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Abstract

The understanding of the mechanisms of liver fibrosis has been dominated by models in which
chronic hepatocellular injury is the initiating step as is seen with viral infections. The increased
prevalence of the metabolic syndrome, and the increases in liver fibrosis due to metabolic
syndrome driven non-alcoholic steatohepatitis (NASH), has made it a priority to understand
how this type of liver fibrosis is similar to, and different from, pure hepatocellular injury driven
liver fibrosis. Both types of liver fibrosis have the transformation of the hepatic stellate cell
(HSC) into a myofibroblast as a key step. In metabolic syndrome, there is little evidence that
metabolite changes such as high levels of glucose and free fatty acids are directly inducing HSC
transdifferentiation, however, metabolite changes may lead to reductions in immunomodulatory
and hepatoprotective molecules such as lipoxins, resolvins and Interleukin (IL)-22. Cells of

the innate immune system are known to be important intermediaries between hepatocellular
damage and HSC transdifferentiation, primarily by producing cytokines such as transforming
growth factor-p (TGF-B) and platelet derived growth factor (PDGF). Resident and infiltrating
macrophages are the dominant innate immune cells, but others (dendritic cells, neutrophils, natural
killer T cells and mucosal-associated invariant T cells) also have important roles in inducing
and resolving liver fibrosis. CD8+ and CD4+ T cells of the adaptive immune system have

been identified to have greater profibrotic roles than previously realised by inducing hepatocyte
death (auto-aggressive CD8+T) cells and cytokines producing (TH17 producing CD4+T) cells.
Finally, the cellular networks present in NASH fibrosis are being identified and suggest

that once fibrosis has developed cell-to-cell communication is dominated by myofibroblasts
autocrine signalling followed by communication with cholangiocytes and endothelial cells, with
myofibroblast-hepatocyte, and myofibroblast-macrophage signalling having minor roles. Such
information is essential to the development of antifibrotic strategies for different stages of fibrosis.
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INTRODUCTION

Chronic liver injury results in the development of liver fibrosis in approximately 25% of
individuals in response to diverse insults, and several aspects of the development of liver
injury appear to be common to a variety of initiating factors, while others are specific to
individual types of injury.1 2 Among all of the hepatic changes due to metabolic syndrome,
understanding the development of fibrosis is a priority as it is the strongest predictor of
mortality.3 4 Metabolic syndrome is an umbrella term, which is characterised by obesity
and insulin resistance and is the underlying driving force for non-alcoholic steatohepatitis
(NASH). The increased prevalence of obesity has significantly increased the importance of
liver fibrosis in the setting of metabolic syndrome and NASH. After a brief review of the
common features of the liver fibrotic response we will examine the role of the metabolic
syndrome in individual mechanisms of liver fibrosis.

CANONICAL ASPECTS OF LIVER FIBROSIS

Attempts at understanding how liver fibrosis occurs are framed around the functional
properties of the myofibroblast, of which the major precursor is the hepatic stellate cell
(HSC), and this has been reviewed in detail.1 2 Quiescent HSCs are recognised for

their storage of vitamin A as retinyl esters and are the main source of the functional
myofibroblasts in hepatocellular injury. Zone 1 distributed portal fibroblasts are a major
contributor to the myofibroblast population in the setting of biliary injury and fibrosis.>~’
Fibrocytes are bone marrow derived myofibroblast precursors and may also have a minor
contribution.8 Production of extracellular matrix (mostly collagens types I, 111, IV) is

the most characteristic feature of HSC but they take on many other functions including
proliferation, release of growth factors and proinflammatory cytokines (hepatocyte growth
factor (HGF), Interleukin (IL)-6, IL-8, MCP1), matrix degradation enzymes and their
inhibitors.8 There are multiple functional consequences for the conversion of HSC to
myofibroblasts, with the predominant ones being deposition of matrix. HSCs also provide
significant support to other liver cells in part by producing HGF, which recently has been
shown to have a major hepatoprotective in addition to its well-known proproliferative
role.? They also support angiogenesis during liver injury by supporting sinusoidal cell
survival.1911 Single cell analysis has allowed for regional information on portal and central
vein associated HSC in healthy and damaged livers.12 13 This reveals that pericentral
injury results in HSC in the pericentral region differentiating into myofibroblasts, however,
HSCs further away in the periportal region undergo proliferation but do not differentiate

to the same degree.* With resolution of liver injury, there is a functional reversion of
myofibroblasts into an inactivated state which looks very much like quiescent HSC, but
these cells are epigenetically and functionally different from quiescent HSC, and in response
to stimuli undergo differentiation much faster than quiescent HSC.15 16

METABOLITE-INDUCED HSC ACTIVATION

An initial question is if any of the common changes in metabolic syndromes such as
high levels of glucose and free fatty acids (FFAs) directly result in HSC activation. There
are a few reports that high glucose concentration alone induced HSC proliferation and
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differentiation via p38-MAPK pathway and generation of free radicals.1” 18 However, the
concentrations of glucose used here were very high at around 25 mM (upper limit of normal
fasting is 5.6 mM), and it is unlikely that this a major mechanism of HSC activation in the
metabolic syndrome. Culture of the HSC cell line LX-2 with FFAs (2:1 oleate:palmitate) at
physiological levels (0.5 mM) has been shown in one study to result in an approximately
2.5 fold change in a-SMA levels and anti-apoptotic molecules.® A second study has
reported that FFA induced HSC activation only occurs when HSCs are co-cultured with
hepatocytes despite using a higher concentration (1.2 mM) of FFA, suggesting that FFA
induce hepatotoxicity is driving HSC activation.2% As for glucose, there is little evidence for
direct activation of HSC. In mice on a high cholesterol diet-free cholesterol increases, and
contributes to HSC activation via increased signalling through the TLR4 pathway.2! 22

Metabolite signals, however, may also be involved in the reduction of inflammation and
fibrosis. A family of lipid mediators generated during inflammatory responses promote the
resolution of inflammation by providing stop signals.23 These molecules include lipoxins,
resolvins and protectins, which are derived from the omega-3 essential fatty acids.24

These molecules exert protective effects via dampening neutrophil and monocyte influx,
and may increase phagocytosis of apoptotic neutrophils by macrophages (efferocytosis).
There is very little data on proresolution lipid mediators in NASH but given the nature

of chronic inflammation in NASH there may be some defects in some of these pathways.
Despite the lack of evidence of a defect in these pathways as a cause of NASH, there

is evidence of the potential therapeutic value of these molecules as administration of
resolvin D1 to HFD fed mice was associated with reduced liver inflammation, and a
synthetic lipoxin analogue reduced steatosis in mice.2° 26 The proresolving lipids maresin
1 was shown to promote a prorepair M2 phenotype of liver macrophages via binding to
retinoic acid-related orphan receptor and inducing a prorepair phenotype in infiltrating liver
macrophages. Administration of MaR1 protected mice from high-fat diet-induced NASH
in a RORa-dependent manner.2” Outside of the liver, proresolvins have been demonstrated
to improve renal fibrosis.28 29 |L-22 is a cytokine that has also been shown to have broad
protective effects in liver diseases including NASH, and the production of IL-22 by innate
lymphoid cells is reduced in obesity.30-32 It has also been shown to reduce liver fibrosis and
increased the resolution of liver fibrosis, likely by inducing HSC senescence.33 In addition
to its potential as protective in NASH, it may be aetio-logically important as IL-22 has
prometabolic effects including improving insulin sensitivity.32

DIRECT HEPATOCYTE-INDUCED HSC ACTIVATION

Hepatocyte stress and death is known to be a feature of metabolic syndrome and can

result in HSC activation. Although there is modest evidence of direct activation of HSC

by lipids, lipids can clearly activate proapoptotic signals in hepatocytes.3* Several studies
have elucidated the apoptotic pathways activated in hepatocytes by saturated FFAs, palmitate
and the phospholipid lysophospha-tidylcholine3>-37 (figure 1). Apoptotic pathways include
TRAIL, endoplasmic stress and JNK pathways, and loss of apoptosis in experimental
models such as caspase 3 knockout mice resulted in a reduction in experimental NASH.38
There is much less evidence for other modes of cell death such as necrosis and necroptosis
in NASH. Apoptosis is defined as a silent death, due to degradation of cellular contents
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while retaining them within the plasma membrane. However, even without loss of cellular
contents phagocytosis of apoptotic bodies results in activation of HSC which could occur
via a number of molecules within the apoptotic body including nuclear DNA, mitochondrial
DNA, miRNA.39-43 Furthermore, cell death without loss of intracellular contents certainly
occurs in developmental apoptosis but in pathological apoptosis there is a mixture of
stressed and partially apoptotic cells with release of intracellular damage associated
molecular patterns (DAMPS) into the extracellular environment including mitochondrial and
nuclear DNA.44-47 It is likely that a range of other DAMPs such as HMGB1, histones,
SAP130, cytochrome c, s100 proteins and defensins have some direct HSC stimulatory
activity.*8-50 Such release of DAMPs is very significantly broadening the mechanistic
pathways, which may be responsible for hepatocyte mediated direct HSC activation. In
NASH, there is also the easily identifiable ballooning of hepatocytes which are characterised
by cellular swelling and enlargement, a central nucleus, reticulated cytoplasm, loss of keratin
8 and 18, and accumulation of ubiquitinated proteins. One possible profibrotic feature of
ballooning hepatocytes is secretion of sonic hedgehog, which can mediate multiple aspects
of HSC biology including proliferation, activation and differentiation.5! 52 Ballooning
hepatocytes expressing sonic hedgehog are adjacent to HSC expression of the ligand Gli2.52
The natural loss or reduced function of hedgehog has increased steatosis and liver fibrosis
demonstrating a complex relationship.53

INDIRECT HEPATOCYTE-INDUCED HSC ACTIVATION

The above mechanisms of hepatocyte apoptosis, with production of apoptotic bodies,
release of extracellular vesicles and release of DAMPs, which were discussed as having

an important role in HSC activation, also have major impacts on many cells of the

immune system.>* A dominant mechanism is the efferocytosis of apoptotic hepatocytes

by macrophages resulting in the release of transforming growth factor-pg (TGF-g), a major
profibro-genic molecule.*® The release of TGF-B has two major effects, one is a broadly
immunosuppressive and the second is a profibrotic, demonstrating the tight linkage between
resolution of inflammation and repair. As such, for an acute insult such as acetaminophen,
the timing of TGF-B production is at the point of resolution of inflammation and initiation
of repair. For chronic insults such as NASH, injury and inflammation and repair are all
occurring concurrently. Despite the importance of efferocytosis in the initiation of liver
fibrosis, in a very necrotic model (thioacetamide induced hepatic toxicity) experimental
data suggests that the net effect of efferocytosis is to reduce liver fibrosis, presumably

by removing DAMPs which otherwise will directly activate HSC.#! The balance in non-
necrotic insults such as NASH may be towards efferocytosis having a net profibrotic effect.

The macrophage population in the NASH liver is heterogeneous and complex.® In the
healthy liver most macrophages are yolk sac derived Kupffer cells (KCs), but these are
significantly outnumbered in the setting of acute liver injury and in NASH by bone

marrow derived infiltrating macrophages.>® 56 In murine livers, KCs are clearly identified

by the expression of F4/80, which does not exist in humans. Single cell analysis has,
however, identified human liver macrophages with predominantly immune-tolerant functions
similar to mouse KC (identified in human livers as CD68+MARCO+ ve, TIMd4+ve), and
another population with genes that are predominantly proinflammatory and consistent with
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infiltrating cells of the mouse liver (CD68+MARCO -ve, TIMd4-ve).1213 5758 |n human
fibrotic liver another set of markers was used to identify a macrophage subset identified by
CD9 and TREM-2, with vector analysis suggesting that these are derived from infiltrating
macrophages.1? The direct contribution of infiltrating macrophages to liver fibrosis has
been difficult to isolate as these cells are responsible for liver injury as well as promoting
fibrosis. As such the dominant message from experimental studies in which infiltration of
macrophages has been blocked or deleted has been one of reduced liver inflammation and
fibrosis,59-62

Hepatocyte death results in activation of liver macro-phages and subsequent HSC
differentiation through release of soluble factors from macrophages (figure 2). TGF-p

is the most potent and dominant HSC activating profibrogenic product of macrophages,
however, macrophages in the liver scar tissue produce several other molecules which

have cognate receptors on HSC and result in their activation. These include platelet

derived growth factor (PDGF)-B, TNFSF12, SPP1 and IL-1p. These molecules show some
functional biases, with, for example, SPP1 promoting HSC differentiation, TNF superfamily
molecules promote proliferation, and IL-1p promotes survival, although with significant
overlap.12 6364 Macrophages also have a wide range of effects on other liver cells which
indirectly effect HSC and liver fibrosis. Dominant among these is proinflammatory through
macrophage production of TNF-a and IL-1B which can induce hepatocyte steatosis and
injury.55 Macrophages are also very active in resolution of fibrosis. In a carbon tetrachloride-
induced liver fibrosis model macrophage depletion when liver fibrosis was advanced resulted
in reduced scarring and fewer myofibroblasts. In contrast, macrophage depletion during
recovery led to a failure of matrix degradation.59 The identify of these fibrosis regressing

or restorative macrophages was clarified as CD11B" F4/80iM Ly-6C!°, and they were most
abundant in livers during maximal fibrosis resolution and represented the principal matrix
metalloproteinase (MMP)-expressing subset. Depletion of this population caused a failure
of scar remodelling, and adoptive transfer and in situ labelling experiments showed that
these restorative macrophages derive from recruited Ly-6C" monocytes, demonstrating a
common origin with profibrotic Ly-6CN macrophages. This is indicative of a phenotypic
switch in vivo conferring proresolution properties. Microarray profiling of the Ly-6C!°
subset, compared with Ly-6CN macrophages, showed a phenotype outside the M1/M2
classification, with increased expression of MMPs, growth factors and phagocytosis-related
genes.56

Dendritic cells (DCs) are another innate immune cells and have some similarities to
macrophages in that they can be activated by DAMPs, phagocytose apoptotic cells and
produce proinflammatory cytokines.5” They are, however, much more efficient at antigen
presentation and several types have been identified. Conventional DCs consist of the
subtypes plasmacytoid DCs, inflammatory DCs and Langerhans cells. Conventional DCs
(cDCs) are the main type in the liver and have recently been found to have a major role

in NASH using single-cell transcriptomic analysis which identified an increase in hepatic
cDCs and further defined their source as NASH-induced boost in cycling of cDC progenitors
in the bone marrow.88 Analysis of blood and liver from patients on the non-alcoholic fatty
liver disease (NAFLD)/NASH spectrum showed that these type 1 cDCs (cDC1) were more
abundant and activated in disease. Sequencing of physically interacting cDC-T cell pairs
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from liver-draining lymph nodes revealed that cDCs in NASH promote inflammatory T cell
reprogramming, previously associated with NASH worsening, and depletion or blocking of
cDC1 attenuated liver pathology in NASH mouse models.®® This demonstrates that DCs
have an important role in programming T cells in NASH (see The adaptive immune system).
In contrast to these data supporting a role of DCs in NASH earlier studies using coculture
and in vivo ablation experiments revealed only a minor contribution to NF-xB activation in
HSCs by DCs, and no contribution of DCs to liver fibrosis development, respectively.54

Although macrophages are by far the dominant cell type in NASH, other immune cells also
have important roles. Neutrophils are the earliest responders in tissue injury, and this appears
to be the case in NASH as well. Conceptually they are given dual roles of removal of cellular
debris and as such reducing inflammation, but also able to release proteases and DAMPS

and potentially increasing inflammation. They are frequently overlooked as NASH is usually
examined in its chronic stage. Neutrophils are certainly increased in NASH liver tissue and
the levels of plasma elastase correlate with the severity of NASH.5%-71 In mouse models of
NASH removal of neutrophils, in mice lacking myeloperoxidase or neutrophil elastase, there
was reduced liver damage, but at least in one model of toxic injury no effect of fibrosis.’2-7°
In mouse models of NASH neutrophils release extracellular traps could certainly provide
proinflammatory and differentiation signals via TLR9 on immune cells and HSC.”6

Natural killer T (NKT) cells are a subset of CD1d-restricted T cells at the interface between
the innate and adaptive immune system. NKT cells can be subdivided into functional subsets
that respond rapidly to a wide variety of glycolipids and stress-related proteins using T-cell
or NK cell-like effector mechanisms.”” NK-T cells are activated in mouse models of NASH,
and NK-T cells primarily cause steatosis via secretion of the cytokine LIGHT (TNFSF14).78
Activation of NK-T cells in murine models of NASH was shown to be dependent on a
hedgehog dependent pathway, and adoptive transfer of NK-T cells has been shown to induce
liver fibrosis.”® 80 Collectively, therefore, there are strong data for NK-T cells having a

role in steatosis and hepatocyte injury in NASH, and data for NK-T cells having a role in
liver fibrosis in other mechanism, suggesting that will also have a role in NASH mediated
fibrosis.

Mucosal-associated invariant T (MAIT) cells are T cells with a semi-variant ap T cell
receptor which recognises biosynthetic derivatives of riboflavin synthesis presented on
MR1.81 These derivatives of riboflavin are produced by some bacterial and fungal species,
which presumably provide the activating signals. As such MAIT cells are activated by
metabolites, however, there is no evidence that these metabolites are increased in the
metabolic syndrome. Circulating MAIT cells were shown to be reduced in the blood

of patients with alcoholic or non-alcoholic fatty liver disease-related cirrhosis, and in
contrast accumulate in liver fibrotic septa. In two models of liver fibrosis (CCl,4 and bile
duct ligation), MAIT cell-enriched mice show increased liver fibrosis and accumulation

of hepatic fibrogenic cells, whereas MAIT cell-deficient mice are resistant. Coculture
experiments indicate that MAIT cells enhance the proinflammatory properties of monocyte-
derived macrophages, and promote mitogenic and proinflammatory functions of fibrogenic
cells, via distinct mechanisms.82 Supportive data were generated from the peripheral blood
of patients with autoimmune hepatitis where there was also a reduction in MAIT cells and
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there was a correlation between decreased frequency of MAIT cells and the degree of liver
fibrosis.83 So although these data are not from metabolic syndrome induced fibrosis they are
consistent with MAIT cells having a profibrogenic effect via liver macrophage stimulation
and directly via HSC activation.

The above discission has been about hepatocyte death-related and injury-related activation of
the adaptive immune system, but it is relevant to ask if there is evidence of direct activation
of the immune system by metabolites, and in general there is lack of such evidence for

this except for macrophages. Saturated FFA cholesterol has been demonstrated to activate
macrophages in NASH.35 84 |n addition, in the early stages of murine NASH resident

KC take up lipid to a degree that it triggers their death with replacement by the more
proinflammatory bone marrow-derived macrophages.8° 86

THE ADAPTIVE IMMUNE SYSTEM

Metabolic syndrome-associated liver injury is dominated by the innate immune system, and
epitope independent liver injury. There is, however, a very significant degree of activation
of the adaptive immune system. Simple histology reveals infiltration of T and B cells,

with CD8+T cells being a dominant cell type.87-8° Total loss of cells of the adaptive
immune system (T, cells, B cells and NK T cells) results in less steatosis and inflammation
and injury in a choline deficient high fat diet (CDHFD) model.” In addition to injury
CDB8+T cells appear to have an even more proximal effect of driving the insulin resistance
that occurs in diet induced NASH.89 Mice lacking CD8+T cells had better metabolic
parameters and adoptive transfer of CD8+T cells reversed this.89 Specific to fibrosis is
evidence that CD8+T cells can activate HSC in vitro and in vivo via possibly an IL-10
mechanism.9 It is likely that human NASH is a heterogeneous disease, and this study

noted a difference in the role of CD8+T cells in models of lean and obese NASH. In a

lean NASH model (CDHFD diet), intrahepatic CD8+T cells were elevated but depletion did
not influence liver injury or HSC activation, which was in contrast from the situation in
obese NASH where both were reduced. A detailed study of CD8+T cells in a mouse model
of CDHFD, and in human NASH, identified a population of CD8+T cells with markers

of tissue resi- dency (CXCR6), effector function (granzyme positive) and exhaustion (PD1
positive).% The authors presented information that this phenotype was due to a combination
of IL-15 upregulation and metabolic signals (acetate and extracellular ATP). Furthermore,
these CXCR6+CD8+ T cells can kill hepatocytes in purinergic receptor depen- dent but
MHCI independent manner, which was termed autoaggression. The net effect of such
autoaggression may, however, not be increased liver fibrosis as CD8+T cells have also
shown to induce HSC death via a classical Fas/Fas-L pathway.?2 Much of the role of CD8+T
cells may, therefore, depend on the stage of disease, in early disease having a NASH driving
role by increasing insulin resistance and hepatocyte damage, and later in fibrosis having a
fibrosis resolution effect by killing HSC.

Analogous to CD8+T cells, CD4+T cells are also increased in numbers in NASH and

show differentiation features of Thi, and Th17 differentiation.3 As can be expected they
also demonstrated IFN-y production, and loss of IFN-vy resulted in a lower inflammatory
infiltrate.%4 95 Evidence for the human relevance of these data was significantly increased
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by the demonstration in chimeric mice with a human immune system that on a high fat and
high cholesterol diet Human CD4" central and effector memory T cells increased within the
liver and in the peripheral blood, accompanied by marked upregulation of proinflammatory
cytokines (IL-17A and IFNv). Furthermore, in vivo depletion of human CD4* T cells in

the chimeric mice reduced liver inflammation and fibrosis, but not steatosis. These results
highlighted CD4" T cell subsets as important drivers of NAFLD progression from steatosis
to fibrosis.% In non-chimeric mice lacking 1L-17, multiple diet-induced NASH models

also resulted in reduced hepatocellular damage and liver inflammation.®7-99 In view of the
increase in gut permeability in NASH, it is very relevant that a microbial signature known to
drive TH-17 cells was able to accelerate liver damage.98 100 101

CELL NETWORK INTERACTIONS OF HSC IN METABOLIC SYNDROME
LIVER FIBROSIS

The above data have mostly been generated from the perspective of individual molecules
(eg, PDGF), by using in vitro addition, and in vivo deletion studies. The development

of single-cell and single-nucleus data and vector analysis allows modelling of HSC cell-to-
cell interaction, and the development of an understanding of importance of HSC network
interactions in liver fibrosis. This has recently been performed for established NASH fibrosis
in humans and mice.192 HSC from NASH fibrotic livers and control livers differed in

a relatively small number of genes (169 upregulated and 291 downregulated in human
HSC, with roughly double that number in murine HSC). Using CellphoneDB software

to predict interactions, it was found that the top three interactions were auto-crine HSC
interactions, HSC—cholangiocyte interactions and HSC—endothelial interactions (figure 3).
Notably hepatocyte—HSC interactions did not dominate. Liver fibrosis in NASH is typically
perisinusoidal with much of the fibrotic septa concentrated around sinusoids, which may
explain the dominance of HSC—endothelial interactions.? 193 Biliary fibrosis is different
from NASH fibrosis and results from proliferation of myofibroblasts and bile ductules, and
is dominated by septa joining portal tracts. Viral hepatitis-driven fibrosis is the third major
pattern, with fibrous septa ranging from portal tract to central vein. It is of great interest if
the HSC—cell interactions will be significantly different in these varied types of fibrosis.

A variety of data suggest that the nature of a significant number of these interactions

is short distances, with the majority possibly requiring direct contact. This is based

on approximately half of the interactions were between ligand pairs involved in short-
range interactions (defined as either non-secreted or collagen/integrin interactions). This
conclusion was supported by imaging data which showed that with the development of
fibrosis HSC projections were elongated and HSC made greater direct contact with other
HSC, increasing from approximately 10% HSC having HSC-HSC interactions in healthy
mouse livers, to over 80% in NASH fibrotic livers. These data provide valuable new
information which highlights the large gaps in knowledge generated mostly by a hepatocyte
centric view of the development of liver fibrosis. It also raises interesting questions about
how these HSC cell—cell interactions progress from early initiation to the full development
of liver fibrosis. It is still possible that at the early stages of NASH fibrosis hepatoyte—
HSC interactions are dominant. Finally, it may also begin to provide an understanding of
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the troubling, yet underdiscussed finding, that although many HSC activators have been
identified, suggesting a highly redundant system, loss of many individual molecules seems
to halt the development of liver fibrosis.

Effects of common minor alleles in the development of liver fibrosis in NASH

In common with other complex diseases such as hyper-tension and dementia the
development of the disease phenotype in NASH is due to a combination of genetics and
environmental factor. Based on comparison between siblings, monogenic twins and other
family members, there is a very wide range in the estimation of the genetic contribution

to NASH, ranging between 20% and 70%.194-108 This can be understood in part due to
different frequency of the minor alleles in the different study population, differences in
the definition of NASH and because the effect of the genetic contribution of the currently
identified alleles seems to increase with increasing obesity. The assessment of the genetic
contribution to fibrosis in NASH is further limited by the available studies which have
focused more on the genetic contribution to the development of NAFLD or NASH as these
are easier to identify in a large population, as compared with fibrosis. Also, the bulk of the
data is from European populations.

Studies on the genetic susceptibility to NASH have identified some clear and well-known
minor alleles which are relatively common (allele frequency greater than 5%). The five best
characterised are minor alleles of PNPLA3, TM6SF2, HSD17B13, MBOAT7 and GCKR,
and all except HSD17B13 result in a greater probability of a disease phenotype.197 The
function of these alleles is overwhelmingly related to lipid biology in hepatocytes with
greater steatosis and hepatocyte stress. The role of hepatocyte stress stimulating activation of
the innate immune system and possibly HSC directly suggests that the genetic susceptibility
to NASH would also extend to greater risk of liver fibrosis and this appears to be the case,

at least for the PNPLA3 gene.198 |n addition to having an in-direct effect on HSC activation
via hepatocyte stress, it is possible that some of these proteins, and their variant forms may
have a direct effect on HSC activation as they are expressed in HSC, PNPLA 3, for example,
is highly expressed in human HSC, and this is increased on HSC activation. Increased
PNPLAZ3 levels results in reduced HSC lipid droplet content, and the common mutant

148M has reduced enzymatic activity.199 Knockdown of PNPLA3 in HSC significantly
reduces the profibrogenic protein a-SMA, and HSC with the common mutant PNPLA3

had significantly higher release of proinflammatory cytokines.110 Overall, the data support
PNPLA3 as being required in HSC activation, with the common mutant 148M potentiating
the profibrogenic phenotype of HSC. An interesting question is if there exist minor alleles
which predispose to liver fibrosis directly, or at least independent of negative effects on
hepatocytes. This does not seem to be the case for the best characterised five genes but

may be the case for the tyrosine kinase MerTK which transduces signals from a variety of
extracellular stimuli into the cytoplasm, and mutations in which have been shown to provide
protection against liver fibrosis.111 For fibrosis this is relevant because MerTK activation in
macrophages promotes liver fibrosis by the production of TGF-p which activates HSC. All
transretinoic acid cleavage of MerTK blocks this fibrogenic signal, and there is evidence that
this downregulatory pathway is defective in NASH.112 Accounting for all of the major and
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minor genetic associations, it is estimated that the basis for less than 50% of the genetic
susceptibility for NASH has been identified.113

Diabetes mellitus type Il and NASH induce liver fibrosis

The development of diabetes mellitus (DM) and NASH shares many aetiological

factors such as overnutrition and a high carbohydrate intake, and also share the key
pathophysiological feature of total body insulin resistance, and it is therefore not surprising
that there is a greater prevalence of NASH in the DM population. An important question is if
these are the expected statistical overlap, or if there are specific features of DM which drive
liver fibrosis. For the years 2014-2017, the global presence of NAFLD in a DM population
was 55%, for NASH was 37% and the estimated prevalence of advance fibrosis among the
NAFLD population was 17%.114 Other studies have also identified a greater than twofold
increase in cirrhosis and complications of cirrhosis in patients with DM.11° These factors
suggest features of DM may be driving liver fibrosis. The connection between DM and
fibrosis also extends beyond NASH and the liver as DM is well known to result in cardiac,
renal and pulmonary fibrosis, all organs which lack the parenchymal pathology of NASH
such as steatosis.

One general driver of fibrosis in DM may be exacerbation of hepatocyte steatosis due to de
novo lipogenesis which is known to be essential for NAFLD and NASH. Two key features
of DM are hyperglycaemia and high insulin levels, and both can drive de novo lipogenesis.
Hyperglycaemia induces de novo lipogenesis via the transcription factor ChREBP, and
hyperinsulinaemia via the transcription factor SREBP1c. A further key feature is high

levels of FFAs which are converted to triglycerides in hepatocytes in patients with DM, in
response to insulin resistance of adipose tissue with loss of insulin mediated inhibition of
lipolysis. These features of DM which feed into the path-ways of hepatic steatosis are likely
supplemented by other direct fibrogenic mechanism, which may be common to the increased
fibrosis of multiple organs seen in DM.

Although acceleration of de novo lipogenesis is likely the key mechanism of increased
NASH and NASH-induced fibrosis, there are data on a range of metabolite abnormalities
found in DM which may directly effect cell types and pathways and promote fibrosis

other than de novo lipogenesis.116 Most of this data are of limited scope coming from in
vitro studies or single in vivo animal studies, but collectively it suggests that metabolic
derangement may be important. High blood glucose has been shown to result in glycated
collagen which can result in upregulation of actin, and e-cadherin in cardiac fibroblasts

as well as inducing chemotaxis and contraction, and this is consistent with clinical data
that shows correlation of hyperglycaemia with increased fibrosis in multiple organs.117-119
Macrophages may also be activated by hyperglycaemia via upregulation of intercellular
adhesion molecule (ICAM) and release of chemokines CCL2, as has been demonstrated

in renal fibro-blasts.120 121 Mast cells are not considered to be major contributors to

organ fibrosis but mast cell deficiency has been shown to attenuate cardiac fibrosis and
hyperglycaemia results in release of mast cell granules.122-124 The role of hyperglycaemia
is highlighted by the increased cardiac mast cell content even in models of type 1 DM
which have hyperglycaemia but lack insulin resistance.12> Hyperglycaemia can also activate
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the renin—angiotensin aldosterone system which increases fibrosis in organs with a major
haemodynamic role such as the heart and the kidneys.126-128 Hyperglycaemia may also
directly activate the profibrogenic TGF-p pathway by increase TGF-p expression, activating
latent TGF-p and upregulating TGF-p receptors.129-131

In addition to hyperglycaemia, there are limited data that fatty acids can promote fibrosis

by modifying T cell biology with a reduction in PD1*CD4* T-cell frequency, and by in

vitro treatment with fatty acids, but the in vivo relevance of this is unclear.87 132 There

are limited data of direct lipotoxic injury with hepatocyte lipotoxicity resulting in release

of inflammatory mediators including BMP-23, a member of the TGF- superfamily, which
can activate HSC via conventional Smad pathways.133 134 Elevations in adipokines such

as leptin have also been shown to have profibrogenic effects by promoting fibroblast to
myofibroblast conversion, inducing collagen synthesis and induction of profibrogenic factors
such as TGF-B on macrophages.135-137 Insulin itself has direct proliferative effects on
HSC.138 139

Adipose tissue fibrosis

Finally, it is important to point out that the liver is not the only organ which develops
fibrosis in the setting of obesity and metabolic syndrome, as this is also well established

in white adipose tissue (WAT). As expected with overnutrition WAT undergoes massive
expansion, and in addition, there is accumulation of inflammatory cells which directly
contribute to insulin resistance.140 Obesity results in both hypertrophy and hyperplasia

of WAT, and the factors which determine the relative amounts of each of these are

not well understood. Adipocyte hypertrophy is associated with abnormal morphology
including dilated endoplasmic reticulum, ruptured plasma membrane and debris in the
extracellular space.141 142 These morphological abnormalities are associated with increased
secretion of proinflammatory cytokines by macrophages which worsen insulin resistance,
including 1L-6, 1L-8 and TNF-a..143 The increased mass of adipose tissue requires increased
vasculature and angiogenesis which is stimulated by the production of angiogenic factors
from the adipocytes (epidermal growth factor-2 (EGF-2), vascular epithelial growth factor
(VEGF), hepatocyte growth factor (HGF), insulin like growth factor (IGF) and others).144
Surprisingly, and in contrast to the liver, one of the main drivers of adipocyte death and
adipose tissue pathology appears to be lack of adequate angiogenesis resulting in hypoxic
death of adipocytes. This is supported by the ability of increased angiogenesis to result

in less adipocyte death, and less adipose tissue inflammation and fibrosis.145 146 The
current paradigm is that relative under-vascularisation results in local hypoxia, resulting

in infiltration of proinflammatory macrophages with insulin resistance and adipose tissue
fibrosis.147 One interesting feature of adipose tissue fibrosis is the ability of fibrosis

to physically constrain adipose tissue expansion, as demonstrated by increased adipose
tissue mass in collagen VI null mice.148 A final difference between adipose and liver
fibrosis is that PDGFRa+ cells appear to have the capacity to differentiate into adipocytes
or myofibroblasts, although there is some suggestion that PDGFRa+CD9+ progenitors

are driven towards myofi-broblasts and PDGFRa+CD9-progenitors are driven towards
adipocytes.249 In summary, adipose tissue shares with the liver the development of fibrosis
in the setting of obesity and the metabolic syndrome with some important differences that
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fibrosis appears to be driven in part by hypovascularisation. It is unclear if there are any
direct consequences of adipose tissue fibrosis for liver fibrosis, but there are clear negative
implication for hepatic steatosis. This is due to increased adipose inflammation resulting
in insulin resistance and release of FFAs into the blood stream, and the adipose fibrosis
limiting the growth of the WAT pool, thus directing nutrients to other organs including the
liver.

CONCLUSIONS

Funding

Although liver fibrosis is a common feature of all types of chronic liver injury, there
appear to be unique aspects to metabolic syndrome driven liver fibrosis. Fibrosis due to
chronic hepatocellular injury appears dominated by hepatocyte driven signals resulting

in activation of resident Kupffer cells and recruitment of infiltrating macrophages which
produce profibrogenic cytokines. In contrast metabolic syndrome induced liver fibrosis
appears to have many points of initiation and progression. Hepatocyte damage due to
insulin resistance and lipotoxicity is still a major driver, in addition, there are several
innate immune cells which are activated by hepatocyte signals as well as cells of adaptive
immune system demonstrating autotoxicity (CD8+T cells) and profibrotic signals (TH17,
CDA4+T cells). Finally, the nature of the cell-to-cell interactions in established liver fibrosis
in NASH demonstrate predominantly autocrine loops, with a minimal role for hepatocyte—
HSC interactions. These sets of relationships may, however, be very different at stage of
early fibrosis or fibrosis resolution. Understanding of such cellular interactions is key to
developing therapies which are effective at a variety of stages of liver fibrosis.

NIH award: 5U01AA026962-05.
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Hepatocyte-mediated activation of HSC, the innate and adaptive immune activation in the
metabolic syndrome. Soluble mediators are in red. DAMPs, damage-associated molecular

patterns; HSC, hepatic stellate cells; MAIT, mucosal-associated invariant T cells; NK,

natural Killer cells.
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Figure2.
Effects of the innate and adaptive immune system on hepatocytes and HSC in the metabolic

syndrome. HSC, hepatic stellate cell; IL, interleukin; MAIT, mucosal-associated invariant T;
NK-T, natural killer T.
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Figure 3.

Single cell data from human NASH and mouse models reveals dominant autocrine signalling
of hepatic stellate cells as well as paracrine signalling with cholangiocytes and endothelial
cells.102 NASH, non-alcoholic steatohepatitis.
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