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Preface

Hepatitis continues to be a major health threat in both developed and
developing nations. This occurs despite the recognition over the past few decades
of the viral agents responsible for this disease, and despite development of
methods to detect these viruses and of vaccines to prevent the spread of some
of them. Nevertheless, the number of viruses that are known to cause hepatitis
continues to increase. This has been both helpful in developing
strategies to combat viral hepatitis and disconcerting as we realize that the
problem is more complex than was realized.

The artificial grouping of these totally unrelated viruses, based on the
disease they cause, requires careful examination of the biology, pathogenesis,
and epidemiology of these agents. Viral Hepatitis: Diagnosis, Therapy, and
Prevention examines the five well-recognized hepatitis viruses, A through E,
and examines some newer agents (so called non—A-E hepatitis viruses or GB
viruses), whose description has emerged in the past few years. These agents
can all be transmitted by human blood products, which makes them poten-
tially important pathogens. The book’s chapters will examine the biological
nature of each of the viruses, the pathogenesis of the disease(s) they cause,
both acute and chronic, information on how, and how readily, they are trans-
mitted, and the clinical signs and symptoms of the diseases. This will provide
an in depth understanding of the current state of knowledge of these agents.

The hepatitis viruses are tested for during the diagnosis of disease. The
specific types of diagnosis and the most practical way to approach this will be
evaluated.

The prevention of and therapy for hepatitis virus infections are a major
public health goal. Significant progress has been made in this regard through
the 1980s and 1990s. There are now vaccines for hepatitis B virus (and conse-
quently hepatitis D virus) and for hepatitis A virus. In addition, interferon and
some antiviral drugs are now being used for therapy. These are all discussed
in chapters devoted to each of the topics noted.

Viral Hepatitis: Diagnosis, Therapy, and Prevention concludes with a
look at where the study of viral hepatitis is headed and what impact new
developments in this field might have on world health.

Steven Specter
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Introduction

Steven Specter

Hepatitis as an entity has been recognized for thousands of years. The
description of jaundice, i.e., hepatitis, dates to ancient Chinese writings, and
the first European reference dates to the third century A.D. Recognition that
hepatitis has an infectious etiology has been in the modern literature since
early in this century (7), and the terms hepatitis A and B were first used in
1947 (2). However, proof that viruses are responsible for this disease was
first published in 1968 with the description of hepatitis B virus (HBV) par-
ticles in Nature (3).

Shortly before this, Blumberg and colleagues had reported that a unique
protein isolated from Australian aborigines, which was referred to as Aus-
tralia antigen, was associated with serum hepatitis (4). Interestingly, rather
than being the result of serologic testing for hepatitis, these studies resulted
from Blumberg’s interests in anthropology. While looking for a distinguish-
ing protein in aborigines, Blumberg discovered the Australia antigen. There-
after, when one of the technical staff developed hepatitis and subsequently
seroconverted to positive for the antigen, the association with hepatitis was
made. Prior to this time, there clearly had been evidence that disease entities
that included hepatitis were caused by viruses but not the two forms of clas-
sically described hepatitis, serum and infectious hepatitis. While before this
discovery, viruses were believed to cause hepatitis, this was the first solid
evidence of a viral etiology for classic hepatitis.

The discovery of a second hepatitis virus, hepatitis A virus (HAV) was
confirmed in 1973 (5). At that time, it was believed that the major causes of
acute hepatitis were identified, with HAV being determined to be respon-
sible for infectious or short-incubation hepatitis and HBV the agent of serum
or long incubation hepatitis. However, as virus identification and screening
of blood became commonplace, it became clear that other agents were in-
volved, and the third form of hepatitis became known as non-A, non-B or
NANB hepatitis.

Over the past two decades, we have added hepatitis D virus (HDV),
hepatitis C virus (HCV), and hepatitis E virus (HEV). HDV, which was
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2 Specter

initially designated the delta agent, was identified as a unique agent in 1983
(6). HCV was initially described in 1989 using molecular biology techniques
(7) and only visualized in the 1990s. It is interesting to note here that this
was the first time that discovery of an infectious entity resulted solely from
molecular biological techniques. HEV was first visualized in 1983 (8). In
the past few years, additional agents have been described that have been
referred to both as the GB agents and hepatitis G virus (HGV). There are
three GBV agents described and referred to as GBV-A, GBV-B, and GBV-
C. Through homology studies, it appears that GBV-C and HGV are variants
of the same virus. Their role as clinical entities is still not very clear (chapter
7, ref. 9). A more comprehensive history of viral hepatitis has been pre-
sented by Zuckerman in the initial chapter of a text on hepatitis (10), with the
exception of events in more recent years.

The viruses that comprise the group of “hepatitis viruses” are com-
pletely unrelated taxonomically and are grouped solely by the fact that the
primary disease that they cause is inflammation of the liver. These viruses
cause a continuum of disease that ranges widely in severity, ability to cause
chronic infection and disease, epidemiology, diagnosis, prevention, and
treatment. This is, of course, related to the diverse biology of the etiologic
agents. Each virus and the properties indicated above are described in the
chapters that follow. In addition to the hepatitis viruses, A—G, there are many
other viruses that include hepatitis in the constellation of symptoms that they
may induce. This includes several human herpesviruses, rubella, yellow fe-
ver, dengue, and other hemorrhagic fever viruses (/7). The current volume
is limited to the examination of the hepatitis viruses only, discussing their
biology, pathogenesis, epidemiology, clinical descriptions, diagnosis, pre-
vention, and therapy. By examining all aspects of these viruses and their
disease, we attempt to present the reader with a comprehensive overview of
the clinical entity viral hepatitis caused by the classic hepatitis viruses. In
this regard, a table that should serve as a quick reference is provided that
summarizes some of the properties dealt with in this text (see Table 1).

The list of viruses presented is not necessarily complete. The reader
may have noticed that there are no hepatitis F viruses included. A puta-
tive hepatitis F virus was described associated with a human stool sample
and was transmissible in primates (12); however, this awaits confirmation.
The GB agents, which are blood borne, as described by Mushahwar and
colleagues at Abbott Laboratories (see chapter 7), include potentially
three separate viruses. Additionally, there may be as yet undetected agents
capable of causing hepatitis that will be recognized as we eliminate the
known viruses from the blood supply. Thus, the list of “hepatitis viruses”
may yet grow.
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4 Specter

Laboratory diagnosis for hepatitis viruses has been an evolving field
since its introduction in the early 1970s with testing for “Australia antigen.”
Chapter 8 details the current state of testing for these viruses to determine
the etiology of established hepatitis infection. Hepatitis testing has become
an important tool for tracking the prognosis of chronic hepatitis and therapy
for this condition.

Therapeutics for hepatitis have been developed only recently with the
introduction of interferon alpha for treatment of chronic hepatitis. Chapter 9
details the accumulated information on development of antiviral compounds
for treatment of hepatitis, including studies with newer antiviral drugs. An-
tiviral treatment for hepatitis is finally showing some promise, and the next
few years should provide us with effective weapons for dealing with some or
all of these hepatitis viruses.

The development of vaccines for both HAV and HBV have been major
accomplishments, which occurred during the past few decades. In the case
of HBV, the first vaccines were used in the 1970s, whereas HAV vaccine
was not licensed until 1995. These have been described in separate chapters
(10 and 11) in this text. In both cases, vaccination does not currently use live
vaccines. For HBV, vaccination is currently performed using a recombinant
HBYV surface antigen (HBsAg), the major surface protein of the virus that
can also be found in the blood of infected patients as independent particles.
For HAV, the vaccine is intact inactivated virus. A major benefit of the HBV
vaccine is that it also is protective against HDV, since HDV is a defective
virus dependent on HBsAg for maturation. Vaccine development for other
hepatitis viruses has pretty much been limited to HCV. To date, studies have
been unsuccessful in the development of an HCV vaccine candidate.

The status of hepatitis as an entity has changed dramatically as a result
of advances in scientific knowledge. The viruses responsible for the vast
majority of infections have been identified. As a result of this identification,
we have developed diagnostic tests, vaccines, and therapeutics. Screening of
blood for donation for HBV initially lead to a decrease in transfusion-asso-
ciated hepatitis. This led to the emergence of HCV as the leading cause of
transfusion-associated hepatitis. The addition of HCV screening has allowed
for interventions that have greatly reduced the transmission of HBV and
HCYV in the blood supply in developed nations. Additionally, screening for
cytomegalovirus has further reduced blood-borne hepatitis. We cannot be-
come complacent regarding our successes with these viruses. Hepatitis
caused by the hepatitis viruses A—G is still a major problem worldwide.
Acute and chronic hepatitis still result in thousands of deaths annually, and
sequelae such as cirrhosis and hepatocellular (HCC) are a significant cause
of mortality. Further interruption of modes of transmission through epide-
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miology efforts and education can greatly reduce the incidence of these in-
fections, especially in developing nations. This can further be enhanced by
continued development of our understanding of the molecular biology of
these viruses, their pathogenesis, better diagnostic techniques, as well as
methods of prophylaxis and therapy.

11.

12.
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Hepatitis A Virus
Biology, Pathogenesis, Epidemiology,
Clinical Description, and Diagnosis

Jack T. Stapleton

1. Introduction

Type A viral hepatitis, or “infectious” hepatitis, is almost certainly an
ancient disease, with descriptions of contagious jaundice described as long
ago as the fifth century B.C. (reviewed in ref. 188). Although infectious
causes of hepatitis other than hepatitis A virus (HAV) may have been respon-
sible for some of these outbreaks, the description of many outbreaks of epi-
demic jaundice appear to have resulted from HAV infection. Recognition of
infectious hepatitis as a distinct clinical entity did not begin to evolve until
the first part of the twentieth century (106,188). Infectious hepatitis was a
major problem for military forces during World War II, prompting studies
that demonstrated the existence of at least two distinct transmissible hepati-
tis agents, one responsible for short-incubation, “infectious™ jaundice (sub-
sequently renamed type A hepatitis) and the other causing long-incubation,
“homologous serum” jaundice (type B hepatitis) (62,98,99,113,114). These
two agents were distinguished by differences in incubation periods, appar-
ent modes of transmission, and lack of cross-protection in human challenge
studies (113). Several decades later, with the advent of specific tests for
hepatitis A and B viruses, it became apparent that most cases of post-trans-
fusion hepatitis could be attributed to neither of these viruses (2). This led to
the realization that there were other distinct types of viral hepatitis, termed
“non-A, non-B” hepatitis. The most common etiologic agent of this entity
was identified in 1989, and it has since been named hepatitis C (16).

Hepatitis A virus was first identified in feces from humans in 1973
(39), and in vitro replication of the virus in cell culture was first reported in

From: Viral Hepatitis: Diagnosis, Therapy, and Prevention
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8 Stapleton

1979 (127). These relatively recent developments have allowed a new level
of investigation into the virology, pathogenesis, and epidemiology of hepa-
titis A, and have led to the development of inactivated and live-attenuated
HAV vaccines (7,35,41,80,101,150,181). The virus differs in many funda-
mental ways from hepatitis B virus (HBV), hepatitis C virus (HCV) and
other viral causes of hepatitis. HAV is a small, nonenveloped, RNA-con-
taining picornavirus (1,22,25,108,112), whereas HBV is a larger, enveloped,
DNA-containing hepadnavirus. HCV is an enveloped, RNA-containing virus
that is related distantly to the flaviviruses (16). Unlike HBV and HCV, per-
sistent infection with HAV has not been clearly documented in humans, and
HAV does not cause chronic hepatitis. Nonetheless, HAV is responsible for
substantial human illness and among the hepatitis viruses has unparalleled
potential for epidemic dissemination (63,79,115,141).

2. Biology and Pathogenesis

2.1. Genetic Organization

The complete nucleotide sequence of the genomic RNA is known for
several HAV strains (19,22,75,106,112). The virus genome consists of
single-stranded, positive-sense RNA, which is polyadenylated at the 3' end
and covalently linked to a small protein (VPg) at the 5' end (22,112,178).
The RNA is approx 7.5 kb in length, sediments at 33S, and full-length
complementary DNA and in vitro transcribed RNA is infectious (21). Analy-
sis of the nucleotide sequence reveals a long, continuous open reading frame
beginning 735 bases from the 5' end. When this open reading frame is
expressed in eukaryotic expression systems, the polyprotein undergoes
cotranslational, protease-mediated cleavage into nonstructural polypeptides
and structural proteins which assemble into virus particles (Fig. 1A)
(133,159,160,182).

2.2. Viral Proteins

The polyprotein produced by translation of the open reading frame
undergoes a highly regulated cascade of proteolytic processing events to
produce mature viral proteins in other picornaviral systems, and presumably
this also occurs in HAV (reviewed in refs. 85,119). These processing events
can be divided into three categories. Primary cleavage separates the virus
capsid precursor (P1) from the nascent chain, while secondary cleavages
process the structural and nonstructural precursor proteins into individual
viral proteins. Finally, cleavage of 1AB (VP0) to 1A (VP4) and 1B (VP2)
probably occurs during virion assembly, but not all copies of VPO found in
virions are cleaved (4,5,9,65,135) (nomenclature adopted from ref. 138).



Hepatitis A Virus 9

Fig. 1. (A) Hepatitis A virus RNA bound by 3B protein (VPg) is depicted on the
top line, with its translation product and proteolytic processing end products noted
below. The asterisk represents cleavage sites that have been identified by amino
terminal amino acid sequencing. The 3A-3B (VPg) cleavage site has been indirectly
identified (/78), and the exact carboxyl terminus of 1D (VP1) has not been conclu-
sively identified. (B) One copy of each structural protein form the protomer (depicted
as 1B, 1C, and 1D; however, 1AB and PX may substitute for 1B and 1D, respec-
tively). Five protomers assemble into the pentamer, and 12 pentamers form the viral
capsid. Thus, each capsid contains 60 copies of each structural protein.

Initial processing of the HAV polyprotein was postulated to occur
between 1D (VP1) and 2A (22); however, Anderson and Ross (4) described
anovel HAYV particle associated 40 kDa protein recognized by anti-1D serum
that they called “PX.” They speculated that PX may represent 1D2A and
suggested that primary processing in HAV occurs between 2A and 2B as in
aphtho- and cardioviruses. This protein (PX), along with one or more immu-
noreactive proteins with a molecular mass intermediate between 1D and PX,
have subsequently been detected in HAV-infected cells by others (8,15,173).
With the exception of the 1A-1B cleavage, HAV 3C protease has been shown
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to be responsible for all identified cleavage events (67,142) (Fig. 1A). How
PX is processed into 1D remains unknown, and the original prediction for
the location of the carboxy terminus of 1D (22) appears to be incorrect (33),
as the 1D protein found in HAV-infected cell cultures migrates approx 4
kDa faster than originally predicted.

The HAV nonstructural proteins have been characterized by evalua-
tion of both cell-culture-derived HAV and recombinant proteins expressed
in vitro. In other picornaviruses, the 2A region is remarkably variable in size
and function (119). In HAV, the region originally called 2A is actually part
of 1D (VP1) and is present on protomers and pentamers (4,159,183) (Fig.
1A). In recombinant systems, empty capsids also contain 1D-2A (PX),
although it is not clear if PX is present in nonrecombinant HAV empty
capsids (4,9). The 2A protein is predicted to be 45-amino-acids long and
may be cleaved in several sites between the carboxy terminus of 1D and the
start of 2B (Stapleton et al., unpublished data).

The function of the HAV 2B protein is unknown, although it has been
implicated in morphogenesis (66). 2B is approx 26 kDa (53, 142), and muta-
tions in this protein are associated with adaptation to growth in cell culture
(36,37,54,75). HAV 2C protein appears to be larger than originally predicted
(442 amino acids) (67,102,143) and has amino acid homologies with other
picornaviral 2C proteins (22). In poliovirus, 2C has helicase activities and is
thought to be involved in RNA strand separation during replication (125).

HAV 3A and 3B proteins are believed to be necessary for anchoring
2C protein to the endoplasmic reticulum and thus are required for RNA rep-
lication (125). The small (23 amino acid) 3B protein also serves as the VPg
protein, which is covalently attached via a phosphodiester bond to the 5'
terminal uridylyl residue of the RNA (69,178). In other picornaviral sys-
tems, 3B appears to serve as a primer for viral RNA synthesis, and removal
of VPg appears to direct viral RNA to ribosomes early in the replication
cycle (137).

The HAV 3C region encodes a 219 amino acid serine-like, cysteine
proteinase (6,22,29,77,100). The active site nucleophile is located at posi-
tion 172, and it is the only protease thus far identified in HAV polyprotein
processing (142,143). It autocatalytically processes itself from the
polyprotein, and is active both in trans and in cis (67). The structure of HAV
3C was the first picornaviral protease structure solved (6).

HAYV 3D encodes an RNA-dependent RNA polymerase (22). This pro-
tein has the most homology with poliovirus of any of the HAV proteins
(29%), and it contains an 18-amino-acid domain thought essential for GTP
binding (22,179).
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2.3. Morphogenesis

Virus particles (HAV virions) have been identified in liver tissue, bile,
feces, serum, and occasionally saliva of naturally or experimentally infected
humans and nonhuman primates (18,49,57,83,87,91,96,128,167). The virion
is a spherical, nonenveloped particle with icosahedral symmetry and an
approximate diameter of 27 nm (39,182). Infectious particles band
isopycnically in cesium chloride at 1.32 g/mL to 1.34 g/mL have a sedimen-
tation coefficient of 156S and contain multiple copies of at least three struc-
tural polypeptides (VP1-VP3) that range in size from 33-27 kDa (25,94). A
fourth virion polypeptide (VP4), consisting of either 17 or 23 amino acids, is
predicted by the sequence of the viral RNA but has not been identified
directly in virions (4,9,135). This protein is formed by the cleavage of VPO
(1AB) into VP2 (1B) and VP4 (1A) (Fig. 1A). Five copies of the three struc-
tural proteins interact to form a precursor particle termed the “pentamer,”
and 12 pentamers assemble into empty capsid particles, which become
infectious when viral RNA is packaged (Fig. 1B). Thus, each empty capsid
or infectious hepatitis virion contains 60 copies of the three major structural
proteins. Empty capsids and infectious virus particles appear to be identical
in their antigenic and immunogenic properties (94, 146,159).

2.4. Classification

HAYV was originally classified within the picornavirus family as a mem-
ber of the enterovirus genus (enterovirus 72) on the basis of its primary
mode of transmission (fecal-oral) and its biophysical and biochemical char-
acteristics (acid stability, sedimentation velocity, buoyant density, size, and
organization of the RNA genome and structural proteins) (56,69). These
characteristics are shared with several members of this genus, including
poliovirus, coxsackievirus, and echovirus. However, a comparison between
HAY nucleotide and amino acid sequences and other picornaviruses reveals
much less homology than is shared among other enteroviruses (reviewed in
ref. 17). HAV has only one serotype, is generally not cytopathic in cell cul-
ture, and does not react with an enteroviral-specific monoclonal antibody
(reviewed inref. 11). HAV also has extraordinary resistance to environmen-
tal stresses, such as heating and drying, which makes it unique among the
picornaviruses (105,120,147,149). In addition, the secondary structure of
virion RNA within the 5' noncoding region and several other features of the
organization of the genome that have become clear within the past few years,
distinguish HAV from the enteroviruses (reviewed in refs. 11,169). Conse-
quently, HAV was recently reclassified as the type species of a new genus,
hepatovirus, within the family Picornaviridae (110).
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2.5. Growth in Cell Culture

A high level of resistance to unfavorable environmental conditions is
probably a major factor in the maintenance and spread of HAV within
populations. Infectivity is reduced only fivefold after 16 wk incubation at
4°C and only 100-fold when HAYV is held at room temperature over a 4-wk
period (105,120,147,149). However, inactivation of HAV may be accom-
plished by chlorination or sufficient heat (120,121). HAV suspended in a
buffered saline solution becomes noninfectious within 4 min at 70°C and
virtually instantaneously at 85°C (120). When HAV is suspended in milk
and pasteurized, 0.1% of infectivity remains after 30 min at 62.8°C and 1%
of infectivity is present after 15 s at 71.6°C (120). Nonetheless, a recent
study demonstrated that HAV suspended in a commercial factor VIII stabi-
lizer and heat treated at 60°C for 10 h underwent less than a 5 log,, reduction
in virus infectivity (64,89).

HAV has been propagated in several types of primate cells. Infection
of cell cultures is generally characterized by viral persistence with no mea-
surable inhibition of host cell macromolecular synthesis (20,27,40,127).
Therefore, HAV is usually not cytopathic in cell culture, although cytopathic
variants have been selected for in vitro (3,26). Replication of HAV generally
has been detected by immunologic methods, including immunofluorescent
antibody staining of infected cell cultures, solid-phase immunoassay, and an
indirect plaque assay based on autoradiographic visualization of foci of viral
replication (42,46,92,103). cDNA-RNA hybridization and RT-PCR meth-
ods are sensitive means of detecting the virus in culture and feces
(74,76,145,170,171). Only moderate titers of virus (10’-108 infectious U/mL)
are usually obtained in infected cell cultures (27, reviewed in ref. 158). These
relatively low yields of virus continue to pose a major problem for vaccine
development. Adaptation to growth in cell culture has been shown to result
in attenuation of some strains of the virus (19,20,28,37,54,168). Isolation of
wild-type virus from clinical specimens is often unsuccessful, and requires
weeks to months and occasionally several blind passages. Consequently,
culture is not a useful diagnostic tool.

Immunologic methods, including radioimmunoassay, virus cross-neu-
tralization techniques, and sophisticated monoclonal antibody analysis have
failed to discern significant antigenic differences between human HAV
strains recovered from widely separated regions of the world (90,153,154).
However, strain differences may be demonstrated by comparison of nucle-
otide sequences obtained from PCR-amplified cDNA (131). Studies carried
out with neutralizing monoclonal antibodies and experimentally produced
HAV mutants that resist neutralization by these antibodies have demon-
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strated an immunodominant neutralization antigenic site on the surface of
the virus (157). In addition, there appears to be at least one other function-
ally independent neutralization antigenic site on virions (/24). The
immunodominant antigenic site is highly conserved, even among human
HAV strains demonstrating substantial genetic divergence (90,93,124,157).
Significant antigenic variation has been demonstrated recently among sev-
eral simian HAV strains recovered from naturally infected nonhuman pri-
mates, but it is likely that simian and human HAYV strains elicit
cross-protective immunity (90,154). Although data are scant, these simian
strains do not appear capable of causing disease in humans.

Amino acid residues within both the VP3 and VP1 capsid proteins are
involved in the structure of the immunodominant antigenic site
(111,123,124), and disruption of virus by detergents largely destroys antige-
nicity (159,182). Thus, tertiary structure or conformational arrangements
between different surface polypeptides are critical to antigenicity (159,182).
Consequently, recombinant HAV structural proteins expressed individually
(VP1, VP2, VP3) have not elicited high levels of neutralizing antibody
(48,78,118,126,135,184), limiting the feasibility of a recombinant HAV vac-
cine. When the entire HAV polyprotein is expressed in eukaryotic systems
(baculovirus—refs. 107,133,160, and vaccinia virus—refs. 159,182), pro-
cessing of the polyprotein proceeds accurately, resulting in pentameric (145)
and empty capsid (70S) particles, which are immunogenic in mice (159).

2.6. HAV Receptor

Radiolabeled HAYV is able to bind many cell lines of mammalian origin
and requires calcium for attachment (32,155,187). The binding involves a
specific receptor, since binding is saturable, and can be blocked by unla-
beled HAV but not unlabeled poliovirus (155). Neutralization-escape
mutants bind cells approximately as well as neutralization-sensitive HAV
strains, suggesting that the immunodominant, neutralization antigenic site
on HAYV is not directly involved in attachment to cells (/55). Recently,
Kaplan and colleagues identified a mucin-like protein on monkey kidney
cells that appears to specifically bind to HAV (81). Following transfection
of this protein into nonsusceptible murine Ltk-cells, HAV attachment and
productive infection was demonstrated (81).

2.7. Infection and Host Immune Response

HAV is predominantly transmitted by the fecal-oral route. Following
exposure to HAV, there is an incubation period of 15-50 d (average 28), the
duration of which may be inversely related to the titer of the HAV inoculum
(reviewed in refs. 11,49,57,88,136). The virus traverses the intestine and
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reaches the liver by an undetermined mechanism. Replication in the gas-
trointestinal tract is suspected (18); however, the data to support this hypoth-
esis are not entirely conclusive. Once HAV reaches the liver, it replicates in
hepatocytes. Virus is released from hepatocytes into the bloodstream (vire-
mia) at the same time it is present in the bile and shed in the feces. Fecal
shedding and viremia are maximal just prior to or shortly after the onset of
liver function abnormalities and terminate at the time that humoral immu-
nity to HAV is detected (49,57) (Fig. 2). HAV infection is limited to man
and several nonhuman primate species (reviewed in ref. 88).

By the time that clinical symptoms of hepatitis develop, serum anti-
body to HAV has almost invariably risen to detectable levels. The initial
antibody response consists of IgM, IgG, and IgA antibodies, with 7S (IgA or
IgG) antibodies demonstrable as early as 2 d after the onset of illness
(reviewed in refs. 11,49,57,88,95,136,158,169) (Fig. 2A). The HAV anti-
bodies detected by commercial immunoassays recognize only particulate
forms of the viral proteins (pentamers, empty capsids, and infectious virus)
and do not recognize isolated structural proteins or nonstructural proteins
(159,182). IgM anti-HAV typically disappears within 3 mo of symptoms;
however, sensitive immunoassays may occasionally detect IgM forupto 1 yr
following acute hepatitis (151,162). Viral isolation and detection of viral anti-
gen or RNA is complicated, expensive, and not standardized; consequently
detection of virus is not useful for diagnosis. Fortunately, IgM anti-HAV is
easily detectable by immunoassay. Therefore, detection of IgM anti-HAYV is
the gold standard of specific diagnosis of HAV. IgG anti-HAYV is the major
class of antibody found in convalescence, and current evidence indicates
that IgG is the primary defense against reinfection (reviewed in ref. 183).

Currently available diagnostic immunoassays cannot distinguish
between persons who acquired their anti-HAV by natural infection or by
immunization with formalin-inactivated vaccine. Both a radioimmuno-
precipitation method and an ELISA method for detecting antibody that binds
HAV nonstructural proteins have been successfully employed following
infection of chimpanzees and following natural infection of humans
(132,161). Since the inactivated vaccine preparation contains only infec-
tious virus particles and empty capsids (structural proteins), antibody to
nonstructural proteins will not be elicited by vaccination (148). Conse-
quently, the ELISA and radioimmunoprecipitation assays may serve to dis-
tinguish between natural infection and immunization (132,161). It has not
yet been determined if antibody to nonstructural proteins is elicited by
present versions of live-attenuated vaccines.

It is clear that antibody to HAV is critical and sufficient by itself to
prevent reinfection (183); however, several lines of evidence indicate a
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Fig. 2. (A) Model of clinical and serologic events occurring during hepatitis A
virus (HAV) infection. Pre-icteric symptoms develop prior to jaundice. (B) Expo-
sure to HAV at time 0 is followed by viremia and fecal shedding between 1 and 3 wk.

potential role for cellular immunity in the clearance of HAV from hepato-
cytes and in HAV pathogenesis (43,174,175). HAV persistently infects cells
in cell culture and does not cause a direct cytopathic effect (57), and peak
viral shedding in feces and peak viremia in experimental HAV infection
occurs before the development of symptoms (57,91). Anti-HAV is almost
always present at the time of symptoms, and in the unusual cases where it is
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not, interferon gamma is detectable prior to seroconversion (/86). All of
these data indirectly suggest that cell-mediated immune destruction of HAV-
infected hepatocytes leads to hepatocyte destruction (hepatitis).

Among the potential mediators of cell-mediated immunity, it appears
that antibody-dependent cellular cytotoxicity does not occur in HAV infec-
tion (47). Conflicting reports about the presence (86) or absence (45) of
natural killer cell responses to HA V-infected cells exist. Cell-mediated cyto-
toxicity has been demonstrated to be important in the immune response to
hepatitis A infection (47). Virus-specific cytotoxic T lymphocytes (CTL)
develop in the course of HAV infection (174,175). Clonal analysis of the T
lymphocytes in the liver during acute HAV infection identified antigen-spe-
cific CD8+ T lymphocytes from liver biopsies obtained during acute HAV
infection, implicating these cells as responsible for the destruction of in-
fected hepatocytes (43). Nearly 50% of liver-derived T cell clones displayed
HAY specific cytotoxicity compared with <1% of peripheral blood lympho-
cyte clones, further supporting the role of CTL in the pathogenesis of acute
hepatitis A. Cytolytic T-cell determinants have been demonstrated on both
HAV nonstructural proteins (82) and on HAV structural proteins (1/84). Since
the formalin-inactivated vaccine contains the structural proteins present in
these antigenic regions, vaccination could potentially elicit these CTL
responses.

3. HAV Epidemiology and Clinical Course
3.1. Epidemiology

Hepatitis A virus accounts for an estimated 143,000 cases of acute
hepatitis in the United States each year, resulting in approx 80 deaths and an
estimated $200 million in medical care and lost productivity (59). World-
wide, the incidence of HAV infection exceeds 1.4 million cases with a cost
of $1.5-3 billion annually (59). Because HAV is transmitted by the fecal
oral route, cases in developed countries usually are identified in individuals
who have had close contact with an index case or who have traveled to an
underdeveloped area where the virus is endemic (59,144).

Preschool day-care centers are important foci of HAV transmission
(60,61,122,130). In a study conducted within the United States, 11% of all
reported cases of hepatitis A had contact with children attending a preschool
day-care center (60). In a second study, approximately one third of all type A
or type-unspecified hepatitis cases reported in one city could be related to
day-care centers (61 ). Factors favoring day-care-center-associated transmis-
sion of HAV include enrollment of nontoilet-trained children and large
enrollment within a center. The infection is usually asymptomatic in day-
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Fig. 3. Severity of illness correlates with degree of jaundice. There is an inverse
relationship between jaundice and the age of hepatitis A virus infection.

care attendees under the age of 2 yr, which tends to mask the source of the
outbreak (Fig. 3). However, such asymptomatically infected children may
be primarily responsible for transmission (/30,139). In contrast, the
majority of infections in parents, older siblings, and day-care staff are
accompanied by jaundice or other clinical evidence of hepatitis. The
aggressive use of immune serum globulin (ISG) for prophylaxis in chil-
dren and employees of day-care centers following the identification of an
outbreak of hepatitis was shown to substantially reduce the transmission
of HAV (60,61). Furthermore, such aggressive intervention apparently
lowered rates of hepatitis A in the general population (6/). Thus, many
cases of hepatitis A in the community may represent tertiary transmission
from day-care-center-related cases.

Although spectacular epidemics of hepatitis A have occasionally been
traced to a food handler or another common source, these outbreaks are rela-
tively unusual and account for only a small proportion of cases of hepatitis A
(44). Secondary cases in common-source outbreaks usually occur one incu-
bation period after the index case but are generally restricted to household
contacts (44,59). A history of raw shellfish consumption may be present in
some patients with acute hepatitis A (59). Bivalve shellfish appear to con-
centrate HAV from sewage-polluted water; the shellfish do not serve as a
host for viral propagation (59). Prolonged survival of the virus in living
shellfish has been demonstrated (38, 185); thus shellfish must be thoroughly
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cooked to inactivate HAV. Non-bivalve shellfish (shrimp, lobster) do not
impart the same risk. Sexual transmission of HAV has been described, and
an increased frequency of hepatitis A has been observed in homosexual men
attending a sexually transmitted disease clinic (23,84).

In recent years, several outbreaks of hepatitis A have been recognized
among parenteral drug abusers in the United States and Western Europe
(12,70,116,180). 1t is not known whether these outbreaks represent trans-
mission related to poor personal hygiene or needle-borne transmission of
virus present in blood, but the latter is likely to contribute substantially to
spread of the infection among these individuals (12). Transmission of HAV
by blood transfusion is well documented but occurs rarely (69). The donor
must be in the viremic, prodromal phase of infection at the time of blood
donation. Surveys of multiple transfused children, posttransfusion hepatitis
patients, and hemodialysis patients and staff members do not show a greater
than expected frequency of anti-HAV antibody, arguing against transfusion
as a major source of transmission (reviewed in ref. 69). However, evidence
that emerged during 1992 suggests that treatment with highly purified, sol-
vent-detergent-inactivated factor VIII concentrates may transmit the infec-
tion relatively frequently (89,117). Nosocomial transmission of HAV is rare
but is well documented (30,34).

The clinical course of hepatitis A can range from a mild, anicteric ill-
ness to severe, prolonged, icteric hepatitis (reviewed in refs. 49,57,165).
Inapparent or anicteric hepatitis occurs in over 90% of infected children
under the age of 5, compared with as many as 80% of adults (Fig. 3). In
devoping countries, HAV is endemic, and virtually all individuals are
infected early in life. However, as developing regions of the world improve
their overall level of sanitation, the acquisition of HAV occurs at an older
age, when symptomatic infection is more likely (Fig. 4). This creates a para-
doxical situation, where the overall rate of HAV infection decreases at the
same time that the incidence of clinically apparent disease is increasing.

Several patterns of age-specific prevalence of HAV infection have been
identified in different parts of the world (Fig. 4). In developing countries,
virtually all individuals are infected with HAV early in childhood and remain
anti-HAV antibody positive throughout life (177) (Fig. 4, pattern A1l). The
percent of people who are antibody positive may decline slightly in older
adults because of the level of antibody falling below the limits of detection
(163). Because of the age-specific incidence of jaundice (Fig. 3), clinical
hepatitis A is unusual in these settings, and outbreaks do not occur. In
endemic countries with a lower incidence of infection (Mediterranean area),
the vast majority of individuals ultimately are infected with HAV (Fig. 4,
pattern A2). The rate of saturation is slower than in pattern Al, and thus
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Fig. 4. Age-specific patterns of hepatitis A virus antibody in various populations
(see text).

more individuals at risk of clinical disease are susceptible to infection until
adulthood (140,177).

In highly developed countries with steady improvement of sanitation,
over a period of several decades (United States, Western Europe), there have
been both a reduction in the overall rate of infection and a delay in the age of
acquisition of HAV infection (59, 144) (Fig. 4, pattern B). Seroepidemiologic
studies carried out within the United States indicate that the risk of prior
infection is related to age and socioeconomic status (/44). In studies carried
out over a decade ago, 10-20% of Americans had antibody by age 20 and
50% by age 50 (163,164). Studies in Europe, Australia, and Thailand, where
the prevalence of anti-HAV is similarly age-related, indicate that the age-
related nature of this seroprevalence curve reflects a cohort effect, with a
declining overall incidence of infection with HAV over a prolonged period
of time (58,72). Thus, the higher prevalence of antibody among older per-
sons is caused by a greater endemicity of HAV during the early years of life.

A third type of epidemiologic pattern has been identified in closed com-
munities, when HAV is introduced into the community (/04,152). Since
most of the population is susceptible, there is a high rate of infection, and the
virus is unable to maintain itself. Consequently, HAV infection disappears
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until it is reintroduced into the community. When this happens, the outbreak
is confined to children born after the original outbreak and adults who did
not reside in the community during the prior outbreak (Fig. 4, pattern C).
The finding of this pattern provides evidence that chronic infections with
persistent or intermittent virus shedding do not occur (104,152). While these
generalizable patterns are helpful in understanding HAV epidemiology, it is
important to remember that all three patterns may exist in large countries,
particularly within different groups of the population.

3.2. Clinical Patterns

The incubation period of hepatitis A (the time between exposure to
HAYV and the onset of clinical symptoms or biochemical evidence of liver
disease) may range from 15 to 50 d with a mean of 28 d (57) and appears to
be inversely related to the titer of the inoculum of virus (57,68). A short
prodomal or preicteric phase, varying from several days to more than a week,
often precedes the onset of jaundice. This phase may be characterized by
fever, fatigue, malaise, myalgia, anorexia, nausea and vomiting. Right-
upper-quadrant pain may occur secondary to hepatomegaly. Splenomegaly
is present in 10-15% of patients. Diarrhea is uncommon and may be caused
by an enteric bacterial pathogen acquired from the same fecal-contaminated
source as the HAV (45,57,165). The icteric phase of HAV infection may
begin with the appearance of dark, golden brown urine due to bilirubinemia,
followed one to several days later by pale stools and yellowish discoloration
of the mucous membranes, conjunctivae, sclera, and skin. Palmar erythema
and spider angiomata may be observed (57,68,165). The duration of hepati-
tis A is variable, but clinical and biochemical indicators of hepatitis usually
resolve within 4-8 wk of the onset of illness (45). Unfortunately, based on
clinical findings, hepatitis A cannot be distinguished from the other forms of
viral hepatitis.

Hepatitis A does not cause chronic liver disease, although several com-
plications can accompany HAYV infection. A cholestastic form of hepatitis
characterized by fever, pruritis, prolonged jaundice, and weight loss has been
described, and symptoms may last for more than 6 mo (52). Skin rashes
including urticaria (31), cryoglobulinemia (71), meningoencephalitis (10),
Guillain-Barre syndrome, renal failure (13), hematologic (55), and cardio-
vascular complications (5/) have all been reported to accompany HAV
infection. Hepatitis A may relapse, and up to 10% of hospitalized patients in
Argentina suffered a second episode (166). Increasingly, this biphasic course
of hepatitis A is recognized (14,17,24,50,73,106,151,176). Fulminant hepa-
titis A is uncommon, but is estimated to account for 5-20% of all cases of
fulminant viral hepatitis (97).
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Fulminant hepatitis is characterized by increasing severity of jaundice,
deterioration in liver function, drowsiness, fetor hepaticus, and eventually
encephalopathy and coma (129). Hepatitis A has an overall fatality rate of
approx 0.15 deaths per 1000 cases (57); however, the mortality is age related.
For example, a recent study reported 381 deaths out of 115,000 cases, for a
case fatality rate of 3.3 per 1000 (59). In this outbreak, more than 70% of the
deaths occurred in adults over the age of 49, and the calculated case fatality
rate within this age group was 27 per 1000, or 2.7% (59).

Chemistry laboratory findings in hepatitis A are similar to those found
in other types of viral hepatitis and unfortunately cannot be used to distin-
guish one form of hepatitis from another. The levels of serum aspartate
(AST) and alanine aminotransferase (ALT) rise abruptly, with peak levels
ranging from less than 300 to more than 3000 IU/L. In most clinical cases,
the AST and ALT values are greater than 500 IU/L (45,57). Serum ami-
notransferase levels do not correlate well with the degree of liver cell dam-
age. Serum total bilirubin levels typically peak between 5 and 15 mg/100
mL, equally divided between the conjugated and unconjugated fractions
(57). Liver enzymes typically normalize within 4-6 mo, and are invariably
normal by 12 mo. Thrombocytopenia, mild leukopenia and anemia, aplas-
tic anemia, hypoalbuminemia and prolonged prothrombin and partial
thromboplastin times have all been seen in association with hepatitis A but
are rare (55). Thus, serology is necessary to confirm a diagnosis of HAV
infection.

3.3. Prevention and Management

Three forms of prevention for hepatitis A are available. First, hygienic
measures including the sanitary disposal of human waste and the mainte-
nance of adequate standards for the purity of drinking water, are critical for
preventing hepatitis A. Infections from contaminated drinking water or con-
taminated shellfish may be prevented by chemical or heat inactivation of the
virus (57,74). Second, passive immunization with ISG can be used to protect
individuals after known exposure to HAV or in those traveling to high-risk
regions of the world (/83). Passive prophylaxis with ISG within the first 2 wk
following exposure to HAV may reduce icteric illness by more than 80% but
does not necessarily prevent infection (/83). The fact that pooled human
IgG is effective indicates that antibody to HAV is sufficient for protection
against hepatitis A, and cellular immunity against the virus is not required
for protection (154).

A growing concern is that commercial lots of ISG contain variable
concentrations of antibody to HAV (156, 183). In developed countries of the
world, the proportion of blood donors who are immune to HAV has
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decreased to the point where ISG effectiveness may decline (153). For this
reason, some countries (e.g., Switzerland) import batches of ISG from coun-
tries with a higher seroprevalence for use as hepatitis A prophylaxis. Finally,
active immunization against HAV is now possible and will be discussed in a
subsequent chapter.

Patients with hepatitis A generally do not require hospital admission,
unless complications arise such as fulminant hepatitis; coagulopathy;
encephalopathy; intractable nausea, vomiting, or abdominal pain; or when
there is uncertainty concerning the diagnosis (57,165). Patients requiring
hospitalization traditionally have been placed in isolation using both enteric
and blood precautions. In general, the viremic stage of HAV is not extensive
enough to pose a significant problem of disease transmission through direct
contact with blood. Only strict enteric precautions, therefore, are generally
necessary for hepatitis A. The situations where nosocomial transmission is
most likely involves neonatal or infant HAV infection, where the duration of
viremia and fecal shedding may be prolonged (134). This is particularly true
if there is close contact between hospital staff and the infected individual or
the individual has open wounds such as burns (30).

The probability of transmission of HAV within the hospital is low, but
precautions must be taken when staff members come in direct contact with
an infected patient’s feces. The extent of these precautions should include
wearing gloves when handling bedpans or fecal material or when using instru-
ments that come into contact with the intestinal tract. Strict handwashing
procedures should be observed, and gowns should be worn if contact with
feces is anticipated. A private room is not needed unless the patient is fecally
incontinent.

Currently, the management of HAV infection is supportive and symp-
tomatic care only. There is no indication that bed rest or limiting physical
activity affects the outcome of HAV infection. Dietary restrictions (includ-
ing modest amounts of alcohol use) similarly do not appear to influence
outcome (172); however, recommendation of abstinence from alcohol is
conventional since alcohol use has been associated with relapse of jaundice
(109). Antibody levels in immune globulin recipients are several orders of
magnitude below those found in patients with acute hepatitis A (156,183),
thus the administration of ISG is neither rational nor justified.

In extreme cases of fulminant hepatitis A, liver transplantation has been
successfully performed. However, since 60% of patients with fulminant
hepatitis A (including patients with grade 4 hepatic encephalopathy) recover
without transplantation, selecting patients for transplantation is difficult. It
is important to remember that except for the rare case of fulminant hepatitis
A, patients with HAV illness will resolve their infection without sequelae.
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Hepatitis B Virus
Biology, Pathogenesis, Epidemiology, Clinical Description,
and Diagnosis

Girish N. Vyas and T. S. Benedict Yen

1. Introduction

The clinical, epidemiological, pathological, and immunological attri-
butes of viral hepatitides share many clinical features despite their remark-
ably different etiologies, which include multiple unrelated hepatitis viruses,
viz. HAV, HBV, HCV, HDV, HEV, and perhaps HGV. This group of viral
agents has a dichotomous mode of epidemiological transmission, viz., enteric
for HAV and HEV, which does not establish persistent infection, and
parenteral for HBV, HCV, HDV, and HGV, which tend to establish persis-
tent infection or chronic carrier state. The etiology of acute or chronic liver
disease caused by these diverse agents cannot be established on the basis of
clinical signs and symptoms, or abnormal liver function tests, for example,
elevated alanine aminotransferase (ALT). Since Blumberg’s Nobel Prize-
winning discovery of Hepatitis B surface antigen (HBsAg, originally termed
Australia antigen) in 1965, enzyme immunoassays (EIA) for the immuno-
logical markers of viral hepatitides in serum have remained the mainstay of
laboratory diagnosis. The cloning of HBV DNA and complete nucleotide
sequencing of the cloned DNA in 1979 opened new approaches to under-
standing the biology of HBV as a blood-borne pathogen that has not been
propagated in cultures. Amplification of viral DNA by the polymerase chain
reaction (PCR), another Nobel Prize-winning discovery, has enabled us to
most sensitively and directly detect HBV DNA in serum, cells, and tissues,
rather than indirectly detecting HBV infection by host immune response to
the viral antigens. Thus, during the past decade, rapid progress has been
achieved in our understanding of the molecular biology of HBV, epide-
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Table 1
Immunological and virological characteristics of hepatitis B virus (HBV)

Characteristics HBV
Family Hepadnaviridae
Virion size and shape 42 nm, spherical, with 27 nm capsids
Envelope Large, middle, small surface proteins lipids
Nucleocapsid

Genome Circular partially dsDNA, 3.2 kb

Proteins ' Core protein, polymerase, ?host proteins
Replication Reverse transcription of positive-strand RNA

intermediate

Antigens HBsAg, HBeAg, HBcAg
Antibodies Anti-HBs, HBe, HBc, HBc IgM

miology, pathogenesis, diagnosis, evaluating treatment, and prophylaxis.
Since the laboratory diagnosis, prophylaxis, and treatment of HBV have been
covered more extensively elsewhere in this volume, we have succinctly sum-
marized immunobiology, molecular biology, pathogenesis, epidemiology,
and clinical diagnosis of HBV infection, which have been embodied in
dozens of monographs and several thousand original research papers from
which the authors have selectively cited the references most useful in fur-
ther reading.

2. Viral Life Cycle

2.1. Description of Virion and Subviral Particles

Hepatitis B virus (HBV) is a member of the family Hepadnaviridae,
which includes various closely related viruses that infect birds and mam-
mals (10,14). The duck HBV (DHBV) and woodchuck HBV (WHBV) have
proven to be useful models for elucidating the replication and persistence of
HBYV infection. All these viruses show hepatotropism, to a greater or lesser
degree, and all show narrow host-range specificity. Thus, HBV infects only
human beings and chimpanzees, while none of the animal Hepadnaviridae
infects human beings. HBV is an enveloped DNA virus approx 42 nm in
diameter. The characteristics of the virus are summarized in Table 1, and the
viral genome is diagrammed in Fig. 1. The viral envelope consists of host-
derived lipids and three forms of the viral surface protein. All three surface
proteins share the same C-terminal domain, which is the only domain present
in the small (or major) surface protein. The middle surface protein has a 55
residue N-terminal extension called the preS2 domain. The large surface
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Fig. 1. Genetic map of HBV, showing the four open-reading frames and the two
major transcripts. The minor preS1 and X transcripts are not shown. DR1 and DR2
refer to direct repeat 1 and direct repeat 2. (Courtesy of Dr. Pierre Tiollais, Pasteur
Institute, Paris, France.)

protein has, in addition, to the pre-S2 domain, a 119 or 108 residue (depend-
ing on subtype) N-terminal extension called the pre-S1 domain. Inside the
envelope is a nucleocapsid approx 27 nm in diameter, comprising approx
200 copies of the viral core protein and probably a single copy of the genome
that is approx 3.2 kb in length. Unique among animal virus families, the viral
DNA is a partially double-stranded circular molecule, with the viral poly-
merase protein covalently attached to the 5' end of one strand. In addition,
the DHBYV particle has recently been shown to contain a small amount of the
cytosolic heat shock protein Hsc70, probably on the inner surface of the
envelope, as well as Hsp90 and p23, two other chaperone proteins (16).
Whether HBV similarly contains cellular heat shock proteins has not been
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examined. Finally, a protein kinase activity has been observed associated
with HBV particles, but its identity has not been determined, nor is it clear
that this represents an integral component of the virion.

Besides virion particles (also known as Dane particles), numerous sub-
viral particles (also called surface antigen particles) circulate in the serum of
infected people. In fact, these particles usually greatly outnumber virions
(by up to 6 orders of magnitude) and constitute the so-called Australia anti-
gen first detected by Blumberg as a marker for HBV infection. Subviral
particles contain only lipids and viral surface proteins, and are devoid of the
nucleocapsid. They also contain little or no large surface protein, which
appears to carry the receptor-binding site (see Subheading 2.2.). Thus, sub-
viral particles are not only noninfectious; they are also incapable of interfer-
ing with infection by virions. By negative staining, they appear as spherical
or filamentous particles approx 22 nm in diameter, with no discernable
internal structure. Mild detergent treatment of the filaments causes their dis-
aggregation into spherical particles, raising the possibility that one form may
be derived from the other, either in the infected cell or in the serum.

2.2. Receptor Binding and Internalization

Since subviral HBV particles contain large amounts of middle and
small surface proteins, but almost no large surface protein, whereas virions
contain all three forms, it seemed likely that the large surface protein carries
the determinant for binding to the cellular receptor for HBV. Indeed, all
evidence points to the residues unique to the large surface protein (known as
the preS1 domain) as the receptor binding domain. For example, antibodies
to preS1 block the binding of HBV virions to liver membranes and to a well-
differentiated human hepatoma cell line (HepG2). Similarly, antibodies to
preS1 block infection of duck hepatocytes by DHBV in culture. Neverthe-
less, conclusive evidence in this regard awaits identification of the cellular
receptor for HBV. Unfortunately, despite the efforts of many laboratories,
the receptor for HBV remains elusive. Although numerous candidates have
been identified and characterized in greater or less detail, none has fulfilled
all of the criteria necessary for its identification as the HBV receptor. How-
ever, two groups have recently characterized a 180-kDa cell-surface glyco-
protein that binds specifically to the duck virus and whose binding is blocked
by neutralizing antibodies to the duck preS1 domain (25,39). Molecular clon-
ing of the cDNA reveals this protein to be a carboxypeptidase. This protein
may not be the primary receptor for DHBV, since it is found on many differ-
ent cell types (e.g., fibroblasts) that are not susceptible to DHBV infection,
but it may be a coreceptor. Alternatively, it may be that events downstream
to receptor binding determines cellular tropism of DHBV. Positive identifi-
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cation and cloning of the receptor(s) for HBV would greatly facilitate
research in this field, since there is no efficient cell-culture-based infection
system.

Like all other enveloped viruses, HBV presumably must fuse its enve-
lope with a cellular membrane in order for the nucleocapsid to gain entry
into the cytosol. The mechanism of this fusion is unknown, but recent data
indicate that it probably takes place in an early (nonacidified) endosomal
compartment (23). The molecular events following release of the nucleo-
capsid into the cytosol are also entirely unknown, but it is clear that eventu-
ally the genome must reach the nucleus, become uncoated, and be
deproteinated and repaired into a supercoiled covalently closed circular
(CCC) episome. The repair process probably does not require any viral fac-
tors, since deproteinated genomic DNA can be directly cloned into plasmid
vectors in bacteria. It is also likely that, as in other viral systems, a protein
component of the nucleocapsid is involved in nuclear import. Indeed, both
the core and polymerase proteins have been shown to have nuclear localiza-
tion signals, although the importance of these signals for nuclear import of
virion DNA has not been demonstrated.

2.3. Gene Expression

Once the genomic DNA has been converted into CCC DNA, it becomes
competent for transcription by host RNA polymerase II. Four promoters
have been well characterized, while at least one other promoter has been
tentatively identified (52). All promoters are located on one strand of the
DNA, and there is only a single polyadenylation signal. Therefore, all HBV
transcripts share the same 3' end. Interestingly, there is not a one-to-one
correspondence between promoters and open-reading frames. This arrange-
ment allows for the synthesis of perhaps as many as nine primary translation
products from a small genome at widely different levels.

The core promoter is located just upstream of the polyadenylation sig-
nal. Therefore, one might expect the resulting transcripts to be extremely
short. However, the polyadenylation signal is ignored the first time it is tra-
versed by the elongating polymerase and is used only on the second pass.
The basis for this read-through phenomenon is twofold. First, the
polyadenylation signal is noncanonical and hence is intrinsically inefficient.
Second, the propinquity of the 5' end of the transcript further diminishes
usage of this signal. During the second pass, however, polyadenylation
becomes efficient, not only because the 5' end is now quite distant, but also
because of the existence of RNA elements that increase the usage of the
signal. These elements are present only in the read-through transcript,
because they are encoded by DNA sequences upstream of the core promoter.
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Additional, more complex control elements may be present in DHBV that
also result in 3' end formation only on the second pass (18). Consequently,
the core promoter transcripts contain a small terminal redundancy and are
slightly longer than one genome-equivalent. This feature, which also is found
in retroviral transcripts, is critical for HBV genome replication (see Sub-
heading 2.5.).

The core promoter gives rise to two major classes of transcripts, whose
fates are quite different. The longer, less abundant transcripts start upstream
of the first ATG codon in the core open-reading frame and are translated into
a 215-residue protein called (inappropriately) the precore protein. Hence,
these long transcripts are known as the precore transcripts. The shorter tran-
scripts start downstream of the first ATG codon in the core open-reading
frame and hence cannot give rise to precore protein. Instead, translation starts
at the next in-frame ATG codon, resulting in a protein (core protein) that is
29 residues shorter than the precore protein. (It should be emphasized again
that core protein is not derived from the precore protein.) These transcripts
are also translated into the polymerase protein, even though this open-read-
ing frame starts far downstream of the core initiation codon. It appears that
a small proportion of the ribosomes scanning down the core transcripts from
the 5' end do not recognize the core protein initiation codon, probably
because it does not fully match the Kozak consensus sequence. Instead, by a
process still poorly understood, they manage to evade a series of interfering
ATG codons and finally initiate translation at the first ATG codon in the
polymerase open-reading frame. Not surprisingly, very low amounts of the
polymerase protein are synthesized in the infected cell. In addition to serv-
ing as the translational template for two different proteins, the short tran-
scripts are also the precursor to progeny viral genomes (see Subheading 2.4.).
Hence, these transcripts are usually called the pregenomic RNA. It should
be noted that all known components of the nucleocapsid (core protein, poly-
merase, and pregenomic RNA) are derived from the same transcript. This is
probably not an accidental arrangement, since it would allow the various
components to be synthesized at a fixed (and presumably optimal) ratio.

The core promoter contains numerous cis-elements that bind various
cellular transcription factors, both hepatocyte-enriched and ubiquitous,
which result in preferential but not exclusive expression in hepatocytes. The
relative importance of each element is still being evaluated. In addition,
directly upstream of the core promoter is the viral enhancer II, which also
binds a variety of hepatocyte-enriched and ubiquitous transcription factors.
Some of these factors have a negative influence on core promoter activity,
especially in nonhepatocytes, and may be an additional factor in limited
expression of this promoter outside of the hepatocyte (3). Finally, enhancer
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I, which is further upstream, also strongly activates the core promoter in a
hepatocyte-specific manner. Because of a combination of these factors, the
core promoter is strongly expressed only in hepatocytes and a few other
cell types.

It was thought until recently that the core promoter functions as an
indivisible unit, and, as a result, the ratio of the precore and pregenomic
transcripts is fixed. However, it is now clear that there is independent regu-
lation of the two sets of transcripts by various cis-acting DNA elements. For
example, the ubiquitous factor Sp1 increases the amount of only pregenomic
transcripts, and the hepatocyte-enriched factor HNF4 selectively suppresses
precore RNA transcription (54). In addition, naturally occurring core pro-
moter mutants show selective defects in precore mRNA synthesis (2). Since
these transcripts serve entirely different purposes, these findings raise the
possibility that the ratio of these transcripts can be regulated during the infec-
tious cycle.

The preS1 promoter (also called SI promoter) lies just upstream of the
surface open-reading frame and gives rise to 2.3-kb-long transcripts that are
translated into the large surface protein. This promoter shows strong hepato-
cyte-specificity, since its activity is highly dependent on the hepatocyte-
enriched transcription factor HNF1. The middle and small surface proteins,
despite being N-terminally truncated forms of the large surface protein, are
not derived from this protein by proteolytic processing. Rather, just like the
core protein, they are primary translation products derived from shorter tran-
scripts. However, in this case, these transcripts are derived from an entirely
separate promoter far downstream of the preS1 promoter. This S promoter
(also called preS2 or SII promoter) gives rise to multiple mRNA species
with 5" end heterogeneity. These ends straddle the ATG-initiating codon for
the middle surface protein. Thus, the largest transcripts code mainly for the
middle surface protein, while the other transcripts code only for the small
surface protein. Because most of the transcripts start downstream of the
middle surface protein initiating codon, and because this codon is in a poor
context for translational initiation, more small surface protein is synthesized
than middle surface protein. The S promoter by itself is not strictly cell-type
specific, showing approx 10 times higher activity in hepatocytes than in
nonhepatocytes. In the context of the entire HBV genome, it shows much
stricter hepatocyte-specificity, presumably because of its activation by
enhancer I, which shows high-level activity only in hepatocytes.

The amount of preS1 transcripts is normally much lower than the
amount of S transcripts, both in infected livers and in cultured cells trans-
fected with the whole HBV genome, and this difference results in the rela-
tively low synthesis of large surface protein. Interestingly, the preS1
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promoter per se is almost as strong as the S promoter when used individually
to drive heterologous reporter genes. Therefore, there must be additional
factors that account for the striking difference in steady-state transcript lev-
els. Indeed, it has been shown that sequences in the S promoter can nega-
tively regulate preS1 transcripts at the posttranscriptional level (C. C. Lu,
personal communication). Preliminary experiments indicate that transcrip-
tional elongation is blocked by these sequences. Thus, mutation or deletion
of a portion of the S promoter not only decreases the amount of S transcripts
but also increases the amount of preS1 transcripts. The resulting change in
surface protein expression has important consequences not only for the virus
but also for the host cell (see below).

The X promoter is just downstream of enhancer I, and its 0.7-kb tran-
scripts can be translated into the X protein, which is a transcriptional
transactivator (see below). However, while the X promoter seems to be
highly active in transfected hepatoma cells, the amount of X transcripts in
infected livers is below the sensitivity of Northern blotting. The basis for
this difference is unknown. It is possible that hepatoma cells are lacking in
(or have too much of) a factor that controls the X promoter or that X protein
negatively regulates its own transcription in normal hepatocytes. Another
unusual feature of the X transcripts is that in transfected cells, approx one-
half of them terminate at the polyadenylation signal only at the second pass;
that is, like the core promoter transcripts, they are greater than genome-
length. Whether a similar phenomenon occurs in vivo is not clear, since
these long transcripts are difficult to resolve from the core promoter tran-
scripts by Northern blotting. Indeed, if these transcripts constitute a majority
of the X transcripts in vivo, this would provide an alternative explanation for
the lack of detectable 0.7-kb X transcripts in infected livers.

Finally, transcripts initiating from within the X open-reading frame
have been found in transfected cells, which can give rise to truncated X
proteins initiating at internal in-frame ATG codons. Since unique functions
have been ascribed to these small X proteins, at least in transfected cells,
these transcripts may well play a role in the HBV life cycle, although there is
no evidence regarding their presence in the infected liver.

Posttranscriptional regulation of gene expression has recently been
described for HBV. Two groups independently found that the steady-state
amount of the S transcripts in the cytoplasm decreases substantially (>five-
fold) when the X gene region is deleted, placed in the reverse orientation, or
placed downstream of the polyadenylation signal, without any significant
effect on nuclear transcript levels or the RNA half-life in the cytoplasm
(17,19). Therefore, this region appears to function at the RNA level to allow
export of S transcripts from the nucleus to the cytoplasm. Indeed, this region,
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which is named the posttranscriptional regulatory element (PRE), can par-
tially replace the rev-response element of human immunodeficiency virus
typel (HIV-1), which has been shown to effect mRNA export. The PRE
does not depend on any viral gene products for its function and has been
shown to bind cellular proteins in a specific manner. Thus, the PRE presum-
ably utilizes a cellular pathway to facilitate RNA export. The identity of
these cellular proteins, and the mechanism of their mode of action, remain to
be determined.

2.4. Viral Proteins

The core protein is a cytosolic protein that forms a stable dimer even
at very low concentrations. At higher concentrations, these dimers self-
assemble to form nucleocapsids. During the infective cycle, these capsids
contain the HBV pregenomic RNA as well as the associated polymerase.
However, if core protein is expressed without these other components,
nucleocapsids are still formed, although these contain an apparently ran-
dom mixture of cellular mRNAs. Since nucleocapsids readily form in bac-
teria and yeast, it is unlikely that any cellular proteins are involved in their
formation. The C-terminal tail of core protein contains a large number of
arginine residues and hence is highly basic, and comprises the RNA-bind-
ing domain. Unlike the capsid (gag) proteins of retroviruses, core protein
does not show sequence-specific binding to RNA, and the specificity of
encapsidation of the HBV pregenomic RNA appears to be conferred by the
polymerase protein.

The C-terminal tail of core protein also functions as a nuclear localiza-
tion signal, to allow import of core protein into the nucleus. The functional
importance of this import is unclear, although core particles can be found in
large numbers in the nucleoplasm of some infected hepatocytes in human
liver biopsies. One possibility is that this import function is necessary for
bringing the infecting genomic DNA into the nucleus in nonmitotic cells
(such as normal hepatocytes). Another possibility, not mutually exclusive of
the first, is that core protein may have an additional function in the nucleus,
since core protein can bind DNA as well as RNA. It is also unclear whether
core protein enters the nucleus as a dimer or as a particle. While data favor-
ing the former possibility have been produced in transgenic mice (/2), core
particles are small enough to fit through nuclear pores and have indeed been
found within the nuclear pores of yeast cells (49).

The precore protein has a signal sequence at the amino-terminus and
hence is directed to the ER cotranslationally. A significant portion of the
precore protein then is translocated entirely into the ER lumen, where it is
processed and secreted as the e antigen (HBeAg), which can be found circu-
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lating in the serum of people with active HBV replication in the liver. The
remainder of the precore protein has two fates, at least in cultured cells.
Some remain as a transmembrane protein and get transported to the cell
surface, while the rest can slip back into the cytosol. A portion of this cyto-
solic precore protein can also be transported into the nucleus. Therefore,
precore protein and its derivatives are found in multiple intra- and extracel-
lular compartments. Unfortunately, the precise function of none of these
forms is known, despite the fact that all hepadnaviruses express the precore
protein. Precore mutants of HBV arise frequently during natural infections,
and both the duck and woodchuck hepadnaviruses productively infect their
respective hosts even when the precore open-reading frame is mutated to
prevent protein expression. Clearly, precore protein is not necessary for viral
replication per se, but its conservation suggests that expression of this pro-
tein confers a selective advantage on hepadnaviruses. One possibility that is
supported by data from both infected people and woodchucks is that precore
protein favors the establishment of chronic infections (30). Thus, mothers
who are e antigen positive are much more likely than e antigen negative
mothers to have children who show chronic infection. Similarly, in a wood-
chuck experiment, all five neonates infected with a precore-minus woodchuck
hepadnavirus mutant were able to clear the virus, in contrast to 20 cohorts
infected with the wild-type virus, only six of which cleared the virus. Since
chronically infected individuals are the major source of transmission of
HBYV, precore deficient viruses would quickly die out in nature because of
the absence of secondary infections. How precore protein may confer this
property on HBV is unknown. It has been suggested that perhaps e antigen
acts to suppress the immune response to HBV, which is responsible for viral
clearance. In addition, precore protein has been recently shown to down-
regulate HBV replication, probably by forming heteromultimers with core
protein and interfering with nucleocapsid formation. Since defective inter-
fering particles that attenuate replication of RNA viruses are known to facili-
tate persistent infections, it is possible that precore protein performs a similar
function for HBV. Interestingly, HBV mutants that make little or no pre-
core protein arise with high frequency during chronic infection, and the
presence of these mutants has been associated with greater disease sever-
ity (see Subheading 5.).

The polymerase protein is the other virally encoded protein component
of the nucleocapsid. It is a bipartite protein, consisting of an N-terminal
polymerase domain and a C-terminal reverse transcriptase and RNase H
domain. There is a fairly large intervening domain that serves no apparent
function and hence has been named the spacer. This domain overlaps the
preS1 and preS2 regions of the surface open-reading frame, so it is possible
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that the sole reason for its existence is to allow expression of middle and
large surface proteins. Since the core protein shows no sequence specificity
in its binding to RNA, the polymerase protein, either alone or in combina-
tion with core protein, must contain the recognition domain for HBV
pregenomic RNA. Interestingly, the polymerase shows a strong tendency to
act in cis; that is, it preferentially reverse-transcribes the same RNA from
which it has been translated. This result suggests that perhaps a translation
intermediate of polymerase (in terms of primary, secondary, or tertiary struc-
ture) is the form that actually binds the pregenomic RNA. This interpreta-
tion is strengthened by the observations that polymerase protein in vitro
cannot act on exogenously added substrates and that cytosolic chaperone
proteins are necessary for duck hepadnaviral replication.

The RNA element that is recognized by polymerase is a stem-loop struc-
ture with a bulge, named “epsilon,” which is present near the 5' end of
pregenomic RNA. Because of the terminally redundant nature of this RNA,
however, itis also present at the 3' end. Therefore, it is also present at the 3' end
of all HBV transcripts, which contain a common 3' end. Yet only the
pregenomic RNA is packaged. The basis for this selectivity is as yet unclear.
An even finer level of selectivity is also present, in that precore transcripts,
which are identical to pregenomic RNA except for a short 5' extension, are
also not encapsidated. Data from duck hepadnavirus studies indicate that the
crucial difference is that the epsilon sequence is translated (as part of the precore
protein) in the precore transcripts but not in the pregenomic RNA. Apparently,
the transit of ribosomes prevents polymerase recognition of epsilon, either by
direct physical blockage or by changing the secondary structure.

As stated above, three forms of the surface protein are synthesized by
HBYV. All three are targeted to the ER by an internal signal sequence, where
they assume the configuration of a transmembrane protein. These proteins
are linked by disulfide bonds into homo- or heterodimers, which then self-
aggregate into large polymers (45). The polymers can be linked by addi-
tional disulfide bonds in some cell lines, although these additional bonds are
not necessary for morphogenesis. The N-terminal region of the large surface
protein, including the preS1 and preS2 domains and a portion of the S
domain, remains on the cytosolic face of the ER, where it is available for
interaction with nucleocapsids containing single-stranded or partially
double-stranded HBV DNA. Recent data indicate that segments of both the
preS1 and S domains bind to the nucleocapsid (32). The nucleocapsid is then
enveloped by the surface proteins and host lipids and buds into the lumen, to
be secreted by the constitutive secretory pathway.

Unlike the envelope proteins of most other viruses, the middle and
small surface proteins are secretion-competent in the absence of the nucleo-
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capsid or any other HBV proteins. They form subviral or surface protein
particles, in a morphogenetic pathway similar to that of complete virions.
These particles then rapidly exit the cell via the constitutive secretory path-
way. In contrast, the large surface protein by itself never gets secreted out of
the cell. While it is capable of extruding into the lumen of the distal ER or
intermediate compartment to form intraluminal subviral particles, these par-
ticles accumulate in these intracellular compartments, probably because they
are held back by cellular chaperones such as calnexin (47). Mixed particles
of large surface protein with the other forms behave according to the relative
amounts of the various components. Particles with a small proportion (less
than 20%) of large surface protein are secreted, but particles with larger
amounts are not.

The overproduction of the large surface protein, leading to intracel-
lular accumulation of surface protein particles, is not an uncommon event
during chronic HBV infection. Indeed, the presence of these cells (called
“ground glass cells” because of the histological appearance of their cyto-
plasm) was used by pathologists as an early marker for chronic hepatitis
B, before the availability of specific diagnostic reagents. Ultrastructur-
ally, ground glass cells contain filamentous surface protein particles
within dilated smooth vesicles, representing smooth ER and/or an inter-
mediate compartment. Chisari et al. (6) have shown that transgenic mice
that overexpress large surface protein contain numerous ground glass
cells in the liver, confirming that this overexpression is the primary cause
of ground glass cell formation. Overexpression of large surface protein
also has a dramatic impact on cellular gene expression and physiology
that has implications for pathogenesis of HBV-related diseases (see Sub-
heading 3.). The cause of the overexpression during human infections is
as yet unknown. It is likely that viral mutants are involved, since there is
a high frequency of mutations in the S promoter region that results in
large surface protein overexpression in cultured cells transfected with
these mutants.

It appears that the preS1 domain of large surface protein, which bears
the apparent site of interaction with the cellular HBV promoter, is exposed
on the surface of large surface protein particles. Therefore, it is not surpris-
ing that large surface protein particles are not secreted, as they would pre-
sumably bind to the receptor and act as defective interfering particles. The
interesting question is why subviral particles comprising small and middle
surface proteins are secreted in such large amounts, since for essentially all
other viral families, envelope proteins are not efficiently secreted by them-
selves. It is possible that these particles bind up host antibodies to surface
proteins and hence act as decoy particles. Another intriguing possibility,
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raised by recent preliminary data, is that subviral particles actually increase
the efficiency of HBV infection, perhaps by altering host cell physiology (H.
Will, personal communication).

Another unusual aspect of the large surface protein is that its N-termi-
nus changes its orientation, relative to the membrane, at some stage between
completion of translation and its extrusion into the lumen (29). When first
translated, the N-terminus is present on the luminal side of the ER mem-
brane, which is topologically equivalent to the inside of the viral envelope.
Yet, by the time either viral particles or large surface protein particles form,
at least 50% of the N-termini are exposed on the particle surface, that is, on
the outside of the envelope. The mechanism of this posttranslational translo-
cation is unknown, but there is a clear need for it to occur for the viral life
cycle. The N-terminus of the large surface protein is necessary both for virion
morphogenesis (i.e., interaction between the envelope proteins and capsid
particles) and for binding to the putative HBV receptor. For the first func-
tion, it must be on the cytosolic face of the membrane, since nucleocapsids
reside in the cytosol. Yet for the second function, it must be on the opposite
face, since the receptor can only bind to sequences present on the virion
surface. Both are not mutually exclusive, thus accounting for at least 50% of
the N-termini exposed on the particle surface. Further studies of this phe-
nomenon are warranted, since it may provide new insight into the biogenesis
of cellular membrane proteins.

The final protein product of HBV is the X protein, so named because of
the mystery surrounding its role in the HBV life cycle. While it is capable of
trans-activating a wide variety of heterologous promoters in cultured cells
and probably also in vivo, it trans-activates HBV gene transcription only
modestly and only in selected cell lines (53). Furthermore, the duck
hepadnavirus does not carry an X gene homolog. Nevertheless, studies with
the woodchuck hepadnavirus have clearly demonstrated that the X protein
performs an essential function, since any mutation that prevents X protein
synthesis blocks even the slightest trace of infection in woodchucks. What
this function might be is largely a matter of speculation. Activation of viral
gene expression is certainly a strong candidate, but may not be the full
answer. Thus, while studies in transgenic mice have shown a significant
decrease in HBV gene expression in hepatocytes in the absence of X protein,
the block is far from absolute, unlike the block in the replication of X-minus
woodchuck hepadnaviruses. Other possible roles for X protein include acti-
vation of cellular genes necessary for viral replication, repair of the gaps in
the viral genome (35), and even perturbation of proteosome function (20).
Firm answers await further detailed analyses in transgenic mice as well as a
more tractable animal model of HBV infection.
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Further complicating the picture is the likelihood that multiple forms
of X protein are synthesized. Data from several groups have shown that one
or possibly two smaller forms of X protein can be translated either from the
full-length X transcript or from short transcripts derived from an internal X
promoter, and that these forms have different rrans-activation functions from
full-length X protein. The role, if any, of these other forms of X protein
during natural infection is unknown and can only be clarified by studies of
additional X mutants in woodchucks.

2.5. Genome Replication

After encapsidation of the pregenomic RNA by the polymerase and
core proteins, reverse transcription of the RNA commences. The polymerase
makes a short oligodeoxynucleotide in situ at the epsilon site, in a unique
self-priming reaction that uses a tyrosine residue as the donor of the initiat-
ing hydroxyl group. Thereafter, a series of complicated translocations
ensue, to ensure that a circular double-stranded DNA is synthesized as the
final product. Briefly, the polymerase and the covalently attached oligo-
deoxynucleotide move to a sequence known as direct-repeat 1 (DR1) near
the 3' end of the pregenome, by virtue of a short stretch of homology between
epsilon and DR1. Elongation of the nascent minus strand DNA then contin-
ues until the exhaustion of template at the 5' end of the pregenome. Simulta-
neously, the RNaseH activity of polymerase degrades all but the very 5’ end
of the pregenome. This small RNA molecule then serves as the primer for
plus strand DNA synthesis after moving to the 5' end of the minus strand
DNA. It can hybridize to this portion of the DNA because of the presence
of another copy of the direct repeat, called direct repeat 2 (DR2). The poly-
merase then synthesizes the plus strand DNA, using first the 5' end of
minus strand DNA as template, then jumping to the 3' end to allow synthe-
sis of a complete copy. This last feat is possible because of the short stretch
of terminal redundancy at the ends of minus strand DNA, resulting from
the placement of the core promoter immediately upstream of the poly-
adenylation signal. The endproduct of all these molecular acrobatics is a
nicked, circular double-stranded DNA with the polymerase protein attached
to the 5' end of the minus strand DNA and an RNA primer at the 3' end of
the plus strand DNA.

Because the HBV polymerase is mechanistically quite different from
eucaryotic DNA polymerases, it is an attractive target for therapeutic com-
pounds to block viral replication in chronically infected individuals. Indeed,
many different nucleoside analogs have been shown to have antiviral activ-
ity. Unfortunately, in clinical trials, one turned out to be highly toxic because
of cross-inhibition of the mitochondrial DNA polymerase. Nevertheless, it
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is likely that nontoxic and effective HBV polymerase inhibitors or antiviral
drugs such as lamivudine (3TC) have clinical utility.

Recently, it has been shown that the RNA binding and priming activity
of the duck hepadnaviral (and probably also HBV) polymerase protein de-
pends on its association with Hsp90, p23, and perhaps other chaperone pro-
teins. At least some of these proteins become incorporated into the
nucleocapsid and, hence, the virion particle. It is likely that these chaperones
also assist the polymerase in switching between various metastable confor-
mations necessary for its diverse functions (RNA binding, priming, strand
elongation, template switching, RNA primer translocation, etc.). Therefore,
compounds that block the function of these chaperones may constitute an-
other class of viral inhibitors of possible clinical utility.

As soon as the nucleocapsid forms, it has the theoretical capacity to
interact with the surface proteins in the ER to bud into the lumen. However,
recent experiments have shown that only nucleocapsids with at least the mi-
nus strand DNA synthesis completed are efficiently secreted (17). Thus, there
must be a signal (called by some a maturation signal) that is transmitted from
the polymerase and/or attached DNA, indicating that the minus strand has
been synthesized. The nature of this signal is unknown, but the reason for its
existence is probably to make the virion genome more stable, since RNA is
much more labile than DNA. Indeed, HBV is more hardy and transmissible
than retroviruses, such as HIV-1, and part of this difference may be attribut-
able to the difference in genome chemistry. Since the synthesis of the plus
strand DNA is not necessary for the maturation signal, the plus strand DNA
in virions is usually incomplete, presumably because of the exhaustion of
nucleotide precursors in the virion. These features of HBV replication ex-
plain the unusual structure of the genomic DNA found in virions.

A proportion of the nucleocapsid particles do not bud at the ER to form
virions, but instead transport the viral DNA back into the nucleus of the host
cell. This recycling pathway is important in maintaining infection, as other-
wise, cell division and perhaps nuclease degradation would slowly eliminate
the episomal viral DNA. It is estimated that each infected cell maintains 10—
20 copies of CCC DNA in the nucleus of the typical infected hepatocyte.

HBYV replication does not involve integration of the viral genome into
the host chromosome, but such integrations, almost invariably associated
with large deletions or rearrangements of the genome, commonly occur in
infected hepatocytes, even early in infection. The integrated viral DNA can
still be transcriptionally active, giving rise to viral proteins (usually the sur-
face proteins, since the surface gene is most frequently left intact) even after
episomal DNA has been eliminated. However, over extended periods of time,
for unknown reasons, many of these integrants frequently become transcrip-
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tionally silent, and HBV gene expression ceases. The role of such integrants
is possibly insignificant in human hepatocellular carcinoma (HCC) (see Sub-
heading 3.4.).

3. Clinical Disease

3.1. Introduction

HBYV usually causes mild or even no disease symptomology with acute
infections, but a substantial proportion of infected people fails to clear the
virus and become chronically infected (/4). These individuals, often termed
chronic carriers of HBV, are then at risk for the development of chronic
hepatitis, cirrhosis, liver failure, and even HCC. While a highly effective
vaccine is now available (see below), this is of no assistance for the esti-
mated 300 million people who are already infected worldwide, of whom at
least 1 million die annually of HBV-induced liver diseases. In addition, only
a small percentage of people at risk get vaccinated, because of economic and
sociological reasons. For example, in the United States alone, more than
200,000 new infections still occur every year. Therefore, HBV continues to
be a major health problem. The fact that HBV is a major sexually-transmit-
ted infection is underappreciated in the United States. Acute HBV infection
is fully resolved in 90-95% of the infected adults, who remain immune for
their lifetime. In contrast, as many as 80% of the babies born to HBV-
infected mothers are perinatally infected and remain persistently infected.
The spectacular success of the HBV vaccine in preventing the perinatal trans-
mission of HBV has justifiably raised expectations that universal vaccina-
tion will lead to a dramatic decline in HBV infection and consequent decline
in chronic liver disease and HCC. Unfortunately, the high cost of HBV vac-
cine is an impediment to worldwide implementation of massive immuniza-
tion programs.

3.2. Acute Infection

While symptomatic acute hepatitis can occur following exposure to
HBV (after an incubation period of 45-120 d), the incidence is relatively
low. It is also dependent on the age of the person. Thus, for preschool chil-
dren, it is extremely rare for signs or symptoms to be apparent. With increas-
ing age, the incidence increases correspondingly, and for adults, approx 25%
can show nonspecific symptoms such as fatigue, anorexia, myalgia, low-
grade fever, and/or signs of hepatic dysfunction, principally jaundice and
hepatomegaly. Very rarely, the hepatitis is fulminant, with acute liver fail-
ure leading to hepatic encephalopathy, hepatorenal syndrome, and bleeding
diathesis. Mortality is high (>75%), and again shows a positive correlation
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with age. Extrahepatic manifestations of acute HBV infection are mainly the
result of antibody-antigen complex formation and can be seen in up to 20%
of infected people. The main disorders include a serum sickness-like syn-
drome, polyarteritis nodosum, and papular acrodermatitis of childhood. An
immunomodulatory role or immunopathogenetic role of immune complexes
has been implicated in progression of acute HBV infection to persistent in-
fection. However, without critical molecular analysis of the viral antigens
and isotypes of antibodies in immune complexes purified from the serial
serum samples of patients with acute hepatitis with and without resolving
HBYV infection, the significance of immune complexes in modulation of the
host response largely remains enigmatic and anecdotal.

Although HBV caused a significant proportion (20-25%) of acute
icteric posttransfusion hepatitis (PTH) prior to introduction of routine
screening of donated blood for HBsAg in 1971, non-A, non-B PTH was
recognized as the major cause of PTH, with propensity to develop serious
chronic liver disease. The discovery of HCV as the major cause of non-A,
non-B PTH and introduction of routine anti-HCV screening of donated
blood has dramatically declined PTH. As a result of contemporary screen-
ing of blood donations for HBsAg, anti-HBc, anti-HCV, and ALT, PTH
has been virtually eliminated. It is estimated that occult transmission of
HBYV infection may be occurring in 0.15% of transfused patients, and a
similar transmission rate may exist for HCV because of the viremic win-
dow period before seroconversion that is detected by EIA screening of
donors’ blood (26a). Therefore, blood-borne virus infections in donated
blood may possibly be detected by gene amplification technology beginning
about the year 2000.

Acute HBYV infection is clinically indistinguishable from other viral
etiologies of acute hepatitis, and only laboratory diagnosis by serological
tests for other viral agents can help differentiate the multiple etiologies of
acute HBV infection (discussed elsewhere in this volume).

3.3. Chronic HBV Infection

Following acute infection, most infected people mount a successful
immune response against HBV and clear the virus from their liver. There is
also long-term seropositivity for antibodies against both the core and surface
proteins. The former provides a marker for previous exposure, while the
latter indicates the presence of protective immunity against new infections.
However, a substantial minority of HBV-infected individuals fail to clear
the virus and become chronically infected (defined as surface antigenemia
persisting for greater than 6 mo). These people also produce anticore anti-
bodies, but have no antisurface antibodies. Interestingly, there is a strong
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negative correlation of the likelihood of chronicity with the age at infection.
Thus, a large majority (approx 80%) of infants infected at or before birth
become chronically infected. On the other hand, less than 10% of infected
adults develop chronic infection. It is these chronically infected people who
have become, by far, the major source of infection for further spread of HBV
in the population.

Many of the chronically infected people are asymptomatic and also
show little or no chemical signs of hepatitis. Biopsy shows either histologi-
cally normal liver or mild mononuclear infiltration of the portal tracts with-
out piecemeal necrosis (so-called chronic persistent hepatitis). These people
usually have good prognosis, with 5-yr survival of 97%. However, approxi-
mately one quarter of those with chronic HBV infection show active hepati-
tis, which may be asymptomatic, but frequently gives rise to anorexia, malaise,
and chronic fatigue. The serum ALT and gamma-glutamyltransferase levels
are moderately-to-markedly elevated, with variable increase in serum biliru-
bin. When biopsied, these people show the presence of piecemeal necrosis,
lobular inflammation, and acidophile bodies (apoptotic hepatocytes) to vari-
able degrees. With prolonged chronic hepatitis B of sufficient severity, cir-
rhosis can ensue. The 5-yr survival of these people depends on the severity
and chronicity of hepatitis, ranging from 90% for people with mild hepatitis
to 50% for those with cirrhosis.

3.4. Hepatocellular Carcinoma

Chronic hepatitis B is a major risk factor for the development of HCC
worldwide. For people in Taiwan, the risk of HCC is almost 200 times higher
in people with HBV markers than those without. The risk ratio seems sig-
nificantly lower in Western countries. Whether this difference is because of
genetic differences, the younger age of infection in Taiwan (usually perina-
tal, versus adult in the West), or environmental cocarcinogens such as afla-
toxin, is unclear. In any case, HCC is a major cause of death for people with
chronic hepatitis B, and conversely, HBV is a major cause of HCC. World-
wide, more than 500,000 people die each year of HCC, with a large majority
causally related to HBV.

4. Pathogenesis

4.1. Hepatitis

Because many people who contract HBV infection show no evidence
of hepatic dysfunction, and because even among patients with acute hepati-
tis B the disease manifests itself only several weeks after high-level viremia,
it appears that HBV by itself is noncytopathic. This conclusion has been
confirmed by studies in transfected cultured cells and in animal models.
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Instead, the host immune response plays a major role in causing hepatocel-
lular necrosis. The consensus in the field is that class I MHC-restricted cyto-
toxic T-lymphocytes (CTLs) with specificity against HBV core and/or
precore protein are important for viral clearance (7). Classically, therefore,
it has been thought that the CTLs, perhaps together with cytokines and
recruited, nonantigen specific leukocytes, kill infected hepatocytes and
thereby clear the virus.

Recently, however, transgenic mouse studies have demonstrated that it
may not be necessary for CTLs to kill all infected hepatocytes in order for
the virus to be cleared (13). These remarkable observations utilized trans-
genic mice that contain the entire HBV genome and hence produce not only
viral gene products but also progeny virions that are secreted into the serum.
These mice are, of course, tolerant to all viral antigens and do not show any
pathology in the liver or other organs. However, passive transfer of HBV
surface-antigen specific CTLs causes an acute hepatitis. The hepatitis is self-
limited. Interestingly, soon after CTL transfer, and persisting for many weeks
thereafter (though not permanently), HBV transcripts can no longer be
detected in the liver, and HBV gene products disappear from the hepatocytes
and serum. All this occurs despite the fact that the transgene remains intact
and hence competent for transcription. Further analysis has revealed that
this effect occurs at the posttranscriptional level and is mediated by several
cytokines, including gamma interferon and tumor necrosis factor-alpha.
Therefore, in infected people, it is likely that the host immune response can
clear HBV from infected hepatocytes without killing the majority of infected
host cells (since, unlike in the transgenic mouse, the HBV genome is episo-
mal and would presumably slowly get degraded if not replenished by repli-
cation). These results explain why experimentally infected woodchucks can
clear the virus and still survive, despite infection of essentially all their hepa-
tocytes. A similar phenomenon must occur in human beings (see Fig. 2).
This would appear to be an important protective mechanism for the host, so
that HBV infection would not routinely lead to fulminant hepatitis. On the
other hand, a partially effective immune response may not totally clear the
virus, yet would decrease viral antigen expression sufficiently to dampen
the immune response temporarily. When the immune response wanes, the
remaining viral genomes can resume an active infection, and again elicit an
immune response. Therefore, this effect may also allow viral persistence,
and may explain the cycles of active disease between periods of quiescence
seen in many people with chronic hepatitis B. In any case, the ability of
cytokines to shut down HBV gene expression and replication raises the hope
that these reagents, or modified forms thereof, may be used in the future to
cure chronic HBV infection without causing massive hepatic damage.
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Fig. 2. Model of how HBV is cleared from the infected liver. Cytotoxic T-lym-
phocytes (CTLs) that recognize viral antigens expressed on the hepatocyte (Hc)
directly destroy a minority of infected hepatocytes. However, the release of cytokines
such as interferon-gamma (IFN ) and tumor necrosis factor-alpha (TNF ), with
signal amplification by Kupffer cells (KC), leads to destruction of HBV in the
majority of infected cells without cytotoxicity. (Courtesy of Dr. Francis V. Chisari,
Scripps Research Institute, La Jolla, CA.)

4.2. Hepatocellular Carcinoma (HCC)

The molecular basis for oncogenesis during chronic HBV infection is
still a subject of debate. In the woodchuck, it is clear that insertional activa-
tion of the N-myc proto-oncogene by the hepadnaviral genome is important
for HCC formation. However, no consistent pattern of sites of genomic inte-
gration in the human chromosome has been demonstrated for HBV, and it
seems unlikely that this mechanism is important for the generation of the
majority of HBV-related HCC:s. Instead, attention has been focused on the X
protein, since, as a transcriptional trans-activator, it can presumably influ-
ence host cell gene expression and hence proliferation and/or differentia-
tion. Indeed, one group has reported that transgenic mice expressing high
levels of X protein develop HCC (22). However, these mice were derived
from a strain that shows fairly high levels of spontaneous HCC develop-
ment. Furthermore, other groups have generated X-transgenic mice that do
not develop HCC, even in old age. Significantly, at least two of these latter
mouse strains do show increased susceptibility to hepatic carcinogenesis
induced by other agents (chemical carcinogens in one case, N-myc proto-
oncogene in the other) (36,37). Therefore, X protein may be a cofactor in
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carcinogenesis but is probably by itself insufficient for inducing HCC. This
interpretation fits with the observation that most asymptomatic chronic car-
riers, who presumably express the X protein in their hepatocytes for many
years, do not develop HCC.

What may be the cofactor(s) that assist X protein in oncogenesis? One
possibility is environmental carcinogens, whose involvement can explain
the variation in HBV-associated HCC incidence in different geographic
areas. Another possibility is the cycles of hepatocellular injury, death, and
regeneration during chronic hepatitis B. Since inflammatory cells can secrete
mutagenic compounds, such as reactive oxygen species, and since mitogen-
esis itself can predispose to mutagenesis, this is a plausible scenario that also
fits the observation that HBV-infected people with cirrhosis (presumably
reflecting many years of active inflammation) have much higher incidence
of HCC than asymptomatic carriers. A third possibility is that other HBV
gene products can cooperate with X protein in oncogenesis. Indeed, a trun-
cated form of the HBV middle surface protein trans-activates transcription,
and even the normal large surface protein, if overexpressed, activate both
viral and host gene transcription by causing ER stress (48). While truncation
of the middle surface protein rarely occurs during natural infections,
overexpression of large surface protein is frequently seen in chronic infec-
tion, resulting in the formation of “ground glass” hepatocytes in the liver.
Furthermore, Chisari et al. (6) have shown that transgenic mice that
overexpress large surface protein suffer from chronic hepatitis and then
develop HCC. While this observation may be explained by the recurrent
injury, death, and regeneration occurring in the liver, it is instructive to note
that other (non-HBV) transgenic mice with chronic hepatitis do not develop
HCC, even late in life (24,40). Therefore, it is likely that overexpression of
large surface protein can also play a specific role in carcinogenesis, at least
in the transgenic mouse model. The importance of large surface protein in
human oncogenesis remains to be defined. Finally, a recent report found
increased microsatellite instability in HBV-related cirrhosis (33). Since
genomic instability is a hallmark of malignancies, this is an area that
deserves further exploration.

In summary, our knowledge of the basis for HCC formation during
chronic HBV infection is still incomplete. It is likely that multiple mecha-
nisms are involved, with a complex interplay of viral factors (X protein,
large surface protein, insertional mutagenesis), host response (immune
destruction and hepatocyte regeneration, genomic instability), and environ-
mental insults (chemical carcinogens), not all of which may operate in the
genesis of any single case of HCC.
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5. Immunobiology of HBV and Host Response

Several viral antigens and host antibodies are useful as serological mark-
ers in the diagnosis of HBV infection (/4). The HBsAg determinants are
carried by the surface proteins. The e antigen (HBeAg) arises from a post-
translational cleavage of precore protein and generally reflects a higher level
of HBV replication. HBcAg reactivity reflects the presence of intact core
protein. In HBV infection, the humoral immune response of the host to viral
antigens leads to corresponding antibodies, viz. anti-HBs, anti-HBc¢, and anti-
HBe in the serum. The serological diagnosis of HBV infection is established
principally by the detection of circulating HBsAg, supplemented by a combi-
nation of other serological markers used in the differential diagnosis of acute
vs chronic infection or prior exposure with resolution of infection.

5.1. HBsAg and Anti-HBs

A unique transcriptional property of HBV-infected cells, the synthesis
and secretion of more than 1000-fold excess of the S gene product (20-nm
virion-free particles), permits serological detection of HBsAg in the serum.
High levels of circulating HBsAg, high viremia, HBeAg, and abnormal liver
function tests are encountered in patients with histologic evidence of chronic
liver disease. Similar concentrations of HBsAg and HBeAg with normal
ALT are also encountered among HBV-infected healthy blood donors with-
out any histologic lesions. Therefore, HBV is considered noncytopathic, and
the pathogenetic significance of high viremia in liver disease remains uncer-
tain. Testing for HBsAg alone may fail to detect as many as 5-10% of the
acute cases, because either the host immune response may have already
cleared HBsAg before the onset of clinical symptoms, or the level of HBsAg
may be below the detection limit of current methods (51).

There are four major serological subtypes of HBsAg: adw, ayw, adr,
and ayr. Although the subtypes are useful as epidemiologic tracers of infec-
tion, they are of no pathogenetic significance. Resolution of any HBV infec-
tion culminates in production of anti-HBs, a long-lasting antibody response
against the “a” determinant(s) of HBsAg shared by 10 different serotypes
and conferring lifelong immunity against every serotype of HBV (1,26,41).
In contrast, a failure of immune response to HBsAg “a” determinant estab-
lishes persistent infection and leads to a spectrum of conditions with/without
disease. Most remarkably, the chronic carrier state is characterized by the
invariable presence of HBsAg and anti-HBc and the notable absence of anti-
HBs, which connotes a specific immunologic tolerance to HBsAg “a” deter-
minant. The precise immune mechanisms underlying the persistence of HBV
infection are poorly defined.
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5.2. HBsAg-negative Chronic Liver Disease

In chronic liver disease caused by HBV infection, liver biopsy tissues
procured for histologic diagnosis are often available for hepatocellular DNA
analyses, immunohistochemical detection of HBV gene products, and in situ
hybridization to quantitate the level of viral replication at a single cell level.
Southern blot analyses revealing the replicative forms of HBV DNA in the
liver tissues of HBsAg-negative chronic liver disease patients were reported
by us (9); this observation is confirmed by the PCR analyses performed with
hepatocellular DNA from several HBsAg-negative patients undergoing liver
transplantation at the University of California, San Francisco (46). The pres-
ence of HBV DNA in the liver tissue of HBV-seronegative patients can be
confirmed by a simultaneous molecular analysis of in situ PCR-amplified
HBYV DNA and the immunohistochemical detection of the viral antigens.

5.3. HBsAg Escape Mutants

Because the overlapping S and P genes are translated in different open
reading frames, we proposed in 1981 the concept of replication-competent
HBYV DNA arising from point mutations in the DNA sequence encoding the
nine amino acid residues 139-147, which determine the immunoreactivity
of the “a” determinant of HBsAg (41,44). Such genetic variants with amino
acid substitutions in the nine residues of the HBsAg could bestow a confor-
mational change adequate to escape the otherwise neutralizing anti-HBs.
Although recombinant HBsAg used in a monoclonal vaccine against HBV
induces potent anti-HBs response and provides protection against HBV infec-
tion of all serotypes, Carman et al. have reported a vaccine-induced escape
mutant of HBV in successfully vaccinated children who had simultaneously
circulating HBsAg and anti-HBs (5). Sequence analysis demonstrated that
an escape mutant from one of the children had undergone a glycine-to-argi-
nine substitution at position 145. This substitution may have caused a con-
formational change in an external loop of HBsAg so that the vaccine-induced
anti-HBs could not bind to the mutant HBsAg, thus allowing HBV to repli-
cate in the presence of a normal antibody response against the HBV enve-
lope protein. Similar mutants have been found in Japan, Singapore, and the
Gambia, suggesting that the immune escape mutant of HBV can occur
worldwide (15,27,28).

Similar escape mutants may arise following immunotherapy after
orthotopic liver transplantation. Because HBV reinfection causes frequent
loss of the allograft and reduced patient survival, immunotherapy with hepa-
titis B immune globulin (HBIg) has been used to reduce the rate of recur-
rence. However, continued immunotherapy after 12 mo of treatment leads to
escape mutants in 20% of the patients, with frequent mutation in the codon
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for arginine at amino acid 145 in the B cell epitope of HBsAg (4,38).
Lamivudine, an inhibitor of HBV polymerase, has been used as an alterna-
tive to prevent reinfection, but treatment failures have occurred as a result of
escape mutants frequently induced in the YMDD locus of the polymerase
gene (31). Considering the distinct mechanisms of antiviral action of HBIg
and lamivudine, a combination therapy is logical and is in an early stage of
clinical trials.

5.4. HBeAg and Anti-HBe

The C gene of HBV contains two in-frame translation initiation codons
(ATGs). When the protein synthesis is initiated at the first ATG, a 25-kDa
precore protein is generated. On entry into the endoplasmic reticulum and
proteolytic cleavage at both the C-terminus and the N-terminus, the degraded
composite protein reveals an HBeAg determinant that has been used as a
marker of virus replication, as a correlate of patient’s infectivity, and is an
indicator of the severity of liver disease. Generally, seroconversion from
HBeAg positivity to anti-HBe suggests a decline in virus replication and/or
consequent improvement in liver disease. Simultaneous occurrence of
HBeAg and anti-HBe is uncommon and transient during seroconversion.
However, the diagnostic interpretation of the patterns of HBeAg and anti-
HBe in HBV infection has recently undergone a significant reevaluation as
a result of the identification of precore mutants (30). Molecular analyses
demonstrated that individuals with anti-HBe may in fact have viremia with
mutated HBV DNA having a single base pair substitution at position 1986 in
the precore region, converting the triplet codon at that site into a stop codon
and disabling production of HBeAg. Many patients with this mutant form of
HBYV in their serum have mild disease. However, reports also suggest that
the precore mutants cause severe hepatitis and frequent occurrence of fulmi-
nant hepatitis. Similarly, mutants with mutations in the core promoter that
synthesize decreased amounts of precore protein also have been implicated
in severe hepatitis among patients with anti-HBe in Japan but not in the
United States. This controversy only highlights our inadequate understand-
ing of the immunopathologic mechanisms underlying hepatocellular injury
in viral hepatitis and liver disease. The pre-core mutants appear to be more
common in the Mediterranean and Far Eastern countries than in the United
States. Thus, a proper interpretation of HBeAg and anti-HBe patterns is not
well defined.

5.5. Anti-HBc as a Marker of HBV Infection

HBcAg is not detectable in the serum throughout the natural history of
HBYV infection. It is detected only after purification of HBV particles and
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removal of the lipid envelope with a detergent. Anti-HBc is detectable in
virtually all patients with HBV infection within 1-2 wk after the appearance
of HBsAg and just before the onset of symptoms. During the core window of
the acute stage, between the loss of serum HBsAg and appearance of anti-
HBs, IgM anti-HBc and HBV DNA may be the only detectable markers.
Some patients with acute or chronic HBV infection have only anti-HBc with-
out detectable HBsAg in serum (50,51). Detection of IgM anti-HBc is the
standard for diagnosis of acute hepatitis, although lower titers of IgG anti-
HBc are present concurrently. The presence of IgM anti-HBc in serum
diluted 1:5000 may indicate recent acute hepatitis B. The absence of IgM
anti-HBc in 1:5000 dilution of serum excludes a diagnosis of acute hepatitis
B with virtual certainty (27). Although widely used in Korea and Japan, this
test algorithm is not routinely used in laboratory practice in the United States.
Total anti-HBc is detectable in almost all patients with acute or chronic HBV
infection. The titer and percentage of IgG anti-HBc continue to rise during
early convalescence. However, there is no significant evidence to show that
anti-HBc offers any immune protection. Isolated anti-HBc reactivity in
serum may occur in three different settings:

1. False positive reactions are caused by weak signals of anti-HBc positiv-
ity because of the presence of IgM-like components in the test specimen.

2. Some patients with chronic HBV infection have detectable anti-HBc
and undetectable HBsAg in serum.

3. Some cases have a prolonged window period in which HBsAg has dis-
appeared, and the only detectable markers are anti-HBc and anti-HBs,
which often take several months to years to become detectable.

5.6. Anti-HBc Screening of Blood Donors

Anti-HBc testing was introduced in the United States as a surrogate
marker to identify units of donated blood that posed an increased risk of
transmitting non-A, non-B hepatitis, AIDS, and occult HBV infection (42).
Before the discovery of HCV and the development of specific tests, anti-
HBc screening for blood donors was estimated to reduce the incidence of
posttransfusion non-A, non-B hepatitis in United States by up to 40%. Our
own studies on detection of HBV DNA show that cryptic HBV infections
exist in subjects whose only serologic marker of HBV is a high titer of anti-
HBc (50). However, with adequate HBsAg and anti-HCV screening already
available, whether an additional anti-HBc test for the prevention of transfu-
sion-transmitted HBV and HCV infection is required or not remains a con-
troversial issue. In Taiwan, an area of high HBV prevalence, PCR revealed
HBYV DNA in 7 out of 85 (§%) serum samples that were HBsAg-negative in
a radioimmunoassay but contained only anti-HBc (34,43). Because HBV
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DNA was not detected by PCR in 158 HBsAg-negative but anti-HBc-posi-
tive blood units in the United States, Douglas et al. concluded that anti-HBc
testing for potential hepatitis B infectivity is an inefficient means of screen-
ing blood donors in areas of low endemicity (8). However, a 1995 consensus
panel statement issued by the National Heart, Lung, and Blood Institute rec-
ommended that anti-HBc be retained to screen donated blood in order to
prevent HBsAg-negative HBV transmissions, and because it might also pre-
vent some window-period HIV transmissions.

In summary, the host-virus interaction has been fairly well defined by
serological markers of HBV infection and immunity. However, our under-
standing of the biological mechanisms underlying establishment of persis-
tent HBV infection remains rudimentary despite the recent progress made in
our understanding of the pathogenesis of liver disease, largely through a
series of systematic investigations by Chisari and his colleagues (7). PCR is
increasingly employed in molecular approaches to laboratory diagnosis and
monitoring efficacy of newer therapeutic agents, such as lamivudine (38).
The observation of naturally evolving mutants under immune pressure of
anti-HBs in vaccinated subjects, or in liver transplant patients treated with
HBIg, poses a question whether the widely used monoclonal recombinant
HBsAg vaccine should be augmented by other serotypes or not. In coming
years, we should learn a lot more about HBV biology and its interaction with
the host, especially persistent HBV infection and its oncogenic sequelae.
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1. Introduction

Prior to the late 1980s, the problem of the etiology of non-A, non-B
(NANB) hepatitis was completely blurred. In the early 1980s, the pioneering
work of several groups had clearly demonstrated the viral nature of the dis-
ease by injecting blood of infected individuals into chimpanzees, hence per-
mitting a number of interesting findings. However, all attempts to characterize
the virus and to develop specific diagnostic tests had failed. Clinical and experi-
mental observations had led to the postulation of the existence of at least two
distinct viruses, while electron microscopy had suggested a variety of virus-
like particles. Attention had eventually focused on a particle with dimensions
and inactivation sensitivity similar to those of togaviruses. In this climate, the
cloning in E. coli by Choo et al. (1) of the genome of a virus that in the
subsequent few months was shown to represent the most common etiologic
agent of posttransfusion and community-acquired (also defined as sporadic
or cryptogenetic) NANB hepatitis signified an extremely important break-
through as well as an innovative approach to the demonstration of viral agents.
Most of the information discussed below stems from this breakthrough.

2. The Virus

Lack of important experimental tools, such as sensitive in vitro culture
systems and suitable methods for analyzing the viral antigens, has so far
prevented a satisfactory understanding of the morphology and physico-
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chemical properties of the HCV virion. Even more limited is knowledge of the
replicative cycle. Great progress has instead been made in the understanding
of the viral genome and this, together with the study of the encoded proteins in
prokaryotic and eukaryotic expression systems, has permitted remarkable
insight into the characteristics and putative functions of the viral proteins.

2.1. Taxonomy

Early physico-chemical properties had suggested that HCV might be a
togavirus (2). More recently, accumulating information on virion morphol-
ogy and comparative analysis of the nucleotide (nt) sequences have led to
recognition of considerable genetic and biological analogies to the members
of the family Flaviviridae and especially to those grouped in the genus
Pestivirus (3). Similarities include: short stretches of nt at the 5' untranslated
terminal region (UTR; ref. 4), the size of the precursor polyproteins and their
hydrophobic profile except in the envelope region (5), and certain amino
acid domains interspersed in the NS3 and NS5 proteins and located in simi-
lar positions of the polypeptide chains (6). However, there are also signifi-
cant differences; for example, in the number and processing of viral proteins
and possibly in the characteristics of specific replicative steps. Hence, re-
cently, it has been proposed that HCV be classified in a new genus of
flaviviruses tentatively termed Hepacivirus (7).

Interestingly, HCV also shares properties with picornaviruses (i.e., the
organization of the 5'-UTR and possibly translation regulation; ref. 8) and
with selected plant viruses such as the potyviruses. This has led to specula-
tions that HCV might represent an evolutionary link between plant and ani-
mal viruses (9).

2.2. Host Range, Cell Tropism, and In Vitro Propagation

Humans are the only host species found to be naturally infected by
HCV. The only animals that are consistently susceptible to experimental
HCV infection are chimpanzees, which develop a persistent viremia and
signs of hepatitis. Early experiments using these primates to propagate the
virus provided extremely important information on various aspects of HCV
(10-13). Also the first cloning of the viral genome was achieved starting
from pooled chimpanzee plasma (7).

Clinical and experimental data indicate the marked hepatotropism of
HCYV. Thus, in vivo, hepatocytes are currently believed to represent the
major targets of virus replication (/4-16). The possibility that HCV repli-
cates in other cell types is still controversial. Evidence that peripheral lym-
phocytes and monocytes carry the viral genome and replicate the virus is
not univocal (17-21).
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Attempts to grow HCV in vitro have been numerous, but to date, suc-
cesses have been modest. By using the reverse-transcriptase polymerase
chain reaction (RT-PCR), evidence of low-grade viral replication has been
obtained in primary human and chimpanzee liver cells (22-24), in
hepatocarcinoma cell lines (25,26), and in several human hematopoietic cell
lines including MOLT-4 (27), HPB-Ma (28), H9 (29), MT-2 (30,31), CE
(32), and TOFE (33). In general, however, the virus titers produced have not
only been low but have also fluctuated markedly, with a tendency of the
virus to disappear within days or weeks. In addition, with few exceptions
(24,34), it has proved difficult or impossible to pass the infection serially,
and no obvious cytopathic effects have been observed. Even though long-
term infected cultures have been described recently (25,35,36), further ef-
forts are clearly needed to establish efficient means for reliable in vitro
culture of HCV (37).

2.3. The Viral Particle

Irrefutable evidence in the early 1980s that the agent of non-A, non-B
hepatitis was viral led to an interesting series of observations. The new agent
was small in size, inactivated by chloroform, and was termed, “tubular form-
ing agent,” as it induced characteristic tubular structures in the hepatocytes
of infected chimps (38). Subsequently, filtration and density gradient analy-
sis studies strengthened the early impression that the virus was akin to
togaviruses and flaviviruses (39,40). Figure 1 shows the probable morpho-
logical aspect of HCV as perceived currently, based on analogy with related
viruses and on recent studies that have finally allowed a reasonable visual-
ization of the virion (41,42). The round-shaped particle is 55-65 nm in di-
ameter and possesses a lipoprotein envelope with small projections (approx
6 nm), which surrounds a 30-35-nm nucleocapsid of probable icosahedral
symmetry (43). Consistent with the presence of glycoprotein peplomers in
the envelope, the virus has been shown to bind to sugar-binding lectins (44).
Particle density is highly variable, ranging from 1.14 to 1.16 g/mL. Such a
low and variable density might reflect the fact that the viral particle interacts
nonspecifically with lipoproteins or other plasma components (45) and/or
specifically with antiviral immunoglobulins, thus forming circulating im-
mune complexes (46,47). Alternatively, this might reflect the presence of
defective virus particles. In addition to the complete virions, the plasma of
infected patients has been shown to contain 30~35-nm particles composed
of nucleocapsid proteins. Thus HCV may circulate in plasma in different
forms (41,48).

There has been limited study of the serological properties of HCV. For
example, the lack of reliable serum neutralization assays has not permitted
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Fig. 1. Molecular anatomy of the HCV virion. The predicted secondary structure
models of the 5' and 3' UTR and the genomic products from structural and
nonstructural domains of the HCV genome are represented. Roman numbers in the
5'UTR indicate the structural domains, nt positions 1' to 98' in the 3' UTR indicate
the highly conserved terminal segment. The coding genes and the corresponding
products are boxed (numbers within parenthesis indicate the size of each protein or
glycoprotein). Glycoprotein gp68—72 can be also present in its cleaved form: E2A
and P7. Nt positions correspond to the prototype strain HCV-J of subtype 1b (EMBL
accession number D90208; ref. 52).

careful investigation of possible serotypes, even though analysis of infected
patient sera with synthetic peptides has demonstrated the existence of sero-
logical differences between isolates belonging to different genotypes (see
Subheading 2.6.).

Similar to other enveloped viruses, HCV infectivity is relatively unsta-
ble at 4°C and stable at —70°C. Inactivation of infected plasma requires
100°C for 5 min, 80°C for 72 h (49), or pasteurization (50); infectivity is also
destroyed by ether, chloroform, B-propiolactone, or formalin (1:1000 for 96 h
or 1:2000 for 72 h at 37°C; ref. 51).

2.4. The Genome and the Proteins Encoded

The genome of HCV is single-stranded linear RNA of approx 9500 nt
and has positive (messenger) polarity (6,52-55). Most of the molecule rep-
resents a long translational open reading frame (ORF) with a coding poten-
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Table 1
HCYV Proteins
Genomic Amino acid

Protein region position Major functions

p21 Core 1-191 Capsid protein

gp31 El 192-383 Envelope glycoprotein

gp68-72 E2/NS1 384-809 Envelope glycoprotein

E2-A E2/NS1 384-746 Envelope glycoprotein

p7 E2/NS1 747-809 No known

p23 NS2 810-1026 NS2/NS3 metallo-protease
component

p70 NS3 1027-1657 Serine-protease; helicase;
NS2/NS3 metallo-protease
component

p8 NS4A 1658-1711 See Fig. 3

p27 NS4B 1712-1972 Membrane-associated replicase
component?

p56-58 NSSA 1973-2420 Not known

p68 NS5B 2421-3011 RNA-dependent RNA
polymerase

tial of 3011-3033 amino acids and consisting of a structural domain that
codes for components of the viral particle and a nonstructural domain that
encodes proteins not found in the virion but participate in virus biosynthesis
(4,56). The two extremities of the RNA molecule (UTR) may vary in length
and have no known coding functions; however, they possess defined sec-
ondary structures (Fig. 1) and have essential regulatory functions.

Post- or cotraslationally, the large polyprotein product of the viral ge-
nome undergoes an ordered series of proteolytic cleavages, and at least ten
different functional protein species are formed (57,58). Functions and prop-
erties of these proteins (Table 1) have been deduced from analogy with the
corresponding proteins of other viruses and from cDNA expression in a va-
riety of systems.

There are at least three proteins that are believed to have structural
functions, though direct confirmation through demonstration of their pres-
ence in purified virions is still lacking. These are the capsid (core) protein
and the envelope, E1 and E2, glycoproteins. The core protein or p21 is coded
for by gene C and has been seen to form multimers and interact physically
with the viral RNA to form the nucleocapsid (43,59-61). Basic properties,
resulting from a high content (approx 20%) of Arg and Lys residues, the
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Cytosol

Lumen

Fig. 2. Suggested spatial distribution of the structural (C, E1, E2 and P7) and
nonstructural (NS2) proteins of HCV in the lipid bilayer of the endoplasmic reticu-
lum membrane. Numbers indicate the amino acid position of intramembrane do-
mains (modified from refs. 63,79).

presence of sites of potential phosphorylation (62), and an elevated number
of conserved linear B-cell epitopes represent characteristic features of this
protein (63). Data showing that p21 can bind ribosomal subunits (60) and
inhibit HBV replication in vitro (64) have suggested that the core protein
might also play some as yet undefined regulatory role in viral replication and
pathogenesis. More recently, the core protein has been shown to interact
with the E1 protein as well as with certain cellular components but not with
the E2 protein of HCV (65-67). The product of the genome region E1 (gp31)
is a highly glycosylated protein (5-6 putative glycosylation sites; ref. 68),
which, despite being smaller and lacking significant sequence homology,
appears to be functionally analogous to the envelope proteins of related
viruses. The presence of E1 in the envelope is also suggested by numerous
stretches of hydrophobic amino acids that might serve to anchor the mol-
ecule to the cell membrane (Fig. 2). The third structural protein (E2 or gp68—
72) is coded by gene E2/NS1 and was initially thought to be nonstructural in
function. It is also highly glycosylated, containing about ten putative
glycosylation sites, is anchored to the cell membrane through a C-terminal
signal sequence (69,70), has sequence motifs that suggest complex second-
ary and tertiary structure, and apparently associates to the E1 glycoprotein to
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form an heterodimer (Fig. 2) thought to be involved in virus attachment to cell
receptors (71-74). At the N-terminal end of gp68-72 there 1s a segment (amino
acids 384—414) characterized by a high degree of diversity among different
isolates (75,76) and therefore known as hypervariable region 1 (HVR1). In
addition, certain genotypes, such as subtype 1b possess, next to HVR1, a sec-
ond shorter hypervariable region (HVR2; ref. 77). These HVR have features
that are reminiscent of the V3 region of HIV surface glycoprotein (gp120).
They have been proposed as the likely location of neutralization epitopes that
possibly are implicated in the immunoselection processes that contribute to
keep HCV in persistent equilibrium with its host (see Subheading 3.3.).

A fourth product of the structural portion of the viral genome has been
recognized recently. This is a small protein (p7) that results from an alterna-
tive cleavage of the precursor polyprotein at the C-terminal of the E2 region.
This region contains two cleavage sites used with different frequencies. The
cleavage site used more frequently leads to formation of full-length gp68—
72, while cleavage at both sites leads to formation of protein p7 as well as of
a smaller E2 protein (protein 2A). The role of p7 in viral replication is still
unknown, but there is some evidence that it might become associated via
several hydrophobic residues to the cell membrane (Fig. 2), while its sug-
gested role in virion assembly has been recently disputed (78-81).

The products of the nonstructural domain of the viral genome (NS2,
NS3, NS4, and NS5) are less well understood (82). Recent studies indicate
that the protein coded by gene NS2 (or p23) is highly hydrophobic and might
in fact represent a transmembrane protein with autocatalytic activity (Fig.
2). It has also been suggested that during particle maturation, this protein
might form a bridge between the envelope glycoproteins and the nucleo-
capsid (83). A zinc-dependent metalloprotease is encoded in the region span-
ning NS2 and the N-terminal end of NS3 (84-86). The product of gene NS3
(p70) is a protein that appears to contain two different domains with clearly
distinct functions. The N-terminal part of the molecule has serine protease
activity and appears to be responsible for processing the C-terminal segment
of the precursor polyprotein (87,88). Furthermore, the C-terminal portion of
the NS3 protein has considerable homologies with enzymes possessing
helicase activity, has been shown to have unique RNA helicase functions
and is presumed to be involved in unfolding of viral RNA during the early
stages of genome replication (89-91).

The products of genes NS4 and NS5 are processed into two smaller
proteins. The two proteins resulting from gene NS4 (designated NS4A [p8]
and NS4B [p27]) are highly hydrophobic and are probably membrane-bound.
Recent results suggest that they exert a key function in the regulation of
precursor polyprotein processing and in the synthesis of certain viral pro-
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Fig. 3. Schematic representation of the multiple functions attributed to the NS4A
protein p8 and effects on the target proteins NS3 and NS5 (modified from ref. 97).

teins. More specifically, p8 appears to be multifunctional (Fig. 3): by bind-
ing the NS3 protease, it would mediate the docking of this enzyme onto the
endoplasmic reticulum, increase its stability, and permit or augment its cata-
lytic efficiency (92-96). In addition, it is assumed to regulate the production
and phosphorylation of the NS5 protein (97,98). The two products of gene
NS5 are known as NS5 A (p56—p58) and NS5B (p68). Protein NS5A is highly
phosphorylated (99) and presents an elevated degree of diversity in different
HCYV isolates (100,101). Its function(s) is still unknown, although recent
data have suggested that it might represent a potent transcriptional activator
(102) and a determinant of HCV sensitivity to interferon (IFN) treatment
(103,104) possibly through repression of the IFN-induced protein kinase
(PKR; ref. 105). NS5B is instead a highly conserved membrane-associated
phosphoprotein (106), which, based on motif similarities with other viral
replicases and more direct evidence, is considered the RNA-dependent RNA
polymerase (107,108).
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As already mentioned, the 5' and 3' UTR (Fig. 1) contain important
regulatory elements involved in controlling genome replication and expres-
sion. The UTR at the 5' end may vary in length between 324 and 341 nt but
is otherwise highly conserved among viral isolates (5,109). This region pos-
sess a complex secondary structure composed of four stable domains pre-
ceding the initiator AUG, and its overall functions appear especially
important as suggested by the numerous regulatory elements it contains.
These include:

1. four nt stretches homologous to similar sequences found in the 5'-UTR
of pestiviruses, one of which is an activator of translation (54,110);

2. several small ORF that are not known to be translated (6,8);

3. a 27-nt-long hairpin structure that might participate in regulation of
genome expression and bind cellular factors potentially implicated in
HCV replication (8,111); and

4. a large stem-loop, proximal to the initiator AUG codon of the
polyprotein, considered to be an internal ribosomal entry site (IRES;
refs. 112—-114).

Contrary to what previously was believed, recent studies have demon-
strated that the 3'-UTR also has a complex organization, consisting of a short
highly variable nt sequence, a poly-U stretch, a polypyrimidinic stretch, and
a terminal 98-nt segment (Fig. 1). The latter is highly conserved, capable of a
stable stem-and-loop secondary structure and of binding several cell proteins
and is probably involved in the initiation of viral replication (115-120).

2.5. Replication

We still know essentially nothing about the mechanism(s) of virus entry
into cells, the receptor(s) involved, and early replicative steps. Thanks to its
supposed ability to bind certain plasma proteins, HCV has been proposed to
exploit the receptors by which such proteins attach to the cell surface
(121,122). A precedent for a similar mechanism is found in the phenomenon
known as antibody-mediated enhancement, by which certain viruses
complexed with antibodies (notably some flaviviruses) may enter into cells
via IgG receptors.

As direct information is very limited, present perception of the intra-
cellular replicative steps of HCV relies mainly on what is known about the
replication of related positive-strand RNA viruses, especially pestiviruses
and flaviviruses, and on what can be inferred from the deduced structure of
the viral proteins and their expression in mammalian systems. Viral biosyn-
thesis and the whole replicative process are thought to occur entirely in the
cytoplasm. Replication of the viral genome proceeds through the synthesis
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of complementary antigenomic (minus stranded) RNA strands, which pre-
sumably serve as templates for the synthesis of progeny-positive strand
genomes and have repeatedly been detected in HCV-infected cells by PCR
and in situ hybridization (123). These steps are presumed to require the com-
bined activity of two viral enzymes: the NS3 helicase, involved in unfolding
of the replicative fork and the RNA polymerase NS35, responsible for actual
de novo synthesis of viral RNA (4). Infected cells have been shown to con-
tain two different species of positive-sense viral RNA: a longer one with the
5' end folded to form a hairpin, which would represent the true genomic
RNA, and a shorter, polyadenylated one that would represent the true mes-
senger RNA (8,54,109,110,124,125). The latter RNA would function as a
single large monocistronic messenger, leading to the production of a single
polyprotein, which is then cleaved to yield all of the mature viral proteins.

Cleavage of the viral precursor polyprotein is carried out mainly by
viral proteases but cellular proteases are also involved. In particular, pro-
cessing of the nonstructural portion of the polyprotein is effected by two
different viral proteases: the NS3 serino-protease cleaves the junctions
NS3/NS4A, NS4A/NS4B, NS4B/NSSA, and NSSA/NS5B (126-130),
while the viral metallo-protease cleaves the NS2/NS3 junction (46,84,85).
Host-cell signal peptidases located in the lumen of the endoplasmic reticu-
lum are responsible mainly for cleaving the structural region of the poly-
protein (131).

Studies on the subcellular localization of HCV proteins expressed in
mammalian cells suggest that they are mainly associated with the endoplas-
mic reticulum where glycosylation and translocation to the lumen take place
(61,71). Only NS3 and NS5A would appear to be free in the cytoplasm (132),
while there is no clear evidence for a nuclear localization of viral proteins.
When deleted of its hydrophobic C-terminal portion, the core protein p21
has been shown to reach the nucleus (133-135); however, there are no indi-
cations that such a truncated form of the protein is produced in the course of
normal replication. The implications of the localization of the viral proteins
for the subsequent steps of virion assembly and release from the cell remain
is to be determined. The entire assembly process is still obscure. Also obscure
is the mechanism(s) of virus release from infected cells. It is likely that the
virus buds through the plasma membrane while the nucleocapsid is being
formed. Such a process would be compatible with cell survival, but the con-
sequences of HCV replication for the integrity of host-cell structure and
physiology are unknown. In a recent immunoelectron microscopy study of
in vitro infected cells, virus-like particles were mostly found within cyto-
plasmic vesicles, suggesting the possibility that HCV morphogenesis is
vesicle-oriented (42).
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2.6. Genetic Heterogeneity

Analysis of the genome of numerous HCV isolates has evidenced a
high degree of variation in the nt sequence, similar to that of other positive-
strand RNA viruses (up to one-third of the nt may be different in the most
divergent strains). However, genetic heterogeneity is not evenly distributed
across the genome but is especially elevated in the envelope coding regions
El (47-31%) and E2/NS1 (43-29%) with peak prevalence in the HVRI1
segment of the latter molecule (50% variation and more among isolates; ref.
136). Variability is instead lower in the 5'-UTR (<10%; ref. 137), in the core
region, (12-19%) and in the NS3 region (20-30%; ref. 138), probably reflect-
ing the important functions exerted by these regions, which do not tolerate
extensive variation.

Similar to other RNA viruses, genetic heterogeneity is believed to origi-
nate from poor fidelity of RNA replication (137,139). Overall, the average
rate of mutation for the entire genome has been calculated at 0.144% base
substitutions per nt position per year, similar to all viruses with single-strand
RNA genomes (53,140,141). A certain degree of variation is found not only
among different isolates but also within the viral sequences detectable in a
given patient, i.e., the virus is present in the infected host in the form of a
quasispecies, with one or more predominant sequences and several minor
variant(s). Under the pressure of immune effectors and possibly other envi-
ronmental factors, the minor variants have the potential to become the pre-
dominant ones, thus providing the virus with great plasticity (139).
Interestingly, in the envelope region, many mutations are nonsynonymous,
that is, they lead to modifications in the amino acid sequence of the encoded
proteins, indicating that this protein has less structural constraints and is
under stronger selection pressures than other viral proteins.

Based on genetic similarities, HCV obtained from patients worldwide
have been classified into distinct genotypes that form separate branches in
phylogenetic trees, and several partially different grouping systems have
been proposed. Table 2 presents the classification system initially proposed
by Simmonds and coworkers (138, 142) and subsequently accepted by many
workers in the area (143). According to such strategy, isolates are grouped
into a same type when their nt sequence homology in the NS5B gene is 72%
or higher and in a same subtype when homology is 86% or higher. At present,
the Simmond’s classification encompasses six different types (defined by
Arabic numbers), most of which contain several subtypes (indicated by low-
ercase letters), but there are still considerable uncertainties (see Table 2). In
addition, there are probably more genotypes to be discovered as more HCV
isolates from different parts of the world are characterized. In the absence of
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Table 2
Classification and Nomenclature of HCV Genotypes
Representative
Type Subtype isolates References
1 la HCV-1 6
1b HCV-] 52
Ic EG-28 142
2 2a HC-J6 54
2b HC-J8 125
2¢ S83 382
2d NE92 383
2e JK020 384
2f JKO081 384
3 3a E-bl 385
3b Tb 385
3¢ NE048 386
3d NE274 386
3e NE145 386
3f NE125 386
10a“ JK049 384
4 4a EG-13 143
4b Z1 387
4c 76 387
4d DKI13 387
4e 75 387
4f V43 387
4g GB549 383
4h GB438 383
5 Sa SA-1 137
6 6a HK-2 137
6b Th580 383
7a° VN540 388
7b VN235 388
Tc Th271 383
7d Th846 383
8a* VN507 387
8b VN405 387
9a“ VNO004 388
9 Th555 383
9¢ Th553 383
11a¢ JKO046 384

“Isolates previously classified as types 100r 7, 8,9, and 11 have
been reclassified within type 3 and type 6, respectively, according
refs. 389-391.
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traditional methods for grouping isolates (e.g., serum neutralization assays),
HCYV genotyping has become current practice. Although final definition of a
genotype rests on more-or-less extensive sequence analysis, several rapid
methods for HCV genotyping have been proposed, and some are also avail-
able in commercial kit form. Methods in use include (sub)type-specific RT-
PCR, hybridization of RT-PCR products with specific probes, and restriction
fragment polymorphism analysis. Methods based on the detection of type-
specific antibody in patients’ sera using synthetic peptides (serotyping) have
also been proposed (144—146). The reliability of such methods and the epi-
demiological and pathobiological implications of HCV genotypes are pres-
ently the subject of active investigation (see below). Interestingly, as a result
of multiple exposures, patients can be coinfected or superinfected with dif-
ferent serotypes (see below) but recombination between different genotypes
appears to occur rarely, if at all (147).

3. The Infection

3.1. Host Penetration and Invasion

Despite recent progress, our understanding of the life cycle of HCV in
the infected host is extremely limited. As extensively discussed in Subhead-
ing 5., person-to-person transmission of HCV generally occurs via parenteral
exposure or intimate contact with infected bodily fluids. In the latter circum-
stance, the precise portal(s) of entry into the host is/are not known, also
whether or not the virus undergoes primary amplification locally at the site
of entry and/or in the draining lymph nodes is unclear. The route by which
the virus reaches the liver is unknown; however, HCV can circulate freely
and massively in plasma and infects migratory cells such as lymphocytes
and monocytes. This suggests possible routes for host invasion, although no
virus was detected in these cells of acutely infected individuals (748). In the
liver of chimpanzees injected with infected blood, viral RNA was detected
as early as 2 d postinoculum, thus preceding detection of viremia by days
(11). Ability to enter the body through mucosal surfaces would most likely
imply that HCV infects cell types other than hepatocytes and blood mono-
nuclear cells. In situ hybridization, PCR, and immunofluorescence studies
have provided evidence of viral components in hepatocytes, Kupffer cells, B
and T lymphocytes and macrophages, and immunohistochemistry has dem-
onstrated viral antigens in biliary epithelial cells and in the salivary gland
epithelium (16,123,149-152). Interestingly, HCV quasispecies composition
in the liver, peripheral blood mononuclear cells and plasma has been found
to differ (153-157), a finding that might suggest the existence of additional
sites of viral replication.
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In chimpanzees, viremia usually becomes detectable within days
postexposure, but detection can be intermittent, suggesting the existence of
distinct bursts of viral replication (158—-161). Also, in patients transfused
with infected blood, viremia develops early and is usually demonstrable
within 1-3 wk, thus preceding biochemical abnormalities and clinical symp-
toms by at least 3—5 wk and antiviral antibody by 4-6 wk (162-166). As
determined by quantitative PCR and branched DNA assays, viremia also
reaches high levels (10® genomes/mL or more) before clinical symptoms
develop (167-169).

HCYV has a remarkable tendency to persist. Greater than 80% of infec-
tions result in the establishment of a chronic viremia, even though clinical
symptoms and biochemical abnormalities are absent. The plasma viral loads
detected in the course of persistence are extremely variable in individual patients,
ranging between 10? and 10" genomes/mL and may undergo considerable
fluctuations over time. Viremia may also become undetectable for protracted
periods (162,167,170-173). These variations presumably reflect fluctuations
in the number of infected cells and in host factors that affect viral clearance as
well as in the replication efficiency of the viral quasispecies (Fig. 4).

Recently, interesting clues regarding the kinetics of HCV replication
during chronic infection were obtained by measuring the effects of IFN alpha
treatment on viremia levels of responder patients. By exploiting mathemati-
cal models similar to those used for studying viral kinetics in HIV-infected

Fig. 4. (See opposite page) Schematic view of the possible courses of HCV infec-
tion and disease. Dotted lines represent the lower limit of sensitivity of detection
methods or upper normal values (ALT). (A) Viremia concentration peaks in the first
months (acute infection) and then declines or, in a limited number of patients, be-
comes undetectable. Most primary infections do not resolve, and viremia persists at
variably elevated levels (chronic infection), often with marked fluctuations in titer.
(B) Antiviral IgM antibodies develop during acute infection and last a few months
but in a considerable proportion of patients may be detected also during chronic
infection, though generally in discontinuous fashion. (C) IgG antibodies to different
viral antigens have different kinetics: Anticore antibodies usually are the first to
appear and remain detectable throughout infection, whereas anti-NS4 and anti-NS5
antibodies develop somewhat later and may become undetectable within years from
acute infection. (D) During acute infection, ALT peak soon after viremia. During
chronic infection, ALT may remain in the normal range for prolonged periods but
usually are variably elevated and often show wide fluctuations that are believed to
follow viremia fluctuations. (E) Liver damage associated with acute infection is
generally moderate. During chronic infection, hepatic lesions usually evolve slowly
but in some patients may progress more rapidly. Liver failure is observed only in a
limited proportion of cases, especially when other noxae coexist (arrows).
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patients, it has been estimated that HCV half-life in the plasma is a few hours.
The number of virions produced and cleared per day was calculated to be at
least 6.7 x 10'° virions, with considerable variations in individual patients
(range, 0.2 to 43.8 x 10" virions per day). No correlation with infecting HCV
genotype, serum aminotransferase (ALT) levels, or histopathology of the liver
was noted (174,175). These results suggest that during persistence in the host,
HCYV is produced continuously and very actively, possibly as a result of mul-
tiple rounds of replication in de novo infected cells. Thus, the dynamics of the
virus-host equilibrium reached by HCV and HIV in chronically infected sub-
jects appear to be similar. Further data are, however, necessary to substanti-
ate this conclusion, which may have important implications for therapy design
and monitoring. Further studies are also needed to establish the full range of
tissues that contribute to maintaining the viremia.

3.2. Anti-HCV Immune Responses

Immune responses to HCV have been the subject of intensive scrutiny
in recent years, as assays for measuring HCV-specific antibody and cell-
mediated immunity have gradually become available. Infection evokes a
vigorous immune response, which is believed to modulate viremia levels
(176) and probably contributes to keep the extension of hepatocyte invasion
within limits, as suggested by evidence showing that in immunosuppressed
chimpanzees, infection has a particularly aggressive course (/77). In most
cases, however, the immune response is not successful at overcoming the
infecting virus. The well-documented occurrence of superinfections in
humans and chimpanzees sequentially exposed to the same or different
strains of HCV demonstrates the weakness of the protective immunity resul-
ting from infection (178-180).

3.2.1. Antigenic Determinants of HCV

Our present understanding of HCV antigens is based on the use of
recombinant proteins and synthetic oligopeptides deduced from viral nt
sequences. Inmunodominant conserved B-cell epitopes reactive with patient
sera have been identified in the core protein and, to a lesser extent, in the
NS3, NS4, and NS5 proteins (/81-184). Linear and conformational B-cell
epitopes have also been found in the envelope proteins E1 and E2/NSI
(71,185-187) but tend to be more variable. The E2/NS1 protein reportedly
contains several continuous B-epitopes in its N-terminal region, at least five
of which are isolate specific (76,188). Envelope epitopes are thought to be
involved in protective immunity as suggested by vaccination experiments in
the chimpanzee (see Subheading 6.). In fact, the presence HVRI1 suggests
that E2/NS1 is the target of potent selective forces that especially model
those parts of the molecule that are free of structural and functional con-
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straints. It is noteworthy that this region shares considerable homologies to
regions of the envelope proteins of pestiviruses (gp53/55) and HIV (V3 loop)
that contain important neutralization epitopes. However, the patterns of
reactivities to E1 and E2/NS1 peptides may vary considerably in individual
patients, depending on the stage of infection. Similar variations have also
been observed in infected and vaccinated chimpanzees. Interestingly, in this
species, reactivity to rare epitopes in the E2 region was seen only in a few
cases of self-limiting infection (187,189-191).

T-cell epitopes have been identified in peptides derived from different
regions of the viral genome (192—196). Some of the T-cell epitopes found in
the core protein are partially superimposed to B-cell epitopes, thus empha-
sizing the immunodominant nature of this molecule. Interestingly, T-cell
epitopes recognized by liver-derived lymphocytes appear to differ from those
recognized by peripheral lymphocytes (see Subheading 3.2.3.).

3.2.2. Antibody Responses

In diseased individuals, antiviral antibodies are usually first demon-
strable within a few weeks of clinical onset (Fig. 4). In some patients, how-
ever, there may be a longer seronegative phase (window period).
Commercially available kits for detection of anti-HCV antibody have been
redesigned several times and with considerable success, in the attempt to
reduce the length of the window period and increase sensitivity. Efforts to
identify epitope-specific antibodies that might serve as markers of infec-
tious activity and as prognostic tools have instead been less fruitful.

3.2.2.1. IGM ANTIBODIES

The production of IgM antibodies has been extensively investigated as
a possible marker for recent infections and reactivations, but the results
obtained are difficult to compare because of the use of different methods and
antigens (Fig. 4). On the other hand, commercial assays for this class of
antibody are still under evaluation (/97). The proportion of acutely infected
patients exhibiting IgM antibodies has ranged between 50 and 90% in differ-
ent studies, but [gM antibodies specific for structural and nonstructural HCV
proteins have also been detected in 50-70% of patients with chronic hepati-
tis; these are generally believed to represent an indication of active virus
replication (7/98,199). IgM levels have been seen to correlate directly with
the levels of ALT and viremia (/98,200,201) and have been reported to be
highly prevalent in individuals infected with genotype 1b HCV, which
appears to be associated with severe liver damage (202). The presence of IgM
antibodies is also considered predictive of a poor responsiveness to IFN,
while a reduction in their titer following treatment has been shown to corre-
late with a drop in viremia (799,200,202,203).
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3.2.2.2. IcG ANTIBODIES

Determination of anti-HCV IgG antibody is usually reliable and can be
performed with numerous in-house or commercial assays. Currently avail-
able commercial kits (third-generation assays) include ELISA,
immunoblotting, and other assays and generally contain conserved antigens
derived from several structural and nonstructural proteins. IgG antibodies to
the envelope, core, and NS3 proteins usually become detectable after serum
ALT and viremia have peaked (10,160,163—-165,204) and remain demon-
strable for protracted periods or indefinitely. Antibodies to NS4 and NS5
tend to develop later (Fig. 4). Furthermore, antibodies to NS4 may disappear
following treatment or spontaneous recovery (168,205). This, together with
the late development of antiNS4 antibodies, explains at least in part the poor
sensitivity of first-generation serological assays based solely on the NS4
antigen c100-3.

Using third-generation kits, no consistent correlation has generally been
observed between the presence/titers of IgG to specific HCV antigens and
infecting subtype, stage of infection, level of viremia, or prognosis (206-210).
Moreover, a direct correlation was observed in some studies between course
of infection and presence of antibodies to specific HCV oligopeptides (211).

3.2.2.3. NEUTRALIZING ANTIBODIES

Despite the difficulties encountered in growing HCV in vitro, attempts
to measure neutralizing activity in the sera of infected patients have been
performed. So far information is scarce. According to one study (212), neu-
tralizing antibodies were isolate specific and inhibited only the isolates
obtained prior to serum collection, suggesting the continuous emergence of
neutralization-resistant viral variants. In a subsequent study (74), the neu-
tralizing activity was inhibited by preincubating sera with a fusion protein
containing the HVR1 domain of the corresponding HCV, thus indicating
that this domain does indeed contain protective epitope(s). The isolate speci-
ficity of the HVR1 neutralization epitope has been recently confirmed using
a hyperimune rabbit serum raised against an HVR1 synthetic peptide (2/2a).
Data pointing to the same conclusion have been obtained in the chimpanzee
(213). Epitopes involved in in vitro neutralization have been detected also
outside the HVR1 (214). Recently, an assay has been devised to measure the
binding on HCV envelope proteins to MOLT-4 lymphoid cells and binding
inhibition by immune sera that might represent a correlate of neutralization.
With this assay, binding-inhibitory activity was detected in sera of infected
individuals and chimpanzees and, at higher titers, in the sera of chimpanzees
vaccinated with envelope glycoproteins (215).
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3.2.3. Cell-Mediated Immune Responses

Parameters of HCV-specific cell-mediated immunity studied in the
course of infection include T helper (Th) and cytotoxic T lymphocyte (CTL)
activities. Th activity has been investigated by measuring the ability of
peripheral and liver infiltrating lymphocytes to proliferate when incubated
in the presence of various HCV recombinant proteins and synthetic pep-
tides. Infected patients have evidenced various degrees of response; how-
ever, blastogenesis was often especially pronounced against core and NS4
antigens (192-196,216,217). In one study, comparison of the epitope speci-
ficity of antiNS4 Th cell clones obtained from peripheral and intrahepatic
lymphocytes showed differences suggestive of a compartmentalization of
anti-HCV Th responses (277). Whether and to what extent Th lymphocytes
infiltrating the liver contribute to local antiviral defenses or to hepatocellu-
lar injury is not known. Based on the types of lymphokines produced, they
were classified as ThO or Thl (218,219). Studies have detected markedly
elevated lymphoproliferative responses to core protein antigens in patients
with mild liver damage and in responders to IFN-alpha, but similar responses
were present also in patients with active hepatitis (194,196,216). Subjects
with self-limited acute hepatitis have been reported to produce higher
lymphoproliferative responses to several HCV antigens compared with
patients that developed chronic hepatitis. In the former patients, activated
T lymphocytes were mainly of type 1 or 0, which are deemed important for
protection, whereas in the latter patients Th2 lymphocyte activation was
particularly evident (194,220-222).

HCV-specific MHC I-restricted CTL activity has been investigated using
recombinant vaccinia virus-infected autologous target cells expressing vari-
ous HCV antigens. These studies have permitted identification, in the circu-
lation and liver of infected patients and chimpanzees, of CTL specific to short
amino acid sequences deduced from structural and nonstructural regions of
the viral genome in association with several HLA antigens (194,195,223~
225). CTL responses, however, varied considerably in individual patients
with no apparent correlation with disease activity (226). In one study, patients
with chronic hepatitis, but not patients that had apparently recovered, exhib-
ited circulating CTL, which recognized HCV antigens binding HLA-A2.1
molecules (227). However, patients with active chronic hepatitis from HCV,
lacking detectable CTL activity, have repeatedly been observed (224,228).
Recently, an inverse correlation was found between an HLA-B44-restricted
CTL activity to core epitopes and viremia load (228,229), thus suggesting
that CTL can modulate HCV replication. A degree of liver compartmental-
ization has also been reported for CTL activity (224).
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3.3. Mechanisms of HCV Persistence

As discussed above, HCV infection is followed by a robust immune
response to multiple viral epitopes but, nevertheless, in the large majority of
patients infection is not eradicated. Understanding the mechanisms whereby
HCV avoids immune elimination would be extremely useful for devising
strategies capable of preventing or curing chronic infection. Similar to many
other persistent viral infections, numerous mechanisms have been proposed,
but none has been definitely proven to represent the key event for persis-
tence.

Great importance is presently given to the plasticity of the viral genome
which, as discussed in Subheading 2.6., arises from a high rate of mutation
and is maximum in the envelope protein coding regions. Nt sequence varia-
tions in the N-terminal segment of E2/NS1 gene are known to occur in the
course of chronic infection and produce rates of amino acid substitutions
ranging from 0.5 to 1.7 amino acids/mo (75,188,230-234). In one study of
12 patients with chronic hepatitis followed for 1 yr, 90% of the mutations
observed were nonsynonymous (235). The frequency of sequence variations
differs in individual patients and tends to be low during the early stages of
infection to become higher in subsequent stages. The emergence of new
viral variants is especially frequent in patients with high or fluctuating ALT
values and may coincide with disease recurrences or remain clinically silent
(188,232,236-241). Also, the complexity of HCV quasipecies (i.e., the num-
ber of different viral sequences contemporaneously present in a given indi-
vidual) was reported to be especially high in patients with severe liver
damage (233). However, much work is still needed to understand the rela-
tionship of HCV quasispecies variations with persistence and pathogenesis
(145,154-157,242,243).

The multiple B-cell epitopes present at the N-terminal segment of E2/
NS1, which includes the HVR1 and probably contains neutralization deter-
minants, appear to be particularly prone to immune selection. The sequential
emergence of variations in these epitopes, followed by synthesis of antibod-
ies specific for the newly emerged sequences, has been described in the
course of infection (74,188,231,244-246). Anedoctal descriptions of
agammaglobulinemic patients that underwent no HVR1 changes for pro-
longed periods have been considered further evidence for the importance of
immunity in driving HCV evolution (247). The observation that not all the
amino acid substitutions induced antibodies that were detectable with the
corresponding synthetic peptides suggests that such changes affect confor-
mational B- or T-cell epitopes (231). As discussed in Subheading 3.2.1., the
E2/NS1 region also contains epitopes recognized by CTL, and changes in
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amino acid composition might nullify this defense mechanism as well as
neutralizing antibodies. CTL escape variants have been described in infected
chimpanzees where the epitope involved was, however, in NS3 (248). In
chronically infected humans, sequence variations of the core protein have
been described that might favor escape from cell-mediated immunity (249).

Thus, HCV persistence might be allowed, or at least facilitated, by the
continuous emergence of antigenic variants of the virus selected for by the
action of immune effectors (despite the exuberant viral replication that
occurs during initial infection, variants begin to develop after a certain inter-
val), as evoked also for other viruses (250). Conversely, self-limited infec-
tions would result from the immune response winning the race against HCV
diversification. The emphasis presently given to this hypothesis is probably
justified; however, it should not lead to overlooking that evidence arguing
against the immune escape mechanism of persistence also exists (/47). This
includes the fact that HCV plasticity is similar to that of many other RNA
viruses that are readily eliminated from the host after acute infection. Other
factors that might contribute to the establishment and maintenance of HCV
persistence have so far received little experimental attention. These include
direct cell-to-cell diffusion of the virus, the production of defective interfer-
ing particles, an inherently low sensitivity of the virus to neutralization and
other antiviral effects of antibody possibly related to the extensive
glycosylation of envelope proteins, shielding of potentially protective viral
determinants by host cell components incorporated into or covering the viral
envelope, antibody-mediated enhancement of infection, dowregulation of
viral replication, and so forth. The ability to infect and impair cells of the
immune system may also play a role; alterations of monocyte functions have
been described in infected individuals (251).

4. The Diseases

Diseases associated with HCV are primarily a spectrum of liver path-
ologies ranging from acute hepatitis to cirrhosis and hepatocellular carci-
noma (HCC; Fig. 5). In addition, HCV has been suggested as a possible
cause of several extrahepatic illnesses, but the etiologic link with these affec-
tions remains uncertain.

4.1. Acute and Chronic Hepatitis

Information about duration of incubation and other aspects of the acute
phase of infection derives from documented cases of posttransfusion hepati-
tis and from experimental infection of chimpanzees. In these circumstances,
the interval between exposure to the virus and onset of clinical manifesta-
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Fig. 5. Clinical outcomes of HCV infection.

tions ranges between 4 and 20 wk with a mode of 7-8 wk (163,252). Seventy
to 80% of posttransfusion infections are subclinical and, when clinically
evident, are usually mildly symptomatic and anicteric, thus indicating that
acute HCV infection is generally compatible with maintenance of liver func-
tion. Usually the major symptoms consist of weakness, malaise, nausea, and
anorexia, showing no clearly distinctive features compared with other viral
hepatitis. Hepatosplenomegaly is infrequent.

Clinical evaluation of the early stages of community-acquired infec-
tion is more difficult. Symptomatic cases appear to be more frequent than in
posttransfusion cases (in one study, icterus was observed in 70% of indi-
viduals with sporadic acute hepatitis; ref. 168) but this may reflect, in part,
the fact that generally only symptomatic individuals seek medical advice,
since patients with community-acquired infection tend to show milder liver
lesions than patients with posttransfusion infection when biopsied at the time
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of first diagnosis (1/70). However, the dose of virus to which an individual is
exposed is certainly important in determining clinical outcome and may
explain why acute hepatitis C tends to exhibit a milder course in intravenous
drug addicts than in posttransfusion patients (253). ALT values usually
remain lower in acute HCV disease than in acute hepatitis from HAV or
HBYV, infrequently exceeding 1000 U/L. Peak ALT levels are seen between
8 and 12 wk from initiation of infection, and fluctuate considerably or show
a polyphasic behavior, though single peaks or plateau patterns are also
observed (163,166,168,252,254,255).

In a large proportion of patients, symptoms of acute hepatitis gradually
resolve spontaneously within a few months. Resolution of symptoms and
ALT normalization, however, do not mean that the virus has been cleared,
since persistent or intermittent viremia is the most frequent occurrence (see
Subheading 3.1,). Fulminant acute hepatitis C is rare, though it tends to be
less so in certain Asian countries and in patients coinfected with other
hepatotropic viruses (256,257).

Since the acute phase is generally benign, the importance of HCV infec-
tion is mainly because of its remarkable propensity to persist and produce
chronic liver injury (258). Hepatitis is considered chronic when plasma ALT
remains above normal levels for >6 mo after the acute phase. This evolution
is observed in greater than 50% and 70% of posttransfusion and sporadic
hepatitis cases, respectively (168,170,259-262). No biochemical, virologi-
cal, or serological markers predictive of a chronic evolution of the disease
have been identified.

The behavior of ALT levels in plasma during chronic infection reflects
the development of liver lesions. Soon after the acute phase and for a period
that can last 2-3 yr, ALT levels tend to decrease progressively. Subsequently,
for periods of up to 10-15 yr, ALT levels usually remain normal or are only
slightly elevated; nevertheless, liver function worsens progressively, albeit
slowly (261). This period is usually symptom free or accompanied by non-
specific manifestations of moderate liver dysfunction. In the great majority
of cases, therefore, the gradual deterioration of hepatic tissue produced by
HCYV has no obvious clinical counterpart (136,166). Patients often become
aware of the infection during this stage and incidentally, when an HCV anti-
body test is performed during medical controls done for other reasons. How-
ever, with duration of infection, symptoms become progressively greater
and the ALT profile increasingly more abnormal.

In the course of chronic infection ALT levels are intermittently or con-
tinuously elevated and, in the latter case, can show a fluctuating pattern
(252,255,261, Fig. 4). Increases and decreases of ALT levels may be pro-
ceeded by similar fluctuations of viremia (12,160,162,163,232). Viremia
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fluctuations in the absence of appreciable ALT changes have also been
described and have been interpreted as a possible indication of an extrahe-
patic HCV replication (159,163). On the other hand, long-term follow-up
has also led to the recognition of viremic subjects that show ALT levels
within the normal range for protracted periods. Whether these patients can
be considered healthy carriers is still debated. In most such patients, biopsy
evidences degrees of liver damage ranging from persistent or active chronic
hepatitis to cirrhosis (262-265). Patients with normal histology have also
been described (266) and usually have low viremia titers (263). In a recent
study (267), a large proportion of 167 viremic patients exhibiting normal
ALT levels during periods of observation of 9-26 mo infection were found
to be infected with type 2 HCV.

During the course of chronic infections, episodes of acute hepatitis
(“flare-ups™) can be observed and may be caused by reactivation of the
underlying infection or to reinfections. The latter occurrence has been
described not only in repeatedly exposed chimpanzees but also in hemo-
philiacs and other patients who require frequent infusion of blood deriva-
tives (161,178,268,269).

4.2. Cirrhosis and Hepatocarcinoma (HCC)

The most serious long-term sequelae of HCV infection are cirrhosis
and HCC. Chronic infection with HCV is, actually, being recognized as a
more important factor in HCC pathogenesis than infection with other hepa-
titis viruses at least in certain geographical areas, contributing approx 50%
of cases (270). Follow-up of well documented cases of posttransfusion
infection has clearly documented the slow evolution of HCV-associated
pathology: clinical signs of chronic hepatitis usually develop after 10-14 yr,
those of cirrhosis after 16-18 yr, and HCC after 23-30 yr. In a few docu-
mented cases, HCC required up to 50 yr or more to develop (255,261). How-
ever, in a few patients, disease may take a more aggressive course; thus,
cases of cirrhosis that developed 15-18 mo after acute hepatitis have been
described (252,258).

It has been estimated that cirrhosis occurs in 20-40% of chronic hepa-
titis patients followed for 10 yr or more and HCC in approx 10% of patients
with cirrhosis. For unknown reasons, HCC prevalence is especially high in
Asia (168,252,255,261). Evolution toward cirrhosis and HCC is generally
believed to be especially frequent in patients that show histological signs of
chronic active hepatitis since clinical onset. There is no doubt, however, that
even clinically silent persistent hepatitis can evolve in chronic active hepa-
titis and then cirrhosis. Though HCC usually develops in cirrhotic livers,
cases occurring in the absence of cirrhosis have been described (271).
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Several factors have been evaluated as possible predictive markers of
evolution toward cirrhosis and HCC, including HCV genotype, viremia load,
duration of infection, age and immunological situation at the time of infec-
tion, ALT behavior, coinfection with hepatitis B virus, and alcoholism, but
no firm conclusions are yet possible (166,272-275).

4.3. Liver Histopathology

The lesions found in the liver of acutely and chronically infected
patients are not pathognonomic for HCV infection, consisting essentially of
inflammation and hepatocellular necrosis. The major usefulness of biopsy
findings is in the staging of liver damage severity and in evaluating how
lesions progress with time or respond to therapy (276). Histologically, a
large proportion of acute hepatitis infections do not resolve but evolve with
time into a chronic hepatitis of increasing severity that can progress to cir-
rhosis and HCC (Figs. 4 and 5). The severity of liver damage may be graded
with Knodell’s “histologic activity index” which considers the following
four types of lesions: periportal necrosis (score from 1 to 10), intralobular
degeneration and focal necrosis, portal inflammation, and fibrosis (each one
with a score from 1 to 4) (277,278). In the forms of hepatitis caused by
other agents, this index usually correlates reasonably well with peripheral
markers of liver damage and with clinical symptoms. This, however, is much
less so in hepatitis C. At biopsy, viremic blood donors with normal ALT
levels have evidence of all possible types of lesions, ranging from chronic
persistent hepatitis to cirrhosis. To compound the matter, the indexes
obtained from multiple biopsies of one patient can differ considerably, as
a possible result of intrahepatic differences in virus-host equilibrium. A
single biopsy, therefore, may not be representative of overall activity of
infection and liver damage. In general, however, at the time of diagnosis,
many patients present with signs of mild chronic hepatitis or with lesions
that make it difficult to distinguish between persistent and active chronic
hepatitis (50).

Features that are frequently observed in chronic hepatitis C include
lymphoid aggregates or follicles in the portal areas (present in approx 80%
of biopsies), biliary duct lesions, and steatosis (present in more than 50% of
biopsies). Biliary duct lesions consist of infiltration of inflammatory cells in
the basal membrane, stratification and loss of polarity of epithelial cells,
nuclear picnosis, degeneration, and mitotic activity or in combinations of
these findings, and may lead to disappearance of the biliary ducts (50,279-
282). Even in the presence of cirrhosis or HCC, there are no histopathologi-
cal features specific of an underlying HCV infection, except for the possible
observation of sporadic lymphoid aggregates (50,280).
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4.4. Mechanisms of HCV-Induced Liver Damage

The mechanisms whereby HCV infection damages the liver are poorly
understood. Currently, the prevailing opinion is that hepatic tissue injury is
mainly immunologically mediated. This view is based on circumstantial
evidence showing that

1. HCV is not obviously cytopathic in vitro at least for certain cell types.

2. Biochemical alterations indicative of hepatocyte necrosis develop after
a considerable interval from viremia peak.

3. Treatment of infected humans and chimpanzees with corticosteroids
and other immunosuppressants can reduce the biochemical abnormali-
ties even though viremia titers increase (177,283,284).

4. Occasionally, sudden withdrawal of immunosuppressive treatments has
resulted in reactivation of chronic hepatitis and fulminant liver failure (285).

5. Liver transplant patients may have extremely high viremia levels as a
consequence of immunosuppressive therapy and graft reinfection and
nevertheless remain asymptomatic (286).

Moreover, the characteristics of HCV-sensitized lymphocytes found in
infected patients and recruited into the liver (see Subheading 3.2.3.) are com-
patible with this view.

A role in liver damage has also been attributed to autoimmunity, based
essentially on the presence in infected individuals of antibodies to a pre-
sumed nuclear self-epitope defined as GOR, which shares significant
homology with a segment (amino acids 5-23) of the core protein and on the
role HCV would appear to play in type 2b autoimmune hepatitis
(205,287,288). This form of autoimmune hepatitis is usually observed in
adult males and is associated with the presence of anti-HCV antibodies.
Contrary to what is observed in type 2a autoimmune hepatitis, antiliver/
kidney microsomal LKM1 autoantibodies are low in titer (289) and are
regarded as secondary to the liver damage induced by HCV. However,
antiLKM1 autoantibodies are found only in some HCV-infected individu-
als, and their production is thus considered to require additional, presently
unknown concomitant factors (290). Reportedly, the prevalence of HCV-
associated autoimmune hepatitis is especially high in certain European
areas, an occurrence that does not seem to depend on differences in the geo-
graphical distribution of HCV types (136,291-294).

While immunopathological mechanisms of hepatocyte damage are
most likely of paramount importance, there are also indications suggesting a
direct hepatopathogenic effect of the virus. Though not a constant finding,
high levels of viremia have repeatedly been described in patients with severe
liver damage (173,263,295,296), which might reflect a more rapid viral rep-
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lication as well as a better ability to escape immune control. Moreover, the
course of HCV infection may be unusually progressive in persons with con-
genital or acquired immunodeficiencies and in immunosuppressed chimpan-
zees, and administration of antilymphocyte globulin to liver transplant
patients has been seen to exacerbate impairment of the engrafted organ
(177,297-299). Finally and possibly more significantly, prolonged replica-
tion of HCV in cultured hepatoma cells has recently been associated with
altered cellular behavior (25).

The observation of especially severe degrees of liver damage in patients
infected with subtype 1b HCV (267,271,300,301) might also be considered
an indication of the importance of viral factors in pathogenesis. However, as
discussed in Subheading 5., the prevalence of this genotype in Europe
directly correlates with patients’ age and duration of infection. Thus, the
observed association between severe liver lesions and genotype 1b might
simply reflect an elevated diffusion of this genotype in Europe 20 yr ago.
The other genotypes would appear to have been introduced into Europe more
recently, and hence available data would not be sufficiently informative
regarding their pathogenicity. Cirrhosis has been observed in infection with
all genotypes.

On the other hand, liver transplant recipients infected with genotype 1b
have shown a greater frequency of posttransplant acute hepatitis and a greater
tendency to develop chronic active hepatitis compared with similar patients
infected with other genotypes (302). Furthermore, type 3 has been associ-
ated with an especially aggressive form of chronic liver disease (303). These
and other data would suggest that viral determinants exist that control the
pathological outcome of infection. The genome of type 1b contains two
hypervariable domains in the E2/NS1 region, while the other types contain
only one, and this might render type 1b especially fit at evading the host’s
immune surveillance (77). Whether genotype 1b causes higher levels of vire-
mia than other viral genotypes is, however, uncertain (171,273,304-306).
HCV quasispecies complexity tends to be especially high in patients with
severe liver damage and in those who do not respond to IFN therapy and
appears to be related to the type of equilibrium the virus reaches with the
immune system rather than to duration of infection (233,235,307-309). In
summary, whether HCV genotype and quasispecies complexity influence
clinical outcome and whether their investigation has clinical utility are im-
portant questions that deserve further scrutiny (154,155,310-312).

The molecular mechanisms that lead from HCV infection to HCC are
not known. Because HCV uses no DNA intermediate for replicating, inte-
gration of the viral genome, totally or inpart, into host’s chromosomes is
extremely unlikely. Recently, HCV quasispecies compositions have been
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shown to differ in cancerous and noncancerous liver tissues but the pathoge-
netic significance of this finding remains to be clarified (313). Continuous
regeneration of hepatocytes destroyed by the infectious process may be an
important driving force in tumorigenesis and may act in concert with other
factors. A role for the HCV core protein in cell transformation has been
suggested (314,315). Also, NIH 3T3 cells were transformed by transfection
with the 5' half of the NS3 gene (316).

There is little doubt that HCV infection is capable of producing the full
range of liver diseases discussed above in the absence of other liver noxae.
However, as might be expected, the coexistence of other hepatopathogenic
factors, such as infection by other hepatitis viruses and excessive alcohol
consumption, have been associated with a more severe course (317).
Coinfection with HIV may also negatively influence the course of HCV
infection (298,318-320), whereas the opposite does not seem to occur (321).
The genetic constitution (major histocompatibility complex) of the host and
old age at the start of infection may also influence the severity of HCV-
induced disease (322-324).

4.5. Extrahepatic Diseases

Evidence has implicated HCV as an etiologic or precipitating agent in
a number of extrahepatic diseases. Conditions for which a link with HCV
infection appears more likely are mixed essential cryoglobulinemia, por-
phyria cutanea tarda, and membrano-proliferative glomerulonephritis
(325-327).

Cryoglobulins (proteins that tend to precipitate when sera are kept at
temperatures below 37°C and pH 7) are present in normal sera but when they
reach abnormal concentrations may cause a systemic vasculitis that mani-
fests itself with purpura, arthralgia, hepatosplenomegaly, and fatigue. Over
half of HCV-infected patients have detectable serum levels of cryoglobulins,
which are mostly polyclonal in nature but may contain a monoclonal compo-
nent (328). On the other hand, a large proportion of individuals with type II
mixed essential cryoglobulinemia (i.e., presenting both polyclonal and
oligoclonal cryoglobulins) have anti-HCV antibody and HCV RNA in their
sera (329). Anti-HCV IgG and HCV RNA are especially abundant in the
cryoprecipitate associated with monoclonal IgM with RF activity (328,330).
Recently, a clonal expansion of intrahepatic B-cells with monoclonal and
oligoclonal patterns has been described in HCV infected patients (331).
Using immunohistochemical methods, HCV-like antigens have been
detected in skin biopsies as well as in liver biopsies of HCV-infected patients
with mixed essential cryoglobulinemia. Viral antigens were observed both
in the walls and within the lumen of vessels. In the latter location, HCV-like
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antigen activity was associated with inflammatory infiltrates and deposits of
hyalin material, thus suggesting that the virus might be directly involved in
the genesis of lesions associated with type II cryoglobulinemia (332,333).
Cryoglobulinemia occurrence seems to be unrelated to HCV genotype and
load (206,334).

Porphyria cutanea tarda is a familial or sporadic alteration of heme
metabolism caused by deficit of uroporphyrinogen decarboxylase that, in
the presence of cofactors, becomes clinically evident with photosensitiv-
ity, various skin alterations, and liver dysfunctions. Sixty to 80% of
patients have anti-HCV antibodies and/or HCV RNA in plasma (325,335).
It has been suggested that HCV infection is one of the factors that preci-
pitate the clinical manifestations. Biopsy of the liver has shown alterations
ranging from chronic persistent hepatitis to cirrhosis and hepatocarci-
noma (336).

Membrano-proliferative glomerulonephritis is believed to be triggered
by the deposition of immune complexes in glomerular capillaries, with con-
sequent gradual impairment of glomerural function. It has been described in
patients with chronic HCV infection and circulating cryoglobulins
(337,338), and HCV-like antigen has been detected in the glomerular lesions
of some patients (325). Furthermore, deposits of IgG, IgM, and the third
component of complement have been observed in the kidney of patients with
chronic hepatitis (338).

HCV has been suggested, so far with little evidence, as the etiologic
agent of several other diseases of unknown origin. These include lichen pla-
nus, idiopathic pulmonary fibrosis, Sjogren’s syndrome, autoimmune thy-
roiditis, and Mooren’s corneal ulcers (206,325,335). Initial suggestions
that HCV might be the cause of aplastic anemias and other afflictions
have not been substantiated. Recently, a high prevalence of HCV infec-

tion in patient with B-cell nonHodgkin lymphoma has been noted
(339,340).

5. Epidemiology

As shown by serosurveys, HCV is present worldwide. Its prevalence,
however, varies considerably depending on the geographical areas and the
groups of individuals examined. In the general population, prevalence rates
range around 1% in Europe and the United States, where the incidence of
new cases has declined in recent years, between 1 and 3% in the Middle East
and Asia, and between 1 and 19% in Africa. Usually, in the population at
large, prevalence of HCV infection is not influenced by gender, is inversely
related to socioeconomic level, and increases with age (341,342). In chil-
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dren under 16 yr old, HCV infection is rare in developed countries but is
already frequent in many African and Asian regions (343).

Much higher prevalence rates are found in subjects who have received
blood transfusions or organ transplants before sensitive methods for testing
donors were used. It is common knowledge that before donors could be
screened for anti-HCV antibody a significant proportion of blood-transfused
patients developed NANB hepatitis. In more recent years, even prior to
screening, the use of surrogate markers (ALT levels and anti-HBV antibody),
intensive questioning of donors, and other preventive measures had some-
what reduced its incidence. The risk of contracting HCV infection was even
higher in persons treated with commercial blood derivatives obtained by
processing large pools of plasma obtained from numerous, often mercenary
donors, when these products were not yet virus-inactivated. Clotting factor
concentrates were an especially frequent source of infection. As a conse-
quence, currently 60% or more of hemophiliacs are seropositive for HCV,
with positivity rates directly related to the total amount of clotting factor
received (344-346). Intravenous but not intramuscular immune globulins
have also transmitted the infection (347-349).

Because of the sharing of syringes and other blood-contaminated equip-
ment, HCV is also extremely widespread among parenteral drug consumers.
In these subjects, seroprevalence usually ranges between 50 and 90%, with
higher rates in individuals using drugs for longer periods. HCV prevalence
is also high in patients with chronic renal failure requiring dialysis (10-40%
seropositive in different countries and dialysis units), while descriptions of
nosocomial infections outside this subset of patients are few (350). Other
risk groups include professionals occupationally exposed to blood, such as
surgeons, dentists, pathologists, laboratory technicians, and barbers (357—
354). For example, studies have shown that approx 10% of infected needle
stick accidents result in virus transmission {355,356).

Cases of HCV infection occurring outside the risk groups mentioned
above are called sporadic, cryptogenetic, or community-acquired. In many
such cases there is no history of overt parenteral exposure and the routes of
transmission remain obscure (357), despite some evidence that HCV may be
shed with genital secretions, breast milk and saliva, possibly from blood
contamination (358-361). Nonsexual spread to household contacts is so
infrequent that its occurrence is still uncertain. Sexual transmission does
occur, as suggested by higher infection rates in sexually promiscuous indi-
viduals (362) and demonstrated by sequence analysis of the viruses found in
sexual partners (363,364), but its efficiency is markedly lower than for HBV
(365). Mother-to-baby transmission is also known to occur but again its
efficiency is low. Thus, sexual and vertical routes are believed to account
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only for a small percentage of community-acquired forms, even though their
importance may increase when HCV viremia levels are especially elevated
caused by HIV coinfection or other reasons (366,367).

The fact that in most sporadic infections the modes of HCV spread
remain mysterious has led to questioning whether this is because the exist-
ence of routes of transmission are still unrecognized or because of insuffi-
cient characterization of infected individuals as members of risk groups
(168). Undoubtedly, the possible occasions of inapparent percutaneous expo-
sure are numerous: incorrectly performed invasive therapeutic procedures,
tattooing, piercing, acupuncture and other types of folk medications, violent
body-contact sport activities, the blood-involving ritual ceremonials still in
use in many developing countries, among others. A role for hematophagous
arthropod vectors has also been suspected but never substantiated.

Additional studies are needed to clarify the means of HCV transmis-
sion occurring outside the parenteral risk groups. In any case, there is little
doubt that, at a difference with percutaneous transmission, nonparenteral
transmission occurs at low efficiency. Clearly, this would be a strong limita-
tion for HCV survival in nature but is apparently compensated by the virus’
ability to produce lifelong infections.

Studies have also investigated the relative prevalences of different HCV
genotypes and their geographical distribution. The results have evidenced
that certain genotypes, such 1a, 1b, 2a, and 2b, are more prevalent than oth-
ers, and that considerable geographical differences exist in genotype distribu-
tion (Fig. 6). Predominant genotypes are 1a, 1b, 2a, and 2b in North America,
South America and Europe; 1b, 2a, and 2b in Japan, Korea, Taiwan and parts
of China, type 3 in Thailand, Singapore and other parts of Southeast Asia;
type 4 (numerous subtypes) in North Africa and the Middle East; and type 5
in South Africa. Other genotypes appear to be less common and restricted to
smaller regions, although further studies are necessary to obtain a more com-
prehensive picture (references in Table 2; refs. 145,147). Recently, genotype
2¢ was recognized as the second most common genotype in Italian patients
with community-acquired hepatitis (368,369). As already mentioned in Sub-
heading 4.4., genotype distributions in Europe vary with patients’ age, as a
likely consequence of temporally distinct epidemic waves. Thus, subtype 1b
has been detected in over 80% of patients aged 60 yr or more, in over 60% of
patients aged 40-60 yr and only in approx 30% of patients less than 30 yr old.
In addition, genotype 1b was detected in 87% of patients known to have
acquired infection 20 or more years earlier and in 41% of patients infected
since less than 10 yr (305). Differences in genotype distribution have also
been noted depending on the mode of infection. For example, in Italy com-
munity-acquired infections are mainly caused by genotype 1b, whereas the
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majority of hemophiliacs are infected with genotype 1a, most likely because
the clotting factors used were largely prepared from blood purchased abroad
(370). Similarly, in Japan, genotype 1a is confined to hemophiliacs who have
received commercial clotting factor concentrates (371).

6. Prevention and Control

Currently, prevention of HCV infection relies mainly on measures
directed at interrupting transmission through iatrogenic or accidental expo-
sure to infected blood. As a result of accurate routine anti-HCV screening of
blood and organ donors, new posttransfusion and posttransplant infections
have now been largely eliminated (372,373). The occasional cases still
observed are from the failure of anti-HCV antibody tests to identify infec-
tions during the early serologically negative window period. In one study
performed in 1992, one of 345 blood-transfused patients became HCV
infected and the corresponding blood unit was retrospectively found HCV-
positive by PCR (374). Although the increased sensitivity of more recent
serological assays has considerably shortened the window period, there is
now some debate on whether donors should also be tested by HCV-specific
PCR. In recent years, blood derivatives have also become almost 100% safe
because of better screening of the blood supply and to the virucidal treat-
ments introduced in the manufacturing processes to combat HIV in the mid-
1980s (349). As a result, new hemophilia-associated infections have also
almost disappeared (344,357).

As for other bloodborne infections, prevention in professionals exposed
to blood and in their clients should be based on the presumption that any
person might carry HCV. Hence, precautions to prevent exposure to blood
should be meticulous and universally used, and personnel at risk should be
trained to use aseptic techniques and disposable or properly sterilized equip-
ment, to prevent needle-sticks and other injuries, to properly dispose of
blood, body fluids, and any material potentially contaminated, and to employ
safe procedures in the cleaning up of blood spills.

Changes in behavior of illicit intravenous drug users should also be pur-
sued by educational campaigns and other means in the attempt to reduce the risk
of bloodborne infections in general. To curb needle sharing, free distribution of
disposable syringes has been tried in certain countries with some success.

Until the uncertainties still existing with regard to the nonparenteral
routes of HCV spread are resolved, it will be difficult to fashion appropriate
guidelines for the prevention of nonpercutaneous transmission. However,
HCV-negative sexual partners of known HCV carriers should be advised to
use condoms and family members should be educated to avoid contact with
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the carrier’s blood and body fluids and not to use utensils that might be
contaminated with the carrier’s blood. Since there are indications that the
likelihood of sexual and perinatal transmission correlates with viral load, it
is also possible that viremia-reducing therapies may cut down HCV trans-
mission. The observation that in developed countries infection is rare under
the age of 16 indicates that improvement of socioeconomic conditions and,
possibly, generalized use of disposable medical instruments can consider-
ably cut down transmission rates.

Despite a number of trials (375,376), the efficacy of postexposure
prophylaxis with immune globulin after transfusion or needle-stick acci-
dents remains uncertain. In recent studies, passive administration of anti-
HCV antibodies to chimpanzees shortly after experimental HCV exposure
did not prevent or delay infection but prolonged the incubation period of
hepatitis (377).

No doubt, the most important advance in controlling HCV would be
the development of efficacious vaccines, but the great genetic diversity of
the virus and the poor resistance to reexposure to heterologous and homolo-
gous strains of HCV shown by infected humans and chimpanzees
(10,178,179,269) herald that the route to the development of an effective
vaccine will not be an easy one. Because of the high degree of amino acid
divergence in the surface glycoproteins of HCV, there is little doubt that a
vaccine will have to be multivalent. Additional obstacles are the lack of
efficient and reliable in vitro culture systems and the scarcity of experimen-
tal hosts. Nevertheless, attempts to develop vaccines against HCV are under-
way. Choo et al. (189) vaccinated seven chimpanzees with E1 and E2/NS1
glycoproteins produced by HeLa cells infected with a recombinant vaccinia
virus expressing vector and purified under undenaturating conditions. A
strong antibody response was obtained in all vaccines. Following intrave-
nous challenge with approx ten 50% chimpanzee infectious doses of the
homologous virus, the five highest responders showed complete protection
and the remaining two appeared to have developed a milder infection as
compared with four unvaccinated controls. Despite its limits (low challenge
dose, challenge performed at peak antibody response, homologous challenge
only), this experiment has indicated that at least under certain circumstances,
vaccine-induced protection against HCV is achievable. However, many
aspects remain to be clarified, including the feasibility of using the above
approach to vaccinate against multiple genotypes and the duration of protec-
tion. Previous studies in the same laboratory using different immunizations
(live recombinant vaccinia virus and glycoproteins produced in yeast or
insect cells) had given less encouraging results (189). Other approaches
under investigation include the use of DNA vaccines targeting the nucleo-
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capsid protein (378,379). This protein would have the advantage of a low
sequence variability, but its ability to confer protective immunity remains to
be proved. Thus, at present a vaccine against HCV still seems a long way
off. Unfortunately, the characteristics of the virus and the infection make it
likely that difficulties will be encountered similar to those that are being met
in the development of anti-HIV vaccines.

As discussed in the previous sections, the course of HCV infection is
highly variable and unpredictable in different patients. When viral and host
factors contributing to such variability are better understood, it will also be
possible to conceive measures capable of slowing progression to severe dis-
ease. In any case, infected individuals should already be advised to refrain
from drinking alcohol and to vaccinate against HBV.

Therapeutic options presently available for HCV infection are limited.
Chemotherapy alone has proved essentially ineffective and is little used. IFN
therapy has instead acquired an important place in the treatment of chronic
infections and, though clinical trials are fewer, has also been advantageously
used in the treatment of acute infections. However, IFN treatment leads to a
successful resolution of infection only in a subset of chronically infected
patients. Prolonged IFN-alpha treatment has been shown to reduce biochemi-
cal abnormalities in approx 40-50% of chronic infections and to ameliorate
liver lesions in a large proportion of responder patients, but clinical benefits
are often transient and in about one-half, the initial responders symptoms
relapse after cessation of treatment. Complete virus eradication is even rarer.

Because IFN therapy may have considerable side effects and is expen-
sive, studies have focused on the identification of conditions that might pre-
dict sustained responsiveness. Existing data indicate that variables affecting
the outcome of treatment are several, although none of them is 100% predic-
tive. Also the therapeutic problems posed by nonresponder and relapsing
patients are currently the subject of intensive clinical investigation.

Currently, HCV-associated cirrhosis and HCC are the indication for
liver transplantation in at least one fourth of liver transplant recipients.
Nearly all patients have recurrent, IFN-resistant viremia after transplanta-
tion as the result of invasion of the grafted organ and immunosuppression,
though not all appear to develop histologic signs of hepatitis. The conse-
quences of HCV recurrence on long-term graft survival have yet to be
assessed (302,380,381 ).

7. Future Directions

One major lesson we have learned from research on HCV is that impor-
tant progress can come from the interface of the clinic, the basic laboratory,
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and biotechnological companies. There is no doubt that HCV research would
not be where it stands today had it not been for the molecular cloning of the
viral genome. This developed based on previous pioneering investigations
in chimpanzees and has since rapidly translated into enormous progress in
our understanding of the molecular and immunological properties of the
virus as well as in better preventive measures and disease management.

In practical terms, the area that has profited most from the virus clon-
ing breakthrough has been diagnosis. Thanks to the sensitive diagnostic tools
developed, the great majority of inapparent infections are now readily rec-
ognized. This, in turn, has led to the almost complete disappearance of new
transfusion-transmitted infections. It is expected that diagnostic tools and
protocols will be further improved in the next few years to eliminate also the
few remaining cases.

Another field that has benefited considerably is our perception of the
dynamics of HCV infection and of how this is modified by therapies. Meth-
ods are now available that permit precise and direct monitoring of the infec-
tion by measuring viremia level, which is much more informative than the
biochemical alterations on which clinicians previously had to rely entirely.
It is easy to foresee that this area of research will expand rapidly in the next
few years and will lead to an improved understanding of HCV basic
pathobiology as well as to better use of antiviral therapies. Drugs presently
available to treat HCV infection are few and only marginally effective. It is
expected that the speed of development of new and efficacious treatments
will be accelerated in the near future as a result of improved knowledge of
HCYV enzymes and precursor molecules, the application of newer technolo-
gies, and modern concepts in the design of antiviral strategies that are cur-
rently emerging from management of HIV infection.

It is anticipated that availability of better drugs will have beneficial
effects also on HCV epidemiology by reducing the risks of nonparenteral
virus transmission. Especially in certain geographical regions and risk
groups, effective prevention will, however, be possible only when anti-HCV
vaccines become available. Present skepticism as to whether it will be pos-
sible to develop preventive vaccines focuses around the lack of known cor-
relates of immune protection and reliable methods for culturing HCV in
vitro, the scarcity of the only animal species in which candidate vaccines can
currently be tested, and the uncertainties surrounding the implications of the
great genetic diversity of HCV. To surmount these obstacles will undoubt-
edly require further breakthroughs, but we are confident that our biotechno-
logical era will soon provide the appropriate answers.

HCYV infection is an important health problem, as it affects 1% or more
of the world’s population. Thanks to recent impressive advances, it iS now
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possible to believe that it will be subdued if not completely conquered in the
not too distant future.
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1. Biology of HDV

1.1. Taxonomy and Genotypes

Hepatitis D virus (HDV), the only member of the genus Deltavirus, is
from the Deltaviridae family (/). It is a negative-stranded RNA virus that
depends on a DNA virus (HBV) from the family of Hepadnaviridae for
propagation but not for RNA replication (2). The helper virus, HBV, does
not share either sequence homologies or functional similarities with HDV in
their mechanisms of genome replication. Instead, HDV shares some func-
tional and structural similarities with viroids and virusoids, both of which
belong to the world of plant viruses (3). However, there is no evidence
reflecting evolutionary lineage or similar evolution between HDV and the
plant viruses. Thus, HDV is unique among animal viruses. The virion par-
ticle of 35-37 nm is an hybrid made of the ribonucleic acid (HDV-RNA) and
delta antigen (HDAg) enveloped by the surface antigen (HBsAg) of HBV
(4). Recent analysis of HDV RNA sequences by polymerase chain reaction
(PCR) amplification of a higly conserved region of the RNA genome
revealed the presence of three major HDV genotypes with different geo-
graphic and demographic distributions (5). HDV genotype I is predominant
in North America and Italy; HDV isolates of genotype Il have been identi-
fied in Japan and Taiwan. By contrast, HDV genotype III isolates are asso-
ciated exclusively with countries from northern South America (Columbia,
Venezuela, Peru). So far, HDV genotype III only have been correlated to
disease severity. Genotype F of HBV, the single genotype described as pre-
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dominant in the Americas has been associated with HDV in this endemic
area of HDV infection (6).

1.2. HDV Genome

The HDV genome is a 1.7-kb single-stranded circular RNA. Similar to
plant virus RNAs, it is self-complementary and folds into an unbranched rod
structure in which about 70% of the nucleotides are base-paired (7). Three
major RNA species have been found in infected cells and humans. The first
is the 1.7-kb genomic RNA (negative polarity [-]) predominant in the viri-
ons. The second is the complementary antigenomic RNA (+) which is present
in greater amounts in the liver. The third species is present in lesser amounts
in the liver; it is shorter (0.8 kb) than full-length genome RNA and is a
polyadenylated mRNA (8). Several isolates of HDV RNA have been fully or
partially sequenced; a common feature is the ability to fold into the rod struc-
ture. Like subviral agents of plants, HDV RNA has two unique features that
are crucial to the replication of the virus, which is based on the rolling circle
replication strategy (9).

The first is transcription by a host RNA polymerase, the second prop-
erty is the autocatalytic capacity (self-cleavage and self-ligation) present in
both genomic and antigenomic strands, which is required for processing of
linear transcripts to circular replication products.

These autocatalytic RNA segments have been isolated and studied in
vitro. Although these elements are funtionally similar to the “hammerhead”
ribozymes described in plant viruses, they are different, suggesting that this
catalytic domain of HDV RNA represents a new and different ribozyme
motif. Mutagenesis and biochemical analysis data give strongest support to
a pseudoknot structure for the HDV ribozyme. New hopes for a different
approach to therapy may derive form the unique ribozyme activity of the
virus as a potential target for antiviral agents (10).

1.3. Functional Domains of HDAg and Transcription

HDYV encodes a single protein, HDAg, which is produced from a 0.8
kb-mRNA. Transcription produces two isoforms of the HDV protein (large,
L-HDAg; small, S-HDAg); identical in sequences except that the large con-
tains an additional 19 amino acids at its carboxyl terminus (11). Several
functional domains that are essential for viral replication, assembly, propa-
gation, and spread of the virus in the liver in the HDAg gene have been
described (12). Among them are:

1. a coiled coil domain that mediates formation of HDAg dimers,
2. arginine-rich motifs that are necessary for RNA binding activity, and
3. anisoprenylation signal sequence at the C-terminus.
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The two forms of HDAg, HDAg- p24, or HDAg- p27, derived from the
same open reading frame, are generated during the replication cycle of HDV
because of a specific posttranscriptional RNA editing process that changes
the coding capacity of the viral genome. HDV RNA is modified such that the
amber stop codon (UAG) for HDAg-S is converted to a tryptophan codon
(UGG). The modification occurs at an adenosine at position 1012 in the
antigenomic RNA. HDV-RNA editing was documented initially in trans-
fected cells, but it also occurs in infected humans, chimpanzees, and wood-
chucks. A host enzyme, double-stranded RNA adenosine deaminase
(dsRAD) is responsibile for editing that occurs in the antigenomic strand
(13). The efficiency of the editing process is variable in different genotypes
and isolates as shown by the different levels of virion RNA in serum. Editing
at this site (1012), referred to as the amber/W site, requires a highly con-
served base-paired structure within the unbranched rod structure of HDV
RNA. Mutations that alter this structure, either by disrupting base pairs or by
changing the A-C mismatch pair, led to site-mutagenesis studies to test lack
of editing efficiency, which results in vitro in the reduction of p27 protein
and virion production (/4). HDAg-p24 promotes HDV replication and is
produced by infectious RNA; HDAg -p27 inhibits replication and is required
for virion assembly. The extent of the RNA editing, which is a unidirectional
process (edited genomes produce only HDAg-p27) may reflect a fine regu-
lation and balance between replication and assembly of HDV infectious viri-
ons. Transcription studies in vitro demonstrated that an 199-nucleotide (nt)
genomic sense RNA molecule containing a region that represent one end of
the HDV rod, upstream of the HDAg gene, has promoter activity in vitro
(15). A computer-generated secondary structure analysis of the HDV pro-
moter revealed a highly ordered RNA secondary structure with an internal
and external bulge region and a stem-loop conserved between group I and II
HDV isolates (16).

1.4. HDV Replication and Life Cycle

It has been obvious from the first sequencing study that HDV RNA can
fold on itself into an unbranched rodlike structure. This rod shape has many
features in common with the plant viroids; however, since the viroids are
much smaller than HDV and do not code for known proteins, some authors
have divided the HDV genome into a “viroid domain,” as distinct from the
remainder which includes the ORF for the delta antigen. Based on the bio-
logical similarities of HDV and viroids it is postulated that replication is
likely to occur by the rolling circle model proposed for other plant RNA
viruses (17). More recent experiments, however, support the idea of alterna-
tive structures that also have importance in the cycle of genome replication
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in addition to the rod-like conformation and ribozyme activity. The replica-
tion cycle starts with the attachement of the virus to the hepatocytes mem-
brane and ends with its release from the infected cells. Since the HDV virion
is coated with the envelope proteins of the helper virus (HBV), it is likely
that HBV and HDV share a common receptor on hepatocyte membranes
recognized by the preS1 domain of the HBsAg-L. Inside the cytoplasm, HDV
is moved to the nucleus were replication occurs. The nuclear localization
signal domain identified in the HDAg gene seems to mediate this initial step,
then the viral genome is replicated by a host DNA-dependent RNA poly-
merase II (Pol II), which will interact with the specific region (199-nt RNA)
of the rod-structure, where the RNA promoter has been identified, allowing
the transcription of the only ORF of HDAg. In this model, circular genomic
RNA is transcribed by Pol II to yield multimeric linear transcripts of
antigenomic sense that undergo autocatalytic cleavage and ligation to pro-
duce circular monomeric antigenomic RNA. Then the antigenomic RNA
serves as a template for replication of circular genomic RNA by similar
transcription and processing. Meanwhile, the extent of the editing process
regulates the production of the L-HDAg. The large form acts as a dominant
negative inhibitor of genome replication and is also needed for packaging of
HDV RNA into the virus particles (/8). Both the HBsAg-L and the small
HBsAg protein present in Dane particles (infectious HBV) are required for
the encapsidation of HDV; this takes place by budding into the endoplasmic
reticulum of the Golgi.

1.5. Propagation of HDV in Cell Cultures

The propagation of HDV in cell cultures has not been successful (19,20).
Primary hepatocyte cultures from woodchucks and chimpanzees were infected
with HDV, yielding a single cycle of replication in a small proportion of
cells. Partial- and full-length HDV cDNA or cRNA clones have been intro-
duced in transfected cells; however, the infectious cycle appears to be limited
to primary hepatocytes, and the complete replication of the virus is limited to
hepatocytes that are transfected with an hepadnavirus. In vitro synthesized
virions released in the medium are fully infectious (27). By contrast, in vitro
studies of cDNA clones of specific RNA elements have dramatically improved
our understanding of the genome structure and virus replication. Site-muta-
genesis analysis in the antigenomic RNA have shed light to the efficiency and
fine regulation of the cellular editing process essential for the replication and
packaging of HDV virions. Mutants generated by making point mutations,
small insertions, or deletions at the top of the rod structure have shown in
vitro how this part of the genome may affect HDV replication by dropping
replication efficiency between 100-1000-fold compared with the wild type
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(22). In vitro transcriptional studies strongly support the presence of an HDV
promoter in the top of the rod, upstream of the HDAg gene, which may help
us understand how the HDV promoter operates.

1.6. Infection in Experimental Animals

The host range of HDV infection includes man and experimental ani-
mals (chimpanzee, woodchuck, and duck) carrying the HBV-related
hepadnavirus (HBV, WHV, DHV) (23,24). Experimental infections have
reproduced the modes of infection, coinfection, and superinfection that
mediate HDV transmission in humans. A common feature of experimental
HDV infection is the inhibition of the HBV-helper virus, shown by the
decrease of HBsAg and of HBV DNA in serum and the liver. Serial passage
of HDV in chimpanzees and woodchucks produced a shortening of the period
of incubation and an increased severity of acute hepatitis D (25). Infection
has been initiated also by direct injection in the liver of cDNA clones capable
of generating infectious virions (26). Transgenic mice, not susceptible to
HBY infection were used to study the effect of HDV by itself in the absence
of the helper virus. Replicative intermediates of HDV and HDAg in the liver
were demonstrated in the injected rodents (27).

1.7. Reinfection in Liver Transplants

Liver transplantion provides a valid treatment option in patients with
liver failure caused by HDV. There is enough evidence to suggest that ortho-
topic liver transplantation will cure all the HDV recipients if standard anti-
HBIg prophylaxis is provided after surgery. The recipients demonstrate a
much lower (almost none) risk of graft reinfection than in ordinary HBV
infection, and long-term survival is good (28). Initial suggestions that the
transplant setting may be an additional mode of HDV infection (latent
infection) with different virologic properties have not been confirmed. At
that time, using hybridization assays for HDV RNA and HBV DNA, the
virological profiles of HDV reinfection following liver transplantation dem-
onstrated that in over 50%, HDV appeared in the graft early on but was not
accompained by HBV (29). This observation, together with the detection of
HDYV viremia before the appearance of HBV markers had led to the sugges-
tion that HDV may not always require HBV, and that it could exist in a latent
form that could have been rescued by subsequent HBV infection. Recent
analysis, using highly sensitive nested-PCR assays for both viruses (HDV
and HBV) indicates that both were simultaneously present in the serum, and
that the particle appearing after the transplant had similar cesium chloride
(CsCl) density properties of the virion that was present before transplanta-
tion (30).
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2. Transmission

The parenteral route is the most efficient modality of HDV transmis-
sion, explaining the elevated rates of infection reported in groups such as
drug addicts, hemophiliacs, and recipients of blood derivates. In recent years,
the screening of blood for viral hepatitis and the use of HBV vaccine have
led to the virtual elimination of the risk of posttransfusion hepatitis D; the
infection has also declined in drug-addict communities (37).

Transmission of HDV in endemic areas occurs through inapparent
parenteral routes. Sexual transmission has been well documented in Tai-
wanese prostitutes and sexual partners of HDV-infected carriers (32). Poor
hygienic conditions and overcrowding favor the spread of the virus; in South-
ern Italy, coexistence with an HDV carrier within the household was identi-
fied as a major risk for HDV transmission (33). The increased practice of
body piercing and tattooing may add a new way of transmission among
modern youth.

An unusual mode of infection with HDV was noted in liver grafts after
transplantation. In this mode, early replication of HDV accompanied by
minimal HBV replication (detectable only by sensitive PCR assays) has
remained clinically silent with no biochemical or histologic evidence of graft
damage until HBV infection has also reactivated to the full expression of its
antigenic and genetic markers; as a rule, this event enhanced HDV replica-
tion, transforming a latent HDV infection into florid hepatitis D of the graft.

3. Epidemiology

HDV infection has been reported worldwide. Prevalence rates have
varied from very low in temperate and cold climates to intermediate and
high in many tropical and subtropical countries (34). Clearly, a major deter-
minant of the prevalence of hepatitis D in a given population is the preva-
lence of HBV infection; nevertheless, the rate of HDV infections is not a
simple function of the rate of HBV infection, as in many countries the preva-
lence of HDV infection is negligible despite elevated rates of HBV ende-
micity. This would suggest various degrees of penetration of HDV in
“susceptible areas”. The improved control of HBV achieved in Europe in
recent years has led to a marked decline of HDV infection as well; public
health measures to control the AIDS epidemic have also had an impact on
transmission of HBV/HDV, a virus transmitted through the same modalities
as the HIV. Data from the SEIEVA (Surveillance System for Acute Viral
Hepatitis) indicate that in 1992 the HBV/HDYV infection rate has dropped
from 3.1 to 1.2 per million inhabitants (35). Throughout the Mediterranean
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basin, prevalence rates have also significantly diminished among chronic
HBsAg carriers.

Nevertheless, despite the general reduction of new cases of acute in-
fection reported, other countries in the world are only just now reporting the
prevalence of HDV infection. Recently, new foci of HDV infection were
identified in St. Petersburg, Russia, the island of Okinawa in Japan, and
isolated villages in China, Northern India, and Albania (36—-38). By contrast,
the regions of northern South America (Peru, Columbia, Venezuela), in par-
ticular the subtropical area close to the jungle used for military personnel
stations, continue to be identified as a reservoir of epidemic outbreaks of
HDYV infection (39).

What determines the different spreading and clinical types of HDV
infection is unclear. Casey et al. reported that HBV genotype F was pre-
dominant in HDV-infected cases isolated from an outbreak of hepatitis D
among military personnel in Peru (6). Thus, one factor may be HBV, whereas
other factors may be involved in the spread of HDV, including host suscep-
tibility to HDV, possibly different infections, and pathogenic potential of
HBYV and HDV genotypes.

Molecular epidemiology of HDV has become an area of extreme inter-
est as it might provide an explanation to the variable features of HDV infec-
tion based on the viral genetics of HDV. Recent analysis of HDV RNA
sequences by PCR amplification of a semiconservative region of virion RNA
has shown that there are three major HDV genotypes (a fourth genotype is
still uncertain) with different geographic and demographic distributions (5).
Recent evidence supports the correlations between different genotypes and
disease severity (6). HDV genotype I is found worldwide and is predominant
in North America and Europe. Within a semiconserved region of the HDV
genome, genotype I isolates are at least 85% identical to each other. Some
clustering of sequences has suggested the possible existence of two sub-
groups (IA and IB) of this genotype. Interestingly, the distribution of the
subgroups is sometimes geographically distinct: the 20 isolates found in the
Unites States are group IB, and the six published East Asian isolates are group
IA. Mixed patterns are found in areas of past endemic infection, such as Italy
and Greece, where both subgroups are represented in the population. Such
data suggest that HDV genotype I was introduced to the Mediterranean area
earlier and more often than into the U.S.A and East Asia population. Prelimi-
nary data also suggest an association of genotype IB with intravenous drug
use in Italy. HDV genotype II have been exclusively found in isolates from
Japan and Taiwan. In Taiwan, based on large screening of HDV isolates with
RFPL analysis (restriction fragment polymorphism), a new genotype (geno-
type IV or a subtype of genotype II) has been identified (40).
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HDYV genotype Il is exclusively associated with HDV infection occur-
ring in the northern part of South America. This genetic association is corre-
lated to severe forms of acute and fulminant HDV hepatitis. More intriguing,
is that the type of HBV isolated in these epidemics is genotype F. The mean-
ing of this association is unknown. Since HBV genotype F is predominant in
this part of the world, it is necessary to clarify whether other HBV genotypes
are associated with particular genotypes of HDV and disease outcome. The
strong geographic component of the distribution of HDV genotypes I, IT and
II1, raises questions about the possibility of whether new genotypes or sub-
types may exist in regions were HDV infection has not yet been detected in
association with its helper virus, HBV, despite extensive testing. In the anti-
gen-coding region, most of the genotype-specific sequence divergence is
found in the C terminus of HDAg-p27. The C-terminus of the large form
HDAg is involved in virion formation and inhibition of replication. There
are also substantial variations between the structures of the RNA editing
sites of the different genotypes suggesting possibile effects on the efficiency
or mechanisms of editing. Altogether, these observations suggest the possi-
bility of subtle variations in the strategy of replication of the virus to
accomodate different adaptations of HDV to the local strains of HBV that
predominate in different populations.

4. Pathogenesis

The pattern of HDV disease associated with chronic HDV infection
vary in different epidemiological settings. Relatively benign forms of liver
disease and asymptomatic carriage of HDV have been described in areas
were HDV is endemic, such as in the Greek Island of Rhodes, the islands of
America Samoa, Okinawa, and Southern Italy. In areas were HDV is not
endemic (northern Europe and North America), the outcome of hepatitis D
is more severe; most of the patients are intravenous drug abusers. In South
America, where HDV infection is endemic in the Northern part of the conti-
nent (Venezuela, Columbia, Peru), the course of HDV disease is often more
severe with a subfulminant or fulminant course described in some communi-
ties (41,42). To explain these different patterns of HDV infection, many
factors have been advocated; particular interest has led to the discovery of
geographical genetic diversities and virus interactions.

The analysis of HDV genotypes as a means to explain the different
degree of liver disease severity associated with HDV infection has only
recently been pursued. To demonstrate a direct role of HDV and its genetic
variability in inducing liver damage, it is necessary to demonstrate a close
relationships between given HDV genotypes and disease. In HDV hepatitis,
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only genotype I1I seems to correlate with cases of severe or fulminant acute
delta hepatitis such as those occurring in communites in the northern part of
South America. A recent virological analysis of HDV and HBV strains car-
ried out in one of these outbreaks, which occurred in 1992-1993 among
troops stationed at four jungle outposts in Peru, has demonstrated that the
HDYV isolate was exclusuvely of genotype III and the HBV isolate was of
genotype F (6). These findings would support a direct contribution of the
HDV to the particular severity of liver disease and specific alterations at
liver pathology (microvesicular steatosis without necroinflammatory dis-
ease) through a cytotoxic mechanism of liver damage (43—44).

Genotype II HDV, isolated only in Japan, seems to cause only a mild
form of HDV infection, as demonstrated by recent data in the Irabu islands,
Okinawa, Japan. In this area of the Far East, in which HBV and HDV infec-
tions are endemic, a recent large study in the general population found that
among 2207 subjects tested, 210 (9.5%) were HBsAg positive. Anti-HD
antibody was detected in 47 out of 210 (22.4%) and 21 out of 43 anti-HD
positive were HDV RNA positive by PCR assay. More interesting, those
subjects with anti-HD antibody referred to hospital for clinical evaluation
rarely showed biochemical alterations or histological lesions of liver dis-
eases (45). These intriguing findings await analysis by genetic variability to
determine the relationship of genotype and severity.

Genetic analysis was used to characterize the biology of the particular
HDV isolate from sera of patients collected in the outbreak of HDV fulmi-
nant hepatitis that occurred in Bangui (Central Africa). The cloning and
sequencing of that particular isolate amplified after inoculation in the wood-
chuck animal model showed a specific point mutation in the gene of HDAg
that was responsible for the abnormal size of the HDAg identified using
immunoblotting (46). An analogous virologic approach was used to explain
the benign form of HDV infection noted in patients living in the Greek
island of Rhodes. After cloning and sequencing of some sera from this
region, a point mutation was found to be prevalent. By contrast, this muta-
tion was not found in sera taken from patients with progressive chronic hepa-
titis D. HDV genotype I, prevalent in Italy and North America, seems to be
more heterogenous. Phylogenetic analysis of 46 HDV samples from Italian
chronic carriers have been shown to segregate into two major subgroups (IA
and IB), but no clear conclusions were derived regarding this association
with HDV disease severity (47). This type of phylogenetic analysis offers
hope for tracking HDV diffusion among drug addicts and in families in which
an HDV-infected member has been identified (47). The same method of
analysis was used to demonstrate the spread of HDV infection and how iso-
lates were identical in spouses of infected HDV carriers (48).
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The contribution of HBV infection to HDV disease remains the most
intriguing question. HDV inhibits HBV replication as shown by the low rate
of HBV DNA replication in chronic HDV carriers (49). However, with PCR
assays for HBV-DNA, it has been demonstrated that HBV persists and
thrives in a patient with active HDV hepatitis when HDV reaches full repli-
cation. The model of HDV reinfection in liver transplantation using sensi-
tive PCR assays to measure both HDV and HBV, has finally made clear the
serum and liver interference between these two agents, as well as the sequen-
tial serological events taking place before acute overt HDV hepatitis occurs
in the graft (30).

Multiple viral infections (HBV, HDV, HCV, and HIV) occur more
frequently in drug abusers (50). In contrast, sexual transmission of HDV and
HCV is relatively inefficient, so that coinfection with HBV and these other
two viruses is seen predominantly in patients with injection drug use as their
risk factor for transmission.

In multiple viral infections, interference is a frequent phenomenon,
HDV/HBYV coinfection represents the first example of viral suppression. In
this case, HBsAg is not detected in serum, and there is a decrease in HBV
DNA levels. In patients coinfected with HBV/HCV or HDV/HCV, a clear
suppression of HCV viremia occurs (57). The inhibition of HCV replication
may explain the less severe course of HCV posttransplantation hepatitis in
patients coinfected with HDV/HBV/HCYV prior to OLT compared with those
infected by HCV only (personal observation). Injection drug users are also
at high risk for HIV infection. In a study of 88 HBV infected drug users in
New York, HDV and HIV infection were present in 67% and 58%, respec-
tively. Although, HDV was associated with more severe liver disease, this
was not further aggravated by concomitant HIV infection (52). This was not
the experience recently reported from Caredda and coworkers in a study
conducted in Milan, where an epidemic of HDV infection occurred in the
1980s in drug users of this metropolitan area (53). Most of those drug abus-
ers infected by HDV were found to be infected with HIV. Comparison
between HIV/HDV-positive patients and HIV patients alone showed that
the former had high levels of viremia and a greater risk for developing
chronic severe hepatitis than those without HIV infection (54).

5. Clinical Features and Outcome

5.1. Acute Infection

No specific clinical feature differentiates acute hepatitis D from other
types of acute viral hepatitis. The SEIEVA report for cases of acute hepatitis
D that occurred in Italy in recent years has indicated that the majority required
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hospitalization. This would suggest that the overall course is more severe
than for hepatitis B alone. Acute coinfections resolve in over 95% of cases; in
contrast, superinfection is most often severe and advances to chronicity in
over 70% of cases (55). Overall HDV infections remain the second most
common cause of fulminant viral hepatitis worldwide (56). Severe outbreaks
of hepatitis D have been reported in the Yupca Indians of South America.
This part of the world continues to be highly endemic for HDV infection,
with new outbreaks recently reported in local populations and military per-
sonnel living in the Peruvian jungle. HDV infection persists in the area despite
efforts to implement HBV vaccination in the general population.

5.2. Chronic Infections

No specific clinical features mark the progression of hepatitis D from
acute to chronic. This is recognized from seroconversion to IgM anti-HD,
the increase of IgM anti-HD, and the persistence of HDV-RNA in serial
blood samples monitored after the acute episode. Chronic HDV infection is
rarely observed in healthy carriers of HBsAg (less than 4-8% of cases). In
areas where HDV is endemic, it prevails in young cirrhotic patients and in
patients with active forms of chronic hepatitis (57). Chronic hepatitis D
evolves to cirrhosis more rapidly than HBV infection alone, thus explaining
the younger cumulative age (by a decade) of patients with HBV/HDV cir-
rhosis compared with those with HBV cirrhosis alone (58). Although the
advance to cirrhosis is usually rapid, when cirrhosis is established the dis-
ease course does not appear to differ from HBV cirrhosis. The estimated 5-
and 10-yr probability of survival free of virus after OLT was 98% and 95%
for patients with chronic active hepatitis, 93% and 64% for patients with
histological cirrhosis, and 49% and 29% for patients with clinical cirrhosis
(59). The estimated 93% S-yr survival is comparable with the 84% 5-yr sur-
vival in HBsAg-positive histological cirrhosis and with the 87% 5-yr sur-
vival probability reported by Fattovich (60).

Three studies in Rotterdam, North Europe, and Italy and Greece re-
evaluated the natural history of HDV infection. By analyzing a cohort of
infected HDV patients and the final outcome of liver disease (death, liver
transplantation), it was found that the course of HDV liver disease can be
slowly progressive, indolent for decades (67,62,59). It has been suggested
that there are three clinical phases of HDV liver disease: an early stage with
active HDV replication and suppression of HBV, a second stage character-
ized by moderate active disease with decreasing HDV and reactivating HBV,
and a third late stage characterized either by the development of cirrhosis
and hepatocellular carcinoma (HCC) caused by replication of either virus or
by remission resulting from the reduction of replication of both viruses.
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These data derived from years of monitoring chronic delta-infected carriers
also suggest the importance of HBV infection; in the long run, this may
influence the final outcome of HDV disease.

A rapid course to liver failure was reported in Italy in the 1980s in 10—
15% of patients with HDV infection; most of them exhibited active infection
with both HBV and HDV. This course, typical in drug addicts, was probably
caused by coinfection with HCV; when testing for anti-HCV became available in
the 1990s, most of these patients were recognized also to have HCV markers.

Hepatocellular carcinoma develops in HDV chronic carriers at approxi-
mately the same rate as for patients with HBV cirrhosis alone. In a recent
study, HCC was the cause of death for 7/19 (37%) patients who were fol-
lowed for a period of 5-10 yr (59). In Greece, a recent study reported that
within 12 yr of follow-up, 40% of HDV chronic carriers developed HCC
(62). The same screening program for HCC is recommended for patients with
cirrhosis type D, using tests such as alpha-fetoprotein and ultrasound control.

HDV replication has not been detected in animal tissues and extrahe-
patic human organs; the liver is the only target for HDV. Transgenic mice
have been used as a model to study HDV replication in the presence and
absence of HBV. The tissue from muscle fibers of infected animals seems to
actively replicate the virus in vitro (63). HDV as well as other hepatitis
viruses are able to trigger an autoimmune reaction as shown by the detection
of autoantibodies. Those with active disease may develop autoantibodies
against nuclear lamin C (64), thymic cells, and autoantibodies reactive
against the microsomal membranes of the liver and kidney (LKM antibod-
ies) (65—-67). LKM3 is used to distinguish viral-induced autoantibody from
idiopathic LKM 1 and LKM 2 elicited in hepatitis induced by tyenilic acid.
LMK3 is directed against a 55-kd microsomal band containing an antigen of
the UDP glucoronyl transferase 1 gene family (UGT1) (68).

6. Pathology of HDV Hepatitis

The liver histology in acute coinfections and superinfections is not dif-
ferent from histology in other cases of viral hepatitis (69). Acute fulminant
hepatitis D in the Western world is characterized by extensive stromal col-
lapse with disappearance of hepatocytes except those regenerating in a
pseudoductular arrangement; the portal tracts are only moderately infiltrated
with lymphocytes (70). In the outbreaks in Northern South America and in
Yupca Indians of Western Venezuela, HDV superinfection caused severe
disease in populations with a high rate of HBsAg carriers, producing peculiar
histological features. The liver specimens showed extensive small droplet
steatosis with some necrosis as well as portal lymphocytic infiltration; the
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intralobular inflammatory cells were mainly macrophages containing PAS-
positive nonglycogenic granules. The cells named “morula cells” were first
described during the outbreak of Labrea fever in the Amazon River; the cells
contained HD antigen (71 ). The HDV-associated microsteatosis has also been
described in other cases of hepatitis D in Brazil, Venezuela, and Colombia,
and was recently observed in experimentally infected woodchucks that died
after acute HDV hepatitis (Callea and Ponzetto, personal observation). The
mechanism underlying this cell metamorphosis is not understood; possibly
the overload of cellular organelles with virus gene products (about 300,000
copies of HDV RNA per cell) might cause the storage of fat or phospholipids
typical for this type of cell damage. Clusters of shrunken hepatocytes with
deeply acidophilic cytoplasm, in which the nucleous is absent or undergoing
pyknosis are often seen in hepatitis D; these cells have irregular oulines and
sometimes assume angular or thomboid shapes. They represent an example
of “apoptosis,” a form of degeneration seen in all types of viral hepatitis,
considered an expression of immune-mediated cell necrosis (72).

7. Natural History of HDV Infection

As in vivo HDV infection requires the presence of HBV infection, two
modalities of viral acquisition were diagnosed for this infection. Coinfection
is the result of a simultaneous acquisition of both HBV/HDV by an indi-
vidual who has not been previously infected with HBV. This typically results
in an acute hepatitis characterized by the presence of viremia (HDV RNA
and HBV DNA lasting a few days) and of serological markers of primary
infection (antibody of class IgM to the core antigen of HBV, anti-HBc IgM,
and IgM antibody to delta antigen, anti-HD IgM). In the liver, HDAg and
core antigen can be expressed simultaneously or sequentially. In most cases,
acute coinfection is self-limiting, but it can evolve to fulminant hepatitis.
The serological profile of asymptomatic cases of coinfection is recognized
only from the delayed increase of IgM and IgG anti-HD (73). In severe dis-
ease, the serological profile is more sequential, with viremia preceding the
early finding of HDAg and HBcAg in the liver, followed shortly by the
seroconversion first to IgM and then to IgG anti-HD; the former wanes in a
few weeks, the latter after a few months, leaving no serological evidence of
past HDV infection (74).

Acute hepatitis D acquired through superinfection is usually a severe
disease accompained by jaundice and liver dysfunction. The outcome of
acute hepatitis can be fulminant or subacute with the underlying liver dis-
ease caused by HBV modulating its severity. In superinfection early viremia
is a frequent finding followed by a quick IgM and IgG antibody reaction. In
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superinfection that resolves, the IgM antibody wanes in a few weeks and the
IgG antibody persists for 1-2 yr; both antibodies rise to high titers and per-
sist indefinitely in superinfections that progress to chronicity (75).

Currently, new HDV infections continue to be acquired via these two
mechanisms; however, superinfection seems to prevail over coinfection as
evidenced by the number of chronic HBV carriers at risk of HDV infection
worldwide. In a recent study in North India, coinfections were significantly
higher in acute hepatitis (80%), whereas superinfections predominated
(66.7%) in chronic liver disease (76).

8. Prevention of HDV Infection

Two main strategies exist for the prevention of HDV infection: behav-
ior modification to prevent disease transmission, and active immunization
against HBV. Changes in sexual practices in respose to HIV infection have
probably contributed to the declining incidence of HBV and HDV infection
in Italy and abroad. Improved screening measures of blood products in blood
banks have undoubtedly reduced the risk of transfusion-associated hepatitis.
Other primary preventive measures, such as needle exchange programs for
injection drug users, are more difficult to implement. Other routes of trans-
mission, such as tattooing and body piercing, are emerging as risk factors of
transmission. Behavior modification is unlikely to be beneficial in develop-
ing countries where HDV is endemic and where neonates and young adults
are at greatest risk of acquiring infection. Prophylaxis for HDV infection is
possible by HBV vaccination, and this mode of prevention is possible for
coinfections among HBV-susceptible individuals. However, prophylaxis of
HBYV carriers from HDV superinfection remains unresolved. Active immu-
nization with synthethic peptides derived from HDAg have been used in
experimental studies in the woodchuck animal model by several groups
(77,78); but the vaccine failed to prevent HDV infection, although the
amount of circulating HDV virions was considerably reduced. New strate-
gies based on the biological properties of HDV, such as its ribozyme activi-
ties, seems to work much better in cell cultures, but clearly, more research is
need to confirm and extend these alternative approaches.

Universal immunization against HBV will be the most effective meas-
ure for preventing HDV infection.

9. Therapy for HDV Disease

Alpha-Interferon (IFN) is the only drug available for treatment of
chronic hepatitis D. However, in the majority of responders, the disease reoc-
curred after therapy was stopped; there was no sustained response of IFN
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against HDV, as in most patients the level of viremia was not affected by
therapy (79). By contrast, when high doses of IFN are administered for a
prolonged period of time, some patients have biochemical and histological
responses to treatment. In one study, ALT become normal in 10 of 14 (71%)
patients treated with 9 MU IFN 3X wk for 48 wk. In comparison, ALT nor-
malized only in 4 of 14 patients who were treated with 3 MU 3X wk for the
same period of time and in 1 of 13 untreated controls. In those treated with
the high regimen (9 MU), the normalization of ALT was associated with a
marked improvement in histological findings, and no HDV RNA was
detected during the course of therapy (80). Nevertheless, HDV viremia usu-
ally persists despite the high dosage of drug; sustained responses are
achieved only in a minority of treated patients, and clearance of HBsAg has
been observed in patients with short duration of hepatitis D (81). In addition,
side effects are common with this high regimen of IFN.

In the past, other immunomodulators and antiviral agents were pro-
posed to treat HDV infection. However, therapy with streroids, thymosin,
levamisole, and ribavarin were disappointing and have not provided benefit
(82-84). Thymosin alpha-1, a polypeptide with immunomodulatory effects,
can induce disease remission in patients with chronic hepatitis B. This find-
ing induced a pilot study in patients with chronic hepatitis D. Twelve patients
were randomly assigned to either thymosin alpha-1 at a dose of 900 pug/m 2X
wk for 6 mo or no treatment. None of the controls had normal ALT levels at
the end of follow-up. In the thymosin alpha-1 group, ALT values became
normal in two patients and remained within the normal range throughout the
subsequent follow-up. Both patients had a short history of chronic liver dis-
ease (85). The use of antivirals, nucleoside analog such as lamivudine,
ganciclovir, famciclovir, or lobucovir appear to be the most promising new
agents currently in clinical trials for HBV treatment. Considering the persis-
tence of HBV-DNA as measured by PCR assays in patients with chronic
hepatitis D, it may suggest the use of antiviral agents to completely abate
levels of HBV replication, especially in infected carriers with continuing
HBYV replication (86). Recent studies of antisense oligonucleotides directed
against functional domains of HDV have shown that they are effective in-
hibitors of HDV replication in vitro (87). HBV antisense oligonucleotides
have been considered in the prevention of HDV replication by altering those
HBYV functions that are considered essential for HDV replication (88).

10. Transplantation for Chronic Delta Hepatitis

Liver transplantation is a valid therapeutic measure for the therapy of
chronic liver failure in cirrhotic HDV patients. Delta hepatitis is an uncom-



144 Smedile and Verme

mon cause for liver transplantation in the United States (89), but represents
alarge proportion of transplant candidates in Italy and France (90,91). Hepa-
titis delta infection can recur after liver transplantation is performed, gener-
ally shortly after the surgery. Of 27 HDV transplants in Italy and Belgium
who received short HBIg prophylaxis against HBV, or no prophylaxis at all,
22 (81%) became reinfected with HDV, but only 11 (14%) were also
reinfected with HBV and had a HDV relapse (92). Treatment of recurrent
delta hepatitis has been unsatisfactory. Various therapies, most often tar-
geted to HBV, have been tried without great evidence of success (93). How-
ever, recurrence of hepatitis after transplantation for chronic delta hepatitis
is less frequent than that for chronic hepatitis B, the reasons being that the
delta hepatitis cannot recur unless hepatitis B also recurs. As a consequence,
prevention of recurrence of HBV using passive immunoprophylaxis has also
worked satisfactorily for the prevention of HDV infection. In Italy between
1985 and 1995, there were 154 transplants for HBV correlated cirrhosis,
59% of those who were HBsAg positive and anti-HBe positive were also
anti-HD positive. The reinfection rate, after the introduction of standard
HBIg prophylaxis against HBV, has dropped to 9-12% in two large series
studied in Italy and France. Thus, long-term prophylaxis with immunoglo-
bulins against HBsAg is highly effective. The 5-yr and 10-yr survival rate of
76 HDV transplants in Paris was 88%, and in Italy (Torino) results were
excellent; 45 HDV transplants are alive and none was lost during the 8—-10 yr
of follow-up (Smedile, personal observation).

Liver transplantation also represents a valid model to study HDV in-
fection of the graft. HDV by itself can infect the new liver but that, without
the helper function of hepatitis B (probably HBsAg), is not disease-produc-
ing. The reinfection is limited in scope, persisting at low levels and causing
only hepatic damage. If hepatitis B does then recur, HDV replication in-
creases exponentially and can cause significant clinical disease (94).

11. Summary

Viral hepatitis D, despite its decreasing prevalence in the world, con-
tinues to be an important health problem with significant morbidity and
mortality. HDV is still the principal cause of severe or fulminant hepatitis in
undeveloped countries and the cause of rapidly progressive chronic hepatitis
in industrialized countries. New foci of endemicity and new clinical aspects
continue to emerge in different epidemiological settings. In recent years,
important advances in molecular biology of the virus have contributed to the
identification of its three major genotypes and the understanding of its life
cycle. Its RNA editing properties may explain the pathogenesis and degree
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of severity of liver damage. Studies on epidemiology and the natural course
of HDV hepatitis have clarified modes of transmission and clinical patterns
of HDV infection. Potential prognostic factors of benign or severe outcome
for chronic delta hepatitis may be identified. Liver transplantation provides
a good cure for HDV-associated liver failure.
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Hepatitis E Virus

Biology, Pathogenesis, Epidemiology,
Clinical Description, Diagnosis, and Prevention

Patrice O. Yarbough and Albert W. Tam

1. Hepatitis E Virus

Hepatitis E virus (HEV) is the etiologic agent responsible for the large
majority of acute enterically-transmitted non-A hepatitis. While hepatitis
E has been documented many times worldwide as major epidemic out-
breaks involving thousands of infected individuals with overt disease (1,2),
it also accounts for a significant proportion of sporadic hepatitis cases in
endemic regions (1,2, see Table 1). The molecular virology and biology of
the recently identified HEV, even with its genome completely cloned and
sequenced, have not been fully characterized. Current understanding of
HEYV virus biology, disease manifestations, mode of pathogenesis, its sero-
epidemiology, and prospects for vaccine intervention will be reviewed in
these ensuing sections.

2. Biology

2.1. Experimental Models

Retrospective studies in 1980 of epidemic water-borne hepatitis cases
in India, using then newly available specific antibody test for detection of
acute hepatitis A virus (HAV) infection and finding no serologic proof, ren-
dered convincing evidence for the existence of a novel viral agent respon-
sible for an enterically transmitted form of non-A, non-B hepatitis
(ET-NANBH, refs. 3,4). Experimental transmission of this agent, which has
been named hepatitis E virus (HEV), since its molecular identification, to
nonhuman primates was first reported in 1983 (5). Cynomolgus macaques
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Table 1
Epidemiologic Features of Hepatitis E Virus

Enterically transmitted

Subclinical anicteric disease

Self-limited icteric disease, no chronicity observed
Fulminant cases of hepatic failure

High mortality during pregnancy

Epidemic cases in developing countries

Sporadic cases in adults and children in endemic regions
Sporadic cases among travelers in Western countries

were inoculated with fecal suspensions obtained from patients with ET-
NANBH in an outbreak in Tashkent of the former Soviet Union. These
cynomolgus monkeys developed hepatitis with the recovery of viruslike par-
ticles (VLPs), during the course of infection, similar to those observed in the
human inoculum. Further, the VLLPs were found to be immunoreactive with
antibodies from the source patients as well as with sera from the experimen-
tally infected animals. These observations satisfied but one of Koch’s postu-
lates for the association of a previously unidentified etiologic agent with a
pathological condition or disease. HEV was shown to be disease-associated,
being present only in infected sources, and immunogenic, being responsible
for the elicitation of an antibody response in exposed individuals capable of
specific immune recognition of the agent itself. The last postulate of the
ability to isolate in vitro VLPs or infectious genome was not fulfilled until
much later (see discussion below).

Other nonhuman primates shown to be susceptible to HEV infection
include chimpanzees, rhesus monkeys, African green monkeys, tamarins,
and owl monkeys (for a review, see ref. 2). The most reliable animal model
to date remains the cynomolgus monkey. A 3—-8-wk incubation period fol-
lowing virus inoculation has typically been observed prior to onset of liver
enzyme elevations (6-9). Unimodal as well as bimodal enzyme changes have
been documented. Histopathologic changes include general liver cell degen-
eration and focal hepatic necrosis with accumulations of blood-derived
mononuclear macrophages and activated Kupffer cells (6,10). Peak viremia
and virus shedding usually occur during the incubation period and early acute
disease phase, just before the peak level of enzyme elevation (5,10,11).
Multiple passages of the same virus in the cynomolgus monkeys has re-
sulted in the shortening of the incubation period (12,13), suggesting adapta-
tion of the virus to the host or heightened response to an increased virus load.
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Anti-HEV has been detected in wild-caught monkeys and rodents (14—
16), and natural infection of domestic pigs and chickens has been reported
(17), indicating the zoonotic nature of the virus. These observations could
serve to explain the endemicity of certain geographic areas where water sani-
tation measures are substandard, and humans and animals might at times
share a common pool of water supply. Additionally, experimental infection
of pigs has been shown (/8), and most recently HEV infection of laboratory
rats was also reported (/9). However, the relative susceptibility of these spe-
cies to HEV infection has not been systematically determined.

2.2. Physical Chemical Properties

The use of immune electron microscopy (IEM) has been the only means
allowing for direct visualization of HEV particles. When coated and aggre-
gated by antibodies obtained from sera of human patients during epidemic
outbreaks or experimentally inoculated animals during the course of infec-
tion, the particles appeared as small, spherical, nonenveloped structures with
spikes and indentations on their surfaces. These surface features are similar,
though less prominent, to those found on caliciviruses and the Norwalk
agents (20), and can be contrasted from the relatively smooth surface of the
virions of picornaviruses, including HAV. HEV particles found in feces and
bile fluid have been described variously as 27 nm, 27-30 nm, 27-34 nm, and
32-34 nm in diameters (2,15). The variability in the reported particle sizes
reflects, not only an actual potential size range of the VLPs, but also the
differential degree of antibody-coating and nonidentical measurement tech-
niques being employed in different reporting laboratories. Proteolytic deg-
radation of the virus as it traverses the digestive tract may also be important
in determining the eventual size of the particles found in the fecal materials.
Single experiments comparing the virion sizes of HEV sourced from geo-
graphically diverse locations yielded an average diameter of 30-32 nm
(2,12), compared to a size of 28 nm in average diameter for HAV. Rotational
enhancement of the antibody-coated virion images suggested that the HEV
particles have an icosahedral symmetry (15).

Several lines of evidence have indicated that HEV may be extremely
labile and has not survived well in a number of routine laboratory conditions
(6). The virus will not tolerate exposure to high concentration of salts, in-
cluding CsCl, and no VLPs have been recovered from cesium gradients.
HEV appeared to degrade also following high-speed pelleting in sucrose
gradients or from fecal suspensions. Although appearing to be stable when
stored in the vapor phase of liquid nitrogen, it has been reported that HEV is
unstable when stored in suspensions at temperatures between —70 and +8°C
and disintegrates when subjected to freeze/thaw cycles. The observed labile
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nature of HEV is rather ambivalent to its natural existence as a water-trans-
missible etiologic agent. However, rate-zonal banding of the virus in linear,
preformed sucrose gradients yielded sufficiently purified intact 32-34-nm-
diameter particles suitable for [EM and animal transmission studies (21).
The partially purified intact HEV particles have a calculated sedimentation
coefficient of 183S and a buoyant density of 1.29 g/cm? in a potassium tar-
trate/glycerol gradient (6,12). A second peak presumably corresponding to
defective particles devoid of a complete RNA genome was found by rate
zonal banding sedimenting at 1658S.

2.3. Molecular Cloning

Initial cloning of HEV was accomplished by two altogether different
approaches, namely “plus-minus” differential hybridization screening and
immunoscreening based on specific antibody-antigen interaction. While
selected stool samples of clinical and experimental specimens were found to
be suitable for immune aggregation and IEM analysis, the low virus titer
present rendered molecular cloning by conventional techniques impractical.
With the advent of polymerase chain amplification (PCR) technology, a
method for the nonspecific expansion of heretofore uncharacterized cDNA
called Sequence-Independent Single Primer Amplification (SISPA) was
developed (22). Such heterogeneous amplification of cDNA molecules irre-
spective of their sequences, thus overcame the scarcity issue of source mate-
rials for molecular biology analysis. The cloning of the virus genome was
also facilitated by the finding of intact particles in infectious bile of experi-
mentally infected cynomolgus monkeys (9,23). With a much lower nucleic
acid complexity in bile fluid, a differential “plus-minus” hybridization
screening strategy using labeled infected and uninfected source probes
afforded sufficient sensitivity for initial clone identification from a cDNA
library constructed from HEV-Burma strain-infected cynomolgus bile (23).
ET1.1 was the first among candidate clones firmly established as virus-spe-
cific in origin. Further, strand-specific probes generated from ET1.1 con-
firmed the single-stranded, positive-sense nature of the virus (24).

The use of immunoscreening for clone identification similarly relied on
SISPA-amplified infected source RNA. Two epitope clones, 406.3-2 and
406.4-2, derived from an HEV-Mexico strain cDNA expression library, were
determined to be immunoreactive with anti-HEV antibodies contained in
convalescent phase ET-NANBH human sera (25). Paneling of the expressed
proteins against paired acute- and convalescent-phase documented hepatitis
E human sera from geographically diverse localities, as well as preinoculation,
acute- and convalescent-phase sera from infected nonhuman primates dem-
onstrated their immunogenicity and thus their viral derivation (25).
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With ET1.1 as a molecular probe, a set of overlapping cDNA clones
encompassing the entire virus genome of the Burma strain were identified in
a series of manipulations analogous to genomic walking (26). The 3' end of
the cloned full-length genome was marked by the presence of a
polyadenylated tract, while the 5' end viral sequence was first delineated by
primer extension analysis and then successfully cloned with the use of an
anchored PCR amplification technique (26). Empirically determined
genomic sequence totaled approx 7.2 kb with a 3' poly-(A) tail of at least
200-300 residues long (26), the sum of which is in good agreement with a
7.5-kb polyadenylated species detected in Northern blot analysis of HEV-
infected liver RNA (23,25). A search of the current Genbank database reveals
several other complete or partial HEV sequences that have been reported to
date. These isolates include virus characterized from Algeria (27), Chad (27),
China (28-30), India (31,32), Mexico (33), Pakistan (34), and the former
Soviet Union (34,35).

2.4. Genome Organization

Open reading frame (ORF) analysis of the Burma strain genomic nucle-
otide sequence reveals the presence of two large ORFs. The first open read-
ing frame (ORF1) extends approx 5.1 kb in length from the 5' end and
encodes the nonstructural proteins of the virus (26). Initial alignment of the
deduced ORF1 amino acid sequence identified conserved motifs belonging
to the viral helicase and RNA-dependent RNA polymerase (RDRP) gene
domains (26,35). A subsequent detailed computer comparison with other
positive-strand RNA plant and animal viruses uncovered additional con-
served functional protein domains (36). The current proposed order of the
ORF1 viral nonstructural proteins, beginning at the 5' end, is as follows: a
methyltransferase, Y domain, a papain-like cysteine protease, a proline-rich
hinge domain, X-domain, RNA helicase, and RNA-dependent RNA poly-
merase (RDRP) (see Table 2). The assignment of these nonstructural genes
in ORF]1 helps elucidate a 5'-nonstructural, 3'-structural genomic organiza-
tion for HEV. Initiation of synthesis of the nonstructural polyprotein has yet
to be carefully examined. The first potential AUG initiation codon is found
at nucleotide 28, giving a relatively short untranslated segment of 27 nucle-
otides. A second in-frame methionine codon is located another 147 nucle-
otides downstream. Based on Kozak’s rules, it appears the first AUG may be
the favored codon for ORF1 transcription initiation.

The second large open reading frame (ORF2) starts at nucleotide 5114
in the plus-1 coding frame, just four nucleotides downstream from the termi-
nation codon of ORF1. ORF2 itself extends 1980 nucleotides from the first
in-frame methionine at nucleotide 5147 and terminates at nucleotide 7127,
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Table 2
Genomic Organization and Functional Gene Domains Oof Hepatitis E Virus

Reading frame and

viral protein domain Putative gene function
ORF1 (nts.” 28-5106)
Methyltransferase Capping of genomic RNA
Y domain Unknown biologic role
Papain-like cysteine protease Proteolytic processing of nonstructural
viral proteins
Proline-rich hinge Flexibility of polyprotein molecule
X domain Unknown biologic role
Helicase Winding and unwinding of RNA molecule
RNA-dependent RNA Transcription of genomic RNA (and
polymerase synthesis of subgenomic RNA species?)

ORF?2 (plus-1 coding frame,
nts. 5114-7126)
Capsid Structural protein
ORF3 (plus-2 coding frame,
nts. 5106-5474)
Unassigned Potential RNA binding activity

“nts., nucleotide number of virus genome based on HEV-Burma strain.

yielding a 3' untranslated region of 65 nucleotides immediately upstream of
the poly-(A) tail (26). Analysis of the primary sequence of the ORF2-
encoded gene product reveals a novel protein similar in its basic amino acid
content (clusters of arginine residues near the N-terminal) and electroposi-
tive charges to other known capsid proteins of alphaviruses and rubella (26).
It has been demonstrated that this hydrophilic, electropositive domain in
alphaviruses served to encapsulate the electronegatively charged virion RNA
(37,38). Potential N-linked glycosylation sites have also been identified,
suggesting the putative capsid is likely a glycoprotein. Epitope 406.3-2, iden-
tified by immunoscreening procedure, was mapped to the carboxyl terminus
of this protein (25). The antigenicity and diagnostic utilities of the 406.3-2
peptide, reflecting its role as an immunodominant epitope of the viral struc-
tural protein, have been repeatedly demonstrated (25,39).

A third open reading frame (ORF3) in the plus-2 coding frame was
detected by the mapping of the other immunodominant epitope clone, 406.4-
2, to the 3' end of this small ORF of 369 bp in length (25). The ORF3 initi-
ating methionine codon overlaps with ORF1 by a single nucleotide, but the
reading frame shares significant overlapping sequences with ORF2, which
initiates 41 bp downstream from the start of ORF3 (26). The biologic func-
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tion of this 123 amino acid ORF3-encoded protein has yet to be clearly elu-
cidated, even though an RNA binding activity has been reported for a recom-
binant form of the protein (40).

In addition to the utilization of all three forward reading frames for the
expression of its proteins, two subgenomic HEV RNA messages of 3.7 and
2.0 kb have also been detected (25,26). Both of these subgenomic messages
were found to be 3' coterminal with the full-length genomic RNA at the
poly-(A) tract (26). It has been speculated that the 2.0-kb species might be
involved in the transcription and translation of the ORF2-encoded putative
capsid protein (26). However, the exact mechanism of the synthesis and
functional role of either subgenomic transcript has not been determined.

2.5. Virus Diversity

Genetic heterogeneity has been observed among the different strains of
HEV cloned thus far. Phylogenetic analysis through sequence comparison
indicates the existence of at least two genetic groups for the virus. The HEV-
Burma and HEV-Mexico strains appear to represent the most genetically
diverse isolates identified to date. Sequence homology between the two
strains was calculated to be 74% identity at the nucleotide level for the ORF1
coding region, 81% for ORF2, and 90% for ORF3. Amino acid sequence is
most conserved at 93% identical for the ORF2-encoded capsid, while per-
cent identities are 83 and 87 for ORF1 and ORF3 proteins, respectively (33).
Of the other strains with known full-length genomic sequences, all are
derived from a region in Asia in close proximity to Burma and are found to
be very well conserved. The Burma, China, India, and Pakistan strains differ
little more than 6% in nucleotide sequence and 2% in amino acid sequence
throughout the virus genome. However, even though the genetic distances
are not large, these four isolates can be divided into two subgroups of South-
east Asia (Burma and India) and Northern and Central Asia (China and
Pakistan) (41,42). A region of sequence hypervaribility has also been
detected within ORF1 in the region of the proline-rich hinge domain (33,34).
This hypervariable region extends from nucleotide 2002 to 2424, with
sequence homology between Mexico and the Asian isolates falling to about
60% nucleotide identity and below 50% amino acid identity (33,34). While
the divergence is not as notable among the Asian strains, this segment of the
virus genome does appear to be less conserved by comparative analysis of
other ORF1 regions. No biologic significance has yet been suggested for the
presence of this sequence hypervaribility.

Partial HEV sequences have been reported recently for isolates
obtained from outbreaks in Chad and Algeria (27). A region corresponding
to the 3' third of ORF2 was cloned by RT-PCR amplification. Limited
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sequence comparison of these two African strains indicated they are more
closely related to the Asian strains (87-90% nucleotide identity), but never-
theless, they appear phylogenetically to occupy the continuum between the
two diverse ends as represented by the Burma and Mexico isolates. Of fur-
ther interest is the report of another partial cloning of an U.S. isolate from a
single case of nonimported hepatitis E (43). PCR-generated sequences from
the 5' end of ORF1 and the overlapping region of ORF2/3 suggest they are as
distantly related to the Mexico strain as the latter is to the Asian isolates.
Much as this appears contrary to the anticipated geographic distribution of
HEYV diversity; full phylogenetic analysis of the virus has to await the com-
plete cloning and characterization of the United States as well as additional
isolates from South America, South Africa, and the Middle Eastern Gulf
region where hepatitis E has been documented.

2.6. Serologic Crossreactivity

Whereas genetic heterogeneity is present between different strains of
HEYV as defined by their country of origin, there presently appears to be only
one serotype of the virus identified. Serologic assays available using key anti-
gens from the ORF2-encoded structural protein indicate the ability of these
tests to detect acute infection as well as past exposure to HEV by the most
divergent strains such as Burma and Mexico. The early use of the
immunodominant epitope antigen 406.3-2 in enzyme immunoassays demon-
strated its utility in diagnosing hepatitis E cases worldwide (25). Subsequent
incorporation of larger versions or the complete recombinant capsid protein
yielded several improved, more-specific and more-sensitive assays (8,44).
Because of high degree of amino acid sequence homology in the viral struc-
tural protein among known strains, it is not surprising that the use of a single
key ORF?2 antigen is capable of detecting them all. The ORF3-encoded 406.4-
2 epitope antigen has also been found useful in the diagnosis of hepatitis E
infection, especially among experimentally inoculated nonhuman primates,
where host and species adaptation may play a role (25). However, develop-
ment of improved diagnostic assays with the incorporation of large recombi-
nant ORF2 proteins may have lessened the requirement of the ORF3 antigen.

In the past few years, several reports have pointed to the possibility of
the existence of either an atypical strain of HEV or a yet-to-be identified
enteric agent. One atypical strain was determined to be similar morphologi-
cally (particle size and shape) to the Burma strain and caused disease in
animal transmission studies but was found to be serologically unreactive to
antisera known to recognize the prototype HEV strains (45). A separate
report presented evidence for hepatitis cases from at least one water-borne
epidemic in India that were not detectable by currently configured HEV
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diagnostics (46). It is not clear if further improved HEV serodiagnosis would
be capable of detecting a minor but cross-reactive epitope, but these findings
suggest conceivably the presence of separate serotype(s) of HEV.

2.7. Viral Replication

The study of the biology of HEV has been hampered by a lack of a cell
culture system capable of propagating the virus proficiently in vitro. Noth-
ing is known about the cellular receptor to which HEV binds to gain entry
into susceptible cells. The mechanisms by which uncoating, packaging, and
transport of the virus occur are unknown. Questions also remain as to the
strategies used in infected cells for virus genome replication and protein
processing. In vitro transcription and translation of ORF1 nonstructural pro-
teins has not yielded much useful information (A. W. Tam, unpublished
data). Recent reports of expression of ORF2-encoded capsid in the
baculovirus system indicated posttranslational processing of the protein, but
it is not clear if the proteolytic modifications are biologically relevant or
only specific to the insect cell expression system used (47,48).

Growing of two different strains of HEV in cultivated cells have been
reported. Fetal rhesus monkey kidney (FRhK-4) cells, cocultured with pri-
mary cynomolgus kidney cells isolated from animals experimentally infected
with the Osh, Russia HEV strain, were found to harbor HEV even after
multiple passages (49). A Chinese strain (87A) was also reported to be propa-
gated in human embryo lung diploid cells (50,51). Recovered virus was
found to be reactive with anti-HEV sera obtained from HEV-infected human
patients and nonhuman primates. Large numbers of virus particles in the
form of a crystalline array in the cytoplasm of infected cells was observed
under electron microscopy. Cytopathic effects on the infected cells were
also described. As both of these observations have not been attributed previ-
ously to HEV infected cells, this finding of HEV replication awaits indepen-
dent confirmation. More recently, HEV was shown to be propagated and
produced in vitro from infected primary cynomolgus hepatocytes maintained
in long-term culture using a serum-free medium formulation (52). This hepa-
tocyte culture system has previously been used to successfully replicate
hepatitis C virus (HCV) and hepatitis D virus (HDV) (53-57). Replicative
negative-strand viral RNA was directly demonstrated in the infected cells by
a highly strand-specific reverse-transcription PCR (52,54). Presence of virus
particles shed into the culture medium was illustrated both biochemically
with the detection of viral genomic RNA and physically with the aggrega-
tion of HEV VLPs (see Fig. 1). Consistent in vitro infection of primary hepa-
tocytes and apparent passaging of infectious culture medium have also been
reported (A. W. Tam, et al., manuscript in preparation), hence fulfilling the
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Fig. 1. IEM aggregation of HEV VLPs produced in vitro. Immune aggregation of
HEV VLPs secreted into tissue culture medium by in vivo-infected primary cyno-
molgus hepatocytes that had been isolated and placed in long-term culture. (A)
Convalescent phase anti-HEV antibodies from a cynomolgus macague experimen-
tally infected with HEV were used to aggregate viruslike particles produced in vitro
by cultured primary hepatocytes isolated from an in vivo infected cyno with clinical
signs of disease. The culture media were concentrated and treated with formalin to
inactivate the virus and to preserve virus particle structure. Clusters of HEV VLPs
with an antibody-coating appearing as more densely staining materials could be
observed, whereas similar aggregates of viruslike particles were not detected with
the use of preimmune serum antibodies from the same animal (B). (From ref. 52.
Used with permission from Virology.)

last of the Koch’s postulates. Further development of the hepatocyte culture
system to grow HEV should provide an useful tool to study the replicative
process of the virus.
3. Epidemiology
3.1. Epidemics in Developing Countries

HEYV infection is a significant cause of morbidity and mortality because
of the large number of cases involved in endemic regions and the high mor-
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tality rates among pregnant women. Hepatitis E was first documented in
New Delhi, India, in 1955. Over 29,000 cases of icteric hepatitis were
reported following fecal contamination of the public drinking water (58).
Epidemics in Asia and Africa have since been reported in Nepal, Pakistan,
Burma, the former Soviet Union, India, Borneo, Somalia, Sudan, and China
(12). Examples of the large number of cases are: 20,000 icteric cases in
Mandalay, Burma in 1976; 10,000 cases in Kathmandu Valley, Nepal in
1973; and 79,000 jaundiced people in Kanpur, India in 1991. The only docu-
mented outbreak of hepatitis E reported in North America occurred in
Mexico in 1986 (59). Over 200 cases, all icteric with additional signs of
acute viral hepatitis, were recognized in two neighboring towns south of
Mexico City. Virus-like particles recovered from stool samples from these
Asian, African, and Mexican cases suggest that one virus was the respon-
sible agent for these cases of entericallly transmitted hepatitis. In the out-
breaks listed here, hepatitis E was associated with the ingestion of fecally
contaminated water. Control measures that focus on making the water sup-
ply safe are the first line of defense.

3.2. Sporadic Cases in Endemic Regions

Cyclic outbreaks of hepatitis E have been observed in tropical areas of
Asia and Africa, usually occurring after seasonal flooding. In these HEV-
endemic regions there are cases of hepatitis E that occur between the epi-
demic cycles at a low level, in the form of sporadic hepatitis. HEV was
found to be the cause of acute sporadic hepatitis in Sudanese children (60)
and in children living in Cairo, Egypt (6/). In sporadic hepatitis E cases, the
reservoir of HEV between cycles is often not known nor is it clear how
circulating virus may lead to ensuing epidemics that favor the adult popula-
tion. In the earlier mentioned cases, there was no evidence of person-to-
person transmission, nor was the primary source of virus identified. In spite
of the limited understanding of the cause of sporadic hepatitis E in endemic
regions, the virus is implicated in causing more than 50% of the sporadic
acute viral hepatitis cases worldwide (12).

3.3. Cases Among Travelers in Developed Countries

All confirmed cases of hepatitis E in North America and Western
Europe have been traced to immigrants and tourists from countries where
HEV is endemic. HEV was judged the cause of acute hepatitis in two English
patients that had traveled abroad to India (62). The two patients had bio-
chemical evidence of hepatitis and were found to be antibody positive for
the IgM class of antibody. In the Netherlands, there were several cases of
hepatitis E among patients who became acutely ill after traveling to
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Bangledesh, the Middle East, and Somalia (63). Patient serum was positive
for IgM antibody to HEV. Following jaundice that was reported as severe,
the patients resolved disease. In 1992, a case of hepatitis E in a U.S. traveler
to Pakistan was confirmed by serologic assay (64). One month after return-
ing from Pakistan, the jaundiced male, with no evidence of acute hepatitis A
or B, tested IgM antibody positive for acute phase antibody to HEV. Follow-
up sera taken 3 yr and 4 yr after acute disease still contained high titer IgG
antibodies to HEV.

These “imported cases” confirm the global distribution of the virus and
demonstrates that hepatitis E is a worldwide public health problem. Even
though travelers to HEV-endemic regions are at low risk of infection, HEV
infection should be considered in all persons that travel abroad and develop
symptoms of acute hepatitis in the absence of serologic markers for hepatitis
A, B,or C.

4. Clinical Description

4.1. Clinical Manifestation

The clinical profile for HEV infection is similar to that of other forms
of acute viral hepatitis. In a comparison of the clinical manifestations in
patients with hepatitis E and hepatitis A (65), laboratory tests for serum
ALT, AST, and bilirubin were typical of acute hepatitis and indistinguish-
able from each other. Only serologic assays proved specific diagnosis. Hepa-
titis E usually becomes apparent after an incubation period of 2-9 wk. The
average period is 6 wk, longer than the duration for hepatitis A (4). Hepatitis
E patients typically complain of fatigue, pain, and gastrointestinal upsets.
The symptoms of infection are chills, fever, nausea, vomiting, diarrhea, joint
pain, headache, and abdominal enlargement (4,65). These preicteric phase
symptoms usually occur up to 1 wk to 10 d before the onset of jaundice. The
icteric phase follows for 1540 d and occurs with jaundice, dark urine and
clay-colored stools. Jaundice and elevated serum ALTs last on average for
1-6 wk. During this time necro-inflammatory changes in the liver are con-
sistent with acute virus hepatitis. Common histologic changes include focal
necrosis, cellular and lobular cholestasis, portal inflammation, and hepato-
cyte ballooning (58). Upon recovery, biopsy returns to normal and liver
enzyme tests return to baseline. The time of convalescence varies from 3 to
14 wk with a mean of 8 wk (65).

4.2. Subclinical and Clinical Cases

The extent of hepatitis E infection can be subclinical, acute, or fulmi-
nant stage hepatitis. Some persons infected with HEV are anicteric and free
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of classical symptoms of hepatitis. In these cases, HEV infection can be
confirmed by the presence of viral RNA in fecal specimens, with or without
seroconversion, in the absence of jaundice. In sero-epidemiologic studies in
Kathmandu and Abbottabad, the subclinical infection rate reported was
higher than that observed for clinically overt disease (66). The data from the
Abbottabad study suggest that the presence of measurable antibody directed
to HEV conferred protection from disease and reinfection. The range of HEV
infection was defined in a patient population of 2-76 yr of age in Kashmir,
India (67). Acute hepatitis E, as defined by antibody response, was most
prevalent in patients 20-39 yr old. None of the children 10 yr old or younger
displayed any signs of infection. In a study in Egypt (68), children of ages
2 mo to 15 yr that were hospitalized with acute hepatitis (accompanied by
jaundice and elevated serum ALTs) were tested for antibody to HEV. Sera
from 15 of 36 (42%) patients were antibody positive for HEV IgG. Diagno-
sis of acute hepatitis E was confirmed in 40% of the IgG positive sera by
acute-phase IgM antibody. Hepatitis E, although more likely to be subclini-
cal, anicteric, and symptom free in infants and young children, indeed causes
acute illness in children. During epidemics of hepatitis E, the clinical attack
rate averages 5%, with the most severe disease being observed in young
adults (/0). Usually, hepatitis E is self-limiting with full recovery and no
progression to chronic liver disease. One of the striking differences between
the course of disease in HAV infections and HEV infections is the higher
case fatality rate in hepatitis E, primarily caused by the progression to fulmi-
nant hepatic failure. Among 562 cases of hepatitis E in Hetian City, China,
9% progressed to fulminant hepatitis (69). Of these 52 cases: 48% were
pregnant women, 19% nonpregnant women, and 33% were men. The mor-
tality rate was between 16 and 20%. Fulminant hepatitis E occurs in men and
women but is mostly associated with high mortality rates in third-trimester
pregnancy. The timing of fulminant hepatitis during pregnancy will be dis-
cussed in a later section.

5. Pathogenesis

5.1. Temporal Patterns of Viral RNA, Antigens,
and Antibodies

In studies with experimentally infected monkeys, inoculation with
HEYV lead to necro-inflammatory changes in the liver tissue coexistent with
elevation of serum aminotransferases. HEV enters the body through the
intestine, enters the blood from the enteric tract and via the portal vein infects
the hepatocytes. The virus replicates in the liver cells, is released from the
hepatocytes into the bile and subsequently excreted in the feces (15). The
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course of disease is marked by virus excretion in the feces, viremia, liver
enzyme elevation (ALTs), and seroconversion, followed by the clearing of
the virus and resolution of disease.

For infections in humans, there is not enough data to thoroughly char-
acterize the pattern of virus excretion. The limited data comes from two
human self-inoculation studies. A stool suspension from an HEV-infected
patient in India was taken orally by a volunteer in 1990, and the clinical
course of infection was reported (70). HEV was detected in the serum and
feces 22 d and 34 d respectively after self-inoculation. Anicteric symptoms
of hepatitis began 30 d postinoculation (p.i.). Icterus began 8 d later and
lasted for more than 80 d. IgM and IgG were detectable at the time of onset
of illness. IgG antibody was detected 41 d after infection and ALT eleva-
tions peaked 5 d later and persisted for 10 wk. Although the hepatitis was
quite severe as ascertained by the prolonged jaundice, the volunteer did com-
pletely recover with no indication of chronic liver disease. The earliest
human volunteer report dates back to 1983 in a clinical case of hepatitis from
ingestion of what is now know as the Asian strain HEV (5,71). The source of
virus was acute phase stool suspensions from jaundiced persons infected
during an epidemic of hepatitis E in Central Asia. In this volunteer study,
virus-like particles of 27-30 nm were recovered in the feces as early as 28 d
p.i.; this was prior to the elevation of serum ALTs at 36 d p.i. The virus
collected on day 42 p.i. was subsequently transmitted to two cynomolgus
macaques. The pathogenecity observed in these monkeys marked the begin-
ning of the use of these animals as a model system to study hepatitis E.
Although the pattern of hepatitis in monkeys is the same as that observed in
humans, in people the incubation time is longer and the diseased state varies
from moderate to severe.

5.2. Mortality and Morbidity in Adults

Hepatitis E has often been referred to as a disease of young adults.
Overt disease has been observed in children (68) although illness predomi-
nantly occurs in infected young adults. A study among school children, with
enterically transmitted non-A, non-B hepatitis in Pune, India, suggested that
the ratio of icteric and nonicteric illness in children is 1:4 (72). It is pre-
sumed that most of the hepatitis E in children manifests itself as subclinical
disease. During epidemics of hepatitis E, the highest reported attack rate has
typically been in adults aged 15-40 yr (58). This has been a consistent obser-
vation among epidemics of hepatitis E in various geographical locations. In
the New Delhi, India epidemic of 1955, the incubation period averaged 40 d.
There were more than 29,000 cases of icteric hepatitis, representing 2.3% of
the susceptible population. Most of the clinically ill persons were young
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adults aged 15-39 yr. Approximately 1-2% of hospitalized patients from the
general population died. In the South Xinjian epidemic of 1986-1988, hepa-
titis E primarily caused disease in young adults with 90% of the patients
showing acute symptoms of disease followed by jaundice (73). Hepatitis
was severe in 10% of the cases. In the well-characterized outbreak of hepa-
titis E in Huitzilla and Telixtac, Mexico in 1986 (59), the overall attack rate
was 5-6%. However, more than 80% of the icteric cases were in persons
older than 15 yr of age. The highest attack rate was 11-13% in the group
aged 15-24 yr. In the hepatitis E epidemic in Hetian City in the fall of 1987
(69), 75% of the patients seen were aged 15-40 yr. Of these, 87% developed
icteric hepatitis. The overall case fatality rate was 1.4%. Fulminant hepatitis
occurred in 10.7% of the patients; of these 33% were males, 19% were non-
pregnant females, and 48% were pregnant women.

5.3. Mortality in Pregnant Women

While the overall mortality for hepatitis E in the general population is
estimated at 0.5-1.0%, the observed mortality in pregnant women has been
reported to rise as high as 20% (12). This significant increase in mortality is
primarily influenced by the high rate of fulminant hepatitis in pregnant
women during the third trimester (58). Although there is no proven explana-
tion for progression to fulminant hepatitis in pregnancy, this observation is a
characteristic feature of the non-A, non-B enterically transmitted viral hepa-
titis that we now know is attributed to HEV infection. In the 1981 outbreak
of hepatitis E in Kashmir, India (74), it was pregnant women that suffered
the most severe illness. The attack rate was 2-3% for men and nonpregnant
women; the attack rate and morbidity rate was 17.3% for pregnant women.
Fulminant hepatic failure occurred in 22% of the pregnant women and devel-
oped only in the third trimester. In the Xinjian, China epidemic of 1986—
1988, the mortality rate was 10-20% in pregnant women (73). Mortality was
proportional to the length of the pregnancy. In the first trimester, mortality
was reported at 1.5%, in the second trimester it was 8.5%, and in the third
trimester, 39 of 186 (21%) pregnant women died. During the hepatitis E
epidemic in Hetian City, China (69), the case fatality rate was highest among
pregnant women at 5.2%. There were 58 pregnant women that developed
acute hepatitis; more than one half were in the final trimester. Of these preg-
nancies, there were a total of 14 deaths by abortion, stillbirth, or premature
delivery. There were a total of 25 pregnant women who developed fulminant
hepatitis; 19 of these were in their third trimester. Three (15.7%) of the
women in the final stage of pregnancy had hepatic failure and died.

The mechanism for fulminant hepatic failure during pregnancy is
unknown. Poor nutrition has often been suggested as a basis for the severe
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liver dysfunction observed in pregnant women in developing countries.
However, there are no conclusive scientific data to substantiate the claims
for HEV infections. Endotoxin-mediated cytotoxicity has also been proposed
as a cause for the fulminating disease. This hypothesis, reviewed by Purcell
and Ticehurst (58), is not proven but provides one plausible explanation for
the characteristic mortality in pregnant women. Hypothetically, hepatitis E
damages the sinusoidal cells, which in turn fail to protect the hepatocytes
from injury by endotoxins released by bacteria in the intestinal tract. The
sensitivity of pregnant women to an endotoxin-mediated effect may explain
increased severity of disease. Currently there is no animal model to study
fulminant hepatitis E. The course of disease in experimentally infected preg-
nant and nonpregnant rhesus macaques were very similar (75). There was no
histopathologic, serologic, or biochemical evidence of more acute disease in
the pregnant female monkeys. Nor was there any evidence of HEV infection
in the newborn offspring.

5.4. Modes of Transmission

HEV, like HAV, is spread through the fecal-oral route, usually through
contaminated water sources. Unlike hepatitis A, person-to-person transmis-
sion does not appear to routinely occur (3,76). Since there is no evidence
that HEV leads to a chronic carrier state, blood transfusions are not thought
to be an important medium of transmission. There is, however, a remote
possibility that the virus could be transmitted by blood donated during sub-
clinical infections or during a viremic stage that occurs prior to the appear-
ance of clinical symptoms. The studies from multitransfused hemophiliacs
(77) show that the risk of HEV being transmitted through the blood supply is
minimal.

Although pregnant women and their unborn babies are at the highest
risk of mortality following HEV infection, very little is currently known
about transmission of HEV from infected mothers to their babies. Vertical
transmission has recently been demonstrated in infants born to mothers
infected with HEV in their third trimester during an outbreak in South Kash-
mir, India (78).

Blood specimens were taken from eight mothers during illness and at
the time of delivery; cord blood and blood specimens were taken from their
babies at birth and at 6 mo later. All specimens were assayed for serum
ALTs, bilirubin, IgM and IgG antibodies to HEV, and HEV RNA by RT-
PCR. HEV RNA was detected in acute phase sera from five of the mothers;
four of the mothers were diagnosed with fulminant hepatitis, one mother
died during delivery. HEV RNA was detected in cord or birth blood of five
infants; four of these infants were born of mothers with fulminant hepatic
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failure and two died within 1 d of birth. There was serologic and clinical
evidence of HEV infection in all five of the infants suspected of HEV infec-
tion by vertical transmission. Research to define the risk factors associated
with the mechanism for fulminant hepatic failure during pregnancy is des-
perately needed.

6. Prototype Vaccine for Hepatitis E

6.1. Prospects for Prevention

A vaccine for HEV could prevent large outbreaks in developing coun-
tries, reduce the morbidity and mortality in pregnant women, and provide
protection to persons that travel to HEV-endemic regions. The cynomolgus
macaque is susceptible to hepatitis E virus infection and is the best animal
model for the overall course of disease after viral infection (79). It is well
established that within 2 wk following experimental infection, HEV par-
ticles are found in the bile and feces. Pathologic changes in the liver and
rises of serum ALTs, the secondary signs of active infection, are observed
within 4 wk of experimental infection. The succeeding antibody response to
HEV marks the clearing of the virus and resolution of hepatitis. The overall
course of disease in infected monkeys is very similar to that of naturally
infected humans. The cynomolgus macaque has thus been a suitable model
to investigate the efficacy of various candidate recombinant vaccines.

6.2. Experimental Vaccination in Nonhuman Primates

Analysis of the primary sequence of ORF2 of HEV revealed a novel
protein with characteristics similar to that of other viral capsid proteins (26).
Antigenicity studies showed that the ORF2 contains immunodominant
epitopes that are recognized by human sera from naturally infected persons
(25). The development of a subunit vaccine for hepatitis E has been based on
the 660 amino acid ORF2 structural protein of HEV believed to encode the
capsid. The earliest report described the immunization of cynomolgus
macaques with C2, a truncated portion of the HEV Burma strain ORF2
expressed in E. coli (80). This protein provided full protection against
homologous wild-type challenge with the HEV Burma isolate; however, the
monkey challenged with the heterologous HEV Mexico isolate was pro-
tected from hepatitis but still showed evidence of virus replication. A later
study utilized a larger portion of the ORF2 expressed by recombinant
baculoviruses (81). The protein product known as 55K contains amino acids
112-609 of ORF2 from the HEV Pakistan isolate. After one- and two-dose
vaccination, the monkeys were challenged with 1000-10,000 cynomolgus
50% infectious doses (CID,,) of the homologous Pakistan isolate of HEV.
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All the vaccinated monkeys were protected from hepatitis. Animals that
receive a single dose of vaccine excreted virus to the feces. Animals that
received a double dose of vaccine were completely free of any clinical signs
of virus infection. A titration study employing rhesus monkeys defined the
minimum dose of 55K required as a vaccine to protect against homologous
and heterologus HEV challenge (47). Animals given as little as 0.4 pg of
recombinant 55K protein were protected against hepatitis, although the pres-
ence of virus in feces verified HEV infection and limited replication after
homologous challenge and the heterologous Mexico HEV challenge dose.

In an independent study, we used r62K as an immunogen in the experi-
mental vaccination of cynomolgus monkeys (82). This protein from ORF2
of the HEV Burma isolate was purified from recombinant baculoviruses that
were reengineered to contain amino acids 112-660 of the ORF2 (83). The
antigenic properties exhibited by the protein are conceivably caused by a
conformational structure retained by this larger protein product expressed in
baculoviruses. Cynomolgus monkeys were immunized with r62K and chal-
lenged with wild-type virus of the divergent HEV Mexico strain.
Postchallenge, there was no sign of HEV infection by antigen in the liver in
any of the three vaccinated animals. There was delayed and transient pres-
ence of viral RNA in the feces of only one of the three animals indicating
limited “breakthrough” viral replication. There was no biochemical or histo-
pathologic evidence for hepatocellular damage in any of the immunized ani-
mals. Vaccination conferred protection against hepatitis in all animals. The
effectiveness of the r62K protein to protect against disease and infection in
cynomolgus monkeys is attributed to the retaining of the amino acid
sequences at the 3' end of the ORF2 previously postulated to encode a con-
formation epitope. In vitro neutralization studies are in progress to test this
hypothesis (A. W. Tam et al., unpublished observations).
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