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Preface

Viral hepatitis remains a major public health problem
throughout the world. Hepatitis A virus infects 1-90%
or more of the human population, and it varies accord-
ing to the socioeconomic, sanitary, and public health
infrastructure of each country. Hepatitis B virus has
infected one-third of the world population, with between
350 and 400 million carriers of the virus, many of
whom progress to chronic liver disease and hepatocel-
lular carcinoma: Hepatitis C virus is estimated to have
infected 150-200 million people (probably a gross
underestimate), with about 80% infected persistently,
and this leads to serious sequelae including primary
liver cancer. Infection with hepatitis D virus also occurs
throughout the world and is hyperendemic in some
countries, and hepatitis E is common and epidemic in a
number of non-industrialized regions, with increasing
evidence of zoonotic spread and sporadic infection in
many countries.

Progress on all aspects of viral hepatitis is remarkably
rapid, with many thousands of published accounts of
original studies, and the mountain of new information
is often bewildering and may be difficult to access.
The pressing need for a fourth edition became clear,
and the text has been revised and updated. The chapter

xii

on the history of hepatitis has been omitted (which is
somewhat unfortunate because the future evolves from
the past) in order to provide space for several new
topics.

The fourth edition of Viral Hepatitis is designed to
include a balanced and carefully distilled account of
the more recent advances in this field written by a con-
stellation of internationally recognized experts from
many countries. We acknowledge their outstanding
contributions, including those made by our two new
co-editors, Professor Anna Lok and Professor Stephen
Locarnini.

We hope that the book will prove useful to virologists,
immunologists, specialists in infectious diseases, hepa-
tologists, gastroenterologists, and, of course, public
health and occupational health physicians and aspiring
scientists. It is a book for those addressing the manage-
ment and prevention of an important common infection
and its associated liver diseases, which affect a large
proportion of the world’s population.

Howard C. Thomas
and
Arie J. Zuckerman
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Chapter 1
Liver regeneration and fibrosis

Stuart J. Forbes' and Malcolm R. Alison”
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Summary

In a healthy adult liver, the rate of cell turnover is very low. Following acute liver injury, restoration of parenchymal
mass is achieved by proliferation of normally mitotically quiescent hepatocytes. However, chronic liver injury
results in the loss of this proliferative capacity of the hepatocytes, as increasing numbers of cells become senescent.
In this situation, there is activation of hepatic progenitor cells (HPCs) from within the intrahepatic biliary tree.
These bipotential cells are capable of supplying biliary cells and hepatocytes. In animal models, there is some
controversy regarding the relative contribution to parenchymal regeneration from these two compartments, but
human studies are compatible with the suggestion that as the severity and chronicity of the liver injury increase,
immature progenitor cells contribute more to regeneration than mature hepatocytes. We are now beginning to
understand the molecular signals and niche requirements that govern their cell fate. Alongside the parenchymal
regeneration in chronic liver injury, there is a stereotypical wound-healing response with activation of hepatic
stellate cells (HSCs) into scar-forming myofibroblasts and deposition of collagen. This change in the extracellular
matrix (ECM) affects the regenerative capacity of the liver, and excess scar tissue can impair liver regeneration
from either hepatocytes or HPCs.

Introduction

Normally the liver has a low level of hepatocyte turno-
ver, but in response to modest hepatocyte loss, a rapid
regenerative response occurs from all cell types in the
liver to restore organ homeostasis (comprehensively
reviewed in [1, 2]). More severe liver injury, particularly
chronic repetitive injury (e.g., chronic viral hepatitis), is
often associated with hepatocyte replicative senescence.
This activates facultative stem cells of biliary origin that
give rise to cords (the “ductular reaction”) of bipotential
transit-amplifying cells (named oval cells [OCs] in

rodents and HPCs in humans) that can differentiate into
either hepatocytes or cholangiocytes. Moreover, the
major primary tumors of the liver (hepatocellular carci-
noma [HCC] and cholangiocarcinoma [CC]) invariably
arise in a setting of chronic inflammation that is accom-
panied by both hepatocyte regeneration and ductular
reactions, and while it seems that the founder cell of CCs
is a proliferating cholangiocyte, the morphological het-
erogeneity often observed in HCCs suggests that these
tumors can arise from bipotential HPCs as well as more
mature hepatocytes. HCCs also appear to possess sub-
populations of cancer stem cells, which are responsible
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4 Introduction to Liver Biology

for continued tumor propagation and metastasis, and a
number of phenotypic markers have been proposed for
their identification.

Liver turnover and regeneration

Kinetic organization

The healthy liver in adults is mitotically quiescent with
levels of proliferation suggesting a turnover time for
hepatocytes in excess of a year. Nevertheless, there is
still considerable debate as to how the liver is organized.
Most studies concur that hepatic stem cells are located
in the periportal region; for example, in the mouse,
bromodeoxyuridine (BrdU) pulse-chase analysis follow-
ing two rounds of acetaminophen intoxication has
observed so-called label-retaining cells (LRCs), consid-
ered to be slowly dividing progenitor cells, as both inter-
lobular cholangiocytes and peribiliary hepatocytes [2].
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Figure 1.1 Top: Strategy of the genetic lineage-tracing
study employed by Furuyama et al. [3] using tamoxifen-
induced Cre-mediated cell tracking using Sox9IRES-CreERT2;
Rosa26R mice. Bottom: Schematic illustrating the spread of
X-gal staining after 8-week-old mice were injected with
tamoxifen. After one day, only intrahepatic bile duct cells are

In humans, EpCAM'NCAM" cells in the periportally
located canals of Hering have been identified as puta-
tive HPCs and it is suggested that there are eight matu-

- rational lineage stages moving from the periportal

(progenitor) region to the perivenous region.

An important question remains: is the liver organized
like the intestine, with a unidirectional flux of cells that
are “born” in the portal area and migrate along a trajec-
tory leading to the hepatic veins? This so-called stream-
ing liver hypothesis was first advocated by Gershom
Zajicek and colleagues (reviewed in [2]); examining the
location of labeled hepatocytes in intact adult rat livers
over time after a single injection of tritiated thymidine,
they suggested that hepatocyteé moved at a speed of
over 2um/day from the periportal region to the central
vein. A recent murine study by Furuyama and col-
leagues [3] (reviewed in [4]) appears to support the idea
that hepatocytes migrate centrifugally from portal areas
(Figure 1.1). They examined the expression of the embry-
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labeled, but later X-gal-positive hepatocytes gradually spread
from the portal tracts to the central veins, thus supporting
the streaming liver hypothesis. See Alison and Lin [4] for
further details. (Source: Alison and Lin. Hepatology 2011, 53:
1393-1396 [4]). (Color plate 1.1)



regeneration and fibrosis 5

gt |

Figure 1.2 (A) A single cytochrome ¢ oxidase (CCO)—deﬁcient patch, appearing to emanate from the portal tract. (B) High-
power magnification illustrates that within the patch there are CCO-positive sinusoid-lining cells (asterisks) indicative of
different cells of origin from hepatocytes. See Fellous et al. [7] for further details. (Source: Fellous TG et al. Hepatology 2009, 49:

1655-1663 [7]). (Color plate 1.2)

onic transcription factor Sox9 in the liver. In human
liver, immunohistochemistry identified interlobular bile
duct cells as Sox9-expressing cells, and a similar pattern
was seen in adult mice when a reporter gene, either
enhanced GFP or LacZ, was knocked into the Sox9 locus.
Adopting tamoxifen-inducible genetic lineage tracing
from the Sox9 locus, detecting Sox9-lineage cells by
X-gal staining, Furuyama et al. [3] found that X-gal posi-
tivity spread out from the *portal areas toward the
hepatic veins until the majority of hepatocytes were
labeled within 8-12 months. Thus, the paper suggested
that indeed cells “streamed,” but more importantly
hepatic replacement was from cytokeratin 7 (CK7)-
Sox9-positive biliary cells, identifying cells within the
biliary tree as drivers not only of hepatocyte replace-
ment when regeneration from existing hepatocytes is
compromised (discussed further in this chapter) but
also of normal hepatocyte turnover. However, there
is controversy as other studies of mice have failed to
find evidence for the normal liver parenchyma being
“fed” from the biliary system. Carpentier et al. [5] also
employed lineage labeling in mice, this time from Sox9-
expressing ductal plate cells in late embryonic develop-
ment (E15.5), finding that these cells gave rise to
interlobular bile ducts, canals of Hering, and periportal
hepatocytes, and that liver homeostasis did not require
a continuous supply of cells from Sox9 progenitors.
Iverson et al. [6] have sought to quantify the dynamics
of mouse liver turnover by lineage labeling following
activation of an albumin—Cre transgene, calculating that
0.076% of hepatocytes had differentiated from albumin-
naive cells over a 4-day period.

In human liver, Fellous et al. [7] have identified clonal
populations of hepatocytes based upon finding large
patches of cells deficient in the mitochondrial DNA

(mtDNA)-encoded cytochrome c oxidase (CCO) enzyme,
all sharing an identical neutral mutation in the CCO
gene indicating derivation from a single cell. Signifi-
cantly, these CCO-deficient patches were all connected
to portal areas and had a portal vein—to-hepatic vein
orientation (Figure 1.2), suggesting a “streaming” nature
but without providing information of whether they are
derived from a periportal progenitor cell or an inter-
lobular biliary cell.

Liver regeneration

The regenerative capacity of the liver is impressively
demonstrated when two-thirds of the rat liver is surgi-
cally removed (a 2/3 partial hepatectomy, or 2/3 PH)
and the residual liver then undergoes waves of hyper-
plasia and hypertrophy to restore preoperative liver
mass within about 10 days [1, 2]. After a 2/3 PH in
healthy adult rats, all the normally proliferatively qui-
escent hepatocytes leave G, to semisynchronously enter
the cell cycle. DNA synthesis is first initiated in the peri-
portal hepatocytes at about 15 hours after PH, with a
peak in the hepatocyte DNA synthesis labeling index of
~40% at 24 hours. Midzonal and centrilobular hepato-
cytes enter DNA synthesis at progressively later times,
but the hyperplastic response in hepatocytes is essen-
tially complete by 96 hours, to be followed by a phase
of hepatocyte hypertrophy. Elegant labeling studies
have identified three groups of regenerative hepatocytes
in mice, with all cells dividing at least once, but with the
periportal hepatocytes that divide first dividing maybe
three or more times after PH.

As might be expected, age has an adverse effect on
the response; in old rats (>2 years old), a significant
number of hepatocytes do not proliferate after PH,



