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Preface


In 1982 the first edition of Hepatology: A Textbook of Liver Disease was published. The book was based on pathophysiologic principles in the belief that these “principles form the basis for interpreting concepts about disease and for evaluating the validity of research.” The first 12 chapters focused on normal hepatic function. The next 10 chapters focused on alterations of normal function leading to clinical illnesses, such as hepatic encephalopathy, and the last 24 chapters focused on specific disease states. There were only two chapters on viral hepatitis: one on the biology of hepatitis viruses and the second on clinical features of viral hepatitis. A single chapter on liver transplantation was included in the first edition. Over the next almost 30 years, the book has changed dramatically, largely as a reflection of the tremendous progress that has been achieved in the field of hepatology. Because we now understand better the abnormal pathophysiology seen in the patient with liver disease, this new edition focuses more on the abnormal, rather than the normal, physiology. However, the current editors, Drs. Boyer, Manns, and Sanyal, believe that a basic understanding of both normal and abnormal physiology present in the patient with liver disease is critical to provide a high level of care for this difficult patient population, as well as to advance the field of hepatology. We hope that this sixth edition of Zakim and Boyer’s Hepatology: A Textbook of Liver Disease will serve practicing hepatologists and gastroenterologists; general physicians, such as internists and general practitioners; and basic scientists who want to know more about the clinical spectrum, therapeutic approaches, and unmet needs of the diseases they investigate and treat.


Teresa Wright and Michael Manns were new editors for the fifth edition of Zakim and Boyer’s Hepatology: A Textbook of Liver Disease. Dr. Wright moved into industry; therefore, Dr. Arun Sanyal joined Drs. Boyer and Manns as the third editor for the sixth edition. Each of the editors brings unique expertise to the book, and we believe this experience and knowledge is reflected in the sixth edition.


The sixth edition contains five new chapters. Three cover new topics on viral hepatitis. One discusses hepatitis B and C infection in the non-liver transplant population, and the second discusses HIV and HCV co-infection and drug toxicity. The third new viral hepatitis chapter covers pathogenesis of liver injury in HBV and HCV. The fourth new chapter on the pathogenesis of hepatocellular carcinoma and the fifth new chapter on imaging techniques for the diagnosis of liver disease complete the new additions. As in the past, we have changed the authors on approximately one third of the chapters to provide fresh perspectives on subjects that have appeared in previous editions.


To keep the book at a reasonable size and reduce cost, each chapter has only 100 of the most current references in the printed book. Additional cited references will be on the Elsevier Expert Consult website, which will keep the tradition of the book being well referenced without being too large. The style that was used for the previous edition, including placing the color photomicrographs and photos within each chapter, is used again in this edition. We believe the book is more readable using this format.


Hepatology, like medicine in general and infectious diseases in particular, does not respect any borders. Liver diseases are a significant global health burden. Over the past 40 to 50 years, the discipline of hepatology has provided examples of discoveries in basic science that are immediately transformed into novel diagnostic procedures, molecular-based therapies, anti-toxins, and vaccines. The discovery of the five major hepatotropic viruses is an example of success for translational medicine. Effective treatment for acetaminophen overdose has been developed from basic studies of drug metabolism and toxicity. Liver transplantation has evolved into a routine, life-saving procedure. We have seen the global success of hepatitis A and B vaccination programs, and we are now following the clinical development of new generations of direct-acting anti- HCV drugs that hopefully will provide more effective and less toxic anti-HCV therapies. Finally, hepatocellular carcinoma, which is one of the top killers globally and one of the most important complications of end-stage liver disease, has become an area for innovative molecularly targeted anti-cancer therapies. We will be very pleased if this sixth edition is regarded as an international textbook for a global readership helping to combat a global health burden.
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Abbreviations


CGRP calcitonin gene-related peptide


Da dalton(s)


DNA deoxyribonucleic acid


GERL granules or secondary lysosomes


HD high density


HMS hepatic microvascular subunits


ICAM intercellular adhesion molecule


IgA immunoglobulin A


LAL liver-associated lymphocytes


LD low density


LGL large granular lymphocytes


IL interleukin


NK natural killer


nNOS neuronal nitric oxide


NPY neuropeptide Y


RER rough endoplasmic reticulum


SER smooth endoplasmic reticulum


SOM somatostatin
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Tf transferrin


VIP vasoactive intestinal peptide









Introduction






Overview of the Structure and Function of the Liver


The liver is the largest organ in the human body. It is incompletely separated into lobes that are covered on their external surfaces by a thin connective tissue capsule. The liver is composed of several cell types that not only interact with each other but also are adapted to perform specific functions. The principal cell type is the hepatic parenchymal cell, generally referred to as the hepatocyte, which accounts for 60% of the total cell population and 80% of the volume of the organ. Hepatocytes are organized into plates or laminae that are interconnected to form a continuous three-dimensional lattice (Fig. 1-1). Between the plates of hepatocytes are spaces occupied by hepatic sinusoids—the large-bore fenestrated capillaries of the liver that nourish each parenchymal cell on several sides (see Fig. 1-1).
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Fig. 1-1 Laminae of hepatic parenchymal cells (H) interconnected to form a three-dimensional lattice containing a labyrinth of spaces occupied by sinusoids (S). KC, Kupffer cell.


(Modified from McCuskey RS. Functional morphology of the liver with emphasis on its microvasculature. In: Tavoloni N, Berk PD, editors. Hepatic transport and bile secretion. New York: Raven Press, 1993: 2, ©1993, with permission from Lippincott Williams & Wilkins [http://lww.com].)





The sinusoidal space, and the non-parenchymal cells associated with sinusoids, comprises the majority of the remaining liver volume. The non-parenchymal cells include sinusoidal endothelial cells, perisinusoidal stellate cells (fat-storing cells of Ito), and intraluminal Kupffer cells. An interconnecting network of minute intercellular channels forms bile canaliculi, which course between adjacent hepatocytes (see Fig. 1-1, A) and receive bile secreted from hepatocytes. From the canaliculi the bile then drains through short bile ductules (cholangioles, which are partially lined by cuboidal epithelial cells) to bile ducts.


Hepatocytes execute most of the functions generally associated with the liver. They extract and process nutrients and other materials from the blood, and they produce both exocrine and endocrine secretions, as described in the following paragraphs.






Bile Synthesis and Secretion


Hepatocytes synthesize bile acids from cholesterol; bile acids act as fat emulsification agents in the lumen of the small intestine.


Bilirubin, a toxic metabolite generated from the metabolism of heme, is excreted by hepatocytes as follows. Insoluble, unconjugated bilirubin is produced as a by-product of red blood cell destruction in the spleen and usually circulates in the blood plasma as a complex with albumin. Hepatocytes absorb and convert unconjugated bilirubin to its conjugated, soluble form, which is then secreted into bile canaliculi.









Protein Synthesis


Hepatocytes synthesize proteins for hepatic and nonhepatic use. Proteins for hepatic use include a wide variety of liver-specific enzymes that perform the many synthetic and detoxifying functions of the liver. With the exception of immunoglobulins, which are synthesized by plasma cells, proteins secreted by hepatocytes include all of the major plasma proteins (e.g., albumin, transferrin, prothrombin, fibrinogen, lipoproteins, complement proteins).









Glucose Homeostasis


Hepatocytes help to maintain steady blood glucose levels. In response to pancreatic islet hormones, hepatocytes either synthesize glycogen from glucose or metabolize glycogen to produce glucose (glycogenolysis); hepatocytes can also manufacture glucose from other carbohydrates (e.g., fructose) and from amino acids (gluconeogenesis).









Metabolism of Drugs and Toxins


Hepatocyte enzymes metabolize drugs and toxins delivered to the liver from the gut via the portal circulation.


The functions of the three types of hepatic non-parenchymal cells are listed in the following paragraphs.






Kupffer Cells


These large, irregularly shaped cells are attached to the luminal surface of the sinusoidal wall and are responsible for the following functions:



[image: image] Phagocytosis of blood-borne toxicants and particulates such as bacteria from the circulation



[image: image] Secretion of mediators (e.g., inflammatory mediators) that affect the function of adjacent cells and cells in distant sites



[image: image] Production of beneficial and toxic substances that contribute to host defense as well as liver injury









Sinusoidal Endothelial Cells


These cells form a leaky barrier between the parenchymal cells and the blood flowing in sinusoids. The fenestrated morphology of the endothelial cells acts as a sieve that both prevents red blood cells and other cellular components from interacting with hepatocytes and allows rapid access of hepatocytes to select substances in the blood.









Stellate Cells


Two of the functions of these star-shaped cells that are external to the sinusoidal endothelium are the following:



[image: image] Stellate cells store vitamin A and other fat-soluble vitamins.



[image: image] When stellate cells are activated they synthesize collagen; thus they are important in the development of cirrhosis.


The structure of the liver at the tissue, cellular, and molecular levels has evolved to serve the previously listed functions and is the subject of the remainder of this chapter.


















Gross Anatomy


The mature liver lies mainly in the right hypochondriac and epigastric regions of the abdominal cavity, below the diaphragm. The liver is attached to the diaphragm and protected by the ribs. Its morphology has been extensively reviewed.1,2 Briefly, in adults the healthy liver weighs approximately 1500 g and extends along the midclavicular line from the right fifth intercostal space to just inferior to the costal margin. The anterior border of the liver then extends medially and crosses the midline just inferior to the xiphoid process. A small portion of the organ projects across the midline and lies in the upper left abdominal quadrant.


The dual blood supply of the liver enters the organ at its hilus (porta hepatis) accompanied by the hepatic bile duct, lymphatics, and nerves. Approximately 80% of the blood entering the liver is poorly oxygenated and is supplied by the portal vein. This is the venous blood flowing from the intestines, pancreas, spleen, and gallbladder. The remaining 20% of the blood supply is well oxygenated and delivered by the hepatic artery.


Anatomically, the liver is divided into right and left lobes by the falciform ligament, which is a peritoneal fold connecting the liver to the anterior abdominal wall and the diaphragm (Fig. 1-2). The right lobe is further subdivided inferiorly and posteriorly into two smaller lobes—the caudate and quadrate lobes. The functional division, however, is a plane that passes through the gallbladder and inferior vena cava and that defines the halves of the liver supplied by the right and left branches of the portal vein and hepatic artery, together with biliary drainage into the right and left hepatic ducts. As a result, the quadrate lobe and a large portion of the caudate lobe belong functionally to the left hemiliver. Further functional subdivision of the liver into eight segments having independent vascular and biliary supplies has been reported (Fig. 1-3) and is an important consideration when liver resection is required.1-3
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Fig. 1-2 Lobes, surfaces, and ligaments of the liver viewed anteriorly (left) and from a posteroinferior perspective (right).


(Modified from Moore KL, Dalley AF. Clinically oriented anatomy, 4th ed. Philadelphia: Lippincott Williams & Wilkins, 1999: 264, ©1999, with permission from Lippincott Williams & Wilkins [http://lww.com].)
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Fig. 1-3 Segmentation of the liver based on principal divisions of the portal vein and hepatic artery.


(Modified from Moore KL, Dalley AF. Clinically oriented anatomy, 4th ed. Philadelphia: Lippincott Williams & Wilkins, 1999: 268, ©1999, with permission from Lippincott Williams & Wilkins [http://lww.com].)





The liver is encapsulated by a thin connective tissue layer (Glisson’s capsule) consisting mostly of regularly arranged type I collagen fibers, scattered type III fibers, fibroblasts, mast cells, and small blood vessels. On the surfaces facing the abdominal cavity this connective tissue layer is covered by the simple squamous mesothelial cells of the peritoneal lining. At the site of attachment of the falciform ligament to the liver, the two leaves of the ligament separate to form an area devoid of peritoneum, the “bare area,” on the superior surface of the liver. The right and left leaves of the falciform ligament then merge with reflections of the peritoneum extending from the diaphragm, respectively forming the triangular and coronary ligaments.









Development of the Liver


The development of the liver has been extensively described1,2,4,5 and is illustrated in Figure 1-4. Briefly, the liver primordium appears in human embryos during the third week of gestation as an endodermal bud from the ventral foregut just cranial to the yolk sac. This bud becomes the hepatic diverticulum as it enlarges, elongates, and develops a cavity contiguous with the foregut. The hepatic diverticulum grows into the septum transversum—a plate of mesenchyme that incompletely separates the pericardial and peritoneal cavities—and consists of three portions: (1) the hepatic portion forms the hepatic parenchymal cells as well as the intrahepatic bile ducts, (2) the cystic portion forms the gallbladder, and (3) the ventral portion forms the head of the pancreas.
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Fig. 1-4 Development of the liver. A, Section through the region of the hepatic bud of a human embryo of 25 somites (26 days). B, Vascular channels associated with the developing liver in a human embryo of 30 somites. C, Vascular channels at a later stage showing development of the sinusoidal network. D, Portal hepatic circulation in a human embryo of 17 mm (7 weeks).


(Reproduced from MacSween RNM, et al. Functional morphology of the liver with emphasis on its microvasculature. In: MacSween RNM, et al., editors. Pathology of the liver, 4th ed. London: Churchill Livingstone, 2002: 4, ©2002, with permission of Elsevier.)





During the fourth week of development, buds of epithelial cells extend from the hepatic diverticulum into the mesenchyme of the septum transversum as thick, multicellular anastomosing cords. They become interspersed within the developing anastomotic network of capillaries arising from the vitelline veins, thus beginning to establish the close relationship of the hepatic parenchymal cells to the sinusoids. The anastomotic pattern of both multicellular cords of parenchymal cells and sinusoids persists until several years after birth, by which time cords consisting of two or more parenchymal cells bounded on several sides by sinusoids have become plates consisting of single parenchymal cells bounded on at least two sides by sinusoids, particularly in the centrilobular region. By 7 weeks the vitelline veins unite to form the portal vein. The hepatic artery is derived from the celiac axis and its ingrowth into the hepatic primordium closely follows that of the bile ducts.6 Between the sixth week and birth the fetal liver serves as a hematopoietic organ and as the primary site for fetal blood formation until the third trimester, when most hematopoietic sites disappear as the bone marrow develops.









Microscopic Anatomy






Vasculature, Biliary System, Innervation






Vasculature


Both the hepatic portal vein and the hepatic artery, together with afferent nerves, enter the liver at the hilus. The hilus is also the site where efferent bile ducts as well as lymphatics and nerves exit the liver. Branches of the hepatic artery, hepatic portal vein, main bile duct, and main lymphatic vessel travel together in portal tracts through the liver parenchyma (Fig. 1-5). Portal tracts are sometimes referred to as portal triads, with each triad consisting of a branch of the hepatic artery, a branch of the portal vein, and a branch of the bile duct. Although portal tracts contain five elements, the lymphatic vessel is usually collapsed and inconspicuous as are the autonomic nerves, resulting in only three elements (i.e., triad) being visible in sections through portal tracts. After repeated bifurcation, terminal branches of the blood vessels (portal venules and hepatic arterioles) supply blood to the sinusoids (Fig. 1-6). Branches of hepatic arterioles also supply the peribiliary plexus of capillaries nourishing the bile ducts, and then drain into sinusoids (via arterio-sinus twigs) (Fig. 1-7) or occasionally into portal venules (arterio-portal anastomoses). Because all these vessels are independently contractile, the sinusoids receive a varying mixture of portal venous and hepatic arterial blood.7,8 After flowing through the sinusoids, blood is collected in small branches of hepatic veins termed central venules (also referred to as terminal hepatic venules) (see Fig. 1-6). These veins course independently of the portal tracts and drain via hepatic veins, which emerge from the liver’s dorsal surface and join the inferior vena cava.





[image: image]

Fig. 1-5 Hepatic microvasculature as determined by in vivo microscopic studies. BD, bile ductule; CV, central venule; HA, hepatic arteriole; L, lymphatic; N, nerve; PV, portal venule; SLV, sublobular hepatic vein. Arrows indicate direction of flow.


(Modified from McCuskey RS. Functional morphology of the liver with emphasis on its microvasculature. In: Tavoloni N, Berk PD, editors. Hepatic transport and bile secretion. New York: Raven Press, 1993: 2, ©1993, with permission from Lippincott Williams & Wilkins [http://lww.com].)
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Fig. 1-6 Vascular cast of the hepatic microvasculature illustrating the tortuous anastomotic sinusoids adjacent to the portal venule (PV) and the more parallel and larger sinusoids near the central venule (CV).


(Modified from McCuskey RS. The hepatic microvascular system. In: Tavoloni N, Berk PD, editors. Hepatic transport and bile secretion. New York: Raven Press, 1993: 4, ©1993, with permission from Lippincott Williams & Wilkins [http://lww.com].)








[image: image]

Fig. 1-7 Terminal branches (arrowheads) from hepatic arteriole (HA) frequently end in inlet venules or terminal portal venules where sinusoids originate. B, peribiliary plexus supplied by the adjacent hepatic arteriole; PV, portal venule.


(Modified from McCuskey RS. Functional morphology of the liver with emphasis on its microvasculature. In: Arias IM, et al., editors. The liver: biology and pathobiology, 3rd ed. New York: Raven Press, 1994: 1095, ©1994, with permission from Lippincott Williams & Wilkins [http://lww.com].)





Lymphatic vessels originate as blind-ending capillaries in the connective tissue spaces within the portal tracts.9 The fluid contained in these lymphatics moves toward the hepatic hilus and eventually into the cisternae chyli and thoracic duct. Some scholars believe the perisinusoidal space of Disse functions as a lymphatic space that channels plasma to the true lymphatics coursing in the portal tract. However, anatomic connections between the space of Disse and the portal tract have not been identified.9 Lymph also leaves the liver in small lymphatics associated with the larger hepatic veins, which empty into larger lymphatics along the wall of the inferior vena cava. Lymphatics in the hepatic capsule drain to vessels either at the hilum or around the hepatic veins and inferior vena cava.1









Biliary System


Bile canaliculi are spaces 1 to 2 µm wide formed between adjacent hepatocytes (see Fig. 1-1, A).10,11 They are interconnected and form a network of minute intercellular channels (Fig. 1-8) that receive the bile secreted from hepatocytes. These minute biliary channels are specialized regions of adjacent hepatic parenchymal cells and will be discussed in more detail together with the ultrastructure of these cells. The bile canaliculi drain through short bile ductules (cholangioles), partially lined by cuboidal epithelial cells, to bile ducts, lined with simple cuboidal epithelium, which course along with branches of the portal vein and hepatic artery in portal tracts. Bile ducts drain through larger left and right hepatic ducts, which exit the liver at the hilus to form the common bile duct. These ducts are lined with simple columnar epithelial cells. Branches of the hepatic artery supply an extensive peribiliary plexus of capillaries (see Fig. 1-7).





[image: image]

Fig. 1-8 Bile canalicular network filled with dye injected retrograde into the bile duct.











Innervation


Aminergic, peptidergic, and cholinergic nerves are contained in the portal tracts and affect both intrahepatic blood flow and hepatic metabolism.12,13 The role of neural elements in regulating blood flow through the hepatic sinusoids, solute exchange, and parenchymal function is incompletely understood. This is due in part to limited investigation in only a few species, whose hepatic innervation may differ significantly from that of humans. For example, most experimental studies have used rats and mice, whose livers have little or no intralobular innervation. In contrast, most other mammals, including humans, have aminergic and peptidergic nerves extending from the perivascular plexus in the portal space into the lobule (Fig. 1-9), where they course in the space of Disse in close relationship to stellate cells and hepatic parenchymal cells (Fig. 1-10). Although these fibers extend throughout the lobule, they predominate in the periportal region. Cholinergic innervation, however, appears to be restricted to structures in the portal space and immediately adjacent hepatic parenchymal cells. Neuropeptides have been co-localized with neurotransmitters in both adrenergic and cholinergic nerves. Neuropeptide Y (NPY) has been co-localized in aminergic nerves supplying all segments of the hepatic portal venous and the hepatic arterial and biliary systems. Nerve fibers immunoreactive for substance P (SP) and somatostatin (SOM) follow a similar pattern of distribution. Intralobular distribution of all of these nerve fibers is species dependent and similar to that reported for aminergic fibers. Vasoactive intestinal peptide (VIP) and calcitonin gene-related peptide (CGRP) are reported to co-exist in cholinergic and sensory afferent nerves innervating portal veins and hepatic arteries and their branches, but not the other vascular segments or the bile ducts. Nitrergic nerves immunoreactive for neuronal nitric oxide (nNOS) are located in the portal tract, where nNOS co-localizes with both NPY- and CGRP-containing fibers.
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Fig. 1-9 Intrahepatic aminergic innervation in the dog. Brightly fluorescent nerve fibers are adjacent to the portal vein (PV), hepatic artery (HA), and bile duct (not visible in this section) and are also distributed intralobularly along the sinusoids (arrows).







[image: image]

Fig. 1-10 Nerve fiber (N) closely associated with a stellate cell (SC) in the space of Disse of a dog. H, hepatic parenchymal cell; L, lipid droplet.














Hepatic Functional Units


The organization of each liver lobe into structural or functional units related to function and/or disease has been the subject of considerable debate during the past century. Several models, none of which are mutually exclusive, have been proposed and are illustrated in Figure 1-11.





[image: image]

Fig. 1-11 Contiguous hepatic lobules illustrating the interconnecting network of sinusoids derived from two portal venules (PV). Note that the sinusoids become more parallel as they course toward the central venule (CV), which forms the axis of the classic lobule. Hepatic arterioles (HA) supply blood to sinusoids near the periphery of the lobule, usually by terminating in inlet venules or terminal portal venules. As a result, three zones (1, 2, 3) of differing oxygenation and metabolism have been postulated to comprise a hepatic acinus, with its axis being the portal tract (lower left). Several acini would comprise the portal lobule (lower right). Each classic lobule contains several cone-shaped subunits having convex surfaces supplied by portal and arterial blood at the periphery and its apex at the central venule (upper left). A, B, and C represent hemodynamically equipotential lines in a “primary lobule.” A recent modification further subdivides lobules into conical hepatic microcirculatory subunits (HMS), each being supplied by a single inlet venule.


(Modified from McCuskey RS. Functional morphology of the liver with emphasis on its microvasculature. In: Tavoloni N, Berk PD, editors. Hepatic transport and bile secretion. New York: Raven Press, 1993: 4, ©1993, with permission from Lippincott Williams & Wilkins [http://lww.com].)





The classic hepatic lobule is a polygonal structure having as its central axis a central venule, with portal tracts distributed along its peripheral boundary.14 The peripheral boundaries of these lobules are poorly defined in most species, including humans (Fig. 1-12). In some species (e.g., pigs, seals) there is considerably more connective tissue in the liver that is distributed along the peripheral boundary of classic lobules, thereby demarcating each lobule. Considerable sinusoidal anastomoses occur between adjacent lobules, and thus the blood collected by each central venule is supplied by several portal venules.





[image: image]

Fig. 1-12 The liver is composed of lobules; each lobule has a central venule (CV) as its axis and peripheral boundaries that are poorly defined (arrows) but contain branches of the portal vein (PV), hepatic artery, and bile duct.




The hepatic acinus15 is a unit having no distinct morphologic boundaries. Its axis is a portal tract and its peripheral boundary is circumscribed by an imaginary line connecting the neighboring terminal hepatic venules (central hepatic venules of the classic lobule), which collect blood from sinusoids. Contained within the acinus are three zones, each having different levels of oxygenation and metabolic functions.


In yet another model of lobular organization, the lobule is defined by bile drainage. So-called “portal lobules”16 have at their center a portal tract, with central veins present around the periphery of each lobule.


Currently the concept of subunits of the classic lobule forming functional units is the most consistent with existing evidence.17-19 In this model, each “classic” lobule consists of several “primary lobules.” Each primary lobule is cone-shaped, having its convex surface at the periphery of the classic lobule supplied by terminal branches of portal venules and hepatic arterioles, and its apex at the center of the classic lobule drained by a central (terminal hepatic) venule. These “primary lobules” were renamed hepatic microvascular subunits (HMS) and were demonstrated to consist of a group of sinusoids supplied by a single inlet venule and its associated termination of a branch of the hepatic arteriole from the adjacent portal space (see Fig. 1-12). Further confirmation of this HMS concept was obtained by studying their development in neonatal livers.20 Accompanying the HMS are hepatic parenchymal cells and the associated cholangioles and canaliculi. Hepatocellular metabolic gradients also have been demonstrated to conform to this proposed functional-unit concept.21












Hepatic Parenchymal Cells


Hepatic parenchymal cells, commonly referred to as hepatocytes, are polyhedral cells approximately 20 to 30 µm in diameter; they have a volume of approximately 5000 µm3 and are organized into anastomotic sheets (see Fig. 1-1).22-24 They are epithelial cells, and like other polarized epithelial cells they have distinct apical, lateral, and basal surfaces. The basal surfaces of hepatocytes face the sinusoidal endothelium. Their plasma membranes have microvilli that extend into the space of Disse (the space between hepatocytes and endothelial cells), increasing the surface area available for the exchange of materials between hepatocytes and blood plasma. The apical surfaces of hepatocytes face adjacent hepatocytes and enclose the bile canaliculi, minute spaces forming a network of channels that carry the bile secretion (exocrine secretion) of hepatocytes (Figs. 1-13 and 1-14). The apical surfaces also form microvilli to increase the surface area available for secretion. This is also referred to as the canalicular domain of the plasma membrane. The lateral membranes of hepatocytes extend from the bile canaliculi to the space of Disse and form cell–cell junctions, including gap junctions that facilitate communication between hepatocytes and tight junctions that seal the bile canalicular lumen from the interstitial space (see Figs. 1-13 and 1-14). These tight junctions are critical in that they prevent leakage of plasma into bile as well as backflow of bile from canaliculi into the blood. Functionally, the basal and lateral membranes are frequently considered a unit—the basolateral membrane.





[image: image]

Fig. 1-13 Portions of three hepatic parenchymal cells having bile canaliculi (BC) located between adjacent cells. D, space of Disse; E, endothelial cell; L, lysosome; M, mitochondria; RER, rough endoplasmic reticulum; S, sinusoid; SER, smooth endoplasmic reticulum. Inset is a higher magnification of a tight junction (arrowhead) between adjacent parenchymal cells. DS, Desmosome.


(Reproduced from Jones AL. Anatomy of the normal liver. In: Zakim D, Boyer TD, editors. Hepatology: a textbook of liver disease, 3rd ed. Philadelphia: WB Saunders, 1996: 22, ©1996, with permission of Elsevier.)
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Fig. 1-14 Two adjacent hepatic parenchymal cells and enclosed bile canaliculus (BC) and associated organelles. G, Golgi; g, glycogen; L, lysosome; M, mitochondria; Mb, microbody (peroxisome); N, nucleus; SER, smooth endoplasmic reticulum. Arrowheads, tight junctions.


(Reproduced from Jones AL. Anatomy of the normal liver. In: Zakim D, Boyer TD, editors. Hepatology: a textbook of liver disease, 3rd ed. Philadelphia: WB Saunders, 1996: 22, ©1996, with permission of Elsevier.)





Hepatocytes may have one nucleus but typically have two nuclei, and their cytoplasm contains numerous mitochondria as well as a prominent Golgi apparatus located between the nucleus and the bile canaliculi, rough endoplasmic reticulum, and smooth endoplasmic reticulum, with associated rosettes of glycogen particles.24 They also contain numerous endosomes, lysosomes, and peroxisomes. Fat droplets also may be present.






Plasma Membrane


The plasma membrane is a dynamic structure24-26 that has a variety of regions having specific functions and characteristics. The basal plasma membrane of each hepatocyte faces one or more sinusoids, where its surface area is greatly increased by microvilli that extend into the space of Disse (see Fig. 1-13) to facilitate the uptake of blood-borne substances into hepatocytes and the secretion of constitutively produced substances into the blood. This exchange of products across the plasma membrane in the space of Disse is further facilitated by the absence of a typical epithelial basal lamina; the sinusoidal endothelium also has a greatly reduced or absent basal lamina. The apical surface of the plasma membrane is limited to the bile canaliculi, which are channels formed by tight junctions between adjacent hepatocytes (see Figs. 1-13 and 1-14). Microvilli extend into the bile canaliculi, expanding the surface area of the apical plasma membrane that is available for secretion of bile.


Communication between hepatocytes is provided by gap junctions, which are an assemblage of many connexons—membrane pores formed by the circular arrangement of six transmembrane proteins called connexins. Connexons in opposing plasma membranes are directly aligned and form aqueous channels that allow the passage of ions and small molecules. Cellular metabolic products, as well as chemical and electrical signals, can pass between cells. Hepatocytes express specific genes for their unique connexin proteins. Desmosomes, as well as “knob and groove” or interdigitating undulations of adjacent plasma membranes, attach cells together in addition to the tight junctions forming bile canaliculi.


The molecular structure of the hepatocyte plasma membrane includes specializations such as membrane proteins that are receptors for hormones (e.g., insulin, glucagon) and receptors that bind other substances, such as circulating immunoglobulin A (IgA), and also contribute the secretory component required for IgA function. Assorted carrier and channel protein membrane components regulate/facilitate the great variety of substances that enter and exit hepatocytes by ways other than receptor-mediated transport, endocytosis, and exocytosis. Hepatocyte uptake and the release of glucose affect the blood glucose levels and also account for the variable intracellular glycogen deposits that have been characterized in a variety of physiologic conditions.









Nucleus


Hepatocytes have one or two spherical nuclei containing one or more prominent nucleoli (see Figs. 1-13 and 1-14).1,2,5,24 Some of the nuclei are polyploid and their number increases as the cell ages. Polyploid nuclei are characterized by their greater size, which is directly proportional to their ploidy. Multinucleated hepatocytes and polyploidy are consistent with high cellular function and demands and are mechanisms by which both nuclear “machinery” and cytosomal “machinery” are increased to meet these functional demands. The high level of hepatocellular activity is also reflected in the high percentage of nuclei that are euchromatic, which indicates that transcription of most of the genome is occurring continuously; thus almost all of the deoxyribonucleic acid (DNA) is in the extended configuration, and little heterochromatin is observed. Hepatocytes engaged in the synthesis of many proteins have a large nucleolus (sometimes several) that can be recognized by light microscopy, and this characteristic is typical of hepatocytes. Electron microscopy reveals the nucleolus to consist of pale-staining areas of nucleolar organizer DNA, an electron-dense granular portion of ribonucleoprotein particles forming ribosomal subunits, and a fibrillar region of transcripts of rRNA. Heterochromatic nucleolar-associated chromatin is found at the nucleolus periphery. Nucleoli are the sites of translation of rRNA into protein-rich ribosomal subunits that exit the nucleus through pores in the double membrane nuclear envelope.









Endoplasmic Reticulum, Ribosomes, and Golgi Apparatus


Rough endoplasmic reticulum (RER), smooth endoplasmic reticulum (SER), and Golgi complex are abundant in mammalian hepatocytes (see Figs. 1-13 and 1-14).1,2,24,27 Their functions are related mainly to the synthesis and conjugation of proteins, metabolism of lipids and steroids, detoxification and metabolism of drugs, and breakdown of glycogen. The endoplasmic reticulum forms a continuous three-dimensional network of tubules, vesicles, and lamellae. Almost 60% of the endoplasmic reticulum has ribosomes attached to its cytoplasmic surface and is known as the RER. The remaining 40% constitutes the SER, which lacks a coating of ribosomes. The membranes of the endoplasmic reticulum are 5 to 8 nm thick. The lumen of the RER is approximately 20 to 30 nm wide, whereas that of the SER is larger (30 to 60 nm). The morphologic characteristics and amount of the endoplasmic reticulum may vary in the different zones of the liver lobule.


RER is arranged in aggregates of flat cisternae that may be found throughout the cytoplasm. It is more frequently distributed in the perinuclear, pericanalicular, and vascular regions of hepatocytes, and it is more abundant in periportal cells than in centrilobular cells.28 The numerous attached membrane-bound ribosomes consist of a large and a small subunit, with the large subunit attached to the RER. Free ribosomes and polyribosomes are also present within the hepatocyte cytoplasm. Ribosomes contain RNA and ribosomal proteins and play a key role in the synthesis of proteins.


SER is less common and has a more complex arrangement than RER.24 It is usually much more abundant in centrilobular than in periportal hepatocytes.28,29 The cytoplasm within the SER tubules is usually slightly more electron-dense than the surrounding cytoplasm. SER membranes are irregular in size and present a tortuous course. They may be tubular or vesicular in structure, with a width of 20 to 40 nm. SER is mainly distributed near the periphery of the cell. It is often in close relation to RER and Golgi membranes, as well as to glycogen inclusions.24


The ER is not the only site of protein synthesis in hepatocytes. Abundant free ribosomes in the cytoplasm participate in the synthesis of some proteins that will be secreted, but especially of all structural proteins for the hepatocyte. Messages encoding proteins that are to remain within the cytoplasm or are destined to enter the nucleus, peroxisomes, or mitochondria are completely synthesized by free ribosomes.


The Golgi complex is a three-dimensional structure in hepatocytes consisting of numerous membranes and vacuoles.8,24,27 Multiple Golgi complexes exist in each hepatic parenchymal cell. Whether or not these complexes are interconnected (functionally forming a single large organelle) is uncertain. The Golgi generally is distributed near the bile canaliculus or nucleus. The Golgi apparatus presents a characteristic heterogeneity. It is usually formed by a stack of four to six parallel cisternae, often with dilated bulbous ends containing electron-dense material. The cisternae may be up to 1 µm in diameter with a lumen that is 30 nm wide. This structure shows a convex or proximal portion facing the nucleus and the endoplasmic reticulum (cis Golgi), where small vesicles transfer proteins from the endoplasmic reticulum, and a concave part (trans Golgi), where vesicles and vacuoles (secretory granules) originate to transport the contained secretory proteins to the plasma membrane for discharge into the space of Disse. Both cis and trans Golgi are connected by means of the medial Golgi. The latter is the intermediate station between endoplasmic reticulum and Golgi products, such as secretory granules or secondary lysosomes (GERL). This arrangement of Golgi stacks corresponds to its morphofunctional polarization related to the pathway of protein passage through this structure. Proteins in fact enter via the cis Golgi, pass through the medial Golgi, and leave this structure via the exit pole (trans Golgi). Two main types of secretory vesicle can be identified within the Golgi apparatus: smaller presecretory granules of 50-nm diameter and larger secretory granules 400 to 600 nm in diameter containing proteins such as very low-density lipoproteins.30









Mitochondria


Mitochondria are large organelles and are very numerous in hepatocytes (1 to 2000 per cell) (see Figs. 1-13 and 1-14), constituting approximately 18% to 20% of the cell volume.31 They play a role in the oxidative phosphorylation and oxidation of fatty acids and in all metabolic processes of the hepatocyte.24 Although the mitochondria are dispersed ubiquitously within hepatocytes, they are more concentrated near sites of adenosine triphosphate (ATP) utilization and are often associated with the RER. Such a relationship seems to be important during the formation of cytoplasmic membranes (SER) and cytochromes.


Mitochondria in hepatocytes may be round or elongated, with a width of 0.4 to 0.6 µm and a length of 0.7 to 1.0 µm. Longer (up to 4 µm) and larger (up to 1.5 µm in diameter) mitochondria are more numerous in periportal hepatocytes.31 Mitochondria are bounded by an outer and an inner membrane, each 5 to 7 nm thick. The outer membrane possesses special pores that allow the passage of molecules smaller than approximately 2000 daltons (Da). The inner membrane’s surface area is greatly increased by the presence of numerous cristae, which fold within the mitochondrial matrix. The space between inner and outer membranes presents a low-density matrix and ranges from about 7 to 10 nm in thickness. Mitochondria have a relatively low-density matrix in which lamellar or tubular cristae and a variable amount of small dense granules can be observed. The dense granules have a diameter of 20 to 50 nm. In addition, filaments of circular mitochondrial DNA about 3 to 5 nm in width and granules approximately 12 nm in diameter containing mitochondrial RNA are also present. The DNA codes for some of the mitochondrial proteins that are synthesized in ribosomes within the organelle, but most of the mitochondrial protein is encoded by nuclear DNA. Mitochondria are self-replicating and have a half-life of approximately 10 days.









Lysosomes


Lysosomes in hepatocytes (see Figs. 1-13 and 1-14) consist of a heterogeneous population of organelles containing hydrolytic enzymes that are morphologically and functionally interrelated.24,32 These organelles form rounded single-membrane–bound dense bodies, autophagic vacuoles, multivesicular bodies, coated vesicles, and the GERL. The GERL are similar to a cytoplasmic pool of structures located proximal to the Golgi apparatus; however, they are not part of the Golgi apparatus. Instead, GERL consist of smooth-surfaced membranes (similar to a specialized area of smooth ER) with the same hydrolase activity of the lysosome (but without the typical morphology of spherical organelles) and probably have a major role in the formation of lysosomes and hepatocyte lipoprotein metabolism.


Several classes of lysosomes can be identified within the hepatocyte cytoplasm: (1) primary lysosomes, small in size, are considered from a functional point of view to be in a resting phase; (2) secondary lysosomes are functionally activated; (3) autophagic vacuoles contain parts of the degrading cytoplasmic organelles and are often delimited by a double membrane; and, finally, (4) residual bodies are larger than primary and secondary lysosomes and are usually more numerous in older organisms. The residual bodies contain the residues of nondigested material or pigments such as lipofuscins (which are considered undigestible permanent residues). Lipofuscin granules are the most numerous lysosomal bodies present in human hepatocytes.28


Lysosomes are frequently found near the plasma membrane proximal to the bile canaliculus, forming the so-called “peribiliary dense bodies” of early histologic descriptions. The lysosomes in periportal hepatocytes are often larger and more positive for acid phosphatase than those in centrilobular hepatocytes.28,29









Peroxisomes (Microbodies)


Peroxisomes are subcellular organelles that are usually rounded or slightly oval in shape, are surrounded by a single membrane (see Fig. 1-14), and participate mainly in oxidative processes.24,33 Each hepatocyte may contain 300 to 600 peroxisomes. These organelles are characteristically more numerous and larger in hepatocytes than in other mammalian cells.28 They contain a fine granular matrix and in some species (but not humans) a denser paracrystalline structure may be present. The peroxisome size ranges between 0.2 and 1.0 µm. They are often found grouped in clusters near the endoplasmic reticulum. However, the presence of direct connections (the so-called “tails”) with endoplasmic reticulum or other peroxisomes (peroxisomal reticulum) is still under investigation. Peroxisomes may be more numerous in pericentral hepatocytes, but they are generally homogeneously distributed within the hepatic lobule.28,29 Peroxisomes are believed to originate as a focal protrusion of the RER.









Cytoplasmic Inclusions


The hepatocyte is extremely rich in cytoplasmic inclusions. These are functionally related to the enhanced metabolic activity of the liver cells. The more frequently observed cytoplasmic inclusions are glycogen granules, lipid droplets, and pigments of various nature.24


Glycogen granules are the most abundant inclusions in normal hepatocytes (see Figs. 1-13 and 1-14).24,28 At the electron microscopy level they are stained by lead salts, and may occur either in the monoparticulate form (β particles, 15 to 30 nm in size) or, more frequently, as aggregates of smaller particles arranged to form “rosettes” (α particles). Glycogen granules are dispersed in the cytoplasm, but are often associated with the SER. Glycogen is depleted during fasting, disappearing first from periportal hepatocytes and then from centrilobular cells. Upon refeeding, the sequence reverses.


Lipid inclusions appear as empty vacuoles or osmiophilic droplets and are usually not surrounded by membranes. Fat droplets may vary in size and quantity, and their levels correspond mainly to triglyceride levels in the hepatocyte.29


A variable amount of iron-containing granules are often present within the hepatocyte cytoplasm. These are related to the apoferritin-ferritin system (the so-called “hepatic iron buffer”). Liver iron metabolism occurs in hepatocytes; nevertheless, the pathway of iron transport from the blood to the hepatocytes has not yet been fully elucidated. In addition to hepatocytes, liver endothelial cells and Kupffer cells34 also possess receptors for transferrin, a glycoprotein implicated in cellular iron uptake, thus suggesting that iron transport involves a transendothelial (transcytosis) mechanism. Hepatocytes contain iron in the form of ferritin particles. With an approximately spherical shape, the iron-containing protein ferritin consists of a protein shell (apoferritin) 11 nm in diameter and an iron-containing central core approximately 5 nm in diameter. Hepatocyte iron deposits may also occur as single membrane-bound lysosomal bodies (residual bodies) forming aggregates of iron-containing electron-dense particles (siderosomes-hemosiderin granules).









Cytoskeleton and Cytomatrix


The cytoskeleton is a structure that is considered to regulate the shape, subcellular organization, and movements of the cells. In the hepatocyte the cytoskeletal organization30 is dependent on the arrangement of the three main components of this structure: the microfilaments, the intermediate filaments, and the microtubules. These filament types are regularly distributed in the cytoplasm and characterize the cytomatrix, which together with other finer filaments (microtrabeculae) is believed to contribute to the “gel” consistency of cytoplasm. Microfilaments, made of actin, and microtubules, consisting of tubulin, are both involved in intracellular motility. Microtubules are considered to be implicated in determining cell shape, completing mitosis, and regulating the intracellular transport of vesicles.35 Especially in the liver, these structures assume a relevant role in the secretion of lipoproteins and albumin, and the release of lipids into bile. Microfilaments are more directly related to bile secretion. In fact, they are normally found around the bile canaliculi (pericanalicular web). Many experimental studies have shown that microfilaments play an active role in the dilatation and contraction of bile canaliculi.36,37 Thus they may control the bile canalicular caliber and bile flow. Intermediate filaments show a more complex architecture. They correspond to the epithelial cell “tonofilaments” of the old nomenclature. In the liver they show a relationship with the Mallory bodies (the structural marker of human alcoholic liver disease). They are located around the nucleus, near the cell border, in the cytoplasmic network, and around the bile canaliculi.


There is very little information available about the presence of microtubules or microfilaments in differentiating hepatocytes. In mice these structures have been recognized as dense bundles occurring near the nucleus and the plasma membrane in late developmental stages.38 Their presence could have some importance in bile canaliculus and desmosome differentiation.












Non-Parenchymal Cells


The hepatic sinusoid is a unique, dynamic microvascular structure that serves as the principal site of exchange between the blood and the perisinusoidal space (i.e., space of Disse), and projecting into the space of Disse are microvilli of the hepatic parenchymal cells that form the external lining of this space.7 The sinusoid is composed of non-parenchymal cells, of which there are four recognized types (Figs. 1-15 and 1-16).7,39 These are (1) fenestrated endothelial cells and (2) phagocytic Kupffer cells, which form the sinusoid lining that is in contact with the blood; (3) extraluminal stellate cells, also referred to as fat-storing cells (of Ito), lipocytes, or perisinusoidal cells, which serve as specialized pericytes that extend processes throughout the space of Disse; and (4) pit cells, which are immunoreactive natural killer (NK) cells that are attached to the luminal surface of the sinusoid and are part of a population of liver-associated lymphocytes (LAL).40 Additional cells and cell processes may be present in the perisinusoidal space (of Disse) of some species, most notably mast cells in the dog41 and adrenergic and peptidergic nerves in most mammalian species, except mouse and rat.12 The perisinusoidal space is considered by some scholars to function as a lymphatic space that channels plasma to the true lymphatics coursing in the portal tract. Although this hypothesis would help to explain the large efflux of lymph from the liver, it may not be valid because anatomic connections between the space of Disse and the lymphatics in the portal tract have not been identified. For a review of intrahepatic lymphatics, see Trutmann and Sasse.9
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Fig. 1-15 Sinusoid wall and contiguous hepatic parenchymal cells (HC). BC, bile canaliculus; E, endothelium; KC, Kupffer cell; SC, stellate cell; SD, space of Disse; SP, sieve plate of fenestrae.


(Modified from McCuskey RS. In: Tavoloni N, Berk PD, editors. Hepatic transport and bile secretion. New York: Raven Press, 1993: 6, ©1993, with permission from Lippincott Williams & Wilkins [http://lww.com].)
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Fig. 1-16 Sinusoid (S) lined by endothelial cells (SEC) having attenuated cytoplasm with a Kupffer cell (KC) attached to the luminal surface and a stellate cell (SC) lying externally in the space of Disse.


(Modified from McCuskey RS. Functional morphology of the liver with emphasis on its microvasculature. In: Tavoloni N, Berk PD, editors. Hepatic transport and bile secretion. New York: Raven Press, 1993: 6, ©1993, with permission from Lippincott Williams & Wilkins [http://lww.com].)





The majority of the non-parenchymal cells have been studied both in situ and in vitro. Together, sinusoidal cells represent approximately 6% of the total liver volume, but account for 30% to 35% of the total number of liver cells.42,43 The purpose of this chapter is to present an overview of the structural and functional features of these sinusoidal cells, which together provide a physical and selective barrier between the blood and the parenchyma that is dynamic and responsive to a wide variety of physical and chemical stimuli. Whereas sinusoidal lining cells have the capacity to divide and proliferate, especially when stimulated by immune system modifiers,44 sinusoidal macrophages and NK cells may also be increased in numbers by the respective recruitment and subsequent modification of monocytes and lymphocytes, principally of bone marrow origin.45






Sinusoidal Endothelial Cells


Similar to endothelial cells found in capillaries elsewhere throughout the body, contiguous sinusoidal endothelial cells in the liver form the basic tubular vessel for transvascular exchange between the blood and the surrounding tissue (see Fig. 1-15) and represent approximately 50% of the number and volume of sinusoidal cells.42,43 The morphology of hepatic sinusoidal endothelial cells has been reviewed by several authors.39,46 These cells are unique to the liver in that their extensive, attenuated cytoplasm contains numerous fenestrae, approximately 170 nm in diameter, that lack diaphrams and that are clustered in groups known as sieve plates47 (see Figs. 1-16 to 1-18). In addition, this specialized endothelium generally lacks a basal lamina in healthy individuals; this allows solutes and small particles to have direct access to the perisinusoidal space–containing processes of fat-storing cells and the microvilli of hepatic parenchymal cells.
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Fig. 1-17 Sinusoidal endothelial cell with limited perinuclear cytoplasm that contains a few organelles, such as mitochondria, a lysosome, and a few cisternae of endoplasmic reticulum. The endothelial cell rests on the microvilli filling the space of Disse. L, sinusoidal lumen; N, nucleus.


(Modified from Wisse E, et al. Structure and function of sinusoidal lining cells in the liver. Toxicol Pathol 1996;24:100–111, with permission.)
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Fig. 1-18 Sinusoid illustrating fenestrae organized in clusters as “sieve plates” (arrowheads). H, hepatic parenchymal cell; SD, space of Disse;


(Reproduced from McCuskey RS. Functional morphology of the liver with emphasis on its microvasculature. In: Tavoloni N, Berk PD, editors. Hepatic transport and bile secretion. New York: Raven Press, 1993: 7, ©1993, with permission from Lippincott Williams & Wilkins [http://lww.com].)





The endothelium of the sinusoids exhibits heterogeneity. The fenestrae are not uniform in size or distribution throughout the length of the sinusoid, from its origin at the portal venule to its termination in the central venule. At the periportal end of the sinusoid the fenestrae are somewhat larger than those located centrilobularly, but their numbers are fewer, which, when combined with the sinusoid having a smaller diameter at the periportal end than the centrilobular end, results in a higher centrilobular endothelial porosity.47,48 The functional significance of these regional differences is unclear, but it is tempting to relate them to the functional metabolic heterogeneity that has been demonstrated for hepatocytes in different regions of the lobule,21,49-51 as well as to the portal–central intralobular oxygen gradient.52


The fenestrae constitute only 6% to 8% of the surface area of the endothelial lining. They form a selective barrier between the blood and parenchyma that acts as a dynamic and discriminating sieve for particulates such as chylomicron remnants.47 Transport of particulates somewhat larger than the size of the fenestrae is postulated to be accomplished by the “forced sieving” and “endothelial massage” concomitant with the passage of blood cells, particularly leukocytes, through the sinusoids and the resulting interaction of these cells with the endothelial wall.47


The endothelial fenestrae are dynamic structures whose diameters are affected by luminal blood pressure, vasoactive substances, drugs, and toxins.47,53,54 The mechanism for active control of the diameters of these fenestrae appears to reside in actin-containing components of the cytoskeleton.54-57 Additional cytoskeletal components form rings that delineate both the fenestrae and the sieve plates.55,58 As a result, the fenestrae are thought to regulate the passage of large substances, such as chylomicron remnants, through the endothelium while allowing free exchange of plasma and large proteins between the blood and the space of Disse. The sinusoidal endothelial filter thereby influences the fat balance between the liver and other organs, the cholesterol level in the plasma, and the delivery of retinoids to parenchymal and fat-storing cells. The number of fenestrae present in the hepatic sinusoid decreases as the individual ages.59


The surfaces of the sinusoidal endothelial cells are relatively smooth compared with those of Kupffer cells and are generally lacking in filopodia or lamellipodia (see Figs. 1-16 to 1-18). The perikaryon contains mitochondria, some scattered components of both smooth and rough endoplasmic reticulum, and a well-developed Golgi apparatus. Throughout the cytoplasm are located numerous vacuoles and organelles associated with the uptake, transport, and degradation of material. These include bristle-coated pits (which are invaginations from the cell membrane), bristle-coated micropinocytotic vesicles, endosomes, transfer tubules, and lysosomes.39,60 The fact that these endothelial cells contain 45% by volume of the pinocytotic vesicles in the liver as well as 14% of the lysosomes42,43 indicates the high degree of endocytotic activity present in these cells.


The variety of substances known to be endocytosed by sinusoidal endothelial cells includes proteins, glycoproteins, lipoproteins, glycosaminoglycans,61-63 and, under certain conditions, larger particulates, which are phagocytosed in the absence of functional Kupffer cells.64 A number of receptors to accomplish this have been identified on the cell surface, including Fc receptors for immune complexes, transferrin (Tf) receptors, scavenger receptors, mannose, galactose, apo-E, and C-III receptors. Of these, the scavenger and apo-E receptors are particularly abundant on endothelial cells compared with Kupffer cells, as are mannose/N-acetylglucosamine receptors. This indicates the important role played by the sinusoidal endothelial cells in the processing and metabolism of lipoproteins. In addition, sinusoidal endothelial cells have been demonstrated to play a significant role in the removal of advanced glycation end products (AGE) molecules.62


The endothelial cells also are secretory and release interleukin-1 (IL-1), IL-6, and interferon.39,62 In addition, these cells produce eicosanoids, particularly prostaglandins PGI2 and PGE2 and thromboxane A2 (TXA2), as well as endothelin and nitric oxide.39 Thus, along with Kupffer cells, the endothelium participates in host defense mechanisms and regulation of sinusoidal blood flow in the liver. In addition, sinusoidal endothelial cells constitutively express the intercellular adhesion molecule ICAM-1, which along with vascular cell adhesion molecule-1 (VCAM-1) is up-regulated by inflammatory stimuli either in a direct manner or by mediators released from stimulated Kupffer cells, resulting in increased adhesion of leukocytes to the endothelial surfaces.65 Finally, sinusoidal endothelial cells may participate in local immune responses in the liver by acting as antigen-presenting cells and resembling immature dendritic cells (see Chapter 9).66,67









Kupffer Cells


Kupffer cells constitute the largest population of fixed macrophages in most vertebrates. They are components of the walls of hepatic sinusoids and play a significant role in the removal by endocytosis of particulates and cells from the portal blood, as well as toxic, infective, and foreign substances, particularly those of intestinal origin.63 Kupffer cells also are the source of a variety of beneficial, vasoactive, and toxic mediators that are involved in host defense mechanisms, as well as some disease processes in the liver.63,68 Included among the substances released are eicosanoids, free radicals, cytokines, interferon, platelet-activating factor, and lysosomal enzymes.


The morphology of mammalian Kupffer cells, including those in humans, has been described and extensively reviewed.63 Kupffer cells are macrophages that constitute one of the cellular components of hepatic sinusoids (see Figs. 1-15, 1-16, 1-19, and 1-20). At this site they are anchored to the luminal surface of the sinusoidal endothelium and thus are exposed to the bloodstream. Occasionally, Kupffer cells also are interdigitated between endothelial cells. However, Kupffer cells are unevenly distributed within hepatic lobules, with the majority being found in the periportal region, where they are larger and have greater phagocytic activity than Kupffer cells located in the centrilobular region of the lobule.44,69 In addition, Kupffer cells are often located at the junctions of sinusoids. As a result, the majority of Kupffer cells are strategically located to remove foreign materials as they enter the liver lobule.
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Fig. 1-19 Kupffer cell (KC) attached to luminal surface of sinusoidal endothelium by processes that penetrate fenestrae.


(Modified from McCuskey RS. Functional morphology of the liver with emphasis on its microvasculature. In: Tavoloni N, Berk PD, editors. Hepatic transport and bile secretion. New York: Raven Press, 1993: 7, ©1993, with permission from Lippincott Williams & Wilkins [http://lww.com].)
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Fig. 1-20 Kupffer cell containing lysosomes with varying density and diameter, vacuoles, and a nucleus (N). Kupffer cells are sometimes seen in direct contact with the microvilli of the parenchymal cells (arrowhead). f, fenestrae; L, Sinusoidal lumen; SD, space of Disse.


(Modified from Wisse E, et al. Structure and function of sinusoidal lining cells in the liver. Toxicol Pathol 1996;24:100–111, with permission.)





Kupffer cells often present a large irregular surface, caused by numerous microvilli, filopodia, and lamellipodia extending from the cellular surface (see Figs. 1-16 and 1-19).63 Attachment to the endothelium appears to be by cytoplasmic processes that often penetrate the endothelial fenestrae to enter the space of Disse, where they may contact stellate cells and, occasionally, parenchymal cells. Other processes frequently extend across the lumen to anchor in the opposite wall of the sinusoid. As a result, Kupffer cells often have a branched or “stellate” appearance. Although Kupffer cells frequently contact other sinusoidal cell types, no organized junctions have been visualized between Kupffer cells and these contiguous cells. The surface of Kupffer cells is covered with a fuzzy coat of unknown composition that normally is not preserved by perfusion fixation with glutaraldehyde.70,71 It can, however, be seen coating the inner surface of the membranes of large pinocytotic vacuoles, and as a dense midline within membranous invaginations known as “worm-like” bodies or vermiform processes. These structures are believed to be unique to Kupffer cells, as are annulate lamellae.72 The latter are sometimes found connected to the RER and are considered to represent a particular arrangement of the RER. These latter two structures, along with the nuclear membrane, stain positive for endogenous peroxidase. Although this is a specific marker for Kupffer cells in the rat liver71,73 it is not as useful in other species, because of a similar positivity in large numbers of endothelial cells. More recently, monoclonal antibodies also have been used to identify macrophages and Kupffer cells.74,75


In addition to the previously mentioned structures, the cytoplasm of Kupffer cells contains bristle-coated micropinocytotic vesicles and a number of clear vacuoles and dense bodies (lysosomes), which, along with the vermiform processes and fuzzy-coated vacuoles, are involved in the high level of endocytotic and digestive activity attributed to these cells.63,72 Additionally, the usual set of cellular organelles is also present in the cytoplasm, including mitochondria, RER, free ribosomes, Golgi apparatus, microtubules, microfilaments, intermediate filaments, centrioles, and a nucleolus.63,72 However, fat droplets, autophagic vacuoles, multivesicular bodies, peroxisomes, and smooth endoplasmic reticulum have not been reported in Kupffer cells in situ.


The endocytotic mechanisms of Kupffer cells have been studied both in situ and, in greater detail, in isolated cultured cells. Four morphologically recognizable endocytotic mechanisms for Kupffer cells fixed in situ by perfusion have been described: bristle-coated micropinocytosis; pinocytosis veriformis; pinocytosis (fuzzy-coated vacuole); and phagocytosis.63,72 Of these, the principal endocytotic mechanisms, both in vivo and in vitro, are thought to be phagocytosis and bristle-coated micropinocytosis. Phagocytosis of particulates larger than 0.3 to 0.5 µm (e.g., latex, bacteria) is performed by hyaloplasmic pseudopodia, which extend from the cell surface to engulf the particulate. Phagocytosis of particulates >0.5 µm (e.g., latex) has been used as a marker to distinguish Kupffer cells from other sinusoidal lining cells under normal conditions.73 However, as noted previously the sinusoidal endothelium is also capable of phagocytosing latex particles if Kupffer cells are injured.64 Bristle-coated micropinocytosis is believed to be responsible for both receptor-mediated and non–receptor-mediated fluid-phase endocytosis. Several receptors have been demonstrated on Kupffer cells, including Fc and C3 receptors, N-acetyl-D-galactosamine receptors, and N-acetylglucosamine/mannose receptors.


The origin and cell kinetics of Kupffer cells continue to be debated between scholars who are proponents of a monocytic origin and those favoring self-replication.44,76 Taken together, the data seem to support both points of view. Healthy Kupffer cells have long residence times and slow rates of self-replication, augmented by some recruitment and transformation of monocytes. Monocyte recruitment becomes more important during stimulation of Kupffer cell function (e.g., after exposure to zymosan or bacille Calmette-Guérin [BCG]).77-79









Stellate Cells


External to the endothelium, perisinusoidal cells known as stellate cells (previously known as fat-storing cells, Ito cells, or lipocytes) are located in the space of Disse (see Figs. 1-15, 1-16, and 1-21), with a higher number present in the periportal area.80,81 These cells contain fat droplets and are the major storage site of retinoids, including vitamin A, which emits a characteristic, rapidly quenched autofluorescence when excited with 328-nm ultraviolet light. Two types of fat droplets are recognized: those with and those without a limiting membrane.80
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Fig. 1-21 Stellate cell lying within the space of Disse, which is covered by the endothelial lining. Fat droplets (asterisks) and cisternae of the endoplasmic reticulum are located in the cytoplasm. A small bundle of collagen fibers (arrow) is associated with the cell. f, fenestrae; L, sinusoidal lumen; N, nucleus; SD, space of Disse.


(Modified from Wisse E, et al. Structure and function of sinusoidal lining cells in the liver. Toxicol Pathol 1996;24:100–111, with permission.)





The nuclear area of the stellate cell is frequently located in recesses between hepatic parenchymal cells, whereas the thin, multiple cytoplasmic processes of these cells course through the perisinusoidal space and extensively embrace the abluminal surfaces of the endothelium that surrounds the sinusoid like a cylindrical basket. This close relationship of the processes of the stellate cell to the sinusoid wall, the presence of large numbers of cytoplasmic microtubules and microfilaments, the positive immunostaining of desmin and smooth muscle α-actin, and the close association of nerve fibers (see Fig. 1-10), coupled with the demonstration of contractile activity in these cells both in vivo and in vitro, strongly suggest that stellate cells play a role in the local regulation of blood flow through the hepatic sinusoids.82,83


Healthy individuals have little or no basal lamina and collagen associated with the sinusoidal endothelium. As a result, the sinusoid wall is a highly permeable structure that permits continuity of plasma between the blood and the hepatocyte. However, with certain types of liver injury (e.g., cirrhosis) basement membrane material and collagen fibrils accumulate in the perisinusoidal space, resulting in “capillarization” of the sinusoid and impaired transvascular exchange.84 The perisinusoidal stellate cells are thought to be responsible for the synthesis of this material, following their transformation into myofibroblast-like cells having reduced numbers of fat droplets and vitamin A as well as an increased capacity to secrete extracellular matrix materials, including collagen types I and III to VI, fibronectin, laminin, tenascin, undulin, hyaluronic acid, biglycan, decorin, syndecan-containing chondroitin sulfate, heparan, and dermatan sulfate.85









Liver-Associated Lymphocytes


Pit cells are derived from circulating large granular lymphocytes (LGL)86 that become attached to the sinusoidal wall (Fig. 1-22); LGL possess natural killer (NK) activity and are part of a population of liver-associated lymphocytes (LAL).40,87 Pit cells contain azurophilic granules that stain for acid phosphatase, suggesting that they are lysosomal in nature.88,89 In addition, the cytoplasm of these cells contains characteristic rod-cored vesicles as well as multivesicular bodies, a Golgi apparatus, and mitochondria, all of which exhibit polarity toward one side of an eccentric, indented nucleus. Although the majority of attachments to the sinusoidal wall are to endothelial cells, adhesion to Kupffer cells is not uncommon.
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Fig. 1-22 Pit cell with typical dense granules. This pit cell is in close contact with the endothelial lining and is seen to contact microvilli of the parenchymal cells (arrowhead). EC, endothelial cell; f, fenestrae; L, sinusoidal lumen; N, nucleus; SD, space of Disse.


(Modified from Wisse E, et al. Structure and function of sinusoidal lining cells in the liver. Toxicol Pathol 1996;24:100–111, with permission.)





Pit cells have been shown to spontaneously kill tumor cells as well as produce a cytolytic factor that is up-regulated by biologic response modifiers such as zymosan, as well as by IL-2.87 These substances also induce proliferation of pit cells, as does partial hepatectomy, perhaps through the activation of Kupffer cells. Finally, two types of pit cell have been recognized: high density (HD) and low density (LD). The LD pit cells have a greater number of smaller granules, as compared with the granules found in HD cells; in addition, LD cells exhibit more cytotoxicity.90












Heterogeneity


Within the hepatic lobules, the parenchyma exhibits considerable heterogeneity along the portal venous–central venous axis, both ultrastructurally and in various enzyme activities. This results in an intralobular metabolic zonation, with different cellular functions represented in different zones within each lobule.49,50 For example, the key enzymes involved in glucose uptake and release and in the formation of urea and glutamine are reciprocally located with glucogenic and urea cycle enzymes, principally in the periportal zone, and with glycolytic and glutaminogenic enzymes, in the centrilobular zone. Mixed-function oxidation and glucuronidation are mainly centrilobular functions, whereas sulfation is principally a periportal function. This zonation of enzymatic functions also is reflected ultrastructurally in differences in mitochondria and smooth endoplasmic reticulum among different zones. As a result of this zonation, as well as the portal-central oxygen gradient, most toxicologic and pathologic events in the liver show a considerable degree of zonal preference. An example of toxicants eliciting periportal injury is allyl alcohol; carbon tetrachloride and acetaminophen elicit centrilobular injury.


The sinusoids are composed of specialized non-parenchymal cells and also exhibit structural and functional heterogeneity.7,8 Near their origins from portal venules and hepatic arterioles, sinusoids are slightly narrower as well as tortuous and anastomotic, forming interconnecting polygonal networks; farther away from the portal venules the sinusoids become organized as parallel vessels that terminate in central venules (terminal hepatic venules). Short intersinusoidal vessels connect adjacent parallel sinusoids. The volume of liver occupied by sinusoids in the periportal area is also greater than that surrounding central venules. However, because of the smaller size and the anastomotic nature of the periportal sinusoids, the surface area available for exchange in the periportal sinusoids (surface area/volume ratio) is greater than that found in centrilobular sinusoids. The size and pattern of distribution of endothelial fenestrae differ along the length of the sinusoid. At the portal end the fenestrae are larger but comprise less of the endothelial surface area than they do in the pericentral region. The functional significance of these regional differences is unclear but relates to the functional metabolic heterogeneity that has been demonstrated for hepatocytes in different regions of the lobule. This, in turn, may depend on the recognized portal-central intralobular oxygen gradient.
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Abbreviations


Alb albumin


APG acute-phase gene


APR acute-phase response


Bcl B-cell lymphoma protein


c-met mesenchymal-epithelial transition factor


CCl4 carbon tetrachloride


Cdc cell division control


Cdk cyclin dependent kinase


Cip/Kip cyclin-dependent kinase inhibitor


E2F electro-acoustic 2 factor


Edg endothelial differentiation gene


EGF epidermal growth factor


EGFR epidermal growth factor receptor


Erk extracellular signal-regulated kinase


FADD fas-associated death domain


G1-phase Gap 1 phase


G2-phase Gap 2 phase


Gab growth factor receptor–bound protein


GFP green fluorescent protein


HGF hepatocyt growth factor


I/R ischemia reperfusion


IAP inhibitor of apoptosis


IL interleukin


IRES internal ribosome entry site


JAKs Janus kinase


JNK Jun terminal kinase


LPS lipopolysaccharides


MAPK mitogen-activated protein kinase


MCM mini-chromosome maintenance


M-phase mitosis phase


NF-κB nuclear factor-kB


PCNA proliferating cell nuclear antigen


PH partial hepatectomy


Ras rat sarcoma


Rb retinoblastoma protein


RIP receptor interacting protein


S1P spingosine 1-phospate


Shp2 SH2-domain-containing protein tyrosine phosphatase 2


Skp2 S-phase kinase-associated protein 2


SOCS suppressors of cytokine signaling


S-phase synthesis phase


STAT signal transducer and activator of transcription


TGF transforming growth factor


TNF tumor necrosis factor


TNFR tumor necrosis factor receptor


TRADD tumor necrosis factor receptor–associated death domain


TRAF tumor necrosis factor–associated factor


uPaR urikinase receptor









Introduction


A striking property of the liver is its unique ability to regenerate and thereby restore its original mass after tissue loss. Major progress has been achieved during the last 50 years in understanding the mechanisms involved in controlling this process. However, this phenomenon has been discussed since Greek mythology: The Titan Prometheus stole the fire from Zeus and brought it to mankind. Zeus punished him by chaining Prometheus to a rock in the Caucasus Mountains. Every day an eagle came and ate from his liver, which regenerated overnight.


The liver has a large metabolic task to perform and normally hepatocyte proliferation in the liver is a rare event. However, liver regeneration is induced following different mechanisms of injury. Examples in humans are liver regeneration after acute liver damage from viral infection or following liver resection. Moreover, in recent years liver transplantation and especially split liver transplantation have become very important areas of research because of the shortage of donor livers. Therefore animal models to study liver regeneration are of direct relevance to better understand the physiologic mechanisms that occur in liver transplant patients. Additionally, the direct clinical application of split liver transplantation allows further proof of the concepts that have been gathered in animal models.


Different animal models to study liver regeneration have been established, mainly in rats and mice. More recently, mouse models have been favored because genetic manipulation in these species allows the researcher to directly address the function of specific genes involved in hepatocyte proliferation after injury (Table 2-1). The best studied model to investigate mechanisms relevant for liver regeneration is the one of partial hepatectomy (PH) (Fig. 2-1). Here, in mice or rats 70% of the liver is surgically removed and the impact on cell cycle progression of parenchymal and non-parenchymal liver cells can be investigated. In this classical model, the first wave of hepatocyte proliferation is found in rats after 24 hours and in mice after 40 hours. Non-parenchymal cells follow hepatocyte proliferation several hours later (Fig. 2-2).1


Table 2-1 Knock Out Animal Models Used to Study Liver Regeneration






	DISRUPTED GENE

	PHENOTYPE AFTER PARTIAL HEPATECTOMY

	REFERENCEs






	Interleukin-6 (IL-6) (Constitutive knockout mice)

	Impaired liver regeneration characterized by liver necrosis and failure

	7






	STAT3 (Liver specific conditional knockout mice)

	Significant reduction of DNA synthesis, abnormalities in activation of immediate-early gene and cell cycle regulators

	11






	Gp130 (Liver specific conditional knockout mice)

	Normal liver regeneration; impaired regeneration after LPS treatment

	13






	Gp130ΔSTAT (Liver specific conditional knockout mice)
Gp130ΔRAS (Liver specific conditional knockout mice)

	Block of acute-phase gene regulation
Enhanced acute-phase response regulation; up-regulation of SOCS3 delay of hepatocyte proliferation

	18






	SOCS3(Liver specific conditional knockout mice)

	Hepatocytes acquire enhanced proliferation capacity

	21






	TNF-R1(Constitutive knockout mice)
TNF-R2(Constitutive knockout mice)

	Deficient DNA synthesis and massive lipid accumulation
Liver regeneration not affected

	24






	IKK2(Liver specific conditional knockout mice)

	Earlier hepatocyte proliferation and more rapid cell cycle progression

	50






	JNK1−/−(Constitutive knockout mice)
JNK2(Constitutive knockout mice)

	Impaired liver regeneration
Liver regeneration not affected

	176






	Bax inhibitor-1 (Bi-1)(Constitutive knockout mice)

	Accelerated liver regeneration

	61






	
c-jun(Liver specific conditional knockout mice)

	Impaired liver regeneration correlates with increased protein level of p21

	73






	
c-Myc(Liver specific conditional knockout mice)

	Compromised liver regeneration

	77






	
c-met(Liver specific conditional knockout mice)

	Regeneration of liver is impaired

	84






	EGFR(Liver specific conditional knockout mice)

	Impaired liver regeneration

	100






	β-Catenin(Liver specific conditional knockout mice)

	Suboptimal delay of proliferation

	91






	TGF-α (Constitutive knockout mice)

	Liver regeneration proceeds normally

	102






	Notch interferon-inducible(Liver specific conditional knockout mice)

	Slower restoration of liver mass
 with reduced proliferative response

	111






	E2F1 depletion(Liver specific conditional knockout mice)

	No influence on regenerative capacity

	130






	Cyclin D(Constitutive knockout mice)

	Insufficient delay in S phase

	134






	Cyclin E1(Constitutive knockout mice)

	Normal liver regeneration with slight delay of G1/S-phase transition; absent endoreplication in hepatocytes

	138






	Cyclin E2(Constitutive knockout mice)

	Accelerated liver regeneration

	138






	Cdk2(Constitutive knockout mice)

	Insufficient delay in S phase

	139






	Cdk2/Cdk4(Conditional ablation of CDK2constitutive CDK4 knockout)

	No detectable abnormalities

	121






	p21(Constitutive knockout mice)

	Increased hepatocyte proliferation

	149






	p27(Constitutive knockout mice)

	Accelerated liver regeneration

	151






	Skp2(Constitutive knockout mice)

	Restoration of individual cells achieved not by proliferation but by enlargement of cells

	155






	p27/Skp2(Constitutive knockout mice)

	Normal regeneration

	156






	p18(Constitutive knockout mice)

	Normal regeneration

	158






	p18/p21(Constitutive knockout mice)

	Shortened G1 phase

	158






	p18/p27(Constitutive knockout mice)

	Increase of proliferation

	158






	TGF-β receptor II(Liver specific conditional knockout mice)

	Earlier and increased DNA synthesis; increased liver weight after resection

	167






	Sphingosine 1-phosphate receptor 2–deficient mice(Constitutive knockout mice)

	High proliferation and enhanced liver weight/body weight ratio

	175
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Fig. 2-1 Multistep model of liver regeneration in relation to the metabolic demands and mitogenic signals.


The process can be divided into three phases: priming, progression, and termination. Priming is initiated by cytokines sensitizing the cells to growth factors. Growth factors and cyclins move cells through the cell cycle. Termination with a prominent role of the TGF-β family is essential to return the liver to the quiescent state.
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Fig. 2-2 Time kinetics of DNA synthesis in different liver cell types during liver regeneration after partial hepatectomy.


The four major types of liver cells undergo DNA synthesis at different time points after PH. In rats hepatocyte DNA synthesis peaks at 24 hours, whereas the other cell types proliferate later. Regenerating hepatocytes produce growth factors that can function as mitogens for these cells. It has been suggested that hepatocytes are also involved in stimulating proliferation of the other cells by a paracrine mechanism. PH, Partial hepatectomy.




In this simple model of partial hepatectomy, basic mechanisms involved in controlling hepatocyte proliferation have become evident. The correct liver weight/body weight ratio can be restored quite rapidly and takes between 7 and 10 days in rodents. This ratio is relatively constant and reflects the balance between liver function and the body’s demands for this function. After resection the removed liver lobes are not replaced; instead, hepatocytes in the remaining lobes proliferate. Therefore liver regeneration can also be described as compensatory hyperplasia. After liver mass is restored hepatocytes receive signals that lead to the cessation of proliferation. Thus liver regeneration is a tightly regulated process in which hepatocytes enter the cell cycle and then become quiescent again.


Besides the proliferative response after resection or injury, the liver also has the capacity to proliferate without loss of tissue, and this event is called direct hyperplasia. Different agents (e.g., nuclear receptors) have been characterized that trigger direct hyperplasia.2 However, this chapter will focus on mechanism of liver regeneration (compensatory hyperplasia).


In the past 50 years different topics of liver regeneration have been proposed. In the beginning the model of partial hepatectomy was established and morphologic and metabolic changes during hepatocyte proliferation were studied. Subsequently, it became obvious that growth factors are involved in controlling the exact timing of cell cycle progression of hepatocytes. In further studies the intracellular events, especially in the nucleus, were investigated, which resulted in the analysis of changes in the expression and activity of transcription factors. Currently, because of the broad spectrum of capabilities offered by genetically manipulated mice, complex pathways interacting during liver regeneration have been investigated and it has become possible to dissect the essential mechanisms that are needed to restore liver mass after liver injury.


The events of liver regeneration can be divided into the following three phases (see Fig. 2-1):



1 Initiation/priming—induction of hepatocytes into a state of replicative competence



2 Progression—expansion of the entire hepatocyte population



3 Termination—suppression of cell proliferation


However, there are no distinct borders among these processes, because all phases are closely linked and share several mechanisms.3,4






Initiation Phase


The events occurring in the early period up to 5 hours after partial hepatectomy (PH) have been called “priming.” During the initiation phase hepatocytes are primed for subsequent replication. Initiation factors include interleukin-6 (IL-6) and tumor necrosis factor-α (TNF).






Interleukin-6


Interleukin 6 (IL-6) is known as a multifunctional cytokine that regulates hematopoiesis and inflammation. IL-6 first binds the IL-6 receptor (gp80) and then interacts with gp130. Subsequently, dimerization of two gp130 molecules activates Janus kinases (Jaks), which phosphorylate specific tyrosine residues of gp130 and thus activate the SHP2/Erk/Map pathways or the transcription factors STAT1 and STAT3 (Fig. 2-3).5,6
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Fig. 2-3 Interleukin-6–dependent signaling.


On the cell surface interleukin-6 (IL-6) first interacts with the IL-6 receptor (IL-6R)/gp80. This complex interacts with gp130 molecules and in turn triggers intracellular dimerization. Receptor-bound Janus kinases (JAKs: Jak1/2/Tyk2) become activated and phosphorylate tyrosines as the intracellular part of gp130. The phosphorylated tyrosines are essential to activate downstream pathways. Although phosphorylation of the second tyrosine is important to trigger the Ras/Map pathway via the SH2 domain containing protein tyrosine phosphatase 2 (Shp2), the four distal tyrosines are essential to activate Stat transcription factors.




Studies in knockout mice indicated that normal liver regeneration after PH requires IL-6. The first experiments published by Taub’s group demonstrated that IL-6−/− animals had a defect in hepatocyte proliferation after partial hepatectomy. Significantly more of the knockout mice died compared with the wild-type (wt) controls.7 Livers show impaired regeneration characterized by necrosis and G1-phase abnormalities, including absence of STAT3 activation. Pretreatment of IL-6−/− mice with IL-6 rescues STAT3 binding, gene expression, and hepatocyte proliferation to almost normal level and prevents liver damage.7


The relevance of these findings was further emphasized by the finding that the defect in liver regeneration found in tumor necrosis factor-1 (TNFR-1−/−) mice could be reverted by IL-6 injection.8 Through these two findings the hypothesis was raised that IL-6 is an essential factor involved in propelling the resting hepatocyte into the cell cycle. Further experiments aimed at better defining the pathways activated by IL-6 are essential for liver regeneration.


The most prominent factor activated by IL-6 in hepatocytes is STAT3. Treatment of IL-6−/− mice after partial hepatectomy with stem cell factor restored STAT3 activation and DNA synthesis.9 Because STAT3 knockout mice are embryonal lethal10 conditional knockout mice with a hepatocyte-specific knockout for STAT3 were used to study the role of IL-6/gp130-dependent STAT3 activation during liver regeneration. These animals also showed impairment in liver regeneration resembling the results of IL-6−/− animals.11 Therefore these results suggested that especially the STAT3 pathway appears necessary for liver regeneration following partial hepatectomy. However, in these animals there was strong STAT1 activation, which is normally not found after partial hepatectomy. STAT1 is known to mediate effects opposite those of STAT3. Therefore this experimental setting has major limitations in solving the role of STAT3 during liver regeneration.


Blindenbacher and colleagues performed a careful study in IL-6−/− mice to better define the role of IL-6 during liver regeneration.12 They tested whether IL-6 has a direct impact on hepatocyte proliferation or on body homeostasis. By using intravenous or subcutaneous IL-6 injection the authors determined that IL-6 is not directly involved in stimulating hepatocyte proliferation; instead, its primary purpose is to maintain body homeostasis in order to allow normal liver regeneration.


These results were further confirmed in conditional knockout animals for gp130. These mice showed normal liver regeneration compared with wild-type animals.13 However, after lipopolysaccharide (LPS) injection—mimicking bacterial infection—more of the gp130−/− animals died, compared with controls, and showed impaired hepatocyte proliferation. Taken together, the work of these groups indicates that IL-6/gp130 is involved in contributing to liver regeneration through a mechanism that is not directly related to cell cycle control.


At present, the pathways that are relevant to mediate this effect are not completely understood. However, in recent years several reports demonstrate that IL-6 activates anti-apoptotic pathways also in hepatocytes. Earlier experiments by Kovalovich and colleagues demonstrated that IL-6 can activate Bcl-xL expression; in addition, it has also been suggested that IL-6 has a role in the activation of Akt.14,15 Therefore these results indicate that IL-6/gp130 might be relevant to directly protect hepatocytes during cell cycle progression.


Additionally, IL-6 induces pathways involved in mediating immune-dependent mechanisms. IL-6 via STAT3 is the major cytokine that induces the acute-phase response (APR) in the liver. The APR is a first line of defense in the body but is also involved in the regulation of other pathophysiologic mechanisms (e.g., macrophage activation, interaction with the complement system).16 Besides controlling APR expression, IL-6 contributes to the regulation of the TH1/TH2 response.17 Therefore these IL-6–dependent tasks could also be relevant in contributing to body homeostasis after partial hepatectomy.


Two main pathways leading to Ras/Erk or STAT3 activation are essential (see Fig. 2-3). To dissect these two pathways during hepatocyte proliferation, PH was performed in animals deficient for either hepatocyte-specific gp130-dependent Ras-Erk or STAT activation.


Deletion of gp130-dependent signaling had a major impact on acute-phase gene (APG) regulation after PH. APG regulation was blocked in gp130Δ STAT animals, whereas gp130ΔRas mice showed an enhanced APG response and significantly stronger SOCS3 regulation. Unexpectedly, this response was associated with a delayed start of hepatocyte proliferation. A more detailed analysis of cell cycle parameters demonstrated that the G1/S-phase transition was also delayed in these animals.


Taken together these results indicate that gp130-dependent STAT signaling during liver regeneration in hepatocytes via SOCS3 controls the timing of the G1/S-phase transition, thereby providing protective signals that are important to allow hepatocyte proliferation during stress conditions.18


The suppressors of cytokine signaling (SOCS) constitute one important family of negative regulators that mediate immune responses. Most SOCS proteins are expressed following STAT activation and therefore function as classic negative regulators—they inhibit cytokine-mediated signal transduction.19


Mice deficient in SOCS3 die in utero because of placental defects.20 Analyses of hepatocyte-specific Socs3−/− mice revealed that SOCS3 expression at early stages of liver regeneration is an essential element that coordinates the termination of the main cytokine response with the activation of growth factors that regulate cell cycle progression. In the absence of SOCS3, hepatocytes acquire an enhanced proliferation capacity, both in vivo and in cell culture.21









Tumor Necrosis Factor-α


Tumor necrosis factor is a multifunctional cytokine. In the liver it acts as a cytotoxic agent in many types of hepatic injury and is also an important mediator of hepatocyte proliferation.22 It has been shown that TNF levels increased in the blood immediately after partial hepatectomy in normal animals and that administration of anti-TNF antibodies inhibited liver regeneration after surgery.23


TNF signals through two distinct receptors, TNFR1 and TNFR2, of which TNF-R1 initiates the majority of TNF’s biologic activities in hepatocytes. After PH, TNFR1−/− show deficient DNA synthesis and massive lipid accumulation in hepatocytes. In contrast, TNFR2−/− mice have normal liver structure and similar levels of hepatocyte DNA replication compared to wild-type mice.24


Upon stimulation of tumor necrosis factor receptor 1 (TNFR1), TNF receptor–associated death domain (TRADD) provides a scaffold for the assembly of complex I at the plasma membrane by binding receptor interacting protein 1 (RIP1), TNF receptor–associated factor 2 (TRAF2) or TRAF5, and the inhibitor of apoptosis proteins (IAPs) cIAP1 and cIAP2. This complex is crucial for activating NF-κB and mitogen-activated protein kinase (MAPK) pathways, which ultimately activates c-Jun NH2-terminal kinase (JNK) (Fig. 2-4).
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Fig. 2-4 TNF-dependent signal transduction.


Binding of TNF to its cognate receptor TNFR1 results in the release of SODD and formation of a receptor-proximal complex containing the important adapter proteins TRADD, TRAF2, RIP, and FADD. These adapter proteins in turn recruit additional key pathway-specific enzymes (e.g., caspase 8, IKK2) to the TNFR1 complex, where they become activated and initiate downstream events leading to apoptosis via caspase 8, NF-κB activation involving the IKK-complex, and Jun kinase (JNK) activation.




After internalization of the TNFR1 receptor, secondary cytosolic complexes dependent on either TRADD (complex IIA) or RIP1 (complex IIB) are formed to initiate apoptosis. Complex IIA formation involves Fas-associated death domain (FADD) mediated recruitment and activation of caspase 8 for RIP1 and RIP3 cleavage. Complex IIB is formed in the presence of Smac mimetics and acts independently of TRADD through a RIP1-FADD scaffold to activate caspase 8 in a RIP1 kinase–dependent way.25,26


Activation of NF-κB by TNF requires a complex network of kinases. First the IKK complex interacts with TRAF2 and RIP. Upon activation, the IKK kinase phosphorylates I-κB, which results in its degradation, and as a consequence NF-κB is released to the nucleus where target gene transcription begins.


The signals transduced by the receptors converge on the I-κB kinase complex (IKK), consisting of the catalytic subunits IKK-α (IKK1) and IKK-β (IKK2) and the regulatory subunit NEMO (NF-κB essential modulator).27-29


In vitro IKK1 and IKK2 can form homodimers and heterodimers.30 Both IKK1 and IKK2 are able to phosphorylate I-κB in vitro; however, compared with IKK1, IKK2 has a higher kinase activity in vitro.31-33


The IKK complex phosphorylates I-κBs at the N-terminal domain at two conserved serines (S32 and S36 in human I-κBα). After phosphorylation, the I-κBs undergo a second posttranslational modification: polyubiquitination by a cascade of enzymatic reactions, mediated by the β-TrCP-SCF complex (or the E3IkB-ubiquitin ligase complex). This process is followed by the degradation of I-κB proteins by the proteasome, thus releasing NF-κB from its inhibitory I-κB binding partner. This uncovers the nuclear translocation signal and thus NF-κB translocates to the nucleus and activates transcription of NF-κB–dependent target genes.34,35 Because the enzymes that catalyze the ubiquitination of I-κB are constitutively active, the only regulated step in NF-κB activation appears to be in most cases the phosphorylation of I-κB molecules.


During embryogenesis, IKK2 and NEMO appear to be critical subunits for NF-κB activation and for protection of cells from proinflammatory cytokines such as TNF. Mice lacking IKK1 die shortly after birth and display a phenotype marked by thickening of skin and limb as well as skeletal defects.36,37 In contrast, IKK2−/− mice die in utero approximately at embryonic day 12.5 as a result of massive apoptosis in the liver.38-40 A similar phenotype was noted in mice lacking the regulatory subunit NEMO, which also die from massive apoptosis in the liver.41,42 Interestingly, in adult mice hepatocyte-specific ablation of NEMO caused spontaneous development of hepatocellular carcinoma, preceded by chronic liver disease with hepatitis, steatohepatitis, and fibrosis.43


After PH, NF-κB in the liver is rapidly activated within 30 minutes.44 Although the role of NF-κB during liver regeneration has been previously investigated using different models, it still remains controversial.


One important question is whether NF-κB is able to directly promote hepatocyte proliferation in this model. NF-κB has been shown to be able to directly stimulate the transcription of genes that encode G1-phase cyclins and a NF-κB binding site is present in the cyclin D1 promoter.45,46 Initially, experiments were performed using an adenovirus expressing the nondegradable I-κBα super-repressor, which blocks NF-κB activation. These studies indicated that NF-κB activation after partial hepatectomy is required for liver regeneration. Animals treated with the virus showed a lack of hepatocyte proliferation and increased apoptosis.47


In contrast, Chaisson and colleagues used transgenic mice that expressed the nondegradable I-κBα super-repressor specifically in hepatocytes. However, only 60% of the hepatocytes expressed the transgene. These mice—in contrast to the adenovirus experiments—showed normal hepatocyte proliferation after PH.48


A recent study showed that PH in hepatocyte-specific IKK2 knockout mice triggered a more rapid and pronounced inflammatory response in non-parenchymal liver cells. This resulted in earlier hepatocyte proliferation and more rapid cell cycle progression. These results support previous findings that IKK2 hepatocyte-specific knockout mice provide an attenuated inflammatory response after ischemia reperfusion (I/R).49 Taken together, these findings contribute essentially to the understanding of the role of IKK2 and consequently NF-κB signaling in injury-induced liver regeneration. The crosstalk between non-parenchymal cells and hepatocytes during this process is important to preserve the balance of NF-κB activity between the liver cell compartments in order to maintain liver homeostasis and efficiently counteract injury.50


TNF also triggers Jun kinase (JNK) activation.51,52 JNK activity begins to increase within 5 minutes and reaches its peak of approximately 50-fold above basal levels within 1 hour after PH, returning to basal activity 3 hours post-PH.53 Treatment with the JNK inhibitor SP600125 reduced hepatocyte proliferation.54


The JNK subgroup consist of three members—JNK1, JNK2, and JNK3—that are highly homologous.55 JNK1 and JKN2 are ubiquitously expressed, while JNK3 expression is restricted to the brain, heart, and testis. Experiments with knockout mice revealed that in spite of significant structural homology between JNK1 and JNK2, both play different roles during liver regeneration. It was clearly demonstrated that JNK1 but not JNK2 is a positive regulator of hepatocyte proliferation.


Following two-thirds hepatectomy, JNK2−/− mice display hepatocyte proliferation rates similar to those of controls. In contrast, the hepatocyte proliferation ratio in JNK1−/− mice is reduced by 80%. Impaired liver regeneration in JNK1−/− correlates with increased p21 expression. Combined deletion of p21 and JNK1−/− restored hepatocyte proliferation, suggesting that decreased proliferation in JNK1−/− is linked to increased p21 levels during liver regeneration.56


Interestingly, c-Myc expression is also reduced in regenerating liver of JNK−/− mice. Hydrodynamic transfection of a c-Myc IRES CFP plasmid into JNK1−/− mice triggered significant stronger hepatocyte proliferation after PH. These data strongly indicate that JNK1 facilitates mouse liver cell proliferation controlling p21 and c-Myc expression. JNK1 activation and decreased p21 levels are important for cell proliferation during liver regeneration. p21 expression repressed by c-Myc attenuates proliferation of liver cells, probably via suppression of cyclin D1. This pathway is negatively regulated by p38-α and the NF-κB stress-signaling pathway and appears to be independent of c-jun.56


Via FADD, TNF can trigger apoptosis via caspase, 8 activation. This pathway can be activated by many of the TNF family members (e.g., FAS, TRAIL). However, in contrast to TNF, hepatocytes are more sensitive to Fas-induced apoptosis because after receptor binding the counter-balancing effect of NF-κB activation is missing.57 During liver regeneration after partial hepatectomy, hepatocytes are less sensitive to Fas-induced apoptosis. Additionally, Fas stimulation enhances hepatocyte proliferation, indicating that the FADD/caspase 8 pathway during liver regeneration induces pro-proliferative effects.58 In agreement with this hypothesis are results from transgenic mice overexpressing the anti-apoptotic protein Bcl-2 in hepatocytes, showing a delay in hepatocyte cell cycle progression during liver regeneration.59,60 Deletion of anti-apoptotic protein Bax inhibitor-1 (Bi-1) accelerates liver regeneration after partial hepatectomy. Regenerated hepatocytes in Bi-1−/− mice quickly enter the cell cycle, and this is associated with an earlier increase of cyclins and cyclin-dependent kinases and a faster degradation of cell cycle inhibitors.61


Caspase 8 is an important initiator of the apoptotic cascade. After PH it is induced. However, it does not lead to apoptosis. There are several options to explain this observation after PH62:



1 The NF-κB and c-jun pathways inhibit apoptosis.63,64




2 IL-6 can protect hepatocytes from apoptosis.65




3 Anti-apoptotic proteins can be activated (e.g., Bcl-x Bxl2).


Therefore during the first hours after PH66 caspase 8 seems to play a non-apoptotic role and very likely is involved in initiating hepatocyte proliferation during the initial stage of liver regeneration.67









Immediate Early Genes


Subsequent to priming/initiation, several immediate early-phase genes related to hepatocyte proliferation are induced within the 2 hours after PH.4 The almost immediate activation of these genes is the first step in a cascade of events that leads to DNA synthesis (Fig. 2-5).





[image: image]

Fig. 2-5 Signaling network involving immediate early genes.


Mechanistic link in the complex signaling network involving immediate early genes such as c-jun and c-myc and cell cycle regulators such p53/p21, p38-α, Rb, and E2F, which are essential for regulating the restoration of liver mass following stress responses after PH and liver injury.




Detailed studies of the immediate early response genes revealed that more than 70 genes are activated during the first few hours after PH. The most important among these genes are c-fos, c-jun, and c-Myc.68 Their activation follows the order fos-jun-myc. Increased expression is transient and returns to normal around 4 hours after surgery.3


Expression levels of both c-fos and c-jun almost increase in parallel during the first hour of liver regeneration. Although both c-fos and c-jun transcription levels are elevated shortly after partial hepatectomy, the increase in the c-fos and c-jun mRNA level is much higher than the transcriptional enhancement, implying that posttranscriptional mechanisms also play a role in the regulation of mRNA abundance.68


Null mutation in the c-fos proto-oncogene is not always lethal. Approximately 40% of the homozygous mutant animals live as long as their control littermates, showing that c-fos expression is not required for the growth of most cell types.69,70 These mice can be used as a powerful model to clarify the role of the absence of c-fos expression during liver regeneration, particular because the expression of the other members of the fos family (fra1, fra2, and fra3) does not change after PH and thus is not expected to compensate for the absence of c-fos expression.69


Mice lacking c-jun die around embryonic day E13.0 and exhibit impaired hepatogenesis, altered fetal liver erythropoiesis, and generalized edema attributable to increased apoptosis in hepatoblasts and hematopoietic cells.71,72 In contrast, mice with conditional deletion of c-jun in the liver are born with Mendelian frequencies. They do not develop any signs of impaired liver function and are phenotypically normal except for reduced body weight.


However, after partial hepatectomy, half of c-jun knockout mice die and liver regeneration is impaired. The failure to regenerate is accompanied by increased cell death and lipid accumulation in hepatocytes. At the molecular level, impaired hepatocyte proliferation correlates with increased protein level of p21, an inhibitor of cyclin-dependent kinases, resulting in inefficient G1/S-phase progression.73


The Wagner group showed that the increase in p21 protein level in c-jun deficient livers is p53 dependent and sufficient to block hepatocyte proliferation. They demonstrated that the defecting liver regeneration is completely rescued in p53 or p21 c-jun double knockout animals.


Interestingly, up-regulation of p21 protein in regenerating liver of c-jun mice correlates with increased phosphorylation of p38, a stress kinase known to stabilize p21. The conditional loss of both p38-α and c-jun in the liver abrogated elevated expression of p21 protein and rescued impaired hepatocyte proliferation. Taken together these data demonstrate a mechanistic link in the complex signaling network involving c-jun, p53/p21, and p38-α, which is essential for regulating the restoration of liver mass following stress responses such as PH and liver injury. During liver regeneration, p53 and p38 are kept at low basal activities by c-jun, preventing p21 protein accumulation and allowing hepatocyte proliferation. In the absence of c-jun, a p53-dependent and p21-mediated G1/S cell cycle block inhibits liver regeneration.74 The transcriptional activity of c-jun is regulated by c-Jun N-terminal kinases (JNKs).


The c-Myc protein is a transcription factor implicated in the regulation of different biologic processes, such as apoptosis, cell growth, and proliferation. After PH the c-myc proto-oncogene reaches peak expression at 2 to 4 hours and begins to decline at 6 hours after surgery. The protein products of these nuclear proto-oncogenes are induced early in the transition from G0 to G1.75


c-myc knockout mice are embryonic lethal between 9.5 and 10.5 days of gestation. The embryos have multiple abnormalities; they are generally smaller and retarded in development compared with their littermates.76


Perinatal inactivation of c-Myc (c-Mycfl/fl; cre+, activated by pIpC) in liver causes disorganized organ architecture, decreased hepatocyte size, and cell ploidy. PH in these mice results in compromised liver regeneration and reduced PCNA expression. These data demonstrate that postnatal hepatocyte proliferation does not require c-Myc, although it is necessary for liver regeneration in adult mice.77












Progression Phase


Progression of primed hepatocytes through G1 and subsequent replicative cycling is dependent on hepatocyte growth factor (HGF), epidermal growth factor (EGF), and transforming growth factor-α (TGF-α) signaling, after which the proliferation process seems to proceed autonomously under the control of cyclins and cyclin-dependent kinases.4


HGF is the best characterized mitogenic growth factor involved in stimulating liver regeneration and was first isolated and purified from the serum of a patient with fulminant hepatic failure and from rats after partial hepatectomy.78 Meanwhile it has become evident that HGF and the scatter factor are the same molecules79 and thus the protein also has tasks in other organs besides the liver.


Activation of intracellular pathways via HGF occurs after binding to its receptor c-met (Fig. 2-6).80 Crucial for the downstream activation of c-met–dependent pathways is the phosphorylation of two tyrosine residues at its intracellular domain. Tyrosine phosphorylation creates docking sites for substrates. The most relevant partner is Gab1. Through a specific Met binding site, Gab1 interacts with c-met and becomes phosphorylated. Phosphorylated Gab1 binds signal molecules such as the SH2-domain-containing protein tyrosine phosphatase 2 (Shp2), PI3K, phospholipase C, and Crk. One of the prominent downstream pathways, which becomes activated through c-met/Gab1/Shp2, is the ERK/MAPK pathway that triggers transcription factors such as ETS/AP1 and adhesion molecules. This mechanism is directly involved in mediating cell proliferation; however, PI3K via Akt/protein kinase B confers cell survival. Besides these main signaling pathways c-met also activates Jun terminal kinase (JNK), signal transducer and activator of transcription (Stat) 3, nuclear factor κB (NF-κB), and β-catenin (for a review, see Birchmeier et al.80).
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Fig. 2-6 HGF/c-met–dependent signaling.


After ligand binding, tyrosines at the intracellular part of the c-met receptor become phosphorylated and serve as docking sites for different adapter molecules (e.g., Gab1, Grb2, phosphatidylinositol 3-kinase). As a consequence specific signaling molecules such as Ras, Shp2, and Crk become activated and trigger downstream pathways. These cascades are essential in stimulating gene expression and/or functions involved in proliferation, migration, or survival, for example. Some of the prominent pathways that are activated are the Ras/Raf/ERK/MAP kinase or PI3K/Akt/PKB pathways. ERK/MAP KINASE, extracellular signal-regulated kinase/mitogen-activated protein kinase; Gab1, growth factor receptor–bound protein-2 (Grb2) associated binder 1; Pak, p21-activated protein kinase; PI3K, phosphatidylinositol 3-kinase; PKB, protein kinase B; Shp2, SH2-domain- containing-protein tyrosine phosphatase 2; Sos, son-of-sevenless; met-α and -β receptor subunits.


(Modified from Birchmeier C, et al. Met. metastasis, motility and more. Nat Rev Mol Cell Biol 2003;4:915–92580).





c-met can also interact with other membrane receptors on the surface of the cell (e.g., E-cadherin, β4-integrin, Fas). This receptor crosstalk may also have a direct effect on the cellular response of the cell (for review, see Birchmeier et al.80). Therefore HGF/c-met can interact on different levels with cell cycle progression during liver regeneration.


Mice lacking HGF fail to complete embryonic development and die in utero. The mutation affects the embryonic liver, which is reduced in size and shows extensive loss of parenchymal cells. In addition, development of the placenta, particular of trophoblast cells, is impaired.81


It has been shown82 that exogenous hepatocyte growth factor is a powerful mitogen for the intact murine liver. A 5-day infusion of human HGF into the portal vein resulted in an increase in relative liver mass and induction of hepatocyte proliferation.


After partial hepatectomy HGF plasma levels increase 10-fold to 20-fold. The phosphorylation of the HGF receptor c-met is observed as early as 1 to 15 minutes after PH with the largest increase at 60 minutes.83


The role of c-met for cell cycle progression during liver regeneration recently has been further clarified by two independent groups using conditional c-met knockout mice.84,85 These experiments provided evidence that after partial hepatectomy, ERK activation is selectively mediated via the HGF/c-met system, which is associated with a reduction in DNA synthesis.84 Also after carbon tetrachloride (CCl4) injury, impaired regeneration was found and inflammatory changes in the liver of these animals were more prolonged. Additionally, the animals, which lack c-met expression, show higher sensitivity versus Fas-induced apoptosis.84 Therefore conditional ablation of the c-met receptor in hepatocytes shows that the signaling pathway is essential for providing proliferative and protective signals during liver regeneration.


The role of HGF and c-Met in liver regeneration in rat after PH was also investigated using HGF and c-Met ShRNA. Interference with HGF has a measurable but moderate effect on the proliferation kinetics of hepatocytes. Indeed, interference with Met is associated with complete block of the cell cycle.86


Another important downstream effector of HGF/c-Met signal transduction is β-catenin. β-Catenin forms a complex with c-met on the hepatocyte membrane that dissociates upon stimulation with HGF. The dissociation is tyrosine phosphorylation dependent and results in β-catenin nuclear translocation and up-regulation of target genes such as cyclin D, c-myc, and uPaR (Fig. 2-7).87
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Fig. 2-7 Schematic cartoon of β-catenin activation via Wnt and cadherin.


Binding of Wnt to its receptors Frizzled and LRP (lipoprotein receptor–related protein) results in activation of Dsh, accumulation of β-catenin, and interaction with TCF, which regulates target gene transcription. In unstimulated cells the level of β-catenin is kept low through degradation by the proteasome system involving Axin, adenomatous polyposis coli (APC), and glycogen synthase-3β (GSK). Dsh (dishevelled) uncouples β-catenin from this protein complex. Additionally, the cytoplasmic domains of type I cadherin bind β-catenin and thus link the protein via α-catenin to the actin cytoskeleton. The interaction of these molecules is controlled by phosphorylation. In general, activation of tyrosine kinases (e.g., by growth factors) results in loss of cadherin-mediated cell–cell adhesion and thus increases β-catenin expression and gene transcription. Both possibilities for activation of β-catenin result in the activation of processes involved in cell adhesion and cell migration that play a role during liver regeneration.




Activation of the Wnt/β-catenin pathway has been observed during early liver development and during liver regeneration.


As early as 5 minutes after partial hepatectomy, an increase in β-catenin protein level and its translocation to the nucleus can be detected.88


HGF-mediated signaling pathways and β-catenin cooperate in activating hepatocyte proliferation, which is crucial for liver development and its regeneration.


The delivery of the human HGF gene by a hydrodynamic tail vein injection of plasmid DNA leads to hepatomegaly via β-catenin activation in the liver. Additionally, β-catenin transgenic mice show a 15% to 20% increase in liver weight/body weight ratio.89,90


Liver-specific β-catenin knockout mice demonstrate significantly smaller livers, and HGF gene delivery failed to induce hepatomegaly in these mice.90


After PH conditional β-catenin knockout mice were sick and lethargic during the first 48 hours and proliferation was significantly decreased. However, all mice survived and an increase in hepatocyte proliferation was only detected at the third day.91


The following conclusions can be reached from consideration of all of these data:



1 HGF is a direct mitogen for hepatocytes.



2 HGF can induce most of the changes during liver regeneration after administration into intact mice and rats.



3 HGF’s receptor (c-met) is activated very early after PH and elimination of c-met results in impaired liver regeneration.



4 β-Catenin is essential for normal liver growth and development. In the absence of β-catenin, liver regeneration is delayed.



5 Given its properties and action, HGF appears to be an essential growth factor to stimulate liver regeneration.92







Epidermal Growth Factor and Transforming Growth Factor-α


The epidermal growth factor receptor (EGFR/Erbb1) belongs to a family of structurally related tyrosine kinase receptors including Erbb2/neu, Erbb3, and Erbb4. Several growth factors such as epidermal growth factor (EGF), transforming growth factor-α (TGF-α), amphiregulin, heparin-binding EGF (HB-EGF), β-cellulin, and epiregulin can bind EGFR and induce receptor dimerization. Consecutive activation of the intrinsic tyrosine kinase induces complex downstream pathways (Fig. 2-8).93-95
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Fig. 2-8 Signaling via the epidermal growth factor (EGF) receptor.


Binding of EGF or TGF-α to the EGF receptor (EGFR/Erbb1) or other members of the family (Erbb2/neu, Erbb3, and Erbb4) results in intracellular receptor homodimerization or heterodimerization. This event stimulates intrinsic tyrosine kinases and phosphorylation of the intracellular receptor domains. As a consequence, the Ras/Raf/MAP kinase cascade and other signaling pathways (e.g., PI3K, protein kinase C [PKC], Stat proteins) are activated, which translate the different EGF-dependent functions on the cellular level.




In mice, EGF is produced mainly in salivary glands and is abundant in male animals. Mice lacking EGFR die between midgestation and postnatal day 20 depending on their genetic background, with defects in placenta, brain, bone, skin, and lung.96


Two possible EGFR activation loops have been suggested. Initially, activation of EGFR can occur through binding to circulating EGF. After PH plasma levels of EGF rise, which results in an increased EGF/EGFR ratio in the liver. This suggests that EGFR plays a mytogenic role in the initial phase of liver regeneration.97


Good evidence for the important role of EGF during liver regeneration was obtained from experiments in sialoadenectomized mice and rats. In these animals DNA synthesis is reduced after 48 hours, but application of EGF can restore the phenotype.98


Recent experiments using transgenic mice that overexpress HB-EGF–like growth factors showed accelerated hepatocyte proliferation (five times higher in the liver of transgenic mice compared with wild type) and high liver weight/body weight ratio after PH. These data suggest that HB-EGF functions as a hepatotrophic factor in vivo.99


An interesting study has been performed using mice with a loxP-flanked EGFR allele.100 Inducible Mx-cre deletion in the liver of adult mice results in impaired liver regeneration after PH. Analysis of cell cycle progression in EGF-deleted livers revealed reduction of cyclin D, Cdk2, and Cdk1 expression, which identifies EGFR as a critical growth factor receptor for hepatocyte proliferation by regulating efficient G1/S-phase transition in the initial phases after PH.


At later stages of liver regeneration, an increased expression of TGF-α is observed in hepatocytes. TGF-α binds to EGFR with lower affinity than EGF but is usually more potent in stimulating DNA synthesis in vivo and in culture.22 It is produced by hepatocytes and acts on these cells through an autocrine mechanism.


TGF-α mRNA and protein levels in rat liver are developmentally regulated. A high expression is found during the last days of gestation and the first postnatal week.


During liver regeneration after PH in rats, TGF-α mRNA starts to increase 4 hours after PH and reaches a maximum before the peak of DNA synthesis. Protein levels are increased at 24 and 48 hours after surgery.101 However, in mice carrying a homozygous deletion of the TGF-α gene, liver regeneration proceeded normally, indicating that TGF-α in physiologic doses is dispensable for liver regeneration.102


A model to study the effect of constitutive overexpression of TGF-α in the liver of adult mice was provided by a transgenic line that overexpressed human TGF-α. These results demonstrate that constitutive TGF-α overexpression causes increased hepatocyte proliferation and liver enlargement in young animals and is associated with a delay in the occurrence of hepatic polyploidy. These findings as well as the response of transgenic mice to partial hepatectomy show that constitutive overexpression of TGF-α initially caused increased but regulated hepatocyte proliferation that in older animals was compensated in part by faster cell turnover.103


The constitutive knockout mice for Erbb2, Erbb3, and Erbb4 die during midgestation.104-106 However, until now no liver phenotype for all these mice has been reported.


The following conclusions can be reached from consideration of all of these data:



1 TGF-α and EGF are growth factors with important roles in hepatocyte proliferation.



2 EGF is an early signal that acts on G0 cells.



3 TGF-α acts on hepatocytes that have already entered the cell cycle and functions as a cell cycle progression agent.103













Notch/Jagged Signaling


The Notch/Jagged signaling pathway is relevant in different systems for cell growth and differentiation. Binding of Jagged to Notch results in a complex cascade reaction whereby the intracellular domain of NOTCH (NICD) is cleaved and migrates to the nucleus, where it functions as a transcriptional factor and mediates expression of several genes related to the cell cycle, including Myc and cyclin D1.92


The Notch/Jagged system seems to be directly involved in triggering cell proliferation during liver regeneration in the priming phase. After PH, nuclear translocation of the intracellular domain of Notch (NICD) increased and peaked within 15 minutes, indicating activation of Notch. Addition of recombinant Jagged-1 protein to a primary culture of hepatocytes stimulated hepatocyte DNA synthesis.


Jag1, Notch1, and Notch are essential for normal embryonic development, because mice with disruption of either gene die in midgestation.107-109 Therefore other approaches have been used. Treatment with siRNA for Notch and Jagged-1 2 days before PH significantly suppressed proliferation of hepatocytes 2 to 4 days after surgery.110


Elimination of Notch using the interferon-inducible Cre/lox system soon after birth results in hepatic nodular hyperplasia. The increase of liver weight together with nodular deformation is the result of spontaneous proliferation in the absence of Notch1. Additionally, restoration of liver mass after PH is slower in Notch knockout mice compared with the control group, showing a reduced proliferative response as evidenced by BrdU incorporation.111









Cell Cycle Related Genes


Higher expression of immediate early genes and the activation of transcription factors are followed by the expression of cell cycle related genes. They include both inducers and inhibitors of the cycle. In mice, at the time between 30 and 36 hours post-PH, most of the hepatocytes cross the G1/S-phase boundary.112 A peak of DNA synthesis is observed at 40 hours and mitosis occurs a few hours later. This process requires a tight coordination of several pathways.


Cyclins and their partners, the cyclin-dependent kinases (Cdks), represent the molecular basis of the cell cycle.113 In mammals each phase (G1, S, G2, M) of the cell cycle machinery is characterized by its own set of Cdks and cyclins.114 The most important mammalian cyclin-Cdk complexes currently known are the G1 cyclins D and E in complex with Cdk4/6 and Cdk2, respectively, and the mitotic cyclins A and B, which are associated with Cdk1 (Fig. 2-9).115,116
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Fig. 2-9 Cell cycle progression.


Cell cycle progression is dependent on the orchestrated expression and activation of specific catalytic enzymes (Cdks) with their regulatory units (cyclins). The resting hepatocyte (Go) is activated by different stimuli to enter the cell cycle. During the G1 phase, cyclin D-Cdk4/6 complexes become activated followed by cyclin E-Cdk2/3 complexes during the G1/S phase. During the S phase the cyclin A-Cdk1/2 complex is necessitate and during the G2/M phase cyclin A/B-Cdk1 is required. Additionally, cell cycle progression is controlled through a complex network of proteins where the cyclin-dependent kinase inhibitors (CKIs) play an important role. They interact with the specific cyclin/Cdk complexes and thus can manipulate their activity.




This model has been challenged by recent genetic evidence that mice can survive in the absence of individual interphase Cdks; studies have shown that Cdk4,117 Cdk6,118 and Cdk2119 knockout mice are viable. Moreover, most mouse cell types proliferate in the absence of two or even three Cdks. Similar results have been reported after ablation of cyclins.


However, the group of Barbacid recently showed that Cdk1 activity alone can drive the mammalian cell cycle through cell division, as also shown for unicellular organisms such as yeast.120 The embryos lacking all interphase Cdks (Cdk2, -3, -4, and -6) undergo organogenesis and develop to midgestation. In these embryos, Cdk1 binds to all cyclins, resulting in the phosphorylation of the retinoblastoma protein and the expression of genes that are regulated by E2F transcriptional factors.


The cell cycle starts from Cdk4 and Cdk6, which are activated by the D-type cyclins and have been implicated in the early phase.121 They initiate phosphorylation of members of the retinoblastoma (Rb) protein family pRb—p107 and p130. The unphosphorylated Rb proteins repress gene transcription by binding and thereby inhibiting E2F transcription factors. Phosphorylation of Rb results in the release of E2F.122 Consequently, activation of E2F in G1 allows the transcription of genes required for cell cycle progression and also relieves transcriptional repression (see Fig. 2-5).123


Inactivation of both Rb alleles in mice results in unscheduled cell proliferation, apoptosis, and widespread developmental defects, leading to embryonic death at day 14.5.124 To investigate the action of pRb in liver, a model of tissue-specific inactivation of RB was developed. Rbf/f Alb Cre mice are born at the expected ratio and histologic analysis of neonatal liver reflected no gross changes in either the hepatic or the hematopoietic cells in the liver. However, liver-specific pRb loss results in E2F target gene deregulation and elevated cell cycle progression during postnatal growth. Therefore 21-day-old mice with liver-specific deletion of pRB demonstrate elevated levels of cyclin E, MCM7, PCNA, and p107 and an increased number of hepatocytes in the S phase, which was not reflective of a gross deregulation of proliferation. In adult livers (16-week-old mice) E2F targets are repressed and hepatocytes become quiescent independent of pRB, suggesting that other factors may compensate for the loss of pRb. It also has been shown that deletion of pRb in the liver results in development of pleomorphism associated with elevated ploidy.125


Numerous experiments have shown that E2F plays a critical role in cell cycle control. Inhibition or lack of E2F activity will block G1- to S-phase progression in mammalian cells, and ectopic expression of several E2F proteins is sufficient to induce S phase in quiescent cells. Various properties of individual E2F family members suggest a distinct functional role for these proteins: E2F1, E2F2, and E2F3 appear to play a positive role in cell cycle progression, while E2F4, E2F5, and E2F6 most likely contribute to repression of cell growth.126-128


Interestingly, transgenic mice expressing E2F1 under the control of the albumin promoter after PH demonstrate an overall proliferation rate comparable to wild-type controls.129 These data argue that overexpression of E2F1 does not provide any growth advantage during compensatory regeneration after PH. Similar results were obtained130 in E2F1−/− mice; thus in the liver E2F1 does not seem to influence its regenerative capacity.


Retinoblastoma proteins are activated by cyclin D/Cdk4-Cdk6.131 D-type cyclins represent a very unique component of the cell cycle apparatus. Unlike other cyclins that are periodically induced during cell cycle progression, the level of D-cyclins is controlled by the extracellular mitogen environment. For this reason, D-type cyclins are believed to serve as “links” between the extracellular environment and core cell cycle machinery.132


Recent data indicate that cyclins D1 and D3 are regulated differently in the regenerating liver and also perform different biochemical functions. Cyclin D1 primarily forms complexes with Cdk4, which are markedly activated in the regeneration liver and readily sequester the cell cycle inhibitory proteins, such as p21 and p27. Cyclin D3 binds to both Cdk4 and Cdk6. Cyclin D3/Cdk6 activity is readily detectable in the quiescent liver and changes little after PH. This complex appears to play a minor role in sequestering p21 and p27.133


Treatment of D1−/− mice with the powerful hepatomitogen TCPOBOP showed that the lack of cyclin D1 expression transiently delays entry into the S phase but is not sufficient to inhibit the response of hepatocytes to mitogenic stimuli. It has also been suggested that cyclin E may functionally replace cyclin D1 during this process.134


In contrast to growth factor inducible D-type cyclins, the expression of E-type cyclins is controlled by an autonomous mechanism and peaks sharply at the G1/S border.135 After passing the restriction point, the cell cycle becomes substantially less responsive to extracellular factors, which can delay entry into S phase or even arrest the cell cycle. The regulation of the cell cycle progression through the restriction point is believed to be the main function of E-type cyclins.


Two E-type cyclins—E1 and E2, which specifically bind to Cdk2—have been described. Active Cdk2-cyclin E complexes complete pRB phosphorylation.136


From previous work137 it is known that E-type cyclins are critical for cell cycle reentry from quiescence and therefore play an essential role during the G0/G1-S phase transition, at least in murine embryonic fibroblasts. E1 and E2 knockout mice are viable and develop normally; however, E1/E2 double knockout embryos die by E11.5 because of failure of endoreplication of trophoblast giant cells.137


In the partial hepatectomy model it was shown that cyclin E1 deletion results in normal liver regeneration with slight delay of the G1/S-phase transition but absent endoreplication in hepatocytes. In contrast, cyclin E2 knockout mice showed overexpression of cyclin E1 and prolonged Cdk2 kinase activity, leading to earlier and sustained DNA synthesis. Higher DNA synthesis in cyclin E2−/− mice is associated with higher polyploidy in the dividing hepatocytes as a result of endoreplication. Consistently, cyclin E2−/− mice showed a 45% higher liver weight/body weight ratio compared with wild-type animals after regeneration as a result of excessive polyploidization.138


Cdk2, a kinase previously believed to be essential for driving cells through the G1/S transition, is dispensable for normal embryonic development and adult homeostasis as Cdk2 knockout mice are viable. These animals do not have any abnormalities, except meiotic failure, which results in male and female sterility.119


The group of Kaldis139 showed that the G1/S checkpoint transition in the regenerative liver is intact in the absence of Cdk2. Only a slight delay of S-phase onset was found in Cdk2 knockout mice. These observations suggested at least in part compensatory activities between Cdk2 and Cdk4. Interestingly, Cdk2/Cdk4 double knockout mice die during embryogenesis around E15 as results of heart defect.140


Additionally, conditional ablation of Cdk2 in adult Cdk4 knockout mice does not result in detectable abnormalities. Hepatocytes of double knockout mice 9 days after PH showed no obvious abnormalities and size differences when compared with control mice. Histologic characterization of liver sections revealed normal morphology. Taken together, these findings provide convincing evidence that adult mammalian cells proliferate normally in the absence of Cdk2 and Cdk4.121


Among the cyclin family, cyclin A is especially interesting because it can activate two different cyclin-dependent kinases (Cdk2 and Cdk1/Cdc2) and function in both S phase and mitosis.141 Cyclin A starts to accumulate during S phase and is abruptly degraded before metaphase. The synthesis of cyclin A is mainly controlled at the transcription level, involving E2F and other transcription factors.142


Entry into mitosis in eukaryotic cells is controlled by activation of the serine/threonine kinase Cdc2, which interacts with one of several B-type cyclins. Once the activated cyclin B/Cdc2 complex moves into the nucleus, it can phosphorylate a variety of substrates, including histone H1, microtubule-associated proteins (MAPs), nuclear lamins, and centrosomal proteins. These nuclear phosphorylation events regulate the initiation and progression of mitosis.143 Numerous reports have shown marked increases in cyclin A2 mRNA and protein expression concomitantly with DNA replication after PH.144


Cyclin B transcript levels are barely detectable in quiescent hepatocytes. When these cells are induced to proliferate after PH, the cyclin B transcriptional level is coordinately regulated, with maximal expression during S phase and G2.145


The functions of cyclins A and B during liver regeneration have to be fully studied and need to be better understood. These experiments are probably complex because constitutive disruption of cyclins A2 and B1 results in embryonic lethality.146


The activity of cyclin/Cdk complexes is negatively regulated by Cdk-inhibitory proteins, which can be classified into two families—the INK4 family (p15, p16, p18, and p19) inhibits Cdk4 and Cdk6; the Cip/Kip family inhibits numerous Cdks.147


p21 is detected in quiescent liver; it is markedly induced after PH during G1 phase and peaks during the postreplicative phase.12 p21 knockout mice develop normally and demonstrate no developmental or phenotypic abnormalities.148 However, p21−/− mice demonstrated evidence of markedly accelerated hepatocyte progression through G1 phase after PH. These results suggest that p21 modulates Cdk activity in regenerating liver and controls progression through the G1 phase of the cell cycle.149


p27 is also involved in growth regulation of hepatocytes during liver regeneration and acts as an inhibitor of Cdks activity in the pre- and postreplicative phases of the cell cycle.149


p27 knockout mice display increased body size and multiple organ hyperplasia.


The liver weight/body weight ratio in p27−/− mice, however, was similar to that in wild-type animals.150


After PH in p27-deficient mice, the timing of DNA synthesis is significantly accelerated. However, the timing of S-phase entry most strongly affects the cells around the pericentral region, without affecting the total cell population.151


Degradation of p27 is required for the cellular transition from the quiescent to the proliferative state. Skp2 is a rate-limiting component of the machinery that ubiquitinates and degrades phosphorylated p27. This process is mediated by complexes containing cyclin E/A and Cdk2.


In G0 or early G1 phase, p27 cannot be degraded, because of the low level of both Skp2 and cyclin E. Following mitogenic stimulation the amount of Skp2 and cyclin E increases and causes rapid p27 degradation. During the S and G2 phases, low levels of p27 are found, which are controlled by the high levels of Skp2 and cyclin A-Cdk2.152,153


Skp2−/− animals are viable; they have reduced body and organ size but increased mass of individual cells and polyploidy. Skp2−/− cells also exhibit increased accumulation of cyclin E and p27.152,154


Restoration of liver mass and function in the Skp2−/− mutant mice after PH is achieved not by cellular proliferation but by the enlargement of individual cells. Skp2−/− cells are able to enter S phase but not M phase, a characteristic of endoreplication. The enlargement and polyploidy of Skp2−/− hepatocytes are consistent with the repeated occurrence of S phase without completion of mitosis.155


Based on the hypothesis that p27 accumulation may contribute to some of the observed changes in Skp2−/− mice, an interesting study was performed in skp2/p27 double knockout mice. After PH loss of p27 in double knockout animals can rescue the cell size and ploidy phenotype. Double knockout mice also showed normal kinetics of cell cycle entry and progression. This observation makes p27 an essential target of skp2-dependent protein turnover.156


p18 (INK4c) belongs to the family of cyclin-dependent kinase inhibitory proteins. The constitutive p18 INK4c deficient mice develop gigantism and widespread organomegaly.157 p18 expression is found in quiescent hepatocytes and it is slightly up-regulated after PH. Interestingly, no significant phenotype after PH in p18−/− animals was found. This finding very likely can be explained by functional redundancy of p18 with other cell cycle inhibitors.


This supported earlier findings in p21/p18 knockout animals: the G1 phase was shortened, as evidenced by an earlier onset of cyclin D and PCNA expression and Cdk2 activation after PH.158


Mice lacking both p18 and p27 initially develop normally, but later they appear visibly thin, ataxic, and dehydrated and then die from pituitary tumors at the age of 3.5 months.157 After PH in double p18/p27 knockout mice the G1 phase was unchanged, but the amount of proliferating hepatocytes 48 hours after PH was elevated. This suggests that the two Cdk inhibitors collaborate in regulating the number of hepatocytes entering the S phase. These results indicate that the timing and strength of DNA synthesis in hepatocytes after PH are tightly regulated through the collaboration of different cell cycle inhibitors.









Termination Phase


Subsequent to the expansion phase, the growth response must finally be terminated. The most prominent factor in this process is transforming growth factor-β (TGF-β).


TGF-β is a multifunctional cytokine involved in different mechanisms (e.g., growth and development). Three forms of TGF-β (TGF-β 1-3) are known in mammals, which have 80% identity on the amino acid level. All TGF-β forms bind directly or via co-receptors to the TGF-β type II receptor. In turn they recruit, bind, and transphosphorylate type I receptors, thereby stimulating their protein kinase activity. The activated type I receptors phosphorylate Smad2 or Smad3, which then bind to Smad4. The resulting Smad complex translocates to the nucleus to interact in a cell-specific manner with various transcription factors to regulate target gene transcription (Fig. 2-10; for review, see Shi and Massague).159





[image: image]

Fig. 2-10 TGF-β–dependent signaling.


Binding of TGF-β induces phosphorylation and activation of the TGF-β-receptor 1 (TGF-βR1) by the TGF-β-receptor 2 (TGF-βR2). TGF-βR1 phosphorylates Smad2 and Smad3. Both factors interact with Smad4 in the cytoplasm or nucleus and regulate gene transcription in several ways. This includes by binding and interacting with other transcription factors, interacting with co-repressors, and binding to factors such as CBP and p300 involved in mediating gene transcription. Smad7 represses signaling by other Smads in order to down-regulate the cascades. Besides activating Smads, TGF-β also induces the ERK/MAP kinase cascade that is involved in modulating/inhibiting Smad proteins.




In many cells TGF-β inhibits cell proliferation in G1 as it stimulates cyclin-dependent protein kinase inhibitor p15 and blocks the function or production of essential cell cycle regulators (e.g., cyclin-dependent protein kinases 2 and 4, cyclins D1 and D4).160


A role for TGF-β in hepatocytes was first detected in vitro, where it has strong antiproliferative activity.161 After partial hepatectomy TGF-β mRNA increases immediately162 and infusion of TGF-β after partial hepatectomy transiently delays the start of DNA synthesis.163 Additionally, during liver regeneration hepatocytes acquire a transient resistance against TGF-β by down-regulation of TGF-β receptors164 or by up-regulation of inhibitors of the TGF-β signaling pathway.165 Therefore these results suggest that TGF-β-dependent signaling is directly involved in controlling liver regeneration at different stages. At the beginning the pathway is down-regulated in order to allow hepatocytes to enter the cell cycle; however, after DNA synthesis TGF-β sensitivity is restored in order to limit hepatocyte proliferation and terminate liver regeneration.166


The concept that TGF-β-dependent signaling is especially involved in the early phase of liver regeneration has been further confirmed in hepatocyte-specific knockout mice for TGF-β receptor 2 (TGFR2). These animals show an earlier and increased DNA synthesis. Additionally, liver weight in the regenerating liver is increased after partial hepatectomy.167 However, there was no major difference in cessation of DNA synthesis between TGFR2−/− animals and controls, indicating that additional pathways are involved in blocking DNA synthesis after partial hepatectomy.168


A second member of the TGF-β superfamily—activin A—has also been suggested to block hepatocyte proliferation in vitro and after partial hepatectomy.169 Activin A induces intracellular Smad activation through its type II receptor, comparable to TGF-β. Therefore it has been suggested that activin A and TGF-β have similar roles in terminating liver regeneration. Kogure and co-workers infused follistatin—an activin A receptor antagonist—during liver regeneration and demonstrated that hepatocyte proliferation and increased liver weight are induced.170 In the TGFR2−/− animals activin A expression was increased compared with controls. Additionally, after follistatin infusion in TGFR2−/− hepatocyte proliferation was increased after 120 hours, again indicating that the activin A–induced pathway is involved in terminating liver regeneration.168 However, because activin A and TGF-β activate very similar intracellular pathways, there is a high probability that the two pathways are able to compensate for each other.


Smad family proteins Smad2 and Smad3 are activated by TGF-β activin/nodal receptors and mediate transcriptional regulation. Although Smad2 and Smad3 are highly similar and share regulation and overlapping function, several distinct differences determine their unique patterns of gene activation and signal transduction.


Smad2-deficient embryos die around day 7.5 of gestation because of failure of gastrulation.171 In contrast, Smad3 null mice, although smaller than wild-type littermates, are viable and survive to adulthood.172 Mice with hepatocyte-specific deletion of Smad2 or a double knockout of Smad2 and Smad3 are viable and develop a normal adult liver. However, after carbon tetrachloride injury hepatocyte proliferation is significantly increased in Smad2 knockout mice, and transplanted Smad2-deficient hepatocytes have a significant and persistently higher growth rate. Surprisingly, Smad2-deficient hepatocytes, stimulated by TGF-β in primary cell culture, are unable to maintain G1 arrest and apoptosis. Collectively, these results demonstrate that Smad2 suppresses hepatocyte growth and differentiation independent of TGF-β signaling.173


Besides TGF-β and activin A, alternative signaling cascades have been discussed that might be involved in terminating liver regeneration. An attractive candidate is sphingosine 1-phosphate (S1P) because interaction with the G-protein-coupled endothelial differentiation gene Edg5 activates Rho activity in hepatocytes, which is growth-inhibitory. As shown for TGF-β Edg5 also increases 24 to 72 hours after partial hepatectomy and administration of S1P during liver regeneration increases Rho activity and inhibits DNA synthesis.174 Sphingosine 1-phosphate receptor 2–deficient mice (S1PR2) after partial hepatectomy demonstrate high proliferation and an enhanced liver weight/body weight ratio.175


Different pathways do exist that are involved in inhibiting hepatocyte proliferation. Further research in this area very likely will also help to develop new treatment options to limit uncontrolled growth of hepatocytes.
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ATF4 activating transcription factor 4
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CHOP C/EBP-homologous protein


eIF2-α eukaryotic translation initiation factor 2α


ER endoplasmic reticulum


FADD Fas-associated death domain


FasL Fas ligand


IRE1 inositol-requiring protein 1


JNK c-jun N-terminal kinase


NF-κB nuclear factor κB


NK natural killer
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TNF-α tumor necrosis factor-α
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TNFR2 tumor necrosis factor receptor 2
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TRAIL tumor necrosis factor–related apoptosis-inducing ligand


TRAIL-R1 tumor necrosis factor–related apoptosis-inducing ligand receptor 1


TRAIL-R2 tumor necrosis factor–related apoptosis-inducing ligand receptor 2


XBP1 X-box binding protein 1









Introduction


The liver is a dynamic organ characterized by several unique properties, including self-renewal, that permit its daily exposure to ingested nutrients, gut-derived endobiotics, and xenobiotic metabolism without adverse consequences. The unique position of the liver also confers vulnerability to a wide variety of insults and injury. These are characterized by cell death, which can target any cell type in the liver. Hepatocytes, the most abundant cell type, are most commonly affected in both acute and chronic liver diseases.1,2 Other cell types, such as endothelial cells and biliary epithelial cells, are affected in a disease-specific manner.2 Hepatic inflammation facilitates, accelerates, and augments liver injury. Indeed, the innate immune system plays a key role in liver injury. Hepatocyte cell death is a unifying mechanistic theme throughout the temporal spectrum of liver injury (Fig. 3-1). Acute liver injury, defined arbitrarily on the basis of duration, can either resolve completely or progress into fulminant hepatic failure or chronic liver injury. In resolved acute injury, liver architecture and function are restored completely, without any enduring evidence of earlier cell death. However, chronic liver injury is characterized by ongoing cell death and, ultimately, the development of hepatic fibrosis. Progressive fibrosis results in cirrhosis of the liver and its well-known complications.
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Fig. 3-1 Apoptosis, inflammation, and fibrosis in the liver.


In disease states apoptosis of vulnerable hepatocytes triggers an inflammatory response. Kupffer cells are activated by engulfment of apoptotic bodies, the primary means of removal of apoptotic bodies. Kupffer cells and cells of the innate immune system secrete death ligands, which induce further apoptosis of vulnerable hepatocytes as well as inflammatory cytokines. Stellate cells are activated in chronic injury by a combination of engulfment of apoptotic bodies and cytokines, leading to hepatic fibrosis.




Hepatocyte cell death has been recognized histologically in many acute and chronic liver diseases, as well as in fulminant hepatic failure. Modes of cell death in the liver can be defined morphologically or mechanistically. Traditionally, cell death has been defined morphologically. In liver disease apoptotic cell death, necrotic cell death, and autophagic cell death have been described. Mechanistically, the modes of cell death relevant to the liver are apoptosis, necrosis, necroptosis, and autophagy. These modes of cell death have been classified on the basis of their cellular and molecular pathways, in addition to their morphology. Although morphologic features continue to be distinct for these modes of cell death and aid in the histologic identification of each mode, increasingly the molecular mediators of these pathways are being elucidated. In the liver an injurious stimulus can result in both apoptotic and necrotic cell death, depending on the state of the cell.3,4 Upon activation of apoptotic signaling by death receptors, in cells deficient in key mediators of apoptosis, cell death ensues by an alternative pathway, termed necroptosis.5,6 Furthermore, even though a given cell dies by one mode of cell death, in a particular disease or in response to a death-inducing stimulus multiple pathways are activated in the context of the whole liver. Thus advances in understanding the processes of liver cell death are more important than labeling death on the basis of morphology alone. In this chapter, each morphologic mode of cell death and its known molecular mediators are presented in an integrated manner along with their relevance to liver injury. In some instances liver-specific information is lacking and paradigms are based on other model systems.






Apoptosis


Apoptotic hepatocytes can be identified in almost every etiology of liver injury. In patients with yellow fever, the pathologist William T. Councilman (1854-1933) described what are now recognized as apoptotic hepatocytes, eponymously known also as Councilman bodies. Apoptotic cells are characterized morphologically by cell shrinkage, chromatin condensation (pyknosis), nuclear fragmentation (karyorrhexis), and formation of membrane-bound apoptotic bodies and their elimination by phagocytosis. Since its earliest description, apoptosis has been recognized as programmed cell death (i.e., regulated either by a developmental program using intrinsic cellular mediators or by extrinsic factors). Physiologic apoptosis, such as developmental apoptosis or homeostatic removal of senescent cells, is not associated with an inflammatory response. However, pathologic apoptosis, as in acute or chronic liver disease, activates inflammatory pathways. Engulfment of apoptotic bodies by Kupffer cells leads to their activation and secretion of inflammatory cytokines, including tumor necrosis factor-α (TNF-α) and Fas ligand (FasL).7 Apoptotic body engulfment also activates stellate cells and promotes hepatic fibrogenesis.8 Indeed, in mouse models of liver injury inhibition of apoptosis attenuates both the inflammatory response and fibrosis, thus solidifying the importance of apoptosis in disease pathogenesis.7,9,10 Apoptotic cell death of activated stellate cells, in turn, is a mechanism for fibrosis resolution and abrogation of the fibrotic response.11


Hepatocyte apoptosis can be initiated either by the extrinsic—or death receptor—pathway or by the intrinsic pathway (Fig. 3-2). The death receptors are cell surface receptors that are activated upon ligation with their cognate ligands. The receptors present on hepatocytes and their ligand pairs are Fas and Fas ligand (FasL); tumor necrosis factor receptors 1 and 2 (TNFR1 and TNFR2, respectively) and TNF-α ligand; and tumor necrosis factor–related apoptosis-inducing ligand receptors 1 and 2 (TRAIL-R1 and TRAIL-R2, respectively) and TRAIL ligand. The intrinsic (mitochondrial) pathway of apoptosis is activated by intracellular stress, such as oxidative stress or metabolic stress, and by organelle dysfunction, such as DNA damage, endoplasmic reticulum (ER) stress, and lysosomal permeabilization. In hepatocytes, both the intrinsic and extrinsic pathways of apoptosis converge on mitochondria, and mitochondrial permeabilization is an obligate step in the execution of apoptosis. Mitochondrial permeabilization results in the activation of effector caspases (cysteine proteases that cleave aspartate residues), which degrade intracellular targets and result in the characteristic apoptotic morphology.
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Fig. 3-2 Extrinsic and intrinsic pathways of hepatocyte apoptosis converge on mitochondria.


Death receptor–ligand pairs mediate the extrinsic pathway of apoptosis. Upon receptor ligation the death-inducing signaling complex (DISC) is formed with subsequent caspase 8 activation, Bid cleavage, and eventual mitochondrial permeabilization. Bcl-2 proteins regulate this pathway as well as the intrinsic pathway. Intracellular stress capable of inducing apoptosis can activate the intrinsic pathway of cell death at many different levels. Lysosomal permeabilization, with release of cathepsin B, leads to mitochondrial permeabilization. Endoplasmic reticulum (ER) stress can lead to pro-apoptotic JNK activation or alter calcium homeostasis. Intracellular stressors can directly act on mitochondria, activate JNK, or alter expression of Bcl-2 family pro-apoptotic and anti-apoptotic proteins.














The Extrinsic Apoptosis Pathway






Death Receptors


Death receptors belong to the tumor necrosis factor/nerve growth factor superfamily. They are type I transmembrane proteins with a conserved cytoplasmic death domain (DD). The DD facilitates homotypic interactions with adaptor proteins, via their death domain motifs. Death receptors are activated upon ligation with their cognate ligands (i.e., cytokines, which are type II transmembrane proteins) and can also be cleaved by metalloproteases into soluble circulating forms. Tumor necrosis factor-α (TNF-α), Fas ligand (FasL), and tumor necrosis factor–related apoptosis-inducing ligand (TRAIL) are ligands—that along with their receptors TNFR1, Fas, and TRAIL-R1 and TRAIL-R2, respectively—have well-recognized roles in liver injury. Receptor-ligand binding initiates a signaling cascade that starts with homooligomerization of the ligated receptor and recruitment of adaptor proteins followed by activation of initiator caspases 8 and 10. This signaling platform is designated the death-inducing signaling complex (DISC), for Fas- and TRAIL-initiated signals. TNF-α signaling is distinct from Fas and TRAIL, and activates inflammatory and prosurvival signals before the onset of apoptotic signals. One level of regulation of apoptotic signals that emanate from ligated death receptors is at the level of the DISC. Cellular caspase 8 (FLICE)–like regulatory proteins (cFLIP) function as dominant negative regulators of caspase 8 activation at the DISC. cFLIP isoforms share homology with caspase 8, preventing its homodimerization.12 Overexpression of cFLIPL (one of several isoforms) in vitro can inhibit apoptotic signaling from Fas, TNFR1, TRAIL-R1, and TRAIL-R2. Cells can be sensitized to TNF-α–induced apoptosis by enhanced degradation of cFLIPL via c-jun N-terminal kinase (JNK) mediated ubiquitination and proteasomal degradation.13









Fas


Fas is ubiquitously expressed on various liver cell types and can induce apoptosis of hepatocytes, cholangiocytes, sinusoidal endothelial cells, stellate cells, and Kupffer cells.2 Fas (CD95/APO-1) is activated naturally by binding to membrane-bound FasL (i.e., soluble FasL) or experimentally by exposure to agonistic antibodies. Cells of the innate immune system, Kupffer cells, and natural killer (NK) cells as well as cytotoxic T lymphocytes (CTL) are endogenous sources of FasL. Fas DISC is formed upon ligation and oligomerization of Fas, which leads to recruitment of the adaptor molecule Fas-associated death domain (FADD) through its DD. FADD also possesses a death effector domain (DED), which recruits procaspase 8, again via a homotypic interaction. Procaspase 8 is activated by autoproteolytic cleavage to caspase 8. Downstream of caspase 8, cells dying via Fas-induced signals can be classified as either type I or type II.14 In type I cells, such as lymphocytes, caspase 8 activated at the DISC is sufficient to activate the effector caspase, caspase 3. However, in type II cells, such as hepatocytes, caspase 8 cleaves Bid, a pro-apoptotic Bcl-2 family protein, thus activating the intrinsic apoptotic pathway. The cleaved fragment, tBid, activates the pro-apoptotic proteins Bax and Bak, leading to mitochondrial outer membrane permeabilization (MOMP) and eventual activation of caspase 3. In addition to Bid, another key determinant of the response to Fas-induced signals is X-chromosome linked inhibitor of apoptosis protein (XIAP). XIAP binds to and inhibits active caspase 3; therefore in cells deficient in XIAP, type I signaling predominates15 (Fig. 3-3).
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Fig. 3-3 Fas receptor signaling.


The extrinsic apoptotic pathway of Fas ligand–induced cell death occurs upon receptor ligation. The adaptor protein Fas-associated death domain (FADD) binds to the intracellular death domain (DD) of the oligomerized receptor. Through homotypic interaction via its death effector domain (DED), FADD recruits procaspase 8, followed by autoproteolytic cleavage and homodimerization to form active caspase 8. Caspase 8 cleaves the pro-apoptotic protein Bid to tBid, which in turn activates Bax and Bak, resulting in mitochondrial outer membrane permeabilization and release of mitochondrial intermembrane space contents, with eventual activation of caspase 3/7. Hepatocytes are type II cells, with regard to Fas-induced cell death. Thus death signaling is sensitive to the anti-apoptotic Bcl-2 family proteins, as well as XIAP.




Sensitivity to Fas-induced cell death can be modulated in many ways. The availability of cell surface Fas is one such determinant. In healthy liver Fas is compartmentalized intracellularly mostly in the Golgi and trans-Golgi network, preventing spontaneous oligomerization and cell death. Translocation from the Golgi network to the cell surface (e.g., upon stimulation with bile salts) enhances Fas availability, without the need for translation of new protein.16 Cell surface Fas is also bound to the hepatocyte growth factor (HGF) receptor Met, leading to its sequestration and diversion from cell death pathways.17 Met competes with the cognate ligand, FasL, for Fas binding, and at low concentrations of FasL, receptor ligation is prevented. The binding of HGF to Met releases Fas from inhibition, and a higher concentration of FasL can also overcome the inhibition; both situations would favor apoptotic signaling. Fas receptor expression is also regulated transcriptionally. Enhanced expression, such as in fatty liver, confers sensitivity to Fas-induced apoptosis.18 Following receptor ligation, sensitivity to apoptosis is further modulated by several pro-apoptotic and anti-apoptotic proteins. cFLIP inhibits caspase 8 activation at the level of the DISC (see preceding paragraph). Bcl-2 family proteins and XIAP determine a cell’s response to Fas-induced death signals.


The liver develops normally in Fas-deficient mice even though they exhibit hepatic hyperplasia attributable to infiltration by lymphocytes and the accumulation of hepatocytes. Hepatocytes are exquisitely sensitive to Fas-induced cell death. In an experimental model using an agonistic antibody, Fas induced fulminant hepatic failure and lethality in mice.4 The vital role of Bcl-2 family proteins in regulating sensitivity to Fas-induced apoptosis was also demonstrated in a similar experiment. Overexpression of the anti-apoptotic protein Bcl-2 rescued animals from Fas-induced liver failure and death.19 Mice lacking the pro-apoptotic Bcl-2 protein Bid fail to develop hepatocyte apoptosis and lethality upon exogenous administration of Fas.20 As expected, overexpression of Met also protected mice from Fas-induced apoptosis.21 Experimental strategies to minimize hepatocyte apoptosis and rescue lethality have also successfully used small interfering ribonucleic acid (siRNA) to silence Fas expression.22


In many experimental models of liver disease, Fas-induced hepatocyte apoptosis is a key pathogenic event. In a murine model of dietary fatty liver, Fas receptor expression is enhanced.18 This is associated with sensitization to Fas-induced apoptosis. In cell culture systems, steatotic hepatocytes are sensitized to Fas-induced apoptosis.23 Hydrophobic bile salts accumulate in the liver in cholestasis and are toxic. Glycochenodeoxycholate (GCDC), a toxic hydrophobic bile salt, induces hepatocyte apoptosis, which is partially Fas dependent. GCDC can sensitize cells to Fas-induced apoptosis, as well as spontaneous Fas oligomerization, by increasing translocation of Fas from the cytosol to the surface of the cell.16,24 Bile salts can also sensitize cells to Fas-induced apoptosis by phosphorylation-induced activation of Fas via the Src family kinase Yes.25 Furthermore, in the bile duct ligation mouse model of cholestatic liver injury, Fas-deficient mice (lpr) demonstrate abrogation of hepatocyte apoptosis and liver injury as well as hepatic fibrosis.10


In patients with acute liver failure, soluble Fas (sFas) levels are elevated, regardless of etiology.26 Hepatic Fas expression correlates with apoptosis, suggesting a role for Fas-induced apoptosis in the pathogenesis of fulminant hepatic failure. This has been demonstrated in patients with drug-induced liver injury, acetaminophen-induced liver failure, and fulminant hepatitis B.26-28 In chronic hepatitis C, infected hepatocytes demonstrate enhanced expression of Fas, and infiltrating, activated lymphocytes demonstrate enhanced expression of FasL.29 Fas expression correlates with hepatocyte apoptosis as well as fibrosis.30 However, not all infected hepatocytes are removed by apoptosis in spite of the activation of the Fas system, suggesting that viral factors may modulate apoptosis, permitting survival of infected cells to establish chronic infection. Patients with chronic hepatitis B and C have elevated circulating levels of soluble Fas (sFas), which correlate with treatment.31 In liver biopsy samples from patients with chronic hepatitis B, Fas expression correlates with the activity of viral hepatitis, and Fas-positive cells are located in areas of immunologic activity.32 Apoptosis and Fas expression are significantly increased in liver biopsy samples from patients with alcoholic hepatitis as well as nonalcoholic steatohepatitis (NASH).1,33 Further sensitization to Fas in fatty liver is imparted by release from Met-induced inhibition.34









Trail


A systematic approach to identify proteins similar to TNF-α led to the identification of TRAIL; it was also found to have significant homology with FasL. TRAIL ligand binds to five known receptors, of which two, TRAIL receptor 1 (TRAIL-R1/death receptor [DR] 4) and TRAIL receptor 2 (TRAIL-R2/DR 5/Killer/TRICK2), can propagate apoptotic signals and are of relevance to liver injury.35 TRAIL signaling shares many of the molecular mediators and regulators described previously for Fas. Upon receptor ligation, oligomerization, recruitment of FADD, formation of the DISC, activation of procaspase 8, and cleavage of Bid occur in a similar manner. cFLIPL can inhibit TRAIL-induced apoptosis at the DISC.12 Bcl-2 family proteins regulate sensitivity to TRAIL, because mitochondrial permeabilization is required for TRAIL-induced hepatocyte apoptosis. TRAIL receptor ligation also activates nuclear factor κB (NF-κB) and JNK via adaptor proteins. NFκB transcriptionally activates proinflammatory, prosurvival, and anti-apoptotic genes. JNK can have an anti-apoptotic effect or pro-apoptotic effect, depending on the stimulus and duration of JNK activation.


Normal human liver is resistant to the apoptotic effects of TRAIL.36 However, TRAIL can induce apoptosis in hepatocytes that are diseased or stressed. This is an important consideration in patients receiving TRAIL agonistic antibodies for cancer chemotherapy, to minimize potential hepatotoxicity. Sensitization to TRAIL has been observed in experimental acute hepatitis and chronic viral hepatitis as well as in nonalcoholic fatty liver disease.23,37,38 In mouse models of concanavalin A–mediated acute hepatitis and Listeria monocytogenes infection, TRAIL-deficient mice are resistant to liver injury.37 Adoptive transfer of TRAIL-expressing liver mononuclear cells restored sensitivity to concanavalin A (ConA). Thus sensitivity to TRAIL can be regulated by the presence of TRAIL-expressing cells of the innate immune system or cell surface expression of TRAIL-R1 and TRAIL-R2. Enhanced expression of TRAIL-R2 (DR5) on hepatocytes with constitutive activation of NFκB also results in sensitization to TRAIL toxicity, suggesting that NFκB-mediated chronic inflammation sensitizes to TRAIL-induced apoptosis, consistent with previous observations.39 The stress kinase JNK, as well as the transcription factor CHOP, can up-regulate TRAIL-R2 expression, thereby sensitizing stressed cells to apoptosis.23,40 In cell culture systems, hepatitis C and hepatitis B viral proteins can modulate TRAIL receptor expression. This may be pro-apoptotic, with enhanced TRAIL receptor expression leading to removal of infected cells, or anti-apoptotic, with diminished TRAIL-R2 expression promoting survival of an infected cell and the establishment of chronic infection.


The expression of TRAIL-R1 and TRAIL-R2 is enhanced in liver biopsy samples from patients with chronic liver disease.36 This has been observed in patients with nonalcoholic fatty liver disease (NAFLD), chronic hepatitis C, and chronic hepatitis B.23,36,38 Utilizing explanted liver specimens from patients with NAFLD or hepatitis C, sensitization to TRAIL-induced apoptosis was demonstrated.36 In patients with hepatitis B, TRAIL-expressing NK cells of the innate immune system are enriched in the liver, providing a mechanism to remove virus-infected cells; indeed, flares of inflammation correlate with NK cell expression of TRAIL.38









Tumor Necrosis Factor-α


Tumor necrosis factor-α was named for its ability to induce tumor cell death during the process of its discovery and characterization. Phenomenal research has established a role for this cytokine in a myriad of biologic processes.41 In the liver TNF-α mediates injury, inflammation, regeneration, and cell death. It is produced by cells of the immune system but can also be expressed by hepatocytes, both in a membrane-bound form and in a soluble form. There are two distinct receptors on hepatocytes that can bind TNF-α— tumor necrosis factor receptor 1 (TNFR1) and tumor necrosis factor receptor 2 (TNFR2). Only TNFR1 possesses an intracellular DD and therefore the ability to activate the apoptotic program via activation of caspase 8. It also homotypically interacts with adaptor proteins, via conserved DD.42 TNFR2 may play a cooperative or synergistic role in hepatocyte cell death; however, the mechanism is not fully understood.43


TNF-α–ligated TNFR1 signaling can activate prosurvival and proinflammatory pathways as well as pro-apoptotic pathways.44-46 This dichotomous signaling results from the immediate formation of membrane-bound complex I that signals prosurvival and proinflammatory pathways and the delayed formation of cytosolic complex II that signals pro-apoptotic pathways.45 Complex I is formed by adaptor proteins, tumor necrosis factor receptor–associated death domain (TRADD), tumor necrosis factor receptor–associated factor 2 (TRAF2), and receptor interacting protein 1 (RIP-1) (Fig. 3-4). It leads to the activation of the IκB kinase (IKK) complex, which phosphorylates the inhibitory protein, IκBα, and leads to its proteasomal degradation. Thus nuclear factor κB (NF-κB) is released from its inhibition. NFκB is a transcription factor that activates many prosurvival and inflammatory genes. JNK is also activated via a kinase cascade by the adaptor protein TRAF2. Subsequently, the TNFR1/adaptor complex undergoes a conformational change and recruits the adaptor protein FADD, forming complex II, which leads to activation of caspase 8, cleavage of Bid, and subsequent apoptotic signaling. TNF-α can also mediate non-apoptotic cell death via the adaptor protein RIP1 (as described earlier in this section). Thus complex and opposing signals emanate from ligated TNFR1.





[image: image]

Fig. 3-4 Complex I and complex II of TNF-α signaling.


Complex I is formed upon ligation of tumor necrosis factor receptor 1 (TNFR1) with TNF-α. Recruitment of adaptor proteins, TNF-R1–associated death domain protein (TRADD) and receptor-interacting protein (RIP), is via homotypic interaction between their respective death domains (DD), and of (TRAF2) via its kinase domain or an intermediate domain. These adaptors mediate the activation of nuclear factor κB (NF-κB), and the transient activation of c-jun N-terminal kinase (JNK), with subsequent up-regulation of anti-apoptotic genes and inflammatory genes. RIP also mediates sustained JNK activation. Complex II is formed upon receptor dissociation and the recruitment of FADD, which, via its death effector domain (DED), recruits and activates caspase-8 with subsequent mitochondrial permeabilization.




In general, TNF-α signaling in vivo is inflammatory or promotes survival.47 However, cell death can occur under specific conditions and in experimental models. Hepatocytes can be sensitized to TNF-α–induced apoptosis by inhibition of NFκB signaling, or by utilization of inhibitors of transcription or translation, thus preventing the formation of prosurvival factors and shifting the balance of TNF-α signaling toward cell death. Prolonged JNK activation can also promote TNF-α–induced cell death. Enhanced proteasomal degradation of cFLIP and also activation of Bim are two ways in which JNK can sensitize to TNF-α–induced cell death.13,48 TNF-α is essential for liver regeneration after partial hepatectomy.44 In mice with constitutive activation of TNF-α chronic hepatitis ensues.49 In experimental orthotopic liver transplantation studies using mice deficient in TNFR1 (TNFR1 −/−) and wild type as donors and recipients, it was demonstrated that in the graft TNFR1 is protective and in the recipient TNFR1 promotes injury.50 Ethanol-fed rats demonstrated elevated circulating levels of TNF-α.51 In a murine model of alcoholic liver disease, TNFR1-deficient mice demonstrated decreased inflammation, apoptosis, and injury.52 This effect was specific to TNFR1-deficient mice; TNFR2-deficient mice were not protected from ethanol toxicity.53


Evidence for activation of the TNF-α signaling pathway can be found in most acute and chronic hepatitides. In fulminant hepatitis, serum levels of TNF-α and its receptors are elevated and correlate with prognosis.54,55 Circulating TNF-α levels are elevated in patients with chronic hepatitis B virus (HBV).56 In liver biopsy samples, TNF-α expressing mononuclear cell infiltration correlates with markers of HBV replication and liver inflammation on histologic examination.57 TNF-α receptor expression is observed in hepatocytes, sinusoidal endothelial cells, and mononuclear cells, and it also correlates with liver histology. In chronic hepatitis C, elevated receptor levels correlate with viral decay in response to therapy.58 A TNF-α promoter genetic polymorphism that confers enhanced TNF-α expression is associated with steatohepatitis in patients with biopsy-proven alcoholic liver disease.59 Serum levels of TNF-α receptors correlate with disease severity in patients with alcoholic hepatitis, and TNFR1 levels correlate with 3-month mortality.60,61 Both experimental and clinical data point toward a key role for TNF-α in the pathogenesis of alcoholic hepatitis; however, this is not straightforward because blockade of TNF-α signaling with etanercept is associated with a higher mortality in patients with moderate to severe alcoholic hepatitis.62












The Intrinsic Apoptosis Pathway






Mitochondria


Mitochondria play a key role in hepatocyte cell death. Mitochondria are double-membraned organelles enclosing an intermembrane space that isolates and contains several mediators of apoptosis, including cytochrome c, AIF (apoptosis inducing factor), SMAC/DIABLO (second mitochondrial activator of caspase/direct IAP binding protein with low pI), HtrA2/Omi, and endonuclease G.63 Mitochondrial outer membrane permeabilization (MOMP), an essential step in apoptosis, results in release of these mediators into the cytosol. MOMP can occur either by selective permeabilization using the pro-apoptotic Bcl-2 family proteins Bax and Bak, or by following the mitochondrial permeability transition via the mitochondrial permeability transition pore. Bax- and Bak- dependent MOMP is regulated by the Bcl-2 protein family. Cytochrome c interacts with apoptotic peptidase activating factor-1 (APAF-1) to form the apoptosome, which recruits and activates procaspase 9. Caspase 9 recruits and activates the executioner caspases 3 and 7, which in turn cleave key substrates and result in the typical apoptotic morphology. The inhibitors of apoptosis (IAP) proteins inhibit terminal caspase activation, and are in turn inhibited by the mitochondrial protein SMAC, which promotes their polyubiquitination and degradation, thus favoring caspase activation.









Bcl-2 Protein Family


The intrinsic or mitochondrial pathway of apoptosis is regulated by the Bcl-2 (B-cell lymphoma-2) protein family.64 The Bcl-2 protein family has classically been divided into three broad subfamilies based on four homologous domains, designated Bcl-2 homology (BH) domains. The anti-apoptotic members have multiple BH domains, and include Bcl-2, Mcl-1, Bcl-xL and A1, and Bcl-w. The pro-apoptotic multidomain proteins include Bax, Bak, and Bok. The BH3-only proteins are pro-apoptotic, and as their name indicates they only share the BH3 domain with other Bcl-2 family proteins. This group includes Bid, Bim, Bad, Bmf, Noxa, Puma, and Bik. Bid plays an important role in hepatocyte apoptosis because the extrinsic or death receptor pathway of apoptosis requires the intrinsic or mitochondrial pathway of apoptosis, which it activates via caspase 8–mediated cleavage of the pro-apoptotic protein Bid. Cleaved Bid (tBid) and other BH3-only proteins then result in activation of Bak or Bax, mitochondrial outer membrane permeabilization, release of pro-apoptotic factor, and eventual activation of effector caspases. There is some redundancy and functional overlap in the BH3-only proteins; however, others function in a cell- and stimulus-specific manner. Furthermore, Bim and Puma can bind all the anti-apoptotic Bcl-2 protein family members, whereas other BH3-only proteins have more restricted binding. There are two proposed mechanisms of Bak and Bax activation by BH3-only proteins: (1) Bak and Bax can be directly activated by the BH-3 protein of interest (e.g., tBid); (2) alternatively, Bak or Bax can be activated by relief of inhibition from anti-apoptotic proteins such as Bcl-2. This occurs by the binding of the pro-apoptotic BH3-only protein with the anti-apoptotic family member, thus releasing Bak or Bax.


Bid is a key mediator of the apoptotic pathway in hepatocytes. Bid-deficient mice are protected from Fas-induced hepatocyte apoptosis and lethality.20 In a murine model of cholestatic injury, interference with Bid expression by antisense oligonucleotide ameliorates hepatocyte apoptosis and liver injury.65 Bid mediates not only mitochondrial permeabilization but also lysosomal permeabilization downstream of TNF-α–induced apoptosis. Bim and Puma are up-regulated by the toxic free fatty acid palmitate, which sensitizes hepatocytes to apoptosis.66,67 Mice genetically deficient in Bcl-xL demonstrated enhanced spontaneous apoptosis, signifying a critical role for Bcl-xL in maintaining hepatic homeostasis.68 On the other hand, overexpression of Bcl-2 ameliorated Fas-induced apoptosis in mice.19 These mice also developed hepatic fibrosis, strengthening the link between hepatocyte apoptosis and hepatic fibrosis. In chronic viral hepatitis, expression of Bcl-2 protein family members can be regulated by viral proteins, promoting or inhibiting apoptosis of the infected hepatocytes.69,70 Thus the Bcl-2 protein family determines the susceptibility of a given hepatocyte to extrinsic or intrinsic death stimuli.









Lysosomes


Lysosomes are membrane-bound organelles that can be involved in both the extrinsic and intrinsic pathways of apoptosis.71 Within cells, lysosomes sequester hydrolytic enzymes, which are active at an acidic pH and maintain an intraluminal acidic milieu. These enzymes break down intracellular organelles and macromolecules delivered to the lysosomes for turnover. Permeabilization of the lysosomal membrane results in release of lysosomal enzymes into the cytosol, including cathepsin B, a lysosomal protease that is active at neutral pH. In hepatocyte apoptosis via the lysosomal pathway this event occurs upstream of mitochondrial permeabilization. Lysosomes can be permeabilized by death receptors or by intracellular stressors (e.g., free fatty acids, sphingosine, reactive oxygen species).72 Massive lysosomal permeabilization is a feature of necrotic cell death, with release of lytic enzymes into the cytosol of the dying cell. In the liver initial experiments with ischemic and toxic injury demonstrated lysosomal rupture in necrotic cell death.73 With advances in the understanding of the regulation of apoptosis, it has been demonstrated that lysosomes can mediate hepatocyte apoptosis in many models of liver injury. Much of this information is derived from mice lacking cathepsin B. The absence of this lysosomal protease attenuates apoptosis and injury in models of ischemia-reperfusion, cholestasis, and TNF-α.9,74,75 Furthermore, serum levels of lysosomal enzymes are elevated in patients with liver disease, indicating activation of the lysosomal pathway.76









Endoplasmic Reticulum


The endoplasmic reticulum (ER) is a membrane-bound organelle with the specialized function of oxidative protein folding, in addition to biosynthesis of lipids and steroids, detoxification of drugs, and regulation of cytosolic calcium concentration. Secretory cells such as hepatocytes and pancreatic β cells are enriched in ER. The ER is sensitive to many forms of perturbation, such as an increase in the load of client proteins, oxidative stress, metabolic stress, and calcium depletion (Fig. 3-5). ER stress is sensed by three transmembrane ER stress sensors—inositol-requiring protein 1α (IRE-1α), activating transcription factor 6 (ATF6), and PKR–like ER kinase (PERK)—that activate a series of signaling events known collectively as the unfolded protein response (UPR).77 The three arms of the UPR act in concert to adapt to ER stress. IRE-1α uniquely splices transcription factor X-box binding protein 1 (XBP1) mRNA, activating UPR genes that encode for chaperones and components of the ER-associated protein degradation (ERAD) pathway. PERK-mediated phosphorylation of eIF-2α leads to translation attenuation and reduction in the client load in the ER. However, certain genes are selectively translated following phosphorylation of eIF-2α. These include activating transcription factor 4 (ATF4) and transcription of C/EBP-homologous protein (CHOP). ATF6 is cleaved in the Golgi compartment to a transcriptionally active form that translocates to the nucleus and activates UPR target genes. Unresolved or sustained ER stress is associated with failure of adaptation and results in cell death. The UPR and ER are linked to the cellular apoptotic machinery at many levels. IRE-1α can activate the stress kinase c-jun N-terminal kinase via the adaptor proteins TRAF2 and ASK1. CHOP can sensitize cells to apoptosis by regulating the expression of TRAIL-R2, the pro-apoptotic Bcl-2 family protein Bim, and the anti-apoptotic protein Bcl-2.78-80 Perturbations in calcium homeostasis can affect cell death pathways. In experimental models of diabetes and diet-induced obesity, the UPR is activated in pancreatic β cells and the liver.77,81 In obese patients undergoing bariatric surgery, UPR markers were activated in the liver and correlated with weight loss.82 In a murine model of ethanol-induced liver injury, CHOP deletion abrogated hepatocyte apoptosis, though no differences were observed in ALT levels.83 The hepatitis C viral protein nonstructural protein 4B and hepatitis B X protein can also activate the UPR.84,85 Furthermore, disruption of any of the arms of the UPR led to microvesicular hepatic steatosis.86 Thus the UPR is activated in the diseased liver, and further studies will elucidate its role in adaptation, cell death, inflammation, and injury in the liver.
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Fig. 3-5 The endoplasmic reticulum stress pathway.


Endoplasmic reticulum stress is mediated via three transmembrane stress sensors: inositol-requiring protein 1α (IRE-1α), activating transcription factor 6α (ATF-6α), and PKR–like ER kinase (PERK). Upon the accumulation of misfolded proteins in the ER, the chaperone immunoglobulin binding protein of B cells (BiP/GRP78) binds to these client proteins, releasing the ER stress sensors from inhibitory BiP binding. ATF-6α is cleaved in the Golgi and translocates to the nucleus, activating UPR genes. IRE-1α has kinase activity as well as endoribonucleolytic activity; it is activated by autophosphorylation and splices the transcription factor X-box binding protein 1 (XBP1) to sXBP1, as well as by activation of JNK via TRAF2. Eukaryotic initiation factor 2α (eIF-2α) is phosphorylated by PERK, leading to attenuation of translation, thereby decreasing the client protein load in the ER. Activating transcription factor 4 (ATF4) and CHOP are selectively up-regulated following phosphorylation of eIF-2α. Failure of adaptation to ER stress results in apoptosis. The transcription factor CHOP can enhance the expression of the pro-apoptotic protein Bim, or the TRAIL receptor TRAIL-R2. Perturbations of calcium homeostasis as well as JNK activation can promote ER stress-induced apoptosis. The up-regulation of growth arrest and DNA damage protein 34 (GADD34) leads to dephosphorylation of eIF-2α via protein phosphatase 1 (PP1). This can lead to translational recovery or worsen ER stress by increasing the load of client proteins.











C-jun N-Terminal Kinase


Members of the mitogen-activated protein kinase family, c-jun N-terminal kinases (JNK) are stress kinases activated by a number of intracellular or extracellular stressors (e.g., death ligands, ER stress, cytokines, ultraviolet irradiation, reactive oxygen species). Only two of the three known genes are expressed in the liver, encoding for JNK1 and JNK2 isoforms.87 Sustained JNK activation can promote cell death by transcriptionally enhancing the expression of death receptors.23 Phosphorylation can lead to inactivation of anti-apoptotic Bcl-2 family proteins or activation of pro-apoptotic proteins (e.g., Bim), resulting in mitochondrial permeabilization.88,89 Both isoforms can mediate cell death via distinct pathways and in a stimulus-specific manner. In a toxin-induced liver injury model, caspase 8 activation, Bid cleavage, and mitochondrial permeabilization were JNK2 dependent.90 Furthermore, JNK1 supported degradation of cFLIP, thereby promoting death receptor–induced cell death by TNF-R1, Fas, or TRAIL-R1/R2.13 In murine models of dietary obesity, mice deficient in JNK1 were protected from hepatocyte apoptosis and liver injury.91 In a cellular model of steatotic hepatocyte apoptosis, JNK2 isoforms played a predominant role.92 Mice deficient in JNK2 were protected from toxin-induced liver injury.90 Although JNK2 was predominant, both isoforms mediated the toxicity of acetaminophen.93









Necrosis


Necrotic morphology is characterized by oncosis, an increase in cell volume, swelling of organelles, and rupture of the plasma membrane.94 Necrosis was recognized in the liver in studies involving overwhelming acute metabolic insults (e.g., ischemia, toxins). In an experimental model of ischemic injury based on portal vein branch ligation, large portions of the affected hepatic parenchyma demonstrated necrotic morphology.73 Interestingly, the presentation of a distinct morphology of cell death in the viable, periportal hepatocytes led to the description and establishment of apoptotic cell death in the liver. Necrotic cell death was considered unregulated; however, some of the molecular pathways involved in necrosis have been recently recognized and are discussed further under Necroptosis. Necrotic death is characterized by plasma membrane bleb formation, mitochondrial membrane permeability transition, and lysosomal rupture followed by plasma membrane bleb rupture.2 Mitochondrial permeability transition (MPT) is regulated by the mitochondrial permeability transition pore (MPTP) on the inner mitochondrial membrane, which is formed by a voltage-dependent anion channel, adenosine nucleotide transporter, and cyclophilin D. Opening of the MPT leads to mitochondrial swelling, eventual rupture of the outer mitochondrial membrane, and release of the contents of the intermembrane space into the cytosol.95 Experiments in genetic knockout mice have demonstrated that of these three proteins, cyclophilin D is essential for the MPT.96 Mitochondria from mice deficient in cyclophilin D are resistant to MPT, and hepatocytes are protected from cell death induced by calcium overload or oxidative stress.









Necroptosis


Cell death initiated by classic apoptotic signals in cells that cannot execute apoptosis because of the deficiency of mediators or the use of pharmacologic inhibitors of apoptosis is referred to as necroptosis. It shares both mechanistic features of apoptosis, such as activation by death receptors, and the morphologic appearance of necrosis. Fas-induced cell death in a lymphocyte cell line deficient in caspase 8 occurred without caspase activation, and demonstrated necrotic morphology.5 Necroptosis is mediated by the adaptor proteins RIP1 and RIP3.97 Genome-wide screening has led to the identification of several genes that regulate necroptosis, including some that are shared between apoptosis and necroptosis.6









Autophagy


Autophagy is a cellular catabolic process that plays a role in many biologic functions, including cellular homeostasis (by removal of obsolete or expanded organelles), cell survival under conditions of nutrient deprivation, development, innate and adaptive immunity, neurodegeneration, tumor suppression, and cell death.98,99 Macroautophagy (referred to as autophagy here) is one form of autophagy. It refers to the formation of cytosolic double membrane–bound autophagosomes that contain a cargo of cytoplasm and organelles destined to the lysosomes for degradation. Autophagosomes fuse with lysosomes to form autolysosomes or autophagic vacuoles. As with other modes of cell death, morphologic criteria are used to define autophagic cell death, also known as type II programmed cell death. The recognition of autophagic cell death is based on the massive accumulation of double-membraned autophagosomes in the cytoplasm of dying cells, in the absence of chromatin condensation.94 The accumulation of autophagosomes can occur as a result of many perturbations, such as defects in the fusion of autophagosomes with lysosomes or defects in apoptotic cells, and does not imply that the cell is dying from autophagic mechanisms.100 Furthermore, autophagy is regulated by nutrient availability via TOR (target of rapamycin)-mediated suppression and clearly promotes cellular survival under nutrient deprivation and growth factor withdrawal.101,102 Although autophagic vacuoles have been observed in dying cells, only in very select conditions has it been demonstrated that cells are actually dying by autophagy. Screening strategies based on genetic mutants in yeast have led to the identification and elucidation of genes that regulate autophagy both in yeast and in mammals, and this has accelerated research in this field in recent years. Autophagic processes have been observed in the liver under diverse stress conditions. Autophagy is prominent in the liver during nutrient and growth factor deprivation.103 Autophagy leads to resorption of Mallory-Denk bodies in the liver.104 The accumulation of aggregation-prone mutant α1-antitrypsin within the endoplasmic reticulum in hepatocytes is also associated with the activation of autophagy.105 In this disease autophagy plays an important role in the removal of aggregated protein. Mice deficient in constitutive autophagy develop liver injury.106 Thus the activation of autophagy in the liver is most likely protective; however, whether it plays a role in liver cell death and injury is an area of active research.









Conclusion


Apoptosis is a prominent mechanism for hepatocyte cell death and a mechanistic link between insult and injury in the liver. Furthermore, hepatocyte apoptosis also incites activation of inflammatory pathways and fibrogenic processes. Other modes of cell death are also recognized in the liver, and are areas of active research. At a cellular level multiple apoptotic pathways can be activated by death-inducing stimuli; these can be cooperative or oppose each other, with eventual mitochondrial permeabilization and hepatocyte cell death occurring secondary to the predominant pathway. At an organismal level, multiple modes of cell death may be activated and detected in response to the same injurious stimulus. Manipulations to inhibit hepatocyte cell death are potential strategies for the development of novel therapies for acute and chronic liver diseases.
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Abbreviations


AA amino acids


ABC ATP-binding cassette


ASBT apical sodium-dependent bile salt transporter


BSEP bile salt export pump


CAR constitutively activated receptor


C/EBP CCAAT-enhancer binding protein


CYP cytochrome P-450


CYP7A1 cholesterol 7α-hydroxylase


DR direct repeats


FGF19 fibroblast growth factor 19


FXR farnesoid X receptor


GSH reduced glutathione


GSSG oxidized GSH


HNF hepatocyte nuclear factor


I-BABP intestinal bile salt binding protein


IR inverted repeat


LXR liver X receptor


MDR1 multidrug resistance protein 1


Mdr2 rodent phosphatidylcholine transporter


MDR3 human phosphatidylcholine transporter


MRP multidrug resistance–associated protein and its homologues


NHR nuclear hormone receptor


NTCP human Na+/taurocholate co-transport polypeptide


Ntcp rat Na+/taurocholate co-transport polypeptide


OATP human organic anion–transporting protein


Oatp rat organic anion–transporting protein


OCT organic cation transporter


PC phosphatidylcholine


PPAR peroxisome proliferator activated receptor


PS phosphatidylserine


PXR pregnane X receptor


RAR 9-cis-retinoic acid receptor


RE responsive element


ROS reactive oxygen species


RXR retinoid X receptor


SHP1 small heterodimer partner 1


SLC solute carrier protein


SP1 stimulating protein 1


TM transmembrane α-helix


TNF-α tumor necrosis factor-α









Introduction


Generation of bile flow depends on the transepithelial movement of solutes and organic molecules. Bile is primarily produced in hepatocytes, and the composition of bile is modified in the bile ducts. Bile is formed by a process of osmotic filtration in response to osmotic gradients created within the lumen of the bile canaliculus. This osmotic gradient is established by ongoing active secretion of solutes across the canalicular membrane of hepatocytes into the canalicular lumen. Water follows passively through the leaky pores of tight junctions and via transcellular paths mediated by water channels or aquaporins. Bile secretion serves different important functions. First, it is one of the main mechanisms for the disposition of endogenous and exogenous amphipathic compounds, including drugs, toxins, and waste products. Second, it supplies bile salts to the intestine, which is of crucial importance for the emulsification and subsequent digestion and absorption of dietary lipids. Since it became evident that bile salts are ligands for nuclear hormone receptors in liver and gut, a third function can be assigned to bile—carrier of signaling molecules from liver to gut. The enterohepatic cycling of bile salts is a main determinant of bile flow; however, the secretion of bile salts, cholesterol, phospholipids, and glutathione contributes to the formation of bile.


Bile salts are the predominant organic solutes in bile, and their vectorial secretion from blood into bile represents the major driving force for hepatic bile formation. Although bile is isoosmotic in relation to plasma, bile salts are concentrated up to 1000-fold in bile, necessitating active transport by hepatocytes. After their secretion into the canaliculus, bile salts are prevented from regurgitation into the systemic circulation by hepatocyte tight junctions, the integrity of which is disturbed during bile duct obstruction. The total bile salt pool size in adult humans can reach 50 to 60 mmol/kg body weight, corresponding to 3 to 4 g, and is largely stored in the gallbladder during the fasting state. Rats lack this reservoir function because of the absence of a gallbladder. The human bile salt pool circulates 6 to 10 times per 24 hours, resulting in a daily bile salt secretion of 20 to 40 g. Despite a high degree of intestinal bile salt conservation, about 0.5 g of bile salt is lost each day by fecal excretion. This loss is compensated for by de novo hepatic bile salt synthesis. The intrinsic link between intestinal bile salt absorption and hepatic synthesis has been found to be a complex system involving specific bile salt binding nuclear receptors and a hormone called fibroblast growth factor 19 (FGF19). By this mechanism, bile salts can regulate their own enterohepatic circulation. Through interaction with the farnesoid X receptor (FXR) in the terminal ileum, the subsequent secretion of FGF19 into the portal blood, and the interaction between FGF19 and its receptor FGFR4 on the surface of hepatocytes, bile salts regulate their own biosynthesis, hepatic uptake, and secretion. FXR and FGF19 also regulate key steps in hepatic cholesterol, carbohydrate, and lipid metabolism and thus serve as a bridge between gut and liver and between bile salts and a range of metabolic reactions.


Uptake of bile salts from the sinusoidal blood and secretion across the canalicular membrane are the major determinants governing the rate of bile secretion. Disturbances of bile salt transport are important causes of acquired and genetic forms of cholestatic liver disease. In case of impaired bile salt secretion, the liver can generate a number of adaptations to detoxify or secrete bile salts via alternate pathways. When these fail or are overwhelmed, liver damage will ensue with consequent malnutrition secondary to reduced intestinal absorption of lipids and fat-soluble vitamins.






Bile Secretion


The liver is specialized in the processing of albumin-bound compounds and as such its function is complementary to that of the kidney. Anatomically the liver is well equipped for its function. Microscopically the liver resembles a sponge in which the holes permit passage of blood and the solid material consists of sinusoidal endothelium, macrophages, stellate cells, and hepatocytes. The hepatocytes are arranged in plates. Within these plates there is a network of bile canaliculi. Thus bile canaliculi have no specialized cell layer; they are surrounded by hepatocytes and the canalicular membranes of two adjacent hepatocytes form the boundary of a bile canaliculus.


On closer examination the sponge has an ordered structure with rows of hepatocytes in plates radiating from portal areas towards a terminal hepatic vein. This association between the portal triads and the terminal hepatic veins defines the smallest anatomic unit in the liver—the hepatic acinus.1 In the human liver these acini are not isolated units, but are interconnected in the periportal area.2 When the network of bile canaliculi exits the hepatic acinus at the level of the portal triad, the bile canaliculus acquires its own cell layer—the cholangiocytes.


The portal blood carries metabolites from the intestine directly to the liver. In the liver the portal blood flows through the sinusoids from the portal triads towards the terminal hepatic vein. The fenestrated sinusoidal endothelium lacks a basal membrane and thus allows easy passage of molecules as large as albumin from the blood to the surface of the hepatocytes. The hepatocytes and endothelium are separated by a 10- to 15-µm-wide space of Disse. In a three-dimensional view, single layers of hepatocytes form plates that are perfused on both sides by portal venous blood. A bile canalicular network is hidden within these plates. After immunohistochemical staining with antibodies directed against canalicular proteins, this network is revealed and appears similar to chicken wire. Because of its three-dimensional structure, the chicken wire structure, when seen in the plane of the microscope, seems incomplete. With antibodies against basolateral proteins one obtains a more regular honeycomb structure. Analogous to the honeycomb, each hole in the chicken wire is a hepatocyte, indicating that each individual hexagonal hepatocyte is surrounded by a canaliculus. Within the plates of hepatocytes, the canaliculi form a cul-de-sac in the pericentral region, thus ensuring a strict separation between blood and bile. Near the portal triads they are connected with the bile ducts via the canals of Hering. Many canaliculi drain into one canal of Hering.3 Bile flows from the pericentral to the portal zone, opposite to the direction of the flow of blood.


The fenestrated endothelium of the hepatic sinusoids allows passage of small molecules, proteins, and large particles such as chylomicrons. Blood cells cannot pass. Thus the sinusoidal endothelium acts as a dynamic biofilter.4 The diameter of the fenestrae changes upon alterations in portal pressure—for instance, after a meal. In addition, agents such as alcohol, nicotine, and serotonin induce changes in the diameter of the fenestrae. In liver cirrhosis this regulation is disrupted; the sinusoids lose their fenestrations and acquire a basement membrane. This may contribute to liver dysfunction and portal hypertension.5


The space of Disse is continuous with the spaces between the hepatocytes. The diameter of white blood cells (WBCs) is larger than the diameter of the sinusoids. Therefore upon passage of WBCs the space of Disse is temporarily obliterated and the endothelium is pressed against the hepatocytes. During these periods the hepatocyte plasma membrane is directly in contact with the blood space. The space of Disse is continuous with the lymph vessels. Thus hepatic lymph is generated in the space of Disse.


Tight junctions form a barrier between these intercellular spaces and the bile canalicular lumen. Tight junctions between hepatocytes are permeable to water and electrolytes and have a limited permeability for organic cations.6 They are impermeable for organic anions. Tight junctions are complex structures in which the transmembrane proteins occludins and claudins interact with similar proteins in neighboring cells and with the cytoplasmic tight junction proteins ZO-1 and ZO-2.7 In cholestatic liver disease the tight junction permeability is changed, allowing passage of organic anions from bile to the interstitial space of Disse.8


The many agents for which the tight junctions form an impermeable barrier have to traverse the hepatocyte en route from blood to bile. Receptor-mediated endocytosis and pinocytosis play a role in the transcellular routing of proteins and macromolecules. For small charged molecules the exact mechanism of vectorial transcellular transport is still obscure. Single-pass perfusion experiments with isolated perfused rat liver preparations showed that 2 to 3 minutes were required for the paracellular permeation from blood to bile, whereas 5 to 20 minutes are needed for transcellular transport.9 A relatively fast transcellular component is not inhibited by microtubule inhibitors, whereas a slower component is inhibited by these agents and therefore seems to be associated with intracellular vesicles or with so-called “lipid rafts.”10


The canalicular domain is the hepatocyte plasma membrane section that surrounds the canaliculus. In fact, it surrounds half of the canaliculus because the domains of two adjacent hepatocytes, linked via tight junctions, form the complete surrounding membrane. A canalicular network in an entire liver plate is in contact with a large number of hepatocytes. Hepatocytes secrete bile salts, which are toxic detergents that have to be neutralized by cholesterol and phospholipids. Therefore hepatocytes must communicate with each other in order to tune the secretory activity of adjacent hepatocytes. If this communication did not exist, the bile salts secreted by one hepatocyte would damage the neighboring cell. This communication occurs via the gap junctions. Gap junctions allow passage of small signaling molecules, such as calcium and/or nucleotides, from one hepatocyte to the other.


Electron microscopy of the canalicular membrane shows microvilli, which contain a number of proteins with a specialized transport function (Fig. 4-1). These proteins predominantly belong to the large ABC-transporter superfamily.11,12 In fact, almost all compounds destined for biliary secretion are handled by these proteins. The canalicular pumps are embedded within lipid microdomains of the canalicular membranes. The lipid composition of these microdomains is important for the function of the pumps and derangements of intracellular lipid trafficking may lead to dysfunction of the surface pumps. Progressive familial intrahepatic cholestasis type 1 (see below) may be an example of a disease attributable to dysfunction of a membrane transporter (ABCB11) caused by disturbance of the canalicular membrane lipid composition.
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Fig. 4-1 Human hepatic transporter proteins involved in bile formation.


Transporter proteins located in the basolateral membrane are responsible for the the uptake of bile salts (NTCP), bulky organic anions, uncharged compounds (OATPs), and cations (OATPs, OCT1). Transporter proteins located in the canalicular membrane are responsible for the biliary secretion of compounds such as bile salts, phosphatidylcholine, cholesterol, bilirubin conjugates, and oxidized and reduced glutathione. These transporter proteins comprise the bile salt transporter BSEP, the phosphatidylcholine translocator MDR3, the anionic conjugate transporter MRP2, and the multidrug transporter MDR1 (not shown). The organic anion transporters MRP3, MRP4, and OST-α/β are present at very low levels in normal hepatocytes but are up-regulated during cholestasis (see Fig. 4-2). ABCG5/G8 are two half-transporters (half the molecular mass of regular ABC transporters) and together act as cholesterol and plant sterol transporters. Fibroblast growth factor 19 (FGF19) is synthesized in the terminal ileum upon binding of bile salts to FXR. Niemann-Pick C1-Like 1 (NPC1L1) protein is the intestinal cholesterol transporter. Bile salts and cholesterol participate in an enterohepatic cycle.




The canalicular membrane represents approximately 15% of the total surface area of hepatocytes. It contains transport proteins that are able to pump the cholephilic compounds into bile against a 100-fold concentration gradient. This active ATP-dependent transport can be considered the principal driving force of bile flow. In terms of energy, bile formation is a costly process: for example, the secretion of one molecule of unconjugated bilirubin requires four molecules of ATP equivalents (i.e., two molecules of UDP-glucuronic acid for conjugation and two molecules of ATP for canalicular transport). However, bile formation has at least a dual function: it rids the body of metabolic waste and it is important for the intestinal digestion of energy-rich lipids. The inability to produce bile is associated with rapid weight loss. Therefore the energy required to produce bile seems well spent.


The portal blood is rich in metabolites. Many of these metabolites are absorbed from the blood in the first hepatocytes of the hepatic acinus. Studies with fluorescent or radiolabeled bile salts and fatty acids revealed a steep acinar gradient with a concentration that was high in the periportal hepatocytes and low in the pericentral hepatocytes. This indicates that bile salts and fatty acids are efficiently extracted in these first hepatocytes.13,14 Depending on the bile salt species, up to 98% is removed by the liver during one passage.


Bile salts repress their own synthesis by inhibiting the first committed step of the classical neutral pathway, microsomal cholesterol 7α-hydroxylase or Cyp7A1, and the first step of the so-called acidic pathway, the mitochondrial sterol 27-hydroxylase Cyp8B1.15 Thus the periportal hepatocytes are intensively involved in the enterohepatic cycling of bile salts, whereas the hepatocytes in the pericentral zone are more active in de novo biosynthesis.16


When bile leaves the hepatic acinus it enters the bile ducts. These structures are visible on light microscopy as portal triads—a bile duct accompanied by one or two hepatic arteries and a branch of the portal vein. From the bile ducts, bile flows via the intrahepatic and extrahepatic ducts to the intestine. Although cholangiocytes or bile duct epithelial cells in total volume contribute no more than 3% to 5% to the total liver, bile ducts in normal human liver are estimated to be 1 km in length. Small and large cholangiocytes have distinct morphologic and functional features and differ in proliferative capacity.17 Cholangiocytes have a collection of transporter proteins, electrolyte exchangers, and water channels on their apical and basolateral surfaces, indicating that the bile duct epithelium has both an absorptive and a secretory function. It is not surprising, therefore, that bile composition is considerably modified in the bile ducts. Here, bile becomes enriched in bicarbonate and chloride whereas glucose and glutamate are reabsorbed. Also, bile salts may to some extent be reabsorbed.18 Indirect proof for bile salt reabsorption is the presence of the apical sodium-dependent bile salt transporter ASBT (SLC10A2) and the observed uptake of fluorescent bile salts in the bile duct epithelium.


Bile is rich in mucin, which is produced in the gallbladder. Therefore the substance that enters the duodenum after passing through the ampulla of Vater is a rather viscous, mucin-containing yellow fluid composed of phospholipids, cholesterol, and bile salts. The yellow color is attributable to bilirubin, which is present in millimolar quantities. Bile also contains amino acids, carnitine, and many other solutes. Bile entering the duodenum contains very little glutathione. This tripeptide is almost completely degraded and its components are largely reabsorbed in the bile ducts.19 Some drugs are highly concentrated in bile. An example is ceftriaxone, which can even precipitate out of solution and form gallstones, particularly in children.20


Unconjugated bile salts are reabsorbed throughout the small intestine, and conjugated bile salts are reabsorbed in the ileum. ASBT mediates bile salt uptake into the ileal epithelium (Table 4-1). Human ASBT transports conjugated and unconjugated bile salts with a higher affinity for dihydroxy bile salts than trihydroxy bile salts. Some sodium-independent bile salt transport may be mediated by Oatp3 (Slc21a7), which is present in all small intestinal segments,21 and the bulk of unconjugated bile salts may be reabsorbed by passive diffusion. After uptake the bile salt molecules move through the enterocyte to the basolateral domain. The 14-kilodalton ileal bile salt binding protein (I-BABP) may play a role in this passage. The organic solute transporters Ostα-Ostβ22 in the basolateral membrane of the enterocyte mediate the secretion of bile salts from the enterocyte to the portal blood.




Table 4-1 Human Hepatic Transporter Proteins
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Reabsorption in the small bowel is very efficient because only about 10% of the total biliary bile salts that enter the duodenum escape reabsorption. These remaining bile salts enter the colon, where they become subject to bacterial metabolism that converts primary to secondary bile salts. Some of these bile salts, such as deoxycholate and lithocholate, become reabsorbed in the colon by as yet undefined transport mechanisms or perhaps by passive diffusion.


Phospholipids are hydrolyzed in the intestine and the monophosphate and diphosphate esters are subsequently reabsorbed. Phospholipids in the intestinal lumen are important for the formation of chylomicrons. Formation of these lipoproteins is disturbed in Abcb4 (Mdr2(−/−)) knockout mice, which lack phospholipids in bile.23 Cholesterol reabsorption is 60% to 80%, depending on conditions and the expression of proteins, which may show species differences. Until recently cholesterol absorption in the intestine was considered to occur passively, only to some extent facilitated by proteins. However, in recent years it has become apparent that intestinal cholesterol absorption is a complex process involving separate counteracting transport systems.


In drug therapy one has to realize that drugs may also participate in the enterohepatic cycling. This adds considerably to their biologic half-life. Ceftriaxone is one example; because of its enterohepatic cycling it must be dosed only once per day. There is evidence that unconjugated bilirubin or bilirubin photoproducts also participate in the enterohepatic circulation.24 Oral bilirubin trapping agents, such as fresh calcium phosphate, interrupt this cycling and lower serum bilirubin levels in patients with disturbed hepatic bilirubin glucuronidation (e.g., patients who have Crigler-Najjar syndrome). Agents that reduce the gastrointestinal transit time lower serum bilirubin levels in Gunn rats, the animal model of Crigler-Najjar syndrome, by reducing passive reabsorption of unconjugated bilirubin.25


Collectively, hepatocytes, bile ductuli, and ducts can be considered as a “hepatic secretory unit,” with a certain analogy to the nephron. In both organs there is a primary solution that is produced by filtration, which in the liver occurs through the tight junctions, and active secretion by the hepatocytes. This “primary” bile is modified in the bile ducts through reabsorption of unconjugated and conjugated bile salts, glucose, glycine, and glutamate and by secretion of water, chloride, and bicarbonate. To support these functions cholangiocytes express the apical Na+-dependent bile salt transporter (ASBT or NTCP2, gene symbol Slc10a2), the cystic fibrosis transmembrane conductance regulator (CFTR, ABCC7), a Cl−/HCO3− exchanger (AE2, SLC4A2), and an aquaporin (AQP1). Similar to the nephron this ductular secretion is under both hormonal and adrenergic and cholinergic neuronal control with an abundance of calcitonin gene-related peptide (CGRP), substance P, vasoactive intestinal peptide (VIP), and somatostatin-containing nerves around human bile ductules.26 Hormones that influence the secretory function of bile ducts include secretin, cholecystokinin, bombesin, gastrin, and somatostatin. During cholestasis abundant proliferation of bile ductules is observed and this proliferation is under hormonal control with glucagon-like peptide 1, estrogens, and growth hormone playing a major role. The proliferative effect of estrogens protects the bile ducts against disappearance by apoptosis in primary biliary cirrhosis, a disease mainly affecting women.27









Hepatic Transport Proteins


To secrete bile and to excrete metabolites of toxic substances, hepatocytes must transport bile salts, phospholipids, and other solutes from blood to bile. Various basolateral transporters for organic solutes have been characterized. These transporters belong to the solute carrier superfamily and comprise the sodium-dependent transporter for the uptake of bile salts (NTCP; gene symbol SLC10A1), transporters for amphiphilic substrates such as members of the subfamilies of organic anion–transporting polypeptides (OATPs; gene family SLC21A), and organic cation transporters (OCTs; gene family SLC22A) (see Table 4-1).






Basolateral Transport Proteins


NTCP represents the major bile salt uptake system of hepatocytes, localized exclusively in the basolateral membrane of hepatocytes (see Table 4-1 and Fig. 4-1).28 Ntcp preferentially mediates Na+-dependent transport of conjugated bile salts such as taurocholate, and this transport comprises the predominant, if not exclusive, fraction in hepatic bile salt uptake.29 Human liver NTCP transports conjugated bile salts and human NTCP has a higher affinity (KM 6 µM) for taurocholate than rat Ntcp (KM 25 µM).30 Rat Ntcp has broad substrate specificity. In addition to bile salts, sulfated steroids, bromosulfophthalein (BSP), and thyroid hormones have been shown to be transported by this protein.


Transcriptional regulators of the Slc10a gene include hepatocyte nuclear factor 1α (HNF1-α), HNF4-α, and the retinoid X receptor/retinoic acid receptor (RXR-α/RAR-α) dimer. A protein called short heterodimer partner (SHP) interferes with the transcription of Ntcp by RXR/RAR, particularly at high bile salt concentrations in which the farnesoid X receptor (FXR) is activated that drives SHP expression.31 There is debate whether this type of regulation also holds true for human NTCP.32 The human SLC10A gene is activated by glucocorticoid binding to the glucocorticoid receptor. At high bile salt concentrations SHP abrogates this activation by glucocorticoids.33 Ntcp expression at the basolateral membrane is also regulated by posttranslational mechanisms. cAMP increases the basolateral expression of NTCP,34,35 and cytokines decrease NTCP expression.36 A phosphoinositide-3-kinase (PI3K)/ phosphokinase B (PKB)-dependent activation of protein kinase C-ε, involved in the regulation of Mrp2 at the canalicular membrane, does not seem to be implicated in the regulation of Ntcp.37


An important feature of the Na+-independent bile salt uptake pathway is its wide substrate preference, indicating that this is not mediated by NTCP but by the OATPs, transport carriers of drugs, bile salts, and bilirubin. OATP substrates include conjugated and unconjugated bile salts, cardiac glycosides, estrogens, neutral steroids, thyroid hormones, linear and cyclic peptides, selected organic cations, anti-HIV drugs, statins, and chemotherapeutics. OATPs are localized in the basolateral membrane of hepatocytes. In human liver the major organic anion carrier proteins are OATP1B1 (OATP2, OATP-C, gene symbol SLCO1B1) and OATP1B3 (OATP8, SLCO1B3). OATP1B1 transports a large number of organic anions, including drugs such as the statins and probably also bilirubin. OATP1B3 also transports bilirubin (albeit with less affinity than that demonstrated by OATP1B1), bilirubin monoglucuronide, paclitaxel, and digoxin.38,39 Similar to NTCP, the expression of these proteins also is regulated on a transcriptional and a posttranscriptional level. For instance, HNF-1α activates the SLCO1B1 promoter and bile salts via their action on HNF-4α or via FXR/SHP suppress HNF-1α activity and thus reduce OATP1B1 expression.40 This might explain the down-regulation of this protein observed in a variety of cholestatic liver diseases.41-44 A genome-wide association study revealed polymorphisms of SLCO1B1 strongly associated with an increased risk of simvastatin-induced myopathy.45 In another study irinotecan toxicity has been associated with SLCO1B1 polymorphisms.46


A variety of small organic cations, including drugs, choline, or monoamine neurotransmitters, are translocated by OCT1 (SLC22A1).47 Of the five SLC22A family members only OCT1 is of relevance for the liver. Human OCT148 is 78% identical to rat Oct1 and has comparable substrate specificity.












Canalicular Transport Proteins


Most canalicular transport systems involved in bile formation belong to the 48 members of the ATP-binding cassette (ABC) transporter superfamily, which is one of the largest superfamilies of proteins in prokaryotes and eukaryotes.49 With respect to bile formation, four subclusters of this superfamily are most important—the A, B, C, and D clusters (see Table 4-1).






The Bile Salt Export Pump BSEP (ABCB11)


The bile salt excretory pump (BSEP, ABCB11) is critical for ATP-dependent transport of bile salts across the hepatocyte canalicular membrane and for generation of bile salt–dependent bile secretion (Fig. 4-2).50 Patients genetically lacking BSEP have a severe cholestatic liver disease characterized by high serum bile salt levels—progressive familial intrahepatic cholestasis type 2 (PFIC type 2).51,52 Bsep(−/−) mice are cholestatic in the sense that taurocholate accumulates in their plasma because its secretion into bile is strongly impaired.53 However, in contrast to human patients, the mice excrete substantial amounts of tauromuricholate into bile as well as tetrahydroxy bile salt metabolites. Apparently, Bsep is not the only bile salt transporting system in the canalicular membrane because other systems, such as Mdr1a/1b in the mouse, are probably capable of excreting hydrophilic bile salts.54 These transporters may serve as escape routes that prevent severe and progressive cholestasis. As a possible consequence the mice have very few histopathologic indications of liver injury. The possible role of MDR1 in humans in bile salt secretion has not yet been elucidated (see the following section: MDR1 P-Glycoprotein [ABCB1]).


The regulation of rat Bsep has been studied under conditions of endotoxin treatment, bile duct ligation, and ethinylestradiol-induced cholestasis.55,56 In these cholestatic and stress response models, Bsep mRNA and protein expression levels only slightly decreased compared with levels of the basolateral bile salt carrier Ntcp57 (i.e., Oatp1, Oatp2) or the canalicular transporter Mrp2.56,58 Thus Bsep may continue to secrete bile salts, although at impaired rates. Remarkably, after partial hepatectomy the mRNA level of Bsep was only slightly decreased and the protein level of Bsep was unaffected in contrast to the bile salt uptake transporter Ntcp.58,59 This may explain that after partial hepatectomy the remnant liver is not cholestatic and not damaged by excess bile salts. Also in human liver disease BSEP expression is usually unaffected.60,61


Expression of BSEP is sensitive to the flux of bile salts through the hepatocyte. The BSEP promoter contains an IR-1 element that serves as a binding site for the farnesoid X receptor, a nuclear receptor for bile salts.62 FXR activity requires heterodimerization with RXRα, and when bound by bile salts the complex effectively regulates the transcription of several genes involved in bile salt homeostasis. By this mechanism bile salts transcriptionally regulate the activity of BSEP, preventing increased hepatocellular levels of potential toxic bile salts (see Fig. 4-2). In addition to BSEP, FXR has a large number of target genes, some quite unrelated to bile salt metabolism. Therefore the use of potent FXR ligands as drugs has to be considered with caution because these ligands could have unpredictable side effects.63
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Fig. 4-2 Hepatic gene regulation by bile salts and role of members of the nuclear hormone superfamily.


During cholestasis bile salts accumulate and chenodeoxycholic acid and lithocholic acid bind to FXR and PXR, respectively. These nuclear hormone receptors act as transcription factors for a number of genes, including SHP1, a gene that encodes a small protein that interacts with LRH1-mediated gene regulation of Cyp7A1, the gatekeeping enzyme of bile acid synthesis. Activation of FXR and PXR causes the induction of the basolateral ATP-dependent transporters MRP3, MRP4, and OST-α/β that act as escape routes in cholestatic conditions. Solutes that are transported back to the blood are eventually secreted by the kidneys.











MDR1 P-Glycoprotein (ABCB1)


MDR1 in humans and Mdr1a and Mdr1b in rodents are encoded by the ABCB1, Abcb1a, and Abcb1b genes, respectively. Various physiologic functions of MDR1/Mdr1 have been demonstrated or postulated, such as transport of exogenous and endogenous metabolites or toxins,64 steroid hormones,65 hydrophobic peptides,66 amphiphilic cationic drugs,67 and bile salts.54 To establish the physiologic function of Mdr1 and Mdr2, a set of gene knockout mice was generated.68 These mutant mice did not express either functional Mdr1a (Abcb1a(−/−)),69 Mdr1b (Abcb1b(−/−)),68 or Mdr2 (Abcb2(−/−)).70 Double-knockout mice were also produced (Abcb1a(−/−)/Abc1b(−/−)).68 These mice were all fertile. The Abcb1 knockout mice exhibited an almost normal phenotype under laboratory conditions.68 From experiments with mice with Abcb1a/1b(−/−) gene knockout, no changes in bile composition became apparent.71 Disruption of both genes in mice has no effect on the normal laboratory life of these mice, but renders them hypersensitive to drugs. MDR1 appears to be especially important in protecting the brain. In the gut, where MDR1 pumps from the enterocyte towards the lumen, MDR1 limits the uptake of hydrophobic drugs. In analogy, MDR1 may protect the hepatocyte against hydrophobic toxic drugs by transporting them into the bile. MDR1 polymorphisms have been reported to be relevant in cancer chemotherapy, in immunosuppressive therapy, in organ transplant recipients, and for the natural clinical course of cancer patients.72


The regulation of MDR1 and its rodent homologues has been studied in detail. It is clear that ABCB1 promoter activation is part of a general stress response resulting in cellular resistance. p53 is involved in the basal regulation of human ABCB1 and rat Abcb1a and Abcb1b.73 Although wild-type p53 represses Abcb1a expression, overexpression of mutant p53 resulted in markedly elevated levels of rat Abcb1a mRNA and protein. Similar regulation was reported for ABCB1. A functional p53 binding site has been identified in the rat Abcb1b promoter.74 Wild-type p53 was shown to up-regulate Abcb1b promoter activity and mediates the endogenous expression of rat Abcb1b. These results and other studies indicate that the two rodent Abcb1 genes are differentially regulated. The expression of Abcb1a in rat liver is not affected by endotoxin treatment and increases only slightly after bile duct ligation or partial hepatectomy.58 In contrast, Abcb1b expression is markedly enhanced during endotoxin-induced and bile duct ligation–induced cholestasis, and even more in the remnant liver after partial hepatectomy. Up-regulation of Abcb1b during liver regeneration, after partial hepatectomy, or after endotoxin treatment is at least in part TNF-α dependent. In fact, activation of the rat Abcb1b gene by TNF-α is a result of NFκB signaling.75 Abcb1b up-regulation, at least in part, may provide anti-apoptotic protection against oxidative stress-induced cell damage. Bsep(−/−) mice have a far less severe genotype than humans lacking BSEP expression. The rationale for this may be that in mice Abc1a/1b are able to compensate for the lack of Bsep expression. Thus triple-knockout mice (Bsep(−/−), Mdr1a(−/−), Mdr1b(−/−)) showed a significantly more severe cholestatic phenotype than single Bsep(−/−) or double Mdr1a(−/−), Mdr1b(−/−) knockout mice.54 These findings indicate that although BSEP is a transporter for hydrophobic bile salts, MDR1 may be able to transport hydrophilic bile salts. This compensatory role of MDR1/Mdr1 is probably more effective in mice than in humans because mice are able to synthesize hydrophilic hydroxylated bile salts.


PXR is a nuclear hormone receptor that binds pregnenolone 16α-carbonitrile (PCN), rifampicin, and lithocholic acid. These ligands induce CYP3A4 expression as well as the expression of enzymes of the UDP-glucuronosyltransferase family (i.e., UGT1A1, UGT1A6), and thus protect the body from harmful chemical agents. PXR also regulates drug efflux by inducing the expression of MDR1.76









MDR3 Phospholipid Transporter (MDR3, mdr2; ABCB4, Abcb4)


In the liver, human MDR3 and rodent Mdr2 are expressed in canalicular membranes77 (see Fig. 4-1). The function of Mdr2 became apparent after producing Abcb2(−/−) knockout mice, resulting in a complete absence of phospholipid in bile.78


From these and other studies it is now well accepted that Mdr2 as well as its human counterpart, MDR3, acts as a flippase, translocating phospholipids through the canalicular membrane.79 The currently accepted hypothesis for the mechanism of phospholipid secretion is that MDR3/Mdr2 flips phosphatidylcholine from the inner to the outer leaflet of the lipid bilayer. These lipids are probably concentrated in microdomains in the exoplasmic hemileaflet of the canalicular membrane.80 Bile salts solubilize PC from these microdomains either in the form of vesicles or as mixed bile salt/PC micelles.


Cholesterol secretion is strongly reduced but can be increased in Abcb4 knockout mice by enriching the bile with taurocholate.81 In a physiologic sense, these mice are not cholestatic because the bile salt secretion is normal and bile flow is elevated.78 However, when stressed with oral cholate feeding, serum bilirubin levels and serum alkaline phosphatase activity increase, showing that under these conditions these mice become cholestatic. Also there are histologic features similar to those observed in cholestasis, such as bile ductular proliferation and feathery degeneration of hepatocytes.70 Biliary bile salt secretion in these mice is not accompanied by phospholipids. Therefore the bile they produce is cytotoxic. Older mice with the gene disruption develop liver tumors.70 The human counterparts of the Mdr2 knockout mice are patients with progressive familial intrahepatic cholestasis (PFIC type 3) (see Genetic Defects of Bile Secretion). Expression of Mdr2 in rodent liver appears to be unaltered under most conditions of cellular stress.82 Mdr2 expression was not affected after endotoxin treatment55 and was only slightly enhanced after partial hepatectomy.58 When mice received a diet that was supplemented with fibrates, this increased Mdr2 mRNA and protein levels and increased PC secretion, suggesting involvement of PPAR-α in Mdr2 gene expression.83 In mice fed a diet supplemented with the hydrophobic bile salt cholate, Mdr2 mRNA levels were induced, which was functionally reflected in a concomitant increase of the maximal PC secretion capacity.84 Administration of the (relatively) hydrophilic bile salt ursodeoxycholate did not influence the Mdr2 mRNA levels or the maximal PC output capacity.84 Bile salt–mediated induction of Abcb4 at least partly involves activation of FXR.85









The Multidrug Resistance Protein MRP2 (ABCC2)


MRP2 is located in the canalicular membrane of hepatocytes as well as the apical membranes of enterocytes, and in renal tubular cells, the blood-brain barrier, and tubuli seminiferi (see Fig. 4-1). In the liver endogenous and xenobiotic lipophilic compounds are converted into more hydrophilic anionic conjugates with glutathione, glucuronate, or sulfate. These conjugates are transported across the canalicular membrane into bile by MRP2. MRP2 contributes to bile formation by transporting glutathione, a major driving force for bile salt–independent bile flow. In Dubin-Johnson syndrome MRP2 is genetically lacking.86 These patients have a mild conjugated hyperbilirubinemia but are otherwise quite healthy. In fact, certain ABCC2 gene polymorphisms have a protective effect when receiving irinotecan (Camptothecin), a chemotherapeutic agent that in 25% of patients causes severe diarrhea. Irinotecan is metabolized by carboxylesterases, UGT1A1 and UGT1A7,87and the metabolites are secreted into bile via MRP2. Patients with the ABCC2*2 gene variant secrete less of these metabolites and are protected against diarrhea. This is particularly true for patients who have a normal glucuronidation capacity.88


Rats lacking Mrp2 have a normal life span and a normal breeding capacity. These rats have been invaluable for the demonstration of canalicular transporter function for the disposition of drugs and endogenous metabolites.89 MRP2 gene expression is regulated by three nuclear receptors: PXR, FXR, and CAR.90 Thus the PXR and CAR ligands, rifampicin and phenobarbital, respectively, induce MRP2 expression and thereby help in the elimination of organic anions such as bilirubin from the liver. The promoter regions of the human MRP2 genes and the rat Mrp2 genes have been isolated.91 Interestingly, in cholestasis Mrp2 is up-regulated in the kidney.92 This helps in eliminating organic anions, glucuronide, and glutathione conjugates when hepatobiliary function is impaired.









The Basolateral Anionic Conjugate and Bile Salt Transporters MRP3 and MRP4


MRP3 (ABCC3) is a transporter protein that supports the basolateral export of organic anions, including glutathione and glucuronide conjugates as well as bile salts from hepatocytes.93 For bile salts its affinity is low and its expression in normal liver is also low.94 Under control conditions MRP3 is expressed in the centrilobular hepatocytes, in bile duct epithelium, and in the gallbladder.95 Basolateral MRP3 expression is up-regulated during cholestasis and in livers of patients with Dubin-Johnson syndrome.61,96 Mrp3 is significantly up-regulated in Mrp2-deficient TR− rats and EHBR rats, in bilirubin-UDP-glucuronosyltransferase–deficient Gunn rats, and in bile duct–ligated rats.93,97-99 These are models with conjugated hyperbilirubinemia, unconjugated hyperbilirubinemia, and cholestasis, respectively. MRP3 clearly is the inducible counterpart of MRP2. MRP3 transcription is regulated by the drug-activated nuclear hormone receptors CAR and PXR.100 The identities of the natural agents that induce MRP3 are less clear. Feeding rats a docosahexanoic acid–enriched diet causes an increased lipid peroxidation in the liver; in Mrp2-deficient EHBR rats this is associated with a significant up-regulation of Mrp3.98 This enables the urinary secretion of the metabolic products as mercapturic acid. Thus lipid peroxidation–induced cellular stress may induce Mrp3. MRP3 is the dominant glucuronide and glutathione conjugate overflow system.


MRP4 (ABCC4) is an inducible basolateral transporter that co-transports reduced glutathione and the taurine and glycine conjugates of cholic acid.101 It is also a high-affinity transporter of sulfated bile salts and the sulfate conjugate of dihydroepiandrosterone.102 The drug-activated receptor CAR activates transcription of the Abcc4 gene and the dihydroepiandrosterone sulfotransferase 2a1 gene. The latter is the main sulfa-conjugating enzyme in the liver and as such prepares substrates for Mrp4-mediated transport. MRP4 is the primary high-affinity bile salt overflow system and expression of Mrp4 represents a major adaptation of the liver to cholestasis. In Mrp4(−/−) (knockout) mice cholestasis induced by bile duct ligation causes significantly more liver damage than cholestasis induced in wild-type or Mrp3(−/−) mice.









ATP8B1


ATP8B1 is not an ABC transporter but a member of the type 4 subfamily of P-type ATPases (P4 ATPase). P4 ATPases are transmembrane proteins that mediate the translocation of phospholipids from the exoplasmic to the cytoplasmic leaflet of biologic membranes.103 In most eukaryotic cells phosphatidylcholine and sphingolipids are concentrated in the exoplasmic leaflet, whereas the aminophospholipids phosphatidylserine (PS) and phosphatidylethanolamine (PE) are largely confined to the cytoplasmic leaflet of the plasma membrane.104 This asymmetric distribution is actively maintained by proteins termed floppases and flippases.105


The canalicular membrane is a rigid, detergent-resistant membrane that is enriched in cholesterol and sphingomyelin (SM).106 This allows tight packing of the membrane lipids into a so-called “liquid-ordered” state and makes the membrane extremely resistant to bile salt–mediated lipid extraction.107 ATP8B1 is indispensable in maintaining this detergent-resistant state of the canalicular membrane.108 Work from our lab demonstrated that ATP8B1-mediated PS translocation requires co-expression of a putative β-subunit termed CDC50A.109 Only when ATP8B1 and CDC50A were co-expressed was ATP8B1 released from the endoplasmic reticulum and localized to the plasma membrane of CHO cells; this coincided with a significant increase in NBD-PS and natural PS internalization. Recently, Cai and colleagues demonstrated with rat hepatocyte sandwich cultures that Atp8b1 deficiency resulted in enhanced accumulation of NBD-PS in the canalicular lumen compared with control.110


Having established that ATP8B1 is an aminophospholipid translocase that helps in maintaining a detergent-resistant state of canalicular membranes, one may ask how this relates to cholestasis. We have recently demonstrated that canalicular membranes of bile salt–fed cholestatic Atp8b1-deficient mice have a dramatically reduced cholesterol/phospholipid ratio compared with those of bile salt–fed wild-type controls.111 The cholesterol content of the membrane is an essential determinant of the activity of the major bile salt transporter BSEP and of the conjugated bilirubin transporter MRP2 (encoded by the ABCC2 gene). In fact, there is a linear relationship between membrane cholesterol content and BSEP activity. In line with these observations, Cai and colleagues recently demonstrated that Bsep activity was reduced by 40% compared with control in Atp8b1-deficient rat hepatocytes.110 ATP8B1 deficiency thus leads to loss of membrane cholesterol and the normal phospholipid asymmetry of the canalicular membrane. This impairs the activity of BSEP and, as a consequence, causes cholestasis. In benign recurrent intrahepatic cholestasis (BRIC) the cholestasis is intermittent and recurring. What triggers these cholestatic episodes that can last for weeks to months? Recent publications shed some new light on this intriguing phenomenon. van der Velden and colleagues show that a number of missense mutations are associated with a folding defect of the ATP8b1 protein. These folding defects are temperature sensitive: 30° C is a permissive temperature that enables the normal folding of the protein whereas at higher temperatures protein folding is significantly impaired.112 The cholestatic attacks in BRIC patients are sometimes preceded by fever, and the temperature elevation may enhance the expression of the folding defect. An alternative explanation is offered by Folmer and colleagues.113 These authors argue that in nonjaundiced BRIC patients, BSEP expression is just enough to maintain bile flow but there is not enough reserve to cope with a cytokine-induced impairment of BSEP expression during a viral or bacterial disease.113 Because of the instability of the canalicular membrane in BRIC patients, cholestasis is self-perpetual. Membrane stability has to be restored to end the cholestatic episode.









ABCG5/ABCG8


Similar to all other members of the ABC G-subfamily, ABCG5 and ABCG8 consist of a single ATP-binding cassette in the amino terminal followed by six putative transmembrane helices; to become functionally active they must dimerize, and hence they are referred to as half-transporters. In contrast to the other G-family members, these two half-transporters represent a heterodimer and no evidence exists that homodimerization of either of the two results in active transport of a substrate across the plasma membrane of cells. The strongest evidence that ABCG5 and ABCG8 act as obligate heterodimers is obtained from genetic data: sitosterolemia, a disease resulting from a deficiency of functional sterol transport, is caused by mutations in both alleles of either ABCG5 or ABCG8 that nonetheless lead to indistinguishable phenotypes.114,115


The half-transporters ABCG5 and ABCG8 are encoded by two genes on chromosome 2. The genes are predominantly expressed in liver, intestine, and gallbladder.116,117 Expression of ABCG5 and (to less extent) ABCG8 is regulated by the oxysterol-sensing nuclear receptor LXR-α, although the responsive element has not been identified.118 In mice a high cholesterol diet as well as administration of the artificial LXR agonist T0901317 increases Abcg5/8 expression in the liver and increases biliary cholesterol secretion.119 The intergenic promoter region also contains elements for LRH-1120 as well as for GATA4 and HNF4-α, which seem to activate transcription of both genes.121


The role of the transporter couple ABCG5/8 was discovered by the fact that in patients with sitosterolemia, one of either gene is mutated. Sitosterolemia is a very rare inherited disorder characterized by up to 100-fold increased serum levels of plant sterols (phytosterols). In contrast to other inherited forms of hypercholesterolemia, sitosterolemia is characterized by increased sensitivity of serum cholesterol to dietary cholesterol (see Belamarich et al.122 and references cited therein). In healthy individuals large changes in dietary cholesterol are associated with modest changes in serum cholesterol levels. In contrast, diets containing high cholesterol levels elicit severe hypercholesterolemia in sitosterolemic patients. Conversely, restriction of dietary cholesterol is able to normalize the serum cholesterol level in these patients. These observations indicate that intestinal ABCG5/8 functions to limit the amount of absorbed cholesterol, similar to its action in plant sterols.


It has now been firmly established that a large part of biliary cholesterol secretion depends on the action of the transporter ABCG5/8.123 Biliary lipid secretion is also driven by bile salts. In the complete absence of bile salts there is no biliary phospholipid or cholesterol output and there is a curvilinear relationship between biliary bile salt and lipid secretion.81 Hence, mixed micelles of bile salts and phospholipid serve as an acceptor for cholesterol that has been translocated by ABCG5/8. In line with this contention, Vrins and colleagues showed that cholesterol efflux from polarized epithelial cells transduced with ABCG5/8 depends on the presence of bile salts in the medium.124


The fact that an ABC transporter (ABCG5/8) is necessary for the large majority of cholesterol secretion strongly suggests that cholesterol cannot be extracted from the membrane nonspecifically. It may be assumed that the canalicular membrane does have substantial amounts of cholesterol in its outer leaflet even in the absence of the translocator ABCG5/8: cholesterol is essential to make the membrane sufficiently resistant towards bile salts, which are strong detergents. Membranes that lack cholesterol are highly sensitive to detergents, and the fact that patients with sitosterolemia as well as mouse models lacking Abcg5/8 do not have liver damage indicates that the outer leaflet of the canalicular membrane does contain cholesterol even in the absence of Abcg5/8. The question remains why a translocator such as Abcg5/8 is necessary for the efflux of cholesterol if sufficient cholesterol is already present in the outer leaflet and bile salts are present in the canalicular lumen to extract the cholesterol. In a seminal paper, Small125 hypothesized that the principal function of ABCG5/8 is not in the actual translocation step (although it most likely functions as a translocator); instead, its primary purpose is to partially extrude the molecule from the lipid bilayer so that it can be accepted by bile salt micelles. In a membrane bilayer mostly composed of sphingomyelin, cholesterol is deeply buried in the outer leaflet and it requires substantial activation energy to lift it out of the leaflet. Hence, after translocation ABCG5/8 may lift cholesterol from the bilayer and the latter step may actually be the crucial rate-controlling step in secretion.









Other Hepatic ABC-Transporter Proteins


The ABCA1 gene (also called ABC1) is mutated in patients with Tangier disease.126 It appears that ABCA1 regulates plasma high-density lipoprotein (HDL) levels.127 It promotes the efflux of cholesterol from macrophages and peripheral tissues to apolipoprotein A-I. Abca1 knockout mice secrete normal amounts of cholesterol in their bile, leading to the conclusion that Abca1 is not a cholesterol transporting protein.128 It may be a phospholipid transporter that enables HDL to incorporate cholesterol.












Regulation of Bile Secretion


Hepatocytes are strictly polarized cells. They absorb substrates from the blood and secrete metabolites into the bile. Bile flow depends on the absorption of substrates and the secretion of metabolites, in particular bile salts. As mentioned earlier in this chapter, the supply of bile salts is variable. Absorption from the portal venous blood is nearly complete and in the fasting state occurs mainly in periportal hepatocytes. The main potential for regulation at the sinusoidal membrane is involvement of more hepatocytes, downstream in the liver acinus, when the bile salt concentration in portal venous blood suddenly increases, as occurs during feeding. It is important to note that Ntcp, the bile salt uptake transporter, is evenly distributed along the hepatic acinus.28 Thus perivenous hepatocytes, which are commonly exposed to low concentrations of bile salts, have a similar Ntcp expression as periportal hepatocytes, which are exposed to high bile salt concentrations. Bile salts are potentially cytotoxic and at high concentrations can induce apoptosis and necrosis.129 Binding to intracellular binding proteins, storage in the ER, and activation of NFκB are possible defense mechanisms.130 Most important, however, is a rapid canalicular secretion, which is balanced with sinusoidal absorption.


Many high-affinity ligands of the nuclear hormone receptor (NHR) family of transcription factors are also substrates for ABC transporters (see Fig. 4-2). This relationship is important for the physiologic regulation of ABC-transporter genes and other NHR-target genes in vivo. However, during liver disease this crosstalk may be disturbed because of the acute phase response–coupled down-regulation of NHRs and their target genes. Infection, inflammation, and trauma induce a wide array of metabolic changes in the liver that constitute the acute phase response, mediated by cytokines, particularly TNF-α, IL-1α, and IL-6. For example, in fulminant hepatic failure serum levels of TNF-α and TNF receptors are significantly increased. In livers of patients with fulminant hepatic failure, infiltrating mononuclear cells express high amounts of TNF-α and hepatocytes overexpress TNF receptor 1 (TNFR1).131 The acute phase response is associated with a decrease in mRNAs coding for certain NHR proteins such as RXR, LXR, PPAR-α, and PPAR-γ.132 Reduction of RXR levels, along with levels of other nuclear hormone receptors in the liver, could be a mechanism to coordinately down-regulate the expression of a large number of genes, including ABC transporters, during the acute phase response. Down-regulation of specific hepatic nuclear factors, such as HNF1 and HNF4, may play a key role in the regulation of certain negative acute phase proteins. For example, a decrease in HNF1 is thought to be responsible for the reduced transcription of albumin and Ntcp. The acute phase response also causes marked alterations in lipid metabolism in the liver. Many of the enzymes and transporters involved in these metabolic changes are known to be regulated by PPAR-α or LXR-α. It is possible that during the acute phase response, the reduced availability of RXR protein, and possibly of NHRs, represents a mechanism to coordinately regulate these metabolic changes. In addition, the importance of RXRs for liver gene expression has been demonstrated.133 Biochemical parameters indicate that PPARα, CAR, PXR, LXR, and FXR coupled metabolic pathways in the liver were compromised in the absence of RXR-α. Thus RXR-α is integrated into a number of diverse physiologic pathways as a common regulatory component of cholesterol, fatty acid, bile salt, steroid, and xenobiotic metabolism and homeostasis.


BSEP (ABCB11) mediates the movement of bile salts from hepatocytes to bile. The unique organ specificity of this protein indicates the special position of the liver in bile salt metabolism. The liver plays a dominant role in the enterohepatic cycling of bile salts. Furthermore, in the liver bile salts are synthesized de novo from cholesterol via the so-called neutral and acid pathways. CYP7A1 (cholesterol 7α-hydroxylase) is the gatekeeper of the neutral pathway. This enzyme and an enzyme more downstream in the neutral pathway, CYP8B, are under the transcriptional control of the nuclear receptor FXR. In the regulation of these enzymes FXR acts indirectly through the action of at least two other transcription factors.134 FXR is a ligand-activated transcription factor. Chenodeoxycholic acid, cholic acid, deoxycholic acid, and lithocholic acid bind and activate FXR. FXR forms complexes with the retinoid X receptor and this FXR/RXR heterodimer interacts with a highly conserved IR-1 motif (inverse repeat-1) in the promoter regions of BSEP and SHP-1, for example.62,135 SHP-1 suppresses the transcription of CYP7A1 and CYP8B by binding to a transcription factor called liver receptor homologue 1.15,136


FXR acts as a bile salt sensor; it needs to be activated by its natural ligands—the bile salts. FXR controls several key steps in bile salt metabolism, not only bile salt synthesis but also transporter involvement in the enterohepatic cycle. Thus upon binding of bile salts, FXR suppresses the expression of NTCP via SHP-1. The presumed mechanism is by interfering with RXR/RAR binding to the NTCP promoter.31 In contrast, FXR up-regulates the expression of BSEP in the liver and the bile salt binding protein in the ileum (iBABP). Studies in mice with a genetic disruption of FXR showed that the FXR response is particularly important in dealing with a bile salt load, as occurs when feeding mice a diet high in cholesterol or cholate. In FXR null mice the expression of Ntcp, CYP7A1, and CYP8B fails to be down-regulated and the expression of Bsep, iBABP, and SHP-1 is not enhanced as occurs in wild-type mice under these conditions.137


Cholestasis in rats is associated with a decreased expression of Ntcp.138 This is most probably caused by enhanced expression of SHP-1 through activation of FXR by retained bile salts. Also in humans, NTCP expression in cholestatic liver disease is decreased.44 Down-regulation of NTCP and CYP7A1 in cholestatic liver disease may be cytoprotective, reducing the entry and the synthesis of bile salts when intracellular bile salt levels are already elevated.


Recently a new hormone has been identified—fibroblast growth factor 19 (FGF19); it is synthesized in the terminal ileum upon activation of intestinal FXR by conjugated bile salts. This protein is secreted into the portal circulation, where it reaches maximal levels 3 to 4 hours after a meal. In the liver FGF19 binds to FGFR4, a receptor that is located on the surface of the hepatocyte. This binding initiates a signaling cascade in which the MAP kinases ERK1 and ERK2 are phosphorylated. Through a number of intermediate steps this down-regulates the expression of Cyp7A1 and CYP8B1, enzymes governing the classical and the so-called acidic bile salt biosynthetic pathway. In the mouse fgf15 (the mouse orthologue of human FGF19) is not produced in the liver; therefore serum fgf15 levels in mice with a ligated bile duct are very low and as a consequence Cyp7a1 in the liver is not down-regulated.139 Consequently, in mice adaptation of liver metabolism during cholestasis is not optimal. Because mice are capable of detoxifying bile salts by hydroxylation, hepatotoxicity by bile salts during cholestasis remains limited. Because humans have more toxic bile salts, they show a very high hepatic expression of FGF19 during extrahepatic cholestasis, and as a consequence a very well repressed CYP7A1.140 Humans with extrahepatic cholestasis also demonstrate a clear overexpression of OSTα/β, a transporter that together with MRP3 and MRP4 will help in the efflux of solutes from the liver when the route across the canaliculus is blocked. Thus humans show optimal adaptation during extrahepatic cholestasis by significant down-regulation of bile salt synthesis, thus reducing the intracellular concentration of toxic bile salts.


Canalicular Mrp2 is rapidly down-regulated in LPS-induced and bile duct ligation–induced cholestasis in rats while Bsep expression is maintained.55,56,141 Also during cholestasis in humans MRP2 is down-regulated.60 Mrp3 and Mrp4 in the basolateral membrane are up-regulated under these conditions.93,95 Together these two proteins cover the entire spectrum of Mrp2 substrates; thus these proteins can fully compensate for the decreased canalicular Mrp2 activity. Mrp3 mediates the transport of non–bile salt glucuronides and glutathione conjugates and Mrp4 regulates the transport of bile salt sulfates. Mrp4 functions as a basolateral bile salt conjugate and glutathione co-transporter.101 Up-regulation of Mrp3 and Mrp4 has a cytoprotective function. Metabolites are cleared from the hepatocyte via basolateral membrane pumps when exit via the canalicular membrane is not possible. The Mrp3 and Mrp4 genes are controlled and activated by PXR and CAR respectively.102,142 CAR not only activates Mrp4 but also the sulfotransferase Sult2a, which mediates the sulfation of bile salts, the high-affinity substrates of Mrp4.102









Genetic Defects of Bile Secretion


The spectrum of diseases caused by defects of ABC-transporter proteins is diverse and includes the liver diseases progressive familial intrahepatic cholestasis (PFIC),143 benign recurrent intrahepatic cholestasis (BRIC),144 intrahepatic cholestasis of pregnancy (ICP),145 cystic fibrosis–associated liver disease (CFALD),146 adrenoleukodystrophy,147 and Dubin-Johnson syndrome148,149; various eye disorders150; disorders of cholesterol and carbohydrate metabolism; and connective tissue diseases.151-153


Progressive familial intrahepatic cholestasis (PFIC) constitutes a group of autosomal recessive diseases characterized by cholestasis starting in infancy. For an initial differentiation of various PFIC subtypes, measurement of the serum γ-glutamyltransferase (γ-GT) activity is useful. Diseases associated with bile that has low bile salt concentration have a low serum γ-GT activity. These are PFIC types 1 and 2 and BRIC types 1 and 2. These diseases have a hepatocellular blockade of bile salt secretion and should be called hepatocellular cholestasis rather than intrahepatic cholestasis. γ-GT in human liver is mainly located in the membranes lining the biliary tree. Elevation of serum γ-GT activity results from a detergent, membranolytic effect of bile salts on these membranes. Thus either the blockade of bile flow downstream of the location of γ-GT or the presence of bile containing bile salts not antagonized by neutralizing phosphatidylcholine causes γ-GT to be released in the circulation under cholestatic conditions. Elevated serum γ-GT activity occurs in various forms of intrahepatic and extrahepatic cholestasis. In PFIC type 3, γ-GT activity is elevated.






Progressive Familial Intrahepatic Cholestasis Type 1


PFIC type 1 or Byler disease (Table 4-2) often begins with episodes of cholestasis progressing to permanent cholestasis with fibrosis, cirrhosis, and liver failure, necessitating liver transplantation in the first 2 decades of life.154,155 Children with PFIC are small for their age and often have diarrhea. They may also have pancreatitis and can present with sensorineural deafness.156 FIC1 is also expressed on the membranes of the organ of Corti, and FIC1 deficiency leads to a progressive loss of cochlear hair cells and deafness.157 In PFIC1, the larger bile ducts are anatomically normal and liver histologic analysis shows bland canalicular cholestasis with only slight duct proliferation, inflammation, fibrosis, or cirrhosis.154,154 On electron microscopy there is a paucity of canalicular microvilli and a thickened pericanalicular network of microfilaments within the canaliculi coarse granular bile, referred to “Byler bile.” Characteristically the serum γ-GT activity is not elevated even though the parameters of cholestasis, such as levels of alkaline phosphatase and serum primary bile salts (in particular, chenodeoxycholic acid), are strongly increased. Serum cholesterol levels are usually normal.




Table 4-2 Genetic Diseases of Hepatic Transport
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Patients belonging to the Byler kindred are descendants of Jacob Byler and Nancy Kaufmann, members of the Old Order Amish population who emigrated from Switzerland to the United States nearly 250 years ago. Many patients outside the United States are unrelated to the Old Order Amish. The PFIC syndrome has been described in families in The Netherlands, Sweden, and Greenland and in an Arab population.154 In Amish and non-Amish families the genetic defect could be mapped to the FIC1 locus on chromosome 18q21-q22 encoding a P-type ATPase, ATP8B1. The function of this protein was discussed earlier in this chapter. A number of FIC1 mutations have been described, including the mutation causing Byler disease.155 In humans FIC1 is highly expressed in pancreas, small intestine, urinary bladder, stomach, and prostate. This may explain the increased frequency of diarrhea and pancreatitis in these patients. Even after transplantation the patient exhibits a slow rate of catch-up growth, most likely attributable to the persistent malabsorption.158 Dysfunction of FXR signaling has been reported in this disease.159 This may be a secondary defect.


Children with PFIC type 1 may benefit from surgical partial external biliary diversion (PEBD).160,161 In this procedure the gallbladder is connected to a stoma in the skin by a loop of small bowel. The mechanism of this therapy is not well understood. It may partially be explained by a decrease in the overall bile salt pool. In some patients an improvement of liver morphology and a normalization of biliary bile salt composition were seen, suggesting improved bile salt secretion.162 Ursodeoxycholic acid, very helpful in the treatment of patients with PFIC type 3, is less effective in those with PFIC type 1. When PEBD fails, liver transplantation is the only effective solution. Because PFIC type 1 disease is not confined to the liver, extrahepatic manifestations may persist after transplantation, such as hearing loss, or may become worse, such as watery diarrhea. The diarrhea in this situation usually reacts to bile salt sequestrants.163 Also, a few cases of pancreatitis have been reported in patients who have this disease.164 Interestingly, liver steatosis (sometimes with progression to steatohepatitis) may develop in the liver graft.158,165









Benign Recurrent Intrahepatic Cholestasis Type 1


Recurrent familial intrahepatic cholestasis was a term introduced by Tygstrup and colleagues.164 This disease is also known as benign recurrent intrahepatic cholestasis (BRIC) or Summerskill syndrome166 (see Table 4-2). Despite recurrent attacks of cholestasis there is usually no progression to chronic liver disease. During the attacks the patients are severely jaundiced and have pruritus, steatorrhea, and weight loss. In analogy to PFIC1 the serum γ-glutamyltransferase activity is not elevated. Some patients also have renal stones, pancreatitis, and diabetes.164 As in PFIC1 the gene involved in recurrent familial intrahepatic cholestasis has been mapped to the FIC1 locus.144 This suggests that both diseases are genetically related. However, not all patients with benign recurrent intrahepatic cholestasis expressed chromosome 18 mutations.167


Ursodeoxycholic acid is of no benefit in BRIC.168 Case reports indicate that rifampicin may reduce the number of cholestatic episodes.169,170 In analogy to PFIC type 1, cholestasis may be improved and cholestatic episodes shortened by biliary drainage procedures.171









Progressive Familial Intrahepatic Cholestasis Type 2


Genetic studies revealed that the FIC1 locus is not involved in all patients with a PFIC type 1 phenotype and low serum γ-GT activity.154 Moreover, in a large number of non-Amish patients the disease was mapped to a locus on chromosome 2q24 that later proved to be the ABCB11 (BSEP) gene (as described earlier in this chapter; see Table 4-2).51,52,172 Antibodies directed against BSEP sequences enabled localization studies and it became clear that this protein not only is liver-specific but also is located in the canalicular domain of the hepatocyte’s plasma membrane. Liver specimens of patients with PFIC type 2 stain negative for canalicular BSEP on immunohistochemistry using BSEP antibodies.52 As in PFIC type 1, the serum γ-GT activity in these patients is not elevated and bile duct proliferation is absent. However, the disease differs from PFIC type 1 in several aspects: PFIC2 frequently presents as nonspecific giant cell hepatitis, which is indistinguishable from idiopathic neonatal giant cell hepatitis; patients are usually permanently jaundiced; and the disease rapidly progresses to persistent and progressive cholestasis requiring liver transplantation. Liver histologic studies show more inflammatory activity than in PFIC type 1, with giant cell transformation and lobular and portal fibrosis.154 The bile of PFIC type 2 patients is amorphous or filamentous on transmission electron microscopy. This contrasts with the coarsely granular bile of PFIC type 1 patients. Extrahepatic manifestations are uncommon. In the majority of non-Amish patients, progressive familial intrahepatic cholestasis is type 2 rather than type 1. A particularly dreaded complication is cerebral or subdural hematoma at or shortly after birth as a result of vitamin K deficiency. Vitamin K therefore has to be supplemented without delay.


Bile salts are not completely absent in the bile of these patients. MRP2, the canalicular transporter of bilirubin, also transports glucuronidated or sulfated bile salts. This may also explain why these patients are jaundiced despite an intact bilirubin transporter: bilirubin transport may be inhibited by competition with bile salt conjugates.


PFIC type 2 patients usually need to undergo liver transplantation in the first 2 decades. Living related donor transplantation should be considered cautiously because parents may be carriers of the disease, which may manifest after transplantation. Partial bile diversion may provide symptomatic relief of pruritus in these patients, cause amelioration of liver functions, and induce catch-up growth.161 The majority of PFIC type 2 patients do not respond to ursodeoxycholic acid therapy; in fact, administration of ursodeoxycholic acid to some of these patients led to very high serum bile salt levels (>1 mmol/L) without any increase of biliary bile salt secretion.52









Benign Recurrent Intrahepatic Cholestasis Type 2


Not all patients with benign recurrent intrahepatic cholestasis have mutations of ATP8B1. In a subset of patients with episodic cholestasis, mutations of BSEP were found. The disease was called BRIC type 2. It appears that these patients are particularly prone to the development of cholelithiasis and less to pancreatitis. This distinguishes them from patients with BRIC type 1. Serum γ-glutamyltransferase levels are low in both diseases. Patients with BRIC type 1 can be completely asymptomatic between attacks of cholestasis; however, if this is true for patients with BRIC type 2 is still under investigation.173









Familial Hypercholanemia


Familial hypercholanemia is characterized by elevated serum bile salt levels, severe pruritus, and fat malabsorption.174 Thus far this disease has been identified among Amish individuals. It was originally believed to result from a sinusoidal uptake defect. Recently it has been reported to be caused by mutations of either one of two genes—a gene that encodes tight junction protein 2 (ZO-2) or a gene that encodes bile salt coenzyme A:amino acid N-acyltransferase. In these latter patients glycine and taurine bile salt conjugates cannot be formed.175 The phenotype of these patients demonstrates that BSEP is not capable of transporting unconjugated bile salts to any significant extent.









Bile Salt Synthesis Defects


Defects of bile salt synthesis resemble PFIC type 2. Clayton and colleagues described a defect of 3β-Δ5-C27-hydroxysteroid oxidoreductase as a cause of giant cell hepatitis.176 Deficiency of Δ4-3-oxosteroid-5β reductase and 3β-hydroxy-C27-steroid dehydrogenase/isomerase and mutations of the oxysterol 7α-hydroxylase gene may also be causes of neonatal hepatitis and cholestasis.177-179 In these diseases toxic intermediates are formed that cause cholestasis by interaction with the hepatic bile salt transporter.180 Bile salt synthesis defects are called PFIC type 4 by some authors.









Progressive Familial Intrahepatic Cholestasis Type 3


The third PFIC subtype, PFIC type 3, is quite different from the other PFIC subtypes. The serum γ-GT activity is markedly elevated in these patients and liver histologic analysis shows extensive bile duct proliferation and portal and periportal fibrosis.145,181,182 Phenotypically PFIC type 3 resembles Mdr2(−/−) mice. In humans with PFIC type 3, mutations of the ABCB4 (MDR3) gene are the underlying cause.145,181,183


Phosphatidylcholine, the predominant phospholipid in bile, is washed from the canalicular membrane by bile salts. In contrast to PFIC type 2, in PFIC type 3 bile salt transport proceeds unimpaired, but this occurs without phospholipids because of the MDR3 deficiency. This has major pathophysiologic consequences. In normal bile the inherent toxicity of bile salts is quenched by phosphatidylcholine. In bile of patients with PFIC type 3 bile salt toxicity is unantagonized by phospholipids and this causes damage of bile duct epithelium with periportal inflammation and fibrosis and bile duct proliferation as a result. In humans this is even more extreme than in Mdr2(−/−) mice because human bile salts (e.g., chenodeoxycholic acid) are more toxic than those of the mouse, especially the very hydrophilic muricholate.


In patients with PFIC type 3 jaundice may be less apparent but pruritus is usually severe. Patients with a partial ABCB4 (MDR3) defect respond to ursodeoxycholic acid therapy.184 The majority of patients, however, have to undergo liver transplantation. Mutations of the ABCB4 gene on chromosome 7q21 are the underlying cause of the disease. Although PFIC3 is discussed as a cholestatic disease, in a strictly physiologic sense there is no cholestasis because bile flow is not impaired.78


ABCB4 gene mutations have been associated with intrahepatic gallstones.185,186 Liver disease in adults associated with ABCB4 mutations and ABCB4/MDR3 deficiency has been named low phospholipid associated cholelithiasis (LPAC). This disease is now recognized as a significant cause of rapidly progressive fibrosing cholestatic liver disease and portal hypertension that occurs in families.187 Although the histopathology of Mdr2 knockout mice resembles to a certain extent that seen in human primary biliary cirrhosis and primary sclerosing cholangitis, no evidence has been obtained thus far that MDR3 is involved in these diseases.61,188 An imbalance between bile salt and phospholipid secretion after liver transplantation was correlated with a transient imbalance between BSEP and MDR3 expression, and this may provide an explanation for the vulnerability of the bile ducts in the immediate period after transplantation.189









Intrahepatic Cholestasis of Pregnancy


Jacquemin and colleagues reported a high incidence of intrahepatic cholestasis of pregnancy (ICP) in families with PFIC type 3.183 This suggests that in persons carrying one mutated ABCB4 gene, cholestasis may occur during pregnancy. Indeed, a study by Pauli-Magnus and others suggests that a substantial fraction of the ICP cases are attributable to mutations in ABCB4.190 In contrast, ICP not related to MDR3 or ATP8B1 has been reported in a Finnish group of patients.191 Mutations leading to single amino acid substitutions of the MDR3 protein may cause intracellular traffic mutants; that is, the protein is synthesized but does not reach its destination in the canalicular membrane.192 One can hypothesize that in patients carrying these mutations, the hormones in the third trimester of pregnancy impair intracellular targeting, which causes the disease to clinically manifest.


ICP has also been described in families with other PFIC type 1.193 BSEP (ABCB11) polymorphisms seem to be of less importance for ICP.194 In contrast to ICP related to ABCB4, in ICP related to ATP8B1, serum γ-glutamyltransferase activity is not elevated. Ursodeoxycholic acid has been shown to benefit patients with ICP, resulting in improvement of serum liver tests and pruritus, prolongation of time to delivery, and decrease of intrauterine complications.195,196









Other Forms of Intrahepatic Cholestasis


More forms of intrahepatic cholestasis exist. Aagenaes syndrome is a combination of severe progressive lymphedema and episodic intrahepatic cholestasis.197 The locus for this disease has been mapped to chromosome 15q.198









Dubin-Johnson Syndrome


Dubin-Johnson syndrome is caused by a mutation of ABCC2 encoding MRP2 (see Table 4-2).149,199 Dubin-Johnson syndrome is characterized by conjugated hyperbilirubinemia without other serum enzyme abnormalities. Patients with Dubin-Johnson syndrome have a normal life span. A black or brownish lysosomal pigment in the hepatocytes is a characteristic histologic feature. Urinary coproporphyrin isomer I excretion is elevated in these patients.


TR− rats and EHBR rats are animal models for this disease. These animals have a decreased hepatobiliary secretion of organic anions because of a mutation of the Abcc2 gene.86,200 Patients with Dubin-Johnson syndrome are homozygous carriers of ABCC2 gene mutations. Rapid degradation of mutated ABCC2 mRNA, or impaired MRP2 protein maturation and trafficking, may be the underlying cause of the disease.201 The disease needs no treatment.
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Abbreviations


ADRP adipose differentiation related protein


ALT alanine aminotransferase


AST aspartate aminotransferase


AUROC area under the receiver operator characteristic


bFGF basic fibroblast growth factor


CCN2 connective tissue growth factor


CT computed tomography


CTGF connective tissue growth factor


CXCL4 platelet factor 4


ECM extracellular matrix


EGF epidermal growth factor


ET-1 endothelin-1


FGF fibroblast growth factor


GGT γ-glutamyltransferase


HA hyaluronic acid


HBV hepatitis B virus


HCV hepatitis C virus


HGF hepatocyte growth factor


HIV human immunodeficiency virus


HVPG hepatic venous pressure gradient


IL-10 interleukin-10


JI jejunoileal


LPS lipopolysaccharide


MRI magnetic resonance imaging


MMP matrix metalloproteinase


MEGX monoethylglycinexylidide


NASH non-alcoholic steatohepatitis


NGFR nerve growth factor receptor


NK natural killer


NO nitric oxide


PI 3-kinase phosphoinositol 3-kinase


PIIINP amino-terminal propeptide of type III collagen


PDGF platelet-derived growth factor


PPAR peroxisomal proliferator activated receptor


QTL quantitative trait loci


RAS renin-angiotensin system


RSK ribosomal S-6 kinase


STAT-1 signal transducers and activators of transcription


TIMP tissue inhibitor of metalloproteinases


TPN total parenteral nutrition


TGF transforming growth factor


TGF-β1 transforming growth factor-β1


TNF-α tumor necrosis factor-α


TRAIL TNF-related apoptosis-inducing ligand


VEGF vascular endothelial growth factor









Introduction


Hepatic fibrosis refers to the accumulation of extracellular matrix, or scar tissue, in response to acute or chronic liver injury. This response, or “fibrogenesis,” represents a wound healing response to injury (Fig. 5-1), and ultimately leads to the clinical-pathologic syndrome known as cirrhosis. From a histologic standpoint, cirrhosis can be considered the end-stage consequence of fibrogenesis occurring in the hepatic parenchyma, resulting in nodule formation, which in turn may lead to altered hepatic function and blood flow, and the clinical sequelae typical of cirrhosis. Both fibrosis and cirrhosis are the consequences of a sustained wound healing response to chronic liver injury from a range of causes including viral, autoimmune, drug-induced, cholestatic, and metabolic diseases. The clinical manifestations of cirrhosis vary widely, from asymptomatic cirrhosis to liver failure, and are determined by both the nature and the severity of the underlying liver disease as well as the extent of hepatic fibrosis. Nearly 40% of patients with histologic cirrhosis are asymptomatic and may remain so for long periods of time. However, once complications (e.g., ascites, variceal hemorrhage, encephalopathy) develop, progressive deterioration leading to death or liver transplantation is typical. In such patients there is a 50% 5-year mortality, with approximately 70% of these deaths directly attributable to liver disease.1 In asymptomatic individuals, cirrhosis may be first suggested during routine examination, although histologic analysis may be required to establish the diagnosis.
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Fig. 5-1 The wound healing response to liver injury.


Most forms of liver injury result in hepatocyte injury followed by inflammation, which in turn leads to activation of hepatic stellate cells. Inflammatory effectors are multiple and include T cells, NK cells, and NKT cells, as well as Kupffer cells. These cells produce growth factors, cytokines, and chemokines that play an important role in stellate cell activation. Additionally, injury leads to disruption of the normal cellular environment, including injury to endothelial cells, which may have paracrine effects on stellate cells. Overall, these events lead to activation of stellate cells (right upper panel) (or other fibrogenic effector cells). Once activated, stellate cells themselves produce a variety of compounds, including growth factors, cytokines, chemokines, and vasoactive peptides. These substances have pleiotrophic effects in the local environment, many of which have autocrine effects on stellate cells (or similar fibrogenic effector cells) themselves. Stellate cell activation has many effects (also see Fig. 5-4), the most prominent including synthesis of extracellular matrix as well as tissue contraction mediated by contractile myofibroblasts.




Cirrhosis affects hundreds of millions of patients worldwide. The overall burden of liver disease in the United States—the vast majority of which is due to chronic disease with fibrosis—continues to expand, exacting an increasing economic and social cost.2 Indeed, in the United States cirrhosis is the most common non-neoplastic cause of death among hepatobiliary and digestive diseases, accounting for approximately 30,000 deaths per year. In addition, 10,000 deaths occur because of liver cancer, which typically develops in cirrhotic livers, consistent with a steadily rising mortality from hepatic cancer.3 Notably, hepatocellular carcinoma is the most rapidly increasing neoplasm in the United States and Western Europe.4


Hepatic fibrosis is a highly relevant aspect of liver biology because of the significant progress in uncovering its mechanisms, combined with a growing realization that effective antifibrotic therapies may soon alter the natural history of chronic liver disease. Thus liver fibrosis can now be viewed as a clinical problem whose diagnosis and treatment will soon have rational, evidence-based approaches. This progress is very timely, since the continued “aging” of the hepatitis C virus (HCV)-infected cohort and the growing prevalence of obesity-related liver diseases are leading to precipitous increases in the current prevalence and predicted burden of advanced liver disease.2,5 With these issues in mind, this chapter will review clinical aspects of hepatic fibrosis including natural history, pathophysiologic mechanisms, current and future tools for diagnosing fibrosis, and emerging antifibrotic strategies.









Clinical Aspects of Hepatic Fibrosis






Natural History and Risk Factors


Fibrosis leading to cirrhosis can accompany virtually any chronic liver disease that is characterized by the presence of architectural disruption and/or inflammation. The vast majority of patients with liver disease worldwide have chronic viral hepatitis. Many other disorders may lead to fibrosis and cirrhosis, including steatohepatitis associated with either alcohol or obesity; autoimmune liver disease (including that affecting either hepatocytes or biliary epithelium); metabolic disorders including Wilson’s disease, hemochromatosis, and a variety of storage diseases; parasitic infestation (e.g., schistosomiasis); neonatal liver disease; chronic inflammatory conditions (e.g., sarcoidosis); drug toxicity (e.g., methotrexate, hypervitaminosis A); and vascular derangements, either congenital or acquired.


Of the many causes of chronic liver disease, our understanding of the natural history of fibrosis is most extensive in patients with HCV infection, with some information about hepatitis B virus (HBV) and steatohepatitis, including alcoholic liver disease and non-alcoholic steatohepatitis (NASH). Information about fibrosis progression in other diseases is largely anecdotal, but the development of cirrhosis typically requires many years to decades. There are, however, some notable exceptions in which development of cirrhosis can be greatly accelerated, possibly occurring within months rather than years: (1) Neonatal liver disease—infants with biliary atresia may present at birth with severe fibrosis and marked parenchymal distortion; (2) HCV-infected patients after liver transplantation—a subset of patients who undergo liver transplantation for HCV cirrhosis may develop rapidly progressive cholestasis, fibrosis, and recurrent cirrhosis within months of transplantation6; (3) patients with human immunodeficiency virus (HIV)/HCV co-infection—these patients have relatively rapid fibrosis compared with those with HCV alone,7 especially if the HIV is untreated (see below); (4) severe delta hepatitis8; and (5) some cases of drug-induced liver disease. These examples of more aggressive fibrogenesis likely reflect dysregulation of several pathways, including defective immunity, massive inflammation and necrosis, and/or altered matrix resorption. Together, they underscore the highly dynamic nature of scar accumulation and degradation. Moreover, these human diseases raise the possibility that when matrix accumulation is unopposed because degradation is ineffective, more rapid fibrosis may ensue.


Once cirrhosis and its complications develop, the prognosis is predicted by widely used systems including the Childs-Pugh score, PELD,9 and MELD,10 which are predictive independent of the cause of liver disease.






Hepatitis C Virus


Risk and natural history of fibrosis associated with HCV have been greatly clarified as a result of several large clinical studies incorporating standardized assessments of fibrosis combined with detailed historical and clinical information.11 The disease can present a remarkably variable course, from decades of viremia with little fibrosis, to rapid onset of cirrhosis in 10 to 15 years. Factors other than those related to the virus itself appear to be most closely correlated with fibrosis progression in HCV. The data supporting this conclusion include the following: (1) There is no clear relationship between viral load or genotype and fibrosis severity even though these former factors affect response to antiviral therapy; (2) human gene polymorphisms appear to correlate with fibrosis risk,12-17 and viral-related factors have yet to be clearly identified; and (3) the host immune phenotype may be critical because there is more rapid progression in immunosuppressed patients, whether attributable to HIV or immunosuppressive drugs.7 In mice a Th2 phenotype strongly correlates with fibrogenic potential,18 which has led to successful efforts to use quantitative trait loci (QTL) mapping to identify specific fibrosis risk genes in these animals14,19 as well as studies emphasizing the role of lymphocytes and perhaps monocytes in modulating fibrogenesis.20,21


Other identified host risk factors for more rapid progression of HCV include the following: (a) older age at time of infection; (b) concurrent liver disease attributable to HBV or alcohol (>50 g/day); it is uncertain, however, whether lesser amounts of alcohol intake are additive towards fibrosis progression; recent studies suggest that less than 50 g/day of alcohol results in a negligible increased risk of hepatic fibrosis22; (c) male gender; (d) increased body mass index (BMI), associated with hepatic steatosis23; and (e) HIV infection or immunosuppression following liver transplantation (see Natural History and Risk Factors).


Given this information, several clinical variables are helpful in assessing fibrosis risk. Thus, for chronic HCV, if the time of infection is known and a biopsy is obtained at any time thereafter, the rate of progression per year based on either Ishak or Metavir scoring can be estimated.24 Although initial analyses of this type suggested that fibrosis progression is truly linear, it is now increasingly clear that the progression rate accelerates as the disease advances25; for example, it takes less time to progress between Metavir stages 3 and 4 than from stage 1 to stage 2.


Assessment of fibrosis stage and rate of fibrosis progression can be valuable for at least three reasons: (1) Because advanced stages of fibrosis (F3 or F4) generally have a lower response rate to antiviral therapy, the stage of fibrosis plays a role in predicting the likelihood of response to interferon-α–based therapy.26,27 (2) If little fibrosis progression has occurred over a long interval, then treatment with antiviral therapy may be deemed to be less urgent, and it may be safe to await more effective and/or better tolerated therapy. (3) The approximate time to the development of histologic cirrhosis can be estimated. This would not, however, indicate if or when clinical liver failure would occur because complications of liver disease may be delayed for up to a decade or more after the establishment of histologic cirrhosis. As genetic risk markers that predict a rapid fibrosis progression rate are developed, this information combined with the absolute stage of fibrosis may enable more accurate identification of patients at risk for disease and thus in need of antifibrotic therapy.









Hepatitis B Virus


Very few studies have assessed the progression rate of fibrosis in chronic HBV infection. In general, inflammatory activity, as influenced by viral factors including HBeAg status (which indicates active viral replication), correlates with fibrosis.28,29 Fibrosis progression has been correlated with HBV genotype in at least one study.30 In a subset of patients, a rapidly progressive “fibrosing cholestatic hepatitis” may occur,31 but neither definitive risk factors for this condition nor unique etiologic, cellular, or molecular determinants have been identified. In addition, delta hepatitis superinfection or co-infection may greatly accelerate the risk of advanced fibrosis and cirrhosis.8 What is striking, however, is that virologic suppression in response to potent antiviral regimens can lead to remarkable improvement not only in serum alanine aminotransferase (ALT) levels and histologic inflammation, but also in fibrosis as well.8,32-34 Indeed, dramatic resolution of cirrhosis in a 10-year follow-up study has been reported in patients with delta hepatitis who were successfully treated with interferon-α.8









Alcoholic Liver Disease


Patients with fibrosis who continue to consume alcohol are virtually assured of disease progression. In addition, two clinical features commonly seen in steatohepatitis—elevated body mass index and elevated serum glucose level—also confer increased risk of fibrosis in alcoholic liver disease.35 Pathologically, the presence of pericentral fibrosis (central hyaline sclerosis) carries a high risk of eventual panlobular cirrhosis, which is almost certain if alcohol intake continues.









Non-Alcoholic Steatohepatitis


There is a critical need for better data about natural history, risk factors for fibrosis, and rate of fibrosis progression in NASH, issues now being addressed in several multiinstitutional studies.36 Patients with only steatosis and no inflammation appear to have a benign course when followed for up to 19 years37; however, it is unclear if this lesion is completely distinct from steatohepatitis or instead represents a precursor of NASH. It is instructive to remember that HCV fibrosis progression rates were underestimated shortly after the virus was first identified, because many patients had a relatively early fibrosis stage. With continued infection, however, a sizable fraction of HCV patients eventually have progressed to more advanced stages. In a parallel situation, the obesity epidemic in the United States and the developed world is only now fully appreciated, and a threshold level of obesity may have only begun to confer risk of liver disease that will become clinically significant in the next decade. In patients with sustained NASH, spontaneous histologic improvement is very uncommon, but better longitudinal data are needed to understand the natural history of this disease. In three combined studies of 26 patients with NASH followed with sequential biopsies for up to 9 years, 27% had progression of fibrosis and 19% advanced to cirrhosis; however, no patients exhibited reversal of fibrosis.37 In obese patients with NASH undergoing Roux-en-Y gastric bypass surgery (RYGBP), the initial prevalence of hepatic pathology was as follows: steatosis, 89.7%; hepatocellular ballooning, 58.9%; and centrilobular/perisinusoidal fibrosis, 50%.38 These data improved significantly after RYGBP (steatosis, 2.9%; ballooning, 0%; and centrilobular fibrosis, 25%). Fibrosis stage also declined, from 1.14 ± 1.05 to 0.72 ± 0.97 (p = 0.002).38


Risk of fibrosis and rate of progression are critical issues that will influence risk stratification and patient selection for clinical trials, because progression to cirrhosis is the most important clinical consequence of NASH. Recently developed systems to grade and stage liver disease in NASH39 should allow for improved, prospective collection of standardized data that can further address these vital questions.


In general, increasing obesity (body mass index >28 kg/m2) correlates with severity of fibrosis and risk of cirrhosis. Other risk factors include necroinflammatory activity with ALT values more than two times normal levels and/or AST/ALT >1, advanced age, elevated triglyceride levels, insulin resistance and/or diabetes mellitus, and systemic hypertension.40 It is uncertain whether these features are comparable across the spectrum of disorders associated with NASH, including obesity with insulin resistance, jejunoileal (JI) bypass, total parenteral nutrition (TPN), and rapid weight loss, among others. Whether these factors represent surrogates for other risk factors (e.g., reduced antioxidant levels in older patients, increased renin-angiotensin activity in patients with hypertension) is unknown. A clinicobiologic score that combines age, BMI, and triglyceride and ALT levels and that reportedly has 100% negative predictive value for excluding significant fibrosis has been developed.41















Reversibility of Fibrosis and Cirrhosis


The evidence that fibrosis and even cirrhosis can be reversible is abundant. The feature common to essentially all situations in which fibrosis and/or cirrhosis improves is the elimination of the underlying cause of liver disease, ranging from eradication of HBV,42 delta hepatitis,8 or HCV43; to decompression of biliary obstruction in chronic pancreatitis44; to immunosuppressive treatment of autoimmune liver disease45 or iron depletion in hemochromatosis46; or to reversal of the metabolic syndrome in NASH.38 Moreover, there is ample evidence of reversibility in animal models, which provide vital clues to underlying mechanisms.47


It remains unclear what distinguishes those patients whose cirrhosis is reversible from those in whom cirrhosis is fixed. The following factors may retard or even prevent reversibility: (1) A prolonged period of established cirrhosis, which could reflect a longer period of cross-linking of collagen, renders this collagen less sensitive to degradation by enzymes over time. Animal studies now clearly support this possibility.48 (2) Another factor influencing reversibility is the total content of collagen and other scar molecules, which might lead to a large mass of scar tissue that is physically inaccessible to degradative enzymes. (3) A third factor that may prevent reversibility is reduced expression of enzymes that degrade matrix or sustained elevation of proteins that inhibit the function of these degradative enzymes, in particular elevated levels of tissue inhibitors of metalloproteinases (TIMPs), which block matrix proteases and also prevent apoptosis of activated stellate cells.49,50 All three scenarios underscore the dynamic process of collagen deposition and collagen degradation.









Pathophysiology of Hepatic Fibrosis and Cirrhosis






Extracellular Matrix in the Normal and Fibrotic Liver


Extracellular matrix (ECM) refers to the array of macromolecules that comprise the scaffolding of normal and fibrotic liver. These macromolecules consist of three main types: collagens, glycoproteins, and proteoglycans (see Schuppan et al. [2001]51 for a review). The number of collagens identified in liver is rapidly growing and currently includes at least 20 subtypes. Glycoproteins include fibronectin, laminin, merosin, tenascin, nidogen, and hyaluronic acid, among others. Proteoglycans include heparan, dermatan sulfates, chondroitin sulfates, perlecan, dystroglycan, syndecan, biglycan, and decorin. There is tremendous heterogeneity of these matrix macromolecules with respect to their different isoforms, as well as variable combinations within different tissue regions and changes related to age.


In normal liver, the subendothelial space of Disse separates the epithelium (hepatocytes) from the sinusoidal endothelium. This space contains a basement membrane–like matrix that, unlike the typical basement membrane, is not electron-dense. The hepatic basement membrane is composed of non–fibril-forming collagens (including types IV, VI, and XIV), glycoproteins, and proteoglycans. This normal subendothelial ECM is critical for maintaining the differentiated functions of resident liver cells, including hepatocytes, stellate cells, and sinusoidal endothelium.


In contrast to basement membrane–type matrix, in normal liver the so-called interstitial ECM is largely confined to the capsule, around large vessels, and in the portal areas. It is composed of fibril-forming collagens (e.g., types I and III), together with cellular (EDA) fibronectin, undulin, and other glycoconjugates.


As the liver becomes fibrotic, the total content of collagens and noncollagenous components increases three-fold to five-fold, accompanied by the shift in the type of ECM in the subendothelial space from the normal low-density basement membrane–like matrix to interstitial type matrix (see Schuppan et al. [2001]51 for a review). This “capillarization” leads to the loss of hepatocyte microvilli and the disappearance of endothelial fenestration (Fig. 5-2).The outcome of fibrogenesis is the conversion of normal low-density basement membrane–like matrix to high-density interstitial type matrix. A number of components are responsible for ECM remodeling (see Ramachandran and Iredale [2009]52 and Henderson and Iredale [2007]53 for reviews) (Fig. 5-3). These include a family of zinc-dependent enzyme matrix-metalloproteinases (MMPs)54 and their inhibitors (TIMPs) as well as several converting enzymes such as MT1-MMP and stromelysin.
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Fig. 5-2 Anatomy of hepatic sinusoid in normal and injured liver.


On the left panel of the figure is shown the multiple key liver-specific cellular elements in the normal liver, including hepatocytes, endothelial cells, and stellate cells (although immune cells may be prominent in the liver, they are not shown). Stellate cells are located within the subendothelial space of Disse (i.e., between the sinusoidal endothelium and hepatocytes). The figure emphasizes the close physical relationships between the various cellular elements in the liver—all of which play a role in the normal functioning of hepatocytes as well as the maintenance of physiologic blood flow. After liver injury, changes in numerous cells occur; for example, stellate cells become activated, hepatocytes lose their microvilli, and endothelial cells lose their characteristic fenestrae. All of these features contribute to continued cell activation and injury as well as dysfunction at the whole organ level, including at the level of sinusoidal blood flow, which also becomes abnormal.
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Fig. 5-3 Mechanisms of pathologic matrix degradation, fibrosis progression, and fibrosis resolution in chronic liver disease.


Activation of stellate cells (top left panel) is a key event in hepatic fibrosis and is associated with pathologic matrix degradation attributable to increased production of membrane type 1 matrix metalloproteinase (MT1-MMP), matrix metalloproteinase-2 (MMP2), and tissue inhibitors of metalloproteinases (TIMPs), leading to replacement by interstitial collagen or scar matrix. As fibrosis progresses (middle panel), sustained expression of TIMPs prevents matrix degradation and apoptosis of activated stellate cells. Regression of fibrosis (upper right panel) is associated with increased apoptosis of activated stellate cells. Apoptosis requires decreased expression of tissue inhibitor of metalloproteinase-1 (TIMP1), yielding a net increase in protease activity. These events may occur coincident with production of matrix metalloproteinases, which could include MMP1 (in humans) and/or MMP13 (in rodents), although cellular sources of these enzymes (possibly including Kupffer cells) and clear evidence of their induction in vivo are still lacking. Validation of these events and further elucidation of mechanisms underlying fibrosis regression represent key challenges for future studies.




In human liver diseases, there is down-regulation of MMP1 (interstitial collagenase, collagenase I) and up-regulation of MMP2 (gelatinase A) and MMP9 (gelatinase B). Based on the differing substrate specificities of these enzymes, the result is increased degradation of basement membrane collagen and decreased degradation of interstitial collagens. These activated MMPs are regulated in part by their tissue inhibitors, TIMPs. TIMP1 and TIMP2 are up-regulated relative to MMP1 in progressive experimental liver fibrosis, which may explain decreased degradation of interstitial type matrix observed in experimental and human liver injury. In contrast, during the resolution of experimental liver injury, TIMP1 expression and TIMP2 expression are decreased, and collagenase expression is unchanged, resulting in a net increase in collagenase activity and increased resorption of scar matrix (see Fig. 5-3).


Stellate cells are a key source of MMP2 and stromelysin. They also express TIMP1 and TIMP2 mRNAs and produce TIMP1, MT1-MMP, and MMP9, which is a type IV collagenase locally secreted by Kupffer cells and that may also be produced by stellate cells in response to interleukin-1. The source of MMP1, which plays a crucial role in degrading the excess interstitial matrix in advanced liver disease, is still uncertain.55 However, interstitial collagenase activity in liver may be attributable to either MT1-MMP or even MMP2, although further studies are required. There is elevated expression of MMP2 in cirrhosis. However, experimental animals that lack MMP2 have worsened fibrosis after toxic liver injury,56 which suggests that MMP2 may normally limit liver injury—these findings complicate strategies aimed at simply inhibiting metalloproteinases to treat hepatic fibrosis.









ECM-Cell Interactions


Changes in the microenvironment of the space of Disse result in phenotypic changes in all resident liver cells. Hepatic stellate cells are activated by the surrounding increase in interstitial matrix.57 Sinusoidal endothelial cells produce cellular fibronectin in very early liver injury, which also contributes to stellate cell activation. In addition, endothelial cells produce type IV collagen, proteoglycans, and factors (e.g., urokinase type plasminogen activator) that participate in the activation of latent cytokines such as TGF-β1. Activated Kupffer cells release cytokines and reactive oxygen intermediates that may stimulate stellate cells in a paracrine manner. Injury also leads to increased platelets, which are also an abundant source of cytokines, producing a rich array of important growth factors. Hepatocytes, the most abundant cells in the liver, generate lipid peroxides following injury that lead to stellate cell activation, a prerequisite for fibrogenesis (see below).


The dynamic interactions between fibrogenic cells in the liver and the ECM are an important determinant of fibrogenesis. The ECM is a reservoir for growth factors (e.g., platelet-derived growth factor [PDGF]).51 Like all cytokines, PDGF signals by binding to membrane receptors. The PDGF receptor belongs to a receptor family known as receptor tyrosine kinases, which collectively are key transducers for many important cytokines, including hepatocyte growth factor (HGF), epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), and fibroblast growth factor (FGF). Intracellular signaling cascades downstream of receptor tyrosine kinases and other receptors are pervasive (see Fernandez et al. [2009]58 for a review).


Integrins are another type of membrane receptor that transduce extracellular signals in liver. These are heterodimeric transmembrane proteins composed of an α subunit and a β subunit whose ligands are matrix molecules rather than cytokines.59,60 Several integrins and their downstream effectors have been identified in stellate cells, including α1β1, α2β1, αvβ1, αvβ3, and α6β4.61-63 Integrins may also form complexes with other receptor families in mediating cell motility and fibrogenesis (e.g., the tetraspanin family of receptors).64


Other adhesion proteins and cell matrix receptors have been characterized, including cadherins and selectins, which mediate interactions between inflammatory cells and the endothelial wall. ECM can also indirectly affect cell function through the release of soluble growth factors (cytokines), which is in turn controlled by local metalloproteinases. These include matrix-bound PDGF, HGF, connective tissue growth factor (CTGF), tumor necrosis factor-α (TNF-α), basic fibroblast growth factor (bFGF), and VEGF.51









Hepatic Stellate Cell Activation—The Common Pathway Leading to Hepatic Fibrosis


The identification of stellate cells as the key cellular source of extracellular matrix in liver has been a major scientific advancement. This distinct cell population, located in the subendothelial space of Disse between hepatocytes and sinusoidal endothelial cells (see Fig. 5-1), represents one third of the non-parenchymal population, or approximately 15% of the total number of resident cells in normal liver.65 In normal liver they are the principal storage site for retinoids (vitamin A metabolites), stockpiling 40% to 70% of the body’s retinoids. Most of the retinoids are in the form of retinyl esters and are confined to cytoplasmic droplets. Preferential expression of extracellular matrix genes in stellate cells has been confirmed in mechanistically distinct experimental models of injury.


Recent findings implicate other mesenchymal cell types from a variety of sources that generate extracellular matrix, including classic portal fibroblasts66 (especially in biliary fibrosis), bone marrow–derived cells,67 and fibroblast-derived epithelial-mesenchymal transition (EMT) involving hedgehog signaling.68,69 Moreover, experimental genetic “marking” of stellate cells by expression of fluorescent proteins downstream of either fibrogenic or contractile gene promoters illustrates the plasticity of fibrogenic populations in vivo.70 In view of this capacity for “transdifferentiation” between different mesenchymal cell lineages and possibly even from epithelium,69 the key issue is whether fibrogenic cells express target molecules such as receptors or cytokines in sufficient concentrations in vivo to merit their targeting by diagnostic agents or antifibrotic compounds.


Following liver injury of any type, stellate cells undergo a process known as activation, which is characterized by the transition of quiescent vitamin A rich cells into proliferative, fibrogenic, and contractile myofibroblasts57,71 (see Figs. 5-1 to Fig. 5-4). Stellate cell activation can be conceptually viewed as a two-stage process: initiation (also referred to as preinflammatory) and perpetuation57 (see Fig. 5-4). Initiation refers to early changes in gene expression and phenotype that render the cells responsive to other cytokines and stimuli, and perpetuation results from the effects of these stimuli on maintaining the activated phenotype and generating fibrosis. Initiation is largely due to paracrine stimulation, whereas perpetuation involves autocrine as well as paracrine loops.
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Fig. 5-4 Stellate cell activation.


Stellate cell activation is a key pathogenic feature underlying liver fibrosis and cirrhosis. Multiple and varied stimuli contribute to the induction and maintenance of activation, including, but not limited to, cytokines, peptides, and the extracellular matrix itself. Key phenotypic features of activation include production of extracellular matrix, loss of retinoids, proliferation of up-regulation of smooth muscle proteins, secretion of peptides and cytokines (which have autocrine effects), and up-regulation of various cytokine and peptide receptors.








Initiation


Oxidant stress may be an early determinant of stellate cell activation.72,73 Hepatocytes are a potent source of these fibrogenic lipid peroxides.72 Moreover, steatosis in NASH and HCV correlates with increased stellate cell activation and fibrogenesis,74 possibly because fat represents an enhanced source of lipid peroxides.


In hepatic injury, whether subclinical or overt, there is a perturbation of normal liver homeostasis, with extracellular release of either free radicals (i.e., “oxidant stress”), intracellular constituents, and/or cytokines and signaling molecules. Sources of these mediators may be circulating (i.e., endocrine), paracrine, or autocrine. In particular, oxidant stress-mediated necrosis leading to stellate cell activation may underlie a variety of liver diseases including hemochromatosis, alcoholic liver disease, viral hepatitis, and non-alcoholic steatohepatitis. Liver injury is typically associated with infiltration of inflammatory cells, but even in their absence, the liver contains sufficient resident macrophages (Kupffer cells) and natural killer cells (pit cells) to initiate local inflammation before the arrival of extrahepatic cells. In addition to oxidant stress, endothelial cells following early injury produce a splice variant of cellular fibronectin that is able to stimulate stellate activation. Sinusoidal endothelial cells may lose their fenestrations following injury and express proinflammatory molecules including intercellular adhesion molecule-1, VEGF, and adhesion molecules. Together with stellate cells, they activate angiogenic pathways in response to hypoxia associated with local injury or malignancy.58


Although necrosis is considered a classical inflammatory and fibrogenic stimulus, recent findings also suggest that apoptosis may provoke a fibrogenic response in stellate cells. Apoptotic fragments released from hepatocytes are fibrogenic towards cultured stellate cells,75 and Fas-mediated hepatocyte apoptosis in vivo in experimental animals is also fibrogenic.76 Apoptosis of hepatocytes is associated with enhanced stellate cell survival and up-regulation of NADPH oxidase, which further generates oxidant stress.77,78


Platelets in injured liver are a potent source of paracrine stimuli by generating multiple potentially important mediators including platelet-derived growth factor (PDGF), transforming growth factor-β1 (TGF-β1), epidermal growth factor (EGF), and the chemokine ligand CXCL4.79 Additionally, activated stellate cells have been observed in primary and metastatic human tumors as well as in a murine model of metastatic melanoma to the liver.80









Gene Regulation in Hepatic Stellate Cells and Myofibroblasts


Advances in gene regulation have been increasingly applied to our understanding of hepatic stellate cell activation.81 In addition to transcriptional regulation, epigenetic control by methylation,82-84 mRNA stabilization,85 and microRNA interactions86-88 has been explored in models of stellate cell activation in culture and in vivo. These advances will generate new therapeutic strategies.89


Many transcription factors regulate gene expression through posttranslational modification of regulatory proteins, in particular phosphorylation. For example, stellate cell activation provokes phosphorylation of the RelA subunit of NF-κB at a specific serine residue (Ser536) that leads to its nuclear import, resulting in increased NF-κB transcriptional activity,90 which increases survival of activated stellate cells. Angiotensin-converting enzyme inhibitors can reduce survival of activated stellate cells/myofibroblasts in experimental models and human diseases, leading to regression of fibrosis by inhibiting this phosphorylation.90 Epigenetic regulation of myofibroblast activity can also be controlled by a microRNA, miR132, that releases a translational block on the methyl-CpG binding protein, provoking repression of the PPAR-γ transcription factor.88 Additionally, phosphorylation of the transcription factor C/EBPb by the ribosomal S-6 kinase (RSK) promotes stellate cell activation and can be inhibited by cell-permeable peptides that block RSK and stimulate apoptosis.91









Perpetuation


After initiation, activated stellate cells undergo a series of phenotypic changes that collectively lead to the accumulation of extracellular matrix. These changes include (1) proliferation; (2) contractility; (3) fibrogenesis; (4) chemotaxis; (5) matrix degradation; (6) retinoid loss; (7) chemokine, adipokine, and neuroendocrine signaling; and (8) inflammatory and immune signaling.






Proliferation


An increase in the number of stellate cells has been documented after both human and experimental liver injury, in large part attributable to local proliferation. Following liver injury, many mitogenic factors as well as their cognate tyrosine kinase receptors are unregulated, primarily through receptor tyrosine kinases.64 PDGF is the best characterized and most potent mitogen towards stellate cells. Up-regulation of PDGF receptor following liver injury enhances the responsiveness to autocrine PDGF, whose expression is also increased. The downstream signaling pathways involve ERK/MAP kinase, phosphoinositol 3-kinase (PI 3-kinase), and STAT-1 (signal transducers and activators of transcription) (see Pinzani92 for a review). PDGF-induced proliferation correlates with increased intracellular Ca2+ concentration and increased pH, raising the possibility that calcium channel blockers might modulate stellate cell mitogenesis or activation. Other stellate cell mitogens include endothelin-1 (ET-1), thrombin, FGF, and insulin growth factor (IGF), among others (see Magness et al.,71 Parola and Pinzani,73 Mann and Marra,88 and Rockey93 for reviews). There is also convergence with ephrin signaling94 and involvement of the neuropilin receptor, which cooperates with the β-PDGF receptor.95









Contractility


Contraction by stellate cells may be a major determinant of early and late increases in portal resistance during liver fibrosis. Activated stellate cells impede hepatic blood flow both by constricting individual sinusoids and by contracting the cirrhotic liver, because the collagenous bands typical of end-stage cirrhosis contain large numbers of activated stellate cells (see Rockey93 for a review). A key contractile stimulus towards stellate cells is ET-1.93 Other contractile agonists include arginine vasopressin, adrenomedullin, and eicosanoids.93


Regulation of stellate cell contraction is complex. The endothelium-derived relaxing factor nitric oxide (NO) appears to be an important relaxing factor in the sinusoid (although other factors such as carbon monoxide also play a role). The net contractile activity of stellate cells in vivo, therefore, reflects the relative strength of each of these opposing activities. Current evidence suggests that intrahepatic portal hypertension likely results from diminished NO (and/or other vasodilators) activity as well as increased stimulation by ET-1 (or other constrictors).93


The expression of smooth muscle α-actin is increased during stellate cell activation. ET-1 and other vasoactive mediators increase their expression. Thus studies of contractile proteins in stellate cells may yield a therapeutic target for treatment of intrahepatic portal hypertension.









Fibrogenesis


Fibrogenesis is perhaps the key component of the stellate cell’s contribution to hepatic fibrosis. TGF-β1 is the most potent fibrogenic factor, with some fibrogenic activity documented for chemokines,96,97 connective tissue growth factor (CCN2),98,99 interleukin-1β, tumor necrosis factor, lipid peroxides, acetaldehyde, and others (see Friedman,57 Parola and Pinzani,73 Henderson and Forbes,100 and Dooley et al.101 for reviews). Cross-talk with inflammatory signaling occurs through regulation of the TGF-β pseudoreceptor, BAMBI, by toll-like receptor 4.102


Because of its importance, TGF-β1 regulation has received considerable attention. TGF-β1 is up-regulated in experimental and human hepatic fibrosis. Although sources of this cytokine are multiple, autocrine expression is among the most important (see Mann and Marr88 and Inagaki and Okazaki103 for reviews). Several mechanisms underlie the increase in TGF-β1 expression by stellate cells during liver injury, including TGF-β transcriptional up-regulation, latent TGF-β1 activation, increased TGF-β receptor expression, and up-regulation of TGF-β signaling components. Signals downstream of TGF-β1 include a family of bifunctional molecules known as Smads, upon which many extracellular and intracellular signals converge to fine-tune and enhance TGF-β’s effects during fibrogenesis.103









Chemotaxis


Stellate cells may accumulate both through proliferation and via directed migration into regions of injury, or chemotaxis. PDGF, the leukocyte chemoattractant MCP-1, and a growing family of chemokines have been identified as key stellate cell chemoattractants.79,96,97,104









Matrix Degradation


A greater understanding of matrix degradation in liver is emerging. Quantitative and qualitative changes in the activity of MMPs and their inhibitors play a vital role in extracellular matrix remodeling in liver fibrogenesis (see Extracellular Matrix in the Normal and Fibrotic Liver). As noted earlier in this chapter, the net effect of changes in matrix degradation is the conversion of the low-density subendothelial matrix to one rich in interstitial collagens.









Retinoid Loss and Nuclear Receptor Signaling


Activation of stellate cells is accompanied by the loss of the characteristic perinuclear retinoid (vitamin A) droplets. In culture, retinoid is released outside the cell during activation as retinol.105 Adipose differentiation related protein (ADRP) coats lipid droplets and is increased as retinoids accumulate in stellate cells, whereas its knockdown by siRNA increases fibrogenesis in cultured stellate cells.106 Despite the data from this study, it is unclear whether retinoid loss is required for stellate cells to be activated or whether these changes are linked to altered nuclear retinoid receptor signaling.









Chemokine, Adipokine, and Neuroendocrine Signaling


As noted previously, chemokines contribute significantly to the pathogenesis of hepatic fibrosis.96,97 Both CCR1 and CCR5 are fibrogenic and are produced by different cellular sources.96 Cell types generating CCR2 evolve with progressive liver injury—initially they are produced by bone marrow cells, but later they are derived from resident liver cells.97 On the other hand, CXCL9 is antifibrotic following binding to its cognate receptor, CXCR3, and polymorphisms in CXCL9 may contribute to fibrosis progression risk in patients with chronic liver disease.107


Pathways stimulated by polypeptides derived from adipose, known as adipokines, are implicated in chronic liver disease.108 Some adipokines are strictly derived from fat cells, whereas others are also produced by resident liver cells. Leptin and adiponectin are both derived from hepatic stellate cells, and both increased leptin levels and decreased adiponectin levels may amplify fibrogenesis following local paracrine signaling.109


Neuroendocrine activity is newly implicated in hepatic fibrogenesis as well,110 in particular because of cannabinoids. Interruption of cannabinoid activity is an appealing therapeutic target, because CB1 receptor signaling is profibrogenic, and thus efforts to antagonize this molecule have met with significant success in animal models.111 More importantly, recent studies using cannabinoid receptor antagonists that do not cross the blood–brain barrier are especially promising, because they avoid the possibility of untoward effects on mood and behavior associated with centrally active compounds.112 Conversely, CB2 receptor signaling is antifibrogenic, and its stimulation by agonists is also rational for treatment of fibrosis113; however, they may amplify inflammation.114 Neurotrophins have also been implicated in fibrogenesis,115,116 in particular serotonin and opioids.110









Inflammatory and Immune Signaling


Stellate cells are central to inflammatory signaling in liver injury and fibrosis. Stellate cells interact with macrophages, traditional lymphocyte subsets (e.g., T and B cells), natural killer (NK) cells, NKT cells,117,118 B cells,119 dendritic cells,120 and mast cells. Emerging roles for Toll-like receptors,102,121-123 NF-κB signaling,89 and the inflammasomes124 have also been implicated. Interactions between stellate cells/myofibroblasts and immune cell subsets stimulate specific responses that alter the composition of inflammatory infiltrates and the rate of fibrogenesis.125,126















Disease-Specific Mechanisms Regulating Hepatic Fibrosis—HCV and NASH


In addition to generic mechanisms of fibrogenesis common to all experimental and human liver disease, there has been progress in elucidating disease-specific mechanisms, particularly in HCV and NASH. In HCV stellate cells might be capable of being infected by the virus because they express putative HCV receptors.127,128 Moreover, adenoviral transduction of HCV nonstructural and core proteins induces stellate cell proliferation and release of inflammatory signals.127,128 In HCV-infected liver, chemokines and their receptors are up-regulated, stimulating lymphocyte recruitment.129 HCV proteins may also interact directly with sinusoidal endothelium.130


The rising prevalence of obesity in the United States and Western Europe is associated with an alarming increase in NASH,131 leading to advanced fibrosis and cirrhosis. Increased signaling in stellate cells by leptin in conjunction with decreased activity of adiponectin contributes to an altered adipokine balance that favors fibrosis (see Chemokine, Adipokine, and Neuroendocrine Signaling; also see Marra and Bertolani108 and Parekh and Anania132 for reviews).









Resolution of Liver Fibrosis and the Fate of Activated Stellate Cells


During recovery from acute human and experimental liver injury the number of activated stellate cells decreases as tissue integrity is restored. Either reversion of stellate cell activation or selective clearance of activated stellate cells by apoptosis may explain the loss of activated cells in resolving liver injury. To date, evidence is strongest for stellate cell apoptosis and senescence in this setting.52


Apoptosis of hepatic stellate cells probably accounts for the decrease of activated stellate cells during resolution of hepatic fibrosis.53,133 Following injury, apoptosis may be inhibited by soluble factors and matrix components that are present during injury, whereas an apoptotic pathway otherwise represents a “default” mode. Furthermore, cell death ligands including TRAIL and FAS are expressed in liver injury, and activated stellate cells are more susceptible to TRAIL-mediated apoptosis.75,116,134 Another death receptor, nerve growth factor receptor (NGFR), is also expressed by activated hepatic stellate cells, and its stimulation with ligand drives apoptosis.115,135 More recently, an elegant study has implicated senescence mediated by p53 as another pathway by which stellate cells may be cleared during fibrosis resolution.136 The relationship between apoptosis and senescence has not been fully clarified.


Survival factors also regulate the net activity of stellate cell apoptosis. In particular, signaling by the NF-κB family potently regulates stellate cell survival (see Mann and Mann81 and Watson et al.137 for reviews). Studies using gliotoxin, a fungal toxin that induces apoptosis in hepatic stellate cells, emphasize the role of this pathway in stellate cell removal during resolution of liver fibrosis.138,139


Molecules regulating matrix degradation appear closely linked to survival and apoptosis. Active MMP2 correlates closely with apoptosis, and in fact may be stimulated by apoptosis.139 Interactions between hepatic stellate cells and the surrounding matrix also influence their propensity towards apoptosis, and this might partly explain the anti-apoptotic activity of TIMP1. In particular, the stiffness of the extracellular matrix, rather than its chemical composition alone, has a significant impact on the behavior of stellate cells.140 The fibrotic matrix may also provide important survival signals to activated stellate cells. For example, animals expressing a mutant collagen I resistant to degradation have more sustained fibrosis and less stellate cell apoptosis following liver injury,141 and either transgenic animals expressing TIMP1 in liver142 or animals treated with a TIMP1 neutralizing antibody143 have delayed resolution of fibrosis.


It is unknown whether an activated stellate cell can revert to a quiescent state in vivo, although it has been observed in culture. When stellate cells are grown on a basement membrane substratum (Matrigel) they remain quiescent, and plating of highly activated cells on this substratum down-regulates stellate cell activation.144-146 In view of the findings that stiffness may regulate stellate cell activation,140 the quiescent response to Matrigel may be a reflection of its more distensible physical state rather than its chemical composition.












Methods to Measure Liver Fibrosis


Measurement of fibrosis not only helps to stage the severity of disease but also allows serial determination of disease progression. The level of fibrosis may play an important role in clinical management and determine a patient’s prognosis. For example, HCV-infected patients with advanced fibrosis/histologic cirrhosis are less likely to respond to interferon-based therapy than those with less advanced fibrosis. Furthermore, the fibrosis progression rate is an important predictor of the time to develop cirrhosis.11


Percutaneous liver biopsy has traditionally been considered to be the gold standard test to assess liver fibrosis. However, there are many issues surrounding liver biopsy (reviewed in Rockey et al.147), including that it is invasive and costly and, most importantly for the measurement of fibrosis, may be subject to sampling error. Thus a variety of noninvasive tests have emerged as potential alternatives to liver biopsy (Fig. 5-5). These include clinical signs, routine laboratory tests, quantitative assays of liver function, markers of extracellular matrix synthesis and/or degradation, and radiologic imaging studies. In addition to individual indicators of fibrosis, combinations of tests and a number of models for predicting liver fibrosis have been developed. Individual and combination tests are discussed in the following sections.
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Fig. 5-5 Diagnosis of hepatic fibrosis.


The diagnosis of liver fibrosis may be simple or complex, depending on its level. Advanced fibrosis and cirrhosis may be clinically evident in the patient with known chronic liver disease and symptoms and signs of portal hypertension. In other patients, however, fibrosis may be clinically silent and can only be detected using diagnostic tools. Routine laboratory tests may be used (e.g., the AST/platelet ratio) and panels of fibrosis markers may be used. Imaging techniques such as ultrasound, CT, or MRI may also provide information about fibrosis. Transient elastography uses pulsed-echo signals to measure the stiffness of the liver, which is theoretically proportional to the degree of fibrosis. More invasive tests include liver biopsy and determination of the hepatic venous pressure gradient (HVPG). Finally, the degree of liver fibrosis may be approximated by measuring the functional capacity of the liver (see text for details of all options).




The ideal method to measure fibrosis would be simple, noninvasive, reproducible, inexpensive, accurate, and readily available. Unfortunately, at the time of publication of this book, none of the currently available approaches fulfills all of these criteria.






Bedside Diagnostic Tools


Clinical signs and symptoms of liver disease are frequently highlighted in assessing patients with liver disease, but these are of little value in detecting early, precirrhotic stages of liver fibrosis. In contrast, a number of clinical features can been used to assess whether cirrhosis with portal hypertension may be present. Signs of cirrhosis include spider angiomata, distention of abdominal wall veins, ascites, splenomegaly, muscle wasting, Dupuytren’s contractures (especially with ethanol-associated cirrhosis), gynecomastia and testicular atrophy in males, and palmar erythema. However, it is important to emphasize that even in patients with histologic cirrhosis and even in those with portal hypertension, these physical signs may not be present.









Noninvasive Markers of Fibrosis






Blood-Based Markers—Overview


A key advantage of serum markers to detect fibrosis is their noninvasiveness. Additionally, it has been argued that serum markers overcome sampling problems associated with liver biopsy. Despite these important potential advantages, these approaches have several drawbacks. First, most of the studies examining serum markers have been performed in cohorts of patients that have been biased toward advanced fibrosis/cirrhosis. A further problem is that the currently proposed serum marker algorithms use dichotomous rather than continuous scales. The dichotomous nature of these variables would be less problematic if there were clear clinical associations (e.g., if prognosis or treatment response was highly linked to stages 0 to 1 versus stages 2 to 4). In the absence of clinical correlates between dichotomous variables and outcomes, it remains important to diagnose accurately the different stages of fibrosis (0 though 4). Unfortunately, current tests and algorithms are unable to do so with accuracy, and perhaps most importantly the tests do not differentiate between intermediate levels of fibrosis. Thus, although assessments of fibrosis with approaches that use serum markers have great appeal, further investigation is required to optimize these tests.


A wide variety of blood, serum, or plasma “markers” for fibrosis have been proposed and fall into several specific categories of markers or tests. For example, some detect abnormalities in serum chemistries or hematologic tests. Included are aspartate AST, ALT, γ-glutamyltransferase (GGT), bilirubin, albumin, α2-macroglobulin, platelets, and others. Moreover, some of these individual tests have been incorporated into simple and/or complex mathematical models or algorithms (see below).


Another major category of tests includes those that are based specifically on the pathogenesis of fibrosis (see above). For example, proteins produced as a result of the fibrogenic process itself and that have been studied as markers of fibrosis include procollagen I, fibronectin, tenascin, laminin, hyaluronic acid, and others. Other markers have included cytokines (e.g., TGF-β1, CTGF, PDGF), matrix degrading enzymes (e.g., TIMP1) (Table 5-1).


Table 5-1 Cytokines, Growth Factors, Peptides, Proteases, and Other Components Important in Hepatic Fibrogenesis






	CYTOKINES

	GROWTH FACTORS

	PEPTIDES






	Transforming growth factor-β

	Transforming growth factor-β

	Endothelin-1






	Transforming growth factor-α

	Transforming growth factor-α

	Norepinephrine






	Interleukin-1

	Insulin-like growth factor (I, II) †


	Angiotensin II






	Interleukin-4

	Platelet-derived growth factor†


	 






	Interleukin-6†


	Fibroblast growth factor†


	 






	Interleukin-10

	Vascular endothelial growth factor

	 






	Interleukin-13

	Hepatocyte growth factor

	 






	Monocyte chemotactic factor†


	Connective tissue growth factor

	 






	Proteases and Their Inhibitors

	Miscellaneous

	 






	Matrix metalloproteinase-1 (interstitial collagenase)

	Thrombospondin (1,2) Leptin

	 






	Matrix metalloproteinase-2 (gelatinase A)

	Activin A

	 






	Matrix metalloproteinase-3 (stromelysin-1)

	Thrombin†


	 






	Matrix metalloproteinase-7 (matrilysin)

	Osteopontin

	 






	Matrix metalloproteinase-8

	 

	 






	Matrix metalloproteinase-9 (gelatinase B)

	 

	 






	Matrix metalloproteinase-10 (stromelysin-2)

	 

	 






	Tissue inhibitor of metalloproteinase-1

	 

	 







Compounds whose effect is largely via stimulation of proliferation.


† Agents may have direct effects on hepatic stellate cells, or indirect effects in the wounding environment.


Finally, groups of tests, including those that use markers of fibrosis in combination with each other or in combination with other types of tests, have been advanced in an attempt to detect and measure fibrosis.


Ideally, a blood-based test should have both high sensitivity and high specificity. Many of the available tests have a high specificity (>95%) for advanced fibrosis. However, few (including algorithms) have great sensitivity to detect moderate levels of fibrosis. Moreover, a serum-based assay ideally should be linear over the full range of fibrosis, follow the natural history, and accurately reflect the effect of treatment.






Routine Laboratory Tests


A number of studies have used routine laboratory tests in an attempt to determine whether a patient may have advanced liver disease, in particular, to exclude or confirm portal hypertension and/or esophageal varices.148,149 Although tests such as the prothrombin time, albumin level, and portal vein diameter (measured by ultrasound) have all been associated with varices, studies have been remarkably consistent in their identification of the platelet count as the best single predictor of esophageal varices. For example, in one study cirrhotic patients without splenomegaly on physical examination and with a platelet count of greater than 88,000/mm3 had a risk of large esophageal varices of 7.2%; however, the risk was 28% if the platelet count was less than 88,000/mm3.148


An AST/ALT ratio >1 has been proposed to indicate the presence of cirrhosis.150 In one study of patients with HCV, a ratio >1 had 100% specificity and a positive predictive value for distinguishing cirrhotic from noncirrhotic patients, with a 53.2% sensitivity and 80.7% negative predictive value.151 In addition, the ratio correlated positively with the stage of fibrosis but not with the grade of activity or other biochemical indices. Of cirrhotic patients, 17% had no clinical or biochemical evidence of chronic liver disease except for an elevated AST/ALT ratio. In another study, the AST/ALT ratio had 81.3% sensitivity and 55.3% specificity in identifying cirrhotic patients who died within 1 year of follow-up.150,152


Examples of combination type approaches include those that have used age, GGT and cholesterol levels, and platelet count153 or simply the AST level and platelet count154 (Table 5-2). The latter formula, termed the AST to platelet ratio index or APRI, uses the AST level/upper limit of normal (ULN) divided by the platelet count (×109/L) multiplied by 100. The sensitivity and specificity for fibrosis of the APRI value depended on the cut-offs used. Using an APRI value of 1.50, the positive and negative predictive values for significant fibrosis (Ishak score ≥3) were 91% and 65%, respectively; however, for cirrhosis with an APRI of 2.00, the positive and negative predictive values were 65% and 95%, respectively. Thus for a hypothetical patient with an AST of 90 IU/L (and an ULN of 45) and a platelet count of 100 (×109/L), the APRI would be 2.00. This means that the patient has essentially a 90% chance of having significant fibrosis, and somewhat less likelihood of having cirrhosis. However, cirrhosis could not be excluded with certainty. Although the APRI is attractive because of its simplicity, it can neither definitively diagnose nor exclude cirrhosis, and it does not readily differentiate patients with intermediate levels of fibrosis. Indeed, this has been an issue with many of the simple quantitative systems based on routine laboratory values. Essentially, the higher the sensitivity of the test, the lower the specificity, and vice versa.


Table 5-2 Combined Panels of Blood Markers Used to Detect Liver Fibrosis






	PANEL

	COMPONENTS






	AST/ALT

	AST/ALT






	Forns*


	Platelets, GGT, cholesterol






	APRI

	AST, platelets






	PGA index

	Platelets, GGT, apolipoprotein A






	FibroTest

	GGT, haptoglobin, bilirubin, apolipoprotein A, α2-macroglobulin






	FibroSpect

	Hyaluronic acid, TIMP-1, α2-macroglobulin






	ELF†


	ECM proteins






	FPI

	AST, cholesterol, HOMA-IR







ALT, Alanine aminotransferase; APRI, AST to platelet ratio index; AST, aspartate aminotransferase; ECM, extracellular matrix; ELF, European liver fibrosis; FPI, fibrosis probability index; GGT, γ-glutamyltranspeptidase; HOMA-IR, insulin resistance by the homeostasis model assessment; TIMP-1, tissue inhibitor of metalloproteinase-1


* Also includes age in the panel.


† Components tested include collagen IV, collagen VI, amino-terminal propeptide of type III collagen (PIIINP), matrix metalloproteinase 2 (MMP2), matrix metalloproteinase-9 (MMP9), tissue inhibitor of matrix metalloproteinase-1 (TIMP1), tenascin, laminin, and hyaluronic acid (HA).


More complicated algorithms based on commonly available laboratory tests include the FibroTest and others.24 The FibroTest was developed with mathematical modeling in which an algorithm including five different markers to predict fibrosis was utilized (markers selected were α2-macroglobulin, haptoglobin, GGT, apolipoprotein A1, and total bilirubin). This index predicted a specific biopsy category in 46% of patients155 and has been validated in a number of hepatitis C patient cohorts, displaying an area under the receiver operator characteristic (AUROC) curve of 0.73 to 0.87.156 Addition of ALT to the marker panel allows for prediction of Metavir necroinflammatory activity.156 The panel has also been examined in other liver disease cohorts.157,158 Limitations of this panel in fibrosis include false-positive results attributable to increases in bilirubin level or decreases in haptoglobin level (e.g., from hemolysis secondary to ribavirin therapy). Likewise, false-positive results may also occur in situations where there is hyperbilirubinemia, such as Gilbert’s syndrome and cholestasis. Acute inflammation may also affect the results of the test because of reflex increases in α2-macroglobulin level or increases in haptoglobin level. Although such panels have become popular in Europe, they remain less frequently utilized in the United States.


Others have attempted to use mixed algorithms. For example, by combining the APRI and FibroTest-FibroSure, an algorithm termed the sequential algorithm for fibrosis evaluation (SAFE) biopsy was developed.159 This algorithm detects significant fibrosis (≥F2 by Metavir) and cirrhosis (F4) with slightly greater accuracy than either test alone.









Tests Using Extracellular Matrix/Fibrosis Markers


Analyses of serum markers of extracellular matrix/fibrosis have included many proteins important in fibrogenesis, ECM constituents (i.e., fibronectin, collagen I, collagen IV, collagen VI, amino-terminal propeptide of type III collagen [PIIINP], tenascin, hyaluronic acid), metalloproteinases (including many of those listed in Table 5-1), inhibitors of matrix metalloproteinases (e.g., TIMP1, TIMP2), and other proteins, peptides, and cytokines, as highlighted in Table 5-1. Although many tests have been studied individually, they generally are not associated with a high degree of sensitivity for detection of fibrosis160,161 (see Afdhal and Nunes162 for a review).









Tests Using Combinations of Extracellular Matrix and/or Routine Markers


A combination test including hyaluronic acid, TIMP1, and α2-macroglobulin was examined in a cohort of 294 patients with HCV infection and subsequently validated in a second cohort of 402 patients163 (FibroSpect, see Table 5-2). This had a combined AUROC of 0.831 for Metavir F2-F4 fibrosis. The positive and negative predictive values were 74.3 and 75.8%, respectively, with an accuracy of 75%. Another combination test was developed by the European Liver Fibrosis (ELF) study group.164 This study group examined collagen IV, collagen VI, PIIINP, MMP2, MMP9, TIMP1, tenascin, laminin, and hyaluronic acid (HA). In a mixed cohort of patients, this panel detected the upper third of fibrosis groups (Scheuer stages 2, 3, 4) with a sensitivity of 90% and accurately detected the absence of fibrosis (Scheuer stages 0, 1) with a negative predictive value for this level of fibrosis of 92%. The AUROC plot was 0.804. The test also appeared to effectively predict clinical outcomes.165









Proteomics


Proteomic approaches have attempted to identify unique protein fingerprints in patients with liver disease. Various platforms are available, including those that measure protein expression, protein–protein interactions, or even enzymatic activity. The majority of approaches have used high-throughput technologies to identify novel protein expression patterns. For example, a study of 46 patients with chronic hepatitis B identified 30 proteomic features predictive of significant fibrosis (Ishak stage ≥3) and cirrhosis. The AUROC values for this analysis were 0.906 and 0.921 for advanced fibrosis and cirrhosis, respectively.166 Another study in 193 patients with chronic hepatitis C identified 8 peaks that differentiated Metavir fibrosis stages with an AUROC of 0.88; this was compared with an AUROC of 0.81 for the FibroTest.167 Another report in patients with HCV fibrosis identified several serum proteins to be differentially regulated.168 Patients with advanced fibrosis had elevated levels of α2-macroglobulin, haptoglobin, and albumin whereas levels of apolipoprotein A-I, apolipoprotein A-IV, complement C-4, and serum retinol binding protein were reduced. Another approach has included measurement of labeled N-glycans found in serum.169 This approach appeared to be most sensitive and specific for cirrhosis. When combined with the commercially available FibroTest, it had 100% specificity and 75% sensitivity for diagnosing compensated cirrhosis.169












Radiographic Tests


A wide variety of radiographic tests have been used to image patients with fibrosis/cirrhosis. Included in this group are ultrasound, computed tomography (CT), and magnetic resonance imaging (MRI). In general, these tests are capable of detecting evidence of portal hypertension; thus they have the ability to detect advanced disease. As currently used in clinical practice, however, they are insensitive for detection of moderate degrees of fibrosis.


Transient elastography, which uses pulse-echo ultrasound acquisitions to measure liver stiffness and predict fibrosis stages, has gained interest as a method to quantitate fibrosis because it appears that liver “stiffness” may accompany the fibrogenic response.170,171 In a prospective multicenter study of 327 chronic HCV patients, the AUROC values for Metavir stages F2-F4 and cirrhosis were 0.79 and 0.97, respectively.172 In a separate study of 183 chronic HCV patients, transient elastography compared favorably with the FibroTest and APRI (AUROC for F2-F4 = 0.83, 0.85 and 0.78, for transient elastography, FibroTest, and APRI, respectively).173 When transient elastography was combined with the FibroTest, the predictive value for fibrosis stages F2-F4 was improved, with an AUROC of 0.88.173 Despite the attractiveness of transient elastography because of its noninvasive methodology, the depth of measurement from the skin surface is limited (to between 25 and 65 mm), raising the possibility that this technique may be difficult to use in obese patients or those with ascites. This examination suffers from many of the same issues as found for fibrosis markers, and it turns out to be very good at excluding advanced fibrosis or no fibrosis, but it is not highly accurate at delineating precise degrees of intermediate fibrosis.


Finally, it would theoretically be desirable to utilize advances in the molecular understanding of liver fibrosis to image the liver. For example, the number of activated stellate cells, which reflects fibrogenic activity, might be specifically identified by tagging them with cell-specific markers.174 Alternatively, matrix or matrix turnover could be labeled using molecular tools. Although such approaches are appealing, they remain experimental at present.









Tests of Liver Function


A variety of bona fide liver tests have been used to assess liver fibrosis and cirrhosis. Such tests generally measure advanced disease and several depend on perfusion, such as indocyanine green, sorbitol, and galactose clearance tests; other tests, such as the 13C-galactose breath test and 13C-aminopyrine breath test, depend on the functional capacity of the liver.175,177 Another test, the MEGX test, which measures monoethylglycinexylidide (MEGX) formation after administration of lidocaine, depends upon the activity of hepatic cytochrome P-450 3A4 isoenzyme (which catalyzes oxidative N-deethylation of lidocaine to MEGX).178 The MEGX test has a sensitivity and specificity in the 80% range for distinguishing chronic hepatitis from cirrhosis in comparison with standard liver tests.178 Unfortunately, although the MEGX test and other function tests may predict prognosis in cirrhotic patients, they are insensitive for quantifying fibrosis in patients with less advanced disease.175-177









Hepatic Venous Pressure Gradient (HVPG)


Although perhaps not a classic marker of liver fibrosis, the HVPG in fact may be an excellent surrogate for fibrosis and the best marker of clinical prognosis. Several studies have now emphasized that its level appears to correlate with the degree of fibrosis, and moreover has important prognostic value, particularly in patients after liver transplantation.179-182 HVPG may also be an excellent predictor of clinical prognosis and decompensation; in patients with clinical cirrhosis at baseline those with a baseline HVPG of <10 mm Hg had approximately a 15% chance of having a clinical decompensation event; however, those with an HVPG >10 mm Hg had approximately a 70% risk of an event.183 Unfortunately, this test is not routinely performed and considerable expertise is required to obtain accurate measurements.









Liver Biopsy


Percutaneous liver biopsy has traditionally been considered to be the “gold standard” test to measure fibrosis. Although there is great experience with liver biopsy, this procedure is time-consuming, inconvenient, uncomfortable, and invasive, and it makes both patients and physicians anxious. Furthermore, liver biopsy can be associated with substantial sampling error.147 In a recent study in which 124 patients with chronic HCV infection underwent laparoscopic-guided biopsy of the right and left hepatic lobes, 33.1% had a difference of at least 1 histologic stage (modified Scheuer system) between the 2 lobes.184 Furthermore, in 18 study subjects, a stage consistent with cirrhosis was found in 1 lobe, whereas stage 3 fibrosis was reported in the other. Finally, in 10% of subjects, stage 0-2 disease was identified in one lobe whereas stage 3-4 fibrosis was found in the other. In another study of patients with fatty liver disease, similar variability has been reported.185


There are several other limitations of liver biopsy. Quantitation of fibrosis in biopsies is subject to significant interobserver variation. In chronic hepatitis C, for example, standardized grading systems including Knodell, Metavir, Scheuer, or Ishak are concordant in only 70% to 80% of samples. Specimen quality is very important, with smaller samples leading to an underestimation of disease severity.186 A recent study created digitized virtual image biopsy specimens of varying length from large liver sections, and revealed that 75% of 25-mm biopsy specimens were correctly classified using the Metavir staging system, compared with only 65% for biopsies 15 mm in length.187 Interestingly, a recent study noted that the experience of the pathologist may have more influence on interobserver agreement than specimen length.188


Another major problem with using liver biopsy or serum markers to quantitate fibrosis is that all of the currently utilized grading systems use a simple linear numeric scoring approach, implying they represent linear changes in fibrosis content. Such an inference is likely to be inaccurate, because Metavir stage 4 fibrosis does not represent twice as much fibrosis as stage 2 fibrosis, but rather a much greater difference, perhaps 5- to 20-fold.















Treatment of Fibrosis


Treatment of liver fibrosis by itself has remained somewhat of an enigma. Although therapies directed at the underlying disease process (see following sections) have clearly emerged as effectively blocking, preventing, and even reversing fibrosis, a specific antifibrotic drug is still not available. That is to say, despite significant advances in the understanding of the basic mechanisms underlying fibrosis, a “silver bullet” antifibrotic remains elusive. The reasons underlying this are multifactorial and complex. First, although there are impressive data in animal models, it is likely that there are in fact differences between animal models and humans. Second, most if not all trials examining antifibrotic agents in humans have been of short duration (months) in comparison with the time that is required for the development of cirrhosis (years). Finally, as highlighted earlier in this chapter, the tools with which to measure fibrosis are problematic. Introduction of accurate and reliable measures of fibrosis will facilitate development of antifibrotic therapies.


Notwithstanding the lack of a specific antifibrotic compound available for clinical use, it is important to recognize that fibrosis itself appears to be a clinical end point. For example, several recent studies have now emphasized the importance of fibrosis—and its treatment—in clinical outcomes. In 1050 patients with compensated chronic hepatitis C who had failed combination peginterferon and ribavirin with generally advanced fibrosis, the 6-year cumulative incidence of first clinical decompensation event or hepatocellular cancer was 5.6% for stage 2, 16.1% for stage 3, 19.3% for stage 4, 37.8% for stage 5, and 49.3% for stage 6.189 Patients with advanced fibrosis after liver transplantation for HCV were found to develop clinical complications at a higher rate than patients without advanced fibrosis.179 In other studies in patients with HCV and advanced fibrosis or histologic cirrhosis who were sustained virologic responders, outcomes were improved.190-193 Additionally, in HBV patients with advanced fibrosis or cirrhosis, continuous treatment with lamivudine significantly reduced the incidence of hepatic decompensation and the risk of hepatocellular carcinoma34 (although actual histologic fibrosis was not measured, other studies have clearly demonstrated a reduction in fibrosis and even reversion of cirrhosis in HBV patients; see following text).






Therapies Directed at the Underlying Disease Process


The most effective antifibrotic therapies are currently those that treat or remove the underlying stimulus to fibrogenesis (Table 5-3). In many forms of liver disease, treatment of the underlying inciting lesion leads to improvement in fibrosis (Table 5-4), including its reversal (Fig. 5-6). Indeed, the data supporting this notion are now compelling. For example, eradication or inhibition of HBV32,33,194,195 or HCV43 leads to reversion of fibrosis, even in patients with histologic cirrhosis. Fibrosis reverts in patients with hemochromatosis during iron depletion,196,197 in patients with autoimmune hepatitis after corticosteroid therapy,196,197 and in patients with secondary biliary cirrhosis after decompression of bile duct obstruction.44 In patients with NASH, weight loss and improvement in the metabolic syndrome lead to improvement in hepatic histologic results, including fibrosis,38 whereas peroxisomal proliferator activated receptor (PPAR) γ-agonists may reduce both steatosis and fibrosis.198-200


Table 5-3 Approaches to Treat Liver Fibrosis






	APPROACH*


	EXAMPLE






	Remove injurious agent

	Eradication of HBV or HCV






	Antiinflammatory agents

	Corticosteroids in AIH






	Antioxidants

	PPC in alcoholic hepatitis






	Cytoprotective agents

	Ursodeoxycholic acid






	Inhibit stellate cell activation

	Interferon-γ






	Inhibit stellate cell activation phenotypes (fibrogenesis)

	Colchicine







AIH, autoimmune hepatitis; PPC, polyenylphosphatidylcholine


* Some approaches have not been demonstrated to be successful.


Table 5-4 Diseases and Therapies in Which There Is Strong Evidence that Treatment Reduces Liver Fibrosis






	DISEASE

	THERAPY






	Hepatitis B

	Lamivudine






	Hepatitis C

	Interferon-α*







	Bile duct obstruction

	Surgical decompression






	Autoimmune hepatitis

	Corticosteroids






	Hemochromatosis

	Iron depletion






	Alcoholic hepatitis

	Corticosteroids







* Or PEG-interferon-α, with or without ribavirin.





[image: image]

Fig. 5-6 Reversal of fibrosis.


An example of reversal of advanced fibrosis (cirrhosis in this situation) is depicted. A liver biopsy before lamivudine treatment is shown (upper panel and left panel). After treatment with lamivudine, liver biopsy was repeated, and shows almost complete dissolution of fibrosis. Data similar to these have been published in autoimmune liver disease, hepatitis C, alcoholic hepatitis, hepatitis B, and others.


(Reprinted with permission from Wanless IR, Nakashima E, Sherman M. Regression of human cirrhosis: morphologic futures and the genesis of incomplete septal cirrhosis. Arch Pathol Lab Med 2001;124:1599–1607.)












Antifibrotic Therapies


Specific therapy for treatment of liver fibrosis is attractive because the scarring response leads to many if not all of the complications of chronic liver disease—in particular, impaired synthetic function, liver failure, and perhaps hepatocellular cancer. Fibrosis, particularly in its advanced stage, may also contribute to portal hypertension by preventing blood flow through the liver. Although attempts have been made previously to specifically treat the “fibrosis” component of liver disease, these approaches have generally been unsuccessful. Thus there remains a major unmet need for novel and effective antifibrotic therapy in patients in whom the underlying disease/lesion is not treatable. Advances in elucidating the pathogenesis of fibrosis have led to renewed efforts in this area. Additionally, data indicating that fibrosis is reversible have helped fuel this effort.


In addition, preclinical and human clinical studies have highlighted a number of therapies that may abrogate fibrogenesis without affecting the underlying disease by targeting specific steps in the fibrogenic response. Antiinflammatory therapies have been based on the knowledge that inflammation drives the fibrogenic cascade. Some treatments have attempted to inhibit cellular injury or have focused on stellate cell activation, whereas others have targeted collagen synthesis and matrix deposition. The following section highlights human studies in these areas.









Antiinflammatory Compounds


Many liver diseases such as HCV have an important inflammatory component. Inflammation in these disorders typically drives stellate cell activation and fibrogenesis, and these diseases in particular have been studied in order to evaluate the efficacy of antiinflammatory drugs.






Corticosteroids


Classic examples of the benefits of steroids include the improvements seen in patients with autoimmune hepatitis and alcoholic hepatitis. It could be argued that these two diseases are driven largely by inflammation, and thus the antiinflammatory action of steroids serves to treat the underlying process. Notwithstanding, in patients with autoimmune hepatitis who respond to medical treatment (prednisone or equivalent), advanced fibrosis and cirrhosis are reversible.45 Fibrosis may improve in patients with alcoholic liver disease who respond to corticosteroids.201,202 Thus corticosteroids appear to have antifibrotic effects in patients with certain liver disorders.









Interleukin-10


Interleukin-10 (IL-10) has both antiinflammatory and immunosuppressive effects. IL-10 has been shown to reduce production of proinflammatory cytokines, such as TNF-α, IL-1, IFN-γ, and IL-2 from T cells. These cytokines belong to the TH1 family. Endogenous IL-10 reduces the intrahepatic inflammatory response, shifts the cytokine milieu toward a TH2 predominance, and reduces fibrosis in several in vivo models of liver injury.203 A preliminary study was conducted of 30 patients with advanced HCV-mediated fibrosis who had failed standard IFN-α–based antiviral therapy and therefore received a 12-month treatment trial of subcutaneous IL-10 administered daily or three times per week. The results of this study revealed that although many patients had a reduction in hepatic inflammation and fibrosis score, serum HCV RNA levels increased during therapy.204 For this reason, it has not been pursued as an antifibrotic compound because of putative detrimental virologic effects.









TNF Inhibitors


Because TNF-α amplifies inflammation in many diseases, and because TNF-α is up-regulated in liver diseases such as alcoholic hepatitis, an anti–TNF-α compound should theoretically reduce inflammation and the stimulus for fibrosis.205-208 This concept has been tested in patients with alcoholic hepatitis, a condition believed to be primarily driven by inflammation; therefore these patients are considered ideal candidates for antiinflammatory treatment. Unfortunately, a recent study demonstrated that administration of the TNF-α neutralizing molecule etanercept to patients with moderate to severe alcoholic hepatitis was associated with a significantly higher death rate at 6 months than placebo.209 This study has for all intents led to the abandonment of such treatments for patients with alcoholic hepatitis.









Miscellaneous Antiinflammatory Drugs


A number of other antiinflammatory approaches have gained attention as therapies for fibrosis. Penicillamine is a heavy metal chelating compound that has been proposed to have antiinflammatory and thus antifibrogenic effects.210 However, this compound had no effect on fibrogenesis in patients with primary biliary cirrhosis.211,212


Methothrexate is thought to have antiinflammatory properties but, interestingly, has typically been considered to be profibrogenic in the liver for patients receiving methotrexate for treatment of rheumatologic diseases213 (however, it is noteworthy that the risk of fibrosis progression may be less prominent than typically believed213,214). Methothrexate has been studied in patients with primary biliary cirrhosis. Although some investigators have reported highly favorable effects in this disease, including improvement of the disease and reversion of fibrosis,215 the majority of the data on methotrexate have either been negative216,217 or show that methotrexate’s effects have been marginal, either alone216 or in combination with ursodeoxycholic acid.218












Antioxidant Agents


Oxidative stress is thought to play an important role in injury, stellate cell activation, and stimulation of extracellular matrix production as described previously. Thus a wide variety of antioxidants have received attention as potential antifibrotics.






Vitamin E


Vitamin E is a lipid-soluble antioxidant that presumably protects cell membranes from oxidative injury, although the precise mechanism by which this occurs is unknown. Vitamin E has been studied in animal models219 as well as in humans.220-223 The vitamin E precursor D-α-tocopherol (1200 IU/day for 8 weeks) was shown to inhibit stellate cell activation in six patients with hepatitis C virus infection who failed to respond to interferon therapy. No affect on fibrosis was observed.220 A randomized controlled trial examined the effect of vitamin E in patients with mild to moderate alcoholic hepatitis and found that vitamin E reduced serum hyaluronic acid levels, but did not lead to a change in type III collagen.222 Finally, in a large randomized controlled trial including 247 adults with nonalcoholic steatohepatitis and without diabetes, vitamin E at a dose of 800 IU daily for 96 weeks led to a reduction in serum AST/ALT levels compared with placebo (P < 0.001), as well as reductions in hepatic steatosis (P = 0.005) and lobular inflammation (P = 0.02) but no improvement in fibrosis scores (P = 0.24).224 Combined antioxidant therapy, including vitamin E, had no effect on outcome in patients with severe alcoholic hepatitis, although fibrosis was not specifically addressed.223









Silymarin


Silymarin is derived from the milk thistle Silybum marianum. This milk thistle extract has been shown to reduce lipid peroxidation and inhibit fibrogenesis in rodent animal models,225,226 as well as in baboons.227 It has been tested in several carefully performed human clinical trials, although fibrosis was not used as an end point. The compound has been found to be safe, but reportedly has mixed effects.228,229 In one study examining silymarin use in alcoholics,228 mortality was reduced; patients with early stages of cirrhosis also appeared to benefit. However, in another study in alcoholics, no survival benefit could be identified.229 In both of these trials, silymarin appeared to be safe. Thus, although the agent is safe and is commonly used by patients with fibrosing liver disease, there is limited evidence of efficacy. Notwithstanding, because of its record of safety, studies of silymarin in patients with NASH or in those who have failed conventional antiviral treatment for HCV infection (http://clinicaltrials.gov/; Clinical Trials.gov Identifiers NCT00680407 and NCT00680342, respectively) have begun. Although fibrosis is not a primary outcome measure, histologic analyses are planned, and thus information about the effect of silymarin on liver fibrosis should be forthcoming.









Polyenylphosphatidylcholine


Polyenylphosphatidylcholine is a mixture of polyunsaturated phosphatidylcholine, extracted from soybeans. This compound has antioxidant properties, and oxidant stress is believed to be important in the inflammatory and fibrogenic response to injury, particularly in alcoholic liver disease. Because oxidative stress leads to lipid peroxidation, and lipid peroxidation is injurious at the level of the cell membrane, phosphatidylcholine has been proposed to be protective of injury to cell membranes, resulting in reduced cellular injury and fibrogenesis.230


A VA cooperative multicenter clinical trial examined the effect of polyenylphosphatidylcholine in 789 patients with alcoholic hepatitis who had extensive average alcohol intake (16 drinks/day).231 Although subjects were randomized to either polyenylphosphatidylcholine or placebo for 2 years, the study failed to demonstrate an improvement in the treatment group. Notably, many subjects substantially reduced their ethanol consumption during the trial, which probably accounted for improvement in fibrosis in the control group, making it difficult to demonstrate an improvement in fibrosis in the polyenylphosphatidylcholine group. Results from a subsequent study examining the effect of polyenylphosphatidylcholine in patients with HCV are expected (http://clinicaltrials.gov/; Clinical Trials.gov Identifier NCT00211848).









Other Antioxidants


Malotilate is another potential cytoprotective agent, perhaps acting via inhibition of cytochrome P-450 2E1; in addition, this compound may have antiinflammatory properties. Although malotilate was found to diminish plasma cell and lymphocytic infiltrate and piecemeal necrosis in patients with primary biliary cirrhosis, it had no significant effect on fibrogenesis.232


Another agent used to antagonize oxidative stress is S-adenosylmethionine; this compound is important in the synthesis of the antioxidant glutathione. The enzyme responsible for its synthesis (methionine adenosyltransferase) is reduced in the injured liver233; thus it has been hypothesized that if S-adenosylmethionine was replaced, then injury and fibrogenesis might be slowed. S-Adenosylmethionine has been tested in a large randomized trial in patients with alcoholic cirrhosis.234 There was an improvement in overall mortality/need for liver transplantation in the treatment arm, especially in patients with Child’s A/B cirrhosis, although histologic assessment of fibrosis was not specifically measured.234


Propylthiouracil is an antithyroid drug that reacts with some of the oxidizing species derived from the respiratory burst and thus may be protective in alcoholic liver disease, a disease in which an increase in hepatic oxygen consumption may predispose the liver to ischemic injury. Thus propylthiouracil has been tested in a number of randomized clinical trials in patients with alcoholic liver disease. Unfortunately, a systematic review and meta-analysis found that propylthiouracil had no beneficial effect on fibrosis or on any other outcome measured.235












Cytoprotective Agents






Ursodeoxycholic Acid


Ursodeoxycholic acid binds to hepatocyte membranes, where it presumably stabilizes them and is thus cytoprotective. Such cytoprotective action theoretically reduces inflammation and may in turn have a beneficial effect on fibrogenesis.236 Although the compound has been examined extensively, to date neither experimental data nor human studies indicate that ursodeoxycholic acid has a primary antifibrotic effect in the liver.237-245


Ursodeoxycholic acid has been studied in patients with a variety of liver diseases, including cystic fibrosis, primary biliary injury (primary biliary cirrhosis, primary sclerosing cholangitis, and progressive familial intrahepatic cholestasis), and miscellaneous liver diseases. Results with ursodeoxycholic acid in these conditions have been mixed. Both symptomatic and biochemical improvement have been observed in these diseases, in particular the biliary diseases; however, data on histologic improvement (and survival) have not been consistent. For example, in a randomized controlled trial in patients with primary biliary cirrhosis, ursodeoxycholic acid led to reduced fibrosis in those with mild disease, but had no effect on those with severe disease.238 In another study survival was improved in patients treated with ursodeoxycholic acid, but fibrosis was not improved.242 A combined analysis of the histologic effect of ursodeoxycholic acid on paired liver biopsies, including a total of 367 patients (200 ursodeoxycholic acid and 167 placebo), revealed that subpopulations of patients with initial early stages may benefit from therapy.244 Results of meta-analyses examining ursodeoxycholic acid have been mixed, and have largely reported that ursodeoxycholic acid is not effective in primary biliary cirrhosis.241 The aggregate data suggest that ursodeoxycholic acid may impede progression of fibrosis in primary biliary cirrhosis via effects on (bile duct) inflammation, particularly if administered early in the disease course. It should be emphasized that according to current data, ursodeoxycholic acid is extremely safe. Thus the available data justify its use in patients with primary biliary cirrhosis, including potentially as an antifibrotic.


Ursodeoxycholic acid has also been studied in children with progressive familial intrahepatic cholestasis,239 in whom it appeared to improve fibrogenesis. Additionally, a small series indicated that 7 of 10 patients with cystic fibrosis treated with ursodeoxycholic acid had a reduction in liver fibrosis.240 Although these effects are promising, it should be emphasized that the number of patients studied has been small. Finally, in a large randomized controlled trial of ursodeoxycholic acid in patients with non-alcoholic steatohepatitis that was conducted over 2 years, including 107 subjects who had paired biopsy data, there was no improvement in fibrosis.245












Miscellaneous Agents


Anabolic-androgenic steroids such as oxandrolone have been examined in randomized trials including patients with alcoholic liver disease, but have not been found to have significant effects on fibrosis (or other outcomes).246






Stellate Cell–Specific Compounds






Interferon-γ


A wealth of data support the antifibrotic potential of IFN-γ as an antifibrotic, in a variety of parenchymal organ diseases. The interferons consist of a family of three major isoforms. The three isoforms—α, β, and γ—are unique, not only in structure but also in their biologic actions. IFN-α and IFN-β bind to the same receptor whereas IFN-γ binds to a different receptor. IFN-α has more potent antiviral effects than does IFN-γ, whereas IFN-γ has been shown to specifically inhibit extracellular matrix synthesis in isolated cells, including stellate cells.247,248 IFN-γ potently inhibits multiple aspects of stellate cell activation.247,248 IFN-γ appears to have antifibrotic effects in patients with pulmonary fibrosis.249 Such data have generated considerable enthusiasm about the use of IFN-γ in patients with hepatic fibrosis, although there is theoretical concern about its use because it is proinflammatory and, moreover, its overexpression in the liver leads to chronic hepatitis.250 Nonetheless, it has now been tested in humans with fibrosing liver disease and appears to be safe.251 Although this initial pilot study provided a firm foundation for use of this compound, and additionally underscored the potential of IFN-γ in humans with fibrosing liver disease, a larger study failed to demonstrate a therapeutic benefit, possibly because patients with advanced disease were studied and because the duration of therapy was too short.252









Peroxisome Proliferator Activated Receptor Agonists


Stellate cells possess each of the three major classes of PPAR.253 Furthermore, the PPARs appear to be regulated during injury and stellate cell activation. PPAR-γ in particular is notable in that it is markedly down-regulated during activation.254,255 Reversal of this reduction in PPAR-γ expression reverses the activated phenotype, in vitro or in vivo.253 Furthermore, despite the fact that PPAR-γ is down-regulated, stimulation of this receptor with PPAR-γ ligands also reverses the activation process and phenotype.255-258 In addition, PPAR-γ ligands, when administered to rats undergoing experimental liver injury, prevent fibrogenesis.253,258,259


Although the precise molecular mechanism(s) responsible for the effect of PPAR-γ ligands on stellate cells remain(s) controversial, preliminary data with a specific PPAR-γ agonist, GW570, demonstrated that it had significant effects on stellate cells260 and led to a large clinical trial in patients with hepatitis C–induced fibrosis.261 In this study patients with fibrosis of Ishak stages 2 to 4 (n = 265) were randomly assigned to groups given once-daily doses of 0.5 or 1.0 mg GW570 (also known as farglitazar) or placebo for 52 weeks. There were no significant differences between treatment groups in the ranked assessment of fibrosis score or Ishak stage on paired biopsy specimens. Furthermore, there was an increase in expression of smooth muscle α-actin and collagen during the treatment period. These data suggested that in patients with chronic hepatitis C and moderate fibrosis, 52 weeks of treatment with farglitazar did not affect stellate cell activation or fibrosis.















The Renin-Angiotensin System (RAS)


The angiotensin II system is an attractive antifibrotic target given the accessibility of clinically available compounds as well as the extensive experimental evidence pointing to a role for angiotensin II in the injured liver; furthermore, angiotensin II appears to directly stimulate stellate cell activation and fibrogenesis.262,263 A number of studies have also demonstrated specific antifibrotic effects of angiotensin II inhibition in a variety of animal models.264-266 Given its vasoactive actions, angiotensin II may also play a role in the pathogenesis of portal hypertension,93 making its inhibition particularly attractive not only for use as an antifibrotic agent but also for treatment of portal hypertension.


To date, the angiotensin system has been evaluated in humans in small numbers of patients.267-271 Human studies have examined the effects of angiotensin receptor blockers primarily in the setting of advanced liver disease—and most often in an attempt to reduce portal pressure (HVPG). The data to date in humans have been highly mixed, with some studies suggesting that blocking angiotensin II reduces HVPG and others showing limited effectiveness.


Given the particularly supportive preclinical data, the evidence suggests that there is likely to be some element of antifibrotic effect in humans when the angiotensin system is antagonized. Larger and longer studies appear to be warranted; many studies have recently been completed, are currently underway, or are planned (see http://clinicaltrials.gov/; Clinical Trials.gov Identifiers NCT00990639, NCT00298714, NCT00265642, NCT01051219).









Compounds That Inhibit Fibrogenesis






Colchicine


Colchicine is a plant alkaloid that inhibits polymerization of microtubules, a process that in turn is believed to be required for collagen secretion. On the basis of this concept, colchicine has been advanced as an antifibrotic agent. A sizeable body of literature indicates that colchicine has antifibrotic properties in experimental animal models.272 This work has led to a number of human clinical trials.273-276 A wide variety of liver diseases have been studied and include the following: (1) primary biliary cirrhosis, (2) alcoholic cirrhosis, (3) cryptogenic cirrhosis, and (4) miscellaneous other liver diseases. In a double blind, randomized, controlled trial examining colchicine in primary biliary cirrhosis, improvements were noted in a number of biochemical markers, but colchicine failed to reduce fibrosis.273 In an often-cited, double-blind, randomized controlled trial of colchicine versus placebo in patients with various liver diseases, colchicine led to improved fibrosis as well as a dramatic improvement in survival.274 However, this study has been extended to clinical practice with great caution because of a variety of methodologic concerns. First, many patients were lost to follow-up, and second, there was substantial unexplained excess mortality in the control group (unrelated to liver disease). A recent large VA cooperative multicenter study involving 549 patients compared colchicine (0.6 mg orally two times a day) with placebo in patients with alcoholic liver disease. Results showed that there was no apparent effect of active treatment on survival. Histologic data, which might have provided information on the antiinflammatory effects of colchicine, were not obtained.275 A meta-analysis including 1138 subjects found that colchicine had no effect on hepatic fibrosis or mortality.276 In summary, the data surrounding colchicine suggest that this compound is safe but is likely to be ineffective.









Future Antifibrotics


Given the major effort devoted to understanding the biology of hepatic fibrogenesis, it is not surprising that multiple pathways have been targeted as having therapeutic potential. Many compounds have been studied in experimental models and have been shown to have antifibrotic properties, including several with great potential for the treatment of human liver disease (Table 5-5).


Table 5-5 New Potential Antifibrotic Targets in Humans






	AGENT

	COMMENTS






	Anti-TGF-β

	Blocks stellate cell fibrogenesis






	Anti-PDGF

	Blocks stellate cell proliferation






	Interferon-γ

	Inhibits multiple features of stellate cell activation






	PPAR ligands

	? Stellate cell–specific effects







PDGF, platelet-derived growth factor; PPAR, peroxisome proliferator–activated receptor; TGF, transforming growth factor


Several important pathways merit discussion. One of the most important examples is the TGF-β pathway, because it plays a central role in the fibrogenic cascade. Several approaches to inhibit the action of TGF-β have been proposed and include use of molecules such as decorin (the protein core component of proteoglycan), which binds and inactivates TGF-β277; antibodies directed against TGF-β1; and soluble receptors, which typically encode for sequences that bind active TGF-β and prevent it from binding to its cognate receptors. The concept has been well established experimentally; indeed, the effect of inhibition of TGF-β in animal models of liver injury and fibrogenesis has been striking.278,279 A limitation of approaches that target TGF-β is that TGF-β potently inhibits cellular proliferation, and inhibition of its effects in vivo could predispose to malignant transformation.


Another critical pathway involves PDGF. PDGF is the most potent stellate cell mitogen known92,280 and additionally stimulates stellate cell migration.281 A number of approaches have been used to inhibit the effect of PDGF. For example, kinase inhibitors that specifically inhibit PDGF signaling might be useful,282 as could those with more general effects on tyrosine kinase receptors.


Additionally, stellate cells express endothelin receptors and their cognate ligands appear to be overproduced in the liver; furthermore, stimulation of stellate cells with their respective ligands leads to stellate cell activation.93 A large body of evidence indicates that endothelin antagonism in the liver effectively inhibits fibrosis.283 Thus, although inhibition of endothelin signaling may be clinically beneficial, studies in humans have not been undertaken.


Endotoxin or lipopolysaccharide (LPS), found on the outer wall of gram-negative bacteria, has received renewed attention lately. Studies performed many years ago suggested a role for LPS in the development of liver fibrosis.284 More recently, studies in TLR4-deficient mice (TLR4 is the receptor for LPS) revealed that these mice are resistant to liver fibrosis, providing mechanistic insight into the TLR4-LPS pathway as a potential target for treatment of liver fibrosis.102


Angiogenesis appears to be important in liver fibrosis and may be important in the fibrogenic response. In one study, angiopoietin 1, an angiogenic cytokine important in angiogenesis, was found to be expressed by activated stellate cells. Moreover, when its signaling was blocked with an adenovirus expressing the extracellular domain of Tie2 (the cognate receptor for angiopoietin), angiogenesis and liver fibrosis induced by either CCl4 or bile duct ligation were abrogated.285 Additionally, sunitinib, a multitargeted receptor tyrosine kinase inhibitor, decreased hepatic vascular density, smooth muscle α-actin expression abundance, and fibrosis in cirrhotic rats,286 suggesting that antiangiogenic factors could have direct effects on stellate cells.


As discussed previously, it appears that many different types of cells are involved in the pathogenesis of fibrosis. An area of great interest has focused on the possibility that bone marrow cells could play a role in either potentiating or inhibiting liver fibrosis. In one study, bone marrow cells administered to mice after established (total, 8 weeks) CCl4-induced fibrosis led to reduced liver fibrosis and a significantly improved survival rate.287 Follow-up study has begun to investigate the mechanisms underlying this effect, suggesting activation of MMP-9,288 and possibly a direct effect on stellate cells. A limited number of data in humans suggest that such cell-based therapy may have profound effects in patients with cirrhosis.289,290









Miscellaneous Compounds


Among other agents, compounds such as pirfenidone,291 halofuginone,292 and farnesoid X receptor agonists appear to have direct effects on stellate cells and thus could evolve into effective antifibrotic compounds. Many others have been highlighted (see Rockey293 for a review), and many are under investigation in humans (see http://clinicaltrials.gov/; Clinical Trials.gov Identifiers NCT00854087, NCT00119119, NCT00956098).












Summary and Future Directions for Antifibrotic Therapy


The wealth of new information about the pathogenesis of fibrogenesis has spawned a field dedicated to antifibrotics that is largely, but not entirely, focused on the activation of hepatic stellate cells. Stellate cell activation is characterized by a number of important features including enhanced matrix synthesis and a prominent contractile phenotype—processes that contribute to the dysfunction of the liver typically found in advanced disease. It should be emphasized that factors controlling activation are multifactorial, and thus multiple potential therapeutic interventions are possible. A further critical concept is that fibrosis, in particular the extracellular matrix component of fibrosis, is dynamic. Thus it is likely that fibrosis, including even advanced fibrosis, may be reversible under the appropriate conditions. Indeed, evidence from both animal and human studies supports this contention. Currently, effective therapy for hepatic fibrogenesis exists for several diseases in which the cause of the underlying disease is removed. In contrast, clearly effective therapy directed only at the fibrotic lesion is not currently available; the most effective therapies will most likely be directed at the stellate cell. However, given the multiple potential targets that have been identified, it is highly likely that specific, effective, safe, and inexpensive candidates will emerge.
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Abbreviations


BCP basal core promoter


ccc covalently closed circular


EnhI enhancer I


EnhII enhancer II


ER endoplasmic reticulum


HBcAg hepatitis B core protein or antigen


HBeAg hepatitis B e antigen


HBsAg hepatitis B surface antigen


HBSP hepatitis B splice protein


HBx hepatitis B x protein


HBV hepatitis B virus


LHB large hepatitis B surface protein


MHB medium hepatitis B surface protein


MHR major hydrophilic region


MUB multivescular body


NA nucleos(t)ide analogue


NLS nuclear localization signal


nt nucleotide


pg pregenomic


Pol polymerase


RNase H ribonuclease H


rt reverse transcriptase


SHB small hepatitis B surface protein


SVP subviral particles









Introduction


Hepatitis B virus (HBV) is the prototype member of the Hepadnaviridae family, which is subdivided into the genera Orthohepadnavirus, which infect mammals (e.g., human HBV, ground squirrel HBV, woodchuck HBV), and Avihepadnavirus, members of which infect birds (e.g., Shanghai duck HBV, Ross goose HBV, China duck HBV, heron HBV). A maximum sequence divergence of 25% is found among the avihepadnaviruses, compared with 35% for orthohepadnaviruses.1


HBV is an enveloped virus containing a circular, partially double-stranded DNA genome. There are three types of viral-associated particles found in serum; the virion, spherical subviral particles (SVPs), and filamentous SVPs (Fig. 6-1). Only the HBV virion is infectious because the spherical particles and filaments do not contain the HBV genome. The HBV virion is 42 to 47 nm in diameter, and consists of an outer envelope containing the three envelope proteins surrounding an inner nucleocapsid composed of the hepatitis B core protein or antigen (HBc), which forms a capsid around the viral genome and associated polymerase. The spherical SVPs are 17 to 25 nm in diameter and can occur in large numbers up to 1013/ml. The filamentous or tubular SVPs are approximately 20 to 22 nm in diameter and are of variable length.
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Fig. 6-1 Hepatitis B surface antigen (HBsAg).


Electron micrograph of HBsAg secreted from hepatocytes showing virions (v), spherical (s), and filamentous (f) SVPs.




Despite its small size, the HBV genome is complex. The HBV genome is only 3.2 kb in length; to compensate for this limited coding potential, the HBV DNA is organized into a series of overlapping and co-terminal reading frames (Fig. 6-2) that encode proteins that are either multi-functional or have very different functions in the HBV lifecycle (Fig. 6-3) despite sharing similar amino acid residues. Furthermore, HBV has evolved unique strategies for genomic replication (Fig. 6-4) and is unique among animal DNA viruses because it replicates via reverse transcription. It is the intricacies of this replication strategy that this review will highlight, as well as new systems that have been developed to facilitate research into HBV replication and pathogenesis.
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Fig. 6-2 Diagrammatic representation of the HBV genome.


The inner circle represents the genomic DNA that is packaged within the virion, and the dashes represent the region of the positive-sense DNA, which is incompletely synthesized. The middle circle of boxes represents the four open reading frames corresponding to the precore, core, HBx, polymerase, and surface proteins. The outer circle of wavy lines represents the HBV RNAs. The promoter and enhancer regions are indicated.
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Fig. 6-3 HBV lifecycle.


HBV binds to and enters the host hepatocyte via an unknown receptor complex, after which the envelope proteins are removed and the genome-containing nucleocapsid traffics to the nucleus where it releases the genome. Inside the nucleus, the partially double-stranded genome is repaired and converted to the minichromosome, or covalently closed circular DNA (cccDNA), which serves as the template for transcription of the viral mRNAs that encode the Pol, core, surface (L, M, and S), HBx, and precore (PC) proteins as depicted. Upon translation, the polymerase protein binds to the pgRNA. The core proteins then bind to the polymerase to form the nucleocapsid. Reverse transcription of the genome takes place inside the nucleocapsid to form the partially double-stranded genome. The interaction between the nucleocapsids and the surface proteins occurs at intracellular membranes, resulting in budding into multivescular bodies (MVBs) and eventual secretion as virions. The surface proteins can also bud at the ER/Golgi intermediate compartment in the absence of a nucleocapsid and be secreted as empty subviral particles. Nucleocapsids can also traffic back to the nucleus to release the HBV genome and replenish the pool of cccDNA (intracellular conversion pathway). The precore protein is also modified and secreted through the ER as HBeAg. The X protein is a nonstructural accessory protein.
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Fig. 6-4 HBV replication strategy.


A, The blue line represents the greater-than-genome-length pgRNA. The identical ε-sequences at the 5’ and 3’ ends of the genome are shown as hairpin structures. The direct repeat elements are shown as boxes. The second copy of DR1 at the 3’ end of the genome is indicated with an asterisk. B, The polymerase protein (orange circle) binds to the 5’ ε and synthesizes a short oligonucleotide initiated using the terminal protein of the polymerase as a primer and the bulge region of ε as a template. Core protein dimers encapsidate this complex to form the nucleocapsid (not shown). C, The polymerase-oligonucleotide complex translocates to DR1 to initiate reverse transcription of the negative strand of the HBV genome. D, The RNA template is degraded by the RNAseH activity of the HBV polymerase, except for the 5’ DR1 sequence. E, The 18 nt RNA sequence is then transferred to DR2 and used as a primer for positive-strand synthesis. F, Due to an 8 nt terminal redundancy, the genome can circularize.











HBV Genotypes and Classification


Human HBV can be subdivided into eight genotypes, designated A-H, which differ by 8% to 17% at the nucleotide level. An additional two genotypes; I and J, have also been proposed but are yet to be widely accepted. These eight major genotypes can be further classed into subgenotypes that differ by at least 4%.2 Prototypic HBV has a genome length of 3215 base pairs (bp) with genotypic variation due to characteristic insertions or deletions. Genotype A has a 6 nucleotide (nt) insertion in the polymerase terminal protein/core region, genotype D has a 33 nt deletion in PreS1, genotypes E and G have 3 nt deletions in the polymerase spacer/PreS1 region, and genotype G has a 36 nt insertion in the core gene.3 Different genotypes tend to have distinct geographic and ethnic distributions. Genotype A is common in parts of Africa, Europe, and North America; genotypes B and C are found predominantly throughout Asia. Genotype D has a vast distribution, but is mostly found in South Africa, India, parts of Europe, the Mediterranean basin, and Australia. Genotype E is mostly found in central Africa and South America, genotype F in South America, genotype G in Mexico, and genotype H in central America.2 This geographic clustering is now starting to merge, reflecting the substantial population migrations that have occurred over the last 50 to 100 years. All HBV genotypes are present in Australia, with genotypes C and D being the most common. Recombinant genotypes have also been described, particularly between European genotypes A and D and Asian genotypes B and C.4,5


Differences in disease progression and selection of mutations exist among HBV genotypes. In general, genotype C HBV is associated with more severe liver disease than genotype B, and genotype D causes more severe liver disease than genotype A. The more severe genotypes C and D are also associated with a lower response to interferon therapy than genotypes A and B.6 Differences in expression of viral products and cell stress also exist among genotypes, possibly contributing to disease severity.7


Historically, HBV has also been classified according to serologic subtypes, or serotypes, namely adw, adr, ayw, and ayr.8 These are based on antibody reactivity to the amino acids at residues 122 and 160 in the S gene.9-11 K122 confers d subtype whereas R122 confers y subtype. Similarly, K160 confers w subtype whereas R160 confers r subtype. The HBV serotypes can be further subdivided antigenically depending on further S mutations. Because the HBV serotype is based on variations at only two codons, it is limited in the overall classification of HBV strains and does not always reflect genotypic or geographic variation.12 HBV genotypes are determined from the whole nucleotide sequence and are more suitable for studies on epidemiology, transmission, and geographic distribution. Hence, the HBV genotype has essentially replaced serotypes in the overall classification of HBV.






Cell Lines and Model Systems that Are Used to Investigate HBV Replication and Pathogenesis


Until recently, studies on the early steps of infection by HBV have been limited because there were no cell culture systems or small animal models available that were permissive to HBV binding and entry. Most studies on the replication of HBV are performed by transfecting the HBV genome into hepatoma cell lines, including Huh7 and HepG2 cells and measuring products of HBV replication. Using transfected cells, most steps in the viral life cycle that occur post entry can be studied by measuring products of HBV replication using techniques such as Southern, Northern, and Western blotting. A number of new cell lines and cloning strategies have been developed to deliver HBV into cells and to investigate HBV replication, virus–host interactions, pathogenesis, and antiviral sensitivities. Recently, a cell line that is permissive to infection by HBV has been developed (HepaRG).13 The wider availability of this cell line should facilitate research into the early events of HBV replication, including virus entry and the hunt for the elusive cellular receptor for HBV. Primary human and Tupaia14 hepatocytes are also able to be infected with HBV.


A number of delivery systems have been developed to transport HBV DNA into cells. The most commonly used technique is transient transfection of circularized HBV genomes or plasmid DNA encoding a greater-than-genome-length HBV genome. HBV genomes can also be introduced into cells using the recombinant adenovirus15 and the recombinant baculovirus systems.16 There are several reference clones used by researchers around the world, and studies are performed by altering these clones (e.g., introduction of mutations observed clinically) and determining the phenotype conferred by the resulting strain. A number of groups have also developed strategies for the PCR amplification of full-genome-length (or near full genome length) HBV DNA directly from patient sera, and using these HBV strains for transfection into cells, usually after cloning the amplified product into vectors.17 These patient-specific clones will enable HBV strains to be studied in the context of the entire authentic genetic framework and thus are extremely useful for determining phenotypically the antiviral resistance profile for a patient at a given time.18-20









HBV Particle Structure


Three types of HBV particles are found in the sera of patients infected with HBV: 42- to 47-nm virions, as well as 20 to 22 nm diameter spherical and filamentous SVPs (see Fig. 6-1). These three particle types contain an envelope consisting of host cell lipids and the L, M, and S surface proteins, which are present at different ratios for each particle type. The subviral particles contain no genetic material and are therefore noninfectious.


The least abundant HBV particle in the blood is the infectious 42- to 47-nm virion or Dane particle, consisting of the DNA-containing nucleocapsid, which is enveloped by the surface proteins.21 The nucleocapsid is icosahedral with T = 4 symmetry, and consists of 120 core protein dimers. Inside the nucleocapsid is one copy of the partially double-stranded genome covalently linked to the HBV reverse transcriptase protein, as well as host cell proteins. HBV virion titres are variable and can reach up to 1010/ml in patient sera.


The most abundant particles detected in patient sera are the smaller, spherical SVPs, which are composed mostly of S protein and can reach titres as high as 1012/ml. The next most common are the filamentous SVPs, which are of variable length and are also composed mainly of S but contain a higher proportion of L protein than spherical particles.22 The M protein can be detected in all types of secreted particles but is not necessary for their secretion. The SVPs can exceed the HBV virions by 100,000 fold in patient sera. The role of the SVPs is unknown, but they have been hypothesized to function as immune decoy molecules, adsorbing virus-neutralizing antibodies (see Fig. 6-1).









HBV Genome


HBV has a relatively small, partially double-stranded relaxed circular DNA (rcDNA) genome of approximately 3200 bp consisting of a minus-strand DNA with a terminal redundancy of 7 to 9 bases, and an incomplete plus-strand of variable length (see Fig. 6-2). Upon entry into the nucleus of the infected cell, the partially double-stranded HBV genome is repaired to form a completely double-stranded covalently closed circular DNA (cccDNA) genome, which serves as the transcriptional template. The HBV genome contains four overlapping reading frames (S, Pol, core, and X) that encode seven known proteins, of which spliced forms have also been identified23,24 (see Fig. 6-2).









Products of the HBV Genome


The X gene is transcribed into a 0.9-kb mRNA initiated by the X promoter, which is then translated into the HBx regulatory protein. The P gene encodes the polymerase (Pol) protein, which does not have a unique mRNA, but is transcribed from the pregenomic RNA (pgRNA). The polymerase gene is the largest open reading frame and overlaps all six other genes. The core gene encodes both the core protein (HBc) and the N-terminally extended precore protein, which is trimmed and secreted from the cell as the hepatitis B e antigen (HBeAg). To express the core and precore proteins, the basal core promoter initiates transcription of two mRNAs, both of approximately 3.5 kb. The precore mRNA encodes only the precore protein, whereas the slightly shorter pgRNA encodes both the core and polymerase proteins and acts as the template for DNA replication (see later discussion). The polymerase protein is not translated from the precore mRNA despite having essentially the same sequence as the pgRNA. The surface gene encodes the surface proteins or hepatitis B surface antigen (HBsAg), and can be subdivided into three regions: PreS1, PreS2, and S. The S region encodes the small surface protein protein (S or SHBs), PreS2+S encodes the middle surface protein protein (M or MHBs), and PreS1+PreS2+S encodes the large surface protein protein (L or LHBs), all of which share a common C-terminus. L is translated from a 2.4-kb mRNA initiated by the PreS1 promoter, whereas M and S are translated from a common 2.1-kb transcript initiated by the PreS2/S promoter.






HBV Replication and Life Cycle






Attachment, Penetration, and Uncoating


HBV only productively infects hepatocytes, although there is some evidence that it can enter bile duct epithelium cells and some cells from the pancreas, kidneys, and the lymphoid system, presumably to ensure viral persistence.25,26


The first stage of infection involves attachment of the virion to a susceptible hepatocyte via an unknown receptor complex, followed by endocytosis27 (see Fig. 6-3). The PreS1 region of the L protein on the surface of virions is required for binding to hepatocytes28,29 and for the subsequent infection process.30-32 Monoclonal antibodies to the PreS1 region of L prevent virus attachment.33 Interestingly, antisera to a conformational epitope within the S coding region can also prevent attachment; whereas monoclonal antibodies directed to the PreS2 coding region do not totally prevent virus attachment. Earlier studies have determined that the N-terminus region of the LHBs protein (codons 21 to 30) is critical for species specificity because all hepadnaviruses are highly species and cell-type specific.34


The search for the HBV receptor using the L protein has uncovered a large number of potential candidates, including the receptors for immunoglobulin A, interleukin 6, transferrin and asialoglycoprotein, glyceraldehyde-3-phosphate dehydrogenase, apolipoprotein H, and human liver Annexin V. Unfortunately, at the time of publication, none of these candidates have been unequivocally identified as the major receptor for the specific binding of HBV.35 It is likely that a complex of cellular proteins, or a primary receptor and a number of co-factors are required for HBV attachment and penetration.


M is not necessary for infectivity, yet this region interacts with cellular proteins, which may enhance infection uptake and uncoating.36 The PreS2 encoded region contains a binding site for polymerized human serum albumin (pHSA) and also the transferrin receptor that may facilitate attachment and penetration of HBV to target cells.36


After binding and entry, mature capsid containing the HBV genome are transported to the nucleus. This transport is mediated by a nuclear localization signal on the core proteins that comprise the HBV capsid. Nuclear transport is mediated by the importin pathway using nuclear transport receptors Imp-ß/Imp-α. The phosphorylation of the C-terminal sequences on the HBc protein is linked with capsid maturation and exposure of the nuclear localization signal. It has been demonstrated that it is only these mature capsids that are able to move through the nuclear pore into the collection of nuclear proteins referred to as the nuclear basket and the HBV rcDNA genome is released into the nucleus.37 It is unclear at which of these steps the capsid dissociates to release the genome (see Fig. 6-3).















Conversion of Genomic rcDNA into cccDNA and Transcription of the Viral Minichromosome


In the nucleus, the partially double-stranded rcDNA HBV genome is converted into double-stranded cccDNA, which functions as a viral minichromosome (see Fig. 6-3), and is the major template of HBV used for the transcription of all the viral mRNAs involved in viral protein production and replication (see Fig. 6-2).38,39


The HBV viral genome is a circular partially double-stranded molecule containing a single-stranded “gap” region. The HBV viral polymerase may mediate the repair of the “gap,” and in association with host cellular DNA repair enzymes, facilitate the conversion of viral genome into cccDNA. The conversion to cccDNA also requires the removal of the HBV polymerase protein and oligoribonucleotide, and ligation of DNA. Kock et al.40 have demonstrated that the nucleos(t)ide analogues adefovir and lamivudine can inhibit the initial DNA repair process,40 which suggests that an enzymatic activity of the HBV Pol protein is involved in this process. The HBV cccDNA is then chromatinized by cellular histone and nonhistone proteins and converted into a minichromosome41 serving as the major transcriptional template.


Five promoters control the synthesis of the six viral transcripts of HBV (see Fig. 6-2). The HBV genome contains two enhancers, designated enhancer I (EnhI) and enhancer II (EnhII), which exhibit greater activity in hepatic cells than nonhepatic cells. Although the enhancers are located upstream of specific promoters, EnhI regulates all viral promoters and EnhII regulates the basal core promoter (BCP), as well as the transcription of the PreS2/S promoters. Doitsh and Shaul42 have proposed that HBV may have both early and late transcriptional events in which EnhI may regulate the expression of the early transcripts of X and a long X-related transcript of 3.9 kb known as long-X RNA, whereas EnhII appears to regulate late gene transcription events.


All RNA molecules are transcribed by the host cell RNA polymerase II using the cccDNA template, and are capped and polyadenylated. The pgRNA and the precore mRNA are longer than genomic length, and their transcription is controlled by the basal core promoter (BCP). The bifunctional pregenomic mRNA is used as the genomic template for reverse transcription of the viral negative sense DNA and for translation of HBc and Pol proteins. Whereas the slightly longer precore mRNA encodes only the precore protein, which is subsequently processed and secreted as HBeAg. Three subgenomic RNAs are also transcribed that encode the X, L, and M+S proteins.









Viral Encapsidation and Reverse Transcription


HBV and the other members of the Hepadnaviridae family replicate their DNA genome by reverse transcription of a pgRNA template within the core particle. Mature nucleocapsids and virions contain the HBV 3.2-kb rcDNA genome with the Pol covalently attached to the 5′-end of the (−) DNA via the terminal protein region. The process of HBV DNA synthesis involves reverse transcription and a complicated process of three translocations of the polymerase and primer to complete double-stranded genome synthesis (see Fig. 6-4). The pgRNA contains critical stem loop structures (ε) at both the 5′ and 3′ ends. The HBV polymerase binds to the 5′ ε structure, which then signals the binding of core protein dimers that encapsidate the pgRNA-Pol complex, as well as cellular protein kinases and the putative chaperones heat shock proteins (HSP) HSP70 and HSP90, to form immature nucleocapsids. Although nucleocapsids contain host cell proteins, their precise role in replication has yet to be defined. Reverse transcription of the complementary negative strand is then initiated by the HBV polymerase via priming and synthesis of a short 3 nt oligomer (with the sequence GAA) complementary to the ε-region at the 5′ end of the genome (see Fig. 6-4). The Pol-oligomer complex is then translocated to the ε-region at the 3′ end of the genome where reverse transcription of the negative strand continues back toward the 5′ end of the pgRNA. During synthesis of the negative strand, the entire positive sense RNA template is degraded by the RNaseH activity of the HBV polymerase, except for the 5′ capped region, which contains the direct repeat element (DR1). This DR1 RNA then translocates and binds to the complementary DR2 sequence near the 5′ end of the newly formed negative-strand DNA, acting as a primer for DNA synthesis, which continues for a short distance to the 5′ end of the genome. A further translocation then occurs whereby the 3′ end of the newly formed positive strand can jump to the 3′ end of the negative strand and continue synthesis, forming the double-stranded rcDNA. However, due to mechanisms not well understood, synthesis of the plus strand is terminated prematurely and reaches only approximately halfway around the genome; hence rcDNA molecules are only partially double stranded.1 Mature rcDNA-containing nucleocapsids can then either traffic to the nucleus and release their DNA contents to replenish the pool of cccDNA, or can be enveloped and secreted as virions.


An alternative pathway of DNA synthesis also occurs in a small percentage of genomes where primer translocation does not occur, but rather, plus-strand formation is primed in situ. This results in a double-stranded linear DNA (dslDNA) molecule where the 18 nt primer exists in an RNA-DNA duplex at the 3’ end of the negative strand. These dslDNA molecules can undergo nonhomologous recombination and become integrated into the host cell genome.43


Minus-strand DNA synthesis appears to be coupled to phosphorylation of the nucleocapsid, which is required for envelopment to occur. Incomplete dsDNA/RNA genomes that have completed minus-strand DNA synthesis and at least started plus-strand synthesis can readily be found in the blood as secreted virions.


Interestingly, significant amounts of unenveloped nucleocapsids are released from cell lines replicating HBV,44,45 which may be an artifact of the cell culture models used, as this does not seem to be the case in vivo (see Fig. 6-4).






HBV Proteins






HBV Surface Proteins and Particle Formation


HBV encodes three membrane-associated proteins, all sharing the same stop codon, with translation initiating from different start codons (Fig. 6-5). The smallest of these proteins, S, is encoded by the S gene, which produces a 226 amino acid protein. The middle protein, M, contains a further N-terminal extension of 55 amino acids encoded by the upstream PreS2 gene. The largest of the envelope proteins, L, has yet another N-terminal extension of 108 to 119 amino acids, depending on the HBV genotype, encoded by the PreS1 gene. These proteins can self-assemble into SVPs or can interact with mature nucleocapsids to form virions (see Figs. 6-3 and 6-5).
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Fig. 6-5 The HBV surface proteins are encoded by the envelope or surface gene.


They share a common termination codon, with translation initiating from different start codons, hence they share a common C-terminal region, which spans the entire S region. Depicted at the bottom of the diagram is the full-length L protein. The major antigenic region (“a” determinant) and glycosylation site at sN146 are indicated. A myristic acid (Myr) at the N-terminus is also depicted.




The envelope proteins display a complex transmembrane topology. Translocation of S across the ER membrane is mediated by a hydrophobic signal sequence from amino acids 8 to 22 of the S domain (Fig. 6-6, A). The amino acid chain then translocates across the membrane a second time mediated by another hydrophobic signal sequence at amino acids 80 to 98 of S, forming a loop from amino acids 23 to 79, which is localized to the cytosol and required for virion formation presumably by interaction with the nucleocapsid46; this loop is eventually localized to the lumen of the virion.47 The C-terminal region of S (amino acids 170 to 226) is highly hydrophobic and presumed to be membrane embedded, which would result in another loop from amino acids 99 to 169 localized to the ER lumen, resulting in eventual exposure on the surface of the virion. This latter loop forms the major hydrophilic region (MHR) that is found on the surface of virions and subviral particles and contains a highly immunogenic region designated the “A” determinant, the major antibody neutralization domain of the virus. A number of cysteine bonds with the MHR are predicted to cause the formation of two loop structures; loop1 from amino acids 107 to 138 and loop2 from amino acids 139 to 147. Mutations within the “A” determinant can occur as a response to immune pressure resulting in decreased antibody binding, and subsequent vaccine or diagnostic escape. The most well-characterized vaccine escape mutation, sG145R, is also located within loop 2 of this region.





[image: image]

Fig. 6-6 Illustration of HBV surface proteins (A) S, (B) M, (C) L conformation 1, and (D) L conformation 2.


Topology is illustrated with respect to the ER lumen (which corresponds to the surface of the secreted virion) and the cell cytosol (which corresponds to the internal part of the secreted virion). All numbers refer to amino acids and refer to their position in S, except where indicated by brackets. Black dots represent amino acids that have been referred to in the text. Transmembrane hydrophobic regions are depicted embedded in the membrane. Glycosylation sites (glyc.) at positions sN146 and mN4 are illustrated. The approximate location of the “a” determinant is also illustrated. The myristoylation site at the N-terminal of L is depicted, which is predicted to embed in the membrane.




The M protein has the same topology as S,48 but has an additional 55 amino acids at the ER-localized N-terminus (see Fig. 6-6, B). M can be incorporated into viral particles, despite not being necessary for their formation.49 The M protein is considerably more immunogenic than S, and PreS2 containing HBs particles generated from animal cell lines have been used in some countries as a prophylactic vaccine.50


The L protein, which has yet another N-terminal extension of 108 to 119 amino acids, has two intracellular topologies. During protein translation, the first signal sequence is not been used and the PreS regions are located in the cytosol (see Fig. 6-6, C). Approximately half of the proteins then refold into the same topology as S and M, exposing the PreS regions to the ER lumen (see Fig. 6-6, D).51-53 The N-terminus of L is myristoylated, which probably results in the membrane association of this region54 and is essential for the infection process.55 The initial cytosolic localization of the PreS regions is probably necessary for interaction with nucleocapsids and subsequent virion formation,56 whereas the secondary folding and exposure of the PreS regions to the ER lumen (which corresponds to the virion surface) is necessary for virus binding and entry during infection.30,31,57


The wild-type HBV envelope proteins exist in glycosylated (gp) and nonglycosylated (p) forms due to partial N-linked glycosylation at amino acid N146 in the S region (see Fig. 6-6). M has an additional N-linked glycosylation site at position amino acid N4 in the PreS2 region, which is completely glycosylated in all M molecules (see Fig. 6-6, B). This site was thought not to be glycosylated in the L protein; however, recent studies suggest this site may be used at low levels.58 The M protein59,60 and, to a smaller extent, the L protein61 are also O-glycosylated at T37 in the PreS2 domain.60 These glycosylation events result in species of varying molecular weight. The S protein exists in two forms, p24 and gp27. M is usually found as two glycosylated species; gp33 and twice glycosylated gp36, due to full glycosylation of amino acid N4 in PreS2 and partial glycosylation of amino acid N146 in the S region. The nonglycosylated form of M, p30, can usually only be observed when M is overexpressed. L is usually detected as nonglycosylated p39 and glycosylated gp42 species. However, it has recently been demonstrated that L has further posttranslational glycosylation events that occur at low levels at amino acids lN4 and lN112 (same residue as mN4).58 The relevance of these glycosylation events in protein folding and regulation is yet to be fully elucidated (see Fig. 6-6).


Following their synthesis, the HBV surface proteins rapidly undergo dimer and multimer formation via extensive intermolecular and intramolecular disulphide bonding, eventually resulting in budding into a post-ER, pre-Golgi intermediate compartment as spherical or filamentous subviral particles, or they can interact with nucleocapsids in the cytosol to form virions (see Fig. 6-3). Recently, an alternative pathway for the generation of empty virions/defective particles, where the envelope proteins interact with a C-terminally truncated form of the precore protein, has also been described.62 Each of these processes has different host cell protein requirements. The S and M proteins, when expressed alone, can be secreted as subviral particles,63-65 whereas L is retained within the cell and can only be secreted in the presence of S. Not only is L dependent on S for secretion, but L can also inhibit the secretion of HBV particles when overexpressed.66,67 HBV particles can consist of any combination of glycosylated and nonglycosylated L, M, and S proteins, depending on the abundance of the different glycoforms in the ER membrane.68 When expressed in yeast, the S protein is also secreted as SVPs, which are the basis of the current HBV vaccine.69


HBV virion formation involves envelopment of nucleocapsids by L and S proteins at multivesicular bodies, which is mediated by host cell proteins. The L and S proteins can interact with genome-containing nucleocapsids formed in the cytoplasm, enveloping them to form virions before they are secreted.70,71 Recruitment of HBV nucleocapsids to the L and S proteins at the site of budding is mediated by the host proteins γ2-adaptin and the ubiquitin ligase Nedd4. γ2-adaptin binds to a motif in L and then interacts with ubiquitin on either nucleocapsids or an accessory protein such as Nedd4.72 Nedd4 binds to a motif in core and could interact with γ2-adaptin either directly or in conjunction with ubiquitin, hence recruiting nucleocapsids to L proteins at multivesicular bodies. These multivesicular bodies contain the cellular machinery required for viral budding and membrane fusion and are required for viral budding in HBV infected cells.58,72


Inhibition of these pathways inhibits the secretion of virions, whereas SVP secretion is unaffected, providing evidence that SVPs and virions are secreted by different pathways. For example, the HBV envelope proteins have been shown to co-localize with the cellular proteins VSP4B and AIP1, which are involved in multivesicular body formation and cargo protein sorting, disruption of which affects virion, but not SVP release.73 Another study showed treatment of HBV-expressing cells with an inhibitor of glycosylation prevented virion, but not SVP release.74 Therefore it is likely that the formation of virions is dependent on complex glycosylation events and involvement of host cell proteins at multivesicular bodies, whereas secretion of subviral particles has less stringent host cell requirements.












HBV Polymerase Protein


The HBV polymerase is a multifunctional protein that, besides having RNA- and DNA-dependent DNA polymerase activity, self-primes reverse transcription, acts as an RNase H, and coordinates intracellular assembly of viral nucleocapsids.75,76 The Hepadnaviridae are the only animal DNA viruses that replicate using a reverse transcription step. The polymerase protein comprises four distinct structural/functional domains, namely (in order from the N-terminus): (1) the terminal protein (tp) used in priming HBV DNA synthesis; (2) a spacer domain; (3) the reverse transcriptase (rt) domain that has both RNA- and DNA-dependent DNA polymerase activities; and (4) an RNase H domain (see Fig. 6-2) that cleaves the RNA in RNA-DNA hybrids during reverse transcription (see Fig. 6-4). The HBV rt contains clusters of highly conserved amino acid motifs designated domains A to F, which are common to all RNA-dependent DNA polymerases and have specific functions essential for enzymatic activity. The HBV rt has not been crystallized; however, molecular models have been developed based on sequence homology with the human immunodeficiency virus rt.77


The specific antiviral agents used for the treatment of HBV are nucleos(t)ide analogues (NAs), which are targeted to the rt domains of the HBV Pol. Most of these NAs are also used in HIV therapy because the reverse transcriptase enzymes of these viruses are very similar. Like many other viral polymerase enzymes, the HBV Pol has no proofreading mechanism, which results in the rapid development of resistance mutations in the HBV reverse transcriptase domains. The reverse transcriptase region of the HBV polymerase gene overlaps with the HBV surface gene, hence NA resistance can also result in altered surface proteins, which can have dramatic effects on the life cycle.78 Resistance to most NAs has now been detected, and new treatment strategies are needed.









Core Protein


The pgRNA serves as template for translation of both the polymerase protein and the 183 to 184 amino acids (21 kDa) core protein (HBc). The function of the core protein in the life cycle of HBV is to encapsidate the pgRNA-Pol complex, forming the nucleocapsid, which is in turn enveloped by the surface proteins to form the HBV virion. The HBc protein has been crystallized and the nucleocapsid has been studied using cryoelectron microscopy.79


Upon translation, the core protein initially forms homodimers mediated by disulphide bonding at cysteine residue 61, followed by multimerization of the dimers to encapsidate the pgRNA-Pol complex, forming the nucleocapsid. The HBc protein possesses two distinct domains36: the N-terminal domain (amino acid residues 1 to 144), which is involved in assembly of the nucleocapsid, and the arginine-rich C-terminal domain. The arginine-rich region is required for packaging of the pgRNA-Pol complex, and includes a potential nuclear localization sequence.


The core monomer is primarily α-helical. X-ray crystallography has shown that core protein dimers form a structure similar to an upside-down T. The horizontal bar of the T structure mediates polymerization of the dimers into nucleocapsids, which contain pores that allow diffusion of nucleotides during DNA synthesis. The vertical bar forms a spike that protrudes out from the capsid, which can be visualized using electron microscopy. The tip of the spike region contains the major B-cell epitope of the core protein. Mutations around the base of the spike region and at the capsid surface close to the pore structures have been shown to affect interactions with the surface proteins and subsequent envelopment.80


The core protein can also self-assemble into capsids when expressed in bacteria. Two icosahedral shells of different sizes are observed: particles with a T = 3 symmetry containing 90 homodimers of 30 to 32 nm, and particles with a T = 4 symmetry consisting of 120 homodimers of 34 to 36 nm.81 Deletion of the arginine-rich domain at the C-terminus allows efficient expression of the protein in bacteria and favors the formation of T = 4 over T = 3 capsids. To date the preference of the T4 over the T3 in infected patients has not been determined.









Precore Protein (HBeAg)


The precore protein, or hepatitis B e antigen (HBeAg) is translated from its own mRNA (precore mRNA), which differs from the core-encoding mRNA (pgRNA) by an additional 33 nt at the 5′ end. Although the sequence of the precore protein is essentially the same as the core protein, with an additional 29 amino acids at the N-terminus, these two proteins are functionally very different. The precore protein, like HBx, is a nonstructural accessory protein whose function has yet to be clearly defined.


The first 19 amino acids of the precore protein comprise a secretion signal that induces the translocation of the precore protein into the lumen of the endoplasmic reticulum (ER) where the signal sequence is cleaved off by a host cell signal peptidase and the protein is secreted through the ER and Golgi apparatus. A further modification of the C-terminus results in the secretion of a heterogeneous population of 14 to 17 kDa proteins, serologically defined as HBeAg. The precore protein also expresses a nuclear transport signal for transport into the nucleus. The role of the HBeAg appears to be for establishment of persistent infection in vivo,82 to serve an immunoregulatory role in natural infection via manipulation of the innate immune response (TLR2),83 and to activate or tolerize T cells.84









X Protein


The 1.1-kb transcript encodes the 154 amino acid, 17-kDa X protein (HBx), the second accessory protein of HBV. There are conflicting reports on the necessity of HBx for in vitro HBV replication, but the equivalent protein is required for the establishment of hepadnaviral infection of woodchucks.85 HBx is located in both the cytoplasm and the nucleus of the cell. The level of HBx expression can influence its cellular localization. It is predominantly nuclear when expressed in cells at very low levels but becomes largely cytoplasmic as its expression level increases. A number of conflicting in vitro studies have been reported about the role of the HBx protein that are probably related to variability in the expression levels of HBx, the cell line used, its ability to both be a substrate and an inhibitor of the proteasome complex, and its effect in the modulation of cytosolic calcium, which activates various signaling pathways involving Src kinases.86-88


HBx appears to be multifunctional. In the nucleus, HBx is a modest promiscuous transactivator that can regulate transcription through a direct interaction with different transcription factors and in some cases enhance their binding to specific transcriptional elements.89 This regulation of viral and cellular genes affects viral replication and viral proliferation directly or indirectly, so it is not surprising that HBx can influence apoptosis and cell cycle regulatory pathways. However, the transactivational function of HBx is reduced in the presence of proteasome inhibitors. This interaction of HBx with the 26S proteasome complex may also affect immune evasion by suppressing viral antigen presentation.90 HBx also affects cytosolic calcium possibly via alteration of the mitochondrial voltage-dependent anion channel,88,91 thereby functioning in the cytoplasm to activate various signaling pathways. Overall, whether the HBx-induced activation of transcription or its effect on the cytoplasmic signaling pathways plays a significant role during natural infection with HBV remains an open question.









Splice Protein


In addition to the unspliced major HBV RNA transcripts described above, single- or double-spliced 2.2-kb RNAs have been detected in HBV-DNA–transfected hepatoma cells92 and in infected human livers.93 Sequencing of the singly spliced 2.2-kb HBV RNAs typically reveals a deletion from the last codon of the core gene to the middle of the S gene, which creates a new open reading frame, known as the hepatitis B splice protein (HBSP), which encodes truncated S and Pol proteins.94 The in vivo expression of HBSP is associated with viral replication and, more importantly, liver fibrosis.95 As well as pathogenesis, this alternative replication strategy may be a mechanism of viral persistence96 and further studies are clearly required to determine its role in viral replication and its affect on the host.















Concluding Remarks


HBV is a DNA virus that infects the liver and can lead to fibrosis, cirrhosis, and hepatocellular carcinoma. It is estimated that around one third of the world’s population has been infected with HBV, of whom 400 million are chronically infected. The HBV genome is compact and consists of overlapping reading frames. The early replication steps of receptor binding and entry have yet to be elucidated because there have been no suitable model systems available until recently. The establishment of a minichromosome or “cccDNA” within the infected cell nucleus ensures persistence of this virus, making viral elimination a difficult task. Replication involves reverse transcription of a greater-than-genome-length RNA (pgRNA) inside a nucleocapsid consisting of the HBV core protein. The virion is formed when the nucleocapsid buds into ER-Golgi derived membranes containing the HBV surface proteins. The surface proteins can also be secreted as noninfectious subviral particles, which are secreted in great excess over the virions. Nonstructural proteins encoded by HBV include X and HBeAg; several functions have been ascribed to these proteins, none of which have been conclusively accepted.
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Abbreviations


ARF alternative reading frame


ARFP alternative reading frame protein


BVDV bovine viral diarrhea virus


cDNA complementary DNA


CRE cis-acting replication element


ER endoplasmic reticulum


GBV GB virus


HCC hepatocellular carcinoma


HCV hepatitis C virus


HCVDB Hepatitis C Virus Database


hVAP-A human vesicle-associated membrane protein–associated protein A


HVR hypervariable region


IRES internal ribosome entry site


ISDR interferon sensitivity-determining region


LDL low-density lipoprotein


LDLR low-density lipoprotein receptor


NCR noncoding region


NS nonstructural


PEG-IFN-α pegylated interferon-α


RdRp RNA-dependent RNA polymerase


SR-BI scavenger receptor class B type I


VLDL very-low-density lipoprotein


VSV vesicular stomatitis virus


YFV yellow fever virus









Introduction


Hepatitis C virus (HCV) infection is now the leading cause of chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma (HCC) in many areas of the world. An estimated 120 to 180 million people are chronically infected with HCV.1 A protective vaccine is not available and therapeutic options are still limited. Current standard therapy, pegylated interferon-α (PEG-IFN-α) combined with ribavirin, results in a sustained virologic response in approximately 50% of patients.2 As a consequence, the number of patients presenting with long-term chronic hepatitis C sequelae, including HCC, is expected to increase further during the next 10 to 20 years.


HCV was identified in 1989 as the most common etiologic agent of posttransfusion and sporadic non-A, non-B hepatitis.3 However, the virus was not visualized conclusively, the low titres in serum and liver tissue precluded biochemical characterization of native viral products, and, most important, it was not possible until recently to culture HCV efficiently in vitro, thus impeding elucidation of the viral life cycle and the development of preventive vaccines and specific antiviral agents. Despite these obstacles, great progress has been made over the past 20 years using heterologous expression systems,4 functional cDNA clones that are infectious in vivo in chimpanzees,5 the replicon system,6 retroviral pseudoparticles displaying functional HCV glycoproteins,7 and complete cell culture systems.8-10 These and other selected milestones in HCV research, including the recent completion of large-scale phase II clinical studies of NS3-4A protease inhibitors11,12 and the identification of polymorphisms in the IL28B gene that determine spontaneous and treatment-induced HCV clearance,13-17 are listed in Table 7-1.


Table 7-1 Milestones in HCV Research






	1975

	Description of non-A, non-B hepatitis






	1989

	Identification of HCV






	1993

	Delineation of HCV genome organization and polyprotein processing






	1996

	First three-dimensional structure of an HCV protein (NS3-4A protease)






	1997

	First infectious clone of HCV






	1998

	Interferon-α and ribavirin combination therapy






	1999

	Replicon system






	2003

	Functional HCV pseudoparticles






	2003

	Proof-of-concept clinical studies of an HCV protease inhibitor






	2005

	Production of recombinant infectious HCV in tissue culture






	2009

	First phase II studies of HCV protease inhibitors completed






	2009

	Polymorphisms of the IL28B gene determine HCV clearance














Classification and Genetic Variability


HCV and, more recently, GB virus B (GBV-B) have been classified in the Hepacivirus genus within the Flaviviridae family, which also includes the genera Flavivirus (e.g., yellow fever virus, dengue virus) and Pestivirus (e.g., bovine viral diarrhea virus), as well as the unassigned GBV-A and GBV-C.9 HCV contains a 9.6-kb positive-strand RNA genome composed of a 5′ noncoding region (NCR), which includes an internal ribosome entry site (IRES), an open reading frame that encodes the structural and nonstructural proteins, and a 3′ NCR (Fig. 7-1). The structural proteins, which form the viral particle, include the core protein and the envelope glycoproteins E1 and E2. The nonstructural proteins include the p7 viroporin, the NS2-3 and NS3-4A proteases, the NS3 RNA helicase, the NS4B and NS5A proteins, and the NS5B RNA-dependent RNA polymerase (RdRp).
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Fig. 7-1 Genetic organization and polyprotein processing of HCV.


The 9.6-kb positive-strand RNA genome is schematically depicted at the top. Simplified RNA secondary structures in the 5′ and 3′ noncoding regions (NCRs) and the core gene, as well as the NS5B stem-loop 3 cis-acting replication element (5B-SL3), are shown. Internal ribosome entry site (IRES)-mediated translation yields a polyprotein precursor that is processed into the mature structural and nonstructural proteins. Amino acid numbers are shown above each protein (HCV H strain; genotype 1a; GenBank accession No. AF009606). Solid diamonds denote cleavages by the endoplasmic reticulum signal peptidase. The open diamond indicates further C-terminal processing of the core protein by signal peptide peptidase. Arrows indicate cleavages by the HCV NS2-3 and NS3-4A proteases. Asterisks in the E1 and E2 region indicate glycosylation of the envelope proteins. Note that polyprotein processing, illustrated here as a separate step for simplicity, occurs cotranslationally and posttranslationally.




HCV infection is a highly dynamic process, with a viral half-life of only a few hours and production and clearance of approximately 1012 virions per day in a given individual.18 This high replicative activity, together with the lack of a proofreading function of the viral RdRp, is the basis of the high genetic variability of HCV.


HCV isolates can be classified into genotypes and subtypes.19 There are seven genotypes that differ in their nucleotide sequence by 30% to 35%. Patients infected with genotype 1 do not respond as well to IFN-α–based therapy as those infected with genotype 2 or 3. Within an HCV genotype, several subtypes (designated a, b, c, and so on) can be defined, which differ in nucleotide sequence by 20% to 25%. The term quasispecies refers to the genetic heterogeneity of the population of HCV genomes coexisting within an infected individual.


To date, more than 85,000 HCV sequences, including 770 full-length genomes, have been deposited in public databases. Three complementary databases are dedicated specifically to HCV: the European HCV Database (euHCVdb; http://euhcvdb.ibcp.fr),20 the Los Alamos National Laboratory HCV Database (http://hcv.lanl.gov), and the Japanese Hepatitis Virus Database (http://s2as02.genes.nig.ac.jp).21






Model Systems


Different model systems have been used to study specific aspects of the viral life cycle22,23 (Table 7-2).


Table 7-2 In Vitro and in Vivo Models to Study HCV






	In Vitro Models






	


• Transient cellular expression systems



• Stably transfected cell lines (constitutive or inducible expression)



• Replicons (subgenomic or full length; selectable or transient)



• Related viruses (e.g., GBV-B, BVDV)



• Retroviral pseudoparticles displaying functional HCV glycoproteins (HCVpp)



• Recombinant infectious HCV (cell culture–derived HCV, HCVcc)









	In Vivo Models






	


• Chimpanzee (Pan troglodytes)




• Tree shrew (Tupaia belangeri)




• Transgenic mice



• Immunodeficient mice or hepatocellular reconstitution models



• Related viruses (e.g., GBV-B, BVDV)










BVDV, bovine viral diarrhea virus; GBV-B, GB virus B; HCV, hepatitis C virus






In Vitro Models


In general, use of patient serum to inoculate primary hepatocytes or established cell lines in vitro yields only low-level replication, and often poorly reproducible results. In their present format, these systems may be useful (e.g., for neutralization assays) but they do not allow systematic investigation of the viral life cycle.24


The development of a replicon system for HCV was a particularly important breakthrough.6 The prototype subgenomic replicon is a bicistronic RNA in which the portion of the HCV genome encoding the structural and part of the nonstructural proteins is replaced by the neomycin phosphotransferase gene (Fig. 7-2). Translation of the remaining nonstructural proteins 3-5B is initiated by a second, heterologous IRES. With this system it became possible for the first time to study genuine HCV RNA replication in Huh-7 human HCC cells in vitro. Interestingly, selected amino acid substitutions (cell culture adaptive mutations or replication enhancing mutations) were found to increase the efficiency of replicon RNA amplification by several orders of magnitude.25,26 In addition, the efficiency of replication was found to be dictated by the permissivity of a subset of Huh-7 cells within a given population.27,28 Use of the replicon system has allowed the genetic dissection of HCV RNA elements and proteins, provided material for biochemical and ultrastructural characterization of the viral replication complex, and facilitated drug discovery and the investigation of antiviral resistance. Moreover, it has been exploited to study interactions between viral components and the host cell.





[image: image]

Fig. 7-2 Prototype subgenomic HCV replicon.


RNA is transcribed in vitro from a plasmid containing the HCV 5′ noncoding region (NCR), which harbors an internal ribosome entry site (IRES), followed by a neomycin resistance cassette, a second heterologous IRES from encephalomyocarditis virus (EMCV), the HCV nonstructural region (NS3 to NS5B), and the HCV 3′ NCR. RNA is subsequently transfected into Huh-7 human hepatoma cells, followed by selection with G418 of clones harboring autonomously replicating subgenomic HCV RNA.




Since the original reports of functional genotype 1b replicons, replicons for genotypes 1a and 2a have also been constructed, as well as derivatives that express easily quantifiable marker enzymes. In addition, full-length replicons and HCV genomes that replicate efficiently in tissue culture have been developed, and the spectrum of permissive host cells has been expanded to other hepatic and nonhepatic cell lines. Finally, replicons have been established that harbor the green fluorescent protein in permissive sites within NS5A and allow tracking of functional HCV replication complexes in living cells.29 Disappointingly, however, full-length HCV genomes with adaptive mutations were incapable of producing an infectious virus, and it became evident that the adaptive mutations required for efficient replication in tissue culture interfere with the productive packaging, assembly, or release of progeny particles.30,31 On this background, the establishment of retroviral pseudoparticles displaying functional HCV glycoproteins (designated HCVpp for HCV pseudoparticles) as a robust model for the study of viral entry represented an important development.7,32,33


A major breakthrough became possible when an HCV genotype 2a clone isolated from a Japanese patient with a rare fulminant course of hepatitis C, designated JFH-1 (for Japanese fulminant hepatitis 1), was found to replicate in Huh-7 and other cell lines without requiring adaptive mutations.34 Subsequently, cloned JFH-1 genomes transfected into Huh-7 cells were found to produce an infectious virus (designated HCVcc for cell culture-derived HCV), allowing for the first time studies of the complete life cycle of HCV in vitro.8 Efficiency could be improved by using highly permissive Huh-7 sublines35,36 and intragenotypic chimeras that consisted of the 5′ and 3′ NCRs and the NS3-5B region of JFH-1 and the C-NS2 region of a different genotype 2a isolate, designated J6.35,37 Moreover, certain cell culture adaptive changes were found to further enhance virus yields.38 Importantly, HCVcc particles were found to be infectious in vivo in chimpanzees8,39 and immunodeficient mice with chimeric human livers,39 and viral inocula derived from these animal models were infectious for naïve Huh-7 cells in vitro.39 Hence, previously unexplored life cycle steps, including viral entry, genome packaging, virion assembly, maturation, and release can now be studied.


Low levels of infectious virus have also been obtained from the H77 genotype 1a isolate with five adaptive mutations.40 In addition, JFH-1-based intergenotypic chimeras carrying the structural proteins from all major genotypes have been developed.41 The challenge now remains to develop robust cell culture systems for primary HCV isolates.









In Vivo Models


The restricted host range of HCV has hampered the development of a suitable small animal model of viral replication and pathogenesis. Apart from a few reports showing transmission of the virus to tree shrews (Tupaia belangeri),42 the chimpanzee (Pan troglodytes) is the only nonhuman species known to be susceptible to HCV infection. Indeed, the chimpanzee was essential in the early characterization of the agent responsible for non-A, non-B hepatitis and has allowed important aspects of HCV replication, pathogenesis, and prevention to be determined.43 However, ethical and financial restrictions limit the use of primates to highly selected experimental questions.


Expression of HCV proteins in transgenic mice has provided some insights into the pathogenesis of virus-induced liver disease. However, expression of HCV proteins from chromosomally integrated cDNA does not appropriately reflect the viral life cycle and studies on viral entry and replication are hardly conceivable in this system.


GBV-B, the closest relative of HCV, can be transmitted to tamarins (Saguinus sp.) and common marmosets (Callithrix jacchus) and may represent a valuable surrogate model for HCV.44 Remarkably, GBV-B can be cultured in tamarin hepatocytes in vitro. In addition, infectious cDNA clones and replicons have been established for GBV-B. However, GBV-B typically leads to self-limited infection and viral persistence is exceptional.


Progress in the development of a small animal model of HCV replication was achieved with the successful infection of immunodeficient mice reconstituted with human hepatocytes.45,46 The properties of two different mouse strains, the Alb-uPA-transgenic and the immunodeficient SCID mouse, were combined to develop a model system that allows orthotopic engraftment of human hepatocytes (Fig. 7-3). Expression of the murine urokinase type of plasminogen activator under the transcriptional control of the albumin promotor (Alb-uPA) programs murine hepatocyte death, providing a suitable microenvironment for the engraftment and expansion of transplanted human hepatocytes. Inoculation with serum from patients with hepatitis C results in persistent HCV viremia in mice with high-level human hepatocyte engraftment, with viral titers similar to those found in infected humans.45
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Fig. 7-3 A small animal model of HCV replication (see text for explanation).




This model has been exploited successfully to investigate the in vivo phenotype of specific mutations introduced into the HCV genome, selected aspects of viral pathogenesis, neutralization of viral entry, and the evaluation of novel antiviral strategies.31,38,39,47 The handling of these fragile mice, however, presents a nontrivial challenge and requires special expertise. More robust small animal models are therefore needed.23















The Virus and Its Life Cycle


The life cycle of HCV is illustrated in Figure 7-4. It includes (1) binding of the particle to a complex set of entry factors and internalization into the host cell, (2) cytoplasmic release of the viral RNA genome, (3) IRES-mediated translation and polyprotein processing by cellular and viral proteases, (4) RNA replication, (5) packaging and assembly, and (6) virion maturation and release from the host cell.
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Fig. 7-4 Life cycle of HCV.


1, Virus binding and internalization. 2, Cytoplasmic release and uncoating. 3, IRES-mediated translation and polyprotein processing. 4, RNA replication. 5, Packaging and assembly. 6, Virion maturation and release. The topology of HCV structural and nonstructural proteins at the endoplasmic reticulum (ER) membrane is shown schematically. HCV RNA replication occurs in a specific membrane alteration, the membranous web (MW). Note that IRES-mediated translation and polyprotein processing, as well as membranous web formation and RNA replication—illustrated here as separate steps for simplicity—may occur in a tightly coupled fashion.








Virion Structure


While exciting progress has been made toward determining virion structures of some of the related flaviviruses and alphaviruses (e.g., dengue virus),48 HCV has not been definitively visualized and its structure remains obscure. Based on filtration and electron microscopic studies, HCV particles are 40 to 70 nm in diameter.8 It is thought that the core protein and the envelope glycoproteins E1 and E2 represent the principal protein components of the virion. E1 and E2 are presumably anchored to a host cell–derived, double-layer lipid envelope that surrounds a nucleocapsid composed of multiple copies of the core protein and the genomic RNA. A growing body of evidence indicates that the infectious virus is associated with low-density (LDL) and very-low-density lipoproteins (VLDL), explaining the unusually heterogenous and low buoyant density of HCV (peak infectivity near 1.10 g/ml).49 Indeed, apolipoproteins B, C1, and E have been reported to be present in HCV virions.50









Viral Entry


HCV is highly restricted in its tropism, with human hepatocytes representing the main target cell. Infection of B cells, dendritic cells, and other cell types has also been reported, but this remains controversial.


CD81, a tetraspanin protein found on the surface of many cell types including hepatocytes,51 scavenger receptor class B type I (SR-BI),52 and the tight junction proteins claudin-1 (CLDN1)53 and occludin (OCLN)54 have been identified as essential entry factors55 (Fig. 7-5). These four factors are necessary and sufficient to confer HCV susceptibility to all cells tested so far. Interestingly, none of these molecules is exclusive to hepatocytes, although other cell types may not express the complete set at sufficient levels.54 Complementation experiments using human and murine versions of these entry factors revealed that only CD81 and OCLN must be of human origin to support HCV entry,54 thereby opening new avenues for the development of transgenic mice supporting HCV infection.23
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Fig. 7-5 HCV entry.


Circulating infectious HCV particles are associated with very-low-density lipoproteins (LP) and form lipo-viro-particles (LVP). Virus binding to the cell surface and entry may involve glycosaminoglycans (GAG), the low-density-lipoprotein receptor (LDLR), the scavenger receptor class B type I (SR-BI), the tetraspanin protein CD81, claudin-1 (CLDN1), and occludin (OCLN). Acidification of the endosome induces HCV glycoprotein membrane fusion, leading to genome release. See http://ibcpdb.ibcp.fr/scripts/ibcp_resources.php?lang=fr&evene=Videos for a video animation.




In addition to the four specific entry factors, the low-density lipoprotein receptor (LDLR)56,57 and glycosaminoglycans may serve as attachment factors that collect HCV particles for further targeting to SR-BI, CD81, and the tight junction components CLDN1 and OCLN (see Fig. 7-5). The mechanisms governing transit to and uptake via tight junctions in polarized hepatocytes are currently under intensive investigation. Interestingly, tight junction-associated molecules play key roles in the entry of other viruses (e.g., coxsackievirus B).58 Of note, HCV has also been reported to undergo direct cell-to-cell transmission, which may represent a mechanism of escape from neutralizing antibodies and promote viral persistence.59,60


HCV enters the cell via clathrin-mediated endocytosis, with transit through an endosomal, low pH compartment and endosomal membrane fusion.61 The structural basis for low pH-induced membrane fusion has been elucidated for related flaviviruses and alphaviruses.62 The envelope proteins of these viruses have an internal fusion peptide that is exposed during low pH-mediated domain rearrangement and trimerization of the protein. The scaffolds of these so-called class II fusion proteins are remarkably similar, suggesting that entry of all viruses in the Flaviviridae family, including HCV, may include a class II fusion step. Recent evidence revealed a key role for E2 in the fusion process.63,64 However, there is also evidence for the presence of fusion determinants in E1 and the E1-E2 heterodimer. Ongoing studies are aimed at elucidating the mechanisms involved in the activation of HCV for low pH-induced fusion, the fusion step itself, and the identity of the fusion peptide(s).









Genome Organization


HCV contains a 9.6-kb positive-strand RNA genome composed of a 5′ NCR, a long open reading frame encoding a polyprotein precursor of about 3000 amino acids, and a 3′ NCR (see Fig. 7-1). The mechanisms regulating the different fates of the genome (i.e., translation), replication, and packaging are only poorly understood.


It took 8 years from the discovery of HCV to the establishment of the first infectious cDNA clone5 because in the absence of a robust tissue culture system, the only readout for infectivity was the direct inoculation of in vitro transcribed RNA into the liver of a chimpanzee. In addition, due to the variation present in the quasispecies and errors introduced by PCR amplification, construction of infectious cDNA clones required preparation of a consensus sequence from a number of clones. Functional cDNA clones now exist for genotypes 1a, 1b, 2a, 3a, and 4a.65


The 5′ NCR is highly conserved among different HCV isolates and contains an IRES that is essential for cap-independent translation of the viral RNA. The 5′ NCR is composed of four highly ordered domains numbered I to IV66 (see Fig. 7-1). Domain I is not required for IRES activity, but domains I and II are both essential for HCV RNA replication.67 Interestingly, an abundant liver-specific microRNA, miR-122, was found to bind the HCV 5′ NCR and to enhance viral RNA replication.68 This finding provided the first example of a virus exploiting a cellular microRNA and uncovered a new angle for antiviral intervention.69


The 3′ NCR is composed of a short variable region, a poly(U/UC) tract with an average length of 80 nucleotides, and an almost invariant 98-nucleotide RNA element, designated the X-tail.70,71 The conserved elements in the 3′ NCR, including a minimal poly(U) tract of about 25 bases, are essential for replication in cell culture and in vivo.72


Besides the 5′ and 3′ NCRs, essential cis-acting replication elements (CREs) have been identified in the sequences that encode the core73,74 and the C-terminal region of NS5B.75 An essential stem-loop, designated 5B-SL3.2, was identified within a larger cruciform RNA element, designated 5B-SL3, in the NS5B coding region (see Fig. 7-1). The upper loop of 5B-SL3.2 was found to interact with a stem-loop in the X-tail, suggesting that a pseudoknot is formed at the 3′ end of the HCV genome that is essential for RNA replication.76 In addition, long-range RNA-RNA interactions between the 5′ NCR and the 5B-SL3.2 have been described, mediating circularization of the HCV genome.77


Of note, subgenomic HCV RNAs have been identified in several patients with chronic hepatitis C. These naturally occurring deletion mutants typically lack the envelope glycoprotein coding region, are capable of autonomous replication, and can be trans-packaged to generate infectious defective particles.78









IRES-Mediated Translation Initiation


Domains II, III, and IV of the 5′ NCR, together with the first 24 to 40 nucleotides of the core coding region, constitute the IRES. HCV translation initiation occurs through formation of a binary complex between the IRES and the 40S ribosomal subunit, followed by association of eukaryotic translation initiation factor 3 (eIF3) and ternary complex (eIF2•Met-tRNAi•GTP) at the AUG initiation codon (48S-like complex). Finally, the rate limiting step is the GTP-dependent association of the 60S ribosomal subunit to form an 80S complex.79


Structural insights, coupled with biochemical studies, have revealed that the IRES substitutes for some activities of the translation initiation factors by binding and inducing conformational changes in the 40S ribosomal subunit.80,81 Direct interactions of the IRES with initiation factor eIF3 are also crucial for efficient translation initiation.66,82









Polyprotein Processing


IRES-mediated translation of the HCV open reading frame yields a polyprotein precursor that is cotranslationally and posttranslationally processed by cellular and viral proteases into the mature structural and nonstructural proteins (see Fig. 7-1). The structural proteins and the p7 polypeptide are processed by the endoplasmic reticulum (ER) signal peptidase and signal peptide peptidase while the nonstructural proteins are processed by the viral NS2-3 and NS3-4A proteases.


The nonstructural proteins are cleaved in a preferential order.83 The first cleavages occur cotranslationally at the NS2/NS3 and NS3/NS4A sites and liberate NS3 from the remainder of the polyprotein. Subsequent processing events can be mediated in trans, with rapid processing at the NS5A/NS5B site to produce a NS4A-5A intermediate. NS3-4A–mediated cleavage then occurs between NS4A and NS4B, to produce a relatively stable NS4B-5A precursor, and subsequently between NS4B and NS5A.












Structure and Function of the Viral Proteins






Core


The first structural protein encoded by the HCV open reading frame is the core protein, which forms the viral nucleocapsid. An internal signal sequence located between the core and E1 targets the nascent polypeptide to the ER membrane, followed by translocation of the E1 ectodomain into the ER lumen (Fig. 7-6). Cleavage of the signal sequence by signal peptidase yields an immature 191-amino acid core protein. Further C-terminal processing by signal peptide peptidase yields the mature 21-kDa core protein of 173 to 179 amino acids.84
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Fig. 7-6 Structures and membrane association of HCV proteins.


Scissors indicate cleavages by the endoplasmic reticulum (ER) signal peptidase, except on the cytosolic side where it indicates the processing of the core protein by signal peptide peptidase (SPP). The cyclic arrow denotes cleavage by the NS2-3 protease. Black arrows indicate processing by the NS3-4A protease. Known protein structures are shown as ribbon diagrams. The structures and the membrane bilayer are shown at the same scale. Proteins or protein segments of unresolved structure are represented as colored spheres or cylinders with their approximate sizes. From left to right are shown: (i) Core protein (red) includes two amphipathic α-helices connected by a hydrophobic loop (D2 domain86) and the E1 signal peptide (violet; Penin F et al, unpublished data) cleaved by SPP. (ii) E1-E2 glycoprotein heterodimer associated by the C-terminal transmembrane domains. Green spots denote glycosylation of the envelope proteins. (iii) Tentative representation of two p7 monomers within the electron microscopy structure of the hexameric p7 ion channel.101 A 180-degree rotation is applied between the two p7 monomers (violet; Penin F et al, unpublished data). (iv) NS2 catalytic domain (dimer subunits in blue and magenta; PDB entry 2HD0105) connected to their N-terminal membrane domains constituted of three putative transmembrane segments (PDB entry 2JY0104; Penin F et al, unpublished data). The active site residues His 143, Glu 163, and Cys 184 are represented as spheres. (v) NS3 serine protease domain (cyan) associated with the central protease activation and the N-terminal transmembrane domains of NS4A (yellow). The catalytic triad of the NS3 serine protease (His 57, Asp 81, and Ser 139) is represented as spheres (magenta). NS3 helicase domains I, II, and III are colored in silver, red, and blue, respectively. This representation of NS3 (derived from PDB entry 1CU1109) indicates that the helicase domain can no longer interact with the NS3 protease domain when the latter is associated with the membrane through its amphipathic α-helix 11-21 (green) and the transmembrane domain of NS4A (BMRB entry 15580111). (vi) NS4B with the N-terminal part, including two amphipathic α-helices of which the second has the potential to traverse the membrane bilayer (PDB entry 2KDR121), the central part harboring multiple predicted transmembrane segments, and the C-terminal cytosolic part, including a predicted highly conserved α-helix and an amphipathic α-helix interacting in-plane with the membrane (PDB entry 2JXF122). (vii) NS5A domain I dimer (PDB entry 1ZH1139; subunits colored in magenta and ice blue), as well as intrinsically unfolded domains II and III.146-148 The N-terminal amphipathic α-helix in-plane membrane anchor (PDB entry 1R7E138; helices colored in red and blue) are shown in relative position to the phospholipid membrane (adapted from reference139). (viii) NS5B RNA-dependent RNA polymerase (RdRp) catalytic domain (PDB entry 1GX6184) associated with the membrane via its C-terminal transmembrane segment (Penin F et al, unpublished data). The fingers, palm, and thumb subdomains of the catalytic domain are colored in blue, red, and green, respectively. The catalytic site of the RdRp lies within the center of the cytosolic domain and the RNA template-binding cleft is located vertically on the right along the thumb subdomain β-loop (orange) and the C-terminal part of segment 545-562 (silver), connecting the cytosolic domain to the transmembrane segment (magenta). The membrane is represented as a simulated model of a 1-palmitoyl-2-oleoyl-3-sn-glycero-3-phospholcholine (POPC) bilayer (obtained from D.P. Tieleman, http://moose.bio.ucalgary.ca/). Polar heads and hydrophobic tails of phospholipids (stick structure) are colored in light yellow and light gray, respectively. The positions of the NS5A in-plane membrane helices at the membrane interface, as well as that of the transmembrane domain of NS5B, were deduced from molecular dynamics simulations in POPC bilayer (Penin F, Moradpour D et al, unpublished data). The positioning of the NS3-4A membrane segments and of the amphipathic α-helices in core and NS4B are tentative. The figure was generated from the structure coordinates deposited in the PDB using Visual Molecular Dynamics, VMD (http://www.ks.uiuc.edu/Research/vmd/) and rendered with POV-Ray (http://www.povray.org/).




The mature core is a dimeric α-helical membrane protein composed of two domains.85 The N-terminal hydrophilic domain 1 (D1) contains a high proportion of basic amino acid residues and has been implicated both in RNA binding and homo-oligomerization. The C-terminal hydrophobic domain 2 (D2) mediates association with lipid droplets.86


When expressed in mammalian cells, the core is found on ER membranes, in seemingly ER-derived membranous webs (see later discussion), and on the surface of lipid droplets.87 The association with lipid droplets88-90 and interaction with NS5A91 play central roles in viral assembly (see later discussion). In addition, it has been speculated that the interaction of the core with lipid droplets may affect lipid metabolism, contributing to the development of liver steatosis, which is often seen in hepatitis C, particularly in patients infected with genotype 3.


Little is known about the assembly of the core into nucleocapsids. Assembly of nucleocapsid-like structures has been reported with recombinant proteins and in cell-free translation systems.92 In addition, the core has been reported to display RNA chaperone activity.93 However, the signals and processes that mediate RNA packaging and nucleocapsid assembly during HCV replication are unknown.


Intriguingly, the core protein has been reported to interact with a variety of cellular proteins and to influence numerous host cell functions, including apoptosis, cell cycle control, gene expression, and many others. However, the relevance of these observations, derived mainly from heterologous overexpression experiments, for the natural course and pathogenesis of hepatitis C is presently unknown.









Envelope Glycoproteins


The envelope proteins E1 and E2 are glycosylated and form a noncovalent heterodimer, which is believed to represent the building block for the viral envelope. The ectodomains of E1 and E2 contain numerous highly conserved cysteine residues that may form four and nine disulfide bonds, respectively. In addition, E1 and E2 contain 4 and 11 glycosylation sites, respectively. Thus E1 and E2 maturation and folding is a complex and interdependent process that involves the ER chaperone machinery and disulfide bond formation, as well as glycosylation. E1 and E2 are anchored to the ER membrane by C-terminal transmembrane domains, which are also involved in the heterodimerization and ER retention of the proteins.94 A model of the structural organization of E2 was recently proposed, providing insights into antigenic determinants of the virus, the CD81 binding site, and the location of a putative fusion loop.64 Determination of the three-dimensional structures of E1 and E2 will be key in elucidating the receptor binding and fusion processes mediated by these proteins.


The genes encoding the envelope glycoproteins E1 and E2 are particularly variable. A hypervariable region (HVR) of approximately 28 amino acids in the N-terminal domain of E2 has been termed HVR1 and differs by up to 80% among HCV isolates. Interestingly, despite high variability at the sequence level, the structural properties of this domain were found to be quite conserved.95 Several observations indicate a role of HVR1 in virus entry.









p7


p7 is a hydrophobic 63-amino acid polypeptide comprising two transmembrane α-helices connected by a short cytoplasmic loop, while the N and C termini are oriented toward the ER lumen.96 p7 is not required for RNA replication in vitro but is essential for the assembly and release of infectious HCV in vitro,97,98 as well as productive infection in vivo.99 However, its precise function is unknown.


p7 has been reported to form both hexamers and heptamers and to possess cation channel activity, indicating that it belongs to the viroporin family.100,101 However, the relationship between ion channel activity and the role of p7 in viral assembly and release is unknown. Single-particle electron microscopy recently revealed the three-dimensional structure of the hexameric p7 channel at 16 Å resolution, revealing a flower-shaped protein architecture with six protruding petals oriented toward the ER lumen.101 In the modeled structure, the first transmembrane α-helix lines the pore and the N and C termini occupy the “petal tips.”












NS2-3 Protease


Cleavage of the polyprotein precursor at the NS2/NS3 junction is accomplished by a cysteine protease encoded by NS2 and whose function is strongly enhanced by the N-terminal one third of NS3.102 This NS2-3 protease itself is dispensable for RNA replication, but cleavage at this junction is essential.37,103 The catalytic activity resides in the C-terminal half of NS2 (amino acid residues 94-217, NS2pro, with His 143, Glu 163, and Cys 184 representing the catalytic triad) while the N-terminal part represents a membrane domain with one to three transmembrane segments.104 The crystal structure of NS2pro revealed a dimer with two composite active sites105 (see Fig. 7-6). Each active site is composed of residues from the two monomers (i.e., His 143 and Glu 163 are contributed by one monomer and Cys 184 by the other).


Solving the structure of the N-terminal membrane domain of NS2 should yield insights into additional functions of the protein. NS2 is known to play an essential role in HCV infectious virus assembly that is independent of its protease activity97,104,106-108 but may involve a complex network of interactions with structural and other nonstructural viral proteins.107









NS3-4A Complex


NS3 is a multifunctional protein, with a serine protease located in the N-terminal one third (amino acids 1-180) and an RNA helicase/NTPase in the C-terminal two thirds (amino acids 181 to 631). Both enzyme activities have been well characterized, and high-resolution structures have been solved.109


The NS3-4A protease has emerged as a prime target for antiviral intervention.11,12,110 It adopts a chymotrypsin-like fold with two β-barrel subdomains. The catalytic triad is formed by His 57, Asp 81, and Ser 139. The 54-amino acid NS4A polypeptide functions as a co-factor for the NS3 serine protease. Its central portion comprises a β-strand that is incorporated into the N-terminal β-barrel of NS3 while the hydrophobic N-terminal segment is required for membrane association111 and the C-terminal acidic domain was shown to modulate RNA replication.112 Determinants of substrate specificity include an acidic amino acid residue at the P6 position, a P1 cysteine (trans-cleavage sites) or threonine (cis-cleavage site between NS3 and NS4A), and an amino acid residue with a small side chain (i.e., alanine or serine) at the P1′ position (consensus cleavage sequence D/E-X-X-X-X-C/T | S/A-X-X-X).


Membrane association and structural organization of the NS3-4A complex are ensured in a sequential manner by two determinants: the N-terminal 21 amino acids of NS4A, which form a transmembrane α-helix, and an in-plane amphipathic α-helix at the N terminus of NS3, designated helix α0.111 Together, these determinants properly position the serine protease active site with respect to the membrane (Fig. 7-7).
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Fig. 7-7 Dynamic model for the membrane association and structural organization of HCV NS3-4A.


Translation of NS3 occurs at the membrane (Step 1). An amphipathic α-helix at the N terminus of NS3 folds upon interaction with the membrane interface, followed by folding of the serine protease and helicase domains (Step 2). The hydrophobic N-terminal segment of NS4A is inserted into the membrane after processing at the NS3/NS4A site (Step 3). Complete folding and membrane association lock the serine protease in a strictly defined position onto the membrane (Step 4). At the same time, the helicase domain has to move away from the serine protease domain through a rotation of the linker segment connecting the two domains (Step 5). See http://ibcpdb.ibcp.fr/scripts/ibcp_resources.php?lang=fr&evene=Videos for a video animation.


(From Brass V, Berke JM, Montserret R, et al. Structural determinants for membrane association and dynamic organization of the hepatitis C virus NS3-4A complex. Proc Natl Acad Sci U S A 2008;105:14545–14550, with permission.)





Interestingly, it has been shown that the NS3-4A protease cleaves and thereby inactivates selected cellular proteins, including two crucial adaptor proteins in innate immune sensing—Cardif113 (also known as MAVS, IPS-1 and VISA) and Trif114—as well as T-cell protein tyrosine phosphatase (TC-PTP).115 Hence, the NS3-4A protease plays essential roles not only in the replication but also in the persistence and pathogenesis of HCV.


The NS3 helicase is a member of the superfamily 2 DExH/D-box helicases. It couples ATP hydrolysis to the unwinding of double-stranded RNA or of single-stranded RNA regions with extensive secondary structure. NS3 unwinds RNA in a ratchet-like fashion.116 Similar to other HCV nonstructural proteins, the NS3 helicase has been proposed to form higher- order oligomers.117 It is unknown why the serine protease and RNA helicase domains are physically linked, but evidence for cross-talk between these two essential enzymatic activities is emerging.118,119












NS4B


NS4B is a relatively poorly characterized, hydrophobic 27-kDa protein of 261 amino acids.120 It is an integral membrane protein predicted to comprise an N-terminal part (amino acids 1 to approximately 69), a central region harboring four transmembrane passages (amino acids approximately 70 to approximately 190), and a C-terminal domain (amino acids approximately 191 to 261). The N-terminal portion comprises two amphipathic α-helices, the second of which has the potential to traverse the membrane bilayer, likely upon oligomerization.121 The C-terminal part comprises a membrane-associated amphipathic α-helix122 and two reported palmitoylation sites.123


NS4B induces the formation of the membranous web, the specific membrane alteration that serves as a scaffold for the HCV replication complex124,125 (see later discussion). It interacts with other viral nonstructural proteins and has been reported to bind viral RNA.126 In addition, NS4B was reported to harbor NTPase activity127 and has recently been suggested to have a role in viral assembly.128 Much work remains to be done to further dissection of these multiple functions, as well as refine the membrane topology and complete structure of NS4B.









NS5A


NS5A is a membrane-associated phosphoprotein that plays an important role in modulating viral RNA replication and particle formation. Comparative sequence analyses and limited proteolysis of recombinant NS5A have defined three domains separated by two low-complexity sequence (LCS) blocks.129 Domains 1 (amino acids 36 to 213; genotype 1b Con1 strain) and 2 (amino acids 250 to 342) are primarily involved in RNA replication, whereas domain 3 (amino acids 356 to 447) is essential for viral assembly.130,131


HCV NS5A can be found in basally phosphorylated (56 kDa) and hyperphosphorylated (58 kDa) forms. Recent studies have shown that the α isoform of casein kinase I (CKIα)132,133 and casein kinase II (CKII)131 can phosphorylate NS5A on serine residues in the LCS between domains 1 and 2 and on Ser 457 (genotype 2 JFH-1 strain) in domain 3, respectively. However, it is unknown whether additional cellular kinases are involved in generating the different phosphoforms of NS5A.


Cell culture–adaptive mutations often affect centrally located serine residues that are required for hyperphosphorylation, suggesting that the phosphorylation state of NS5A modulates the efficiency of HCV RNA replication.134-136 According to one model, hyperphosphorylation of NS5A reduces its interaction with the human vesicle-associated membrane protein–associated protein A (hVAP-A).134 This vesicle sorting protein has been implicated in directing nonstructural proteins to lipid rafts that may be involved in viral RNA replication.137 More recently, CKII-mediated phosphorylation of Ser 457 was found to be essential for JFH-1 viral assembly and to regulate the production of an infectious virus.131


NS5A is a monotopic protein anchored to the membrane by an N-terminal amphipathic α-helix embedded in-plane into the cytosolic leaflet of the membrane interface.138 The crystal structure of domain 1 immediately following this α-helix revealed a “clawlike” dimer with a groove that faces away from the membrane and could accommodate either single- or double-stranded RNA139 (see Fig. 7-6). Indeed, the RNA binding properties of NS5A have been confirmed biochemically.140 According to one hypothesis, multiple NS5A dimers may form a two-dimensional array on intracellular membranes, thereby creating a “basic railway” that would allow the sliding of RNA.141 This would allow NS5A to tether the viral RNA onto intracellular membranes and coordinate its different fates during HCV replication. It has been shown that only a small proportion of the HCV nonstructural proteins expressed in cells at a given time are actively engaged in RNA replication.142,143 One can easily conceive, therefore, that these proteins may have additional structural functions as arrays or lattices on membranes. The formation of such higher-order structures may explain the extraordinary potency of small molecule inhibitors targeting the N-terminal region of NS5A.144 Interestingly, a dimeric NS5A domain 1 structure with a different conformation of the two monomers was recently reported.145 It is tempting to speculate that a switch between these alternative conformations may modulate the different roles of NS5A in viral RNA replication and particle assembly.


NS5A domains 2146,147 and 3148 have been found to be natively unfolded, suggesting that conformations with specific functions may be stabilized upon interaction with viral or host proteins. For example, domain 2 was found to interact with and serve as a substrate for cyclophilins A and B147 (see later discussion).


HCV NS5A has attracted considerable interest because of its potential role in modulating the response to IFN-α therapy. Studies performed in Japan first described a correlation between mutations within a discrete region of NS5A, termed interferon sensitivity determining region (ISDR), and a favorable response to IFN-α therapy.149 However, this remains a controversial issue that has not translated thus far into clinically applicable predictors.150 Numerous additional potential functions and interactions have been attributed to NS5A.151,152 However, similar to the core protein, only very few of these postulated properties of NS5A have been validated in a meaningful context involving active HCV RNA replication or HCV infection in vivo.









NS5B


HCV replication proceeds via synthesis of a complementary negative-strand RNA using the genome as a template and the subsequent synthesis of genomic positive-strand RNA from this negative-strand RNA template. The key enzyme responsible for both of these steps is the NS5B RdRp. This viral enzyme has been extensively characterized,153-155 and NS5B has emerged as a major target for antiviral intervention. NS5B contains motifs that are shared by all RdRps, including the hallmark GDD sequence within motif C, and the classical fingers, palm, and thumb subdomain organization of a right hand (see Fig. 7-6). A special feature of the HCV RdRp is that extensive interactions between the fingers and thumb subdomains result in a completely encircled active site. This feature is shared by other RdRps.156 Similar to poliovirus RdRp,157 oligomerization of HCV NS5B has been reported to be important for cooperative RNA synthesis activity.158,159


NS5B is a so-called tail-anchored protein. Membrane association is mediated by the C-terminal 21-amino acid residues, which are dispensable for polymerase activity in vitro but indispensable for RNA replication in cells.160 (see Fig. 7-6). Molecular modeling of membrane-associated NS5B suggests that the RNA-binding groove is stacked onto the membrane interface, thereby preventing access to the RNA template. This inactive form of the RdRp may be activated by a conformational change of segment 545-562, which connects the catalytic domain and the C-terminal transmembrane segment of NS5B. Such a conformational change would liberate the RNA-binding groove and move the NS5B catalytic domain away from the membrane.









ARFP/F Proteins


An alternative reading frame (ARF) was identified in the genotype 1a core coding region that, as a result of a −2/+1 ribosomal frameshift, has the potential to encode a protein of up to 160 amino acids, designated ARFP (alternative reading frame protein) or F (frameshift) protein.161 Amino acid sequencing indicated that the frameshift likely occurs at or near codon 11 of the core protein sequence. However, multiple and in part isolate-dependent frame shifting events, as well as internal translation initiation events, have also been reported. Detection of antibodies and T cells specific for the ARFP/F proteins in patients with hepatitis C suggests that these proteins are expressed during infection. However, the ARFP/F proteins are not required for RNA replication in vitro and in vivo.73,74 More recently, alternative forms of the core protein, ranging in size from 8 to 14 kDa (minicores), have been described.162 The functions, if any, of the ARFP/F proteins and minicores in the life cycle and pathogenesis of HCV remain to be elucidated.












The Viral Replication Complex


Formation of a membrane-associated replication complex, composed of viral proteins, replicating RNA, and altered cellular membranes, is a hallmark of all positive-strand RNA viruses investigated thus far.163,164 Depending on the virus, replication may occur on altered membranes derived from the ER, Golgi apparatus, mitochondria, or even lysosomes. The role of membranes in viral RNA synthesis is not well understood. It may include (1) the physical support and organization of the RNA replication complex157; (2) the compartmentalization and local concentration of viral products; (3) tethering of the viral RNA during unwinding; (4) provision of lipid constituents important for replication; and (5) protection of the viral RNA from double-strand RNA-mediated host defenses or RNA interference.


A specific membrane alteration, designated the membranous web, was identified as the site of RNA replication in Huh-7 cells containing subgenomic HCV replicons125 (Fig. 7-8). Formation of the membranous web was induced by NS4B alone and was very similar to the “spongelike inclusions” previously found by electron microscopy in the liver of HCV-infected chimpanzees.124 It is currently believed that the membranous web is derived from ER membranes. Ongoing studies are aimed at characterizing the host factors and cellular processes involved in formation of the HCV replication complex. Life cell imaging and electron tomography have yielded insights into the dynamics and three-dimensional organization of the replication complexes of HCV and the related dengue virus, respectively.165,166
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Fig. 7-8 HCV replication complex.125


A, Low-power overview of a HuH-7 cell harboring a subgenomic HCV replicon. A distinct membrane alteration, named the membranous web (arrows), is found in the juxtanuclear region. Note the circumscript nature of this specific membrane alteration and the otherwise unaltered cellular organelles. Bar, 1 µm. B, Higher magnification of a membranous web (arrows) composed of small vesicles embedded in a membrane matrix. Note the close association of the membranous web with the rough endoplasmic reticulum. Bar, 500 nm. The membranous web harbors all HCV nonstructural proteins and nascent viral RNA in HuH-7 cells harboring subgenomic replicons, and therefore represents the HCV RNA replication complex. ER, endoplasmic reticulum; M, mitochondria; N, nucleus.




Recent studies demonstrate a complex interaction between HCV replication and the cellular lipid metabolism. Such observations suggest that pharmacologic manipulation of lipid metabolism may have therapeutic potential in hepatitis C.167


Additional host factors involved in HCV replication have been identified. Starting with the observation that cyclosporin A (CsA) inhibits viral RNA accumulation in vitro, cyclophilin B (CypB) was identified as target of CsA action.168 More recently, cyclophilin A (CypA) was found to play an essential role in viral RNA replication and assembly through interactions with NS5A and NS2.169-171 NS5A domain 2 was found to interact directly with the active sites of CypA and CypB, and nuclear magnetic resonance studies revealed that proline residues in domain 2 form a substrate for the peptidyl-prolyl cis/trans isomerase (PPIase) activity of both cyclophilins.147 Based on these findings, nonimmunosuppressive CsA analogues are currently being developed as antivirals against hepatitis C.172


RNA interference has yielded important insight into host factors involved in HCV replication.173 Intriguingly, siRNA screens performed by several independent groups led to the identification of phosphatidylinositol 4-kinase IIIα (PI4KIIIα) as an essential host factor involved in HCV RNA replication.174-177 Knockdown of PI4KIIIα interferes with membranous web formation and inhibits HCV RNA replication. However, the precise mechanism by which PI4KIIIα is involved in membranous web and HCV replication complex formation remains to be elucidated.






Packaging, Assembly, and Particle Release


The late steps of the viral life cycle have only recently become amenable to systematic study, with the introduction of the HCVcc system. Lipid droplets and the very-low-density lipoprotein (VLDL) pathway have been found to play central roles in HCV assembly and release.88-90,178,179 By consequence, and as stated above, apolipoproteins B, C1, and E have been reported to be present in HCV virions.50


Interestingly, recent evidence indicates that most, if not all, HCV nonstructural proteins are involved in infectious particle assembly.180 Current evidence indicates that NS5A might function as a “molecular switch” between translation, replication, and assembly,130,131,134 possibly by tethering the viral RNA to membranes,141 and/or by providing a physical link between replication complexes and viral assembly sites on lipid droplets. However, the mechanisms governing the assembly and release of newly formed viral particles are still poorly understood.












Implications for the Development of New Therapeutic Strategies


In principle, each step of the HCV life cycle (see Fig. 7-4) represents a target for antiviral intervention.181 Specific inhibitors of the NS3-4A serine protease are the most advanced, with phase III clinical studies close to completion.11,12,110 Nucleoside or nonnucleoside (allosteric) inhibitors of the NS5B RdRp have also shown great promise in early clinical trials. In addition, new targets have been uncovered by the recent studies highlighted above, including among others, the HCV 5′ NCR, viral entry and fusion, the p7 viroporin, the NS2-3 protease, and NS5A. The latter is a particularly promising antiviral target.144 Moreover, drugs affecting host factors, such as the cyclophilins,172 involved in HCV replication are being explored as antiviral agents. Already at this early stage it is evident that the genetic variability of HCV, allowing the rapid development of antiviral resistance, represents a major challenge to the clinical development of specific inhibitors and that, similar to HIV, combination regimens will be necessary for therapeutic success.182,183









Conclusions and Perspectives


The development of increasingly powerful model systems has enabled dissection of the HCV life cycle and the identification of novel antiviral targets. Much work remains to be done with respect to the early and late steps, the virion assembly and structure, the mechanism and regulation of RNA replication, and the pathogenesis of HCV-induced liver disease. Ultimately, these efforts should result in innovative therapeutic and preventive strategies for one of the most common causes of chronic hepatitis, liver cirrhosis, and HCC worldwide.
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Abbreviations


2′5′OAS 2′5′ oligo adenylate synthetase


ADCC antibody-dependent cellular cytotoxicity


ALT alanine aminotransferase


anti-HBc antibody to hepatitis B virus core antigen


anti-HBs antibody to hepatitis B virus surface antigen


APC antigen-presenting cells


Bim Bcl-αinteracting mediator of cell death


CHB chronic hepatitis B


CTL cytolytic T lymphocyte


CTLA4 CTL-associated antigen 4


CXCL10 chemokine c-x-c motif ligand 10, IFN-inducible protein 10 or IP10


CXCL8 IL-8 or neutrophil chemotactic factor


DC dendritic cells


dsDNA double-stranded deoxyribonucleic acid


dsRNA double-stranded ribonucleic acid


HBcAg hepatitis B virus core antigen


HBeAg hepatitis B virus e antigen


HBsAg hepatitis B virus surface antigen


HBV hepatitis B virus


HCC hepatocellular carcinoma


HCV hepatitis C virus


HIV human immunodeficiency virus


HLA human leukocyte antigen


IFN interferon


Ig immunoglobin


IL interleukin


IPS-1 IFN-β promoter stimulator (also called MAVS, VISA, and CARDIF)


IRF1 IFN regulatory factor 1


IRF3 IFN regulatory factor 3


ISG IFN-stimulated gene


KIR killer cell immunoglobulin-like receptors


LAG-3 lymphocyte activation gene 3


LCMV lymphocytic choriomeningitis virus


LPS lipopolysaccharide


MDA5 melanoma differentiation associated gene 5


mDC myeloid dendritic cells


MHC major histocompatibility complex


MIG monokine induced by IFN-γ


NCR natural cytotoxicity receptor


NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells


NK natural killer cells


NKT natural killer T cells


NLR NOD-like receptors


NOD nucleotide-binding oligomerization domain


PAMP pathogen-associated molecular patterns


PD-1 programmed death 1


pDC plasmacytoid dendritic cells


PGE2 prostaglandin E2


PKR protein kinase R


PRR pattern recognition receptors


RANTES regulated upon activation, normal T cells expressed and activated


RIG-I retinoic acid inducible gene-I


RLRs RIG-I–like receptors


RNA ribonucleic acid


SIV simian immunodeficiency virus


SNP single-nucleotide polymorphism


SOCS suppressors of cytokine signaling


ssRNA single-stranded ribonucleic acid


TGF-β transforming growth factor β


Th T helper


TIR Toll/interleukin-1 receptor


TLR Toll-like receptors


TNF-α tumor necrosis factor α


TRAIL TNF-related apoptosis-inducing ligand


TRIF TIR-domain-containing adapter-inducing interferon-β









Introduction


The balance between the virus and the host defense defines the course of viral infection and disease pathogenesis. Persistent viruses such as hepatitis B virus (HBV) and hepatitis C virus (HCV) are generally not directly cytopathic and have developed immune evasion mechanisms to survive without destroying the host. For the host, the goal is to prevent, eliminate, or at least control viral infection while limiting undue collateral damage. These interactions are influenced by various host, environmental, and viral factors. In this chapter, we will review the components of immune response during HBV and HCV infection, highlighting the immune mechanisms of viral clearance and persistence, as well as liver injury.









Innate and Adaptive Immune Response in Viral Infection






Innate Immune Response


As a foreign pathogen enters the host and its target cell, it immediately encounters and activates the host innate defense system by various pathogen sensing mechanisms.






Cell-Extrinsic and Cell-Intrinsic Induction of Innate Immune Response by PRRs


Innate immune and nonimmune cells express pattern recognition receptors (PRRs) that can bind pathogen-associated molecular patterns (PAMP) displayed by foreign pathogens.1-4 Among the PRRs, endocytic receptors, such as LPS receptor, scavenger receptor, and C-type lectin receptors, can facilitate binding and internalization of microbial pathogens or their components. Secreted PRRs include opsonins such as collectins, ficolins, pentraxins that can bind microbial parts, sugars, and glycoproteins to enhance phagocytosis and complement activation. Signaling receptors include Toll-like receptors (TLRs) that are expressed on the cell surface (TLR1/2/4/5/6/11/12) or within the endosomal compartment (TLR3/7/9), as well as cytosolic receptors such as nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) and retinoic acid inducible gene-I (RIG-I) like receptors (RLRs).


Innate immune response can be cell-extrinsic, activated through extracellular mediators (e.g., secreted receptors), or PRRs expressed on the surface of noninfected cells (e.g., endocytic receptors or TLRs). For intracellular pathogens such as viruses, innate immune activation can occur in a cell-intrinsic manner within the infected cell. For example, intracellular PRRs such as RIG-I, melanoma differentiation associated gene 5 (MDA5), and endosomal TLRs (e.g.,TLR3/7/9) can be activated within the infected cells by ssRNA, dsRNA, and/or dsDNA from the replicating virus. Sensing of viral nucleic acid by RLRs, such as RIG-I or MDA5, leads to the activation of proinflammatory (NF-κB) and antiviral (IFN regulatory factor 3 or IRF3) pathways through a common signaling adaptor molecule IPS-1 (also called MAVS, VISA, and CARDIF). IRF3 activation results in the production of type I IFN that can then bind type I IFN receptor with downstream antiviral effects. NLRs respond to various microbial products and stress, thereby mediating the formation of inflammasomes, which are multimolecular protein complexes that activate caspase 1 and induce the maturation of inflammatory cytokine IL-1β. Figure 8-1 shows some of the TLR and RLR pathways that lead to production of type I IFNs and inflammatory cytokines.





[image: image]

Fig. 8-1 Activation of type I IFN and inflammatory cytokine transcription by TLR and RLR signaling.


Cell surface TLRs,1,2,4,5,6,11 endosomal TLRs,3,7,9 and cytoplasmic RLRs (RIG-I, MDA5) activate the IRF3/7 pathway, leading to type I IFN production, and the NF-κB/AP1 pathway for inflammatory cytokine production. HCV NS3/4A protease can cleave IPS-1 and TRIF, thereby inhibiting TLR3 and RIG-I pathways.


(Adapted from Kawai T, Akira S. TLR signaling. Semin Immunol 2007;19:24–32; and Garcia-Sastre A, Biron CA. Type 1 interferons and the virus-host relationship: a lesson in detente. Science 2006;312:879–882.)












Interferons


IFNs belong to the class II family of α-helical cytokines and can be divided into type I (IFN-α/ß), type II (IFN-γ) and type III (IFN-λ).5-7 Most cells can make IFN-ß upon pathogen-sensing via the membrane-bound TLRs and cytoplasmic RLRs. Plasmacytoid dendritic cells (pDC) are the major producers of IFN-α (up to 1000-fold compared with other cells), although myeloid DC (mDC) can also up-regulate IFN-α production. Binding of IFN-α/ß to its cell surface receptor (IFNAR-1/IFNAR-2) activates the Jak/STAT IFN-signaling pathway that ultimately leads to the induction of numerous IFN-stimulated genes (ISGs) with pleiotropic biologic activities (e.g., antiviral, immune modulatory, antiproliferative, antiangiogenic, and antitumor effects).


Type I IFNs can affect all phases of viral life cycle including entry/uncoating, transcription, RNA stability, translation, maturation, assembly, and release.5-7 Three of the major IFN-α/ß-induced antiviral pathways include the dsRNA-dependent protein kinase R-PKR), the 2′5′ oligo adenylate synthetase (2′5′OAS) system and the Mx proteins. In addition to direct antiviral activities, type I IFNs can exert an immune modulatory role by enhancing NK cell activity, up-regulate major histocompatibility complex MHC expression (especially class I MHC relevant for CD8 T-cell response), influence T- and B-cell development (including B-cell isotype switching), and modulate DC function. These antiviral and immune modulatory activities provide the rationale for the use of exogenous IFN-α to treat HBV and HCV infection.


Type II IFN (IFN-λ) can be secreted by innate immune cells, including natural killer (NK) cells, and natural killer T (NKT) cells, although it is generally considered in the context of adaptive immunity as a T-cell cytokine. IFN-λ signals through the IFNGR-1/IFNGR-2 receptor complex. Type III IFN (IFN-λ) includes IFN-λ1 (IL-29), IFN-λ2 (IL-28A), and IFN-λ3 (IL-28B). IFN-λ signals through a distinct receptor composed of IFN-λR1 and IL-10R2, but ultimately activates the JAK/STAT pathway (similar to type I IFNs).5,8 IFN-λ is expressed in various cell types including DCs, macrophages, and cancer cell lines, as well as the virus-infected liver. However, its target effect may be more restricted based on its receptor expression.9 Our knowledge is still evolving for this relatively new cytokine, and genetic polymorphisms near the IL-28B locus may be relevant for natural history and treatment response in HCV-infected patients.10-13









Innate Immune Cell Subsets


The cellular components of the innate immune response include the monocytes/macrophages, DCs, NK and NKT cells.






Monocyte/Macrophages/Kupffer Cells


Monocytes are innate immune effector cells that circulate in the blood, spleen, and bone marrow.14 Most human monocytes (90%) express CD14 (part of the LPS receptor complex), whereas a minority (10%) express CD16 (the FcγRIII). CD16+ monocytes display an inflammatory phenotype characterized by increased TNF-α in response to TLR stimulation and during infection.15 Monocytes also express various chemokine receptors and adhesion molecules that mediate tissue entry during infection and inflammation. In the inflamed tissue, monocytes can differentiate into macrophages and inflammatory DCs. Macrophages are the primary tissue phagocytes in lymphoid and nonlymphoid tissue, clearing out apoptotic cells and producing cytokines and growth factor activities that are mediated by PRRs. Relevant for hepatitis, Kupffer cells are the resident macrophages in the liver with heterogeneous phenotype, size, and function based on their location within the liver.16 Moving through the liver sinusoids, Kupffer cells phagocytose foreign particles and secrete inflammatory cytokines that promote leukocyte recruitment and retention.17 Of note, the liver is continuously exposed to gut microbial products (e.g., LPS) from the portal circulation. Many cells in the liver also express receptors for LPS (e.g., TLR4, CD14), thereby removing LPS and preventing endotoxemia. With continuous LPS exposure, Kupffer cells and liver sinusoidal endothelial cells display LPS tolerance, thus avoiding immunopathology in physiologic conditions.18,19 Kupffer cells may also present antigens to T cells. However, this could inhibit rather than stimulate T cells through PGE2, nitric oxide, and IL-10 in some cases.19









Dendritic Cells


DCs bridge the innate and adaptive immune response.1,4,14,20,21 As professional antigen presenting cells (APC), DCs present foreign antigens to T cells and prime the adaptive immune response. They also secrete cytokines (e.g., IL-12, IL-10, IL-15, type I IFN) that shape both innate and adaptive immune responses. Circulating DCs include two major populations: myeloid DC (mDC) and plasmacytoid DC (pDC). MDCs express MHC class II and CD11c in addition to TLR 1-8 (greatest expression of TLR2/3). They enhance Th1 response and NK activity by producing IL-12 and transpresenting IL-15.22-24 PDCs express BDCA2, BDCA4, and IL-3 receptor (CD123), in addition to TLR7 and TLR9 (+/− TLR1).22-24 They produce large amounts of IFN-α with antiviral and immune modulatory effects. While monocytes can also develop DC-like characteristics in certain culture conditions (monocyte-derived DCs), DCs do not appear to be directly derived from monocytes in vivo based on murine adoptive transfer and genetic experiments.14,21 Both pDC and mDC are found in the liver. While further studies are needed, hepatic pDC and mDC differ from their peripheral counterparts (e.g., greater IL-10 production and reduced APC function compared with splenic pDC and mDC).19









Natural Killer Cells


Natural Killer (NK) cells can directly lyse their target cells (e.g., virus-infected cells, tumor cells) by releasing cytotoxic granules that contain perforin and granzyme.25 NK cells are highly abundant in the normal liver (up to 50% of liver infiltrating lymphocytes).19,26 NK cells can be identified by their expression pattern of CD56 (the neural cell adhesion molecule also expressed in activated T cells and some neural tissues) and CD16. They also express inhibitory and activating receptors that interact with class I HLA molecules on target cells. NK inhibitory receptors include the C-type lectin receptor CD94/NKG2A, LIR1/ILT2 receptors, and killer cell immunoglobulin-like receptors (KIRs). NK activating receptors include CD16, NKG2D, the natural cytotoxicity receptors (NCRs) NKp44, NKp46, and NKp30 and truncated alleles of KIRs. The coordinated interactions of NK inhibitory and activating receptors with the target cell ligands determine the activation, viability, and cytotoxicity of NK cells. In addition, NK cells also express TLR (e.g., TLR3, 7, 8) that can modulate their function.27 During viral infections, type I interferons (secreted by infected cells and pDC) and cytokines from activated DCs (e.g., IL-12, IL-15, IL-18) can activate NK cells.28 Conversely, NK cells can modulate DC function via contact-dependent and cytokine-mediated mechanisms, leading to a cross-talk between NK cells and DC that can modulate the adaptive immune response.24,29-31









NKT Cells


Natural killer T cells are thymic-derived lymphocytes that express both NK (e.g., CD56) and T-cell markers (e.g., CD3+, CD4+, CD8+, CD4-CD8- double-negative).32 Classical type I NKT cells express an invariant T-cell receptor (Vα24Jα18 in humans) and recognize glycolipid antigens (e.g., from bacterial cell walls) presented by the MHC class I-like molecule CD1d. Type II NKT cells are also CD1d-restricted but display a more diverse TCR repertoire without Vα24Jα18 expression. They recognize various hydrophobic antigens and may have immune regulatory function. Upon antigenic stimulation, NKT cells can secrete various cytokines (IFN-γ, IL-4, IL-10, IL-13, IL-17) that may contribute to autoimmunity, tumor immunity, and pathogen-specific immune response.33-36 In humans, CD4+ NKT cells can secrete both Th1 and Th2 cytokines (e.g., IFN-γ, IL-4), whereas CD4- NKT cells produce primarily Th1 cytokines (e.g., IFN-γ). Relevant for the liver, NKT cells are enriched in the liver (approximately 10%)26 and liver-derived CD4- NKT cells have greater antitumor activity than NKT cells from the spleen or thymus.34 DC stimulation by TLRs (e.g., TLR4, TLR7/9) can further promote NKT cell activation.


Collectively, these innate immune components also modulate the adaptive T- and B-cell responses. In turn, T cells can modulate the level of innate immune activation.37









Adaptive Immune Response


Adaptive immune response is specific to antigenic sequence encoded by the infecting pathogen (epitopes). It is mediated by B and T cells with contributions from antigen presenting cells such as DC.












B-Cell Response


B cells produce antibodies and mediate the humoral adaptive immunity. Antibodies consist of an antigen-binding variable (V) region and a constant (C) region containing the Fc region that can bind cellular receptors and complements.38,39 In a classical sense, neutralizing antibodies limit viral spread and promote resolution of infection by directly binding and eliminating the circulating virions or blocking their entry into target cells. In addition, antibodies can mediate opsonization, complement activation and antibody-dependent cellular cytotoxicity (ADCC). Protection afforded by neutralizing antibodies is the basis of successful vaccine strategy and passive immunization using hyperimmune globulins. Antibodies may also contribute to inflammatory response, enhance antigen presentation, and bind proinflammatory microbial products (e.g., LPS), thereby modulating T-cell and innate immune response. Regulatory B cells that produce immune regulatory cytokine IL-10 have been described.40









T-Cell Response


During viral infection, naive CD4 and CD8 T cells are initially activated (or primed) in the primary lymphoid organs upon encountering their target viral sequence presented on the surface of the professional antigen presenting cells (APC) as short peptides embedded within the major histocompatibility complex (MHC).41 They can then migrate to the site of infection (e.g., the liver) to exert their antiviral activity. Alternatively, for hepatotropic pathogens such as HBV and HCV, priming of virus-specific T cells within the liver (e.g., by liver sinusoidal endothelial cells or hepatocytes) may lead to immune tolerance or activation.42-44


In general, a vigorous T-cell response is associated with viral clearance and disease resolution while a weak response is associated with viral persistence and disease progression. T cells can be classified by their cytokine profile as type 1 (IL-2, IFN-γ); type 2 (IL-4, 5, 10 and 13); type 3 (TGF-β); type 0 (IFN-γ and IL-4); Tr1 (IL-10); and Th17 (IL-17). Type I response with IFN-γ is typically associated with a more favorable outcome in viral infection.


CD4 T cells recognize exogenous peptide antigens presented by class II MHC molecules. Therefore, antigen recognition by CD4 T cells occurs only with class II-expressing cells (e.g., antigen presenting cells such as dendritic cells, B cells, and macrophages) but not hepatocytes that generally do not express class II.45-47 CD4 T cells play a key regulatory role by activating dendritic cells to prime CD8 T cells, producing cytokines and providing T cell help for B cells.48,49


CD8 T cells can recognize infected cells that display endogenously synthesized viral antigens presented on class I MHC molecules. This recognition can induce apoptosis of the infected cell through perforin/granzyme and/or fas/fasL pathway. However, these CD8 cytolytic T lymphocytes (CTLs) can also cure virus-infected cells in a noncytolytic manner by secreting potent antiviral cytokines.50 Unlike CD4 T cells, CD8 T cells can recognize most cells including hepatocytes because class I MHC is expressed on most cells. Thus CD8 CTLs are the foot soldiers of the cell-mediated immune system.


The balance between immune effector and regulatory responses determines the extent of inflammation and viral clearance.51 If the infection is cleared with sufficiently robust response, the antiviral effector cells undergo a contraction phase, resulting in a small number of polyfunctional memory T cells that persist. These memory T cells maintain efficient capacity to expand and perform effector function when rechallenged with the viral antigen, and they contribute to protective immunity after natural infection or vaccination. With prolonged antigenic stimulation (e.g., in chronic infection), the antiviral effector T cells become “exhausted” or “tolerized” with progressive loss of effector function. These immune exhaustion or tolerance mechanisms could limit severe immune-mediated damage in the face of ongoing viral infection. However, they also limit efficient virus control.









Mechanisms of T-Cell Dysfunction or Tolerance


There has been increasing appreciation for the complex mechanisms that regulate T-cell function and exhaustion in acute and chronic viral infection.






Immune Inhibitory Costimulatory Pathways


An intrinsic regulatory mechanism of T-cell function involves certain receptors that are directly expressed on T cells to suppress their activation, including programmed death 1 (PD-1) and CTL-associated antigen 4 (CTLA4).52 Both PD-1 and CTLA-4 are inhibitory receptors within the CD28/B7 family of costimulatory molecules, and they are up-regulated on activated T cells and T cells that are exhausted by continued exposure to antigen-specific stimulation or high viral load. Binding of PD-1 on T cells to its ligands PD-L1 (B7-H1) and PD-L2 (B7-DC) can inhibit T-cells proliferation and cytokine secretion53,54 and promote immune tolerance.55,56 While PD-1 is up-regulated on exhausted virus-specific T cells during acute and chronic infection, blockade of PD-1/PD-ligand interaction can restore their effector function.57-64


Similarly, binding of CTLA4 to its ligands (B7-1, B7-2) can suppress T-cell function, whereas blockade of CTLA4 signaling can reverse T-cell dysfunction. Combined PD-1 and CTLA4 blockade can synergistically enhance intrahepatic HCV-specific T-cell function compared with individual PD-1 or CTLA4 blockade.65 These findings raise the possibility that immune inhibitory blockade may have potential therapeutic application during chronic viral infection. Additional immune modulatory mechanisms for antiviral T-cell activation include the lymphocyte activation gene 3 (LAG-3)66 and T-cell Ig and mucin proteins.67,68









Regulatory T Cells


An extrinsic mechanism involves the immune regulatory cells (e.g., CD25+ Tregs and IL-10+ Tr1 cells) that can suppress effector T-cell function. CD4+CD25+ T cells (also termed CD25+ Tregs) are naturally occurring, thymic-derived T cells that represent 5% to 10% of peripheral CD4 T cells and mediate immune tolerance via direct cell–cell contact. Their role in immune regulation is apparent by organ-specific autoimmune diseases that occur upon CD25+ Treg depletion and reversed by their repletion.69,70 CD25+ Tregs also regulate immune response to pathogens, including chronic HCV, HBV, and HIV infection.71 Another group of regulatory T cells include the IL-10 secreting Tr1 cells.72 They are distinct from the CD25+ Tregs, can include both CD4 and CD8 T cells, and mediate T-cell suppression via IL-10. IL-10 is a regulatory cytokine secreted by various cell subsets (e.g., monocytes, macrophages, dendritic cells) to limit the inflammatory responses.73,74 IL-10 can inhibit IFN-α production by activated pDC,75,76 induce a tolerogenic phenotype in DC that can be reversed by PD-1:PD-ligand blockade,77 and mediate T-cell suppression during chronic viral infection that can be reversed by IL-10:IL-10R blockade.78,79 Collectively, these immune regulatory pathways contribute to effector T-cell dysfunction in chronic viral infection and their counter-regulation could contribute to treatment response.


















Immune Response and Hepatitis Viruses


Although there is no convenient, immunologically well-defined small animal model for HBV or HCV infection, significant progress has been made in our understanding of HBV and HCV immune pathogenesis, using alternate approaches including surrogate animal models (e.g., in vitro culture system; transgenic mice, chimpanzees, or woodchucks; infected patients).






Hepatitis B Virus


The clinical, virologic, and therapeutic aspects of HBV infection are discussed elsewhere. Briefly, HBV is a hepatotropic, partially double-stranded DNA virus that can cause acute and chronic liver disease worldwide. In many developed countries, HBV exposure typically occurs as adults via sexual transmission with a low chronicity rate (5%). In regions with high HBV prevalence (e.g., Asia, subsaharan Africa), HBV exposure tends to occur during the perinatal period (e.g., vertical transmission from mother to infant) with a high rate of persistence in the absence of timely vaccination.80 The course of viral infection is defined by the interplay between the virus and host immune defense.






Innate Immune Response and HBV






HBV as a Stealth Virus Evading Innate Immune Recognition During Acute Infection


It is difficult to study innate immune responses in human viral hepatitis due to a lack of convenient small animal model to sample the relevant compartments (e.g., site of virus entry, draining lymph nodes, target cells) in a timely manner.41 Nevertheless, a remarkable lack of early innate immune induction was demonstrated in acutely HBV-infected chimpanzees.81 In these animals, HBV DNA and HBcAg became first detectable in the liver at 3 to 5 weeks after inoculation, but without associated liver injury or type I IFN response. The onset of acute hepatitis with elevated ALT activity occurred several weeks thereafter, coinciding with the detection of T-cell markers (CD3, IFN-γ) in the liver, followed subsequently by HBV clearance. These findings suggest that: (1) HBV is noncytopathic; (2) T cells mediate liver injury; and (3) T cells also mediate viral clearance. Further analysis of global gene expression profile showed that no genes (including IFN-inducible genes) correlated with intrahepatic HBV DNA levels during acute hepatitis B, whereas 110 hepatic genes were associated with HBV clearance—the majority of which were associated with T cells. In acutely HBV-infected patients, type I IFN was barely detectable and no higher than those in uninfected controls.82 These findings in chimpanzees and patients suggested that HBV is a “stealth virus” that spreads without detection by the innate sensing machinery during early infection (Fig. 8-2, A-C).





[image: image]

Fig. 8-2 Liver gene expression profile during HBV and HCV infection.


A, Genes correlated with viremia in acutely HBV-infected chimpanzees. No genes correlated positively or negatively with intrahepatic HBV DNA during acute HBV infection. B, Intrahepatic gene expression correlated with viremia in three HCV-infected chimpanzees. C, Liver gene expression profile associated with viral clearance in three acutely HBV-infected chimpanzees; and (D) that associated with clearance in HCV-infected chimpanzees. Gene identities are described in reference 81 and in reference 116. Blue and green lines indicate the intrahepatic HBV DNA or serum HCV RNA as a percentage (% max) of the corresponding peak levels, respectively. Values on the x-axis represent weeks after inoculation with HBV.


(Adapted from Chisari FV, Isogawa M, Wieland SF. Pathogenesis of hepatitis B virus infection. Pathol Biol [Paris] 2010;58:258–266.)





Despite the apparent stealth behavior, HBV infection is resolved in most acutely HBV-infected adults. Thus the ability for early innate immune avoidance cannot explain the long-term virologic outcome. However, it probably does allow for the initial establishment of HBV infection because HBV is readily suppressed by innate immune components including IFN-α,83 TLR, NK, NKT, and antigen presenting cells.36,50,84 On the other hand, HBV can activate the cellular components of innate immune response, such as Kupffer cells and NK/NKT cells.85-87 For example, dynamic changes in NK and NKT cell activation and function were observed during acute HBV infection.88 An early production of immune regulatory cytokine IL-10 was also observed in patients with acute hepatitis B in association with attenuated NK and T-cell response.82 Thus HBV may be relatively but not absolutely invisible to the innate immune system, avoiding type I IFN but not other innate immune cells during acute infection.









HBV Can Activate Innate Cytokine Response Including Type I IFNs During Chronic Hepatitis B


Changes are observed in various innate immune parameters in patients with chronic hepatitis B (CHB). For example, NK cells from CHB patients displayed reduced cytotoxicity and antiviral cytokine production (IFN-γ and TNF-α) upon cytokine stimulation in one study.89 Of interest, hepatitis flares during chronic hepatitis B coincided with increased serum IFN-α and IL-8 levels.90 Hepatitis flares were also preceded by increased serum HBV DNA and IL-8 levels. Figure 8-3 shows representative serum levels of HBV DNA, ALT activity, IL-8, and IFN-α longitudinally in CHB patients undergoing hepatitis flare, as well as a cross-sectional comparison of serum IL-8 and IFN-α levels in patients with or without elevated ALT activity. Collectively, these findings suggest that HBV can induce an innate immune response, including the type I IFN pathway, during chronic (although not acute) infection.
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Fig. 8-3 Increased IL-8 and IFN-α concentrations in the serum of chronic hepatitis B patients with liver inflammation.


A, Temporal relationship between serum IL-8 and IFN-α concentrations, HBV DNA, and serum ALT in a representative patient. B, Cross-sectional comparison of serum IL-8 and IFN-α concentrations in chronic HBV patients with low ALT (below 60 IU/L) and elevated ALT (>60 U/L) and healthy donors.


(Adapted from Dunn C, et al. Cytokines induced during chronic hepatitis B virus infection promote a pathway for NK cell-mediated liver damage. J Exp Med 2007;204:667–680.)















Adaptive Immune Response and HBV






The Onset of Adaptive Immune Response Is Delayed in Acute HBV Infection


Adaptive immune response to HBV is relatively delayed, detected several weeks after inoculation (rather than within days as seen in vaccinia or influenza virus infection).50 While the precise mechanism for this apparent delay is not known, it is interesting that HBV and HCV are both hepatotropic viruses with similarly delayed onset of adaptive immune response. One potential explanation could be that the immune tolerance mechanisms activated in the liver might delay or tolerize the adaptive immune response.43,44 However, the delay in adaptive immune response does not determine the virologic outcome because most HBV infection is resolved, whereas most HCV becomes chronic in acutely infected adults.









B-Cell Response to HBV


Antibody response to HBV envelope (anti-HBs) has virus-neutralizing capacity and is associated with HBV clearance.91 Anti-HBs also mediates long-term protective immunity after primary infection or upon vaccination by binding the circulating virions, removing them from circulation, and preventing their entry into hepatocytes. Accordingly, passive administration of hepatitis B immunoglobulin provides postexposure prophylaxis and prevents graft infection in HBV-infected liver transplant recipients. However, anti-HBs becomes detectable relatively late in the course of acute HBV infection as the circulating HBsAg level declines and acute clinical hepatitis resolves.50 This suggests that antibody response to the HBV envelope is not critical for viral clearance in primary infection. Alternatively, anti-HBs may be induced early and contributes to HBV clearance but simply not detected by existing commercial assay while bound to saturating amount of circulating HBsAg—at least not until HBsAg drops sufficiently.


Unlike anti-HBs, antibody response to HBV nucleocapsid (anti-HBc) is not protective. However, anti-HBc is detectable in all phases of HBV infection (acute, chronic, and resolved), and it is a marker of HBV infection in vivo. The immunogenicity of HBcAg may be mediated by its ability to enhance its antigen presentation by B cells and stimulate CD4 T-cell help.92,93









Role of T Cells in HBV Pathogenesis Defined in Mouse Model


The direct cytopathic potential of HBV-specific CD8 T cells was first demonstrated by the acute fulminant hepatitis that developed upon adoptive transfer of HBV-specific CD8 T cells into transgenic mice that express HBV envelope in the liver.94 Subsequently, using transgenic mice that replicate HBV in the liver, adoptively transferred HBV-specific CD8 T cells were shown to suppress viral replication in a noncytopathic manner by secreting antiviral cytokines (e.g., IFN-γ).95,96 Thus, in different settings, HBV-specific CD8 T cells could mediate liver injury with severe consequences or inhibit viral replication with minimal damage by secreting antiviral cytokines.


As for CD4 T cells, the adoptive transfer of HBV-specific Th1-type CD4 T cells resulted in transient hepatitis and partial cytokine-mediated control of viral replication.97 Further studies have revealed that HBV replication can be readily controlled in HBV replicating mice by cytokines induced in a non-HBV specific manner involving type I IFNs, IFN-γ, NK/NKT cells, or immune responses to other liver pathogens.91


It is important to distinguish between the cytopathic and noncytopathic antiviral activity of virus-specific CD8 T cells in the setting of viral hepatitis. For example, HBV clearance by direct 1 : 1 CD8-mediated killing of infected hepatocytes is difficult to achieve. First, the number of HBV-infected cells (an estimated 1011 hepatocytes that can be infected) may greatly outnumber the achievable antiviral CD8 T cell number.91 Second, if sufficient antiviral CD8 T cells can be induced, rapid killing of all infected hepatocytes could lead to fulminant liver failure. In this regard, the release of antiviral cytokines by HBV-specific CD8 T cells can terminate HBV gene expression and viral replication more efficiently from more hepatocytes with less overall injury. This duality of antiviral CD8 effector function is shown in Figure 8-4.98
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Fig. 8-4 Direct lysis and noncytopathic clearance of HBV clearance by T-cell derived cytokines. A, On antigen recognition, CD8+ CTL deliver an apoptotic signal to their target cells, killing them. The arrow points out the BrdU labeled CD8 T cell in the liver of a mouse after adoptive transfer. Asterisk indicates the apoptotic hepatocyte.


(Adapted from Chrisari FV. Rous-Whipple award lecture. Viruses, immunity, and cancer: lessons from hepatitis B, Am J Pathol 2000;98.)


B, In addition to direct cell kill, CD8 T cells can secrete IFN-γ and TNF-α, cytokines that abolish viral replication and HBV gene expression in vivo, potentially curing them.


(Adapted from Chisari FV, Isogawa M, Wieland SF. Pathogenesis of hepatitis B virus infection. Pathol Biol [Paris] 2010;58:258–266.)












Role of CD4 and CD8 T Cells in Chimpanzee Model of HBV Infection


A critical effector role for CD8 T cells in HBV clearance and liver disease pathogenesis was also shown by delayed viral clearance and onset of hepatitis in acutely HBV-infected chimpanzees that were depleted of CD8 T cells at 6 weeks postinoculation.99 Of note, CD4-depletion at 6 weeks postinoculation did not influence the course of liver disease or prevent viral clearance,99 suggesting that CD4 T cells do not directly mediate viral clearance or liver injury. However, CD4 depletion before inoculation led to persistent infection with minimal pathology and without apparent detection of antiviral CD8 T-cell response.100 In fact, the kinetics of antiviral CD4 T-cell priming (relative to viral spread also defined by the inoculum size) determined the virologic outcome. Thus CD4 T cells appear to regulate the overall antiviral immune response including the antiviral CD8 T-cell priming, whereas the CD8 T cells ultimately mediate liver injury, as well as viral clearance.91-9399









CD4 and CD8 T-Cell Response to HBV Infected Patients


Hepatitis B–virus specific CD4 and CD8 T cells are detected in peripheral blood101-103 and in the liver104,105 of patients with acute, chronic, and resolved HBV infection. CD4 T-cell response to HBV is typically robust and multispecific in patients who clear HBV infection, whereas it is relatively weak and/or focused in patients with chronic infection.50,91 HBV-specific CD4 T-cell response is also long-lasting after self-limited acute hepatitis B.103 The association between virus-specific CD4 T-cell response and the outcome of HBV infection suggests a role for CD4 T cells in HBV clearance. Since CD4 T cells are activated in the context of class II MHC molecule as mentioned earlier, intrahepatic HBV-specific CD4 T cells are likely to be activated by nonhepatocytes that express class II (e.g., Kupffer cells, dendritic cells).


Similar to CD4 T cells, a vigorous and multispecific CD8 T-cell response to HBV is readily detected in blood from acutely HBV-infected patients that subsequently resolve their infection.91,106-109 Figure 8-5 shows a representative cytolytic CD8 T-cell response to multiple HBV epitopes relative to virologic status of HBV-infected patients. This response also persists indefinitely after the resolution of initial infection and may be maintained by minute amounts of HBV DNA that remain despite apparent serologic resolution.108,110,111 HBV-specific CD8 T cells can target the viral envelope, core, and polymerase regions106,109,112 with a particularly dominant response against an HLA A2-restricted epitope within HBcAg (HBc).18-27 CD8 T-cell response targeting this epitope has been associated with flare of liver disease and immune escape mutation in HBV-infected patients.113 Therapeutic vaccine targeting this single epitope was immunogenic in patients with chronic HBV infection. However it was not associated with viral clearance,114 perhaps due to the limited scope of the immune response and immune tolerance mechanisms induced in chronic viral infection.66,91
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Fig. 8-5 HBV-specific CTL response during acute and chronic infection.


The CTL response to 5 HLA A2-restricted epitopes derived from the viral core, envelope, and polymerase proteins is indicated by vertical bars. Each set of bars represents the cytolytic activity of eight replicate assays for each peptide in each patient. Acutely infected patients typically respond vigorously to multiple epitopes, as shown, and the response persists for many decades in patients who are convalescent from acute infection. In contrast, the CTL response is characteristically weak or undetectable in chronically infected patients. However, it is detectable in previously infected patients who clear the virus in response to interferon therapy, indicating CTLs are present in chronically infected patients but either too infrequently to be detected or functionally suppressed.


(Adapted from Chisari FV. Rous-Whipple award lecture. Viruses, immunity, and cancer: lessons from hepatitis B. Am J Pathol 2000;156:1117–1132.)





Detailed analysis of intrahepatic HBV specific CD8 T-cell frequency, liver disease activity, and HBV DNA titers in chronic HBV patients suggested that antiviral activity of HBV-specific CD8 T cells can be independent of liver pathology.101,115 Indeed, the balance between virus control and liver damage appeared to be defined by the functionality (rather than the sheer number) of HBV-specific CD8 T cells. Thus the failed attempt at viral clearance by the dysfunctional HBV-specific CD8 T cells mediate liver injury both directly and indirectly by promoting recruitment of other immune cells.









Hepatitis C Virus


The clinical virologic, and therapeutic aspect of hepatitis C virus (HCV) infection is discussed in other chapters. Briefly, HCV is a hepatotropic, positive single-strand RNA virus that causes acute and chronic liver disease. HCV is highly persistent in an otherwise immune competent host (50% to 80%) and can cause progressive liver disease with cirrhosis and liver cancer. Similar to HBV, HCV is largely noncytopathic with immune-mediated disease pathogenesis and viral clearance.












Innate Immune Response and HCV






HCV Can Inhibit Type I IFN Induction and Its Downstream Antiviral Function


Hepatis C virus can interact with various components of the innate immune system. In a global gene expression profiling of three HCV-infected chimpanzees, various genes known to be stimulated with type I IFN were significantly up-regulated in the liver during acute HCV infection even before the onset of liver inflammation (see Fig. 8-2, B and D).116 Similar induction of IFN-inducible genes was also described in other studies of HCV-infected chimpanzees in vivo.117,118 Thus, HCV differs from HBV in that it is not transcriptionally silent and can induce a type I IFN response.


Paradoxical to the chimpanzee gene expression study, HCV NS3/4A protease can inhibit type I IFN induction via IRF3 by cleaving IPS-1 and TRIF (adaptor proteins involved in the RIG-I and TLR3 pathways) thereby preventing IRF3 activation and type I IFN induction.119,120 This paradox may in part be explained by IFN production from HCV-uninfected hepatocytes and nonparenchymal cells in the setting of inflammation, despite limited IRF3 activation within HCV-infected hepatocytes.121 The level of IFN induced in early infection may also be relevant for antigen processing and adaptive immune response because HCV-induced type I IFN can stimulate the generation of immunoproteasome.122 On the other hand, greater ISG induction in the liver of chronically HCV-infected patients can predict resistance to IFN-α–based antiviral therapy.123 Inhibitory effect of cell-culture produced HCV on TLR9-induced IFN-α production by pDC suggests that defective type I IFN response may extend to nonhepatocytes.124


Regardless of the source of type I IFN, HCV also evolved further mechanisms of IFN resistance. For example, HCV E2 and NS5A can bind and inhibit the dsRNA-dependent protein kinase PKR and IFN regulatory factor 1(IRF1) phosphorylation.125,126 Sequence variations within HCV E2 and NS5A may influence responsiveness to IFN-based antiviral therapy in some but not all patients.127









Activation of Innate Cellular Immune Response in HCV Infection


Cellular components of innate immune response may contribute to HCV pathogenesis. For example, HCV E2 protein was initially suggested to suppress NK function in a study using recombinant HCV E2.128 However, a subsequent study using the infectious virus showed no alteration in NK function by HCV exposure.129 Potential relevance of NK cells in HCV clearance was suggested in a large genetic polymorphism study examining an inhibitory NK cell receptor and the HLA ligand.130 In a subsequent study, NK cells were shown to be activated during acute hepatitis C irrespective of outcome, although with a tendency for functional difference associated with NK receptor expression.131 In chronic HCV infection, NK cells are lower in frequency with variable phenotypic distributions and effector function.89,132,133 Further studies of NKT and dendritic cell subsets suggest that functional differences in these cells may be relevant for outcome.134-138












Adaptive Immune Response and HCV






B-Cell Response to HCV


Antibody response to HCV can be detected within 7 to 8 weeks of inoculation,139 targeting multiple HCV proteins but without associated viral clearance.41 Nevertheless, HCV can induce neutralizing antibodies that target the viral envelope glycoproteins and prevent virus entry into hepatocytes. For example, in chimpanzees, HCV infection could be prevented when HCV-positive inoculum was neutralized with anti-HCV-containing plasma, although this protection was only isolate-specific.140 However, HCV appears to continuously escape from the neutralizing antibody response through mutations, as demonstrated in one detailed study that monitored the antibody response and HCV sequence variation in a uniquely well-characterized chronically HCV-infected patient (HCV-H) over a 26-year period.141 Moreover, neutralization-resistant antibody-escape variants were selected in vitro by broadly neutralizing monoclonal antibodies to HCV envelope glycoprotein.142 In vivo, hypogammaglobulinemic patients lacking any antibodies (including those targeting HCV) display significantly less variability in the envelope HVR,143 suggesting that antibodies can drive viral sequence heterogeneity. Taken together, antibody response with neutralizing capacity does occur during HCV infection. However, it is rendered ineffective during natural infection due to the rapid selection of antibody escape variants. Thus broadly neutralizing antibodies144 are needed to prevent infection prophylactically in a high-risk population or as passive immunization (e.g., early infection, during liver transplantation for HCV-infected patients). Moreover, the interplay among HCV, lipoprotein components (to which it binds), and cellular receptors for virus entry should be considered.145,146









CD4 T-Cell Response to HCV


A critical role for CD4 T-cell help in protective immunity to HCV was shown in HCV-immune chimpanzees that developed chronic infection despite the induction of HCV-specific CD8 T-cell response when reinoculated after CD4-depletion147 (Fig. 8-6, A). In HCV-infected patients, HCV-specific CD4 T cells are detectable in the liver and in peripheral blood.148 In general, HCV-specific CD4 T-cell response in peripheral blood correlates with the clinical course. For example, control of HCV RNA titer in acute hepatitis C is associated with a vigorous and broad CD4 proliferative T-cell response (especially targeting the nonstructural proteins), whereas HCV persists with weak or transient antiviral CD4 T-cell response (usually targeting HCV core rather than the nonstructural proteins).149-155 Figure 8-7, A and B shows the inverse association between HCV-specific CD4 T-cell proliferation and viremia.152
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Fig. 8-6 Course of HCV rechallenge in previously HCV-immune chimpanzees after antibody-mediated T-cell depletion.


A, Course of viremia (dotted line) and intrahepatic HCV-specific CD8 T-cell response (stacked bar graph) are shown after CD4 depletion and HCV reinoculation in chimpanzee CB0627. CD4 depletion resulted in persistent infection despite the detection of antiviral CD8 T-cell response. B, The kinetics of viremia in chimpanzee CB0556 is shown for three separate inoculations. Viremia persisted almost to day 140 in primary infection (orange shade), whereas it was rapidly terminated before day 28 during the secondary infection. During the third infection associated with CD8 depletion (dotted line), viremia persisted almost up to day 42 (two fold longer duration than secondary infection) until the return of CD8 T cells.


(Figures adapted from Grakoui A, et al. HCV persistence and immune evasion in the absence of memory T cell help. Science 2003;302:659–662; and Shoukry NH, et al. Memory CD8+ T cells are required for protection from persistent hepatitis C virus infection. J Exp Med 2003;197:1645–1655.)
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Fig. 8-7 Inverse relationship between CD4 proliferative T-cell response and viremia.


A, Evolution of CD4 proliferative T-cell response to HCV core, NS3/4, and NS5 (bar graphs) relative to HCV RNA (red line graph) in two representative patients with acute hepatitis C with spontaneous resolution (AR3) and chronic evolution (AC10). B, HCV-specific CD4 proliferative T-cell response is greater with HCV RNA titer below 1000 IU/ml than above 1000 IU/ml in patients with acute hepatitis C. C, HCV-specific T-cell IFN-γ response is significantly greater in patients with resolved than chronic HCV infection in a cross-sectional analysis.


(A and B adapted from Kaplan DE, et al. Discordant role of CD4 T-cell response relative to neutralizing antibody and CD8 T-cell responses in acute hepatitis C. Gastroenterology 2007;132:654–666; C adapted from Sugimoto K, et al. Suppression of HCV-specific T cells without differential hierarchy demonstrated ex-vivo in persistent HCV infection. Hepatology 2003;38:1437–1448.164)





In general, HCV-specific CD4 proliferative T-cell response is detectable in less than a third of patients with chronic HCV infection compared with almost 90% in spontaneous HCV resolvers.156 However, these T-cell responses are often directed toward viral isolates that have already been controlled,157 whereas the T cells targeting the circulating virus are rendered dysfunctional by multiple immune regulatory mechanisms as discussed later in the chapter. Potential relevance of CD4 T cells in HCV infection is also suggested by the associations between viral clearance and various class II HLA types.158









CD8 T-Cell Response to HCV


Hepatitis C virus–specific CD8 T cells are also detectable in the peripheral blood and liver during acute hepatitis C. HCV-specific CD8 T cells can target all viral proteins with numerous epitopes identified with various class I HLA restriction elements.41 In HCV-infected chimpanzees, an early and multispecific intrahepatic CD8 cytolytic T-cell response has been associated with HCV clearance in one study.159 Moreover, CD8 T-cell depletion before HCV inoculation resulted in prolonged viremia until the return of CD8 T cells in previously HCV-immune chimpanzees160 (see Fig. 8-6, B). In another study, a vigorous and broadly specific IFN-γ+ CD8 and CD4 T-cell responses in the liver were associated with virus control.161 These results suggest that CD8 T cells play a key effector role in controlling HCV viremia (similar to HBV), although CD4 help is needed to maintain their effectiveness.


In HCV-infected patients, HCV-specific CD8 T cells are highly activated during acute infection but unable to perform antigen-specific effector function such as IFN-γ production, proliferation or degranulation with a so-called/stunned/phenotype.65,162,163 This dysfunction appears to occur irrespective of subsequent virologic outcome. In patients who subsequently clear viremia, CD8 T-cell dysfunction is resolved as HCV-specific CD8 T cells mature into protective CD127+ memory cells in the presence of functional CD4 T-cell response.163 Figure 8-7, C shows the antiviral T-cell IFN-γ response in patients with resolved or chronic HCV infection.164 In patients with chronic evolution, HCV-specific CD8 T-cell dysfunction persists via multiple immune inhibitory and regulatory mechanisms61-65165 and HCV-specific CD8 T cells are found in low frequency in peripheral blood but enriched in the liver.64,166









Vaccine Development in HCV


Based on the role of T cells in HCV clearance, it is believed that an effective vaccine approach for HCV should induce vigorous CD4 and CD8 T-cell responses. On the other hand, the development of effective prophylactic and therapeutic vaccine has been challenging despite much effort,167,168 in part due to its high viral variability, weak immunogenicity, and potential immune evasion mechanisms. Among studies examining prophylactic vaccine in chimpanzees, adjuvanted recombinant envelope glycoprotein vaccine was able to protect up to 80% of vaccinated chimpanzees against chronic infection upon challenge with homologous or heterologous virus.167,168 Protection could also be seen with T cell–based169 and vaccinia virus–based170 approaches. As for therapeutic vaccine, mechanisms of T–cell dysfunction and tolerance induced during chronic HCV infection may limit vaccine immunogenicity and efficacy in virus control.171 Vaccine development is an important challenge that remains relevant, especially for highly endemic areas or high-risk populations to prevent further infection.









T Cells in Chronic HBV or HCV Infection and Therapy


Although HBV-specific CD8 T cells are weak in chronic HBV infection, an inverse relationship exists between HBV-specific CD8 T-cell response and HBV DNA. For example, HBV-specific CD8 T cells are more easily detected and functional in HBV carriers with lower viral titer than in highly viremic patients.101,102 HBc-specific CD8 T-cell response (albeit low in frequency) showed a significant inverse association with HBV titer.172 In the liver, HBV-specific CD8 T cells are found in similar number in patients displaying immune control and in patients with active disease.115 However, in patients with active disease, HBV-specific CD8 T cells are effectively diluted in the liver by the massive inflammatory infiltrates. Thus ineffective HBV-specific CD8 T cells may contribute to cytopathology by recruiting nonspecific inflammatory cells (e.g., NK cells). Conversely, the level of viral antigen can influence CD8 T-cell function173 and HBV-specific T-cell function can be enhanced in patients with therapeutic virus suppression.108,174-176 It is likely that this is a dynamic process in patients with active chronic hepatitis B or flares.


In HCV, antiviral CD8 T cells follow a similar trend as HBV—weaker in persistence and stronger in clearance.107 However, it differs from HBV in that therapeutic virus suppression does not always lead to enhanced antiviral T-cell function,177,178 except in acute infection.179 On the other hand, it is likely that T cells play a role in therapeutic response because treatment response is poor in patients with global T-cell dysfunction due to HIV infection or transplant immunosuppression.180,181


Viral persistence is also associated with the induction of various immune regulatory mechanisms. These inhibitory pathways may be reversed upon therapeutic virus suppression, thereby leading to enhanced antiviral effector T-cell response. With prolonged therapeutic virus suppression (with or without active immune modulatory therapy such as IFN-α or vaccination), the balance may ultimately tilt toward sustained virus control by dampening the immune regulatory pathways and enhancing the immune effector responses.


















Immune Mechanisms of Viral Persistence






Innate Immune Evasion Mechanisms


As mentioned earlier, HBV can spread without triggering the innate type I IFN response during acute infection.81,82 However, acute HBV infection is cleared in most adults despite this stealth capacity. For HCV, type I IFN pathway is inhibited at the level of induction via RIG-I and TRIF (within the infected cell although not globally)81 and its downstream antiviral effect.126,182,183 However, RIG-I and TRIF pathways are also inhibited by the hepatitis A virus, which does not generally persist.184 Thus these innate immune evasion mechanisms do not completely explain the basis for HBV or HCV persistence. Nevertheless, they may contribute to the delayed onset of adaptive T-cell response that ultimately mediates viral clearance and liver injury.99,147,160 Conceivably, with active viral spread and delayed adaptive immune induction, a number of immune regulatory pathways may be activated to limit liver damage while promoting viral persistence.









Mechanisms of T-Cell Regulation


Figure 8-8 shows some potential regulatory mechanisms of T-cell dysfunction or tolerance in HBV and HCV infection that are discussed below.
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Fig. 8-8 Potential regulatory mechanisms for virus-specific T cells in chronic HBV or HCV infection.








Inhibitory Costimulatory Pathways in Viral Infection


The balance between positive and negative immune costimulatory signals can influence virus-specific T-cell response. In particular, increased PD-1 expression is associated with virus-specific T-cell dysfunction during chronic viral infection. In chronic murine LCMV infection, in vivo blockade of PD-1 (but not CTLA4) promoted virus control and functionally restored exhausted virus-specific CD8 T cells lacking CD4 help (“helpless CD8 T cells”).57 In transgenic mice expressing HCV core in the liver, PD-1 blockade reversed the intrahepatic CD8 T-cell dysfunction and promoted the clearance of adenovirus infection.185 In SIV-infected monkeys, PD-1 blockade enhanced T-cell immunity (also B-cell response) with improved survival and reduced viral load.186 In humans, PD-1 expression on HIV-specific CD8 T cells was tightly associated with HIV-associated outcomes and effector dysfunction that was reversible by PD-1/PD-L blockade in vitro.58,187,188 Collectively, these findings raise hope that modulation of inhibitory costimulatory pathways can have therapeutic benefit for chronic viral infection.






PD-1, CTLA4, and HBV


A role for PD-1 has been reported in HBV-infected patients. For example, during acute hepatitis B, HBV-specific CD8 T cells display increased PD-1 expression and impaired function,189 followed by reduced PD-1 expression and increased CD127 (IL-7-receptor) expression as antigen-specific function improves with viral clearance. During chronic HBV infection, HBV-specific CD8 T cells are highly PD-1+ with impaired function that is restored by PD-1 blockade.59 On the other hand, prolonged T-cell activation during chronic HBV infection can also lead to clonal deletion. For example, up-regulation of proapoptotic molecule Bim (Bcl-2-interacting mediator of cell death) in CD127-low HBV-specific CD8 T cells mediated their apoptosis.190 In HBV transgenic mice, adoptively transferred HBV-specific CD8 T cells oscillate in their functionality in association with PD-1 expression, consistent with a regulatory role for PD-1 in T-cell function191 and perhaps survival.


Interestingly, functional restoration with PD-1:PD-L1 blockade was observed for CD8 T-cell responses to HBV core and polymerase, but not envelope. On a related note, therapeutic vaccination with HBsAg during lamivudine therapy enhanced envelope-specific antibody and CD4 T-cell responses but without therapeutic efficacy,192 suggesting that antibody and CD4 T-cell responses to HBV envelope are insufficient to clear viremia (perhaps due to lack of the effector CD8 T-cell responses and responses to core or polymerase). As for CTLA4, HBV persistence has been associated with CTLA4 single-nucleotide polymorphism (SNP).193 However, its role has not been examined functionally in HBV.









PD-1, CTLA4, and HCV


In patients with chronic HCV infection, circulating HCV-specific CD8 T cells display increased PD-1 expression in direct association with their functional impairment, whereas PD-1 blockade can restore their function.60-63 However, HCV-specific CD8 T cells from an HCV-infected liver show even greater PD-1 expression compared with those from peripheral blood.61,63 Moreover, highly PD-1+ intrahepatic HCV-specific CD8 T cells are deeply impaired and refractory to PD-1 blockade alone.64 Interestingly, combined PD-1/CTLA-4 blockade can synergistically enhance their effector function.65 This differs from HIV in which CTLA4 blockade can augment CD4 T cells without a synergistic effect and does not augment CD8 T-cell function.194 Thus the mechanisms of effector T-cell dysfunction may differ between viruses (HIV vs. HCV), compartments (liver vs. blood) and T-cell subsets (CD4 vs. CD8). More recently, a role for Tim-3 has been reported in reversible HCV-specific T-cell dysfunction.68












Immune Regulatory T Cells and Cytokines


Relevance of CD25+ Tregs in viral infection has been reported for murine herpes simplex virus infection, as well as human HCV, HBV, and HIV infection.71,195-197 A critical role for the IL-10/IL-10-receptor (IL-10R) pathway in viral pathogenesis was shown in chronic murine LCMV infection in which blockade of IL-10:IL-10R signaling resulted in viral clearance with increased IFN-γ+ effector T-cell responses but no immune pathology.78,79 Notably, IL-10R blockade also resulted in reduced PD-1-expression on antiviral CD8 T cells, thus linking IL-10/IL-10R and PD-1/PD-L pathways in LCMV infection.






Regulatory T Cells in HBV Infection


HBV persistence has been associated with increased circulating frequency of CD25+Tregs198 that can suppress HBV-specific effector T cells.199 In another study, CD25+ Tregs were increased in peripheral blood and the liver of HBV-infected patients while circulating CD25+ Treg frequency correlated with HBV titer.200 In patients with HBV-associated hepatocellular carcinoma (HCC), circulating Treg frequency correlated with disease progression and mortality.201 As for IL-10+ Tr1 response, a global cytokine deviation towards a Th0 rather than Th1 phenotype has been reported in chronic HBV infection202 while T cells and monocytes from HBV-infected patients can secrete IL-10 in response to HBV core protein.203,204









Regulatory T Cells in HCV Infection


There is increasing evidence that immune regulatory T cells and cytokines contribute to HCV pathogenesis. First, patients with chronic HCV infection display increased circulating CD4+CD25+ Treg frequency.164,197,205-207 Second, sorted CD25+ Treg are suppressive and their depletion can enhance HCV-specific effector T-cell function in vitro.164,197,205-207 Third, CD25+ Tregs from HCV-infected patients display FoxP3 (the transcription factor generally accepted as a Treg marker) without any difference in phenotype, function, and gene expression profile compared with CD25+ Tregs from uninfected subjects,208 consistent with the notion that HCV persists with increased FoxP3+ Tregs.


Because HCV-specific FoxP3+ and suppressive CD4 and CD8 Tregs can be expanded from HCV-infected patients,208,209 it is conceivable that virus-specific FoxP3+ Tregs can be induced during viral infection with antigen-specific suppressive function. HCV-specific CD4 T cells expressing FoxP3 have been transiently detected ex vivo in the peripheral blood of acutely HCV-infected patients, although without a consistent association with immune effector function or virologic outcome.210 FoxP3+ Tregs are detected in the HCV-infected liver,211 suggesting that they can exert an immune regulatory effect at the site of viral replication. Intriguingly, Treg frequency is also increased in patients with liver cancer due to HBV or HCV, suggesting either a pathogenic role against tumor surveillance or an indicator of ongoing liver injury that contributes to carcinogenesis.201,212


As for Tr1 response, HCV gene products can induce IL-10 production in macrophages213 and monocytes214 promoting a cytokine milieu that favors Tr1 induction. HCV may promote DC dysfunction with increased IL-10 production by monocyte derived DC (mDC) and reduced IFN-α by plasmacytoid DC (pDC).215 In fact, chronically HCV-infected patients display increased HCV-specific IL-10+ Tr1 response216,217 and serum IL-10 levels218 that decrease with antiviral therapy. Relevant to immune regulation at the site of infection, HCV-specific IL-10+ CD8 Tr1 cells in the liver of HCV-infected patients showed IL-10-dependent T-cell suppression.219 HCV-specific CD4 T cells with TGF-β (and IL-10) secretion has been detected in chronic hepatitis C,220 whereas HCV-specific CD8 T-cell cytotoxicity could be enhanced by TGF-β inhibition.221 Tr1 response in HCV infection may have a dual role in promoting viral persistence during acute infection while limiting liver disease progression in established chronic infection. Consistent with this notion, exogenous IL-10 reduced liver fibrosis and increased HCV titer.222,223


In HCV, HCV-specific IL-10+ Tr1 response has been associated with HCV persistence and decreased HCV-specific CD4 T-cell response. Interestingly, IL-10R blockade enhanced HCV-specific IFN-γ+ T-cell response in vitro,224 raising the possibility that blockade of IL-10 pathway may have therapeutic application.












Viral Immune Escape Mutation


As discussed earlier, neutralizing antibody response to the HCV envelope is readily evaded by ongoing selection of antibody escape variants.41,141,225 Similarly, HCV also readily escapes virus-specific CD8 T cells by selection of immune escape variants in acute infection,226 which is less common in established chronic infection with reduced immune selection pressure.227,228 Evolution of escape mutations is also uncommon in established chronic HBV infection in the absence of immune selection pressure.229 CD8 T-cells may be further tolerized in chronic HBV or HCV infection due to the emergence of epitope variants that not only escape CD8 T-cell recognition but also directly antagonize CD8 T-cell activation.113,172,227









Viral Antigens in Immune Regulation






HCV Core as an Immune Regulatory Protein


Hepatitis C virus core protein can be detected in the circulating blood of HCV-infected patients in direct association with HCV RNA titer and it is the most immunogenic protein targeted by T cells in chronically HCV-infected patients.156,157 However, HCV core can also bind the complement receptor gC1qR on T cells and inhibit T-cell function in vitro by inhibiting IL-2 and IL-2Rα gene transcription and by inducing suppressors of the cytokine signaling (SOCS) pathway.230-232 CD8 T cells may be more readily suppressed by the HCV due to greater gC1qR expression compared with CD4 T cells.233 However, gC1qR is up-regulated by CD4 T cells during acute infection, thereby becoming more susceptible to core-mediated suppression.234 While global T-cell dysfunction is not a feature of chronic HCV infection, HCV core may mediate a critical immune regulatory effect in early HCV infection by suppressing the antiviral T cells as they become activated.









HBVeAg as an Immunologic Tolerogen


In neonates, vertically transmitted HBV infection becomes invariably chronic. Potential mechanisms may include the immature immune system in the neonate and the tolerizing effect of HBV antigens235,236 that may lead to T-cell exhaustion and/or clonal deletion. Nevertheless, timely passive and active immunization upon delivery can prevent chronic HBV infection, suggesting that a protective vaccine response can be induced even in newborns. In this setting, the soluble HBeAg is known to passively cross the placenta and mediate T-cell mediated tolerance to HBV. Clinical presentation of immune active chronic hepatitis B in HBeAg precore mutant patients may exemplify the loss of the immune tolerance mechanism.












Extrahepatic Site of Viral Replication


Hepatitis C virus replication has been reported in cells of nonhepatic origin. For example, immune cells such as T- and B-cell lines have been shown to harbor HCV replication in culture, although not in a very robust fashion.237-240 Detection of HBV DNA in peripheral blood lymphocyte subsets has also been reported from HBV-infected and resolved subjects (including HBV RNA transcript in two subjects in the late convalescent phase of infection)111,241 The clinical and pathogenetic relevance of these findings are not yet clearly defined.















Mechanisms of Liver Injury in HCV and HBV Infection


In acute hepatitis B and C, virus control is mediated by cytopathic and noncytopathic mechanisms that are largely mediated by CD8 T cells with further amplification nonspecific inflammatory recruitment. With chronic infection, the situation is more complex. For example, the virus has become better adapted and established within the liver (greater number of infected cells, immune escape mutation, inhibition of cellular antiviral pathways, potential extrahepatic reservoir). In some sense, the immune system recognizes this and appears to have developed mechanisms to prevent undue damage while maintaining some control of the virus. The balance between the virus and host immune response (driven by the host genetics and environment) will ultimately determine the course of liver disease.






Virus-Mediated Injury


Persistent viruses are generally noncytopathic since their continued survival requires a viable host (i.e., it does not burn down its own house). In fact, HBV and HCV replication in an experimental chimpanzee infection is unaccompanied by any biochemical or histologic evidence for liver injury until T cells are activated and recruited. Moreover, immunosuppression (e.g., by steroids) results in increased HBV and HCV replication without evidence of liver injury.242,243


For HBV, liver injury was observed in HBV envelope transgenic mice that accumulate the large envelope protein in high amounts within the endoplasmic reticulum,244 but not in mice that replicate the virus in the liver without such high cellular protein retention.245 A similar situation may occur in immunosuppressed patients with fibrosing cholestatic hepatitis B. In these patients, marked hepatocyte injury and ductular reactions occur without a significant inflammatory component in a setting of extremely high levels of HBV DNA and the so-called “ground glass hepatocytes” displaying massive viral antigen expression.246 Similar cytopathic effect was also observed in some humanized chimeric mice harboring human hepatocytes with increased reactive oxygen species, TGF-β production and fibrosis that may differ among HBV strains or genotype in some247,248 but not all studies.249


Similarly, HCV expression in the liver has been associated with hepatic injury, steatosis, and liver cancer development in some250-252 but not all HCV transgenic or chimeric mice.249,253,254 HCV may promote apoptosis of infected cells via TRAIL-mediated mechanisms in some studies,255,256 whereas HCV may inhibit cytokine-mediated apoptosis in other studies.257,258 Moreover, the course of liver disease is significantly accelerated in HIV/HCV co-infected patients259,260 or HCV-infected liver transplant recipients,261-263 suggesting a potential virus-mediated injury in the absence of immune-mediated virus control. Collectively, these findings point to the possibility that both HBV and HCV can be directly cytopathic in certain circumstances (particularly in the absence of immune control) but not in all cases.









Immune-Mediated Liver Injury






T Cell–Mediated Injury


A pathogenetic role for CD8 T cells was demonstrated by hepatocyte apoptosis and hepatitis upon adoptive transfer of HBV-specific CD8 T cells in HBV transgenic mice50 and by reduced liver inflammation during acute experimental HBV infection in a CD8-depleted chimpanzee.99 CD8-cytolytic activity involves both perforin and Fas death pathways. As shown in Figure 8-9, CD8-induced liver damage is further amplified by chemokines, neutrophils (and matrix metalloproteinases made by neutrophils) and platelets that mediate recruitment of other immune cells (e.g., NK, NKT, T/B cells, macrophages, monocytes, DC) into the liver.264 While CTLs (and the recruited inflammatory cells) contribute to liver cell injury, they also elaborate antiviral cytokines (e.g., IFN-γ) that can cure virus-infected hepatocytes, ultimately leading to viral clearance without fulminant liver failure.





[image: image]

Fig. 8-9 Mechanisms of cytotoxic T lymphocyte (CTL)–induced liver disease and viral clearance.


After antigen recognition, virus-specific CTLs kill a small number of hepatocytes via Fas L- and Perforin-mediated pathways and produce antiviral cytokines that inhibit HBV or HCV replication noncytopathically in many more cells. The same cytokines can activate parenchymal and nonparenchymal cells of the liver to produce chemokines that recruit antigen-nonspecific polymorphonuclear cells into the organ. Production of matrix metalloproteinases (MMPs) by these cells in addition to chemokine induction may contribute to the migration of antigen-nonspecific immune cells (e.g., natural killer cells, T cells, macrophages) into the liver and the amplification of the liver disease initiated by the CTL.


(Adapted from Guidotti LG, Chisari FV. Immunobiology and pathogenesis of viral hepatitis. Annu Rev Pathol 2006;1:23–61.)









A Role for Platelets in Virus-Specific CD8 T-Cell Recruitment into the Liver


Intrahepatic accumulation of virus-specific CD8 T cells and liver injury can be prevented by platelet depletion in various mouse models (HBV transgenic, LCMV, adenovirus).264 Of interest, administration of antiplatelet agents (aspirin, clopidogrel) reduced the liver disease severity and inhibited viral clearance in mice with adenovirus-induced viral hepatitis.265 It is not clear if this effect during acute liver injury is also relevant for progressive liver damage that occurs in chronic hepatitis B and C. Nevertheless, it highlights the relevance of immune recruitment signals in liver disease pathogenesis.









Chemokines in Recruitment of Immune Cells into the Liver


Chemokines are involved in leukocyte migration and inflammation. They can be divided into four subfamilies based on the position of the two N-terminal cysteine residues: CXC (divided into ELR-CXC or non-ELR-CXC based on preceding Glu-Leu-Arg residues), CC, C, and CX3C chemokines.


In HCV, viral gene products (e.g., core, NS5A) and antiviral cytokines (e.g., IFN-γ) can induce the production of chemokines such as RANTES (regulated upon activation, normal T cell expressed and activated), CXCL10 (IFN-inducible protein 10 or IP10) and MIG (monokine-induced by IFN-γ) by hepatocytes and sinusoidal endothelial cells.266,267 Accordingly, T cells recruited to the HCV-infected liver display increased expression of chemokine receptor CXCR3 and CCR5, compared with those in the uninfected liver. Moreover, IP10 expression has been associated with the histologic marker of liver inflammation and fibrosis in HCV-infected patients.268 Similarly, HCV persistence and IFN-α treatment resistance have been associated with increased serum level of CXCL8 (IL-8 or neutrophil chemotactic factor), which can be produced by HCV-expressing hepatocytes via NS5A-dependent mechanism,269 as well as other cells.


In HBV, a flare of chronic hepatitis B (with or without prior therapy) is preceded by a rise in serum IL-8 level90,270 and temporally associated with increased CXCL9 and CXCL10 (both potent chemo-attractants of activated T cells). IL-8 can modify hepatocyte expression of the TRAIL receptor, thereby enhancing its susceptibility to TRAIL-mediated apoptosis upon exposure to activated NK cells.90 Collectively, these findings support the role for chemokines and their receptors in liver injury and virus control in HCV and HBV infection.









NK Cells and Liver Injury


Interestingly, hepatitis flares correlated with increased NK activation and expression of TNF-related apoptosis inducing ligand (TRAIL).90 A critical role for TRAIL in liver cell death and inflammation has been reported in murine models of hepatitis.271 Importantly, NK cells stimulated with IFN-α displayed increased TRAIL expression and induced more apoptosis in liver-derived HepG2 cells. Conversely, HBV-infected patients with elevated sALT displayed greater hepatocyte expression of death-inducing TRAIL receptor. Both IL-8 and IFN-α could modulate the pattern of TRAIL receptor expression on liver-derived cells. Aside from NK cells, chronic hepatitis B is associated with mDC and/or pDC dysfunction that may be reversed by therapeutic virus suppression.272,273


In HCV, there is increasing support for the notion that HCV persists with activated NK cells89,129,274 despite lower circulating frequency.133 Expression of early NK activation marker CD69 is associated with increased serum ALT activity and HCV RNA in chronic HCV infection.89 Moreover, activated NK cells from HCV-infected patients displayed a polarization toward cytolytic rather than noncytolytic antiviral activity.274 IFN-α administration up-regulated TRAIL expression (both in vivo and in vitro) and the polarization towards cytolytic activity in vitro.274 Finally, up-regulation of TRAIL expression on NK subset (CD56 bright) was associated with viral decline.275 Collectively, these findings suggest that NK cells are likely to be involved in liver disease activity and virus control in HBV and HCV infection.


















Summary


Hepatitis B and C virus can trigger a number of innate and/or adaptive immune responses that define the course of HBV infection. Despite limitations in available model system, there has been an enormous progress in our understanding of the host–virus interactions during infection with hepatitis B and C viruses. Both viruses have innate immune evasion mechanisms and the adaptive immune responses ultimately mediate viral clearance and protective immunity. CD4 T cells are needed to regulate the overall adaptive immune response whereas CD8 T cells are the critical effectors that mediate liver injury and viral clearance. During chronic infection, antiviral T cells are functionally exhausted, with impaired capacity for virus control, although they may contribute to hepatic recruitment of inflammatory cells that amplify liver injury. Ultimately, these interactions that contribute to progressive fibrosis and hepatocarcinogenesis. While therapeutic options are evolving for HBV and HCV, better understanding of viral persistence and pathogenetic mechanisms will help develop new approaches to prevent and treat HBV and HCV infection and their considerable disease burden.
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