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Abstract
Acute liver failure (ALF) is a devastating clinical syn-
drome characterised by progressive encephalopathy, 
coagulopathy, and circulatory dysfunction, which com-
monly leads to multiorgan failure and death. Central 
to the pathogenesis of ALF is activation of the immune 
system with mobilisation of cellular effectors and mas-
sive production of cytokines. As key components of the 
innate immune system, monocytes and macrophages 
are postulated to play a central role in the initiation, 
progression and resolution of ALF. ALF in humans fol-
lows a rapidly progressive clinical course that poses 
inherent difficulties in delineating the role of these piv-
otal immune cells. Therefore, a number of experimental 
models have been used to study the pathogenesis of 
ALF. Here we consider the evidence from experimental 
and human studies of ALF on the role of monocytes and 
macrophages in acute hepatic injury and the ensuing 
extrahepatic manifestations, including functional mono-
cyte deactivation and multiple organ failure. 
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INTRODUCTION
Acute liver failure (ALF) is characterised by overwhelming 
hepatic injury with failure of  hepatocyte function, result-
ing in a devastating clinical syndrome of  coagulopathy, 
encephalopathy, and circulatory dysfunction[1,2]. Phenotyp-
ically, there are striking similarities between septic shock 
and ALF. Both conditions are characterised by activation 
of  a systemic inflammatory response syndrome (SIRS), 
resulting in circulatory dysfunction with systemic vasodila-
tation and refractory multiorgan failure[3]. ALF, like septic 
shock, is associated with an overwhelming activation of  
the immune response, including the production of  inflam-
matory cytokines and mobilisation of  cellular components 
of  the immune system. Monocytes and macrophages are 
key orchestrators of  the innate immune system and are 
postulated to play a pivotal role in the initiation, propaga-
tion and resolution of  ALF.

The paucity of  effective clinical treatments for ALF, 
except for supportive care and liver transplantation, re-
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flects our poor understanding of  the pathogenesis of  
ALF. Clinical trials and studies on patients with ALF are 
limited by small numbers of  subjects with heterogeneous 
causes of  ALF and are confounded by inherent difficul-
ties in studying patients with rapidly progressive pathol-
ogy. There are a number of  animal models of  acute liver 
injury commonly used to study ALF: murine models of  
acetaminophen (APAP) toxicity, concanavalin-A (Con-A) 
T-cell mediated hepatitis, carbon tetrachloride (CCl4)-
induced injury, and other models including galactos-
amine/lipopolysaccharide (Gal/LPS) (for a review[4]). 
Unfortunately, these are models of  acute liver injury and 
cannot truly reflect the human syndrome of  ALF. 

In this article we consider the role of  macrophages, 
monocytes, and the inflammatory cytokines they pro-
duce, in the progression of  acute liver failure in human 
and experimental models. We consider monocyte/mac-
rophage function in the hepatic and systemic compart-
ments, including their role in initial injury, the process 
of  recruitment of  monocytes to the injured liver and the 
possible influence of  hepatic inflammatory events on the 
functional monocyte deactivation encountered in ALF.

RECRUITMENT OF MONOCYTES TO THE 
INJURED LIVER
Expansion of hepatic macrophage populations
Following an acute hepatic insult, there is a rapid and 
marked increase in the number of  inflammatory cells 
within the liver. Recent studies have shed light on the 
process by which circulating monocytes are recruited 
to the injured liver, where, due to their plasticity, mac-
rophages are implicated in both tissue destructive and 
reparatory processes of  the inflammatory response. 

Karlmark et al[5] demonstrated, in a murine model of  
acute CCl4 hepatotoxicity, that a sub-population of  infil-
trating macrophages account for 10%-12% of  total hepat-
ic cells 24-48 h after the onset of  liver injury. This massive 
recruitment of  macrophages and their contribution to 
evolving acute liver failure have attracted much interest re-
cently. Two distinct populations of  macrophage have been 
described in both APAP and acute CCl4 models of  hepa-
totoxicity[5,6]. The first is a CD11b+ F4/80- population that 
resembles the sub-group of  circulating monocytes that are 
the origin of  stable populations of  tissue macrophages. 
This population shows only a modest increase in number 
following acute liver injury by CCl4. The second popula-
tion is CD11b+ F4/80+ and this resembles the subset of  
circulating monocytes from which activated macrophages 
in inflammatory conditions are thought to be derived. It is 
this population that shows marked expansion in number 
following acute hepatic injury[5].

Holt et al[6] 2008, in an APAP model of  hepatoxicity, 
showed that these “inflammatory macrophages” were 
derived from circulating monocytes rather than from 
proliferation of  the resident Kupffer cell (KC) popula-
tion. They noted preservation of  the macrophage re-
sponse to acute APAP toxicity when the KC population 
was depleted prior to APAP challenge. Conversely, when 

circulating monocytes were depleted by bone marrow 
irradiation prior to APAP, the number of  intrahepatic 
macrophages seen after tissue injury was diminished.

The role of chemokine: Monocyte chemoattractant 
protein-1
Monocyte chemoattractant protein-1 (MCP-1) is a 
member of  the C-C chemokine family, which acts on 
the chemokine (C-C motif) receptor 2 (CCR2) that is 
expressed on macrophages, monocytes, and to a lesser 
extent, T and NK cells[7]. Though initially described as a 
monocyte chemokine it also plays a role in the recruitment 
of  NK cells and T cells in a wide range of  inflammatory 
conditions[8]. An early increase in hepatic expression of  
MCP-1 and other chemokines is a consistent feature of  
murine models of  ALF. An increase in MCP-1 mRNA or 
total hepatic levels of  MCP-1 have been reported within 
12 h of  liver insult in APAP, Con-A, Gal/LPS, and CCl4 

models of  acute liver failure[5,9-12]. The origin of  hepatic 
MCP-1 in ALF is thought to be both resident KCs and 
injured hepatocytes[13]. 

MCP-1/CCR2 interaction in animal models
Experiments using CCR2 -/- knockout mice suggest that 
functional CCR2 is necessary for egress of  F4/80+ mono-
cytes from the bone marrow. In the acute liver injury 
model induced by CCl4, CCR2 -/- mice demonstrated a 
decreased number of  hepatic and serum CD11b+ F4/80+ 
cells following liver injury, but an increase in this cellular 
fraction in bone marrow when compared with wild-type 
mice[10]. When this population of  monocytes was adop-
tively transferred into the circulation of  CCR2 -/- mice 
they were able to traffic unhindered into the injured liver[5]. 
Similarly to the liver injury model, CCR2 has been shown 
to be essential for monocyte mobilisation from the bone 
marrow, but not for efflux into inflamed tissues, such as in 
murine CMV, L. monocytogenes, and urinary tract infection 
models[8,14,15]. 

This evidence suggests that hepatic-derived MCP-1 
is able to stimulate the expansion of  a bone marrow 
population of  CD11b+ F4/80+ monocytes, and CCR2 
is necessary for these cells to exit the bone marrow, but 
not essential for influx into the injured liver[5].

MCP-1 in human ALF
In human ALF, there is also evidence of  early upregula-
tion of  hepatic chemokines. Leifeld et al[9] demonstrated 
serum MCP-1 levels that were, on average, five times 
higher in patients with ALF when compared to patients 
with self-limiting acute hepatitis. MCP-1 levels were also 
significantly elevated above healthy control populations 
and those with chronic liver disease. There was a trend 
suggesting that higher serum MCP-1 levels were associ-
ated with poor outcome (death or transplantation) from 
ALF. Upregulation of  chemokines, including MCP-1, 
was demonstrated by reverse transcriptase-polymerase 
chain reaction (RT-PCR) and immunohistochemistry. 
The latter technique showed that MCP-1 expression was 
not limited to inflammatory cells only, but was also de-
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tected in hepatocytes, biliary epithelial cells, and sinusoi-
dal endothelial cells (SEC) in human ALF. 

These findings have been replicated in patients with 
acute severe alcoholic hepatitis with clinical liver failure. 
MCP-1 is seen to be upregulated throughout the liver, 
with expression observed in hepatocytes and sinusoidal 
endothelial cells[16]. Conversely, in control patients with 
stable alcoholic liver disease, MCP-1 expression is lim-
ited to non-parenchymal cells.

In paediatric patients with acute acetaminophen 
hepatotoxicity, serum MCP-1 levels showed a strong 
correlation with clinical parameters of  severe liver injury, 
including elevated levels in patients in whom treatment 
with N-acetyl cysteine was delayed[17]. 

Thus evidence from both murine and human studies 
suggests that early release of  chemokines from injured 
hepatocytes, SECs and KCs in ALF is responsible for 
the mobilisation and subsequent trafficking of  a popula-
tion of  activated monocytes/macrophages to the liver 
from the bone marrow (summarised in Figure 1).

THE ROLE OF HEPATIC MACROPHAGES 
IN THE PROGRESSION OF ACUTE LIVER 
FAILURE
Having established that macrophages are recruited to the 
liver in acute injury, the challenge that remains is deter-
mining what role these cells play in liver damage or repair.

Two early studies in animal models of  APAP-induced 
hepatotoxicity suggested that depletion of  macrophage 
numbers with gadolinium chloride or dextran sulphate 
prior to APAP dosing offered protection from liver dam-
age[18,19]. However, neither of  these studies confirmed 
successful depletion of  intrahepatic macrophages, and 
in one study, the number of  intrahepatic F4/80+ cells 
post-APAP treatment was actually increased, suggesting 
their prior treatment with KC depleting agents had not 

prevented an expansion in the macrophage population 
following the toxic insult[19]. Subsequent studies have used 
the more effective technique of  macrophage depletion 
with liposome/clodronate. An APAP model of  acute 
liver failure has shown macrophage depletion increases 
sensitivity to toxic injury, as measured at 8 and 24 h post-
APAP alanine transaminase (ALT) values[20]. Conversely, 
in an acute CCl4 model, macrophage depletion was re-
ported to have no effect on ALT levels four and 24 h 
after toxin administration[5].

Prevention of  liver injury-induced macrophage popu-
lation expansion by inhibition of  the MCP-1/CCR2 in-
teraction has been demonstrated in a number of  studies 
using CCR2 knockout mice. As described above, these 
animals show a marked reduction in intrahepatic mac-
rophages following liver injury compared with wild-type 
(WT) mice, due to failure of  monocyte recruitment from 
bone marrow. Two studies in CCR2 -/- mice treated with 
toxic doses of  APAP have shown ALT levels in the first 
24 h comparable to WT controls[6,13]. Histological evidence 
of  liver damage was also comparable between CCR2 -/- 
and WT mice at 24 h in both studies. At later time points, 
the two studies showed divergent results, with Dambach  
et al[13] showing less inflammation in CCR2 -/- mice. How-
ever, Holt et al[6] described CCR2 -/- mice showing persist-
ing necrosis and ongoing inflammation at 72 h, whereas 
the wild-type animals showed almost complete histologi-
cal resolution. Hogaboam et al[12] used a similar model of  
acute APAP toxicity in CCR2 -/- mice and results seemed 
to concur with Holt’s study, showing a worsening of  liver 
injury by ALT values and histology in the knockout ani-
mals at all time points when compared to WT controls.

Overall current evidence in murine models is conflict-
ing (Table 1). It appears that depletion of  resident KCs 
prior to, and at the onset of, liver injury reduces the ex-
tent of  liver damage. Kupffer cells are partly responsible 
for the initial pro-inflammatory response to injury with 
cytokine production and the recruitment of  multiple in-
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(a) Acute Liver insult 
e.g. Con-A, APAP, CCl4, 
LPS/galactosamine

(g) Massive increase in number 
of intrahepatic CD11b+ F4/80+ 
macrophages

(e) Measurable peripheral 
blood monocytosis

(f) Monocyte 
trafficking into liver 
and differentiation into 
macrophages

(b) Increased intrahepatic 
expression of MCP-1, with mRNA 
increased within 1 h of injury 
(also increase in other chemokines 
MIP-1a, MIP-1b, and RANTES) (c) Increased serum levels of MCP-1

CCR2 dependent 
stage

(d) CCR2+ F4/80+ 
population of 
monocytes emigrate 
from bone marrow

Figure 1  Summary of monocyte/macrophage recruitment to the liver following an acute hepatic insult. Con-A: Concanavalin-A; APAP: Acetaminophen 
induced hepatotoxicity; CCl4: Carbon tetrachloride; LPS: Lipopolysaccharide; CCR2: Chemokine (C-C motif) receptor 2; MCP-1: Monocyte chemoattractant protein-1; 
MIP: Macrophage inflammatory protein; RANTES: Regulated upon Activation, Normal T-cell Expressed, and Secreted, abbreviated (CCL5).
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flammatory effector cells including neutrophils, NK cells, 
NKT cells, and T cells that mediate tissue injury. Howev-
er, there is some evidence to suggest that the population 
of  hepatic macrophages derived from newly recruited 
infiltrating monocytes possess anti-inflammatory activity 
and may play a role in recovery from acute liver damage. 
Though it is beyond the scope of  this review to discuss in 
detail, evidence also suggests that it is this same popula-
tion of  immigrant macrophages that is responsible for 
driving the fibrosis that follows acute liver injury[5,10].

THE BALANCE BETWEEN PRO- AND 
ANTI-INFLAMMATORY CYTOKINES
Macrophage-derived inflammatory cytokines in 
experimental models of ALF (Table 2)
Tumour necrosis factor-a: Tumour necrosis factor-a 
(TNF-a), a macrophage derived pro-inflammatory cy-
tokine, has a central role in the pathogenesis of  many 
inflammatory clinical syndromes. TNF-a can enhance the 
production of  other pro-inflammatory cytokines and pro-
voke cellular recruitment to sites of  injury. It also has an 
important direct effector function by inducing hepatocellu-
lar apoptosis through its interaction with TNF-receptor 1.  
This cell surface receptor is connected to an intracellular 
death domain whose activation ultimately leads to the in-
duction of  effector caspases and the execution of  cellular 
apoptosis.

In experimental models of  acute liver failure, elevat-
ed serum levels of  TNF-a and increased mRNA have 
been observed shortly after the initiating insult[21,25,48]. 
Studies in the murine Gal/LPS and Con-A models of  
hepatic failure have shown that treatment with neutralis-
ing anti-TNF antibodies provides protection against liver 
damage[24,25]. A recent study using targeted antisense oli-

gonucleotides to inhibit expression of  the TNF-a gene, 
limited the hepatic damage and subsequent mortality 
from Gal/LPS in a rat model of  acute hepatic failure[26]. 
TNF-a-driven hepatocyte necrosis through the TNF-R1 
pathway has been well described in a number of  experi-
mental models of  acute liver injury[21,23,49].

Interferon-γ: Interferon-γ (IFN-γ) is a pro-inflammatory 
cytokine released by T-cells, NK cells, and macrophages. 
It has a variety of  anti-viral, anti-bacterial and pro-inflam-
matory effects. In models of  acute liver injury, increases in 
serum IFN-γ and intrahepatic IFN-γ mRNA are seen as 
part of  the initial response to injury[28,29]. IFN-γ -/- knock-
out mice show resistance to toxic and T-cell mediated acute 
liver failure, with improved survival and reduced hepatic 
necrosis and apoptosis[30]. Neutralisation of  IFN-γ with 
antibodies in WT mice confers a dose-dependent protective 
effect following APAP or Con-A administration[28,29].

IFN-γ deficient mice show a decrease in Fas induc-
tion after liver injury; hence it has been postulated that 
IFN-γ contributes to liver injury by the upregulation of  
Fas on hepatocytes, rendering them susceptible to apop-
totic cell death[30].

Macrophage migration inhibitory factor: Macro-
phage migration inhibitory factor (MIF) is a multi-
functional inflammatory cytokine that is constitutively 
expressed in many cell types, including centrilobular 
hepatocytes and Kupffer cells[50]. Pre-formed MIF is 
released early in response to stress (glucocorticoid) and 
infectious stimuli (LPS). It has an important role in 
stimulating the inflammatory response through cellular 
recruitment, stimulation of  cytokine production, and 
counteracting the inhibitory effect of  glucocorticoid on 
the production of  pro-inflammatory cytokines. Though 
initially described as a T-cell cytokine, it has since been 
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Table 1  Literature summary on the effect of hepatic macrophage depletion on the extent of liver injury in experimental models of 
ALF

Study Model Method of macrophage 
depletion/inhibition

Affect on severity of acute liver injury Conclusion

Laskin et al[18], 1995 APAP (rat) Gadolinium chloride/
dextran sulphate

Decreased ALT at 24 h in treated groups; 
Decreased necrosis

Macrophage depletion was protective

Michael et al[19], 1999 APAP (mouse) Gadolinium chloride/
dextran sulphate

Decreased ALT at 8 h in treated groups Macrophage depletion was protective

Hogaboam et al[12], 2000 APAP (mouse) CCR2 -/- ALT at 24 and 48 h, hepatic necrosis and 
TUNEL staining all increased in KO; 
Increase in IFN-γ and TNF-a

CCR2 KO - macrophage depletion 
worsened liver injury

Dambach et al[13], 2002 APAP (mouse) CCR2 -/- ALT levels similar in WT and KO mice; 
Histologically KO mice showed less 
inflammation at 72 h

CCR2 KO - macrophage depletion, 
caused less inflammation at 72 h but no 
overall difference in outcome

Ju et al[20], 2002 APAP (mouse) Liposome/clodronate Increased ALT at 8 and 24 h in treated 
group

Macrophage depletion increased liver 
damage

Holt et al[6], 2008 APAP (mouse) CCR2 -/- ALT same at 10 and 24 h; Comparable 
histological necrosis at 24 h but delayed 
recovery at 48 and 72 h in CCR2 -/-

Reduction in infiltrating macrophage 
population causes delayed recovery

Karlmark et al[5], 2009 CCl4 (mouse) Liposome/clodronate Unaltered ALT level at 4 and 24 h post-
CCl4

Reduction in infiltrating macrophages 
had no effect on severity of liver damage

ALF: Acute liver failure; ALT: Alanine transaminase; WT: Wild-type; KO: Knockout; APAP: Acetaminophen induced hepatotoxicity; CCl4: Carbon 
tetrachloride; CCR2: Chemokine (C-C motif) receptor 2.
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established that macrophages are an important source of  
MIF[51]. An increase in MIF mRNA is seen in KCs fol-
lowing acute injury[50].

MIF has a role in a number of  experimental models 
of  acute liver injury[31-33]. Significant increases in serum 
MIF are detectable in the early stages following acute 
liver injury by toxins or LPS[31,32]. MIF -/- knockout mice 
demonstrate resistance to APAP-induced hepatotoxicity, 
displaying lower ALT levels, less histological necrosis, 
and improved survival compared to WT counterparts[31]. 
In a BCG-LPS model of  murine ALF pre-treatment 
with anti-MIF antibodies prevented the development of  
liver failure and death in response to LPS challenge[32].

Interleukin-6: Interleukin-6 (IL-6) is a macrophage and 
T cell-derived multifunctional cytokine with both pro- 
and anti-inflammatory actions. In a number of  acute liver 
injury models, IL-6 has been shown to play an important 
protective role. IL-6 -/- knockout mice display increased 
sensitivity to liver injury, impaired regeneration, and poor 
outcomes in APAP[22,34], alcohol and TNF-a-mediated 
liver cell apoptosis[36], acute CCl4 toxicity[39], Fas-mediated 
apoptosis[40], and ischaemia-reperfusion injury[41]. In a 
number of  these experiments, the treatment of  knockout 
and wild-type mice with recombinant IL-6 prior to the 
liver insult conferred protection against hepatic dam-
age[37,39-41]. Experimental evidence suggests the hepatopro-
tective effects of  IL-6 in acute liver damage are mediated 
through the activation of  the STAT3 signalling pathway, 
with induction of  anti-apoptotic proteins such as Bcl-2, 
Bcl-XL, and FLIP and inhibition of  NKT cells via targeting 
of  CD4+ T cells[38,39,52].

Interleukin-10: IL-10 is a pleiotropic anti-inflammatory 
cytokine that is capable of  downregulating several as-
pects of  the pro-inflammatory cascade, including acti-
vated macrophage function. IL-10 is secreted from vari-
ous cell types, including monocytes and macrophages, in 
response to injury. The liver is a major source of  IL-10 
in systemic inflammatory conditions.

In experimental models of  acute liver injury, IL-10 
has consistently been shown to be protective against liver 
damage[27,42-47]. IL-10 serum levels and mRNA expression 
in liver tissue are seen to rise early after hepatic insult in 
APAP, Con-A, and Gal/LPS models[42,46,47]. The kinetics 
of  IL-10 production parallel TNF-a secretion in a murine 
Gal/LPS model, suggesting both pro- and inflammatory 
cytokines are released together and act concurrently dur-
ing the early acute inflammatory response[42].

In a Con-A model of  ALF, neutralisation of  IL-10 
with monoclonal antibodies exacerbated liver damage, as 
measured by serum transaminases and liver histology. Se-
rum levels of  TNF-a, IFN-γ, and IL-12 were augmented 
by neutralisation of  IL-10[47]. Similar findings were dem-
onstrated in an APAP model utilising IL-10 knockout 
mice, where the absence of  IL-10 was associated with 
increased ALT, worse histological necrosis, and reduced 
survival. Again this increased susceptibility seemed to 
be attributable to upregulation of  pro-inflammatory 
cytokines and the effectors TNF-a, IL-1, and iNOS[46]. 
Treatment with recombinant IL-10 in Gal/LPS models 
caused a dose-dependent reduction in liver damage and 
hepatic and serum TNF-a expression[27,42,43]. In vitro work 
on isolated rat hepatocytes demonstrated that IL-10 was 
expressed early following LPS challenge. Treatment of  
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Table 2  Pro- and anti-inflammatory cytokines in experimental models of ALF

Cytokine Model Source Mechanism of action

TNF-a Murine hepatic ischaemia[21,22] Macrophage Hepatocellular apoptosis
Murine a-amanitin or actinomycin D[23] Cellular recruitment
Murine Gal/LPS[24]

Murine Con-A[25]

Rat Gal/LPS[26]

IFN-γ Murine Gal/LPS[27] Macrophages Induce iNOS
Murine APAP[28] NK and T cells Upregulates Fas, sensitising hepatocytes to apoptosis
Murine Con-A[29,30] Upregulates adhesion molecules and chemokines 

resulting in leucocyte accumulation
MIF Guinea pig halothane[31] Preformed stores released from 

hepatocytes and KCs early in injury
Stimulate release of proinflammatory cytokines

Murine APAP[31] Counter-act glucocorticoid anti-inflammatory effects
Murine LPS in BCG-primed mice[32] Cellular recruitment
Rat ethanol[33]

IL-6 Murine APAP[22,34,35] Released from macrophages and T 
cells

Reduced TNF-a secretion
Murine alcohol and TNF-a[36] Activation of STAT3 signalling pathway
Murine Con-A[37,38] Induction of anti-apoptotic proteins e.g. Bcl-2, Bcl-XL, 

FLIPMurine Acute CCl4
[39]

Murine Fas-mediated apoptosis[40]

Murine ischemia/reperfusion[41]

IL-10 Murine Gal/LPS[27,42,43] Macrophages/monocytes and injured 
hepatocytes

Inhibition of TNF-a, IFN-γ secretion
Murine CCl4

[44]

Rat CCl4
[45]

Murine APAP[46]

Murine Con-A[47]

Con-A: Concanavalin-A; Gal/LPS: Galactosamine lipopolysaccharide; TNF-a: Tumour necrosis factor-a; IFN-γ: Interferon-γ; MIF: Macrophage migration 
inhibitory factor; IL-6: Interleukin-6.
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KCs with exogenous IL-10 downregulated production 
of  superoxide dismutase and TNF-a responses fol-
lowing LPS challenge; a phenomenon analogous to the 
functional monocyte deactivation described later[45].

Thus, in animal models of  acute liver injury there is 
consistent evidence that IL-10 is expressed in the early 
phases of  liver damage, simultaneous to pro-inflamma-
tory effectors. It acts to abrogate liver injury by limiting 
the release of  pro-inflammatory cytokines and effectors. 
In vivo it is likely to be the balance of  these inter-related 
and mutually regulating factors that determine the extent 
and outcome of  the hepatic insult.

Macrophage-derived inflammatory cytokines in human 
studies of ALF
As in experimental models of  acute liver failure, ALF in 
humans is known to be associated with massive activation 
of  pro- and anti-inflammatory mediators. A number of  
studies have looked at patient populations and correlated 
serum levels of  inflammatory cytokines with clinical 
parameters of  ALF severity. TNF-a has been shown in 
a number of  clinical cohorts to be elevated in patients 
with ALF compared with controls with acute hepatitis or 
chronic liver disease[53-57]. In two of  these studies, elevated 
TNF-a levels correlated with poor clinical outcomes[53,58]. 
IL-6 and IL-10 have been shown to possess hepatopro-
tective properties in experimental models of  ALF mod-
els[53-56,59]. However, human studies of  ALF have detected 
higher levels of  IL-6 and -10 in non-surviving ALF pa-
tients compared to spontaneous survivors[53,56,59].

Interestingly, a number of  recent studies have mea-
sured proxy markers of  macrophage and monocyte 
activation and shown that increases in these markers cor-
relate with poor outcome in patients with ALF. CD163 is 
a macrophage lineage-specific scavenger receptor that is 
expressed by activated macrophages (and to a lesser ex-
tent by circulating monocytes) and can be shed in the cir-
culation as a soluble receptor[60]. Hiraoka et al[60] showed 
that, in a small population of  patients with ALF, mean 
levels of  serum CD163 were elevated when compared 
with either healthy controls or patients with acute hepati-
tis. There was a trend towards increasing CD163 in non-
survivors, however this did not reach significance. Møller 
et al[61] used a larger cohort from the US ALF study group 
and replicated the finding of  elevated CD163 in ALF 
patients compared with controls. They also showed a 
significant difference between CD163 levels on day three 
between survivors and non-survivors.

FUNCTIONAL MONOCYTE 
DEACTIVATION IN HUMAN ALF
Infectious complications are a common feature of  es-
tablished acute liver failure and account for a significant 
proportion of  overall mortality[1,62]. A number of  recent 
studies have investigated the phenomenon of  functional 
monocyte deactivation that occurs in patients with acute 
and acute-on-chronic liver failure, and that might be par-
tially responsible for the observed susceptibility of  these 

patients to overwhelming sepsis[53,63-65].
Monocyte deactivation was first described in the early 

1990s in clinical populations of  post-trauma and sepsis 
patients[58,66]. This phenomenon shares many features with 
the experimental model of  “endotoxin tolerance”, which 
is characterised by a refractory monocyte phenotype with 
decreased expression of  HLA-DR, impaired ability to 
present antigens, and a profoundly attenuated TNF-a 
response to LPS challenge (Figure 2). This monocyte 
phenotype can be induced experimentally by repeated 
LPS challenge (hence endotoxin tolerance) or exposure to 
IL-10 and TGF-b[66].

Antoniades et al[53] demonstrated monocyte deactiva-
tion in a group of  patients with acetaminophen-induced 
acute liver failure (AALF). Patients with AALF who had 
adverse outcomes (death or transplantation) had signifi-
cantly lower expression of  HLA-DR than transplant-free 
survivors with AALF, control patients with chronic liver 
disease, and healthy controls. A reduction in the percent-
age and total number of  HLA-DR positive monocytes 
was observed, as was a reduction in HLA-DR expres-
sion on individual monocytes. Longitudinal follow up of  
non-surviving and surviving patients showed the former 
group had persisting evidence of  monocyte deactivation, 
with suppressed HLA-DR at days 3-6, whereas the later 
group showed recovery of  monocyte function between 
day 1 and days 3-6.

Three studies have looked at this phenomenon in 
patients with acute-on-chronic liver failure and shown a 
similar reduction in monocyte HLA-DR in this group[63-65]. 
Furthermore, they all demonstrated that monocytes de-
rived from acute-on-chronic liver failure patients show 
impaired ex vivo TNF-a secretion in response to LPS ex-
posure. Berres et al[64] and Xing et al[65] also replicated the 
finding that low monocyte HLA-DR has a strong associa-
tion with poor outcome in liver failure patients.

The confirmation of  immune dysfunction with func-
tional monocyte deactivation in ALF begs the question 
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LPS challenge

Monocyte 
deactivation

Repeated LPS exposure or 
IL-10/TGF-b

TNF-a
TNF-a
IL-10

LPS challenge

Figure 2  Circulating monocytes express abundant cell surface HLA-DR. 
Initial exposure to LPS provokes a massive tumour necrosis factor-a (TNF-a) 
response. Repeated exposure to LPS or the presence of interleukin-10 (IL-10)/
transforming growth factor-b (TGF-b) causes monocyte deactivation with 
downregulation of cell surface HLA-DR expression, impaired antigen presenting 
capability, and an attenuated TNF-a response to future LPS challenge.
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of  what is driving this phenomenon and how might it be 
modulated to improve clinical outcomes. The presence 
of  high levels of  circulating anti-inflammatory cytokines, 
IL-10, TGF-b as part of  the compensatory anti-inflam-
matory response (CARS) in ALF are obvious culprits, in 
that in vitro studies have clearly demonstrated their ability 
to induce monocyte deactivation (Figure 2). Thus it ap-
pears that the anti-inflammatory cytokines that provided 
early hepatic protection in acute liver failure, can, if  
unchecked, cause subsequent systemic immune paralysis 
that leads to a worse outcome.

CONCLUSION
Monocytes and macrophages are central players in the 
complex process of  initiation, propagation, and resolu-
tion of  acute liver injury. Current evidence from experi-
mental and human models suggests that macrophages 
are activated early in the evolution of  acute liver injury 
and respond with vigorous release of  chemokines and 
pro-inflammatory cytokines that drive the acute inflam-
matory response to injury. Simultaneously, macrophages 
initiate a counter-acting anti-inflammatory cascade that 
moderates the degree of  acute hepatic inflammation. 
As ALF progresses, circulating monocytes are recruited 
to the liver and are implicated in the resolution of  in-
flammation and tissue repair processes. Meanwhile, the 
intricate balance between pro- and anti-inflammatory 

cytokines released from blood monocytes, hepatic mac-
rophages, and other immune cells, is maintained through 
multiple interrelated regulatory mechanisms. However, 
in ALF, the immune response is skewed towards an anti-
inflammatory-predominant environment, which could 
account for functional monocyte deactivation encoun-
tered and its attendant clinical sequelae of  recurrent sep-
sis and multiple organ failure (Figure 3). 

FUTURE DIRECTIONS
Further studies should aim to dissect the temporal re-
lationship of  macrophage recruitment and activation, 
in both circulating and hepatic inflammatory compart-
ments, during the evolution of  acute liver failure. Insight 
into the mechanisms that influence macrophage function 
during the process of  acute hepatic injury will enable the 
development of  therapeutic strategies that can be ad-
ministered in a timely fashion to modulate the activity of  
this pivotal immune cell during acute liver failure.
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