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I. INTRODUCTION

Hepatitis B virus (HBV) is the causative agent of acute and chronic
hepatitis B in humans. More than 350 million people worldwide are
chronic virus carriers and face a significantly increased risk of develop-
ing liver cirrhosis and primary hepatocellular carcinoma (Blumberg,
1997). Effective prophylactic vaccines based on noninfectious empty
envelopes (termed S particles or subviral particles), originally purified
from the plasma of carriers and later produced in recombinant form
in yeast or mammalian cell lines, have been available since the 1980s;
for a comprehensive review on clinical aspects, including various vac-
cines, see Hollinger and Liang (2001). Nonetheless, for many develop-
ing countries, large-scale vaccination programs were hardly affordable.

1 Copyright 2004, Elsevier Inc.
All rights reserved.
0065-3527/04 $35.00
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This situation is improving, but an enormous number of chronic HBV
carriers will be in need of better medication for decades to come. Cur-
rent therapies are based on the systemic administration of high doses of
interferon-a (IFN-«) or, more recently, on nucleoside analogs, such as 3-
thiacytidine (lamivudine) and adefovir. However, both therapies have a
sustained response rate of only about 30%, combinations exert no clear
synergism, and lamivudine therapy leads to the rapid emergence of
resistant virus variants (Pumpens et al., 2002; Zoulim, 2001).

A full understanding of the molecular biology of HBV and its infec-
tious cycle is hampered by experimental limitations: as of yet there is
no feasible small animal infection model, and only a few aspects of its
replication cycle are amenable to biochemical methods. The focus of
this review is on one of two established animal virus models, namely
duck hepatitis B virus (DHBYV). Although humans and ducks are only
distantly related hosts, HBV and DHBYV, which are the type members
of the orthohepadnaviruses and avihepadnaviruses (hepatotropic DNA
viruses), share fundamental common features. In fact, many of the
principles of hepadnavirus replication have been established using
DHBYV. Its major advantages are the ready availability of ducks, allow-
ing experimental infections with wild-type and mutant viruses in vivo
as well as in cultured primary hepatocytes, and the recent develop-
ment of in vitro systems to study biochemically the intricate mecha-
nism of hepadnaviral replication. Thus, unlike other hepadnaviruses
DHBYV offers the full range of experimental approaches, from the test
tube to animal studies, to investigate fundamental as well as selected
medical aspects of hepadnavirus biology.

The emphasis here is on the value of DHBV as a model for HBV, but
the differences between the human and the duck viruses should not be
neglected. DHBV can cause acute and chronic infections but is at
variance with HBV and mammalian viruses in several aspects:
(i) DHBV does not appear to be pathogenic for its host; (ii) DHBV
probably lacks a regulatory protein comparable to the mammalian
virus HBx gene product, a promiscuous transactivator that, by acting
on the host cell, appears to be essential for establishment of infection
and has been implicated in carcinogenesis; and (iii) a host-cell encoded
glycoprotein, carboxypeptidase D (CPD), appears to be critical for
DHBY infection, yet no evidence supports a similar role for its human
homologue. This chapter will address these differences as well as
peculiarities concerning the structure and function of individual viral
proteins. Additional information on DHBV can be found in several
recent reviews describing the general features of hepadnavirus biology
(Ganem and Schneider, 2001; Nassal, 1999, 2000; Seeger and Mason,
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2000) and describing DHBV-specific immunological aspects (Jilbert
and Kotlarski, 2000).

II. ANmMaL MobELs or HBV

Two salient features of hepadnaviruses are their pronounced liver
tropism and their narrow host range. In general, therefore, the closer
the hosts are related, the closer the respective viruses are related.
Overall, however, the mammalian orthohepadnaviruses and the avian
avihepadnaviruses share a very similar genome organization and rep-
lication characteristics (Section III); hence, numerous aspects of one
type of hepadnavirus are also applicable to the other types.

A. Primate Orthohepadnaviruses

After the discovery of human HBV in 1970 (Dane et al., 1970) and
the discovery that chimpanzees are susceptible to infection with hu-
man HBV and cloned HBV DNA (Will et al., 1982), HBV-like viruses
were detected in hominoid primates, such as in all great apes. Their
genome sequences are extremely close to the variants circulating in
the human population. Therefore, it has long been disputed whether
they are true animal viruses or have been contracted by contact with
humans; recent data provide accumulating evidence that hominoid
primates do represent a natural reservoir for HBV (Robertson and
Margolis, 2002). Obviously, none of these primates, with the limited
exception of chimpanzees, is a feasible experimental animal. A new
HBV discovered in woolly monkeys (Lagothrix lagotricha), a New
World primate, is clearly distinct from human HBV (Lanford et al.,
1998). Woolly monkeys are an endangered species and therefore are
not suited as experimental animals. Successful transmission of woolly
monkey HBV (WMHBV) to the related, nonendangered spider monkey
(Ateles geoffrey) raised hopes for the establishment of a new, lower
primate infection model. However, viral titers appear to be low (less
than 10° virions per milliliter of serum), which is unpractical. At-
tempts to infect primary hepatocytes from marmosets (Callithrix
Jacchus), a close relative of woolly monkeys, remained negative (Kock,
McNelly, and Nassal, unpublished data). In contrast, primary hepato-
cytes from tree shrews (Tupaia belangeri) can clearly be infected by
HBV and WMHBYV (Kock et al., 2001) although the animals are not
true primates, and their assumed phylogenetic closeness to pri-
mates remains controversial (Murphy et al., 2001; Schmitz et al.,
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2000). Moreover, transduction of HBV genomes into tree shrews using
replication-defective adenovirus vectors as vehicles (Ren and Nassal,
2001) led to a long-lasting HBV viremia in vivo. It has not yet been
proven, however, whether the circulating HBV was derived from a true
HBV infection or solely from the AAHBYV vector. Given that tree shrews
are relatively easily bred in captivity, establishing a self-
sustained HBV infection in these squirrel-sized animals would indeed
represent a major advance; however, the full potential of the system
remains to be explored.

In the absence of a practical HBV infection model, several surrogate
systems have been established to study the human virus. The ability of
certain human hepatoma cell lines, such as HepG2 and Huh7, to
support HBV replication upon transfection of cloned wild-type, and
mutant, HBV DNA is a highly valuable tool to investigate replication
per se; most of our current knowledge is derived from this system.
Because these cell lines cannot be infected, however, the early steps
of the replication cycle, such as entry and genome uncoating, are dif-
ficult to study. This restriction may be overcome by the recent discov-
ery of a new human hepatoma line that, under specialized conditions of
culture and inoculation, appears to be susceptible to HBV infection
although infectibility seems to be lost after a number of passages
(Gripon et al., 2002).

Another model that has been highly useful in particular for immu-
nological studies uses HBV transgenic mice (reviewed in Chisari,
1996). The animals contain a chromosomally integrated and linear
1.3x overlength HBV genome (the terminal duplication mimics the
circular form of the natural virus genome; hence, transcription is
controlled by the authentic regulatory elements). The mice produce
substantial amounts of viral antigens and complete virions, but these
cannot infect mouse hepatocytes; in addition, there is no clear-cut
evidence that the central intracellular intermediate of the authentic
infection, a covalently closed circular (ccc) DNA molecule that is main-
tained in an episomal state and serves as the natural template for
transcription of the viral RNAs, is formed in the mice except, perhaps,
in a very special genetic background (Raney et al., 2001). Nonetheless,
based on the advanced state of mouse genetics and on the availability
of various knockout mice as well as cloned genes of and antibodies
against all immunologically relevant gene products, fundamentally
new insights into the immune response against HBV have been gained
(Section VI). Most notably, T cells can suppress HBV replication in a
noncytolytic fashion, mainly mediated by type I and type II interferons
and TNF-«a (Guidotti and Chisari, 1999). Alternatively, mice have been
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xenotransplanted with hepatocytes from other species (Dandri et al.,
2001a), including humans (Dandri et al., 2001b), and studies have
shown that these mice can be infected with HBV. Though powerful
for some applications, the chimeric animals are technically difficult
to generate and, by necessity, the recipients have to be severely im-
munocompromised to avoid transplant rejection. This also limits the
immunological conclusions that can be drawn.

Therefore, a combined approach integrating biochemical in vitro
analysis, genetics and infection in cell culture, and in vivo biology is
currently not available for HBV.

B. Non-Primate Orthohepadnaviruses

Shortly after the discovery of human HBYV, several related viruses
were found in a few nonprimate mammals: the North American wood-
chuck (Summers et al., 1978), the Beechey ground squirrel: (Marion
etal.,1980), and the arctic ground squirrel (Testut et al., 1996). No HBV-
like viruses were found in species that are commonly used as laboratory
animals, such as mice and rats. Woodchuck hepatitis B virus (WHV) has
therefore become the model of choice for mammalian HBVs, as reviewed
in Roggendorf and Tolle (1995) and Tennant and Gerin (2001). Its
sequence is about 60% similar to that of the human virus and, impor-
tantly, WHV causes chronic hepatitis and hepatocellular carcinoma,
just as does HBV. WHYV is therefore used for tracking fundamental
pathogenetic and therapeutic aspects of hepadnaviral infection (Mason
et al., 1998; Yamamoto et al., 2002; Zhou et al., 2000); with cloning of
several key factors of the innate and acquired immune response (Guo
etal.,2000; Lohrengel et al., 1998; Salucci et al., 2002; Yang et al., 2000),
immunological studies can now be conducted. Experiments in chroni-
cally WHV-infected woodchucks have revealed some unexpected differ-
ences to data obtained in HBV transgenic mice and in acutely infected
humans and chimpanzees; for instance, conventional treatment or gene
therapy with IFN-v, a major player in suppressing HBV replication in
mice and in clearing acute infection, had no significant impact on chron-
ic WHV infection (Jacquard et al., 2004; Lu et al., 2002). The reasons are
not clear but certainly worth being followed. The advantage of WHV’s
remarkable similarity to human HBV related disease is, however, par-
tially offset by several practical limitations. Adult woodchucks weigh
about 4 to 5 kg, and they are difficult to handle. They do not breed easily
in captivity and, therefore, many experiments are performed with wild
animals trapped in their natural habitat in the northeastern part of
the United States. These animals are outbred, and many of them are
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infested with other pathogens. In addition, woodchucks hibernate, dur-
ing which time no experiments can be performed. Another fundamental
limitation of the WHYV system is the current lack of cell lines that
efficiently support replication of cloned WHV DNA; hence, the power
of reverse genetics cannot be applied to WHV.

C. Bird HBVs (Avihepadnaviruses)

In 1980, Mason et al., discovered an HBV-related virus, duck HBV
(DHBYV), in Pekin ducks (Anas platyrhynchos forma domestica; derived
from mallard ducks); since then, the virus has been detected in a
substantial fraction of commercially bred flocks, with no signs of overt
pathogenicity or progression of chronic infection into liver cancer,
except possibly in the presence of carcinogens such as aflatoxin (Cova
et al., 1994). The presence of HBV in ducks is generally viewed as the
result of a long-lasting coevolution between virus and host and is
supported by the rapid replacement by noncytopathic viruses of an
artificial, cytopathic DHBV variant (Lenhoff et al., 1998).

Further avihepadnaviruses have been isolated from grey herons
(Ardea cinerea) (Sprengel et al., 1988), snow geese (Anser caerulescens)
(Changet al., 1999), white storks (Pult et al., 2001), and, most recently,
cranes (several species of the genus Grus) (Prassolov et al., 2003); the
latter reference also contains comprehensive sequence comparisons as
well as a phylogenetic tree of the host birds. In general, avihepadna-
viruses have a narrow host range (Section V.A.4), similar to the mam-
malian viruses, such that DHBV does not infect chickens (a desirable
host in view of the advanced genetic and immunological knowledge on
this species) (Marion et al., 1987) or even Muscovy ducks (Cairina
moschata) (Pugh and Simmons, 1994), which belong to the same order
as Pekin ducks (Anseriformes). In turn, the viruses from storks and
herons (order Ciconiiformes) are not detectably infectious for ducks
in vivo; however, primary duck hepatocytes can be infected with heron
HBV (HHBYV) (Ishikawa and Ganem, 1995) though with a low efficien-
cy, as seen for DHBYV infection of primary Muscovy duck hepatocytes.
Unexpectedly, crane HBV (CHBV) appears to efficiently infect primary
duck hepatocytes although its natural host is more closely related to
storks and herons (Prassolov et al., 2003); the genome sequence of
CHBY, by contrast, is closer to that of DHBV and snow goose HBV
(SGHBYV). The evolutionary background of this disparity is unclear;
hence, further investigations are certainly warranted.

In general practical terms, however, DHBV will remain the most
important of the avihepadnaviruses. Protocols for the reproducible
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preparation and in vitro infection of primary duck hepatocytes have
been established (Section V.A). In addition, the chicken hepatoma cell
line LMH fully supports DHBYV replication after transfection with
cloned DHBV DNA, yielding infectious virions, and such recombinant
viruses can be analyzed for infectivity in duck hepatocytes and ducks.
Finally, some biochemical aspects of replication can as of yet only be
investigated with DHBV (Section IV.B). Hence, the DHBV—-duck vi-
rus—host pair is at present the only practical system in which all facets
of hepadnaviral replication and infection, from molecular interactions
to virus fitness in vivo, can be addressed. Many fundamental discov-
eries have first been made with DHBYV, such as hepadnaviruses repli-
cation by reverse transcription (Summers and Mason, 1982), the
mechanisms of cccDNA formation (Tuttleman et al., 1986a), and initi-
ation of reverse transcription, including its cell-free reconstitution
(Wang and Seeger, 1992). Host-range determinants (Ishikawa and
Ganem, 1995) and putative receptors have also been defined (Breiner
et al., 1998; Ishikawa and Ganem, 1995; Kuroki et al., 1995; Urban
et al., 1998). In addition, the link between viral persistence and
cccDNA following antiviral treatment was detected, and the first dem-
onstration of the in vivo efficacy of antisense approaches against a
viral infection was made with DHBV (Offensperger et al., 1993), re-
cently shedding new light on the antisense mechanism as such (Thoma
et al., 2001). Finally, DHBV was crucial for the development of hepad-
navirus-based liver-specific gene delivery systems (Protzer et al.,
1999).

III. Tue HerapNAvIRAL INFECTIOUS CYCLE: AN OVERVIEW

All hepadnaviruses are DNA viruses (i.e., infectious virions contain
DNA). Summers and Mason were the first to demonstrate, using
DHBY, that this DNA is generated by reverse transcription (Summers
and Mason, 1982). Hence, hepadnaviruses are related to retroviruses
although the latter, based on the genome form present in infectious
virions, are RNA viruses. Retroviral RNA is reverse transcribed upon
infection of a new cell (i.e., as an early event of the cycle), whereas in
hepadnaviruses, reverse transcription occurs late in the originally
infected cell. In addition, integration of proviral DNA into the host
chromosome is an obligatory step in retroviral but not hepadnaviral
replication. To account for these fundamental differences, hepadna-
viruses, together with a few plant viruses that use a similar strategy
such as cauliflower mosaic virus, have been termed pararetroviruses.
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Foamy viruses may form an evolutionary link between the two groups
since their virions probably contain mostly DNA, as in hepadna-
viruses, but replication requires integration (Linial, 1999).

A schematic comparison of the DHBYV virion and the DHBV genome
with that of HBV is shown in Fig. 1; with small modifications, all avian
hepadnaviruses are similar to DHBV, and all mammalian hepadna-
viruses are similar to HBV. All hepadnavirions possess an outer enve-
lope, that is, a host-derived lipid bilayer into which the large (L)
proteins and a small (S) surface protein are embedded; the mammalian
viruses have an additional middle (M) surface protein (Section IV.C).
The envelope encloses the icosahedral nucleocapsid formed by the
capsid, or core, protein. The viral genome is a partially duplex and
circular (but not covalently closed) DNA (relaxed circular, or RC DNA)
of about 3.0 kb (avian) or 3.2 kb (mammalian HBVs) in length. The
(—)-strand DNA is at full length, and its 5'-terminal nucleotide is
covalently linked to the terminal protein (TP) domain of the reverse
transcriptase, called the P protein; the (+)-strand is incomplete to
various extents. A typical feature of all hepadnavirus genomes is their
compact organization. All nucleotides (nt) have coding capacity in one
open reading frames (ORFs); many nt have this capacity in two ORFs.
In addition, all regulatory elements such as promoters and enhancers,
as well as various other cis-elements, overlap with coding information.

The three major ORFs, C, P, and S, encode the core protein, the P
protein, and the small surface protein (S). C and S are preceded by the
preC and preS (preS1 and preS2 in orthohepadnaviruses) regions that
give rise to N-terminally extended proteins. The precore protein is a
secreted nonassembling core protein variant that, after N- and C-
terminal processing, is found in serum as HBeAg (or DHBeAg in
DHBYV). Its function might be to modulate the immune response to
the core protein, but this is poorly understood (Section IV.A.3). Simi-
larly, cotranslation of the preS region with S yields the L protein
(which in HBV is the product of the complete preSi1/jpreS2/S ORF;
preS2/S gives the M protein). Three major internal promoters drive
transcription of the C, S, and preS/S mRNAs, which all end after a
common polyadenylation signal; the C and, in mammalian hepadna-
viruses, the S transcripts have staggered 5'-ends bracketing the up-
stream preC and preS2 ATGs. The C mRNA encompasses the entire
genome plus a terminal redundancy. The P protein is also translated
from this transcript which, in addition, is packaged into nucleocapsids
for reverse transcription; the transcript is therefore also termed RNA
pregenome, or pregenomic RNA (pgRNA). One major difference be-
tween the avian and mammalian viruses is the presence, in the latter,
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A ENVELOPE
N
CORE
s Core protein
P protein

Lipid TP domain

Hsc70 DNA genome
B DHBV HBV

DHBV
3021 bp

Genomic RNA

Fic 1. Comparison between DHBV and HBV. (A) Virion structure. The surface pro-
teins (L and S in avihepadnaviruses; L, M, and S in orthohepadnaviruses) are embedded
into the lipid envelope that enwraps the nucleocapsid formed by the core protein. Virions
contain the cellular heat-shock protein Hsc70 and, possibly, other cellular factors. The
genome inside the capsid is shown in its DNA form with one complete strand, with the
covalently linked TP domain of P protein, and the incomplete second strand. (B) Genome
organization. The different circles represent, from the periphery to the center, (i) the
various transcripts with the arroweads indicating start sites; (ii) the partially double-
stranded DNA genome with the circles numbered 1 and 2 representing the direct repeat
(DR) and Enh as the enhancer elements; and (iii) the open reading frames C, P, S, and X.
The ¢ and De denote the RNA stem-loops that act as encapsidation signals and replica-
tion origins for reverse transcription. The De II is a second RNA element essential for
encapsidation in avihepadnaviruses that has no known counterpart in the mammalian
viruses. The SD and SA are the major splice donor and acceptor sites in DHBV. (See Color
Insert.)
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of an additional open reading frame called X. This frame encodes a
regulatory protein whose exact function is still incompletely under-
stood although a stimulatory effect on HBV replication has recently
been reconstituted in transfected hepatoma cell lines (Bouchard et al.,
2001). Stimulation correlates with the ability of HBx to release Ca®"
from internal stores, which then leads to activation of kinases
(Bouchard et al., 2001; Nassal, 2002) that possibly target the capsid
protein (Section IV.A). Avian hepadnaviruses apparently lack an X
ORF although a “hidden” X-like ORF in DHBV has recently been
shown to be present and expressed in cultured cells (Chang et al.,
2001). It is unclear, however, from what RNA the X-like product would
be translated, and recent in vivo experiments in ducks did not provide
evidence for a functional importance of the gene product in DHBV
infection (Meier et al., 2003). A second obvious difference is the size
of the core protein, which consists of only about 180 amino acids (aa)
in the mammalian hepadnaviruses but about 260 aa in the avian
hepadnaviruses (Section IV.A).

A simplified view of the hepadnaviral infectious cycle is shown in
Fig. 2. The individual steps are briefly outlined in the figure legend.
Only those steps whose understanding has been greatly enhanced by
using the DHBYV system and those that are addressed in the following
sections are listed. Enveloped virions bind, via exposed preS domains,
to specific receptor(s) on the hepatocyte surface and are internalized
(Section V.A.3). The nucleocapsid is released into the cytoplasm and
transported to the nucleus by way of nuclear localization signals
(NLSs) in the core protein (Section IV.A.1). The intact nucleocapsid
can apparently traverse the nuclear pore whose functional diameter,
with about 39 nm, appears to be significantly larger (Pante and Kann,
2002) than previously estimated (Dworetzky et al., 1988). The disas-
sembly of the capsid shell and release of the genomic RC DNA into the
nucleoplasm are not well understood but, eventually, the RC DNA is
converted into episomal cccDNA, which then acts as a transcriptional
template for cellular RNA polymerase II. Nuclear export of the ortho-
hepadnaviral transcripts is mediated by a posttranscriptional regu-
latory element (PRE) (Zang and Yen, 1999) whose counterpart, if any,
in avihepadnaviruses has not been defined; notably, a major spliced
transcript is produced from the pgRNA of avihepadnaviruses but not
orthohepadnaviruses (Obert et al., 1996).

Once in the cytoplasm, all viral RNAs are translated. The pgRNA
packaging relies on a specific chaperone-mediated interaction between
the P protein and an RNA stem-loop structure on the pgRNA called ¢,
which also acts as replication origin for RT (Section IV.B.2.1). The
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Fic 2. Simplified scheme of the hepadnaviral infectious cycle. Infectious enveloped
virions containing the partially double-stranded circular DNA genome with the covalent-
ly linked P protein bind to cell surface receptor(s) (1), are internalized, and released the
nucleocapsid into the cytoplasm (2). The nucleocapsid transports the genome to the
nucleus (3) where it is converted into cccDNA (4). Transcription (5) yields subgenomic
RNAs (sgRNAs) and pregenomic RNA (pgRNA) that are exported (6) and translated in
the cytoplasm (7); sgRNAs give rise to the surface proteins L and S and, for orthohepad-
naviruses only, the M and X proteins. The pgRNA is a bicistronic mRNA for core and P
proteins. P protein binds to the ¢ RNA stem-loop, mediating pgRNA encapsidation (8).
The precore precursor of HBeAg originates from a 5'-terminally extended pgRNA species
(not shown) that is not encapsidated. Reverse transcription inside the immature RNA
nucleocapsid leads to the mature DNA-containing nucleocapsid (9), which is either
redirected to the nucleus for cccDNA amplification (3) or is exported via interaction with
the surface proteins at the endoplasmic reticulum (ER) or a post-ER compartment (10).
Some hepatoma cell lines support virion formation upon transfection or transduction of
cloned hepadnaviral genomes but, with one recent exception (Gripon et al., 2002), cannot
be infected. (See Color Insert.)

complex of the P protein with pgRNA is then believed to act as a
nucleation center for nucleocapsid assembly although the mechanism
is poorly understood. The P protein binds predominantly but not ex-
clusively to the pgRNA from which it has been translated, that is in cis
(Bartenschlager et al., 1990); however, there is also some evidence for a
cis-preferential recruitment of the core protein, at least under certain
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conditions (von Weizsécker et al., 2002). Whether initiation of reverse
transcription precedes assembly of the capsid shell is not finally set-
tled; however, the bulk of DNA synthesis occurs inside the specialized
environment of the assembled nucleocapsid (Section IV.B.2.b). DNA
synthesis seems to induce structural changes in the nucleocapsid
(a “maturation signal”), enabling it to leave the cell via interaction
with the preS domains of the L protein at the ER or a later pre-Golgi
compartment. Notably, this requires preS to be on the opposite side of
the membrane than is required for interaction with cellular receptors
(Section IV.C.2.). Alternatively, the progeny nucleocapsids may be re-
directed to the nucleus, giving rise to some 10 to 100 copies of cccDNA
(Tuttleman et al., 1986a). For DHBYV, there is strong evidence that
secretion versus nuclear transport is regulated by the availability of
the L protein (Summers et al., 1990).

IV. DHBYV ProteINs AND THEIR Basic FuNcTIONS IN REPLICATION AND
MORPHOGENESIS

All hepadnaviruses produce three types of particles (reviewed
in Nassal, 1996): complete enveloped virions (diameter about 42 nm);
nucleocapsids which, in vivo, are found only intracellularly (core par-
ticles; diameter about 30 to 34 nm in cryo-electron micrographs
but only about 27 nm upon negative staining); and empty envelopes
(S particles, or subviral particles, SVPs) that are secreted in vast ex-
cess over virions. Orthohepadnaviruses produce two morphologically
distinct forms: 22-nm diameter (negative staining) spheres and fila-
ments with the same diameter but variable lengths. Avihepadnaviral
S particles are pleiomorphic but, in general, are less distinct from
complete virions.

A. The Core Protein
1. Functions of the Core Protein

All hepadnaviruses encode only a single core protein (Section IV.A.3
covers the secretory, nonassembling HBeAg). Its most obvious function
is to form the viral nucleocapsid which, as with all viruses, serves as a
protective container for the genome. The assembly capability resides in
the larger N-terminal domain, and nucleic acid binding is provided by
a C-terminal Arg-rich region. This two-domain structure is conserved
between mammalian and avian hepadnavirus core proteins, but their
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primary sequences differ substantially. The DHBV core protein con-
sists of 262 aa, and its HBV counterpart has only 183 aa (185 aa in
some subtypes); a comparison between parts of the two sequences is
shown in Fig. 3. It should be noted that the similarity in the N-
terminal part is rather low and that different algorithms yield differ-
ent alignments; a BLASTP search of the SwissProt database using
only the first 145 aa of the DHBYV core protein (or DHBc) as a query
does not detect the HBV core protein (or HBc). Apart from the basic C-
terminal domain there is, however, one region of rather high similari-
ty; it starts around aa 144 of DHBc (corresponding to aa 98 of HBc) and
extends through what in the known HBc structure (Section IV.A.2) is
the last central and the C-terminal helix as well as through a bent Pro-
rich region involved in contacts between dimers (i.e., the multimeriza-
tion sites required for assembly). Why the avian viruses with their
even smaller genomes have a much larger core protein is enigmatic;
evidently, the smaller mammalian virus protein is fully functional. The
basic C terminus plays an important role in both proteins, not only in
pgRNA packaging but also in facilitating reverse transcription.

A further core protein function is the transport of the genome to the
nucleus where the RC DNA is converted into cccDNA. For the human
virus, this is likely to occur by an importin o/3-dependent pro-
cess mediated by one or more NLSs in the Arg-rich C-terminal region
(Kann et al., 1999). Intact capsids seem to traverse the nuclear pore
into the nuclear basket; the pore itself is substantially larger
than previously assumed (Pante and Kann, 2002). Under various cir-
cumstances, mammalian core protein and sometimes core particles
have been found in the nucleoplasm, but their physiologic relevance
is yet not clear. Nonassembled subunits are possibly imported and,
after reaching a critical concentration, spontaneusly assemble inside
the nucleus. For the DHBYV core protein, by contrast, no intranuclear
accumulation has been reported. However, the basic motif PRRRRK
(aa 214-218) is not only predicted but, using fusions of C-terminal
DHBc segments with GFP, was also experimentally shown to act as
an NLS (Mabit et al., 2001); how exposure of this NLS is achieved
on intact nucleocapsids is not clear. The simultaneous presence of a
nuclear export signal (NES)-like activity might explain why there is
no bulk accumulation of nucleocapsids in the nucleoplasm. Small
amounts of nuclear core protein, however, have been detected
(Summers, unpublished data, Mabit et al., 2003) in distinct subnuclear
bodies early in infection, a fraction of which colocalized with pgRNA;
this raises the possibility that the core protein might somehow be
involved in the synthesis and/or maturation of the RNA. Indeed, the
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Fic 3. DHBc versus HBc. (A) The core proteins of DHBV and HBV. The proteins differ
substantially in length (262 aa versus 183 aa) and sequence. The two regions with
significant homology are shown in detail (| and +, identical and similar amino acids
respectively). In the upper sequence, the homologous region is highlighted by shading.
The lower alignment shows the C-terminal Arg-rich domains. NLS refers to the nuclear
localization signal in DHBc; the encircled P indicates major phosphorylation sites. (B)
The region that corresponds to the C-terminal end of the assembly domain (see also Fig.
4). This region’s structure is shown in HBc and comprises about half of the penultimate
helix plus the C-terminal helix as well as Pro-rich turn mediating interdimer contacts in
the capsid. The positions of the HBc amino acids are indicated, and the corresponding
DHBc amino acids are given in parentheses. The basic C-terminal domain (dotted line),
whose structure is not known, is drawn pointing toward the capsid interior.
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IFN-« resistance of a capsid protein deficient-mutant DHBV suggested
that the core protein has a role in the establishment of viral transcript
pools (Schultz et al., 1999).

A hallmark of many functions involving viral capsid proteins is that
they must be reversible to allow completion of the infectious cycle.
Capsids must assemble and disintegrate; genomic nucleic acids must
be bound and released; and nuclear import of the genome, if required
for replication, must be followed by export to allow for release of
progeny viruses. Apart from localization to different cellular compart-
ments, two potential levels of regulation are the quaternary structure
(assembled versus nonassembled) and chemical modification; obvious-
ly, each of them can influence the other. This discussion’s understand-
ing of these processes is limited for both mammalian and avian
hepadnaviruses; however, phosphorylation seems to be an important
regulatory mechanism. The major phosphorylation sites in DHBc¢ and
HBc are located in the Arg-rich C terminus; they involve Ser- and Thr-
residues that are in a basic local environment and are followed by a
Pro-residue (HBc: S155, S162, S170; DHBc: T139, S245, S257, S259)
(Fig. 3). These motifs conform to consensus sites for different protein
kinases, and various kinases including PKC (Kann et al., 1993) and,
recently, Ser-Arg-rich protein kinases (SRPK1 and 2) have been pro-
posed to be responsible for HBc phosphorylation (Daub et al., 2002);
SRPK1 can also phosphorylate DHBc in vitro (Vogel and Nassal, un-
published data). In addition, a cdc2-kinase phosphorylation site may
be present at Thr174 within the region that is most highly conserved
between avi- and orthohepadnaviral core proteins (Barrasa et al.,
2001). Mutations supposed to affect phosphorylation can indeed pro-
foundly influence particle assembly and function; however, direct
structural consequences by the altered amino acid side chains are
difficult to exclude. Intracellular DHBc is more highly phosphorylated
than DHBc isolated from secreted virions (Mabit and Schaller, 2000;
Pugh et al., 1989), suggesting that phosphorylation and dephosphory-
lation are important during nucleocapsid assembly and maturation.
For HBc, there is evidence that phosphorylation precedes, and is
important for, pgRNA encapsidation (Gazina et al., 2000), but for
DHBgc, the situation is less clear. Individual or combined, substitution
of the four major phosphorylation sites by either Ala or Asp (supposed
to mimic unphosphorylated and phosphorylated Ser and Thr, respec-
tively) had no major effect on pgRNA encapsidation (Yu and Summers,
1994). The most prominent phenotype was an apparent defect of
the S245A mutant in genome maturation. According to a recent re-
analysis, however, the mutation may instead selectively decrease the
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stability of nucleocapsids containing mature, complete RC DNA. Un-
expectedly, introducing the likewise uncharged Asn instead of Ala led
to stable capsids and enveloped virions, which were, however, nonin-
fectious. This suggests that phosphorylation of Ser245 is not essential
during RNA packaging and reverse transcription but that it may play
a role after infection of a new cell, such as in destabilizing the capsid
for genome uncoating (Kock et al., 2003). At present, a coherent inter-
pretation of these mutational data is difficult: it is not clear how well
the substitutions mimic phosphorylated and nonphosphorylated serine
or threonine because the structural details of charge distribution and
hydrogen bonding patterns are not identical, the authentic phosphor-
ylation reactions may proceed sequentially, and RNA/DNA binding
as well as the overlapping NLS function of the Arg-rich region are
certainly all influenced by the mutations.

Mutational analyses of the envelope proteins strongly suggest that
nucleocapsid envelopment is due to specific interactions between the
core particle and cytoplasmically exposed preS domains of the L pro-
tein (Section IV.C.3) (Bruss and Vieluf, 1995; Summers et al., 1991). In
an extensive mutational screen of the HBV core protein, most muta-
tions affecting envelopment mapped to the canyons surrounding
the tips of the capsid rather than the tip structures themselves (Ponsel
and Bruss, 2003). Unfortunately, no similar high-resolution structural
data are yet available for DHBc. However, also in the absence of the
L protein, a fraction of DHBV nucleocapsids become membrane asso-
ciated, and such capsids resemble those present in virions in that
they are hypophosphorylated and contain mainly mature DNA gen-
omes (Mabit and Schaller, 2000). This suggests that phosphorylation/
dephosphorylation accompanies genome maturation, either as a cause,
or as a consequence, and that these events could profoundly affect the
capsid structure.

2. Capsid Structure and Assembly

Recombinantly expressed HBV core protein spontaneously assem-
bles into capsid-like particles (CLPs). The isolated assembly domain
(aa 1-149), lacking the Arg-rich C terminus, is particularly well ex-
pressed in bacteria (Birnbaum and Nassal, 1990). By cryo-electron
microscopy and image processing (Baker et al., 1999), electron density
maps of such CLPs were determined at about 7.5 A resolution. Inte-
gration of these and numerous biochemical data (reviewed in Nassal,
1996, 2000) allowed, for the first time ever, to directly predict the
three-dimensional (3-D) fold of a protein from electron microscopy, as
shown in Fig. 4 (Béttcher et al., 1997; Conway et al., 1997), and this
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structural model was fully confirmed by X-ray crystallography (Wynne
et al., 1999). The capsid itself has icosahedral symmetry. There are two
classes of capsids: a minor one consisting of 180 core protein subunits
(triangulation number T = 3) and a major one consisting of 240 sub-
units (T = 4), which is probably the biologically relevant structure
(Kenney et al., 1995). Definitely solving this issue will require high-
resolution analyses of authentic, genome-containing nucleocapsids.
A characteristic feature, predicted by biochemical data (Nassal et al.,
1992; Zhou and Standring, 1992), is that two monomeric subunits form
a very stable, symmetrical dimer; the overall dimer shape resembles
the letter T, turned upside down, in which the dimer interface forms

rHBc rDHBc

Fic 4. Structure of HBV and DHBYV capsids. (Top left) The HBV core protein fold in
one subunit. The shaded part corresponds to that shown in Fig. 3. (Top right) Interac-
tions between the central two helices, two subunits that form a stable, four-helix-bundle
dimer resembling an upside-down letter T. (Bottom left and right) The 3-D reconstruc-
tions, derived by cryo-electron microscopy of recombinant HBc and DHBc particles
(Bottcher and Nassal, unpublished data). These images reveal a similar overall architec-
ture but a much more elaborate structure in the DHBc spikes, indicating the presence of
six helices per spike rather than the four in HBc.
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the central stem, and each subunit contributes one half of the crossbar
(Fig. 4). The crossbars, corresponding to the C-terminal part of the
assembly domain’s primary sequence, contain the interaction sites
between individual dimers and are thus responsible for capsid assem-
bly; the stems protrude from the capsid surface as prominent spikes
that are readily visible by conventional negative staining electron
microscopy.

Much fewer data are currently available for the DHBYV core protein.
One reason is that most investigators concentrated on the medically
important human virus and, indeed, a new class of drugs targeting the
capsid has very recently been described (Deres et al., 2003). Another
reason is that recombinant expression of DHBc was much less effi-
cient. Transfection studies revealed that particles from a variant
truncated after aa 226 were devoid of DNA (Schlicht et al., 1989), while
deleting fewer amino acids from the C terminus gradually affected (+)-
strand DNA synthesis and RC DNA formation (Yu and Summers,
1991); alternatively, the lack of detectable RC DNA in variants lacking
16 or more amino acids might be explained by the selective destabili-
zation of capsids containing full-length RC DNA (Kock et al., 2003).
Variants lacking just the last 12 aa appeared normal in RC DNA
formation but were noninfectious (Schlicht et al., 1989). Another study
showed, by negative staining, that a recombinant derivative truncated
at aa 229 still formed particles (Yang et al., 1994). Earlier cryo-electron
microscopy revealed that recombinant DHBV and HBV capsids have a
similar architecture but that the spikes are much larger, consistent
with the larger size of the DHBV core protein (Kenney et al., 1995).
Using a newly established and highly efficient bacterial expression
system for DHBc, researchers are currently readdressing some of its
fundamental biochemical properties. Various C-terminal deletions
showed that the first 195 aa are still competent for particle formation;
this corroborates the alignment shown in Fig. 3, according to which
DHBc V195 is homologous to V149 in HBc. Different from HBc, such
truncated DHBc molecules form increasingly polymorphic particles
that are not suited for high-resolution structural studies. New data
indicate that the region between aa 100 and 125 can be replaced by
small foreign peptides sequences without abolishing particle forma-
tion. This segment is therefore probably part of the exposed surface
spikes. Preliminary intermediate resolution 3-D reconstructions of
DHBYV capsids (Fig. 4) derived from the full-length protein strongly
suggest that the protein forms similar T-shaped dimers as the human
virus protein and that the interdimer contacts also rely on extensions
protruding in opposite directions from the dimers; in addition, the
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spikes appear to be formed by six rather than four helices (Bottcher
and Nassal, unpublished data). The extra helices might be contributed
by central regions, but the primary sequences of HBc and DHBc are
too divergent for meaningful inferences, except that the high homology
region following aa 145 (see Fig. 3) can be modeled into a similar struc-
ture as the corresponding sequence following aa 98 in HBc; this sug-
gests that, in this region, DHBc has a similar structure and uses
similar contacts for multimerization. An alternative, and intriguing,
possibility is that the extra density at the spikes is caused by the
C-terminal basic regions protruding out from the particles (see
subsequent paragraphs). Additional data, however, such as structural
analysis of internal deletion and insertion variants, are needed to
directly trace the peptide chain.

As emphasized before, the nucleocapsid is not a static structure but
rather a dynamic assembly that undergoes regulated structural tran-
sitions. Generation of progeny virions requires formation of stable
nucleocapsids in the producer cell, whereas infection of a new cell
requires disassembly, or at least opening, of this stable structure to
allow release of the viral genome. In hepadnaviruses, yet another
dimension is added by the fact that reverse transcription of the pgRNA
takes place almost entirely inside the capsid. Hence, there are RNA-
containing as well as DNA-containing nucleocapsids at various stages
of maturation. At present, it is unclear, even with the high-resolution
HBV capsid structures at hand, to which of those various forms of
natural nucleocapsids they correspond. Given the experimental limita-
tions with HBV, DHBV should offer a chance to obtain sufficient
quantities of nucleocapsids halted at various maturation stages for
high-resolution electron microscopy studies. There is little doubt, how-
ever, that the biochemical properties and, consequently, the structures
of the nucleocapsid are indeed altered upon reverse transcription of
the pgRNA. As was noted early on, enveloped virions contain almost
exclusively mature RC DNA (Summers and Mason, 1982), suggesting
that only nucleocapsids containing a replication-competent genome
and a functional P protein gain the ability to be enveloped and be
secreted; conceivably, formation of double-stranded DNA (dsDNA) in-
side the capsid lumen transmits a “maturation signal” (i.e., a structur-
al change) to the capsid surface. Evidence supporting this model has
been obtained for both HBV and DHBYV (Gerelsaikhan et al., 1996; Wei
et al., 1996); a possible experimental restriction is the release, by an
unknown mechanism, of nonenveloped nucleocapsids from transfected
cells that can obscure the analysis of the genome form present
in secreted virions. However, it appears that even these released
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nucleocapsids contain mainly mature RC DNA (Mabit and Schaller,
2000), and the selective envelopment of mature dsDNA-containing
nucleocapsids has been corroborated after thorough separation of en-
veloped from nonenveloped DHBYV particles (Perlman and Hu, 2003).
Because phosphorylation patterns also change with maturation, and
because the mapped phosphorylation sites reside in the Arg-rich
C terminus (which, according to the EM data, is mostly if not entirely
located inside the capsid lumen), it is tempting to speculate that the
maturation signal consists of a rearrangement that leads to the expo-
sure of this region on the capsid surface; such a mechanism could also
make the NLSs accessible to the nuclear transport machinery. As of
yet, however, there is no direct evidence to support this mechanism,
and, as for phosphorylation per se, it is not clear how many of the 240
core protein subunits would have to undergo this switch to change the
overall properties of the nucleocapsid.

3. DHBeAg

Translation of the joint preC/C ORF yields the precore protein, an
N-terminally extended form of the core protein that, through the
signal peptide function of the preC encoded amino acid, is directed
into the cell’s secretory pathway. During this passage, the HBV precore
protein is processed such that the first 19 of the 29 additional
N-terminal amino acids and the entire Arg-rich region are removed;
the final product found in the serum of infected individuals is known as
HBeAg. Likewise, all avihepadnaviruses contain an in-frame preC
region that for DHBV comprises 43 aa, including four cysteines as in
the mammalian viruses. In HBV, the one Cysresidue remaining in
mature HBeAg (at position —7 relative to the start of the core protein)
is essential for the distinct structure and antigenicity of HBeAg: it
forms an intramolecular disulfide bond with Cys61, which in HBcAg
is located in the capsid spike, and an intermolecular disulfide bond to
Cys61 in the second dimer subunit can form. Hence, the precore-
specific intramolecular disulfide bond massively influences the pro-
tein’s structure (Nassal and Rieger, 1993). The only cysteine in
DHBcAg (position 153) clearly corresponds to Cys107 in HBcAg (see
Fig. 3) and is highly unlikely to be available for disulfide bonding with
any of the DHBV preC-encoded cysteines (Schlicht, 1991). Hence, the
structural basis for DHBeAg as a distinct antigen from DHBcAg is
unknown and so are the exact processing sites of the precore protein.
The function of both the mammalian and the avian HBeAg and/or their
precore precursors is still obscure; precore-deficient HBVs have fre-
quently been found in patients (Carman et al., 1989; Thomas, 1995).
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Taking advantage of the DHBV system, Summers et al., have begun
to address this question by infecting ducks with mixtures of wild-type
and precore-deficient DHBV variants (Zhang and Summers, 1999).
Their data suggest that DHBeAg, and by inference HBeAg, may pro-
vide a selective advantage during some stages or conditions of infection
but not others. DHBV provides a unique opportunity to follow up these
promising results by quantitative analyses that are not possible with
the human virus.

B. The Reverse Transcriptase (P Protein)
1. Structure of the P Protein

All hepadnaviral P proteins share a common principal structure
(Fig. 5). With about 90 kDa, these proteins are substantially lar-
ger than retroviral RTs, mainly due to the presence of the additional
N-terminal TP domain and a spacer region that connects TP to the
polymerase and RNaseH domains typical of all RTs (Xiong and
Eickbush, 1990). Although the P protein sequences are quite divergent
even in these common domains, they contain several short signature
boxes (Eickbush, 1994; Sousa, 1996) that occur in the corresponding
domains of other polymerases. A recent molecular modeling study of
the polymerase domain of the HBV P protein, using HIV pol as a
template, predicts a high structural similarity to the corresponding
domain of HIV-1 RT (Das et al., 2001). Mutational studies on the box C
motif containing the sequence Tyr-Met-Asp-Asp (YMDD) confirmed
the importance of the two Asp residues (Chang et al., 1990; Radziwill
et al., 1990), which in other RTs coordinate, together with a third acidic
residue in box A, two essential metal ions (Steitz, 1999). The participa-
tion of box C residues in active site formation is further underlined by
the natural occurrence of mutations during chemotherapy of chronic
hepatitis B in humans with nucleoside analogues (Mutimer, 2001).
These studies have been extended to phenylalanine 451 (F451) of
the DHBV P protein because, based on alignments, this aromatic
residue in the A-box could be equivalent to Y115 in the HIV-1 and
F155 in the MoMLV RT; which are important parts of the dNTP
binding pockets. Replacement of F451 by amino acids with smaller
side chains, in particular Ala and Gly, enabled the protein to use
rNTPs instead of dNTPs to initiate reverse transcription in vitro (see
subsequent paragraphs). Hence, F451 is important for dNTP versus
rNTP discrimination, indicating a similar architecture of the active
site and the dNTP binding pocket in hepadnaviral and retroviral
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Fic 5. Structure and activation of DHBV reverse transcriptase. (A) Domain organiza-
tion. The unique terminal protein (TP) at the N terminus is connected through a
dispensable spacer to the reverse transcriptase (RT) and RNaseH (RH) domains found
in all reverse transcriptases (B) Chaperone-mediated activation of DHBV P protein. The
scheme is derived from a recently developed in vitro reconstitution system (Beck and
Nassal, 2003). The P protein is in a closed conformation unable to bind ¢ RNA unless
assisted by Hsc70 and Hsp40; in intact cells, additional factors might contribute to P
activation. The weak initial interaction of Hsc70-ATP with P is stabilized through
Hsp40, which stimulates the Hsc70 ATPase activity to form an activated P* complexed
with probably two molecules of Hsc70—ADP. In the absence of De, an equilibrium concen-
tration of P* is formed due to continuous decay and reformation; in its presence, a more
stable P*-De complex is formed. Through induced-fit structural alterations in the RNA
and the protein, the complex becomes competent for initiating DNA synthesis of a short,
De-templated DNA primer whose 5'-end is covalently linked to a Tyr-residue in the TP
domain. Whether the chaperones are still bound at this stage is not known. The DNA
oligonucleotide is subsequently translocated to a direct repeat element close to the 3'-end
of pgRNA to prime synthesis of a complete first-strand DNA molecule (not shown). (See
Color Insert.)

reverse transcriptases. Further molecular modeling studies, including
data already generated for the RNase domain (Chen et al., 1994),
may soon reveal a more detailed picture of the structure of P protein
However, the unique features of hepadnaviral replication including
the priming role of TP, the template specificity for ¢, and the strict
dependence on cellular factors will not yield to this approach
but rather require experiments directly addressing the underlying
interactions.
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2. Enzymatic Activities of the P Protein

a. Replication Initiation Many retroviral reverse transcriptases,
even if recombinantly expressed in bacteria, can use any given RNA
template when provided with a suitable primer and dNTPs (as
is evident from their application to cDNA synthesis). For years, he-
padnaviral P protein activity could be studied only by transfection, and
most attempts to produce a recombinant P protein in a simple heterol-
ogous system, such as Escherichia coli had failed. A major advance
was the demonstration, by Seeger and colleagues, that DHBV P pro-
tein (in vitro-translated in rabbit reticulocyte lysate (RL) and therefore
under cell-free conditions) was able to perform the authentic template-
specific initiation reaction (Wang and Seeger, 1992). The P mRNA used
for in vitro translation contained, at its 3’-end, a copy of the RNA
encapsidation signal (¢, or De for DHBV). This RNA stem-loop struc-
ture, present twice on the terminally redundant pgRNA, had been
recognized as an essential cis-element for specific pgRNA packaging
into nucleocapsids, mediated by P protein binding. Further experi-
ments in the RL system soon suggested that the P-De interaction is
also indispensable for initiation of DNA synthesis. This was confirmed
genetically for both DHBV (Pollack and Ganem, 1994; Wang and
Seeger, 1993) and HBV (Nassal and Rieger, 1996) although, in trans-
fected cells and in the context of a complete virus genome, only the
5-proximal ¢ copy is active (Rieger and Nassal, 1996). Hence, ¢ also
acts as replication origin for first-strand DNA synthesis. A further
useful feature of the RL system is that De provided as a separate,
small RNA also fulfills this function.

Therefore, it became possible to investigate the influence of muta-
tions in DHBV P protein (i.e., by using correspondingly altered in vitro
transcripts as mRNAs) as well as in De RNA on the initiation reaction.
Because of a limited size of about 60 nt, even completely synthetic De
RNA variants could now be studied. Using chimeric RNA-DNA mole-
cules, for instance, it was shown that five ribonucleotides in the De
bulge region are necessary and sufficient to make a suitable template
for the P protein; all other positions can also be occupied by deoxyr-
ibonucleotides (Schaafet al., 1999). Obviously, there are no restrictions
concerning the exact composition of the bases and the sugar moieties
that can be used for such studies. Once the secondary structures
of wild-type De (wtDe) and various mutants had been established
(Beck et al., 1997), structural features could be correlated with the
ability of a given RNA to bind to P protein and its suitability as a
template for initiation of DNA synthesis (Beck and Nassal, 1997).
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These two properties are not entirely equivalent: P protein binding is
necessary but not sufficient for initiation. P binding usually requires
that an RNA can adopt a wt-like secondary structure containing a few
specific bases at defined positions; mutations causing formation of a
stable non-wt-like structure prevent binding. Surprisingly, at first
sight, some RNA mutants meeting the first criterion and binding to
P failed to act as replication origin; another mutant bound despite a
clearly different structure and supported DNA initation just as did the
wtRNA. This apparent paradox was explained by the finding that
P protein binding is accompanied by a major structural change in the
De RNA, in particular a loss of base pairing in the upper stem (Beck
and Nassal, 1998). The mutant RNA that was inactive as a template
could not undergo this structural alteration, whereas the mutant with
a free-state structure different from wt adopted a wt-like structure
when complexed with the P protein. This strongly suggests that the
structural rearrangement is functionally important to properly juxta-
pose the priming Tyr-residue in the TP domain and the polymerase
active site on the template region within De. This induced-fit mecha-
nism also appears to affect the protein’s structure because free
P protein and P protein with bound De RNA differ in their susceptibil-
ity toward proteases (Tavis et al., 1998). A thorough mechanistic un-
derstanding will, however, eventually require direct 3-D structural
data.

This goal, until recently, seemed to be far out of reach, not only because
of the difficulties in generating appreciable amounts of full-length
recombinant P protein but also because the replication-competent
P complexes generated in RL contained additional, functionally essen-
tial cellular components. RL contains abundant amounts of chaper-
ones, many of which were originally identified as heat shock proteins
(Hsps) because their expression is strongly induced by increased tem-
perature or other stress conditions; however, most Hsps are also highly
expressed under normal conditions because of their essential role in
general protein folding (reviewed in Hartl and Hayer-Hartl, 2002). The
most basic are Hsp70 (or Hsc70 when referring to the constitutively
expressed form) and Hsp40; their bacterial homologues are DnaK and
Dnad. It is estimated that about 20% of all newly synthesized proteins
in the eukaryotic cytosol are folded by the Hsp70/Hsp40 system.
Another abundant eukaryotic chaperone is Hsp90. Besides Hsp90’s
general role in buffering the phenotypic consequences of mutations
(Queitsch et al., 2002), it is mostly recognized for its more specialized
function in activating many key regulator proteins, such as nuclear
hormone receptors and protein kinases. The best studied examples are
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the steroid hormone receptors (Pratt and Toft, 2003). Upon binding of
their cognate hormones, these receptors translocate into the nucleus to
function as transcriptional transactivators. Free receptors are unable
to bind hormone, probably because the hydrophobic steroid binding
pocket is inaccessible. Opening of this pocket is only achieved when the
receptors are complexed with Hsp90 and additional cofactors. Early
immunoprecipitation studies suggested that, through sequential inter-
actions with Hsp70, Hsp40, and the Hsp-organizing protein Hop, ma-
ture hormone binding competent complexes are assembled that
contain Hsp90, a small acidic protein called p23, and a tetratricopep-
tide repeat (TPR) containing immunophilin such as cyclophilin 40
(protein kinase complexes appear to contain, instead, p50 whose yeast
homologue is known as CDC37). Similar complexes were then recon-
stituted from the isolated receptors, stripped of their associated fac-
tors, by incubation in RL. Finally, hormone binding activity was
reconstituted entirely from purified components. According to the cur-
rent model, Hsp70 and Hsp90 are absolutely essential, while Hsp40,
Hop, and p23 are not essential but increase the rate, or extent, of
receptor complex formation.

Several lines of evidence suggested that the DHBV P protein is
activated for De binding in an analogous manner. Depletion of RL from
Hsp70 or Hsp90 by antibodies, or addition of geldanamycin, an antibi-
otic that inhibits the interaction of Hsp90 with p23, strongly reduced P
protein activity (Hu and Seeger, 1996); p23 could be detected in DHBV
nucleocapsids and, as inferred from its frequent association with
Hsp90, it was proposed that the entire P protein chaperone complex
is encapsidated (Hu et al., 1997). A potential difficulty with these
experiments is the tiny amount of P protein obtainable by in vitro
translation and the very high abundance plus pleiotropic activity of
most of the chaperones, both in intact cells and in RL. This warranted
new efforts toward recombinant expression of P protein. Truncated
versions of P protein fused to GST could indeed be generated in E. coli,
though with limited yield (Hu and Anselmo, 2000); in a different
approach, the TP and the reverse transcriptase/RNase H (RT/RH)
domains of P protein were genetically separated and expressed as
individual polypeptides (Beck and Nassal, 2001). Both preparations
could be reconstituted into initiation-competent complexes in RL that
retained the dependence on the authentic De template. Hu et al. (2002)
reported the successful in vitro reconstitution of the GST fusion pro-
teins with purified chaperones; reconstitution required Hsp70, Hsp40,
Hsp90, and Hop; p23 accelerated activation but was not essential. This
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is essentially the same set of factors that is also required for steroid
hormone receptor activation.

In the meantime, improved bacterial expression constructs have
been generated that allow for the efficient generation of soluble
DHBYV P protein derivatives in much larger quantities. An important
feature is the fusion to a solubility-enhancing protein domain such
as the bacterial NusA, or GrpE protein. Both fusion proteins could
be reconstituted into priming-active complexes with purified chaper-
ones; unexpectedly, however, Hsc70 and Hsp40 plus ATP were not
only necessary but sufficient for activation (Beck and Nassal, 2003).
Trivial explanations for this apparent contradiction, such as contami-
nation with Hsp90, could be excluded; by improving the reaction
conditions, the initially modest activation levels could be greatly
increased such that they even exceeded those obtainable in RL. Kinetic
analyses suggest that two molecules of Hsc70, mediated by stimula-
tion of their ATPase activity by Hsp40, interact with P protein and
generate a metastable activated state P* that is able to bind De
RNA. In the absence of De, P* decays with a half-life of several minutes
while, in its presence, DNA synthesis-competent complexes accumu-
late with a constant rate over several hours (see Fig. 5B). The mecha-
nism underlying P* formation remains to be established. One option
is that the C-terminal RNase H domain occludes the De RNA binding
site, which must reside between the TP and RT domains to allow
simultaneous access to the template region of the priming Tyr-residue
in TP and the polymerase active site in RT; Hsc70 may prevent this
occlusion by altering the relative juxtapositions of the individual
domains. Whether Hsc70 remains bound to the P protein during
De RNA binding and/or the subsequent initiation of DNA synthesis
is not clear. However, such questions should now be experimentally
addressable. With some optimism, the relatively simple composi-
tion of this two-chaperone reconstitution system may even provide a
starting point for structural analyses of the hepadnaviral initiation
complex.

These data indicate that, in contrast to steroid hormone receptors,
there is no fundamental requirement for Hsp90 in in vitro P protein
activation. Nonetheless, additional factors, including but not restricted
to Hsp90, could be involved in more complex environments such
as RL and particularly in intact cells. A growing number of factors
modulating the chaperone activity of Hsc70 are known, such as Bag,
Hip, and CHIP. The basic Hsc70 cochaperone Hsp40 comes, itself, in
different forms. In addition, the Hsc70 interaction domain of Hsp40,
called J-domain after the prototypic prokaryotic Hsp40 Dnad, is present
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in a large family of otherwise diverse proteins (Kelley, 1998). Several of
them can recruit Hsc70 to specific targets; an example is hTid-1, a
J-domain protein recently found associated with the HTLV-1 Tax pro-
tein (Cheng et al., 2001) and the herpes simplex virus origin binding
protein UL9 (Eom and Lehman, 2002). It would therefore not be too
surprising if, in vivo, a specialized J-domain protein rather than nor-
mal Hsp40 were involved in P protein activation. Notably, apart from
the chaperone dependence of telomerase (Forsythe et al., 2001), Hsp40
has very recently also been implicated in Brome mosaic virus replica-
tion (Tomita et al., 2003). Eventually, chaperone dependence may turn
out be an important aspect of viral replication in general.

As noted earlier, the HBV P protein as well as the DHBV protein
can be in vitro translated, but the HBV P protein does not show
any activity. The reasons are obscure. One speculation is that the
rabbit chaperones in RL are not compatible with the human virus
protein; this inactivity should now be addressable using the simple
two-chaperone reconstitution system that would also allow the use
of combinations of Hsc70 with different Hsp40s and possibly other
J-domain proteins.

b. Genome Maturation While hepadnaviral replication initiation
has now become amenable to biochemical studies, this has not yet
been achieved for the subsequent steps of genome maturation because
the various template switches proceed properly only within the
specialized environment of the nucleocapsid. Core protein in vitro
translated in RL can assemble into capsids; however, there is no
clear evidence that, in the presence of cotranslated P protein and an
e-containing RNA, replication-competent nucleocapsids are formed,;
this may relate to the absence of the cap and polyA structures on the
commonly used RNAs, but other explanations may be invoked as well.
At any rate, analyses of genome maturation are currently restricted to
genetic methods. Most of the new findings discussed next relate to the
nucleic acid templates rather than P protein. In brief, the steps are as
follows:

1. The short DNA oligonucleotide primer copied from ¢ and cova-
lently attached to the TP domain of the P protein is translocated
to a 3’-proximal direct repeat (DR1*) element (first template
switch); sequence complementarity is important but, because of
the short length of the e-derived primer, cannot solely be respon-
sible for the specificity of this template switch (Loeb et al., 1996;
Nassal and Rieger, 1996). Next, the DNA primer is extended all
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the way to the 5-end of the pgRNA template, yielding a complete
(—)-DNA strand with a short terminal redundancy.

2. Concomitantly with (—)-DNA synthesis, the RNA template is
degraded by the RNase H activity of P protein, except for a
5’-terminal oligonucleotide whose 3’-end consists of the 5-copy
of DR1.

3. For relaxed circular DNA formation, the RNA oligonucleotide is
transferred to the third copy of the direct repeat, DR2, located
shortly upstream of DR1*, where it serves as a conventional
primer for (+)-strand DNA synthesis (second template switch),
which then proceeds to the 5’-end of the (—)-DNA, generating a
short terminal redundancy.

4. In a final template switch, the 5-end of the (—)-DNA template
is exchanged for the identical sequence at the 3’-end, such
that now the (+)-strand can further be elongated, yielding the
relaxed circular genome. Transfer of the RNA oligonucleotide
to DR2 is usually less than complete, and a fraction of (+)-
strand DNAs are extended from the primer still bound to its
original 5'-proximal position; this reaction, called in situ priming,
gives rise to a linear double-stranded form of the genome;
in DHBYV, this side reaction is suppressed by a small hairpin
that favors transfer of the RNA primer to DR2 (Habig and Loeb,
2002).

Again, sequence complementarity is essential for the specifity of
these template switches, but it cannot explain how the proper copy of
each of the repeat elements is selected during each step. The simulta-
neous requirement for the P protein at the 5'-proximal ¢ element and
at the 3'-proximal DR1 prompted the early speculation of the pgRNA
possibly adopting a circular structure (Nassal et al., 1990); it is now
well established that protein factors binding to an mRNA’s 5’-cap and
its 3/-poly(A) tail bring about such a circular structure, and evidence
for a role of the cap in pgRNA encapsidation has been obtained (Jeong
et al., 2000). Similarly, proper juxtaposition of the critical elements on
the (—)-DNA might explain the specificity of the template switches
during (+)-strand DNA synthesis. Though attractive, this model
also appeared difficult to prove experimentally. However, in a series
of elegant genetic experiments, again using DHBV as a model, strong
evidence has been provided that long-range base-pairing interactions
between regions far apart in primary sequence are main contributors
to the specificity of the template switches. The Loeb laboratory first
showed that not only the directly involved donor and acceptor sites,
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i.e., DR1 and DR2 and the short terminal redundancies are important
for RNA primer translocation and circularization but so are previ-
ously unrecognized cis-elements called 3E, M, and 5E close to the
two ends and in the center of the (—)-DNA (Havert et al., 2002).
The same group also succeeded in directly demonstrating that base-
pairing between these elements is critical for their functions, likely
because it brings the actual donor and acceptor sites into close prox-
imity (Liu et al., 2003; this reference also contains an illustrative
scheme of the complex events during DNA synthesis). How the core
protein and possibly other factors inside the nucleocapsid affect the
dynamics of these rearrangements remains an intriguing mystery to
be solved.

The importance of long-range nucleic acid interactions probably
extends beyond reverse transcription. DHBV pgRNA contains splice
sites, and a fraction of it is indeed spliced (Obert et al., 1996); however,
for core and P protein translation as well as for DHBV pgRNA’s func-
tion as pregenome, the unspliced pgRNA is required. Because for
intron-containing mRNAs splicing is the default pathway, the exis-
tence of a mechanism that suppresses pgRNA splicing is implied.
Recently, strong evidence has been provided that this mechanism is
based on splice site occlusion by base pairing with a remote part of the
pgRNA (Loeb et al., 2002).

A related aspect where DHBV appears to employ a more compli-
cated mechanism than the mammalian hepadnaviruses is pgRNA
encapsidation. The HBV ¢ RNA stem-loop is sufficient to mediate
encapsidation of a foreign RNA; in DHBYV, an additional RNA element,
called region II is required and is more than 1 kb downstream of
De (Calvert and Summers, 1994). In a recent quantitative study, region
IT was further narrowed down and shown to be as essential for
encapsidation as the traditional De signal; basically, the same
holds for HHBV (Ostrow and Loeb, 2002). This might suggest that
an interaction between De and region II is required for efficient
encapsidation.

C. Envelope Proteins
1. Primary Structures and Functions of the Envelope Proteins

The DHBYV envelope proteins, encoded by a single ORF divided into
the preS and the S domains (Fig. 6), are translated from two mRNAs
(2.35 and 2.13 kb) acting as templates for the 36-kDa L protein and the
major 17-kDa S protein (Biischer et al., 1985). Both proteins (Fig. 6)
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Fic 6. The major DHBV envelope proteins. (Left) The Western blot shows the major
species of envelope proteins from DHBYV subviral particles, with a (Right) schematic
representation of their preS and S domain structures. The transmembrane domains
are shown as numbered boxes, and the amino acid numbers indicate the sizes of preS,
preS/S, and S. The Western blot was probed with a rabbit antiserum to the loop region
between TM1 and TM2 in the S domain.

share an identical carboxy-terminal region of 167 aa, representing the
S protein, with an additional 161 N-terminal aa forming the preS
region (Pugh et al., 1987). The preS region contains four potential in-
frame start codons at nucleotides 801, 825, 882, and 957 (Mandart
et al., 1984). The full-length L protein is initiated from the AUG at
position 801, yielding a protein with an N-terminal consensus se-
quence for myristylation (Persing et al., 1987) and with an expected
molecular weight of 35.7 kDa. The N-terminal myristoylation signal
(Met-Gly) is conserved in the L protein of all the hepadnaviruses. The
S protein, P17, is synthesised from the AUG at 1284 (Marion et al.,
1983). Western blots of liver or sera show two dominant L protein
bands with sizes reported between 35 to 37 kDa (Fernholz et al.,
1993; Macrae et al., 1991; Pugh et al., 1987; Schlicht et al., 1987). The
slower migration of one of these two species is due to phosphorylation
at serine 118 in preS (Grgacic and Anderson, 1994; Grgacic et al., 1998;
Rothmann et al., 1998). The phosphorylated and nonphosphorylated
forms of L are designated P35 and P36, respectively. A minor form of L,
occasionally detected at approximately 37 kDa, may result from phos-
phorylation at additional Ser and Thr sites in preS. The other major L
species consistently found in the liver is a protein of 28 kDa, shown to
be a proteolytic product of the L protein rather than a product of
internal initiation analogous to the middle (M) protein of mammalian
hepadnaviruses (Fernholz et al., 1993). Whether the other minor pro-
tein species occasionally detected to occur at 33 and 30 kDa (Fernholz
et al., 1993; Grgacic and Anderson, 1994) originate from translation
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initiation at the other in-frame AUGs at 825, 882, and 957 is not clear.
However, the sequential introduction of stop codons between succes-
sive AUGs in the preS/S ORF results in the synthesis of L polypeptides
from the next available downstream start codon and at much higher
levels than seen in the wild-type (Summers et al., 1991).

A third envelope protein species (S;), derived from the S protein, has
been identified in serum particles and in endoplasmic reticulum (ER)
fractions of infected primary hepatocyte cultures and transfected cells.
This approximately 8-kDa species is a C-terminally truncated form of
S and is a significant constituent of particles, existing in an approxi-
mate molar ratio of S;:L:S of 1:4:8 (Grgacic, unpublished data). Wheth-
er S; is generated by protease cleavage in the ER or perhaps through
some translational defect remains unclear.

Unlike the HBV surface proteins, which exist in two forms, glycosy-
lated and unglycosylated, the envelope proteins of DHBV are not
glycosylated (Pugh et al., 1987) although consensus glycosylation sites
are present. This may be due to spatial constraints of the glycosylation
site (being located two amino acids from the C terminus of TM2) or the
normal proficiency of S folding. The partial S glycosylation resulting
from point mutations in an important upstream structural region
would suggest that glycosylation can occur but only in response to
changes in S folding (Grgacic, 2002).

The hepatitis B surface proteins are multispanning transmembrane
proteins, synthesized on the rough ER. The S and consequently the
L proteins have three hydrophobic regions that are predicted to form
a-helices. The location of the first two a-helices and the predicted
B-turns are well conserved in all hepadnavirus surface sequences.
The C-terminal region is more divergent, with incomplete alignment
with the mammalian sequence (Stirk et al., 1992). Thus, the predicted
third a-helix of DHBYV is in alignment with the fourth helix of the
mammalian sequence. The topology of this C-terminal region has
not been determined experimentally, but because of its hydrophobic
nature, it may traverse the ER more than once.

The first and second hydrophobic regions of S are inserted into the
ER cotranslationally and are able to cause translocation of N-terminal
and C-terminal sequences respectively (Eble et al., 1986, 1987, 1990).
These two hydrophobic signal sequences, referred to as transmem-
brane regions 1 and 2 (TM1 and TM2), are not cleaved by a signal
peptidase once translocated into the ER lumen. TM2, which serves as a
signal sequence for translocation of the C-terminal region of the poly-
protein into the ER lumen, also has a translocation stop signal between
residues 80 and 99, which anchors the protein in the lipid bilayer. The
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lengthy hydrophilic loop region between TM1 and TMZ2 has been
shown to traverse the ER bilayer twice, thus forming a re-entrant loop
region with the apex of this loop ultimately exposed to the mature
particle’s surface (Section IV.C.3) (Grgacic et al., 2000).

The S protein is the major structural component of the particle: it
determines envelope curvature and drives the budding and secretion
of viral and subviral particles. While the roles of the various minor
L species have not been determined, the L protein has crucial functions
in assembly and entry that are based on the multiple membrane
topologies it adopts.

2. Unusual Multiple Transmembrane Topologies of the L Protein

Until the seminal studies of Ostapchuk et al., and Bruss et al., in
1994 demonstrating that the entire preS domain of HBV L was initi-
ally located at the cytoplasmic side of the ER membrane, it was as-
sumed that preS was translocated cotranslationally to the lumen of the
ER for ultimate exposure to the particle surface. This new model of L
protein topology (Fig. 7) brought about a fundamental change in the
understanding of hepadnaviral assembly. In a process unique to the
hepadnaviruses, the L protein is post-translationally translocated dur-
ing morphogenesis and this is regulated, by an unknown mechanism,
to 50% of L chains to achieve both the external receptor binding
function and the internal capsid interaction function (Bruss and
Thomssen, 1994; Bruss and Vieluf, 1995; Bruss et al., 1994; Ostapchuk
et al., 1994) (Fig. 7). This mixed functional topology of L was later
confirmed for DHBV (Guo and Pugh, 1997a; Swameye and Schaller,
1997) with the further insight that in addition to preS, TM1 was
also post-translationally inserted into the ER (Swameye and Schaller,
1997).

External topology
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Fic 7. Dual topology of the L protein. (Left) The internal topology, present immediate-
ly after synthesis, is characterized by preS (heavy black line) and TM1 being cytosolically
disposed. (Right) In the external topology, adopted post-translationally in about half the
L molecules, the preS domain is translocated to the ER lumen and TM1, and the adjacent
cysteine-containing loop is inserted in the ER membrane.
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How such a dramatic topological shift, fundamental for production of
infectious virions, is achieved is currently under investigation and
surprisingly appears to differ between the mammalian and avian virus-
es. For DHBYV, L translocation depends on the presence of the S protein
(Grgacic et al., 2000). In contrast, post-translational translocation of
HBV L appears to be driven by the signal anchor (TM2) sequence via the
host cell translocation machinery, independent of the S protein
(Lambert and Prange, 2001). The role of DHBV Sin translocation seems
to be linked to particle assembly with L, since amino acid substitutions
of two conserved charged residues in TM1 of S (K24 and E27) to Ala
abrogate both particle assembly and L translocation (Grgacic et al.,
2000). Whether translocation occurs through assembly of envelope
structures such as a hydrophilic translocation channel, as previously
proposed (Stirk et al., 1992), or through a chaperone-like role of S is
unknown. What is intriguing is that DHBV and HBV have adopted
different mechanisms of translocation, and this may be related to dif-
fering envelope protein folding pathways, as demonstrated by the in-
ability of avi- and orthohepadnavirus virus envelope proteins to form
pseudotypes between the two groups (Gerhardt and Bruss, 1995).

The envelope of DHBV contains a third topological form, intermedi-
ate to the internal/external L topologies (Guo and Pugh, 1997b) (Fig. 8).
This latter form was identified, through analysis of protease digestion
patterns, in exported subviral particles. It is assumed that this inter-
mediate topology is in fact an intermediate of the post-translational
translocation process and therefore exists as a topological form in the
ER prior to particle formation. Circumstantial evidence supports this
contention: (i) on exported particles, the phosphorylated site (S118) on
phospho-L is not accessible to phosphatase digestion in the absence of
detergent disruption despite its location between the receptor binding
domain (aa 30-115) (Urban et al., 1998) and an accessible V8 protease
site at E139; (ii) the presence of the phosphorylated form of L in the
50% of L chains that are protected (i.e., translocated from protease
attack in protease protection assays) suggests that the intermediate
topology is formed in the ER.

3. Structure and Assembly of Subviral Particles and Virions

DHBY has a spherical structure with a uniform diameter of approxi-
mately 40 nm, similar to the 42 nm HBV Dane particle. The double-
shelled structure seen by negative staining electron microscopy is
formed by the inner core of 27 nm, which is covered by the envelope or
surface proteins and a small amount of cellular membrane lipid. DHBV-
infected ducks also produce large quantities of empty, subviral particles
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Fic 8. Model of the DHBV envelope. A cross-section view of the proposed envelope
organization of S, L, and S; proteins is shown. The predicted transmembrane domains
(1-3) are indicated by the cylindrical segments, with the bulk being contributed by the S
protein. The three topological forms of L are shown: (1) internal with TM1 and preS
inside the particle, (2) intermediate with the TM1 and preS traversing the envelope/lipid
shell, and (3) external with preS exposed to the particle surface. From Chojnacki, 2003.

(SVPs) of a pleomorphic but roughly spherical appearance with varying
diameters (35-60 nm) (Mason et al., 1980; McCaul et al., 1985).

Unlike HBV where the sperical SVPs contain almost exclusively S
protein, those of DHBV are composed of all the envelope proteins found
in complete virions, including the mixed topologies of L; thus, they are
a ready source of particles for assembly studies and examination of
envelope topologies, which are pertinent to the infection process
(Section IV.C.4).

The assembly of hepadnaviruses is little understood, but what
is known is that mature virions are formed by the interaction of
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preformed cytoplasmic core particles with the preassembled surface
proteins on the ER membrane. Following interaction with the appro-
priate proportions of surface proteins, the nucleocapsids bud into the
lumen of the ER along with a 1000-fold excess of SVPs, and assembly is
completed in an intermediate, pre-Golgi compartment (reviewed in
Nassal, 1996). A unique feature of the hepadnaviruses in their status
as enveloped viruses is that little or no cellular membrane proteins are
present and the structural organization of the lipid bilayer may not be
maintained in the mature particle (Gavilanes et al., 1982; Satoh et al.,
2000), suggesting that the translocation, assembly along the ER mem-
brane, and budding of the particle involves a more compact interaction
between the envelope proteins. Increasingly, transmembrane domains
are being identified as important structural elements in membrane
protein assembly, and for many enveloped viruses, budding is depen-
dent on the formation of an envelope lattice through lateral interac-
tions of these domains (Garoff et al., 1998). Studies on the HBV S
protein have shown that TM1, while not essential for membrane inser-
tion, plays a role in particle assembly (Bruss and Ganem, 1991; Prange
et al., 1992). Similarly, in DHBYV, this TM domain was shown to be
important for particle assembly with two charged residues, K24 and
E27, identified as essential determinants for L translocation and par-
ticle assembly (Grgacic, 2002). It is not clear, however, if these residues
are engaged in dimer formation through specific ionic interactions or
contribute to assembly indirectly.

Assembly of the HBV envelope involves the accumulation of S mono-
mers along the ER, where initial contacts may involve such lateral
transmembrane interactions before they bud into the lumen and are
stabilized by disulfide bonds into dimers, eventually forming higher
order oligomers. Whereas the HBV S domain contains additional cyste-
ine residues, with those in the second hydrophilic, surface-exposed loop
involved in mixed dimer formation between L, S, and M (Wunderlich
and Bruss, 1996), the DHBYV envelope proteins only contain the three
cysteines in the first hydrophilic loop that are strictly conserved in
all hepadnaviruses. These cysteines have been shown to be essential
for secretion of HBV subviral particles (Mangold and Streeck, 1993);
however, they do not form intermolecular disulfide bonds upon secre-
tion from the cell. For DHBYV, the nature of the interactions involved in
envelope assembly is still not defined; without any structural knowl-
edge, a model of the particle based on envelope topologies, the ratio of
the three major envelope proteins, and the known domains or deter-
minants essential for assembly can only be assumed (Fig. 8).
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4. Diverse Functional Roles of the L Protein

The L protein displays a more complex functional role than expected
of a viral structural protein, and this is partly achieved by its mixed
topology. The orientation of viral envelope proteins spanning the ER
membrane is mirrored in the mature particle, so those domains located
in the ER lumen are found on the ectodomain of the particle, and
cytosolic domains remain internally disposed. Thus, the translocated
form of L. makes preS sequences available on the external surface of
the mature virion for receptor binding (Klingmiiller and Schaller,
1993; Le Seyec et al., 1999), while maintenance of an internal preS
domain enables the L protein to take on the suggested role of a matrix
protein for interaction with the nucleocapsid (Bruss and Thomssen,
1994). Specific regions in preS and beyond (aa 117-137 and aa
157-167) are required for capsid envelopment (Lenhoff and Summers,
1994b) although other regions of the S domain of L, which are exposed
to the cytosol, may also be involved. A defined region of preS (aa
30-115) acts as the minimum receptor-binding domain, binding to
carboxypeptidase D (CPD; formerly known as gp180) with high affinity
for attachment and internalization of the virus particle into the en-
dosomal compartment (Breiner et al., 1998; Kock et al., 1996; Urban
et al., 1998, 2000). Factors that enable endosomal escape or fusion with
the endosome membrane have not been defined although L chains that
are in the intermediate topology and form a highly folded, spring-
loaded structure, are strong candidates for a role in this process.
Traversing the membrane six times, this metastable structure is able
to undergo a major conformational change analogous to fusion activa-
tion. The conformational change induced experimentally in SVPs by
low pH increases particle hydrophobicity and facilitates binding to
synthetic and cell membranes through exposure of the previously
hidden hydrophobic TM1 domain (Grgacic et al., 2000). The latter in
part encompasses the candidate fusion peptide, and peptides from this
region of both HBV and DHBV display membrane destabilizing and
fusogenic activity (Rodriguez-Crespo et al., 1999, 2000).

The L protein also has a key regulatory role in replication through
control of the pool size of cccDNA, as shown by comprehensive muta-
tional analyses (Lenhoff and Summers, 1994a; Summers et al., 1991).
Most mutations in the preS region that interfered with nucleocapsid
envelopment led to increased cccDNA levels (e.g., from the normal 20
copies to up to 600 copies per cell when the entire preS region was
deleted), suggesting that sequestration by the L protein of core parti-
cles into the envelopment pathway competes with nuclear transport of
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the nucleocapsid, thus stabilizing the number of cccDNA molecules.
A few mutants, however, with deletions or substitutions of amino acid
in the N-terminal part of the preS region were still competent for core
particle envelopment and secretion, some even at accelerated rates
compared to the wild-type, yet they produced abnormally high levels
of cccDNA. This implies the existence of additional mechanisms
controlling cccDNA levels that are not yet understood. In later studies,
it was shown that a single amino acid substitution in the L protein
(G133E) resulted in an infectious virus that elevated cccDNA levels,
enhanced replication, and had cytopathic effects in hepatocytes and in
the liver of ducklings (Lenhoff et al., 1999). It is likely that the higher-
than-normal replication contributes to the cytopathic effects, but the
exact mechanism is unknown.

Other regulatory effects of L, which are not well characterized,
relate to its phosphorylation and ability to act as a transactivator
through ERK-type MAP kinase activation (Rothmann et al., 1998).
Although these studies showed that preS is phosphorylated in re-
sponse to ER stress, indicating some host cell-virus cross talk, no
essential role of L phosphorylation in virus replication was identified.
However, ducklings infected with a mutant virus mimicking a consti-
tutively phosphorylated L, through amino acid substitution with Asp,
exhibited a pathogenic phenotype, which included weight loss and
hepatic infiltration (Lin et al., unpublished data; Rothmann et al.,
1998). Although cccDNA levels were not examined in these birds, these
various studies point to the importance of a functional L protein in
maintaining a nonpathogenic, persistent infection.

V. ExpErRIMENTAL DHBYV INFECTION

A. In Vitro Infection of Primary Duck Hepatocytes

The in vitro experimental infection of primary duck hepatocytes
(Tuttleman et al., 1986b) provided, for the first time, a manageable
system for the study of the hepadnaviral infectious cycle. The system
has been instrumental in the description of all the key steps of replica-
tion and has enabled the identification and characterization of the
attachment receptor for virion internalization. This being said, it is
not a system without limitations and inefficiencies. These largely stem
from two factors: (i) the nonhomogeneous nature of primary cell cul-
tures and (ii) the kinetics of experimental infection that are slow,
asynchronous, and only partially productive. However, compared with
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in vitro infection of primary human hepatocytes with HBV where less
than 1% of cells become infected, in vitro infection of duck hepatocytes
is at the least 20 times more successful and eventually results in
multiple rounds of infection due to the greater longevity and better
condition of cultured duck hepatocytes (Kiirschner and Schaller,
unpublished data).

1. Culture Conditions for Primary Duck Hepatocytes

The limited efficiency of in vitro infection is in stark contrast to the
exceedingly efficient in vivo infection of neonatal ducklings where
infection is rapid and most cells of the liver become infected within a
short time. Clearly, the loss of liver architecture, specific cell—cell
interactions, and the extracellular matrix reduce efficiency of in vitro
infection. Coculture with epithelial cells and supplementation of the
media with hormones, such as insulin and corticosteroids, have been
variously adopted from studies in mammalian systems (Glebe et al.,
2001; Maher, 1988) and shown to promote survival and hepatocyte cell
function (Fourel et al., 1989). One agent that has been universally
applied to the culture of duck hepatocytes is dimethyl sulphoxide
(DMSO). At concentrations of between 1.5 to 2%, it maximizes the life
span of primary hepatocytes, maintaining their differentiated state
and the period of time they are susceptible to infection (Galle et al.,
1989; Pugh and Summers, 1989). The maintenance of susceptibility
allows spread of progeny virus through multiple rounds of infection
such that over a period of 2 weeks, most cells will eventually become
infected.

Another important factor is the omission of fetal bovine serum from
the culture medium, the presence of which causes hepatocytes to
rapidly lose susceptibility to infection (Pugh and Summers, 1989;
Tuttleman et al., 1986b). It is assumed the loss of susceptibility is
due to a general down modulation of cell surface receptors because in
the presence of a serum supplement, the virus is unable to bind the
hepatocyte surface (Pugh et al., 1995).

2. Kinetics of Infection

Unlike HBV SVPs, those of DHBV mimic the virion in envelope
protein composition and, when in vast excess of virions, are a con-
founding factor in the analysis of the kinetics of infection. In contrast
to the competitive effect of SVPs when present in large excess, it has
been observed that under conditions of very low MOI (MOI 0.01),
which more closely resembles a natural infection, SVPs actually
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enhance the outcome of infection (Bruns et al., 1998). This effect is very
much dependent on the ratio of virions to SVPs and appears to be
mediated by the preS domain of L through cell-signaling events be-
cause specific preS sequences are essential, and enhancement can
occur when SVPs are added up to 72 hr postinfection.

In studies simulating one-step growth kinetics, Qiao et al. (1999)
used a virion-enriched inoculum through removal of up to 94% of SVPs
for simultaneously adsorption to PDHs at 4°C. After removal of a
residual cell-bound virus by pH 2.2 treatment, it was determined that
internalization and transport to the nuclear membrane required a
period of approximately 4 hr. The subsequent step of uncoating/trans-
fer to the nucleus, as measured by the appearance of the cccDNA,
required 48 hr. It should be noted, however, that this study included
5% fetal bovine serum during plating and subsequently excluded
DMSO from the culture medium, both factors which affect the suscep-
tibility to infection (Section V.A.1.). In contrast, using a sensitive PCR
assay selective for the detection of cccDNA derived from input viral
DNA and not through replication, Kock and colleagues showed that
transfer into the nucleus required only 20 hr (Kéck and Schlicht, 1993;
Kock et al., 1996).

In the light of what is understood now of carboxypeptidase D (CPD),
the receptor involved in entry and the in vitro culture conditions, there
is a need for a renewed analysis of the kinetics of binding and uptake of
virus. A survey of the literature and anecdotal information suggests
that this process is very inefficient, often with more than half of the
input virus not leading to productive infection. What is the fate then of
these virions that do not result in productive infection? Binding to the
cell surface per se is no indication of prospective internalization, and
this may be due to the numerous (> 10°) binding sites, nonspecific for
infection, on hepatocytes (Klingmiiller and Schaller, 1993), which per-
haps contribute to the inability to achieve saturation of virus binding
even with very high viral titres (Pugh et al., 1995). Moreover, inocula
removed after 24 hr can be used to further infect PDH cultures with
only a two fold loss in infectivity, suggesting that nonspecific binding
may also be slow (Kiirschner and Schaller, unpublished data).

Many factors may contribute to the relative inefficiency of in vitro
infection, including the presence of liver sinusoidal endothelial cells
(LSEC) in hepatocyte cultures, which can take up DHBV particles
via CPD attachment. Under these in vitro conditions, the normal liver
architecture is abrogated, and particles may become trapped in
LSECs from further cell-to-cell transport (Breiner et al., 2001) (Section
V.1.3). Because CPD is a Golgi-resident protein with little cell surface
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exposure, virion entry may also be limited by receptor cycling and its
asynchronous exposure on hepatocytes.

Clearly, the in vitro culture system is able to mimic some but not all
the conditions conducive to efficient in vivo infection. Further studies,
particularly of viral attachment and entry, may identify mechanisms
that could be modulated to further enhance in vitro infection efficiency.

3. Early Steps of Infection

The participation of the preS domain of the large envelope protein
in virus uptake has been clearly established, initially with studies
showing that antibodies to the preS domain block binding and infec-
tion of hepatocytes (Cheung et al., 1989, 1990; Neurath et al., 1986) to
the recent identification of CPD as the attachment receptor (Eng et al.,
1998; Tong et al., 1995; Urban et al., 1998). The entry of DHBV into the
hepatocyte occurs via attachment of a defined sequence of preS (aa
30-115) to CPD (Urban et al., 1998). That monoclonal antibodies to the
S domain are also able to block infectivity (Pugh et al., 1995) may occur
through steric hindrance (there are proportionally more S domain sites
than preS) and not through binding to a membrane attachment site
per se. Therefore, it is not clear whether multivalent binding of DHBV
via an additional and perhaps sequential membrane interaction occurs
with S and/or the S domain of L.

CPD is a Golgi-resident protein that cycles to and from the plasma
membrane via endosomes. DHBV SVPs are similarly endocytosed fol-
lowing attachment to CPD (Breiner and Schaller, 2000; Breiner et al.,
1998; Kock et al., 1996). However, CPD does not confer host specificity
because this protein is not restricted to DHBV-susceptible cell types. It
rather appears to be involved in virus entry in conjunction with un-
identified host factors. Increasingly, those engaged in the study of viral
receptor binding have acknowledged the role of accessory factors (co-
receptors and proteases) in viral entry. For viruses that infect via the
bloodstream, an initial docking to a primary ligand may allow a
subsequent stronger attachment to a secondary, less abundant high-
affinity receptor, such as CPD. The enzymatic function of CPD, which
entails removal of C-terminal basic residues, is not required for DHBV
binding, entry, or infection (Breiner and Schaller, 2000; Eng et al.,
1998; Urban, unpublished data).

For hepatotropic viruses, entry to the liver via the bloodstream may
initially be directed to the endothelium, which physically separates the
blood from the underlying hepatocytes. Studies by Breiner et al. (2001)
have shown that although nonpermissive for DHBV replication, liver
sinusoidal endothelial cells preferentially take up DHBV SVPs in vitro
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and in vivo, colocalizing with CPD in the vesicular compartment.
Breiner et al. (2001) suggest that the virus is then further transported
to the opposing plasma membrane and adjacent hepatocytes. Trans-
port via a cell intermediary is not unprecedented and is a mechanism
by which viruses, such as HIV-1, are able to traverse the mucosal
epithelium (Bomsel, 1997; Kage et al., 1998). Moreover, data (Lozach
et al., 2003; Pohlmann et al., 2003) indicate that the envelope glyco-
protein E2 of hepatitis C virus binds DC-SIGNR, a lectin present on the
surface of LSEC, suggesting the possibility that HCV may also use
LSEC to target the liver. Given that the structural arrangement
of LSECs and hepatocytes is largely lost in vitro, this may be one
explanation for the contrasting efficiency of in vivo infection.

Following internalization, DHBYV is transported to the late endo-
some because Bafilomycin A, an inhibitor of vacuolar proton ATPases
that blocks traffic from early to late endosomes, also blocks DHBV
infection (Grgacic, unpublished data). Although Bafilomycin A; also
raises endosomal pH, it has been demonstrated (using other agents
that raise endosomal pH) that low pH is not a requirement for success-
ful DHBYV infection (Kock et al., 1996; Rigg and Schaller, 1992). More-
over, the binding of preS to CPD is a high-affinity binding interaction
(Urban et al., 2000), which usually indicates entry via fusion at the
plasma membrane. While these results have previously presented a
dichotomy, it is becoming apparent that certain viruses can enter cells
via endocytosis without a strict low pH requirement (Sieczkarski and
Whittaker, 2002).

The location of the virus particle in the endosome exposes the viral
envelope to proteases and low pH in a reducing environment, factors
that have the potential to affect changes to the envelope for the fusion
process. Studies on DHBV SVPs under conditions of low pH and/or
reduction have indeed shown that drastic conformational changes
occur in the L protein with no observable changes in the S protein.
Increases in surface hydrophobicity and membrane binding are a pre-
lude to viral fusion. In line with this phenomenon, the conformational
change induced by low pH increased particle hydrophobicity, facilitat-
ing binding to membranes through exposure of a previously hidden
hydrophobic domain encompassing the candidate fusion peptide
(Grgacic et al., 2000).

The candidate fusion peptide is a stretch of hydrophobic amino acids
at the N terminus of TM1 (i.e., in S) identified through the similarity of
the consensus sequence for fusion peptides with the HBV sequence
(FLGPLLV) (Lu et al., 1996) and the ability of synthetic peptides of
this region from all the hepadnaviruses to induce membrane fusion
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(Rodriguez-Crespo et al., 1999, 2000). The fusion peptide could poten-
tially act through either the L or the S protein. In either case, the
fusion peptide would be an internal segment and therefore may (or
may not) require prior protease cleavage for triggering insertion and
fusion with the endosomal membrane.

Although raising the endosomal pH of the cell with lysosomotropic
agents, such as NH,Cl, does not inhibit DHBV infection (Kock et al.,
1996; Rigg and Schaller, 1992), this treatment is unlikely to raise the
pH of the late endosome to neutrality (Yoshimori et al., 1991). Together
with a reducing environment, a pH of 6.5 can still affect a conforma-
tional change of the envelope because particles briefly treated this way
also expose TM1 but are unable to bind membranes, because and
virions remain infectious (Grgacic et al., 2000). It is not clear whether
such an intermediate conformational change in L is relevant to the
fusion process, but given that a conformational change occurs even
under these moderate pH-reducing conditions, it is possible that fusion
could be fully triggered in the presence of a suitable protease. The
observation that protease-pretreatment might enhance the ability of
HBYV to infect nonpermissive HepG2 cells by incubation at pH 5.5 for
12 hr (Lu et al., 1996) adds some weight to this assumption; given the
sequence homology of this region of the S domain, a similar fusion
mechanism can be envisioned for all the hepadnaviruses.

4. Host-Range Studies

All hepadnaviruses exhibit a narrow host range, replicating almost
exclusively in the liver of only related species. In vivo, DHBV infects
only ducks of the Anas genus and some domestic geese (Marion, 1988).
The preS domain is essential for infectivity, but its binding to the CPD
attachment receptor for internalization cannot solely be responsible
for the host range restriction: CPD is found on many other nonpermis-
sive cell types, and recombinant CPD could not confer infectibility to
cell lines capable of undergoing postentry replication steps (Breiner
et al., 1998). Moreover, the divergent HHBV preS binds to duck CPD
with similar efficiency as DHBV preS (Breiner et al., 1998; Urban et al.,
1998). This suggests the existence of a(n) additional receptor(s) or
coreceptor(s) mediating host specificity, as was anticipated from the
studies of Pugh et al. (1995) that showed reduced binding of DHBV to
the weakly permissive Muscovy duck hepatocytes and no binding to
nonpermissive chicken hepatocytes. Given the preS domain is the most
variable region of the envelope sequence, preS was examined for such a
determinant using HHBYV, which infects primary duck hepatocytes
with very low efficiency (Ishikawa and Ganem, 1995). Infectivity was
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greatly enhanced by pseudotyping an env-minus HHBV genome with
HHBV S and chimeric L proteins containing a DHBV preS region.
Infectious virions were also obtained when only the preS aa 1-90 or
22-108, but not 43-161, were derived from DHBYV, suggesting the
sequence 22-90 contained an important host-range determinant. This
determinant was further narrowed down to a minimal domain of 16
amino acids (aa 22-37) (Ishikawa, personal communication); at a simi-
lar N-proximal preS position, a host-range determinant has also been
identified in HBV (Chouteau et al., 2001). This region overlaps the
stabilizing region of the CPD attachment receptor-binding domain by
only seven amino acids, indicating that it could target an additional
receptor, possibly as part of a receptor complex. Recent data, however,
shed some doubt on such a simplified view: peptides consisting of preS
aa 1-41 from both DHBV and HHBYV inhibit DHBYV infection of prima-
ry duck hepatocytes with similar efficiency (Urban and Gripon, 2002);
crane HBV whose preS sequence in this part is more closely related to
that of HHBY, including the presence of a 3-aa insertion absent from
DHBY, is infectious for primary duck hepatocytes (Prassolov et al.,
2003) as is a chimeric DHBYV carrying the supposed host-range deter-
minant at aa 22-37 from HHBV (Dallmeier and Nassal, unpublished
data). Hence, the question regarding the molecular determinants of
the hepadnaviral host range is certainly not yet finally settled.

B. Experimental In Vivo Infection

The natural route of DHBYV infection in the duck is from the dam to
the egg via the bloodstream. The liver of such congenitally infected
ducks remains persistently infected, with most hepatocytes showing
evidence of DHBV replication. In contrast, experimental in vivo infec-
tion can result in three possible outcomes depending on the conditions
of inoculation: persistent infection, transient infection, or no infection.
The ability to control these different outcomes experimentally and the
relative ease and efficiency of in vivo infection have provided a useful
animal model to study both acute and chronic infection. Importantly,
the pattern of acute and chronic infection in the duck model appears to
mirror that of HBV infection.

1. Age- and Dose-Dependence of Infection Outcome

The development of persistent or transient infection is determined
by the age posthatch at which a duck is experimentally infected. The
infection of neonates, after inoculation with 10® to 10° genome equiva-
lents, is rapid and efficient with the number of DHBV-positive cells
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rising exponentially from 8 to 12% on day 3 to 100% on day 4 and
resulting in persistent infection (Jilbert et al., 1988). By 2 weeks of age,
the chances of persistent infection have diminished, and by 4 weeks, a
transient infection is typical (Fukuda et al., 1987; Jilbert et al., 1988,
1996; Vickery and Cossart, 1996). The two possible reasons that are
believed to dictate these outcomes are (i) host-cell maturation and its
capacity to support replication and (ii) the maturity of the host’s im-
mune system. The difference between a neonate liver and that of an
adult bird is that as the duckling grows, hepatocytes rapidly divide,
while the hepatocytes of the adult bird are largely quiescent. Partial
hepatectomy of 50% or more of the liver of adult carrier ducks causes
an average sixfold increase in viremia within 96 hr of surgery (Qiao
et al., 1992). Although this study showed that the dividing liver
exported more virus, suggestive of an increase in viral replication
and correlating with the kinetics of infection of congenitally or neona-
tally infected birds, it did not examine the permissiveness of DHBV-
negative adult ducks to infection following partial hepatectomy. The
latter experiment may explain to what degree the adult immune sys-
tem controls the outcome of DHBYV infection or whether an interplay of
both immune and hepatocyte maturation occurs.

The ability to mount an immune response and clear infection is
related to the age at the time of inoculation: the switch from persistent
to transient infection appears to coincide with a loss in viremia and
development of antibodies to viral S and core protein (Jilbert et al.,
1992, 1998). That anti-DHBs antibodies, generated during transient
infection of adult ducks, are responsible for viral clearance was clearly
demonstrated by the neutralization of infection in neonatal ducklings
with serum from these adults ducks (Vickery et al., 1989).

The outcome of DHBYV infection is also affected by the dose of virus
inoculated, with a higher dose generally increasing the age at which
persistent infection ensues. For instance, with a low dose, persistence
only occurs in 7-day-old or younger ducks, but with a higher dose,
persistent infection can be achieved with 21-day-old ducks (Jilbert
et al., 1998). In this study, only adult ducks receiving the highest
dose of 2 x 10! DHBV genomes exhibited transient viremia and
extensive signs of DHBV replication in the liver, while ducks receiving
doses of between 10® and 10° genomes had no detectable viremia or
replication after monitoring of liver biopsies for DHBV DNA or
DHBsAg. Increases in the dose from lowest to highest shortened
the time of appearance and levels of detectable antibodies. The study
suggests that low doses induced a protective immune response, where-
as high doses resulted in a nonprotective immune response and
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moderately severe hepatitis, as evidenced by extensive mononuclear
cell infiltration.

In contrast, as little as one viral particle is sufficient to infect neona-
tal ducklings such that virus spread is rapid, with infection remai-
ning persistent (Jilbert et al., 1996). This remarkable efficiency of
in vivo experimental infection is in stark contrast to in vitro infection
of hepatocyte cultures, adding support to the model for LSEC involve-
ment in in vivo infection. Since particles have been shown to be pref-
erentially taken up by these cells, it is unlikely that the virus is trapped
and degraded here, but the virus is rather efficiently transported to the
hepatocyte from this intermediary (Breiner et al., 2001).

2. Fitness of DHBV Mutants

In chronically HBV-infected individuals, the presence of variants in
addition to the wild-type virus is a common phenomenon (Pumpens
et al., 2002). Variants frequently encountered are those with a stop
codon in the precore region, resulting in loss of HBeAg production,
and/or mutations affecting HBsAg (termed vaccine escape mutants) or
the polymerase gene as well as the overlapping S gene following
lamivudine therapy. Some HBV variants have been associated with a
more severe liver disease, but it is unclear whether the pathogenesis is
directly due to the variant or whether the variant flourishes as a
consequence of the selective pressure present in a particular host
individual. Although a limited understanding can be gained of the
replication of HBV variants in transfected cells, the answer to this
question cannot be directly addressed with HBV. The duck, in contrast,
is an ideal model in which to study the selection of such virus mutants
in chronic infection: it provides an infection system where the input of
viral variants can be controlled and in which chronic infection can
develop under conditions of immune modulation. Despite the lack
of liver disease as such in normal DHBYV infection, the pathology
of variants can be assessed, as in the case of certain cytopathic enve-
lope mutants described by Lenhoff and colleagues (Lenhoff and
Summers, 1994a; Lenhoff et al., 1999). Regulation of cccDNA levels
by the L protein is essential for the maintenance of a chronic infection.
However, the cytopathic envelope mutant (G133E) caused increased
replication and was unable to control cccDNA levels, resulting in
direct hepatocyte cytotoxicity both in vivo and in vitro (Lenhoff and
Summers, 1994a; Lenhoff et al., 1999). Surprisingly, despite 100% of
hepatocytes being infected in immature ducklings, this mutant proved
not to be lethal, resulting in only a transient and mild hepatitis and
reversion to a noncytopathic strain. These results would suggest that
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the outcome of infection was largely determined by the growth of the
variant: its rapid replication affected the number of spontaneous mu-
tations, allowing reversion to noncytopathic strains, coupled with the
death of cells infected with the G133E mutant. Thus, the rapid self-
limiting growth of this variant was the only (major) determinant in the
development of a noncytopathic, persistent infection outcome.

In contrast, studies using mixed infections of engineered precore
stop mutants and wild-type DHBV (Zhang and Summers, 1999) re-
vealed that the wild-type virus became predominant in some animals,
whereas the precore-deficient virus, despite a generally lower replica-
tion competence, became predominant in other animals; interestingly,
the latter birds had higher anticore antibody titers, compatible with an
immune selection of the precore-deficient variant.

In a further assessment of viral competition in chronic DHBYV infec-
tion using wild-type virus and a mutant with a partial replication
defect (lowered cccDNA levels), it was observed that during the acute
phase of infection (with a growing liver and ongoing cell division), the
selection of the mutant versus the wild-type virus was determined by
their relative growth rate; during the chronic phase of infection (when
most cells are already infected and when the liver stops growing in the
adult duck), the enrichment of the mutant versus wild-type virus
was dependent on hepatocyte turnover or loss of cccDNA (Zhang and
Summers, 2000).

In other words, hepatocyte injury, correlating with immune selec-
tion, in this case by increased anti-core antibody, resulted in the gener-
ation of new hepatocytes susceptible to infection but under conditions
when any replication rate advantage of the wild-type virus over the
mutant is no longer significant. These studies in ducks provide evi-
dence that replication fitness is not the only parameter determining
variant selection, and they show the value of this model for analyzing
the phenotypes of HBV variants, including during antiviral therapy.

VI. DHBYV as A MobEeLTO STUDY HOST RESPONSES TO AND CONTROL OF
HBYV INFECTION

A. Cytokines and Their Role in Controlling Hepadnaviral Infection

During infection with hepatitis B or C viruses, cytotoxic T lympho-
cytes (CTL) are thought to contribute to both liver cell injury and virus
clearance (reviewed in Bertoletti and Maini, 2000; Rehermann, 2000).
It is generally accepted that clearance of intracellular pathogens
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requires the destruction of infected cells by major histocompatibility
complex (MHC) class I-restricted CD8" CTLs that kill their target cells
via Perforin- or Fas-dependent mechanisms (Chisari and Ferrari,
1995). It has also been demonstrated that viral hepatitis in the course
of an HBV infection relies on the production of proinflammatory cyto-
kines such as IFN-v by HBV-specific T cells in the liver (Bertoletti et al.,
1997; Ferrari et al., 1987a,b). That these cytokines can potentially cure
viral infections without killing the infected cell has only been appre-
ciated in the last few years. Experimental approaches to study the
influence of cytokines on HBV pathogenesis and clearance of the infec-
tion have been hampered because the host range of HBV is restricted
to man and chimpanzees. In the latter animal model, it has been
shown that viral replication is almost completely abolished in the liver
of acutely infected chimpanzees largely before the onset of liver dis-
ease, concomitant with the intrahepatic appearance of IFN-v (Guidotti
et al., 1999). Seminal studies with HBV transgenic mice that contain
the entire viral genome and replicate the virus have shown that sti-
muli inducing the production IFN-y and tumor necrosis factor alpha
(TNF-a) in the liver are able to abolish virus replication and gene
expression noncytopathically (Guidotti et al., 1996b). Local induction
of these cytokines can be triggered by adoptively transferred HBV-
specific cytotoxic T lymphocytes (reviewed in Guidotti and Chisari,
1999). In the same animal model, similar IFN-v-dependent antiviral
mechanisms are observed following administration of IL-12, IL-18,
a-galactosylceramide (specific activator of NKT cells), or anti-CD40
(an agonistic antibody activating antigen-presenting cells) (Cavanaugh
et al., 1997; Kakimi et al., 2001; Kimura et al., 2002a,b). Interference
with HBV replication has also been observed following infection of
HBV-transgenic mice with adenovirus, murine cytomegalovirus, and
lymphocytic choriomeningitis virus (Cavanaugh et al., 1998; Guidotti
et al., 1996a). At least for LCMYV, it has been shown that IFN-o/5 has a
major contribution to this process since the effect was completely
abrogated by antibodies against IFN-o/3. Furthermore, this effect
was not detecable in mice genetically deficient for the type I IFN
receptor (McClary et al., 2000).

The relative sensitivity of viruses to cytokine-mediated purging
might not only depend on the virus but also on the capability of the
infected cell to react on the cytokines with the production of appropri-
ate antiviral factors. Despite this enormous progress, the transgenic
mouse model has its limits: (i) viral clearance cannot be studied be-
cause no cccDNA, the natural intracellular replication intermediate, is
formed; (ii) early effects of cytokines cannot be studied because viral
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gene expression is driven by the integrated transgene and, moreover,
the animals are immunologically tolerant towards HBV. DHBV may
therefore become important as a model, allowing one to define the
dependence of the natural infection outcome on virus dose, inoculation
route, and age of infection as well as the antiviral effects of various
therapeutic and vaccination regimens. Studies of the immune response
to DHBYV infection, have been severely curbed by the poor knowledge
on the cellular immune system of ducks however, and the lack of
appropriate reagents. Recent advances in the characterization of sev-
eral important cytokines and duck-specific cell surface markers will
help overcome these limitations within the near future.

1. Characterization of Duck Cytokines

Until recently, only very few avian cytokines had been characterized,
whereas a growing number of these molecules were already identified
and functionally characterized in mammals. Classical appoaches to
identify cytokine genes in birds turned out to be difficult due to the
lack of sequence conservation.

In ducks, an IFN-like activity was first demonstrated in superna-
tants of reovirus serotype 3-stimulated duck embryo fibroblasts. Par-
tially purified duck IFN (DulFN) was acid-stable and exhibited an
antiviral activity against vesicular stomatitis virus and avian sarcoma
virus in duck embryo fibroblasts (Ziegler and Joklik, 1981).

a. IFN-a It was only after the first chicken IFN had been cloned
(Sick et al., 1996) that cDNAs of type I IFNs from other birds were
identified using homology screening approaches. This approach al-
lowed the identification of a genomic duck DNA fragment that con-
tained an intron-less gene for duck IFN (DulFN). The fragment
contained an ORF that coded for 191 aa, including a 30-residue signal
peptide (Schultz et al., 1995). As the precise relationship of this mole-
cule to the various mammalian type I IFNs was not immediately clear
and its sequence identity to ChIFN-o and ChIFN-8 was virtually the
same (50% and 53%), the precise classification of the DulFN was not
obvious. However, like ChIFN-a and mammalian IFN-«, DulFN is
strongly expressed in response to viral infection of embryo fibroblasts
and in response to oral treatment of ducks with the imidazoquinoline
S-28463 (Schultz et al., 1995, 1999). Subsequent work revealed that
DulFN is a family member of approximately 10 closely related genes
that form a cluster at the distal end of the long arm of the Z chromo-
some (Schultz, unpublished observations; Nanda et al., 1998). These
results led to the conclusion that DulFN represents the functional
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homologue of mammalian IFN-« (Lowenthal et al., 2001) and thus
belongs to the same subtype of IFNs that has been shown to be effec-
tive in the control of HBV replication in patients with chronic hepati-
tis. Recombinant DulFN-«a produced in either mammalian cells or in
E. coli induces IFN-regulated genes and protects cells from destruction
by cytolytic RNA viruses (Schultz et al., 1995). In addition, DulFN-«
inhibits the replication of DHBV in vitro and in vivo (Heuss et al., 1998;
Schultz et al., 1999).

b. IFN-v When a ChIFN-y cDNA (Weining et al., 1996) was used as
probe to screen a cDNA library generated from mRNA of phytohemag-
glutinin (PHA)-stimulated duck spleen cells, a DulFN-v ¢cDNA clone
was identified that coded for a polypeptide of 164 aa with a predicted
signal peptide of 19 aa (Schultz and Chisari, 1999). This clone has a
calculated molecular mass of 16.6 kDa and features three potential
N-linked glycosylation sites. DulFN-v is 67% identical to ChIFN-v and
21 to 34% identical to mammalian IFN-v. Recombinant DulFN-+ pro-
duced either in eukaryotic cells or in E. coli is biologically active
(Schultz, unpublished observations; Schultz and Chisari, 1999). It
potently induces the expression of genes known to be inducible by
IFN-v in mammals and chickens including IRF-1 and GBP (Jungwirth
et al., 1995; Schwemmle et al., 1996), indicating that most components
of the IFN system are well conserved among avian and mammalian
species. In addition, DulFN-vy exhibited an antiviral activity on chick-
en fibroblasts, albeit 16-fold less than on homologous cells (Schultz and
Chisari, 1999), and it induced nitrite secretion in a chicken macro-
phage cell line (HD11) (Huang et al., 2001). Despite these functional
cross-reactivities, monoclonal antibodies raised against ChIFN-y were
not able to neutralize DulFN-v (Huang et al., 2001).

c. IL-2 Very little is known about the biological activities of other
duck cytokines. Nonetheless, recent database entries provide sequence
information on IL-2 of ducks. IL-2 is known to play an important role in
the differentiation and proliferation of NK, T, and B cells of mammals
and chicken (Waldmann et al., 1998). The four deposited sequences are
from two different duck genus species Anas platyrhynchos forma do-
mestica (Schmohl and Schultz, unpublished data; GenBank acc. no.
AF294323, AF294322, and AY173028) and Cairina moschata (Gen-
Bank acc no. AY193713). IL-2 from the latter species shows 96%
sequence identity to the three IL-2 sequences from A. platyrhynchos
that are identical. The ¢cDNAs have been cloned independently by
several research groups from mitogen-stimulated duck spleen cells.
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Recombinant duck IL-2 might prove to be an appropriate growth factor
to maintain duck T cell cultures and will allow the generation of
antigen-specific T cell clones in the future.

d. IL-16 1L-16, originally described as lymphocyte attractant fac-
tor, is an immunomodulatory cytokine mainly secreted by activated
T cells (Cruikshank et al., 1998). The cDNAs for duck IL-16 have been
identified in a cDNA library generated from mRNA of PHA-stimulated
duck spleen cells (Schmohl and Schultz, unpublished data; GenBank
acc. no. AF294320 and AF294321). IL-16 shows 90% amino acid
sequence identity to chicken IL-16 and 67% identity to human IL-16.

e. IL-18 1IL-18 was identified originally as IFN-v-inducing factor
and is produced during the acute immune response by macrophages
and immature dendritic cells but can also be expressed in nonimmune
cells (e.g., hepatocytes). An important function of IL-18 is the regula-
tion of functionally distinct subsets of T-helper cells required for cell-
mediated immune responses (Dinarello, 1999; Nakanishi et al., 2001).
In addition, IL-18 exerts antiviral properties against certain viruses. It
protects mice challenged with encephalomyocarditis and vaccinia vi-
ruses, it improves survival rates of mice infected with herpes simplex
virus, and it inhibits HBV replication in the livers of transgenic mice
(Kimura et al., 2002b; Pirhonen, 2001). A ¢cDNA for duck IL-18 has
been cloned from duck thymus mRNA that codes for a protein of 200 aa
residues (Mannes and Schultz, unpublished data). The sequence
shows 98% identity to the duck IL-18 sequence deposited in GenBank
accession number AF336122 and 83% identity to the recently cloned
chicken IL-18 (Schneider et al., 2000). Because cytokine cDNAs have
been deposited in the database only recently, recombinant duck cyto-
kines are only beginning to be produced in laboratories (as of the
publication date of this volume), but more information on their
biological activity is expected to become available soon.

2. Effect of Duck Cytokines on DHBV Infection

Many cytokines are known to play pivotal roles in the control of viral
infections. The induction of type I IFN (IFN-o/3) seems to be the most
immediate and important direct antiviral host response. In addition,
cytokines can contribute to the antiviral host response indirectly by
modulating various aspects of the immune response. IFN-ao/3 inhibits
the replication of many viruses in vitro and in vivo, including influen-
zaviruses, retroviruses, picornaviruses, vesicular stomatitis virus
(VSV), vaccinia virus, adenovirus, LCMV, HBV, and others (reviewed
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in Vilcek and Sen, 1996). Therefore, IFN-a have been used for the
treatment of a number of chronic virus infections in humans, including
HBV and HCV (Hoofnagle, 1998). Since IFN treatment is effective in
selected patients only, a systematic analysis of factors that might
influence the clinical outcome of the IFN treatment is required. The
mechanisms by which IFN-« inhibits virus replication has been the
focus of many studies, but the transfection models did not allow the
evaluation of the effect of IFN on early steps in infection or on virus
spread (Davis and Jansen, 1994; Korba, 1996; Romero and Lavine,
1996; Tur-Kaspa et al., 1990). The availability of recombinant DulFN
and the duck model of HBV offered the unique opportunity to identify
all steps in the viral replication cycle that are sensitive to IFN. IFN-a-
mediated inhibition of DHBYV replication was observed to occur at two
steps (see Fig. 9). The earliest effect of IFN was manifested as a
decrease in total viral transcript levels produced early during infection
when IFN was added before infection. This reduction was not due to a
block in virus entry since initial cccDNA levels were not decreased
compared to untreated DHBV-infected hepatocytes (Schultz et al.,
1999). Surprisingly, this effect was not detected in cells infected with
a DHBV mutant virus defective in the synthesis of core protein, which
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Fic 9. Steps of hepadnavirus replication potentially inhibited by IFN-a. The infection
cycle shows conversion of the relaxed circular DNA (r¢cDNA) from the initially infecting
virus into nuclear cccDNA, followed by transcription and packaging of pregenomic RNA
(pgRNA) into capsids. Reverse transcription leads to single-strand DNA (ssDNA)- and
rcDNA-containing nucleocapsids that either are secreted as virions or, intracellularly,
amplify the cccDNA pool. While in different virus systems, IFN-a has been shown to
interfere with various replication steps; the major effects observed on hepadnaviral
replication are a reduced RNA accumulation and a selective inhibition of the synthesis
and/or destabilization of immature pgRNA-containing nucleocapsids. DNA-containing
nucleocapsids are not affected. In the absence of a core protein, RNA levels are lower
a priori but are not further decreased by IFN-«a; hence, core protein enhances RNA
accumulation, and this stimulating effect is counteracted by IFN-«.
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suggested for the first time that a core protein might have an enhanc-
ing effect on viral transcript accumulation and that this novel function
is the target of IFN-a. In addition, in IFN-a-treated hepatocytes, prege-
nomic RNA-containing capsids had vanished within 3 days, resulting in
the successive depletion of replicative viral DNA intermediates from
the infected hepatocyte (Schultz et al., 1999). These results suggested
that pregenome-containing capsids are depleted from IFN-treated cells
by a novel mechanism that relies on the inhibition of formation and/or
destabilization of immature DHBYV capsids. Subsequently, it has been
shown that a similar mechanism accounts for the inhibition of HBV
replication by IFN-«o/3 in the liver of transgenic mice (Wieland et al.,
2000). Using a chicken hepatoma cell line that supports the replication
of DHBV in an inducible and synchronized fashion, Seeger and collea-
gues could show that the half-life of RNA-containing capsids was re-
duced from 24 to 15 hr upon IFN treatment. In addition, they observed
that IFN-«o interfered with the accumulation of complete minus-
strand DNA-containing capsids although there was no evidence
that IFN-« affected DNA synthesis in vitro, suggesting that this effect
might depend on cellular factors specific for this cell line (Guo et al.,
2003).

Previous studies in HBV-transgenic mice have shown that IFN-v is
able to suppress virus replication and gene expression. In primary
duck hepatocytes, it has been observed that recombinant DulFN-y
inhibits DHBYV replication in a dose-dependent manner. Like IFN-q,
IFN-v does not inhibit initial cccDDNA conversion from the relaxed
circular viral DNA genome but rather abolishes the synthesis of prog-
eny cccDNA by intracellular amplification. Accumulation of ssDNA
and rcDNA was virtually abolished in IFN-vy treated cells, indicating
that IFN-v inhibits an early step in the viral replication cycle (Schultz
and Chisari, 1999).

B. Chemotherapy and Vaccination

In contrast to all other mammalian hepadnaviruses, DHBV and its
host offer the opportunity to study the effect of drugs biochemically in
well-established in vitro systems as well as in primary hepatocyte
cultures. Therefore, the DHBV system has been used by several in-
vestigators to study the mechanism by which certain drugs, in partic-
ular nucleoside analogues, interfere with the function of the reverse
transcriptase (Seigneres et al., 2002; Zoulim et al., 2002). Several of
these drugs have been previously shown to inhibit DHBV replication in
primary hepatocyte cultures and in vivo (Hafkemeyer et al., 1996;
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Offensperger et al., 1996). In addition, the induction of protective
immune responses in ducks has been the focus of several studies,
and some reports have demonstrated that DNA-based vaccines are of
protective and therapeutic effectiveness (Rollier et al., 1999, 2000a,b);
apparently, some animals even cleared nuclear cccDNA (Thermet et al.,
2003). When persistently DHBYV infected ducks were treated with the
nucleoside analogue adefovir and, in addition, were immunized with a
plasmid expressing the DHBV L protein, they showed lower viremia
than ducks from control groups, a stronger decrease in viral DNA in the
liver, and a more sustained response (Le Guerhier et al., 2003). These
results obtained with DHBV suggest that a combination of antivi-
ral drugs with immunotherapeutic approaches may be a promising
approach for the treatment of chronic HBV.

VII. DHBV AND THE DEVELOPMENT OF HEPADNAVIRAL
TRANSDUCTION VECTORS

It has been previously reported that hepatitis B virus (HBV) replica-
tion and gene expression are inhibited by the hepatic induction of
certain proinflammatory cytokines (reviewed in Guidotti and Chisari,
1999). This implied that expression of cytokines in the liver of chroni-
cally HBV-infected patients might be of therapeutic value. The appli-
cation of gene therapy, however, requires an appropriate gene-delivery
system that allows for selectively targeting the liver and efficiently
infecting quiescent hepatocytes. It has been shown that hepadna-
viruses themselves can be converted into gene transfer vectors. Using
DHBYV as transfer-vector duck IFN-« could be transduced to primary
hepatocytes and efficiently suppress the production of progeny virus
(Protzer et al., 1999). These results suggested that hepadnaviral vec-
tors might be suitable to achieve a local expression of those cytokines
that are relevant for the abolishment of hepadnavirus replication but
would most likely have severe side effects when applied systemically
(e.g., IFN-v and TNF-«). To produce replication-deficient recombinant
hepadnavirus, at least two plasmid constructs are required that allow
the generation of wild-type virus to occur due to homologous recombi-
nation of the redundant sequences in the constructs. Because wild-
type contamination could be disastrous for a viral vector to be used for
therapeutic approaches, efforts have been made to eliminate the risk of
wild-type virus being produced by using a construct devoid of redun-
dant sequences and a packaging cell line (Klocker et al., 2003; Schultz
and Nassal, unpublished data). Nonetheless, recombinant DHBV
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might turn out to be a very valuable tool to evaluate the involvement of
the recently cloned duck cytokines on the outcome of a hepadnavirus
infection in the duck model system. Indeed, it could be shown that
recombinant DHBYV transducing IFN-v leads to clearly detectable in-
hibition of wild-type DHBV (wtDHBYV) replication and transcription,
comparable to that observed with an IFN-a transducing recombi-
nant virus. The antiviral effect of IFNs coincides with the induction
of IFN-regulated genes. Recombinant DHBV transducing IL-2 has no
effect on viral replication in hepatocyte cultures, as expected, since IL-
2 responsive cells are most likely missing in hepatocyte cell cultures.
In contrast, in vivo coinfection of ducklings with wtDHBYV and either
rDIFN-«, rDIFN-v, or rDIL-2 inhibits the productive infection of the
liver of these animals with wtDHBYV (Schultz and Nassal, unpublished
data).

VIII. CoNCLUSIONS AND PERSPECTIVES

Despite substantial progress in the development of surrogate in-
fection systems for HBV and a few other orthohepdnaviruses, none
comes anywhere close to the experimental opportunities offered by
DHBV. As outlined in this chapter, the unique potential of the DHBV
system has, in the past, allowed the prototypical derivation of many
mechanistic principles underlying hepadnaviral infection on the ge-
netic level. At present, the DHBV system remains the only system
allowing for a true biochemical analysis of key steps of viral replica-
tion. Even if human hepatocytes are available, they are extremely
poorly infectable by HBV. This also holds true for the recently de-
scribed HepaRG hepatoma cell line where infection of a small percent-
age of the cells requires an MOI of 200 and the additional presence of
PEG, which may promote unorthodox viral entry with no evidence for
viral spread. Compared to these systems, DHBV in vitro infection,
though clearly inferior to in vivo infection, is rather efficient. More-
over, it remains the only system in which evolution of a hepadnavirus
can be followed over more than one generation in a single culture, an
important feature for studying antiviral resistance. Hence, DHBV will
continue to be a most valuable model system and the first base for the
study of therapeutic strategies. The apparent clearance of cccDNA in
at least some chronically infected ducks following therapeutic DNA
vaccination is a case in point.



DUCK HEPATITIS B VIRUS 55
ACKNOWLEDGMENTS

The authors thank many of their colleagues for providing unpublished data. They
acknowledge support of their own research by grants from the Deutsche Forschungsge-
meinschaft (DFQG), the German Bundesministerium fiir Bildung and Forschung (BMBF),
the Fonds der Chemischen Industrie (FCI), the Landesstiftung Baden-Wiirttemberg, the
National Health and Medical Research Council grant (ID 111710), and the research fund
of the Burnet Institute.

REFERENCES

Baker, T. S., Olson, N. H., and Fuller, S. D. (1999). Adding the third dimension to virus
life cycles: Three-dimensional reconstruction of icosahedral viruses from cryo-electron
micrographs. Microbiol. Mol. Biol. Rev. 63:862-922.

Barrasa, M. 1., Guo, J. T., Saputelli, J., Mason, W. S., and Seeger, C. (2001). Does a cdc2
kinase-like recognition motif on the core protein of hepadnaviruses regulate assembly
and disintegration of capsids? J. Virol. 75:2024-2028.

Bartenschlager, R., Junker-Niepmann, M., and Schaller, H. (1990). The P gene product of
hepatitis B virus is required as a structural component for genomic RNA encapsida-
tion. J. Virol. 64:5324-5332.

Beck, J., Bartos, H., and Nassal, M. (1997). Experimental confirmation of a hepatitis B
virus (HBV) epsilon-like bulge-and-loop structure in avian HBV RNA encapsidation
signals. Virology 227:500-504.

Beck, J., and Nassal, M. (1997). Sequence- and structure-specific determinants in the
interaction between the RNA encapsidation signal and reverse transcriptase of avian
hepatitis B viruses. J. Virol. 71:4971-4980.

Beck, J., and Nassal, M. (1998). Formation of a functional hepatitis B virus replication
initiation complex involves a major structural alteration in the RNA template. Mol.
Cell. Biol. 18:6265-6272.

Beck, J., and Nassal, M. (2001). Reconstitution of a functional duck hepatitis B virus
replication initiation complex from separate reverse transcriptase domains expressed
in Escherichia coli. J. Virol. 75:7410-7419.

Beck, J., and Nassal, M. (2003). Efficient Hsp90-independent irn vitro activation by Hsc70
and Hsp40 of duck hepatitis B virus reverse transcriptase, an assumed Hsp90 client
protein. J. Biol. Chem. 278:36128-36138.

Bertoletti, A., D’Elios, M. M., Boni, C., De Carli, M., Zignego, A. L., Durazzo, M., Missale,
G., Penna, A., Fiaccadori, F., Del Prete, G., and Ferrari, C. (1997). Different cytokine
profiles of intraphepatic T cells in chronic hepatitis B and hepatitis C virus infections.
Gastroenterology 112:193-199.

Bertoletti, A., and Maini, M. K. (2000). Protection or damage: A dual role for the virus-
specific cytotoxic T lymphocyte response in hepatitis B and C infection? Curr. Opin.
Microbiol. 3:387-392.

Birnbaum, F., and Nassal, M. (1990). Hepatitis B virus nucleocapsid assembly: Primary
structure requirements in the core protein. J. Virol. 64:3319-3330.

Blumberg, B. S. (1997). Hepatitis B virus the vaccine, and the control of primary cancer
of the liver. Proc. Natl. Acad. Sci. USA 94:7121-7125.

Bomsel, M. (1997). Transcytosis of infectious human immunodeficiency virus across a
tight human epithelial cell line barrier. Nat. Med. 3:42-47.



56 URSULA SCHULTZ ET AL.

Bottcher, B., Wynne, S. A., and Crowther, R. A. (1997). Determination of the fold of
the core protein of hepatitis B virus by electron cryomicroscopy. Nature
386:88-91.

Bouchard, M. J., Wang, L. H., and Schneider, R. J. (2001). Calcium signaling by HBx
protein in hepatitis B virus DNA replication. Science 294:2376-2378.

Breiner, K. M., and Schaller, H. (2000). Cellular receptor traffic is essential for produc-
tive duck hepatitis B virus infection. J. Virol. 74:2203-2209.

Breiner, K. M., Schaller, H., and Knolle, P. A. (2001). Endothelial cell-mediated uptake of
a hepatitis B virus: A new concept of liver targeting of hepatotropic microorganisms.
Hepatology 34:803—-808.

Breiner, K. M., Urban, S., and Schaller, H. (1998). Carboxypeptidase D (gp180), a Golgi-
resident protein, functions in the attachment and entry of avian hepatitis B viruses.
J. Virol. 72:8098-8104.

Bruns, M., Miska, S., Chassot, S., and Will, H. (1998). Enhancement of hepatitis B virus
infection by noninfectious subviral particles. JJ. Virol. 72:1462-1468.

Bruss, V., and Ganem, D. (1991). Mutational analysis of hepatitis B surface antigen
particle assembly and secretion. J. Virol. 65:3813-3820.

Bruss, V., Lu, X., Thomssen, R., and Gerlich, W. H. (1994). Post-translational alterations
in transmembrane topology of the hepatitis B virus large envelope protein. EMBO J.
13:2273-2279.

Bruss, V., and Thomssen, R. (1994). Mapping a region of the large envelope protein
required for hepatitis B virion maturation. J. Virol. 68:1643-1650.

Bruss, V., and Vieluf, K. (1995). Functions of the internal pre-S domain of the large
surface protein in hepatitis B virus particle morphogenesis. J. Virol. 69:6652—6657.
Biischer, M., Reiser, W., Will, H., and Schaller, H. (1985). Transcripts and the putative
RNA pregenome of duck hepatitis B virus: Implications for reverse transcription. Cell

40:717-724.

Calvert, J., and Summers, J. (1994). Two regions of an avian hepadnavirus RNA prege-
nome are required in cis for encapsidation. J. Virol. 68:2084—2090.

Carman, W. F., Jacyna, M. R., Hadziyannis, S., Karayiannis, P., McGarvey, M. J., Makris,
A., and Thomas, H. C. (1989). Mutation preventing formation of hepatitis B e antigen
in patients with chronic hepatitis B infection. Lancet. 2:588-591.

Cavanaugh, V. J., Guidotti, L. G., and Chisari, F. V. (1997). Interleukin-12 inhibits
hepatitis B virus replication in transgenic mice. ¢J. Virol. 71:3236-3243.

Cavanaugh, V. J., Guidotti, L. G., and Chisari, F. V. (1998). Inhibition of hepatitis B virus
replication during adenovirus and cytomegalovirus infections in transgenic mice.
J. Virol. 72:2630-2637.

Chang, L. J., Hirsch, R. C., Ganem, D., and Varmus, H. E. (1990). Effects of insertional
and point mutations on the functions of the duck hepatitis B virus polymerase. J. Virol.
64:5553-5558.

Chang, S. F., Netter, H. J., Bruns, M., Schneider, R., Frolich, K., and Will, H. (1999). A
new avian hepadnavirus infecting snow geese (Anser caerulescens) produces a signifi-
cant fraction of virions containing single-stranded DNA. Virology 262:39-54.

Chang, S. F.,, Netter, H. J., Hildt, E., Schuster, R., Schaefer, S., Hsu, Y. C., Rang, A., and
Will, H. (2001). Duck hepatitis B virus expresses a regulatory HBx-like protein from a
hidden open reading frame. oJ. Virol. 75:161-170.

Chen, Y., Robinson, W. S., and Marion, P. L. (1994). Selected mutations of the duck
hepatitis B virus P gene RNase H domain affect both RNA packaging and priming of
minus-strand DNA synthesis. J. Virol. 68:5232-5238.



DUCK HEPATITIS B VIRUS 57

Cheng, H., Cenciarelli, C., Shao, Z., Vidal, M., Parks, W. P., Pagano, M., and Cheng-
Mayer, C. (2001). Human T cell leukemia virus type 1 Tax associates with a molecular
chaperone complex containing hTid-1 and Hsp70. Curr. Biol. 11:1771-1775.

Cheung, R. C., Robinson, W. S., Marion, P. L., and Greenberg, H. B. (1989). Epitope
mapping of neutralizing monoclonal antibodies against duck hepatitis B virus. J. Virol.
63:2445-2451.

Cheung, R. C., Truyjillo, D. E., Robinson, W. S., Greenberg, H. B., and Marion, P. L. (1990).
Epitope-specific antibody response to the surface antigen of duck hepatitis B virus in
infected ducks. Virology 176:546-552.

Chisari, F. V. (1996). Hepatitis B virus transgenic mice: Models of viral immunobiology
and pathogenesis. Curr. Top. Microbiol. Immunol. 206:149-173.

Chisari, F. V., and Ferrari, C. (1995). Hepatitis B virus immunopathogenesis. Annu. Rev.
Immunol. 13:29-60.

Chouteau, P., Le Seyec, J., Cannie, 1., Nassal, M., Guguen-Guillouzo, C., and Gripon, P.
(2001). A short N-proximal region in the large envelope protein harbors a determinant
that contributes to the species specificity of human hepatitis B virus. «J. Virol.
75:11565-11572.

Conway, dJ. F., Cheng, N., Zlotnick, A., Wingfield, P. T., Stahl, S. J., and Steven, A. C.
(1997). Visualization of a 4-helix bundle in the hepatitis B virus capsid by cryo-electron
microscopy. Nature 386:91-94.

Cova, L., Mehrotra, R., Wild, C. P., Chutimataewin, S., Cao, S. F., Duflot, A., Prave, M.,
Yu, S. Z., Montesano, R., and Trepo, C. (1994). Duck hepatitis B virus infection,
aflatoxin B1, and liver cancer in domestic Chinese ducks. Br. J. Cancer. 69:104-109.

Cruikshank, W. W., Kornfeld, H., and Center, D. M. (1998). Signaling and functional
properties of interleukin-16. Int. Rev. Immunol. 6:523-540.

Dandri, M., Burda, M. R., Gocht, A., Torok, E., Pollok, J. M., Rogler, C. E., Will, H., and
Petersen, J. (2001a). Woodchuck hepatocytes remain permissive for hepadnavirus
infection and mouse liver repopulation after cryopreservation. Hepatology 34:824-833.

Dandri, M., Burda, M. R., Torok, E., Pollok, J. M., Iwanska, A., Sommer, G., Rogiers, X.,
Rogler, C. E., Gupta, S., Will, H., Greten, H., and Petersen, J. (2001b). Repopulation of
mouse liver with human hepatocytes and in vivo infection with hepatitis B virus.
Hepatology 33:981-988.

Dane, D. S., Cameron, C. H., and Briggs, M. (1970). Virus-like particles in serum of
patients with Australia-antigen-associated hepatitis. Lancet. 1:695-698.

Das, K., Xiong, X., Yang, H., Westland, C. E., Gibbs, C. S., Sarafianos, S. G., and Arnold,
E. (2001). Molecular modeling and biochemical characterization reveal the mechanism
of hepatitis B virus polymerase resistance to lamivudine (3TC) and emtricitabine
(FTC). . Virol. 5:4771-4779.

Daub, H., Blencke, S., Habenberger, P., Kurtenbach, A., Dennenmoser, J., Wissing, J.,
Ullrich, A., and Cotten, M. (2002). Identification of SRPK1 and SRPK2 as the major
cellular protein kinases phosphorylating hepatitis B virus core protein. J. Virol.
76:8124-8137.

Davis, M. G., and Jansen, R. W. (1994). Inhibition of hepatitis B virus in tissue culture by
alpha interferon. Antimicrob. Agents Chemother. 38:2921-2924.

Deres, K., Schroder, C. H., Paessens, A., Goldmann, S., Hacker, H. J., Weber, O., Kramer,
T., Niewohner, U., Pleiss, U., Stoltefuss, J., Graef, E., Koletzki, D., Masantschek, R. N.,
Reimann, A., Jaeger, R., Gross, R., Beckermann, B., Schlemmer, K. H., Haebich, D.,
and Rubsamen-Waigmann, H. (2003). Inhibition of hepatitis B virus replication by
drug-induced depletion of nucleocapsids. Science 299:893-896.



58 URSULA SCHULTZ ET AL.

Dinarello, C. A. (1999). IL-18: A TH1-inducing, proinflammatory cytokine and new
member of the IL-1 family. J. Allergy Clin. Immunol. 103:11-24.

Dworetzky, S. 1., Lanford, R. E., and Feldherr, C. M. (1988). The effects of variations in
the number and sequence of targeting signals on nuclear uptake. J. Cell. Biol.
107:1279-1287.

Eble, B. E., Lingappa, V. R., and Ganem, D. (1986). Hepatitis B surface antigen: An
unusual secreted protein initially synthesized as a transmembrane polypeptide. Mol.
Cell. Biol. 6:1454-1463.

Eble, B. E., Lingappa, V. R., and Ganem, D. (1990). The N-terminal (pre-S2) domain of a
hepatitis B virus surface glycoprotein is translocated across membranes by down-
stream signal sequences. J. Virol. 64:1414-1419.

Eble, B. E., MacRae, D. R., Lingappa, V. R., and Ganem, D. (1987). Multiple topogenic
sequences determine the transmembrane orientation of the hepatitis B surface anti-
gen. Mol. Cell. Biol. 7:3591-3601.

Eickbush, T. H. (1994). Origin and evolutionary relationships of retroelements. In “The
evolutionary biology of viruses” (S. S. Morse, ed.), Raven Press, New York.

Eng, F. J., Novikova, E. G., Kuroki, K., Ganem, D., and Fricker, L. D. (1998). gp180, a
protein that binds duck hepatitis B virus particles, has metallocarboxypeptidase D-like
enzymatic activity. J. Biol. Chem. 273:8382-8388.

Eom, C. Y., and Lehman, I. R. (2002). The human Dnad protein, hTid-1, enhances
binding of a multimer of the herpes simplex virus type 1 UL9 protein to oris, an origin
of viral DNA replication. Proc. Natl. Acad. Sci. USA 99:1894-1898.

Fernholz, D., Wildner, G., and Will, H. (1993). Minor envelope proteins of duck hepatitis
B virus are initiated at internal pre-S AUG codons but are not essential for infectivity.
Virology 197:64-73.

Ferrari, C., Mondelli, M. U., Penna, A., Fiaccadori, F., and Chisari, F. V. (1987a).
Functional characterization of cloned intrahepatic, hepatitis B virus nucleoprotein-
specific helper T cell lines. JJ. Immunol. 139:539-544.

Ferrari, C., Penna, A., Giuberti, T., Tong, M. J., Ribera, E., Fiaccadori, F., and Chisari,
F. V. (1987b). Intrahepatic, nucleocapsid antigen-specific T cells in chronic active
hepatitis B. J. Immunol. 139:2050-2058.

Forsythe, H. L., Jarvis, J. L., Turner, J. W., Elmore, L. W., and Holt, S. E. (2001). Stable
association of hsp90 and p23, but Not hsp70, with active human telomerase. J. Biol.
Chem. 276:15571-15574.

Fourel, 1., Gripon, P., Hantz, O., Cova, L., Lambert, V., Jacquet, C., Watanabe, K., Fox, J.,
Guillouzo, C., and Trepo, C. (1989). Prolonged duck hepatitis B virus replication in
duck hepatocytes cocultivated with rat epithelial cells: A useful system for antiviral
testing. Hepatology 10:186-191.

Fukuda, R., Fukumoto, S., and Shimada, Y. (1987). A sequential study of viral DNA in
serum in experimental transmission of duck hepatitis B virus. J. Med. Virol. 21:311-320.

Galle, P. R., Schlicht, H. J., Kuhn, C., and Schaller, H. (1989). Replication of duck
hepatitis B virus in primary duck hepatocytes and its dependence on the state of
differentiation of the host cell. Hepatology 10:459—-465.

Ganem, D., and Schneider, R. (eds.) (2001). Hepadnaviridae: The viruses and their repli-
cation. In Fields Virology, 4th Edition, Lippincott Williams & Wilkins, Philadelphia.
Garoff, H., Hewson, R., and Opstelten, D. J. (1998). Virus maturation by budding.

Microbiol. Mol. Biol. Rev. 62:1171-1190.

Gavilanes, F., Gonzalez-Ros, J. M., and Peterson, D. L. (1982). Structure of hepatitis B
surface antigen. Characterization of the lipid components and their association with
the viral proteins. J. Biol. Chem. 257:7770-7777.



DUCK HEPATITIS B VIRUS 59

Gazina, E. V,, Fielding, J. E., Lin, B., and Anderson, D. A. (2000). Core protein phosphor-
ylation modulates pregenomic RNA encapsidation to different extends in human and
duck hepatitis B viruses. JJ. Virol. 74:4721-4728.

Gerelsaikhan, T., Tavis, J. E., and Bruss, V. (1996). Hepatitis B virus nucleocapsid
envelopment does not occur without genomic DNA synthesis. J. Virol. 70:4269-4274.

Gerhardt, E., and Bruss, V. (1995). Phenotypic mixing of rodent but not avian hepadna-
virus surface proteins into human hepatitis B virus particles. J. Virol. 69:1201-1208.

Glebe, D., Berting, A., Broehl, S., Naumann, H., Schuster, R., Fiedler, N., Tolle, T. K.,
Nitsche, S., Seifer, M., Gerlich, W. H., and Schaefer, S. (2001). Optimised conditions for
the production of hepatitis B virus from cell culture. Intervirology 44:370-378.

Grgacic, E. V. (2002). Identification of structural determinants of the first transmem-
brane domain of the small envelope protein of duck hepatitis B virus essential for
particle morphogenesis. J. Gen. Virol. 83:1635-1644.

Grgacic, E. V., and Anderson, D. A. (1994). The large surface protein of duck hepatitis B
virus is phosphorylated in the pre-S domain. J. Virol. 68:7344-7350.

Grgacic, E. V., Kuhn, C., and Schaller, H. (2000). Hepadnavirus envelope topology:
Insertion of a loop region in the membrane and role of S in L protein translocation.
J. Virol. 74:2455-2458.

Grgacic, E. V,, Lin, B., Gazina, E. V., Snooks, M. J., and Anderson, D. A. (1998). Normal
phosphorylation of duck hepatitis B virus L protein is dispensable for infectivity.
J. Gen. Virol. 79(Pt 11):2743-2751.

Gripon, P., Rumin, S., Urban, S., Le Seyec, J., Glaise, D., Cannie, I., Guyomard, C.,
Lucas, J., Trepo, C., and Guguen-Guillouzo, C. (2002). Infection of a human hepatoma
cell line by hepatitis B virus. Proc. Natl. Acad. Sci. USA 99:15655-15660.

Guidotti, L. G., Borrow, P., Hobbs, M. V., Matzke, B., Gresser, 1., Oldstone, M. B., and
Chisari, F. V. (1996a). Viral cross talk: Intracellular inactivation of the hepatitis B
virus during an unrelated viral infection of the liver. Proc. Natl. Acad. Sci. USA
93:4589-4594.

Guidotti, L. G., and Chisari, F. V. (1999). Cytokine-induced viral purging—role in viral
pathogenesis. Curr. Opin. Microbiol. 2:388-391.

Guidotti, L. G., Ishikawa, T., Hobbs, M. V., Matzke, B., Schreiber, R., and Chisari, F. V.
(1996b). Intracellular inactivation of the hepatitis B virus by cytotoxic T lymphocytes.
Immunity. 4:25-36.

Guidotti, L. G., Rochford, R., Chung, J., Shapiro, M., Purcell, R., and Chisari, F. V. (1999).
Viral clearance without destruction of infected cells during acute HBV infection.
Science 284:825-829.

Guo, J. T., and Pugh, J. C. (1997a). Topology of the large surface protein of duck hepatitis
B virus suggests a mechanism for membrane translocation during particle morpho-
genesis. J. Virol. 71:1107-1114.

Guo, J. T., Pryce, M., Wang, X., Barrasa, M. 1., Hu, J., and Seeger, C. (2003). Conditional
replication of duck hepatitis B virus in hepatoma cells. J. Virol. 77:1885-1893.

Guo, J. T., and Pugh, J. C. (1997b). Topology of the large envelope protein of duck
hepatitis B virus suggests a mechanism for membrane translocation during particle
morphogenesis. J. Virol. 71:1107-1114.

Guo, J. T., Zhou, H., Liu, C., Aldrich, C., Saputelli, J., Whitaker, T., Barrasa, M. 1.,
Mason, W. S., and Seeger, C. (2000). Apoptosis and regeneration of hepatocytes during
recovery from transient hepadnavirus infections. J. Virol. 74:1495-1505.

Habig, J. W.,, and Loeb, D. D. (2002). Small DNA hairpin negatively regulates in situ
priming during duck hepatitis B virus reverse transcription. J. Virol. 76:980-989.



60 URSULA SCHULTZ ET AL.

Hafkemeyer, P., Keppler-Hafkemeyer, A., al Haya, M. A., von Janta-Lipinski, M.,
Matthes, E., Lehmann, C., Offensperger, W. B., Offensperger, S., Gerok, W., and
Blum, H. E. (1996). Inhibition of duck hepatitis B virus replication by 2',3'-
dideoxy-3'-fluoroguanosine in vitro and in vivo. Antimicrob. Agents Chemother.
40:792-794.

Hartl, F. U., and Hayer-Hartl, M. (2002). Molecular chaperones in the cytosol: From
nascent chain to folded protein. Science 295:1852—-1858.

Havert, M. B., Ji, L., and Loeb, D. D. (2002). Analysis of duck hepatitis B virus reverse
transcription indicates a common mechanism for the two template switches during
plus-strand DNA synthesis. J. Virol. 76:2763—-2769.

Heuss, L. T., Heim, M. H., Schultz, U., Wissmann, D., Offensperger, W. B., Staeheli, P,
and Blum, H. E. (1998). Biological efficacy and signal transduction through STAT
proteins of recombinant duck interferon in duck hepatitis B virus infection. J. Gen.
Virol. 79:2007-2012.

Hollinger, F. B., and Liang, T. J. (2001). Hepatitis B Virus. In “Fields virology,” 4th ed.
Lippincott Williams & Wilkins, Philadelphia.

Hoofnagle, J. H. (1998). Therapy of viral hepatitis. Digestion 59:563-578.

Hu, J., and Anselmo, D. (2000). In vitro reconstitution of a functional duck hepatitis B
virus reverse transcriptase: Post-translational activation by Hsp90. J. Virol.
74:11447-11455.

Hu, J., and Seeger, C. (1996). Hsp90 is required for the activity of a hepatitis B virus
reverse transcriptase. Proc. Natl. Acad. Sci. USA 93:1060-1064.

Hu, J., Toft, D., Anselmo, D., and Wang, X. (2002). In vitro reconstitution of functional
hepadnavirus reverse transcriptase with cellular chaperone proteins. J. Virol.
76:269-279.

Hu, J., Toft, D. O., and Seeger, C. (1997). Hepadnavirus assembly and reverse transcrip-
tion require a multicomponent chaperone complex which is incorporated into nucleo-
capsids. EMBO J. 16:59-68.

Huang, A., Scougall, C. A., Lowenthal, J. W., Jilbert, A. R., and Kotlarski, I. (2001).
Structural and functional homology between duck and chicken interferon-gamma.
Dev. Comp. Immunol. 25:55-68.

Ishikawa, T., and Ganem, D. (1995). The pre-S domain of the large viral envelope protein
determines host range in avian hepatitis B viruses. Proc. Natl. Acad. Sci. USA
92:6259-6263.

Jacquard, A. C., Nassal, M., Pichoud, C., Ren, S., Schultz, U, Guerret, S., Chevallier, M.,
Werle, B., Peyrol, S., Jamard, C., Rimsky, L. T\, Trepo, C., and Zoulim, F. (2004). Effect
of a combination of clevudine and emtricitabine with adenovirus-mediated delivery of
gamma interferon in the woodchuck model of hepatitis B virus infection. Antimicrob.
Agents Chemother. 48:2683-2692.

Jeong, J. K., Yoon, G. S., and Ryu, W. S. (2000). Evidence that the 5'-end cap structure is
essential for encapsidation of hepatitis B virus pregenomic RNA. J. Virol.
74:5502-5508.

Jilbert, A. R., Botten, J. A., Miller, D. S., Bertram, E. M., Hall, P. M., Kotlarski, J., and
Burrell, C. J. (1998). Characterization of age- and dose-related outcomes of duck
hepatitis B virus infection. Virology 244:273—-282.

Jilbert, A. R., Freiman, J. S., Burrell, C. J., Holmes, M., Gowans, E. J., Rowland, R.,
Hall, P, and Cossart, Y. E. (1988). Virus-liver cell interactions in duck hepatitis B
virus infection. A study of virus dissemination within the liver. Gastroenterology
95:1375-1382.



DUCK HEPATITIS B VIRUS 61

Jilbert, A. R., and Kotlarski, I. (2000). Immune responses to duck hepatitis B virus
infection. Dev. Comp. Immunol. 24:285-302.

Jilbert, A. R., Miller, D. S., Scougall, C. A., Turnbull, H., and Burrell, C. J. (1996).
Kinetics of duck hepatitis B virus infection following low-dose virus inoculation: One
virus DNA genome is infectious in neonatal ducks. Virology 226:338-345.

Jilbert, A. R., Wu, T. T., England, J. M., Hall, P. M., Carp, N. Z., O’Connell, A. P., and
Mason, W. S. (1992). Rapid resolution of duck hepatitis B virus infections occurs after
massive hepatocellular involvement. ¢J. Virol. 66:1377-1388.

Jungwirth, C., Rebbert, M., Ozato, K., Degen, H. J., Schultz, U., and Dawid, I. B. (1995).
Chicken interferon consensus sequence-binding protein (ICSBP) and interferon regu-
latory factor (IRF) 1 genes reveal evolutionary conservation in the IRF gene family.
Proc. Natl. Acad. Sci. USA 92:3105-3109.

Kage, A., Shoolian, E., Rokos, K., Ozel, M., Nuck, R., Reutter, W., Kottgen, E., and
Pauli, G. (1998). Epithelial uptake and transport of cell-free human immunodeficiency
virus type 1 and gp120-coated microparticles. J. Virol. 72:4231-4236.

Kakimi, K., Lane, T. E., Chisari, F. V., and Guidotti, L. G. (2001). Cutting edge: Inhibition
of hepatitis B virus replication by activated NK T cells does not require inflammatory
cell recruitment to the liver. J. Immunol. 167:6701-6705.

Kann, M., Sodeik, B., Vlachou, A., Gerlich, W. H., and Helenius, A. (1999). Phosphoryla-
tion-dependent binding of hepatitis B virus core particles to the nuclear pore complex.
J. Cell. Biol. 145:45-55.

Kann, M., Thomssen, R., Kochel, H. G., and Gerlich, W. H. (1993). Characterization of
the endogenous protein kinase activity of the hepatitis B virus. Arch. Virol. Suppl.
8:53-62.

Kelley, W. L. (1998). The J-domain family and the recruitment of chaperone power.
Trends Biochem. Sci. 23:222-2217.

Kenney, J. M., von Bonsdorff, C. H., Nassal, M., and Fuller, S. D. (1995). Evolutionary
conservation in the hepatitis B virus core structure: Comparison of human and duck
cores. Structure 3:1009-1019.

Kimura, K., Kakimi, K., Wieland, S., Guidotti, L. G., and Chisari, F. V. (2002a). Activated
intrahepatic antigen-presenting cells inhibit hepatitis B virus replication in the liver of
transgenic mice. J. Immunol. 169:5188-5195.

Kimura, K., Kakimi, K., Wieland, S., Guidotti, L. G., and Chisari, F. V. (2002b). Interleukin-
18 inhibits hepatitis B virus replication in the livers of transgenic mice. J. Virol.
76:10702-10707.

Klingmiiller, U., and Schaller, H. (1993). Hepadnavirus infection requires interaction
between the viral pre-S domain and a specific hepatocellular receptor. J. Virol.
67:7414-7422.

Klocker, U., Oberwinkler, H., Kurschner, T., and Protzer, U. (2003). Presence of replicat-
ing virus in recombinant hepadnavirus stocks results from recombination and can be
eliminated by the use of a packaging cell line. J. Virol. 77:2873—-2881.

Kock, J., Borst, E. M., and Schlicht, H. J. (1996). Uptake of duck hepatitis B virus into
hepatocytes occurs by endocytosis but does not require passage of the virus through an
acidic intracellular compartment. J. Virol. 70:5827-5831.

Kock, J., Kann, M., Putz, G., Blum, H. E., and Von Weizsicker, F. (2003). Central role of a
serine phosphorylation site within duck hepatitis B virus core protein for capsid
trafficking and genome release. J. Biol. Chem. 278:28123—28129.

Kock, J., Nassal, M., MacNelly, S., Baumert, T. F., Blum, H. E., and von Weizséicker, F.
(2001). Efficient infection of primary Tupaia hepatocytes with purified human and
woolly monkey hepatitis B virus. J. Virol. 75:5084-5089.



62 URSULA SCHULTZ ET AL.

Kock, J., and Schlicht, H. J. (1993). Analysis of the earliest steps of hepadnavirus
replication: Genome repair after infectious entry into hepatocytes does not depend on
viral polymerase activity. J. Virol. 67:4867-4874.

Korba, B. E. (1996). In vitro evaluation of combination therapies against hepatitis B
virus replication. Antiviral Res. 29:49-51.

Kuroki, K., Eng, F., Ishikawa, T., Turck, C., Harada, F., and Ganem, D. (1995). gp180, a
host cell glycoprotein that binds duck hepatitis B virus particles, is encoded by a
member of the carboxypeptidase gene family. J. Biol. Chem. 270:15022-15028.

Lambert, C., and Prange, R. (2001). Dual topology of the hepatitis B virus large envelope
protein: Determinants influencing post-translational pre-S translocation. <J. Biol.
Chem. 276:22265-22272.

Lanford, R. E., Chavez, D., Brasky, K. M., Burns, R. B., III, and Rico-Hesse, R. (1998).
Isolation of a hepadnavirus from the woolly monkey, a New World primate. Proc. Natl.
Acad. Sci. USA 95:5757-5761.

Le Guerhier, F., Thermet, A., Guerret, S., Chevallier, M., Jamard, C., Gibbs, C. S., Trepo, C.,
Cova, L., and Zoulim, F. (2003). Antiviral effect of adefovir in combination with a DNA
vaccine in the duck hepatitis B virus infection model. J. Hepatol. 38:328-334.

Le Seyec, J., Chouteau, P., Cannie, 1., Guguen-Guillouzo, C., and Gripon, P. (1999).
Infection process of the hepatitis B virus depends on the presence of a defined sequence
in the pre-S1 domain. J. Virol. 73:2052-2057.

Lenhoff, R. J., Luscombe, C. A., and Summers, J. (1998). Competition in vivo between a
cytopathic variant and a wild-type duck hepatitis B virus. Virology 251:85-95.

Lenhoff, R. J., Luscombe, C. A., and Summers, J. (1999). Acute liver injury following
infection with a cytopathic strain of duck hepatitis B virus. Hepatology 29:563-571.

Lenhoff, R. J., and Summers, J. (1994a). Construction of avian hepadnavirus variants
with enhanced replication and cytopathicity in primary hepatocytes. J. Virol.
68:5706-5713.

Lenhoff, R. J., and Summers, J. (1994b). Coordinate regulation of replication and virus
assembly by the large envelope protein of an avian hepadnavirus. J. Virol.
68:4565-4571.

Linial, M. L. (1999). Foamy viruses are unconventional retroviruses. . Virol.
73:1747-1755.

Liu, N., Tian, R., and Loeb, D. D. (2003). Base pairing among three cis-acting sequences
contributes to template switching during hepadnavirus reverse transcription. Proc.
Natl. Acad. Sci. USA 10:10.

Loeb, D. D., Mack, A. A., and Tian, R. (2002). A secondary structure that contains the
5'- and 3'-splice sites suppresses splicing of duck hepatitis B virus pregenomic RNA.
J. Virol. 76:10195-10202.

Loeb, D. D., Tian, R., and Gulya, K. J. (1996). Mutations within DR2 independently
reduce the amount of both minus- and plus-strand DNA synthesized during duck
hepatitis B virus replication. J. Virol. 70:8684—-8690.

Lohrengel, B., Lu, M., and Roggendorf, M. (1998). Molecular cloning of the woodchuck
cytokines: TNF-alpha, IFN-gamma, and IL-6. Immunogenetics 47:332—-335.

Lowenthal, J. W., Staeheli, P., Schultz, U., Sekellick, M. J., and Marcus, P. J. (2001).
Nomenclature of avian interferon proteins. J. Interferon Cytokine Res. 21:547-549.

Lozach, P. Y., Lortat-Jacob, H., De Lacroix De Lavalette, A., Staropoli, 1., Foung, S.,
Amara, A., Houles, C., Fieschi, F., Schwartz, O., Virelizier, J. L., Arenzana-Seisdedos,
F., and Altmeyer, R. (2003). DC-SIGN and L-SIGN are high-affinity binding receptors
for hepatitis C virus glycoprotein E2. J. Biol. Chem 278:20358—20366.



DUCK HEPATITIS B VIRUS 63

Lu, M., Lohrengel, B., Hilken, G., Kemper, T., and Roggendorf, M. (2002). Woodchuck
gamma interferon upregulates major histocompatibility complex class I transcription
but is unable to deplete woodchuck hepatitis virus replication intermediates and RNAs
in persistently infected woodchuck primary hepatocytes. J. Virol. 76:58—67.

Lu, X,, Block, T. M., and Gerlich, W. H. (1996). Protease-induced infectivity of hepatitis B
virus for a human hepatoblastoma cell line. J. Virol. 70:2277-2285.

Mabit, H., Breiner, K. M., Knaust, A., Zachmann-Brand, B., and Schaller, H. (2001).
Signals for bidirectional nucleocytoplasmic transport in the duck hepatitis B virus
capsid protein. J. Virol. 75:1968-1977.

Mabit, H., Knaust, A., Breiner, K. M., and Schaller, H. (2003). Nuclear localization of the
duck hepatitis B virus capsid protein: Detection and functional implications of distinct
subnuclear bodies in a compartment associated with RNA synthesis and maturation.
J. Virol. 77:2157-2164.

Mabit, H., and Schaller, H. (2000). Intracellular hepadnavirus nucleocapsids are selected
for secretion by envelope protein-independent membrane binding. J. Virol.
4:11472-11478.

Macrae, D. R., Bruss, V., and Ganem, D. (1991). Myristylation of a duck hepatitis B virus
envelope protein is essential for infectivity but not for virus assembly. Virology
181:359-363.

Mabher, J. J. (1988). Primary hepatocyte culture: Is it home away from home? Hepatology
8:1162-1166.

Mandart, E., Kay, A., and Galibert, F. (1984). Nucleotide sequence of a cloned duck
hepatitis B virus genome: Comparison with woodchuck and human hepatitis B virus
sequences. J. Virol. 49:782-792.

Mangold, C. M., and Streeck, R. E. (1993). Mutational analysis of the cysteine residues in
the hepatitis B virus small envelope protein. «J. Virol. 67:4588-4597.

Marion, P. L. (1988). Use of animal models to study hepatitis B virus. Prog. Med. Virol.
35:43-75.

Marion, P. L., Cullen, J. M., Azcarraga, R. R., Van Davelaar, M. J., and Robinson, W. S.
(1987). Experimental transmission of duck hepatitis B virus to Pekin ducks and to
domestic geese. Hepatology 7:724-731.

Marion, P. L., Knight, S. S., Feitelson, M. A., Oshiro, L. S., and Robinson, W. S. (1983).
Major polypeptide of duck hepatitis B surface antigen particles. J. Virol. 48:534-541.

Marion, P. L., Oshiro, L. S., Regnery, D. C., Scullard, G. H., and Robinson, W. S. (1980). A
virus in Beechey ground squirrels that is related to hepatitis B virus of humans. Proc.
Natl. Acad. Sci. USA 77:2941-2945.

Mason, W. S., Cullen, J., Moraleda, G., Saputelli, J., Aldrich, C. E., Miller, D. S.,
Tennant, B., Frick, L., Averett, D., Condreay, L. D., and Jilbert, A. R. (1998). Lamivu-
dine therapy of WHV-infected woodchucks. Virology 245:18-32.

Mason, W. S., Seal, G., and Summers, J. (1980). Virus of Pekin ducks with structural and
biological relatedness to human hepatitis B virus. JJ. Virol. 36:829-836.

McCaul, T. F., Tsiquaye, K. N., and Zuckerman, A. J. (1985). Studies by electron micros-
copy on the assembly of duck hepatitis B virus in the liver. JJ. Med. Virol. 16:77-87.
McClary, H., Koch, R., Chisari, F. V., and Guidotti, L. G. (2000). Relative sensitivity of
hepatitis B virus and other hepatotropic viruses to the antiviral effects of cytokines.

J. Virol. 74:2255-2264.

Meier, P., Scougall, C. A., Will, H., Burrell, C. J., and Jilbert., A. R. (2003). A duck
hepatitis B virus strain with a knockout mutation in the putative X ORF shows similar
infectivity and in vivo growth characteristics to wild-type virus. Virology 317:291-298.



64 URSULA SCHULTZ ET AL.

Murphy, W. J., Eizirik, E., O’Brien, S. J., Madsen, O., Scally, M., Douady, C. J.,
Teeling, E., Ryder, O. A., Stanhope, M. J., de Jong, W. W., and Springer, M. S. (2001).
Resolution of the early placental mammal radiation using Bayesian phylogenetics.
Science 294:2348-2351.

Mutimer, D. (2001). Hepatitis B virus infection: Resistance to antiviral agents. J. Clin.
Virol. 21:239-242.

Nakanishi, K., Yoshimoto, T., Tsutsui, H., and Okamura, H. (2001). Interleukin-18
regulates both Th1l and Th2 responses. Annu. Rev. Immunol. 19:423-474.

Nanda, 1., Sick, C., Munster, U., Kaspers, B., Schartl, M., Staeheli, P., and Schmid, M.
(1998). Sex chromosome linkage of chicken and duck type I interferon genes: Further
evidence of evolutionary conservation of the Z chromosome in birds. Chromosoma
107:204-210.

Nassal, M. (1996). Hepatitis B virus morphogenesis. Curr. Top. Microbiol. Immunol.
214:297-337.

Nassal, M. (1999). Hepatitis B virus replication: Novel roles for virus—host interactions.
Intervirology 42:100-116.

Nassal, M. (2000). Macromolecular interactions in hepatitis B virus replication and particle
assembly. In “DNA virus replication” (A. J. Cann, ed.), Oxford University Press, Oxford.

Nassal, M. (2002). Ca2+: The clue to hepatitis B virus X protein function? Hepatology
36:755-757.

Nassal, M., Junker-Niepmann, M., and Schaller, H. (1990). Translational inactivation of
RNA function: Discrimination against a subset of genomic transcripts during HBV
nucleocapsid assembly. Cell 63:1357-1363.

Nassal, M., and Rieger, A. (1993). An intramolecular disulfide bridge between Cys-7 and
Cys61 determines the structure of the secretary core gene product (e antigen) of
hepatitis B virus. J. Virol. 67:4307-4315.

Nassal, M., and Rieger, A. (1996). A bulged region of the hepatitis B virus RNA encapsi-
dation signal contains the replication origin for discontinuous first-strand DNA syn-
thesis. J. Virol. 70:2764-2773.

Nassal, M., Rieger, A., and Steinau, O. (1992). Topological analysis of the hepatitis B
virus core particle by cysteine—cysteine cross-linking. J. Mol. Biol. 225:1013-1025.
Neurath, A. R., Kent, S. B., Strick, N., and Parker, K. (1986). Identification and chemical
synthesis of a host-cell receptor binding site on hepatitis B virus. Cell 46:429-436.
Obert, S., Zachmann-Brand, B., Deindl, E., Tucker, W., Bartenschlager, R., and
Schaller, H. (1996). A splice hepadnavirus RNA that is essential for virus replication.

EMBO J. 15:2565-2574.

Offensperger, W. B., Offensperger, S., Keppler-Hafkemeyer, A., Hafkemeyer, P., and
Blum, H. E. (1996). Antiviral activities of penciclovir and famciclovir on duck hepatitis
B virus in vitro and in vivo. Antivir. Ther. 1:141-146.

Offensperger, W. B., Offensperger, S., Walter, E., Teubner, K., Igloi, G., Blum, H. E., and
Gerok, W. (1993). In vivo inhibition of duck hepatitis B virus replication and gene
expression by phosphorothioate modified antisense oligodeoxynucleotides. EMBO J.
12:1257-1262.

Ostapchuk, P., Hearing, P., and Ganem, D. (1994). A dramatic shift in the transmem-
brane topology of a viral envelope glycoprotein accompanies hepatitis B viral morpho-
genesis. EMBO J. 13:1048-1057.

Ostrow, K. M., and Loeb, D. D. (2002). Characterization of the cis-acting contributions to
avian hepadnavirus RNA encapsidation. JJ. Virol. 76:9087-9095.

Pante, N., and Kann, M. (2002). Nuclear pore complex is able to transport macromole-
cules with diameters of about 39 nm. Mol. Biol. Cell. 13:425-434.



DUCK HEPATITIS B VIRUS 65

Perlman, D., and Hu, J. (2003). Duck hepatitis B virus virion secretion requires a double-
stranded DNA genome. J. Virol. 77:2287-2294.

Persing, D. H., Varmus, H. E., and Ganem, D. (1987). The preS1 protein of hepatitis B
virus is acylated at its amino terminus with myristic acid. J. Virol. 61:1672-1677.

Pirhonen, J. (2001). Regulation of IL-18 expression in virus infection. Scand. J. Immu-
nol. 53:533-539.

Pohlmann, S., Zhang, J., Baribaud, F., Chen, Z., Leslie, G. J., Lin, G., Granelli-Piperno, A.,
Doms, R. W, Rice, C. M., and McKeating, J. A. (2003). Hepatitis C virus glycoproteins
interact with DC-SIGN and DC-SIGNR. J. Virol. 7:4070-4080.

Pollack, J. R., and Ganem, D. (1994). Site-specific RNA binding by a hepatitis B virus
reverse transcriptase initiates two distinct reactions: RNA packaging and DNA
synthesis. J. Virol. 68:5579-5587.

Ponsel, D., and Bruss, V. (2003). Mapping of amino acid side chains on the surface of
hepatitis B virus capsids required for envelopment and virion formation. J. Virol.
77:416-422.

Prange, R., Nagel, R., and Streeck, R. E. (1992). Deletions in the hepatitis B virus small
envelope protein: Effect on assembly and secretion of surface antigen particles. J. Virol.
66:5832-5841.

Prassolov, A., Hohenberg, H., Kalinina, T., Schneider, C., Cova, L., Krone, O., Frolich, K.,
Will, H., and Sirma, H. (2003). New hepatitis B virus of cranes that has an unexpected
broad host range. J. Virol. 77:1964-1976.

Pratt, W. B., and Toft, D. O. (2003). Regulation of signaling protein function and traffick-
ing by the hsp90/hsp70-based chaperone machinery. Exp. Biol. Med. (Maywood)
228:111-133.

Protzer, U., Nassal, M., Chiang, P. W., Kirschfink, M., and Schaller, H. (1999). Interferon
gene transfer by a hepatitis B virus vector efficiently suppresses wild-type virus
infection. Proc. Natl. Acad. Sci. USA 96:10818-10823.

Pugh, J., Zweidler, A., and Summers, J. (1989). Characterization of the major duck
hepatitis B virus core particle protein. J. Virol. 63:1371-1376.

Pugh, J. C., Di, Q., Mason, W. S., and Simmons, H. (1995). Susceptibility to duck
hepatitis B virus infection is associated with the presence of cell surface receptor sites
that efficiently bind viral particles. J. Virol. 69:4814—-4822.

Pugh, J. C., and Simmons, H. (1994). Duck hepatitis B virus infection of Muscovy duck
hepatocytes and nature of virus resistance in vivo. J. Virol. 68:2487-2494.

Pugh, J. C., Sninsky, J. J., Summers, J. W., and Schaeffer, E. (1987). Characterization of
a pre-S polypeptide on the surfaces of infectious avian hepadnavirus particles. J. Virol.
61:1384-1390.

Pugh, J. C., and Summers, J. W. (1989). Infection and uptake of duck hepatitis B virus by
duck hepatocytes maintained in the presence of dimethyl sulfoxide. Virology
172:564-572.

Pult, 1., Netter, H. J., Bruns, M., Prassolov, A., Sirma, H., Hohenberg, H., Chang, S. F.,
Frolich, K., Krone, O., Kaleta, E. F., and Will, H. (2001). Identification and analysis of a
new hepadnavirus in white storks. Virology 289:114-128.

Pumpens, P, Grens, E., and Nassal, M. (2002). Molecular epidemiology and immunology
of hepatitis B virus infection. An update. Intervirology 45:218-232.

Qiao, M., Gowans, E. J., and Burrell, C. J. (1992). Intracellular factors, but not virus
receptor levels, influence the age-related outcome of DHBV infection of ducks. Virology
186:517-523.



66 URSULA SCHULTZ ET AL.

Qiao, M., Scougall, C. A., Duszynski, A., and Burrell, C. J. (1999). Kinetics of early
molecular events in duck hepatitis B virus replication in primary duck hepatocytes.
J. Gen. Virol. 80:2127-2135.

Queitsch, C., Sangster, T. A., and Lindquist, S. (2002). Hsp90 as a capacitor of phenotypic
variation. Nature 417:618-624.

Radziwill, G., Tucker, W., and Schaller, H. (1990). Mutational analysis of the hepatitis B
virus P gene product: Domain structure and RNase H activity. J. Virol. 64:613—620.
Raney, A. K., Eggers, C. M., Kline, E. F., Guidotti, L. G., Pontoglio, M., Yaniv, M., and
McLachlan, A. (2001). Nuclear covalently closed circular viral genomic DNA in the
liver of hepatocyte nuclear factor 1 alpha-null hepatitis B virus transgenic mice. <.

Virol. 75:2900-2911.

Rehermann, B. (2000). Intrahepatic T cells in hepatitis B: Viral control versus liver cell
injury. J. Exp. Med. 191:1263-1268.

Ren, S., and Nassal, M. (2001). Hepatitis B virus (HBV) virion and covalently closed
circular DNA formation in primary Tupaia hepatocytes and human hepatoma cell
lines upon HBV genome transduction with replication-defective adenovirus vectors.
J. Virol. 75:1104-1116.

Rieger, A., and Nassal, M. (1996). Specific hepatitis B virus minus-strand DNA synthesis
requires only the 5-encapsidation signal and the 3'-proximal direct repeat DRI.
J. Virol. 70:585-589.

Rigg, R. J., and Schaller, H. (1992). Duck hepatitis B virus infection of hepatocytes is not
dependent on low pH. oJ. Virol. 66:2829-2836.

Robertson, B. H., and Margolis, H. S. (2002). Primate hepatitis B viruses—Genetic
diversity, geography, and evolution. Rev. Med. Virol. 12:133-141.

Rodriguez-Crespo, 1., Nunez, E., Yelamos, B., Gomez-Gutierrez, J., Albar, J. P., Peterson,
D. L., and Gavilanes, F. (1999). Fusogenic activity of hepadnavirus peptides correspond-
ing to sequences downstream of the putative cleavage site. Virology 261:133-142.

Rodriguez-Crespo, 1., Yelamos, B., Albar, J. P., Peterson, D. L., and Gavilanes, F. (2000).
Selective destabilization of acidic phospholipid bilayers performed by the hepatitis B
virus fusion peptide. Biochim. Biophys. Acta 1463:419-428.

Roggendorf, M., and Tolle, T. K. (1995). The woodchuck: An animal model for hepatitis B
virus infection in man. Intervirology 38:100-112.

Rollier, C., Charollois, C., Jamard, C., Trepo, C., and Cova, L. (2000a). Early life humoral
response of ducks to DNA immunization against hepadnavirus large envelope protein.
Vaccine 18:3091-3096.

Rollier, C., Charollois, C., Jamard, C., Trepo, C., and Cova, L. (2000b). Maternally
transferred antibodies from DNA-immunized avians protect offspring against hepad-
navirus infection. J. Virol. 74:4908-4911.

Rollier, C., Sunyach, C., Barraud, L., Madani, N., Jamard, C., Trepo, C., and Cova, L.
(1999). Protective and therapeutic effect of DNA-based immunization against hepad-
navirus large envelope protein. Gastroenterology 116:658—665.

Romero, R., and Lavine, J. E. (1996). Cytokine inhibition of the hepatitis B virus core
promoter. Hepatology 23:17-23.

Rothmann, K., Schnoizer, M., Radziwill, G., Hildt, E., Moelling, K., and Schaller, H.
(1998). Host cell-virus cross talk: Phosphorylation of a hepatitis B virus envelope
protein mediates intracellular signaling. JJ. Virol. 72:10138-10147.

Salucci, V., Lu, M., Aurisicchio, L., La Monica, N., Roggendorf, M., and Palombo, F.
(2002). Expression of a new woodchuck IFN-alpha gene by a helper-dependent adeno-
viral vector in woodchuck hepatitis virus-infected primary hepatocytes. J. Interferon.
Cytokine Res. 22:1027-1034.



DUCK HEPATITIS B VIRUS 67

Satoh, O., Imai, H., Yoneyama, T., Miyamura, T., Utsumi, H., Inoue, K., and Umeda, M.
(2000). Membrane structure of the hepatitis B virus surface antigen particle.
J. Biochem. (Tokyo) 127:543-550.

Schaaf, S. G., Beck, J., and Nassal, M. (1999). A small 2’-OH-and base-dependent
recognition element downstream of the initiation site in the RNA encapsidation signal
is essential for hepatitis B virus replication initiation. J. Biol. Chem.
274:37787-37794.

Schlicht, H. J. (1991). Biosynthesis of the secretory core protein of duck hepatitis B virus:
Intracellular transport, proteolytic processing, and membrane expression of the pre-
core protein. J. Virol. 65:3489-3495.

Schlicht, H. J., Bartenschlager, R., and Schaller, H. (1989). The duck hepatitis B virus
core protein contains a highly phosphorylated C terminus that is essential for replica-
tion but not for RNA packaging. J. Virol. 63:2995-3000.

Schlicht, H. J., Kuhn, C., Guhr, B., Mattaliano, R. J., and Schaller, H. (1987). Biochemi-
cal and immunological characterization of the duck hepatitis B virus envelope pro-
teins. J. Virol. 61:2280-2285.

Schmitz, J., Ohme, M., and Zischler, H. (2000). The complete mitochondrial genome of
Tupaia belangeri and the phylogenetic affiliation of scandentia to other eutherian
orders. Mol. Biol. Evol. 17:1334-1343.

Schneider, K., Puehler, F.,; Baeuerle, D., Elvers, S., Staeheli, P., Kaspers, B., and
Weining, K. C. (2000). cDNA cloning of biologically active chicken interleukin-18.
J. Interferon Cytokine Res. 20:879—-883.

Schultz, U., and Chisari, F. V. (1999). Recombinant duck interferon gamma inhibits duck
hepatitis B virus replication in primary hepatocytes. J. Virol. 73:3162-3168.

Schultz, U., Kock, J., Schlicht, H. J., and Staeheli, P. (1995). Recombinant duck interfer-
on: A new reagent for studying the mode of interferon action against hepatitis B virus.
Virology 212:641-649.

Schultz, U., Summers, J., Staeheli, P., and Chisari, F. V. (1999). Elimination of duck
hepatitis B virus RNA-containing capsids in duck interferon-alpha-treated hepato-
cytes. J. Virol. 73:5459-5465.

Schwemmle, M., Kaspers, B., Irion, A., Staeheli, P., and Schultz, U. (1996). Chicken
guanylate-binding protein. Conservation of GTPase activity and induction by cyto-
kines. J. Biol. Chem. 271:10304—-10308.

Seeger, C., and Mason, W. S. (2000). Hepatitis B virus biology. Microbiol. Mol. Biol. Rev.
64:51-68.

Seigneres, B., Pichoud, C., Martin, P., Furman, P., Trepo, C., and Zoulim, F. (2002).
Inhibitory activity of dioxolane purine analogs on wild-type and lamivudine-resistant
mutants of hepadnaviruses. Hepatology 36:710-722.

Sick, C., Schultz, U., and Staeheli, P. (1996). A family of genes coding for two serologically
distinct chicken interferons. J. Biol. Chem. 271:7635-7639.

Sieczkarski, S. B., and Whittaker, G. R. (2002). Dissecting virus entry via endocytosis.
J. Gen. Virol. 83:1535-1545.

Sousa, R. (1996). Structural and mechanistic relationships between nucleic acid poly-
merases. Trends Biochem. Sci. 21:186-190.

Sprengel, R., Kaleta, E. F., and Will, H. (1988). Isolation and characterization of a
hepatitis B virus endemic in herons. oJ. Virol. 62:3832-3839.

Steitz, T. A. (1999). DNA polymerases: Structural diversity and common mechanisms.
J. Biol. Chem. 274:17395-17398.

Stirk, H. J., Thornton, J. M., and Howard, C. R. (1992). A topological model for hepatitis
B surface antigen. Intervirology 33:148-158.



68 URSULA SCHULTZ ET AL.

Summers, J., and Mason, W. S. (1982). Replication of the genome of a hepatitis B-like
virus by reverse transcription of an RNA intermediate. Cell 29:403-415.

Summers, J., Smith, P. M., and Horwich, A. L. (1990). Hepadnavirus envelope proteins
regulate covalently closed circular DNA amplification. J. Virol. 64:2819-2824.

Summers, J., Smith, P. M., Huang, M. J., and Yu, M. S. (1991). Morphogenetic and
regulatory effects of mutations in the envelope proteins of an avian hepadnavirus.
J. Virol. 65:1310-1317.

Summers, J., Smolec, J. M., and Snyder, R. (1978). A virus similar to human hepatitis B
virus associated with hepatitis and hepatoma in woodchucks. Proc. Natl. Acad. Sci.
USA 75:4533-4537.

Swameye, 1., and Schaller, H. (1997). Dual topology of the large envelope protein of duck
hepatitis B virus: Determinants preventing pre-S translocation and glycosylation.
J. Virol. 71:9434-9441.

Tavis, J. E., Massey, B., and Gong, Y. (1998). The duck hepatitis B virus polymerase is
activated by its RNA packaging signal, epsilon. J. Virol. 72:5789-5796.

Tennant, B. C., and Gerin, J. L. (2001). The woodchuck model of hepatitis B virus
infection. Ilar. J. 42:89-102.

Testut, P, Renard, C. A., Terradillos, O., Vitvitski-Trepo, L., Tekaia, F., Degott, C., Blake, dJ.,
Boyer, B., and Buendia, M. A. (1996). A new hepadnavirus endemic in arctic ground
squirrels in Alaska. J. Virol. 70:4210-4219.

Thermet, A., Rollier, C., Zoulim, F., Trepo, C., and Cova, L. (2003). Progress in DNA
vaccine for prophylaxis and therapy of hepatitis B. Vaccine 21:659—-662.

Thoma, C., Hasselblatt, P., Kock, J., Chang, S. F., Hockenjos, B., Will, H., Hentze, M. W.,
Blum, H. E., von Weizsacker, F., and Offensperger, W. B. (2001). Generation of stable
mRNA fragments and translation of N-truncated proteins induced by antisense oligo-
deoxynucleotides. Mol. Cell. 8:865-872.

Thomas, H. C. (1995). The emergence of envelope and precore/core variants of hepatitis B
virus: The potential role of antibody selection. J. Hepatol. 22:1-8.

Tomita, Y., Mizuno, T., Diez, J., Naito, S., Ahlquist, P., and Ishikawa, M. (2003). Mutation
of host DnaJ homolog inhibits brome mosaic virus negative-strand RNA synthesis.
J. Virol. 77:2990-2997.

Tong, S., Li, J., and Wands, J. R. (1995). Interaction between duck hepatitis B virus and a
170-kilodalton cellular protein is mediated through a neutralizing epitope of the pre-S
region and occurs during viral infection. J. Virol. 69:7106-7112.

Tur-Kaspa, R., Teicher, L., Laub, O., Itin, A., Dagan, D., Bloom, B. R., and Shafritz, D. A.
(1990). Alpha interferon suppresses hepatitis B virus enhancer activity and reduces
viral gene transcription. J. Virol. 64:1821-1824.

Tuttleman, J. S., Pourcel, C., and Summers, J. (1986a). Formation of the pool of cova-
lently closed circular viral DNA in hepadnavirus-infected cells. Cell 47:451-460.

Tuttleman, J. S., Pugh, J. C., and Summers, J. W. (1986b). In vitro experimental infection
of primary duck hepatocyte cultures with duck hepatitis B virus. J. Virol. 58:17-25.

Urban, S., Breiner, K. M., Fehler, F., Klingmiiller, U., and Schaller, H. (1998). Avian
hepatitis B virus infection is initiated by the interaction of a distinct pre-S subdomain
with the cellular receptor gp180. J. Virol. 72:8089-8097.

Urban, S., and Gripon, P. (2002). Inhibition of duck hepatitis B virus infection
by a myristoylated pre-S peptide of the large viral surface protein. J. Virol.
76:1986-1990.

Urban, S., Schwarz, C., Marx, U. C., Zentgraf, H., Schaller, H., and Multhaup, G. (2000).
Receptor recognition by a hepatitis B virus reveals a novel mode of high-affinity virus-
receptor interaction. EMBO J. 19:1217-1227.



DUCK HEPATITIS B VIRUS 69

Vickery, K., and Cossart, Y. (1996). DHBV manipulation and prediction of the outcome of
infection. J. Hepatol. 25:504-509.

Vickery, K., Freiman, J. S., Dixon, R. J., Kearney, R., Murray, S., and Cossart, Y. E.
(1989). Immunity in Pekin ducks experimentally and naturally infected with duck
hepatitis B virus. J. Med. Virol. 28:231-236.

Vileek, J., and Sen, G. C. (1996). Interferons and other cytokines. In Fields Virology, 3rd
Edition, Lippincott-Raven, Philadelphia.

von Weizsacker, F., Kock, J., Wieland, S., Beck, J., Nassal, M., and Blum, H. E. (2002).
Cis-preferential recruitment of duck hepatitis B virus core protein to the RNA/
polymerase preassembly complex. Hepatology 35:209-216.

Waldmann, T., Tagaya, Y., and Bamford, R. (1998). Interleukin-2, interleukin-15, and
their receptors. Int. Rev. Immunol. 16:205-226.

Wang, G. H., and Seeger, C. (1992). The reverse transcriptase of hepatitis B virus acts as
a protein primer for viral DNA synthesis. Cell 71:663-670.

Wang, G. H., and Seeger, C. (1993). Novel mechanism for reverse transcription in
hepatitis B viruses. J. Virol. 67:6507-6512.

Wei, Y., Tavis, J. E., and Ganem, D. (1996). Relationship between viral DNA synthesis
and virion envelopment in hepatitis B viruses. J. Virol. 70:6455-6458.

Weining, K. C., Schultz, U., Munster, U., Kaspers, B., and Staeheli, P. (1996). Biological
properties of recombinant chicken interferon-gamma. Eur. J. Immunol. 26:2440-2447.

Wieland, S. F., Guidotti, L. G., and Chisari, F. V. (2000). Intrahepatic induction of alpha/
beta interferon eliminates viral RNA-containing capsids in hepatitis B virus transgen-
ic mice. oJ. Virol. 74:4165-4173.

Will, H., Cattaneo, R., Koch, H. G., Darai, G., Schaller, H., Schellekens, H., van Eerd,
P. M., and Deinhardt, F. (1982). Cloned HBV DNA causes hepatitis in chimpanzees.
Nature 299:740-742.

Wunderlich, G., and Bruss, V. (1996). Characterization of early hepatitis B virus surface
protein oligomers. Arch. Virol. 141:1191-1205.

Wynne, S. A., Crowther, R. A., and Leslie, A. G. (1999). The crystal structure of the
human hepatitis B virus capsid. Mol. Cell. 3:771-780.

Xiong, Y., and Eickbush, T. H. (1990). Origin and evolution of retroelements based upon
their reverse transcriptase sequences. EMBO J. 9:3353—-3362.

Yamamoto, T., Litwin, S., Zhou, T., Zhu, Y., Condreay, L., Furman, P., and Mason, W. S.
(2002). Mutations of the woodchuck hepatitis virus polymerase gene that confer resis-
tance to lamivudine and 2’-fluoro-5-methyl-beta-L-arabinofuranosyluracil. ¢J. Virol.
76:1213-1223.

Yang, D. L., Lu, M., Hao, L. J., and Roggendorf, M. (2000). Molecular cloning and
characterization of major histocompatibility complex class I cDNAs from woodchuck
(Marmota monax). Tissue Antigens 55:548-557.

Yang, W., Guo, J., Ying, Z., Hua, S., Dong, W., and Chen, H. (1994). Capsid assembly and
involved function analysis of twelve core protein mutants of duck hepatitis B virus.
J. Virol. 68:338-345.

Yoshimori, T., Yamamoto, A., Moriyama, Y., Futai, M., and Tashiro, Y. (1991). Bafi-
lomycin A;, a specific inhibitor of vacuolar-type H(+)-ATPase, inhibits acidifica-
tion and protein degradation in lysosomes of cultured cells. J. Biol. Chem.
266:17707-17712.

Yu, M., and Summers, J. (1991). A domain of the hepadnavirus capsid protein is specifi-
cally required for DNA maturation and virus assembly. J. Virol. 65:2511-2517.

Yu, M., and Summers, J. (1994). Multiple functions of capsid protein phosphorylation in
duck hepatitis B virus replication. J. Virol. 68:4341-4348.



70 URSULA SCHULTZ ET AL.

Zang, W. Q., and Yen, T. S. (1999). Distinct export pathway utilized by the hepatitis
B virus post-transcriptional regulatory element. Virology 259:299-304.

Zhang, Y. Y., and Summers, J. (1999). Enrichment of a precore-minus mutant of duck
hepatitis B virus in experimental mixed infections. J. Virol. 73:3616-3622.

Zhang, Y. Y., and Summers, J. (2000). Low dynamic state of viral competition in a chronic
avian hepadnavirus infection. J. Virol. 74:5257-5265.

Zhou, S., and Standring, D. N. (1992). Hepatitis B virus capsid particles are assembled
from core-protein dimer precursors. Proc. Natl. Acad. Sci. USA 89:10046-10050.

Zhou, T., Guo, J. T., Nunes, F. A., Molnar-Kimber, K. L., Wilson, J. M., Aldrich, C. E.,
Saputelli, J., Litwin, S., Condreay, L. D., Seeger, C., and Mason, W. S. (2000).
Combination therapy with lamivudine and adenovirus causes transient suppression
of chronic woodchuck hepatitis virus infections. J. Virol. 74:11754-11763.

Ziegler, R. E., and Joklik, W. K. (1981). Effect of interferon on multiplication of a