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Treatment with alpha interferon is a standard therapy for patients with chronic hepatitis B virus (HBV)
infections. This treatment can reduce virus load and ameliorate disease symptoms. However, in the majority
of cases, alpha interferon therapy fails to resolve the chronic HBV infection. The reason alpha interferon
therapy is inefficient at resolving chronic HBV infections is assumed to be because it fails to eliminate
covalently closed circular (CCC) HBV DNA from the nuclei of infected hepatocytes. In an attempt to address
this issue, the stability of HBV CCC DNA in response to alpha/beta interferon induction was examined in
HNF1a-null HBV transgenic mice. Alpha/beta interferon induction by polyinosinic-polycytidylic acid [poly(I-
C)] treatment efficiently eliminated encapsidated cytoplasmic HBV replication intermediates while only mod-
estly reducing nuclear HBV CCC DNA. These observations indicate that nuclear HBV CCC DNA is more stable
than cytoplasmic replication intermediates in response to alpha/beta interferon induction. Consequently it
appears that for therapies to resolve chronic HBV infection efficiently, they will have to target the elimination
of the most stable HBV replication intermediate, nuclear HBV CCC DNA.

Hepatitis B virus (HBV) infection is associated with signif-
icant morbidity and mortality (4, 26). Currently, it is estimated
there are approximately 400 million chronic carriers in the
world (26). Reliable therapies for chronic HBV infection are
required, as the long-term consequences include cirrhosis of
the liver and hepatocellular carcinoma, which have very poor
prognoses (26). Chronic HBV infections can be treated with
various antiviral drugs such as lamivudine and adefovir (26).
These nucleoside analogues specifically inhibit the HBV re-
verse transcriptase/DNA polymerase activity and inhibit viral
replication (26). Unfortunately, treatment with these antiviral
agents often leads to the selection of drug-resistant variants,
preventing the resolution of the chronic carrier state (3, 26).

In addition to the use of antiviral drugs, chronic HBV in-
fection can be treated with alpha interferon therapy (26). As
observed with antiviral therapy, alpha interferon therapy may
suppress HBV replication during the treatment phase but it
often fails to resolve the chronic HBV infection or the associ-
ated disease state (24, 26). The reason these therapies fail to
resolve the chronic HBV infection is unclear, but it may be due
to the existence of covalently closed circular (CCC) HBV
DNA in the nuclei of the infected hepatocytes (34, 40, 44). It
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is possible that the half-life of HBV CCC DNA is sufficiently
long that the current antiviral drugs fail to eliminate this viral
replication intermediate during the standard period of therapy
(1, 12, 27, 30, 44, 49).

During the initial stages of an HBV infection, the virion
enters the hepatocyte and releases the viral nucleocapsid into
the cytoplasm (35). The nuclear localization signal sequences
in the nucleocapsid presumably delivers the 3.2-kb partially
double-stranded genomic DNA located within the nucleocap-
sid to the nucleus (15). In the nucleus, the partially double-
stranded genomic DNA is converted to HBV CCC DNA with
the aid of various enzyme activities associated with the nuclear
replication machinery (29, 35). HBV CCC DNA subsequently
serves as the transcriptional template for the synthesis of the
viral transcripts (35).

The HBV 3.5-kb pregenomic RNA is translated to produce
both the core protein and the viral polymerase (31, 45). The
polymerase protein binds to the epsilon sequence within the
pregenomic RNA, and this complex is encapsidated by the
viral core protein to generate an immature viral nucleocapsid
(22). Subsequently the viral polymerase converts the pre-
genomic RNA into partially double-stranded genomic DNA,
producing a mature nucleocapsid particle that is essentially
identical to the nucleocapsid derived from the infecting virion
(45). Consequently, the newly synthesized mature nucleocap-
sid can deliver its viral genomic DNA to the nucleus, resulting
in the amplification of nuclear HBV CCC DNA (40).

During natural infection it is estimated that there are up to
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50 copies of CCC DNA in the nuclei of infected hepatocytes
(1, 12, 29, 48, 49). The amplification of nuclear CCC DNA
appears to be limited by the translation of the viral transcripts
encoding the surface antigen polypeptides (39). The surface
antigen polypeptides are synthesized as transmembrane
polypeptides which associate with mature nucleocapsids at the
endoplasmic reticulum and bud as virions into the lumen of the
endoplasmic reticulum (6, 7, 18). HBV virions are subse-
quently secreted from the hepatocyte after processing and
transport through the endoplasmic reticulum and Golgi appa-
ratus (23, 46).

In this study, the stability of HBY CCC DNA in the hepa-
tocytes of HNFla-null HBV transgenic mice has been exam-
ined in response to the induction of an alpha/beta interferon
response. HBV transgenic mice do not normally have signifi-
cant levels of nuclear CCC DNA despite synthesizing high
levels of cytoplasmic replication intermediates (19, 34). How-
ever, HBV transgenic mice lacking HNF1a not only synthesize
high levels of cytoplasmic replication intermediates but also
produce detectable levels of nuclear HBV CCC DNA (34).
Induction of an alpha/beta interferon response in HBV trans-
genic mice by polyinosinic-polycytidylic acid [poly(I-C)] treat-
ment dramatically reduces the level of cytoplasmic replication
intermediates (20, 28, 41, 43). This reduction in cytoplasmic
replication intermediates requires a functional alpha/beta in-
terferon receptor, demonstrating this effect is mediated pri-
marily by alpha/beta interferon (28). Therefore, it was of in-
terest to determine if poly(I-C) induction of an alpha/beta
interferon response in HNFla-null HBV transgenic mice
might reduce the level of cytoplasmic and nuclear viral repli-
cation intermediates to a similar or different extent.

From this analysis, it is apparent that cytoplasmic replication
intermediates are much more sensitive to elimination by alpha/
beta interferon induction than nuclear HBV CCC DNA. These
observations support the contention that elimination of nu-
clear HBV CCC DNA is the major problem in resolving
chronic HBV infection. In addition, these findings help to
explain why alpha interferon therapy may reduce patients’ viral
load without necessarily preventing the recurrence of viral
biosynthesis after the completion of therapy (26).

MATERIALS AND METHODS

Transgenic mice. The production and characterization of the HBV transgenic
mouse lineage 1.3.32 has been described (19). These HBV transgenic mice
contain a single copy of the terminally redundant, 1.3-genome-length copy of the
HBVayw genome integrated into the mouse chromosomal DNA. High levels of
HBYV replication occur in the livers of these mice. The mice used in the breeding
experiments were homozygous for the HBV transgene and were maintained on
the C57BL/6 genetic background.

The production and characterization of the HNFlo-null mice have been de-
scribed (32). These mice do not express HNFla and display hepatic dysfunction,
phenylketonuria, renal Fanconi syndrome, and infertility (25, 32). The mice used
in the breeding experiments were heterozygous for HNFla and maintained on
the Sv/129 genetic background.

HNF1la-null HBV transgenic mice were generated by mating the HBV trans-
genic mice with the heterozygous HNFla ™/~ mice. The resulting heterozygous
HNF1a™~ HBV transgenic F; mice were subsequently mated with the heterozy-
gous HNFla /™ mice and the F, mice were screened for the HBV transgene and
HNFla-null allele by PCR analysis of tail DNA. Tail DNA was prepared by
incubating 1 cm of tail in 500 pl of 100 mM Tris hydrochloride (pH 8.0), 200 mM
NaCl, 5 mM EDTA, 0.2% (wt/vol) sodium dodecyl sulfate containing 100 p.g/ml
proteinase K for 16 to 20 h at 55°C. Samples were centrifuged at 14,000 rpm in
an Eppendorf 5417C microcentrifuge for 10 min and the supernatant was pre-
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cipitated with 500 wl of isopropanol. DNA was pelleted by centrifugation at
14,000 rpm in an Eppendorf 5417C microcentrifuge for 10 min and subsequently
dissolved in 100 pl of 5 mM Tris hydrochloride (pH 8.0), 1 mM EDTA.

The HBV transgene was identified by PCR analysis using the oligonucleotides
TCGATACCTGAACCTTTACCCCGTTGCCCG (oligonucleotide XpHNF4-1,
HBV coordinates 1133 to 1159) and TCGAATTGCTGAGAGTCCAAGAGTC
CTCTT (oligonucleotide CpHNF4-2, HBV coordinates 1683 to 1658), and 1 pl
of tail DNA. The samples were subjected to 30 amplification cycles involving
denaturation at 94°C for 1 min, annealing at 55°C for 1 min, and extension from
the primers at 72°C for 2 min. A PCR product of 551 bp indicated the presence
of the HBV transgene. The HNF1a wild-type and null alleles were identified by
PCR analysis using the oligonucleotides CAGAGCTTGACTAGTGGGATT
TGG (oligonucleotide mHNFla-1, HNFla promoter plus-strand sequence),
ACCCTCTCCAACCATCAGGTAGG (oligonucleotide mHNFla-2, HNFla
exon 1 minus-strand sequence), and AACTGTTGGGAAGGGCGATCGGTG
(oligonucleotide BGAL, B-galactosidase minus-strand sequence), and 1 .l of tail
DNA. The samples were subjected to 35 amplification cycles involving denatur-
ation at 96°C for 1 min, annealing at 56°C for 1 min, and extension from the
primers at 72°C for 1 min. A PCR product of 276 bp indicated the wild-type
HNFla genotype, whereas a PCR product of 390 bp indicated the mutated
HNF1la genotype. The 20-ul reaction conditions used were as described by the
manufacturer (PGC Scientifics) and contained 1.5 units of Tag DNA polymerase.

Alpha/beta interferon expression was induced in the HBV transgenic mice
essentially as described (41). Mice were injected four times with 200 pg of
poly(I-C) in phosphate-buffered saline at 24-hour intervals. Mice were sacrificed
4 to 6 h after the final intraperitoneal injection of poly(I-C). Liver tissue was
frozen in liquid nitrogen and stored at —70°C prior to DNA and RNA extraction.

HBV DNA and RNA analysis. Total DNA and RNA were isolated from the
livers of HBV transgenic mice as described (10, 37). DNA (Southern) filter
hybridization analyses were performed using 20 pg of HindIII-digested DNA
(37). Filters were probed with 3?P-labeled HBVayw genomic DNA (16) to detect
HBYV sequences. RNA (Northern) filter hybridization analyses were performed
using 10 pg of total cellular RNA as described (37). Filters were probed with
32p_labeled HBVayw genomic DNA to detect HBV sequences and the mouse
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) c¢cDNA to detect the
GAPDH transcript used as an internal control (36). Filters were probed with
32P-labeled mouse 2’,5'-oligoadenylate synthase (20AS) cDNA to detect the
20AS transcript as an indirect measure of alpha/beta interferon induction (41).

RNase protection assays were performed using the Pharmingen Riboquant kit
and riboprobes were synthesized using the Ambion Maxiscript kit as described by
the manufacturers. Transcription initiation sites for the 3.5-kb HBV transcripts
were examined using 20 pg of total cellular RNA and a 333-nucleotide-long
(HBV coordinates 1990 to 1658) 3?P-labeled HBV riboprobe. As an internal
control for the RNase protection analysis, a >P-labeled mouse ribosomal protein
L32 gene riboprobe spanning 101 nucleotides of exon 3 was utilized (14). All
riboprobes contained additional flanking vector sequences that are not protected
by HBV transgenic mouse RNA.

Nuclear CCC HBV DNA was prepared from mouse livers by a modification of
a previously described procedure (47). Approximately 50 mg of mouse liver was
homogenized in a Potter-Elvehjem tissue grinder in 0.5 ml of 50 mM Tris
hydrochloride (pH 8.0), 1 mM EDTA, 0.2% (vol/vol) NP-40, 0.15 M NaCl at 4°C.
The homogenate was centrifuged for 30 seconds at 14,000 rpm in an Eppendorf
5417C microcentrifuge at 4°C. The nuclear pellet was suspended in 0.2 ml of 10
mM Tris hydrochloride (pH 8.0), 1 mM EDTA at 4°C. Nuclei were lysed by the
addition of 0.2 ml of 6% (wt/vol) sodium dodecyl sulfate, 0.15 M NaOH. The
lysate was vigorously mixed and incubated at 37°C for 30 min. The alkaline lysate
was neutralized by the addition of 0.1 ml of 3 M potassium acetate (pH 5.0) and
centrifuged for 2 min at 14,000 rpm in an Eppendorf 5417C microcentrifuge at
25°C. The supernatant was extracted with 0.5 ml of water-saturated phenol and
precipitated with ethanol in the presence of 5 pg of glycogen (Sigma). The
precipitate was suspended in 25 pl of 10 mM Tris hydrochloride (pH 8.0), 1 mM
EDTA, and the isolated HBV DNA was examined by filter hybridization anal-
ysis. Filters were probed with 3?P-labeled HBVayw genomic DNA (16) and the
mouse mitochondrial cytochrome b gene region between coordinates 14243 and
14550 (5) to detect HBV CCC DNA and mitochondrial DNA sequences, re-
spectively. Filter hybridization and RNase protection analyses were quantitated
by phosphorimaging using a Packard Cyclone Storage Phosphor System.

HBV antigen analysis. Hepatitis B virus e antigen (HBeAg) analysis was
performed using 2 pl of mouse serum and the HBe enzyme-linked immunosor-
bent assay as described by the manufacturer (International Immunodiagnostics).
The level of antigen was determined in the linear range of the assay.
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FIG. 1. Effect of poly(I-C) injection on serum HBeAg synthesis in HBV transgenic mice. HNF1(+/—), HNFla-expressing HBV transgenic
mice heterozygous for the wild-type HNF1a allele; HNF1(—/—), HNFla-null HBV transgenic mice. Mice were injected with phosphate-buffered
saline (PBS) or poly(I-C) (pIC). Serum HBeAg levels were measured before (pre) and after (post) injection (OD,s, nm). The mean HBeAg levels

plus standard deviations derived from seven male HNFla ™/~ HBV transgenic mice injected with phosphate-buffered saline, seven male HNFla

/-

HBYV transgenic mice injected with poly(I-C), four male HNFla™/~ HBV transgenic mice injected with phosphate-buffered saline, eight male
HNFla ™/~ HBV transgenic mice injected with poly(I-C), seven female HNFla™~ HBV transgenic mice injected with phosphate-buffered saline,
seven female HNFla™~ HBV transgenic mice injected with poly(I-C), eight female HNFla '~ HBV transgenic mice injected with phosphate-
buffered saline, and nine female HNFla ™/~ HBV transgenic mice injected with poly(I-C) are shown. The levels of HBeAg in each group of HBV
transgenic mice injected with poly(I-C) were decreased in a statistically significantly manner as determined by a paired Student ¢ test (P < 0.05).

RESULTS

Effect of poly(I-C) injection on HBeAg synthesis in HBV
transgenic mice. HBV transgenic mice were bred with HNFla
heterozygous mice, and HBV transgenic mice hemizygous for
the HBV transgene and heterozygous for the wild-type HNF1a
allele or homozygous for the HNFla-null allele were identified
in the F, generation. For these studies, HBV transgenic mice
that were heterozygous for the HNFla wild-type allele were
used as controls and compared with HBV transgenic mice that
were homozygous for the HNFla-null allele.

Control HBV transgenic mice heterozygous for the HNFla
wild-type allele and HNFla-null HBV transgenic mice were
injected with poly(I-C) to induce an alpha/beta interferon re-
sponse (41). Multiple rather than single poly(I-C) injections
were employed in an attempt to sustain the alpha/beta inter-
feron induction and to confirm the effect of alpha/beta inter-
feron on HBV transcription (41). Male and female mice of
each genotype were assayed for the level of HBeAg in their
sera before and after injection with either phosphate-buffered
saline or poly(I-C) (Fig. 1). HBV transgenic mice injected with
phosphate-buffered saline did not display a significant alter-
ation in the level of serum HBeAg as a consequence of this
treatment. In contrast, HBV transgenic mice injected with
poly(I-C) displayed a statistically significant decrease of ap-
proximately 25% in the level of serum HBeAg as a conse-
quence of this treatment. The decrease in serum HBeAg was

similar in HNFla-expressing and HNFla-null HBV transgenic
mice, suggesting that the induction of alpha/beta interferon
and its effect on HBeAg synthesis were similar in both groups
of mice. This indicates the absence of HNF1a in these mice did
not greatly influence the production and function of alpha/beta
interferon, at least, with respect to its effects on HBeAg syn-
thesis. As HBeAg is translated from the 3.5-kb precore RNA
(42), these observations suggest that the induction of an alpha/
beta interferon response in these HBV transgenic mice may
have a modest effect on the synthesis of the 3.5-kb precore
RNA.

Effect of poly(I-C) injection on viral transcription in HBV
transgenic mice. HBV transgenic mice were examined for their
steady-state levels of HBV transcripts by analysis of the total
liver RNA (Fig. 2). The steady-state levels of the HBV 3.5- and
2.1-kb transcripts in the livers of the HBV transgenic mice with
and without HNF1la were not greatly influenced by the induc-
tion of alpha/beta interferon mediated by poly(I-C) (Fig. 2A).
The HBV transcripts were reduced by less than twofold based
on this RNA filter hybridization analysis (Fig. 2A), which is
consistent with the modest reduction in serum HBeAg (Fig. 1).
This effect of multiple poly(I-C) injections on the steady-state
levels of HBV transcripts in these mice is less than previously
reported (41) but supports the suggestion that induction of
alpha/beta interferon does decrease viral RNA levels.

The alpha/beta interferon response induced by poly(I-C)
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FIG. 2. RNA (Northern) filter hybridization analysis of HBV and
2',5'-oligoadenylate synthase transcripts in the livers of HBV trans-
genic mice. Groups of three representative mice of each sex and
genotype are shown. (A) The glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) transcript was used as an internal control for the
quantitation of the HBV 3.5- and 2.1-kb RNAs. The probes used were
HBVayw genomic DNA plus glyceraldehyde-3-phosphate dehydroge-
nase cDNA. (B) The synthesis of the 2’,5'-oligoadenylate synthase
(20AS) transcript was used as an indirect measure of the induction of
alpha/beta interferon by poly(I-C) injection. The probe used was the
2',5'-oligoadenylate synthase cDNA. HNF1(+/—), HNFla-expressing
HBV transgenic mice heterozygous for the wild-type HNFla allele;
HNF1(-/-), HNFla-null HBV transgenic mice. Mice were injected
with phosphate-buffered saline (PBS) or poly(I-C) (pIC). (C) Quanti-
tative analysis of the 20AS transcript in HBV transgenic mice. The
mean 20AS transcript levels plus standard deviations derived from
seven male HNFla ™~ HBV transgenic mice injected with phosphate-
buffered saline, seven male HNFla™/~ HBV transgenic mice injected
with poly(I-C), four male HNFla™/~ HBV transgenic mice injected
with phosphate-buffered saline, eight male HNFla ™/~ HBV trans-
genic mice injected with poly(I-C), seven female HNFla™'~ HBV
transgenic mice injected with phosphate-buffered saline, seven female
HNFla™/~ HBV transgenic mice injected with poly(I-C), eight female
HNFla ™/~ HBV transgenic mice injected with phosphate-buffered
saline, and nine female HNFla~/~ HBV transgenic mice injected with
poly(I-C) are shown. The levels of the 20AS transcript in the HNFla-
null HBV transgenic mice are not statistically significantly different
from their levels in the control HNFla-expressing HBV transgenic
mice as determined by a Student ¢ test (P > 0.05).

was similar in control HBV transgenic mice heterozygous for
the HNF1la wild-type allele and HNFla-null HBV transgenic
mice as measured by the induction of 2',5"-oligoadenylate syn-
thase gene expression (Fig. 2B and C). Similar levels of 20AS
gene expression were also observed in control and HNF1a-null
HBYV transgenic mice using an RNase protection assay (A. L.
Anderson and A. McLachlan, unpublished data). These results
indicate that the absence of HNFla in the HNFla-null HBV
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FIG. 3. RNase protection analysis mapping the transcription initi-
ation sites of the precore (PC) and pregenomic (C) transcripts from
the livers of HBV transgenic mice. (A) Groups of three representative
mice of each sex and genotype are shown. The 3’ ends of the all the
HBYV transcripts corresponding to the polyadenylation site (pA) of
these RNAs also generated a protected fragment in this analysis. The
riboprobes used included the HBVayw sequence spanning nucleotide
coordinates 1990 to 1658 and the mouse ribosomal protein L32 gene
riboprobe spanning 101 nucleotides of exon 3. The 3.5-kb HBV RNAs
protect fragments of 283 (pA), 206 (pC), and 175 (C) nucleotides,
respectively. The mouse ribosomal protein L32 RNA protects a frag-
ment of 101 nucleotides, designated L32, when probed with the 132
probe. HNF1(+/—), HNFla-expressing HBV transgenic mice het-
erozygous for the wild-type HNFla allele; HNF1(-/-), HNFla-null
HBYV transgenic mice. Mice were injected with phosphate-buffered
saline (PBS) or poly(I-C) (pIC). (B) Quantitative analysis of the HBV
pregenomic RNA in HBV transgenic mice. The mean HBV pre-
genomic (C) RNA-to-L32 RNA ratio plus standard deviations derived
from seven male HNFla™/~ HBV transgenic mice injected with phos-
phate-buffered saline, seven male HNFla™/~ HBV transgenic mice
injected with poly(I-C), four male HNFla /=~ HBV transgenic mice
injected with phosphate-buffered saline, eight male HNFla ™/~ HBV
transgenic mice injected with poly(I-C), seven female HNFla*/~ HBV
transgenic mice injected with phosphate-buffered saline, seven female
HNFla*/~ HBV transgenic mice injected with poly(I-C), eight female
HNFla /= HBV transgenic mice injected with phosphate-buffered
saline, and nine female HNFla/~ HBV transgenic mice injected with
poly(I-C) are shown. The lower HBV pregenomic RNA to L32 RNA
ratios in the poly(I-C)-injected HBV transgenic mice are statistically
significantly different from their ratios in the control phosphate-buff-
ered saline injected HBV transgenic mice as determined by a Student
t test (P < 0.05).

transgenic mice did not significantly affect the ability of
poly(I-C) to induce an alpha/beta interferon response.

The effect of the induction of alpha/beta interferon on the
steady-state levels of the precore and pregenomic HBV 3.5-kb
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RNAs was examined by RNase protection analysis (Fig. 3). In
the case of the precore RNA, induction of alpha/beta inter-
feron by poly(I-C) did not significantly reduce the abundance
of this viral transcript, consistent with the modest reduction in
serum HBeAg. The pregenomic RNA was reduced approxi-
mately twofold in both HNFla-expressing and HNFla-null
HBV transgenic mice, which was consistent with the effect of
induction of alpha/beta interferon on the HBV 3.5-kb RNA
observed by RNA filter hybridization analysis (Fig. 2A). There-
fore, it appears that the induction of alpha/beta interferon by
poly(I-C) reduces HBV transcription to a modest but signifi-
cant extent, as previously reported (20, 28, 41).

Effect of poly(I-C) injection on cytoplasmic viral replication
intermediates in HBV transgenic mice. As reported previously,
the level of replication intermediates in the livers of HNFla-
null HBV transgenic mice was approximately two- to threefold
higher than observed in HNFla-expressing HBV transgenic
mice (Fig. 4) (34). The induction of alpha/beta interferon by
poly(I-C) reduced the level of cytoplasmic HBV replication
intermediates 30- to 50-fold in the control HNFla-expressing
HBYV transgenic mice (Fig. 4). This observation is consistent
with previous findings (20, 28) and demonstrates that the level
of cytoplasmic viral replication intermediates is affected to a
much greater extent than pregenomic RNA abundance in re-
sponse to alpha/beta interferon induction.

Similar to the control HBV transgenic mice, the induction of
alpha/beta interferon by poly(I-C) reduced the level of cyto-
plasmic HBV replication intermediates in the HNFlo-null
HBYV transgenic mice, although to a somewhat lesser extent
(Fig. 4). The cytoplasmic viral replication intermediates were
reduced 10- and 8-fold in male and female HNFla-null HBV
transgenic mice, respectively (Fig. 4). This indicates that al-
though HNF1a is not essential for the inhibition of viral rep-
lication by alpha/beta interferon, it appears it may affect either
directly or indirectly the magnitude of this inhibition. The
reason for this effect is unclear, but it may be related to some
of the metabolic changes associated with the loss of HNFla in
the liver (2, 8, 21, 25, 32, 33, 38).

Effect of poly(I-C) injection on nuclear HBV covalently
closed circular DNA in HNFla-null HBV transgenic mice. As
reported previously, HNFla-expressing HBV transgenic mice
synthesize very limited amounts of nuclear HBV CCC DNA
whereas HNFla-null HBV transgenic mice have detectable
levels of this viral replication intermediate (34). As the level of
cytoplasmic replication intermediates was significantly reduced
by the induction of alpha/beta interferon with poly(I-C) in
HNFla-null HBV transgenic mice (Fig. 4), it was of interest to
examine the stability of the nuclear HBV CCC DNA in these
mice. The level of HBV CCC DNA in the livers of the HNFla-
null HBV transgenic mice was reduced approximately twofold
by the induction of alpha/beta interferon in both male and
female mice (Fig. 5). This observation clearly indicates that
HBV CCC DNA is more stable than the encapsidated cyto-
plasmic viral replication intermediates. However, it is apparent
that the level of HBV CCC DNA does decrease in response to
the poly(I-C) injection, and it may have a half-life of approx-
imately 3 days in HNFla-null HBV transgenic mice after the
induction of an alpha/beta interferon response.

IN VIVO REGULATION OF HBV REPLICATION 11049
A
1 2 3 45 6 7 8 9 10111213 14 1516 17 18 19 20 21 22 23 24
Y Y v W - . - - - yy v Tg
L L ” Mm® RC
l lj] ss
Sex: Hnla lea
I S Y
HNF1: +/- ~f= +/- i
I N N N N D S
Treatment: PBS pIC PBS pIC PBS pIC PBS pIC
B
- 120
2 CIHNF1(+/-):PBS
;g 100 - FIHNFA(+/-):pIC
] WHNF1(-/-):PBS
E__ 80 ®HNF1(-/-):pIC
o (=]
cE 60
=
S~ 40
S
S 20
s
x 0~ 19 06 63 6 28 05 54 7

Male Female
HBV transgenic mice

FIG. 4. DNA (Southern) filter hybridization analysis of HBV DNA
replication intermediates in the livers of HBV transgenic mice.
(A) Groups of three representative mice of each sex and genotype are
shown. The HBV transgene was used as an internal control for the
quantitation of the HBV replication intermediates. The probe used
was HBVayw genomic DNA. Tg, HBV transgene; RC, HBV relaxed
circular replication intermediates; SS, HBV single-stranded replication
intermediates; HNF1(+/—), HNFla-expressing HBV transgenic mice
heterozygous for the wild-type HNF1a allele; HNF1(-/-), HNFla-null
HBV transgenic mice. Mice were injected with phosphate-buffered
saline (PBS) or poly(I-C) (pIC). (B) Quantitative analysis of the HBV
DNA replicative intermediate (RI) levels in HBV transgenic mice. The
mean HBV DNA replicative intermediate levels (values for replicative
intermediates per transgene are indicated below the bar graph) plus
standard deviations derived from seven male HNFla*/~ HBV trans-
genic mice injected with phosphate-buffered saline, seven male
HNFla*/~ HBV transgenic mice injected with poly(I-C), four male
HNFla ™/~ HBV transgenic mice injected with phosphate-buffered
saline, eight male HNFla™/~ HBV transgenic mice injected with
poly(I-C), seven female HNFla ™/~ HBV transgenic mice injected with
phosphate-buffered saline, seven female HNFla™'~ HBV transgenic
mice injected with poly(I-C), eight female HNFla /= HBV transgenic
mice injected with phosphate-buffered saline, and nine female
HNFla /= HBV transgenic mice injected with poly(I-C) are shown.
The lower levels of the HBV DNA replication intermediates in the
poly(I-C)-injected HBV transgenic mice are statistically significantly
different from the levels in the control phosphate-buffered saline in-
jected HBV transgenic mice as determined by a Student ¢ test (P <
0.05).

DISCUSSION

HBYV is a major human pathogen, causing approximately a
million deaths annually (9). There are currently no reliable
therapies for chronic HBV infection, which is associated with
cirrhosis of the liver and hepatocellular carcinoma (26).
Chronic HBV patients may be treated with various nucleoside
analogues, which selectively inhibit the viral polymerase, or
alpha interferon, which reduces viral load by unknown mech-
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FIG. 5. DNA (Southern) filter hybridization analysis of HBV CCC
DNA replication intermediates and mitochondrial DNA in the livers
of HNFla-null HBV transgenic mice. (A) Groups of three represen-
tative mice of each sex are shown. The mitochondrial DNA was used
as an internal control for the quantitation of the HBV CCC DNA. The
probe used was HBVayw genomic DNA and a mouse mitochondrial
DNA fragment. HBV CCC DNA, HBV covalently closed circular
DNA; Mito DNA, mouse mitochondrial DNA. Mice were injected
with phosphate-buffered saline (PBS) or poly(I-C) (pIC). (B) Quanti-
tative analysis of the HBV CCC DNA replication intermediate levels
in HNFla-null HBV transgenic mice. The mean HBV CCC DNA
replication intermediate levels plus standard deviations derived from
four male HNFla™/~ HBV transgenic mice injected with phosphate-
buffered saline, eight male HNFla ™/~ HBV transgenic mice injected
with poly(I-C), eight female HNFla ™/~ HBV transgenic mice injected
with phosphate-buffered saline, and nine female HNFla ™/~ HBV
transgenic mice injected with poly(I-C) are shown. The lower levels of
the HBV CCC DNA replication intermediates in the poly(I-C)-in-
jected male but not the female HNFla-null HBV transgenic mice are
statistically significantly different from the levels in the control phos-
phate-buffered saline-injected HNFla-null HBV transgenic mice as
determined by a Student ¢ test (P < 0.05).

anisms that are presumably associated with its known antiviral
properties (26). Although these therapies may improve the
prognosis for the patient, these treatments generally fail to
resolve the chronic HBV infection (26). It is possible that the
reason these antiviral therapies fail to resolve chronic HBV
infections is their failure to eliminate HBV CCC DNA from
the nucleus of infected hepatocytes (44).

HBV CCC DNA is the presumptive transcriptional viral
template (17, 35). The first HBV CCC DNA molecule is gen-
erated from the genome of the viral particle that initially in-
fects the hepatocyte. This HBV CCC DNA molecule is tran-
scribed, generating the four viral transcripts that are translated

J. VIROL.

to produce the seven viral polypeptides (17, 35). In the cyto-
plasm, the pregenomic RNA is reverse transcribed within the
nucleocapsid to produce a mature capsid particle containing
the 3.2-kb partially double-stranded HBV DNA genome (45).
The mature capsid particle may either interact with the enve-
lope polypeptides in the membrane of the endoplasmic retic-
ulum to initiate the synthesis of a new viral particle or cycle the
viral genome back to the nucleus to amplify the pool of HBV
CCC DNA molecules that can serve as transcriptional tem-
plates. The fate of the mature capsid is regulated, at least in
part, by the level of synthesis of the envelope polypeptides. In
the presence of abundant envelope polypeptide synthesis, ma-
ture capsids preferentially traffic through the viral biosynthetic
pathway (39).

Although some of the factors that regulate the synthesis of
HBYV CCC DNA are apparent, little is known about the factors
that control the loss of this molecule from the nucleus of the
infected cell. Despite the possibility that chronic HBV infec-
tion is not resolved due to the inherent stability of HBV CCC
DNA, there is limited evidence supporting this contention. The
stability of HBV CCC DNA in cell culture has been examined
when viral replication was inhibited with nucleoside analogs,
and it was estimated that the half-life of HBV CCC DNA was
approximately 3 days (13). For chimpanzees infected with
HBYV, it has been estimated that the half-life of HBV CCC
DNA during the noncytolytic phase of natural infection is
between 9 and 14 days (44). For woodchuck hepatitis virus and
duck hepatitis B virus infection, estimates of the stability of the
viral CCC DNA have been quite variable. Duck hepatitis B
virus CCC DNA was estimated to have a half-life in cell culture
of between 3 and 5 days (11), whereas its half-life in vivo was
estimated to be between 35 and 57 days (1). Woodchuck hep-
atitis virus CCC DNA was estimated to have a half-life in cell
culture of more than 24 to 36 days (12, 30), and its half-life was
estimated to be between 33 and 50 days in vivo, suggesting this
molecule was very stable under both conditions (49).

To address further the issue of the stability of HBV CCC
DNA in vivo in the absence of infection and its associated
cellular immune response, HNFla-null HBV transgenic mice
were injected with poly(I-C) to induce an alpha/beta interferon
response (Fig. 2). The potential cytopathic effects of poly(I-C)
injections on the liver were monitored by measuring serum
alanine aminotransferase levels. HNFla-null HBV transgenic
mice responded to poly(I-C) in a manner similar to the control
HBYV transgenic mice, and no cytopathic effects were observed
in response to alpha/beta interferon induction. HBV pre-
genomic RNA synthesis was reduced approximately twofold in
HBYV transgenic mice of both genotypes (Fig. 3). In addition,
HBV transgenic mice of both genotypes showed a dramatic
reduction in the steady-state levels of viral replication inter-
mediates in their livers in response to the induction of alpha/
beta interferon (Fig. 4).

As the HNFla-null but not the control HBV transgenic
mice synthesize measurable levels of HBV CCC DNA (34), it
was possible to determine the short-term effect of the induc-
tion of alpha/beta interferon on HBV CCC DNA stability in
these mice. In contrast to the dramatic reduction in cytoplas-
mic replication intermediates, HBV CCC DNA levels were not
greatly affected by the induction of alpha/beta interferon (Fig.
5). This indicates that nuclear HBV CCC DNA is more stable
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than encapsidated cytoplasmic viral replication intermediates
in the HNFla-null HBV transgenic mice model of the chronic
HBYV carrier state. In this model, HBV CCC DNA is not
completely stable, as the levels decreased approximately two-
fold during the 3-day induction of alpha/beta interferon. This
suggests that HBV CCC DNA may have a half-life of approx-
imately 3 days in this model system. Obviously, the precise
relevance of this observation in the HNFla-null HBV trans-
genic mouse to natural infection requires further investigation.
However, this half-life is similar to that determined for HBV
CCC DNA in cell culture but somewhat shorter than estimated
for natural infection of the chimpanzee (13, 44).

In addition, it should be noted that the stability of the HBV
CCC DNA was only examined during an initial 3-day period. It
is possible that the HBV CCC DNA in the HNFla-null HBV
transgenic mice remaining after 3 days of alpha/beta interferon
induction may have a much longer half-life than observed in
the initial treatment period. Nevertheless, assuming a half-life
for HBV CCC DNA of 3 days, 5 X 10'” hepatocytes in the
adult human liver (44), and 10 copies of HBV CCC DNA per
cell, the time required to eliminate HBV CCC DNA from a
infected liver by alpha interferon therapy can be estimated.
Based on these assumptions, it would take 117 days, or 39
half-lives, to reduce the number of HBV CCC DNA molecules
in the liver to less than one. As most alpha interferon treat-
ments for chronic HBV are administered for somewhat longer
periods of time, in the range of 4 to 6 months (26), their failure
to resolve the infection efficiently suggest two possibilities.
Either the half-life of HBV CCC DNA is longer than 3 days in
natural infection, or low levels of viral replication persist dur-
ing treatment and HBV CCC DNA synthesis occurs at a level
preventing the resolution of the infection. Determining the
relative importance of these two possibilities is likely to have
important implications for therapies aiming to resolve chronic
HBYV infections. However, as extending alpha interferon ther-
apy may be beneficial (26), it is possible that the elimination of
HBV CCC DNA may be a slow but progressive response to
this and possibly other forms of anti-HBV treatment.
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