phox and p22phox), which are disassembled in unstimu-
lated cells.50 ROS exert direct antimicrobial effects through
inhibition of bacterial growth and destruction of the cellular
membrane.50 Further, ROS production may trigger signalling
pathways that result in release of neutrophil cytoplasmic
granules, NET generation, and production of neutrophil pro-
inflammatory cytokines, such as TNFa and CXCL2.50 The
importance of neutrophil oxidative bursts in antimicrobial
defence is highlighted by the fact that patients with genetic
deficiencies in NADPH oxidase develop chronic granulomatous
disease, characterised by life-threatening infections.50 How-
ever, in the presence of sterile injury and trauma, ROS can
contribute to tissue injury.

Several studies have suggested that the capacity of neu-
trophils to perform phagocytosis and to generate an oxidative
burst is altered in AH. Patients with AH frequently have
cirrhosis, which is associated with a reduction in serum com-
plement proteins and consequently a reduced capacity to
opsonise bacteria.51 However, difficulties in opsonisation alone
cannot explain impaired phagocytosis in these patients, as
studies have demonstrated impaired phagocytosis of
Journal of Hepatology, Octobe
opsonised bacteria in patients with cirrhosis compared to
healthy volunteers.8,51–54 Tritto et al. found that clinical disease
severity in patients with stable cirrhosis of varying aetiologies
correlated with the degree of neutrophil phagocytic dysfunc-
tion.54 Interestingly the impairment of function may not be
systemic. Fiuza et al. reported that the reduction in phagocytic
capacity observed in patients with cirrhosis was more pro-
nounced in neutrophils from ascitic fluid than blood, which may
explain the particularly high risk of spontaneous bacterial
peritonitis.53 Similarly, in patients with stable cirrhosis, the
phagocytic function of neutrophils obtained from peripheral
blood was normal, while the phagocytic capacity of neutrophils
that had emigrated to skin blisters was impaired.54 The
impairment in phagocytosis may be at least partially related to
prior neutrophil priming, as evidenced by a study in which
exposure of neutrophils from healthy volunteers to LPS or
TNFa was associated with defects in subsequent phagocytic
activity that were comparable to those seen in patients
with cirrhosis.51

There is some evidence that neutrophils are hyper-
responsive in AH, as shown by data that they produce more
TNFa and CXCL8 upon LPS stimulation.55 Mookerjee et al.
found that baseline oxidative burst activity was increased in
neutrophils in patients with alcohol-related cirrhosis and AH
compared with healthy controls, but the groups did not differ in
terms of their total oxidative burst responses to E. coli stimu-
lation, which they attributed to neutrophil priming.8 In contrast,
Rajkovic et al. found that in patients with alcohol-related
cirrhosis and AH, there was reduced superoxide production
and degranulation, which they attributed to reduced levels of
the anti-oxidant glutathione in neutrophils.52 In the absence of
cirrhosis, alcohol dependence has been associated with
impairment of burst activity in response to E. coli.56

Several studies suggest that neutrophil dysfunction in AH is
mediated by soluble factors. For example, incubation of healthy
volunteer neutrophils with plasma from patients with cirrhosis
reproduced the abnormalities seen in patients with AH,
including defective phagocytosis and increased oxidative
burst.8,57 Mookerjee et al. reported that that addition of endo-
toxin to patient serum reduced phagocytic capacity by 20%
and removal of endotoxin from plasma was associated with
restoration of neutrophil function in patients with cirrhosis and
AH.8 Albumin is a potent scavenger of ROS and endotoxin.
Stadlbauer et al. showed that incubation of neutrophils with
albumin could prevent plasma-induced neutrophil dysfunc-
tion.57 However, oxidation of albumin, which is associated with
AH, can prevent it from functioning as a scavenger.9 Other
studies have proposed a link between cirrhosis-associated
neutrophil dysfunction and bile acid composition,58 with one
study showing that levels of serum bile acids were elevated in
patients with cirrhosis – in whom the proportion of cheno-
deoxycholic acid was higher and the proportion of ursodeox-
ycholic acid was lower – compared to healthy volunteers. Using
individual bile acids, the authors demonstrated that cheno-
deoxycholic acid suppressed ROS production and phagocy-
tosis, but ursodeoxycholic acid had no effect, and that these
effects were reversible after washing out the bile acids.

Neutrophils can also kill microbes independently of their
phagocytic uptake, through the release of extracellular web-like
structures comprised of DNA, cationic proteins (elastase,
cathepsin G, lactoferrin, myeloperoxidase and neutrophil
r 2023. vol. 79 j 1037–1048 1041



gelatinase-associated lipoprotein), chromatin and serine pro-
teases, which are known as ‘neutrophil extracellular traps’
(NETs). NETs retain a high local concentration of antimicrobial
substances which capture and inactivate pathogens at the site
of injury. NETs form a scaffold which can initiate thrombosis,
sequester pathogens (preventing dissemination), and minimise
blood loss.59 It is controversial whether NET release represents
a specific antimicrobial defence mechanism, or if it is simply a
consequence of cellular rupture due to toxins or trauma. In
response to chemical stimulation with phorbol 12-myrisate 13-
acetate (PMA), neutrophils undergo ‘suicidal NETosis’, which is
an NADPH oxidase-dependent process, and results in
neutrophil lysis.60 However, cell lysis following pathogen cap-
ture would result in release of the pathogens from the cell.
Therefore, it has been suggested that in response to bacteria or
LPS, NETosis is induced by activation of TLRs on neutrophils in
a process known as ‘vital netosis’.61 In vital netosis, NETs are
released via vesicles, sparing the neutrophil outer membrane
and allowing for continued neutrophil function. Although
NETosis may be a mechanism of antimicrobial defence, the
presence of extracellular histones may activate TLR2 and
TLR4, and contribute to cell death and hepatic tissue injury.62

NET formation in response to a toxic insult is impaired in AH.
Jin et al. reported that in murine caecal ligation injury, super-
imposed acute alcohol challenge was associated with
increased bacterial growth,63 reduced neutrophil recruitment,
impaired oxidative burst and reduced NETosis. Bukong et al.
performed a study in which mice were given a binge dose of
alcohol, and an intraperitoneal dose of LPS.64 This was asso-
ciated with reduced LPS-induced NET formation (decreased
citrullinated histone H3, neutrophil elastase and neutrophil
myeloperoxidase). However, at 15 h, in the efferocytosis phase,
there was evidence of decreased clearance of NETs. The au-
thors also isolated neutrophils from healthy volunteers after a
binge drink of vodka. They showed that alcohol alone could
induce NETosis, but the presence of alcohol was associated
with reduced NET formation in response to PMA. Similarly in
patients with AH, Cho et al., confirmed that alcohol could
directly induce NETosis.20 Additionally, they showed that after
extrusion of nuclear material, the neutrophils remained intact,
causing their conversion from a high-to low-density state. The
LDNs were cleared less effectively by macrophages than the
HDNs and were functionally defective.

Whilst in vitro studies suggest impaired neutrophil function
in AH, it is important to consider the clinical significance of
these findings. In a study by Taylor et al. which included pa-
tients with cirrhosis of various aetiologies, baseline circulating
neutrophil dysfunction was a predictor of 90-day and 1-year
survival.65 Mookerjee et al. found that a resting oxidative
burst >55% and a reduced phagocytic capacity of <42% was
associated with increased risk of infection, organ failure and
mortality,8 although Tritto et al. found no significant association
between impaired phagocytic capacity and 3-month survival.54

This may reflect patient demographics since Tritto et al. studied
patients with stable cirrhosis rather than AH.

Neutrophils in injury resolution
Whilst the mechanisms above suggest that neutrophils can
contribute to end organ damage in alcohol-related injury,
emerging evidence also shows the importance of neutrophils
in resolution of injury after AH. For example, neutrophil
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depletion in mice during the resolution phase of liver injury
was associated with ongoing hepatic inflammation and early
fibrosis.66 Neutrophils can also play a direct role in resolution
of liver injury. They can phagocytose pathogens and cellular
debris that would otherwise prolong inflammation. There is
evidence to suggest that ROS release by neutrophils can
promote polarisation of monocytes/macrophages from a pro-
inflammatory (Ly6Chi CX3CR1lo) to an anti-inflammatory
(Ly6CloCX3CR1hi) phenotype.67 Moreover, apoptotic neutro-
phils in the liver are phagocytosed by macrophages,68 after
which macrophage production of IL-1b, TNFa, and IL-8 is
reduced.69 This suggests that neutrophil apoptosis is a cue
for initiation of reparative mechanisms after injury. Further, in
patients with AH, neutrophils are the main source of hepa-
tocyte growth factor production, a cytokine involved in
liver regeneration.55

Neutrophils may also impact on the resolution of fibrosis.
Data from murine models of carbon tetrachloride-induced liver
fibrosis and acetaminophen-induced acute liver failure show
that liver-infiltrating neutrophils release matrix metal-
loproteinases 8 and 9, which are antifibrotic.70 This may be
related to production of anti-inflammatory and antifibrotic miR-
223 by neutrophils within the hepatic environment.66 It is un-
known if these antifibrotic effects are also present in alcohol-
induced liver injury. MiR-223 is the most abundant miRNA in
neutrophils. In a murine model of AH, miR-223 deletion was
associated with enhanced liver injury and increased ROS pro-
duction.71 The authors demonstrate that IL-6 promotes
expression of p47phox, which is a component of NADPH oxi-
dase, and thus results in ROS generation. MiR-223 inhibits IL-6,
thereby reducing ROS generation. Although patients with AH
may have neutrophil infiltration, the protective effect of miR-223
may be diminished. Excessive drinking has also been associ-
ated with reduction in miR-223 levels in peripheral neutrophils
of humans.71 In another study, immunoprecipitation experi-
ments implicated neutrophilic SIRT1 (sirtuin 1) as the gene that
controls miR-223 expression, via its effects on the transcription
factor C/EBPa.72 In acutely intoxicated chronic alcohol users,
the authors observed a reduction in SIRT1 gene expression,
which correlated with the degree of miR-223 expression and
serum alanine aminotransferase.72

A recent study highlighted the key role played by the
p47phox gene, also known as neutrophil cytosolic factor 1
(NCF1), in regulating neutrophil function.10 Ma et al., performed
RNA-sequencing analysis in explanted livers from patients with
severe AH and showed that NCF1 was upregulated.10 Using
data generated from RNA-sequencing analysis, in conjunction
with data from experiments with Ncf1 knockout mice subjected
to chronic plus binge ethanol feeding, the authors concluded
that NCF1 promotes AH by inhibiting miR-223 and AMP-
activated protein kinase (a key regulator of lipid metabolism).

Neutrophil miR-223 may also have additional protective ef-
fects independently of ROS. For example, it negatively regu-
lates Mef2c, a transcription factor that promotes myeloid
progenitor proliferation.73 This may explain observations of
increased levels of circulating neutrophils and exacerbated liver
injury in miR-223 knockout mice.71 MiR-223 is also a negative
regulator of (NLR family, pyrin containing 3) inflammasome
expression in macrophages. The NLRP3 inflammasome is a
multiprotein complex that acts as a central driver of inflam-
mation and cell death in AH, via activation of caspase 1, and
r 2023. vol. 79 j 1037–1048
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maturation and release of pro-inflammatory cytokines including
IL-1B and IL-18.74,75

Can neutrophils be used as a therapeutic target
in AH?
Corticosteroids are the only recommended medical treatment
proven to reduce mortality in severe AH, although the benefits
are short-lived.5 The neutrophil-to-lymphocyte ratio is predic-
tive of steroid responsiveness in AH,13 suggesting that at least
some of their effects may be mediated through transcriptional
regulation of gene production in neutrophils. Corticosteroids
promote mobilisation of neutrophils from the bone marrow.76

However, they also cause shedding of surface integrins, such
as L-selectin, on neutrophils,22,77 thereby restricting tissue
infiltration. Steroid treatment has been associated with a
reduction in levels of pro-inflammatory cytokines, such as
TNFa, and suppression of neutrophil oxidative burst activity.22

Steroids also exert pro-inflammatory effects, e.g. inhibition of
neutrophil apoptosis.78 However, as steroids exert their effects
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on multiple cell types, it is unclear to what degree their effects
in AH are directly mediated by neutrophils. In a clinical trial by
Shastry et al. only 26% of hospitalised patients with severe AH
were deemed suitable for steroid treatment and, of those, 25%
did not respond to steroids,79 highlighting an urgent need to
explore alternative therapeutic options. A summary of the key
mechanisms by which neutrophils may contribute to AH, and
therefore potential therapeutic targets, are shown in Fig. 3.

Studies exploring the potential of modulating neutrophil
action in the treatment of AH are limited. One of the main
reasons for this is likely to be that neutrophils are a double-
edged sword in AH. Whilst pro-inflammatory cytokines and
excess NET production by neutrophils are considered to
contribute to inflammatory injury in AH, they also play a role in
injury resolution, and neutrophil dysfunction in AH may
contribute to impaired antimicrobial defences against infection.
Thus, it is unclear whether the desired therapeutic goal is
enhancement or attenuation of neutrophil recruitment and
neutrophil function. In steroid non-responders, without any
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evidence of infection, treatments that primarily reduce hepatic
infiltration may still be a therapeutic option for patients with AH.

Whilst in vitro studies have enhanced our understanding of
neutrophils in AH pathogenesis, neutrophils do not act in
isolation but rather have complex interactions with other cell
types, including endothelial cells, hepatocytes, Kupffer cells
and T cells for example. Caution needs to be exercised to avoid
a reductionist approach to experimental design. For example,
in vitro data showed the benefit of IL-33 in restoring neutro-
phils’ ability to perform chemotaxis toward CXCL8 in order to
enhance antibacterial activity;49 however, before it is trialled as
a potential treatment, it will be important to assess its impact
on neutrophil recruitment and hepatic injury. A further consid-
eration is the importance of rigorous experimental methodology
to ensure valid results. In vitro experiments are often performed
using neutrophils isolated from the peripheral blood, which may
be phenotypically and functionally different from neutrophils
that have entered the liver after interaction with HSECs and
injured hepatocytes. The choice of stimulant used in experi-
ments can also influence the outcome. For example, in com-
parison with healthy controls, patients with AH have been
shown to have reduced responses to PMA in NETosis assays,
but increased responses to ethanol.20

The finding that neutrophils can exist in both ‘high-density’
and ‘low-density’ states, each with different functional char-
acteristics may at least partially explain their paradoxical
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effects.20 Further studies are needed to establish the clinical
significance of increased LDNs in patients with AH; specifically,
whether this correlates with disease severity in AH and whether
it can predict the clinical outcomes of mortality and infection.
Thereafter, in assessing the effects of therapeutic interventions
on neutrophil function, it is important that effects on both types
of neutrophils are considered. Ideally, a treatment would
selectively prevent conversion of HDNs to LDNs, by inhibiting
NETosis, and promote clearance of the dysfunctional LDNs.

Strategies to limit hepatic neutrophil infiltration, through
blockade of adhesion molecules ICAM-1,41 E-selectin46 and
CD44,43 have been associated with reduced liver injury in an-
imal models, but such interventions have not yet been tested in
patients. One of the issues with translation of these findings is
that, unfortunately, there is no single animal model that accu-
rately reproduces the features of human AH. The NIAAA ‘acute
on chronic’ model is commonly used to study therapeutic in-
terventions for AH in mice.46 However, this model results in a
variable degree of hepatic inflammation, making it difficult to
assess the effects of interventions. Further, the model does not
result in significant hepatic fibrosis or hepatocyte senescence,
which are typically present in humans with AH.

In clinical trials, administration of G-CSF, which promotes
mobilisation of neutrophils from the bone marrow, has pro-
duced mixed results in patients with AH, which may be due to
the high heterogeneity amongst studies.80 Five RCTs
r 2023. vol. 79 j 1037–1048
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performed in Asia suggested that G-CSF produced a mortality
benefit and significantly reduced the risk of infection (p
<0.001).80 However, European and American trials have shown
no significant difference in mortality or infection risk in treated
patients.80,81 The mechanism(s) underlying the benefit
observed in some studies is unclear. Proposed mechanisms
include neutrophil-induced polarisation of macrophages to-
wards an anti-inflammatory phenotype,82 and enhanced
migration of CD34+ bone marrow stem cells that promote he-
patic regeneration and repair.83

Other clinical studies have focused on addressing the sol-
uble factors that may contribute to neutrophil activation or
dysfunction. Supporting the findings by Stadlbauer et al.
showing the utility of albumin in preventing plasma-induced
neutrophil dysfunction in vitro,57 the albumin INFECIR 2 study
was a phase IV multi-centre randomised-controlled trial that
used samples from 118 patients with decompensated cirrhosis
and bacterial infection (excluding spontaneous bacterial peri-
tonitis).84 Patients were treated with either antibiotics alone, or
antibiotics and 20% albumin. At 90-day follow-up, whilst there
was no difference in mortality between the groups, patients
treated with albumin had a lower incidence of nosocomial in-
fections (6.6% vs. 24.6%, p = 0.007). However, this study was
not specific for patients with AH. In vitro data suggests that
manipulation of bile acid composition may improve neutrophil
function in patients with cirrhosis. Obeticholic acid is a farne-
soid X receptor agonist licensed for use in primary biliary
cholangitis, which works by suppressing bile salt production
and improving biliary flow. Whilst a phase II clinical trial was
started to investigate the efficacy of obeticholic acid in AH
[NCT02039219], the trial was terminated early due to concerns
about hepatotoxicity.

Several ongoing clinical trials are assessing different treat-
ments for patients with AH aimed at improving intestinal dys-
biosis (antibiotics [NCT03157388], [NCT02116556], probiotics
[NCT01922895], [NCT02335632], faecal microbial transplant
[NCT03091010], [NCT02458079]) or gut barrier function
([NCT03775109], [NCT01809132]). This could potentially
reduce bacterial endotoxin load, with consequences for
neutrophil priming and/or activation. In clinical trials of patients
with stable cirrhosis, administration of probiotics has shown
mixed results on neutrophil function. For example, Stadlbauer
et al. found that probiotics were associated with restoration of
neutrophil phagocytic capacity and reduced neutrophil TLR4
expression.85 Hovarth et al. reported no effects on phagocy-
tosis, but an increase in neutrophil oxidative burst capacity.86

McNaughtan et al. found no effect on neutrophil function, but
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a reduction in levels of pro-inflammatory cytokines IL-1b and
CCL2 (C–C motif chemokine ligand 2).86 Differences in the
findings may be due to variations in study design and choice of
probiotics. However, whether the results of studies in patients
with stable cirrhosis can be extrapolated to those with AH is
questionable. In ongoing and future trials in AH, the generation
of some mechanistic data specifically looking at the role of
neutrophils will be invaluable in furthering our understanding.

Conclusions
Neutrophils play a crucial role in innate defence against
pathogens. However, this is not their only purpose. Neutro-
phils have a diverse repertoire of functional responses.
Neutrophil recruitment and excess hepatic infiltration con-
tributes to inflammatory injury in AH, and experimental stra-
tegies to limit neutrophil recruitment/infiltration are associated
with reduced liver injury, although such findings are limited to
animal models. Neutrophils are also important for timely
resolution of tissue damage in AH, particularly through cross-
talk with activated Kupffer cells. Thus, they act as a double-
edged sword in AH (Fig. 4). Therapeutic interventions using
neutrophils are unlikely to involve simple strategies to pro-
mote or inhibit neutrophil mobilisation from the bone marrow
but rather may need to manipulate key functions within tissue.
There are several clinical trials already underway for AH,
which are testing therapies that may influence neutrophil
recruitment and function through alteration of their microen-
vironment. These trials should be supplemented by mecha-
nistic studies to enhance our understanding of the degree to
which neutrophils mediate the pathogenesis of AH and, thus,
to determine the therapeutic potential of neutrophil-
targeting approaches.

Despite the increase in circulating and hepatic neutrophils
that are observed in AH, patients have increased susceptibility
to infection due to impaired neutrophil function. Whilst
increasing evidence suggests the importance of neutrophil
miR-223 in beneficially regulating the effects of neutrophils in
liver disease, this is again dysfunctional in patients with AH.
Advances in our understanding of the detailed transcriptional
mechanisms of neutrophil dysfunction in AH, and of neutrophil
subsets in health and disease, will hopefully guide the devel-
opment of targeted therapies to correct neutrophil dysfunction
in AH. Effective translation of this work is likely to require
development of animal models that better reproduce features
of human disease.
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