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Abstract

Inflammation is strongly associated with chronic hepatic injury and the ensuing wound healing
process. Recent evidence from mouse models and human studies implicates Tolllike receptors
(TLRs) as important regulators of the inflammatory response and a functional link between
inflammation and fibrosis in the chronically injured liver. Here we review mechanisms by which
TLR4 and TLR4 ligands from the intestinal microbiota contribute to hepatic injury, inflammation,
hepatic stellate cell activation and fibrosis.

Introduction

Despite an efficient intestinal barrier, a small amount of bacteria and bacterial products
continually reaches the portal circulation. The liver is the first target of translocating bacteria
and their products, and usually clears the portal blood without the occurrence of significant
inflammation. While the amount of bacterial products reaching the liver is minuscule under
normal circumstances, increased bacterial translocation occurs in chronic liver injury and
may result in hepatic inflammation. Microbial products such as lipopolysaccharide (LPS),
lipopeptides, unmethylated DNA, and double-stranded RNA are potent inducers of
inflammation, and even doses in the nanomolar range can induce intense inflammatory
responses. Proinflammatory actions of these microbial products are mediated through a
specific class of receptors, termed Toll-like receptors (TLRs). TLRs enable the host to detect
signature molecules derived from pathogen, and are master regulators of innate immune
responses. In the liver, TLRs are expressed in many different cell types including Kupffer
cells, hepatocytes and hepatic stellate cells (HSCs). The extraordinarily powerful effects of
TLRs on inflammation, their expression in the liver and the emerging concept that there is a
significant hepatic exposure to TLR ligands from the intestinal microbiota, even in early
stages of liver disease, suggests that TLRs act as an important link between hepatic
inflammation, injury and fibrosis.
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212-851-5462; Fax 212-851-5461; rfs2102@columbia.edu.
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PART I: TLR receptors, TLR ligands and TLR signaling

Toll like receptors and Toll-like receptor signaling
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The concept that specialized receptors allow the innate immune system to recognize
invading pathogens was proposed even before the discovery of TLRs 1. One decade after the
discovery of Toll and its role in drosophila development, it was recognized that Toll also
exerts profound functions in the regulation of immune responses as shown first in drosophila
Toll mutants 2 and later in mice expressing a mutant form of TLR4 3. TLRs are pattern
recognition receptors that recognize different classes of molecular patterns specific
pathogens. Upon ligand binding, TLRs allow the host to sense the presence of these
pathogens and initiate subsequent immune responses. To date, ten different human TLRs as
well as ligands for most of the receptors have been discovered 4. In addition to TLRs, other
pattern recognition receptors exist, including the cytoplasmic proteins RIG-I-like receptors,
NOD-like receptors and Dectin-1 °. TLRs contain different conserved domains responsible
for ligand recognition and signaling. Leucine rich repeat (LRR) domains mediate ligand
binding on the extracellular domain of TLRs, whereas Toll-IL-1R (TIR) domains, which are
common to both Toll-like receptors and the IL-1 receptor 6, mediate signaling in the
intracellular domain. Different TLRs not only vary in their ligand specificity but also have
different cellular localizations: TLR 1, 2, 4, 5, 6, 10 are localized at the cell membrane, and
TLR 3,7, 8, 9 are localized in the endosome. The cellular localization of TLRs contributes
to optimal recognition of TLR ligands as many of the pathogens that activate endosomal
TLRs, suchas TLR 3, 7, 8 and 9, enter through this cellular compartment. In addition, the
localization of TLRs in specific cellular compartments may also reduce the risk for exposure
to endogenous molecules that might falsely trigger TLR activation.

TLR4 requires several additional molecules for the induction of signaling such as LPS-
binding protein (LBP), CD14 and MD-2 (see Figure 1). CD14 and MD-2 also contain LRR
domains, suggesting their involvement in ligand recognition and binding. It is believed that
LBP, a member of the lipid transfer protein family, helps extracting LPS from the outer
membrane of Gram-negative bacteria and transferring it to CD14 in a monomeric form 7.
CD14, which contains no intracellular signaling domain, then catalyzes the binding of LPS
to the TLR4-MD-2 complex to initiate signaling. Binding of LPS to MD-2 induces a
conformational change in MD-2 allowing the binding of a second TLR4 receptor, TLR4
homo-dimerization and signaling 8. Although each TLR detects specific ligands, key
signaling molecules that mediate intracellular responses are shared by TLRs (see Figure 1).
The most upstream signaling molecules are the adapter molecules MyD88 and Trif. All
TLRs signal through one or, in the case of TLR4, both of these adapter molecules. The use
of common signaling mediators explains why different TLR ligands often generate similar
downstream signals 219, TLR4 requires specific adapters termed Tirap 11 12 and TRAM 13
to interact with MyD88 and Trif, respectively. Both MyD88-dependent and Trif-dependent
pathways initiate the transcription of genes involved in proinflammatory pathways and
antiviral interferon pathways (see Figure 1). Although MyD88 and Trif induce distinct
patterns of gene expression due to preferential activation of specific pathways, there is also a
fair degree of overlap °.
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TLR4 ligands

The main function of TLRs is to signal the presence of pathogens. TLRs are activated by
signature molecules that are present in pathogens but not in the host, which are termed
pathogen-associated molecular pattern (PAMPs). The first description of a PAMP and its
proinflammatory effects can probably be attributed to Richard Pfeiffer, a collaborator of
Robert Koch, who discovered in 1892 that lysates of heat-killed bacteria of the cholera-
inducing infectious agent Vibrio cholerae caused toxic shock reactions in guinea pigs 4. He
postulated that the heat-stable toxic principle was localized inside the bacterial cell and thus
named it endotoxin to distinguish it from the already known exotoxins of Vibrio cholerae. It
can be assumed that the biological effects of these bacterial preparations were probably
caused to a large degree by a chemical group of substances now termed lipopolysaccharide
(LPS). LPS is a component of the outer membrane of Gram-negative bacteria and the
prototypical TLR4 ligand. LPS is an extremely heat-stable amphiphilic molecule composed
of a predominantly lipophilic region known as lipid A, a covalently linked hydrophilic core
oligosaccharide and a polysaccharide chain termed O-polysaccharide. The Lipid A portion
confers the activation of TLR4, and has TLR4-agonistic effects even in the purified form. In
some bacteria, LPS does not contain the O-polysaccharide and has been termed rough L PS
as opposed to smooth L PS which contains the O-polysaccharide 1°. Most wild-type bacteria
as well as commercially available LPS contain both forms of LPS. Despite their structural
differences, both smooth and rough LPS act as endotoxins since they contain lipid A, the
component with biological activity towards TLR4. However, there are differences in
signaling requirements between smooth and rough LPS: Smooth LPS requires the presence
of LBP and CD14, whereas rough LPS (and free lipid A) may activate TLR4 in the absence
of CD14 and LBP 1617, However, CD14- and LBP-independent activation of TLR4 is not as
efficient as TLR4 activation in the presence of LBP and CD14, and results in selective
activation of the MyD88-dependent pathway (see Figure 1). TLR4 also recognizes proteins
of viral origin, but the large majority of TLR4 biological effects in mammals seem to be
linked to the recognition of LPS 18, This high promiscuity and ability to recognize
chemically completely different ligands allows TLR4 to also recognize endogenous TLR4
ligands as described below.

While the main function of TLRs is the recognition of PAMPs, there is mounting evidence
that TLR may be activated also by endogenous molecules. A specific class of endogenous
molecules, that are associated with cellular damage or wound healing responses and may
promote inflammation through TLRs and other receptor systems, has been termed damage-
associated molecular patterns (DAMPs). As uncontrolled activation of TLRs by endogenous
DAMPs would likely result in devastating inflammation, the activation of TLRs by DAMPs
is believed to occur only under specific circumstances. This may either be a change in the
environment leading to release of endogenous ligands from a cellular compartment that is
usually not in contact with TLRs, or the modification of an endogenous mediator or
extracellular matrix component — e.g. during inflammation or cell death - that allows binding
and activation of TLRs 1819, Among the best characterized DAMPs are HMGB1, S100
proteins, heat shock proteins, hyaluronan and fibronectin 2°. Most of these ligands have been
postulated to be direct agonists of TLR2 or TLR4, or both receptors, as well as other
receptor systems including RAGE, CD44, scavenger receptors and galectins 2. In addition,
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saturated free fatty acids may have TLR2 and TLR4 agonistic activity 21.22, However, there
is still ongoing controversy as to whether many DAMPs are truly bona fide TLR ligands.
Many of these ligands either have been purified in bacterial systems or have a high affinity
to bacterial products suggesting that bacterial products or other TLR activating substances
such as lipids or DNA rather than the purified ligands themselves mediate their TLR
activating effect 23. HMGB1 and hyaluronan are elevated in liver disease, and HMGB1
plays a potential role in the pathophysiology of liver disease 2425, For these reasons, we will
limit further discussion on TLR-activating DAMPs to HMGBL1 and hyaluronan.

HMGBL1 is a DNA-binding protein that induces bends in the helical DNA structure to
facilitate multiple physical interactions of DNA with transcription factors, recombinases and
steroid hormone receptors permitting transcription and other nuclear transactions to take
place 28. In addition to this transcription factor-like function, HMGB1 also has cytokine-like
effects that require its presence in the extracellular space 2627, Release of HMGBL1 into the
extracellular space is mediated by two mechanisms: (i) Active secretion in inflammatory
cells that depends on acetylation, and masking of the two nuclear-localization signals of
HMGBL thus preventing nuclear re-entry 28; (ii) passive diffusion of HMGB1 from cells
that undergo necrosis 2°. Importantly, HMGB1 release does not occur from apoptotic cells,
presumably because HMGBL1 is tightly bound to DNA within the apoptotic-cell nucleus,
whereas it is only loosely bound to DNA in necrotic cells 27. Accordingly, HMGB1 has
been suggested to be a signature DAMP that signals the presence of necrosis, and
subsequently triggers inflammation 2°. HMGB1 was initially suggested to act as a direct
proinflammatory TLR 2/4 agonist; however, a direct proinflammatory activity of HMGB1
was not confirmed in recent publications 3031, Recent data suggest instead that HMGB1
facilitates and amplifies the inflammatory response to different cytokines and TLR agonists
rather than having its own proinflammatory effect 31:32. Treatment of monocytes with
HMGBL1 and LPS results in a higher TNF- production than LPS alone, and this proceeds via
activation of TLR4, the receptor for LPS/CD14 33, The formation of a specific complex
between HMGB1 and LPS can explain the empirical observation that it is difficult to
produce LPS-free recombinant HMGB1.

Hyaluronan is a negatively charged high molecular weight glycosaminoglycan, which is
ubiquitously distributed in the extracellular matrix and a component of the basement
membrane. At sites of inflammation and tissue destruction, high molecular weight
hyaluronan can be broken down to lower molecular weight hyaluronan fragments via
oxygen radicals and enzymatic degradation. In contrast to high molecular weight
hyaluronan, low molecular weight hyaluronan has cytokine-like properties capable of
inducing inflammatory gene expression in epithelial cells, endothelial cells, fibroblasts,
dendritic cells (DCs), and macrophages 34. In the extracellular space, hyaluronan is bound
by the CD44 receptor which mediates some of its proinflammatory effects. However,
hyaluronan is able to stimulate chemokine production in peritoneal macrophages in the
absence of CD44 through a TLR2 and TLR4-dependent mechanism 3°. Moreover,
hyaluronan stimulates maturation of dendritic cells and IL-8 production by endothelial cells,
and it inhibits osteoclast differentiation in a TLR4-dependent manner 36:37. Since the
disruption of basement membranes is typically associated with injury, it has been suggested
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that the recognition of low molecular weight hyaluronan by TLRs and other receptors is part
of an injury recognition system.

PART II: TLRs and their ligands in hepatic injury and fibrogenesis

Hepatic fibrosis is the result of chronic injury and requires the concerted action of many
different cell types with hepatocytes, hepatic stellate cells (HSCs) and Kupffer cells
representing the key actors. Therefore, it is important to understand the role of TLRs in these
hepatic cell populations as well as potential effects of TLR4 activation on hepatic injury.
Current evidence suggests that TLR4, in addition to a direct effect on fibrogenesis, may also
have a role in hepatic injury and thereby modulate disease progression. However, this
injury-promoting effect seems occurs only in some settings: There is a reduction of injury
after TLR4 inactivation in alcoholic liver disease 3840 and nonalcoholic fatty liver

disease, 4142 but no reduction of injury in experimental fibrogenesis models such as bile
duct ligation and chronic CCly treatment 25.

lla. TLR expression in the liver

Kupffer cells, the resident macrophages of the liver, are among the first cells in the liver to
encounter gut-derived bacteria and their products. Kupffer cells represent an important
population for regulation of inflammation in response to TLR agonists as well as their
clearance. In addition, Kupffer cells are also known to promote HSC activation and

fibrosis 254344, Kupffer cells express TLR4 and are highly responsive to LPS 4°. After LPS
stimulation, Kupffer cells produce TNFa, IL-1p, IL-6, IL-12, IL-18 and several
chemokines 4647, Due to the continuous exposure to low amounts of LPS, Kupffer cells may
be less responsive to LPS than peripheral blood monocytes as evidenced by lower levels of
CD14 48, secretion of the anti-inflammatory cytokine IL-10 and downregulated TLR4 in
response to LPS 4950, Although some studies suggest a role for Kupffer cells in the uptake
and hepatic excretion of LPS 51:52 others show that Kupffer cell depletion does not reduce
LPS clearance. 53. Moreover, Kupffer cells can inactivate LPS by deacetylation 54,
Hepatocytes express TLR4 and are responsive to LPS, but this response is fairly weak with
only two-fold elevated levels of serum amyloid A (SAA) after LPS treatment °°. The
expression of TLR4 in hepatocytes is not upregulated by proinflammatory mediators 6.
Hepatocytes also are believed to play a role in the uptake of endotoxin and its removal from
the systemic circulation through secretion into the bile %1:53, suggesting that the uptake and
removal of LPS is a potentially cooperative effect involving both hepatocytes and Kupffer
cells. In the normal liver, hepatic stellate cells (HSC) are quiescent and store the majority
of the body's vitamin A. In response to liver injury, quiescent HSCs activate to become the
major extracellular matrix-producing cell type in the liver 7. HSCs interact with Kupffer
cells and hepatocytes to promote liver fibrosis and inflammatory responses during the
wound healing process. Activated mouse and human HSCs express high levels of

TLR4 2558 and CD14 %8, Interestingly, even quiescent HSCs express high levels of TLR4
and are highly responsive to LPS treatment, 2° suggesting that quiescent HSCs may act as
sentinels that promote inflammatory and wound healing responses after increased hepatic
exposure to LPS. LPS treatment triggers inflammatory responses such as activation of
IKK/NF-x;B and JNK and the activation of NF-k;B dependent genes in both quiescent and
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activated HSCs %8, LPS does not directly promote activation of HSCs, but promotes
inflammatory signals and enhances HSC responses to TGFJ as discussed below. A recent
study has shown that HMGB1 may directly promote HSC activation in vitro 59, However,
this is in contrast to unpublished observations by our group demonstrating that HMGB1
neutralization did not reduce HSC activation in experimental fibrogenesis in vivo. Several
other cell population in the liver express TLR4 and may also be involved in HSC activation
and fibrogenesis such as dendritic cells and cholangiocytes 6061,

IIb. TLR ligands in chronic liver diseases

Under normal circumstances, protective mechanisms at various levels ensure that only
minute amounts of bacteria and bacterial products reach the portal circulation and ultimately
the liver. On the intestinal side, these include a thick layer of mucins, secretion of IgA and
antimicrobial factors, a tightly sealed epithelial surface and an active mucosa-associated
lymphatic tissue (MALT) (see Figure 2) 2. In addition, the presence of bile and the specific
composition of the intestinal microbiota, with anaerobic bacteria outnumbering aerobic
bacteria by 100:1 to 1000:1, suppress bacterial adhesion, colonization and translocation of
potentially harmful and invasive microbes 3. Accordingly, selective elimination of
anaerobic bacteria promotes intestinal bacterial overgrowth and translocation 63,

Whereas portal and systemic LPS levels are nearly undetectable in healthy rodents and
people 6466 |PS levels increase in chronic liver injury in a disease stage-dependent
manner. Healthy subjects displayed endotoxin levels of less than 3 pg/ml, but patients with
Child-Pugh classes A, B and C had endotoxin levels of 4.9 pg/ml, 7.9 pg/ml and 10.2 pg/ml,
respectively 7. Chronic alcohol intake also increases endotoxin levels in peripheral blood,
with alcoholic fatty liver, alcoholic hepatitis and alcoholic cirrhosis patients displaying 14
pa/ml, 16 pg/ml and 19 pg/ml endotoxin, respectively, in peripheral blood versus 2.5 pg/ml
in healthy controls. 4. In addition to the elevation of LPS in chronic liver disease, acute
insults such as binge drinking may also promote increased LPS translocation. Acute
ingestion of alcohol in rats leads to portal endotoxin levels of 30-80 pg/ml in the portal vein
2 hours after gavage but much lower levels in peripheral blood %6:68, Thus, peripheral
measurements are likely to underestimate the amount of endotoxin that reaches the liver,
most likely due to the efficient clearance of endotoxin by the liver. Moreover, these data
suggest that elevations of LPS are not only a feature of end-stage liver disease but may
occur early in the disease course and thus actively influence disease progression. In acute
and chronic liver disease, increased bacterial translocation is believed to be caused by (i)
structural changes of the intestinal mucosa such as loss of tight junctions, widening of
intercellular spaces and vascular congestion, (ii) defects in the mucosal immune system that
promote the loss of barrier function, and (iii) changes in the composition of the intestinal
microbiota such as overgrowth of bacteria in locations with normally low bacterial counts
and potential overgrowth of strains that are more proficient at translocating 2. Some of the
changes in the bacterial microbiota may be due to decreased intestinal levels of bile acids.
Although intestinal anaerobic bacteria outnumber aerobic bacteria by far, virtually all
translocating bacteria are aerobic 52. Gram-negative bacteria such as Escherichia coli,
Klebsiella pneumoniae, Enterococci and Streptococci not only represent the species that are
most proficient at translocation but also cause the large majority of infections in patients
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with cirrhosis 8970, As previously mentioned, Gram-negative bacteria contain LPS as an
important component of the outer membrane of their cell wall. Thus, the aforementioned
strains not only translocate but also produce LPS and probably account for a large
proportion of TLR4 activation in chronic liver disease.

Currently, there is only limited data on the role of endogenous TLR4 ligands in chronic liver
disease. Elevations of HMGBL1 and hyaluronan have been demonstrated in experimental
fibrogenesis models 2°. Hyaluronan is increased in human liver fibrosis as a result of both
increased production and decreased clearance 1, one result of which is use of serum
hyaluronan as a marker of liver fibrosis. However, there are no data on HMGBL1 in human
liver disease to the best of our knowledge.

lic. TLR4 and liver fibrosis

The development of hepatic fibrosis and cirrhosis is the result of virtually any chronic
hepatic injury including viral hepatitis, alcohol, autoimmune and metabolic disease 2. The
increased accumulation of extracellular matrix in the liver is directly responsible for many of
the deadly complications of liver disease such as the development of portal hypertension,
ascites and variceal bleeding. Whereas as substantial portion of liver fibrosis in patients is
caused by alcoholic liver disease or non-alcoholic fatty liver, the relative resistance of
rodents to develop fibrosis in response to alcohol and high-fat diet have resulted in a strong
focus on the role of TLR4 in models of toxic and biliary liver fibrosis. We will therefore
review the contribution of TLR4 to alcoholic liver disease and non-alcoholic fatty disease
separately, and focus predominantly on the role of TLR4 in inflammation and injury as
changes that usually precede and often promote the development of fibrosis.

As mentioned above, abundant data demonstrate that LPS is elevated in experimental
models of hepatic fibrosis 2%:73:74 and in patients with cirrhosis 8467.75_ Studies from the
1950s have shown that antibiotics prevent hepatic injury and fibrosis induced by CCly
treatment or a choline-deficient diet, and that endotoxin enhances hepatic fibrosis induced
by a choline-deficient diet 7677, Recent studies using TLR4-mutant as well as gut-sterilized,
CD14- and LBP-deficient mice have expanded these findings, and all emphasize the crucial
role of the LPS-TLR4 pathway in hepatic fibrogenesis 2°78: (i) TLR4-mutant mice display a
profound reduction in hepatic fibrogenesis in three different experimental models of biliary
and toxic fibrosis 25; (ii) LBP-deficient, CD14-deficient, MyD88- and Trif-deficient mice
display reduction of fibrosis after bile duct ligation 2578 (iii) Bile-duct ligated mice, mice
on a choline-deficient diet or Mdr2-deficient mice, a genetic model of liver fibrosis, have a
profound decrease in fibrosis when treated with antibiotics 2577.79, Although endogenous
TLR ligands such as hyaluronan and HMGBL1 are elevated in murine fibrogenesis, their
contribution to fibrogenesis has not been evaluated in detail. In view of the strong anti-
fibrotic effect of antibiotics, their role in hepatic fibrogenesis appears to be limited. While
TLR2-deficient mice did not show a profound reduction in hepatic fibrosis following bile
duct ligation 2, TLR9-deficiency decreased fibrogenesis, suggesting that some of the
antifibrogenic effects of antibiotics may also be due to a reduction of TLR9 ligands from the
gut microbiota 8981, TLR4 is expressed on two key mediators of hepatic fibrogenesis,
Kupffer cells and HSCs 254558, Kupffer cells initiate fibrogenesis by secreting
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proinflammatory and profibrogenic cytokines, while HSCs are the predominant source of
extracellular matrix production in the fibrotic liver 72. Although Kupffer cells express the
highest levels of TLR4 in the liver and are considered a prime target of LPS, two lines of
evidence suggest HSC are the crucial cell population that promotes fibrosis in a TLR4-
dependent manner: (i) Both quiescent and activated HSC express high levels of TLR4 and
LPS directly targets HSCs in vivo 2. (ii) TLR4-chimeric mice without functional TLR4
expression on bone marrow-derived cells still show strong fibrosis after BDL, whereas
TLR4-chimeric mice that do not express functional TLR4 on resident liver cells have
strongly reduced fibrosis after BDL 2°. Several mechanisms likely explain the profibrogenic
effects of TLR4 in hepatic stellate cells (see Figure 2B): (i) There was a strong reduction of
Kupffer cell infiltration and hepatic inflammation in TLR4-deficient mice suggesting that
TLR4 activation in HSCs promotes the recruitment of Kupffer cells, an important
profibrogenic cell population of the liver 2°. The induction of chemokines, many of which
have profibrogenic effects in the liver, is likely to be an important mediator of Kupffer cell
recruitment and hepatic fibrosis in response to TLR4 activation. (ii) TLR4 activation also
induces a downregulation of the TGF3 pseudoreceptor Bambi and sensitizes HSCs to
profibrogenic effects of TGFB 2°. In contrast to data showing that genetic or pharmacologic
inactivation of Kupffer cells and chemokines that recruit Kupffer cells reduce fibrogenesis
in vivo 2543.44.82 the role of Bambi in vivo still needs to be confirmed in a knockout mouse
model. Increased Kupffer cell recruitment and decreased Bambi expression probably work
hand in hand to promote the activation of HSCs by Kupffer cell-released TGFp, and
subsequently hepatic fibrosis (see Figure 2B) 78,

Ild. TLR4 in human liver fibrosis

Recent evidence also suggests TLR4 contributes to the development of hepatic fibrosis in
patients. A recent study has identified a single nucleotide polymorphism in Tlr4 that results
in a T399I substitution and confers a significantly reduced risk for fibrosis progression in
patients with chronic hepatitis C virus infection 83, This polymorphism is associated with a
reduced TLR4 responsiveness thus confirming the profibrogenic role of TLR4 in a clinically
relevant setting. A second study, also performed in patients with chronic hepatitis C virus
infection, found that multiple TLR4 variants including T399I and D299G were associated
with reduced fibrogenesis 84. Although it is possible that TLR4 mutations may not only
affect fibrogenesis but also the immune response towards HCV, one would expect that a
non-functional TLR4 would hamper this response and thus promote viral replication and
disease progression. In contrast, a third study reported no linkage between TLR4 D299G or
CD14 C260T SNPs and disease progression in patients with chronic liver disease including
chronic hepatitis C virus infection and alcoholic liver disease 8°. A recent study has further
investigated the role of TLR4 in human fibrogenesis by transfecting human HSCs with
TLR4 bearing either the T399I mutation or the co-segregated D299G mutation 86. Both cell
lines displayed decreased cytokine and chemokine release and Bambi downregulation in
response to LPS, as well as an increase in spontaneous and drug-induced apoptosis. These
results suggest that TLR4 signaling in HSCs is an important contributor to fibrogenic
responses and that hyporesponsive TLR4 mutations decrease fibogenesis by reducing HSC
activation and increasing HSC apoptosis.
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lle. TLR4 and alcoholic liver disease

Alcoholic liver disease is a leading cause for the development of liver fibrosis and cirrhosis
in patients. As ethanol induces very little hepatic fibrosis in rodents even if applied in
sublethal concentrations, e.g. by intragastric feeding, the role of TLR4 in the development of
alcohol-induced liver fibrosis is somewhat difficult to study. However, there is strong
evidence that LPS and TLR4 contribute to key pathophysiological aspects of alcoholic liver
disease, such as inflammation and fatty liver, both of which are associated with the
development of liver fibrosis in humans: (i) Alcohol consumption disrupts the intestinal
epithelial barrier causing enhanced permeability 87 and subsequent elevations of endotoxin
levels in the portal vein 2:88; (ii) Liver injury is strongly reduced when the intestinal Gram-
negative microbiota is reduced by antibiotics or Lactobacillus, or when Kupffer cells are
depleted with gadolinium chloride 38-49; (iii) Mice expressing non-functional TLR4 display
strongly reduced levels of proinflammatory mediators in the liver and blunted liver injury
despite elevated endotoxin levels 89; (iv) Long-term ethanol exposure sensitizes rats to the
effects of LPS and strongly increases TNFa, levels and liver injury 0. The injury and
inflammatory-promoting effects of TLR4 appears to depend on Trif and not MyD88 as
demonstrated by reduced injury in TLR4-deficient but not MyD88-deficient mice 91.
NADP(H) oxidase represents another crucial downstream mediator of TLR4 in Kupffer cells
during alcohol-induced liver injury 92 as mice deficient in p47P"°X, the main cytosolic
component of NADP(H) oxidase, display reduced inflammation and liver pathology after
ethanol exposure 92. Due to the lack of good animal models of alcohol-induced liver
fibrosis, one has to assume that promotion of injury by TLR4 represents a mechanism that is
responsible for fibrosis development in patients with alcoholic liver disease. It is likely that
additional mechanisms (which cannot be studied in current animal models, e.g. TLR4-
dependent activation of HSCs) contribute to disease progression in patients.

[If. TLR4 and non-alcoholic fatty liver disease

Similar to alcoholic fatty liver, a number of studies also imply the TLR4 pathway as a major
promoter of non-alcoholic fatty liver disease, and the mechanisms seem to overlap
substantially: (i) Genetically obese Fa/Fa rats and ob/ob mice as well as mice on the
methionine-choline-deficient exhibit increased hepatic sensitivity to endotoxin 9394 (ii)
Non-functional TLR4 and probiotics reduce hepatic injury in response to a methionine-
choline-deficient diet or in ob/ob mice, respectively #1.95; (iii) TLR4 deficiency protects
from high-fructose induced hepatic steatosis, injury and inflammation 2. One underlying
mechanism may be the effect of high-fat diets on the intestinal microbiota and/or intestinal
tight junctions, resulting in an increase in LPS translocation 96:97 which could then trigger
inflammation and injury in the liver. It has also been suggested that nonalcoholic
steatohepatitis is associated with an increased production of ethanol by the intestinal
microbiota further emphasizing similarities between non-alcoholic fatty liver disease and
alcoholic liver disease 98:9°. To date, the only study assessing the role of TLR4 on hepatic
fibrosis in non-alcoholic liver disease found a reduction in collagen 1a(l) expression in
response to a methionine-choline-deficient diet, but there was no evidence of histological
fibrosis due to the relatively short duration of the study 9. In a much earlier report published
in 1957, rats receiving a methonine-diet-deficient diet were put on different antibiotic
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regimens 7. Whereas control rats developed cirrhosis at a rate greater than 80% and had a
high mortality, rats receiving absorbable antibiotics exhibited a delayed onset of cirrhosis
and reduced mortality. Non-absorbable antibiotics, e.g. a combination of neomycin and
bacitracin, prevented the development of cirrhosis in most rats for as long as 750 days.
However, non-absorbable and absorbable antibiotics did not have a strong impact on hepatic
steatosis. In view of these data, it is very likely that TLR4 plays a role not only in the
development of inflammation and steatosis but also in the fibrosis of non-alcoholic fatty
liver disease.

Part Ill: Therapeutic modulation of TLR signaling

Modulation of the intestinal microbiota by probiotics and antibiotics

Modulation of the intestinal microbiota is an emerging strategy to reduce bacterial
translocation and circulating endotoxin levels. Numerous published studies have
demonstrated positive effects of probiotics on parameters such as bacterial

translocation, 100-102 cjrculating endotoxin levels 103, bacterial infection (a surrogate marker
for bacterial translocation) in patients with hepatic cirrhosis. 104105 [iver injury in NASH
patients 41 and animal models of NASH 196, as well as alcohol- and LPS-induced liver
injury 38101102 However, the use of many probiotic strains and combinations of different
strains make it difficult to judge the efficacy of single components and to compare studies to
each other. One of the more commonly used probiotics, VSL#3, a combination of
Sreptococcus thermophilus, Bifidobacterium breve, Bifidobacterium longum,
Bifidobacterium infantis, Lactobacillus acidophilus, Lactobacillus plantarum, Lactobacillus
casei and Lactobacillus bulgaricus, has shown not only a positive effect on liver injury 106
but also a significant amelioration of liver fibrosis in the methionine-choline deficient diet
model of liver fibrosis 197. There are no studies that have demonstrated the efficacy of
probiotic treatment in reducing hepatic fibrosis in patients, since most studies have focused
on treating complications in late stages of the disease such as bacterial infection. In these
stages, liver fibrosis is largely irreversible due to formation of collagen crosslinks, and an
effect of probiotics on fibrosis would be very unlikely. Thus, the current data on the effect of
probiotics on bacterial translocation and LPS levels, coupled with positive results from one
mouse study, suggest that probiotics might exert anti-fibrogenic effects in patients.
However, well-designed clinical studies are needed to determine the effect of probiotics on
liver fibrosis during early disease.

A second approach to the reduction of TLR ligands is treatment with antibiotics to achieve
selective intestinal decontamination of Gram-negative bacteria, the predominant source of
LPS. Selective intestinal decontamination has been shown to reduce bacterial translocation
in many but not all studies performed in rats. 198-110 1mportantly, norfloxacin
administration reduced the 1-year probability of developing spontaneous bacterial
peritonitis, hepatorenal syndrome, and improved the 3-month and 1-year probability of
survival compared to placebo. 111 Some of these positive effects may have been independent
of the prevention of spontaneous bacterial peritonitis, e.g. related to reducing bacterial
translocation and circulating levels of TLR ligands. 111112, However, in view of the severe
consequences of long-term antibiotics, these treatment regimens will be reserved for
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selected high-risk patients with hepatic cirrhosis, and are probably not suitable to reduce
TLR agonists in patients with early stages of liver disease.

Inhibition of TLR4 activation

Several small molecule inhibitors of TLR4 have been discovered and are currently being
tested in human studies. Some of these inhibitors are lipid A mimetics that bind to the
TLR4-MD2 complex but lack intrinsic activity, and thus prevent binding of the lipid A
portion of LPS and subsequent TLR4 activation. The TLR4 antagonist E5564 binds to a
large internal pocket in MD-2 8 and dose-dependently inhibits LPS effects both in vitro and
in mice and healthy human volunteers 113.114 CRX-526 is another TLR4 antagonist that
mimics lipid A without activating TLR4. CRX-526 inhibited LPS-induced cytokine
secretion in vitro and in vivo, and reduced colitis in two different experimental models 11°.
TAK-242 represents a second class of TLR4 antagonists 116 which does not target MD-2,
but exerts its inhibitory effects at the intracellular domain of TLR4 as demonstrated by
inhibition of a constitutively active receptor chimera in which the extracellular domain of
TLR4 was replaced by CD4 117, TAK-242 prevented increases in serum levels of a wide
range of cytokines in mice injected with LPS, and protected mice from LPS-induced
lethality, even when administered after LPS challenge 118, A soluble TLR4-M D2 fusion
protein was shown to bind LPS and to inhibit LPS-induced NF-xB and JNK activation in
HSCs 119, However, the effects of this fusion protein on HSC activation were not
determined in vivo.

Both E5564 and TAK-242 are currently being tested in phase 111 clinical trials in patients
with septic shock 120, None of the TLR4/MD-2 inhibitors have been tested in chronic liver
disease to the best of our knowledge. Based on the involvement of TLR4 in fibrogenesis,
alcoholic liver injury and NASH, small molecule inhibitors of TLR4 might be attractive
candidates for the treatment or prevention of these diseases.

Conclusion

The intestinal microbiota and TLRs represent a major link between inflammation and wound
healing responses in the liver. Among the many different TLRs, TLR4 has a prominent role
in (i) promoting inflammation and injury in conditions such as alcoholic liver disease and
NASH and (ii) driving HSC activation and fibrogenesis. Although the role of TLR4 in
fibrogenesis is well-established in animal models, there is no detailed knowledge on the
changes in the gut microbiome and host that lead to the increased activation of TLRs during
fibrogenesis. Current data suggest that PAMPs from the intestinal microbiota are essential
contributors to TLR4-mediated inflammation and fibrosis in the liver, and that DAMPSs,
such as HMGBL, at best serve to amplify this response. Despite the accumulating evidence
on the role of TLR4 in fibrosis in animal models and association of TLR4 SNPs with disease
progression in patients with HCV, the knowledge about proinflammatory and profibrogenic
effects of TLR4 in murine liver disease has not yet been transferred into therapeutic
strategies. Future studies need (i) to assess the antifibrotic effects and potential side effects
of TLR4 inhibitors, probiotics or other modifiers of bacterial translocation in patients with
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chronic liver disease, and (ii) to further study changes of the gut microbiome during
fibrogenesis, to establish the basis for targeted therapies.
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Figure 1. TLRA4 signaling by smooth and rough LPS
A. Strong activation of the TLR4-MD2 receptor complex is achieved when smooth and

rough LPS first bind to LBP and CD14 to then trigger TLR4-MD2 activation. This
activation is mediated by a conformational change of MD2 after LPS binding resulting in
TLR4 dimerization and activation of two major pathways: 1. MyD88-induced signals
(marked in orange) predominantly activate NF-xB, IRF-7 and JNK. Il Trif-dependent
signals (marked in blue) predominantly activate NF-xB and IRF-3. B. Rough LPS and free
Lipid A may induce TLR4 activation even in the absence of LBP and CD14. This pathway
leads to TLR4 activation that is restricted to the MyD88 pathway, and results in a lower
amplitude activation. Abbreviations: IRF-7, interferon regulatory factor-7; JNK, c-Jun N-
terminal kinase; MyD88, myeloid differentiation factor 88; NF-xB, nuclear factor kappa B;
TLR, toll-like receptor; Trif TIR domain-containing adapter inducing IFNp; LBP, LPS-
binding protein.
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Figure 2. Promotion of hepatic injury and fibrogenesisthrough LPS-TLR4 signaling
Ethanol consumption, high fat diet or chronic liver injury lead to changes in the intestinal

microbiota such as bacterial overgrowth and a different composition. These changes
together with a reduction of bile acid, damage to tight junctions and a decreased activity of
the mucosa-associated lymphatic tissue (MALT) lead to an increased translocation of
bacteria and their products, and increase hepatic exposure. A. In alcoholic liver disease, LPS
primarily acts on Kupffer cell to induce MyD88-independent activation of NF-xB, and
activation NADPH oxidase. Release of cytokines by Kupffer cells promotes the recruitment
of immune cells such as neutrophils and subsequent hepatocyte injury. B. In early stages of
hepatic fibrogenesis, low amounts of LPS directly target quiescent hepatic stellate cells
(HSCs) to promote their activation and fibrogenesis: (i) Upregulation of chemokines
resulting in the recruitment of Kupffer cells. (ii) downregulation of the inhibitory TGFp
pseudoreceptor Bambi. These two signals complement each other and lead to an unrestricted
activation of HSCs by Kupffer cell-released TGFp. Abbreviations: HSC, hepatic stellate
cell; LPS, lipopolysaccharide; MyD88, myeloid differentiation factor 88; NF-«xB, nuclear
factor kappa B; Smad2/3, mothers against decapentaplegic Drosophila homologue 2/3;
TGFB, transforming growth factor ; TLR, toll-like receptor; IL, interleukin; TNF, tumour
necrosis factor; Trif, TIR domain-containing adaptor inducing IFNB; IgA, type A
Immunoglobulin; MALT, mucosa-associated lymphatic tissue; PMN, polymorphonuclear
leukocytes.
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