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Repair-associated inflammation in nonalcoholic fatty liver disease
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ABSTRACT - The mechanisms that drive non-alcoholic fatty
liver disease (NAFLD) progression from simple steatosis to
non-alcoholic steatohepatitis (NASH) and NASH-fibrosis and/
or cirrhosis are complex. Recent studies suggest that the liver
progenitor cell (ie liver stem cell) population expands during
chronic liver injury, and is an essential component of the repair
process. Hedgehog (Hh) is a developmental morphogen that
has an important role in the adult tissue repair (and progen-
itor) response. Accumulating data in mice and human show
that resurrection of the Hh pathway occurs during progressive
NAFLD, and that activity of this pathway correlates with
NASH-fibrosis stage. Importantly, Hh ligands secreted by
dying (or stressed) hepatocytes, hepatic stellate cells (ie
myofibroblasts), cholangiocytes and recruited immune cells
can act on neighbouring cells to perpetuate the fibrogenic
response. Intriguingly, Hh ligands can also stimulate cholangi-
ocytes to secrete chemokines that recruit immune cell subsets
(such as natural killer T cells), which could explain why fibrosis
generally occurs in the context of chronic inflammation (ie
fibrosis-associated inflammatory response). Finally, the admin-
istration of Hh inhibitors led to reduced fibrosis in a model of
NASH. Future studies are needed to evaluate the utility of
these inhibitors in other models of chronic liver disease. If suc-
cessful, this could pave the way for the development of new
therapy for patients with NASH, because Hh pathway inhibi-
tors have now been licensed for use in patients with advanced
basal cell carcinoma.
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Background

Non-alcoholic fatty liver disease (NAFLD) is now the leading
cause of chronic liver disease and a common indication for liver
transplantation among developed countries. The increasing
prevalence of NAFLD is related to the tide of obesity, type 2
diabetes mellitus (T2DM) and the lack of physical activity
among children and adults. Its close association with putative
metabolic risk factors has led to NAFLD being considered the
hepatic manifestation of the metabolic syndrome.!> NAFLD is,
in itself, a risk factor for T2DM, and individuals are also at

Wing-Kin Syn,"? head of liver regeneration and repair, and honorary
consultant hepatologist

1The Institute of Hepatology, Foundation for Liver Research, London UK;
2Barts Health NHS Trust, London, UK

© Royal College of Physicians, 2013. All rights reserved.

increased risk of ischaemic heart disease, stroke and certain
malignancies, includingliver and colorectal cancers. Furthermore,
at present, there is no proven therapy for NAFLD. As such,
NAFLD is an important public health and economic concern.

NAFLD comprises a spectrum of clinicopathologic states that
include simple steatosis (fatty liver (NAFL)), non-alcoholic stea-
tohepatitis (fatty liver with inflammation and hepatocyte death
(NASH)) and NASH-fibrosis or cirrhosis (ie degree of scar-
tissue accumulation, architectural distortion and organ dysfunc-
tion).> Most patients that are seen in clinics have NAFL, and they
rarely develop progressive liver disease (ie fibrosis or cirrhosis).
By contrast, NASH is a more ‘advanced’ stage of NAFLD, and a
harbinger of fibrosis, cirrhosis and primary liver cancer.*®
However, only a proportion of individuals with NAFLD will
develop progressive disease. Therefore, understanding who,
when or how NAFLD progresses will enable clinicians to identify
at-risk individuals, and possibly develop new therapeutic
strategies.

Pathogenic mechanisms

The mechanisms that lead to the development of NAFL and the
subsequent progression to NASH and NASH fibrosis or cirrhosis
are complex, and remain to be fully unravelled. Knowledge to
date suggests that ectopic, hepatic accumulation of triglycerides
(through free fatty acid fluxes), interact with multiple ‘hits’ from
cytokines, immune dysregulation and oxidative stress (from
mitochondrial dysfunction or endoplasmic reticulum stress) to
promote disease progression in genetically susceptible individ-
uals. Recently, changes to the gut microbiota, circadian and epi-
genetic factors have also been shown to modulate NAFLD
outcomes.” 10

In this lecture, I will focus on the final common pathway of
NAFLD progression, from NASH to NASH fibrosis or cirrhosis.
I will describe the paradigm for liver repair (fibrosis), the repair
(fibrosis)-associated inflammatory response paradigm and the
role of the Hedgehog (Hh) morphogenic pathway in driving
NASH fibrosis.

Model of liver repair

The normal liver has an intrinsic capability to regenerate itself.
Liver resection in a healthy liver is followed by replication of
remaining hepatocytes to replace the lost (or dying) cells.!! This
does not occur during chronic liver disease, because hepatocytes
will have been subjected to multiple ‘hits’ as described above (ie
oxidative stress, lipotoxicity from free fatty acids, and immune
or cytokine stresses), and will have undergone replicative
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Fig 1. A model of liver repair. During chronic liver injury, such as non-
alcoholic fatty liver disease (NAFLD), alcoholic liver disease and viral
hepatitis, hepatocytes are subject to ‘hits’ from oxidative stress and
immune dysregulation. Hepatocytes exhibit replicative senescence, and
are unable to regenerate in response to injury. Instead, the liver
progenitor population is triggered to expand, and tasked to replace dying
cells and restore hepatic function. Under appropriate conditions, liver
progenitors differentiate into new epithelial cells (hepatocytes and biliary
cells). By contrast, when exposed to pathological cues (such as excessive
or sustained injury, failure of appropriate differentiation, or inadequate
protective mechanisms), liver progenitors can directly (via reprogramming)
or indirectly (via cytokines or mitogens secreted) promote matrix
accumulation (scar formation or fibrosis). NAFLD = nonalcoholic fatty liver
disease.

senescence.!? Therefore, during chronic liver disease, the
responsibility of liver repair (ie chronic injury response) and
attempt at restoration of liver function falls upon the liver pro-
genitor cells (ie liver stem cells) (Fig 1). Liver progenitor cells can
be easily identified by immunohistochemistry in paraffin-
embedded liver sections from patients with chronic liver disease,
using specific liver progenitor markers, such as keratin 7, CD44,
epithelial cell adhesion molecule (EpCAM), sex-determining
region Y-box 9 (Sox-9) or leucine-rich repeat-containing G
protein-coupled receptor 5 (Lgr5). As yet poorly defined factors
trigger the expansion and differentiation of liver progenitor cells
into new hepatocytes and new cholangiocytes (Fig 1).

Under pathological cues (as occurring in patients who develop
fibrosis or cirrhosis), it is likely that a proportion of liver pro-
genitor cells is ‘reprogrammed’ into a mesenchymal or stromal
cell phenotype, which might contribute to scar-tissue (ie myofi-
broblast) accumulation'® (Fig 1). Recent research also suggests
that liver progenitors directly give rise to primary liver cancers.!*
The mechanisms that dictate the fate of liver progenitors in adult
tissues remain ill-defined or understood, but developmental
signaling pathways (such as Notch, Wnt and transforming
growth factor (TGF)-P signaling) are likely to be involved.

Role of Hh signaling in liver repair (fibrogenic repair)

Chronic liver injury invokes a wound-healing repair response
that resembles tissue construction during development. The role
of liver progenitors during adult liver repair led researchers to
focus on another developmental molecule, Hh. The Hh signaling
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pathway was first identified in Drosophilia'>®

and is a highly
conserved signaling pathway that orchestrates embryogenesis
and tissue remodeling in various systems. It is an important
viability factor for stem cells outside of the liver, and deficiency
of Hh leads to birth defects, whereas excess Hh activity promotes
tumour development. Intriguingly, resurrection of the Hh
pathway occurs during repair of adult organs, such as the skin,

kidney, pancreas and lung,'-2

and excessive activity of the Hh
pathway leads to fibrosis (fibrogenic repair).

Hh pathway activity (expression of Hh ligands and Hh tar-
gets) is barely detectable in a healthy liver, but activation of this
pathway occurs in mice and human livers after injury. A healthy
hepatocyte does not produce or transduce Hh signals. However,
when exposed to apoptotic stimuli, mature hepatocytes secrete
Hh ligands (Sonic hedgehog and Indian hedgehog) that act on
surrounding Hh-responsive cells. These cells include the hepatic
stellate cells (resident liver fibroblasts), hepatic myofibroblasts,
liver progenitor cells, cholangiocytes, sinusoidal endothelial
cells and immune cells.?! In response to Hh ligands, hepatic
stellate cells become activated and transition into a myofibrob-
lastic phenotype responsible for matrix deposition (ie scar
tissue formation). Activation of the Hh pathway enhances the
viability and proliferative capacity of cells, inhibits apoptotic
signals and stimulates additional, endogenous production of
Hh ligands that perpetuate Hh signaling in an autocrine—para-
crine-positive feedback loop.?? Increased expression of Hh lig-
ands also leads to an expanded liver progenitor population, and
might promote the ‘reprogramming’ of liver progenitors from
an epithelial to mesenchymal phenotype (ie epithelial to mesen-
chymal transition (EMT)) that is resistant to apoptotic signals,
and contributes to scar-tissue accumulation.?* Despite initial
controversies, a growing body of evidence shows that EMT
occurs as part of repair following chronic injury in adult tissues,
and represents the plasticity of cells in response to environ-
mental cues. Similarly, exposure of liver sinusoidal endothelium
to Hh ligands leads to an activated phenotype, with loss of fen-
estration and sieve plates, and increased expression of the acti-
vation marker, CD31.2* The aggregate changes described are
consistently seen in human liver tissues (ie liver biopsy or
explanted liver tissue) as part of the liver repair response during
chronic injury (ie fibrosing liver disease). The proximity of
Hh-producing and Hh-responsive cells demonstrates a well-
orchestrated repair response that is mediated, at least in part, by
the Hh pathway.

Hh and immune crosstalk

During scar development, apoptotic hepatocytes, collagen-pro-
ducing myofibroblasts, liver progenitors and cholangiocytes
intermingle with immune cells within fibrous tissues. It was
reported that Hh ligands (secreted by neighbouring myofibrob-
lasts) can stimulate cholangiocytes to secrete chemokines (ie
chemotactic cytokines), such as CCL2, CCL20, chemokine
(C-X-C motif) (CXC)-L11 and CXCL16,% that chemoattract,
retain and activate hepatic stellate cells and immune cells (such
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as dendritic cells, macrophages, monocytes, neutrophils and
lymphocytes) to the injured tissue. For the first time, this pro-
vides an explanation for why fibrosis occurs in the context of
chronic inflammation; therefore, this was coined the ‘repair
(fibrosis)-associated inflammatory response’ (Fig 2).

In addition to promoting inflammatory cell accumulation
within the liver, Hh ligands can directly modulate the immune
cell phenotype. For example, the Hh ligand, Sonic Hh enhances
proliferation, inhibits apoptosis and induces activation of nat-
ural killer T (NKT) cells,?® a subpopulation of lymphocytes
that often accumulates during liver fibrosis. Furthermore, Hh
activation leads to the expansion of a T helper type 2 (Th2)
cytokine (such as interleukin (IL)-13)-producing NKT popula-
tion, thereby providing a pro-fibrogenic microenvironment
that helps maintain myofibroblast numbers in the injured liver.
These observations are unsurprising because Hh signaling is
crucial for thymic progenitor and immune cell development
and differentiation. Intriguingly, activated NKT cells can also
secrete Hh ligands, and inhibiting the NKT-associated Hh lig-
ands can abrogate fibrogenic outcomes in hepatic stellate
cells.?”

These findings show that, during chronic liver injury, activa-
tion of the Hh pathway modulates the inflammatory response as
part of repair.

Hh signaling and repair-associated inflammation
in NAFLD

Individuals with NAFL rarely develop significant disease, whereas
those with NASH are at risk of developing fibrosis and cirrhosis.
The major distinction between NAFL and NASH is the presence
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Fig 2. Repair (fibrosis)-associated inflammatory response. During chronic liver injury,
Hedgehog (Hh) pathway activation occurs. Hh ligands (such as Sonic and Indian Hh) are
secreted by dying hepatocytes, (myo-) fibroblasts, cholangiocytes and immune cells. These
act in an autocrine and paracrine manner to enhance Hh ligand secretion and activate the
Hh pathway. Hh ligands stimulate cholangiocytes to secrete chemokines (chemotactic
cytokines), such as chemokine (C-X-C motif) (CXC) L16 and CXCL11, which recruit, attract
and retain immune cells into the microenvironment (ie chronic inflammatory response).
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of hepatocyte cell death (apoptosis). Using a specific mouse
model that exhibits increased hepatocyte apoptotic cell death
(the Ikk-[ deficient mouse), it was shown that these mice devel-
oped greater NASH fibrosis compared with littermates (control)
mice when fed a NASH-inducing diet.?® Importantly, the
increased amount of fibrosis observed was associated with larger
quantities of Hh ligands (Sonic and Indian Hh) produced by
apoptotic hepatocytes.

Progressive NAFLD is characterized by a striking liver pro-
genitor response (in mice) or ductular reaction (in humans) that
is regulated by the Hh pathway. Neutralising Hh pathway activity
using cyclopamine (a Hh pathway antagonist) in mice leads to
an attenuated progenitor response and inhibits EMT (see
above).?’ In turn, this leads to reduced NASH fibrosis. Conversely,
mice genetically engineered to exhibit excessive Hh pathway
activation develop an exaggerated liver progenitor response,
EMT and more fibrosis after diet-induced NASH.

Steatohepatitis, such as NASH, is also characterised by the
accumulation of inflammatory cells within the liver (compared
with NAFL), and the type and number of inflammatory infil-
trate determine NASH outcome. For example, NAFL in mice
and humans is associated with depletion of liver NKT cells,
whereas NASH is associated with liver NKT cell recruitment and
accumulation. Using animal models, it was shown that activa-
tion of the Hh pathway directly upregulates expression of key
chemokines (such as CXCR3 ligands and CXCL16) that lead to
NKT cell recruitment into the liver. Furthermore, mice with an
overly active Hh pathway express more CXCL16, and accumu-
late more liver NKT cells.’® Consistent with earlier observations
that immune cells are capable of secreting Hh ligands, it was
found that mice genetically deficient in NKT cells (ie CD1d and
Ja18 knockout) secrete fewer Hh ligands during
injury, and were protected from NASH fibrosis.?”
Studies of humans with NAFLD confirm that
Hh pathway activation correlates with the
severity and stage of NAFLD.?! Furthermore,
flow cytometry of liver-derived lymphocytes
obtained from explanted NASH-cirrhotic livers
confirms that there are significantly more NKT
cells in NASH cirrhosis than in normal liver.*°

Recently, it was demonstrated that some of
the Hh effects might be mediated by down-
stream effector molecules, such as the matrix
molecule, osteopontin (OPN). OPN is expressed
and secreted by resident liver cells, such as
fibroblasts, cholangiocytes (and liver progenitor
cells), and immune cells (such as macrophages,
dendritic cells and lymphocytes), and acts in a
paracrine and autocrine manner to enhance
fibrogenic liver repair, properties that resemble
Hh signaling.

The collective data suggest that a dysregu-
lated, Hh repair response promotes fibrotic
outcomes in NASH through multiple, concerted
pathways (Fig 3).
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Fig 3. Hedgehog pathway activation promotes fibrogenic outcomes in non-alcoholic
steatohepatitis. Hedgehog (Hh) ligands (such as Sonic Hh) secreted during liver injury
activate hepatic stellate cells (liver fibroblasts), induce their proliferation and promote
transition into a myofibroblastic phenotype responsible for collagen deposition (Pathway 1).
Hh is also responsible for the inflammatory response (Pathway 2) during chronic liver
disease (also see Fig 2). Recruited immune cells, such as natural killer T (NKT) cells, T cells
and macrophages (Kupffer cells), secrete Hh ligands (and other factors) to perpetuate and

amplify the inflammatory and fibrogenic responses (Pathways 2 and 3).

Future studies and potential clinical impact

The liver repair response is a conserved, coordinated, wound-
healing response that is common to all chronic liver diseases and
involves various liver cell types and mechanisms.?? This body of
research has thrown light on the role of morphogens, such as Hh,
in the adult liver repair (fibrosis) response, and provides compel-
ling evidence for the potential role for Hh inhibitors in patients
with advanced NASH fibrosis and cirrhosis. Hh pathway activa-
tion also occurs during chronic viral, biliary and chemical-induced
liver injury and the degree of Hh pathway activity appears to cor-
relate with disease severity and predict clinical outcomes.

Future studies will be necessary to evaluate the utility of Hh
pathway inhibitors in other preclinical models of liver disease. If
successful, this could pave the way for the development of new
therapies for patients with NASH, because Hh pathway inhibi-
tors have now been licensed for use in patients with advanced
basal cell carcinoma.

Acknowledgements

Professor Anna Mae Diehl, Chief of Gastroenterology, Duke University.

References

1 Ratziu V, Bellentani S, Cortez-Pinto H et al. A position statement on
NAFLD/NASH based on the EASL 2009 special conference. J Hepatol
2010;53:372—-84.

2 Marchesini G, Bugianesi E, Forlani G et al. Nonalcoholic fatty liver,
steatohepatitis, and the metabolic syndrome. Hepatology 2003;37:917-23.

s18

Cholangiocytes 4

CHRONIC
INFLAMMATION

Chemokines

Recruitment of
immune subsets

12

13

14

15

16

17

19

20

21

22

24

3 Kleiner DE, Brunt EM, Van Natta M et al. Design
and validation of a histological scoring system for
nonalcoholic fatty liver disease. Hepatology
2005;41:1313-21.

Adams LA, Lymp JE St Sauver ] et al. The natural

history of nonalcoholic fatty liver disease: a popula-

tion-based cohort study. Gastroenterology
2005;129:113-21.

5 Day CP. Natural history of NAFLD: remarkably
benign in the absence of cirrhosis. Gastroenterology
2005;129:375-8.

6 Ertle ], Dechéne A, Sowa JP et al. Non-alcoholic fatty
liver disease progresses to hepatocellular carcinoma
in the absence of apparent cirrhosis. Int | Cancer
2011;128:2436-43.

7 Day CP, James OF. Steatohepatitis: a tale of two
“hits”. Gastroenterology 1998;114:842-5.

8 JouJ, Choi SS, Diehl AM. Mechanisms of disease
progression in nonalcoholic fatty liver disease. Semin
Liver Dis 2008;28:370-9.

9 Le Roy T, Llopis M, Lepage P et al. Intestinal micro-
biota determines development of non—alcoholic fatty
liver disease in mice. Gut 2012;10.1136/gutjnl-2012-
303816

10 Hatori M, Vollmers C, Zarrinpar A et al. Time-
restricted feeding without reducing caloric intake
prevents metabolic diseases in mice fed a high-fat
diet. Cell Metab 2012;15:848—60.

11 Overturf K, al-Dhalimy M, Ou CN, Finegold M,
Grompe M. Serial transplantation reveals the stem-
cell-like regenerative potential of adult mouse hepa-
tocytes. Am ] Pathol 1997;151:1273-80.

Yang S, Koteish A, Lin H et al. Oval cells compensate for damage and

replicative senescence of mature hepatocytes in mice with fatty liver

disease. Hepatology 2004;39:403—11.

Michelotti GA, Xie G, Swiderska M et al. Smoothened is a master regu-

lator of adult liver repair. J Clin Invest 2013;123:2380-94.

Mishra L, Banker T, Murray J et al. Liver stem cells and hepatocellular

carcinoma. Hepatology 2009; 49:318-29.

Lee JJ, von Kessler DP, Parks S, Beachy PA. Secretion and localized

transcription suggest a role in positional signaling for products of the

segmentation gene hedgehog. Cell 1992;71:33-50.

Schuske K, Hooper JE, Scott MP. Patched overexpression causes loss of

wingless expression in Drosophila embryos. Dev Biol 1994;164:300-11.

Horn A, Kireva T, Palumbo-Zerr K et al. Inhibition of hedgehog sig-

nalling prevents experimental fibrosis and induces regression of estab-

lished fibrosis. Ann Rheum Dis 2012;71:785-9.

Bolanos AL, Milla CM, Lira JC et al. Role of Sonic Hedgehog in

idiopathic pulmonary fibrosis. Am ] Physiol Lung Cell Mol Physiol

2012;303:L978-90.

Ding H, Zhou D, Hao S et al. Sonic hedgehog signaling mediates epi-

thelial-mesenchymal communication and promotes renal fibrosis. J

Am Soc Nephrol 2012;23:801-13.

Jung IH, Jung DE, Park YN, Song SY, Park SW. Aberrant Hedgehog lig-

ands induce progressive pancreatic fibrosis by paracrine activation of

myofibroblasts and ductular cells in transgenic zebrafish. PLoS ONE
2011;6:€27941.

Omenetti A, Choi S, Michelotti G, Diehl AM. Hedgehog signaling in

the liver. ] Hepatol 2011;54:366-73.

Choi SS, Omenetti A, Syn WK, Diehl AM. The role of Hedgehog

signaling in fibrogenic liver repair. Int ] Biochem Cell Biol

2011;43:238—44.

Choi SS, Diehl AM. Epithelial-to-mesenchymal transitions in the liver.

Hepatology 2009;50:2007—13.

Xie G, Choi SS, Syn WK et al. Hedgehog signalling regulates liver sinu-

soidal endothelial cell capillarisation. Gut 2013;62:299-309.

© Royal College of Physicians, 2013. All rights reserved.



Repair-associated inflammation in nonalcoholic fatty liver disease

25 Omenetti A, Syn WK, Jung Y et al. Repair-related activation of 30 Syn WK, Oo YH, Pereira TA et al. Accumulation of natural killer T
hedgehog signaling promotes cholangiocyte chemokine production. cells in progressive nonalcoholic fatty liver disease. Hepatology
Hepatology 2009;50:518-27. 2010;51:1998-2007.

26 Syn WK, Witek RP, Curbishley SM et al. Role for hedgehog pathway in 31 Guy CD, Suzuki A, Zdanowicz M et al. Hedgehog pathway activation
regulating growth and function of invariant NKT cells. Eur J Immunol parallels histologic severity of injury and fibrosis in human nonalco-
2009;39:1879-92. holic fatty liver disease. Hepatology 2012;55:1711-21.

27 Syn WK, Agboola KM, Swiderska M et al. NKT-associated hedgehog
and osteopontin drive fibrogenesis in non-alcoholic fatty liver disease.

Gut 2012;61:1323-9.

28 Yung, Witek RP, Syn WK et al. Signals from dying hepatocytes Address for correspondence: Dr WK Syn, The Institute of
trigger growth of liver progenitors. Gut 2010;59:655-65. . .

29 Syn WK, Jung Y, Omenetti A et al. Hedgehog-mediated epithelial- Hepatology, Foundation for Liver Research, Harold Samuel

to-mesenchymal transition and fibrogenic repair in nonalcoholic
fatty liver disease. Gastroenterology 2009;137:1478-88.

Gifts and memorabilia

House, 69-75 Chenies Mews, London, WC1E 6HX.
Email: wsyn@doctors.org.uk

www.rcplondon.ac.uk/shop

A new range of gifts based on a huge collection of art,
and artifacts housed at the RCP’s home in Regent’s Park.

Fridge magnets (sold individually)
Featuring portraits of Henry VIII and William Harvey (pictured)
and two photographs from the RCP medicinal garden.

£3.00 UK, £4.00 overseas (inc p+p)

Royal College
of Physicians

Order by phone or online
44 (0)20 3075 1358 or email publications@rcplondon.ac.uk

© Royal College of Physicians, 2013. All rights reserved. s19



