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Liver Fibrosis: Current Approaches
and Future Directions for Diagnosis
and Treatment

Jennifer Y. Chen, Dhruv Thakar, and Tammy T. Chang

Epidemiology and Burden of Disease

Cirrhosis is the 5th leading cause of death in the United States and the 13th leading
cause of death worldwide [1, 2], resulting in one million deaths per year worldwide
and 33,000 deaths per year in the United States [3]. In addition, an estimated 19,500
deaths per year are attributed to hepatocellular carcinoma, which occurs more fre-
quently among patients with cirrhosis [4]. In the United States, cirrhosis ranks
eighth in economic cost burden [2] with annual direct costs estimated at greater than
$2 billion and indirect costs exceeding $10 billion [5]. The incidence and preva-
lence of cirrhosis are difficult to estimate because the majority of patients are
asymptomatic during the early stages of disease.

Patients with cirrhosis are classified into two main prognostic stages: compen-
sated or decompensated disease. Patients who develop conditions such as variceal
hemorrhage, ascites, or hepatic encephalopathy are classified to have decompen-
sated cirrhosis; those without clinical complications are classified as having
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compensated cirrhosis. The Child-Turcotte-Pugh classification is used clinically to
stratify patients with cirrhosis. Those that belong to Child’s class A are compen-
sated, whereas those in Child’s classes B and C are decompensated. The average life
expectancy from the time of diagnosis varies from 13 years, for patients with com-
pensated disease, to only 2 years in patients with decompensated cirrhosis [6]. The
risk of death in patients with compensated versus decompensated cirrhosis is 4.7
versus 9.7 times higher than the general population, respectively [7].

Etiologies of Liver Fibrosis

Development of liver fibrosis and, ultimately, cirrhosis is the final common pathway
of any chronic liver disease. The most common etiologies of chronic liver disease in
the United States are alcoholic liver disease, chronic hepatitis C infection, and non-
alcoholic fatty liver disease. Together, these three diseases account for approxi-
mately 80% of the disease etiologies in individuals with end-stage liver failure
awaiting liver transplantation between 2004 and 2013 [8].

Nonalcoholic fatty liver disease (NAFLD), defined as the presence of steatosis in
>5% of hepatocytes in individuals who do not consume excessive alcohol, affects
80-100 million people in the United States and is the most common cause of chronic
liver dysfunction [9]. The rising prevalence of NAFLD, currently 20-30% world-
wide, is linked to the obesity epidemic that has engulfed the United States and the
world. More than a third of the US population is now obese, and trends indicate that
prevalence of obesity will continue to increase [10]. NAFLD is a manifestation of
the metabolic syndrome and coexists with obesity, type 2 diabetes, insulin resis-
tance, dyslipidemia, and cardiovascular disease. About 10% of people with NAFLD
will develop a progressive form of the disease termed nonalcoholic steatohepatitis
(NASH), characterized by ballooning hepatocyte degeneration and inflammation.
NASH can progress to fibrosis, cirrhosis, liver failure, and hepatocellular carcinoma
[11]. Although a minority of people with fatty liver disease develop NASH, it is the
only indication for liver transplantation that is rapidly increasing in frequency and
thus predicted to become the most common cause of end-stage liver disease requir-
ing transplantation in the United States [12, 13].

Other etiologies of liver fibrosis include chronic viral hepatitis B infection,
hemochromatosis, autoimmune hepatitis, primary and secondary biliary cirrhosis,
primary sclerosing cholangitis, Wilson disease, alpha-1 antitrypsin deficiency,
celiac disease, polycystic liver disease, idiopathic portal fibrosis, idiopathic adult-
hood ductopenia, granulomatous liver disease, veno-occlusive disease, hereditary
hemorrhagic telangiectasia, and right-sided heart failure. In addition, medications
(e.g., methotrexate) and infection (e.g., echinococcosis) can result in cirrhosis. In
approximately 85-90% of patients, a specific etiology for liver fibrosis is identified
[14]. Common laboratory tests ordered to identify potential causes of chronic liver
disease are displayed in Table 15.1.
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Table 15.1 Common laboratory tests obtained to determine the etiology of liver disease

Disease etiology Laboratory tests

Autoimmune hepatitis | Antinuclear antibody, anti-smooth muscle antibody, immunoglobulin G

Primary biliary cirrhosis | Anti-mitochondrial antibody

Wilson disease Ceruloplasmin, 24 h urinary copper excretion

Alpha-1 antitrypsin Alpha-1 antitrypsin

deficiency

Hemochromatosis Iron, ferritin, total iron binding capacity; if suggestive, screening for
mutations associated with hemochromatosis

Chronic hepatitis B Hepatitis B surface antigen, hepatitis B surface antibody

infection

Chronic hepatitis C Hepatitis C antibody, hepatitis C viral load if antibody positive

infection

Celiac disease Anti-tissue transglutaminase antibody

Histopathological Changes in the Fibrotic Liver

The liver receives a dual blood supply from the hepatic artery and the portal vein.
The hepatic artery delivers highly oxygenated blood from the celiac trunk of the
aorta. The portal venous system carries blood from the esophagus, stomach, small
and large intestine, pancreas, gallbladder, and spleen to the liver and constitutes
75% of total hepatic blood flow. Hepatic artery and portal vein derived blood mix
in the hepatic sinusoids that are permeable vascular channels lined by fenestrated
endothelial cells, allowing transport of macromolecules to hepatocytes. Within
the sinusoid, there exists the space of Disse, which is located extraluminal to the
endothelial cell and adjacent to the hepatocyte. Hepatic stellate cells and Kupffer
cells lie within the space of Disse and play important roles in fibrogenesis
(Fig. 15.1).

The extracellular matrix of the normal liver is unique in structure and composi-
tion in several ways. The space of Disse separates epithelial hepatocytes from the
fenestrated sinusoidal endothelium and contains a basement membrane-like matrix
that lacks the typical electron-dense structure of basement membranes in other tis-
sues [16—18]. The low density of the liver basement membrane-like structure is criti-
cal for allowing easy bidirectional macromolecular diffusion between blood and
liver cells and for maintaining the differentiated function of hepatocytes [18, 19].
Collagen IV, a non-fibrillar collagen that is a major component of most tissue base-
ment membranes, is present in the normal space of Disse in the form of alalo2(IV)
heterotrimers [20]. It is controversial whether laminin, another extracellular matrix
protein that is typically found in basement membranes, is present in the normal liver.
Some reports suggest that the space of Disse is devoid of laminin [21], while others
report that both collagen IV and laminin are present [19]. The absence of an identifi-
able basement membrane structure, despite the presence of both collagen IV and
laminin, may be explained by the absence of nidogen, a glycoprotein that typically
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Fig. 15.1 Microarchitecture and cellular components of hepatic sinusoids and the location of the
space of Disse. (Reprinted with permission from [15])

functions to bridge collagen I'V and laminin networks in basement membranes [19].
On the other hand, the space of Disse contains collagen type I and fibronectin, which
are not typical constituents of basement membranes [18, 22-24]. Another isoform
of collagen, collagen XVIII, has also been localized to the perisinusoidal zones in
the liver [25-27]. Due to the high amounts of collagen X VIII, the liver is the major
source of the collagen X VIII in the body. Additionally, in the normal liver, the hepa-
ran sulfate proteoglycans perlecan and agrin are found in small amounts.

Although the normal liver space of Disse consists of a low-density extracellular
matrix, during fibrosis the sparse matrix is progressively replaced by a continuous
interstitial-like matrix with the accumulation of fibrillar collagens, particularly col-
lagens I and III [20, 28-30]. This process, called capillarization of the sinusoids, is
accompanied by a loss of fenestration of the sinusoidal endothelium and physical
changes in the hepatocytes that lose their microvilli [28, 31]. Fibrosis is also associ-
ated with markedly elevated amounts of perlecan and agrin [32-34]. These changes
are hypothesized to adversely affect hepatocyte viability during progression toward
liver cirrhosis [35].

When fibrosis advances to cirrhosis, the normal architecture of the liver is sig-
nificantly disrupted by the formation of increasingly dense fibrous septa of fibro-
nectin and interstitial collagens I, III, V, and VI. Histologically, cirrhosis is
characterized by the formation of fibrotic septa, distortion of hepatic vascular
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Fig. 15.2 Gross appearance
and histological features of
the cirrhotic liver. (a) Gross
specimen showing the cut
surface of a cirrhotic liver
with nodular appearance.
(b) Hematoxylin and eosin
stain of a liver biopsy from
a cirrhotic patient showing a
regenerative nodule (thin
arrow), fibrotic septa (thick
arrow), and inflammation.
(¢) Reticulin stain of a
cirrhotic liver showing
regenerative nodules
outlined by fibrotic septa.
(Reprinted with permission
from [36])

architecture, and development of regenerative nodules (Fig. 15.2). The formation
of a continuous basement in the space of Disse is characteristic of cirrhosis [18].
In the cirrhotic liver, sinusoidal cells and hepatocytes synthesize and secrete lam-
inin [37, 38], which leads to a marked increase in laminin deposition in the space
of Disse, eventually forming a continuous basement membrane with fibrillar col-
lagens and perlecan [20, 21]. The increased extracellular matrix deposition during
cirrhosis impairs the normal exchange of soluble proteins and fluids between
sinusoidal blood and adjacent liver cells, which is a major contributor to hepatic
failure [39].
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Clinical Pathology Classification Systems

There are several clinical histologic scoring systems used to characterize chronic
liver disease progression that differ according to etiology. The Ishak and METAVIR
scores are used to assess chronic hepatitis, and they include descriptions of degree
of fibrosis and necro-inflammatory activity. The Ishak score includes several stages
for describing fibrosis, which allows for documentation of small changes in fibrosis
progression. The nonalcoholic fatty liver activity score (NAS) is utilized to evaluate
patients with NAFLD/NASH, and the components of the score include steatosis,
lobular inflammation, and ballooning. The NAS ranges from O to 8, with scores of
5-8 considered diagnostic of NASH [40].

Clinical Diagnosis of Liver Fibrosis

Clinicians still consider liver biopsy, performed by percutaneous, laparoscopic, or
transjugular approaches, to be the gold standard for the diagnosis of liver fibrosis.
However, liver biopsy is invasive and subject to sampling error [41]. As such, devel-
opment of accurate and noninvasive diagnostic tools for liver fibrosis is an active
area of laboratory and clinical investigation. A liver biopsy may be unnecessary to
confirm diagnosis, if clinical, laboratory, and radiographic data support the diagno-
sis of cirrhosis.

Serum Biomarkers

Numerous serum biomarker panels were developed for the diagnosis of liver fibro-
sis, but there remains no consensus as to which indices are most clinically useful
[42—44]. Direct biomarkers are measures of serum proteins indicative of the accu-
mulation and turnover of the liver extracellular matrix and are used to estimate the
extent of fibrogenesis. An example of a direct biomarker panel is the enhanced liver
fibrosis (ELF) test, which measures hyaluronic acid, tissue inhibitor of metallopro-
teinase 1 (TIMP-1), and amino-terminal pro-peptide of procollagen type III (PIIINP)
[45]. Indirect biomarkers of liver fibrosis are serum markers that change as a result
of functional alterations of the liver, hepatocellular damage, and inflammation. An
example of an indirect measure of liver fibrosis is the aspartate aminotransferase
(AST)/platelet ratio index (APRI), which can be calculated from two commonly
obtained laboratory tests [46]. The FibroTest, also known as BioPredictive in the EU
and FibroSURE in the United States, is an extensively studied proprietary indirect
biomarker panel that is composed of alpha-2-macroglobulin, haptoglobin, apolipo-
protein Al, bilirubin, and gamma-glutamyl transferase [47, 48]. In general, serum
biomarkers are better at predicting advanced stages of fibrosis and less accurate in
distinguishing earlier stages of fibrosis from no fibrosis (Table 15.2) [42-44].
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Table 15.2 Sensitivity and specificity of serum biomarker tests to exclude fibrosis and diagnose
cirrhosis

Exclude fibrosis Diagnose cirrhosis
Biomarker Sensitivity | Specificity | Sensitivity | Specificity

Test name type Biomarkers (%) (%) (%) (%)
Enhanced Direct HA, TIMP-1, 90 55 83 97
liver fibrosis PIIINP
(ELF)
AST/platelet | Indirect AST, platelets 95 27 51 94
ratio index
(APRI)
FibroTest Indirect o2M, 89 53 50 93

haptoglobin,

ApoAl,

bilirubin, GGT

HA hyaluronic acid, TIMP-1 tissue inhibitor of metalloproteinase 1, PIIINP amino-terminal pro-
peptide of procollagen type III, AST aspartate aminotransferase, a2M alpha-2-macroglobulin,
ApoAl apolipoprotein Al, GGT gamma-glutamyl transferase

Conventional Imaging Modalities

Conventional imaging techniques are only able to detect advanced stages of liver
fibrosis. Ultrasonography is well-tolerated, and diagnostic features of cirrhosis
include a small nodular liver, right lobe atrophy, and hypertrophy of the caudate
or left lobes. Ultrasonography has been reported to have a sensitivity of 91% and
a specificity of 94% for the diagnosis of cirrhosis [49]. Ultrasonography can also
provide information regarding portal hypertension, such as flow and diameter
within the portal vein. Computed tomography (CT) can also be used to identify
findings suggestive of cirrhosis, including liver nodularity and caudate lobe
hypertrophy. Magnetic resonance imaging (MRI) can provide information
regarding fat content for diagnosis of steatosis [50] and hepatic iron concentra-
tion for determining iron overload [51], in addition to information regarding
liver size. Other diagnostic features obtained by these imaging modalities are
indicative of advanced fibrosis and represent sequelae of decompensated cirrho-
sis, including ascites, varices, splenomegaly, hepatic or portal vein thrombosis,
the presence of porto-collateral circulation, or the finding of reversal of flow
within the portal system. Splenomegaly is a sensitive but nonspecific sign of
portal hypertension [52].

Novel Technologies: Elastography and Liver Stiffness

Increased liver tissue stiffness is a hallmark of cirrhosis. Accordingly, noninvasive
imaging modalities have been developed to quantify liver stiffness as a surrogate
marker of fibrosis. Transient elastography (TE), also known as FibroScan, utilizes
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pulse-echo ultrasound to measure liver stiffness, and a threshold of greater than
20 kilopascals (kPa) is associated with a diagnostic accuracy of over 90% [53].
Magnetic resonance elastography (MRE) provides data of larger areas of the liver
compared to TE and has been shown to be more accurate than TE [54].

Transient elastography and MRE are increasingly being used clinically to
determine a patient’s liver stiffness as a proxy for fibrosis and to aid in clinical
decision-making. The relative liver stiffness determined by these techniques
correlates well with the histological severity grade of fibrosis. TE, expressing
stiffness in elastic modulus (E), estimates normal human liver stiffness to be
around 5 kPa and grade 4 cirrhotic livers to be 15-20 kPa [55]. MRE, expressing
stiffness in shear storage modulus (G’), estimates normal human liver stiffness
to be 2 kPa and places the matrix stiffness cutoff for grade 4 cirrhotic livers at
>5 kPa [56, 57]. The advantage of these noninvasive techniques is that they
evaluate the rigidity of large regions of the liver, thereby avoiding sampling
error that is inherent in assessing fibrosis by liver biopsy. However, stiffness
values obtained are extrapolated from the response of the liver to shear waves
and, therefore, represent relative values and do not accurately reflect the abso-
lute mechanical tissue stiffness. Direct mechanical testing of liver tissue by rhe-
ometry suggests that normal liver stiffness is around 400 Pa and fibrotic liver
stiffness ranges around 2 kPa [58, 59]. Atomic force microscopy (AFM), which
measures microscale matrix rigidity, shows that increased matrix stiffness in
fibrotic livers is a local phenomenon near fibrotic tracts and regions distant from
the deposition of aligned collagen approaches the stiffness of normal liver. AFM
determined the absolute rigidity of normal mouse liver matrix to be approxi-
mately 150 Pa and the stiffness of areas near fibrotic tracts in fibrotic livers to
range between | and 6 kPa [60].

Determining the absolute matrix stiffness of a fibrotic liver may be clinically
important as there is evidence that increased matrix rigidity directly inhibits hepa-
tocyte functions. Therefore, increased matrix stiffness may be a key mechanism
by which fibrosis causes liver dysfunction [60]. The relative tissue stiffness
reported by elastography does not reflect the absolute matrix stiffness hepatocytes
experience at a cellular level. Therefore, current elastography techniques may not
be sensitive enough to determine the changes in liver stiffness that will impact
hepatic function and clinical outcomes. In addition, elastography does not distin-
guish between tissue stiffness due to perfusion pressure produced by portal hyper-
tension versus matrix rigidity associated with increased collagen deposition. It is
currently unknown whether different physiological inducers of tissue rigidity have
differing effects on hepatocyte function. Likewise, the relative contribution of
each source of stiffness to the overall rigidity of fibrotic livers is also unknown.
Moreover, liver fibrosis is not a homogenous process at the tissue level; even in
advanced fibrosis, where there are bridging fibrotic bands, areas of relatively less
collagen deposition remain, suggesting that a hepatocyte’s response to matrix
rigidity is likely specific to its immediate local microenvironment. If hepatocytes
exhibit suppressed functions at a threshold level of matrix stiffness, the overall
averaged stiffness of the liver may be less clinically important to predicting
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hepatic functional outcomes than the proportion of liver volume that has reached
a certain threshold stiffness. The experience with incorporating TE and MRE into
clinical practice is evolving. There remain confounding factors whether changes
in elastography correlate with changes in fibrosis and uncertainty whether liver
stiffness measurements are predictive of clinical outcome [61]. Additional research
is required to investigate the relationship between fibrotic liver stiffness and hepa-
tocyte function and determine whether elastography may be used to prognosticate
liver function.

Clinical Presentation

Early-stage fibrosis is largely asymptomatic. Patients with advanced liver fibrosis
present with liver metabolic dysfunction and clinical sequelae of portal hypertension.

Pathophysiology of Portal Hypertension

In patients with cirrhosis, portal hypertension results from alterations in portal vas-
cular pressure as described by Ohm’s law (AP = F x R), where the pressure gradient
in the portal circulation (AP) is a function of portal flow (F) and resistance (R). In
cirrhosis, increased intrahepatic resistance and hyperdynamic portal circulation
result in portal hypertension and its clinical sequelae. The increased resistance occurs
in the setting of structural mechanisms, including collagen deposition, vascular dis-
tortion, and microthrombi. In addition, increased intrahepatic vascular tone, which
occurs as a result of reduced nitric oxide availability and endothelial cell dysfunc-
tion, contributes to the increased resistance [62]. Hyperdynamic portal circulation, or
increase in portal venous inflow, is induced by multiple factors, including peripheral
and splanchnic vasodilation, increased cardiac output, and reduced mean arterial
pressure. Splanchnic vasodilation leads to activation of neurohumoral and vasocon-
strictive systems mediated by norepinephrine, angiotensin II, and antidiuretic hor-
mone, resulting in sodium and water retention and increased blood volume. Therapies
to reduce portal hypertension include medications that cause splanchnic vasocon-
striction, such as nonselective beta-blockers, vasopressin, and somatostatin.

Measurement of Portal Pressure

Portal hypertension is measured by obtaining a hepatic venous pressure gradient
(HVPG) through catheterization of the hepatic vein. The HVPG is defined as the
difference between the wedged hepatic vein pressure and the free hepatic vein pres-
sure. Normal portal pressure is 5 mmHg or less. In patients with cirrhosis, HVPG
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>10 mmHg predicts the development of varices, HVPG >12 mmHg predicts vari-
ceal bleeding, and HVPG >16 mm Hg indicates a higher risk of death [63]. Patients
who attain a reduction in HVPG to less than 12 mmHg or an overall reduction of
20% with medical therapy are less likely to develop complications of portal hyper-
tension, including variceal bleeding, ascites, and encephalopathy [52].

Variceal Bleeding

Variceal bleeding contributes to the morbidity and mortality in patients with cirrho-
sis. Variceal formation results from the development of portosystemic collateral
pathways that shunt the blood away from the liver to reduce portal venous pressure.
The esophagus, stomach, and rectum are common areas in the gastrointestinal tract
in which portal hypertension manifests as varices (Fig. 15.3). Gastroesophageal
varices are present in approximately 30-40% of patients with compensated disease
and up to 85% of those with decompensated disease [64]. Esophageal varices
develop at a rate of 5—-8% per year [65], and progression from small to large varices
occurs at a rate of 10-12% per year [66]. The 6-week mortality associated with an
acute variceal hemorrhage ranges between 15% and 25% [67].

At the time of diagnosis of cirrhosis, patients usually undergo endoscopy to
determine the presence and size of varices. Recent studies show that patients with a
liver stiffness <20 kPa, as determined by TE, and a platelet count >150,000/mm?
have a low risk (<5%) of having high-risk varices, suggesting that endoscopy may
be avoided in this subset of patients [68]. In patients undergoing endoscopy who
have medium or large esophageal varices, the treatment options include endoscopic
variceal ligation or medical therapy with nonselective beta-blockers. Endoscopic
variceal ligation consists of placement of rubber bands on variceal columns that
leads to localized mucosal and submucosal necrosis. Esophageal ulcerations may
occur at the site of band ligation, and these ulcers have the potential to bleed.
Ligation is repeated until all varices are obliterated. Studies show that the rates of
gastrointestinal bleeding and mortality do not differ between endoscopic variceal
ligation and medical therapy [69, 70].

Patients who present with variceal bleeding are treated with intravenous vasoac-
tive drugs to reduce portal pressure, such as octreotide or terlipressin, as well as
endoscopic therapy. The type of endoscopic therapy indicated depends on the loca-
tion of the varix. Esophageal varices are treated with endoscopic variceal ligation.
Gastric varices have been reported in up to 20% of patients with cirrhosis [52] and
are classified according to their location. Gastroesophageal varices type 1 (GOV1)
are esophageal varices extending into the lesser curvature, and gastroesophageal
varices type 2 (GOV2) are those extending into the fundus. Isolated gastric varices
type 1 (IGV1) are located in the fundus, and isolated gastric varices type 2 (IGV2)
are located elsewhere in the stomach. In patients with bleeding GOV, treatment
options include endoscopic variceal ligation or injection with cyanoacrylate glue.
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Fig. 15.3 Endoscopic
manifestations of portal
hypertension in the
gastrointestinal tract.

(a) Large varices in the
distal esophagus with a
“nipple sign” (arrow)
showing evidence of
recent bleeding.

(b) Hyperemic edematous
mucosa in the stomach
with a “fish scale”
appearance characteristic
of portal gastropathy.

(¢) Dilated internal
hemorrhoidal veins in the
rectum that are varices
(arrow). (Reprinted with
permission from [36])
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Fundal varices (GOV2 and IGV1) have a higher rebleeding rate, and the recom-
mended treatment is transjugular intrahepatic portosystemic shunt (TIPS) in which
a stent is placed between the hepatic and portal veins. TIPS decreases portal pres-
sure and is indicated for patients who experience recurrent variceal hemorrhage
despite endoscopic variceal ligation. In addition, early TIPS within 72 h of hospital
admission may be beneficial for patients with advanced cirrhosis who present with
acute variceal bleeding [71].

Patients with cirrhosis presenting with variceal bleeding are at high risk of devel-
oping bacterial infections. The use of antibiotic prophylaxis is associated with a
decrease in the development of infections, recurrent hemorrhage, and death [72].
Patients with acute bleeding should be transfused with packed red blood cells when
the hemoglobin falls below 7 g/dL, with the goal of maintaining hemoglobin
between 7 and 9 g/dL [52]. A randomized clinical study showed that this transfusion
strategy is associated with increased survival in patients with Child’s class A or B
cirrhosis, compared with a more liberal transfusion strategy that aimed to maintain
hemoglobin above 9 g/dL [73]. Moreover, patients who recover from acute variceal
hemorrhage are at a high risk for rebleeding, which is associated with a mortality
rate of up to 33% [52]. Endoscopic variceal ligation and medical therapy (proprano-
lol or nadolol) combination therapy was shown to be more effective than ligation
alone in preventing recurrent bleeding [74].

Ascites

Ascites, the accumulation of fluid within the peritoneal cavity, is the most common
complication of cirrhosis. The onset of ascites is associated with a 1-year mortality
rate of 20% [6]. Treatment involves restriction of salt from the diet and use of
diuretic medications, furosemide and spironolactone, which increase salt and water
excretion into the urine. In refractory cases of ascites, treatment options include the
addition of midodrine, which was shown to reduce ascites and improve systemic
hemodynamics [75]. Additional approaches for the treatment of refractory ascites
include TIPS placement. Patients with refractory ascites should also be considered
for liver transplantation.

Spontaneous bacterial peritonitis is an infection of ascitic fluid without evidence
for a secondary source. Development of spontaneous bacterial peritonitis is associ-
ated with a poor prognosis, with 30% of patients dying within a month and an addi-
tional 30% within 1 year. Clinical symptoms include fever, abdominal pain, and
altered mental status. Spontaneous bacterial peritonitis is diagnosed by an absolute
polymorphonuclear leukocyte count of 250 cells or greater or a positive bacterial
culture from the ascitic fluid. Intravenous antibiotic and albumin therapy has been
shown to reduce the risk of renal failure and death in patients with spontaneous
bacterial peritonitis [76]. All patients with a prior episode of spontaneous bacterial
peritonitis should be maintained on prophylactic oral antibiotics as secondary
prevention.
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Hepatic Encephalopathy

Hepatic encephalopathy (HE) is a neuropsychiatric disorder in patients with cir-
rhosis. HE is characterized by changes in personality, motor function, level of
consciousness, and cognition. The development of HE is associated with a 1-year
mortality rate as high as 64% [77]. Patients who develop encephalopathy in the
setting of preserved liver function should undergo imaging to evaluate for the
presence of portosystemic shunts, because embolization of large shunts has been
shown to be effective in a subset of patients [78]. The pathogenesis of HE is not
completely understood, but several neurotoxins have been implicated. The best
characterized neurotoxin is ammonia. Produced by the colon, ammonia enters the
portal circulation and is converted into glutamine by the liver, preventing ammo-
nia from entering the systemic circulation. In the setting of advanced liver disease,
decreased hepatocyte function and portosystemic shunting lead to increased sys-
temic circulating ammonia, which interferes with brain function in several ways.
Studies suggest that hyperammonemia may induce astrocyte swelling, impair
blood to brain transport of amino acids, and alter neuronal electrical activity.
Arterial hyperammonemia is observed in 90% of patients with HE, but the serum
levels are not sensitive or specific for the diagnosis of HE. Additional toxins
implicated in the pathogenesis of HE include short-chain fatty acids, mercaptans,
aromatic amino acids, and manganese. The recommended treatment for the pre-
vention of recurrent encephalopathy is lactulose, a synthetic disaccharide metabo-
lized by the colon to inhibit ammonia production and trap fecal ammonia.
Lactulose was associated with a reduced risk of recurrent encephalopathy com-
pared to placebo (20% vs 47%) [79]. When added to lactulose therapy, rifaximin,
a poorly absorbed antibiotic, has been shown to reduce the risk of recurrence from
46% to 21% [80].

Treatment of Liver Fibrosis

Current treatment for liver fibrosis consists of supportive care and management of
the sequelae of decompensated cirrhosis as discussed above. Until recently, liver
fibrosis was thought to be a chronically progressive disease that was irreversible
[81]. Effective treatments of chronic hepatitis B and C infection demonstrated that
removal of agents causing injury to the liver can lead to the reversal of fibrosis
[82—84]. Several novel drugs directly targeting various aspects of the fibrogenesis
pathway are now in clinical trials (Table 15.3).

For patients who progress to end-stage liver failure as a consequence of cirrhosis,
liver transplantation is the only treatment available. Donor organs are allocated
according to the Model for End-stage Liver Disease (MELD) score. For patients
with hepatocellular carcinoma, there are several systems for liver transplant listing,
including the Milan criteria [85] and the UCSF criteria [86]. Although the clinical
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Table 15.3 Targeted anti-fibrotic agents in clinical trials

J. Y. Chen et al.

ClinicalTrials.gov
Drug Target Mechanism identifier
Simtuzumab Lysyl oxidase 2 neutralizing Inhibit cross- NCTO01452308
(GS-6624) monoclonal antibody linkage of collagen
fibers
Losartan Angiotensin II type 1 receptor | Inhibit HSC NCT00298714
antagonist activation
Emricasan Caspase inhibitor Inhibit hepatocyte | NCT02138253,
(IDN-6556) apoptosis NCT03205345
ND-L02-s0201 Vitamin A-coupled lipid Inhibit formation | NCT02227459,
(BMS-986263) nanoparticle containing siRNA | of collagen NCTO03420768
against heat shock protein 47
GR-MD-02 Galectin-3 antagonist Inhibit TGFp- NCT02421094
mediated HSC
activation
Cenicriviroc C-C chemokine receptor Inhibit migration NCT02217475,
(CCR)2-CCRS antagonist and fibrogenesis NCT03028740
GS-9674 Farnesoid X receptor agonist Inhibit HSC NCT03449446
activation
Obeticholic acid Farnesoid X receptor agonist Inhibit HSC NCT02548351
activation

outcomes for patient who undergoes liver transplant are good, the effectiveness of
transplantation as a treatment for cirrhosis is limited by the critical shortage of
donor organs [87]. Development of therapeutic adjuncts or alternatives to liver
transplantation through regenerative medicine and tissue engineering approaches
are active areas of laboratory investigation.

Hepatic Stellate Cells: Central Regulators of Liver
Fibrogenesis

Originally identified by von Kupffer in 1876, hepatic stellate cells (HSCs) are
located in the space of Disse and represent approximately 15% of the total number
of resident cells in normal liver [88]. In their quiescent state, HSCs store retinyl
esters in cytoplasmic lipid droplets [89]. Following liver injury, HSCs become acti-
vated and transdifferentiate into fibrogenic myofibroblasts. This change is charac-
terized by the loss of lipid droplets; accumulation of contractile filaments, such as
a-smooth muscle actin; and proliferation. Although additional cell types have been
identified that contribute to hepatic fibrogenesis, including portal fibroblasts and
sinusoidal endothelial cells, fate-tracing studies have shown that activated HSCs are
the major source of extracellular matrix in parenchymal and cholestatic liver injury
[90, 91].
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with permission from [92])

HSC activation consists of two phases, initiation and perpetuation (Fig. 15.4).
During the initiation phase, paracrine stimulation from neighboring cell types,
including platelets, endothelial cells, Kupffer cells, and hepatocytes, results in early
changes in gene expression and phenotype that render HSCs more responsive to
other stimuli. Platelets produce several fibrogenic cytokines and growth factors,
including platelet-derived growth factor (PDGF), transforming growth factor-f
(TGFp), and epidermal growth factor (EGF). In addition, injury-induced hepatocyte
apoptosis promotes HSC activation [93, 94]. During the perpetuation phase,
autocrine and paracrine stimulations maintain the activated HSC phenotype. HSCs
primed by stimuli become responsive to growth factors and cytokines, leading to
HSC retinoid loss, proliferation, chemotaxis, contractility, altered matrix degrada-
tion, inflammatory signaling, and fibrogenesis. The cumulative effect is deposition
of fibrotic extracellular matrix.

HSC:s can be distinguished from other liver cell types by several markers, includ-
ing platelet-derived growth factor receptor-f (PDGFRp), desmin, glial fibrillary
acidic protein (GFAP), and lecithin retinol acyltransferase (LRAT). Conditional dele-
tion of these genes was utilized to target HSCs in mouse models of liver disease [95].
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Cytokines and Chemokines

TGFp, an important pro-fibrotic cytokine, is produced in its latent form by several
cell types in the liver, including HSCs, platelets, and Kupffer cells. When bound to
its receptor, SMAD proteins are phosphorylated and activated, leading to transcrip-
tion of collagen types I and III [92]. TGF activates several pathways that promote
HSC activation, including the mitogen-activated protein kinase (MAPK) and c-Jun
N-terminal kinase (JNK) pathways [96, 97]. Several factors were identified that
regulate TGFfp-mediated myofibroblast activation, including galectin-3. Inhibitors
of galectin promoted fibrosis regression in a rat model [98] and are currently being
investigated in a clinical trial (Table 15.3).

Other pro-fibrotic cytokines include PDGF, which drives HSC proliferation and
migration, and connective tissue growth factor (CTGF), which stimulates HSC pro-
liferation, migration, adhesion, survival, and extracellular matrix production [92].

Receptor-Mediated Activation

HSCs express a myriad of receptors, several of which can be targeted to reduce HSC
activation and hepatic fibrosis. HSCs express integrins that mediate communication
between the cytoskeleton and extracellular matrix. Integrins regulate the activation
of TGFp and HSC-specific deletion of integrin av resulted in reduced fibrosis in a
mouse model [99].

HSCs also express G-protein-coupled receptors, including C-C chemokine
receptors (CCRs), cannabinoid receptors 1 and 2, and angiotensin II type 1 receptor
(AT1IR). Chemokine receptors CCR2 and CCRS5 were implicated in fibrogenesis
through promotion of macrophage recruitment and HSC activation [100-103]. A
dual CCR2-CCRS5 antagonist, cenicriviroc, is currently being investigated in clini-
cal trials for patients with NASH (Table 15.3). Cannabinoid receptor 1 promotes
fibrosis, whereas cannabinoid receptor 2 has anti-fibrogenic effects [104, 105].
AT1R and its ligand, angiotensin II, promote HSC activation and fibrosis through
phosphorylation of Janus kinase 2 [106].

Toll-like receptors (TLRs) are a class of proteins that play an important role in
the innate immune system. TLRs recognize structurally conserved damage-associ-
ated molecular patterns (DAMPs) released following hepatocyte injury. Activated
HSCs express TLR2, TLR3, TLR4, TLR7, and TLRY. TLR4 activation induced
chemotaxis of Kupffer cells and promotes TGFf-induced HSC activation [107].
TLR2 promoted the activation of the inflammasome, resulting in NASH progression
in a mouse model [108].

Finally, HSCs express nuclear receptors such as the farnesoid X receptor (FXR),
liver X receptor (LXR), peroxisome proliferator-activated receptor gamma (PPARY),
vitamin D receptor (VDR), and nuclear receptor subfamily 4 group A member 1
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(NR4AT). FXR inhibits HSC activation [109], and FXR agonists, such as obeticho-
lic acid, improve NAS score and fibrosis stage in patients with NASH [110].
Activation of PPARY induces HSC inactivation [111], and a dual PPARa-PPARS
agonist improved NASH in a large clinical trial [112]. VDR ligands reduce HSC
activation mediated by TGFp and reduce hepatic fibrosis [113].

Additional Pathways

Several signaling pathways regulate HSC activation, including the Hedgehog path-
way and the Hippo pathway. Inhibition of the Hedgehog pathway leads to decreased
HSC activation and reduced hepatic fibrosis [114]. The Hippo pathway is a kinase
cascade that results in phosphorylation and inactivation of the transcriptional coacti-
vator yes-associated protein (YAP). YAP inhibition inactivates HSCs and reduces
fibrosis [115—118]. The mechanism by which YAP regulates HSC activity is not
completely understood.

Regulation of HSC activation may be mediated by microRNAs, including miR-
21 [119] and miR-221 [120], as well as histone modifications regulated by myocar-
din-related transcription factor A (MRTF-A) [121]. In addition, methyl-CpG-binding
protein 2 (MECP2) regulates epigenetic signaling by suppressing PPARY transcrip-
tion, resulting in increased HSC activation and fibrosis [122].

HSC Clearance Following Injury

In light of clinical data highlighting the regression of fibrosis in patients with liver
disease, recent studies elucidated the fate of HSCs following cessation of injury.
HSC clearance occurs through apoptosis, senescence, and reversion (Fig. 15.4).
Apoptosis, a form of programmed cell death, occurs during resolution of liver injury
and results in reduced numbers of activated HSCs. This process is mediated by death
receptors expressed by activated HSCs, including first apoptosis signal (FAS) recep-
tor, tumor necrosis factor receptor 1 (TNFR1), neurotrophin receptor p75 (p75NTR),
and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) receptors
[123]. HSCs undergo senescence, which refers to cell-cycle arrest after reaching a
finite proliferative limit. HSC senescence occurs in a p53-dependent manner and
results in decreased numbers of activated HSCs and reduced expression of extracel-
lular matrix proteins [124]. Fate-tracing studies in mice demonstrated that HSCs can
also undergo reversion to an inactivated phenotype [125, 126]. Approximately 50%
of activated HSCs undergo reversion after cessation of liver injury. Interestingly,
these HSCs do not return to the quiescent state but exist as inactivated HSCs that are
primed for reactivation in response to another injury [125, 126].



404 J. Y. Chen et al.

Liver Fibrosis and Cancer

Fibroblasts, depending on their activation state, are involved in wound healing,
mediating pathological tissue fibrosis, and inducing a desmoplastic reaction in the
tumor microenvironment (Fig. 15.5) [127]. HSCs, being the fibroblasts of the liver,
are involved in all of these processes within the liver. Indeed, stellate cells are criti-
cal in regulating liver regeneration after injury [88, 128], and they are chief produc-
ers of fibrotic extracellular matrix during liver fibrogenesis [90, 91]. HSCs also play
an important role in modulating the tumor microenvironment in the liver during
cancer development and progression [129, 130]. The liver is an interesting model
organ to investigate the role of the tumor microenvironment because fibrosis-related
effects likely contribute to the development of both primary liver cancers and meta-
static liver lesions from other primary sites.
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Fig. 15.5 Functional and phenotypic differences between normal activated fibroblasts (NAFs),
fibrosis-associated fibroblasts (FAFs), and cancer-associated fibroblasts (CAF’s). (Reprinted with
permission from [127]) CCLS5, C-C motif chemokine ligand 5 (also known as RANTES); CTGF,
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ase; NF-kB, nuclear factor-xB; PDGF, platelet-derived growth factor; PGE,, prostaglandin E,;
ROS, reactive oxygen species; SDF1, stromal cell-derived factor 1; TGFp, transforming growth
factor-p; TIMPs, tissue inhibitors of metalloproteinases; TNF, tumor necrosis factor; VEGFA, vas-
cular endothelial growth factor A; VCAMI, vascular adhesion molecule 1
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Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is an aggressive primary liver tumor with a poor
prognosis. Worldwide, HCC is the fifth most common cancer and the third most
common cause of cancer deaths [131]. HCC is one of the few cancers for which
incidence is increasing [132]. HCC most commonly occurs in the setting of chronic
liver disease, in which cycles of necrosis, inflammation, and tissue repair lead to
progression of nodular lesions. Importantly, HCC is strongly associated with liver
fibrosis, and 90% of HCCs arise within cirrhotic livers [133]. The oncogenic pro-
cess begins with a benign liver regenerative nodule, progressing to a low-grade
dysplastic nodule, then to a high-grade dysplastic nodule, and ultimately HCC
[134]. The earliest mutations in this progression are telomerase promoter mutations
that induce telomerase reactivation [135]. Subsequent oncogenic mutations that
promote HCC progression are numerous, and the molecular signatures of the tumors
fall into two broad subtypes. The aggressive subtype is characterized by activation
of cell proliferation signals, including the p53, Ras/ERK, and Akt/mTOR pathways.
The less aggressive subtype is characterized by the activation of Wnt/p-catenin sig-
naling [136]. HCC is distinguished from high-grade dysplastic nodules by the inva-
sion of neoplastic cells into the stroma of portal tracts [134]. Early HCC may be
treated by surgical resection or by liver transplantation. Current chemotherapeutic
and targeted molecular therapeutic options are limited and ineffective. Most HCC
patients (85%) present with advanced disease and have median survival times of
less than 1 year [137].

Although cirrhosis is one of the most important risk factors for developing HCC
[138], the nature of the association between liver fibrosis and HCC is not estab-
lished. Whether fibrosis actively promotes the development of HCC or is simply a
by-product of persistent inflammation related to ongoing hepatocellular injury is
controversial. Increased tissue stiffness in fibrotic livers may create an environment
permissive for HCC development through several mechanisms. Greater matrix stiff-
ness in fibrotic liver can activate HSCs and portal fibroblasts to produce and deposit
fibrillar collagens that promote fibrosis progression [139, 140]. Stiffened extracel-
lular matrix stimulates epithelial cell integrin signaling and cytoskeletal contractil-
ity, leading to enhanced proliferation and invasiveness of premalignant and
malignant cells [141]. In HCC, increased integrin signaling has been shown to pro-
mote tumorigenesis by stimulating cell motility [142] and inhibiting apoptotic path-
ways [143]. Increased matrix stiffness stimulates the proliferation and
chemotherapeutic resistance of HCC cell lines [144]. Focal adhesion kinase (FAK)
signaling is required for the progression of a c-Met/p-catenin-driven in vivo mouse
model of HCC [145], suggesting that the stiffened matrix of a fibrotic liver may
activate FAK signaling to promote HCC progression.

Importantly, increased matrix rigidity has a direct inhibitory effect on expression
of hepatocyte nuclear factor 4 alpha (HNF4a) [60], a master transcriptional regulator



406 J. Y. Chen et al.

of hepatic function and a tumor suppressor. Inhibition of HNF4« stimulates hepato-
cyte proliferation [146] and induces expression of mesenchymal genes [147]. HNF4a
expression is inhibited in fibrotic livers, and forced re-expression slows the progres-
sion of fibrosis [148, 149]. Similarly, HNF4a expression is reduced in HCC, and
forced re-expression inhibits tumor progression [150-154]. These findings suggest
that increased matrix rigidity in fibrotic livers may create an environment permissive
for HCC development by decreasing HNF4a expression in hepatocytes. Moreover,
HNF4o expression in primary hepatocytes cultured on stiff matrix is increased by
inhibition of Rho/Rho-associated protein kinase signaling, indicating a critical role
of the mechano-signal transduction networks in modulating HNF4a activity in
response to tissue stiffness [60].

Liver Metastases

The liver is the most common distant organ site for tumor metastases. While any
primary tumor may metastasize to the liver, primary cancers that most frequently
present with liver metastases are gastrointestinal, breast, lung, neuroendocrine, and
melanoma [155]. Two theories have been proposed to explain why certain tumors
have propensity to metastasize to specific organs. The “seed and soil” hypothesis
proposed by Paget in 1889 postulates that certain tumor cells (the “seeds”) have
affinity for the microenvironment of certain organs (the “soil”’) and that metastases
occur when seed and soil are compatible. Alternatively, Ewing proposed in 1929
that metastatic spread was determined by mechanical factors related to the vascular
system [156]. The two theories are not mutually exclusive, and both mechanisms
are likely important in promoting the establishment of metastatic lesions within the
liver. The sinusoidal capillary system of the liver can act as a great sieve to entrap
circulating tumor cells and facilitate cancer cell infiltration into the liver paren-
chyma. In addition, stromal cells such as HSCs may provide a prometastatic micro-
environment by promoting tumor cell proliferation, recruiting neovascularization,
and suppressing antitumor immunity [129].

Cancer-associated fibroblasts (CAFs) are myofibroblasts that associate with
tumors and play a role in remodeling the tumor stroma. CAFs appear to have a dis-
tinct phenotype from resting and normal activated fibroblasts involved in wound
healing [127] (Fig. 15.5). CAFs may enhance tumorigenesis by inducing cancer cell
invasion and angiogenesis. YAP, part of the Hippo pathway and a mechano-signal
responsive transcriptional coactivator, is activated in CAFs and promotes cancer
cell invasion, extracellular matrix stiffening, and angiogenesis [157]. These findings
give functional significance to the desmoplastic reaction surrounding many tumor
types and suggest that the stroma may be a key regulator of tumor progression. In
addition, the desmoplastic tumor stroma may act as a physical barrier to the efficient
delivery of cytotoxic chemotherapeutic agents in the treatment of cancers [158].
While there is evidence that the stiffened tumor microenvironment may be pro-
tumorigenic, there is also evidence that the role of the stiffened tumor stroma may
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be more complex. Ablating the peri-tumoral stroma by targeting Hedgehog signal-
ing enhanced cancer cell killing by chemotherapy in preclinical studies [159].
However, targeting CAFs in human pancreatic cancer led to accelerated disease
progression and halted clinical trials [160]. Additional studies showed that deple-
tion of CAFs and inhibition of Sonic Hedgehog led to accelerated pancreatic cancer
progression and more aggressive disease [161, 162]. These studies suggest that the
tumor stroma may have both pro- and antitumor properties that are context depen-
dent. Therefore, rather than ablating the tumor stroma in devising novel treatments
for cancer, perhaps it is more important to “reeducate” the stroma to be more anti-
tumorigenic [163]. The role of CAFs in the regulation of cancer progression remains
an important ongoing area of laboratory investigation.

It is not yet established whether pre-existing liver fibrosis promotes or inhibits
the development of liver metastases from other primary sites. There is evidence that
activated HSCs become CAFs and promote tumorigenesis by secreting growth fac-
tors, remodeling the stroma, promoting angiogenesis, and suppressing the antitumor
response [129]. It is possible that activated HSC and cancer cell cross talk results in
a feed-forward loop that enhances metastatic tumor growth. On the other hand,
there are decades of clinical observational studies suggesting that fibrotic livers are
less prone to developing metastases and that the fibrotic liver microenvironment
may be poor “soil” for the metastatic implants [164]. An alternative explanation as
to why metastases in fibrotic livers are less observed may be that cancer patients
with liver fibrosis have shorter life-spans and die before the development of clinical
metastases [165]. In addition, it is also possible that because the fibrotic liver is such
good “soil” for primary liver cancer development, the chances of finding primary
liver tumors in a fibrotic liver are much greater than finding metastatic cancer,
thereby giving the impression that fibrotic liver is less prone to metastases. Because
the liver is such an important organ for the development of primary cancers as well
as secondary spread of metastases, improved understanding of the role of the liver
microenvironment in modulating tumor progression is critical for advancing cancer
treatment research.

Conclusion

Liver fibrosis is a significant source of human disease, morbidity, and mortality.
Shifting patterns in etiological factors indicate that NAFLD/NASH will become a
dominant cause of liver fibrosis and cirrhosis worldwide. Advances in understand-
ing the role of extracellular matrix stiffening and the molecular basis of HSC activa-
tion in liver fibrosis have led to novel diagnostic modalities and development of
targeted anti-fibrotic therapies. Diagnostic tools and treatment options for liver
fibrosis are continuing to evolve and are being informed by basic discoveries from
the laboratory and outcomes of clinical trials. Determining how the fibrotic liver
microenvironment may regulate hepatocyte function and tumorigenesis remains
important areas of investigation.
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