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Studying Host Immune Responses 
Against Duck Hepatitis B Virus Infection

Darren S. Miller, Edward M. Bertram, Catherine A. Scougall, 
Ieva Kotlarski, and Allison R. Jilbert

1. Introduction
The duck hepatitis B virus (DHBV) is a species-specific virus that causes either tran-

sient (acute) or persistent infections, primarily in hepatocytes in the liver, with release
of high titers of infectious virions and noninfectious “empty” surface antigen particles
into the bloodstream.

Because hepadnavirus replication is noncytolytic, cell-mediated immune (CMI)
responses to viral antigens are thought to be responsible for the clearance of virus from
infected cells and for the liver damage seen in transient and persistent infections. This is
presumed to occur via a direct, cytolytic effect of viral antigen-specific cytotoxic T
lymphocytes (CTLs) on infected hepatocytes, or via the noncytopathic action of inflam-
matory cytokines. In addition, neutralizing antibodies have been shown to prevent
infection by blocking the ability of virus particles to bind to receptors on target cells.

DHBV-infected ducks and woodchuck hepatitis virus (WHV)-infected woodchucks
are the most widely accepted and frequently used animal models for the study of viral
replication, infection outcomes, and the pathogenic mechanisms related to human hep-
atitis B virus (HBV) infection. Use of the DHBV model has allowed us to study the
effects of viral dose, age, and inoculation route on the course of DHBV infection (1–4)
and the effect of immunization with various forms of vaccine on all these parameters
(5). However, until recently, studies of the immune response to DHBV infection have
been hampered by the relatively poor characterization of the duck lymphoid system and
the lack of appropriate reagents. This chapter describes a number of assays that allow
study of components of the duck immune system and the cellular and humoral immune
responses to DHBV infection.

The chapter has been divided into three sections that include:

1. Purification and characterization of duck lymphocytes and thrombocytes from peripheral
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blood (6) and conditions for in vitro growth and lectin stimulation of duck peripheral blood
mononuclear cells (PBMCs; 7,8).

2. Histological methods for detection of cellular and viral antigens in duck tissues including
identification of duck T lymphocytes using anti-human CD3� antibodies (9), identification
of Kupffer cells in the liver and phagocytic cells in the spleen, and detection of DHBV anti-
gens in fixed tissues by immunoperoxidase staining.

3. Detection of viral antigens, DHBV-specific antibodies, and viral DNA in duck serum using
enzyme-linked immunosorbent assays (ELISA) for DHBV surface antigen (DHBsAg), anti-
bodies to DHBV surface antigen (anti-DHBs antibodies), antibodies to DHBV core antigen
(anti-DHBc antibodies), and polymerase chain reaction (PCR) assays for detection of
DHBV DNA.

These techniques provide the opportunity to study immune responses to DHBV but
are by no means complete. For example, we have made numerous unsuccessful
attempts to develop viral antigen-specific CTL assays but progress has been hampered
by lack of suitable major histocompatibility class (MHC)-matched target cells. The
recent cloning by Professor David Higgins and colleagues of a series of duck T-
lymphocyte and cellular markers, that includes CD3, CD4, CD8, MHC I, and MHC II
(10–13), should allow more comprehensive monitoring of immune responses to DHBV
(see Note 1).

1.1. Purification and Characterization of Duck Lymphocytes 
and Thrombocytes from Peripheral Blood

Avian blood contains lymphocytes, monocytes, thrombocytes, red blood cells, het-
erophils, and eosinophils. Duck lymphocytes are round nongranular cells with large
round nuclei and little cytoplasm and have a diameter of 4–8 �m (6). Duck monocytes
are round cells with large, often indented, nuclei and with more cytoplasm than lym-
phocytes, although it can be difficult to distinguish one cell type from the other. Duck
thrombocytes, which are essential for blood clotting, are of similar size to lymphocytes
but are highly vacuolated, making it possible to distinguish them from lymphocytes
using flow cytometry owing to their increased side scatter (6). Duck red blood cells
(DRBCs) are nucleated and strictly ought to be considered as a subset of PBMCs. How-
ever, for the purposes of this chapter, duck PBMC preparations do not include DRBCs.
They contain the mononuclear cells that can be separated from whole blood using
Ficoll-Paque density gradients. DRBCs and heterophils pellet to the bottom of Ficoll-
Paque gradients. Further information on avian hematology and photographs of the cell
populations present in avian blood are available on the World Wide Web (14,15).

Most published reports of duck lymphocyte cultures have used PBMCs collected
from Ficoll-Paque gradients including the cells present at the plasma–Ficoll-Paque
interface and in the Ficoll-Paque above the DRBC pellet. PBMCs collected in this way
include 22–26% T lymphocytes (9) and up to 60% thrombocytes, with the remainder
not clearly identified, although most are likely to be B lymphocytes and monocytes.

Unlike the findings with mammalian and chicken lymphocytes, antibodies to duck
immunoglobulins (Ig) bind to a large proportion of duck lymphocytes from blood,
spleen, thymus, and bursa of Fabricius and therefore are not useful for identifying and
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isolating duck B lymphocytes (16). Moreover, monoclonal antibodies specific for deter-
minants on mouse, rat, human, and chicken T lymphocytes do not react with duck lym-
phocytes (D. Higgins, personal communication). However, a rabbit antiserum that
reacts with a conserved intracytoplasmic portion of the human CD3� chain binds to
duck lymphocytes with a staining pattern similar to that of mammalian T lymphocytes
(6). These antibodies precipitate a 23-kDa protein from duck lymphoblast lysates, sug-
gesting that duck lymphoid tissues contain lymphocytes functionally equivalent to
mammalian and chicken T cells (6). Because the anti-human CD3� antibodies are spe-
cific for an intracellular epitope, they cannot be used to identify and/or isolate viable
cells. However, they have been used to identify a subset of duck lymphocytes by FAC-
Scan analysis (see Subheading 3.1.2. and Fig. 1). The CD3� antibodies can also be used
for immunostaining of lymphocytes in tissue sections (see Subheading 3.2.1.). Duck
thrombocytes can be distinguished from lymphocytes by both flow cytometry (Fig. 2A)
and FACScan analysis using the anti-duck thrombocyte BA3 monoclonal antibodies
(subtype IgG2a; see Subheading 3.1.3.; Fig. 2B).

The methods described in Subheading 3.1.4. build on attempts in the 1980s to iden-
tify and separate duck lymphocytes into T and B cells (16) and to define conditions for
the in vitro culture and optimization of responses to phytohemagglutinin (PHA) and
concanavalin A (Con A) (17). We have further defined the in vitro culture conditions
that support proliferation of duck lymphocytes. These include nylon wool fractionation
of PBMCs, a technique that enriches for T lymphocytes in mammals and chickens, and
coculturing nylon wool-fractionated duck PBMCs in the presence of homologous
adherent cells (monocytes) and DRBC (8,18; Subheading 3.1.4.; Fig. 3).

Following culture of duck PBMCs large multinucleated syncytia are observed in
approx 50% of cultures from 3–7 d of incubation. The presence of these syncytia often
inhibits mitogen- and antigen-induced proliferation of the cells resulting in decreased
incorporation of [3H]thymidine. The syncytia are strikingly similar to osteoclasts that
develop on culture of human (19), mouse (20), and chicken (21–23) PBMCs. Examples
of duck syncytia are shown in Fig. 4.

Despite optimization of the in vitro proliferation assays described above, it is not yet
possible to reproducibly detect proliferation of DHBV antigen-specific T lymphocytes
from ducks immunized or infected with DHBV. Problems with reproducibility of the in
vitro assays may, in part, be due to the development of syncytia and their inhibitory
effects on lymphocyte proliferation. In any case, further efforts are required to stan-
dardize the assays before we can reliably measure CMI responses to DHBV infection.

Supernatants from PHA-stimulated duck PBMCs and spleen cells have also been
shown to contain lymphokines capable of maintaining proliferation of duck lym-
phoblasts (7; see Subheading 3.1.5.). It is possible that supernatants from DHBV
antigen-stimulated PBMCs from ducks previously infected with DHBV may contain
cytokines equivalent to those released from mammalian and chicken T cells, which
mediate CMI responses. Assays developed to detect such cytokines in culture super-
natants may also prove to be useful in measuring CMI to DHBV.
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Fig. 1. FACScan analysis of single-cell suspensions of duck lymphoid organs. Cells were pre-
treated with acetone–paraformaldehyde and labeled with either rabbit anti-human CD3� anti-
serum (black line) or the negative control rabbit anti-bovine myoglobin antiserum (gray line)
before the addition of FITC-conjugated sheep anti-rabbit IgG as described in the text.

1.2. Histological Methods for Detection of Cellular and 
Viral Antigens in Duck Tissues

Histological and immunostaining techniques have been developed for the identifica-
tion of duck T lymphocytes, Kupffer cells, and phagocytic cells in a range of tissues,
and for the detection of DHBV antigens in liver, pancreas, kidney, and spleen. Using
these techniques it is possible to monitor infected tissues for changes in cellular infiltra-
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Fig. 2. FACScan analysis of duck PBMCs. Dot plot of duck PBMC (A). The gated region was
analyzed further using the anti-duck thrombocyte BA3 monoclonal antibodies (black line) or a
negative control monoclonal antibodies before the addition of FITC-conjugated sheep anti-mouse
IgG (B). The cell populations in the gated region of A were also separated on a FACStar cell
sorter (data not shown) and were morphologically identified as thrombocytes (with increased side
scatter) and lymphocytes (with decreased side scatter).

Fig. 3. Comparison of duck in vitro T-cell responses to PHA. Eight different ducks were bled
and stimulation of their T lymphocytes by PHA (5 �g/mL) was measured following the method
described in the text.
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tion and viral expression, and relate these to the development of viraemia and antibody
responses in the bloodstream (3).

Duck T lymphocytes can be detected in sections of formalin-fixed tissues using
anti-human CD3� antibodies (see Subheading 3.2.2.). Phagocytic cells can be identi-
fied in duck liver and spleen by intravenous inoculation of ducks with colloidal car-
bon followed by histological identification of carbon containing cells (see
Subheading 3.2.3.). In the liver the phagocytic Kupffer cells are located within the
hepatic sinusoids (Fig. 5A), while the phagocytic cells present in the spleen are pres-
ent around the periellipsoid sheath in a similar location to the ellipsoid-associated
cells described in chicken spleen (24,25). Phagocytic cells in duck liver and spleen
can also be identified in sections of ethanol-fixed tissues using mouse monoclonal
antibodies, 2E.12, raised against duck liver and kindly supplied to us by Dr. John
Pugh. This reagent identifies both Kupffer cells in the liver (Fig. 5B) and ellipsoid-
associated cells in the spleen. Similar reagents that detect Kupffer and ellipsoid-
associated cells have been described for the chicken (26,27). DHBV-infected cells
can be identified in ethanol–acetic acid fixed tissues using polyclonal rabbit anti-
recombinant DHBV core antigen (rDHBcAg; 1) and anti-DHBV pre-S/S monoclonal
antibodies (1H.1; 28).

The primary cell type in the liver supporting DHBV replication is the hepatocyte,
and high levels of viral antigens and viral DNA can readily be detected in the cytoplasm
of infected cells within the liver lobule (Fig. 5C). We have found no evidence that Kupf-
fer or endothelial cells support DHBV replication (1–3); DHBV antigens and DHBV
DNA have been detected within Kupffer cells only during the clearance phase of acute,

Fig. 4. Demonstration of giant cells (syncytia) in cultures of duck PBMCs (A) and adherent
cells alone (B) following 5 d of culture as described in Subheading 3.1.4. and Note 8. In addition
to the very large syncytia, DRBC and T lymphocytes can also be seen in A. Bar = 100 �m. Final
magnification = × 90.5.
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transient DHBV infections or following challenge of immune ducks with high doses of
DHBV (3; A. Jilbert, unpublished data).

1.3. Detection of Antigens, Antibodies, and Viral DNA in Duck Serum
Antibody responses to the HBV surface, core, and e antigens have been detected in

the sera of humans following transient HBV infection. Anti-surface (anti-HBs) antibod-
ies are a marker of resolution of transient HBV infection. In chronic HBV infection,
antibodies to the viral surface proteins are generally not detected in serum, although it
is possible their presence is masked by the formation of immune complexes with sur-
face antigen particles. Antibodies to the HBV core protein (anti-HBc antibodies) can be
readily detected in the sera of patients with chronic HBV infection as can antibodies to
e antigen (anti-HBe antibodies) that develop following seroconversion from e antigene-
mia. Anti-HBe antibodies are unable to neutralize viral infectivity.

ELISAs have been developed for quantitation of DHBsAg (Fig. 6) and detection of
anti-DHBs (Fig. 7A) and anti-DHBc (Fig. 7B) antibodies. In the DHBsAg ELISA rab-
bit anti-DHBs antibodies (see Subheading 3.3.1.) are used to coat the plates and cap-
ture DHBsAg from duck serum samples. Bound DHBsAg is then detected using
anti-DHBV pre-S/S monoclonal antibodies (1H.1; 28). In the anti-DHBs ELISA the

Fig. 5. (A) A section of formalin-fixed duck liver collected at autopsy 24 h after intravenous
inoculation with 165 mg/kg body wt of colloidal carbon. Phagocytic (Kupffer) cells located
within the hepatic sinusoids have taken up carbon. Counterstained with hematoxylin and eosin.
(B). Section of ethanol-fixed duck liver after immunostaining with the 2E.12 monoclonal anti-
bodies specific for duck Kupffer and phagocytic cells. Stained cells are located within the hepatic
sinusoids. Counterstained with hematoxylin. (C) A section of ethanol–acetic acid fixed duck liver
collected from an adult duck (B47) 5 d following intravenous inoculation with a high dose of
DHBV. Detection of DHBV pre-S/S antigen in the cytoplasm of hepatocytes using anti-DHBV
pre-S/S monoclonal antibodies (1H.1). Counterstained with hematoxylin. Bar = 100 �m. Final
magnification A–C = × 163.
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plates are coated with 1H.1, followed by sucrose gradient purified DHBsAg to capture
the antibodies, and bound antibodies are detected using rabbit anti-duck IgY. In the anti-
DHBc ELISA plates are coated with rDHBcAg (1), and bound antibodies are again
detected using rabbit anti-duck IgY antibodies. Rabbit anti-duck IgY antibodies are pre-
pared by immunization of rabbits with duck IgY from egg yolk (18; see Subheadings
3.3.2. and 3.3.3.). The ELISAs for detection of anti-DHBs and anti-DHBc antibodies
thus detect total bound Ig and allow investigation of the overall humoral responses to
DHBV infection (2–5) but do not distinguish between IgM, IgY, and IgY (�Fc) (29)
subtype antibodies.

In congenitally DHBV-infected ducks, anti-DHBc antibodies can be detected in
the serum from approx 80 d post-hatch (4), while in experimentally DHBV-infected
ducks anti-DHBc antibodies are detected from as early as 7–10 d post-inoculation and

Fig. 6. (A) Diagrammatic representation of the quantitative ELISA used to detect DHBsAg in
duck sera. (B) A typical standard curve for the quantitative DHBsAg ELISA generated using high
titer DHBV-positive duck serum and NDS (negative control). The levels of DHBsAg in test sam-
ples are calculated using the standard curves. The cutoff for negative/positive results is set at three
times the standard deviation from the mean value obtained with NDS.



Host Immune Responses Against DHBV 11

persist throughout the course of infection (4). Anti-DHBs antibodies are detected at
high levels only in the sera of ducks that have resolved their DHBV infection, but can
also be detected at low levels in the sera of congenitally and experimentally DHBV-
infected ducks with persistent DHBV infection (Wendy Foster, personal communica-
tion). In this case anti-DHBs antibodies may be masked by the formation of immune
complexes between the anti-DHBs antibodies and circulating DHBsAg.

Detailed analyses of humoral immune responses to DHBV infection have been per-
formed in 4-mo-old ducks inoculated with 1 × 103, 1 × 106, 1 × 109 or 2 × 1011 DHBV
genomes (3). In these studies increasing the dose of inoculated virus shortened the time
to appearance and increased the levels of detectable antibodies. An increase in the
inoculum from 1 × 109 to 2 × 1011 DHBV genomes resulted in �1 log increases in anti-

Fig. 7. (A) Diagrammatic representation of the ELISA used to detect anti-DHBs antibodies.
Levels of anti-DHBs antibodies are expressed as the reciprocal of the log serum dilution that
gives an OD of 0.4 at an absorbance of 490 nm. (B) Diagrammatic representation of the ELISA
used to detect anti-DHBc antibodies. Levels of anti-DHBc antibodies are expressed as the recip-
rocal of the log serum dilution that gave an OD of 0.5 at an absorbance of 490 nm.
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DHBc antibodies that reflected the extensive infection of the liver observed in these
ducks on d 9–12 post-inoculation. Two of the three 4-mo-old ducks receiving the high-
est dose of virus were able to resolve their DHBV infection, and developed anti-DHBs
antibodies.

2. Materials
2.1. Purification and Characterization 
of Duck Lymphocytes and Thrombocytes from Peripheral Blood
2.1.1. Solutions

1. Ficoll-Paque (Pharmacia, Uppsala, Sweden).
2. Hanks’ balanced salt solution (HBSS), supplemented with 100 IU/mL of penicillin and 100

�g/mL of streptomycin, is used to prepare and wash cell suspensions.
3. Heat-inactivated (20 min at 56°C) normal duck serum (NDS): Each batch of NDS is tested to

ensure that it does not stimulate or maintain proliferation of duck lymphocytes when added
to culture medium.

4. Cell culture medium (CM): RPMI-1640 (Gibco Laboratories, Grand Island, NY) with 
2 mmol/L of L-glutamine, 0.1 mmol/L of �-mercaptoethanol, 5 �g/mL of indomethacin, and
5% NDS (see Note 2).

5. PBS: 0.1 M phosphate-buffered saline, pH 7.2.
6. P/B/A: PBS with 0.1% bovine serum albumin (BSA), 0.1 % azide.
7. P/A: PBS with 0.1% azide.
8. Trypan blue for viable cell counting.
9. Phytohemagglutinin-P (PHA; Difco, Michigan, USA) is used for stimulation of duck lym-

phocytes and is made up as a stock of 1 mg/mL in PBS.
10. Rabbit anti-human CD3� antiserum (DAKO, Denmark, cat. no. A 452) is an affinity-isolated

polyclonal antiserum. It reacts to amino acids 156–168 (intracellular) of the human CD3�
chain and cross-reacts with duck T cells.

11. Intracellular staining solution: 45% acetone, 9.25% paraformaldehyde in PBS.
12. Normal sheep serum (NSS).
13. Fluorescein isothiocyanate (FITC)–anti-rabbit IgG and FITC–anti-mouse IgG (Silenus).
14. Cell culture supernatant from the cell line BA3, producing monoclonal antibodies specific

for duck thrombocytes (the cell line is available from the authors on request).
15. 1% Paraformaldehyde in PBS.
16. [3H]Thymidine, 1 �Ci/50 �L of CM (Amersham).

2.1.2. Equipment
1. 10-mL syringes with 21-gauge needles.
2. Heparinized 10-mL blood collection tubes.
3. 10- and 50-mL centrifuge tubes.
4. Benchtop centrifuge (200–400g).
5. Biohazard hood.
6. Tissue culture quality pipets and pipettor (1 �L–10 mL volumes).
7. Hemocytometer and microscope.
8. Nylon wool columns: Each nylon wool (NW; Pacific Diagnostics) column consisted of 0.32

g of sterile NW in a 5-mL syringe wrapped in aluminum foil and autoclaved.
9. Parafilm.
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10. 24-well tissue culture trays (Corning, cat. no. 25820).
11. 96-well tissue culture trays (Falcon, cat. no. 3072).
12. 25-cm2 tissue culture flasks (Corning, cat. no. 25100-25).
13. Humidified incubator set at 37°C.
14. Flow cytometry tubes.
15. Flow cytometer (FACscan, Becton-Dickinson).
16. Tray shaker (Titertek).
17. Flow cell harvester (Flow Laboratories).
18. Glass fiber discs (Flow Laboratories).
19. �-counter (Beckman).

2.1.3. Samples for Study
Pekin-Aylesbury (Anas platyrhynchos) crossbred ducks were used for all experi-

ments and were obtained at 1 d of age from commercial duck suppliers in Australia
known to carry DHBV-negative or congenitally DHBV-infected ducks.

2.2. Histological Methods for Detection 
of Cellular and Viral Antigens in Duck Tissues
2.2.1. Solutions

1. 10% buffered formalin in PBS.
2. Glacial acetic acid (AR grade).
3. Xylene (AR grade—toxic and must be used in a fume hood).
4. Ethanol (AR grade; 100%) and diluted with distilled water to 95% and 70%.
5. PBS, pH 7.2.
6. Methanol (AR grade).
7. 10 mM Citrate buffer, pH 6.0.
8. Trypsin (grade II, 0.25 mg/mL) in PBS, pH 7.2.
9. Normal horse serum (NHS).

10. Rabbit anti-human CD3� antiserum (DAKO, Denmark, cat. no. A 452).
11. Normal rabbit serum (NRS) for use as a negative control.
12. Monoclonal anti-duck DHBV pre-S/S antibodies (1H.1; 28).
13. Monoclonal anti-duck Kupffer cell antibodies, 2E.12 (provided by Dr. John Pugh).
14. Polyclonal rabbit anti-recombinant DHBV core antigen (rDHBcAg) (1).
15. Biotin–anti-rabbit Ig (Vectorstain ABC kit, Burlingame, CA, USA).
16. Streptavidin–horseradish peroxidase (HRP) (Vectorstain ABC kit, Burlingame, CA, USA).
17. Sheep anti-mouse HRP (Amersham, cat. no. NA 9310).
18. Goat anti-rabbit antiserum HRP (Kirkegaard and Perry Laboratories, Gaithersburg, MD).
19. 0.5 mg/mL of diaminobenzidine tetrahydrochloride (DAB; Sigma, cat. no. D-5637) in PBS.

Caution: DAB is toxic and the powder must be handled with care and dissolved and
aliquoted in a fume hood. Store frozen at −20°C.

20. H2O2.
21. Mayer’s hematoxylin solution.
22. Methyl green.
23. DePeX mounting medium (Gurr Microscopy Products).
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24. Colloidal carbon prepared from Indian ink (Educational Colours, Melbourne) should be dia-
lyzed against saline and autoclaved, then mixed with 20 mg/mL of autoclaved gelatin in
saline at 56°C. Finally, the carbon–gelatin mix should be filtered through a 0.8-�m filter to
remove any clumps.

25. Fetal calf serum (FCS).

2.2.2. Equipment
1. Glass slides and coverslips.
2. Slide racks.
3. Slide staining chambers.
4. Magnetic stirrer and stirring rods.
5. Microwaves: Toshiba 1000 W and NEC (model 702).
6. “PAP pen” (Dakopatts, USA).
7. Humidified chamber.
8. Incubator set at 37°C.

2.3. Detection of Antigens, Antibodies, 
and Viral DNA in Duck Serum
2.3.1. Solutions

1. TBS: 10 mM Tris-HCl, pH 8.7; 140 mM NaCl, with 0.1% sodium azide.
2. 1% (w/v) dextran sulfate in TBS.
3. TN: 10 mM Tris-HCl, pH 7.4; 150 mM NaCl.
4. 66% (w/v) sucrose solutions in TN.
5. 1 M Tris-HCl, pH 9.0.
6. Saturated sodium sulfate solution.
7. Saturated ammonium sulfate solution.
8. PBS containing 0.05% Tween-20 (PBS/T).
9. 5% SM–PBS/T: 5% Skim milk in PBS/T.

10. o-Phenylenediamine (OPD) (Sigma, cat. no. P9187).
11. 0.1% BSA in PBS.
12. 2.5 M H2SO4.
13. Recombinant DHBV core antigen (rDHBcAg) (1).
14. Sheep anti-mouse HRP (Amersham, cat. no. NA 9310).
15. Anti-DHBV pre-S/S monoclonal antibodies (1H.1; 28).
16. Rabbit anti-duck IgY antibodies (see Subheading 3.3.3.).
17. Ammonium sulfate precipitated rabbit anti-DHBs antibodies (see Subheading 3.3.4.).
18. Goat anti-rabbit HRP (Kirkegaard and Perry Laboratories, Gaithsburg, MD).
19. 20% Polyethylene glycol 6000 (PEG) dissolved in 1 M NaCl.
20. 0.7% NaOH.
21. 3-Aminopropyl-triethoxysilane (Sigma, cat. no. A3648).
22. PCR reagents: 20 �M of each primer, 10X PCR reaction buffer, 200 �M dNTPs, 1.64 mM

MgCl2, Taq polymerase (Geneworks, Adelaide, cat. no. BTQ-1).
23. Forward PCR primer 2554: TTCGGAGCTGCCTGCCAAGG.
24. Reverse PCR primer 269c: GGAGCACCTGAGCTTGGATC.
25. 500 mM Tris-HCl, pH 6.8.
26. 0.06 M acetate buffer, pH 4.0. (Add 6.9 mL of glacial acetic acid to 2 L of distilled water.

Add 0.756 g of NaOH).
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2.3.2. Equipment
1. Dialysis tubing.
2. Whatman No. 1 paper.
3. Whatman No. 2 paper.
4. Beckman L8-80 centrifuge.
5. 50-mL polycarbonate Oakridge tubes.
6. Polypropylene centrifuge tubes (Beckman, cat. no. 331372).
7. Beckman SW-41 rotor and centrifuge.
8. 96-well flat-bottom ELISA trays (Corning Inc., cat. no. Costar 3590).
9. Dynatech MR 5000 plate reader set at a wavelength of 490 nm.

10. Microfuge.
11. Microfuge tubes.
12. Gene Amp 2400 PCR machine (Perkin Elmer).
13. Bicinchoninic acid protein assay kit (Sigma, cat. no. BCA-1).

3. Methods
3.1. Methods for Purification and Characterization 
of Duck Lymphocytes and Thrombocytes from Peripheral Blood
3.1.1. Purification of PBMCs

1. Using a 21-gauge needle and a 10-mL syringe collect 10–20 mL of blood from the jugular
vein of a duck and dilute into an equal volume of HBSS in heparinized collection tubes. Mix
well. (See Note 3.)

2. Carefully layer 3 mL of diluted blood over 3 mL of Ficoll-Paque at 4°C.
3. Centrifuge at 200g for 20 min at room temperature (RT) and collect the PBMCs present both

at the plasma Ficoll-Paque interface and within the Ficoll-Paque layer above the red cell pel-
let. (See Note 4.)

4. Wash cells three times in HBSS and count cell numbers of the collected PBMCs using a
hemocytometer and a microscope with a × 40 objective.

5. For nylon wool fractionated PBMCs, equilibrate each nylon wool column by adding CM,
seal the ends with parafilm, and incubate for 1 h at 37°C. Make sure there are no air pockets
in the column.

6. Load 5 × 107 duck PBMCs in 1.25 mL of CM warmed to 37°C onto each nylon wool column
and incubate at 37°C in an atmosphere of 5% CO2 in air. Collect the cells that do not adhere
to nylon wool by washing each column with 6.5 mL of CM warmed to 37°C. Count the cells
and resuspend in CM to the appropriate concentration. (See Note 5.)

3.1.2. Flow Cytometry Detection of T Lymphocytes by 
Intracellular Staining for CD3�

1. Wash 107 PBMCs (from Subheading 3.1.1., step 4) two times in PBS by centrifuging at
200g for 8 min at 4°C, then remove the supernatant and carefully add a solution containing
45% acetone, 9.25% paraformaldehyde in PBS. Vortex-mix for 10 s, then wash three times
with cold P/B/A. Treatment with this solution will make the cells permeable to antibodies;
however, this process will also lead to some cell loss.

2. An indirect method is used to stain the cells. Incubate the cells with rabbit anti-human CD3�
antiserum (1:50 dilution) or NRS in P/B/A containing 10% NSS for 45 min at 4°C.
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3. Wash the cells in P/B/A and incubate with FITC-conjugated sheep anti-rabbit IgG (1:100
dilution preadsorbed for 60 min by the addition of 10% NDS) for 45 min at 4°C.

4. Wash the cells once in P/B/A at 4°C, then once in P/A at 4°C, and then add 500 �L of 1%
paraformaldehyde in PBS to the cell pellet. Paraformaldehyde-fixed cells can be stored for
several weeks at 4°C or analyzed immediately by FACScan (Becton-Dickinson).

5. Examples of FACScan analysis of single cell suspensions of duck lymphoid organs and PHA-
stimulated PBMCs stained with rabbit anti-human CD3� antiserum are shown in Fig. 1.

3.1.3. Flow Cytometry Detection 
of Thrombocytes Using BA3 Monoclonal Antibodies

1. Wash 106 PBMCs two times in P/B/A and incubate with cell culture supernatant from the
mouse hybridoma cell line BA3 containing 10% NSS for 45 min at 4°C.

2. Wash the cells two times in P/B/A and incubate with FITC-conjugated sheep anti-mouse Ig
(1:100 dilution preadsorbed for 60 min by the addition of 10% NDS) for 45 min at 4°C and
wash and fix in 1% paraformaldehyde before FACScan analysis as described above.

3. Alternatively, if BA3 monoclonal antibodies are not available, flow cytometry can be used to
identify thrombocytes from lymphocytes by their increased side scatter. FACScan analysis
of duck PBMCs and detection of thrombocytes with BA3 monoclonal antibodies is shown in
Fig. 2.

3.1.4. Conditions for In Vitro Growth and Lectin Stimulation of Duck PBMCs
1. Purification of adherent cells (monocytes): Load 8 × 105 duck PBMCs in 50 �L of CM onto

each well of a flat-bottomed 96-well tray and incubate for 1 h at 37°C in 5% CO2. Shake
trays for 30 s on a tray shaker and remove the nonadherent cells. Wash the wells two times
with 200 �L of CM.

2. Purification of DRBC: Take 0.1 mL of DRBCs from the pellet beneath the Ficoll-Paque solu-
tion used to prepare duck PBMCs. Wash the DRBC three times in HBSS and resuspend in
CM to 4 × 106 cells/mL for use in the in vitro proliferation assay. (See Note 6.)

3. Add 8 × 105 cells/well of nylon wool fractionated duck PBMCs in 100 �L of CM to the
adherent monocytes in each well of a 96-well tray. Add 4 × 105 DRBCs/well in 50 �L and
culture with 5 �g/mL of PHA in CM. (See Note 7.)

4. Culture cells for 4–6 d at 37°C in sealed boxes in a gas phase of 10% CO2, 7% O2, and 83%
N2. Proliferation is measured by addition of 50 �L of CM containing 1 �Ci of [3H]thymidine
to each well and incubating for a further 4 h. (See Note 8.)

5. Harvest cells onto glass fiber discs using a flow cell harvester. The amount of radioactivity
incorporated is measured using a �-counter. The results are expressed as counts per minute
(cpm; mean ± SEM) for each quadruplicate set of cultures.

6. A comparison of the in vitro T cell responses of PBMCs from eight different ducks to 5
�g/mL of PHA is shown in Fig. 3.

3.1.5. Measurement of a Duck Interleukin-2 (IL-2)-Like Cytokine
1. Production of a duck IL-2-like cytokine: Take 108 Ficoll-Paque fractionated PBMCs pre-

pared from individual ducks and resuspend in 5 mL of CM containing 20 �g/mL of PHA and
incubate in 25-cm2 flasks at 37°C in 10% CO2 in air for 2.5 h. Duck PBMCs, in the presence
of PHA, behave like mammalian PBMCs in that most of the cells readily adhere to the plas-
tic surface after settling in the flask. Wash the cells that have attached to the flask three times
in warm HBSS to remove unbound PHA and incubate them with 5 mL of fresh CM at 37°C
in 10% CO2 in air for a further 24 h. Harvest the supernatant from each culture and store at
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−20°C to assay for the ability to maintain the proliferation of duck lymphoblasts (described
in step 3 below).

2. Production of duck T lymphoblasts: Culture 8 × 106 Ficoll-Paque fractionated duck PBMCs
in each well of a 24-well tray in 2 mL of CM with 5 �g/mL of PHA. After 4 d in culture at
37°C in a sealed box in a gas phase of 10% CO2, 7% O2, and 83% N2, pool lymphoblasts and
wash four times in CM before resuspending at 2.5 × 105 cells/mL in CM.

3. Cytokine assay: Prepare duplicate 8 × twofold dilutions of each test supernatant in 100-�L
volumes in CM in a 96-well tray. Add 100 �L of freshly prepared duck T lymphoblasts to
each well and incubate for 20 h at 37°C in an atmosphere of 5% CO2 in air. At this time pulse
the tray for 4 h with [3H]thymidine and measure cell proliferation as described above.

3.2. Histological Methods for Detection 
of Cellular and Viral Antigens in Duck Tissues

3.2.1. Tissue Sample Preparation for Histological and Immunoperoxidase
Staining of T Lymphocytes, Kupffer Cells, and DHBV Antigens (See Note 9)

1. For routine histological examination and immunostaining of CD3� antigens, fix tissue sam-
ples in 10% formalin in PBS overnight at RT.

2. For the immunostaining of Kupffer cells in the liver and phagocytic cells in the spleen, fix
tissue samples in 95% AR ethanol for 1 h at RT then overnight at 4°C.

3. For the immunostaining of DHBV antigens in liver and other tissues, fix samples in
ethanol–acetic acid (3:1) for 30 min at RT followed by a post-fixation in 70% AR ethanol
overnight at 4°C.

4. Embed tissues, post-fixation, in paraffin wax using a short cycle on an automatic tissue pro-
cessing machine (a representative short cycle is: 100% ethanol for 1 × 20 min, 1 × 10 min, 1
× 15 min, 1 × 30 min at 45°C with vacuum; 100% chloroform, 1 × 20 min, 1 × 10 min, 1 ×
20 min at 45°C without vacuum; paraffin wax, 1 × 30 min, 1 × 20 min at 65°C with vacuum).

5. Section the embedded tissue at a thickness of 6 �m onto glass microscope slides previously
coated with 3-aminopropyltriethoxysilane.

6. Dry the tissue sections on slides overnight at 37°C prior to use to help with adherence of the
sections to the slides.

3.2.2. Identification of Duck T Lymphocytes in Tissue Sections 
Using Anti-human CD3� Polyclonal Antibodies

1. Dewax sections of formalin-fixed, paraffin-wax-embedded tissues from duck liver, spleen,
thymus, and bursa in AR xylene (2 × 5 min) and rehydrate through graded concentrations of
AR ethanol (2 min each in 100%, 95%, 70%) followed by 2 min in PBS.

2. Treat sections for 30 min with 0.5% H2O2 in PBS to block endogenous peroxidase.
3. After air-drying, wash sections several times in deionized water and heat to just below boil-

ing point in a microwave oven for 10 min in 10 mM citrate buffer, pH 6.0. (See Note 10.)
4. Cool sections to RT (approx 25 min) and treat with trypsin (grade II, 0.25 mg/mL in PBS)

for 3 min.
5. “PAP” pen around the sections and place in PBS for 5 min
6. Block the sections with 3% NHS for 30 min at RT.
7. Drain excess NHS and add 100 �L per section of either rabbit anti-human CD3� antiserum

or rabbit control antiserum (each diluted in 3% NHS in PBS), and incubate under a coverslip
and in a humidified chamber overnight at 4°C. (See Note 11.)
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8. Wash sections 2 × 3 min in PBS and incubate with biotin-labeled anti-rabbit Ig for 30 min.
9. Wash sections 2 × 3 min in PBS and incubate with streptavidin-labeled HRP for 30 min.

10. Wash sections 2 × 3 min in PBS and develop with 0.5 mg/mL of DAB in PBS containing
0.03% H2O2.

11. Counterstain in Mayer’s hematoxylin for liver and spleen and methyl green for thymus and
bursa, then dehydrate through AR ethanol and AR xylene and mount with DePeX.

3.2.3. Identification of Kupffer Cells in the Liver 
and Phagocytic Cells in the Spleen Using Colloidal Carbon

1. Intravenously inoculate the duck with 165 mg/kg body wt of colloidal carbon in 20 mg/mL
of gelatin saline.

2. Autopsy the duck 24 or 48 h after injection.
3. Sample liver and spleen tissues and fix in 10% formalin or 95% AR ethanol and embed and

section onto glass slides as described above.
4. Cells that have taken up colloidal carbon can be identified in formalin-fixed hematoxylin and

eosin stained sections as phagocytic Kupffer cells located in the sinusoids of the liver lobule
(Fig. 5A) and as phagocytic cells located in the periellipsoid sheath region of the spleen.
Phagocytic cells have been previously identified in chicken spleen as ellipsoid associated
cells (24,25).

3.2.4. Immunoperoxidase Staining of DHBV Antigens 
and Kupffer Cells in Tissue Sections

1. Dewax tissue sections on slides with 2 × 5 min washes in AR xylene and then rehydrate with
2 × 2 min washes in AR ethanol (100%, 90%, 70%) followed by 2 × 5 min washes in PBS.

2. Inactivate endogenous peroxidase by incubation of the slides in 0.5% H2O2 in PBS for 15
min at RT.

3. Wash slides for 2 × 5 min in PBS and block with a 1:30 dilution of NSS in PBS. Incubate for
30 min at RT.

4. Primary antibodies: Monoclonal anti-DHBV pre-S/S (1H.1; 28), monoclonal anti-Kupffer
cell, 2E.12 or polyclonal rabbit anti-rDHBcAg antibodies. Dilute each of the primary anti-
bodies to 1:100 in PBS containing 10% FCS. Incubate each tissue section under a coverslip
with 100 �L of the diluted antibodies for 1 h at 37°C and then at 4°C overnight. (See Note
11.) Wash slides 2 × 5 min in PBS.

5. Add the sheep anti-mouse HRP-conjugated secondary antibodies or the goat anti-rabbit HRP
conjugated antibodies at a dilution of 1:40 in PBS containing 10% FCS. Incubate slides at
37°C for 1 h. Wash slides 2 × 5 min in PBS.

6. Develop the slides by the addition of DAB solution (1 mL or 0.5 mg/mL of DAB, 12.5 �L of
30% H2O2, 10 mL of PBS) for 9 min at RT in the dark.

7. Wash with PBS and counterstain with Mayer’s hematoxylin for 1 min.
8. Remove excess hematoxylin from slides with 3 × 2 min washes in PBS.
9. Dehydrate slides with 2 × 2 min washes in AR ethanol (70%, 90%, 100%) and 2 × 5 min

washes in xylene.
10. Finally, mount sections under coverslips in DePeX.
11. Cells that react with the 2E.12 monoclonal antibodies can be identified in ethanol-fixed and

hematoxylin counterstained sections as Kupffer cells located in the hepatic sinusoids (Fig.
5B).

12. DHBV-infected hepatocytes can be identified in ethanol–acetic acid fixed sections of duck
liver using the 1H.1 monoclonal antibodies (Fig. 5C) or polyclonal anti-rDHBcAg antibod-
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ies. Infected cells are randomly scattered throughout the liver lobule and viral surface and
core antigens are detected in the cytoplasm but not in the nucleus of infected cells.

3.3. Methods for Detection of Antigens, Antibodies, 
and Viral DNA in Duck Serum
3.3.1. Preparation of DHBsAg for Immunization of Rabbits 
and as Capture Antigen for the Anti-DHBs ELISA

1. Load 5-mL samples of high-titer DHBV-positive duck sera onto 5 mL of a 20% (w/v)
sucrose in TN that has been underlaid with a 500-�L cushion of 66% (w/v) sucrose in TN.

2. Place tubes in a SW-41 rotor and centrifuge at 190,000g for 4 h at 4°C.
3. Following centrifugation, collect 500-�L fractions from the bottom of the tubes.
4. When used as a capture antigen for detection of anti-DHBS antibodies, DHBsAg is prepared

by pooling fractions 2–6 from the gradients and diluting to 5 mL with 0.1% BSA in PBS.
5. DHBsAg to be used as an immunogen for antibody production must be further purified; load

2 mL of fractions 2–6 containing DHBsAg onto a linear sucrose gradient consisting of
20–40% (w/v) sucrose in TN.

6. Centrifuge for 3 h at 190,000g at 4°C.
7. Following centrifugation, collect 500-�L fractions from the bottom of the gradient.
8. Electrophorese 50 �L from each fraction on a denaturing polyacrylamide gel to determine

which fraction contains the most DHBsAg with the least amount of contaminating protein.
9. Use the purified DHBsAg for the immunization of rabbits by following the protocol for pro-

duction of high-titer antibodies.

3.3.2. Preparation of Duck IgY from Duck Egg Yolk
1. Separate the yolks from 12 eggs and mix with 200 mL TBS and 30 mL of 1% (w/v) dextran

sulfate in TBS.
2. Incubate for 30 min at RT and then add 75 mL of 1 M CaCl2.
3. Centrifuge at 2000g for 30 min at 10°C.
4. Filter the supernatant through Whatman No.1 paper.
5. To this filtrate slowly add saturated ammonium sulfate, while constantly mixing, until a final

concentration of 50% saturation is achieved.
6. Mix for 30 min at RT and then centrifuge the precipitate at 2500g for 30 min at 10°C.
7. Redissolve the precipitate in 50 mL of TBS and recentrifuge at 2500g. Collect the supernatant.
8. Slowly add saturated sodium sulfate until 50% saturation has been achieved and centrifuge

at 2500g for 30 min at 10°C.
9. Redissolve the pellet in 50 mL of TBS and then add saturated sodium sulfate to a final con-

centration of 14%.
10. Mix for 2 h at RT. Centrifuge the precipitate at 5000g for 30 min at 10°C.
11. Repeat steps 9 and 10 two more times.
12. Dialyze the resuspended pellet overnight against TBS.
13. Determine the protein concentration of the antigen using the bicinchoninic acid protein assay.
14. Determine the purity of the IgY using polyacrylamide gel electrophoresis (PAGE) analysis.

3.3.3. Protocol for the Production of High-Titer Antibodies 
Against DHBsAg and Duck IgY.

1. The purified protein (DHBsAg or IgY) should be diluted to 1 mg/mL in TBS.
2. Emulsify 100–200 �g of the protein in Freund’s complete adjuvant.
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3. Inject rabbits subcutaneously at 5–10 sites with the antigen–adjuvant mix.
4. Repeat the immunization two times at 1-mo intervals using 100–200 �g of protein in Fre-

und’s incomplete adjuvant.
5. Two weeks after each immunization a test bleed should be taken and tested for antibodies.
6. Euthanize and exsanguinate the animal when the antibody titer is sufficiently high.
7. Collect whole blood and incubate for 1 h at 37°C and then at 4°C overnight.
8. Centrifuge at 4000g, collect the serum, and add 0.05% sodium azide. Store at 4°C.

3.3.4. Ammonium Sulfate Precipitation of Rabbit Anti-DHBsAg Antibodies
1. Place 100 mL of rabbit serum into a beaker.
2. Add 200 mL of acetate buffer (0.06 M, pH 4.0).
3. Add 7.5 mL of octanoic acid and stir vigorously for 2 h.
4. Filter through Whatman No. 2.
5. To each 100 mL of filtrate add 4.0 mL of 1 M Tris-HCl, pH 9.0, and then 26 g of solid ammo-

nium sulfate. Stir at 4°C for 2 h.
6. Centrifuge at 12,000g for 30 min.
7. Redissolve the precipitate in approx 25% of the original serum volume.
8. Dialyze overnight against TBS.
9. Centrifuge at 12,000g for 30 min.

10. Measure the protein concentration of the supernatant.
11. Dilute to 1 mg/mL in TBS. Store at −20°C.

3.3.5. Detection of DHBsAg Using a Quantitative ELISA (See Notes 12–14)
1. Coat trays with ammonium sulfate-precipitated rabbit anti-DHBsAg antibodies at a dilution

of 1:500 in bicarbonate buffer, pH 9.6, and incubate at 37°C for 1 h and then at 4°C until use.
2. Block wells with 200 �L of 5% SM-PBS/T.
3. Set up standard curves at this stage. Use pooled serum from congenitally DHBV-infected

ducks, diluted initially at a 1:1000 dilution in PBS and then twofold across the plate to a
final dilution of 1:128,000 in PBS. To standardize the amount of serum proteins present
in both test samples and in the standard curve, NDS is added to all dilutions at the same
concentration as the sample being tested. That is, either a 1:100 dilution of NDS in PBS
or 1:4000 dilution of NDS in PBS is also added to the appropriate standard curves. (See
Note 15.)

4. Add test samples to the plate at a dilution of 1:100 in PBS for low-titer samples, and 1:4000
in PBS for high-titer samples. All samples and standards should be added to the plates in
duplicate.

5. Add the 1H.1 monoclonal antibodies diluted to 1:1000. (See Note 16.)
6. Finally, add the sheep anti-mouse HRP conjugated antibodies. For serum samples tested at a

1:100 dilution, the conjugated antibodies are diluted 1:500 in 5% SM-PBS/T + 5% NSS +
5% NRS. For serum samples tested at a dilution of 1:4000, the conjugated antibodies are
added to the plate at a dilution of 1:4000 in 5% SM-PBS/T alone.

7. The cutoff for negative/positive results is set at three times the standard deviation from the
mean value obtained with NDS.

8. The levels of DHBsAg are then calculated by extrapolation from the standard curve from
each individual plate assuming that the original pooled serum contained a previously calcu-
lated amount of DHBsAg. (See Note 17.)
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3.3.6. Detection of Duck Anti-DHBs Antibodies 
by Indirect ELISA (See Notes 12–14)

1. Coat the wells of a 96-well tray with 1:1000 dilution of the anti-DHBV pre-S/S 1H.1 mono-
clonal antibodies in bicarbonate buffer pH 9.6 for 1 h at 37°C and then at 4°C until use.

2. Block the wells of tray with 200 �L/well of 5% SM-PBS/T and incubate for 1 h at 37°C.
3. Add sucrose gradient purified DHBsAg (see Subheading 3.3.1.4.) diluted in 0.1% BSA to

the wells of the plate.
4. The test duck serum is added at a dilution of 1:50 and titrated fivefold across the plate to a

final dilution of 1:6250. (See Note 16.)
5. Add the rabbit anti-duck IgY antibodies at a dilution of 1:15,000.
6. Finally, add the goat anti-rabbit HRP-conjugated antibodies at a dilution of 1:5000.
7. Antibody titers should be expressed as the reciprocal of the log serum dilution that gave an

OD of 0.4 at 490 nm. (See Note 17.)

3.3.7. Detection of Anti-DHBc Antibodies by Indirect ELISA (See Notes 12–14)
1. Coat trays with 1 �g/mL rDHBcAg (1) diluted in PBS for 1 h at 37°C and then at 4°C until

use.
2. Block wells with 200 �L of 5% SM-PBS/T.
3. Add the test duck serum to the plate at a dilution of 1:500 and serially dilute fivefold across

the plate to a final dilution of 1:62,500.
4. Add the rabbit anti-duck IgY antibodies diluted to 1:15,000.
5. Finally, add the goat anti-rabbit HRP conjugated antibodies at a dilution of 1:5000.
6. Antibody titers should be expressed as the reciprocal of the log serum dilution that gave an

OD of 0.5 at 490 nm. (See Note 17.)

3.3.8. PEG Precipitation of DHBV from Serum for PCR Analysis
1. Add 200 �L of serum to a microfuge tube with 100 �L of PEG diluted in 1 M NaCl.
2. Vortex the tube vigorously and then centrifuge at 14,000g in a microfuge for 10 min at RT.
3. Carefully remove the supernatant and discard.
4. Add 100 �L of 0.7% NaOH to the pellet and again vigorously vortex prior to incubation for

1 h at 60°C.
5. Following incubation, add 100 �L of 500 mM Tris-HCl, pH 6.8, and vortex the tube again.
6. Incubate for a further 15 min at 95°C.
7. Finally the sample should be centrifuged for 5 min, and the supernatant collected and used

immediately in PCR or stored at −20°C.

3.3.9. PCR of Duck Serum to Detect DHBV DNA
1. A standard 50-�L PCR reaction mix is used containing 20 �M of each oligonucleotide

primer specific for the DHBV sequence, 1X reaction buffer, 200 �M dNTPs, 1.64 mM
MgCl2, and 1 U of Taq polymerase for each reaction.

2. The program for the PCR reaction is set at 30 cycles of 95°C for 30 s, 55°C for 45 s, and
72°C for 45 s.

3. Ten microliters of duck serum that has been extracted via the PEG precipitation method is
used as the template for each PCR reaction.

4. View products on agarose gels using ethidium bromide.
5. The lower limit of sensitivity of the assay is approx 150 DHBV genomes/mL of serum.
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4. Notes
1. A range of cDNA clones for duck CD3�; CD4; CD8�; CD44; CD58; IL-18; TCR�, �, �, and

�; and MHC I and MHC II (10–13,30–39) were recently cloned by Professor David Higgins
and colleagues in Hong Kong. The clones can be used in Northern blot hybridization and
reverse transcription (RT)-PCR to monitor the relative levels of mRNA expression at the
sites of DHBV infection and also provide the potential for development of antibody reagents
for the duck immune system. Hence, they are likely to provide important insights into the
different types of immune responses occurring in both acute and persistent DHBV infec-
tions, ultimately assisting in the development of vaccines for the treatment of persistent
infections.

2. 5% NDS is optimal for duck cell culture.
3. For optimal separation of duck PBMCs from DRBCs and granulocytes using Ficoll-Paque

solution, fast ducks for �3 h before bleeding, as this reduces the fat content in blood sam-
ples.

4. Thrombocytes are present both at the plasma–Ficoll-Paque interface and in the Ficoll-Paque
layers between the interface and the red cell pellet. Collecting the clearly defined cell layer
at, but not below, the plasma–Ficoll-Paque interface can decrease the proportion of thrombo-
cytes in PBMC preparations.

5. The percentage of duck T lymphocytes in PBMCs recovered from Ficoll-Paque should be
22–26%, with enrichment of up to 50% after passing the cells through nylon wool columns.

6. Duck DRBCs are nucleated and they act as bystander or “filler” cells that enhance the level
of proliferation of duck T lymphocytes in cultures in which activation is suboptimal.

7. Ducks vary in their ability to respond to lectins such as PHA; therefore, a range of concen-
trations may be needed to find the optimal dose. We have found 5 �g/mL of PHA to be opti-
mal with most duck lymphocyte preparations. Owing to the lack of reagents to identify
different duck cell types, it is not possible to determine why there is such variation.

8. Large syncytia form in some cultures of duck PBMCs and adherent cells, commonly occur-
ring after 3–7 d of in vitro culture. Cells with similar morphology, often called osteoclasts,
have been described in cultures of human (19), mouse (20), and chicken (21–23) PBMCs.
We have observed syncytia that range in size from 200 to 500 �m in cultures of duck
PBMCs (Fig. 4A) and also duck adherent cells (monocytes) alone (Fig. 4B). The syncytia
are more commonly present in mitogen-stimulated cultures but are also observed in PBMC
cultures without the addition of PHA or ConA and are observed in cultures from both male
and female ducks. The presence of the syncytia often, but not always, heralds poor prolifer-
ation and low levels of thymidine incorporation in the cultures.

9. The effects of fixation on antigens within tissues can be drastic. Strict adherence to the sug-
gested fixation regimen for each antigen is strongly advised.

10. For detection of duck T lymphocytes using microwave-mediated antigen detection, the slides
are placed into two containers of citrate buffer solution (250 mL each) and then heated on
full power using a Toshiba 1000-W microwave oven until the buffer solution begins to boil.
The containers are then transferred to a NEC microwave oven (model 702) with the power
setting on level 2 (magnetron cycle: 6 s ON, 16 s OFF) for 10 min. This will allow the solu-
tion to reach almost the boiling point in a cyclic manner, thereby minimizing damage to tis-
sue sections during the heating process. Microwave-safe plastic jars and staining racks are
recommended for the microwave procedure.

11. Sections should not be allowed to dry out, as this leads to nonspecific staining.
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12. All serological assays should be performed in 96-well flat-bottom ELISA trays.
13. Incubations should be carried out for 1 h with 100 �L of reagent per well unless stated oth-

erwise.
14. Following each step of the assay the ELISA plates should be washed three times with PBS

containing 0.05% Tween-20 (PBS/T) except when antibodies conjugated with HRP are pres-
ent. In this case the plates should be washed with PBS alone.

15. The actual concentration of DHBsAg is determined empirically for each pool of congenitally
infected serum to be used as a standard in the DHBsAg ELISA.

16. Antibodies should be diluted in 5% skim milk in PBS containing 0.05% Tween-20 (5% SM-
PBS/T).

17. Bound antibodies are visualized using 1 mg/mL of the substrate o-phenylenediamine (OPD)
(Sigma) for 15 min at RT in the dark. The reaction is then stopped by addition of 50 �L of
2.5 M H2SO4 to each well. Read optical densities (ODs) on a Dynatech MR 5000 plate reader
at a wavelength of 490 nm.
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Measurement of Cell-Mediated 
Immune Response in Woodchucks

Stephan Menne and Paul J. Cote

1. Introduction
Infection with hepatitis B virus (HBV) is a major health problem, with 350 million

people chronically infected worldwide. Chronic HBV infection is characterized by
severe hepatic disease sequelae, including chronic hepatitis, cirrhosis of the liver, and
hepatocellular carcinoma (1). The immunologic mechanisms that predispose to the
development of chronic HBV infection are not completely understood. However, the
cell-mediated immunity (CMI) to HBV is believed to play a crucial role in protection
against viral infection, and development of efficient antiviral CMI is probably needed to
avoid viral persistence and progression to chronic hepatitis (1).

The woodchuck hepatitis virus (WHV) and its natural host, the Eastern woodchuck
(Marmota monax), have been used extensively as an animal model for HBV infection, dis-
ease, and prevention (e.g., 2). This model is being applied further to study the
immunopathogenesis, antiviral therapy, and immunotherapy of chronic WHV infection
(3–8). Such studies have demonstrated the need for more detailed investigation of the
immune response of woodchucks, and to develop new molecular and cellular immunologic
assays for measuring this response (Table 1). For example, in vitro proliferation assays for
measuring the responses of woodchuck peripheral blood mononuclear cells (PBMCs) to
viral antigens are a prerequisite for studying the CMI of woodchucks during WHV infec-
tion and therapy (3,4–7). The use of a universal anti-CD3 antibody reagent indicated that
woodchuck PBMCs that did not adhere to nylon wool and that proliferated after stimulation
with WHV recombinant core antigen (rWHcAg) were CD3+ lymphocytes (4). However,
antibodies to woodchuck CD4 and CD8 positive lymphocytes are needed to enable more
detailed lymphocyte phenotyping in PBMC cultures, and for applications of separation and
depletion of such lymphocytes. Functionally active woodchuck cytokines and anti-cytokine
antibodies are also needed to develop enzyme-linked immunosorbent assay (ELISA) meth-
ods for determining the responding cell type in PBMC cultures, for example, for differenti-
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ation of type 1 and 2 responses. At present, the activation of woodchuck T helper 1 (Th1)
cells can be measured by the production of interleukin-2 (IL-2) using an IL-2-dependent
murine cell line (3). Th1 and Th2 cell responses can be differentiated, moreover, by recently
developed real-time polymerase chain reaction (PCR) assay for mRNAs of woodchuck
leukocyte CD markers and type 1/type 2 cytokines in PBMC cultures and tissues (9).

The CMI of woodchucks can be studied by in vitro proliferation of PBMCs using
polyclonal activators (e.g., concanavalin A [Con A], lipopolysaccharide [LPS], phyto-
hemagglutinin [PHA], human recombinant IL-2) and WHV antigens (e.g., rWHcAg, e
antigen [WHeAg], surface antigen [WHsAg], x antigen [WHxAg], and antigen-derived
peptides) for stimulation (Fig. 1). Woodchuck PBMCs do not incorporate sufficient tri-

Table 1
Molecular and Cellular Immunologic Assays for Studying the Host Immune Response
Against WHV in the Woodchuck Model

Assay/reagent Method Reference

Established for woodchuck
model

PBMC proliferation, Radiopurine, adenine 3,4–7,9,10,11
Th epitopes, Th lines
PBMC IL-2 production IL-2 dependent murine 3,12

NK cell bioassay
Macrophage, B cell, T cell Immunostaining with 4,8,13
staining anti-Lyz, anti-woodchuck

IgG, anti-CD3 (Dako)
T cell cDNAs (CD3, 4, 8) Endpoint/real-time RT-PCR 9,13–16
Cytokine cDNAs (IL-1�, Endpoint/real-time RT-PCR 8,9,13–19
2, 4, 10, IFN-�, TNF-�)
Cytokines/Antibodies Immunostaining, in vitro 17,18
(IL-6, IFN-�, TNF-�) studies
MHC PCR-based allotyping, 19,20

antibodies

Needed for woodchuck model
CTL assay/CTL epitopes/ Autologous fibroblasts or 
CTL lines and clones PBMC blasts
Anti-T cell antibodies Selection, depletion
(CD3, 4, 8)
Anti-cytokine antibodies Th1/Th2 ELISA
(IL-2, 4, 10, 12, IFN-�,
TNF-�)
Hepatocyte cDNAs Libraries, host response

Anti-Lyz, antibody against lysozyme; CD, cluster of differentiation; CTL, cytolytic T cells; ELISA,
enzyme-linked immunosorbent assay; IFN-�, interferon-�; IgG, immunoglobuline G; IL, interleukin;
NK, natural killer cells; MHC, major histocompatibility complex; PCR, polymerase chain reaction; RT,
reverse transcription; Th, T-helper cells; TNF-�, tumor necrosis factor-�.



In Vitro PBMC Proliferation Assay 29

tiated thymidine in proliferation responses to polyclonal stimulators (Table 2) and
WHV antigens (Table 3), which apparently relates to the inefficient transcription of the
cytosolic thymidine kinase 1 gene (3,10,11). However, woodchuck PBMCs incorporate
sufficient tritiated adenine, serine, adenosine, and deoxyadenosine (3,4–6,10,11), which
enables the development of a meaningful proliferation assay (Tables 2 and 3).

This chapter describes a method for the isolation of woodchuck PBMCs from whole
blood and their use in proliferation assays. The in vitro PBMC proliferation assay is
optimized for woodchuck PBMCs and enables the high-throughput analyses of CMI
from large numbers of woodchucks to many stimulators in a given experiment. This
assay circumvents the problem of insufficient incorporation of tritiated thymidine
mainly by the use of tritiated adenine (or other radioactive purine labels). The availabil-
ity of this assay facilitates the characterization of host immune response kinetics in
woodchucks with applications to the continued modeling of chronic HBV infection and
therapy in humans.

Fig. 1. Overview of the isolation of woodchuck PBMCs from whole blood and their use in the
in vitro proliferation assay with radioactive labels (e.g., [2-3H]adenine) for the detection of CMI
against WHV in woodchucks.



Table 2
Incorporation of Tritiated Thymidine, Serine, Adenine, Adenosine, and Deoxyadenosine by Woodchuck PBMC Cultures After 4 D 
of Stimulation with Polyclonal Activators in the In Vitro PBMC Proliferation Assay

SI (± SD)

[8-3H]
Stimulator Outcome [3H]Thymidine L-[3-3H]Serine [2-3H]Adenine [2-3H]Adenosine Deoxyadenosine

ConA Control 3.2 ± 0.2 47.3 ± 3.3 42.4 ± 3.2 37.8 ± 9.4 34.2
Acute 3.2 ± 0.3 47.6 ± 4.5 42.6 ± 4.5 20.6 35.6
Chronic 3.2 ± 0.2 48.0 ± 3.8 43.7 ± 3.6 nd nd

PHA Control 1.3 ± 0.1 6.9 ± 0.7 4.9 ± 0.6 nd nd
Acute 1.4 ± 0.1 7.1 ± 1.0 5.1 ± 0.8 nd nd
Chronic 1.4 ± 0.1 6.9 ± 0.9 5.0 ± 0.6 nd nd

5 × 104 woodchuck PBMCs were cultured with ConA (8.0 �g/mL; 20 �g/mL for [2-3H]adenosine and [8-3H]deoxyadenosine) or PHA (2.4 �g/mL) in
microtiter plates for 4 (3 d for [2-3H]adenosine and [8-3H]deoxyadenosine) including a 16- to 20-h pulse with 37 kBq of the respective 3H labels. Stimula-
tion indices (SI) represent the mean SI value of triplicate cultures from all woodchucks in each outcome group of infection. Four adult woodchucks per out-
come group were tested (two control and one acute WHV-infected woodchucks for [2-3H]adenosine, one control and one acute WHV-infected woodchuck
for [8-3H]deoxyadenosine). Control: WHV-uninfected woodchucks. Acute: Woodchucks with acute self-limited WHV infection (4–8 wk after experimen-
tal infection). Chronic: Woodchucks with chronic WHV infection. nd, not done. The mean cpm values of unstimulated PBMCs in medium alone (back-
ground control) of woodchucks in each outcome group were: [3H]thymidine, control: 803 ± 39, acute: 812 ± 34, chronic: 795 ± 38; L-[3-3H]serine, control:
1326 ± 62, acute: 1409 ± 95, chronic: 1357 ± 101; [2-3H]adenine, control: 2857 ± 228, acute: 2956 ± 345, chronic: 3027 ± 287; [2-3H]adenosine, control:
2107 ± 1061, acute: 2722; [8-3H]deoxyadenosine, control: 2304, acute: 2223.
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2. Materials
2.1. Stimulators

1. Polyclonal activators: ConA (Sigma, St. Louis, MO, cat. no. C-2010); PHA (Sigma, cat. no.
L-8902).

2. WHV antigens: rWHcAg and WHsAg are prepared as recently described (3–7).

2.2. Solutions
1. Isolation of PBMCs from blood: Ficoll-Paque (Amersham Pharmacia Biotech, Arlington

Heights, IL, cat. no. 17-1440-03); 0.9%, NaCl (Baxter, Deerfield, IL, cat. no. 2F7124); gla-
cial acetic acid (Fisher Scientific). Store all solutions at room temperature.

2. Medium for PBMC cultures: Complete medium contains AIM-V medium (see Note 1), sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS) and 5 × 10−5 mM �-mercap-
toethanol (6,10,11). AIM-V medium (Gibco BRL, Rockville, MD, cat. no. 12055-09); FBS
(Sigma, cat. no. F-2442); �-mercaptoethanol (Sigma, cat. no. M-6250). Complete medium is
light sensitive. Store at 2–8°C (refrigerator temperature).

3. Radioactive labels: [2-3H]adenine, specific activity = 703 GBq/mmol (Amersham Pharmacia
Biotech, cat. no. TRK311); methyl[3H]thymidine, specific activity = 925 GBq/mmol (Amer-
sham Pharmacia Biotech cat. no. TRK120); L-[3-3H]serine, specific activity = 999 GBq/m
mol (Amersham Pharmacia Biotech, cat. no. TRK308); [2-3H]adenosine, specific activity =

Table 3
Incorporation of Tritiated Thymidine, Serine, Adenine, and Adenosine by Woodchuck
PBMC Cultures After 5 D of Stimulation with WHV Antigens in the In Vitro PBMC
Proliferation Assay

SI (± SD)

[3H] L-[3-3H] [2-3H] [2-3H]
Stimulator Outcome Thymidine Serine Adenine Adenosine

Core Control 1.1 ± 0.1 1.3 ± 0.1 1.6 ± 0.2 1.0
Acute 1.4 ± 0.1 23.8 ± 8.1 11.9 ± 1.7 4.1 ± 0.7
Chronic 1.1 ± 0.1 1.6 ± 0.6 1.3 ± 0.5 nd

Surface Control 1.0 ± 0.1 1.0 ± 0.1 0.9 ± 0.1 1.2
Acute 1.3 ± 0.1 11.0 ± 4.8 5.7 ± 2.2 3.5 ± 2.8
Chronic 1.0 ± 0.1 1.2 ± 0.3 1.1 ± 0.3 nd

5 × 104 woodchuck PBMCs were cultured with recombinant WHV core antigen (core, 1.0 �g/mL;
0.75 �g/mL for [2-3H]adenosine) or WHV surface antigen (surface, 2.0 �g/mL; 2.5 �g/mL for 
[2-3H]adenosine) in microtiter plates for 5 d (7 d for [2-3H]adenosine) including a 16- to 20-h pulse
with 37 kBq of the respective 3H labels. Stimulation indices (SI) represent the mean SI value of tripli-
cate cultures from all woodchucks in each outcome group of infection. Seven adult woodchucks per
outcome group were tested (three woodchucks per outcome group for [3H]thymidine; one control and
three acute WHV-infected woodchucks for [2-3H]adenosine). Control: WHV-uninfected woodchucks.
Acute: Woodchucks with acute self-limited WHV infection (4–8 wk after experimental infection).
Chronic: Woodchucks with chronic WHV infection. nd, not done. The mean cpm values of unstimu-
lated PBMCs in medium alone (background control) of woodchucks in each outcome group were:
[3H]thymidine, control: 763 ± 64, acute: 838 ± 22, chronic: 832 ± 108; L-[3-3H]serine, control: 1110 ±
364, acute: 1279 ± 201, chronic: 1162 ± 543; [2-3H]adenine, control: 2273 ± 952, acute: 2381 ± 458,
chronic: 2365 ± 869; [2-3H]adenosine, control: 2507, acute: 2621 ± 953.



32 Menne and Cote

740–925 GBq/mmol (Amersham Pharmacia Biotech cat. no. TRK423); [8-3H]deoxyadeno-
sine, specific activity = 185–925 GBq/mmol (ICN Pharmaceuticals, Costa Mesa, CA, cat.
no. 24053). All labels are radiation hazards. Store at 2–8°C (refrigerator temperature).

4. Liquid scintillation fluid: Betaplate Scint, Wallac, Gaithersburg, MD, cat. no. 1205–440.
Store at room temperature.

2.3. Equipment
1. Isolation of PBMCs from blood: Sterile hood, for example, SterilGARD Hood (The Baker

Company, Sanford, ME, cat. no. VBM-600); EDTA-containing vacutainer tubes (Becton
Dickinson, Franklin Lakes, NJ, cat. no. 366454); conical tubes (Becton Dickinson, cat. no.
352070 for 50 mL, cat. no. 352196 for 15 mL); pipets (Becton Dickinson, cat. no. 357551
for 10 mL, cat. no. 357543 for 5 mL, cat. no. 357520 for 1 mL); Eppendorf tubes (1.5-mL),
(Laboratory Product Sales, Rochester, NY, cat. no. L250502); hemocytometer (e.g., Ameri-
can Optical, Buffalo, NY).

2. In vitro proliferation assay: Microtiter plates (96-well round) (Becton Dickinson, cat. no.
353077); cell incubator (e.g., Forma Scientific, available through Fisher Scientific); auto-
matic 96-well cell harvester, for example, MACH II 96 (Tomtec, Orange, CT); printed filter-
mat A (Wallac, cat. no. 1205-401); sample bag (Wallac, cat. no. 1205-411; liquid
scintillation counter (e.g., 1205 Betaplate, Wallac).

2.4. PBMCs for In Vitro Assays
Woodchuck whole blood of a volume of 5 mL or greater drawn into EDTA-

containing vacutainer tubes (see Note 2) are recommended for density gradient cen-
trifugation with Ficoll-Paque in 50-mL conical tubes. PBMCs have also been
successfully isolated from smaller volumes of blood using 15-mL conical tubes instead
of 50-mL tubes. For best results, PBMCs should be isolated immediately after whole
blood is drawn and blood should be transported and kept at room temperature (e.g., if
shipped overnight). The effects of delay in isolation or storage of blood at temperatures
below room temperature on the viability or yield of isolated PBMCs have not been
completely studied. Before starting with the isolation of PBMCs, tubes and solutions
should be prepared as follows:

1. Label three conical tubes for each woodchuck with the proper animal ID number. Further-
more, label one tube for NaCl and another one for Ficoll.

2. The following steps should be carried out under a sterile hood and with good sterile
handling practice. Dependent on the whole blood volume add the same volume of 0.9%
NaCl into the NaCl-labeled tube to ensure a 1:2 dilution.

3. Add Ficoll-Paque in the same volume as the 1:2 dilution of blood and NaCl into the Ficoll-
labeled tube.

3. Methods
3.1. Isolation of Woodchuck PBMCs From Whole Blood

Precaution: Isolation of PBMCs must be performed under a sterile hood.

1. After opening and flaming the opening of the EDTA-containing vacutainer tubes under a
sterile hood, draw the whole blood into a pipet and add it slowly to the bottom of the NaCl-
containing conical tubes. Then remove 2 mL of NaCl from the top using the same pipet and
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rinse the EDTA-containing vacutainer tubes to obtain all the blood. Add the NaCl back to the
conical tube and mix the whole blood and the NaCl together gently by pipetting up and
down. Finish the samples for all animals before going to step 2. Critical parameter: Flam-
ing the opening of the EDTA-containing vacutainer tubes and any of the bottles of solu-
tions before use reduces the possibility of contamination. Furthermore, it is important
to transfer whole blood and NaCl under sterile conditions without touching the outside
surface of the EDTA-containing vacutainer tubes or the conical tubes with the pipet.

2. Transfer the NaCl whole blood mixture with a pipet and lay it carefully and slowly on the
top of the Ficoll-Paque without mixing. Finish the samples for all animals before going to
step 3. By the time all the samples are finished, some erythrocytes may already migrate
through the Ficoll in the earliest samples. Critical parameter: The overlay of Ficoll with
whole blood can be done easily by dropping the blood slowly at the wall of the conical
tube. Avoid forceful addition of blood, which will destroy the Ficoll layer. If working
with an autopipet, use the largest pipet as possible (e.g., 10 mL). This will allow easier
control of the rate of adding blood.

3. Centrifuge the conical tubes for 35–40 min at room temperature. For separation of lympho-
cytes from erythrocytes and granulocytes use approx 1700g for 15-mL conical tubes and
approx 1300g for 50-mL conical tubes. Critical parameter: It is important to run the cen-
trifuge with the brake off, otherwise the gradient will be disrupted.

4. Centrifugation will result in three layers. The top layer contains NaCl–plasma, the layer in
the middle Ficoll, and the layer at the bottom erythrocytes and granulocytes. The phase
between NaCl–plasma and Ficoll contains the mononuclear cells, composed mainly of lym-
phocytes and some monocytes (hereafter referred to as PBMCs). Using a fresh pipet, trans-
fer the PBMCs to the third conical tube. Fill the conical tube up to the top with NaCl. Finish
the samples of all animals before going to step 5. Critical parameter: Pick up the major-
ity of PBMCs first. Make sure to leave enough NaCl on top layer to cover the line of
PBMCs adhering to the wall of the conical tube. To increase the yield of isolated
PBMCs scrape the wall of the tube with the pipet to also recover attached cells. Be care-
ful to avoid transfer of any erythrocytes and granulocytes.

5. Wash PBMCs immediately by centrifuging the conical tubes at approx 300g for 10 min at
room temperature to remove the Ficoll.

6. The centrifugation will result in a visible (white) pellet of PBMCs at the bottom of the coni-
cal tube. Carefully remove all the supernatant to avoid any loss of PBMCs. After vortexing
the PBMCs to mix, refill the conical tubes up to the top with NaCl and centrifuge at 300g for
10 min at room temperature. Repeat this step one more time.

7. After the last wash carefully remove all the supernatant and vortex the PBMCs. Add 
4 mL of complete medium and vortex again to mix.

8. For counting of cells, transfer 100 �L of PBMCs in complete medium from the conical tube
into an Eppendorf tube by using a pipet. Dilute PBMCs 1:10 in 4% of glacial acetic acid
using a fresh Eppendorf tube. After vortexing to mix, add approx 10 �L of PBMCs to a
hematocytometer. Calculate the total number of cells in the original 4 mL of complete
medium. This can be done by counting the cells in the 64 squares of the four corner areas
under the coverslip of the hematocytometer in a total volume of 0.1 mm3. Obtain the average
cell number by dividing the total number of cells by 4. Multiply the average cell number by
10 to obtain the cell number per 1 mm3. Multiply this by 1000 to obtain the cell number per
1 cm3, which equals 1 mL of medium. Then account for the 10-fold dilution by multiplying
the cell number by 10 to get the number of cells per 1 mL of medium. Multiply this number
by 4 to achieve the total number of cells isolated. Add an appropriate volume of complete
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medium to the conical tube to obtain a concentration of 2.5 × 106 cells/mL. If the cell con-
centration in the 4 mL of complete medium is lower, centrifuge the PBMCs again at 300g for
10 min at room temperature and remove all the supernatant. Then add the appropriate vol-
ume of complete medium to get the desired cell concentration. Critical parameter: 4% of
glacial acetic acid is used to destroy any contaminating erythrocytes in the PBMC sam-
ples to be counted. If the PBMC sample contains a higher number of erythrocytes, the
use of 8% of glacial acetic acid and incubation for 10 min at room temperature is rec-
ommended.

3.2. In Vitro PBMC Proliferation Assay with Radioactive Labels
Stimulators are added to the wells of a 96-well microtiter plate in a volume of 20 �L.

This keeps the volume of stimulator preparation low (i.e., 1/10 of the final well vol-
ume), but easily dispersible by using a repeater pipet. Polyclonal activators and WHV
antigens are used in triplicates at previously determined optimal concentrations (3,4,6):
Con A (8.0 �g/mL), PHA (2.4 �g/mL), WHsAg (2.0 �g/mL), and rWHcAg (1.0
�g/mL). The desired concentrations of stimulators are achieved by diluting the stock
solutions in an appropriate volume of 0.9% NaCl to obtain a 10-fold working solution.
Controls may include irrelevant woodchuck serum protein as a control for WHsAg and
irrelevant recombinant protein as a control for rWHcAg in the same concentration as
above. For background control (unstimulated PBMCs in medium alone) add 20 �L of
0.9% NaCl into eight wells of the microtiter plate. For control of WHV antigens add 20
�L of irrelevant woodchuck protein into eight wells of the microtiter plate. Microtiter
plates can be prepared in advance (and frozen) with all stimulators in the wells before
transferring complete medium and freshly isolated PBMCs (see Note 3).

1. Add 160 �L of complete medium to each well of the previously prepared microtiter plate by
using a multichannel pipet.

2. After vortexing to mix the PBMCs in complete medium, add 20 �L of PBMCs into each
well of the microtiter plate by using a repeater pipet to reach the final concentration of 5 ×
104 cells per well (i.e., in a total well volume of 200 �L).

3. Incubate cultured PBMCs for 5 d (see Note 4) at 37°C in a humidified atmosphere contain-
ing 5% CO2.

4. Add 37 kBq (= 1 �Ci) of a certain radioactive label (e.g., [2-3H]adenine) to the PBMC cul-
tures in each well of the microtiter plate on d 4 by using a repeater pipet. For transfer of 37
kBq of a radioactive label in a volume of 20 �L, dilute the stock solution with an appropri-
ate volume of complete medium.

5. Place radioactively labeled microtiter plates back into the incubator for another 16–20 h,
before harvesting the PBMC cultures on d 5.

6. After 5 d of culture, radioactively labeled PBMCs are harvested onto filtermats by using an
automatic 96-well cell harvester. After air-drying overnight place one filtermat into a sample
bag. Add 10 mL of liquid scintillation fluid to the filtermat and seal the sample bag. Incorpo-
rated radioactivity is then measured by counting in a liquid scintillation counter. Results for
triplicate cultures are expressed as the stimulation index (SI), which is determined by divid-
ing the total counts per minute (cpm) obtained in the presence of stimulator by that in the
absence of stimulator (e.g., background control = unstimulated PBMCs in medium alone,
PBMCs cultured with irrelevant woodchuck protein; see Fig. 1). Critical parameter: For
calculation of the SI value average the cpm derived from the eight wells containing the
background control or the controls for WHV antigens by removing the highest and
lowest cpm value (see Note 5).
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4. Notes
1. The use of AIM-V medium as main part of the complete medium for the culture of wood-

chuck PBMCs instead of RPMI 1640 (Gibco BRL) is recommended. AIM-V medium was
demonstrated to significantly increase the uptake of radioactive label (i.e., [2-3H]adenine) by
woodchuck PBMCs in the in vitro proliferation assay (10).

2. The use of EDTA as an anticoagulant for blood sampling instead of heparin is critical. EDTA
was shown to increase the uptake of radioactive label (i.e., [2-3H]adenine) by woodchuck
PBMCs in the in vitro proliferation assay (10).

3. For in vitro proliferation assays involving a large number of animals and many stimulators,
plates can be prepared in advance for all test dates and stored at − 20°C until use. Allow
frozen plates to thaw before adding complete medium and freshly isolated PBMCs.

4. The culture period of 5 d is optimized for WHV antigen-specific stimulations of woodchuck
PBMCs. If only polyclonal activators are used, the culture period should be decreased to 4 d
to get best proliferation results (10,11).

5. SI values of 	3.1 are considered positive for WHV antigen-specific PBMC responses of
woodchucks. This positive cutoff is conservative in relationship to routine positive stimula-
tions by WHV antigens; that is, the range of maximal antigen-specific SI values using 
[2-3H]adenine is 7.0–12 (e.g., 5,6). The 3.1 cutoff level, therefore, represents at least
25–45% of the observed response range for positive stimulations induced by antigens. At the
3.1 SI cutoff, the positive sample cpm for antigens always is greater than two standard devi-
ations (SDs) above the mean cpm of background control (i.e., unstimulated PBMCs in
medium alone) from the same woodchuck, and is characteristically more than two SDs
above the average cpm for antigen-stimulated PBMCs from uninfected control woodchucks.
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Study of Liver-Specific Expression of Cytokines 
During Woodchuck Hepatitis Virus Infection

Mengji Lu and Michael Roggendorf

1. Introduction
The woodchuck model has become a well-accepted animal system for the study of

host immune responses to hepadnavirus infection. Recently, a series of woodchuck
cytokines was characterized by molecular cloning (1–5). The availability of the
sequence information and the essential reagents makes it possible to study the role of
cytokines for the control of hepatitis B virus (HBV) infection and for immunopatho-
genesis in the woodchuck model.

The expression of cytokines in liver is of great interest in the context of HBV infec-
tion (6). First, the pattern of the intrahepatic cytokine expression reflects the host
immune response to viral infection. Second, antiviral cytokines, especially interferon-�
(IFN-�) and tumor necrosis factor-� (TNF-�), were found to suppress HBV gene
expression and replication in the transgenic mouse model (7). Experimental data in the
chimpanzee model indicate that the viral clearance in an acute self-limiting HBV infec-
tion occurs by a nonlytic mechanism, likely mediated by antiviral cytokines (8). Thus,
studies of intrahepatic cytokine expression in the woodchuck model will contribute to
our understanding of the role of cytokines for control of hepadnavirus infection.

There are a series of different methods used for the study of cytokine expression based
on the detection of mRNA by reverse transcription-polymerase chain reaction (RT-PCR)
and RNase protection assays (9–11). Northern blotting may be useful in particular cases if
a specific mRNA species is analyzed. The sensitivity of Northern blot is not sufficient to
detect the expression of the majority of relevant cytokines such as IFN-� and TNF-� as
only a small portion of cells in liver produce cytokines. RT-PCR can be used to detect low-
level expression of cytokines. However, the quantification of a specific mRNA species
requires real-time PCR analysis. The RNA protection assay may be a good choice in
many cases, as it is a sensitive and quantitative assay. It is also possible to detect multiple
species of mRNAs in a single reaction and thus allow the comparison of the relative levels
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of gene expression with internal standards, preferably housekeeping genes such as �-actin
and GAPDH. However, the RNase protection assay requires specific cloned cDNAs,
which are transcribed into antisense RNA with labeled ribonucleotides.

2. Materials
2.1. Solutions

1. Sample buffer for agarose gel electrophoresis: Dissolve 25 mg of orange G (Sigma, Deisen-
hofen, Germany, cat. no. 01625) in 10 mL of 40% sucrose (Calbiochem Biosciences, La
Jolla, CA, cat. no. 57313). Store at 4°C.

2. Tris–borate–EDTA (TBE) buffer: Prepare 10-fold concentrated stock with 540 g of Tris
(molecular biology grade, Calbiochem Biosciences, cat. no. 648310), 275 g of boric acid
(Merck, Darmstadt, Germany cat. no. 1.00160), and 200 mL of 0.5 M EDTA (Fluka Chemie
AG, Bucks, Germany), fill up to 10 L with distilled water, store at room temperature, and
dilute the stock 1:10 with distilled water for use.

3. Agarose gel: Weigh 1 g of agarose (molecular biology grade, Eurogentec, Seraing, Belgium,
cat. no. EP-0010-10) in 100 mL of TBE buffer, heat to melt agarose completely in a
microwave oven, add 5 �L of ethidium bromide (Carl Roth, Karlsruhe, Germany, cat. no.
2218.2, stock concentration 10 mg/mL), and cast the agarose gel in a gel chamber with a
comb.

4. 5% Acrylamide/bis-acrylamide (19:1): Use prepared acrylamide-bis sequencing solution
(Merck, cat. no. 100645) and dilute in sequencing diluent (Merck, cat. no. 100646).

5. 10% Ammonium persulfate (Sigma, cat. no. 7727-54-0): Dissolve 1 g of ammonium persul-
fate in 10 mL of distilled water, and store at 4°C.

6. N, N, N', N'-Tetramethylethylenediamine (TEMED) (Sigma, cat. no. 110-18-9): Store at 4°C.
7. 100% Ethanol (J. T. Baker, Deventer, Holland, cat. no. 8006): Store at −20°C.
8. 70% Ethanol: Add 30 mL of sterile water to 70 mL of ethanol. Store at −20°C.
9. Roti-Phenol (Carl Roth, cat. no.0038.1): Tris-saturated phenol, pH 7.5–8.

10. 3 M Sodium acetate, pH 5: Dissolve 40.81 g of sodium acetate ·3H2O (Merck, cat. no.
106267) in 80 mL of distilled water, add glacial acetic acid with stirring until the pH reaches
5.2, adjust the volume to 100 mL with distilled water, and sterilize by autoclaving. Store at
room temperature.

2.2. Kits and Enzymes
1. RNeasy Midikit (QIAGEN, Hilden, Germany, cat. no.75142) for RNA purification.
2. Multi-Probe RNA protection assay system: Riboquant™ (Pharmingen, San Diego, CA, cat.

no. 45014K).
3. QIAshredder (QIAGEN, cat. no. 79654) for homogenizing samples.
4. MMLV reverse transcriptase (Promega, Madison, WI, cat. no. 1705).
5. Taq polymerase (Promega, cat. no. M1668).

2.3. Equipment
1. Pestle and mortar: Sterilize pestles and mortars at 200°C for 4 h; cool the devices with liquid

nitrogen before use.
2. A microcentrifuge (Eppendorf 5415 C, Eppendorf, Hamburg, Germany).
3. GeneQuant pro RNA/DNA calculator and Microvolume spectrometer cells (Amersham Phar-

macia Biotech UK, Buckinghamshire, England, cat. no. 80-2109-98 and cat. no. 80-2076-38):
Use a volume as small as 50–100 �L to measure the concentrations of purified total RNAs.
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4. Heat block: Preferred for RNase protection assay because it can be easily decontaminated.
5. Thermocycler (Thermocycler 60, Bachofer, Reutlingen, Germany).
6. Power supply: A low-voltage power supply (Power Pac25, Biometra, Göttigen, Germany)

can be used for agarose gel electrophoresis. A high-voltage power supply (PowerPac 3000,
Bio-Rad Laboratories, Hercules, CA, cat. no. 165-5057) is necessary for polyacrylamide gel
electrophoresis.

7. Equipment for gel electrophoresis: Chambers for gel electrophoresis are available from
many commercial suppliers. Sequi-Gen GT cells of a size of 38 × 50 cm (Bio-Rad, Labora-
tories, cat. no. 165-3863) are suitable for polyacrylamide gel electrophoresis.

2.4. Tissue Samples
Liver biopsies obtained by surgical laparotomy have to be frozen immediately in liq-

uid nitrogen and stored at −80°C until use. A minimum of 25 mg of liver tissue should
be processed to generate sufficient amounts of total RNAs for RNase protection assays
(10–20 �g/assay).

Two types of positive controls are useful: woodchuck peripheral blood lymphocytes
and cells transfected with expression plasmids for specific woodchuck cytokines.
Woodchuck peripheral blood lymphocytes should be prepared and cultured for 2–3 d
according to the protocol described by Menne et al. (12). Phytohemagglutinin (Sigma,
cat. no. L9132) should be added at a final concentration of 5 �g/mL for stimulation of
lymphocytes. Lymphocytes should be harvested by centrifugation and frozen immedi-
ately in liquid nitrogen until the preparation of total RNAs. Alternatively, permanent
cell lines such as baby hamster kidney cells should be transfected with plasmids
expressing woodchuck cytokines. The total RNAs from the transfected cells are suitable
as standards in the RNase protection assay.

2.5. Specific Primers for Woodchuck Cytokines
Dissolve the primers for RT-PCR in TE buffer at a concentration of 100 mM and

store at −20°C. Dilute the stock solutions of primers to concentrations of 50 mM and 10
mM for RT and PCR, respectively.

To detect the cDNA of woodchuck cytokines, the following primers are used:

IFN-�: Sense primer 5'-TTTCTACCTCAGACTCTTTGAA-3', antisense primer 5'-AGTT
TTAAATATTAATAAATAG-3' (accession number Y14138).
TNF-�: Sense primer 5'-AGAAAAGACACCATGAGCACAGAAAA-3', antisense primer
5'-ACCCATTCCCTTCACAGAGCAATGA-3' (accession number Y14137).
IL4: Sense primer 5'-AGAGCTATTGATGGGTCTCA-3', antisense primer 5'-TCTTTAGG
CTTTCCAGGAAGTC-3' (accession number AF082495).
IL10: Sense primer 5'-GTGAAGATTTTCTTTCAAA-3', antisense primer 5'-GAGGTAT
CAGAGGTAATAAATAT-3' (accession number AF01209).
IL15: Sense primer 5'-TGGATGGATGGCWGCTGGAA-3', antisense primer 5'-AAGAK
TTCATSTGATCCAAG-3' (accession number MMU14332).

2.6. Cloned cDNAs for RNase Protection Assays
cDNA clones of woodchuck cytokines are needed for RNase protection assays. Typ-

ically, cDNA fragments between 200 and 500 basepairs (bp) in length are cloned into
vectors containing a T7 promoter site such as pGEM-3Z (Promega, cat. no. P2151) for
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in vitro transcription. The in vitro-generated transcripts have to be antisense. If multiple
probes are used in a single assay, they have to have different lengths, preferably within
a close range. A difference of 20 bp between two probes is sufficient to be resolved by
polyacrylamide gel electrophoresis. Probes with large differences in their lengths may
make the gel electrophoresis difficult.

3. Methods
The general rule for handling RNA and inactivation of RNase should be followed as

described in Sambrook et al. (13). A flow diagram of procedures to detect the specific
mRNAs of woodchuck cytokines is depicted in Fig. 1.

3.1. Preparation of Total RNAs from Frozen Woodchuck Liver Samples
1. Grind frozen woodchuck liver samples to powder in liquid nitrogen with a pestle and mortar.
2. Dissolve the frozen powder in lysis buffer and homogenize the samples by continuous grind-

ing. Do not thaw liver samples without lysis buffer. RNAs are extremely unstable at this
step.

3. Shear the genomic DNA by passing the samples through the QIAShredder.
4. Apply the lysate to the column supplied with the RNeasy kit following the procedure

described in the product manual. Use the Midi kit to generate sufficient amounts of total
RNAs for RNase protection assays.

5. Dilute 5 �L of RNA preparation in 95 �L of distilled water. Measure the OD at UV wave-
length 260 nm in the GeneQuant pro RNA/DNA calculator, calculate the concentrations of
RNAs with the factor 1 OD = 40 �g of RNA/mL, and adjust the RNA preparations to a con-
centration approx 1 �g/�L. (See Note 1.)

6. Check the quality of RNA preparations on a freshly prepared agarose gel using at least 5 �g
of total RNA. (See Note 2.)

3.2. RT-PCR (See Note 3)
1. Incubate 1–5 �g of purified total RNAs with 1 �L of antisense primer (50 mM) and 5 U of

MMLV reverse transcriptase in the supplied buffer in a total volume of 10 �L at 37°C for 1 h.
2. Stop RT by heating the samples at 94°C for 5 min.
3. Run the PCR with 5 �L of RT reactions in a total volume of 50 �L. Use the following cycle

parameter: 94°C for 1 min, 45°C for 1 min, and 72°C for 2 min over 30 cycles. (See Note 4.)
4. Add 2 �L of sample buffer to 10 �L of PCR, load the agarose gel, including an appropriate

size marker (123-bp DNA ladder, Gibco BRL, cat. no. 15613-011), and run the gel at 80–100
V until the orange G dye reaches the end of agarose gel.

5. Visualize the DNA fragments under UV light. Identify the specific products for woodchuck
cytokines according to their specific sizes: 345 bp for wIFN-�, 731 bp for wTNF-�, 422 bp
for IL4, 546 bp for IL10, and 715 bp for IL15. To verify the specificity of RT-PCR, the PCR
products can be characterized by direct sequencing or cloning (9,13).

3.3. RNA Protection Assay
1. Cut 10 �g of the cDNA clones of woodchuck cytokines (see Subheading 2.5.) in a total vol-

ume of 20–50 �L with the appropriate buffer and 50 U of a single cut restriction enzyme at
37°C for 1 h. Add 100 �L of TE buffer to increase the volume, remove proteins by extraction
with 100 �L of phenol, add 10 �L of 3 M calcium acetate, pH 5.2, and 250 �L of 100
ethanol to precipitate DNA, incubate at −70°C for 1 h or at −20°C overnight, sediment DNA
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at full speed in a Eppendorf microcentrifuge for 15 min at 4°C, wash precipitated DNA once
with 70% ethanol, air-dry DNA, and dissolve in TE buffer at a concentration of 0.5–1
�g/�L. (See Note 5.)

2. Follow the procedure described in the instruction manual of the RiboQuant™ for preparation
of 32P-labeled RNA probes, hybridization with total RNAs purified from liver, and RNase
treatments using the kit.

3. Prepare 150 mL of 5% acrylamide in 1X TBE buffer, add 900 �L of ammonium persulfate
and 60 �L of TEMED, pour the solution into the gel mold, and wait for 1 h. Assemble the
polyacrylamide gel for electrophoresis and prerun the gel for at least 15–30 min at 2500 V.
The amount of ammonium persulfate and TEMED may be changed to modulate the speed of
polymerization.

4. Flush the wells and load the samples. Use duplicates to increase the accuracy of the assay.
Run the gel at 50 W. The running time depends on the sizes of specific probes and may range
between 2 and 4 h.

5. Disassemble the gel mold and transfer the polyacrylamide gel to a Whatman paper. Dry the
gel in a vacuum dryer for 1 h at 80°C. (See Note 6.)

6. Visualize the protected RNAs by autoradiography, and identify the specific bands according
to the positive controls. The quantification of signals can be done by using a Phosphorimager
(Cyclon, Packard Instrument, Meridien, CT, cat. no. A431201). The relative level of mRNA
may be calculated by normalization using internal controls such as ß-actin or GAPDH
mRNAs.

4. Notes
1. 10–20 �L of total RNA are necessary for an RNase protection assay.
2. RNA preparations should not show smears and contamination with genomic DNA.

Fig. 1. Flow diagram: detection of woodchuck cytokine mRNAs in liver samples.
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3. A crucial point for RT-PCR is the elimination of possible contamination of samples by
cDNA fragments, generated by previous RT-PCR or cloned into plasmids. Useful instruc-
tions can be found in ref. 9.

4. The annealing temperature may be increased to enhance the specificity of PCRs.
5. A large quantity of DNA templates can be generated and stored at −20°C. For multiple probe

assays, different DNA templates can be mixed at this step. The ratio of these DNA templates
needs to be optimized for specific experiments.

6. If the polyacrylamide gel sticks to the glass plates used for gel electrophoresis, treat the glass
plates with Repel Silane.
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Induction of Anti-Hepatitis B Virus 
Immune Responses Through DNA Immunization

Michael Geissler, Robert Weth, Christian F. Grimm, 
Dörte Ortmann, and Hubert E. Blum

1. Introduction
Cellular and humoral immune responses to different hepatitis B virus (HBV) anti-

gens are believed to play an essential role in the elimination of virus by the host. It is
well established that the humoral immune response to HBV envelope antigens leads to
protection against infection. By contrast, the activity of a broad-based cellular immune
response to different HBV antigens has been shown to be one of the most important fac-
tors contributing to virus elimination from infected hepatocytes and may play an impor-
tant role in the pathogenesis of the severity of hepatitis and the subsequent development
of chronic liver disease (1). More than 300 million people worldwide have persistent
HBV infection and cytotoxic T-lymphocyte (CTL) activity against HBV structural pro-
teins is not detectable in peripheral blood lymphocytes derived from these individuals.
It is known that some chronic HBV-infected individuals spontaneously clear HBV
DNA from serum each year, and this phenomenon is often accompanied by increased
CD4+ T-helper cell responses and acute exacerbation of the liver disease as manifested
by increased alanine aminotransferase levels.

Enhanced liver injury is believed to be an in vivo correlate of viral specific CD8+

CTL activity and cytokine-mediated nonspecific inflammatory responses against HBV-
infected hepatocytes. An attractive hypothesis for the development of persistent viral
infection is that HBV-specific CTLs are unable to clear virus from the liver because of
substantially decreased intrahepatic levels or qualitative changes in CTL activity. The
observation of spontaneous HBV clearance in some individuals implies that the sub-
optimal cellular immune response may be reversible. Therefore, strategies designed to
boost the HBV-specific immune response or to alter the balance between the cytopathic
and the regulatory components of the response may be able to terminate persistent
infection.
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From a theoretical point of view, DNA-based immunization presents many advan-
tages (2–7). In mice, a single intramuscular or intradermal injection of DNA is very effi-
cient at inducing an immune response via an in vivo synthesis of the encoded antigens
(Fig. 1) and a potent self-adjuvantation, probably through the CpG motifs (8). The type
of immune response is very similar to that induced by natural infection with respect to
kinetics, antibody isotypes, and specificity of the humoral immune response. More
important, it induces a very strong cellular immune response, predominantly T-helper-1
(Th1) and CTL responses. This response persists for several weeks. In addition, DNA-
based vaccines have the advantage of low cost of production, ease of quality control,
and the ability to be stored and transported at ambient temperatures.

It is of practical interest to note that a single intramuscular or subcutaneous injection
of 100 �g of nonpackaged plasmid DNA and a single intradermal injection of a 100-
fold lower dose of 1 �g of particle-coated plasmid DNA using the gene gun (9–11)
prime similar serum antibody responses although the isotype profiles of these responses
differ strikingly. These data indicate that “one-shot DNA vaccines” are feasible.

Several investigations have shown that humoral immune and CTL responses could
be induced to viral structural and nonstructural proteins in both mice and chimpanzees
(12–24). In HBV transgenic mice, there are conflicting results whether DNA-based
immunization against HBV envelope proteins is able to break tolerance against these
structural proteins with a subsequent down-regulation of HBV replication and gene
expression (22,24–26). In the duck hepatitis B virus (DHBV) model, plasmids express-
ing DHBV large protein were able to induce a decrease in serum and liver viral DNA in
chronic carriers (27).

Codelivery of DNA vaccines with cytokines can modulate and enhance the cellular
immune responses against viral antigens (28,29). The strength of the immunomodulat-
ing effect of cytokines may depend on the nature of the expressed HBV antigen (e.g.,
intracellular vs secretion) (13,30). The nature of the (intracellular or secreted) antigen
expressed by a DNA vaccine (Fig. 2) can affect the levels of induced antibodies (13,31)
and may affect the Th1 or Th2 bias of primed immune responses (32,33) (Fig. 3). The
main factors that are under current investigation to improve the DNA-based vaccines
include (1) the design of plasmid vectors; (2) the technique and route of DNA delivery
(e.g., the optimization of in vivo transfection efficacy); (3) the enhancement/modulation
of primed immune responses (e.g., characterization of adjuvants effects induced by
codelivered cytokine, chemokine or costimulators); and (4) to combine the DNA-based
vaccines with recombinant protein vaccines in prime/boost regimens.

If proven to be safe and immunogenic in humans, this approach is a promising can-
didate for both an effective prophylactic and therapeutic vaccine against HBV.

2. Materials
2.1. Plasmids

Expression plasmids used in DNA-based vaccination usually contain two units
(Fig. 4): (1) the antigen expression (transcription) unit composed of promoter/enhancer
sequences, followed by antigen-encoding and polyadenylation sequences, and (2) the
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Fig. 1. Mechanism of induction of immune responses after im DNA immunization. Antigens
encoded by DNA plasmids are either synthesized by muscle cells or antigen-presenting cells such
as dendritic cells upon direct transfection or uptake of DNA resulting in priming of B- and T-cell
responses against the encoded antigen. Alternatively, antigens already encoded are taken up by
dendritic cells (cross-priming) and MHC class I restricted CD8+ T cell responses are initiated.

production unit composed of bacterial sequences necessary for plasmid amplification
(origin of replication) and selection (bacterial antibiotic resistance genes such as the
ampicillin- or the kanamycin-resistance genes). Different promoter/enhancer sequences
have been used successfully to construct antigen-expressing vectors. These include
viral promoter/enhancer sequences from human cytomegalovirus (HCMV) or the papo-
vavirus SV40, or mammalian promoter/enhancer sequences, for example, from elonga-
tion factor-1�, desmin, or metallothionin (9,16,17,34–37).

Common CMV promotor-based vectors used for DNA-based immunization are pCI
(Promega, Heidelberg, Germany) and pcDNA3 (Invitrogen, San Diego, CA, USA).
Several investigators offer HBV antigen expressing plasmids via the Internet
(http://www.dnavaccine.com).

Endotoxin-free plasmid DNA (see Note 1) should be created from bacterial lysates by
anion-exchange chromatography resulting in highly purified, supercoiled (�90%) plas-
mid product (QIAGEN Plasmid Mega kit, Hilden, Germany). Plasmids for repetitive
usage should be stored at 4°C; long-term storage should be performed at −20°C or −80°C.

2.2. Solutions
1. Phosphate-buffered saline (PBS): Dissolve 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na2HPO4,

and 0.24 g of KH2PO4 in 800 mL of distilled H2O. Adjust the pH to 7.4 with HCl. Add H2O
to 1 L and sterilize. Store at 4°C.

2. 0.5% Bupivacaine (Aventis Pharma, Basel, Switzerland). Store at room temperature (RT).
3. 1 M calcium chloride: Dissolve 54 g of CaCl2 ·6H2O in 200 mL of pure distilled H2O. Steril-

ize and store at −20°C.



2.3. Other Materials
1. 26-Gauge or 30-gauge × 1⁄2 needle (Sterican, Braun, Melsungen, Germany) for intramuscu-

lar injections.
2. Helios gene gun for intradermal application (Bio-Rad Life Science, Hercules, CA, USA).
3. Helium supply. Compressed helium of at least grade 4.5 should be used. The safety instruc-

tions provided by the supplier should be followed for installation. If the gun is to be used in
more than one place, the user can have several helium cylinders and carry the gun between
them.

4. Compressed nitrogen of at least grade 4.8 is required for cartridge preparation using the tub-
ing prep station.

5. Nitrogen regulator. A single-stage regulator with an output gauge that registers a maximum
of 30 psi is needed to produce the 0.4 L/min flow rate necessary for using the tubing prep sta-
tion. A regulator is available from Bio-Rad (cat. no. 165–2425).
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Fig. 2. Map of the transmembrane topology of HBV envelope proteins. DNA expression con-
structs. A: DNA expression constructs with the corresponding HBV surface encoding sequences
(e.g., pre-S1, pre-S2, S) and the corresponding intact or deleted ATG translation initiation start
codons. pSVL encodes wild-type HBV-LHBs and carries mutations of both the MHBs and SHBs
start codons to the threonin codon ACG. pSVblaL carries a bacterial �-lactamase secretion signal
sequence upstream from the LHBs coding sequence and encodes a secreted LHB protein. MHBs
and SHBs start codons are mutated in the same manner as in pSVL. pSVs25L corresponds to
pSVblaL but contains a truncated nonfunctional signal sequence as well as wild-type MHBs and
SHBs and SHBs start codons. The pSVBX24H vector encodes HBV-SHBs. The pSVBX24HSer65
construct corresponds to plasmid pSVBX24H, except for codon 65 of the S-gene, which has been
mutated from cysteine (TGT) to serine (TCT) by site directed mutagenesis. This mutated SHB pro-
tein is not secreted by the cell. B: Expected transmembrane topology at the ER of the different
HBsAgs. Effective (G) and potential (*) glycosylation sites are marked. L, large envelope protein;
M, middle envelope protein; S, small envelope protein.
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Fig. 3. Anti-HBs kinetics (A) and antibody subtype (B). A: Anti-HBs titers are expressed in
mIU/mL and derived from bleedings of single mice at the indicated time points following immu-
nization. Each group comprised five mice. B: Antibody IgG1 and IgG2a subtypes were deter-
mined by ELISA technique and derived from individual mouse sera diluted 1:50 on d 24 after
genetic immunization. BX24H encodes secreted HBV small envelope protein; IL-2, DNAexpres-
sion construct encoding murine IL-2; BX24HSer65 encodes non-secreted HBV small envelope
protein; L encodes non-secreted, blaL secreted HBV large envelope protein.
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2.4. Animal Maintenance
It is important to keep mice strictly under pathogen-free conditions in an appropriate

animal facility. Ongoing infections by several microbial or viral agents may signifi-
cantly decrease the efficacy of DNA vaccination.

2.5. Anesthesia
1. 10% ketamine hydrochloride (115.34 mg/mL; Essex Tierarznei, Munich, Germany).
2. 2% xylazine hydrochloride (23.32 mg/mL; Bayer Leverkusen, Germany).
3. 26-Gauge × 1⁄2 needle (Sterican, Braun, Melsungen, Germany).

3. Methods
3.1. DNA Intramuscular Vaccination

Mice are anesthetized with a single intraperitoneal injection (75 �L) of 100 mg/kg of
Ketanest + 16 mg/kg of Rompun, which is a combination of an analgesic drug (keta-
mine) with a barbiturate (xylazine). For priming long-lasting, antiviral immunity by a
single injection of an HBV expression DNA plasmid, the nonpackaged plasmid DNA is
injected intramuscularly (into the M. tibialis anterior or M. quadriceps). However, large
amounts of DNA (i.e., 50–100 �g/mouse) have to be injected to prime immune
responses in mice (see Note 2). Increasing DNA amounts above 200 �g does not result
in superior anti-HBV immune responses in mice. DNA should have a concentration of
at least 2 mg/mL in PBS to inject 100 �g of DNA in a volume of 50 �L into the M. tib-
ialis anterior using a 28-gauge or 30-gauge needle (see Note 3). If one targets the M.

Fig. 4. Design of DNA expression plasmids. Expression plasmids used in DNA-based vacci-
nation usually contain two units: the antigen expression (transcription) unit composed of pro-
moter/enhancer sequences, followed by antigen-encoding and polyadenylation sequences, and
the production unit composed of bacterial sequences necessary for plasmid amplification (origin
of replication) and selection (bacterial antibiotic resistance genes). Plasmids examined in murine
studies express all structural and non-structural HBV antigens.
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quadriceps, a volume of 100 �L can be easily injected. In this case, we prefer to inject
the 100-�L volume of plasmid DNA over five different sites into the quadriceps muscle
of mice (see Note 4). Booster injections every 2 wk increase the antibody and helper T-
cell responses to HBV core and surface antigens. They have, however, no significant
effect on strength of CTL responses to those antigens. Immunized mice develop high
antibody titers specific for HBsAg or HBcAg in the third week post-vaccination and
persist at high levels for more than 9 mo (17). Anti-HBsAg titers may reach plateau lev-
els of about 10,000 mIU/mL at 16–36 weeks post-vaccination. A single DNA-based
vaccination induces long-lasting, HBsAg-specific CTL responses (16,24,38). A MHC-I
(Ld)-restricted CTL reactivity specific for the well-known S 28-39 epitope
(IPQSLDSWWTSL) of the HBsAg in HBV envelope immunized mice can be readily
detected. CTL primed by a single intramuscular injection of HBsAg-encoding pCI/S
plasmid DNA were first detected 6–8 d after vaccination, and remained detectable for at
least 6 mo post-vaccination. (See Note 5.)

The intradermal application of plasmid DNA using the Helios Gene Gun (Bio-Rad,
Munich, Germany, http://www.biorad.com, Fig. 5A) is an alternative vaccination tech-
nique for the induction of humoral and cellular immune responses against HBV anti-
gens.

3.2. DNA Intradermal Vaccination Using the Gene Gun
If the gene gun is used for DNA vaccination, priming of Th2-biased immunity is

observed, even if an identical antigen-encoding expression plasmid is used. Using this
technique, 0.1–1 �g of plasmid DNA coated onto 0.5.- to 1.6.-mm gold particles are
shot into the skin or surgically exposed muscle using the helium-driven gene gun with a
defined pressure (9–11,39,40). Provided with the Bio-Rad system are the Helios gene
gun, the helium regulator, the tubing cutter and 10 razor blades, an optimization kit, the
Helios gene gun kit, the helium hose assembly, the tubing prep station, and gene shot
cartridges.

Prior to the DNA application, gold particles have to be coated with plasmid DNA.
For most systems, delivering 0.5 mg of gold per target is a good starting point. A 1-mL
suspension of DNA–gold will fill an 8.5-inch length of tubing; therefore, 3 mL will be
needed to fill 25-inch tubing, enough for 50 shots. To deliver 0.5 mg of microcarriers to
each target (microcarrier loading quantities [MLQ] = 0.5), 25 mg of gold would need to
be resuspended in a volume of 3 mL of ethanol, that is, 8.5 mg/mL. For many applica-
tions delivery of 1 mg of DNA per target is a good starting point. At a MLQ of 0.5 mg
gold/cartridge, a DNA loading ratio (DLR) of 2 mg of DNA/mg of gold results in load-
ing 1 mg of DNA per cartridge and therefore delivery of 1 mg of DNA per target. There-
fore preparation of two lengths of tubing requires 100 mg of DNA and 50 mg of gold.
Plasmid DNA coated gold particles are dissolved in 3 mL of a polyvinylpyrrolidone
(PVP) solution in 100% ethanol (17.7 �g/mL). Often the concentration of PVP needs to
be optimized for your application. A good starting point is 0.01 mg/mL. Prepare a stock
solution of 20 mg/mL of PVP in ethanol. This stock solution can be diluted with ethanol
to prepare PVP solutions at the desired concentration.
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3.3. Procedure
1. Weigh gold microcarriers into a 1.5-mL tube.
2. Add 100 �L of 0.05 M spermidine (Sigma, cat. no. S0266).
3. Briefly vortex-mix and sonicate the mixture to break up any gold clumps.
4. Add the required volume of plasmid (or plasmids) to achieve the desired DLR.
5. Mix DNA, spermidine, and gold by vortex-mixing for 5 s.
6. While vortex-mixing, add 100 �L of 1 M calcium chloride dropwise to the mixture.
7. Continue vortex-mixing for 5–10 s.
8. Allow the mixture to precipitate at room temperature for 10 min.
9. Microfuge for 15 s to pellet the gold.

10. Remove and discard the supernatant.
11. Resuspend and wash the pellet three times with fresh 100% ethanol.
12. Centrifuge briefly and discard the supernatant between each wash. (See Note 6.)
13. After the final ethanol wash, resuspend the pellet in 200 �L of the ethanol solution contain-

ing the appropriate concentration of PVP.
14. Transfer the gold–ethanol slurry into a 15-mL tube with a screw cap.
15. Rinse the microfuge tube once with the same ethanol–PVP solution to collect any remaining

sample.
16. Add the required volume of ethanol–PVP solution to the centifuge tube to bring the

DNA/microcarrier solution to the desired microcarrier loading ratio. The suspension is now
ready for tube preparation.

17. The next step is the loading of the gene gun cartridge with the desired amounts of coated
tubes. Then anesthetize the animal as described in Subheading 3.1. Remove hair from target
site (usually abdomen of the mouse) (see Note 7) using a commercial depilatory (e.g., Veet,
München, Germany) to expose the epidermis.

18. Clean with 70% ethanol and hold the spacer directly against the target site (Fig. 5B). Dis-
charge the gun. Fire the plasmid–gold particles with approx 400 lb/in.2

Fig. 5. Intradermal application of plasmid DNA using the Helios Gene Gun (A). Using this
technique, 0.1–1 �g plasmid DNA coated onto 0.5–1.6 mm gold particles are shot into the
abdominal skin using the helium-driven gene gun with a defined pressure. After removal of hair
from the target site (usually abdomen of the mouse) the spacer is pressed directly against the tar-
get site (B) and the plasmid/gold particles are fired with about 400 psi.
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A single intradermal inoculation of 0.1–1 �g particle-coated pCI/S plasmid DNA
with the gene gun efficiently induces serum antibody responses to HBsAg (24). The
kinetics of appearance and longevity of this antibody response are comparable to
responses elicited by intramuscular injections of 100 �g of pCI/S plasmid DNA. The
anti-HBsAg serum antibody titers induced by a single gene gun vaccination reaches
plateau levels of approx 4000 mIU/mL. Gene gun–mediated injection of the pCI/S plas-
mid DNA selectively stimulates long-lasting Th2-biased antibody responses
(IgG1/IgG2a ratio �60). In contrast to the efficient induction of antibody responses, the
gene gun vaccination failed to prime HBsAg-specific CTL responses as we did not find
reproducible evidence for major histocompatibility class (MHC)-I-restricted, HBsAg-
specific CTL priming. We found low levels of CTL reactivity against HBsAg-
expressing, syngeneic transfectants in only 3 out of 15 individual mice tested after
primed cell populations were repeatedly restimulated in vitro. However, in other sys-
tems previous reports showed that gene gun mediated DNA immunization elicits CTL
responses in mice, monkeys, or humans (33,39,41–45).

4. Notes
1. Plasmid DNA should be dissolved in PBS rather than TE buffer for optimal in vivo efficacy.
2. By reducing the amount of injected DNA to 10–20 �g/mouse, immunogenicity of the DNA

vaccine rapidly declines. We never detected immune responses when mice were injected
with 0.5–2 �g of plasmid DNA/mouse, even when the muscles were preconditioned by
inflammation-inducing agents (e.g., cardiotoxin or bupivicaine) before DNA delivery to
increase immune responses induced by DNA vaccination (12).

3. If several DNA plasmids are injected at the same time (e.g., cytokine and HBV plasmids),
the concentration of the DNA plasmids should be high enough to result in a final volume of
50–100 �L injection volume.

4. It is important to place the needle in the center of the target muscle. If the penetration of the
muscle is not deep enough, the DNA solution will flow out. By contrast, piercing through the
muscle will result in weak or absent immune responses.

5. Usually, facilitator compounds are not necessary to achieve strong anti-HBV immune
responses in mice. If necessary, 50–100 �L of bupivacaine (0.2–0.4%) diluted in PBS can be
injected into the muscle 5 d prior to the injection of the HBV DNA. Alternatively, plasmid
DNA can be dissolved directly in Bupivacaine in a final concentration of 0.25%.

6. This step is critical in the procedure: It is important that the ethanol does not absorb any
water. The bottle should be kept closed between uses.

7. Using the gene gun, it is important to target the middle rather than the lower part of the
abdomen to avoid damage or rupture of the urinary bladder.
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Monitoring Gene Expression Using DNA 
Microarrays During Hepatitis B Virus Infection

Michael R. Beard and Stephen Locarnini

1. Introduction
Under normal circumstances, hepatocyte infection with the hepatitis B virus (HBV)

is noncytopathic. Hepatocellular damage is mediated by the cellular and humoral arms
of the host’s immune system (1). The final clinical outcome of either clearance or per-
sistence reflects a three-way interplay of hepatocyte, virus, and the host’s immune
response. Thus, an understanding of the impact of HBV replication on the “transcrip-
tome” of hepatocytes would aid the understanding of the events that occur during active
viral replication. Furthermore, such studies could also provide insights into the mecha-
nism of HBV-associated hepatocarcinogenesis including the broader area of gene regu-
lation following HBV infection.

The simplest approach in gene array studies is to perform a difference analysis, for
example, active HBV replication in cells compared to no replication in the same cells. A
number of in vivo and in vitro model systems are available for studying HBV (2),
including stable cell lines that express the virus. The recently developed HepAD38 cell
line contains a tetracycline-regulatable wild-type HBV construct driven by the
cytomegalovirus (CMV) immediate early promoter (3), which allows for a convenient
difference analysis of HBV replication. Essentially, in the absence of tetracycline, high-
level productive replication occurs, while in the presence of the antibiotic HBV replica-
tion is essentially inhibited.

Hepatocellular carcinoma is one of the most common forms of primary liver can-
cer, with approx 1 million deaths annually. It is one of the few human tumors for
which development is associated with infection with HBV or HCV. Despite these
associations the precise mechanism of hepatocarcinogenesis remains unclear.
Microarray analysis is well suited to investigate mRNA expression profiles in tumor
and nontumor tissue, and numerous studies have identified novel genes associated
with tumor development and progression, including hepatocellular carcinoma (HCC)
(4–8). Microarray analysis makes it possible to also investigate mRNA expression

55

From: Methods in Molecular Medicine, vol. 96: Hepatitis B and D Protocols, volume 2
Edited by: R. K. Hamatake and J. Y. N. Lau © Humana Press Inc., Totowa, NJ



56 Beard and Locarnini

profiles in HCC and compare directly with the corresponding nontumor profile from
patients undergoing tumor resection. These studies have the ability to identify
changes in mRNA expression that may elucidate potential pathogenic mechanisms
and identify novel therapeutic targets and markers for molecular diagnosis and early
detection.

In microarray technology, there are two main types of expression arrays:

1. cDNA spotted arrays configured as either (a) solid support glass arrays: up to 10,000 DNA
probes, cDNA or oligonucleotides, usually produced in-house, or (b) membrane-based
microarrays, for example, Clontech Atlas Arrays 1176 cDNAs

2. High-density oligonucleotide arrays: Affymetrix 12,626 oligos per array.

On cDNA spotted glass slide arrays, genes are generally represented by single DNA
fragments (greater than several hundred basepairs in length) or oligonucleotides (50–80
mers) that are spotted onto specially prepared glass slides. The cDNA samples
hybridized to the array are, in most cases, labeled by incorporating fluorescently tagged
nucleotides during oligo-primed reverse transcription of mRNA (9). Different fluo-
rophors (generally Cy3- and Cy5-dUTP) are used to label cDNAs from control and
experimental test RNAs. The labeled cDNAs are then mixed together prior to hybridiza-
tion to the array. Relative amounts of a particular gene transcript in the two samples are
determined by measuring the signal intensities detected for both fluorophors and calcu-
lating signal ratios (10).

Membrane-based cDNA arrays such as the Clontech Atlas Array system (Clontech,
Palo Alto, CA) are different from the solid support arrays in that cDNA fragments are
printed directly onto nitrocellulose. This allows for standard hybridization and washing
protocols and no requirement for any special equipment. cDNA is synthesized from
total RNA and labeled with 32P for both experimental and test RNA. These labeled
cDNAs are then hybridized to identical but separate membranes and the mRNA expres-
sion profiles generated for each control and test are compared to determine changes in
mRNA abundance.

On oligonucleotide arrays such as the Affymetrix system (Affymetrix, Santa Clara,
CA), a given gene is represented by 15–20 different 25-mer oligonucleotides that serve
as unique, sequence-specific detectors. An additional control element on Affymetrix
arrays is the use of mismatch (MM) control oligonucleotides that are identical to their
perfect match (PM) partners except for a single base difference in a central position.
The presence of the mismatched oligonucleotide allows cross-hybridization and local
background to be estimated and substracted from the PM signal (10). In the Affymetrix
expression array system, eukaryotic mRNA is converted to biotinylated cRNA from
oligo-dT-primed cDNA (11). Each sample is hybridized to a separate array. Transcript
levels are calculated by reference to cRNA spikes of known concentration added to the
hybridization mixture. Differences in mRNA levels between samples are determined by
comparison of any two hybridization patterns produced on separate arrays of the same
array type (10).
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2. Materials
2.1. Starting Material and Typical Experimental Approach

DNA microarray technology allows investigation of gene expression profiles using a
variety of sources as starting material. Using both membrane cDNA expression arrays
(Clontech) and high-density oligonucleotide arrays (Affymetrix), the authors have
investigated gene expression profiles in in vitro cell culture models of HBV replication
such as the AD38 cell line (3) under conditions of conditional expression of HBV pro-
teins using the tetracycline-inducible promoter system. In addition, this approach has
also been used to examine differential gene expression in HBV-induced HCC where
mRNA profiles from the HCC are compared to non-HCC liver surrounding the HCC.
Fresh liver taken at biopsy or tumor resection is snap frozen in liquid nitrogen or stored
at −80°C or at −20°C in RNAlater (Ambion) solution.

2.2. Membrane cDNA Microarrays
In this chapter, reagents for membrane-based cDNA expression arrays refer to the

Atlas cDNA Arrays manufactured and distributed by Clontech. However, many manu-
facturers offer similar arrays in various formats. The authors have found these arrays to
be reproducible and accurate. Furthermore, use of these arrays does not require the pur-
chase of expensive equipment and any well-equipped molecular biology laboratory will
have the necessary equipment.

1. RNAlater (Ambion, Austin TX).
2. RNAqueous, Total RNA isolation kit (Ambion, Austin, TX).
3. DNA-free, DNase 1 treatment and removal (Ambion, Austin, TX).
4. Diethylpyrocarbonate (DEPC)-treated RNase-free water.
5. RNase-free 1.5-mL microfuge tube with pestle (Kontes, Vineland, NJ).
6. Ceramic mortar and pestle.
7. 100% Ethanol.
8. Atlas cDNA microarray kit, contains labeling reagents (Clontech, Palo Alto, CA).
9. [�-32P]dATP (10 �Ci/�l: 3000 Ci/nmol; Amersham).

10. Sonicated salmon sperm DNA (Stratagene, La Jolla, CA).
11. 10X Denaturating solution: 1 M NaOH, 10 mM EDTA.
12. 2X Neutralization solution: 1 M NaH2PO4, pH 7.0.
13. Wash solution 1: 2X Saline sodium citrate (SSC), 1% sodium dodecyl sulfate (SDS).
14. Wash solution 2: 0.1% SSC, 0.5% SDS.
15. X-ray film (Kodak, BioMax) or Phosphorimage screen.
16. Hybridization oven.

2.3. High-Density Oligonucleotide Arrays
In contrast to the cDNA arrays discussed above the high-density oligonucleotide

arrays consist of oligonucleotides that are chemically synthesized onto a silicon support
through a process called photolithography (10). While this method has a number of
advantages over the cDNA membrane arrays, the main disadvantage is the cost of the
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arrays and the specialized equipment needed to probe and scan the arrays. The complete
list of reagents and equipment is too large to list here and can be found at the University
of Texas Medical Branch, Genomics Core Facility website (http://www.scms.utmb.edu/
genomics/index.htm).

3. Methods
3.1. Preparation of RNA from Cell Lines and Tissue

1. The quality of RNA is essential for high-quality labeling and hybridization to both
membrane-based cDNA arrays and oligonucleotide arrays. While in-house RNA isolation
RNA preparation protocols are well established (12), the authors have found most consis-
tent results using the RNAqueous total RNA isolation kit from Ambion. However, a num-
ber of phenol-free kits are available from other manufacturers that are also suitable. The
Atlas Array system requires either total or poly(A) + purified RNA. The authors have
found that total RNA works as well and in some cases better than poly(A) + isolated
RNA.

2. Frozen liver specimens can be broken into small pieces or ground to a fine powder using a
mortar and pestle sitting in liquid nitrogen. Specimens stored in RNAlater can be cut into 1-
mm cubes with a scalpel. RNA is then extracted using the RNAqueous total RNA isolation
kit by homogenizing the liver in a 1.5-mL microcentrifuge tube with a pestle according to
the manufacturer’s instructions. RNA from cells grown in 60-mm culture dishes is isolated
in a similar manner using the RNAqueous total RNA isolation kit.

3. After elution of the RNA from the RNA isolation column, contaminating DNA is removed
by treatment with DNase 1 for 15–30 min (see Fig. 1).

4. Concentrate the RNA by precipitation with 0.1 volume of 5 M ammonium acetate and 2.5
volumes of 100% ethanol. Place at −20°C for at least 30 min.

5. Recover the RNA by centrifugation at 14,000 rpm at 4°C for 15 min. Wash the RNA pellet in
70% ethanol. Remove all traces of ethanol and resuspend in 15–20 �L of DEPC-treated water.

6. Determine concentration and purity of RNA by reading the absorbance in a spectrophotome-
ter at wavelengths 260 nm and 280 nm. Check quality of RNA (Fig. 1) by running 1 �g of
RNA on a standard 1.5% TAE agarose gel.

7. Contaminating DNA can also be confirmed by using the RNA directly as a template in a
polymerase chain reaction (PCR) for GAPDH.

3.2. Gene Expression Profiles Using Microarrays
Figure 2 is a summary of a typical microarray procedure.

3.2.1. Membrane cDNA Microarrays
The Atlas cDNA expression arrays contain cDNAs immobilized onto a nylon mem-

brane. Each cDNA fragment is 200–600 basepairs and has been amplified from a region
of the mRNA that lacks the poly(A) tail, repetitive sequence, or other homologous
sequences. Broad coverage arrays are available that contain up to 1176 cDNAs repre-
senting various cellular functional groups while smaller arrays targeted to specific cel-
lular functions are also available. Arrays are available to probe human, mouse, and rat
mRNA populations. A summary of the procedure is outlined in Fig. 2.

1. In the author’s laboratory, total RNA has been isolated from human liver tissue as described
above from a number of HCCs and from liver surrounding the tumor and also from AD38
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cells grown either in the presence (HBV replication suppressed) or absence (HBV replica-
tion positive) of tetracycline. As a control for the latter set of experiments HepG2 cells (par-
ent cell line for AD38 cells) were cultured in the absence or presence of tetracycline and the
RNA isolated.

2. All reagents and a detailed set of protocols are supplied with the microarrays and when fol-
lowed correctly yield reproducible results. In brief, probes are synthesized from each RNA
sample (test and control) using gene-specific primers by converting 2–5 �g of total RNA
into 32P-labeled first-strand cDNA using MMLV RT. Probes are then purified over a spin
column (supplied) yielding probes in the range of 2–10 × 106 cpm. Equal probe concentra-
tions in cpm are added to the matched membranes and allowed to hybridize overnight at
68°C in a hybridization oven. The membranes are then washed extensively as described,
sealed in plastic film, and exposed to either X-ray film or Phosphorimage screen, and
exposed for 2–3.

Figure 3 shows an example of a membrane array for an HBV related HCC.

3.2.2. High-Density Oligonucleotide Microarrays
The oligonucleotide arrays from Affymetrix contain 20-mer oligonucleotides that

are chemically synthesized onto a silicon support. The advantage of this technology is
that large numbers of oligonucleotides can be imprinted in a very small area.

1. Total RNA was isolated from human liver tissue and also from AD38 and HepG-2 cells as
described above.

Fig. 1. Agarose gel electrophoresis of RNA extracted from AD38 cells treated in the presence
(lanes 1 and 2) or the absence (lanes 3 and 4) of tetracycline for 10 days after seeding. (A) Initial
extraction of total RNA from the cells using the Ambion RNAqueous Total RNA kit. The 18S and
28S ribosomal RNA as well as contaminating genomic DNA is marked. (B) The RNA samples
from A after treatment with 1–2 U of DNase 1. All contaminating genomic DNA has been
removed.



Fig. 2. Summary of a typical microarray procedure. The RNA from cell cultures actively
expressing HBV (AD38 no tetracycline) or not (AD39 on tetracycline), or alternatively from
tumor (HCC) or surrounding normal tissue is isolated as outlined in Subheading 3. The subse-
quent RNA is processed for Atlas arrays and/or Affymetrix chips and gene expression profiles
determined. Differentially expressed genes so identified are confirmed by other techniques
including immunoblot, immunohistochemistry, RT-PCR, real-time PCR, RNase protection assay
(RPA), or Northern blot. The data can also be assimilated into databases.
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2. All reagents required are listed and detailed protocols are supplied by the manufacturer and
can be found at http://www.scms.utmb.edu/genomics/index.htm. At UTMB, 25 �g of total
RNA is routinely used to produce biotinylated probes; however, as little as 8 �g can be used
without a loss in sensitivity. Biotinylated, single-stranded antisense RNAs were prepared
from total cellular RNA isolated using the RNAqueous RNA extraction kit (Ambion, Austin,
TX). In brief, 25 �g of RNA was used as template for probe synthesis, and probes were
hybridized to an Affymetrix human GeneChip® (Hu95A) containing 12,626 probe sets for
known genes, according to the manufacturer’s protocol (Affymetrix, Santa Clara, CA). The
DNA arrays were scanned using an Affymetrix confocal scanner (Algient) and the data ana-
lyzed with Microarray GeneSuite software 4.0.1.

3.2.3. Analysis of mRNA Expression Profiles
Microarray experiments whether carried out using cDNA expression arrays or high-

density oligonucleotide arrays typically generate thousands of data points and create
significant challenges for data analysis and storage. Fortunately, both Clontech
(AtlasImage) and Affymetrix (Microarray GeneSuite) provide useful software to ana-
lyze arrays. Both sets of analysis software generate mRNA expression profiles for a
given RNA sample. These profiles can then be compared, after normalization to allow
for differences in labeling efficiency and hybridization, with other related experiments
to generate differential expression analysis. For example, using Affymetrix GeneChip
analysis (Hu95A, 12,626 genes) it is possible to compare tumor and nontumor tissue in
HBV-related HCC and 170 genes were differentially regulated: 86 up-regulated and 85
down-regulated by greater than twofold. While Affymetrix and Clontech claim a
twofold change in mRNA abundance is significant, the authors routinely focus on
mRNAs differentially regulated threefold and greater to exclude the possibility of inclu-
sion of false positives and to make the data set more manageable.

Fig. 3. The paired nylon membranes from an Atlas cDNA expression array. Membrane A was
probed with labeled RNA isolated from surrounding tissue around the HCC, while membrane B
was probed using the labeled RNA isolated from the tumor itself. In this analysis, the c-myc gene
and the c-myc response gene are both up-regulated in the HCC.
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Although differential mRNA expression profiles are useful, it is also important to
identify patterns and groups in the data set that can be used to assign biological
meaning to the expression profiles. It is possible to use sophisticated clustering and
visualization programs such as hierarchial clustering developed by Eisen et al. (13)
to group HBV- and HCV-related HCCs based on their gene expression profile and
then correlate this with their histological classification, thereby identifying groups of
genes similarly differentially regulated across tumors. The authors have found the
Cluster and TreeView software (www. rana.Stanford.edu/software) available on the
Web particularly useful for this type of analysis. However, there are a number of data
and visualization programs suitable for analysis of microarray data (Table 1). It is
impossible to analyze differentially expressed genes and expression profiles without
using other databases. The public databases (GenBank, BLAST, and PubMed) and
search engines provided by NCBI (National Center for Biotechnology Information,
http://www.ncbi.nlm.nih.gov/) are essential while the KEGG (Kyoto Encyclopedia
of Genes and Genomes, http://www.genome.ad.jp/keg/) allows one to assign a gene
of interest to a specific biological pathway. Clontech (www.clontech.com) also
maintains a website that provides functional information and selected references on
genes present on their arrays.

3.2.4. Confirmation of Array Results
The large number of mRNAs probed by microarrays has the potential to generate

false-positive mRNA expression profiles through random noise or non-specific experi-
mental variation. This is particularly evident in cell culture studies in which experimen-
tal variation can result in mRNA expression profiles that are difficult to interpret. For
these reasons the value of replicate experiments cannot be underestimated.

In the author’s experience, mRNA abundance generated by arrays are generally a
true reflection of the mRNA pools found within a population of cells. However, regard-
less of the type of array used it is essential that mRNAs of interest be confirmed by
complementary methods. Abundance or lack of specific mRNAs can be determined by
semiquantitative (RT)-PCR, real-time PCR, ribonuclease protection assay, or Northern
blotting. These techniques are basic molecular tools and protocols are readily available
in the literature. However, an increase in mRNA abundance may not necessarily corre-
late with increased protein expression, and Western blotting should be performed to
correlate changes in mRNA levels with protein expression. Immunohistochemistry is
also a useful complementary technique. This is particularly important when examining
gene expression profiles in tumor tissue such as HCC in which the tumor is comprised
of a complex population of cells. Immunohistochemistry not only allows identification
of which cell type is expressing the particular protein of interest but also the intracellu-
lar distribution and the distribution within the tumor as a whole.

3.3. Conclusion
Microarray technology has many applications. It can define relationships between

known genes, discover and define gene function and build quantitative databases. A
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number of investigators have begun applying this important technology to HBV (14)
and different stages of liver disease (15) which, with appropriate interpretation (16),
should provide important directions for future research activity.
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Determination of Hepatitis B Virus-Specific 
CD8+ T-Cell Activity in the Liver

Michelina Nascimbeni and Barbara Rehermann

1. Introduction
The cellular, in particular the CD8+ T-lymphocyte, response is thought to contribute

to both viral clearance and liver cell injury in hepatitis B virus (HBV) infection (1).
Acute, self-limited HBV infection is associated with a vigorous, polyclonal, and

multispecific CD4+ and CD8+ T-lymphocyte response to epitopes within the HBV enve-
lope, nucleocapsid, and polymerase proteins. This HBV-specific immune response is
readily detectable in the peripheral blood, coincides with the maximum elevation of
serum alanine aminotransferase (ALT) levels, and precedes clearance of HBV envelope
(HBe) and surface (HBs) antigens and development of neutralizing antibodies (2).

In contrast, the cellular immune response is weak and only rarely detectable in the
blood of patients with chronic HBV infection. HBV-specific CD4+ and CD8+ T cells are
not completely absent, however, because they have been isolated and expanded from
liver biopsies (3,4) and exacerbations of disease activity, which often precede HBeAg
clearance, have been attributed to an increase of the HBV-specific cellular immune
response (5). Thus, it has been postulated that in chronic hepatitis B, the HBV-specific
immune response is too weak to eliminate HBV from all infected hepatocytes, but suf-
ficiently strong to destroy continuously HBV-infected hepatocytes and to induce
chronic inflammatory liver injury.

Different functions of CD8+ T cells have been described that play a role in the antivi-
ral immune response (Table 1). After recognition of virus-derived peptide antigens in
the major histocompatibity complex (MHC) binding groove of HBV-infected cells,
CD8+ T cells become activated and lyse virus-infected hepatocytes by granzyme/per-
forin, tumor necrosis factor (TNF), and Fas/FasL-mediated pathways. In addition, CD8+

T cells can also secrete cytokines such as interferon (IFN-�) and TNF-� that down-
regulate HBV replication and gene expression without killing the infected cells (1,6).
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To understand fully the role of different effector functions of HBV-specific T cells in
the outcome of infection, it is therefore necessary to characterize these cells at the site
of inflammation, the infected liver. This approach, however, is difficult because of the
small number of lymphocytes that can be isolated from a standard fine-needle biopsy.
Analysis of the CD8+ T-cell response has been proven to be technically even more diffi-
cult, as recombinant proteins generally cannot be introduced into the intracellular pro-
cessing pathway that generates the peptides for presentation on MHC I molecules. To
identify virus-specific CD8+ T cells within the intrahepatic cellular infiltrate, lympho-
cytes have therefore been cloned with antigen-specific and nonspecific stimuli (3,7,8)
and tested for cytotoxic lysis of target cells infected with vaccinia viruses that express
individual viral proteins. As an alternative approach, short 9- to 11-mer peptides with
specific HLA binding motifs and high HLA binding affinity have been used to expand
selectively peptide-specific T-cell precursors from the blood. Generally, one to two
rounds of in vitro stimulation were required to expand HCV-specific T cells to a suffi-
cient quantity to allow detection in cytotoxicity assays (2).

While these techniques are useful to identify HBV epitopes recognized by CD8+ T
cells, they also favor the outgrowth of certain T cells that are most compatible with the
specific culture conditions. Thus, the obtained results reflect the antigen specificity, but
not necessarily the in vivo frequency of antigen specific T cells.

Recently, new techniques have been developed that do not depend on in vitro expan-
sion of specific T cells and therefore provide a more accurate assessment of the fre-
quency of virus-specific T cells. FACS analysis, one of the most sensitive techniques to
detect rare cells at frequencies of less than one cell per million (9), can be used to quan-
titate virus-specific T cells that are stained with biotinylated MHC tetramers folded
around individual HCV peptides. This technique is approx 100 to 1000-fold more sen-

Table 1
CD8+ T Cell Responses in HBV Infection—A Double-Edged Sword

HBV-specific CD8+ T cells lyse virus-infected cells and contribute to liver injury

• HBV-specific T cells can be isolated from liver biopsies of patients with chronic hepatitis B
(3,7,8) and lyse antigen-presenting cells in vitro.

• Acute, self-limited hepatitis B is associated with HBV-specific CD8+ T cells in the blood
during the period of elevated liver enzymes (2).

• Adoptive transfer of HBVenv-specific CTL into transgenic mice causes acute hepatitis B
and liver injury (24).

HBV-specific CD8+ T cells clear virus from infected cells via cytokine-mediated pathways.

• HBVcore, env, pol-specific CD8+ T cells persist for decades after recovery from hepatitis B
and control minute amounts of persisting virus without causing liver injury (25).

• HBV-specific CD8+ T cells are detectable in the liver of chronically infected patients who
maintain low viral load and normal liver enzymes (26).

• HBVenv-specific CD8+ T cells suppress HBV replication and gene expression and clear
HBV nucleocapsid particles, replicative viral intermediates, and episomal closed circular
(ccc) HBV DNA from infected cells without detectable liver injury (6, 27).
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sitive than quantitation of T cells by limiting dilution analysis and can be combined
with staining for additional cell surface markers such as DR, CD69, and CD38 to obtain
information on the activation, effector, and/or memory status of antigen-specific cells.
Two other techniques, intracellular cytokine analysis and cytokine Elispot, may also be
used to quantitate precisely T cells of a given specificity. Both techniques require only
short-term stimulation with antigen for 6 and 30 h, respectively, and therefore facilitate
direct, ex vivo analysis of T-cell function.

In summary, it is recommended to employ several complementary techniques to
assess quantitative as well as qualitative characteristics of the cellular immune response.
This review focuses on protocols to isolate and analyze human HBV-specific CD8+ T
cells from fine-needle liver biopsies.

2. Materials
The following paragraphs list reagents and equipment under the main subheadings

used in Subheading 3.

2.1. Isolation of Liver-Infiltrating Lymphocytes from Liver Resections and
Fine-Needle Liver Biopsies

1. RPMI 1640 medium (Cellgro, VA): Supplemented with 10% fetal calf serum (FCS, Bio-
Whittaker, Walkersville, MD), 2 mM L-glutamine (Cellgro, VA), 100 IU/mL of penicillin
(Cellgro, VA), 100 �g/mL of streptomycin (Cellgro, VA), 10 mM 4-(2-hydroxyethyl)
piperazine-1-ethanesulfonic acid (HEPES) (Cellgro, VA).

2. Hank’s balanced salt solution (HBSS, Gibco BRL, Rockville, MD): Supplemented with 0.5
mg/mL of type IV collagenase (Sigma, St. Louis, MO), 0.02 mg/mL of DNase I (Boehringer,
Mannheim, Germany), 2% FCS, 0.6% bovine serum albumin (BSA).

3. 1X Phosphate-buffered saline (PBS, Cellgro, VA).
4. Ficoll Hypaque 1640 (Cellgro, VA).
5. Trypan blue solution diluted 1:3 in PBS (0.13% final concentration, Gibco BRL, Rockville,

MD).
6. Cell freezing medium: 70% FCS, 20% RPMI 1640, and 10% dimethyl sulfoxide (DMSO)

(Fisher Scientific, Pittsburg, PA).
7. Sterile razor blade, needle, sterile nylon mesh (100-�m-diameter pore size).
8. 2-mL glass grinder (PGC Scientific, Frederick, MD) with piston, hemocytometer.
9. Six-well cell culture plates, 15-mL tubes, 2-mL pipets (Costar).

10. Biological safety cabinet: Processing of liver tissue and isolation of liver-infiltrating lympho-
cytes should be performed in a certified biological safety cabinet under sterile conditions.

11. Centrifuge, liquid nitrogen cell storage tank, −70°C freezer.

2.2. Direct Ex Vivo Analysis of Liver-Derived T Cells
1. RPMI 1640 medium (Cellgro, VA): Supplemented with 10% FCS (Bio-Whittaker, Walk-

ersville, MD), 2 mM L-glutamine (Cellgro, VA), 100 IU/mL of penicillin (Cellgro, VA), 100
�g/mL of streptomycin (Cellgro, VA), and 10 mM HEPES (Cellgro, VA).

2. 1X PBS; PBS–2% FCS; PBS–1%BSA; PBS–1% BSA–0.05% Tween-20 (Sigma, St. Louis,
MO), PBS–20 mM EDTA, PBS–20% saponin.

3. 500 ng/mL of PMA and 10 �g/mL of ionomycin (Sigma, St. Louis, MO).
4. Brefeldin A or Monensin (Pharmingen, San Diego, CA). Cytofix/Cytoperm Plus™ with

GolgiStop™ (Pharmingen, San Diego, CA).
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5. 10 × 106 U/mL of DNase (Calbiochem, San Diego, CA).
6. 0.5% and 2% paraformaldehyde (Fisher Scientific, Pittsburg, PA).
7. Phycoerythrin (PE)-conjugated Annexin V (Pharmingen, San Diego, CA) stored at 4°C. 100

�g/mL of propidium iodide solution, stored at 4°C and protected from light. 1X Annexin
buffer (Pharmingen, San Diego, CA) consisting of 10 mM HEPES/NaOH, pH 7.4; 140 mM
NaCl; 2.5 mM CaCl2 stored at 4°C.

8. PE-labeled mouse anti-human IFN-� antibody, fluorescein isothiocyanate (FITC)-labeled
mouse anti-human CD4 (Becton Dickinson, San Jose, CA), FITC-labeled mouse anti-human
CD13 (Caltag, Burlingame, CA), FITC-labeled mouse anti-human CD19 (Caltag,
Burlingame, CA), PerCP-labeled mouse anti-human CD8 (Becton Dickinson, San Jose,
CA), FITC-labeled mouse-anti-human CD8 antibody (Becton Dickinson, San Jose, CA),
PE-labeled HBV epitope MHC tetramers.

9. 96-Well round bottom plates. Yellow Sarstedt tubes and FACS tubes.
10. Biological safety cabinet: Processing of liver tissue and isolation of liver-infiltrating lympho-

cytes should be performed in a certified biological safety cabinet under sterile conditions.
11. Centrifuge, liquid nitrogen cell storage tank, −70°C freezer.
12. Flow cytometer.

2.3. In Vitro Expansion of Intrahepatic T Cells and 
Generation of T-Cell Lines and Clones

1. RPMI 1640 medium (Cellgro, VA): Supplemented with 10% FCS (Bio-Whittaker, Walk-
ersville, MD), 2 mM L-glutamine (Cellgro, VA), 100 IU/mL of penicillin (Cellgro, VA), 100
�g/mL of streptomycin (Cellgro, VA), 10 mM HEPES (Cellgro, VA), and 100 U/mL of
interleukin-2 (IL-2).

2. PBS–2% FCS.
3. 100 �g/mL of anti-CD3 antibody X35, stored at −20°C (Immunotech).
4. 100 U/mL of IL-2, 1 �g/mL of IL-7, 100 ng/mL of IL-12 (PeproTech, Rocky Hill, NJ).
5. HBV epitope peptides resuspended in DMSO at 20 mg/mL (stock solution, stored at −20°C)

and diluted at 1 mg/mL with PBS (working solution, stored at 4°C).
6. Anti-CD8 Dynabeads (Dynal, Oslo, Norway).
7. Bispecific monoclonal antibody CD3,4B; CD3-specific monoclonal antibody X35

(Immunotech).
8. Biological safety cabinet: Processing of liver tissue and isolation of liver-infiltrating lym-

phocytes should be performed in a certified biological safety cabinet under sterile condi-
tions.

9. Centrifuge, liquid nitrogen cell storage tank, −70°C freezer.
10. CO2 incubator.
11. Multichannel pipet and combitips.
12. 96-Well round-bottom plates and 24-well flat bottom plates.
13. Microtiter plate carrier for centrifugation.
14. 1.5-mL tubes and polymerase chain reaction (PCR) tubes.
15. Magnet for 1.5-mL tubes.
16. End over end rotator.

2.4. Functional In Vitro Analysis of CD8+ T-Cell Lines and Clones
1. RPMI 1640 medium (Cellgro, VA): Supplemented with 10% FCS (Bio-Whittaker, Walk-

ersville, MD), 2 mM L-glutamine (Cellgro, VA), 100 IU/mL of penicillin (Cellgro, VA), 100
�g/mL of streptomycin (Cellgro, VA), and 10 mM HEPES (Cellgro, VA).
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2. 1X PBS; PBS–2% FCS; PBS–1%BSA; PBS–1% BSA–0.05% Tween-20 (Sigma, St. Louis,
MO).

3. Phytohemagglutinin (PHA, Sigma, St. Louis, MO).
4. 10% Triton X-100 diluted in water.
5. 1 mCi/mL Na2 [51Cr]O4 (51Cr; 300 mCi/mg; Amersham, Piscataway, NJ).
6. Target cells: Autologous Epstein–Barr virus (EBV)-transformed B lymphoblastoid cells or

autologous PHA blasts.
7. Recombinant vaccinia viruses expressing individual HBV proteins, wild-type vaccinia virus,

or HBV-derived peptides.
8. Biological safety cabinet: Processing of liver tissue and isolation of liver-infiltrating lympho-

cytes should be performed in a certified biological safety cabinet under sterile conditions.
9. Centrifuge, liquid nitrogen cell storage tank, −70°C freezer.

10. CO2 incubator.
11. 96-Well round-bottom plates
12. �-counter.

3. Methods (See Note 1)
3.1. Isolation of Liver Infiltrating Lymphocytes 
from Liver Resections and Fine-Needle Liver Biopsies
3.1.1. Isolation of Lymphocytes from Liver Resections

Enzymatic digestion and pulverization with a syringe or a stainless-steel mesh can
be used to isolate liver infiltrating lymphocytes from a larger piece of liver tissue. How-
ever, enzymatic digestion (10–12) appears to result in a higher cell yield and is
described here.

1. Wash liver tissue extensively with 1X PBS to remove contaminating blood and place in a
well of a six-well plate in a small amount of RPMI 1640 medium supplemented with 10%
FCS, 2 mM L-glutamine, 100 IU/mL of penicillin, 100 �g/mL of streptomycin, and 10 mM
HEPES (standard cell culture medium). Hold one part of the biopsy with a sterile needle and
dissect the tissue in small pieces of 1 mm3 with a sterile razor blade. The size of the small
pieces is important; if they are too large, they will not be digested entirely by collagenase
resulting in loss of lymphocyte recovery from the liver tissue.

2. Add 5 mL of HBSS containing 0.5 mg/mL of type IV collagenase, 0.02 mg/mL of DNase I,
2% FCS, and 0.6% BSA. Prepare the digesting solution fresh on the day of experiment.
These quantities represent 100 U/mL of collagenase IV and 10 U/mL of DNase I. DNase
prevents cell clumping.

3. Incubate at 37°C for 30 min with gentle agitation. Incubation of peripheral blood mononu-
clear cells (PBMCs) with enzymes for 30 min does not induce changes in cytokine produc-
tion, cytotoxicity, and cell surface marker expression, except for CD56 (10). However,
prolonged incubation with collagenase reduces cell viability.

4. Place a sterile 70- to 100-�m mesh on top of a 15-mL tube and filter the cell lysate to remove
undissociated tissue.

5. Wash the mesh twice with 2 mL of HBSS and centrifuge the filtrate at 30g for 3 min. This
should sediment a majority of the hepatocytes while most lymphocytes remain in the super-
natant.

6. Collect the supernatant, suspend cells in HBSS and centrifuge at 400g for 10 min. This
should sediment lymphocytes, Kupffer cells, and the remaining hepatocytes.
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7. Resuspend the cell pellet in complete culture medium, then count cells in a 1:10 dilution
with trypan blue and estimate cell viability. Yield is approx 1–6 × 106 cells per 200 mg of
liver tissue with a cell viability of 70–80%.

8. Use liver-derived lymphocyte for direct ex vivo experiments (see Subheading 3.2.) or purify
CD8+ T cells as described in Subheading 3.3.1. Remaining lymphocytes can be cryopre-
served in ice-cold 70% FCS, 20% RPMI 1640, and 10% DMSO, slowly cooled to −70°C and
then store in liquid nitrogen for future use.

3.1.2. Isolation of Lymphocytes from Fine-Needle Liver Biopsies (See Note 2)
Mechanical disruption of liver tissue with a glass grinder is the easiest and fastest

method to isolate liver-infiltrating lymphocytes from a fine needle biopsy of 1–2 cm
length. Enzymatic digestion as described in Subheading 3.1.1. is also possible, but
takes longer.

1. Place liver biopsy in a sterile tube containing RPMI 1640 medium supplemented with 10%
FCS, 2 mM L-glutamine, 100 IU/mL of penicillin, 100 �g/mL of streptomycin, and 10 mM
HEPES (complete culture medium). Wash biopsy in sufficient volume of medium (� 10 mL)
to remove loosely attached, contaminating peripheral blood lymphocytes.

2. Harvest biopsy with a 2-mL sterile pipet and transfer to a 2-mL glass homogeneizer in 1 mL
of complete culture medium. If the biopsy sticks to the wall of the pipet, quickly move the
medium several times up and down the pipet until the biopsy is released.

3. Homogeneize the liver biopsy carefully by moving the piston in the homogenizer. Avoid
generating bubbles, which affect cell viability. Remove fat or cirrhotic tissues that cannot be
disrupted.

4. Harvest cell suspension with a 2-mL pipet and transfer to a 15-mL tube. Wash glass homo-
geneizer and piston with 2 mL of PBS, and transfer to the same 15-mL tube. Fill the tube
with PBS and centrifuge at 400g for 10 min.

5. Remove supernatant carefully with a sterile Pasteur pipet attached to a vacuum pump. Leave
approx 30 �L.

6. Resuspend cell pellet in 1 mL of complete culture medium and place on wet ice. This cell
suspension can either be analyzed directly (see Subheading 3.2.) or subjected to a density
gradient separation (see steps 7–10 below). A clearer separation of lymphocytes and con-
taminating erythrocytes can be obtained by density gradient centrifugation, but results in a
loss of up to 30% of cells because of the additional centrifugation steps.

7. For density gradient centrifugation, place 5 mL of Ficoll Hypaque 1640 (see Note 3) into a
sterile 15-mL tube. Resuspend liver-derived lymphocytes in 9 mL of cell culture medium
and carefully layer the cell suspension on top without mixing the two solutions. Centrifuge
for 20 min at 1200g without brake.

8. With a sterile Pasteur pipet attached to a vacuum pump, carefully remove 8 mL of super-
natant. Carefully aspirate lymphocytes at the interface of Ficoll and PBS into a 1-mL pipet.
Note that the lymphocyte interphase can be almost invisible if the original liver biopsy is
very small.

9. Transfer aspirate to a fresh 15-mL tube, repeat step 8, dilute aspirated cell suspension to 15
mL with PBS, and centrifuge once at 800g for 10 min with braking.

10. Aspirate the supernatant and resuspend the cell pellet in 500 �L of complete culture
medium. Note that the additional wash and centrifugation that is generally performed after
density gradient separation is omitted to avoid further loss of lymphocytes.
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3.2. Direct Ex Vivo Analysis of Liver-Derived T Cells
One of the advantages of direct ex vivo phenotyping of liver-derived lymphocytes is

that it does not require a large number of cells. The staining can be done either in 96-
well round bottom plates or in FACS tubes. The use of 96-well plates facilitates the pro-
cedure, especially if many samples are included in the experiment.

3.2.1. Assessment of Cell Viability (see Note 4)
Dying cells experience changes in their cellular architecture that occur in two steps:

an early loss of membrane asymmetry and a later step of membrane permeabilization.
During the first step, the membrane phospholipid phosphatidylserine (PS) is translo-

cated from the inner part to the outer side of the plasma membrane, thereby exposing PS
to the external environment. PS can be stained with fluorescently labeled annexin V, a
Ca2+-dependent phospholipid-binding protein to identify dying cells by flow cytometry.

During the second step, the permeabilized plasma membrane allows entry of soluble
molecules, ions, and dyes such as propidium iodide (PI) into the cytoplasm. Thus, early
and late steps of cell death can be distinguished by flow cytometry after staining with
annexin V and PI. Cells that stain positive for both annexin V and PI are either in the
end stage of apoptosis, undergoing necrosis, or are already dead. Cells that stain nega-
tive for both annexin V and PI are alive. As compared to trypan blue exclusion analysis
and light microscopy, this method allows a more precise assessment of the early stages
of apoptosis. It also allows exclusion of dying cells if analysis of cell function is per-
formed by flow cytometry, as described in Subheading 3.2.2. Figure 1 demonstrates
the different cell populations isolated from liver biopsy and peripheral blood and Fig. 2
demonstrates analysis of apoptosis and cell death with annexin and PI staining.

1. Place a small number of lymphocytes (50,000 cells) in a well of a 96-well round-bottom
plate. If several samples are stained in different wells, they should be separated from each
other by an empty well to avoid contamination. Centrifuge the plate for 5 min at 700g.

2. Quickly turn plate upside down on absorbant tissue to pour off the supernatant carefully
(do not shake too much because the cell number is small and a substantial number of cells
can easily be lost) and resuspend cell pellet in 80–100 �L of PBS supplemented with 2%
FCS.

3. Add 2 �L of CD8-FITC antibody and incubate for 30 min at 4°C. If other cell surface mark-
ers have to be analyzed as well, additional antibodies should be included.

4. Wash once with 150 �L of PBS–2% FCS per well (see steps 1 and 2) and resuspend in
80–100 �L 1X annexin V buffer. This specific buffer (see Subheading 2.2.) contains Ca2+

required for binding of fluorescently labeled annexin to its ligand PS.
5. Add 5 �L of PE-labeled annexin V and incubate 15 min at 4°C in the dark.
6. Add 1 �L of PI solution to obtain a final concentration of 1 �g/mL. Because PI is extremely

bright, a titration should be performed to confirm this recommended concentration. Cau-
tion: PI is a potential carcinogen and mutagen and should be handled with extreme
care. Incubate 5–10 min at 4°C in the dark.

7. Wash the plate twice with 100 �L PBS–2% FCS at 4°C and resuspend cells in 100 �L of
PBS containing 0.5% paraformaldehyde. Transfer cells into FACS tubes and analyze by flow
cytometry within an hour. Note that annexin V binding can be disrupted very quickly.
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Fig. 1. Cell surface marker staining of circulating and liver-infiltrating lymphocytes. PBMCs
were isolated from blood samples via density gradient centrifugation. Intrahepatic lymphocytes
were isolated from a fine-needle liver biopsy as described in Subheading 3.1.2. and directly used
for ex vivo analysis without any other purification step. (A) Forward scatter (FSC) vs side scatter
(SSC) dot plots of peripheral blood and liver-derived lymphocytes. The three indicated regions
distinguish the different cell populations. Region 1 contains debris or dead cells; region 2 con-
tains red blood cells; region 3 contains lymphocytes. (B) Expression of CD56 and CD3 on lym-
phocytes detected in region 3. Cells located in the lower left quadrant do not express any of the
two molecules. Cells located in the upper left quadrant express only CD56 while cells located in
the lower right quadrant express only CD3. CD3 and CD56 double positive cells are predomi-
nantly found in the liver. The numbers in each quadrant indicate the percentage of cells stained
with the respective antibodies. Note that in this case blood and liver biopsy were obtained from a
chimpanzee infected with HCV. The same type of analysis can also be performed with samples of
HBV-infected patients.
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Fig. 2. Avnexin V staining of freshly isolated PBMCs and intrahepatic lymphocytes. Precise
assessment of cell viability can be performed by flow cytometry using staining with annexin V as
an early marker of apoptosis and PI as described in Subheading 3.2.1. In this experiment, freshly
isolated PBMCs and intrahepatic lymphocytes were simultaneously stained with anti-CD3 anti-
body, annexin V and PI. (A) Forward scatter (FSC) vs side scatter (SSC) dot plot of freshly iso-
lated PBMCs and lymphocytes isolated from a liver biopsy. The three regions define dead cells
(region 1), red blood cells (region 2), and lymphocytes (region 3), respectively. (B) CD3 positive
lymphocytes from peripheral blood and liver biopsy were analyzed for expression of annexin V
and/or for incorporation of PI. Early apoptotic cells stain solely with annexin V and are located in
the lower right quadrant. Late apoptotic, necrotic, or dead cells stain with both annexin V and PI
and are in the upper right quadrant. The percentage of each population is indicated. Note that in
this case blood and liver biopsy were obtained from a chimpanzee infected with HCV. The same
type of analysis can also be performed with samples of HBV-infected patients.
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8. Calculate the percentage of viable cells and exclude nonviable cells from further flow cyto-
metric analysis by appropriate setting of gates.

3.2.2. Quantification of HBV-Specific CD8+ T Cells
Virus-specific CD8+ T cells recognize MHC class I–peptide complexes via engage-

ment of their specific T-cell receptor. Therefore, the quantification of these CD8+ virus-
specific T cells can be achieved by staining with fluorescent-labeled complexes of four
MHC class I molecules (tetramers) presenting the specific peptide of interest. While
this method detects antigen-specific T cells regardless of their function, it can be com-
bined with intracellular cytokine staining, CSFE labeling of proliferating cells, and
other techniques that allow analysis of functionally active antigen-specific T cells.

The following protocol describes a three-color staining procedure for detection of
tetramer-positive cells within the CD8+ T-cell population; if detection of other specific
surface molecules is necessary, antibodies against these molecules can be included in
the mix.

1. Place 0.5–2 × 106 cells in a 5-mL FACS tube, add up to 3 mL PBS, and centrifuge 5 min at
700g. Because a large number of cells is required for analysis to detect the infrequent
antigen-specific T cells, staining is performed in tubes rather than in 96-well plates.

2. Use a P-1000 pipet to remove 2.7 mL of supernatant. Then, use a P-200 pipet to remove the
remaining supernatant carefully so that � 30 �L are left. When removing the supernatant,
avoid touching the bottom of the tube with the tip because the number of cells might be so
small that the pellet is not visible. Removal of supernatant should be performed rapidly to
avoid spontaneous resuspension and subsequent loss of lymphocytes.

3. Resuspend cells in 10–20 �L of PBS–2% FCS (the final volume for staining should not
exceed 30–35 �L), and store them at 4°C until tetramers and mix of antibodies are ready.

4. Centrifuge tetramers at 8000g for 10 min at 4°C to remove aggregates that will nonspecifi-
cally bind to the cells. MHC tetramers and HBV epitopes should be selected according to the
HLA haplotype of the patient whose liver biopsy is analyzed.

5. Then, per sample to be stained, prepare a mix of 2 �L of anti-CD4 FITC, 2 �L of anti-CD13
FITC, 5 �L of CD19 FITC, and 2 �L of anti-CD8 PerCP antibody solution. All antibodies
should be titered to determine the optimal concentration to stain PBMCs. If detection of
other surface molecules is required, antibodies against these molecules can be included in
the mix at this time. All antibodies should be titered before use. Add 0.5 �L of tetramer to
the mix. Do not touch the bottom of the tetramer-containing tube with the tip to avoid aspi-
ration of tetramer aggregates.

6. Add 11.5 �L of the antibody mix to the cells in the FACS tube and resuspend gently.
7. Incubate at room temperature for 45 min in the dark.
8. Wash once with PBS–2% FCS and resuspend cells in 100 �L of PBS–2% FCS.
9. Analyze immediately by flow cytometry or proceed to perform intracellular cytokine staining.

3.2.3. Cytokine Production of HBV-Specific CD8+ T Cells (See Note 5)
Cytokine expression of HBV-specific T cells is highly relevant, because IFN-� pro-

duction of intrahepatic T cells has been associated with down-regulation of HBV repli-
cation. Because the level of T-cell receptor expression decreases during T-cell activation,
staining with tetramers should be performed prior to stimulation. The following protocol
can be used to detect Tc1 cytokines such as IFN-� and TNF-�, Tc2 cytokines such as
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IL-4, IL-5, IL-10; and to detect perforin. Because perforin is stored in intracellular vesi-
cles, T-cell stimulation is not required to detect this protein. Therefore, steps 1–4 of this
protocol can be eliminated when intracellular staining for perforin is performed.

1. Resuspend 0.5–2 × 106 lymphocytes in 1 mL of RPMI–10% FCS in a yellow Sarstedt tube,
add 50 ng/mL of PMA and 1 �g/mL of ionomycin, centrifuge 5 min at 65g without the
brake, and incubate at 37°C for 2 h at a 20° angle so that the cell pellet rests horizontally.

2. Alternatively, lymphocytes can be stimulated with virus-specific antigens, for example, a mix
of HBV epitope peptides, overlapping 15-mer peptides or with endogenously processed epi-
topes expressed by recombinant vaccinia viruses. For this antigen-specific stimulation, load
autologous EBV transformed B cells with the specific peptide mix (1–10 �g/mL per peptide)
or infect them with recombinant vaccinia viruses expressing HBV antigens (multiplicity of
infection [MOI] = 10) 12–16 h prior to the lymphocyte stimulation. Incubate EBV-transformed
B cells in complete medium at 37°C overnight. The next day, wash EBV-transformed B cells
once in PBS, then resuspend them in 0.5 mL of complete medium, mix with 0.5 mL of liver-
derived lymphocytes at a ratio of 1:1, and incubate the mix at 37°C for 2 h.

3. Add 10 �g/mL of Brefeldin A or Monensin and continue incubation for 4 h. During the stim-
ulation procedure, some cells will die and DNA will be released leading to cell clumping.
Following the incubation time, treat cells with 3000 U/mL of DNase for 10 min at 37°C
which allows recovery of a higher number of viable cells.

4. Add 100 �L of EDTA at 2 mM final concentration, vortex gently for 20 s and incubate at
room temperature for 15 min. Note that after several hours incubation at 37°C in plastic
tubes, cells will stick to the plastic. This adhesion is mediated by cell surface adhesins,
which act in the presence of Ca2+ and Mg2+. EDTA inhibits adhesins by chelating Ca2+ and
Mg2+ and therefore allows detachment of the cells.

5. Transfer cells to FACS tubes, wash yellow Sarstedt tubes with 3 mL of cold PBS, and transfer
the washing solution into the same FACS tubes to increase the number of transferred cells.
Centrifuge cells for 5 min at 700g and resuspend in Cytofix/Cytoperm™ (250 �L per 5 × 105

cells) for 20 min at 4°C. Alternatively, cells can be fixed with 2% paraformaldehyde for 20
min at 4°C, washed twice with cold PBS–1% BSA and permeabilized with 100 �L PBS–1%
BSA–0.2% saponin for 20 min at 4°C. In this case, omit step 6 and proceed directly to step 7.

6. Add 400 �L of 1X Perm/Wash™ solution and centrifuge at 800g for 10 min at 4°C; repeat
this step once.

7. Dilute anti-IFN-� antibodies in 100 �L of 1X Perm/Wash™ and stain cells with this solution
for 30 min at 4°C.

8. Wash once with 400 �L of 1X Perm/Wash™, once with PBS–1% BSA, and resuspend in
100 �L of 2% paraformaldehyde.

9. Analyze samples immediately by flow cytometry.

3.3. In Vitro Expansion of Intrahepatic T Cells and 
Generation of T-Cell Lines and Clones

3.3.1. Positive Selection of CD8+ T Cells (See Note 6)
1. In a sterile 1.5-mL tube, place 10 times more magnetic beads than the expected number of

CD8+ cells. Wash magnetic beads by adding 1 mL of cold PBS–2% FCS solution. Resus-
pend several times, then place the tube into the magnet. Let the beads attach to the magnet
and remove supernatant. Repeat this washing step two times. After the last wash, resuspend
the beads in 50 �L PBS–2% FCS and transfer them to a PCR tube.
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2. Centrifuge liver-derived lymphocytes at 400g for 10 min, resuspend in 80 �L of PBS–2%
FCS, and add them to the beads. Note that the cell concentration should be at least 106

cells/mL.
3. Place PCR tube on a rotating wheel and incubate for 30 min to 1 h at 4°C. Note that 80% of

the tube should be filled with the cell suspension to allow optimal contact between beads and
cells.

4. Transfer the cell suspension from the PCR tube to a sterile 1.5-mL tube. Wash the PCR tube
with 100 �L of PBS–2% FCS and transfer the washing solution to the same 1.5-mL tube that
already contains the cell suspension. Repeat this step one more time to ensure that all cells
are transferred. Fill the 1.5-mL tube completely with PBS–2% FCS and resuspend cells and
beads several times. Put the tube in the magnet, wait until beads separate, and remove the
supernatant carefully. Repeat resuspension of CD8+ T cells (sticking to the beads), magnetic
separation, and removal of supernatant two times. Finally, resuspend cells in 100 �L of cell
culture medium and count under a hemocytometer. It is not necessary to detach cells from
beads.

3.3.2. In Vitro Expansion of Cell Lines and Clones (See Note 7)
3.3.2.1. ANTIGEN-NONSPECIFIC CLONING OF LIVER-DERIVED LYMPHOCYTES

1. This protocol describes cloning of liver-derived lymphocytes at one cell per well and in 10
96-well plates. Liver-derived lymphocytes can also be cloned at 10, 50, and 100 cells per
well. The procedure remains identical but the concentration of the lymphocyte suspension
should then be adjusted at step 3.

2. Use either freshly isolated or thawed allogeneic PBMCs. 5 × 106 PBMCs are required for
each 96-well round-bottom cloning plate, that is, 5 × 107 PBMCs for 10 plates. Resuspend
PBMCs in 50-mL tubes at 2.5 × 106 cells/mL in complete cell culture and �-irradiate cells at
7000 rad.

3. Dilute cell suspension to 106 cells/mL and supplement complete cell culture medium with
100 U/mL of recombinant IL-2. Pipet 50 �L of this cell suspension into each well of the 96-
well round-bottom plates.

4. Dilute the suspension of liver-derived lymphocytes to be cloned to a concentration of 20
cells/mL in RPMI 1640 supplemented with 10% FCS, 2 mM L-glutamine, 100 IU/mL of
penicillin, 100 �g/mL of streptomycin, and 100 U/mL of IL-2.

5. Add anti-CD3 at 0.02 �g/mL final concentration and pipet 50 �L of this cell suspension to
each well of the cloning plates.

6. Centrifuge plates at 65g for 5 min without braking, then incubate at 37°C, 5% CO2.
7. After 1 wk, add 100 �L of complete culture medium supplemented with 100 U/mL of IL-2.

Then remove half of the culture medium every 3–4 d and replace with the same volume
fresh, complete culture medium supplemented with 100 U/mL of IL-2.

8. Every 3 wk restimulate as follows: Remove 100 �L of medium from each well of the cloning
plates, add 50 �L of fresh complete culture medium supplemented with 100 U/mL of IL-2
and 0.02 �g/mL of anti-CD3, and incubate the cultures for 10–15 min at 37°C.

9. Irradiate appropriate number of PBMCs from healthy donors as described in step 2, dilute to
2 × 106 cells/mL in complete culture medium containing 100 U/mL of IL-2, and add 50 �L
of this cell suspension to each well. Note that anti-CD3 antibody is added to the cell cultures
first followed by a short incubation time prior to addition of irradiated allogeneic PBMCs to
allow binding of anti-CD3 to the liver-derived lymphocytes and to avoid absorption of most
of the antibody by irradiated allogeneic PBMC.
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3.3.2.2. ANTIGEN-SPECIFIC EXPANSION OF LIVER-DERIVED LYMPHOCYTES

Depending on the number of liver-derived lymphocytes recovered from liver biop-
sies, in vitro expansion of cell lines can either be performed with individual virus-
derived peptides or with a pool of virus-derived peptides. This section describes these
two procedures, which include 3 wk of in vitro culture with two rounds of stimulation
in the presence of virus derived-peptides and feeder cells. This method can also be used
to enrich the liver-derived lymphocyte population for HBV-specific T cells prior to
antigen-nonspecific cloning (see Subheading 3.3.2.1.).

1. Use either freshly isolated or thawed autologous PBMCs, dilute to 106 cells/mL in complete
cell culture medium, �-irradiate cells at 3000 rad, and supplement the cell suspension with
20 U/mL of recombinant IL-2.

2. Separate autologous cells in as many 15-mL tubes as different stimulation conditions to be
used, add peptides in a final concentration of 10 �/mL, and distribute 50 �L of the cell sus-
pensions in each well of a 96-well round-bottom plate.

3. Add 50–1000 liver-derived lymphocytes (depending on the frequency of HBV-specific T
cells you expect within the suspension of liver-derived lymphocytes) in 50 �L of complete
cell culture medium supplemented with 10 ng/mL of IL-7 and 300 pg/mL of IL-12 to each
well and incubate the cells at 37°C, 5% CO2 for 4 d.

4. At d 4, add 100 �L of complete cell culture medium containing 20 U/mL of IL-2 to each
well. Note that IL-2 is not very stable when diluted in medium. Do not use medium contain-
ing IL-2 that is older than 2 wk. Restimulate weekly with 100,000 �-irradiated (3000 rad)
autologous lymphocytes, 10 �g/mL of each peptide, and 20 U/mL of IL-2. Perform func-
tional assays (see below) as soon as the number of cells permits.

3.4. Functional In Vitro Analysis of CD8+ T Cell Lines and Clones
3.4.1. 51Cr-Release (Cytotoxicity) Assay

Measurement of antigen-specific cytotoxicity can be accomplished by incubation of
liver-derived CD8+ T-cell lines and clones with target cells that present virus-specific
antigens. Antigen-presenting cells (target cells) can either be infected with recombinant
vaccinia viruses expressing viral proteins, loaded with overlapping peptides, or loaded
with individual HBV-derived peptides that represent known epitopes.

This protocol uses two basic components: radiolabeled, antigen-presenting target
cells and cytotoxic effector T cells. The cytotoxic activity of the effector T-cell popula-
tion is quantitated based on the amount of radioactivity released by the target cells.

Caution: Follow standard radiation safety procedures when working with 51Cr
solution and 51Cr-labeled target cells.

1. Different target cells can be used for the cytotoxicity assay: autologous EBV-B cells (B cells
immortalized with EBV) and autologous PHA blasts. PBMCs stimulated with PHA have the
advantage of a complete MHC match with the liver-derived lymphocytes. EBV-B cells are
maintained in RPMI–10% FCS at a concentration of 105 cells/mL until the experiment is
performed. PHA blasts are generated from autologous PBMCs by stimulation with 0.5 �g/mL
of PHA and 40 U/mL of IL-2 at a concentration of 2 × 106 cells/mL per well in a 24-well
plate in 1 mL of complete cell culture medium 6 d prior to the cytotoxicity assay and by
adding 1 mL of complete medium containing 40 U/mL of IL-2 on d 4 of the culture.
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2. For the purpose of epitope mapping, target cells are either infected with recombinant vac-
cinia viruses expressing different HBV proteins or loaded with HBV peptides that overlap by
5–10 amino acids. Sixteen hours before the experiment, calculate the number of target cells
required for every condition tested. Place cell suspension in 15-mL tubes (one for each con-
dition) and centrifuge for 10 min at 400g. Remove the supernatant so that approx 30–50 �L
remain. Add the appropriate amount of recombinant vaccinia viruses or control virus to the
cell pellet (for EBV-B cells use an MOI of 100, for PHA blasts use an MOI of 10) and incu-
bate for 1 h at room temperature with gentle agitation. Wash cells with RPMI–10% FCS.
Resuspend cells/mL at 1 × 106/mL in complete cell culture medium per well of a 24-well
plate.

If, alternatively, overlapping peptides are used, resuspend cells in complete cell culture
medium to 1 × 106 cells/mL, add HBV-derived peptides at a final concentration of 10 �g/mL,
and place 1 mL of the cell suspension into a well of a 24-well plate.

3. Incubate cells overnight at 37°C, 5% CO2.
4. The next day, transfer target cells from each well into a separate 15-mL tube, add 2 mL of

fresh medium, and centrifuge at 400g for 10 min.
5. Remove all but 50 �L of the supernatant. Add 100 �Ci of 51Cr with a filter tip and follow

standard precautions while handling radioactive material. Resuspend cells gently and incu-
bate at 37°C, 5% CO2 for 1 h. Note that the uptake of 51Cr may vary depending on the target
used.

6. During the 1-h incubation phase of the target cells, transfer the effector cells from the culture
plates in the incubator into separate 15-mL tubes, fill tubes with PBS, and centrifuge for 10
min at 400g.

7. Remove supernatant and resuspend each cell pellet in 200–500 �L of RPMI–10% FCS.
8. Count cells with trypan blue and dilute to 3.6 × 106 cells/mL in RPMI–10% FCS.
9. In the first column of a 96-well round bottom plate, add 100 �L of effector cell suspension

in duplicates. This equals an effector to target cell (E:T) ratio of 120:1 provided that 3000
targets cells will be used. If different E:T ratios are needed (60:1, 30:1, 15:1, etc.), add 200
�L cell suspension in the first column of the plate; add 100 �L of RPMI–10% FCS to the
other wells; then transfer 100 �L from the wells of the first column to the second one and
proceed to the lowest E:T ratio.

10. Prepare triplicate wells for spontaneous and maximum 51Cr release for each target cell con-
dition. For spontaneous release, add RPMI–10% FCS to three wells, for maximum release
add 100 �L of 10% Triton X to each well.

11. After incubation with 51Cr, wash target cells from step 5 twice with PBS and once with
RPMI–10% FCS. Caution: Follow standard radiation safety procedures when working
with 51Cr solution and 51Cr-labeled target; use lead to shield against irradiation.

12. After this last wash, carefully remove the supernatant with a filter tip.
13. Resuspend cells in 250 �L of RPMI–10% FCS, count and resuspend at 0.03 × 106 cells/mL.

Add 100 �L of this cell suspension to each well that contains the corresponding effector
cells and to the wells representing spontaneous and maximum release.

14. Centrifuge plate for 5 min at 65g without braking and incubate for 4 h at 37°C, 5% CO2.
15. Transfer 80 �L of supernatant to a Lumaplate and dry at 56°C for 45 min. Seal the plate and

count cpm.
16. Calculate antigen-specific cytotoxicity as [(percent cytotoxic activity in the presence of

peptide) − (percent cytotoxic activity in the absence of peptide)]. Percent cytotoxicity can
be determined from the formula 100 × [(experimental 51Cr release − spontaneous release)/
(maximum release − spontaneous release)].
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3.4.2. Intracellular Cytokine Staining
Intracellular cytokine staining can be performed with cell lines in the same way as

with freshly isolated liver-derived lymphocytes. To induce cytokine secretion, cell lines
can either be stimulated in an antigen-nonspecific way using PMA–ionomycin or in an
antigen-specific way using antigen-presenting cells pulsed with HBV-derived peptides
or infected with recombinant vaccinia viruses encoding HBV antigens. An example for
intracellular cytokine analysis of T-cell lines is provided in Fig. 3.

1. For antigen-nonspecific stimulation with PMA–ionomycin, resuspend 0.5–2 × 106 lympho-
cytes in 1 mL of RPMI–10% FCS in a yellow Sarstedt tube, add 50 �g/mL of PMA and 1
�g/mL of ionomycin, centrifuge 5 min at 65g without braking, and incubate the tube at a 20°
angle so that the cell pellet rests horizontally at 37°C for 2 h. For antigen-specific stimula-
tion, load autologous EBV-transformed B cells with the specific peptide mix (1–10
�g/mL/peptide) or infect them with recombinant vaccinia viruses expressing HBV antigens
(MOI = 10) 12–16 h prior to the lymphocyte stimulation. Incubate EBV-transformed B cells
in complete medium at 37°C overnight. The next day, wash EBV-transformed B cells once in
PBS, then resuspend them in 0.5 mL of complete medium, mix with 0.5 mL of liver-derived
lymphocytes at a ratio of 1:1, and incubate the mix at 37°C for 2 h.

2. Then proceed as described in Subheading 3.2.3., step 3. When performing intracellular
cytokine staining with antigen-presenting cells, treatment with DNase is crucial, as many cell
clumps are generated during the stimulation period because of cell death. DNase will digest
DNA released by dead cells and allow individualization of cells. EBV-B cells can be identified
and excluded from analysis based on size and granularity in the forward vs side scatter plot.

3.5. Summary
In summary, it is recommended to employ complementary techniques to assess

quantitative as well as qualitative characteristics of the immune response. Because the
size of available liver tissue and the number of lymphocytes that can be isolated are
often limited, the methodological strategy needs to be devised according to the research
question. This also implies, on the other hand, that care should be taken not to misinter-
pret results. For example, epitope specificities that are not detected in assays based on
T-cell lines may still be present in vivo. Intrahepatic T cells with these epitope speci-
ficities may display a higher sensitivity to cell death upon in vitro restimulation.

4. Notes
1. Processing of liver tissue and isolation of liver-infiltrating lymphocytes should be performed

in a certified biological safety cabinet under sterile conditions. Vaccination with HBsAg and
standard laboratory safety techniques are recommended for all investigators handling
human, specifically HBV-infected, samples and vaccination with vaccinia virus is recom-
mended every 10 yr for investigators handling vaccinia virus expression constructs. Standard
radiation safety guidelines should be followed when working with 51Cr-labeled cells.

2. Glass grinders are used to homogenize small liver samples by mechanical disruption. This
method is faster than the enzymatic digestion and gives a good yield of liver-derived lym-
phocytes. During this procedure, hepatocytes are destroyed while smaller lymphocytes pass
between the piston and the wall of the grinder. Because some lymphocytes may be damaged
during this process, it is recommended to check cell viability and integrity by staining with
annexin V and PI followed by flow cytometry.
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Fig. 3. Intracellular cytokine staining of liver-derived cell lines. Autologous EBV-transformed B cells were loaded with viral proteins overnight
and subsequently used as antigen-presenting cells to stimulate liver-derived T cell lines as described in Subheading 3.4.2. After stimulation, cells
were then stained with anti-CD4, anti-CD8, anti-IL-4, and anti-IFN-� antibodies as described in Subheadings 3.4.2. and 3.2.3. Results are pre-
sented for the gated, CD4+ T-cell population. The graph on the left displays the results of unstimulated liver-derived cell lines. The middle graph
demonstrates that approximately one third of the cell population produces IL-4 and IFN-� in response to viral proteins. The graph on the right
shows that 92% of the cell population express both IL-4 and IFN-� antigen-nonspecific stimulation with PHA. Note that viral proteins stimulate
predominantly CD4+ T lymphocytes. If cytokine production of CD8+ T lymphocytes is required, EBV-B cells should be loaded with virus-derived
peptides. Note that in this case blood and liver biopsy were obtained from a chimpanzee infected with HCV. The same type of analysis can also be
performed with samples of HBV-infected patients.
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3. If lymphocytes are isolated from whole mouse liver, Percoll gradients or metrizamide gradi-
ents provide a better yield than Ficoll gradients (13–15). Cell populations isolated from large
pieces of liver may contain a significant number of contaminating Kupffer cells which can be
easily identified by flow cytometry and depleted by adherence to plastic. For this step, the
cell suspension is placed into 10-cm Petri dishes at 1–2 × 106 cells/mL in RPMI–10%FCS
and cultured for 90 min in a humidified 37°C, 5% CO2 incubator. Nonadherent lymphocytes
can be separated by gentle rocking of the Petri dish, washing with 37°C warm cell culture
medium and aspiration with a pipet.

4. Trypan blue exclusion is a simple technique and can be performed rapidly. However, dye
uptake varies depending on cell membrane integrity and small amounts of dye uptake can
therefore remain unnoticed. If precise determination of the number of cells undergoing
apoptosis is required, flow cytometric analysis of PI uptake and annexin V staining is recom-
mended.

5. Flow cytometry is an invaluable tool to analyze intracellular cytokine contents and cell
surface marker expression. This procedure, however, requires relatively large cell num-
bers (5 × 105) because of cell loss during stimulation and permeabilization process. In
addition to intracellular cytokine staining, cytokine secretion assays are available in
which cytokines are bound to the cell surface on secretion and stained for flow cytometry
(16, 17).

6. In addition to positive selection of CD8+ T cells with magnetic beads, an efficient approach
uses negative selection with a bispecific antibody that crosslinks CD3 and the CD4 mole-
cules on the cell surface and leads to the depletion of CD4+ T cells (18–21).

7. In vitro expansion of cell lines and/or clones is useful to generate a homogeneous cell popu-
lation for functional analysis and epitope mapping. Antigen-nonspecific cloning allows the
growth of T cells regardless of their antigen specificity and their phenotype (CD4 or CD8).
On the other hand, it may select for cells that are well adapted to tissue culture conditions,
the concentration of IL-2, the type of serum used, and so forth and a selection bias cannot be
avoided. Also, this approach may require at least 2 mo of cell growth, especially if cells are
seeded at one cell per well. Generally, the cloning efficiency will be significantly higher if T
cells are expanded with HBV-specific antigens. Although the number of lymphocytes recov-
ered from a liver biopsy is generally too small to allow expansion of cell lines with individ-
ual viral peptides, it is possible to generate cell lines by bulk stimulation with a pool of
virus-derived peptides (22, 23). If positive cytokine or cytotoxicity responses are observed
against target cells pulsed with peptide pools, peptides can then be tested in smaller pools or
individually to identify T-cell epitopes.
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Determining the Precursor Frequency 
of HBV Nucleocapsid Antigen-Specific T Cells

Jennifer A. Waters and Howard C. Thomas

1. Introduction
The measurement of the precursor frequency of cells present in a population that are

participating in a given immune function has been widely done by limiting dilution
assays (LDAs). These have been used for measuring proliferative and cytotoxic
responses and cytokine production by lymphocytes in the peripheral blood population.
They are particularly well suited to the identification of rare cells; bulk culture is not
quantitative at the cellular level and, if a low frequency of responder cells is present,
misleading negative results may be obtained. Another advantage of an LDA over con-
ventional bulk culture is that it minimizes the cross-regulatory influence between cells.
In this chapter a method for measuring the precursor frequency of T cells proliferating
in response to nucleocapsid antigen is described.

LDAs require multiple replicate cultures set up at different cell concentrations (1). It
is important that the culture conditions are not limiting and that the addition of factors
such as interleukin-2 ((IL-2) to the cultures does not produce nonspecific stimulation. To
control for this and for the variation within each experiment it is important to also set up
multiple cultures without antigen. An arbitrary upper limit of the negative response is set
and the number of negative cultures at a given cell concentration is scored. The negative
wells are scored, as a positive well could be caused by the clonal expansion of one or
more precursors, whereas a negative means there are none (2). The range of cell concen-
trations used must also be predetermined so as to yield an adequate number of points to
give a titration curve; there are five suggested cell concentrations in this method.

For the enumeration of cytotoxic T lymphocytes (CTLs) the effector function has
classically been measured using the chromium release assay. However, the development
of major histocompatibility complex (MHC) tetramers has enabled sensitive detection
of antigen-specific cells directly ex vivo. It has been shown that the frequency of antigen-
specific CD8+ cells, as opposed to the CD8+ cells that cause lysis of the targets, during an
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acute viral infection is higher than that estimated using the chromium release cytotoxic
T-cell assay (3). Tetramer labeling is useful only when an MHC I restricted peptide or
peptides have been well defined. It does not allow the detection of responses restricted
by those HLA class I alleles where epitope predictions are not available, so can be used
only for a limited number of responses and in a population restricted by the MHC I
allele. MHC tetramers have been used successfully when enumerating the CD8+

response to HBV nucleocapsid antigen in patients acutely infected with HBV who are
HLA-A2 positive (4). In contrast, circulating tetramer positive CTL in hepatitis B e
antigen (HBeAg)-positive persistent HBV infection were found only in a minority of
patients (5), consistent with the poorer cytotoxic responses in these patients.

It has also become possible to detect interferon-� (IFN-�) and interleukin-4 (IL-4)
production in individual cells by intracellular staining (6) or by ELISPOT and this has
introduced new and faster methods for enumeration of antigen-specific cells directly ex
vivo. The detection of IFN-� producing cells in response to nucleocapsid antigen has
been estimated in patients with hepatitis B virus infection (7), 61% of acutely infected
patients and 25% of chronically infected patients had cells producing detectable IFN-�.
Neither acutely nor chronically infected patients had peripheral blood leukocytes
(PBIs) producing detectable IL-4 by this method. In the same patients, bulk culture and
the measurement of tritiated thymidine incorporation in a proliferation assay did not
correlate with the ELISPOT results (7). A high proliferative response occurred without
a corresponding high number of IFN-� producing cells; however, the ELISPOT assay
was more frequently positive. A direct comparison of LDA by proliferation, a more sen-
sitive technique than bulk culture when the number of responding cells is low, and the
frequency of cells producing IFN-� was not made.

This chapter describes the method for determining the precursor frequency of T cells
that proliferate in response to nucleocapsid antigen. The proliferative response and pro-
duction of IFN-� by T cells are separate functions. No direct comparison between the
two techniques and their relationship to the course of the disease, particularly in persis-
tently infected patients, has been made. The use of either technique would depend on
the reasons for the analysis.

LDA has the advantage of allowing a statistical analysis of the results obtained,
which has been well discussed by Taswell (8,9). Some assumptions must be made for
the calculation of the precursor frequency. It is necessary to assume that only one cell of
only one cell type is needed for a positive response, and this is termed the single-hit
hypothesis. Statistical methods are applied to test the goodness of fit of the data points
with the single-hit Poisson model by calculating chi-squared statistics and confidence
intervals for the slope. Once it has been established that the dilution curve represents a
single hit, then the frequency of the precursors can be calculated.

2. Materials
2.1. Reagents

1. Recombinant core antigen to give a final concentration of 5 mg/mL (Biogen, Cambridge, MA).
2. 5000 U/5 mL of preservative-free heparin (Leo Laboratories, Princes Risborough).
3. Ficoll-Paque™ Plus (Amersham Pharmacia Biotech AB, Upsala, Sweden).
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4. RPMI-1640 with glutamine (Sigma Chemical, St. Louis, MO).
5. Human AB serum (Sigma Chemical, St. Louis, MO).
6. 10,000 U/mL of penicillin, 10 mg/mL of streptomycin in 0.9% sodium chloride (Sigma

Chemical,
7. 96-Well round bottom plates, sterile with a lid (Nunc Brand products, Denmark, available

from Merck Eurolab).
8. 37 MBq /mL of tritiated thymidine ([methyl-3H] thymidine), aqueous solution sterilized.

(Amersham Pharmacia Biotech AB, Uppsala, Sweden, cat. no. TRA 120).
9. Glass fiber filters, self-aligning, RG, part no. 6005412 (Packard, Meriden, CT).

10. 200 U/mL of recombinant IL-2 (Roche).

2.2. Equipment
1. Certified class II cabinet vented to the outside, within a safety laboratory.
2. Incubator at 37°C with 5% CO2.
3. 96-Well cell harvester (e.g. Matrix 96, Packard Instruments, UK.)
4. �-Irradiator.

3. Methods
3.1. Separating Lymphocytes from Blood

1. Take the blood into preservative-free heparin, 100 U/10 mL of blood.
2. Dilute the blood with an equal volume of tissue culture medium (RPMI-1640) without added

serum or with isotonic PBS.
3. Pipet 8 mL of Ficoll-Paque™ Plus into 30-mL universal tubes. Pipet the diluted blood as a

layer on top of the Ficoll, being careful that they do not mix. Any mixing at this stage will
result in a poor recovery of PBLs.

4. After layering all of the blood, centrifuge the universal tubes in a benchtop centrifuge at
600g for 20 min at 20°C, with no brake.

5. The lymphocytes, monocytes, and macrophages form a layer at the interface between the
two liquids, the red cells (and the majority of the polymorphonuclear cells) settle at the bot-
tom of the universal tube. Remove the mononuclear cell layer into a fresh tube, taking this
entire layer but with the minimum of Ficoll and tissue culture fluid.

6. Dilute out the PBLs with tissue culture medium and centrifuge at 550g for 5 min.
7. Wash the cells by resuspending the pellet in fresh medium and centrifuging at 125g for 5 min.
8. Wash the cells twice more, resuspending them in a known volume, and removing an aliquot

for counting using a hemocytometer before the final centrifugation.
9. Resuspend the cells at 5 × 105 /mL in RPMI-1640 with 10% AB serum and penicillin–strep-

tomycin (complete medium).

3.2. Limiting Dilution Assay
1. Dilute the lymphocytes to four more concentrations of cells in complete medium. Each dilu-

tion requires a minimum of 5 mL of cell suspension. The four other concentrations are 2.5 ×
105, 1 × 105, 5 × 104, and 1 × 104/mL. (See Note 1.)

2. Pipet 48 replicate cultures of 100 �L for each of the cell concentrations into 96-well round-
bottom tissue culture plates. Do not use the outer wells of the plate. Fill these wells with 200
�L of RPMI-1640 to help prevent evaporation in the culture wells. (See Note 2.)

3. Add hepatitis B core antigen (HBcAg) in 50 �L of complete medium to 24 of the wells to
give a final concentration of 1 �g/well. To the other 24 wells add 50 �L of complete medium.
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4. Add 1 × 104/well irradiated autologous PBMCs (3000 rad) to each well in 50 �L of complete
medium.

5. Incubate the cultures in a humidified incubator with 5% CO2 at 37°C for 7 d.
6. Add 2 U of recombinant IL-2 /well on d 4.
7. Pulse the cultures with 0.0375 MBq of tritiated thymidine ([3H]Thy) (1 �/Lwell diluted to 10

�L for more accurate pipetting) 16 h prior to harvesting. (See Note 3.)
8. Harvest the cultures on d 7 onto glass fiber filters using an automated cell harvester. (See

Note 4.)
9. Count for 5 min on a scintillation counter.

10. Replicates with antigen are scored as negative if the counts incorporated are less than the
mean plus three standard deviations of the counts incorporated in the controls. The frequency
of responding cells and conformation to single hit kinetics are calculated using the Poisson
distribution (8,9).

4. Notes
1. It is important to mix the cell suspensions while pipetting. PBMC settle very quickly and any

error in the number of cells added increases variability in the tritiated thymidine uptake.
2. It is very useful to use automatic multipipets as they decrease the pipetting errors.
3. When adding the tritiated thymidine, dilute so that a minimum of 10 �L is added to each

well as this also reduces the error due to pipetting.
4. As with all tissue culture techniques it is important that there is no infection in the cultures.

They should be examined carefully under the microscope before harvesting.
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Detection and Characterization 
of Virus-Specific CD8+ T Cells Using the Tetramer Approach

Xiao-Song He and Harry B. Greenberg

1. Introduction
Hepatitis B virus (HBV)-specific CD8+ T cells, or cytotoxic T lymphocytes (CTLs),

are believed to play an important role in the control of infection and development of
liver injury (1). Therefore the quantitative and qualitative analyses of such cells is
important for understanding the mechanisms underlying the pathogenesis associated
with the infection as well as the clearance or persistence of the infecting virus. Tradi-
tionally, HBV-specific CD8+ T cells were detected by cytotoxicity assay, while the fre-
quency of such cells was estimated by limiting dilution assay (LDA). Both assays are
based on the killing activity of CTLs. The number of virus-specific CTLs in clinical
specimens (blood or liver samples) is usually very small. Therefore these assays require
extensive in vitro expansion of virus-specific CD8+ T cells to generate CTL lines or
clones, which is time consuming and labor intensive. As such assays can detect only
CD8+ T cells that expand in vitro and kill specific target cells, they may not represent
the characteristics of the overall CD8+ T cell responses against the virus.

The antigen specificity of T cells is determined by the T-cell receptor (TCR) expressed
on each T cell, which recognizes peptide epitopes presented by major histocompatibility
complex (MHC) molecules on the surface of antigen-presenting cells (APCs). The gener-
ation of tetrameric MHC–peptide complex (2), which binds to specific TCRs with a rea-
sonable affinity, allows direct identification of the CD8+ T cell subset with a unique
antigen specificity. Hence, fluorescence-labeled peptide–MHC tetramers can be used to
stain antigen-specific CD8+ T cells in peripheral blood mononuclear cells (PBMCs) or
tissue-infiltrating lymphocytes. The tetramer-binding cells can then be directly detected
on a single cell basis by flow cytometry (FACS analysis). The major advantage of the
tetramer staining assay is its independence from any in vivo or in vitro function of CD8+

T cells, as well as its quantitative nature. Under optimal conditions antigen-specific CD8+

T cells in the peripheral blood at a level as low as 0.01% can be clearly detected (3).
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The sensitivity, or detection limit, of tetramer assay depends on the signal-to-noise
ratio, or the background level of the assay. The background level of tetramer staining (as
well as any antibody staining) depends largely on the condition of cells. Poorly pre-
pared and/or preserved cells tend to generate more background signals than freshly pre-
pared samples, while tissue-infiltrating lymphocytes and activated cells tend to generate
more background signals than PBMCs and resting cells. Negative control samples
should always be stained along with the experimental samples to assess the level of
background noise. For example, if an HLA-A2 tetramer loaded with an HBV epitope is
used to stain an HLA-A2+ PBMC sample, PBMCs from HLA-A2+ donors naive to
HBV or HLA-A2− donors can be used as appropriate negative controls.

It is critical to minimize nonspecific background staining when the expected level of
antigen-specific CD8+ T cells is low (e.g., � 0.1%). The background signals are often
caused by dead or damaged cells that bind tetramers and antibodies nonspecifically. One
solution for this problem is to use propidium iodide (PI), which selectively stains dead
cells. Any cells stained by PI can then be gated out during analysis of FACS data. One of
the channels of a three-color flow cytometer (e.g., FACScan) can be devoted to this pur-
pose. The drawback of this method is that the potentially infectious samples (cells isolated
from patients) cannot be fixed before being acquired on flow cytometer, because fixation
kills all the cells and renders them stainable by PI. Alternately, antibodies against several
markers not expressed by CD8+ T cells can be added together with the tetramer. The
stained samples can then be fixed with paraformaldehyde before being analyzed on flow
cytometer. By gating on cells that are not stained with these antibodies, dead cells that
nonspecifically bound the antibodies and the tetramer can be excluded. Figure 1 shows an
example of quantifying HCV-specific CD8+ T cells from a frozen PBMC sample. Tc-
labeled antibodies to CD4 (a marker for helper T cells), CD13 (a marker for monocytes),
and CD19 (a marker for B cells) are used for negative gating at channel FL3, resulting in
reduced nonspecific staining and a better separated tetramer-binding population.

Thanks to multicolor flow cytometric technology, tetramer staining can be combined
with staining for other cellular markers to provide a multiparameter phenotypic analysis
of an antigen-specific cell population. Depending on the researcher’s interest, these
could be markers indicating the activation status (CD69, CD25, CD38, HLA-DR, etc.),
T-cell subset markers that have been associated with the memory/effector cell status
(CD45RO, CD45RA, CD27, etc.), different TCR V� molecules, or other parameters.
Intracellular markers, for example, perforin, can also be costained along with tetramer.
In this case the cells are usually first stained with tetramer and antibodies for cell sur-
face markers. After fixation and permeabilization of the cells, they are stained for the
intracellular markers. A basic protocol for enumeration of tetramer-binding CD8+

T cells and characterization of their surface phenotype is described in Subheading 3.1.
In addition to isolated PBMC samples, fresh whole blood samples can also be used

for tetramer staining. In this case, tetramer and the antibodies are added to the whole
blood directly. After staining, red blood cells are lysed before FACS analysis (4).

Tetramer staining can also be combined with any flow cytometry based functional
analysis to directly assess the response of antigen-specific CD8+ T cells to antigen stim-
ulation on a single-cell basis. For example, when antigen-specific CD8+ T cells are
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stimulated with their cognate antigen, they may respond by up-regulation of the activa-
tion marker CD69, as well as production of cytokines as interferon-� (IFN-�). A com-
bined staining of the stimulated PBMCs with tetramer and anti-CD69, or tetramer and
anti-IFN-�, enables directly evaluating the functional status of antigen-specific CD8+ T
cells. Such assays have been used to identify functional as well as anergic antigen-
specific CD8+ T cells in different diseases (3–5). In this chapter we provide a protocol
for the intracellular cytokine assay of antigen-specific CD8+ T cells (see Subheading
3.2.).

Tetramer staining is undoubtedly a powerful quantitative technique for analyzing
antigen-specific CD8+ T cells, including those specific for HBV (6–8). This technique
has greatly expanded opportunities for studying T-cell responses. However, simply
comparing the results of tetramer staining to that of traditional assays such as LDA can
be misleading. For example, studies have shown that the frequency of tetramer-binding
cells to be 10–50 times greater than results of LDA for the same sample (9, 10). These
results indicate only that LDA may underestimate the frequency of epitope-specific
CD8+ T cells, but by no means suggest that tetramer assay is 50-fold more sensitive than

Fig. 1. Detection of CD8+ T cells specific for an HLA-A2 restricted epitope of the HCV pro-
tein NS3. PBMCs were stained with a PE-labeled HLA-A2 tetramer loaded with the NS3 peptide
1406–1415, APC-labeled anti-CD8, and Tc-labeled anti-CD4, CD13, and CD19. Displayed in the
dot plots are cells gated on lymphocyte population only (lower left panel) or lymphocyte popula-
tion and CD4−CD13−CD19− population (lower right panel).
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LDA. Actually these two assays are targeted at two distinct T-cell populations. Tetramer
assays measure all CD8+ T cells specific for an epitope, with a detection limit at the
level of 0.01% of CD8+ T cells, or approx 0.002% of PBMCs. On the other hand, LDA
measures a subset of epitope-specific CD8+ T cells that can be expanded in vitro. The
detection limit for such cells by LDA could reach 0.0001%, which is 20-fold more sen-
sitive than tetramer staining.

2. Materials
2.1. Tetramers

Tetramers can be synthesized using recombinant MHC I proteins and synthetic peptide
epitopes following published methods (2). They are also available at the NIH Tetramer
Core Facility (http://www.niaid.nih.gov/reposit/tetramer/genguide.html), as well as a
commercial source (http://www.ImmunomicsOnline.com). Most researchers use phos-
phatidyl ethanolamine (PE)-labeled tetramers, although APC-labeled tetramers have also
been used. Every batch of tetramer needs to be validated and standardized by staining
previously studied reference samples, for example, epitope-specific CTL lines or clones,
or PBMC samples with known level of specific CD8+ T cells. The shelf life of different
tetramer preparations ranges from several weeks to several months. An increased nonspe-
cific staining and decreased number and fluorescence intensity of positive cells usually
indicate deterioration of the tetramer reagent. Therefore, tetramers should be tested peri-
odically with known positive and negative samples to monitor their quality.

2.2. Antibodies
Fluorescence-labeled antibodies against T-cell subset markers can be obtained from

BD Biosciences (San Jose, CA), BD Pharmingen (San Diego, CA), Caltag (South San
Francisco, CA), and other vendors.

2.3. Solutions, Media, and Other Reagents
1. Phosphate-buffered saline without Ca2+/Mg2+ (PBS).
2. FACS lysing solution: Add 10 mL of 10X stock solution (BD Biosciences) to 90 mL of dis-

tilled water to make a 1X working solution. Store at room temperature.
3. FACS permeabilizing solution: Add 10 mL of a 10X stock solution (BD Biosciences) to 90

mL of distilled water to make a 1X working solution. Store at room temperature.
4. FACS washing solution: Dissolve 2.5 g of bovine albumin fraction V and 0.25 g of sodium

azide in 500 mL of PBS. Store at room temperature.
5. 1% Paraformaldehyde solution. Add 1 mL of 10% paraformaldehyde (Electron Microscopy

Sciences, Ft. Washington, PA) and 1 mL of 10X PBS into 8 mL of distilled water. Store at
4°C.

6. Culture medium. RPMI 1640 medium supplemented with 10% heat-inactivated fetal calf
serum, 100 U/mL of penicillin, and 100 �g/mL of streptomycin.

7. Brefeldin A (Sigma, St. Louis, MO). Prepare a 5 mg/mL solution in dimethyl sulfoxide
(DMSO); this represents a 10X stock and should be stored at −20°C in aliquots of 20 �L. On
the day of use add 180 �L of sterile PBS to one aliquot to make a 1X solution. The 1X solu-
tion may be stored at 4°C for up to 1 wk.

8. 20 mM EDTA solution: Dilute 500 mM EDTA stock solution, pH 8.0, 1:25 with PBS.
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2.4. Equipment
1. Flow cytometer: FACScan (three-color), FACS Calibur (four-color), or equivalent instruments.
2. Benchtop centrifuge with a swing-bucket rotor (Beckman Allegra 6R or equivalent instru-

ments).
3. Dounce tissue grinder, 7 mL (K885300-0007 from Fisher Scientific, Santa Clara, CA).

2.5. Preparation of Cell Samples
1. Blood samples. Depending on the type of assays to be carried out, venous blood can be

drawn into standard Vacutainer tubes or CPT blood collection tubes (BD Biosciences) with
different anticoagulants. Critical parameters: For intracellular cytokine assay of whole
blood, sodium heparin tubes (but not EDTA tubes) must be used for the blood drawing.
To isolate PBMCs, blood samples in standard Vacutainer tubes are processed with standard
Ficoll-Hypaque gradient centrifugation method, while blood samples in CPT tubes should
be processed following the manufacturer’s instructions. PBMCs are used fresh or cryopre-
served in 10% DMSO/90% fetal calf serum in liquid nitrogen.

2. Liver biopsy samples. Liver biopsy samples are placed in 10 mL of culture medium on ice
and processed within 2 h. Transfer the tissue into a Dounce tissue grinder filled with 5 mL of
fresh medium and gently grind the tissue with the small pestle to release the liver infiltrating
lymphocytes (LILs). Transfer the cell suspension into a 15-mL centrifuge tube, use 5 mL of
fresh medium to rinse the tissue grinder and the pestle, and combine the wash with the cell
suspension. Stand the tube upright for 5 min to let the residual tissue settle to the bottom of
the tube, then transfer the cell suspension into a new tube, avoiding carrying over the settled
tissue. The cells are then pelleted at 300g for 10 min. Resuspend the cells in an appropriate
volume of medium and count the cells. Up to 2 × 106 LILs can be recovered by this proce-
dure from a biopsy tissue 10–20 mg in weight. However, the yield of LILs can vary greatly
depending on the disease status. Critical parameters: Do not attempt to purify LILs with
Ficoll-Hypaque gradient, which can cause a significant loss of cells.

3. Methods
3.1. Basic Protocol: Quantification and Phenotypic Characterization of
Tetramer-Binding Cells in PBMCs and LILs

1. Either freshly isolated or cryopreserved cells can be used. Thaw the frozen cells at 37°C and
wash once with 10 mL of FACS washing buffer. Resuspend cells in FACS washing buffer at
a density up to 10 × 107 cells /100 �L. For each staining, aliquot 20 �L of the cell suspen-
sion that contains up to 2 × 106 cells into a 15-mL conical centrifuge tube.

2. Prepare the staining cocktail that contains tetramer and different antibodies (see Note 1),
according to the design of experiment and flow cytometer available. Critical parameters:
Centrifuge the tetramers in an Eppendorf microfuge at top speed for 5 min to remove
aggregates that may significantly increase nonspecific staining. This must be done every
time before use. The following are the recipes of three typical cocktails. All quantities are
for one staining reaction with 20 �L of cell suspension. In each recipe, use FACS washing
buffer to bring the volume to 10 �L for each staining.

Recipe A. For quantification of tetramer-binding CD8+ T cells, using a FACScan flow
cytometer (three-color):
PE-tetramer 1 �g
FITC-CD8 (Caltag) 0.7 �L
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TC-CD4 (Caltag) 0.4 �L
TC-CD13 (Caltag) 0.4 �L
TC-CD19 (Caltag) 0.4 �L

Recipe B. For quantification and CD45RA phenotype analysis of tetramer-binding cells,
using a FACScan flow cytometer (three-color):
PE-tetramer 1 �g
TC-CD8 (Caltag) 0.7 �L
FITC-CD45RA (Caltag) 1 �L

Recipe C. For quantification and CD45RA phenotype analysis of tetramer-binding cells,
using a FACS Calibur flow cytometer (four-color):
PE-tetramer 1 �g
APC-CD8 (Caltag) 0.7 �L
FITC-CD45RA (Caltag) 1 �L
TC-CD4 (Caltag) 0.4 �L
TC-CD13 (Caltag) 0.4 �L
TC-CD19 (Caltag) 0.4 �L

3. Add the staining cocktail to the cells, mix by vortexing briefly.
4. Incubate at room temperature in the dark for 30 min.
5. Wash the cells with 5 mL of FACS washing buffer. Pellet the cells by centrifugation at 300g

for 10 min.
6. Remove the supernatant by aspiration. Resuspend cells in 200 �L of 1% paraformaldehyde.
7. Acquire data on a flow cytometer within 24 h.
8. Data analysis: Set gates on small lymphocyte population based on forward scattering and

side scattering, CD8+ population, and CD4−CD13−CD19− population (if these antibodies are
used for negative gating, recipes A and C).

3.2. Functional Analysis: Production 
of IFN-� by Antigen-Specific CD8+ T Cells

1. Aliquot 0.25 mL of freshly collected whole blood into 15-mL conical centrifuge tubes. The
volume of blood and all the reagents used can be scaled up according to expected frequency
of tetramer-binding cells. Critical parameters: For the intracellular cytokine assay,
blood can be collected only with heparin tubes but not EDTA or ACD tubes. Alternately
freshly isolated PBMCs can be used for this assay. In this case resuspend cells in culture
medium at a density of 3 × 106/mL. Blood samples can be stored at room temperature for up
to 24 h before antigen stimulation without significant loss of reactivity.

2. Add 5 �L of 1X BFA solution for every 0.25 mL of blood or cell suspension (final concen-
tration of BFA is 10 �g/mL). Add specific peptide antigen or control peptide at selected con-
centration (usually 0.1–10 �g/mL). Mix by brief vortexing.

3. Incubate for 4 h with the tubes standing upright at 37°C (for whole blood), or in 5° slant at
37°C with 5% CO2 (for PBMCs). After incubation, the samples can be processed immedi-
ately, or stored at 4°C overnight before proceeding to the next step.

4. Add 1/10 volume of 20 mM EDTA to the blood or cell cultures. Incubate at room tempera-
ture for 15 min. Vortex-mix for 10 s to detach cells from the tubes.

5. Add 2 mL of PBS and mix by vortexing to wash the cells. Pellet cells by centrifugation at
500g for 5 min. Carefully remove supernatant by aspiration without disturbing the cells. For
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whole blood samples, leave minimum amount of supernatant over the blood cells; for PBMC
samples, leave approx 20 �L of supernatant. Resuspend cells by vortexing.

6. Add 1 �g of tetramer. Mix by vortexing. Incubate at room temperature in the dark for 
30 min.

7. Wash cells with 5 mL of FACS washing buffer. Pellet cells by centrifugation at 500g for
5 min. Remove supernatant by aspiration. Vortex-mix briefly to resuspend cells.

8. Add 2 mL of 1X FACS lysing solution for every 0.25 mL of whole blood, or 0.5 mL of 1X
FACS lysing solution for PBMC samples. Mix by vortexing. Critical parameters: Cells
must be resuspended completely. Incubate at room temperature in the dark for 10 min (See
Note 2.)

9. Add 5 mL of FACS washing solution. Pellet the cells by centrifugation at 500g for 10 min.
Remove supernatant by aspiration.

10. Add 0.5 mL of 1X FACS permeabilizing solution. Mix by vortexing. Incubate at room tem-
perature in the dark for 10 min.

11. Add 5 mL of FACS washing solution. Pellet the cells by centrifugation at 500g for 10 min.
Remove supernatant by aspiration, leaving approx 20 �L of supernatant. Resuspend cells by
vortex-mixing.

12. Add the following staining cocktail to each tube:

FITC-IFN-� (BD Biosciences) 6 �L
APC-CD8 (Caltag) 0.7 �L
TC-CD4 (Caltag) 0.4 �L
TC-CD13 (Caltag) 0.4 �L
TC-CD19 (Caltag) 0.4 �L

13. Incubate at room temperature in the dark for 30 min.
14. Wash cells with 5 mL of FACS washing solution. Pellet the cells by centrifugation at 500g

for 10 min. Remove supernatant by aspiration.
15. Proceed to steps 6–8 of the basic protocol (see Subheading 3.1.) for data acquisition. (See

Note 3.)

4. Notes
1. Each tetramer and antibody from a different source must be titrated to determine the optimal

staining condition, which should result in the highest specific staining and lowest back-
ground. The quantities listed in this chapter are supposed to serve as a reference for the titra-
tion. As shown in Fig. 1, the use of negative gating helps reduce background. This is
especially important when the expected frequency of tetramer-binding cells is low. There-
fore, it is always desirable to use negative staining antibodies and to dedicate one channel of
the flow cytometer for negative gating.

2. Intracellular staining of cytokines (and other intracellular markers) requires fixation and
permeabilization of cells. In the protocol described here the fixation of lymphocytes is
achieved by treating samples with FACS lysing solution, which fixes the white cells while
lysing the red cells. For some of the cell surface markers fixation does not affect their stain-
ing. These markers can be stained either after fixation and permeabilization, as the staining
for CD8, CD4, CD13, and CD19 described in Subheading 3.2., or be stained before fixa-
tion. In other words antibodies for these cell surface markers can be added together with
anti-IFN-� after fixation and permeabilization, as described in this protocol, or added with
the tetramer before fixation. However, for many other markers fixation may affect staining.
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Therefore whenever there is uncertainty, surface markers should be stained before fixation
of cells.

3. TCRs on activated CD8+ T cells can be down-modulated by stimulation of specific
peptide–MHC complex (11). Down-modulation of TCRs have been shown to affect the stain-
ing intensity of activated CD8+ T cells with tetramers (3,4). The extent of down-modulation
depends on the amino acid sequence of the epitope, the concentration of peptide, as well as on
how long the cells have been stimulated. Under extreme situations the tetramer staining of acti-
vated cells can be completely aborted. Although the TCR down-modulation affects the
tetramer staining of activated T cells, it has no effect on the nonresponsive T cells that carry the
specific TCR. Therefore it should not affect the use of tetramer/cytokine combination staining
for the purpose of identifying nonfunctional or anergic CD8+ T cells specific for the antigen.
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In Vitro Analysis of Hepatitis B Virus Specific CD4+ T Cells

Shilpa Chokshi and Nikolai V. Naoumov

1. Introduction
Chronic infection with the hepatitis B virus (HBV) is estimated to affect 350 million

persons worldwide and continues to be an important cause of morbidity and mortality
(1). It is generally accepted that the host immune response plays a key role in the course
and outcome of HBV infection. In chronic HBV infection the immune responses are
weak, narrowly focused, and impaired. In contrast, effective and long-term control over
viral replication is associated with vigorous HBV-specific T-cell responses (2). Studies
of patients with spontaneous resolution of HBV infection have shown that the activation
of hepatitis B nucleocapsid (HBcAg) specific CD4+ T lymphocytes is a prerequisite for
control over viral replication and hepatitis B surface antigen (HBsAg) clearance (3,4).
This HBcAg protein is the strongest immunogen for HLA class II restricted T-cell
responses, and therefore most assays analyzing the CD4 immune responses in HBV
have focused on this antigen (2,5).

Understanding the heterogeneity of these immune responses in the natural history of
HBV infection as well as differences in the response to antiviral treatment is essential
for improving the management of this disease. This chapter describes four methods that
are currently used for the analysis of HBV-specific CD4+ responses:

1. Proliferation assay.
2. ELISPOT assay.
3. Intracellular cytokine staining.
4. Cytokine secretion assay.

2. Materials
2.1. Proliferation Assay
2.1.1. Equipment 

1. Swing-out centrifuge for cell separation.
2. Class II laminar flow cabinet.
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3. 96-Well plate cell harvester.
4. 37°C/5% CO2 incubator.
5. �-counter with 96-well format.

2.1.2. Reagents 
1. Hepatitis B core antigen: Recombinant (American Reassert Products, MA, USA) (see Note 1).
2. Phytohemagluttinin: Mitogen used as a positive control (Sigma, Poole, UK).
3. Tetanus toxoid: Recall antigen as a positive control.
4. 96-Well tissue culture plates.
5. Human AB serum (see Note 1).
6. Buffered RPMI 1640 media: RPMI 1640 supplemented with 11.5 mL of 1 M 4-(2-hydroxy-

ethyl)piperazine-1-ethanesulfonic acid (HEPES), 3 mL of 1 M sodium hydroxide, penicillin,
and streptomycin.

7. 1 mCi/mL of [3H]thymidine, aqueous solution.
8. Lymphoprep (Nygaard, Oslo, Norway).
9. Cell counting solution for freshly isolated peripheral blood mononuclear cells (PBMCs):

5 mL of acetic acid + 245 mL of distilled water + 100 �L of trypan blue. Caution: Add acid
to water.

10. 1000 IU/mL heparin solution: Sterile pyrogen and preservative-free heparin sodium suitable
for intravenous injection.

11. Normal saline: 0.9% Saline solution suitable for intravenous injection.

2.2. ELISPOT
2.2.1. Equipment 

1. Class II laminar flow cabinet.
2. 37°C/5% CO2 incubator.
3. Stereomicroscope or automated ELISPOT reader system.
4. Multichannel pipet.

2.2.2. Reagents 
1. Hepatitis B core antigen: Recombinant (American Research Products, MA, USA) (see

Note 1).
2. Phytohemagluttinin (Sigma, Poole, UK): Mitogen used as positive control.
3. 96-Well tissue culture plates.
4. Tetanus toxoid: Positive control.
5. ELISPOT kit for human interferon-� (IFN-�) (MabTech, Nacka, Sweden).
6. Polyvinylidene diflouride (PVDFP)-backed microplates (Millipore, MA, USA).
7. Human AB serum (see Note 1).
8. Buffered RPMI 1640 media: RPMI 1640 supplemented with 11.5 mL of 1 M HEPES, 3 mL

of 1 M sodium hydroxide, penicillin, and streptomycin.
9. 5-Bromo-4-chloro-3-indoyl phosphate (BCIP)–nitrotetrazolium blue chloride (NBT) tablets

(Roche, Lewes, UK).
10. Buffers:

a. 70% Ethanol.
b. Phosphate buffered saline (PBS).
c. PBS–0.05% Tween.
d. PBS–1% bovine serum albumin (BSA).
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2.3. Flow Cytometry of Intracellular Cytokine Staining
2.3.1. Equipment 

1. Class II laminar flow cabinet.
2. 37°C CO2 incubator.
3. Flow cytometer.
4. Refrigerated swing-out centrifuge with plate holders.

2.3.2. Reagents 
1. Hepatitis B core antigen: Recombinant (American Research Products, MA, USA).
2. Phorbol myristate acetate (PMA)/ionomycin (Sigma, Poole, UK): Mitogen used as positive

control.
3. 96-Well tissue culture plates.
4. Human AB serum.
5. Brefeldin (Sigma, Poole, UK).
6. PBS.
7. Buffered RPMI 1640 media: RPMI 1640 supplemented with 11.5 mL of 1 M HEPES, 3 mL

of 1 M sodium hydroxide, penicillin, and streptomycin.
8. IFN-� (Pharmingen, CA, USA).
9. Anti-CD4 fluroescein isothiocyanate (FITC) (Pharmingen, CA, USA).

10. Cytofix/Cytoperm (Pharmingen, CA, USA).

2.4. Cytokine Secretion Assay
2.4.1. Equipment 

1. Rotation device for tubes.
2. Class II laminar flow cabinet.
3. 37°C CO2 incubator.
4. Flow cytometer.

2.4.2. Reagents 
1. IFN-� secretion detection kit (Miltentyi Biotech, UK).
2. C2+ and Mg2+-free PBS supplemented with 0.5% BSA and 2 mM EDTA (referred to as buffer

in Subheading 3.)
3. RPMI 1640 containing 5% human AB serum (referred to as media in Subheading 3.)
4. Staining reagents: Anti-CD4 FITC antibody (Pharmingen, CA, USA).
5. For each test prepare 10 mL of cold PBS, 100 �L of cold medium, and 1 mL of warm

medium.

3. Methods
3.1. Proliferation Assay

The activation of CD4+ T lymphocytes begins with the specific recognition of an anti-
gen on the surface of antigen-presenting cells in association with HLA class II mole-
cules. In response to the antigen, recognition-specific CD4+ T cells undergo clonal
expansion, which generates enough antigen-specific cells to handle the foreign antigen.
The proliferation assay utilizes this pathway to assess the virus-specific T-cell responses.
It measures the incorporation of radiolabeled tritiated thymidine ([3H]thymidine) into
newly synthesized DNA, which is directly proportional to the rate of cell division (6,7).
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3.1.1. Preparation of the Tubes for Venipucture
1. Empty vacutainer tubes (10-mL volume) should be prepared by injecting 0.1 mL (100 U) of

preservative-free sodium heparin (1000 IU/mL) through the cap of each tube with a sterile
insulin syringe (see Note 2).

2. Tubes can be prepared up to 2 wk in advance if kept at 4°C after preparation.
3. Draw 10 mL of blood into each prepared vacutainer tube.

3.1.2. PBMC Separation (See Note 3)
1. Dilute the heparinized blood in a 1:1 ratio with normal saline solution.
2. Pour approx 15–20 mL of the blood–saline mixture over 10 mL of Ficoll gradient in a uni-

versal container.
3. First centrifugation at 750g for 20 min at 20°C. Note: Do not use brakes at this stage.
4. Because red blood cells are denser than Ficoll, they sediment to the bottom, while PBMC

remain at the interface (Fig. 1).
5. Syphon off the top plasma layer and discard, then gently suction up the cloudy white PBMC

interface with a sterile Pasteur pipet.
6. Wash the PBMC with buffered RPMI 1640 and centrifuge at 1000g for 10 min.
7. Discard the supernatant and resuspend the cell pellet in a small volume of buffered RPMI

1640 with vigorous pipetting (see Note 4). Add more media to fill the tube and centrifuge at
750g for 10 min.

8. Repeat step 6.
9. Final resuspension of the cell pellet in 3–4 mL of RPMI1640–10% human AB serum (v/v)

10. Count the freshly isolated cells by adding 25 �L of the cell suspension to 475 �L of the
counting solution and counting with a hemocytometer (see Note 5).

11. Count cells in the four quadrants. Divide the total number of cells by 20 to give the concen-
tration of the cells/mL of the suspension. Adjust the cell concentration to 2 ×106/mL in
buffered RPMI–10% human AB serum.

3.1.3. Cryopreservation of PBMCs
1. Twenty minutes prior to use prepare the freezing mix: A solution of three volumes of

buffered RPMI 1640 and two volumes of dimethyl sulfoxide. The mix should be left for at
least 20 min at room temperature before use.

2. Count the cell suspension as described above and then pellet PBMCs by centrifugation at
1000g for 10 min.

3. Resuspend cells in 750 �L of heat-inactivated fetal calf serum per 5–10 × 106 PBMCs and
add 250 �L of freezing mix. For example for 30 × 106 cells resuspend in 2.25 mL of fetal
calf serum and 750 �L of freezing mix.

4. Add 1 mL per cryovial and place vials into a Nalgene freezing container (Mr. Frosty, Merck
BDH, Leicestershire, UK), and freeze at −70°C. This is a specialized reusable freezing con-
tainer for cooling samples at the recommended cooling rate of 1°C/min in preparation for
long-term storage in liquid nitrogen.

5. After 24 h transfer the vials to liquid nitrogen.

3.1.4. Defrosting of Cryopreserved Cells
1. Prepare 20 mL of buffered RPMI supplemented with 20% fetal calf serum per vial of

PBMCs to be defrosted and warm to 37°C in water bath.
2. Remove cells from liquid nitrogen and place on ice. Note: Vials should not be left on ice for

longer than a few minutes.
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3. Defrost the vial by placing in the 37°C water bath for 1–2 min.
4. Quickly transfer contents into the supplemented RPMI and centrifuge at 1000g for 10 min.
5. Discard the supernatant and resuspend cells in media. Count cells by trypan blue exclusion

(see Note 6).

3.1.5. Trypan Blue Exclusion
1. To 190 �L of trypan blue (0.1% solution) add 10 �L of cell suspension.
2. Load into a hemocytometer and count only the white cells in two diagonal quadrants. The

blue cells are dead cells.
3. Multiply the number of cells in the two quadrants by 105 to give the number of cells per milli-

liter of cell suspension.

3.1.6. Proliferation Assay (See Note 7)
1. Adjust the cell concentration to 2 × 106 PBMCs/mL.
2. Prepare antigens at working concentrations in buffered RPMI–10% human AB serum as

shown in Table 1.
3. Use the sterile 96-well, flat-bottomed microtiter tissue culture plates with lids (Merck BDH,

Leicestershire, UK).
4. To 100 �L of antigen add 100 �L of the cell suspension (200,000 cells).
5. Incubate at 37°C/5% CO2/100% humidified air for 5 d.

Fig. 1. Ficoll gradient separation of mononuclear cells from heparinized whole blood.

Table 1

Well Antigen Working concentration Final concentration in well

1 No antigen Medium only Medium only
2 HBcAg 2 �g/mL 1 �g/mL
3 Tetanus toxoid 1 �g/mL 0.5 �g/mL
4 PHA 2 �g/mL 1 �g/mL
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3.1.7. Thymidine Incorporation (See Note 8)
1. Following incubation of the plates add 0.5 mCi of [3H]thymidine (in 50 �L of RPMI 10%

human AB serum) to each well.
2. Prepare [3H]thymidine at a concentration of 10 mCi/mL.
3. Reincubate for 16 h at 37°C/5% CO2/100% humidified air.
4. The cells are washed and collected onto glass fiber filters using an automated 96-well format

cell harvester (Tomtec, Wallac Oy, Turku, Finland).
5. The amount of radiolabel incorporated into the DNA is measured by a direct �-counter

(TriLux, Wallac Oy, Turku, Finland) (see Note 9).

3.2. Frequency of Hepatitis B Core Specific CD4+ T Cells 
(IFN-� ELISPOT Assay)

The ELISPOT (enzyme-linked immunospot) assay is used for the detection and
quantitation of individual cells secreting specific cytokines in response to an antigenic
stimulus (8). The ELISPOT assays are reproducible and sensitive and can be used to
monitor antigen-specific CD4+ or CD8+ T cells with frequencies of well below
1:300,000.

This section describes the procedure for the detection of HBcAg-specific IFN-� pro-
ducing cells. The detection of interleukin-4 (IL-4), IL-5, and IL-10 can also be per-
formed using the appropriate antibody kits (see Note 10).

3.2.1. Day 1: Stimulation of the Cells (See Note 11)
1. The PBMCs are prepared as described in Subheading 3.1. (see Note 12).
2. The protocol will be split over the 3 d required to perform the assay (Fig. 2).
3. Adjust cell concentration to 2 × 106 PBMC/mL.
4. Prepare antigens at working concentrations in buffered RPMI–10% human AB serum as

shown in Table 2.
5. Add 100 �L of each antigen per well in triplicate to a round-bottom 96-well tissue culture

plate (see Note 13).
6. Add 100 �L of PBMC suspension at 2 × 106/mL to each experimental well.
7. Incubate the plate(s) for 26 h at 37°C in a CO2 incubator.

3.2.2. Day 2: Preparation of ELISPOT Plate
1. Add 100 �L of 70% ethanol to the required wells of the ELISPOT 96-well plate (see

Note 14).
2. Incubate the plate for 15 min at room temperature.
3. Add 200 �L of sterile PBS to each well using a multichannel pipet, flick off PBS, and blot

the plate on tissue thoroughly to remove all PBS. Repeat this wash step a further five times
(see Note 15).

4. Add 100 �L of capture antibody to each experiment well.
5. Incubate at 4°C for 6 h in the dark
6. Wash each well with 200 �L of sterile PBS using a multichannel pipet. Perform six washes.
7. Add 100 �L of buffered RPMI/10% human AB serum to block the membrane and incubate

plate(s) for 1 h at 37°C in a CO2 incubator.
8. Flick off buffered RPMI/10% human AB serum and blot the plate.
9. Transfer PBMCs prepared on d 1 to corresponding wells on the ELISPOT plate (see Note 16).

10. Incubate the plate(s) for 20 h at 37°C in a CO2 incubator (see Note 17).
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Table 2

Well Antigen Working concentration Final concentration in well

1 No antigen Medium only Medium only
2 HBcAg 4 �g/mL 2 �g/mL
3 Tetanus toxoid 1 �g/mL 0.5 �g/mL
4 PHA 2 �g/mL 1 �g/mL

Fig. 2. A schematic representation of the principle of the ELISPOT assay and the stages
involved.
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3.2.3. Day 3: Development
1. Flick cells off and wash the ELISPOT plate with PBS/0.05% Tween; repeat.
2. Wash two times with PBS.
3. Wash two times with distilled water.
4. Prepare a 1 �g/mL concentration of biotinylated anti-IFN-� antibody in PBS–1% BSA.
5. Add 100 �L of antibody to each experiment well of the ELISPOT plate.
6. Incubate for 2 h at room temperature.
7. Wash five times with PBS/ 0.05% Tween.
8. Wash two times with PBS.
9. Prepare 1:1000 dilution of the streptavidin–alkaline phosphatase conjugate in PBS/1%

BSA.
10. Add 100 �L of streptavidin solution to each experiment well of the ELISPOT plate.
11. Incubate for 1.5 h at room temperature.
12. Wash six times with PBS.
13. Wash once with distilled water.
14. Prepare the BCIP/NBT tablet (Roche, Lewes, UK) solution by adding one tablet to 10 mL of

distilled water.
15. Add 100 �L of BCIP/NBT solution to each experiment well of the ELISPOT plate.
16. Allow color to develop until either:

a. Spots appear in PHA control wells or
b. as soon as background staining appears.

At this point flick off the BCIP/NBT solution and immerse in tray of tap water.
17. Flick off water and rinse thoroughly under running water. Ensure each well is filled and emp-

tied at least five times.
18. Blot dry, remove plastic base, and dry inverted.
19. Read plate in automated ELISPOT reader or stereomicroscope (Fig. 3) (see Notes 18 and 19).

3.3. Frequency of Hepatitis B core specific CD4+ T Cells by Intracellular
Cytokine Staining for IFN-�

Recent advances have led to the development of immunofluorescent staining
reagents and flow cytometric techniques that facilitate the study of individual cytokine-
producing cells within a specific cell population. By using flow cytometry individual
cells can be simultaneously analyzed for several parameters including cell size and
granularity, as well as coexpressed levels of surface and intracellular markers defined
by fluorescent antibodies.

1. Adjust concentration of PBMC to 3 × 106/mL in buffered RPM/10% heat-inactivated fetal
calf serum (see Note 20).

2. Add 100 �L of cell suspension per well of a round-bottomed 96-well plate for each antigen.
3. Prepare antigens as shown in Table 3.
4. Add 100 �L of appropriate antigen or medium control (see Notes 21 and 22).
5. Add brefeldin a (10 �g/mL) to all wells (see Note 23).
6. Incubate plate for 6 h in a 37°C 5% CO2 incubator.
7. Centrifuge the plate at 750g for 5 min.
8. Resuspend cells in 100 �L of cold PBS/1% FCS.
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Table 3

Well Antigen Working concentration Final concentration in well

1 No antigen Medium only Medium only
2 HBcAg 4 �g/mL 2 �g/mL
3 PMA 100 ng/mL 50 ng/mL
4 Ionomycin 2 �M 1 �M

Fig. 3. Results of the ELISPOT assay, as analyzed with an automated ELISPOT reader (AID,
Strasberg, Germany). Each spot represents a CD4+ T cell secreting IFN-� in response to stimula-
tion by medium alone (A), HBcAg (B), and PHA (C).

9. Add 3 �L of anti-CD4 FITC antibody to each well.
10. Incubate on ice, in the dark for 20 min, and add 100 �L of PBS/1% FCS. Centrifuge at 750g

for 5 min.
11. Resuspend in 100 �L of 1X Cytofix/Cytoperm (Pharmingen, CA, USA) and incubate on ice,

in the dark for 20 min (see Notes 24 and 25).
12. Add 100 �L of 1X perm wash. Centrifuge at 750g for 5 min. Resuspend cells in a 1:5 dilu-

tion of anti-IFN-� PE antibody (Pharmingen, CA, USA) or isotype control diluted in 1X
perm wash.

13. Incubate on ice, in the dark for 30 min and add 100 �L of PBS–1% FCS.
14. Centrifuge at 1400 rpm (750g) for 5 min.
15. Resuspend cells in 50 �L of cold PBS–1% FCS. Repeat steps 14 and 15.
16. Collect cells on a flow cytometer.
17. Acquisition of 10,000–100,000 events is recommended.
18. A lymphocyte gate based on forward scatter and side scatter (FSC/SSC) properties should be

activated prior to further gating to improve the sensitivity of the analysis.

3.4. Cytokine Secretion Assay
The cytokine secretion assay allows the detection, isolation, and analysis of live

antigen-specific cytokine-secreting T cells. This assay allows the detection of very-low-
frequency cells—up to 1 in 600,000 PBMCs. The kits involve the specific labeling of
the cells followed by flow cytometric analysis. The advantage of using the cytokine
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secretion assay is that it allows the isolation of viable antigen-specific T cells post-
analysis, which can be enriched and used for down-stream applications.

This section describes the procedure for the detection of HBcAg-specific IFN-� pro-
ducing cells. The detection of other cytokines may also be performed using the appro-
priate kits.

3.4.1. Stimulation of the Cells (See Note 20)
1. Prepare antigens as shown in Table 4 (see Notes 26 and 27).
2. Adjust the PBMC concentration to 1 × 107/mL and incubate 100 �L of cell suspension for

each antigen in a 96-well tissue culture plate for 16–18 h; see Table 4.

3.4.2. Labeling of Cells with IFN-� Catch Matrix (See Note 28)
1. Transfer cells from 96-well tissue culture plate to Eppendorf tubes and wash cells by adding

1–2 mL of cold buffer.
2. Centrifuge at 300g for 10 min at 4–8°C, and remove supernatant completely.
3. Resuspend the cell pellet in 90 �L of cold medium.
4. Add 10 �L of IFN-� Catch reagent provided in the kit, mix, and incubate on ice for 5 min.
5. Add 1 mL of warm (37°C) medium to cells.
6. Incubate cells for 45 min at 37°C under slow continuous rotation.

3.4.3. Labeling of cells with IFN-� Detection Antibodies
1. Fill tubes with cold buffer.
2. Centrifuge at 300g for 10 min at 4–8°C and remove the supernatant completely.
3. Resuspend the cell pellet in 90 �L of cold medium.
4. Add 10 �L of IFN-� detection antibody (PE) reagent provided in the kit, and add anti-CD4-

FITC antibody.
5. Mix well and incubate for 10 min on ice.
6. Wash cells by adding 1 mL of cold buffer.
7. Centrifuge at 300g for 10 min at 4–8°C and remove supernatant completely.
8. Repeat steps 6 and 7.

Fig. 4. Intracellular staining for IFN-� producing T cells. PBMCs were stimulated with PMA
(50 ng/mL) and calcium ionophore (250 ng/mL). (Left) Control; (right) in the presence of pro-
tein transport inhibitor (GolgiStop). Cells were stained with Cy-chrome labeled anti-CD3 and
FITC-labeled anti-human IFN-� and analyzed by flow cytometry.
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9. Resuspend the cell pellet in 50 �L of cold buffer and transfer to FACS tubes for flow cyto-
metric analysis.

3.4.4. Detection/Analysis of Antigen Specific Cells
1. Propidium iodide (PI) should be added just prior to flow cytometric analysis (see Note 29).
2. Acquisition of 10,000–100,000 events is recommended.
3. A lymphocyte gate based on forward scatter and side scatter (FSC/SSC) properties should be

activated prior to further gating to improve the sensitivity of the analysis.
4. Upon activation of the lymphocyte gate, dead cells have to be gated out according to PI flu-

orescence in a FL2 vs FL3 plot.

4. Notes
4.1. Proliferation Assay

1. The AB serum and the recombinant HBcAg must be batch tested as they are prone to inher-
ent variability. Both items can cause high background reactivities in normal patients. For the
AB serum the company may provide a panel of human AB serum, which should be tested in
a range of normal subjects to determine the lot that has the lowest background. The same is
true for the antigen—in a recent study we tested a panel of recombinant HBcAg preparations
from six different commercial sources and found that some induced a proliferative response
in normal patients which may be due to very high levels of endotoxin in the preparation.

2. Only preservative-free sodium heparin should be used as the anticoagulant for the blood, as
EDTA and other heparin preparations seem to affect the overall performance of the assay.

3. As with any tissue culture, particular care must be taken to ensure aseptic techniques are
adhered to strictly.

4. The adequate resuspension of the cell pellets during the procedure of PBMC separation is
vital to avoid clumps, which may mask any potential response.

5. Counting solution should only be used for freshly isolated PBMCs where the viability is
always 100%. The advantage of using counting solution for freshly isolated PBMCs is that
the acetic acid in the solution causes the rupture of red blood cells, allowing accurate counts
of PBMCs. Counting solution should not be used for frozen cells for two reasons: First and
most important, counting solution does not assess the viability of the cells. Second, during
the freezing of the cells all contaminating red blood cells are lysed and therefore do not pose
a problem during counting.

6. The assay can be performed on cryopreserved cells but trypan blue exclusion test must be
performed on the cells. If the viability of the cells falls below 95%, the assay is not reliable.

7. This assay should be run with a minimum of three replicates to reduce variability.
8. Care must be taken when using radioactivity—gloves and laboratory coats should be worn.

Local radioactive regulations should be adhered to.

Table 4

Well Antigen Working concentration Final concentration in well

1 No antigen Medium only Medium only
2 HBcAg 20 �g/mL 10 �g/mL
3 Tetanus toxoid 20 �g/mL 10 �g/mL
4 SEB 2 �g/mL 1 �g/mL
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9. Generally, the results of the proliferation assay are expressed as a Stimulation Index, which
is calculated by dividing the mean counts per minute for the antigen-stimulated cultures by
that of the control cultures (PBMCs with medium only). An SI greater than two times the
mean plus two standard deviations for a group of healthy controls and patients with other
liver diseases is considered significant.

4.2. ELISPOT Assay
10. Problems have been encountered with the performance of IL-10 ELISPOT kits. Very high

backgrounds can be encountered in some healthy controls and patients, which is thought to
be due to monocyte IL-10 production and/or to nonspecific activation of the T cells from the
membrane. This variability in the background makes the analysis of the virus-specific pro-
duction of IL-10 very difficult. Other assays such as the intracellular cytokine detection or
the cytokine secretion assay may be more appropriate for the detection of IL-10.

11. As with any tissue culture, care must be taken to ensure aseptic techniques are adhered to
strictly on d 1 and 2 of the protocol after which the assay can be performed on the bench.

12. The assay may perform better with cryopreserved cells (reduction of background spots in the
medium-only wells) but trypan blue exclusion testing must be performed on the cells. If the
viability of the cells falls below 95%, the assay is not reliable.

13. This assay should be run with a minimum of three replicates to reduce variability.
14. The soaking of the membrane with 70% ethanol for 15 min is very important to retain the

integrity of the spots when trying to count.
15. The wash steps in this protocol are crucial and must be strictly adhered to.
16. Stimulation of the cells by the antigen in the ELISPOT plates on d 1 is not recommended as

it leads to very high background in the medium-only wells.
17. Once the cells are plated care should be taken to not move the plate around, as this leads to

fuzzy spots and trails of spots.
18. Counting of the spots is recommended to be done by using the automated ELISPOT reader.

If this is not available, all plates must be counted by two independent observers, as there can
be substantial interindividual variation when using the stereomicroscope.

19. Each spot represents an antigen-specific IFN-� producing cell. Results are generally
expressed as the number of spot forming cells (SFC) per million PBMCs. As there are
200,000 PBMCs in this assay, the number of SFC is multiplied by 5 to get the SFC/106

PBMCs.

4.3. Intracellular Cytokine Staining
20. As with any tissue culture, care must be taken to ensure sterile aseptic techniques are

adhered to strictly.
21. For each test sample it is strongly recommended that a control (no antigen), a test peptide

and a positive control are used.
22. It is also advised to use an isotype antibody as a control. This is a fluorochrome conjugated

antibody of irrelevant specificity, which has an identical immunoglobulin (Ig) isotype to the
anti-cytokine antibody being stained. The Ig isotype control shows the inherent staining
background and thus can be used as a negative staining control.

23. Another factor that is very important is the use of a protein transport inhibitor—brefeldin.
Without brefeldin the cells will not accumulate high levels of intracellular cytokine, and thus
very little if any will be detected.
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24. A common problem is the adequate permeabilization of cells. All antibodies for the intracel-
lular staining must be diluted in solutions containing a permeabilization agent—saponin.
Failure to do so results in reduced permeability and decreased staining.

25. Cell fixation prior to staining intracellularly is mandatory. If the cells are exposed to a staining
buffer containing saponin prior to being fixed with paraformaldehyde, they will lyse and die.

4.4. Cytokine Secretion Assay
26. Mitogens such as phytohemagglutinin (PHA) or PMA/ionomycin are not recommended as

positive controls as the resulting extremely high frequencies of IFN-� secreting cells do not
allow conclusions on the performance of the assay—tetanus toxoid or cytomegalovirus
(CMV) antigen may be more suitable.

27. A control sample incubated without antigen should always be included.
28. Work fast, keep cells cold (exception during secretion period), precool and prewarm media

or buffers prior to starting experiments.
29. Use PI to exclude dead cells.
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Induction of Humoral and Cellular Immune Responses 
to Hepatitis Delta Virus Through DNA Immunization 
in BALB/c Mice

Ren-Shiang Lee, Shih-Jer Hsu, Li-Rung Huang, Hui-Lin Wu, 
Shiou-Lin Lin, Ding-Shinn Chen, and Pei-Jer Chen

1. Introduction
“Current regimens (interferon) to treat hepatitis D patients have only transient but no

lasting effects (1).”
Hepatitis delta virus (HDV) is a small-satellite single-stranded RNA virus that

requires helper hepatitis B virus (HBV) to provide surface antigen (HBsAg) for assem-
bly. The HDV virion particle can infect or superinfect in acute or chronic hepatitis B
patients (2) and can cause acute hepatitis or rapidly progressive chronic disease (3,4).
The only current drug used to treat chronic HDV infection is interferon (1), although it
must be used at a high dosage for a long duration (5). However, interferon benefits only
a minority of patients and relapses often take place after discontinuation. Another drug,
lamivudine, which is a potent inhibitor of HBV DNA replication, currently is used to
treat chronic HBV patients. It has been used in clinical trail for HBV HDV chronic
patients, but it does not effectively control disease activity (6). Until now there has been
no effective treatment or vaccine against acute or chronic HDV infection.

It has been reported that the immune response plays an important role in the pathogen-
esis of HDV infection (7). HDV is not directly cytopathic, because expression of both
large hepatitis delta antigen (L-HDAg) and small hepatitis delta antigen (S-HDAg) in
cells is not cytopathic and in HDV transgenic mice does not cause liver disease (8). Other
studies showed that patients who recovered from HDV infection had a significant T-cell
proliferation response to HDV synthetic peptides, suggesting that the cellular immune
response of patients might determine disease activity after HDV infection (9). A recent
cohort study showed that HDV chronic patients with anti-HDV antibodies (Abs) have
increased HBsAg clearance ability compared to HBsAg carriers without HDV infections
(10). It is conceivable that an alternative way to treat chronic HDV infection would be to
augment patient’s cellular and humoral immune responses to HDV or HBV.
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Current available vaccines can be used successfully in the prevention of various
infectious diseases by inducing long-lived Ab immune responses against these
pathogens. However, for agents that infect intracellularly and require cell-mediated
immunity, such as the pathogens of tuberculosis, malaria, leishmaniasis, and human
immunodeficiency virus infection, Ab-mediated immune responses are not effective in
protecting against these diseases. For HDV, the induction of anti-delta Ab is also not
effective as the target antigen is inside the HBV envelope and not accessible. For these
reasons, a new type of vaccination, using DNA that contains the gene encoding the anti-
gen of interest for therapeutic applications, is under intensive investigation because of
to its ability to induce long-lived immune responses, both humoral and cellular, against
tumors and many viral infections in various animal models (11).

A plasmid DNA vaccine should include a minimum of five basic components: (1) an
origin of replication to allow growth in bacteria (for this purpose the most commonly
used is the Escherichia coli Co1EI origin of replication in pUC plasmids because it pro-
vides high copy numbers in bacteria); (2) a bacterial antibiotic resistance gene that
allows for plasmid selection during bacterial culture (the ampicillin and kanamycin re-
sistance genes are most commonly used in mice and human studies, respectively); (3) a
strong promoter for optimal expression in mammalian cells (for this, virally derived
promoters such as from cytomegalovirus [CMV] or simian virus 40 provide the greatest
gene expression); (4) an antigenic sequence that is controlled by the strong promoter
and expresses the antigen for inducing the immune response; and (5) stabilization of
mRNA transcripts, achieved by incorporation of polyadenylation sequences such as that
from bovine growth hormone (BGH) or simian virus 40 (11).

There are various routes to immunize an animal with DNA vaccines, and the most
common way is to inject DNA into muscle (11). It has been shown recently that applying
electric pulses (electroporation) to DNA-injected muscle greatly augments DNA uptake
and gene expression (12). The induction of 100-fold antibody response was also
observed in electroporation-treated mice compared with untreated mice after a single
dose of 20–200 ng of DNA (13). In this chapter we focus on describing a protocol for
DNA immunization in BALB/c through intramuscular injection with or without electric
pulses. We also describe how to measure the cellular and the humoral immune responses
after HDV cDNA vaccination. We used different plasmid DNA constructs encoding hep-
atitis delta antigen (HDAg) under the control of CMV early promoter or mutant HDV
cDNA capable of persistent viral replication and small delta antigen expression as vac-
cines to induce immune responses against HDV in BALB/c mice. Recently, Huang et al.
reported that immunization with the plasmid DNA, pD, encoding L-HDAg and the plas-
mid DNA, pS/pD encoding both HBV HBsAg and HDV L-HDAg, can induce humoral
and T-helper-1 (Th1) cellular immune responses in BALB/c mice (14). We have obtained
similar results with our plasmid DNA constructs (Fig. 1; see Subheading 2.).

1.1. Humoral Immunity Induced 
in HDV DNA Vaccine Immunized BALB/c Mice

There are great differences in immune responses elicited by current conventional
protein vaccines (or live virus infection) compared to DNA vaccination in immunized
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animal. Generally, an Ab response induced by DNA vaccine is less rapid, with lower
titers and avidity (15–18). However, in a kinetic study comparing the induction of Ab
response after intradermal (id) immunization with DNA encoding ovalbumin (OVA)
and OVA protein, there was no difference in total OVA-specific Ab production at 2 or 4
wk post-vaccination. Moreover, the Ab induced by DNA immunization in this study
had a higher avidity than that induced by OVA protein (19). The authors of this study
had also shown that the routes of immunization could play an important role in direct-

Fig. 1. Construction of DNA vaccines. All antigen coding sequences were subcloned with
suitable restriction enzymes into multiple cloning sites of pcDNA3.1(+) vector under the control
of the CMV early promoter. Two plasmid constructions for DNA vaccine against HDV and one
plasmid for DNA adjuvant vaccine are described. (A) pdw contains an open reading frame (ORF)
of wild-type small delta antigen (S-HDAg) sequence. (B) pDm2 contains a tandem dimer of
small delta antigen (S-HDAg) ORF sequence with an insertion of adenine after the stop codon of
S-HDAg sequence. The additional adenine creates another stop codon even if the original stop
codon is mutated by RNA editing. This plasmid can synthesize a tandem dimer of HDV genomic
RNA that is capable of self-replication in vivo, but it cannot form HDV particles with HBV sur-
face antigen because of its inability to synthesize L-HDAg because of the additional stop codon
(18). (C), pmGM-CSF contains a mouse GM-CSF ORF sequence also under the control of the
CMV early promoter in the pcDNA3.1(+) vector.
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ing different isotypes of Ab production. Intradermal immunization of DNA induced
predominantly IgG1 with high avidity, whereas intramuscular (im) injection produced
IgG2a of lower avidity (19).

Plasmid DNA vaccination can induce different subtypes of Abs including IgG, IgM,
and IgA. Cytokines such as interleukin-4 (IL-4) and interferon-� (IFN-�) favor IgG1
and IgG2a production, respectively. DNA vaccination generally enhances induction of
Th1 cytokine IFN-�, which is biased toward isotype IgG2a production. A general prop-
erty of DNA vaccination in mice has been that DNA encoding secreted antigen gener-
ated higher levels of IgG1 than did membrane-bound antigen (20). According to our
observation, vaccination with the plasmid expressing only small delta antigen, pdw (see
Subheading 2.) through im injection cannot induce any detectable anti-HDAg Ab
response. In contrast, vaccination in the same way with another plasmid pDm2 (see
Subheading 2.), which in addition to encoding for S-HDAg is also capable of replica-
tion in vivo, can induce different subtypes of anti-S-HDAg IgG Abs. The anti-HDAg
Abs could be detected at wk 4 post-immunization and the Ab titer peaked at the 10th or
12th week post-immunization, then decreased slightly (Fig. 2). The Ab titer was main-
tained for a long duration (26 wk) (not shown). Moreover, when we analyzed IgG iso-
types from total induced IgG, we found the isotype IgG2a to be dominant in most cases
(Fig. 3). However, we did not directly compare the isotypes of Abs induced in mice
immunized with DNA encoding HDAg or with recombinant HDAg protein at the same
time. Nevertheless, we did make anti-HDV monoclonal Abs through intraperitoneal
immunization with recombinant HDAg protein in BALB/c mice and we found that all
of the selected monoclonal Abs were IgM and IgG (data not shown). Furthermore, in
these high titer anti-S-HDAg Abs, the majority is isotype IgG2b and the minority is iso-
type IgG1, but there was not any isotype IgG2a Ab (P. Ou-Yang, P. J. Chen, and B. L.
Chiang, unpublished data), which is very different from the Abs (IgG2a dominant)
induced through DNA vaccination.

In addition, we also found that coimmunization with the adjuvant plasmid pmGM-
CSF encoding mouse GM-CSF could enhance the production of anti-S-HDAg Ab in
BALB/c mice in DNA immunization at low dose (1 �g/mouse), but there was no sig-
nificant enhancement of the anti-S-HDAg Ab production with a high dose (100
�g/mouse) of pDm2 (Fig. 4).

1.2. Cellular Immunity Induced 
in HDV DNA Vaccine Immunized BALB/c Mice

Cellular immunity consists of CD8+ cytotoxic T lymphocytes (CTL) and CD4+ helper
T lymphocytes. Activated CD4+ T lymphocytes play a critical role in immune responses
(1) by promoting B lymphocyte survival and inducing Ab production through CD40 lig-
and (CD40L)–CD40 interaction (21); (2) by providing helper function to CD8+ cytotoxic
T lymphocytes through IL-2 production and/or through CD40L–CD40 costimulation
(22–24); and (3) through secreting different kinds of cytokines that have profound
immunoregulatory effects in many disease states. In this regard, based on their produc-
tion of certain cytokines, the activated CD4+ T lymphocytes can be categorized into two
distinct subsets: those that exclusively produce IFN-� are Th1 lymphocytes and those
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that exclusively produce IL-4, IL-5, and IL-13 are T-helper-2 (Th2) lymphocytes (25).
Preferential induction of Th1 immune response by DNA vaccination has been demon-
strated in several infectious disease models. For example, DNA vaccination with only
CpG oligodeoxynucleotides could strikingly enhance IFN-� and diminish IL-4 produc-
tion in BALB/c mice that were already infected with Leishmania major, suggesting that
Th1-type responses could be induced in the course of ongoing Th2 responses (26). Fur-
thermore, in allergic or asthmatic diseases, an ongoing Th2 response could be prevented
or limited by a Th1 response generated by DNA immunization (27). In a rat model of
allergic hyperresponsiveness, it was shown that injection of plasmid DNA encoding a
house dust mite allergen prevented the induction of IgE and reduced airway hyperreac-
tivity (28). As noted previously, immunization with the plasmid DNA (pD) encoding
L-HDAg or the pS/pD encoding defined previously and L-HDAg could induce T-cell
proliferation response to HDAg (14). Moreover, pD or pS/pD immunized mice showed
an increase of IL-2 and IFN-� production from splenocytes stimulated with HDAg in
comparison with pcDNA3 vector immunized mice, but there was no significant change
in detectable IL-4 (14). However, in this study, the authors did not show whether immu-

Fig. 2. Kinetics of anti-S-HDAg IgG antibody responses of BALB/c mice immunized with
HDV small � antigen expression vectors pdw and pDm2. BALB/c mice were pretreated with car-
diotoxin 6 or 7 d before three consecutive intramuscular immunizations on d 0, 14, and 28 with a
high dose (100 �g per mouse, 50 �g in 50 �L per injection) or a low dose (1 �g per mouse, 0.5
�g in 50 �L per injection) of plasmid DNA into quadriceps muscles of both hindlegs. Mice were
bled every 2 wk after immunization. Anti-S-HDAg IgG antibody responses were analyzed by
ELISA. Results, indicated as the mean ± standard error of individual log10 titers, are obtained
from six mice per time point.
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Fig. 3. Kinetics of anti-S-HDAg IgG antibody responses of BALB/c mice coimmunized with
HDV small � antigen expression vector pDm2 with or without mouse GM-CSF expression vector
pmGM-CSF. BALB/c mice were immunized and bled as described in Fig. 2.

Fig. 4. Analysis of anti-S-HDAg IgG isotype antibodies induced in pDm2-pmGM-CSF coim-
munized mice. Results shown were obtained from individual serum of the 12th week shown in
the Fig. 3 and analyzed by IgG1 and IgG2a isotyping ELISA.
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nization with plasmid DNA encoding only S-HDAg could induce an immune response.
From our observation, immunization with pDm2, which can replicate in vivo and which
contains a dimer of mutated L-HDAg gene encoding only S-HDAg, could induce
humoral immune responses in all immunized mice and cellular immune responses in
some immunized mice. But a simple plasmid, pdw, which contains only S-HDAg gene,
could not induce any anti-HDAg immune response. Our results showed that vaccination
with pDm2 could induce detectable anti-S-HDAg humoral responses 4 wk after the first
injection (Fig. 4). In some immunized mice, T-cell proliferation (Fig. 5) and CTL
responses (Fig. 6) to S-HDAg could also be demonstrated.

Many questions still remain with respect to the non-induction of T-cell immune
responses, but anti-S-HDAg humoral responses occurred in all immunized mice. Gen-
erally, CD4+ T-cell response should take place before Ab production in the T-dependent
B cell immune response. In our experience, T-cell proliferation and CTL against S-
HDAg could be detected only 1 or 2 wk after the first or the second booster (Figs. 5 and
6), but were never found later (not shown). The maximum induction of anti-S-HDAg
Abs in immunized mice was always found 10–12 wk after the first plasmid DNA injec-
tion (Figs. 2 and 3). Moreover, in mice that had T-cell proliferation or CTL responses,
we have never detected any anti-S-HDAg Ab in serum, and, vice versa, we have never
found T-cell response in mice which already produced detectable anti-S-HDAg Ab in
the serum. It seems that our data could correspond with the T-dependent B cell response
in BALB/c mice immunized with plasmid DNA vaccine against HDV.

2. Materials
2.1. Special Equipment

1. Animal care-accredited facility.
2. Sterile laminar flow cabinet.
3. Microscope.
4. Scissors and forceps, kept in sterile beaker with 70% ethanol.
5. Electro Cell Manipulator (ECM 830, BTX, San Diego).
6. Genetrodes for in vivo electroporation (Model 508, BTX).
7. Low-speed centrifuge.
8. 37°C, 5% CO2 humidified incubator.
9. Enzyme-linked immunosorbent assay (ELISA) reader (Emax, Molecular Devices).

10. 137Cs 637 irradiator (No. IBL 637, CISBIO International).
11. Cobra 5003 �-counter (Packard).
12. 96-Well cell harvester (Filtermate 196, Matrixfilter, Packard).
13. �-Counter (Matrix 96 direct �-counter, Packard).

2.2. Disposables
1. 25-mL and 75-mL cell culture flasks (Costar or Nunc).
2. 96-Well microtiter U-bottomed and flat-bottomed plates (Costar or Nunc).
3. 1.0-mL sterile syringe with 27-gauge needle (Terumo).
4. 10-mL sterile syringe without needle (Terumo).
5. 15-mL and 50-mL conical centrifuge tubes (Falcon, Becton-Dickinson).
6. 51Cr counting tubes (No. 55.476, Sarstedt, Germany).
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7. Sterile pipets.
8. 25-Gauge Teflon tube.

2.3. Animals
Female BALB/c mice, 5–6 wk old, are used and housed in an animal care accredited

facility. Before manipulation, mice should be anesthetized by intraperitoneal injection
with 100 �L of 2 mg/mL of Acepromazine-maleate (Fermenta Animal Health, USA). The
skin overlying the quadriceps muscle of mice should be shaved before immunization.

2.4. Plasmid DNA
All antigen coding sequences in DNA vaccines used in this study were subcloned

into multiple cloning sites of the pcDNA3.1(+) vector under the control of the CMV
early promoter (Fig. 1).

Fig. 5. Comparison of specific T-cell proliferative responses induced in pDm2 immunized
mice and naïve mice. BALB/c mice, pretreated 7 d prior to immunization with cardiotoxin, were
immunized intramuscularly with 100 �g of pDm2 on d 0 and d 14. On d 21, naïve and immunized
mice were killed and spleens were ablated to isolate single-cell splenocytes. Splenocytes were
counted and distributed into a 96-well microplate at a concentration of 2 × 105 cells/well and cul-
tured with different concentrations of recombinant S-HDAg and ovalbumin as antigens. After 66-
h culture, 1 �Ci of [3H]thymidine was added into each well and the plate was incubated for an
additional 6 h, then cells were harvested on the membrane. The incorporation of [3H]thymidine in
proliferative cells was counted with a �-counter. The data expressed were obtained from one
mouse of each group. The stimulation index* (SD) showed mean values (cpm) of triplicate cul-
tures subtracted for background in the absence of antigen.



Fig. 6. Induction of CTL responses by pDm2 DNA vaccination. BALB/c mice, pretreated 7 d
prior to immunization with cardiotoxin, were immunized intramuscularly with 100 �g of pDm2
on d 0 and d 14. On d 21 naïve and immunized mice were killed and spleens were ablated to iso-
late single-cell splenocytes. The splenocytes of naïve mice (A) and pDm2 immunized mice (B)
were stimulated in vitro with P815-HDAg cells for 5 d and then tested on 51Cr-labeled P815 and
P815-HDAg target cells. The data expressed in the figure were obtained from one representive
mouse of each group. For the inhibition of MHC I-restricted CTL activity assay shown in C, tar-
gets cells were incubated with medium alone or with anti-H-2 Kd (2 �g/mL) for 30 min before
loading to mix with CTL at a 50:1 effector/target (E:T) ratio.

119
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1. The plasmid pdw contains a wild-type small delta antigen (S-HDAg) open reading frame
(ORF).

2. The plasmid pDm2, derived from pSVLDm2, contains a tandem dimer of mutated L-HDAg
sequence encoding only S-HDAg. This plasmid is capable of self-replication in vivo but it
cannot form HDV particle with HBV surface antigen, because the L-HDAg is essential for
HDV virion assembly (29,30).

3. The plasmid pmGM-CSF containing mouse GM-CSF coding sequence was also used (Fig. 1).
4. The prokaryotic expression vector pET15a, which was used for cloning the S-HDAg coding

sequence, was obtained from Novagen, and this vector contains an N-terminal His-Tag
sequence allowing the purificaiton of the recombinant protein from a nickel-chelating resin
affinity column (Ni-NTA Agarose, QIAGEN, cat. no. 30230, GmbH Germany).

2.5. Chemicals
1. Isopropyl �-D-thiogalactopyranoside (IPTG) (Sigma, cat. no. I6758), an inducer of lac pro-

moter, is used to induce expression of recombinant protein in E. coli host.
2. Cardiotoxin, an agglutinin purified from the venom of the Naja snake (Naja naja kaouthia)

(Sigma, cat. no. L8648), is used to induce a local inflammation in an animal.
3. Lectins such as Leukoagglutinin (PHA-L) (Sigma, cat. no. L4144) and concanavalin A (Con

A) (Sigma, cat. no. C5275) are used to activate T-cell proliferation in vitro.
4. 2,2'-Azino-bis(3-ethylbenthiazoline-6-sulfonic acid) (ABTS) (Sigma, cat. no. A1888) is

used as a soluble substrate for horseradish peroxidase (HRP) in ELISA applications.
5. Recombinant human IL-2 (PharMingen, cat. no. 19211T) is used to culture splenocytes in vitro.

2.6. Isotopes
1. 200–500 �Ci/mL of Na2

51CrO4 (DuPont, New England Nuclear, or Amersham) is used to
label target cells in CTL assay.

2. [Methyl-3H]-thymidine (aqueous solution containing 2% ethanol, specific activity approx
5–7 Ci/mmol; DuPont, New England Nuclear, or Amersham) is used for DNA incorporation
in proliferation of cells.

2.7. Cell Line
P815 mastocytoma cell line (ATCC TIB-64), derived from DBA-2 mouse, is used for

its H-2d genetic background that is the same as that of BALB/c mice. Because of the
lack of information about major histocompatibility class (MHC) I antigenic peptides
derived from S-HDAg, we expect that the MHC I antigenic peptides of S-HDAg can be
processed and presented on the MHC I molecules of transformed cells when S-HDAg-
transformed P815 cells express S-HDAg. Thus, these S-HDAg-transformed P815 cells
can be used as target cells for detecting the CTLs induced in immunized BALB/c mice.
The transfection of S-HDAg gene into P815 was performed by calcium-phosphate pre-
cipitating protocol with retrovirus particle containing the gene encoding S-HDAg (31).
The expression of S-HDAg in transformed P815 cells can be demonstrated by Western
blotting with anti-S-HDAg Ab D9-3 (not shown).

2.8. Culture Medium
Complete medium (CM) containing RPMI 1640 medium with 10% inactivated fetal

calf serum (FCS), 1X penicillin–streptomycin–L-glutamine with 10 U/mL of penicillin-G
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sodium, 10 �g/mL of streptomycin sulfate, 29.2 �g/mL of L-glutamine (100X solution
can be obtained from Gibco-BRL, cat. no. 10378-016), and 50 �M 2-mercaptoethanol
(2-ME) (Sigma, cat. no. M7522).

2.9. Solutions
1. ELISA coating buffer: Dissolve 10.4 g of NaHCO3 in 900 mL of distilled H2O and adjust pH

to 8.2. Add distilled H2O to a final volume of 1 L.
2. 10X phosphate-buffered saline (PBS) 2.3 g of NaH2PO4 (anhydrous); 11.5 g of Na2HPO4

(anhydrous); and 90 g of NaCl in 900 mL of distilled H2O. Adjust pH to 7.2–7.4 using 1 M
NaOH or 1 M HCl. Adjust the volume to 1 L with distilled H2O. Store at room temperature
and dilute to 1X PBS just before use.

3. Blocking buffer: 1X PBS + 1% bovine serum albumin (BSA) (Sigma, cat. no. A4503).
4. Washing buffer: 1X PBS + 0.5% Tween-20 (Merck, cat. no. 8.22184).
5. Substrate buffer: Dissolve 17.4 g of  K2HPO4 and 21 g of citric acid–H2O in 900 mL of dis-

tilled H2O. Adjust pH to 4.3 with 10 N NaOH and add distilled H2O to 1 L. Aliquot at 11 mL
per vial and store at −20°C.

6. ACK buffer: Dissolve 8.29 g of NH4Cl, 1 g of KHCO3, 37.2 mg of Na2EDTA in 800 mL of
distilled H2O and adjust pH to 7.2–7.4 with 1 N HCl. Adjust the volume to 1 L with distilled
water. The ACK solution is sterilized through a 0.2-�m filter and stored at room temperature.

7. Hanks’ balanced salt solution (HBSS, Gibco-BRL, cat. no. 14175-095).

2.10. Antibodies
1. Anti-S-HDAg Ab D9-3 is an IgG1 subtype monoclonal Ab, which was produced in our lab-

oratory as described previously (32).
2. Purified mouse IgG1 (BD PharMingen, cat. no. 03011D) and mouse IgG2a (BD PharMin-

gen, cat. no. 03021D).
3. Anti-mouse IgG1 (Clone A85-3, BD PharMingen, cat. no. 02241D) and anti-mouse IgG2a

(Clone R12-4, BD PharMngen, cat. no. 02021D).
4. Peroxidase-conjugated AffiniPure rabbit anti-mouse IgG, Fc� fragment specific (code no.

315-035-008, Jackson ImmunoResearch Laboratories).
5. Biotinylated anti-mouse IgG1 (Clone A85-1, BD PharMingen, cat. no. 03212C) and biotiny-

lated anti-mouse IgG2a (BD PharMingen, cat. no. 03022C).
6. Horseradish peroxidase (HRP)-conjugated avidin (Pierce).
7. Anti-H-2Kb (BD PharMingen, cat. no. 06101D) and anti-H-2Kd (BD PharMingen, cat. no.

06091D) used for the inhibition of CTL.

2.11. Proteins
1. Hepatitis C virus (HCV) nonstructural protein 3 (NS3) used in T-cell proliferation assay for

negative control antigen was obtained from Dr. W.-K. Chi at Development Center of
Biotechnology, Taipei.

2. Ovalbumin (Sigma, cat. no. A7641).

2.12. Kits
1. EndoFree Plasmid Maxi Kits (QIAGEN, cat. no. 12362, GmbH Germany).
2. Nickel-chelating resin (Ni-NTA Agarose, QIAGEN, cat. no. 30230, GmbH Germany).
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3. Methods
3.1. Purification of Plasmid DNA Vaccines

All plasmid DNA vaccines used in this study are purified with EndoFree Plasmid
Maxi Kits (QIAGEN, cat. no. 12362) from E. coli DH5� host containing the designated
plasmid DNA after overnight growth with vigorous shaking (200–300 rpm) in a 37°C
incubator. The purification protocol follows the QIAGEN plasmid purification hand-
book with few modifications.

1. Harvest bacterial cells (200–400 mL) by centrifugation at 6000g for 15 min at 4°C.
2. Resuspend the bacterial pellet in 10 mL of buffer P1, then add 10 mL of buffer P2, mix gen-

tly but thoroughly by inverting four to six times, and incubate at room temperature for 5 min.
3. Add 10 mL of chilled buffer P3 to the lysate, and mix immediately but gently by inverting

four to six times. Do not incubate the lysate on ice.
4. Centrifuge the lysate at 16,000g for 20 min and then pour the lysate supernatant into the bar-

rel of the QIAfilter Cartridge. Incubate at room temperature for 10 min and remove the cap
from the QIAfilter outlet nozzle. Gently insert the plunger into the QIAfilter Maxi Cartridge
and filter the lysate supernatant into a 50-mL tube.

5. Add 2.5 mL of buffer ER (endotoxin-remove) to the filtered lysate supernatant, mix by
inverting the tube approx 10 times, and incubate on ice for 30 min.

6. Equilibrate a QIAGEN tip 500 by applying 10 mL of buffer QBT, and allow the column to
empty by gravity flow. Apply the filtered lysate supernatant to the QBT-equilibrated QIA-
GEN tip and allow it to enter the resin by gravity flow.

7. Wash the QIAGEN tip with 2 × 30 mL of buffer QC and elute DNA with 15 mL of buffer
QN. Precipitate DNA by adding 10.5 mL (0.7 volume) of room-temperature isopropanol to
the eluted DNA. Mix and centrifuge immediately at 16,000g for 30 min at 4°C. Carefully
decant the supernatant.

8. Wash the DNA pellet with 5 mL of endotoxin-free 70% ethanol at room temperature and
centrifuge at 16,000g for 10 min. Carefully decant the supernatant without disturbing the
pellet. Air-dry the pellet for 5–10 min, and dissolve the DNA in a suitable volume of
endotoxin-free buffer TE.

3.2. Recombinant S-HDAg Production and Purification
Recombinant S-HDAg was purified under denaturing condition from E. coli trans-

formed with plasmid pET15-S-HDAg. The N-terminal His-Tag sequence of this recom-
binant protein allows the protein to be purified with a nickel-chelating resin (Ni-NTA
Agarose) affinity column. The purification protocol follows the QIAGEN QIAexpres-
sionist handbook for high-level expression and purification of 6xHis-Tagged proteins.

1. Briefly, E. coli BL21(DE3) and BL21(DE3)pLys strains were transformed with plasmid
pET15-S-HDAg. The transformed bacterial cells (200–400 mL) are grown at 37°C with vig-
orous shaking.

2. When the OD600 reaches 0.5–0.7, a final concentration of 1 mM IPTG is added into the cul-
ture to induce expression of recombinant S-HDAg protein. The culture temperature is
changed to 30°C and incubated for an additional 2.5–3 h. Harvest bacterial cells by centrifu-
gation at 4000g for 20 min. Freeze the cells in dry ice–ethanol or liquid nitrogen, or store cell
pellet overnight at −20°C.



DNA Immunization for HDV 123

3. Thaw the cell pellet for 15 min on ice and resuspend with 2 mL of urea–phosphate buffer (8
M urea; 0.1 M NaH2PO4; 0.01 M Tris-HCl, pH 8.0) for 50 mL of bacterial culture. Stir cells
for 60 min at 4°C or lyse them by gently vortex-mixing, and then centrifuge lysate at 10,000g
for 30 min at 4°C to pellet cellular debris.

4. Add 1 mL of the 50% Ni-NTA slurry to 4 mL of lysate and mix gently by shaking (e.g., 200
rpm on a rotary shaker) for 60 min at room temperature. Load the lysate–resin mixture care-
fully into an empty column with the bottom cap still attached. Remove the bottom cap and
collect the flow-through. Wash resin twice with 4 mL of buffer C (8 M urea; 0.1 M NaH2PO4;
0.01 M Tris-HCl, pH 6.3). Elute the recombinant protein four times with 0.5 mL of buffer D
(8 M urea; 0.1 M NaH2PO4; 0.01 M Tris-HCl, pH 5.9), followed by four times with 0.5 mL
of buffer E (8 M urea; 0.1 M NaH2PO4; 0.01 M Tris-HCl, pH 4.5).

5. Add 5 �L of 2X sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
sample buffer to 5 �L of different eluates for SDS-PAGE analysis.

6. Desalt the purified recombinant protein against gradient glycerol–PBS solution (from 10%
glycerol to 0%). Concentrate the recombinant protein by a SpeedVac centrifugation and stop
centrifugation when desired protein concentration is achieved. Do not dry the recombinant
protein because dried recombinant protein powder can be insoluble for further use.

3.3. Preimmunization with Cardiotoxin and Immunization with Plasmid DNA
For immunization, a 1.0-mL syringe with 27-gauge needle is used for injection of

plasmid DNA into the quadriceps muscles. The 27-gauge needle is encompassed with a
25-gauge Teflon tube except for 2 mm length of the needle tip (see Note 1). Use a
Teflon-tube-encompassed 27-gauge needle 1.0-mL syringe to perform injection of car-
diotoxin and plasmid DNA. The needle top should penetrate vertically into the quadri-
ceps muscles to avoid the leakage of injection.

1. One week (6 or 7 d) before the first DNA immunization, each anesthetized BALB/c mouse is
injected with 50 �L of cardiotoxin (10 �M) into quadriceps muscles of each hindleg.

2. For the first immunization, plasmid DNA is injected into the cardiotoxin-treated quadriceps
muscles with a low dose (0.5 �g in 50 �L of water/hindleg, 1 �g/mouse) or a high dose (50
�g in 50 �g of water/hindleg, 100 �g/mouse). The plasmid pmGM-CSF (20 �g/mouse) is
used to coimmunize with pDm2 in mice. Two boosters are followed on the second week and
on the fourth week.

3. For applying electric pulses after DNA injection, the two gold tips (placed 5 mm apart) of
Genetrodes (Model 508) are put onto the skin of the DNA injection site and then electric
pulses are generated by the Electro Cell Manipulator (ECM 830, BTX). Three pulses (100 V,
50 ms/pulse length, and the field strength at 200 V/cm) are applied then the polarity is
reversed and three more pulses are applied.

3.4. Collection of Blood Serum from Mouse
There are many ways to collect blood serum from mouse and detailed methods are

described clearly in Current Protocols in Immunology (33).

1. Briefly, obtain the blood from orbital sinus or plexus from immunized mice with microhe-
matocrit capillary tube. Introduce the end of the microhematocrit capillary tube into the
orbital sinus with axial rotation.

2. Slowly advance the tip of the microhematocrit capillary tube gently toward the rear of the
socket until blood flows into the tube. If possible, let blood flow into a 1.5-mL microcen-
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trifuge tube until 0.2–0.4 mL are collected and then remove the microhematocrit tube from
the orbit.

3. Dab excess blood from site with a gauze sponge or swab moistened in saline or PBS. Let
individual blood stand for about 30 min at room temperature and then centrifuge at 3000 rpm
for 10 min. The serum is in the supernatant of blood after the centrifugation. Collect the indi-
vidual serum into another microcentrifuge tube and store at −20°C.

3.5. ELISA
ELISA method is used for detecting the anti-HDV Ab induced in immunized mice.

1. Coat the wells of a 96-well microtiter plate with 2 �g/mL of recombinant S-HDAg in coat-
ing buffer overnight at 4°C.

2. Wash S-HDAg-coated plates with PBS three times and block with blocking buffer for 2 h at
room temperature.

3. Add diluted sera of immunized mice and standard control samples into the wells of plates
except two wells with PBS buffer as negative control.

4. A twofold serial dilution (from 1:200,000 to 1:12,800,000) of an anti-S-HDAg IgG1 mono-
clonal Ab, D9-3, can be used as the standard. Incubate the plates overnight at 4°C and then
treat with horseradish-peroxidase-conjugated rabbit anti-mouse IgG Fc� fragment (Jackson
ImmunoResearch, USA) for 1 h at room temperature to detect total anti-HDV IgG.

5. After washing with PBS, develop the plates by addition of ABTS substrate and then read at
420 nm in an ELISA reader (Emax, Molecular Devices). The Ab titer can be calculated by
linear regression analysis plotting dilution vs the absorbance at 420 nm of D9-3 at 1:640,000
dilution. The titers can be calculated to be the log10 highest dilution and be given as arith-
metic mean ± standard error.

6. For analysis of anti-HDV IgG1 or IgG2a titer, use S-HDAg-coated plates except coat two
columns of the 96-well plate with 2 �g/mL of anti-mouse IgG1 (cat. no. 02241D, PharMin-
gen) or 2 �g/mL of anti-mouse IgG2a (cat. no. 02021D, PharMingen), respectively. A two-
fold serial dilution of purified mouse IgG1 or mouse IgG2a starting from 30 ng/mL are used
as standards for quantification. After incubation with dilutions of individual serum and
IgG1 or IgG2a standards, wash and then add biotinyated anti-mouse IgG1 or IgG2a Abs to
the plates. Incubate for 2 h at room temperature, wash, and then add HRP conjugated avidin
(Pierce) for 30 min. The development of the plates can be done the same way as for total
IgG before. The negative control consists of pooled sera from non-immunized mice and the
results can be shown as the ratio of the absorbance at 420 nm of samples to negative con-
trol.

3.6. Isolation of Spleen Cells from Immunized Mice
1. Carefully remove each spleen from immunized mouse with sterile scissors and forceps and

place spleen in a 100 × 15-mm Petri dish containing about 10 mL of RPMI 1640 medium.
Then press and crush the spleen directly against the bottom of the Petri dish with the plunger
of a 10-mL syringe until mostly fibrous tissue remains.

2. Collect the single-cell suspension with a 10-mL pipet and put into a 15-mL conical cen-
trifuge tube. Let the tube stand for 10 min and then withdrew the cell suspension into another
15-mL conical centrifuge tube without taking the last 2 mL with cell debris in the bottom of
tube. The cell debris contain fibrous tissue and uncrushed small pieces of tissue.

3. Centrifuge the cell suspension for 5 min at 400g in a suitable centrifuge (such as Sorvall RT7
centrifuge with Sorvall RTH-250 rotor) and discard the supernatant.
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4. Resuspend the pellet of spleen cells with 3 mL of ACK buffer and incubate for 2 min at room
temperature with occasional shaking to lyse the red blood cells. Add HBSS buffer to fill the
tube, centrifuge 10 min at 256g, and discard the supernatant. Wash the pellet again with
HBSS and resuspend in a suitable volume of RPMI complete medium for counting the num-
ber of cells to further manipulation.

3.7. T-Cell Proliferation
1. After counting, adjust the spleen cells to 8 × 106 cells/mL with RPMI complete medium.

Distribute cells into 96-well U-bottom microtiter plate with 2–8 × 105 cells/well. It is useful
to compare 2, 4, and 8 × 105 cells/well in initial pilot experiments.

2. In the experiments, the wells contain recombinant S-HDAg (8 �g/mL, 4 �g/mL, 2 �g/mL,
and 1 �g/mL) for measuring the response of S-HDAg-specific T cells. The positive control
wells contain mitogens Con A (0.4 �g/mL or 2 �g/mL) or PHA-L (2 �g/mL or 10 �g/mL)
(see Note 2). The negative control wells contain other recombinant proteins such as HCV
NS3 or ovalbumin (OVA) (at 8, 4, 2, and 1 �g/mL).

3. Incubate the plates in 5% CO2 incubator at 37°C for 72 h. Add 20 �L of [3H]thymidine (50
�Ci/mL) into each well and incubate 6 h before harvesting the cells on the membrane using
the 96-well cell harvester. Dry the membrane in an 80°C oven for at least 1 h and then count
the incorporated [3H]thymidine with the Liquid Scintillation & Luminescence counter (1450
MICRO BETA, Wallac TRILUX). The T-cell proliferation response can be indicated by the
stimulation index (SD) = (the number of counts of cells with antigens)/(the number of counts
of cells without any antigen).

3.8. Measurement of CTL Activity in DNA Immunized Mice
Before measuring CTL activity of spleen cells of immunized mice, the spleen cell

suspensions have to be cultured with �-ray (10,000 rads) irradiated (by 637 irradiator)
S-HDAg transformed P815 (P815-HDAg) cells. The optimal ratio is often at 10
(splenocytes) to 1 (P815-HDAg cell). Add human recombinant IL-2 (10–50 U/mL) into
culture to amplify effector CTLs. After a 5-d in vitro stimulation, harvest the nonadher-
ent CTL as effector cells in the standard chromium (51Cr) release assay.

1. Centrifuge target cells (P815 and P815-HDAg) (� 1 × 106 cells) in a 15-mL conical tube for
5 min at 200g at room temperature. Discard most of the supernatant, but leave approx 0.1 mL
of medium with the cell pellet.

2. Resuspend the cells gently and add 0.2 mL of Na2
51CrO4 (approx 1 mCi/mL) solution into

the tube. Mix the target cells gently and incubate in a loosely capped 15-mL conical tube for
1 h in a 5% CO2 incubator at 37°C.

3. During the 51Cr labeling of target cells, wash the stimulated effector CTLs with RPMI com-
plete medium. Count and dilute the effector CTLs to designed effector/target ratios (50:1,
25:1, and 12.5:1), and add 100 �L/well of effector CTLs into 96-well conical bottom plates.

4. After extensive washing with RPMI complete medium, 100 �L/well of the 51Cr-labeled tar-
get cells are added into wells containing different numbers of effector CTLs.

5. For the inhibition of MHC I-restricted CTL activity assay centrifuge the plate for 5 min at
400g, the target cells should be incubated with 2 �g/mL of anti-MHC I Ab, anti-H-2Kd in the
case of P815, for 30 min before loading to mix with CTLs. After 4 h of incubation at 37°C,
transfer 100 �L of culture supernatants to 51Cr counting tubes and count in a Cobra 5003 �-
counter (Packard) to determine the amount of 51Cr released in each well. The percentage of
specific lysis can be calculated by using the following formula: % specific lysis = 100 ×
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(experimental release − spontaneous release)/(maximum release − spontaneous release). The
maximum release represents the number of counts measured in 1 N HCl target cell lysate and
the spontaneous release represents the number of counts in the presence of medium only.

4. Notes
1. The 2-mm length of needle tip not encompassed with the Teflon tube is suitable for just

penetrating into the quadriceps muscles and allowing the injection liquid to stay in the
quadriceps muscles. If the needle tip is longer than 2 mm, it will traverse the quadriceps
muscles. And if the needle tip is shorter than 2 mm, there will be leakage of the injection
liquid.

2. The use of different concentrations of mitogens (Con A or PHA-L) for the positive control is
very important because T cells isolated from different mice do not have the same prolifera-
tion responses to the same concentration of mitogen. For example, the maximal incorpora-
tion of [3H]thymidine of lymphocytes of mouse A is with 2 �g/mL of Con A and for
lymphocytes of mouse B, the maximal incorporation of [3H]thymidine could be with 0.4
�g/mL of Con A. The mitogen used in experiments is merely to test whether isolated lym-
phocytes are functional. If there is no or very little incorporation of [3H]thymidine in the well
containing isolated lymphocytes treated with the mitogens, we can consider that the isolated
lymphocytes are not suitable for the experiment.
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Infection of Primary Chimpanzee Hepatocytes 
with Recombinant Hepatitis D Virus Particles

A Surrogate Model for Hepatitis B Virus

Azeneth Barrera and Robert E. Lanford

1. Introduction
The discovery of hepatitis B virus (HBV) four decades ago initiated the progressive

increase in knowledge of an important hepatotropic infectious agent that culminated in
the design of the first successful recombinant vaccine for a human infectious disease.
Despite this medical achievement, HBV infections continue to present a paramount
health problem, which stems from the establishment of chronic infections of HBV that
can progress to cirrhosis and hepatocellular carcinoma. There are over 350 million
chronic carriers worldwide for which no cure exists, requiring the development of new
and better treatments for this disease. The mechanisms of HBV replication and assem-
bly have been well-characterized, owing to the advent of molecular biology techniques
and the development of infectious HBV clones. However, two major experimental
impediments that were recognized from the beginning continue to be obstacles in the
illumination of the early steps of HBV infection. The narrow host range of HBV and the
absence of cell lines susceptible to infection have hampered studies on the mechanisms
of viral entry. More specifically, the cellular receptor for HBV has not been identified.
The isolation of the HBV receptor would create a new target for drug interactions,
expanding the limited choice of treatments that currently exists. Identifying viral recep-
tors has often required several distinct approaches. At present, the only hepadnaviral
infection system that has yielded promising results and may help identify all viral
receptor components is the infection of primary duck hepatocytes with duck hepatitis B
virus (DHBV) (1–10). DHBV is significantly diverse from HBV, however, and the
human homolog of the putative receptor identified for DHBV has not been shown to be
involved in HBV attachment or entry. One unique approach that has not been widely
used is in vitro infections with hepatitis D virus (HDV) as a model for studying the early
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steps of the HBV replication cycle. The requirement of HDV to exploit the HBV enve-
lope proteins for assembly, secretion, and cellular transmission of particles raises the
possibility that both viruses use the same receptor. This chapter describes the utility of
primary chimpanzee hepatocyte cultures infected with recombinant HDV particles to
study the early steps in the HBV infection process.

A key factor in the ability to successfully characterize hepatotropic viruses using pri-
mary hepatocytes was the generation of methods for isolating and cultivating cells in
which differentiated cellular functions were preserved. Many different cultivation sys-
tems for primary hepatocytes have been described (11,12). Our laboratory developed
methods for the cultivation of highly differentiated primate hepatocytes utilizing a
serum-free medium supplemented with growth factors and hormones (13,14). Initial
studies using this system demonstrated the de novo synthesis of lipoprotein(a) by hepa-
tocytes (15) and characterized the effects of allelic variations on the biogenesis of
lipoprotein(a) (16–20). Although studies on hepatitis C virus (HCV) infection using this
cultivation system produced varied results, HCV replication was detectable using a
strand-specific reverse transcriptase-polymerase chain reaction (RT-PCR) assay for the
replicative negative strand of HCV RNA (13). This system has proven highly efficient,
however, for studies on GBV-B infection of primary tamarin hepatocytes (21–23).
Because GBV-B is the virus phylogenetically most closely related to HCV, it has been
proposed as a potential surrogate model for the study of HCV infections of humans
(23). Whereas this culture system supports HBV replication in chimpanzee hepatocytes
(24), its use for the study of in vitro HBV infections is limited for reasons that remain
unresolved. However, several published reports have described an in vitro HBV infec-
tion system using primary human hepatocytes (25–27). These studies demonstrated that
in the presence of polyethylene glycol (PEG), cultures of primary human hepatocytes
were susceptible to infection with HBV and could be utilized to characterize determi-
nants of host specificity of HBV.

Although in vitro infections of primary chimpanzee hepatocytes with HBV are mar-
ginal, we found that this system is exceptionally well suited for the analysis of HDV
infection. Initial studies conducted with HDV demonstrated that high levels of replicat-
ing HDV RNA were observed by Northern hybridization following exposure to HDV
particles in vitro, and susceptibility to infection was shown to persist for several weeks
in culture (24). A full cycle of HDV infection was observed when using cultures derived
from an HBV-infected chimpanzee; the presence of HBV envelope proteins in the
infected cultures promoted the assembly and secretion of high levels of HDV particles
into the medium (24). Further studies demonstrated that infectious, recombinant HDV
particles could be produced in vitro by cotransfection of the Huh7 cell line with two
plasmids; one vector contains a cDNA copy of HDV, and the other plasmid expresses
the HBV envelope proteins (28). Recombinant HDV particles were infectious in pri-
mary chimpanzee hepatocyte cultures, and infectivity could be neutralized using anti-
bodies to the pre-S1 and pre-S2 domains of the HBV envelope (28). The effect of
neutralizing antibodies on HDV infection confirmed that this culture system was capa-
ble of supporting the biological interaction of viral particles with the cellular mem-
brane, indicating a powerful system for exploring determinants of infectivity. In a
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separate study, it was demonstrated that recombinant HDV particles could be produced
with different combinations of HBV envelope proteins, including only small (S), S plus
middle (M), and S plus M plus large (L) envelope proteins (29). All particles contained
HDV RNA and had similar sedimentation profiles; however, only particles containing
the L protein and thus the pre-S1 domain were infectious in chimpanzee hepatocytes.
This observation permits the construction of a variety of pre-S1 variants to define the
requirements for infectivity.

More recently, we have exploited the pseudotyping properties of HDV to make
recombinant HDV particles with the woolly monkey hepatitis B (WMHBV) envelope
(unpublished data). WMHBV is the only other known primate hepadnavirus aside from
HBV, bridging the evolutionary gap between HBV and woodchuck hepatitis virus.
Because woolly monkeys are endangered and are not available for experimental pur-
poses, several directions have been undertaken to establish models for HBV using
WMHBV. Host range analyses of WMHBV in animals available for experimental pur-
poses have demonstrated that the newly isolated hepadnavirus exhibited the typical
characteristic of a restricted host range (30). Black-handed spider monkeys, which are
close relatives of woolly monkeys, were susceptible to infection with WMHBV, while
chimpanzees were not. One of the experimental directions underway is the utilization of
the primary hepatocyte cultivation method to develop a tissue culture system for
WMHBV. Preliminary observations have shown that this method is ideal for the main-
tenance of primary spider monkey hepatocytes (data not shown) and therefore is a
potential candidate for the establishment of the cultivation of WMHBV. Another exper-
imental approach for the study of WMHBV is the HDV system, which is a useful model
for the production of recombinant particles with variant envelopes. Because of the
exceptionally high level of HDV RNA replication, HDV infection is easily documented
by Northern blot analysis. The combination of this technology and the isolation of a pri-
mate hepadnavirus with a different host range than HBV provides the opportunity to
define the determinants for host range and/or receptor binding, as well as identification
of the receptor itself. This chapter details the method for the production of recombinant
HDV particles and in vitro infection of primary chimpanzee hepatocytes with these par-
ticles.

2. Materials
2.1. Production of Recombinant HDV Particles
2.1.1. Cell Line and Plasmids

1. Huh7 hepatoma cell line (31).
2. For production of HDV proteins and HDV RNA, we use the recombinant plasmid pSVLD3,

which contains a head-to-tail trimer of full-length HDV cDNA for expression of HDV
genome RNA under the control of the simian virus 40 late promoter (32,33).

3. Production of HBV envelope proteins in Huh7 cells is achieved by using the expression vec-
tor pZHB2.7. The HBV insert, which contains the pre-S1–pre-S2-S gene, spans nucleotides
2425 through 1 to nucleotide 1987 (ayw subtype) and can direct the expression of the S, M,
and L proteins. It includes the HBV promoter upstream of the pre-S1 region for expression
of the mRNA for the L protein, the HBV promoter within the pre-S1 region for expression of
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the M and S mRNAs, and the HBV polyadenylation signals. The HBV insert is cloned into
the BamH I site of the plasmid pZErO-1 (Invitrogen).

2.1.2. Transfection of Huh7 Cells
1. Dulbecco’s modified Eagle’s medium (DMEM)–Ham’s F12 medium (Mediatech, Hern-

don, VA, cat. no. MT 15-090-CV) containing L-glutamine (Mediatech, cat. no. MT 25-
005-CI) at a final concentration of 2 mM and gentamicin sulfate at a final concentration of
50 �g/mL.

2. DMEM–Ham’s F12 medium as described in item 1 and supplemented with 10% fetal bovine
serum (FBS) (HyClone, Logan, UT, cat. no. SH30071.03).

3. TransIT-LT1 lipid reagent; 1.33 mg/mL in 80% ethanol (Mirus, Madison, WI, cat. no.
MIR2304).

4. Corning-brand treated polystyrene 100-mm tissue culture dishes (Fisher Scientific, cat. no.
08-772-23).

5. Cell culture incubator maintained at 37°C and infused with 10% CO2.
6. 50-mL sterile disposable polystyrene conical tubes (Fisher Scientific, cat. no. 05-538-49).

2.2. Preparation of HDV Inoculum
1. PEG 8000 (Sigma, cat. no. P2139); 40% in phosphate-buffered saline (PBS) (Fisher Scien-

tific, cat. no. BP399-20). Store solution at 4°C.
2. TRIzol Reagent (Life Technologies, cat. no. 15596-026).
3. Glycogen (Roche Diagnostics, cat. no. 901 393).
4. Isopropanol.
5. Diethylpyrocarbonate (DEPC)-treated H2O (ICN Biomedicals, Aurora, OH, cat. no.

821739).
6. Beckman SW28 centrifuge tubes (Beckman Instruments, cat. no. 326823). Siliconize the

tubes before using for PEG precipitation of HDV particles.
7. Acrodisc 0.45-�m syringe filters with HT Tuffryn membrane (Pall Life Sciences, cat. no.

4184).
8. Millex 0.22-�m syringe-driven filter units (Millipore, cat. no. SLGV 013 SL).

2.3. In Vitro Infection of Primary Hepatocyte Cultures
Hepatocytes are isolated by a two-step collagenase perfusion method and cultivated

in a serum-free medium containing specific growth factors and hormones. Wells of a
six-well tissue culture plate are coated with a collagen solution and dried before seeding
the hepatocytes at a density of 3 × 106 cells per well. The thin collagen film utilized in
our system is helpful in the initial attachment and establishment phase of the cultures.
For a detailed list of materials needed for this procedure, refer to Chapter 48 of Methods
in Molecular Medicine, Vol 19: Hepatitis C Protocols (13).

1. Williams’ Medium E (WME) basal: WME (Life Technologies, (cat. no. 12551-032) contain-
ing 10 mM 4-(2-hydroxyethyl) piperazine-l-ethanesulfanic acid (HEPES), pH 7.4 (Sigma,
cat. no. H6147), and 50 �g/mL gentamicin sulfate.

2. Serum-free medium formulated for primary hepatocytes (see Note 1).
3. BD Primaria six-well tissue culture plates (Becton, Dickinson and Co., Franklin Lakes, NJ,

cat. no. 353846).
4. Rat tail collagen (Collaborative Biomedical, cat. no. 40236) diluted 1:5 in H2O and filtered

through a 0.22-�m syringe-driven filter unit.
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2.4. Detection of HDV Replication by Northern Blot Hybridization
1. Formaldehyde gel running buffer, 10X (Eppendorf − 5 Prime, cat. no. 955 15 544-1). This is

a 10X 3-(N-morpholino)-propanesulfonic acid (MOPS) buffer intended for use at 1X as
electrophoresis buffer for formaldehyde–agarose gel electrophoresis of RNA. The buffer
does not contain formaldehyde.

2. RNA loading buffer: For 20 mL: Add 2.5 mL of 10X formaldehyde gel running buffer, 12.5
mL of formamide, 4.25 mL of formaldehyde, 0.75 g of Ficoll 400, 12.5 mg of xylene cyanol
FF, and 12.5 mg of bromophenol blue. Bring the volume to 20 mL with H2O.

3. Water bath set at 70°C.
4. Horizontal gel electrophoresis unit with a water cooling coil.
5. Formaldehyde–agarose gel: For 300 mL: Dissolve 3 g of agarose in 200 mL of H2O. Once

the temperature of the solution has cooled enough to allow handling, add 30 mL of 10X
formaldehyde gel running buffer and 54 mL of formaldehyde. Bring volume to 300 mL with
H2O for a 2.2 M formaldehyde–1% agarose gel solution.

6. GeneScreen Plus Hybridization Transfer Membrane (NEN Life Science Products, cat. no.
NEF976).

7. Saline sodium citrate 20X (SSC): 3 M NaCl, 0.3 M sodium citrate (Eppendorf—5 Prime, cat.
no. 2-227160).

8. Capillary upward-transfer system (34).
9. Stratalinker UV Crosslinker 1800.

10. Glass dishes with lids.
11. Variable temperature water bath shaker.
12. HDV Riboprobe prepared using Riboprobe Combination System—SP6/T7 RNA Poly-

merase (Fisher Scientific, cat. no. P1460). Genomic and antigenomic probes are prepared
from a plasmid (pSP72, Promega) containing an HDV insert from nucleotides 330–1200 and
opposing T7 and SP6 promoters. The Riboprobe is then passed through a Sephadex G-25
Quick Spin column (Roche Diagnostics Corp., cat. no. 1273-949) to remove unincorporated
radiolabeled nucleotides.

13. Sodium dodecyl sulfate (SDS) hybridization solution: For 1 L: Add 10 mL of a 20 mg/mL
stock solution of salmon sperm DNA heated at 70°C to 50 mL of H2O. Add 300 mL of 20X
SSPE; 0.01 M NaH2PO4, 0.15 M NaCl, 0.001 M EDTA (Fisher Scientific, cat. no. BP1328-
1). Add 100 g of SDS, and mix on a stir plate. Add 500 mL of formamide heated at 70°C. If
the SDS has not gone into solution, heat the solution at 70°C until the SDS dissolves. Bring
the final volume to 1 L with H2O, and store at − 20°C in 50-mL aliquots.

14. High-stringency wash buffer: 0.1X SSC, 0.1% SDS.
15. Low-stringency wash buffer: 1X SSC, 0.1% SDS.

3. Methods
3.1. Production of Recombinant HDV Particles

In vitro production of HDV has been optimized for maximum production and secre-
tion of particles using the protocol described. A transfection efficiency of approx 40%
of Huh7 cells is observed using TransIT-LT1 lipid reagent and a DNA vector expressing
green fluorescent protein. Production of HDV particles is performed in 100-mm tissue
culture dishes, and culture medium containing approx 9 ng of HDV RNA or 1 × 109

HDV genome equivalents is normally used to infect one well of a six-well tissue culture
plate of primary chimpanzee hepatocytes.
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The production of recombinant HDV particles requires the cotransfection of two
plasmids. One plasmid expresses a transcript that represents three head-to-tail copies of
the HDV genome and initiates HDV RNA replication, and the other plasmid encodes
the HBV envelope proteins. An approx 1: 4 molar ratio of the HDV to HBV plasmid
yields maximum HDV particle secretion.

3.1.1. Preparation of Cultures for Transfection
1. Seed Huh7 cells in 100-mm tissue culture dishes at a density of 8.4 × 106 cells per dish.
2. Add 10 mL of prewarmed DMEM–Ham’s F12 medium supplemented with 10% FBS.
3. Incubate the cultures overnight at 37°C.

3.1.2. Transfection of Huh7 Cells
This protocol is outlined for the transfection of one 100-mm tissue culture dish. If

transfecting more than one dish with the same transfection mixture, multiply the vol-
ume of reagents by the total number of dishes not to exceed nine, which is the volume
limit of a 50-mL polystyrene conical tube.

1. Warm DMEM–Ham’s F12 medium containing FBS in a 37°C water bath.
2. Wash the cultures seeded the previous day one time with 9 mL of DMEM–Ham’s F12

medium.
3. Add 4.5 mL of DMEM–Ham’s F12 medium to each tissue culture dish. This volume repre-

sents half of the final volume that will be added during the transfection procedure. The other
half will contain the DNA–lipid complexes.

4. Incubate the cultures at 37°C while preparing DNA–lipid complexes.
5. Preparation of DNA–lipid complexes requires 30 �g of DNA and 45 �L of TransIT-LT1

lipid reagent per 100-mm tissue culture dish. For a 60-mm tissue culture dish, reagents
can be decreased by a factor of 3, which represents the approximate decrease in growth
area.

6. Add 4.5 mL of DMEM–Ham’s F12 medium without FBS to a 50-mL polystyrene conical
tube.

7. Add 45 �L of TransIT-LT1 lipid reagent.
8. Gently mix the solution by pipetting slowly or flicking the tube.
9. Incubate the solution at room temperature for 15 min.

10. Add 30 �g of DNA: 3.3 �g of pSVLD3 + 26.7 �g of pZHB2.7.
11. Gently mix the solution by pipetting slowly or flicking the tube.
12. Incubate the solution at room temperature for 15 min.
13. Retrieve the Huh7 cell cultures from the incubator, and add 4.5 mL of the transfection mix-

ture per 100-mm tissue culture dish.
14. Incubate the cultures in the transfection mixture for 6 h at 37°C.
15. After 6 h of incubation, discard the transfection mixture, and add 15 mL of prewarmed

DMEM–Ham’s F12 medium supplemented with 10% FBS.
16. Incubate the transfected Huh7 cell cultures at 37°C.
17. Change the medium of the transfected cultures every 3 d.

3.2. Preparation of HDV Inoculum
1. Harvest the medium containing secreted HDV particles on 9, 12, 15, and 18 d post-

transfection.
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2. Pool the harvested medium, and save a 500-�L aliquot for Northern blot analysis of HDV
RNA. When working with different HDV inocula, aliquots of the pooled culture medium are
analyzed to adjust the inocula for comparable viral genome equivalents (see Note 2).

3. Harvested medium is stored at −80°C for future precipitation of viral particles for HDV RNA
analysis or infection of primary hepatocyte cultures.

4. For Northern blot analysis of HDV RNA from a medium aliquot, clarify by centrifugation in
a microfuge for 30 min.

5. Transfer the clarified medium to a fresh microcentrifuge tube, and precipitate virions with
9% PEG (0.500 mL of Huh7 culture medium + 0.225 mL of 40% PEG + 0.275 mL of PBS).

6. Mix well, and incubate on ice for 1 h.
7. Pellet precipitated viral particles in a microfuge for 20 min and 4°C. The PEG precipitate

will appear as a cloudy smear on the side of the tube when using a fixed angle rotor.
8. Suspend the PEG precipitate with 1 mL of TRIzol Reagent.
9. Extract the RNA from HDV particles as described by the manufacturer of TRIzol Reagent,

and precipitate the RNA with isopropanol. Add 10 �g of glycogen to the sample at the iso-
propanol precipitation step in order to visualize the RNA pellet.

10. Suspend the HDV RNA pellet in 5 �L of DEPC-treated H2O, and analyze HDV RNA by
Northern blot hybridization as detailed in Subheading 3.4. (see Fig. 1). For comparison of
the infectivity of different inocula, adjust the inocula to contain comparable genome equiva-
lents based on Northern blot and PhosphorImager analysis.

11. To prepare the inoculum, PEG-precipitate recombinant HDV particles comparable to 109

genome equivalents per well. Add 40% PEG solution to the clarified Huh7 culture medium
for a final percentage of 9% PEG. Mix well and incubate on ice for 1 h. Pellet the precipitate
by centrifugation in a Beckman SW28 rotor for 20 min at 10,000 g and 4°C.

12. Suspend PEG-precipitated HDV particles in 2 mL of serum-free medium.
13. Sonicate inoculum gently two times for 20 s, keeping it on ice between sonications. The

inoculum is sonicated to break up PEG aggregates that may have formed and could bypass
receptor-mediated entry of primary hepatocytes.

14. Filter the inoculum through a 0.22-�m syringe filter (see Note 3).

3.3. In Vitro Infection of Primary Hepatocyte Cultures
For a detailed methodology of the isolation and cultivation of primary hepatocytes,

refer to Chapter 48 of Methods in Molecular Medicine, Vol 19: Hepatitis C Protocols
(13). Coat wells with collagen by adding sufficient collagen solution to each well to
cover the bottom of the well, and then remove the excess solution. Dry plates with lids
partially open overnight under a laminar flow hood with a UV light. Plate hepatocytes at
3 × 106 cells per well of a six-well culture dish.

3.3.1. Inoculation of Cultures with Recombinant HDV Particles
1. After approx 3 d post-seeding, wash primary hepatocytes three times with prewarmed WME

basal.
2. Expose the hepatocytes to 2 mL of inoculum containing HDV particles for 16 h at 37°C.
3. Remove and discard the inoculum.
4. Wash the hepatocytes three times with prewarmed WME basal.
5. Add 2 mL of prewarmed serum-free medium.
6. Incubate the hepatocyte cultures at 37°C.
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7. Change the medium every 2–3 d.
8. Harvest the hepatocytes on 3, 6, 9, and 12 d post-infection with 900 �L of TRIzol Reagent

per well.

3.4. Detection of HDV RNA Replication by Northern Blot Hybridization
(See Fig. 2)

1. Isolate total cellular RNA using TRIzol Reagent as specified by the manufacturer.
2. Suspend the RNA pellet in 25 �L of DEPC-treated H2O.
3. Take the optical density (OD) reading of the total cellular RNA, and dilute the RNA to 

1 �g/�L.
4. Transfer 5 �g of total cellular RNA to a fresh microcentrifuge tube, and add 20 �L of RNA

loading buffer.
5. Heat the sample at 70°C for 10 min.
6. Chill on ice.
7. Analyze the RNA by horizontal agarose gel electrophoresis at 100 V and 16°C for 3 h.
8. Transfer the RNA onto a GeneScreen Plus membrane using traditional capillary upward

transfer in 20X SSC overnight.
9. UV-crosslink the RNA to the membrane in a Stratagene UV Stratalinker at 120,000 �J/cm2

for about 30 s.
10. Prehybridize the membrane in a covered glass dish at 59°C in a water bath shaker for 5 h in

SDS hybridization solution.
11. Hybridize the membrane at 59°C in a water bath shaker overnight in SDS hybridization solu-

tion containing 1 × 106 cpm/mL of an HDV RNA Riboprobe.
12. Wash the membrane two times in high-stringency wash buffer for 30 min at room tempera-

ture with shaking.
13. Wash the membrane two times in low-stringency wash buffer for 30 min at 65°C in a water

bath shaker.
14. Allow the membrane to dry, and expose to film. The average exposure time for a good HDV

RNA signal is overnight with one intensifying screen.

Fig. 1. Recombinant HDV particle production by Huh7 cells. Cultures of Huh7 cells were
cotransfected with a plasmid containing a cDNA copy of the HDV genome and a plasmid that
expresses the L, M, and S HBV envelope proteins. The culture medium containing secreted HDV
particles was harvested on 9, 12, 15, and 18 d post-transfection. HDV RNA was analyzed by
Northern hybridization as described in the text. A pool of equal amounts of the harvested medium
was prepared as the inoculum for infection of primary hepatocyte cultures.
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4. Notes
1. Many different media formulations for liver cells have been described in the literature

(12,35–40). Each has been developed for specific purposes. A medium developed working with
rodent tissue will not necessarily perform well on primate tissue. Our medium was developed
empirically by evaluating various concentrations and combinations of growth factors and hor-
mones on cultures of baboon hepatocytes (14). The cultures were monitored for the mainte-
nance of hepatocyte morphology, longevity, and the continued expression of highly stringent
markers of hepatocyte differentiation. We have continued to experiment with the original for-
mulation. Changes in the formulation may positively or negatively impact the expression of
specific gene products, and thus the medium can often be simplified for a specific application.

2. Typically, HDV infections are performed with 2 mL of inoculum containing approx 9 ng of
HDV RNA (1 × 109 HDV genome equivalents) per well of a six-well plate. This level of
inoculum is generally obtained from 5 mL of the pooled medium from cultures of Huh7
cells. However, some HBV envelope variants affect the efficiency of HDV particle produc-
tion. To standardize the inoculum, the appropriate volume of Huh7 culture medium is first
precipitated with 9% PEG and suspended in 2 mL of medium. For variants that secrete
poorly, the medium can be concentrated 10- to 20-fold by ultrafiltration (Amicon ultrafiltra-
tion unit with a 300,000 molecular weight cutoff ultrafiltration membrane; Fisher Scientific,
cat. no. 14342) prior to PEG precipitation.

3. Dissolution of the PEG-precipitated pellet depends on several factors and can be problem-
atic. The amount of serum protein present can greatly affect the ability of the PEG pellet to
dissolve. Also, if the inoculum is stored at −80°C, some insoluble material will be present
after thawing. The inoculum should be clarified before proceeding to in vitro infections.
During the filtration of the inoculum, it is often necessary to filter the inoculum first through
a 0.45-�m syringe-driven filter unit, followed by a 0.22-�m unit.

Fig. 2. HDV infection of primary chimpanzee hepatocyte cultures. Primary hepatocyte cul-
tures were exposed to an inoculum containing recombinant HDV particles as described in the
text. Cultures were washed to remove residual inoculum and maintained in serum-free medium.
Lanes represent HDV RNA from 5 �g of total cellular RNA harvested on 3, 6, 9, and 12 d post-
inoculation; and 5% of the inoculum (I).
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Study of the Endocytosis and Intracellular Localization of
Subviral Particles of Hepatitis B Virus in Primary Hepatocytes

Dieter Glebe and Wolfram H. Gerlich

1. Introduction
Although our knowledge of the hepatitis B virus (HBV) life cycle has increased

tremendously during the past 20 yr, the early steps of human HBV infection are still
poorly understood. This is partly caused by the lack of a suitable cell culture system.
Established hepatoma cell lines (e.g., HepG2 or Huh7) are not susceptible at all and
proposed receptors for HBV have failed to support HBV entry to date. Because HBV is
strictly hepatotropic, cultures of primary human hepatocytes are suitable for elucidation
of the entry process of HBV, but very difficult to obtain and handle. Many insights into
hepadnaviral uptake have come from the study of duck hepatitis B virus (DHBV) infec-
tion in primary duck hepatocytes. The characterization of a primary receptor of DHBV
(1) and recombinant expression in nonsusceptible cell lines has shown that DHBV is
taken up via endocytic vesicles (2). Use of labeled DHBV virions from sera of infected
ducks for uptake experiments using confocal microscopy has greatly improved the pos-
sibilities of studying the endocytic distribution of DHBV virions during infection.

Use of fluorescently labeled virions in the human system is hampered by the fact that
purified HBV and primary human hepatocytes are not as easy to obtain as for the duck
system. Instead of using HBV virions, we have fluorescently labeled highly purified
subviral particles (HBsAg) from plasma of patients chronically infected with HBV, as
subviral particles are present at 1000 times higher concentrations than virions in
patients plasma and contain all three surface proteins of HBV.

Recombinant HBsAg has been used to investigate the binding of subviral particles
to human hepatocytes by electron microscopy (3). This group used recombinant
HBsAg from yeast, consisting of only the small surface protein (SHBs). As the pre-S1
domain of the large surface protein (LHBs) is believed to contribute to initial binding
to hepatocytes (4), it is important to use subviral particles containing at least LHBs and
SHBs. Recombinant HBV virions and subviral particles can also be obtained from
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established hepatoma cell lines but require special cell culture conditions for optimal
production (5).

By using fluorescently labeled highly purified subviral particles from plasma of
HBV-infected patients together with primary human hepatocytes, we could show by
confocal microscopy that subviral particles of HBV are taken up by primary human
hepatocytes but not by established human hepatoma cell lines (HepG2) and that they
locate to distinct intracellular vesicles. The binding and uptake in primary human hepa-
tocytes could be enhanced by desialylating subviral particles with a sialidase. On the
other hand, HepG2 cells were not able to endocytose desialylated subviral particles
but showed a massive binding (Fig. 4). This might be due to a loss of specific (co-)
receptor(s) on HepG2 cells that are important for uptake of subviral particles and virus
in this cell line.

In the following section we focus on the purification and labeling of subviral particles
from HBV-containing plasma and preparation of primary human hepatocytes. The purifi-
cation of HBV virions and subviral particles is a basic requirement for all further investiga-
tions on HBV entry. The described method for purification of subviral HBV particles from
HBV-containing plasma using differential density gradient centrifugations are modern ver-
sions of established techniques that have proven to be successful for more than 25 yr (6).

The preparation of primary human hepatocytes described here is an adaptation of the
basic two-step collagenase method by Seglen (7), which is straightforward and in our
hands very reliable for isolation of primary hepatocytes from different species.

2. Materials
2.1. Solutions

1. TNE: 20 mM Tris-HCl, pH 7.4, 140 mM NaCl, 1 mM EDTA.

All sucrose solutions should be made as w/w.

2. To prepare a 60% (w/w) sucrose solution, dilute 60 g of sucrose with 40 g of TNE.
3. The density of the CsCl solutions (in TNE, pH 7.4) should be adjusted by use of a refrac-

tometer.
4. 0.2 M Sodium bicarbonate, pH 8.0: Dissolve 1.68 g of sodium bicarbonate in 100 mL of ster-

ile double-distilled water and adjust the pH by the use of 1 M HCl.
5. 1.5 M Hydroxylamine, pH 8.0: Dissolve 1.04 g of hydroxylamine in 10 mL of sterile double-

distilled water and adjust the pH with 5 M NaOH.

All media and supplements were purchased from Gibco/Invitrogen.

6. Hepatocyte dissociating medium: Dulbecco’s modified Eagle’s medium (DMEM) (with 
4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid [HEPES], pH 7.4, without bicarbon-
ate), supplemented with 0.05% collagenase (type II).

7. Hepatocyte washing medium: Hank’s buffered salt solution (HBSS, with CaCl2).
8. Hepatocyte plating medium: Williams E medium, supplemented with 10% fetal calf serum.
9. Hepatocyte cultivating medium: Williams E medium, supplemented with 0.1% bovine serum

albumin (BSA) (crystallized), 5 �g/mL of insulin, 5 �/mL of holo-transferrin, 5 ng/mL of
sodium selenite, 100 IU/mL of penicillin, 0.1 mg/mL of streptomycin, 0.25 �g/mL of
amphotericin B, 0.4 �g/mL of dexamethasone, and 1% dimethyl sulfoxide (DMSO).
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10. Collagen-coated coverslips: coverslips were incubated with 0.5 mg/mL of collagen I (from
rat tail, Falcon) for 2 h and washed two times with sterile phosphate-buffered saline (PBS).

11. Binding medium: DMEM (without phenol red, without bicarbonate, with 20 mM HEPES,
pH 7.4) supplemented with 0.1% BSA (crystallized).

12. Fixative: 3% Paraformaldehyde (PFA) in PBS. Add 6 g of PFA to 180 mL of double-distilled
water and incubate at 50°C with agitation. After the PFA has been dissolved, add 20 mL of
10X PBS (without calcium). The solution can be stored at 4°C for 14 d.

13. Permeabilization: 0.1% Triton X-100 in PBS.
14. Blocking buffer: 10% Normal goat serum in PBS
15. Embedding: Mowiol–DABCO: Dissolve 3.4 g of Mowiol with 6 g of glycerol for 1 h by gen-

tle agitation. Add 6 mL of double-distilled water and stir for an additional 2 h. Add 12 mL of
0.2 M Tris-HCl, pH 8.5, and incubate at 50°C for 15 min. Centrifuge at 5000g for 15 min.
Divide into aliquots of 1.0 mL in 1.5-mL tubes and store at −20°C. For use, dissolve 100 mg
of 1.4-diazabicyclo(2.2.2)octan (DABCO), antifading agent, in 1 mL of Mowiol and store at
4°C in the dark for up to 14 d.

2.2. Equipment
1. Ultracentrifuge (e.g., Beckman Optima L-80) and SW 28 rotor with six tubes of 1 × 31⁄2 in.
2. Cooled centrifuge for 50-mL tubes (e.g., Eppendorf).
3. Peristaltic pump (e.g., Masterflex).
4. Confocal laser-scanning microscope unit (Leica).

2.3. Tissues for Study
Fresh liver from surgery should be placed on ice immediately. The material has to

contain at least 1 cm3 tissue for isolation by two-step perfusion technique. The patient
should be tested before partial hepatectomy for markers of HBV infection. Be sure to
satisfy all ethical and safety  requirements.

3. Methods
3.1. Purification of Subviral Particles from Plasma of HBV-Infected Patients
3.1.1. First Sucrose Density Gradient Centrifugation

1. Make a discontinuous sucrose gradient from 60–15% (w/w) in TNE. Pour the sucrose solu-
tions (2 mL of 60%, 4 mL of 45%, 4 mL of 35%, 5 mL of 25%, 5 mL of 15%) slowly into a
38.5-mL polyallomer ultracentrifuge tube. Be careful not to disturb the different layers. Let
the gradient rest for at least 4 h at 4°C.

2. Centrifuge the plasma in 50-mL tubes at 1700g for 15 min.
3. Take 19 mL of the clear supernatant and load it carefully onto the gradient. At least 4–5 mm

of the tube should be free of plasma.
4. Centrifuge in a SW 28 rotor at 25,000 rpm (112,000g) for 15 h at 10°C.
5. After the run put a cannula from the top down into the tube and fractionate the gradient in

1.3-mL fractions from the bottom with the help of a pump.
6. Determine the sucrose density with a refractometer and the optical density at 280 nm

(OD280) in a photometer.
7. Characterize the fractions containing virus by dot blot or real time polymerase chain reaction

(PCR) and the fractions containing subviral particles by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) or enzyme-linked immunosorbent assay
(ELISA) (this requires appropriate dilution to avoid saturation of signals) against HBV sur-
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face proteins (Fig. 1).. Usually the virus will concentrate at fractions 3 and 4, the HBV fila-
ments at fractions 5 and 6 and the spheres at fractions 7–11. At fraction 12 the portion of
contaminating serum proteins will be so high that these fractions are not suitable for the fur-
ther preparation of subviral particles.

3.1.2. Cesium Chloride Flotation
1. For further purification using a CsCl gradient, pool the HBsAg containing fraction from

Subheading 3.1.1. and adjust them with solid CsCl to a density of 1.31 g/cm3.
2. Make a discontinuous CsCl gradient by placing 4 mL of CsCl solution (1.35 g/cm3) into a

38.5-mL polyallomer ultracentrifuge tube.
3. Next overlay with the pooled samples (13 mL) with a density of 1.31 g/cm3.
4. Continue with the next layers (6 mL of 1.27 g/cm3, 6 mL of 1.24 g/cm3, and 7 mL of 1.16 cm3).
5. Centrifuge in a SW 28 rotor at 25,000 rpm (112,000g) for 36 h at 10°C.
6. After the run put a cannula from the top down into the tube and fractionate the gradient in

1.3-mL fractions from the bottom with the help of a pump.
7. Determine the CsCl density with a refractometer and the optical density at 280 nm (OD280)

in a photometer. The HBsAg will float to lower densities, whereas the serum proteins (except
for lipoproteins) will remain at a density of 1.31 g/cm3.

8. Determine the HBsAg-containing fractions as described in Subheading 3.1.1.
9. Pool the HBsAg containing fractions and desalt them by dialysis or ultrafiltration (see Sub-

heading 3.1.4.).

3.1.3. Second Sucrose Density Gradient Centrifugation
1. Layer the pooled HBsAg fractions (9 mL) onto a second sucrose gradient ranging from 60%

to 5% (w/w) sucrose (5 mL of 60%, 5 mL of 25%, 5 mL of 20%, 5 mL of 15%, 5 mL of 10%,
and 5 mL of 5%).

2. Centrifuge in a SW 28 rotor at 25,000 rpm (112,000g) for 15 h at 10°C.
3. Take 1.3-mL fractions and determine the HBsAg-containing fractions as described in Sub-

heading 3.1.1. The HBsAg will band at sucrose densities of 40% to 30%.
4. Pool the HBsAg containing fractions and proceed with ultrafiltration.

3.1.4. Ultrafiltration
For labeling the HBsAg with a fluorophore using succinimidyl ester, the buffer of the

reaction must not contain primary amines, that is, Tris and so forth. The HBsAg fraction
will be concentrated and desalted with ultrafiltration devices (membrane cutoff: 100
kDa Vivaspin 6).

1. Fill concentrator with HBsAg up to the maximum volume and centrifuge at 3000g until 0.3
mL remains in the retentate.

2. Fill the concentrator with 0.2 M sodium bicarbonate, pH 8.0, and centrifuge again.
3. Repeat these steps three times to remove completely the Tris-containing buffer.
4. Determine the concentration of purified HBsAg with a photometer at 280 nm using the for-

mula: 4.3 OD280 = 1 mg/mL of HBsAg (6). For a good labeling reaction the concentration
should be not below 2 mg/mL (Fig. 2).

3.2. Labeling of Purified Subviral Particles with a Fluorophore
For labeling purified HBV subviral particles we use the water-soluble BODIPY-FL-

CASE (Molecular Probes) with succinimydyl ester as reactive group. We selected the
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amine-reactive BODIPY dyes from Molecular Probes because of their high fluores-
cence quantum yield and narrow emission bandwidth. BODIPY-FL-CASE has an exci-
tation/emission maxima of 503/512 nm (fluorescein-like spectrum) but has a greater
photostability than fluorescein.

1. Dissolve 0.5 mg of the fluorophore in 100 �L of 0.2 M sodium bicarbonate, pH 8.0, and
immediately add the HBsAg from Subheading 3.1.4.

2. Vortex and incubate at 37°C in the dark for 1 h. Stop the reaction by adding 1/10 volume of
1.5 M hydroxylamine, pH 8.0.

3. Separate the conjugate from the unreacted labeling reagent using a Sephadex G-25 gel filtra-
tion column, equilibrated with PBS. The first eluted fluorescent fractions will be the labeled
HBsAg.

4. If necessary, concentrate the labeled HBsAg by ultrafiltration.

3.3. Isolation of Primary Human Hepatocytes
Primary hepatocytes were purified by the modified two-step collagenase method first

described by Seglen et al. (7).

Fig. 1. Protein distribution of HBV-containing plasma after the first sucrose gradient. Ten
microliters of fractions 4–19 were loaded onto a 12% SDS-PAGE-gel and visualized by silver-
staining. Fraction 3 (not shown) is the virus peak, in fraction 4 virus is contaminated with fila-
ments. Fraction 5 and 6 are filament rich, whereas the HBV spheres will concentrate at fractions
7–11. Fractions above 12 or 13 will be excluded from ongoing purification process, owing to the
massive presence of plasma proteins.
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1. Perfuse the liver section by placing the cannula tube connected to tubings filled with PBS
directly into the largest visible blood vessel.

2. Turn on the pump and use a flow of approx 10–50 mL/min at room temperature (depending
on the size of the section). Perfuse the liver tissue for 10–15 min. (See Note 1.)

3. Continue the perfusion with warm collagenase solution at 37°C for 15–40 min. Now the
solution will be recirculated and after 15 min the consistency of the liver section will become
soft with a speckled appearance. An exact perfusion time to obtain a good hepatocyte prepa-
ration cannot be given here because of the variation in the quality and batch-to-batch vari-
ability of the collagenase preparations.

4. At the end of the perfusion place the softened liver piece into a sterile culture dish and dissect
the perfused parts from unperfused tissue with scalpels in 100 mL of collagenase solution.

5. Rinse, but do not press the cell homogenate through nylon mesh (pore size: 250 �m) and again
through a nylon mesh of 75 �m pore size. This will yield isolated single or doublet hepatocytes.

6. Centrifuge the hepatocytes three times at 30g for 5 min at 4°C and aspirate the supernatants
completely as they will contain mainly nonparenchymal cells and damaged hepatocytes.

7. Carefully resuspend the cells at each washing step with 4°C cold washing medium. After the
last wash, resuspend the cells in plating medium and pour the cell suspension on collagen-
coated coverslips (104 hepatocytes per coverslip) in 24-well plates.

8. After 2–8 h at 37°C, change medium to hepatocyte culture medium. The hepatocytes are
now ready for uptake experiments (Fig. 3).

Fig. 2. Protein composition of highly purified HBsAg from HBV-containing plasma. Fractions
containing filaments and spheres were divided after the first sucrose gradient and purified sepa-
rately. Note that the filaments contain higher concentrations of LHBs, whereas spheres are rich in
MHBs. The faint bands at higher molecular weight (� 42 kDa) are dimers.
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3.4. Binding and Endocytosis of Subviral Particles of HBV in Primary
Hepatocytes Using Confocal Laser Scanning Microscopy

1. Dilute the BODIPY-labeled purified subviral particles in ice-cold binding medium at con-
centrations of 20–200 ng/mL.

2. Incubate for 60 min at 4°C for binding or for 15–30 min at 37°C for determining binding
and uptake of labeled HBsAg. Because the asialoglycoprotein receptor (ASGPR), a liver-
specific c-type lectin, induces endocytosis of desialylated glycoproteins (8), we desialy-
lated the glycosylated HBsAg with neuraminidase from Arthrobacter ureafaciens (9). (See
Note 2.)

3. Wash the coverslips five times with ice-cold binding medium. (Do not use PBS as this will
result in detachment of the hepatocytes.)

4. Fix the cells in 3% PFA for 30 min at room temperature. If you do not plan to stain cell com-
partments with antibodies, the cells can now be mounted with Mowiol-DABCO.

5. For antibody staining, proceed with permeabilization of the cells with 0.1% Triton X-100 in
PBS for 30 min, wash with PBS, and incubate the coverslips with blocking medium for 1 h
at 37°C.

6. Incubate anti-endosome antibody (anti-early endosome antibody 1 [EEA1], Transduction/
Pharmingen) at a dilution of 2 �g/mL in blocking buffer for 2 h at 37°C.

7. Wash cells intensively but not vigorously five times with PBS and proceed with the incuba-
tion of the second, anti-mouse-Cy5-labeled antibody (Amersham) at a concentration of 0.5
�g/mL for 1 h.

8. Wash again five times with PBS and use Mowiol-DABCO for mounting of the coverslips on
the slide.

9. Let the slides dry overnight in the dark and seal the borders of the coverslips with clear nail
polish.

10. Clean the coverslips with double-distilled water and proceed with microscopy or store them
properly in special slide containers (Nalgene) at −20°C.

3.5. Confocal Laser Scanning Microscopy
We used a Leica DM IRBE microscope with a confocal scanning unit (Leica TCS

NT, Heidelberg) and an argon–krypton laser with excitation wavelengths of 488 nm,
567 nm, and 648 nm. The excitation energy was set to 35–40% of maximum laser
energy, which results in low unspecific background fluorescence of unlabeled hepato-
cytes. The far-red fluorescence of CY5 was corrected to blue to distinguish it from the
red fluorescence of Texas red. For colocalization experiments (Fig. 4) we used elec-
tronic overlays of different channels, which were further processed with ADOBE Pho-
toshop version 6.0 (ADOBE Systems).

4. Notes
1. Be sure that no air bubbles enter the liver as this will result in poor yield. The liver will

change color from red-brown to light brown because of the loss of blood and this indicates
the sections of the liver that are well perfused. Care has to be taken to not over-pressure the
liver as this will damage the cells.

2. As a control for binding and uptake it is also possible to use Texas red-labeled holo-
transferrin (Molecular Probes) which binds to the transferrin receptor and can be visualized
after uptake in primary endosomes and recycling endosomes (data not shown).
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The Tupaia Model for the Study of Hepatitis B Virus

Direct Infection and HBV Genome Transduction 
of Primary Tupaia Hepatocytes

Fritz von Weizsäcker, Josef Köck, Sabine MacNelly, 
Shaotang Ren, Hubert E. Blum, and Michael Nassal

1. Introduction
With an estimated 350 million chronic carriers, hepatitis B virus (HBV) infection

still represents a global health care problem. In particular, HBV is the most common
cause of hepatocellular carcinoma worldwide. Replication of HBV has been extensively
studied in transfected hepatoma cells, yet studies on early steps of viral infection are
scarce. This is due to the fact that currently available permanent cell lines are not per-
missive for HBV infection, and human hepatocyte resources are limited. In this context
the Asian tree shrew (Tupaia belangeri) has gained increasing interest. Tupaias are
squirrel-sized animals closely related to primates (Fig. 1). Earlier studies suggested that
they can be experimentally infected with human herpes simplex virus (HSV) (1), hepa-
titis B virus (2,3), and hepatitis C virus (HCV) (4). However, infection rates in vivo are
generally very low for HBV and HCV.

To obtain a more robust model system for HBV infection, we have evaluated the use
of primary tupaia hepatocytes (PTH). Using the protocols for culturing and infecting
PTH described below, these cells can indeed be reproducibly infected with HBV (5).
The experimental system offers a platform to study several of the unresolved problems
related to binding, uptake, and uncoating of HBV in primary cells as well as antivirals.
However, despite major improvements in controlling the factors determining the effi-
ciency of HBV infection the level of HBV replication in PTH is still low.

An alternative to direct infection with HBV of PTH is the artificial introduction of
HBV genomes using a gene transfer vehicle such as an adenovirus-derived vector (Ad-
HBV). In this way, the limited efficiency of the HBV receptor-mediated entry process is
bypassed, and essentially all PTH cells can be transduced (6,7). The rationales for using
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Ad-HBV, including their potential for in vivo applications as well as protocols on their
generation and characterization, are given in the chapter by Sprinzl et al. (Chapter 18).
While Ad-HBV may be used to transduce HBV genomes into cells from various
species, their application to PTH offers the possibility to study formation of nuclear
covalently closed circular HBV DNA (cccDNA). This is not trivial because, for
instance, in HBV-transgenic mice no evidence for the generation of this central intra-
cellular intermediate of the HBV replication cycle could be obtained (8), except in a
rather specific knockout background (9). By contrast, Ad-HBV transduced PTH are
clearly capable of cccDNA formation (6) although the establishment of a true persistent
HBV infection by this route is not yet established.

A potential problem for unambiguous proof of cccDNA formation, and particularly
for quantitative determinations, for example, in therapeutic studies, is the presence of
Ad-HBV DNA in the transduced cultures, especially when applied at high multiplicities
of infection (MOI). Although these molecules do not support vector replication in the
absence of complementation, they usually persist for the duration of the experiment,
giving background signals that might interfere with HBV cccDNA detection. Similarly,
cccDNA detection may be obscured by products generated from replicative HBV inter-
mediates. The protocol given below is based on previously published procedures for
cccDNA enrichment (6) but further optimized for maximal removal of non-cccDNA
molecules. Essential aspects are (1) the use of isolated nuclei rather than whole cells as
starting material; (2) two denaturing treatments (NaOH–SDS and NaOH, respectively)
followed by neutralization/precipitation with potassium acetate and phenol extraction
for removal of large DNA fragments; (3) treatment with nucleases that do not affect
cccDNA but digest RNA and linear DNA, that is, RNase, a restriction enzyme that has
no recognition site in HBV but several in the Ad-HBV vector, and Plasmid-Safe ATP-
dependent DNase (10). The latter enzyme is virtually inactive on circular double-

Fig. 1. An adult Tupaia belangeri from the colony held at the author’s institution. The actual
size of the animal’s body is approx 15 cm.
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stranded DNA but digests linear DNAs; its original application is the removal of chro-
mosomal DNA fragments frequently contaminating plasmid DNA preparations.
Because it is an exonuclease, simultaneous treatment with a suitable restriction enzyme
speeds up digestion of the Ad-vector DNA. Once the nuclear HBV cccDNA preparation
is obtained, it can be processed for Southern blotting by any standard procedure.

At present both direct HBV infection of PTH and their vector-mediated transduction
with HBV genomes offer new opportunities to address several, but not all, significant
aspects of HBV biology. It is therefore important that our previous work has shown that
the recently discovered woolly monkey hepatitis B virus (WMHBV), although less
infectious for human primary hepatocytes (11), replicates much more efficiently in PTH
(5). This allows the systematic analysis of the viral factors that determine the level of
HBV replication in this cell culture system and should help generate HBV mutants with
enhanced replication competence in tupaia cells. The same goal might be achieved by
selecting for adaptive HBV mutations via serial passage in PTH, or possibly in vivo
after an initial transduction using Ad-HBV. Ultimately, PTH-adapted HBV variants
may prove to be useful tools for turning tupais into a general and practical small animal
model of HBV infection.

2. Materials
2.1. Animal Care and Anesthesia
2.1.1. Animal Maintenance

See Subheading 3.

2.1.2. Anesthesia
1. 10 % Ketamine hydrochloride (115.34 mg/mL; Essex Tierarznei, Munich, Germany).
2. 2 % Xylazine hydrochloride (23.32 mg/mL; Bayer Leverkusen).
3. 26-Gauge × 1/2 needle (Sterican, Braun, Melsungen, Germany).

2.2. Liver Perfusion and Cell Culture
2.2.1. Stock Solutions and Reagents

1. 10 % Glucose dissolved in 0.9 % NaCl.
2. 0.5 M CaCl2 dissolved in 0.9 % NaCl.
3. 15 mM 4-(2-Hydroxyethyl) piperazine-l-ethanesulfonic acid (HEPES).
4. 1 M EGTA (ethylene glycol tetraacetic acid; Titriplex VI; Merck, Darmstadt, Germany).
5. 200 mM Glutamine (Life Technologies, Karlsruhe, Germany).
6. 10,000 U/mL of penicillin, 10 mg/mL of streptomycin (Gibco, Karlsruhe, Germany).
7. 10 mM L-Hydrocortisone (water soluble; H-0390; Sigma, Munich, Germany).
8. 1 mM Insulin (Sigma, Munich, Germany).
9. Trypan blue (Sigma, Munich, Germany).

10. 229 U/mg of Collagenase CLSII, (Biochrom, Berlin, Germany) (see Note 1).

2.2.2. Buffers and Cell Culture Media
1. Hank’s solution: 8 g of NaCl, 0.4 g of KCl, 3.57 g of HEPES, 0.06 g of Na2HPO4 · 2H2O,

and 0.06 g of KH2PO4. Add H2O to 1 L, adjust pH to 7.4, sterilize, and tightly close the
flask.
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2. Hank’s solution I: Hank’s solution supplemented with 5 mM EGTA, 1 % glucose, and
penicillin–streptomycin at a dilution of 1:100.

3. Hank’s solution II: Hank’s solution I supplemented with 0.5 mg/mL of collagenase CLSII
and 5 mM CaCl2.

4. Williams Medium without glutamine (Biochrom, Berlin, Germany), supplemented with
10 �M L-hydrocortisone, 20 �M insulin, 15 mM HEPES, 2 mM glutamine, and penicillin–
streptomycin at a dilution of 1:100.

5. Hepato-STIM Biocoat medium (Becton-Dickinson, Bedford, MA), supplemented with 
2 mM glutamine, 15 mM HEPES, and penicillin–streptomycin at a dilution of 1:100.

2.2.3. Other Materials
1. Scalpel (no. 11; Feather PFM, Cologne, Germany).
2. Abbocath-T 18G (Venisystems, Abbott, Ireland).
3. Peristaltic pump (Reglo Digital; Isamtech, Zürich, Switzerland).
4. 70-�m mesh cell strainer (Becton-Dickinson).
5. Collagen I coated six-well plates (Becton-Dickinson).
6. Tissue culture centrifuge (Labofuge M, Heraeus, Stuttgart, Germany).

2.3. Purification of HBV Inoculum
1. Nycodenz (Nycomed Pharma AS, Oslo, Norway).
2. 11 × 34 mm polycarbonate centrifuge tubes (Beckman Instruments, Palo Alto, CA).
3. TLS55 swing-out rotor (Beckman Instruments).

2.4. Preparation of Ad-HBV Stocks
General methods for the generation of Ad-HBV vectors and characterization of

the vector stocks are given by Sprinzl et al. (Chapter 18). Because of the rather broad
host range and tissue tropism of adenoviruses, all work has to comply with appropri-
ate biosafety regulations. Used equipment should be autoclaved and properly dis-
posed of.

2.5. Infection of PTH with Ad-HBV
1. Titered stock of Ad-HBV vector (usually containing approx 1011 pfu/mL).
2. Primary tupaia hepatocytes cultured as described below.

2.6. Isolation and Detection of Nuclear HBV cccDNA
1. TNE buffer: 10 mM Tris-HCl, pH 8; 1 mM EDTA, 150 mM NaCl.
2. P1-1 buffer: 10 mM Tris-HCl, pH 8; 1 mM EDTA; 150 mM NaCl; 0.2% (v/v) Nonidet P-40

(NP-40).
3. P1-2 buffer: 10 mM Tris-HCl, pH 8; 1 mM EDTA; 0.2% (v/v) NP-40.
4. P2 buffer: 0.15 M NaOH, 6.2% sodium dodecyl sulfate (SDS).
5. P3 buffer: 3 M potassium acetate (adjusted to pH 4.8–5.0 using glacial acetic acid).
6. Buffer D: 1× NewEngland Biolabs restriction buffer 4, containing 1 mM ATP, 40 �g/mL of

RNase A, 50 U/mL of HpaI, and 300 U/mL of Plasmid-Safe ATP-dependent DNase.
7. Water-saturated phenol (AppliChem).
8. Glycogen (20 mg/mL; Roche).
9. RNase A (Roche).

10. Plasmid-Safe ATP-dependent DNase (Epicentre Technologies).
11. Standard equipment for agarose gel electrophoresis and Southern blotting.



Tupaia Model for Study of HBV 157

3. Methods
3.1. Animal Care
3.1.1. Animal Maintenance and Breeding

Animals are kept pairwise in cages 1.50 m in height and 1 m in width. The cages are
equipped with small sleeping boxes and wood. An automated light source generates a
12-h circadian rhythm. The animal facility is maintained at 70% air humidity and a tem-
perature of 28°C. Nutrition includes fruit, vegetables, cheese, eggs, chicken-meat, and
regular baby food. The animals have free access to drinking water.

The duration of pregnancy is 44 d yielding two or three newborns on average.
Breast-feeding takes place once in 48 h. The offspring may be removed from the moth-
ers and be placed on regular nutrition at the age of 5–6 wk. Adulthood is reached at the
age of 12 wk and the average life expectancy of tupaias in captivity is 10 yr.

Immediately after giving birth, females are ready to conceive again. Thus, under
optimal conditions a pair will produce about 25 new animals per year (see Note 2).

3.2. Preparation of Primary Hepatocytes
1. To anesthetize the animals, 5 mg/100 g body wt ketamine hydrochloride and 1 mg/100 g

body wt xylazine hydrochloride are injected intramuscularly. Expect full anesthesia within 
5 min.

2. Hank’s solutions I and II are prewarmed in a 42°C water bath. The collagenase is added
immediately prior to liver perfusion.

3. After shaving and cleaning the abdomen under sterile conditions, the abdominal cavity is
opened and the portal vein is cannulated with a 18-gauge catheter. A silicon tube (2.4 mm
diameter) is connected to the catheter and Hank’s solution I is infused via a peristaltic pump
at a flow rate of 20 mL/min. After starting the peristaltic pump, the vena cava and the right
heart ventricle are incised to permit sufficient outflow. The liver is perfused with solution I
for 5 min, followed by Hank’s solution II for 13–15 min. Correct placement of the portal
vein catheter is evidenced during perfusion by the steady and even color change in all liver
lobes (see Note 3).

4. Following perfusion the liver and the gall bladder are removed, and the liver is transferred to
a sterile crystal dish.

5. All of the following steps are performed in a sterile hood.
6. The liver capsule is carefully removed with a pincette. Gentle shaking will then disintegrate

the perfused liver, yielding a suspension of single cells, some cell clumps, and cell debris.
7. The suspension is placed onto a 70-�g cell strainer and is filtered through the mesh by grav-

ity flow.
8. The suspension is transferred to a 50-mL Falcon tube and washed twice with Williams

medium (room temperature).
9. Cells are centrifuged at room temperature at 37.5g for 2 min in a cell culture centrifuge (see

Note 4).
10. The cells are resuspended in Williams medium and the percentage of intact cells is deter-

mined by staining an aliquot with trypan blue. On average 80–90% of the cells will be
viable.

11. The cells are seeded onto collagen-coated six-well plates at a density of 1–1.25 million cells
per well and kept in a cell culture incubator at 37°C and 5% CO2. After 4 h the cells are care-
fully rinsed in Williams medium, which is then replaced by Hepato-STIM medium.
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3.3. Purification of the HBV Inoculum and Infection of PTH
We have previously observed that a human serum component inhibits binding of

HBV particles to PTH, thus strongly limiting the efficiency of infection. The precise
nature of the inhibitory factor is unclear at present. Fortunately, however, the factor can
be easily separated from infectious HBV virions by gradient sedimentation using the
iodinated benzoic acid derivate Nycodenz (see Note 5).

1. A 50% (w/v) Nycodenz stock solution is prepared in Hepato-STIM medium and is diluted in
Hepato-STIM medium to generate solutions containing 42, 33, 25, 16, and 8% Nycodenz,
respectively. Two hundred microliters of each solution is layered stepwise in 11 × 34 mm
polycarbonate centrifuge tubes.

2. Two hundred microliters of infectious serum (see Note 6) is loaded onto the top of the gradi-
ent and the samples are centrifuged for 40 min at 55,000 rpm at 20°C in a TLS55 swing-out
rotor (200,000g).

3. Subsequently, 155-�L aliquots are removed, beginning at the top. Fractions 1–4 contain
the inhibitory factor and are discharged. Infectious HBV virions are present in fractions
5–8.

4. These fractions are added to PTH 1 d after seeding in 1 mL of Hepato-STIM medium. The
inoculum remains on the cells overnight and the culture medium is replaced daily afterward.

5. Extraction of total DNA from infected PTH, agarose gel electrophoresis, and Southern blot
analysis are performed according to previously published standard protocols. In a typical
experiment cccDNA can be detected 5–7 d post-inoculation and single-stranded DNA is vis-
ible about 14 d post-inoculation. Compared with transfected hepatoma cells, the replication
level of HBV in PTH is low.

3.4. Infection of PTH with Ad-HBV (See Note 7)
The following procedure refers to infection of PTHs seeded in 10 cm diameter

dishes at a density of approx 5 × 106 cells.

1. Mix an aliquot of virus stock solution containing the appropriate number of plaque-forming
units (pfu) with 2 mL/10 cm dish of Biocoat medium and add to the cells. Keep at 37°C in a
CO2 incubator for 1.5 h with occasional rocking.

2. Add supplemented Biocoat Hepato-STIM medium (see Subheading 2.2.). Add a 10-mL
volume and continue incubation for the desired time; media should be changed every 2 d.

3. Conditioned media may be stored at 4°C for later analysis of secreted gene products
(HBsAg, HBeAg, virions).

3.5. Isolation of Nuclear cccDNA
1. For maximal levels of cccDNA, harvest the cells 4–8 d post-infection. Wash the cell layer

once with 10 mL of TNE buffer, then add 2 mL of P1-1 buffer per 10-cm dish, incubate
briefly, and scrape all material off the plate using a rubber policeman. Collect the suspension
in suitably sized centrifugation tubes, for example, equally distributed into two 2-mL Eppen-
dorf tubes.

2. Centrifuge for 10 min at about 11,000g, and separate the supernatant (containing cores; see
Note 8) from the pellet (nuclei).

3. To the nuclear pellet (see Note 9) add 1–2 mL of ice-cold P1-2 buffer (see Note 10); keep on
ice to proceed immediately, or store at −80°C for later use.
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4. Add the same volume of P2 buffer as P1-2 used in step 3, mix vigorously by vortexing; then
incubate for 15–30 min at 37°C, mix occasionally.

5. Add 0.7 the volume of ice-cold P3 buffer as P1-2 used in step 3 and mix immediately by
inverting the tube several times; vortex-mix until the solution is no longer viscous. Keep on
ice for 30 min with occasional mixing.

6. Centrifuge at 11,000g for 20 min at 4°C, and carefully transfer the supernatant (containing
episomal DNA) into a fresh tube.

7. Extract the supernatant with an equal volume of water-saturated phenol and recover the
aqueous phase.

8. Add glyogen to 20 �g/mL (see Note 11) and precipitate nucleic acids by adding 0.7 volume
of isopropanol; centrifuge at 15,000g for 30 min at 4°C.

9. Carefully remove the liquid phase, then wash the nucleic acid pellet with 1 mL of 70%
ethanol; recover nucleic acids by centrifugation, remove the liquid phase, and let air-dry.

10. To remove RNA and linear DNAs resuspend the nucleic acid pellet in 500 �L of buffer D
and incubate for at least 2 h at 37°C (see Note 12).

11. Add 80 �L of 0.4 M NaOH and incubate at 37°C for 5 min.
12. Add 160 �L of buffer P3 and mix immediately; extract the solution once or twice with 750

�L of cold water-saturated phenol, and recover the aqueous phase.
13. Precipitate the DNA by adding an equal volume of isopropanol plus glycogen to 1 �g/mL

(see Note 11), wash the pellet with 70% ethanol
14. Resuspend the pellet in 20 �L of TE buffer; one half of the preparation may be used for

restriction digestion with a single-cutting enzyme, for example, XhoI; HBV-containing frag-
ments originating from remaining Ad-HBV vector DNA will have a different size that can
easily be distinguished from the 3.2-kb fragment generated from HBV cccDNA.

15. Perform Southern blotting by any standard procedure using a radioactively or otherwise
labeled probe specific for HBV; on a standard 1% agarose gel (see Note 13) run in TAE
buffer containing 0.5 �g/mL of ethidium bromide. HBV cccDNA will typically migrate at a
position equivalent to that of a 1.8- to 1.9-kb linear double-stranded DNA.

4. Notes
1. Collagenase is the essential component for liver perfusion. Importantly, there are consider-

able variations between batches. Therefore, it is recommended to test a variety of batches
and then order a large stock of the selected batch.

2. For successful breeding of tupaias several factors should be taken into account. (1) Not every
pair will “match.” If no offspring are produced within 4–6 mo, new pair formations should
be tested. (2) Cannibalism is a notorious problem in tupaia colonies. It is known that tupaias
are exquisitely sensitive toward a variety of changes in their environment, most notably
noise. Indeed, tupaias are commonly used in stress research. Any kind of stress will greatly
enhance the likelihood of cannibalism. To overcome this problem, conditions for animal
maintenance should be kept as stable as possible. Another approach is to isolate newborns
from their mothers as early as 1–2 d after birth and to raise them by hand-feeding. Obviously,
however, this cumbersome procedure does not seem suitable for large-scale breeding. The
easiest way to overcome both the matching-pair problem and cannibalism is to start up with
as many animals as possible.

3. Depending on the length of the silicon tube and the flow rate, the actual temperature of solu-
tions at the end of the tube may drop sharply thus greatly diminishing the collagenase activ-
ity. Therefore, it is recommended to measure the temperature at the end of the tube (outflow)
and adjust the temperature of the water bath so that the outflow temperature is 37°C.
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4. Primary hepatocytes are sensitive to physical stress. Therefore, all manipulations (in particu-
lar resuspensions) should be performed with great care.

5. Nycodenz can probably be substituted for by other density gradient media, but this has not
been systematically analyzed by the authors. Nycodenz may also be dissolved in phosphate-
buffered saline, but occasionally a precipitate entrapping most HBV virions may form in the
gradient resulting in greatly reduced infectivity. This effect can be avoided by dissolving
Nycodenz in Hepato-STIM medium.

6. Ideally, the titer of the inoculum should be 	 108 virus genome equivalents per millimeter.
Importantly, however, not all HBV-positive sera are equally effective, despite equal DNA
titers (J. Köck and F. von Weizsäcker, unpublished observations). The reasons accounting for
this observation are unclear at present.

7. In numerous infection experiments with Ad-HBV vectors carrying a GFP marker gene in the
vector, we never observed a spread or plaque formation, in keeping with the expected
dependence of these vectors on complementation. Nonetheless, all operations should be per-
formed with great care under a laminar flow hood in an approved facility; all personnel
involved should be vaccinated against HBV.

8. The supernatant obtained in this way is suitable for analyzing core particle associated HBV
DNA.

9. When establishing the protocol, we found it useful to add, at this step, a known amount of
plasmid DNA to a nuclear pellet from nontransduced cells and take it through the entire pro-
cedure. In this way, the recovery yield, potential nicking of the cccDNA during the treat-
ments, as well as the performance of the individual batch of agarose used in Southern
blotting (see Note 13) can be assessed.

10. Keeping the volume of initially added buffer P1-2 small will make the preparation more con-
venient because of the smaller tubes/fewer centrifugation steps required. Particularly at
higher cell densities, however, using the larger volume is recommended. The volume ratios
of buffers P2 and P3 to P1-2 must be kept constant.

11. Glycogen acts as an inert carrier that increases the efficiency of DNA precipitation; this is
especially of concern for the second precipitation because the total concentration of nucleic
acids will be drastically reduced by the enzymatic treatment.

12. Because Plasmid-Safe DNAse is an exonuclease, digestion of large DNA fragments takes
time; the incubation period can be extended to overnight digestion without negative effects
on HBV cccDNA.

13. We have found that some batches of agarose used for gel electrophoresis give relatively
fuzzy bands with the small amounts of cccDNA, although this effect may not be obvious
with larger amounts of plasmid DNA that are detectable by ethidium bromide staining. Elec-
trophoresis grade agarose from Bio-Rad usually works well but, if problems are encountered
with cccDNA detection, performance of the individual agarose batch in use may be tested as
described in Note 9.

References
1. Darai, G., Schwaier, A., Komitowski, D., and Munk, K. (1978) Experimental infection of

Tupaia belangeri (tree shrews) with herpes simplex virus types 1 and 2. J. Infect. Dis. 137,
221–226.

2. Yan, R. Q., Su, J. J., Huang, D. R., Gan, Y. C., Yang, C., and Huang, G. H. (1996) Human hep-
atitis B virus and hepatocellular carcinoma. I. Experimental infection of tree shrews with
hepatitis B virus. J. Cancer Res. Clin. Oncol. 122, 283–238.



Tupaia Model for Study of HBV 161

3. Walter, E., Keist, R., Niederost, B., Pult, I., and Blum, H. E. (1996) Hepatitis B virus infec-
tion of tupaia hepatocytes in vitro and in vivo. Hepatology 24, 1–5.

4. Xie, Z. C., Riezu-Boj, J. I., Lasarte, J. J., et al. (1998) Transmission of hepatitis C virus infec-
tion to tree shrews. Virology 244, 513–520.

5. Köck, J., Nassal, M., MacNelly, S., Baumert, T. F., Blum, H. E., and von Weizsäcker, F.
(2001) Efficient infection of primary tupaia hepatocytes with purified human and woolly
monkey hepatitis B virus. J. Virol. 75, 5084–5089.

6. 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.

7. Sprinzl, M. F., Oberwinkler, H., Schaller, H., and Protzer, U. (2001) Transfer of hepatitis B
virus genome by adenovirus vectors into cultured cells and mice: crossing the species barrier.
J. Virol. 75, 5108–5118.

8. Chisari, F. V. (1996) Hepatitis B virus transgenic mice: models of viral immunobiology and
pathogenesis. Curr. Top. Microbiol. Immunol. 206, 149–73.

9. Raney, A. K., Eggers, C. M., Kline, E. F., et al. (2001) Nuclear covalently closed circular viral
genomic DNA in the liver of hepatocyte nuclear factor 1 alpha-null hepatitis B virus trans-
genic mice. J. Virol. 75, 2900–2911.

10. Delaney, IV, W. E. and Isom, H. C. (1998) Hepatitis B virus replication in human HepG2
cells mediated by hepatitis B virus recombinant baculovirus. Hepatology 28, 1134–1146.

11. Chouteau, P., Le Seyec, J., Cannie, I., 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.





14

Delivery of Hepatitis B Virus Therapeutic Agents Using
Asialoglycoprotein Receptor–Based Liver-Specific Targeting

Masayoshi Konishi, Catherine H. Wu, and George Y. Wu

1. Introduction
Many kinds of vectors for gene transfer have been developed in the last 20 yr. These

include viral vectors such retroviruses (1,2), adenoviruses (3,4), and adeno-associated
viruses (5); nonviral vectors utilizing cell-specific recognizing components (6,7); and
lipid-mediated liposomes (8). Some of these gene-transfer methods have reached Phase
I and II clinical trials, while others are still in the laboratory. This chapter focuses on
protocols for the use of asialoglycoprotein receptor–based carriers to alter hepatitis B
virus (HBV) viral replication in cell culture and animal models.

We have demonstrated previously that foreign genes can be targeted to hepatocytes
in vitro (9) and in vivo (7) using a nucleic acid carrier system based on recognition by
asialoglycoprotein receptor (ASGPR). The ASGPR is a receptor that can recognize
and internalize galactose-terminal (asialoglycoproteins) through receptor-mediated
endocytosis. Furthermore, this receptor is present in large numbers only on the surface
of adult mammalian hepatocytes. The nucleic acid carrier system is composed of: (1) a
liver cell targeting component consisting of an asialoglycoprotein; (2) a DNA binding
component, usually a polycation such as poly-L-lysine, which can bind DNA in a
strong, but noncovalent manner based on electrostatic attraction; and (3) in some
cases, addition of a membranolytic component can be advantageous. Mixing of this
conjugate with DNA in the proper proportions resulted in complexes that allowed
delivery of DNA, and foreign gene expression in hepatocytes. In addition to new gene
expression due to introduction of double-stranded DNA, the ASGPR-mediated DNA
carrier system has also been used to deliver single-stranded antisense oligonucleotides.
We have successfully demonstrated the inhibitory effects of antisense oligonucleotides
on HBV gene expression in an HBV-producing hepatoma cell line (10), and in a liver
cell line, Huh7, transiently transfected with an HBV expression plasmid (11). Further-
more, the targeted delivery of antisense oligonucleotides based on this system was
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used to inhibit viral gene expression and replication in woodchuck hepatitis virus-
infected woodchucks (12).

Glycoproteins such as fetuin (13), orosomucoid purified from serum and desialy-
lated in the laboratory (14,15), have been used as natural ligands for ASGPR. Large-
batch purification of human orosomucoid from serum and rapid and convenient
desialyation to obtain asialoorosomucoid (ASOR) have been achieved. This makes
ASOR an attractive ligand to be used for synthesizing liver-specific carriers. Other
investigators have used artificially generated galactose-terminated neoglycoproteins
as liver-specific delivery agents (16). Detailed protocols for the purification of ASOR
from serum, synthesis of asialoorosomucold–polylysine (ASOR–PL) conjugate and
its purification have been published elsewhere (15). In the following sections, proto-
cols are provided for the preparation of ASOR–PL complexes with antisense oligonu-
cleotides, and methods for assaying for the effectiveness of the complexes on HBV
replication.

2. Materials
Unless otherwise specified all chemicals were obtained from Sigma-Aldrich, St.

Louis, MO.

2.1. Cell and Cell Culture
1. Huh7, asialoglycoprotein receptor (+) human liver cell line (from Dr. T. Jake Liang, NIH,

Bethesda, MD).
2. SK Hep1, asialoglycoprotein receptor (−) human liver cell line (from Dr. David Shafritz,

Albert Einstein College of Medicine, Bronx, NY).
3. HepG2 2.2.15, asialoglycoprotein receptor (+) cells, that constitutively produce infectious

HBV particles (from Dr. George Acs, Mt. Sinai Medical Center, NY).
4. Dulbecco’s modified Eagle’s medium (DMEM) (Gibco/BRL, Gaithersburg, MD).
5. Heat-inactivated fetal calf serum (FCS) (Gibco/BRL).
6. CoStar tissue culture dishes, 6-well and 48-well from Corning, Corning, NY.

2.2. Antisense DNA and Gel Retardation Assay
1. A 21-mer phosphorothioate-linked oligonucleotide (TTTATAAGGGTCAATGTCCAT) was

prepared complementary to the polyadenylation signal, and sequences immediately upstream
of the HBV genome.

2. A random sequence of the same length and linkage as a negative control. Both oligonu-
cleotides were obtained from Midland Certified Reagent Company (Midland, TX). The anti-
sense oligonucleotides were purified to homogeneity by reverse-phase high-pressure liquid
chromatography, and their appropriate sizes determined by denaturing polyacrylamide gel
electrophoresis by the company.

3. ASOR–PL carrier (15).
4. Ultrapure agarose (Gibco/BRL).
5. Gel running buffer: 0.09 M Tris-phosphate–0.002 M ethylene diaminetetraacetic acid (TPE).
6. Horizontal gel electrophoresis apparatus, model H5 (Gibco/BRL).

2.3. Preparation of Antisense Oligonucleotide–ASOR–PL Complexes
1. 1.0-cm Spectropore dialysis tubing, 1-kDa exclusion limit (Fisher Scientific, Pittsburgh,

PA).
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2. NaCl solution with the following concentrations: 2.0 M, 1.5 M, 1.0 M, 0.5 M, 0.25 M, and
0.15 M.

3. 0.45-�m Acrodisc filter (Gelman Sciences, Ann Arbor, MI).

2.4. Uptake of Antisense DNA Complexes by Hepatocytes
1. [�-32P]ATP (Amersham, Piscataway, NJ).
2. T4 polynucleotide kinase (Invitrogen, Carlsbad, CA).
3. 10 mM Ethylene diaminetetraacetic acid–phosphate-buffered saline (EDTA–PBS), pH 6.0.
4. 10 mg/mL of ASOR, in 0.15 M NaCl.

2.5. Assay for Hepatitis B
1. Hepatitis B surface antigen enzyme-linked immunosorbent assay (ELISA) kits (Abbott

Labs, North Chicago, IL).
2. Hepatitis B e antigen ELISA kits (Abbott Labs).

2.6. Isolation of Core-Associated HBV DNA from Huh7 Cells
1. 10 mM Tris-HCl, pH 7.5; 10 mM EDTA.
2. RNase A.
3. Proteinase K (Gibco/BRL).
4. Tris-saturated phenol (Invitrogen).
5. Chloroform.
6. Lysis buffer: 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.5 % Nonidet P-40 (NP-40), 1 mM

EDTA
7. MgCl2.
8. DNase I (Invitrogen).
9. Sucrose.

10. Proteinase K–SDS solution: 10 mM Tris-HCl, pH 7.6, 10 mM EDTA, 1% sodium dodecyl
sulfate (SDS), 1 mg/mL of proteinase K.

11. Sorvall RC5 centrifuge, SS-34 rotor.
12. Beckman L5 centrifuge, SW41 rotor.

2.7. Long Polymerase Chain Reaction (PCR) for HBV DNA
1. Primer from nucleotides 2936–2956 in the adw 2 HBV genome, at 20 mM.
2. Primer from nucleotides 2957–2977 in the adw 2 HBV genome, at 20 mM.
3. Klentaq DNA polymerase 5 U/�L (Ab Peptides, St. Louis, MO).
4. Exo−Pfu DNA polymerase 2–3 U/�L (Promega, Madison, WI).
5. Bovine serum albumin (BSA) (Gibco/BRL).
6. dNTP 10 mM stock solution (Gibco/BRL).
7. 10X PCR buffer mix: 200 mM Tris-HCl, pH 8.55, at 25°C, 1.5 mg/mL of BSA, 160 mM

ammonium sulfate, 35 mM magnesium sulfate, 0.4% (w/v) Triton X-100.
8. PCR reaction mixture: 10.0 �L of 10X PCR buffer, 1.25 mM dNTP stock, 1.0 mM sense

primer, 1.0 mM antisense primer, and 1.2 mL of KlenTaq/Pfu enzyme mix.
9. DNA template-core associated HBV DNA isolated from medium or cells at 2 mg/mL.

2.8. RNase Protection Assay
1. pGEM-HBs plasmid containing nt 28–248 of adw HBV genome in pGEM-5Zf(+) vector.
2. Sal 1 (Gibco/BRL).
3. T7 RNA polymerase (Invitrogen).
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4. 5X T7/T3 RNA polymerase buffer (Invitrogen).
5. RNase-free DNase I (Boehringer-Mannheim, Indianapolis, IN).
6. RPA II kit (Ambion, Austin, TX).
7. RNase A and T1 (Ambion).
8. 10 mM Dithiothreitol (DTT).
9. rNTP (minus UTP), 2.5 mM each (Promega).

10. RNasin Ribonuclease Inhibitor (Promega).
11. Water-saturated phenol (Gibco/BR).
12. XAR film (Kodak, Rochester, NY).
13. Bio-Rad Video Densitometer model 260 (Bio-Rad Labs, Hercules, CA).

3. Methods
3.1. Cell Culture

Huh7 [ASGP receptor (+) cells], SK Hep1 cells [ASGP receptor (−) cells], and
HepG2 2.2.15 are cultured in DMEM containing 10% FCS at 37°C, 5% CO2.

3.2. Gel Retardation Assay
This assay is used to determine the minimum amount of ASOR–PL protein carrier

needed to bind antisense oligonucleotide to retard the mobility of antisense oligonu-
cleotide in a 1% agarose gel electrophoresis.

1. Dissolve antisense oligonucleotide making a solution of 1 mg/mL in 0.15 M NaCl.
2. Dissolve ASOR-PL carrier making a solution of 1.0 mg/mL in 0.15 M NaCl.
3. Prepare a series of samples by adding 20-�L aliquots of ASOR–PL solutions to 20 �L

of antisense oligonucleotide or plasmid DNA to give ASOR–PL/DNA mass ratios of
4.0:1, 3.0:1, 2.5:1, 2.0:1, 1.0:1, 0.5:1, 0.1:1, and 0:1. Mix the samples and leave at 25°C
for 15 min.

4. Apply the samples onto 1% agarose gel using 1X Tris-phosphate–EDTA as running solution,
run electrophoresis at 50 V for 30 min (see Note 1).

5. A representative gel retardation assay of ASOR–PL carrier bound to varying ratios of anti-
sense oligonucleotide DNA is shown in Fig. 1.

3.3. Preparation of HBV Antisense-ASOR–PL Complexes
1. Using the weight ratio of antisense to ASOR–PL carrier determined in Subheading 3.2., add

antisense oligonucleotide DNA at 1 mg/mL of 2 M NaCl to 600 �L of ASOR–PL carrier at
0.50 mg/mL in 2 M NaCl at 25°C.

2. Put the mixture in 1.0-cm (flat width) dialysis tubing with an exclusion limit of 1 kDa.
3. Dialyze stepwise at 4°C for 0.5 h against 1 L of 1.5 M, 1.0 M, 0.5 M, 0.25 M, and 0.15 M suc-

cessively.
4. Filter complex through 0.45-�m membranes.
5. Run an aliquot on 1% agarose gel (see Subheading 3.2.) to determine antisense DNA–

ASOR–PL complex formation. No free DNA should be present on gel.

3.4. Assay for Liver-Specific Uptake of ASOR–PL-Antisense DNA Complex
1. Label antisense oligonucleotide with [�-32P]ATP using T4-polynucleotide kinase using stan-

dard end-labeling protocol (17). The specific activity of labeled antisense oligonucleotide
will be made up to 105 cpm/ng of DNA.
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2. Make a complex of ASOR–PL–32P-antisense oligonucleotide DNA (see Subheading 3.3.).
Adjust final specific activity to match that of 32P-antisense oligonucleotide alone.

3. Make 100 mL of labeling medium (“hot medium”) containing 32P-antisense oligonu-
cleotide–ASOR–PL complexes at concentration of 2.5 �M with respect to antisense DNA.
Take 50 mL of labeling medium and add 100X weight excess of ASOR. Label this medium
“cold competitor” (see Note 2).

4. Seed 1 × 106 cells into 35-mm cell culture dishes. Make a set of Huh7 cells and one set of SK
Hep1 cells.

5. Twenty-four hours after seeding cells, remove medium, and to one third of the dishes add 
1 mL/dish of “hot medium,” to the other third of dishes add 1 mL/dish of “cold competitor
medium,” and medium containing 32P-antisense oligonucleotide alone to the last third of
dishes. Put the cells back into 37°C, 5% CO2 incubator.

6. At 30 min, 1 h, and 2 h remove three dishes of cells from each experimental group. Discard
labeling medium, chill cells on ice, and wash cell surface with ice-cold 10 mM EDTA-PBS
at pH 5.0 (see Note 3).

7. Wash cell surface quickly, three times, with ice-cold PBS, pH 7.2.
8. Add 0.5 mL of 0.01 N NaOH to each dish for 10 min at 25°C.
9. Collect solubilized cells into scintillation vials and save a 50 �L aliquot for protein determi-

nation using the standard Bradford assay protocol (18). To the remainder, add scintillation
fluid and determine the total cellular uptake of labeled antisense oligonucleotide alone and
labeled antisense oligonucleotide–ASOR–PL. Trypsinize three remaining dishes of cells and
count number of cells. Express uptake as cpm per milligram of total cellular protein or cpm
per number of cells. Alternatively, cpm can be converted to nanograms of labeled antisense
oligonucleotide in the complex by using the initial specific activity of labeled antisense
oligonucleotide and the result expressed as nanograms per milligram of total protein or
nanograms per million cells.

Fig.1. Effect of increasing proportion of ASOR–PL carrier on 21-mer antisense oligonu-
cleotide DNA electrophoretic migration through a 1.0% agarose gel. ASOR–PL–antisense
oligonucleotides complexes were made according to the method described in Subheading 3.2.
and stained with ethidium bromide. Increasing amounts of ASOR-PL carrier, 0–20 �g, mixed
with 2 �g of 12-mer antisense oligonucleotide DNA in each of the lanes resulted in progressive
reduction of migration of the antisense oligonucleotide DNA in the complex.
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A representative uptake of labeled antisense oligonucleotide–ASOR–PL complex by
Huh7 cells and SK Hep 1 cells is shown on Fig. 2.

3.5. Treatment of HBV Producing Cells 
with HBV Antisense Oligonucleotide–ASOR–PL Complex

1. Seed 104 HepG2 2.2.15 cells in six-well culture dishes with DMEM plus 10% FCS.
2. Make HBV antisense–ASOR–PL complexes using methods detailed in Subheading 3.3.

Vary the amount of HBV antisense oligonucleotide from 1 to 100 �M in the liver specific
carrier complexes. Controls include random antisense oligonucleotide–ASOR–PL com-
plexes or sense oligonucleotide–ASOR–PL complexes.

3. Remove medium and add fresh medium containing varying concentrations of antisense
oligonucleotide–ASOR–PL (1–100 �M with respect to antisense oligonucleotide).

4. Replace daily with fresh treatment medium containing antisense–ASOR–PL complexes for
the number of treatment days. Save discarded medium for HBV surface and core antigen
assay and HBV core-associated particles.

5. Assay for intracellular HBV replication and core associated HBV at the end of treatment
(see Note 4).

3.6. EIA Assay for HBV Surface Antigen
1. Use Abbott Labs EIA assay kit for HBV surface antigen.
2. Use 50–100 �L of medium from cells following HBV antisense oligonucleotide–ASOR–PL

and follow the manufacturer’s protocol for HBV surface antigen assay.

3.7. EIA for HBe antigen
Collect 200 �L of medium from cells following HBV antisense oligonucleotide–

ASOR–PL treatments and follow the manufacturer’s protocol to assay for HBe antigen.

3.8. Assays for HBV Replication
The effect of HBV antisense oligonucleotide–ASOR–PL complex on HBV replication

can be evaluated by extracting core-associated HBV particles from medium and cell layer.

3.8.1. Isolation of Core-Associated HBV Particles 
from Medium and Extraction of HBV DNA

1. Clarify treated cell medium by centrifugation at 3000g at 15 min at 4°C, using an SS-34
rotor in a Sorvall RC5 centrifuge.

2. Centrifuge clarified medium at 41,000g for 24 h using SW 41 rotor, at 4°C, Beckman L5
centrifuge.

3. Resuspend the pellet in 10 mM Tris-HCl, pH 7.5, 10 mM EDTA.
4. Digest the resuspended pellet with 20 mg/mL of RNase A for 1 h at 37°C, followed by diges-

tion with 100 �g/mL of proteinase K for 3 h at 50°C.
5. Add equal volume of phenol–chloroform (1:1), vortex-mix, centrifuge at 2000g for 10 min at

25°C.
6. Reextract aqueous top layer with an equal volume of chloroform. Precipitate DNA with 70%

ethanol.

3.8.2. Isolation of Core-Associated HBV Particles from Cytoplasm
1. Wash treated cells two times with PBS, pH 7.2. Lyse cells with 20 mM Tris-HCl, pH 7.5, 100

mM NaCl, 0.5% NP-40, 1 mM EDTA.
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2. Centrifuge cell lysate at 50,000g for 45 min at 20°C.
3. To supernatant add 1 M MgCl2 to a final concentration of 10 mM.
4. Add 20 U/mL of DNase 1. Incubate for 2 h at 37°C. This step destroys noncore associated

DNA.
5. Layer digest (typically 1 mL) over 9.0 mL of a 30% sucrose cushion. Centrifuge at 178,000g

for 3 h at 20°C to collect core particles using a Beckman SW 41 rotor.
6. Digest pellet with 1 mg/mL of proteinase K in 10 mM Tris-HCl, pH 7.6, 10 mM EDTA, 1%

SDS for 12 h at 37°C.
7. Extract DNA from digested material using phenol–chloroform (1:1) followed by precipita-

tion with 2.5 volumes of ethanol.

3.8.3. Confirmation of Activity of Complexed Antisense 
on Viral DNA by Long PCR

To confirm the effect of antisense oligonucleotide–ASOR–PL complexes on HBV
replication, full length 3.2 kb newly synthesized HBV DNA in core particles was ampli-
fied by the long PCR method (19) using the two primers detailed in Subheading 2.2.
and a combination of KlenTaq 1 and exo−Pfu DNA polymerases. Both enzymes are

Fig. 2. Uptake of 32P-21-mer HBV antisense oligonucleotide–ASOR–PL complexes in Huh7
cells and SK Hep 1 cells. Complexes were made according to the method detailed in Subheading
3.3. Uptake assay was performed as detailed in Subheading 3.4. (●) represented the uptake of
labeled antisense oligonucleotide–ASOR–PL complex in Huh7 cells. Two hundred nanograms of
labeled complex was taken up by 1 million Huh7 cells by 2 h. The uptake was mediated by ASGP
receptors in Huh7 cells as the addition of 100-fold weight excess of unlabeled ASOR reduced
uptake to minimal levels (●). The (■) represented uptake of labeled complex in SK Hep 1 cells.
As expected, SK Hep 1 cells that do not have ASGP receptors took up minimal amount of anti-
sense oligonucleotide–ASOR–PL complex.
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commercial heat-stable polymerases and exo−Pfu polymerase has high fidelity DNA
polymerization properties.

1. Make up 10X PCR buffer mix (formula given in Subheading 2.8.).
2. Make up DNA polymerase mix consisting of 1/16 Pfu and 15/16 KlenTaq 1.
3. Adjust primer concentrations to 20 pmol/�L.
4. Make up reaction mixture.
5. Adjust template DNA to 2 mg/mL.
6. Add DNA template to reaction mixture.
7. Start PCR reaction at 68–72°C, 5 min.
8. Twenty-four cycles of 99°C, 30 s; 67°C, 30 s; 68°C, 11–24 min.
9. PCR products are analyzed by agarose gel electrophoresis stained by ethidium bromide.

Look for full-length 3.2-kb HBV DNA.

3.9. Effects of Complexed Antisense on Viral RNA Levels
RNase protection assay is used to examine the effect of antisense–ASOR–PL com-

plexes on cellular HBV RNA levels.

3.9.1. Preparation of Riboprobe
1. Linearize pGEM-HBS plasmid by digestion with Sal 1 for use as template for riboprobe.
2. Mix the following reagents at room temperature to avoid precipitation of spermidine in the

T7/T3 polymerase buffer:
5X T7/T3 RNA polymerase buffer 4 �L
0.1 M DTT 1 �L
10 mg/mL of BSA 2 �L
rNTP (minus UTP), 2.5 mM each 4 �L
0.5 mg/mL of template DNA 1 �L
[�32P]rUTP 6 �L
20–40 U/�L of RNasin 1 �L
50 U/�L of T7 RNA polymerase 1 �L
Total reaction volume 20 �L

3. Incubate at 37°C for 1 h.
4. Digest with 1 mL of RNase-free DNase I (15–30 U/�L) at 37°C for 15 min.
5. Add 150 �L of distilled water. Extract radiolabeled RNA once with an equal volume of phe-

nol (water-saturated)–chloroform (1:1).
6. Extract once with equal volume of chloroform.
7. Add 0.1 volume of 5 M ammonium acetate to make a final concentration of 0.5 M.
8. Add 2.5 volumes of cold ethanol. Leave at −70°C for 10 min.
9. Precipitate RNA by centrifugation at 14,000 rpm, 4°C for 15 min. Discard the supernatant.

10. Resuspend pellet in 150 �L distilled water. Repeat steps 5–9.
11. Wash the RNA pellet with 75% ethanol.
12. Resuspend pellet in 50 �L of distilled water. Take a 2-�L aliquot for scintillation counting.
13. Adjust specific activity of probe to 1 × 105 cpm/ng.

3.9.2. Hybridization of Probe to RNA Sample from Treated Liver Cells
1. Extract RNA from liver cells using acid phenol method of Chomczynski and Sacci (20).
2. Measure 20 �g of cellular RNA in a 1.5-mL microfuge tube and evaporate aqueous solution.
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3. Add 10 �L of solution A (RPA II kit, Ambion) and 1 �L of RNA probe (105 cpm) to the sample.
4. Heat 90°C for 3 min, cool on ice for 2 min and quick spin to bring all solution down.
5. Incubate at 42°C overnight (see Note 5).
6. Prepare dilute RNase solution by mixing 198 �L of RNase digestion buffer with 2 �L of

RNase A/Rnase T1 mix
7. Add 200 �L of diluted RNase to sample and incubate at 37°C for 30 min.
8. Add 300 �L of the RNase inactivation/precipitation solution. Incubate at −20°C for 15 min

(see Note 6).
9. Centrifuge sample at 14,000 rpm for 15 min. Remove the supernatant completely.

10. Resuspend the pellets in 8 �L of gel loading buffer II. Vortex-mix for 10 s and quick spin to
pellet the sample.

11. Heat at 90°C for 3 min.
12. Apply sample onto 5% polyacrylamide/urea gel (21).
13. Run gel at 40 W until the dye is at the bottom.
14. Dry the gel.
15. Visualize bands on gel by exposure to XAR film.
16. Quantify gel bands by densitometry using a Bio-Rad Video Densitometer, Model 260.

Express results as mean of the ratio of arbitrary densitometric units of HBV mRNA to
�-actin mRNA signals in the same sample (see Notes 7–9).

4. Notes
1. The optimal ASOR–PL/DNA ratio for complex formation is determined from the migration

of the samples with the lowest ratio that gives 80–90% DNA retardation.
2. Make up the labeling medium 1 h before commencement of uptake experiment and keep at

37°C.
3. Chilling the cells to 4°C will stop active uptake of complexes. Washing cell surface with

10 mM EDTA–PBS, pH 6.0, will remove cell surface bound complex.
4. HBV antisense–ASOR–PL complexes can also be used to pretreat liver cells prior to HBV

infection resulting in inhibition of HBV replication, and decrease in HBV surface antigen
production by the cells (11). For such experiments, cells are pretreated for 48 h with HBV
antisense–ASOR–PL complexes followed by transfection with an HBV expression plasmid
adwR9 or with a control expression plasmid, pTRI �-actin, not containing HBV DNA.
Transfection medium is removed after 24 h, fresh medium added, and cells and cell medium
assayed for HBV surface antigen and core-associated HBV DNA.

5. For quantitative detection, the labeled probe should be 3- to 10-fold molar excess over target
RNA.

6. For short RNA (� 150 bp), add 100 �L of ethanol in addition to RNase inactivation/precip-
itation solution. For very short RNA (� 50 bp), add 200 �L of ethanol in addition to RNase
inactivation/precipitation solution.

7. Bands that stay at the top of the lanes may be due to poorly purified probe, or due to residue
left on the inside of microfuge tubes by manufacturing process. To avoid this problem, probe
should be further purified by phenol–chloroform extraction.

8. A self-complementary probe is more likely to “protect itself” resulting in smaller than
expected, fairly intense bands in all lanes.

9. AU-rich region of the probe may locally denature (breathing) resulting in RNase degrada-
tion. In that case, RNase digestion should be carried out at lower temperature (ex. room tem-
perature, 15°C or 4°C), or use solution T (RNase T1 only), that allow cleavage of 3'-G only.
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Woodchuck Hepatitis Virus Hepatocyte Culture Models

Norma D. Churchill and Tomasz I. Michalak

1. Introduction
Hepatocytes are the site of the most vigorous replication and virion assembly in the

course of a serologically evident hepadnavirus infection. They also support persistent
propagation of small quantities of hepadnavirus that continues as a serologically unap-
parent (occult) infection long after resolution of hepatitis or due to a primary silent inva-
sion, as it was documented for woodchuck hepatitis virus (WHV) in the woodchuck
model of hepatitis B (1–3). The lack of validated cultures of normal human hepatocytes
susceptible to hepatitis B virus (HBV) and capable of supporting efficient propagation
of the virus in vitro had an adverse impact in the past and continues to hamper studies
on HBV pathobiology, vaccine development, and preclinical evaluation of anti-HBV
agents. A number of important issues, including delineation of the nature of HBV hepa-
totropism, the molecular basis of HBV persistence in the liver, the mechanisms of HBV
oncogenesis, and the virus effect on hepatocyte survival and function, await elucidation
in the appropriate culture models. The natural occurrence of viruses similar to HBV in
some lower mammals provides an opportunity to establish hepatocyte cultures permis-
sive to ortho-hepadnavirus infection and to circumvent, at least to some degree, prob-
lems posed by the absence of appropriate human hepatocyte cultures. Among
mammalian hepadnaviruses, WHV infection in the eastern American woodchuck (Mar-
mota monax) has been validated as a valuable experimental paradigm of virologic,
immunologic, and pathologic events occurring in HBV infection and hepatitis B in
humans (3–5). In this laboratory, we have undertaken the task of developing primary
hepatocyte cultures from both normal and WHV-infected woodchucks and lines of
woodchuck hepatocytes prone to WHV in vitro (6,7). This chapter describes our expe-
rience with generation and maintenance of these cultures, and with in vitro infection
and detection of WHV in these hepatocytes.
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2. Materials
2.1. Liver Perfusion and Hepatocyte Isolation
2.1.1. Buffers and Solutions

Unless otherwise indicated all buffers are sterilized by autoclaving.

1. Calcium-free perfusion buffer: 9 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES) (Calbiochem, La Jolla, CA; cat. no. 391338), pH 7.4, supplemented with 142 mM
NaCl, 5 mM KCl, and 1 mM EGTA (Sigma Chemical, St. Louis, MO; cat. no. E4378).

2. Collagenase perfusion buffer: 90 mM HEPES, pH 7.6, 67 mM NaCl, 7 mM KCl, 3.8 mM
CaCl2 and 50 �g/mL of collagenase (type IV from Sigma; cat. no. C5138 or grade B from
Boehringer Mannheim, Indianapolis, IN; cat. no. 1088 831). First, prepare the buffer without
CaCl2 and collagenase and sterilize by autoclaving in a 500-mL bottle. Prior to use, add col-
lagenase and stir gently until dissolved. Immediately before perfusion, add CaCl2 in 0.1 M
solution filtered through a 0.2-�m syringe filter (Pall, Ann Arbor, MI; cat. no. 6224192 or
equivalent).

3. Hank’s balanced salt solution (HBSS) without calcium or magnesium (Gibco-BRL, Grand
Island, NY; cat. no. 14170-112) or phosphate-buffered saline (PBS) (150 mM NaCl in 20
mM sodium phosphate buffer, pH 7.4) with 1 mM EDTA. These buffers are used for washing
and final purification of hepatocytes.

4. Fetal calf serum (FCS) (US origin; Gibco-BRL; cat. no. 16000-044) treated for 30 min at
56°C and supplemented with 10% dimethyl sulfoxide (DMSO) for cryopreservation of hepa-
tocytes.

2.1.2. Equipment and Supplies for Isolation 
of Hepatocytes by Whole Liver Perfusion

All items intended for contact with perfusion media, liver tissue, or hepatocytes are
sterilized by autoclaving or purchased sterile from the suppliers.

1. Three sets of surgical instruments: Set 1 containing 14.5-cm forceps with teeth and 17.5-cm
straight, dissecting scissors for cutting skin; set 2 with 14.5-cm forceps and 14.5-cm straight
surgical scissors for opening the abdominal cavity; and set 3 containing two pairs of 14-cm
hemostatic forceps, 14.5-cm curved blunt/blunt surgical scissors, 14.5-cm forceps, a ligation
aid for blood vessels with a hole diameter of 0.8 mm (Fine Science Tools, Foster City, CA;
cat. no. 18062-13), approx 25-cm long cotton thread, and one pair of very fine-point forceps
for handling the liver blood vessels. All instruments available from Fine Science Tools.

2. Single-use polyethylene catheter with an 18-gauge, 5.1-cm (2-in.) needle unit with a hub for
connecting to intravenous set adapter (Becton-Dickinson, Rutherford, NJ; cat. no. 3878181
or equivalent).

3. Disposable intravenous fluid infusion set with an air bubble trap chamber (Baxter Health-
care, Toronto, ON; cat. no. JC5401 or equivalent) for connecting the peristaltic pump tubing
with the catheter.

4. Polyethylene tubing (approx 50-cm long with an inner diameter of 2.1 mm) connected, at
one end, with a disposable 2-mL pipet to be submersed in perfusion media and, at the other
end, with the peristaltic pump tubing.

5. Peristaltic pump with adjustable flow rate of 1–200 mL/min (type 49061, Sorvall, Newtown,
CT equipped with pumphead model 7014 or equivalent pump) and silicone tubing. The tub-
ing is flushed with 70% ethanol before and after each usage.
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6. Glass tube with a sintered glass cap connected by tubing to a tank of medical O2 (95%)–CO2
(5%) gas mixture for oxygenation of perfusion media.

7. Water bath for maintaining perfusion media at 37°C.
8. Pyrex 500-mL Erlenmeyer flask for prewarming and oxygenation of collagenase perfusion

medium.
9. Coors porcelain Büchner with 11.4-cm in diameter perforated plate (Fisher Scientific, cat.

no. 10-356E) to support the liver during perfusion with collagenase medium.
10. Pyrex 1-L beaker for mincing collagenase-treated liver tissue.
11. Four layers of surgical gauze mounted in a polyethylene funnel for filtration of cells after the

whole liver perfusion.
12. Pyrex Erlenmeyer 1-L flasks for waste liquids.
13. 50-mL conical centrifuge tubes with screw cups (Sarstedt, Newton, NC; cat. no. 62.547.205

or equivalent) for washing and pelleting of hepatocytes.
14. Low-speed centrifuge for cell sedimentation (type GS-6R; Beckman Instruments, Palo Alto,

CA or equivalent).
15. Hemocytometer (Housser Scientific, Horsham, PA or equivalent).
16. Nalgene cryogenic 2-mL vials for hepatocyte storage.

2.1.3. Alternative Supplies Required for Hepatocyte Isolation by
Microperfusion from Liver Biopsy or Autopsy Tissue Fragments

1. A 27-gauge needle connected to the perfusion circuit, as per Subheading 2.1.2.
2. Single use surgical blade (Becton Dickinson; No. 22, cat. no. 371122 or equivalent).
3. Stainless-steel cell dissociation sieve with 85-mL cup (Sigma; cat. no. CD-1) fitted with a

50-mesh screen (Sigma; cat. no. S0895).
4. Pestle of a 10-mL plastic syringe for pressing collagenase-treated liver tissue through the

sieve.
5. Polystyrene 9-cm diameter Petri dishes for collection of hepatocytes after separation on the

sieve.
6. 15-mL conical centrifuge tubes with screw cups (Sarstedt; cat. no. 62.554.205 or equivalent)

for washing and pelleting of hepatocytes.

2.2. Hepatocyte Cultivation
2.2.1. Culture Medium

1. Hepato-STIM hepatocyte defined medium (Becton Dickinson; cat. no. 355056) with epider-
mal growth factor (10 ng/mL; Becton Dickinson), 2 mM glutamine, 0.4 �g/mL of glucagon
(Sigma; cat. no. G3157), 50 IU of penicillin (ICN Biochemical, Horsham, PA), and 50
�g/mL of streptomycin (ICN).

2. Culture supernatant of HepG2 cells (American Type Culture Collection, Rockville, MD; cat.
no. ATCC HB 8065) propagated in DMEM: Dulbecco’s modified Eagle’s medium supple-
mented with 10% heat-inactivated FCS, 1 mM sodium pyruvate, 0.1 mM nonessential amino
acids, 50 IU/mL of penicillin, and 50 �g/mL of streptomycin (all from ICN). The super-
natant is prepared when HepG2 monolayers become about 90% confluent. At this stage, the
medium is replaced with fresh DMEM plus supplements and the cells are cultured for an
additional 24 h. Then, the culture supernatant is poured off and filtered through a 0.2 �m
pore size syringe filter.

3. Conditioned hepatocyte culture medium is composed of Hepato-STIM medium supple-
mented with 20% of HepG2 cell culture supernatant.
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2.2.2. Gelatin-Coated Culture Dishes
Tissue culture flasks and multi-well plates used for woodchuck hepatocyte cultiva-

tion are coated with sterilized 0.1% gelatin (Difco Laboratories, Detroit, MI; cat. no.
0143-15-1) in PBS (see Note 1). The coated dishes are kept overnight at 4°C before use.

2.3. Hepatocyte Infection and Virus Detection
2.3.1. Elimination of Extracellular Viral Sequences

1. DNase digestion buffer: 100 mM MgCl2 in 500 mM Tris-HCl, pH 8.0.
2. DNase, 1 �g/�L; activity 2 U/�g; deoxyribonuclease I; type IV from bovine pancreas

(Sigma; cat. no. D-5025 or equivalent).
3. Trypsin, 10 mg/mL; activity 7300 U/mg; type XI from bovine pancreas (Sigma; cat. no. 

T-1005 or equivalent).
4. 0.1 M CaCl2.
5. Trypsin inhibitor, 10 �g/mL; type II-O from chicken egg white (Sigma; cat. no. T-9253).

2.3.2. Dot-Blot Hybridization for WHV DNA Detection
1. Microcentrifuge 1.5-mL polypropylene tubes (Fisher Scientific; cat. no. 05-407-10 or equiv-

alent) for freezing and thawing of hepatocytes.
2. Nylon membrane (Hybond-N; Amersham Life Science, Arlington Heights, IL; cat. no.

RPN303N).
3. Microfiltration apparatus with vacuum manifold (Bio-Dot apparatus; Bio-Rad Laboratories,

Richmond, CA; cat no. 170-3938).
4. Filter paper (3 MM chromatography paper; Whatman, Maldstone, UK; cat. no. 3030 917).
5. Denaturation solution: 1.5 M NaCl and 0.5 M NaOH.
6. Neutralizing solution: 1 M Tris-HCl buffer with 1.5 M NaCl, pH 7.4.
7. Vacuum oven with adjustable temperature.
8. 20X Saline sodium citrate (SSC): 3 M NaCl and 0.3 M citric acid trisodium salt (Sigma; cat.

no. C-8532).
9. 50X Denhardt’s solution: 0.5 g of Ficoll (type 400; Sigma; cat. no. F-4375), 0.5 g of

polyvinylpyrrolidone (Sigma; cat. no. PVP-40T), and 0.5 g of bovine serum albumin
(Sigma; cat. no. A-7030) in 50 mL of double-distilled, deionized water.

10. Hybridization solution: 1X SSC, 1% sodium dodecyl sulfate (SDS, Sigma; cat. no. L-4390),
16X Denhardt’s solution, and 0.1 �g/mL of sonicated salmon sperm DNA (Sigma; cat. no.
D-1626).

11. Hybridization oven with adjustable temperature (Isotemp; Fisher Scientific; cat. no. 13-247-
10 or equivalent).

2.3.3. PCR Amplification of WHV DNA Sequences
1. PCR cocktail for amplification of WHV subgenomic sequences (per 100-�L reaction): 100

�M of each oligonucleotide primer for either direct or nested amplification, 200 �M of each
deoxyribonucleoside triphosphate, 1.5 mM MgCl2, 10 �L of reaction buffer (500 mM KCl,
200 mM Tris-HCl buffer, pH 8.4), and 1 U of heat-stable Taq DNA polymerase (GibcoBRL;
cat. no. 18038-018).

2. PCR primers for detection of WHV core sequence: Primers for direct round of PCR: PCNV
(5'-TTCAAGCCTCCAAGCTGTGCCTTGG; 1983–2007; numbers denote the position of
the nucleotide sequence in WHV genome according to GenBank accession number M11082)
and COR (5'-CTTCAATGGGTACATAA; 2586–2602), and primers for nested round of PCR:
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PPCC (5'-CCCTATAAAGAATTTGG; 2033–2049) and CCOV (5'-TCTCGACTCTTCCGG
AACATAC; 2439–2460).

3. PCR primers for detection of WHV envelope (surface) gene sequence: primers for direct
round of PCR: PSW (5'-GGTAAACCATATTCTTGGGA; 2947–2966) and SUW (5'-
CACTTCTGAGCATCTTACCGCCAT; 894–917), and primers for nested round of PCR:
NSW (5'-CATCAAGTCTCCTAGGACTC; 303–322) and SSW (5'-CTTAGCCCGTTTCTC
TTGGCTCA; 781–803).

4. PCR primers for detection of WHV X gene sequence: primers for direct round of PCR: PXO
(5'-GCCAACTGGATCCTGCGCGGGACGTC; 1522–1547) and XPC (5'-TAGGAGGCTG
TAGGCAT; 1891–1907), and primers for nested round of PCR: PXX (5'-CCTCAATCCAG
CGGAC; 1568–1584) and XXC (5'-ATGGATTCCACCGTGAAC; 1742–1760).

5. PCR cocktail for amplification of full-length WHV genome (per 50 �L reaction): 300 �M of
each oligonucleotide primer, 200 �M of each deoxyribonucleoside triphosphate, 5 �L of
10X Expand HF buffer with 1.5 mM MgCl2 and 2.6 U of Pwo-Taq DNA polymerase mix
(Expand High Fidelity PCR System; Boehringer Mannheim; cat. no. 1644955).

6. PCR primers for detection of the full-length WHV DNA: PPC1 (5'-AAATGCATGCGAC
TTCTGT; 1908–1926) and XPC (5'-TAGGAGGCTGTAGGCAT; 1891–1907).

7. TE buffer: 10 mM Tris-HCl buffer, pH 8.0, and 1 mM EDTA, pH 8.0.

3. Methods
3.1. Isolation of Hepatocytes

Hepatocytes are isolated by the two-step collagenase perfusion procedure originally
developed for preparation of parenchymal cells from the rat liver (8). This procedure
was adopted in our laboratory to isolate woodchuck hepatocytes either by perfusion of
the whole liver (9–12) or by microperfusion of a wide-edge liver biopsy acquired at
laparotomy or liver tissue fragments collected during autopsy (6). The biochemical
principles underlying this method has been previously described (13).

3.1.1. Preparation of Hepatocyte by Whole Liver Perfusion
1. Assemble the perfusion circuit and prime the pump and tubing with calcium-free perfusion

buffer prewarmed to 37°C and saturated with a O2–CO2 mixture by bubbling the gas through
a sintered glass tube at tension above 800 mm Hg. Carefully remove all air bubbles from the
circuit because they may severely impair effectiveness of the intrahepatic perfusion. Prepare
approx 500 mL of the buffer for a 3–4 kg animal (70–75 g of liver tissue) and have another
500-mL volume at hand when needed.

2. Anesthetize the woodchuck by intramuscular injection with an overdose of a 4:1 mixture of
ketamine hydrochloride (Ketalean, 100 mg/mL; Biomeda-MTC, Cambridge, ON; cat. no.
DIN 006123316) and xylazine (Xylazine HCl Injection, 100 mg/mL; Boehringer Ingelheim
Canada, Burlington, ON; cat. no. DIN 022237528). Place the animal on the back on a
stainless-steel sink drain or autopsy table that has been cleaned with antiseptic (e.g., clini-
side). Shave abdomen and clean skin using 70% ethanol. Cut skin along the midline from
sternum to the pubis and then horizontally from the vertical incision to both sides by using
instruments from set 1. Flush the exposed abdominal wall with 70% ethanol and open the
cavity using surgical instruments from set 2.

3. Move intestines to the right and expose the portal vein and the vena cava. Using a ligation aid
instrument, place a ligation thread under the portal vein at approx 2–2.5 cm from the place of
the vein entry into the liver and make a loose half-knot.
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4. Carefully puncture the portal vein at the point no more than 0.5 cm proximally distant from
the site where the ligation thread is located using the polyethylene catheter with an 18-gauge
needle. The use of very fine forceps can be helpful to keep the vessel in place during pierc-
ing. Gently insert about three quarters (approx 4 cm) of the catheter length into the lumen
without piercing the vessel wall. Quickly remove the needle from the catheter and tighten the
ligature. Make an additional knot around the hub of the catheter to prevent its accidental
withdrawal. If the cannula is correctly placed, blood should flow back from the liver and
completely fill up the catheter.

5. Connect the hub of the catheter to the adapter of the intravenous set filled with calcium-free
perfusion buffer. Take all care needed to avoid air bubbles in the system. Deliver the buffer
initially at approx 10 mL/min. At this stage, close the portal vein with hemostatic forceps
from instrument set 3 proximally to insertion of the catheter.

6. During the low-flow perfusion lasting for 2–3 min, the color of woodchuck liver should
become noticeably pale yellow. Increase the flow rate to 40 mL/min and sever with scis-
sors the inferior vena cava just above where the kidney veins enter. Perfusion is continued
for at least 15 min until blood traces no longer are seen in the outgoing perfusate and the
liver becomes completely blanched. Applying a very gentle massage of lobes between tips
of fingers protected by a sterile glove may facilitate more effective perfusion and shorten
its time. At this stage, the liver should retain its original size and firmness. The outgoing
perfusion medium is drained by a deep cut in the wall on the right side of the abdominal
cavity.

7. The liver should become uniformly blanched. Close the inferior vena cava with hemo-
static forceps just below the diaphragm. Remove the liver together with the closed frag-
ment of the inferior vena cava using curved surgical scissors from instrument set 3. Take
particular care not to remove the catheter from the vena porta or to pierce the liver cap-
sule.

8. Place the liver within a Coors porcelain funnel securely installed over a 500-mL Erlenmeyer
flask containing prewarmed and oxygenated collagenase perfusion buffer. Carry on perfu-
sion in a closed circuit at the rate of 40 mL/min for approx 20 min. The liver initially swells,
but then becomes progressively softer and shrinks. Continue perfusion until the perfusate
begins leaking through the liver capsule. At this stage, disconnect the liver from the perfu-
sion circuit. Remove gall bladder, main vessels hanging outside the liver, and ligaments
using instruments from set 3.

9. Transfer the liver into a 1-L beaker placed in a water bath at 37°C, add the collagenase buffer
drained from the perfusion circuit, and gently mince tissue with fingers protected by a sterile
glove. Hepatocytes should be readily released into the buffer. Incubate suspension for an
additional 5–7 min, occasionally stirring the contents.

10. Pour the whole cell suspension onto four layers of surgical gauze mounted in a funnel and
gently squeeze the contents by bringing together edges of the gauze filter. Collect filtrate to
50-mL conical centrifuge tubes and tighten screw caps.

11. Hepatocytes are purified from the resulting cell suspension by three rounds of centrifugation
at 500 rpm (45g) for 5 min at ambient temperature. The cell pellet is suspended each time in
40 mL of HBSS or PBS. The final cell pellet is suspended in a small volume of HBSS or PBS
and cells are counted using a hemocytometer. The cells obtained are diluted to concentration
of 1 × 106/mL in oxygenated hepatocyte culture medium for further culture (see Subheading
2.2.1.) or suspended in FCS with 10% DMSO if intended for cryopreservation (see Sub-
heading 3.5.)
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3.1.2. Isolation of Hepatocytes by Microperfusion 
of Biopsy or Autopsy Tissue Fragments

1. A liver biopsy is obtained by surgical laparotomy using a 7-mm wide edge Schmeden triangular
punch (No. 2; Almedic Canada, Montreal, Quebec; cat. no. A21-332 or equivalent). The laparo-
tomy is performed in an operating room under aseptic conditions and general inhalant anesthe-
sia induced by either halothane or isoflurane: 1-chloro-2,2,2-trifluoroethyl difluoromethyl.

2. Alternatively, liver tissue fragments are obtained during autopsy immediately after opening
the abdominal cavity, using approach described in Subheading 3.1.1. If hepatocytes need to
be isolated from the neoplastic parenchyma of the liver with hepatocellular carcinoma, a
tumor nodule is separated from surrounding non-neoplastic tissue by delicate manual prepa-
ration under sterile conditions. Then, approx 5-mm3 fragment from a middle part of the
tumor nodule that does not show macroscopically evident necroses and hemorrhages is taken
and extensively washed with HBSS until the blood is removed.

3. In the following step, a tissue fragment of 3–5 mm3 (approx 100–150 mg) is placed in a ster-
ile Petri dish and immediately perfused with calcium-free perfusion buffer oxygenated and
prewarmed to 37°C. The perfusion is carried out for about 15 min at the flow rate of 5–6
mL/min by inserting at multiple sites and to variable depths a 27-gauge needle connected to
the perfusion circuit.

4. The blanched tissue is sliced with a sterile scalpel blade and the resulting fragments are incu-
bated for 45 min with 10 mL of collagenase buffer (see Subheading 2.1.1.) prewarmed in a
water bath to 37°C. The suspension is oxygenated every 10 min and stirred occasionally.

5. The tissue digest is gently pressed through a 50-mesh sieve using the pestle of a 10-mL plas-
tic syringe. The separated cells are collected in a Petri dish, transferred to a 15-mL conical
tube with screw cap, and centrifuged at 50g for 5 min at ambient temperature. The cell pellet
is washed two or three times, each time with 10 mL of HBSS, by a low-speed centrifugation
under the same conditions as above until essentially a pure preparation (�97%) of hepato-
cytes is obtained. The purity of preparation and the number of viable hepatocytes are deter-
mined by trypan blue exclusion.

3.2. Primary Hepatocyte Cultures
1. Approximately 1 × 106 live hepatocytes are placed in a gelatin-coated 25-cm2 culture flask

(Corning, Corning, NY; cat. no. 430 168) containing 5 mL of conditioned hepatocyte culture
medium (see Subheading 2.2.1.). The cells are allowed to attach for 3–4 h in a humidified
CO2 tissue culture incubator.

2. The medium with nonadhered cells is removed and 5 mL of fresh conditioned hepatocyte
culture medium is added. The cells are allowed to grow for 24 h at 37°C in a humidified CO2
atmosphere. At this stage, hepatocytes derived from livers of healthy animals can be inocu-
lated with WHV, as described in Subheading 3.5., and those isolated from WHV-infected
livers tested for WHV genome and antigen expression.

3. At this stage, it would be advisable to seed as many primary hepatocytes in 25-cm2 flasks as
reasonably possible (following the procedure described above), cultivate them until conflu-
ence, collect, and preserve (see Subheading 3.5.).

3.3. Long-term Hepatocyte Cultures
1. Hepatocytes seeded under conditions described in Subheading 3.2. are allowed to grow

until confluent, usually for 6–7 d after seeding. If lower numbers of cells are seeded, more
time might be required before they reach confluence.
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2. When the cell monolayer becomes confluent, culture medium is removed and hepatocytes
washed by gentle swirling with 15 mL of HBSS prewarmed to 37°C.

3. The cells are harvested after treatment with 1 mL of trypsin–EDTA solution (Gibco-BRL;
cat. no. 25200-056) in a humidified CO2 atmosphere for 15 min or until dissociated from the
flask. Then, 5 mL of HBSS is added to the flask and the cell suspension is transferred to a
15-mL conical tube with screw cap.

4. Hepatocytes are washed with 10 mL of HBSS by centrifugation under conditions described
in Subheading 3.1.1., step 11.

5. The pellet is resuspended in 1 mL of conditioned hepatocyte culture medium and cells
counted.

6. Hepatocytes predestined for long-term culture are seeded at 3 × 105 cells per gelatin-coated
25-cm2 culture flask containing 5 mL of conditioned hepatocyte culture medium, whereas
those used for a large-scale expansion are plated at 1 × 106 cells per a 75-cm2 gelatin-coated
flask (Corning; cat. no. 439 720) containing 10 mL of the medium.

7. Hepatocytes are harvested by trypsinization when they reach confluence and counted. If their
long-term culture is intended, they are seeded again at 3 × 105 cells per a gelatin-coated
25-cm2 culture flask. Woodchuck hepatocytes can be maintained in culture for a long period
of time (months or even years) when passaged at weekly intervals following the procedure
outlined above (see Note 2).

3.4. Generation and Maintenance of Woodchuck Hepatocyte Lines
1. Hepatocytes harvested at confluence by trypsinization from a 25-cm2 flask are washed with

10 mL of HBSS by a low-speed centrifugation. The cell pellet is suspended in 1 mL of con-
ditioned hepatocyte culture medium and hepatocytes counted.

2. Cells are diluted to an estimated 0.5 cell/mL in conditioned hepatocyte culture medium and
seeded at 200 �L per well in two gelatin-coated, 96-well flat bottom plates with cover (Lin-
bro; ICN; cat. no. 7600305). Typically, no more than a few wells show cell proliferation. It
takes 3–4 wk before a confluent monolayer is formed. During this time, cell growth is mon-
itored daily and, if required, fresh conditioned hepatocyte culture medium is added after
careful collection of the aged medium with help of a sterile Pasteur pipet.

3. When the monolayer becomes confluent, cells from each well are separately harvested by
trypsinization, suspended in 2 mL of HBSS in a 15-mL conical tube with screw cap. Cells
are washed by centrifugation at 500 rpm for 5 min and seeded into gelatin-coated wells of a
24-well flat bottom plate with lid (ICN; cat. no. 7603305) containing 1-mL aliquots of con-
ditioned hepatocyte culture medium. It takes between 7 and 10 d before the cells reach con-
fluence.

4. Cells are collected after trypsinization, transferred into a 15-mL conical tube with screw cap,
and washed with 5 mL of HBSS by a low-speed centrifugation. Then, they are seeded in 2
mL of conditioned hepatocyte culture medium in a gelatin-coated well of a six-well cell cul-
ture dish (ICN; cat. no. 7605805). Cells become confluent in 6–7 d.

5. Cells are released by trypsinization, washed in 10 mL of HBSS, and transferred into a 25-
cm2 culture flask containing 5 mL of conditioned hepatocyte culture medium for further
expansion. Subsequently, they can be cultured for prolonged time periods (see Subheading
3.3.), cryopreserved (see Subheading 3.5.) or used in WHV infection experiments (see Sub-
heading 3.6.).

6. To ascertain hepatocyte origin of the cell lines generated, cells are examined for transcrip-
tional activity of genes and display of proteins specifically expressed by differentiated hepa-
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tocytes (see Note 2). Typically, we periodically analyze transcription of asialoglycoprotein
receptor (ASGPR) genes and presence of the ASGPR protein subunits, and test the display
and secretion of woodchuck albumin (6,10).

3.5. Cryopreservation and Reviving of Hepatocytes
1. Hepatocytes destined for cryopreservation are collected at confluence, as described in Sub-

heading 3.3., and suspended at 1 × 106 cells/mL in heat-inactivated FCS with 10% DMSO.
One-milliliter aliquots are poured into 1.5-mL cryogenic vials. The vials are wrapped in sev-
eral layers of paper towels and placed in a Styrofoam box. Hepatocytes are frozen overnight
at −70°C and then transferred to a liquid nitrogen freezer for long-term storage.

2. To revitalize cells, the vial is retrieved from liquid nitrogen and placed in a water bath set at
37°C. After the content is thawed, the vial is wiped with 70% ethanol, opened, and cells
transferred to a sterile 15-mL conical tube with screw cap. Ten milliliters of HBSS is added
and hepatocytes are centrifuged at ambient temperature as outlined in Subheading 3.1.1.

3. The hepatocyte pellet is suspended in 5 mL of conditioned hepatocyte culture medium,
poured into a gelatin-coated 25-cm2 culture flask, and cultured as described in Subheading
3.2. Usually, more than 90% of woodchuck hepatocytes are viable after revitalization using
this approach.

3.6. Infection of Hepatocytes with WHV
Primary woodchuck hepatocytes, hepatocytes from long-term cultures, and hepato-

cyte lines derived from WHV-naive animals are susceptible to WHV when either
infected sera or culture supernatants from WHV-infected woodchuck lymphoid cells or
hepatocyte cultures are used as inocula (7). Hepatocytes infected with these various
inocula show intracellular expression of WHV DNA, covalently closed circular DNA
(cccDNA) and virus RNA transcripts, display virus specific core and envelope antigens,
and are able to synthesize virus that is infectious to naive woodchucks (7).

1. Under our standard conditions, 3 × 105 hepatocytes are seeded onto gelatin-coated 25-cm2 tis-
sue culture flask in 5 mL of conditioned hepatocyte culture medium and allowed to attach for
3–4 h in a humidified CO2 atmosphere, as described in Subheading 3.2. Nonadhered cells are
removed and 5 mL of fresh culture medium is added. The cells are cultured for 24 h.

2. The culture medium is poured out and WHV inoculum (see Note 3) is added at a volume of
200 �L per cm2 of vessel surface in 5 mL of fresh conditioned hepatocyte culture medium.
Inoculum is incubated with hepatocytes for 24 h at 37°C in a humidified CO2 atmosphere.

3. The culture medium with inoculum is removed, hepatocytes washed in two 10-mL changes
of HBSS and 5 mL of conditioned hepatocyte culture medium is added.

4. The cells are allowed to grow for 3 more days (i.e., 4 d after exposure to inoculum) and they
are harvested by trypsinization and washed in HBSS. The recovered cells can be examined
for expression of WHV genomes (see Subheading 3.8.) and virus antigens by immunohisto-
chemistry and flow cytometry (7).

3.7. Preparation of Infected Hepatocytes for WHV DNA Detection
To eliminate potential carryover of extracellular viral sequences possibly associated

with the cell surface and, therefore, to ensure that only intracellular virus genome mate-
rial is analyzed, hepatocytes are subjected to limited enzymatic digestion and extensive
washing prior to DNA extraction (1,2,7).
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1. Approximately 5 × 106 hepatocytes from cultures infected with WHV are suspended in 2 mL
of HBSS and supplemented with 200 �L of DNase digestion buffer and 20 �L of DNase
(see Subheading 2.3.1.). The suspension is incubated at 37°C for 1 h in a CO2 culture incu-
bator.

2. In the next step, the cells are treated with 10 �L of trypsin in the presence of 20 �L of 0.1
M CaCl2 for 30 min on ice. The reaction is terminated by adding 20 �L of trypsin inhibitor
(see Subheading 2.3.1.). The DNase digestion step is repeated using the same conditions as
outlined above (see Note 4).

3. The cells are washed twice with a total of 20 mL of PBS with 1 mM EDTA by centrifugation
at 50g for 5 min. The final wash and the treated cells are saved for detection of WHV DNA.

3.8. Detection of Intracellular WHV DNA
3.8.1. Dot-Blot Hybridization

1. Hepatocytes (approx 1 × 106 cells/sample) recovered after DNase/trypsin/DNase treatment
(see Subheading 3.7.) are suspended in 200 �L of sterile PBS in a microcentrifuge 1.5-mL
tube and disrupted by three freeze–thaw cycles. The tube content is briefly centrifuged to
collect condensation and loaded using a dot-blot microfiltration apparatus onto nylon mem-
brane prewet in 6X SSC (see Subheading 2.3.2.). The spotted sample is washed twice with
200 �L of sterile PBS.

2. The membrane is removed from the apparatus, placed on filter paper soaked with denatura-
tion solution (see Subheading 2.3.2.) for 10 min, and then transferred on filter paper prewet
with neutralizing solution and kept for 10 min at room temperature.

3. After baking at 80°C for 2 h in a vacuum oven, the membrane is prehybridized in hybridiza-
tion solution for 90 min at 65°C.

4. Then, the blot is hybridized for 16 h at 65°C in an aliquot of the hybridization solution sup-
plemented with 1 × 106 cpm/mL of 32P-labeled, full-length, linearized, cloned WHV DNA
(14) and washed twice for 10 min at room temperature with 2X SSC, 0.1% SDS and twice
for 10 min at 65°C with 0.1X SSC, 0.05% SDS.

5. The intensity of the hybridization signals is determined by densitometric quantitation using
twofold serial dilutions of full-length, cloned WHV DNA as the reference. The sensitivity of
this assay is 106–107 virus genome equivalents (vge)/mL.

3.8.2. PCR for Detection of WHV Subgenomic Sequences
Total DNA is extracted from hepatocytes and the final washes collected after the

DNase/trypsin/DNase treatment (see Subheading 3.7.) by a standard proteinase K
digestion and phenol–chloroform extraction protocol (15).

1. One microgram of total cellular DNA or DNA extracted from 100 �L of cell wash is
amplified with direct polymerase chain reaction (PCR) primer pair specific for WHV
core, surface (envelope), or X gene in a 100-�L reaction volume (see Subheading 2.3.3.).
Amplification of WHV core subgenomic sequence is carried out by initial denaturation at
92°C for 5 min, annealing at 52°C for 2 min, and elongation at 70°C for 3 min followed
by 30 cycles at 92°C, 52°C, and 70°C for 30 s at each step and at 70°C for 5 min for a
final extension in a TwinBlock thermal cycler (Ericomp, San Diego, CA). Amplifications
of WHV envelope and X gene sequences are done using one cycle of 5 min at 92°C, 2
min at 56°C, and 3 min for 70°C followed by 30 cycles, in which each denaturation
(92°C), annealing (56°C), and elongation (70°C) was 30 s, followed by a 5-min elonga-
tion step at 70°C.
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2. Following direct PCR, 20 �L of the product is analyzed by electrophoresis on a 0.9%
agarose gel in the presence of 0.5 �g/mL of ethidium bromide. DNA bands are visualized by
ultraviolet fluorescence.

3. If the product band is not detectable on agarose gel, 10 �L of the mixture from the direct
PCR round is examined by nested PCR using appropriate primer pairs and conditions
described for the direct round of amplification.

4. To ensure authenticity of WHV DNA detection, extensive precautions are taken during sam-
ple collection, DNA isolation, and PCR amplification to eliminate any potential viral and
DNA contamination. Reaction controls include mock samples containing TE buffer
extracted and assayed in parallel with test samples, PCR-positive and -negative controls that
consist of DNA derived from livers of healthy and WHV-positive animals, and PCR contam-
ination controls that consist of water added to the PCR mixture instead of DNA. For nested
PCR, aliquots of the contamination controls from direct amplifications and water added to
the nested PCR mixture instead of amplicons from direct PCR are used as controls. Southern
blot analysis (1,16) of the final PCR products is routinely performed to verify detection of
virus-specific amplicons and validity of controls. The sensitivity of the direct and nested
PCR amplifications employing different WHV primer pairs is 103 and approx 10 vge/mL,
respectively. Southern blot analysis of the PCR products increases sensitivity of WHV DNA
detection by approx 10-fold.

3.8.3. PCR for Detection of the Full-Length WHV DNA
One microgram of hepatocellular DNA is amplified in a 50-�L volume. The reaction

is run with a hot start that was followed by one cycle of 5-min denaturation at 94°C,
2-min annealing at 60°C, 3-min elongation at 72°C, 30 cycles with the denaturation
time 40 s, annealing for 90 s, and elongation for 3 min with an increment of 2 min after
each 10 cycles, and a final 15-min elongation step at 72°C. Reaction controls are the
same as described in Subheading 3.7.1. We use a water heated TwinBlock thermal
cycler (Ericomp) to perform this amplification.

4. Notes
1. We have tested a number of matrices to support growth of woodchuck hepatocytes but we

did not find any advantage to using complex commercially available or in-house designed
culture supports. In our system, the thin film of 0.1% gelatin is sufficient to settle hepato-
cytes and establish culture even from a single-cell seeding.

2. Although woodchuck hepatocyte lines and long-term primary cultures can be established
from a single cell, seeding at the density greater than 1 × 104 hepatocytes/cm2 of surface
gives superior results and a confluent monolayer is usually formed in less than a week after
seeding. Cell morphology and transcriptional activity of genes and display of proteins spe-
cific for the mature hepatocyte phenotype are routinely evaluated in newly established cul-
tures and they are tested periodically in long-term cultures and hepatocyte lines. We observe
that the continued transcription of ASGPR genes and display of the receptor protein subunits
(6,17), together with the evidence of albumin secretion, are good indicators of differentiated
woodchuck hepatocyte phenotype.

3. We have found that WHV content is an important determinant of the inoculum’s ability to
establish active infection in cultured hepatocytes. The inoculum WHV levels below 103

DNase-protected vge/mL are usually not sufficient to initiate infection, that is, the lack of
WHV DNA detectable by PCR–Southern blot analysis (see Subheading 3.6.). In contrast,
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the amounts of the intracellular WHV DNA, as well as virus covalently closed circular DNA
(cccDNA) (7), progressively increase when the inoculum content rises from 103 to 107

vge/mL. We also noted that the inocula with WHV levels greater than 107 vge/mL did not
further enhance the intensity of the intrahepatocellular virus DNA signals detected. There-
fore, the inocula containing approx 107 vge/mL produce the highest frequency of successful
WHV infection in our hepatocyte culture system.

4. The conditions for the removal of extracellular WHV virions and DNA fragments using
DNase/trypsin/DNase treatment must to be determined empirically. Cultured hepatocytes
derived from healthy animals exposed to cloned WHV DNA suspended either in conditioned
hepatocyte culture medium or in normal woodchuck serum provide a convenient system in
which this enzymatic treatment can be tested.
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Duck Hepatitis B Virus Primary Hepatocyte Culture Model

Olivier Hantz and Fabien Zoulim

1. Introduction
Hepadnaviruses (1) are essentially hepatotrophic, and hepatocytes are the main site

of viral replication. Other cells of the same embryonic origin such as the biliary epithe-
lial cells are able to efficiently replicate the virus but represent only a very minor pro-
portion of total liver. The virus can also be found in several nonhepatic tissues,
including lymphocytes, kidney, and spleen. Peripheral blood mononuclear cells
(PBMCs), in particular, could represent a nonhepatic reservoir of virus (2), a finding
consistent with the recent demonstration that hepatocytes may originate from CD34
bone marrow cells (3,4). However, primary hepatocyte cultures remain the most effi-
cient culture system for in vitro studies of viral infection.

Owing to the lack of cellular functions that may be required for early events of the
infection process, hepatoma cell lines are usually refractory to viral infection but are
widely used in transfection experiments. Only primary cultures of hepatocytes can be
efficiently infected and support high levels of viral replication. As a main consequence,
the duck hepatitis B virus (DHBV) model became an essential and impossible to cir-
cumvent tool (5) for many in vitro studies: indeed, obvious difficulties in obtaining
human liver cells have limited the studies of the human virus, HBV. Far more expensive
and less practical, the two other models, the woodchuck and the ground squirrel, and
their respective viruses, woodchuck hepatitis virus (WHV) and GSHV, have rarely been
used (6).

Much effort has been devoted to better defining the isolation procedure for obtaining
a purified hepatocyte population (7–9) and to increase the survival and functional stabil-
ity of these cells (10,11). In situ perfusion of the liver is the most used technique to
obtain hepatocytes (12,13). Following isolation, hepatocytes can be cultivated in various
conditions, on different substrates, and in well-defined media supplemented with hor-
mones, growth factors, or chemical agents known to induce hepatocyte differentiation
(14). This chapter describes the main techniques for duck hepatocyte isolation, infection
by DHBV (15,16) and the evaluation of antiviral activities of new drugs (17–21).
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In the presence of 1.5–1.8% dimethyl sulfoxide (DMSO), duck hepatocyte cultures
can be maintained for at least 15 d. After in vitro inoculation, viral replication can be
easily monitored by the level of virion-associated DNA secreted in culture supernatants.
Typical results are shown in Fig. 1A: the level of extracellular viral DNA produced by
untreated cells increases continously during the time of culture. Addition of antiviral
compound such as 9-(2-phosphonylmethoxyethyl)adenine (PMEA) at 0.1 �M 2 d after
infection during 8 d of culture clearly decreases DHBV DNA levels in culture super-
natants. Removal of inhibitors is followed by a rebound of viral replication. Within 3–4
d this rebound can reach a level similar or even higher than that of control culture,
depending of the nature and the concentration of antiviral compounds. High doses of
inhibitors generally delay the increase of viral replication by several days (22).

At d 8 of treatment, the level of DHBV DNA in supernatant is represented as a func-
tion of the drug concentration (Fig. 1B). The IC50 is defined as the drug concentration
that induces a 50% decrease in the level of DHBV DNA in culture supernatants and is
calculated by linear regression analysis. Assays are usually made in triplicate and data
from at least two independent experiments are combined.

Analysis of intracellular viral DNA allows a determination of the mode of action of the
tested compound (inhibition of priming, reverse transcription, or second strand DNA syn-
thesis) and its action on the recalcitrant viral covalently closed circular (cccDNA) (see
Fig. 2). Single-strand (SS) DNA is usually the viral DNA form that is the most affected by
antiviral treatment. Relaxed circular (RC) and linear (L) DNA decrease in parallel.
cccDNA levels are less affected but can also be strongly diminished and even unde-
tectable by conventional hybridization methods (not by the polymerase chain reaction
[PCR]) with very potent compounds such as 2', 3'-dideoxy-2', 3'-didehydro-�-L-5-
fluorocytidine (�-L-Fd4C) (22). In that case, the rebound of viral replication several days
after cessation of treatment indicates that complete eradication of cccDNA cannot be
achieved in these experimental conditions even with highly potent anti-HBV compounds.

2. Materials
2.1. Solutions

1. 4-(2-Hydroxyethylpiperazine)-1-ethanesulfonic acid (HEPES) buffer: 160.8 mM NaCl,
15 mM KCl, 0.7 mM NaHPO4·12H2O, and 33 mM HEPES adjusted to pH 7.65 at 37°C in
distilled water (purity of water is critical). Sterilize by filtration through a 0.22 �m filter unit,
dispense into 500-mL autoclaved sterile glass bottles, and store at 4°C.

2. Collagenase for perfusion (see Note 1): Dissolve collagenase (Collagenase D
Roche–Boehringer Manheim) at 15–25 mg/100 mL in HEPES buffer containing 0.075%
CaCl2 and 0.05 mg/mL of DNase I (Roche–Boehringer Manheim). Use immediately.

3. Collagenase for dissociation of fetal liver: 0.2% Collagenase (Type V Sigma, 230 U/mg) in
HEPES buffer containing 0.6 mM CaCl2 and 0.1 mg/mL of DNase I. Sterilize by filtration
through a 0.22 �m filter unit, dispense into 5-mL sterile polypropylene tubes, and store at −20°C.

4. Hepatocyte washing medium: Leibovitch L15 medium supplemented with penicillin–strep-
tomycin and 1% normal chicken serum.

5. Isotonic Percoll solution: 45 mL of Percoll (Amersham–Pharmacia) is mixed with 5 mL of a
10-fold concentrated stock salt solution (80 g of NaCl, 4 g of KCl, 2 g of Mg SO4·7H2O for
1 L of H2O) and 1 mL of phosphate buffer (12 g of Na2HPO4 and 2 g of KH2PO4 in 1 L of H2O).
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6. L15 or Williams medium: Standard L15 Leibovitch or Williams E medium supplemented
with 50 U/mL of kanamycin (Gibco-Invitrogen), 50 U/mL of penicillin–streptomycin
(Gibco-Invitrogen), 5 �g/mL of bovine insulin, and 7 × 10−5 M hydrocortisone hemisucci-
nate (Boehringer-Mannheim, France). For plating, add 5% fetal calf serum (FCS). For long-
term culture, add 1.5% DMSO instead of FCS.

7. Neutral red: 0.4% Stock solution is made in distilled water. Dilute 1:80 in L15 medium,
incubate for at least 1 h at 37°C, and filter through a 0.22-�m filter unit.

Fig. 1. (A) Time course of DHBV replication in duck hepatocyte primary culture untreated (♦)
or treated with 0.1 �M PMEA (■). Drug is added 2 d post-plating. Extracellular DHBV DNA
was quantified by dot–blot hybridization as described. Each experiment was performed in dupli-
cate. (B) IC50 determination of antiviral compound A (♦), compound B (●), and PMEA (■).
Infected duck hepatocyte primary culture are treated for 8 d with different concentrations of
tested compounds. Extracellular DHBV DNA levels are determined at the end of treatment.
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8. Formol–calcium solution: Mix 1 mL of 40% formaldehyde with 10 mL of 10% CaCl2 and 89
mL of distilled water.

9. Acetic acid–ethanol solution: One volume of acetic acid with 99 volumes of 50% ethanol in
distilled water.

2.2. Equipment
1. Peristaltic pump able to give adjustable flow rate from 10 to 30 mL/min with silicon tubing

and Tygon connecting tubing.
2. Thermostated water bath equilibrated at 42°C so that perfusion media are at 37°C before it

enters the liver.
3. Bubble trap can be constructed with a 10 to 20-mL glass tube with a rubber stopper that has

been pierced with stainless-steel tubing in two lengths, one short (inflow) and one longer
(outflow) immersed in perfusion medium (one third of the tube).

4. Portal vein canulas.

Fig. 2. �-L-Fd4C inhibits viral DNA synthesis in primary duck hepatocyte cultures. (Top) Pri-
mary duck hepatocyte cultures were inoculated with an infectious serum on d 1 post-seeding and
intracellular viral DNA was analyzed after Southern blotting at the indicated time points during
cell culture. �-L-Fd4C and 3TC were added 6 d post-inoculation (d 7), at the indicated concentra-
tions, for 6 consecutive days with a daily medium change in the curative protocol. In this experi-
ment viral DNA was analyzed at the end of treatment (d 13) and 4 d post-treatment (d 17).
(Bottom) In the preventive treatment, inoculation with an infectious serum was performed 2 d
post-plating. Drugs (�-L-Fd4C, 3TC) were added 1 d prior to the inoculation and maintained for
4 d post-inoculation, at the indicated concentrations. In this experiment, viral DNA was analyzed
at the end of treatment (d 6), and 3 and 8 d post-treatment (d 9 and 14, respectively). The viral
replicative intermediates are indicated: RC, relaxed circular; L, linear; SS, single-stranded DNAs;
CCC, cccDNA.
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5. Standard surgical equipment for dissection of small animals (scalpel, scissors, forceps,
clamp, trocar, and cannulas).

2.3. Animals and Tissues for Study
Usually, 3-wk-old ducklings or 1- to 3-yr-old woodchucks are used for the prepara-

tion of fresh hepatocytes. Animals are not fed within 16 h before perfusion. Fetal liver
tissue was obtained from Pekin duck embryos (3 wk post-laying) laid by DHBV-
negative (or DHBV-positive if needed) ducks.

3. Methods
3.1. Primary Hepatocyte Cultures
3.1.1. In Situ Two-Step Liver Perfusion

1. Animals are injected with heparin as anticoagulant and then killed under anesthesia with
intravenous pentobarbital (100 mg/kg body wt).

2. Place the animal abdomen upward and open the abdominal cavity from the pubis to the tips
of the sternum. Uncover the portal vein in the upper intestinal loop and expose the liver.

3. Cannulate the portal vein using a trocar and a cannula. Cut the cava vein and connect the
inflow tubing to the cannula. Begin the perfusion with HEPES at 37°C at a low rate (10
mL/min) for a few minutes. Rapid decoloration of the liver indicates a correct perfusion.
HEPES perfusion is continued for 10 min at 30 mL/min. Avoid air bubbles.

4. The second step is made with the same HEPES buffer containing collagenase and CaCl2 at
37°C for 10 min at a flow rate of 15 mL/min (see Note 2). DNase is added to decrease high
viscosity of the cell preparation.

5. At the end of the perfusion, the softened liver (very careful manipulation is necessary as
spontaneous disintegration of the organ can occur during this step) is transferred from the
abdominal cavity to a sterile glass Petri dish.

6. Cells are dispersed by cutting the dissociated liver with a scalpel in preheated (37°C) L15
medium supplemented with bovine serum albumin (BSA). The suspension is filtered through
gauze into a sterile 250 mL bottle.

7. Cells in 100–200 mL of medium are left to sediment by gravity for 10 min. Hepatocytes
form a clear layer at the bottom of the bottle. The supernatant is carefully removed by aspi-
ration.

8. The hepatocyte suspension is transferred to a 50-mL tube and washed twice with HEPES
solution by centrifugation at 50g for 2 min. The final pellet is resuspended in 50 mL of
HEPES solution.

9. Add an equal volume of isotonic Percoll solution, mix gently, and centrifuge at 4°C for 10
min at 50g in 50-mL tubes. Damaged hepatocytes, debris, and nonparenchymal cells float in
the upper region of the tube and are removed by careful aspiration.

10. Pelleted cells are washed twice as above and diluted in L15 medium with 5% FCS. The final
suspension usually contains 500–1000 × 106 viable cells for a duckling liver. The viability of
the hepatocyte preparation must be more than 90% (see Note 3) as estimated by trypan blue
staining.

3.1.2. Preparation of Embryonic Hepatocytes
1. Liver tissues are obtained from Pekin duck embryos, 3 wk post-laying, laid by DHBV-

negative (or positive if needed) ducks. The embryos are killed by decapitation a week before
they hatch.
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2. After dissection, livers from 6–12 embryos are pooled and washed with HEPES solution.
Tissues are then dispersed by mechanical disruption using a scalpel blade in 2.5–5 mL of
freshly prepared 0.2% collagenase in HEPES buffer.

3. After 10–15 min incubation at 37°C, cell aggregates are removed by filtration through a
nylon mesh (60 �m pore size) and diluted to 15 mL with Williams medium containing 2%
chicken serum.

4. To remove damaged cells, the hepatocyte suspension is carefully layered on 15 mL of 20%
Percoll in Williams medium and centrifuged at 20°C for 10 min at 50g.

5. Pelleted cells are washed twice as described above and resuspended in Williams medium
containing 2% chicken serum.

3.1.3. Long-Term Hepatocyte Culture
1. Dispense 2 mL/well of cell suspension at 5–8 × 105 cells/mL in L15 medium containing 5%

fetal calf serum into Collagen I coated six-well plates.
2. Incubate for 6 h or overnight in a 5% CO2 atmosphere at 37°C.
3. Wash the plated cells twice with HEPES buffer and then add 2 mL/well of L15 medium with

1.5% DMSO. Renew the medium daily.

3.1.4. Embryonic Hepatocyte Culture
1. Dispense 2 mL/well of cells suspension at a density of 0.2–0.3 × 106 cells/mL in Williams

medium with 2% chicken serum into Collagen I coated six-well plates.
2. After 4 h, wash twice, then add Williams medium without serum. Medium is renewed daily.

3.2. Antiviral Testing
3.2.1. In Vitro Infection

Viral infection is performed before or after plating by incubation of the cells with
DHBV-positive duck serum at a final titer of approx 30 viral genome equivalents (vge)
per cell (see Note 4) diluted in Williams medium without serum. Sterilize by filtration
through a 0.22-�m filter unit (Millipore).

3.2.1.1. INFECTION BEFORE PLATING

1. Incubate cells (10 × 106 cells/mL) in suspension with virus for 2 h at room temperature with
gentle agitation.

2. Dilute in medium containing 2% of chicken serum then dispense 0.4–0.6 × 106 cells/well in
Collagen I coated six-well plate.

3. Incubate overnight in a 5% CO2 atmosphere at 37°C.
4. Wash the cells five times with 2 mL of HEPES buffer per well and incubate with 2 mL of

medium.

3.2.1.2. INFECTION AFTER PLATING

1. Plate 0.4–0.6 × 106 cells/well in a six-well plate.
2. Incubate for 3–4 h at 37°C.
3. Dispense 0.5 mL of inoculum diluted in Williams medium (usually 50–100 �L of duck

serum/mL) and incubate overnight at 37°C.
4. Wash the cells five times with 2 mL of HEPES buffer per well and incubate in 2 mL of

medium.
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3.2.2. Antiviral Screening
1. Tested compounds are aliquoted as concentrated (usually 100 mM) stock solutions in

DMSO.
2. Dilute at desired concentration in fresh medium just before use to avoid degradation of the

compounds.
3. Renew daily for 8 d.
4. Each assay is made in triplicate and medium collected for analysis of secreted virus.
5. At the end of treatment, cells from one well are collected for intracellular viral DNA analy-

sis. The two other wells are maintained in culture without drugs for 3–5 additional days to
study the eventual rebound of viral replication.

3.2.3. Analysis of extracellular viral DNA (23)
1. Aliquots (800 �L out of 2 mL) of the clarified cell supernatants removed daily are pipetted

onto a nitrocellulose membrane and denatured with 0.2 N NaOH, 1 M NaCl.
2. The membrane is neutralized with 0.5 M Tris-HCl, pH 7.4; 1 M NaCl, followed by a wash

with 2X SSC and fixed by baking for 2 h at 80°C.
3. Hybridizations are done with a 32P-labeled genomic DHBV probe. Quantitative analysis is

done using a PhosphorImager System with ImageQuant® software (Molecular Dynamics).

3.2.4. Analysis of Intracellular Viral DNA: Isolation of Covalently Closed
Circular DNA or Total Nucleic Acids Followed by Southern Blot Analysis

At the indicated times, cultures in six-well plates are rinsed twice with phosphate-
buffered saline (PBS). To isolate cccDNA-enriched fractions, we used the previously
described procedure (24).

1. In brief, cells are lysed with buffer (20 mM Tris-HCl, pH 7.5, 20 mM EDTA) containing
0.5% sodium dodecyl sulfate (SDS).

2. Protein-bound replicative forms are precipitated as a protein–detergent complex by addition
of KCl to a final concentration of 0.5 M.

3. After centrifugation, cccDNA, along with genomic DNA, is recovered from the soluble frac-
tion by phenol extraction and ethanol precipitation.

4. Replicative forms (RC and SS DNA) are dissolved by digestion of the pellet with 0.83
mg/mL of proteinase K for 4 h at 55°C and purified by phenol extraction and ethanol precip-
itation.

5. Alternatively, for the isolation of total DNA, hepatocytes are lysed in a solution containing
0.8 mg/mL of proteinase K; 0.1% SDS, 150 mM NaCl; 20 mM Tris-HCl, pH 7.5; and 20 mM
EDTA and incubated at 55°C for 4 h. This lysate is extracted twice with phenol–chloroform,
and nucleic acids are collected by ethanol precipitation.

6. Ten micrograms of total DNA or aliquots of cccDNA extracts containing 10 �g of copurify-
ing genomic DNA are analyzed by 1.5% agarose gel electrophoresis and transferred to an
amphoteric nylon membrane (Biodyne A-Pall filtron). For RC DNA extracts, which contain
only contaminating cellular genomic DNA, aliquots equivalent to the corresponding
cccDNA extracts are analyzed.

7. Hybridizations are performed with a 32P-labeled full-length genomic DHBV probe (23). The
membranes are analyzed by autoradiography and are read with the PhosphorImager System.
Fifty nanograms of linear DHBV DNA obtained by EcoR1 digestion of plasmid is used as a
standard.
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3.2.5. Cytotoxicity
Cytotoxicity measurements are based on the estimation of hepatocyte viability after

drug treatment using uptake of neutral red dye (25).

1. For determination of CC50 (50% cytotoxic concentration), primary duck hepatocytes are
seeded at a density of 5 × 104 cells/well in 24-well tissue culture plates.

2. After plating, cells are cultivated in 1 mL of medium containing various concentrations of
the test compound with daily changes. Four wells per assay are used.

3. After 8 d of treatment, cell viability is estimated by a neutral red uptake method. In brief,
cells are incubated overnight in medium containing 0.005% neutral red.

4. Remove medium by aspiration and add 0.5 mL of formol–calcium solution in each well for
1 min.

5. Discard and add 0.5 ml of acetic acid–ethanol.
6. After 15 min, mix and read the optical density at 540 nm. The minimum cytotoxic concen-

tration or CC50 is defined as the concentration required to reduce cell viability by 50%.

4. Notes
1. Collagenase is the main factor affecting both the viability of the cells and their capacity to be

efficiently infected. We use Collagenase D (Roche-Boeringher Manheim) at 0.28 U/mg
(1.69 U/mg of Clostripain, 27.2 Einh/mg of protease, and 0.062 U/mg of trypsin).

2. Perfusion for longer times may result in higher yield of hepatocytes but cells may lose their
ability to be infected. A good compromise is 10–15 min.

3. Discard the hepatocyte preparation if viability of cells is 80%.
4. From 1 to 10 vge/cell is enough to obtain a detectable infection.
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Enhancement of Infection of HepG2 Cells in Culture 
by Predigestion of Hepadnavirus with V8 Protease

Xuanyong Lu and Timothy M. Block

1. Introduction
In this chapter, a method for infecting HepG2 cells with human hepatitis B virus

(HBV) and woodchuck hepatitis virus (WHV) is reviewed. This chapter provides a step-
wise, experimentally sensitive description of how to perform the protease infectivity
assay. The assay is highly technical and sensitive to certain cell culture and virological
steps. Therefore, essential technical points are emphasized, to assist the experimentalist
as much as possible.

1.1. Background
Although HBV is considered to be highly efficient in establishing infection in people

following parenteral exposure, tissue culture cells are generally refractory. For example,
inoculation of tissue cultures of hepatocyte-like cells, such as the hepatoblastoma line
HepG2, with serum-derived HBV does not usually result in an efficient production of
progeny virus (1–3). This is true despite the fact that HepG2 cells transfected with
appropriate vectors are capable of replicating the viral genome and producing progeny
virus that is infectious in chimpanzees (4). In addition, manipulation of the cultures
with chemicals such as dimethyl sulfoxide (DMSO) or polyethylene glycol (PEG) has
been reported to enhance HBV infection of tissue cultures (5,6). The reason(s) that
these manipulations enhance viral infectivity are unclear. Human hepatocyte primary
cultures derived from liver explants have been shown to be susceptible to HBV infec-
tion, but only for a limited amount of time following explant (7–9). Therefore, although
cultures of cells can be shown to support HBV replication, there is yet no easily repro-
ducible tissue culture system of HBV infectivity, frustrating the study of the HBV life
cycle as well as the pursuit of antiviral agents. Because it is clear that hepatocyte cells
in culture can support replication of HBV, the data taken together suggest that the major
block to tissue culture infection is at a very early step in the virus life cycle: attachment,
fusion, and penetration or entry.
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Recently, an exopeptidase, carboxypeptidase D, was reported as a putative receptor for
duck hepatitis B virus (DHBV) (10,11). Significantly, the putative carboxypeptidase D
receptor could apparently mediate the internalization of DHBV after attachment (3,12).

We have reported that following limited digestion with the staphylococcal protease
V8, the human and woodchuck hepatitis viruses can be rendered “infectious” for tissue
cultures of HepG2 cells (1,2). The viruses pretreated with V8 protease were shown to
infect tissue cultures of HepG2 cells and produce progeny. In contrast, in the absence of
this protease pretreatment, there is little, if any, detectable productive infection as has
been observed by others. The protease enhanced the infectivity of these viruses for tis-
sue culture by more than 100-fold.

The reason that V8 protease treatment induces viral infectivity is not clear. It is inter-
esting that a V8 protease cleavage site is in a specific region between the C-terminus of
preS2 and N-terminus of S domain of surface protein. This region contains a proteolytic
sensitive motif called a “PEST region” as well as a hydrophobic motif associated with
membrane fusion: FLG-LL-AG (1,2,13). This fusion motif occurs in the domains of
other viral envelope polypeptides associated with fusion, including human immunode-
ficiency virus (HIV) and influenza virus (1,2,13). We reason that V8 cleavage of HBV
and WHV results in exposure of this fusion motif, present within the virus envelope
polypeptide. This in turn facilitates virus fusing with host cell and allowing entry.
Because V8 protease is of bacterial origin, we further speculate that a mammalian pro-
tease exists that, during natural infection, performs a function similar to V8 protease in
our experimental system.

It was recently hypothesized that a domain immediately upstream of the PEST
region in pre-S2 serves as a “permeability” region for HBV internalization (14). This is
consistent with the hypothesis that, during natural infection, after virus pre-S region
mediated receptor binding followed by internalization via a permeability motif, a V8-
like protease(s) present in susceptible hepatocytes (but lacking or not functional in
HepG2 cells) would act as a post-attachment step. The action of this/these putative pro-
tease(s) would expose the fusion domain of envelope polypeptide resulting in virus–cell
membrane fusion, permitting viral genome entry into the cytosol. The further details of
this theory, are the subject of other publications and work.

2. Materials
2.1. Source and Abundance of Hepadnaviruses

Serum from infected persons or woodchucks containing more than 109 HBV
genomes/mL was used as a source of virus. We have used 0.5–17 mL of infectious
serum depending on the virus titer.

2.2. Cells and Reagents
1. HepG2 cells purchased from American Type Culture Collection (Rockville, MD, USA).
2. RPMI-1640 with sodium bicarbonate and L-glutamine (BioWittaker, Walkersville,

MD, USA).
3. RPMI-1640 powder for 1 L without sodium bicarbonate and with L-glutamine (Gibco,

Gaithersburg, MD, USA).



Enhancement of Infection of HepG2 Cells 201

4. Fetal bovine serum (FBS, BioWittaker, Walkersville, MD, USA).
5. Trypsin–versine solution (BioWittaker, Walkersville, MD, USA).
6. Staphylococcal protease V8 (Beohringer, Germany).
7. 2-N-Morpholinoethanesulfonic acid (MES, Sigma, St. Louis, MO, USA).
8. Sucrose (Sigma, St. Louis, MO, USA).
9. 0.45-�m 500-mL bottle top filter (Nalge Nunc International, Rochester, NY, USA).

10. Ultrafree-15 centrifugal filter device (Millipore, Bedford, MA, USA).
11. Ultrafree-MC 100K NMWL (Millipore, Bedford, MA, USA).
12. Polyvinylidene fluoride (PVDF) membranes (Millipore, Bedford, MA, USA).
13. 0.45-�m Syringe driven filter (Millipore, Bedford, MA, USA).
14. 96-Well polystyrene plates (Nunc, Naperville, IL, USA).
15. Anti-preS2 antibody for HBV or WHV.
16. Anti-core protein antibody for HBV or WHV.
17. Bovine serum albumin (BSA, Bio-Whittaker, MA, USA).
18. Primers “158” (3'-AGACCACCAAATGCCCCTATC) and “159” (5'-TTCCCAAGAATAT

GGTGACCC).
19. Primers XYL3 (3'-AGACCTCCTAATGCACCCATT) and XYL4 (5'-TTCCCAAGAATA

TGGTTTACC).
20. Nylon membrane (Bio-Rad, Hercules, CA).
21. Ultrafree-DA (Millipore, MA, USA).
22. Random priming kit (Gibco-BRL, USA).
23. [32P]dCTP (DuPont NEN, Boston, MA, USA).
24. Rapid-hyb buffer (Amersham, Piscataway, NJ, USA).
25. Proteinase K (FisherBiotech, Fair Lawn, NJ).
26. Fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse antibody (Jackson

ImmunoResearch West Grove, PA, USA).
27. Gelatin (Sigma, St Louis, MO, USA).
28. Mowiol 488 (Hoechst, Frankfurt/Main, Germany).

2.3. Solutions
1. 0.01 M Potassium phosphate buffer, pH 7.6.
2. Phosphate-buffered saline (PBS), pH 7.4.
3. TNE buffer: 0.01 M Tris-HCl, pH 7.4, 0.15 M NaCl, 0.05% EDTA.
4. Solution for sucrose gradient ultracentrifugation:

15% (w/v) sucrose: 15 g of sucrose is solved in 85 mL of TNE buffer.
25% (w/v) sucrose: 25 g of sucrose is solved in 75 mL of TNE buffer.
35% (w/v) sucrose: 35 g of sucrose is solved in 65 mL of TNE buffer.
45% (w/v) sucrose: 45 g of sucrose is solved in 55 mL of TNE buffer.
60% (w/v) sucrose: 60 g of sucrose is solved in 40 mL of TNE buffer.

5. 0.01 M NaHCO3–Na2CO3, pH 9.6.
6. Washing buffer: 1X PBS with 0.05% Tween-20, pH 7.4.
7. 0.2 M NaOH.
8. 0.2 M Tris-HCl buffer, pH 7.5.
9. 2 M NaOH.

10. Neutralization buffer: 1.0 M Tris-HCl, pH 8.0, 1.5 M NaCl.
11. Lysis buffer: 0.01 M Tris-HCl, pH 7.4, 0.5% Nonidet P-40 (NP-40), 0.01 M NaCl; and 0.003

M MgCl2.
12. 1% Agarose gel in TAE buffer.
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13. 0.01 M HAc–NaAc buffer, pH 2.5.
14. Cell fixer: 50% methanol and 50% acetone.
15. Block solution: 0.8% bovine serum albumin (BSA), 0.1% gelatin, 5% goat serum in PBS.
16. Washing buffer: 0.8% BSA, 0.1% gelatin in PBS.
17. Mounting solution: 1 M Mowiol 488 (Hoechst, Frankfurt/Main, Germany) plus 10% 1,4-

diazobicyclo-[2,2,2]-octane.

2.4. Culture Media
1. Normal growth medium for culture of HepG2 cells: RPMI-1640 (with sodium bicarbonate

and L-glutamine) containing 10% FBS.
2. pH 5.5 medium for viral infection: RPMI-1640 medium powders for 1 L (without sodium

bicarbonate and with L-glutamine) was dissolved in 500 mL of sterilized distilled water. The
pH was adjusted to 5.5 with MES. Medium was filtered with a 500 mL bottletop filter, then
diluted to 1 L with sterilized distilled water. Ten percent FBS was added before use. (See
Note 1.)

2.5. Equipment
1. Sanitary laminar flow safety hood.
2. CO2 incubator.
3. Ultracentrifuge and rotors: SW41 and SW55 (Beckman).
4. High-performance liquid chromatography (HPLC).
5. Bio-Silect SEC 250 column (Bio-Rad, CA, USA).
6. Digital MultiImage system (Alpha Innotech, USA).
7. Dot-blot apparatus (Schleicher and Schuell, Keene, NH, USA).
8. “Cross linker” (Stratagene, La Jolla, CA, USA).
9. PhosphorImager (Bio-Rad, Hercules, CA, USA).

10. Polymerase chain reaction (PCR) thermocycler.
11. Fluorescence microscope.

3. Methods
3.1. Isolation of Virus

1. Prepare sucrose gradients by layering sucrose solutions from the bottom to the top. For an
SW41 rotor (Beckman), use 1 mL of 60% sucrose, 2 mL of of 45% sucrose, 2 mL of 35%
sucrose, 2 mL of 25% sucrose, and 2 mL of 15% sucrose. For an SW55 rotor (Beckman), use
0.5 mL of 60% sucrose, 1 mL of 45% sucrose, 1 mL of 35% sucrose, 1 mL of 25% sucrose,
and 1 mL of 15% sucrose.

2. Serum containing hepadnavirus is layered on top of the 15–60% sucrose gradient cushion. If
the volume to be centrifuged is larger than 1 mL, an SW41 rotor is used. The tube should be
filled with TNE buffer if the sample does not reach the top of the tube. The sample is cen-
trifuged at 38,000 rpm for 16 h at 10°C. Alternatively, smaller volumes (� 1 mL) are cen-
trifuged using an SW55 rotor at 50,000 rpm for 16 h at 10°C.

3. Fractions of either 500 �L with large samples or 200 �L with small samples are collected.
The fractions between 40% and 48% sucrose should contain intact enveloped virions which
can be determined by detection of HBV DNA either using dot blot hybridization or
immunoabsorbance-PCR (IA-PCR, a quick test, see below).

4. Virus-containing fractions are pooled and dialyzed against 0.01 M potassium phosphate
buffer, pH 7.6, and concentrated by the Ultrafree-15 centrifugal filter device to 500 �L.
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3.2. V8 Protease Digestion of Virus
1. Half of the volume of the concentrated virion (250 �L) from the above procedure is digested

with 0.8–1.0 mg/mL of V8 protease in potassium phosphate buffer for 8–12 h at 37°C. The
other half of the volume is incubated with the same amount of potassium phosphate buffer
for mock digestion.

2. V8 protease is removed from the sample using HPLC with a Bio-Silect SEC 250 column. PBS
is used as elution buffer. Viruses are further purified during this process. The virion peak (the
first peak, the second peak is V8 protease) at void volume is collected (total approx 1 mL) and
concentrated to approx 300 �L for infection using Ultrafree-MC 100K NMWL (see Note 2).

3. The mock sample is treated similarly. These viruses were used as negative control in the
infection assay.

4. The successful elimination of pre-S epitopes by V8 digestion is monitored by SDS elec-
trophoresis (see Subheading 3.3.) or by enzyme-linked immunosorbent assay (ELISA) with
the plate coated by anti-preS2 antibody.

5. If HPLC is not available, V8 protease can be removed from digested samples by sedimenta-
tion of virions through a cushion of 2 mL of 20% sucrose (w/v) with an SW55 rotor at
50,000 rpm overnight at 10°C. The pellet containing virions are resuspended in 300 �L of
PBS (see Note 3).

6. After removal of V8 protease, the material should be filtered before using as “inocula” for tis-
sue culture infection. Before filtration, precipitates in the inocula are removed by centrifugation
at 12,800g in a tabletop centrifuge for 3 min. The clarified inocula supernatant is subjected to
filtration with a syringe-driven filter. Viruses are diluted to approx. 107 viral genomes/mL with
pH 5.5 medium. For infecting a T25 flask cells, 0.8 mL of inoculum is used.

3.3. SDS Polyacrylamide Gel Electrophoresis 
(SDS-PAGE) and Western Blotting

1. The removal of pre-S region from the virus particle by V8 protease can be examined by
SDS-PAGE. One microgram of purified virus either treated with V8 or left untreated is
resolved by SDS-PAGE through 12.5% gels.

2. Proteins are stained with silver or transferred to PVDF membranes.
3. The membranes are analyzed by Western blots using antibody as described elsewhere (2).

3.4. Infection of HepG2 Cells (see Note 4)
1. HepG2 cells (see Note 5) cultured in the normal growth RPMI 1640 medium with 10% FBS

are seeded in a 25-cm2 flask at approx 5 × 106.
2. Wash with 5 mL of pH 5.5 medium once, then incubate with virus inoculum containing 107

viral genomes/mL overnight (16 h) in an incubator with 5% CO2 at 37°C.
3. Infected cells are then carefully washed, first with 10 mL of pH 5.5 medium two times, then

with 10 mL of PBS two times, followed by two washes with 10 mL of normal growth medium.
4. After washing, cells are maintained in 2 mL of normal growth medium.
5. The medium is collected every day or every 2 d until cells are harvested. Days post-infection

(pi) are counted from the first day of medium collection.

3.5. Detection of Progeny Produced by Infected Cells
A challenge to the success of the protease infectivity assay is distinguishing input

from progeny virus. We have used several different assays for this purpose, some are
protein based, and others are nucleic acid based.
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Typically, progeny viral DNA can be detected in the culture medium and inside of
the cell as early as the third day pi by sensitive methods such as IA-PCR, acid
treatment-PCR, and dot-blot (see below). Progeny signal should increase as a function
of time. We have found that the signal reaches a maximum between 5 and 8 d pi and
decreases thereafter. Progeny can still be detected, however, after more than 20 d. The
amount of gene product (polypeptide and/or genome) generated is related to the amount
of virus in the inoculum as well as the success of the infection. Our data show that
approx 1.5 × 108 virus genomes are secreted into the medium at the eighth day after a
successful infection with 1.86 × 107 viral genome (vs 5 × 106 cells). In addition, a min-
imum of 222 viral genomes per cell have been synthesized in infected cells 8 d pi (2).

3.5.1. IA-PCR Detection of Progeny Virus DNA in Medium
IA-PCR is a powerful method that combines the specificity of antibody binding with

the sensitivity of PCR (15). Because V8 protease digestion of the virus quantitatively
removes pre-S epitopes, the anti-preS2 antibody can be used as a means of selectively
precipitating progeny virus and monitoring virus gene product synthesis as a function
of time after infection. However, other envelope antibodies may also be used, but may
not distinguish input from progeny virions.

1. 96-Well plates are coated with anti-preS2 antibody (40 �g/mL in 0.01 M NaHCO3–Na2CO3
buffer, pH 9.6) using 100 �L/well at 4°C overnight.

2. The plate is washed with washing buffer (1X PBS with 0.05% Tween-20, pH 7.4) four times.
3. The nonspecific binding is blocked by incubation of wells with 2% BSA in PBS (120

�L/well) at 37°C for 1 h.
4. The plate is washed with washing buffer two times and stored at −20°C until used.
5. To determine the amount of absorbed virus, 50 �L/well of test sample or standard serum

with a series of dilution is added, and the plates are incubated at 37°C for 2 h with gentle
shaking.

6. After washing four times with wash buffer, the plates are incubated with 25 �L/well 0.2 
M NaOH at 37°C for 1 h with gentle shaking to release viral DNA. Under these conditions,
proteins including both antibody and viral proteins are quantitatively hydrolyzed.

7. The samples are neutralized and mixed well with 40 �L/well 0.2 M Tris-HCl buffer, pH 7.5,
at room temperature for 5 min.

8. An aliquot of each sample (10 �L) is used to perform PCR with primers 158 and 159 for
HBV or XYL3 and XYL4 for WHV.

9. The image of PCR bands that was observed on an ethidium bromide stained gel is quantified
by the Digit MultiImage system.

10. The amount of HBV DNA in the sample is determined by comparing the intensity of sample
band to the standard bands.

3.5.2. Dot-Blot Detection of Viral DNA in Medium
1. Five hundred microliters of medium from infected cell cultures is incubated with 100 �L of

2 M sodium hydroxide at room temperature for 1 h.
2. DNA is transferred to the nylon membrane with a dot-blot apparatus according to the

instructions supplied by the manufacturer.
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3. The membrane is incubated with a neutralization buffer of 1.0 M Tris-HCl, 1.5 M NaCl, pH
8.0 for 5 min, followed by exposure to an ultraviolet light “crosslinker.”

4. Viral DNA immobilized on the membrane is detected by incubation with a radiolabeled
HBV specific probe.

5. The probe is made from a viral DNA fragment produced from PCR amplification with
respective primers, which has been extracted from an agarose gel with Ultrafree-DA, and
labeled with [32P]dCTP using a random priming kit (Gibco-BRL, USA).

6. Hybridization is performed in Rapid-hyb buffer at 68°C.
7. Radioactivity is detected using a PhosphoriMager (Bio-Rad, CA, USA).

3.5.3. Acid Treatment (of Infected Cells)-PCR 
Detection of Cellular Viral DNA

1. An easy and sensitive method to detect viral DNA in infected cells was developed in our lab-
oratory.

2. HepG2 infected by V8-digested HBV are harvested by trypsin digestion at 8 d pi.
3. From 500 to 1000 cells are incubated in 1 mL of 0.01 M HAc–NaAc buffer, pH 2.4, for 10

min at room temperature.
4. The same amount of infected cells are treated with PBS as control.
5. Cells are sedimented at 3200g for 5 min with a table top centrifuge, then washed with 1 mL

of PBS.
6. Low pH treated cells are resuspended in 50–100 �L of PBS, depending on the amount of

cells used.
7. A 5- to 10-�L cell suspension containing about 100–200 cells are used for performing PCR

amplification with respective primers.
8. PCR cycles utilize 95°C for 3 min, then 95°C for 1 min, 55°C for 1 min and 72°C for 2 min

for 30 cycles and a final one at 72°C for 5 min.

3.5.4. Southern Blot Detection of Cellular Viral DNA
1. Monolayers of HepG2 cells (106 cells) from the cells infected with either V8-digested or

mock-digested viruses are harvested by trypsin digestion after d 8 pi.
2. After two washes by sedimentation in PBS, cells are lysed with 0.01 M Tris-HCl buffer, pH

7.4, 0.5% NP-40; 0.01 M NaCl; and 0.003 M MgCl2 and kept on ice for 5 min.
3. Nuclei are removed by centrifugation for 5 min at 500g at 4°C.
4. Nuclei depleted supernatants are incubated with 0.5 �g/mL of Proteinase K at 37°C

overnight.
5. DNA is extracted with phenol–chloroform and precipitated with ethanol.
6. Twenty micrograms of DNA is resolved through a 1% agarose gel, then transferred to a

nylon membrane as described above.
7. The membrane is hybridized with a [32P]dCTP-labeled probe made from a viral DNA frag-

ment as above.
8. The radioactivity signal is recorded on a PhosphoriMager.

3.6. Immunofluorescent Staining of De Novo Viral Proteins
1. At d 8 pi, 103 HepG2 cells are harvested by trypsin digestion and reseeded onto eight-well

glass slides by incubating for an additional 24 h.
2. The cells on the slide are then briefly washed twice with PBS and fixed with 50% methanol

and 50% acetone at −20°C for 10 min.
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3. The fixed cells are incubated with 0.8% BSA, 0.1% gelatin, 5% goat serum in PBS at room
temperature for 20 min to reduce nonspecific staining.

4. Cells are incubated either with mouse anti-surface protein (anti-SHBs or anti-SWHs) or anti-
core protein antibody (anti-HBc or anti-WHc) at 37°C for 1 h.

5. Following five washes with 0.8% BSA, 0.1% gelatin in PBS, cells were incubated with
fluorescein-conjugated rabbit anti-mouse antibody at 37°C for 1 h.

6. Cells are washed with the same buffer five times and covered with 1 M Mowiol 488 plus
10% 1,4-diazobicyclo-[2,2,2]-octane and viewed under a fluorescence microscope.

3.7. Results
Infection of HepG2 cell cultures with V8-treated HBV and WHV was described in

detail in our two papers, which includes use of IA-PCR and dot blotting to detect the
progeny viral DNA in the culture medium as well as Southern blotting to detect intra-
cellular viral DNA and immunostaining to detect viral proteins (1,2). Thus, we limit the
data here to show detection of the de novo cellular HBV DNA, using acid treatment-
PCR. From 500 to 1000 infected cells were first treated with HAc–NaAc buffer, pH 2.5,
for 10 min. pH 2.5 buffer is intended to remove residual virus from the inocula remain-
ing attached to the cell membrane. This is important to enrich for detection of intracel-
lular viral DNA as well as rendering the cells permeable for PCR. Figure 1 shows that
at d 8 pi, HBV DNA is detectable in HepG2 cells infected with V8 treated HBV, but not
in the cells infected with untreated HBV (Fig. 1, lanes 2 and 4). However, this HBV
DNA can be detected only by treatment of infected cells with pH 2.5 buffer (Fig.1,
lanes 3 and 4). The same result is obtained with HepG2 2.2.15 cells, which has inte-
grated HBV genome (Fig. 1, lanes 5 and 6). This result suggests that the cellular HBV

Fig. 1. Acid treatment-PCR detects the cellular HBV DNA. 103 cells infected with V8
digested or undigested HBV were treated with HAc–NaAc buffer, pH 2.5 for 10 min. After the
cells were washed with PBS, they were suspended in 100�L PBS and 5�L of cells were taken for
PCR using HBV primer 158 and 159. HepG2.215 cells were used as control. A PCR product band
at 586 bp was indicated.
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DNA can be released for PCR detection only after low pH treatment. It also suggests
that the DNA detected in the cells infected by V8-treated HBV is progeny DNA gener-
ated by HBV infection.

4. Notes
1. It is important to use medium without sodium bicarbonate to make pH 5.5 medium. The

buffer capability of sodium bicarbonate not only makes it difficult to adjust the pH with MES
but also results in a high ion concentration that is harmful to cell viability.

2. A final check of the concentration of virus with either IA-PCR or dot blot is recommended.
More than 107 viral genomes/mL is needed for infection. Fewer than 106 viral genomes/mL
would not give determined results.

3. A final determination of the virus abundance in the sample is necessary because significant
losses may occur.

4. Infection should be performed in a safety hood.
5. Before use, the cells should be reseeded a couple of times (about 4–5 d each time) to keep

them healthy and growing. The optimal cells for infection are 90–95% confluent after 4–5 d
growth. Complete confluence is not suggested because cells may detach from the monolayer
after pH 5.5 medium treatment. For a T25 flask, cells at approx 5 × 106 is enough for infec-
tion assay. If the cells are in good condition (based on inspection under a microscope),
overnight incubation in pH 5.5 medium will not generally result in major cell distress. How-
ever, some arrest of cell growth is usually observed. Nevertheless, after changing to normal
growth medium, within 24 h the cells should appear to have recovered and look as refractive
and morphologically intact by examination under the light microscope as they did before
infection.
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Construction of Recombinant Adenoviruses 
that Produce Infectious Hepatitis B Virus

Martin Sprinzl, Jérôme Dumortier, and Ulrike Protzer

1. Introduction
Hepatitis B viruses (HBVs) are characterized by their high species and tissue speci-

ficity. Because of the large number of patients chronically infected with HBV, the devel-
opment of new treatment strategies remains a major goal but is hindered by the lack of
infection systems that would allow testing. Only primary human or humanoid hepato-
cytes are fully permissive for HBV infection. Consequently, no permissive cell line and
no convenient small animal model are available to study HBV infection. However,
highly differentiated liver cell lines support virus replication following transfection of
replication competent HBV constructs. Stable cell lines with integrated HBV genomes,
for example, HepG 2.2.15 cells (1), are commonly used for assessing the action of
drugs on HBV replication. HBV-transgenic mice (2) and have been generated and were
proven to be very useful for immunological studies. However, stable cell lines as well as
transgenic mice, unlike in natural infection, replicate HBV from an integrated genome
that cannot be eliminated. In addition, they cannot mimic an acute infection and the
level of virus replication cannot be varied or adjusted.

We describe a system that allows the initiation of HBV replication across the species
barrier in a broad range of liver cells and in the livers of animals by circumventing
receptor-mediated uptake. This system employs adenoviral vectors that transfer 1.3-
fold overlength HBV genomes from which infectious HBV is produced at high titers
and with high liver specificity. These HBV constructs have proven to be superior over
other replication-competent HBV constructs in transgenic mice (2) and were used for a
baculovirus-mediated HBV genome transfer (3).

The adenovirus-mediated genome transfer described here efficiently initiates hepad-
navirus replication from an extrachromosomal template in established cell lines, in pri-
mary hepatocytes from various species, and in the livers of mice (4,5). Following the
genome transfer, HBV proteins, genomic RNA, and all replicative DNA intermediates
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were detected. Detection of covalently closed circular DNA (cccDNA) in hepatoma cell
lines and in primary hepatocytes indicated that an intracellular replication cycle inde-
pendent from the transferred linear viral genome was established (4,5). High titer hepa-
titis B virions were released into the culture medium of hepatoma cells and the various
primary hepatocytes following AdHBV transduction. In addition, using the duck hepa-
titis B virus, we showed that infectious virions were secreted into the serum of mice (4).

Adenoviral vectors became our first choice to transfer HBV genomes to establish a
HBV replication system, as a broad range of resting or dividing cells of various species
are transduced. In addition, adenoviral vectors allow the transfer of defined quantities of
foreign DNA into cells. Finally, adenoviral vectors efficiently target the liver following
in vivo gene transfer and transduced DNA is not integrated into the cellular chromo-
some. Extrachromosomal transduction of HBV genomes appears to be essential to
mimic natural HBV infection, because integration of HBV genomes into cellular chro-
mosomes is a rare event during HBV infection. It usually marks the switch from a
highly replicative phase to a low replication state occurring late during chronic HBV
infection. Replication of HBV from an extrachromosomal template might therefore be
an attractive target for antiviral strategies, which this system allows to be tested in cell
culture and in living animals. In addition, a HBV genome transfer is so far the only way
to study the immune response against HBV during acute infection in mice (10).

Commonly used adenoviral vectors are derived from a modified human adenovirus
serotype 5. The vector genome includes the entire adenoviral DNA sequence except the
genes responsible for the initiation and propagation of an adenoviral replication. This
region is named E1 in respect to their early expression during the adenoviral replication
cycle and was replaced by the HBV genome construct. Additional deletions in region
E3 reduce adenoviral genome size and facilitate integration of transgenes without
exceeding the adenoviral encapsidation capacity (6).

Unfortunately, conventional generation of recombinant adenoviruses by ligation of
transgenes into the adenoviral genome backbone or by recombination in mammalian
cell cultures proved to be technically challenging and time consuming. To generate
AdHBV, we therefore employed a method first published by T-C. He et. al. (7) that
allows the generation of recombinant adenoviral genomes by homologous recombina-
tion in E. coli. On transfection of the defined recombinant adenoviral genome into
mammalian 293 or 911 cells, the adenoviral vectors grow.

The so-called AdEasy system employs a large adenoviral backbone plasmid and an
easy-to-manipulate shuttle plasmid that contains overlapping adenoviral sequences and
allows insertion of a gene of interest. If desired, a shuttle plasmid containing a green
fluorescent protein (GFP) reporter cassette is available that facilitates monitoring of
vector growth and titration of vector stocks and allows monitoring of transduction (7).
Following linearization of the shuttle plasmid, adenoviral sequences are exposed to the
DNA ends and can participate in homologous recombination with the supercoiled ade-
noviral backbone in recombination competent E. coli BJ5183. On recombination, the
shuttle plasmid confers a kanamycin resistance gene that allows for the efficient selec-
tion of recombinants. Restriction analysis of recombinant DNA isolated from the E. coli
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reveals characteristic restriction patterns (Fig. 1). Recently, E. coli (BJ5183) already
containing the adenoviral backbone plasmid pAdEasy1 became available that elimi-
nates the rate-limiting step of transforming the large plasmid. Once a proper recombi-
nant has been identified, further amplification of plasmid DNA is recommended in
standard E. coli to avoid further DNA sequence alterations and to increase the yield of
DNA. The recombinant adenoviral genome is excised from the plasmid backbone via
artificial PacI sites to expose the adenoviral inverted terminal repeats (ITRs) and is
transfected into suitable cell lines (e.g., 293 or 911 cells). These cell lines must provide
the missing E1 gene products by transcomplementation to allow growth of the adenovi-
ral vectors (7). Cell lysates and culture medium contain the adenoviral vectors and can
be used for further propagation. Once a suitable titer is reached, vector stocks are either
used directly for experimental infections or processed further for applications in vivo.

Using AdHBV vectors produced as described, we could not only initiate efficient
hepatitis B virus replication in cultured liver cells (4,5), but could also transduce
HBV genomes into the livers of mice which then start to replicate the virus from an
extrachromosomal template (Fig. 2). This will allow development of small animal
models of HBV infection and will help to study pathogenicity of wild-type and
mutant viruses as well as virus–host interaction and new therapeutic and prophylactic
approaches.

2. Materials
2.1. Plasmids

The system employs an adenoviral backbone plasmid (pAdEasy) and adenoviral
shuttle plasmid (pShuttle/pAdTrack) containing overlapping adenoviral sequences that
allow homologous recombination. All adenoviral plasmid constructs used were gener-
ously provided by Tong-Chuan He and Bert Vogelstein, Howard Hughes Medical Insti-
tute, Baltimore, MD, USA. The constructs are commercially available from Stratagene,
La Jolla, CA, USA and from Qbiogen, Illkirch, France. (See Note 1.)

1. pAdEasy: Adenoviral backbone plasmid pAdEasy1 contains all Ad5 sequences except those
encompassing the E1 region, the left ITR, and the E3 region, and is used for generation of
E1/E3 deleted Ad5 vectors. The pAdEasy2 is identical to pAdEasy1 except that it contains
an additional deletion encompassing the E4 region. It is used for generation of E1/E3/E4
deleted Ad5 vectors. Both adenoviral plasmids contain an ampicillin resistance gene and are
used in a supercoiled form (7).

2. pShuttle/pAdTrack: Adenoviral shuttle plasmid pShuttle contains a multiple cloning site to
allow convenient insertion of the “gene of interest”—in our case the replication competent
HVB 1.3 genome—into the E1 deletion. This site is surrounded by Ad5 sequences that allow
homologous recombination with pAdEasy and confer the left ITR and packaging signal
sequences (nucleotides 1–480 of Ad5). Artificial PacI restriction sites flank the Ad5 genome
(7). pAdTrack is identical to pShuttle except that it contains a CMV promoter driven
enhanced GFP expression cassette downstream of the multiple cloning site. A unique PmeI
restriction site between the adenoviral sequences is used for linearization of the shuttle plas-
mids which forces homologous recombination with the adenoviral backbone. On recombi-



212 Sprinzl et al.

Fig. 1. Restriction analysis of adenoviral recombinants. (A) The first analysis of candidate
recombinants is performed with PacI resulting in excision of a 3-kb or a 4.5-kb fragment con-
taining sequences derived from the integrated shuttle plasmids. To confirm that a large plasmid
was grown, pAdEasy was analyzed in parallel. (B) Restriction digestion with HindIII results in a
typical restriction pattern of Ad5-based genomes as demonstrated for a recombinant containing a
GFP gene (pAdGFP). The HBV 1.3 genome integrated into the adenoviral recombinant
(pAdGH1.3) is excised by flanking HindIII sites and migrates as a 4.3-kb band (marked by an
asterisk). M, DNA marker.

nation, the shuttle plasmids provide a kanamycin resistance gene that allows antibiotic selec-
tion of E. coli containing recombinant adenoviral vector genomes.

3. pHBV1.3: The parental plasmid for HBV was pHBV1.3 (kindly provided by Heinz Schaller,
ZMBH, University of Heidelberg). It contains an 1.3-fold overlength genome of HBV, sub-
type ayw, with a 5' terminal redundancy encompassing enhancers I and II, the origin of repli-
cation (direct repeats DR1 and DR2), the X- and pregenomic/core promoter regions, the
transcription initiation site of the pregenomic RNA, the unique polyadenylation site, and the
entire X open reading frame that serves as a template for transcription of HBV pregenomic
and subgenomic RNAs (2,4). This construct has been proven to initiate replication of HBV
efficiently and with high liver specificity in transfection experiments in cell culture and in
transgenic mice (2). The 1.3-fold HBV genome was excised via flanking PstI/NheI restric-
tion sites and cloned into the multiple cloning site of pAdTrack using adapters that included
Hind III sites flanking the HBV construct.

2.2. Bacterial Strains
E. coli BJ 5183, which are not recA but are deficient in other enzymes mediating

bacterial recombination, were employed for recombination. BJAdEasy cells already
contain a pAdEasy1 plasmid and thus avoid the limiting step of transforming a large
plasmid. They show resistance against ampicillin and streptomycin. Standard recA-
deficient E. coli strains (e.g., DH5�, DH10B, XL1) are used for growth of plasmids to
increase DNA yields without further unwanted recombinations.
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Fig. 2. AdHBV infection of mice results in productive HBV replication. Mice were injected
into the tail vein with 109 IU AdHBV and 108 IU of an adenoviral vector expressing a viral ana-
log of the immunosuppressive cytokine IL-10 (kindly provided by Thomas Ritter, Freie Univer-
sität Berlin, Germany). A control mouse was injected with PBS (mock). Secretory HBV antigens
(HBsAg and HBeAg) were determined in mouse sera (1:20 diluted in PBS) using commercial
assays. HBV virions were immunoprecipitated from mouse sera using an anti-HBs antibody and
HBV DNA in the virions was assayed by PCR. Adenoviral DNA was amplified by PCR from
DNA extracted from mouse sera. HBV core protein in mouse livers was analyzed by Western blot
analysis of liver lysates using a polyclonal rabbit antiserum and a peroxidase-coupled secondary
antibody and chemiluminescence. Animals were killed at consecutive time points (7–52). Secre-
tion of HBsAg, HBeAg, and HBV virions into the mouse sera as well as expression of HBV core
protein in mouse livers shows replication of HBV following adenoviral genome transfer.

2.3. Cell Culture
For propagation of pAdEasy1-based vectors, we routinely use E1 transformed

human embryonic kidney cells (293 cells) (4). Alternatively, E1 transformed embryonic
retinal cells (911 cells) are available (7,8). Cells were maintained in minimum essential
medium Eagle supplemented with 10% fetal calf serum, 2 mM L-glutamine, 50 IU/mL
of penicillin, and 50 �g/mL of streptomycin at 37°C in 5% CO2.

2.4. Solutions
1. Phosphate-buffered saline (PBS) buffer: 140 mM NaCl, 10 mM Na2HPO4, pH 7.4.
2. TE buffer: 10 mM Tris-HCl, pH 8; 0.1 mM EDTA.
3. 2X HBS buffer: 137 mM NaCl; 0.5 mM KCl, 0.7 mM Na2HPO4

.2H2O; 6 mM dextrose, 21
mM N-(2-Hydroxyethylpiperazine)-l-ethanesulfonic acid (HEPES), adjust final pH to 7.05
with NaOH. For an HBS-buffer stock (2X) dissolve 1.6 g of NaCl, 0.074 g of KCl, 0.027 g
of Na2HPO4, 0.2 g of dextrose, 1 g of HEPES; add H2O to 100 mL
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4. Virus storage buffer: 137 mM NaCl, 5 mM KCl, 10 mM Tris-HCl, pH 7.5, 1 mM MgCl2,
10% glycerol.

5. 2X Storage buffer: 10 mM Tris-HCl, pH 8.0, 100 mM NaCl, 0.1% bovine serum albumin
(BSA), and 50% glycerol.

3. Methods
3.1. Homologous Recombination in E. coli (BJAdEasy)

1. Shuttle plasmids (0.1–0.5 �g) pAdTrack or pAdShuttle containing an HBV 1.3-fold genome
are linearized with restriction nuclease (PmeI). We usually add 1 U of PmeI to cleave a total
amount of 0.1 �g DNA. As PmeI is meta-stable at 37°C, we add one half of total PmeI for 2
h at 37°C and then digest further after adding the second half of total PmeI for 2 h to
overnight at room temperature. To ensure complete linearization, the restriction digest is
monitored by gel electrophoresis of an aliquot in a 0.8% agarose gel. Following digestion,
DNAs are ethanol precipitated and resuspended in 10 �L of distilled H2O. Complete lin-
earization is critical for reducing the background. Therefore, plasmid purification by prepar-
ative gel electrophoresis may be used.

2. Cotransform E. coli BJ5183 with 0.1–0.5 �g of linearized pShuttle/pAdTrack and 1 �g (45
fmol) of pAdEasy. E. coli BJAdEasy are only transformed with 0.05–0.1 �g linearized shut-
tle plasmid. As E. coli BJ5183 tends to show a low competency, it is essential to prepare
these cells carefully for transformation. Standard protocols for preparation of electrocompe-
tent E. coli and standard transformation procedures are sufficient to obtain a yield of �104

cfu/fmol plasmid DNA. Competency of E. coli is tested with 0.1 fmol of plasmid DNA, for
example, pUC13. Preincubation of the transformation mixture at 37°C without antibiotic
selection should not exceed 15 min. Subsequently, the transformed bacteria are plated onto
L-Broth agar plates containing 50 �g/mL of kanamycin. (See Note 2.)

3. Following 12–16 h of incubation at 37°C, choose the smallest colonies for further growth in
liquid L-Broth medium containing 50 �g/mL of kanamycin. Perform plasmid DNA mini-
preparations by standard alkaline lysis. Correct recombinants are identified by restriction
analysis with PacI or HindIII. Following PacI digestion, recombinant clones will yield a large
fragment (�30 kb) representing the adenoviral DNA and a small fragment (3 or 4.5 kb),
which is derived from the integrated pShuttle or pAdTrack and contains the plasmid back-
bone. HindIII restriction digestion will result in a characteristic restriction pattern (Fig. 1).

4. Once confirmed, supercoiled DNA of correct recombinants are transformed into your stan-
dard recA E. coli (e.g., DH5� or DH10B) for further propagation. Finally, purify plasmid
DNA from midi- or maxi-cultures by CsCl-banding or by ion-exchange columns that allow
binding of large DNAs (e.g., Nucleobond®).

3.2. Amplification of Adenoviral Vectors in Cell Culture
1. At 24 h prior to transfection, 293 cells or 911 cells are seeded onto 25-cm2 cell culture flasks.

Confluence of cells should be around 50% at the time of transfection. (See Note 3.)
2. Before transfection, digest the recombinant adenoviral plasmids with PacI to liberate the

ends of the respective adenoviral genome to allow replication. Usually 4–7 mg of DNA are
sufficient to transfect one culture dish. Precipitate digested DNA with ethanol, centrifuge the
precipitate, and dry the pellet under sterile conditions. Dissolve DNA in 450 �L of distilled
water and add 50 �L of 2.5 M CaCl2 solution. During thorough mixing, add 500 �L of HBS
buffer (2X) to the solution drop by drop. DNA precipitates will form during 10–15 min incu-
bation at room temperature and subsequently are added to the cell culture medium. Alterna-
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tive transfection protocols may be used. After 12–16 h incubation, cells are washed and
maintained as described.

3. If pAdTrack has been employed during recombination, transfection of cells can be moni-
tored by expression of green fluorescent protein using fluorescence microscopy. At 12–24
hours after transfection, the first GFP-expressing cells can be observed. After 2–3 d, single
cells replicating the adenovirus round off and give rise to virus-producing cell-foci or
plaques (7). Plaques can be observed after 7–10 d as groups of rounded cells by phase-
contrast microscopy and represent the typical cytopathic effect elicited by adenoviruses.
However, GFP expression largely facilitates the identification of plaques for an inexperi-
enced person. When the majority of cells start to detach from the cell culture plastic, it is
time to mobilize them completely with a rubber policeman or a pipet. Do not use trypsin!

4. Transfer the cell suspension into a conical 50-mL tube and recover cells by centrifugation
(10 min at 500g). Resuspend the cell pellet in 2 mL of sterile PBS and subject cells to three
or four freeze–thaw cycles with vigorous vortex-mixing to free all virus from the cells. Cel-
lular debris is removed by brief centrifugation and the adenovirus containing supernatant is
stored at −70°C after addition of 10% glycerol for stabilization. (See Note 4.) The procedure
will yield about 106–107 infectious particles/mL at this point. Avoid freezing on dry ice
because adenoviruses are sensitive to low pH. (See Note 5.)

5. For further amplification of adenoviral vectors, use 30–40% of your primary cell lysate to
infect a 75-cm2 flask of 80–90% confluent 293 or 911 cells. To increase infection efficacy,
remove cell culture medium, apply virus stocks in a low volume (1–2 mL), and allow viruses
to bind to the cells for 15–20 min at room temperature before cell culture medium is added.
Cells are maintained as described and when the majority of cells start to detach from the cell
culture dish (usually after 2–5 d), follow the protocol listed above. Repeated amplification
may be necessary. Each infection cycle will lead to a 10- to 100-fold increase of viral titers.
When adenoviral titers increase, the cell culture medium containing approx 1% of the total
virus may also be preserved or the cells may be lysed in the culture medium. To ensure that
a clonal adenovirus is grown, plaque purification may be desired which can be performed
following standard protocols.

6. Because rare recombination events with the adenoviral DNA integrated in 293 cells may lead
to unwanted contamination with wild-type adenovirus, it is recommended that continuous
passaging of adenoviral vector stocks be avoided. Rather, a low passage vector stock should
be kept for growing new vector stocks, or the virus should be plaque purified in between.

3.3. Assays to Quantify Adenoviral Vectors
If the construct contains GFP, titration of the viral stock can be done by dilution assays

on permissive cells (typically 293, 911, or HeLa cells). Expression units can be deter-
mined by counting GFP expressing cells, for example, by FACS analysis 18–24 h post-
infection (i.e., before the first round of replication is finished!). Triplicate dilutions are
recommended. If the adenoviral vector contains no GFP marker, the cytopathic effect
observed at the end of the first round of replication (i.e., after 36 h) and after 8–10 d using
at least triplicate limiting dilutions may be used to determine infectious units. Because the
cytopathic effect is hard to quantify, we prefer an immunofluorescence staining of aden-
oviral proteins in 293 or 911 producer cells for precise titration of vector stocks.

To determine the amount of adenoviral particles contained in a vector stock, the amount
of DNA may be quantified and used as a surrogate marker. Because the protein content
alters the optical density at 260 nm, only serum-free virus stocks can be quantified by this
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method. To determine the amount of viral particles, add 15 �L of virus to 15 �L of blank
solution. As a blank solution use 1.35 g/mL of CsCl mixed with an equal volume of 2X
storage buffer. Add 100 �L of TE/0.1% Sodium dodecy/sulfate (SDS), vortex-mix for 30 s,
and centrifuge for 5 min. From the supernatant, determine the OD260. One A260 unit con-
tains approx 1012 viral particles. Depending on the quality of the vector preparation, the
ratio of total adenovirus particles to infectious particles ranges between 20:1 and 100:1.
(See Note 6.)

3.4. Preparation of High-Titer Vector Stocks
1. To produce high titer vector stocks, usually 8–16 cell culture flasks (150-cm2) containing 293 or

911 cells at a confluence of 80–90% (approx 2 × 107 cells/flask) are required. These cells are
infected with the respective adenovirus stock at a multiplicity of infection of 5 IU per cell. After
2–3 d post-infection, when 80% of the cells are rounded and detached from the flask, cells are
harvested as described above. The cell suspensions are collected in sterile 50-mL tubes.

2. Cells are sedimented at 500g for 10 min, resuspended in 2.5–3 mL of 0.1 M Tris-HCl, pH 8.0,
buffer per 150-cm2 flask, and lysed by four freeze–thaw–vortex cycles as described above.
Cell debris is carefully removed by centrifugation at 5000–7000g for 5–10 min at 4°C.

3. Virus is purified in a CsCl density gradient. To prepare the gradient, add 4.4 g of CsCl into a
50-mL tube and mix it with 8 mL of cleared cell lysate by vortex-mixing. Transfer the solu-
tion with an approximate density of 1.35 g/mL to a 12-mL SW41 rotor tube. Overlay the
solution with 2 mL of mineral oil to prevent formation of infectious aerosol during centrifu-
gation. Ultracentrifuge for 18–24 h at 10°C (32,000 rpm using an SW40 rotor in a Beckman
ultracentrifuge).

4. The fraction containing virus equilibrates at a density of 1.35 g/mL and can be visualized as
a dull milky band. In a typical gradient, the band containing virus will be clearly separated
from a band containing mainly defective particles that sediment at a lower density and
should be collected in a total volume of 0.5–1 mL. Alternatively, the first gradient can be run
as a discontinuous gradient using equal amounts of CsCl at 1.4 g/mL and 1.2 g/mL for 2 h.
To obtain a high grade of purification, a second continuous gradient using CsCl at 1.35 g/mL
is recommended following dilution of the banded virus in an equal volume of TE. The virus
is stable in CsCl at 4°C for several weeks. If longer storage is required, mix the collected
virus with an equal volume of filter sterilized 2X storage buffer and store it at −70°C.

5. To avoid toxicity, CsCl has to be completely removed before virus stocks are used in vivo.
For dialysis under sterile conditions, 1–2 L of storage buffer and a pot containing a magnet
stirrer must be autoclaved for each vector stock. UV-irradiated, sealed dialysis chambers are
recommended (Slyde-A-Lyzer, 0.5–3 mL, Perstorp Life Science). To avoid contamination
and to fulfill biosafety conditions, dialysis should be performed at room temperature in a
laminar flow hood. Following injection of the vector stock into the dialysis chamber, it is dia-
lyzed against the 200-fold volume of virus storage buffer for 2–3 h. After exchanging the
buffer, dialysis is repeated. Dialyzed virus is removed from the chamber, titered and stored at
−80°C until further use. (See Note 7.)

4. Notes
1. Excellent and detailed protocols to generate adenoviral vectors with the help of the AdEasy

system, plasmid maps, and sequence information are in the meantime available at the fol-
lowing Internet sites:
http://www.coloncancer.org/adeasy.htm
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http://www.qbiogene.com/products/gene-expression/adeasy.html
http://www.stratagene.com/vectors/expression/adeasy.htm

2. In our hands, electrocompetent and chemically competent E. coli worked comparably. How-
ever, it proved crucial that cells were highly competent. They have to form at least 104

colonies on transformation with 1 fmol of pUC plasmid.
3. For efficient production of adenoviral vectors, 293 cells have to be in a good condition. It

proved advantageous to keep them constantly growing. It is critical not to use high passages
(�30) of the cells.

4. Repeated thawing of adenoviral vector stocks lead to decreased infectivity and should be
avoided. Once thawed, stocks can be stored at 4°C for several days.

5. Adenoviruses are sensitive to pH changes; for example, freezing or transport on dry ice
should therefore be done with care.

6. Quantification of adenoviral particles by determining the OD260 as described above is rec-
ommended before dialysis or further processing because high particle concentrations may
cause insoluble aggregation dependent on the pH.

7. Because the adenoviral vectors contain replication-competent HBV genomes they are able to
initiate HBV replication and produce infectious HBV. Therefore, only persons with an
appropriate vaccination status (anti-HBs �100 IU/mL) should be allowed to participate in
the experiments. Vector stocks have to be handled under appropriate biosafety conditions.
However, the infectious potential of the adeno-HBV vectors described does not exceed that
of naturally occurring HBV because the adenoviral vector is replication deficient and thus
solely serves as a transfer vehicle of HBV DNA. The 1.3-fold overlength HBV construct
used does not employ any foreign promoter and thus shows the same liver cell restriction as
HBV. HBV DNA causes an HBV infection only if it is directly delivered into hepatocytes,
which is usually done by the virion. It has been shown that the injection of even large
amounts of HBV DNA into the bloodstream of chimpanzees is not sufficient to cause HBV
infection (9). Because of size restrictions of the adenoviral genome, replication competent
HBV genomes cannot accidentally be integrated into wild-type adenoviruses which would
allow replication of HBV DNA outside the liver.
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Baculovirus-Mediated Gene Transfer 
for the Study of Hepatitis B Virus

Harriet C. Isom, Ayman M. Abdelhamed, 
John P. Bilello, and Thomas G. Miller

1. Introduction
Establishing novel in vitro model systems for studying hepatitis B virus (HBV)

pathogenesis and the effects of antivirals on HBV replication is necessary because of
the limitations encountered studying HBV in vivo. However, there are many challenges
to in vitro studies as well.

The first challenge is selection of the appropriate exogenous sequences including
regulatory sequences to be introduced into a hepatic cell in culture. HBV replication
starts with the formation of pregenomic RNA (pgRNA) from the HBV template, HBV
covalently closed circular (ccc) DNA. pgRNA is 3.5 kilobases (kb), while the full-
length HBV genome itself is 3.2 kb. To obtain a productive viral replication, more than
a one-genome-length DNA construct must be used. The HBV construct ideally should
be controlled by its authentic regulatory elements or by foreign regulatory elements that
are active in the mammalian milieu. These foreign regulatory elements could be either
weaker or stronger than the authentic HBV regulatory elements, and hence the level of
expression would not be identical to the natural infection. A good candidate system is
one that has authentic HBV regulatory elements and permits rapid detection of HBV
replication cycle including all HBV viral proteins, RNAs, and DNAs.

The second challenge is to select a method for gene delivery. Available methods for
gene delivery can be characterized as chemical (calcium phosphate precipitation), phys-
ical (electroporation), or viral (adenovirus, baculovirus, vaccinia, and retrovirus). A
good candidate method should have high transfection efficiency without cellular toxic-
ity, expression of vector virus genes, or generation of recombinant human pathogens.

The third challenge is to avoid integration of HBV genetic information into the host
genome. Some in vitro systems use cell lines that contain integrated HBV DNA (1).
However, in natural infection, HBV DNA is present in the cells as nuclear extrachro-
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mosomal DNA called minichromosomes (2). Therefore, the ideal in vitro culture sys-
tem is the one that would mimic the natural extrachromosomal HBV DNA.

The fourth challenge is the ability to manipulate experimentally the timing of initia-
tion of HBV replication and the level of HBV expression. This enables treatment of
cells with antivirals or other agents either at specified times prior to or after initiation of
replication. Many established stably transfected HBV expressing cell lines lack this
attribute.

The fifth challenge is to provide sufficiently high levels of DNA expression and
replication that they can be easily detected by simple and direct methods. In addition,
replication needs to persist for sufficient time to permit antiviral studies.

The sixth challenge is to be able to quantify reproducibly HBV DNA expression.
This will facilitate the judgment of the efficacy of antiviral compounds.

Baculoviruses constitute one of the largest and most diverse groups of insect patho-
genic viruses (3). They have a double-stranded DNA genome of 88–153 kb. The family
Baculoviridae has a single genus, Baculovirus, that is divided into three subgroups.
Baculoviruses have been isolated only from arthropods. Subgroup A contains the
nuclear polyhedrosis viruses (NPVs), which have many virions (enveloped nucleocap-
sids) that are occluded within intranuclear protein crystals known as polyhedra or
occlusion bodies. These polyhedra are usually 1–10 �m in size, and up to 30 or more
may be produced in each infected cell. The polyhedra have a crystalline protein lattice,
comprised primarily of a single viral-encoded protein, named polyhedrin, with a molec-
ular weight of 29 kDa. The virions are present within the polyhedra as singly enveloped
nucleocapsids (SNPVs) or bundles of multiply enveloped nucleocapsids (MNPV). The
NPVs replicate in the nucleus of infected cells. Autographa californica multiple nuclear
polyhedrosis virus (AcMNPV) has a host range of more than 30 insect species and can
grow in several permissive insect cell lines. It has been used widely for high-level
expression of recombinant proteins in insect cells (4,5). Subgroup B contains the gran-
ulosis viruses (GVs) that exist as singly enveloped nucleocapsids and are individually
occluded with small (0.1–1.0 �m) capsule-shaped polyhedra termed granules. GVs
undergo replication in both the nuclear and cytoplasmic compartments of an infected
cell. Subgroup C represents a small group of baculoviruses that have one nucleocapsid
per envelope and are not occluded at any stage in their life cycle.

It has been shown that AcMNPV can effectively transfer genes into mammalian cells
of hepatic origin (6–9). Baculovirus promoters do not drive transcription in mammalian
cells. Primary rat hepatocytes (9), HepG2 cells (8), and other mammalian cell types
including nonhepatic cells (10) have been efficiently transfected using recombinant
baculovirus vectors having a promoter normally active in mammalian cells. Bac-
uloviruses have several features that make them attractive as a vector for gene transfer
including: (1) baculoviruses on their own do not replicate or express viral genes in
mammalian cells, but through the addition of a mammalian promoter it is feasible to
achieve transcription of an exogenous gene in mammalian cells; (2) generation of
recombinant baculoviruses is relatively simple; (3) baculoviruses can accommodate
large DNA inserts; (4) transfection efficiencies of � 70% are possible; and (5) large
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quantities of recombinant baculoviruses can be easily produced and purified from cul-
tured insect cells.

Delaney and Isom (11) demonstrated that HBV replicated in human HepG2 cells
after infection with a recombinant HBV baculovirus. A 1.3-genome-length HBV con-
struct previously shown to drive high-level liver-specific HBV replication in transgenic
mice was used to generate a recombinant HBV baculovirus. In HepG2 cells infected
with this recombinant HBV baculovirus, HBV transcripts, and secreted HBV antigens,
HB surface antigen (HBsAg) and HB e antigen (HBeAg), were produced. HBV repli-
cation occurred as evidenced by the presence of high levels of intracellular replicative
intermediates (RI) and secreted HBV DNA in the medium. HBV cccDNA was also
present in the infected HepG2 cells, indicating that HBV core particles are capable of
delivering newly synthesized HBV genomes back into the nucleus of infected HepG2
cells. HB core antigen (HBcAg) was detected in the infected cells as shown by
immunohistochemical staining. Density gradient analysis of extracellular HBV DNA
indicated that DNA was contained predominantly in enveloped HBV virions. The
major differences in natural HBV infection and HBV recombinant baculovirus-
mediated gene transfer are the following (follow the green arrow in Fig. 1). In a natu-
ral infection, the HBV Dane particle enters the host cell. The envelope is removed. The
HBV particle travels to the nucleus by a currently unknown mechanism. Core disas-
sembly occurs and the HBV genome is deposited in the nucleus. Once in the nucleus,
viral DNA is repaired to the cccDNA form and transcription of the four HBV tran-
scripts occurs from the cccDNA. In HBV recombinant baculovirus-mediated gene
transfer, the enveloped baculovirus enters the cell through a receptor-mediated process
(follow the red arrows in Fig. 1). The baculovirus loses its envelope in transit to the
nucleus. Once in the nucleus, the baculovirus DNA serves as the template for the four
HBV transcripts. To our knowledge, once the HBV RNAs, including the pregenome,
are synthesized, replication proceeds in the same fashion for natural infection and
baculovirus-initiated infection. It is important to note that, in both systems, recycling
of HBV DNA to the nucleus occurs.

The recombinant HBV baculovirus system, initially reported by Delaney and Isom
(11), has many advantages. (1) HBV expression can be initiated any time relative to
seeding of HepG2 cells. (2) Levels of HBV replication can be regulated over a wide
range simply by changing the baculovirus multiplicity of infection. (3) HBV replication
is readily detectable by 1 d post-infection (pi) with HBV baculovirus and persists at
least through d 11 pi. (4) The transient nature of the infection can be extended and/or
enhanced by superinfection of the cultures. (5) The system is transient and gene expres-
sion is driven in the absence of integration of HBV genome into the host genome. (6)
Levels of HBV gene expression and replication achieved in HBV baculovirus-infected
HepG2 cells far exceed the levels found in HepG2 2.2.15 cells. (7) cccDNA is
expressed at sufficiently high levels that it can be readily detected by Southern blot
analysis (Fig. 2). (8) HBV baculovirus infection, even at high multiplicities, is not toxic
to HepG2 cells. (9) Endogenous HBV enhancers and promoters are sufficient for high
levels of HBV expression and replication in HepG2 cells. (10) The system is highly



Fig. 1. Natural HBV and recombinant HBV baculovirus-mediated infection of mammalian
cells. (A) Schematic of natural HBV and recombinant HBV baculovirus-mediated gene transfer.
HBV DNA (B–D) and RNA (E) species were detected in HepG2 cells infected with the recombi-
nant HBV baculovirus. HepG2 cells were infected with HBV recombinant baculovirus at 100
pfu/cell. Infected cells were harvested at d 7 pi for (B) replicative intermediate DNA (RI), (C)
extracellular DNA (EC), (D) cccDNA (CCC), and (E) HBV RNA. The HBV bands from South-
ern and Northern blot analyses were visualized with a PhosphorImager and the digital images are
shown. The HBV bands are relaxed circular, RC; double stranded, DS; single stranded, SS; and
covalently closed circular, CCC.
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reproducible; titration of HBV recombinant baculovirus in insect cells can be equated
with gene transfer efficiency to HepG2 cells (Fig. 3).

The HBV recombinant baculovirus system has been used for antiviral drug studies
such as lamivudine (12) and clevudine (13). In addition, HBV recombinant bac-
uloviruses which encode drug-resistant strains of HBV have been generated and used
for drug studies (14) (Miller et al., in preparation). Recently, HBV recombinant bac-
ulovirus has been used in HepG2 cells to study the rebound phenomenon seen in
patients after discontinuation of the nucleoside analog lamivudine (13). The system has
also been used to determine the EC50 and EC90 of antiviral nucleoside analogs for HBV
DNA species (15). The HBV recombinant baculovirus/HepG2 system has unique
advantages over existing transient transfection systems and stably transfected cell lines
for studying HBV replication and the effects of specific drugs on this process.

2. Materials

2.1. Solutions and Chemicals
1. Agarose: Ultrapure agarose (Invitrogen, Carlsbad, CA) and Seaplaque agarose (low-melting-

temperature agarose) (Biowhittaker Molecular Applications, Walkersville, MD).
2. 0.5 M EDTA: Dissolve 186.1 g of disodium ethylenediaminetetraacetate·2H2O in 600 mL of

H2O. Adjust the pH to 8.0 with 10 N solution of NaOH (or approx 20 g of NaOH pellets).
Adjust the volume to 1 L with H2O. The disodium salt of EDTA will not dissolve until the
pH of the solution is adjusted to approx 8.0 by the addition of NaOH.

3. 1 M MgCl2: Dissolve 203.3 g of MgCl3·6H2O in 800 mL of H2O. Adjust the volume to 1 L
with H2O.

4. 1 M Tris-HCl: Dissolve 121.1 g of Tris base in 800 of H2O. Adjust the pH to 7.4 with con-
centrated HCl (approx 70 mL). Adjust the volume to 1 L with H2O.

Fig. 2. Comparative study among three different viral stocks. Three different HBV recombi-
nant baculovirus stocks, 00-13, 01-1, and 02-1, made and titrated at different time points, were
used to infect HepG2 cells at 100 pfu/cell. The infected cells were harvested at d 4 pi for RI. The
HBV bands from Southern blot analysis were visualized with a PhosphorImager and the digital
image is shown. The HBV bands are relaxed circular, RC; double stranded, DS; and single
stranded, SS. This result shows that the titer determined in insect cells can be equated with trans-
fection efficiency in HepG2 cells. Hence reproducible studies can be carried out using different
stocks of HBV recombinant baculovirus.
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5. 10% Nonidet P-40 (NP40) (or 10% IGEPAL CA-630).
6. 2.5 M KCl: Dissolve 186.4 g of KCl to 1 L.
7. 20% SDS: Dissolve 200 g of sodium dodecyl sulfate (SDS, also called sodium lauryl sulfate)

in 800 mL of H2O. Heat to 68°C until dissolved. Adjust the volume to 1 L with H2O.
8. 3 M Sodium acetate: Dissolve 246 g of sodium acetate anhydrous in 800 mL of H2O. Adjust

the pH to 5.2 with glacial acetic acid. Adjust the volume to 1 L with H2O.
9. 4% SDS: Dissolve 40 g of SDS in 800 mL of H2O. Adjust the volume to 1 L with H2O.

10. 5 M NaCl: Dissolve 292.2 g of NaCl in 800 mL of H2O. Adjust the volume to 1 L with H2O.
11. 50% PEG 8000: Dissolve 500 g of polyethylene glycol (PEG) in 800 mL of H2O. Adjust the

volume to 1 L with H2O.
12. 5X Digestion buffer for extracellular HBV DNA extraction: 0.25% SDS–0.25 M Tris–0.25

M EDTA: Dissolve 2.5 g of SDS, 30.27 g of Tris and 93.05 g of EDTA in 800 mL of H2O.
Adjust the volume to 1 L with H2O.

13. [32P]dCTP.
14. 25 mM ATP solution.
15. Bac-N-Blue transfection kit (Invitrogen).
16. Chloroform (CHCl3): HPLC grade.
17. DNase I, RNase-free: 10 U/L.
18. GTC buffer: Dissolve 94.53 g of guanidine isothiocyanate (GTC) in 150 mL of H2O. Add

1.47 g sodium citrate and 0.27 g n-lauroyl sacrosine. Adjust the pH to 7. Adjust the volume
to 200 mL with H2O.

Fig. 3. Comparative study of two methods of non-protein bound cccDNA extraction. HepG2
cells were infected with recombinant HBV baculovirus at a multiplicity of 100 pfu/cell and har-
vested at 6 d pi. The figure shows Southern blot analysis of non-protein bound cccDNA extracted
from the nuclei of the infected HepG2 cells. During the process of extraction, plasmid-safe
DNase (PSD) was included (lane 2) or not (lane 1). PSD has the benefit of decreasing the back-
ground and degrading any nicked linear DNA or circular DNA. It is crucial to note that the ratio
of RC to cccDNA is not changed.
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19. Isopropanol anhydrous.
20. Neutral red dye.
21. Phosphate-buffered saline (PBS), pH 7.4: Dissolve 8 g of NaCl, 0.2 g of KCl, 1.44 g of

Na2HPO4, and 0.24 g of KH2PO4 in 800 mL of distilled H2O. Adjust the pH to 7.4 with HCl.
Add H2O to 1 L, aliquot, and sterilize by autoclaving. Store at 4°C.

22. Plasmid safe ATP-dependent DNase 10 U/�L.
23. Proteinase K: 15.3 mg/mL in 10 mM Tris-HCl, pH 7.5.
24. Random prime labeling kit (Roche, Indianapolis, IN).
25. RNase, DNase-free : 500 �g/mL.
26. Sephadex-G50.
27. Sodium hydroxide.
28. Sucrose cushion: 27% Sucrose (w/w) PBS.
29. Sucrose gradient solutions: 20% and 60% (w/w) in PBS.
30. TE (10:1), pH 8.0: 10 mM Tris-HCl, pH 8.0, and 1 mM EDTA, pH 8.0.
31. TE (50:1), pH 8.0: 50 mM Tris-HCl, pH 8.0, and 1 mM EDTA, pH 8.0.
32. TNM-FH medium: Grace’s Insect Medium with supplements (lactalbumin hydrolysate,

L-glutamine, TC-yeastolate, and 10% fetal bovine serum [FBS]).
33. Tris-saturated phenol: Thaw fresh phenol (total 25 mL) in a 65°C water bath, and add one equal

volume of 1 M Tris-HCl, pH 8.0, into one volume of phenol. Add 0.025g 8-hyroxyquinoline.
Mix well. Centrifuge at 3,000g for 10 min and transfer aqueous phase to a fresh tube and add
100 mM Tris-HCl, pH 8.0; shake, and centrifuge at 3,000g for 10 min. Remove the aqueous
phase. Store at 4°C for approx 1 mo.

34. tRNA: 10 �g/�L.
35. Trypan blue dye.
36. X-gal (20 mg/ml of dimethyl formamide).

2.2. Equipment
1. 1.5-mL and 2-mL microcentrifuge tubes.
2. 15- and 50-mL conical tubes.
3. −20°C and −80°C freezers.
4. 4°C Storage space.
5. High-speed ultracentrifuge and Beckman SW 28 rotor.
6. Magnetic stirrer.
7. pH meter.
8. Refractometer.
9. Rocking platform.

10. Several temperature adjustable water baths: 37, 56, 65°C.
11. Slow-speed magnetic stirrer.
12. Snap-cap, polypropylene tube.
13. Sonicator.
14. Spectrophotometer, UV and visible range.
15. Spinner flasks.
16. Tabletop microcentrifuge.
17. Ultracentrifuge tubes (e.g., for Beckman SW28 rotor, cat. no. 344058).
18. Variable micropipets, P10, P20, P200, and P1000.
19. Water purification equipment. Use of triple-distilled deionized water, milliQ water, or water

of equivalent quality.
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3. Methods
3.1. Generation of Baculovirus Transfer Plasmid.

The baculovirus transfer plasmid can be generated by the standard laboratory sub-
cloning method. The detailed method of subcloning is present in other cloning manuals,
such as those by Sambrook et al. (16) and Ausubel et al. (17).

In brief:

1. Subclone the PstI/SacI fragment containing the 1.3 (11) unit length HBV construct from
pTHBV1.3 into the multiple cloning region of pBlueBac4.5 (Invitrogen).

2. Analyze the recombinant transfer plasmid, pBB4.5HBV1.3, by restriction mapping to
demonstrate the presence of only one copy of the HBV 1.3 construct.

3.1.1. Summary of Generation of Recombinant Baculoviruses Containing
the 1.3 HBV Construct

1. Cotransfect both the purified pBB4.5HBV1.3 (11) and linear AcMNPV baculovirus DNA
into Sf21 cells using the Bac-N-Blue transfection kit (Invitrogen). (See Subheading 3.2.)

2. Isolate recombinant viruses by plaque assay. (See Subheading 3.3.)
3. Amplify the isolated recombinant virus plaques by infecting 100-mm dishes of Sf21 cells.

(See Subheading 3.4.)
4. Extract viral DNA from the amplified viruses. (See Subheading 3.4.)
5. Digest purified viral DNA with restriction enzymes and then fractionate by electrophoresis

in a 1.0 % agarose gel. (See Subheading 3.4.)
6. Perform Southern blotting to determine which virus isolates contained the intact 1.3 HBV

construct. (See Subheading 3.4.)
7. Amplify virus clone with correct HBV 1.3 insert to a high titer stock. (See Subheadings 3.5.

and 3.6.)

3.2. Generation of HBV Recombinant Baculovirus 
(Homologous Recombination) (See Note 1)

1. Seed 2 × 106 Sf21 cells in complete TNM-FH medium (Grace’s Insect Medium with supple-
ments) in a 60-mm dish. Four 100-mm plates are enough to seed ten 60-mm plates. Shake
gently side to side to distribute the cells evenly.

2. Allow the cells to fully attach and form a monolayer of cells for 2 h. In addition to the num-
ber of dishes needed for transfection, perform one experimental control (Bac-N-Blue DNA)
and one negative control (without any DNA). Examine the cells under inverted microscope
to verify their attachment.

Tube pBB4.5HBV1.3 Bac-N-Blue Grace’s Insectin
pBB4.5HBV1.3 + + + +
Experimental control − + + +
Negative control − − + −

3. To a 1.5 mL microcentrifuge tube add the following reagents:
a. 10 �L (0.5 �g) of the Bac-N-Blue DNA.
b. 4 �L (4 �g) recombinant transfer plasmid containing 1.3 HBV DNA (pBB4.5HBV1.3).
c. 1 mL of Grace’s Insect Medium (without supplements or FBS).
d. 20 �L Insectin-Plus Liposomes (vortex before use and always add last).
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4. Vortex the transfection mixture vigorously for 10 s.
5. Incubate the transfection mixture at room temperature for 15 min.
6. Carefully remove the medium from the cells without disrupting the monolayer and wash the

cells with 2 mL of fresh Grace’s Insect Medium without supplements or FBS.
7. Carefully remove the medium from the monolayer and add the entire transfection mix drop-

wise into the 60-mm dish. Distribute the drops over the monolayer.
8. Incubate the dishes at room temperature for 4 h on a side-to-side rocking platform. Adjust

speed to approx 2 side-to-side motions per minute. This can also be done manually by side-
to-side rocking of the plate every 15 min.

9. After the 4-h incubation period, add 1 mL of complete Grace’s Medium to each 60-mm dish,
seal the dish with parafilm, and incubate at 27°C for 72 h.

10. After 72–96 h, check cells under inverted microscope for signs of infection (see step 12). If
infection is confirmed, collect the conditioned medium and transfer to a sterile 15-mL, snap-
cap, polypropylene tube, and centrifuge cell debris at 3,000g for 10 min, then store at 4°C
(first collection). This conditioned medium will be used to identify the HBV recombinant
baculovirus by plaque assay (see Subheading 3.3.).

11. Add 4 mL of fresh complete Grace’s Medium to the transfected cells and incubate at 27°C
for an additional 48 h (second collection). Centrifuge cell debris at 3,000g for 10 min. This
conditioned medium will be used as a backup for the first collection.

12. Using an inverted microscope at × 250–400 magnification, check the cells for visual signs of
successful transfection including:

a. Early signs:
Cell diameter increased by about 25–50%.
Increased size of cell nuclei, nuclei fill the cells.

b. Late signs:
Cessation of cell growth compared to nontransfected control.
Granular appearance, signs of viral burst.
Viral occlusions which appear as refractive crystals in the nuclei of
a few cells containing wild-type virus.
Detachment of the cells from the dish.

c. Very late signs:
A few cells may fill with occluded virus, die, and burst, leaving signs of clearing in the
monolayer.

13. Once confirmation of transfection is confirmed, purify HBV recombinant baculovirus by
plaque assay (see Subheading 3.3.).

3.3. Plaque Purification Assay (Following Homologous Recombination)
1. Set the water bath to 42–43°C with two beakers containing water (used as a portable water path).
2. Combine confluent 100-mm plates of Sf21 cells into a 50-mL conical tube.
3. Do a cell count of the combined cells.
4. Seed Sf21 cells in complete Grace’s Insect Medium at 7 × 106 cells per 100-mm dish. It is rec-

ommended to prepare two plates per viral dilution, but, if purifying more than one virus, one
plate per dilution is acceptable. Allow cells to attach for about 30 min. Proceed to the next step
while cells are attaching. Confirm that the cells look about 75% confluent before using.

5. Use first collection of the conditioned medium from cotransfection (from Subheading 3.2.,
step 10) to set up viral dilutions. Use large 15-mL snap-cap tubes and vortex the virus after
each dilution. Set up viral dilutions in complete Grace’s Medium:
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10−2 : 20 �L of conditioned medium in 1980 �L of medium
10−3 : 200 �L of previous dilution in 1800 �L of medium
10−4 : 200 �L of previous dilution in 1800 �L of medium
10−5 : 200 �L of previous dilution in 1800 �L of medium

6. Use 10−3, 10−4, and 10−5 dilutions to infect Sf21 cells. Aspirate medium from newly seeded
Sf21 cells and add the viral dilutions, 1 mL/plate. Feed one plate with just medium as a neg-
ative control. Allow the infection to proceed for 1 h, rock every 15 min. While the infection
is proceeding, prepare the agarose and set up the flow hood for the agarose overlays.

7. Prepare agarose: The final concentration is 1%. Calculate the volume needed using 12.5
mL/100-mm plate plus one extra plate. Equilibrate a bottle of complete Grace’s Insect
Medium to 42°C in the water bath. Prepare the agarose by making up 25% of the total vol-
ume as 4% agarose in sterile water. Microwave until there are no clumps, try not to let too
much evaporation occur and keep it sterile. Allow 4% agarose to cool slightly and then place
in 42°C water bath. After the agarose has equilibrated, add 75% of the total volume of pre-
warmed Grace’s Insect Medium to the agarose and swirl quickly to mix the solution. Place
agarose in the water bath. Allow a few minutes for all the reagents to equilibrate. Add X-gal
to achieve a final concentration of 150 �g/mL of agarose.

8. Prewarm a 25-mL pipet in a 37°C incubator. Aspirate plates (no more than three at a time).
Tilt plates and let them sit for about 30 s, and aspirate again. It is imperative that the plates
are dry before adding the agarose, as excess liquid underneath the agarose will lead to
smeared plaques. However, be careful not to let the monolayer dry out. Quickly move the
42°C beaker and agarose into the hood. Draw 25 mL into the pipet and overlay two plates
with 12.5 mL each. To avoid disturbing the cell monolayer, pour the agarose gently down
the side of the plate at a moderate pace (if too slow, the agarose will harden). After the
overlays are poured, place the lid over the top of the plate but allow room for steam to
escape. Carefully move the plates to the back of the hood and repeat for all dilutions.
Allow 15–30 min for the agarose to harden and the condensation to escape. Then tightly
wrap each plate in parafilm and place the plates in the 27°C insect incubator. Check for
lacZ-positive plaques every day. Plaques take 5–7 d to become well formed and visible.

9. Once plaques are visible, mark them and examine under inverted microscope to rule out any
wild-type plaques. This step is very important, not only for selection of recombinant plaques
but also to make sure that you will pick only one recombinant per plaque pick. Wild-type
plaques are lacZ negative and the cells have black occlusion bodies. Recombinant plaques
are lacZ positive and the cells do not have occlusion bodies.

10. Using a Pasteur pipet and bulb, remove a plug of agarose over the plaques that were selected.
11. Discharge the agarose plugs into individual cryovials containing 1 mL of insect cell medium.

This allows the virus to diffuse out of the plug.
12. Label cryovials by number and place tubes at 4°C overnight.

3.4. HBV Recombinant Baculovirus Isolation 
(Following Homologous Recombination and Plaque Assay)

1. Seed one 100-mm plate of cells per cryovial at light density (split insect cells 1:8 or 1:10)
and allow to attach for more than 30 min at room temperature.

2. Add 0.5 mL of the medium from each cryovial containing low-melting-point agarose plug to a
correspondingly numbered plate. Seed one plate without medium containing virus as a control.

3. Parafilm and incubate at 27°C.



Recombinant HBV Baculovirus Gene Transfer 229

4. Incubate for 4–5 d and observe for infection (occlusion+ or occlusion−).
5. Discard any plates that contain wild-type baculovirus (occlusion+).
6. Once full infection is confirmed, collect the plate supernatant in a 15-mL conical tube and

centrifuge cell debris at 3,000g for 10 min in a tabletop centrifuge. This is the P1 viral stock.
7. In a 2-mL microcentrifuge tube, place 1 mL of P1 viral stock and 1 mL of cold (4°C) 20%

PEG in 1 M NaCl. Invert to mix and incubate at room temperature for 30 min.
8. Keep the remainder of the supernatant at 4°C; it will be used for initiation of infection of

spinner flasks (see Subheading 3.5.).
9. Centrifuge precipitated virus at 20,000g for 10 min at room temperature. Discard the super-

natant.
10. Resolubilize pellet with 100 �L of sterile dH2O.
11. Add 10 �L of Proteinase K (5–10 mg/mL) and incubate at 50ºC for 1 h.
12. Extract with 110 �L of 1:1 phenol–chloroform. Centrifuge at 20,000g for 5 min.
13. Transfer aqueous top phase to a new microcentrifuge tube and precipitate the DNA with 1/10

volume of 3 M NaAc, 3 �L of glycogen (3.5 �g/�L stock), and two volumes of 100%
ethanol. Incubate at −20°C for � 1 h.

14. Centrifuge at 20,000g for 15 min at 4°C.
15. Resuspend pellet in 13 �L of sterile dH2O. Quantitate DNA by measuring the absorbance at

260 nm of 1 �L at a 1:50 dilution. Store at 4°C.
16. Digest the purified DNA with restriction enzymes (PstI/SacI, FspI) and then fractionate by

electrophoresis in a 1.0% agarose gel.
17. Restriction digest:

Set up the following restriction enzyme digestions using 1 �g of DNA.

Condition Uncut DNA PstI/SacI digestion FspI digestion
DNA 1 �g 1 �g 1 �g
Restriction enzyme — 2 �L each 2 �L
10X buffer 2.5 �L 2.5 �L 2.5 �L
Water Up to 25 �L Up to 25 �L Up to 25 �L
Expected bands One high mol wt 4.1-kb represent 3.2-kb represent 

1.3 HBV construct unit length HBV 
monomer

18. Incubate at 37°C for 1.5–2 hours.
19. Add 3 �L of 10X loading buffer to each sample.
20. Load 20 �L sample into each well of an agarose gel, including standard lanes for each

enzyme used.
21. Run gel at 65–80 V for approx 3 h.
22. Once done, take a picture of the gel on a UV transilluminator, with ruler beside the standard

for reference.
23. Perform a Southern blot to determine which virus isolates contain the intact 1.3 HBV

construct using a 32P-radiolabeled probe generated from a full-length, double-stranded
HBV genome as a template (see Subheading 3.12.).



230 Isom et al.

3.5. Initiation and Infection of Spinner Flask Culture 
(Amplification of Viral Recombinants)

This procedure follows confirmation of recombinant identification by Southern blot.
Carry out all procedures in the flow hood. All spinner flasks are carefully sterilized (see
Note 2).

1. Initiate spinner flask: Pour water out of flask and add 200 mL of medium.
2. Seed flask with four confluent plates. Place in a 27°C incubator on a stirrer plate. Adjust

plate speed for 70–80 rpm.
3. On the third day post-seeding, remove cap on one arm of the flask and take up 5 mL with a

pipet. Count the number of cells. From this count, calculate how many days it will take to
reach 2 × 106 cells/mL, taking into account that insect cells double every day. While cultur-
ing, aerate the flask daily to allow for oxygenation. This is accomplished by placing the flask
in a flow hood and carefully removing the caps on both arms of the flask. Gently swirl the
flask to force the stale air out of it and allow fresh air in. Place the caps back on the arms and
return the flask to the incubator. Care should be taken to be as sterile as possible during this
procedure as it is performed daily, therefore increasing the chances of contamination being
introduced into the spinner flask (see Note 3).

4. When the proper cell density is achieved, add 200 mL of medium to the flask (this acts as a
1:2 split).

5. The next day pipet out 200 mL and add to a fresh flask (after pouring its water out). Put 200
mL of fresh medium into each flask. This is now another 1:2 split forming two flasks with
400 mL each. If you are amplifying only one recombinant virus (the first time after homolo-
gous recombination), proceed to next step; otherwise repeat this procedure until the required
number of flasks is obtained (four flasks for every recombinant being amplified).

6. Following the final split, infect each flask with 1 mL of viral supernatant, one recombinant
per flask. (The 1 mL of supernatant is from the 8–9 mL of P1 stock that was stored at 4°C
prior to recombinant identification; Subheading 3.4., step 8.)

7. If the flask is being infected from a viral stock that has already been titered, do a cell count
and infect at a multiplicity of infection (MOI) of 0.2 plaque-forming units (pfu)/mL.
Infecting at such a low MOI is necessary to allow the virus to proliferate for a few days,
allowing a larger yield before the cells begin to lyse. Also, in the event that a mutated con-
struct exists in the stock, the low MOI will allow the recombinant of choice to amplify at a
much faster pace, therefore diluting out the unwanted virus. To infect at an MOI of 0.2,
gently shake the flask then remove 10 mL of cell suspension and place it into a 50-mL con-
ical tube. From this, do a cell count to calculate how many cells are in the flask. Use this
count plus the virus titer to calculate what volume of virus is needed to attain the MOI.
Add the virus to the cells in the conical tube, swirl, and pipet back into the flask. Incubate
as before.

8. Feed the infected flask as follows:
D 1 pi: Add 50 mL of fresh medium to each flask.
D 2 and 3 pi: Add 25 mL of fresh medium to each flask.
D 5–7 pi: For each flask, remove 3 mL, add to 7 mL of medium to a plate. Once cells attach
(it takes about 15 min), observe for active infection (the cell membrane is not well defined).
If infection is not evident, carry flask cultures for another day or two and repeat until
observed. Five to six days are regularly required to produce full-blown infection. It has been
shown that waiting an extra day will slightly increase the yield of virus as well.
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9. Once infection is confirmed, pour the medium into several 50-mL conical tubes and cen-
trifuge in a tabletop centrifuge, 3,000g for 10 min.

10. Collect all supernatants of each recombinant into 0.45-�m bottletop filter mounted on a 2-L
bottle.

11. Apply vacuum pressure to filter the supernatant, store in 4°C.
12. Virus stocks must be concentrated prior to infection of hepatocytes.

3.6. Virus Concentration and Purification
3.6.1. D 1: Virus Concentration

Starting point: Medium that has been collected from infected cells, centrifuged,
and filtered through 0.45-�m bottletop filter.

1. Fill six SW28 tubes with the medium containing virus, 33 mL per tube (use a plastic 25-mL
pipet).

2. Underlay the medium of each tube with 3 mL of 27% sucrose in PBS. Take 6 mL into a
5-mL plastic pipet and use it to underlay two tubes. Do not go back into the 27% sucrose
with a dirty (infected) pipet. Sucrose concentration should be confirmed using refractometer.
If the amount of virus stock is not enough to fill the tube, add PBS until there is at least 35
mL/tube.

3. Balance tubes on the scale (add PBS to equalize weights). Load the SW28 rotor and spin in
the ultracentrifuge at 25,000 rpm for 90 min at room temperature.

4. When the run is completed, remove the tubes and examine the contents; a small yellowish-
white and opaque pellet should be visible at the bottom of the tube. Aspirate off the super-
natant.

5. Add 0.33 mL of PBS to each tube and allow them to stand for about 30 min. Pipet up and
down with 1-mL pipetteman to resuspend all pellets. Parafilm and allow pellets to resuspend
overnight at 4°C.

6. Repeat steps 1–5 until all infected medium containing virus is concentrated.
7. Carefully and thoroughly clean all rotors exposed to virus with a detergent (soap) to elimi-

nate the possibility of cross-contaminating the next viral preparation (see Note 4).

3.6.2. D 2: Viral Purification
Starting point: Multiple aliquots of concentrated virus resuspended in 0.33 mL

(Subheading 3.6.1., step 5).

1. Prepare sucrose gradients. For each SW28 tube add 18 mL of 60% sucrose, overlay 60%
sucrose with 18 mL of 20% sucrose, tightly wrap each tube with parafilm, place in a tight-
fitting rack, gently lower all the gradients sideways, and allow gradient to form by diffusion
for 3 h at room temperature. Again, the sucrose concentration should be confirmed with a
refractometer.

2. Combine all aliquots of virus into one 15-mL polystyrene tube. Rinse all SW28 tubes with
one or two 0.5-mL aliquots of PBS to minimize loss of virus.

3. Tune a sonicator before using. Make sure that the cup horn is dry and tune the sonicator at
50%, then at 100% amplitude.

4. Add ice and water to the sonicator cup and sonicate the virus between settings 28 and 31
amplitude (up to 50% pulse) for about 2 min total time. Make sure the sonicator is visibly
mixing the concentrated virus.

5. Carefully layer the virus onto the gradients, 2–3 mL per gradient. Balance the gradients by
adding PBS or redistributing the virus among tubes. Centrifuge at 27,000 rpm for 3 h at 4°C.
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6. The virus should band at 47% sucrose (about halfway down the tube). Collect the band by
puncturing the tube wall with a 10-cc syringe and 18-gauge needle. Do this approx 1 cm
below the band and collect as much virus as possible.

7. Deposit the virus into a fresh SW28 tube for each gradient and fill the tube with PBS to
decrease the concentration of residual sucrose that was collected with the virus.

8. Balance with PBS, and centrifuge again at 27,000 rpm at 4°C for 1 hr.
9. Aspirate the supernatant and resuspend pelleted virus in 1 mL of PBS/tube for 30 min in the

flow hood. Pipet up and down a few times with a pipetteman, wrap with parafilm, and store
overnight at 4°C.

10. The next day, pipet up and down four or five times, then combine aliquots into a 15-mL con-
ical tube. Rinse all empty SW28 tubes with one 0.5 mL of PBS to collect leftover virus and
add this to the conical tube as well.

11. Sonicate virus once more as described above.
12. Sterilize the virus: Prewet a 0.45-�m filter with PBS then filter the virus and collect filtrate

into a 15-mL conical tube. Store at 4°C.

3.7. Titration of Purified Virus “Plaque Assay”
Perform the titration and plaque assay as described in Subheading 3.3., steps 1–8

with the following modifications.

1. The X-gal may be omitted as plaques will be visualized by staining with neutral red.
2. Set up viral dilutions in complete Grace’s Medium:

10−2: 20 �L of virus stock in 1980 �L of medium (Subheading 3.6.2., step 12)
10−4: 20 �L of previous dilution in 1980 �L of medium
10−6: 20 �L of previous dilution in 1980 �L of medium
10−8: 40 �L of previous dilution in 3960 �L of medium → use to infect three plates,
1 mL each.
10−9: 400 �L of previous dilution in 3600 �L of medium → use to infect three plates,
1 mL each.

3. After 6–7 d, overlay with neutral red stain:

a. Prepare neutral red solution by dissolving 0.01 g of neutral red in 10 mL of PBS.
b. Prepare 0.75% agarose by dissolving 0.75 g of agar in 20 mL of sterile water, adding 70

mL of Grace’s Medium at 45°C, and then adding 10 mL of neutral red solution (the final
concentration is 100 �g/mL). Cool the agarose to 40–42°C before adding to the plates.

c. Overlay each plate with 6 mL. Let harden and incubate at 27°C overnight.

4. Plaques will appear as clear, circular areas approx 0.5–3 mm in diameter against a red back-
ground.

5. Calculate the titer of the virus stock by counting the number of plaques per plate. Take the aver-
age from replicate plates. The most reliable count is between 10 and 100 plaques/plate. Multiply
the plaque number by the dilution factor. For example, if an average of 25 plaques are counted
on the plates infected with a 10−8 dilution, the titer of the stock is 25 × 108 = 2.5 × 109 pfu/mL.

3.8. Baculovirus Infection (See Note 1)
1. Seed the desired number of 60-mm dishes with HepG2 cells plus three additional dishes that

will be used to determine the number of cells per dish prior to infection. Allow the cells to
grow for 16–24 h before the infection is started.
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2. After 16–24 h, count the three extra dishes of cells to determine the exact number of cells per
dish and average these values to determine the average number of cells per dish. The desired
cell density range for infection is 1.0–1.5 × 106 cells per dish.

3. Based on the desired MOI, calculate the amount of virus that is needed to infect one dish of
HepG2 cells. This is done by multiplying the cell number by the desired MOI to yield total
pfu needed per cell. This number is then divided by the virus titer and multiplied by 1000 to
convert the milliliter value into a microliter value.

4. To infect multiple dishes, multiply the amount of virus needed to infect one dish by the num-
ber of dishes to be infected plus two additional dishes to make sure that there is enough of
virus available to infect all of the dishes.

5. To infect a 60-mm dish, a volume of 0.5 mL is needed. To determine the total number of
milliliters needed, multiply 0.5 mL by the total number of dishes to be infected plus two
additional dishes to make sure that there is enough virus available to infect all of the dishes.

6. To a conical tube add the total number of milliliters of medium needed to do the infection.
Remove the virus from the refrigerator and vortex the tube to resuspend the virus and then
add the total number of microliters needed to do the infection. Vortex the medium and virus
mixture.

7. Add 0.5 mL of the virus and medium suspension to each of the dishes in a dropwise circular
fashion. Gently rock the dishes to distribute the virus evenly over the entire surface area of
the dish.

8. Incubate the cells at 37°C for 1 h. Rock the dishes every 15 min to keep the virus mixture
evenly distributed over the cells.

9. After 1 h, rinse the cells two times with PBS and refeed the cells with 4 mL of medium.
10. The cells are fed as required for each experiment but must be refed 24 h prior to harvesting

and the medium collected at the time of harvest. The medium is then analyzed for HBV
extracellular (EC) DNA as well as for HBV proteins.

11. The cells are harvested at the desired time point and analyzed for HBV replicative interme-
diates (RI) and covalently closed circular DNA (cccDNA).

3.9. Extraction of HBV RIs
1. Collect medium from the dish and place it into a centrifuge tube. Centrifuge the medium at

3,000g for 10 min to pellet cellular debris and then transfer medium to a new tube. Store at −
20°C until needed. The medium can be analyzed later for HBV extracellular (EC) DNA,
HBsAg, or HBeAg.

2. Scrape the cells in 1 mL of PBS and pipet into a 1.5-mL centrifuge tube. Rinse the dish with
0.5 mL of PBS and add to the centrifuge tube to optimize cell recovery.

3. Centrifuge the cells at 3,000g for 5 min. Remove the PBS and resuspend the pellet in 750 �L
of PBS and then add 37.5 �L of 10% IGEPAL CA-630 (replaces NP-40). Allow the cells to
lyse for 20 min on ice.

4. Pellet nuclei by centrifugation at 20,000g (maximum speed) for 10 min at 4°C. Pipet the
supernatant into a fresh tube. Store the nuclei at −20°C until needed.

5. To the supernatant, add 4.5 �L of 1 M MgCl2 and 1 �L of DNase I. Incubate at 37°C for 1 h.
6. After 1 h, add the following in order:

EDTA to 10 mM 15.7 �L of 0.5 M stock
SDS to 1% 39.3 �L of 20% stock
NaCl to 100 mM 15.7 �L of 5 M stock
Proteinase K To 500 �g/mL
Incubate at 37°C for 2 h.
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7. Extract once with an equal volume of phenol saturated with 0.1 M Tris-HCl, pH 8.0, and
transfer the aqueous phase to a fresh tube.

8. Extract once with an equal volume of chloroform and transfer the aqueous phase to a fresh
tube.

9. Precipitate the nucleic acids by adding 0.05 volume of 3 M sodium acetate and one volume
of isopropanol. Place at −20°C overnight.

10. Pellet the nucleic acid by centrifugation at 20,000g (maximum speed) for 15 min at 4°C.
Aspirate off the isopropanol and allow the pellets to dry.

11. Resuspend the pellet in 50 �L of TE. Add 2 �L of DNase-free RNase and incubate at 37°C
for 1 h.

12. Add loading dye to samples and load onto an agarose gel for Southern analysis (see Note 5).

3.10. Extraction of HBV cccDNA
1. Thaw the nuclei pellet that was placed in the −20°C freezer during the isolation of replicative

intermediates (from Subheading 3.9., step 4).
2. Resuspend the pellet in 400 �L of 50:1 TE and transfer to a 2.0-mL centrifuge tube. Add 400

�L of 4% SDS and allow the nuclei to lyse for 20 min.
3. Add 200 �L of 2.5 M KCl. Mix gently by inversion and centrifuge at 20,000g (maximum

speed) for 20 min at 4°C.
4. Transfer the supernatant to a new tube and extract once with an equal volume of phenol sat-

urated with 0.1 M Tris-HCl, pH 8.0, and transfer the aqueous phase to a fresh tube.
5. Extract once with an equal volume of chloroform and transfer the aqueous phase to a fresh

tube.
6. Precipitate the DNA by adding 2.0 �L of 10 �g/�L of tRNA, 0.05 volume of 3 M sodium

acetate, and one volume of isopropanol. Place at −20°C overnight.
7. Pellet the DNA by centrifugation at 20,000g (maximum speed) for 15 min at 4°C. Aspirate

off the isopropanol and allow the pellets to dry.
8. Resuspend the pellet in 20 �L of sterile water.
9. Add 2.0 �L of Plasmid-Safe 10X reaction buffer, 1.0 �L of 25 mM ATP, 1.0 �L of DNase-

free RNase, and 1.0 �L of Plasmid-Safe DNase. Incubate at 37°C for 15 min followed
immediately by an incubation at 65°C for 30 min to inactivate the DNase.

10. Add loading dye to samples and load onto an agarose gel for Southern analysis (see Note 5).

3.11. Extraction of HBV EC DNA
1. Aliquot 1.5 mL of medium into a 2.0-mL centrifuge tube (from Subheading 3.9., step 1).
2. Add 0.5 mL of 50% PEG 8000. Mix thoroughly by inversion and place the tubes at 4°C for

1 h.
3. Pellet the virions by centrifugation at 20,000g (maximum speed) for 20 min at 4°C.
4. Aspirate off the supernatant and resuspend the virion pellet in 0.5 mL of PBS.
5. Add 125 �L of 5X digestion buffer (0.25% SDS, 0.25 M Tris, 0.25 M EDTA) and add pro-

teinase K to 500 �g/mL. Incubate for 2 h at 37°C.
6. Extract once with an equal volume of phenol saturated with 0.1 M Tris-HCl, pH 8.0, and

transfer the aqueous phase to a fresh tube.
7. Extract once with an equal volume of chloroform and transfer the aqueous phase to a fresh

tube.
8. Precipitate the viral DNA by adding 2.0 �L of 10 �g/�L of tRNA, 0.05 volume of 3 M

sodium acetate, and one volume of isopropanol. Place at −20°C overnight.
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9. Pellet the viral DNA by centrifugation at 20,000g (maximum speed) for 15 min at 4°C. Aspi-
rate off the isopropanol and allow the pellets to dry.

10. Resuspend the pellet in 30 �L of TE. Add 2 �L of DNase-free RNase and incubate at 37°C
for 1 h.

11. Add loading dye to samples and load onto an agarose gel for Southern analysis (see Note 5).

3.12. Generation of HBV Radioactive Probe (See Note 6)
1. Digest pTHBV1.3 with PstI and SacI restriction enzymes to excise a fragment containing the

1.3-unit-length HBV construct.
2. Separate the 1.3-unit-length fragment by gel electrophoresis.
3. Cut HBV band and extract HBV DNA from the gel.
4. Run 1 �L of the DNA eluate along with HindIII marker.
5. Determine DNA concentration by comparing HBV DNA band density to a band density of

HindIII marker. Store at −20°C; this is the DNA probe template.
6. Dilute DNA probe template so that there are 50–100 ng of DNA in 9 �L of dH2O.
7. Boil the DNA probe template for 5 min, then cool on ice and centrifuge the condensation.
8. Make core reaction mixture using Random Prime DNA Labeling Kit (Roche): 2 �L of

oligonucleotides/buffer, 3 �L of AGT mixture 1:1:1, and 1 �L of Klenow DNA polymerase.
9. Add 9 �L of denatured DNA probe to the core reaction mixture.

10. Add 50 �Ci of [32P]dCTP.
11. Incubate in a water bath at 37°C for 30–45 min.
12. Set up a Sephadex-G50 elution column.
13. Pipet the reaction onto the column and elute with 150 �L of TE (10:1).
14. Add 3 �L of eluate to 5 mL of scintillation fluid, shake to mix, and count on a scintillation

counter.
15. Calculate the amount of probe that gives final concentration in the range of 2–4 × 106

cpm/mL of hybridization buffer.

4. Notes
1. The HBV recombinant baculovirus, although replication deficient in human cells, contains a

1.3-fold overlength HBV genome and should be handled with the same precautions used for
HBV. Infection of HepG2 and other cell lines with the HBV recombinant baculovirus results
in the production of infectious HBV particles. Therefore, all work with the HBV recombi-
nant baculovirus (generation of viral stocks, infection of cells, etc.) should be done using
BSL-2 guidelines and only with personnel showing appropriate anti-HBs status after being
immunized.

2. Cleanup of the spinner flasks:
a. Care must be taken to ensure that the used spinner flasks are cleaned and sterilized

properly to avoid contamination during the next use. It is extremely important that soaps or
detergents are NOT used to clean the flasks. These products could leave a residue in the flask
and prevent the growth of cells in future cultures.

b. Rinse flask out several times with water and then allow to sit with arms open and one
arm under running water for about 30 min. It is not necessary to remove the top cap that has
the propeller attached, but be sure to invert several times while washing and rinse out arm
caps extremely well.

c. Add 2000 mL of 10% acetic acid to the flask and tighten caps. Spin on a stirrer plate
overnight. Be sure to invert the flask every couple of hours to wash the caps.
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d. Rinse the flask with water again as described above except that you now disassemble
the cap and stirring rods to rinse them thoroughly. Be sure to rinse thoroughly as any resid-
ual acetic acid in the flask would be detrimental to growing cells in the future. Once done,
rinse once with distilled water. Place the flask on the tabletop with caps off to dry overnight.

e. The next day, add approx 500 mL of sterile distilled water to the flask, loosely screw
caps back on arms, and autoclave. Two autoclave runs will be necessary, as baculovirus can
survive one run.

f. Pour water out, fill with 500 mL sterile distilled water again, and loosely screw caps
onto arms. Cover the arms with foil and autoclave tape. Autoclave again and store in the cab-
inet without removing foil or water.

3. Every day the flasks are aerated and before splitting, check for signs of contamination. Let
the cells in the flasks settle down for about 5 min and look at the upper surface of the cell cul-
ture (meniscus); it should be clear. If it is turbid, this most probably indicates contamination
and this flask should be discarded.

4. Do not purify two different viruses in the same rotor at the same time.
5. HBV RNA extraction, prehybridization and hybridization, and Southern blot analysis can be

performed using standard laboratory methods.
6. The method we described can be used for generation of the HBV probe; other methods can

be used as well.
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Transgenic Hepatitis B Virus Mouse 
Model in the Study of Chemotherapy

John D. Morrey

1. Introduction
Much of the knowledge about hepatitis B virus (HBV) has been obtained from the

infection of natural hosts with nonhuman hepatitis viruses that possess similar charac-
teristics to HBV, such as in the duck and woodchuck. Transgenic mouse models have
also been valuable in recent years for studying the biology of the virus (1–7) and for
evaluating antiviral compounds (3,8–11). The development of the transgenic mouse
model carrying the infectious HBV genome has been motivated in part by the expense
and minimal availability of the HBV chimpanzee model, and the absence of more con-
venient, small non-primate animal models that can be infected with HBV.

Transgenic lines (1.3.32 and 1.3.46) were reported in 1995 (1) to replicate virus in
the liver and produce quantifiable levels of HBV in the serum. HBV DNA replicative
intermediates (relaxed circular, double-stranded linear, and single-stranded) and virus
particles with infectious Dane particle-like morphology were identified in liver. RNA
species (3.5 kb, 2.4 kb, and 2.1 kb) were also identified in comparable proportions as
found in chronically infected human liver. HBV antigens found in infected human sub-
jects were also identified in these mice, namely, hepatitis B surface antigen (HBsAg)
and hepatitis B envelope antigen (HBeAg) in both the serum and liver, and hepatitis B
core antigen (HBcAg) in the liver (1). These HBV transgenic mice are the ones
described in this chapter. HBV transgenic mice generated previously (12–14) did not
yield high levels of virus replication, presumably because of suboptimal tandem
repeated copies of the viral genome. Subsequently, other HBV transgenic mice that
express quantifiable levels of HBV have also been produced (P. Marion, Stanford Uni-
versity, Stanford, CA, personal communications).

Interest in using HBV transgenic mice for antiviral studies has increased since the
development of mice that replicate quantifiable levels of virus (1,15). Studies have
reported the efficacy of cytokines and nucleotides to reduce viral parameters in viral hep-
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atitis mouse models (3,16–22). This chapter describes the use of this HBV transgenic ani-
mal model for antiviral experiments, which includes details on the use of the mice, and the
assays for serum HBV DNA, serum antigens, liver HBV DNA, RNA, and HBcAg.

2. Materials
2.1. Transgenic Mice
2.1.1. Source

Hepatitis B transgenic mice were obtained from Dr. Francis V. Chisari (Scripps
Research Institute, La Jolla, CA), which were derived from founder 1.3.32 (1). The trans-
genic line had been backcrossed to obtain a C57BL/6 genetic background. (See Note 1.)

2.1.2. Transgenic Animal Experiments
1. Oral gavage needle, ball diameter 1.25 mm, 20-gauge, 1-inch length (Fisher Scientific cat.

no. 01-290-3A).
2. Disposable 27-gauge needle and syringe.
3. BL3-N animal facility with standard animal care supplies.
4. Refrigerator/freezer with stored compounds.

2.2. Necropsy
1. Avertin anesthesia: 2.5% Solution of 1 g of tribromoethanol/mL of tertiary amyl alcohol in

water, 0.3 mL/20 g mouse, 3 mg.
2. 27-Gauge needle and disposable syringes.
3. Necropsy instruments: Scissors, forceps, pins, cork board.
4. 3% Hydrogen peroxide and 10% bleach for dipping instruments after each mouse.
5. Pasteur pipets for collecting blood.
6. Petri dishes for liver samples.
7. Incinerator (USU Veterinary Diagnostics Laboratory) for infected mice.

2.3. Sample Processing
1. Microcentrifuge tubes and microcentrifuge.
2. Liquid nitrogen and Dewer flasks.
3. 4-mm diameter biopsy punches (Uni-punch, Disposable Biospy Punch, Premier Medical

Products, cat. no. 9033504, King of Prussia, PA).
4. Proteinase K digestion solution (freshly prepared) for DNA extraction: 0.2 mg/mL of pro-

teinase K, 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 10 mM NaCl, 0.5% sodium dodecylsul-
fate (SDS) (23).

5. Grinder to fit microcentrifuge tubes dedicated to DNA extraction.
6. Forceps for handling liver samples.
7. Grinder to fit microcentrifuge tubes dedicated to RNA extraction.
8. Trizol reagent (Gibco/BRL, Gaithersburg, MD) for RNA extraction.
9. Sealable containers for formalin.

2.4. Liver HBV DNA Assay
Standard alkaline transfer method of the Southern blot hybridization was done (24).

The supplies listed in the following are only the unique items, with the common items
left out of the list.
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1. HindIII restriction enzyme and buffer.
2. Imager (Alphaimager2000TM, Alpha Innotech, out of business).
3. Biodyne B positive-charged nylon membrane (PALL).
4. UV Stratalinker 1800 (Stratagene).
5. BioMax film (cat. no. 8294985, Kodak).

2.5. Liver HBV RNA Assay
A standard salt-transfer procedure for Northern blot analysis was preformed (26).

The same membrane (Biodyne B) and film (BioMax) as for the Southern blot analysis
were used.

2.6. ELISA for Detection of HBeAg in Serum
1. Black opaque 96-well plates (Greiner).
2. Capture anti-HBeAg antibody (cat. no. 10-H10, clone no. M2110147, Fitzgerald).
3. Horseradish peroxidase (HRP) conjugated tracer anti-HBeAg antibody (cat. no.10-H10,

clone no. M2110146, Fitzgerald Industries). The antibody was conjugated per instructions
using a commercial kit (Pierce, cat. no. 31485, EZ-Link maleimide-activated HRP).

4. HBe protein (BioDesign International, Massachusetts) to make a standard curve.
5. Normal mouse serum (Sigma) for diluent and blanks.
6. Sensitization buffer: 0.05 M Tris-HCl, 0.3 M KCl, 0.002 M EDTA, pH 8.0.
7. Blocking buffer: 0.3% Tween-20, 0.25% bovine serum albumin (BSA) in phosphate-

buffered saline (PBS).
8. Quanta Blu™ fluorogenic peroxidase substrate kit which includes fluorogenic substrate and

stop solution (cat, no. 15169, Pierce Biochemical).
9. Molecular Devices fMax fluorimeter with 320/405 filter pair.

10. Rocker, 37°C incubator.

2.7. ELISA for Detection of HBsAg in Serum
1. Sensitization, blocking buffers, Quanta Blu™ fluorogenic peroxidase substrate kit, fluorime-

ter, rocker, and normal mouse sera as in Subheading 2.6.
2. Capture anti-HBsAg (East Coast Biologics, cat. no. B04-95-33M-P).
3. Biotinylated goat anti-HBsAg (Accurate, cat. no. YV51807).
4. Streptavidin HRP conjugate (Pierce).
5. Molecular Devices fMax fluorimeter.
6. HBs protein (BioDesign International, Massachusetts) to make a standard curve.

2.8. Liver HBcAg Assay (Immunocytochemistry)
1. Charged glass slides.
2. Histoclear (National Diagnostics, cat. no. HS200).
3. Humidified slide chamber.
4. Modified Harris stain (contains no alcohol).
5. DAKO Biotin Blocking system cat. no. X0590 (blocking reaction for avidin and biotin

reagents).
6. DAKO LSAB peroxidase kit no. K0684 (3% hydrogen peroxide, blocking agent, linked anti-

body to core, streptavidin, chromagen substrate, with buffers).
7. DAKO no. B0586 rabbit anti-HBcAg antigen.
8. 0.05 M Tris-HCl, pH 7.7, with 0.1 % Tween-20.
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9. 0.05 M Tris-HCl, pH 7.7, without 0.1 % Tween-20 (last washes).
10. 10% Buffered neutral formalin (BNF) for hematoxylin and eosin (H & E) and immunocyto-

chemistry.
11. DAKO Glycergel mounting media (cat. no. CO563, DAKO) (Carpinteria, CA).
12. Graded series of ethanol from absolute down to 70%.
13. Concentrated ammonia.

2.9. Serum HBV DNA Assay (15)
The interpretation of this parameter has been problematic because of variability and

a trauma/placebo effect (see Note 2); therefore, the use of this parameter is optional.
Liver HBV DNA parameter is by far the more dependable of the two parameters.

1. Reference serum HBV standard (Eurohep study group, Dr. K.-H. Heerman, Universi-
tatskliniken Gottingen, Kreuzbergring, Germany).

2. 96-Well polymerase chain reaction (PCR) plate (MBP no. 3416).
3. 0.2 mL, eight tube strip caps (MBP no. 3418C).
4. 0.2 mL, eight tube strips (MBP no. 3418).
5. Gene releaser (Bioventures).
6. Thermoseal tape, Genemate (ISC Bioexpress, cat. no. T-2417-5).
7. TE buffer, pH 8; obtain from separate lab to control for contamination.
8. dNTPs, stock, 2 mM concentration each (Amersham Pharmacia Biotech).
9. Blue dextran dye (diluted 1:2 in 1.5X TBE).

10. Forward primer, 20 �M, sequence GATTGAGACCTTCGTCTGCGAG.
11. Reverse primer, 20 �M, sequence CATTGTTCACCTCACCATACTGCAC.
12. Internal control plasmid-target sequence with extraneous insert to make larger than wild-

type signal.
13. Cloned PFU DNA polymerase (Stratagene).
14. 10X Cloned PFU buffer (Stratagene).
15. 96-Well thermocycler (heated lid so does not require oil overlay).
16. 10X TBE to make 1X and 1.5X solutions for polyacrylamide gel electrophoresis (PAGE).
17. 40% Acrylamide (PAGE-PLUS, Amresco, E562).
18. Tetraethylmethyldiamine (TEMED). Store at 4°C.
19. Ammonium persulfate (APS). Store at 4°C.
20. Ethidium bromide: 0.5 �L of 10 mg/mL EtBr into 150 mL of 1.5X TBE.
21. 800-W microwave oven.

3. Methods
3.1. Use of Transgenic Mice
3.1.1. Selection of Mice for Experiments

1. Male mice are preferred (see Note 3).
2. Screen mice for serum HBeAg titers, remove 15% of the mice having the lowest titers, and block

randomize the mice according to serum HBeAg titers across treatment groups (see Note 4).
3. Age-match transgenic mice for experiments whenever possible.

3.1.2. Mouse Breeding
1. Establish some male homozygous transgenic mice by breeding two heterozygote mice. Iden-

tify transgenic mice by serum HBV DNA or HBeAg (see Note 5).
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2. Test male mice for homozygosity by breeding the resulting progeny in step 1 with female
nontransgenic C57BL/6 mice. If homozygote, all littermates will be transgenic.

3. Breed verified male homozygous mice with nontransgenic female C57BL/6 mice to obtain
100% heterozygous mice, which are the animals used for experiments. Five to eight het-
erozygote pups are typically obtained per litter.

3.1.3 Gender
Male transgenic mice are preferentially used but female mice might be used if num-

bers are limited and caging of single mice is problematic (see Note 3).

3.1.4. Safety Issues
1. Use BL2-N, or preferably, BL3-N animal containment facility (see Note 6).
2. Vaccinate all personnel with clinically approved hepatitis B vaccine (Engerix-B, SmithKline

Beecham Pharmaceuticals, Philadelphia, PA).
3. Confirm seroconversion of all personnel to vaccine by testing for antibodies. We use the

local health clinic for this.
4. The personnel receive laboratory safety training and special training on blood-borne

pathogen handling by our institution’s Environmental Health and Safety Office.

3.2. Experimental Design, Treatment Schedules, and Routes
The design of a typical experiment for evaluating a compound such as a nucleoside

analog would be as follows:

• Two treatment groups containing a high and a low dosage of drug based on pharmacokinetic
studies.

• Placebo control group.
• Untreated group.
• Number of mice per group—10 each.
• Route of administration—usually oral gavage or intraperitoneal administration once or

twice per day.
• Duration of treatment—10 d has been sufficient for previous evaluation of nucleoside

analogs, but this can extended to 14 d or longer depending on the nature of the compound.

3.3. Necropsy and Sample Collection
This will depend in part on the specific Institutional Animal Care and Use Committee.

1. Periodical bleeding from individual mice is performed by ocular bleeding technique (25).
2. For necrospy, mice are anesthetized with Avertin (2.5% solution of 1 g of tribro-

moethanol/mL tertiary amyl alcohol in water), and blood is collected by exsanguination
from the subclavian artery, while being careful to avoid virus or DNA contamination from
hair or instruments (see Note 7).

3. Uniform liver biospies are obtained by using 4.0-mm punches:
a. Two punches in cryotube snap-frozen in liquid nitrogen.
b. One punch grounded in 0.5 mL of proteinase K solution using a grinder fitted to a micro-

centrifuge tube. Incubate for 5–10 min (min) at room temperature (RT), then snap-freeze
in liquid nitrogen.

c. One punch grounded in 1 mL of Trizol reagent. Incubate for 5 min at RT and snap-freeze
in liquid nitrogen.
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4. Serum processing: Coagulate for 30 min in a refrigerator, centrifuge at 3000–3500g, collect
serum while leaving a substantial volume of serum near the interface to avoid aspirating cells
(see Note 7), and freeze at −80°C until use for PCR or antigen assays.

3.4. Southern Blot Hybridization for Detection of Liver HBV DNA
1. Remove liver homogenized in proteinase K solution (see Subheading 3.3., step 3) from the

freezer and incubate at 52°C for 2 h.
2. Purify the DNA with phenol–chloroform and ethanol precipitation using standard protocols.
3. Restriction digest liver DNA by adding 31 �L of liver DNA solution to 5 �L of HindIII and

4 �L of R+ buffer (MBI Fermentas, Hanover, MD). HindIII is used because it does not cut
the DNA within the transgene.

4. The reaction is incubated at 37°C for �3 h, after which 8 �L of 6X running dye is added to
each sample.

5. A 1% agarose gel is then loaded with the HindIII-digested liver DNA and run at 60 V for 20
min, after which the voltage is raised to 90 V for 2 h.

6. After the electrophoresis, the DNA is stained with ethidium bromide and photographed.
7. DNA is then transferred for 2–3 h to BioDyne™ B positive-charged nylon membrane by the

alkaline transfer method (24).
8. The membrane is baked for �30 min at 80°C and UV-fixed using the UV Stratalinker™

1800 (Stratagene, La Jolla, CA).
9. Prior to hybridization, the filter is rinsed twice for 30 min in a neutralizing solution of 0.1X

SSC and 0.1% SDS.
10. Hybridization using a [32P]CTP-labeled, HBV genomic probe (digested with HaeIII; see

Note 8) cloned into the pBluescript plasmid (gift of Dr. Luca Guidotti, The Scripps Institute,
La Jolla, CA) occurs overnight at 60°C in a solution of 10% PEG-8000, 0.05 M NaPO4, 0.21
mg/mL of salmon sperm DNA, and 7% SDS.

11. The membrane is washed to remove background radiation and exposed on Biomax film
(Kodak, Rochester, NY) at −80°C. The transgene and viral DNA bands on the X-ray film are
measured using densitometric analysis (AlphaImager2000TM, Alpha Innotech).

12. Quantification. The ratio of the viral DNA bands to the transgene band is used to determine
the concentration of viral DNA per host DNA. This calculation is based on the knowledge
that there are 1.3 copies of the transgene present per host cell with this line of transgenic
mice (F. Chisari, The Scripps Research Insitute, personal communication). The transgene is
used as an internal indicator to calculate the picograms of HBV DNA per microgram of cel-
lular host DNA.

3.5. Northern Blot Analysis for Detection of Liver HBV RNA
1. Thaw samples homogenized in Trizol reagent (see Subheading 3.3., step 3) and incubate for

5 min at RT.
2. The Trizol procedure is followed using the manufacturer’s instructions.
3. After ethanol precipitation, RNA pellets are dried and stored until use. Before electrophore-

sis, they are suspended in diethyl pyrocarbonate (DEPC)-treated water.
4. An agarose–formaldehyde gel is prepared by dissolving 1.5 g of agarose in 108 mL of

DEPC-treated water and cooling the gel to 60°C in a water bath.
5. A volume of 15 mL of 10X 3-(N-morpholino)propanesulfonic acid (MOPS) running buffer

and 27 mL of 12.3 M formaldehyde is mixed well with the dissolved agarose and the gel is
poured immediately and allowed to solidify. An electrophoresis unit is filled with sufficient
1X MOPS buffer to cover the gel (26).
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6. Samples are prepared by combining 6 �L of dissolved RNA with 2.5 �L of 10X MOPS running
buffer, 4.5 �L of 12.3 M formaldehyde, and 12.5 �L of formamide in a microcentrifuge tube.

7. After brief mixing by vortexing, samples are centrifuged for 5–10 s in a microcentrifuge and
incubated for 15 min at 55°C.

8. A volume of 5 �L of formaldehyde loading buffer is added and the samples are loaded onto
the gel and run at 5 V/cm until the loading dye migrates between one half and two thirds of
the length of the gel.

9. The gels are rinsed four times with DEPC-treated water and allowed to soak in 10 gel vol-
umes of 20X saline sodium citrate (SSC) for 45 min.

10. RNA is transferred to BioDyne™ B positive-charged nylon membrane by salt transfer
method of Northern blot analysis (26).

11. After transfer, the membrane is rinsed in 2X SSC and allowed to dry. The membranes are
baked and crosslinked as outlined in the HBV DNA procedure.

12. To prepare for hybridization, the membranes are wetted in 6X SSC. Hybridization, exposure
of the probed membrane onto film, and analysis of the exposure are carried out as described
for DNA membranes except that they are probed for both GAPDH and HBV in separate
reactions, with the GAPDH serving as an internal control.

13. The relative RNA concentration is calculated by dividing the density of the HBV autoradi-
ographic signal with the density of the housekeeping gene RNA (GAPDH) or the total RNA.

14. This parameter may or may not respond to antiviral therapy because it depends on the mode
of action of the compounds (see Note 9).

3.6. ELISA for Quantification of HBeAg in Serum
1. Coat wells of black opaque 96-well plates with 100 �L of capture anti-HBeAg antibody at a

concentration of 2.4 �L/mL diluted in sensitization buffer at 37°C for 2 h.
2. Remove the capture antibody with a multichannel pipettor, wash wells three times with

water, and add 200 �L of blocking buffer. Incubate at RT for 30 min.
3. Wash wells three times with 300 �L of pure water.
4. Add 100 �L of serum samples diluted 1:20 in blocking buffer to wells. Also include two

negative controls (normal mouse serum diluted 1:20 in blocking buffer) and four to eight
serially diluted HBeAg protein controls to make a standard curve (each diluted 1:20 in
blocking buffer). Incubate at 4°C for 2 h.

5. Remove solution and wash three times with water. Add 200 �L of blocking buffer and incu-
bate for 10 min at RT and wash as described in step 3.

6. Add 100 �L of horseradish peroxidase conjugated tracer anti-HBeAg antibody (Fitzgerald
Industries) at a concentration of approx 0.6 �g/mL into blocking buffer. Incubate at 4°C for
2 h.

7. Block and wash as described in step 5.
8. Add 100 �L of working solution of fluorogenic substrate Quanta-Blue (Pierce Biochemical).

Incubate for 10 min at RT.
9. Read using filter pairs 320/405.

10. Construct a standard curve with an equation for the line and determine the concentration of
HBeAg in the serum samples.

3.7. ELISA for Quantification of HBsAg in Serum
1. Coat wells of black opaque 96-well plates with 100 �L capture anti-HBsAg antibody at a

concentration of 5.6 �g/mL diluted in sensitization buffer at 37°C for 2 h.
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2. Remove the capture antibody with a multichannel pipettor, wash wells three times with
water, and add 200 �L of blocking buffer. Incubate at RT for 30 min.

3. Wash wells three times with 300 �L of pure water.
4. Add 100 �L serum samples diluted 1:20 in blocking buffer to wells. Also include two nega-

tive controls (normal mouse serum diluted 1:20 in blocking buffer) and four to eight serially
diluted HBsAg protein controls to make a standard curve (each diluted 1:20 in blocking
buffer). Incubate at RT for 2 h.

5. Remove solution and wash three times with water. Add 200 �L of blocking buffer and incu-
bate for 10 min at RT and wash as in step 3.

6. Add 100 �L of HRP-conjugated tracer anti-HBsAg antibody diluted at 1:1000 (concentra-
tion from manufacturer not known) in blocking buffer. Incubate at RT on a rocker for 1 h.

7. Block and wash as described in step 5.
8. Add 100 �L of streptavidin–horseradish peroxidase conjugate diluted to 1 �g/mL in block-

ing buffer. Incubate at RT on a rocker for 1 h. Block and wash as described in step 5.
9. Add 100 �L of working solution of fluorogenic substrate Quanta-Blue (Pierce Biochemical).

Incubate for 20 min at RT, at which point 100 �L of stop solution is added. Block and wash
as described in step 5.

10. Read using filter pairs 320/405.
11. Construct a standard curve with an equation for the line and determine concentration of

HBsAg in serum samples.

3.8. Immunocytochemical Staining for HBcAg of Liver Sections
3.8.1. Staining

1. Cut paraffin-embedded sections on gelatin-free deionized (DI) water. Use charged slides.
2. Deparaffinize with Histoclear using three changes at 5 min each. Dehydrate in graded series

of alcohols (absolute ethanol down to 70% ethanol) and then running tap water. Rinse well in
distilled water before beginning the procedure.

3. Perform all incubations in a humid chamber.
4. Add avidin reagent and incubate for 10 min.
5. Rinse (see Subheading 3.8.2.).
6. Add biotin reagent and incubate for 10 min.
7. Rinse (see Subheading 3.8.2.).
8. Add 3% hydrogen peroxide and incubate for 5 min.
9. Rinse in DI water, followed by Tris-HCl without Tween-20.

10. Add blocking reagent and incubate for 5 min.
11. Tap off excess reagent, Do not rinse.
12. Add antibody and incubate 10 min (for greater sensitivity, incubate for 30 min).
13. Rinse (see Subheading 3.8.2.).
14. Add the link reagent and incubate 10 min (for greater sensitivity, incubate for 30 min).
15. Rinse (see Subheading 3.8.2.).
16. Add streptavidin peroxidase and incubate for 10 min (for greater sensitivity, incubate for 30

min).
17. Rinse (see Subheading 3.8.2.).
18. Add substrate–chromogen solution and incubate for 10 min.
19. Rinse (see Subheading 3.8.2.).
20. Counterstain with modified Harris stain (contains no alcohol) for 3 min.
21. Rinse with DI water to remove excess stain.
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22. Add 10 drops of diluted ammonia (two drops of concentrated ammonia in 100 mL).
23. Rinse with DI water.
24. Mount in glycergel (glycerin jelly).
25. Score staining 1–4. Viral staining is red in cytoplasm and nuclei. (see Note 10 for alternative

scoring of HBcAg staining.)

3.8.2. Rinsing Technique (Used in Procedures Described in Subheading 3.8.1.)
1. Squirt Tris-HCl Tween-20 solution over the slide while holding the slide over a sink.
2. Shake the slide three times to remove excess solution.
3. Add 10 quick dips of slide in a Coplin jar of Tris-HCl Tween-20. Important: Change this

bath for each reaction.
4. Squirt the slide with Tris-HCl (without Tween-20).
5. Hold the slide in a Tris-HCl bath.
6. Shake Tris-HCl from each slide and blot semidry before adding the next reagent.

3.9. Quantitative PCR for Serum HBV DNA
The interpretation of this parameter has been problematic because of variability and

a trauma/placebo effect (see Note 2); therefore, the use of this parameter is optional.
Liver HBV DNA parameter is by far the more dependable of the two parameters.

3.9.1. Sample Preparation—Single-Step Purification (See Notes 7 and 11)
1. Thaw serum samples and mix thoroughly.
2. Make 1:8 dilutions of the serum in TE buffer, pH 8.0, using a 96-well plate. Seven micro-

liters of serum and 49 �L of TE for a final volume of 56 �L is convenient. (See Note 12.)
3. Cover the plate with Thermoseal tape and vortex-mix the plate moderately for approx 15 s to

ensure a homogeneous mixture. Dilutions can be frozen and reused for subsequent PCR
reactions (27).

4. Add 2.3 �L of diluted serum to 6 �L of Gene Releaser, while being careful to not create a
contaminating aerosol by covering both ends of the plate with lids that have been cleaned
with Chlorox.

5. After serum has been added to each well, overlay plate with thermoseal tape. Vortex-mix the
reaction plate to mix evenly with Gene Releaser (approx 15 s).

6. Microwave the plates containing Gene Releaser and serum samples at 800 W for 6 min.
Also, add a 1-L beaker of water to act as a heat sink for the microwave energy.

7. Cool the plate by placing the well tips in cool water to minimize condensation.
8. The PCR reaction mixture can be prepared directly in the wells with Gene Releaser depend-

ing on the PCR protocol being used. (See Note 13.)
9. Set up and perform the PCR reaction.

10. If Gene Releaser is still present, store the PCR at RT, that is, do not store the plates at 4°C
because the PCR products will associate with the resin.

11. Heat the plates to 65°C to release the PCR products from the Gene Releaser resin, centrifuge
the warm resin to the bottom of the tubes, remove the supernatant, and process for elec-
trophoresis to detect PCR products.

3.9.2. PCR Setup
1. Place reaction plate from previous step on ice until needed.
2. The components in a total 40 �L of PCR reaction were: 0.02 U of cloned Pfu DNA poly-

merase, 1X Pfu buffer, 200 nM of each deoxynucleotide triphosphate, and 0.2 �M of each of
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the forward and reverse primers. The internal control DNA is added between 10 and 450
genome equivalents (ge) per reaction (see Notes 14 and 15).

3. Chill the tubes. Mix master mix gently by lightly vortexing with caps on tubes.
4. Add master mix to each well, keeping the other wells covered to avoid contamination.
5. Cap wells with 0.2 mL-eight tube strip caps, and transfer the plate (still on ice) to the ampli-

fication lab area.
6. Vortex-mix the samples moderately for approx 15–30 s or until GeneReleaser is mixed into

solution.
7. Place the plate in a preheated thermocycler, 94°C, for hot start. Heat at 94°C for 2 min and

then run 40 cycles of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C. End with 5 min at
72°C and then hold at RT. (Do not chill.)

3.9.3. PCR Analysis
1. Add 10 �L of a 1:2 dilution of blue dextran dye (Perkin Elmer, Foster City, CA) in 1.5X

TBE to each 40 �L PCR reaction.
2. Vortex-mix, heated to 60°C for 10 min and vortex-mix again before pelleting the Gene

Releaser™ resin at 500 rpm for 30 s. (See Note 16.)
3. After a prerun for 30 min at 300 V in 1X TBE in which the lower reservoir contained 0.02

mg/mL of ethidium bromide, samples were loaded and electrophoresed for 12 min at 360 V
in a 4.5% nondenaturing polyacrylamide gel. A NucleoScan 2000 system was used, how-
ever, the instrument has been discontinued so a sequencing instrument may be used.

4. Determine the area under the curve for each band.
5. The gel is reloaded with more samples for up to five times, which resulted in relatively high

throughput.
6. The titers of the serum samples are determined by running multiple PCR reactions with each

serum sample using different amounts of internal control. The objective is that at least two
different ratios (lower/upper bands) are to be obtained, with one greater and one less than a
ratio of 1. The point at which each band is equal to the other (ratio = 1) is called the
“crossover” point. This crossover point is calculated by linear regression of the logarithm of
the ratio vs logarithm of the concentration of the internal control added (15). (See Note 17.)

4. Notes
1. Dr. Pat Marion, Stanford University, also has mice suitable for these types of studies. We

have also generated HBV transgenic mice with a Balb/C background. They appear to have
better breeding vigor and perhaps higher serum titers than the transgenic mice with a
C57BL/6 background. We have not yet used these Balb/C background mice, however, in
antiviral experiments.

2. We have determined that treatment of these transgenic mice using per os, intraperitoneal, or
orbital sinus bleeding, and different drug vehicles will result in reduction of serum HBV
DNA in control animals, which is referred to as “trauma/placebo effect” (15). This undesir-
able trauma/placebo effect and the inherent variability of the serum HBV DNA causes diffi-
cult and sometimes ambiguous analysis of serum HBV DNA. Consequently, we depend on
the liver HBV DNA parameter for consistent results.

3. Male mice have slightly higher viral titers and titers may be less variable presumably
because female transgenic mice can sporadically generate antibodies to HBsAg over time
(Frank Chisari, The Scripps Research Institute, La Jolla, CA, personal communication). We
have found that female mice can be used to obtain statistically valid data; however, caution
should be used because the differences between male and female mice are not well defined.
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In short, male mice are preferred, but female mice can be used if available numbers are low
and single mouse caging is problematic.

4. Approximately 3% of male and 11% of female transgenic mice express � 0.2 pg viral
DNA/�g of cellular DNA as determined by liver HBV DNA Southern blot hybridization,
that is, the transgene signal can be readily detected, but viral DNA products are not readily
detected. Serum HBeAg is a useful marker for this anomaly; therefore, pretreatment screen-
ing of serum HBeAg should be used to block-randomize mice across groups. We know that
by excluding the lowest 15% of the transgenic mice having the lowest serum HBeAg titers,
one can eliminate the transgenic mice that produce undetectable liver HBV DNA, and the
numbers of potential “outliers” can be reduced from the experiment, which decreases the
variability.

5. Female homozygous transgenic mice do not have good breeding vigor, whereas the male
homozygous mice breed adequately. Male homozygous mice are used as breeders with non-
transgenic mice to produce 100% heterozygous transgenic mice. The breeding strategy
described in Subheading 3. is for obtaining large numbers of transgenic mice efficiently.

6. The safety classification of the human hepatitis B virus is biosafety level 2 or 3 (BSL-2 or -3),
depending on the potential for droplet or aerosol production (28,29). We use HBV transgenic
mice (lines 1.3.32) (1) under BL-3N containment. All personnel who handle the animals are
required to receive the commercially available hepatitis B vaccination (Engerix-B, Smith-
Kline Beecham Pharmaceuticals, Philadelphia, PA). Individuals must seroconvert to the vac-
cination (anti-HBV positive) before working with the animals. The personnel receive labora-
tory safety training and special training on blood-borne pathogen handling by our
institution’s Environmental Health and Safety Office. Vigilant efforts are made to ensure
safety of those working with the mice.

7. As with any PCR, contamination with extraneous DNA, particularly products from previous
PCRs, should be avoided. We process tissues, set up PCRs, and do analysis all in different
buildings. Gowns and gloves are worn in the PCR setup building, which does not have any
HBV research activity in the building. When collecting blood during necropsy, the instru-
ments are soaked in 3% hydrogen peroxide, dipped in 10% Chlorox™, and wiped with a
fresh tissue. The skin is peeled from the incision site to avoid contamination from hair.
Serum is collected to avoid aspiration of cells, that is, substantial volume of serum is left
near the interface of the cells and tubes are handled very gently.

8. We have experienced that the HBV probe length has an influence on the hybridization (30).
The probe should not be longer than 1000 bp, because this increases the chance of heterolo-
gous duplexes, which remain stable during stringent washes. Consequently, we cut our probe
with a four-basepair (bp) cutting enzyme.

9. Since the HBV infectious life cycle is incomplete in the transgenic mice, probably only those
parameters “downstream” from the antiviral target will be affected by the therapeutic sub-
stance. This incomplete life cycle is a disadvantage, but it is also an advantage in that it helps
to identify modes of action. For example, adefovir dipivoxil (Gilead Sciences, Foster City,
CA), a known inhibitor of polymerase, predictably affected the HBV DNA parameters, but
not the HBV RNA (15).

10. Three different HBcAg parameters can be obtained from each tissue section. The first two
measurements are based on the observation that cells surrounding the central veins of the
liver are more strongly stained than in other areas of the liver (1), and that drug administered
intravenously should have ready access to the luminal cells of the veins. The first two param-
eters are obtained from counting cells surrounding central veins as follows. The total number
of cells, the number of cells with stained nuclei, and the number of cells with stained cyto-
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plasms are counted around central veins. The stained nuclei counts or the stained cytoplasm
counts are divided by the total cells. Five central vein areas are counted with each slide sam-
ple. For the third parameter, a field, not in a central vein area, is counted for the total number
of stained nuclei. One quarter of the field is counted. Five such fields are counted per liver
section.

11. The use of Gene Releaser resin has been very convenient with the transgenic mice because
of one-step extraction, use of small volume of serum (7 �L), and the ability to set up the
PCR reaction directly in the Gene Releaser resin. The extraction of the DNA from the virus
and the PCR reaction is all done in the same tube. There is no phenol–chloroform extraction
or other multistep extraction on very small volumes of mouse serum. Because our quantita-
tive PCR reaction is unique to our laboratory, we will cite only the protocol (15) or refer the
reader to commercially available kits. Our quantification method using GeneReleaser does
not use fluorescence-labeled primers, because when we tried to develop our PCR assay using
such primers, we did not obtain acceptable results. One possible explanation is that the Gene
Releaser may have removed or interfered with fluorescence primers, but the answer is not
know for certain.

12. Mouse serum possesses inhibitory substances for the PCR reaction and must be diluted at
least eightfold to reduce the concentration of the inhibitory substances.

13. If Gene Releaser resin is not suitable for the PCR being used, such as real-time PCR in
which the resin would interfere with spectrophotometric detection, the DNA must be
removed from the resin solution. This is done by heating the plate to 65°C, centrifuging the
resin to the bottom of the plate, and then removing the supernatant to be used for the PCR
reaction. Because of the nature of the in-house quantitative PCR reaction used in our labora-
tory, we perform the PCR reaction directly in the tubes containing the Gene Releaser resin.

14. The internal control consisted of a 42-bp fragment inserted into a plasmid clone of the HBV
target sequence. The sizes of the internal control and the virion PCR products were 412 bp
and 370-bp, respectively. A 370 bp region was chosen within the core gene sequence of the
HBV genome to amplify using PCR. The oligonucleotide primers utilized for these analyses
were complementary to the HBV sequence (accession no. V01460). The forward primer
sequence was GATTGAGACCTTCGTCTGCGAG (position 776–797) and the reverse
primer sequence was CATTGTTCACCTCACCATACTGCAC (position 1146–1122).

15. The total PCR reaction volumes varied between 30 �L and 220 �L using different concen-
tration of internal control and serum virus to determine the exact amount of viral DNA.

16. Heating the PCR reaction mixture containing GeneReleaser resin will dissociate the PCR
products from the resin. Chilling the samples will cause unwanted association so that PCR
products will not be contained in the supernatant.

17. Serum titers in units of genome equivalents per milliliter of serum are reported on a log
scale. The means are calculated from the log scale and statistics performed. Liver HBV DNA
in units of pg viral DNA/�g cellular DNA is not reported on a log scale. All other parameters
are not reported or analyzed on a log scale.
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Transplantation of Human Hepatocytes 
in Immunodeficient UPA Mice

A Model for the Study of Hepatitis B Virus

Jörg Petersen, Martin R. Burda, Maura Dandri, and Charles E. Rogler

1. Introduction
Persistent infection with hepatitis B virus (HBV) is a major worldwide health prob-

lem, and chronically infected individuals are at high risk for developing liver cirrhosis
and hepatocellular carcinoma (1,2). Despite the availability of an HBV vaccine, there
are still more than 350 million chronically infected people worldwide, and the few
antiviral treatments currently available have a limited rate of efficacy. As for other infec-
tious diseases in humans, advances in the study of viral hepatitis have been critically
dependent on the development of suitable experimental systems. Replication of HBV
can be successfully achieved by transfecting hepatoma cell lines with cloned HBV
DNA genomes. However, the lack of culture systems permissive for hepadnavirus
infection and the narrow host range of HBV have hampered the understanding of some
crucial events of the hepadnavirus life cycle, as well as the development of more effec-
tive antiviral drugs aimed at eradicating the virus from chronic carriers. Although HBV
has been grown successfully in cultures of human hepatocytes, primary human hepato-
cytes are difficult to maintain in culture and become nonpermissive for HBV very soon
after plating. In addition, they normally differ in function and gene expression from
hepatocytes integrated in the liver architecture. Therefore, any technique that would
allow keeping human hepatocytes in an environment that supports both cell growth and
liver-specific differentiation would offer unique opportunities to study human hepa-
totropic viral infections and to evaluate the efficacy of novel antiviral drugs in a system
closely mimicking the in vivo situation.

Previous studies demonstrated that transplanted hepatocytes have the capacity to
engraft, survive, and function in the host liver parenchyma (3–5); however, transplanted
hepatocytes show very limited proliferative activity in a healthy normal liver (6). Stud-
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ies in transgenic mice have shown that the liver can be repopulated by rodent hepato-
cytes harboring a selective growth advantage over resident hepatocytes (7–10). In the
past years, a novel liver repopulation model, the urokinase-type plasminogen activator
(uPA) transgenic mouse model, was developed. In this system, the expression of the
albumin-uPA transgene is toxic to the hepatocytes and, as a consequence, livers undergo
continued necrosis of hepatocytes carrying the transgene, which results in a strong stim-
ulus for liver regeneration. During the regenerative process, transgene deletion takes
place in some endogenous mouse hepatocytes, which then compete with transplanted
hepatocytes (7,8). The hepatocyte proliferative stimulus lasts approx 8 wk after birth
until the transplanted hepatocyte mass becomes comparable to the hepatocyte mass in
the liver of nontransgenic normal mice (7,11). Recently, it was shown by our group (12)
and by others (13) that human hepatocytes isolated from the adult normal liver are able
to engraft and partially repopulate the liver of immunodeficient uPA transgenic mice.

To develop a novel hepatitis B mouse model that allows transplantation of xenogenic
hepatocytes, we crossed Alb-uPA transgenic mice with RAG-2 mice, which lack mature
T and B lymphocytes because of a deletion in the recombination activation gene 2
(RAG-2) (14). From our experience, it appears that one of the most critical and limiting
factors for successful transplantation of normal human hepatocytes is the scarce avail-
ability of liver tissues that underwent a very short ischemia time before perfusion. To
isolate primary human hepatocytes, we used both donor liver specimens that were not
utilized for human liver transplantation and surgical liver tissues from partial hepatec-
tomies (PHs). Immediately after cell isolation, 500,000 viable human hepatocytes were
transplanted into multiple uPA/RAG-2 mice by intrasplenic injection (see below). By
screening of the mice for the production of human serum albumin (HSA), we estimated
that engraftment of human hepatocytes was successful (HSA 	1%) in 70% of the trans-
planted mice. Levels of human albumin ranged between approx 1% and 15% (mean of
5%) in the sera of mice transplanted with hepatocytes (viability 	80%) obtained by
perfusing donor liver specimens (12). Previous studies indicated that only approx 20%
of splenically injected cells reach the liver and survive (which corresponds in our exper-
iments to about 1 × 105 cells), while a mouse liver contains about 1 × 108 hepatocytes
(15,16). In this case, engraftment without repopulation could result in only 0.1–0.5%
human hepatocytes in transplanted mice. The presence of 1–15% human hepatocytes in
mouse livers, as indicated by the levels of human albumin in the serum, and human
genomic DNA in the liver (see below), strongly suggests that transplanted human hepa-
tocytes have undergone several cell doublings. Recently, we also successfully trans-
planted hepatocytes that were isolated from PH livers that underwent a considerable
time (up to 4 h) of warm ischemia (unpublished data). However, in those cases, engraft-
ment without repopulation was mainly observed. Hepatocytes that had been liberated
from cirrhotic livers or from healthy donors in other liver centers, and were sent to us as
cell solutions, were not successfully transplanted. Therefore, the limited degree of cell
growth achieved so far by transplanting human liver cells appears to be mainly due to
differences in the quality of hepatocytes recovered from human livers compared to
those routinely obtained by in situ perfusion of animals. In the latter case, transplanta-
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tion of hepatocytes isolated from rodents (11,17) constantly led to high levels of hepa-
tocyte repopulation (up to 90%) in these mice. The work of Mercer et al. (13) showed
that homozygosity of SCID/Alb-uPA mice was critical to achieve higher levels of liver
repopulation with transplanted human hepatocytes. This suggests that less growth by
the competing endogenous mouse hepatocytes facilitates sustained engraftment and
expansion of those fragile human hepatocytes. Moreover, it is possible that evolutionary
differences between human and rodent hepatocyte-specific proteins involved in
cell–cell interactions or in other functions are responsible for the limited repopulation
efficacy using human hepatocytes. Further efforts to improve both the recipient animal
model and the human hepatocyte isolation technique would help to overcome these dif-
ficulties. Here, we describe the criteria and the methods we have been using to liberate
primary hepatocytes from human livers, as well as the transplantation and screening
procedures we have been performing to repopulate mouse livers partially with HBV-
permissive human hepatocytes.

2. Materials
2.1. Solutions

1. Leffert’s stock buffer (10X): 23.83 g of 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid
(HEPES), 2.24 g of KCl, 75.87 g of NaCl, 1.38 g of NaH2PO4·4H2O, and 18.02 g of D-
glucose dissolved in 800 mL of H2O, adjusted with 10 N NaOH to pH 7.4 and brought to a
volume of 1 L.

2. EGTA solution (10X): 1.9 g was added to 100 mL of 10X Leffert’s buffer and 800 mL H2O.
Thirteen drops of 10 N NaOH were then added and the solution was stirred until it cleared
and then brought up to 1 L with H2O.

3. CaCl2 solution (100X): A 2.79% solution of CaCl2 is made by adding 14 g of CaCl2 to 500
mL of H2O.

4. After preparation, all stock solutions are filter sterilized.
5. University of Wisconsin (UW) solution (Du Pont, Wilmington, DE, USA).
6. Preperfusion EGTA solution (1X): To 54 mL of 10X Leffert’s buffer add 60 mL of EGTA

solution and bring volume to 500 mL with H2O. Adjust the pH to 7.4 and then the volume to
600 mL.

7. Leffert’s buffer (1X): To 50 mL 10X Leffert’s buffer add 400 mL H2O. Adjust the pH to 7.4
and then the volume to 500 mL.

8. Digestion solution: To 150 mL of 10X Leffert’s buffer add 1200 mL of H2O and 15 mL of
CaCl2. Adjust the pH to 7.4, and add collagenase D (Worthington Biochemical). Adjust the
volume to 1.5 L (see Note 1).

9. Rompun/Ketamin solution: 2% Rompun is diluted 1:100 and 100 mg/mL of Ketamin is
diluted 1:10 into an isotonic salt solution.

10. Mouse monoclonal antibody against human serum albumin (HSA-11, Sigma, St. Louis, Mo,
USA).

2.2. Polymerase Chain Reaction PCR-Reagents
1. For PCR analysis, DNA sequences were amplified by using the Robocycler (Stratagene, La

Jolla, CA, USA).
2. Taq polymerase, nucleotide mix, and buffer were provided by Roche.
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2.3. Equipment
1. Individually ventilated cages: To ensure that the immunodeficient mice are kept in a

pathogen-free environment, they should be held in racks with individually ventilated cages
(Tecniplast, Buguggiate, Italy).

2. Heating plate: To prevent hypothermia of mice during surgery, the anesthetized mice are
placed on a heating plate at 37°C.

3. Tools for surgery: 1-mL Luer lock syringes, 1-cm 27-gauge Luer lock cannulas, 14-cm blunt
tipped forceps, a 12-cm pin-tipped forceps, a pair of straight 12-cm scissors, an autoclip
applier (Becton Dickinson) for 9-mm wound clips, a 100 �L gas-tight Hamilton syringe,
12.7 mm RN cannulas (Hamilton) with gauge 26 and a 45° taper, 2/0 surgical silk suture cut
into pieces of 8 cm length.

4. A pump with variably adjustable speed (Millipore, cat. no. xx82002200), a pump head (Mil-
lipore, cat. no. xx8000003), 3-mm diameter silicon tubing (cat. no. xx8000023), a bubble
trap (Dahlhausen, Cologne, Germany), a perfusor tubing, an intravenous cannula, a water
bath that allows the equilibration of three 1-L bottles at 42°C, and a water bath that allows
the equilibration of a 20-cm diameter glass dish for perfusion of liver tissue at 37°C.

5. A centrifuge with a rotor for swingout buckets for separating hepatocytes from non-
parenchymal cells (Beckman, Allegra 6 R).

6. An 80-�m nylon filter for separation of tissue debris and cells, rubber spatula for mechanical
disruption of perfused liver tissue, and scalpels (shape 22) for cutting of liver tissue.

2.4. Liver Specimens
Either nontumorigenic pieces of human tumor resections (PH) or whole or split liv-

ers that were refused for transplantation in humans were utilized for the perfusion
experiments.

2.5. Animals
uPA transgenic mice and RAG-2 knockout mice were purchased from Jackson Labo-

ratories (Bar Harbor, ME, USA) and Taconic Farms (Germantown, NY, USA), respec-
tively. uPA transgenic mice were crossed with RAG-2 knockout mice and chimeric
mice were characterized by PCR (see below).

3. Methods
3.1. Genotyping of Mice

For analysis of genomic DNA, nucleic acids were extracted from mouse tail tips
using the Qiagen DNeasy Tissue Kit (Qiagen, Germany) according to the instructions
for rodent tails.

3.1.1. Detection of the RAG-2 KO Gene by PCR
1. Use the following three primers: rag1 (5'-CGG CCG GAG AAC CTG CGT GCA A-3'), rag

2 (5'-GGG AGG ACA CTC ACT TGC CAG TA-3'), and rag 3 (5'-AGT CAG GAG TCT
CCA TCT CAC TGA-3').

2. Per reaction setup: 39 �L of H2O, 5 �L of 10X Roche PCR Buffer, 1 �L of Roche dNTP Mix,
1 �L of rag1 (20 pmol/�L), 1 �L of rag2 (20 pmol/�L), 1 �L of rag3 (20 pmol/�L), 1 �L of
Taq Roche (2.5 U/�L), and 1 �L of DNA preparation. Cover the sample with mineral oil.

3. The program for PCR amplification is (40 cycles): 94°C, 3 min, 62°C, 45 s; 72°C, 1 min 30 s.



Human Hepatocytes in Immunodeficient Mice 257

4. A RAG-2 double knockout results in a single band at 350 basepairs (bp), a RAG-2 hemizygous
results in a band at 350 bp and a band at 250 bp, and a wild-type mouse in a band at 250 bp.

3.1.2. Detection of the Alb/uPA Transgene
1. For analysis of the genomic DNA use the following primers: upa+ (5'-CAT CCC TGT GAC

CCC TCC-3') and upa− (5'-CTC CAA ACC ACC CCC CTC-3).
2. Per reaction setup: 40 �L of H2O, 5 �L 10X Roche PCR Buffer, 1 �L of Roche dNTP Mix,

1 �L of upa+ of (20 pmol/�L), 1 �L of upa− (20 pmol/�L), 1 �L of Taq Roche (2.5 U/�L),
and 1 �L of DNA preparation. Cover the sample with mineral oil.

3. The program for PCR amplification is (30 cycles): 94°C, 3 min; 57°C, 45 s; 72°C, 1 min 30
s. A uPA-positive mouse results in a 180-bp band.

3.2. Isolation of Human Hepatocytes
Donor human livers that were reduced in size for transplantation into children or

were rejected for transplantation because of traumatic lesions, as well as liver tissues
obtained from patients undergoing PHs because of metastasis of colorectal carcinoma,
were used for cell isolation. Cell isolation and transplantation procedures were per-
formed in accordance with institutional guidelines. In all cases, patients were negative
for HBV, hepatitis C virus (HCV), and human immunodeficiency virus (HIV) serologi-
cal markers, liver biopsies were negative for HBV markers, and isolated hepatocytes
were checked for the absence of specific HBV-DNA sequences by PCR (12).

1. The donor livers were perfused in situ with cold UW solution before explantation and kept
on ice until use. In the case of tumor resections, a wedge from the resected liver lobe was cut
at a distance of at least 3 cm from the metastasis. Warm ischemia time, defined as the time
after clamping of the branches of the hepatic artery and portal vein until excision of the piece
of tissue, varied from 90 min to 4 h.

2. Immediately after excision, the liver tissue was placed on ice and immediately perfused with
ice cold UW solution by means of multiple catheters inserted into the vessels on the cut sur-
face of the resected fragment. Afterwards, human hepatocytes were isolated using the two-
step collagenase perfusion method.

3. A branch of the portal vein was cannulated, the liver or liver segment was placed on a sterile
glass plate, in a 37°C water bath, half submersed in prewarmed isotonic solution, and per-
fused for 5 min with the preperfusion solution. All solutions were prewarmed at 42°C and
the flow rate of the perfusate was 100 mL/min. For small liver specimens (� 200 g) use a
lower flow rate (60 mL/min) (see Note 2).

4. Leffert’s buffer not containing EGTA was allowed to run through the liver for 3–5 min, and
then the tissue was perfused with the collagenase buffer. Perfusion time with collagenase
varied between 10 and 30 min according to the size of the tissue (see Note 3).

5. Subsequently, the digested liver tissue was placed in cold RPMI, the liver capsule was cut,
and cells were dissociated and then filtered through 80-�m nylon filters.

6. Cell suspensions were centrifuged three times (50g, 5 min) to separate hepatocytes from
nonparenchymal cells.

7. Hepatocyte viability was assessed by trypan blue exclusion.
8. Immediately after isolation, 5 × 105 viable human hepatocytes were resuspended in a volume

of 50 �L of phosphate-buffered saline (PBS) and transplanted into 13- to 21-d old recipient
uPA/RAG-2 mice by intrasplenic injection.
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3.3. Transplantation of Human Hepatocytes
1. Mice were anesthetized with 10 �L/g of Rompun/Ketamin solution.
2. Their left sides were disinfected with 70% (v/v) ethanol and a 1.5-cm cut was applied 5 mm

below the lower rim of the ribs without injuring the peritoneum.
3. The spleen was localized and the covering peritoneum cut (5 mm).
4. The spleen was protracted slightly with the blunt-ended forceps and the lower pole smoothly

ligated with a suture.
5. The injection needle of the Hamilton syringe was inserted through the ligation into the

spleen and 50 �L of cell suspension injected slowly into the spleen.
6. The needle was retracted and the ligation pulled tight.
7. The spleen was pushed back into the body cavity and the skin and peritoneum closed with

two or three autoclips.

3.4. Analysis of Cell Engraftment
3.4.1. Detection of Human Serum Albumin in Mice

1. Samples of mouse and human sera were subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and blotted onto polyvinylidene fluoride (PVDF) mem-
branes.

2. The blots were probed with a commercially available mouse monoclonal antibody (MAB)
against HSA (1:10,000 dilution) that does not cross-react with the mouse proteins. Specific
binding was detected by using peroxidase coupled anti-mouse IgG antibodies and an
enhanced chemiluminescence system (Pierce, Rockford, IL, USA).

3. For semiquantitative determination of the relative amount of HSA in transplanted mouse
sera, the mouse serum samples to be quantified plus a set of artificial mixtures composed of
known ratios of human and mouse sera were used to prepare Western blots (12).

3.4.2. Detection of Human Genomic DNA in the Livers of Transplanted Mice
1. Genomic DNA is extracted from frozen liver tissues by proteinase K digestion (Roche), phe-

nol extraction, and ethanol precipitation.
2. The following primers specific for the human Alu sequences were chosen for PCR amplifi-

cation, as they produce a specific band of 440 bp that is not detectable using mouse tissue as
a template: Primer 1, 5'-GCT TCC TGA GTA ACT GGA CAA CAG C-3', and Primer 2, 5'-
TGC GAT GGC ATG TTT CCA AG-3'.

3. To estimate the percentage of human versus mouse genomic DNA in transplanted mice, 2 �g
of DNA extracted from liver tissues may be also dot-blotted onto a nylon membrane (18) and
hybridized under high stringency conditions overnight with a 440-bp Alu DNA 32P-labeled
probe, which is obtained by PCR using the aforementioned Alu primers and human genomic
DNA as template. Test mixtures of known amounts of human and mouse genomic DNAs are
loaded in parallel on the blots to serve as a standard. Hybridization signals are quantitated by
scanning densitometry using the TINA program from Raytest and a FujiX/2000 laser densit-
ometer (Fuji).

3.5. HBV Infection
For infection studies, human serum containing high-titer HBV DNA (�1 × 108 virus

genome equivalents/mL serum) is used. Samples may be aliquotted and kept at −70°C
until use. At 5 d after transplantation, mice are injected subcutaneously with 20 �L of
HBV-infectious serum (1 × 108 HBV DNA genome equivalent / mL).
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3.6. Detection of Hepatitis B Surface Antigen 
(HBsAg) in Sera of Inoculated Mice

Human HBsAg was measured using the HBsAg Axsym Test (Abbott, Wiesbaden,
Germany) using a 1:100 dilution of the mouse sera. Approximately 4–6 wk after virus
inoculation, HBsAg is detectable in sera of successfully transplanted mice.

3.7. Detection of HBV DNA in Sera of Inoculated Mice
1. Viral DNA is extracted from mouse and human sera using the QIAamp Blood Kit (Qiagen,

Hilden, Germany).
2. The following primers are used for PCR amplification:

Primer 1: 1823 (+): 5'-TTTTTCACCTCTGCCTAATCATC-3'
Primer 2: 2121 (−): 5'-ACCCACCCAGGTAGCTAGAGTCAT-3'.

3. The program for PCR amplification is (30 cycles): 94°C, 50 s; 57°C, 50 s; 72°C, 50 s.
4. An HBV DNA positive signal results in a 350-bp band.

4. Notes
1. The digestion solution may be prepared without collagenase the day before the perfusion and

stored overnight at 4°C. Collagenase must be added to the buffer shortly before the perfu-
sion, the pH checked, and then the solution sterile filtered.

2. For efficient perfusion of very large liver specimens or whole human livers higher speed
flow-through (�120 mL/min) of the perfusate is recommended, which involves the use of
different equipment. Highly viable hepatocytes can also be obtained by cutting a small (�
200 g) piece of liver and then performing the cell isolation as described above.

3. It is essential to keep the collagenase temperature throughout the whole procedure at 37°C.
This includes the temperature of the liver tissue during digestive perfusion. Deviations to
lower temperatures will especially reduce quality and viability of isolated hepatocytes. How-
ever, temperatures that are too high will damage the tissue and inactivate the collagenase.
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Duck Hepatitis B Virus Model 
in the Study of Hepatitis B Virus

Lucyna Cova and Fabien Zoulim

1. Introduction
Because of the narrow host range of hepatitis B virus (HBV) that infects only

humans and chimpanzees, the closely related duck HBV (DHBV) provides a particu-
larly useful model, which plays a pivotal role in study of hepadnavirus life cycle,
virus–host interactions, and antiviral strategies (1–3). This chapter describes the use of
DHBV-infected Pekin duck as an in vivo model and Chapter 16 describes the DHBV
primary hepatocyte culture for in vitro studies.

One of the major advantages of the DHBV model is that its natural host, domestic
Pekin duck (Anas domesticus), is inexpensive, easy to handle, and available from com-
mercial breeders. Naturally occurring DHBV infections seem to be endemic in most
parts of the world, as they have been reported among ducks from the United States,
Australia, China, Germany, and France (1,2,4). The DHBV isolates originating from
different geographic areas have been cloned and the sequence data are available from
the GenBank database.

To use the DHBV model as an in vivo experimental system, it is essential to have an
efficient and reproductive duck infection method leading to the development of persis-
tent infection in all animals. Because the experimental inoculation of DHBV to adult
ducks results only rarely (5–10%) in chronic infection, different modes of DHBV trans-
mission to neonatal ducklings have been investigated (1). The congenital virus trans-
mission from infected breeding ducks to their progeny, via the egg yolk, leads to the
development of chronic infection in all animals. However, this transmission mode is
only rarely used because it does not allow the generation of a large number of infected
animals of the same age that is frequently required for experimental studies. Another
approach consists of intrahepatic transfection of ducklings with cloned DHBV DNA
(5). Although this approach is very useful for DHBV mutant infectivity testing, it can-
not be used for early stages of viral infection and host–cell interaction studies.
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Finally, ducklings can be experimentally infected with a pool of DHBV-positive
serum. In this chapter we focus on this last method of DHBV transmission, which is
currently used by ourselves and others, as it allows a rapid generation of a large flock of
chronically infected ducklings of the same age (6,7). Pekin ducklings are susceptible to
DHBV during their first few weeks, although the highest rates of infection and viremia
were observed following inoculation of newly hatched ducklings. Therefore, we have
chosen in our protocol to inoculate ducklings that are � 5 d old.

The inoculum is usually a pool of DHBV-positive duck sera that has been quantified
in virus genome equivalents (vge) assuming that one DHBV genome contains 3 × 10−6

pg of DNA (8). The DHBV DNA content of the sera pool is estimated by quantitative
hybridization using successive dilutions (10 ng to 0.1 pg) of cloned DHBV DNA that
has been excised from the plasmid. To this end, the pooled duck serum and dilutions of
cloned DHBV DNA are spotted on a membrane and hybridized with a radiolabeled
DHBV probe as described previously (9) and detailed in Subheadings 2. and 3. The
quantified inoculum is diluted in phosphate-buffered saline (PBS) and inoculated into
neonatal ducklings by the intraperitoneal or intravenous route. We use the intravenous
route for duckling inoculation via the occipital sinus, which gives more reproducible
results and works better in our hands. Blood samples are taken daily during the first
week post-inoculation and twice a week thereafter during the following weeks. Viremia
is quantified by serum dot-blot hybridization as detailed in Subheadings 2. and 3. The
DHBV content of serum can also be quantified by the infectivity titer (ID50) determina-
tion method which is performed by inoculating ducklings with successive serum dilu-
tions. The ID/mL titer has been found to be similar to the titer in vge/mL for infectious
serum. However, a lower infectivity than the number of genomes of the same serum
sample may reflect the presence of defective DHBV mutants (8).

An important factor that determines the outcome of infection is the DHBV dose used
for duckling inoculation. Several studies have demonstrated that the onset of viremia is
inversely proportional to the inoculum dose (6,8). We have chosen the protocol based
on a high inoculum dose (5 × 107–5 × 108 vge/duckling), which is administered intra-
venously to the 3 to 4 d old ducklings. The advantage of this protocol is that it leads to
a very fast and reproducible development of viremia in 100% of inoculated ducklings
(6,7,10). This is illustrated further in Fig. 1, which shows that following inoculation of
four ducklings with 6 × 107 vge/duckling the viremia evolution is similar in all inocu-
lated animals. Viremia starts to be detectable at d 4 and reaches a peak at d 5–7 post-
inoculation, followed by a decrease and fluctuations (Fig. 1). Alternatively, the use of a
lower inoculum dose will lead to the delay in the appearance of the viremia peak (data
not shown).

Figure 2 illustrates the use of the duck infection model for the in vivo testing of the
antiviral efficacy of two different nucleoside analogs (�-L-Fd4C and 3TC), which inhibit
in vitro DHBV reverse transcription (10). Four weeks of oral administration of these
antiviral drugs leads to a significant decrease in viremia peak during drug administration
(Fig. 2A). This effect is not sustained, as a rebound in viremia is observed after drug
withdrawal, although the peak of viremia is delayed as compared with the untreated con-
trols. This delay in the onset of viremia is similar to that observed when ducklings are
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inoculated with a lower inoculum dose. Tolerance of antiviral administration is assessed
by daily monitoring of animal weight (Fig. 2B). In addition, cellular toxicity is deter-
mined by monitoring lactic acid levels in the duck serum using Lactate PAP (bio-
Merieux, Marcy L’Etoile, France) (Fig. 2C). The results show an absence of toxicity, as
neither weight loss nor an increase in the serum lactic acid levels was observed in the
treated duck groups as compared with the untreated controls (Fig. 2B, C).

To assess the impact of the treatment on intrahepatic viral replication, ducks are
killed and their livers are removed. Part of the liver is snap frozen for DHBV DNA
analysis as detailed in Subheading 3. and part is formalin fixed for immunochemical
visualization of viral proteins. For viral DNA analysis, the liver tissue is first crushed in
liquid nitrogen to a fine powder and divided into two parts. One is used for isolation of
total viral DNA (protein bound) analysis (detailed in Subheading 3.3.) and another for
isolation of covalently closed circular (ccc) DNA (non-protein bound) as described in
the accompanying chapter on DHBV primary hepatocyte infections.

Figure 3 shows a typical Southern blot analysis of liver DNA from untreated
ducks, which reveals the presence of different DHBV DNA replicative forms, that is,
3-kb viral DNA in relaxed circular (RC) and linear (L) form as wells as single-
stranded (SS) viral DNA and cccDNA. By contrast, the analysis of liver biopsies at the
end of �-L-Fd4C treatment shows a marked decrease in DHBV DNA to levels unde-

Fig. 1. Viremia follow-up in ducklings following experimental DHBV infection. Four 3-d-old
ducklings were inoculated intravenously with the DHBV-positive serum pool (6 × 107 vge/ani-
mal). Ducklings were bled daily during the first week post-inoculation and thereafter every 2–3 d.
The individual serum DHBV DNA titer in vge/mL is represented for each animal. Note the
viremia peak at d 5–7 post-inoculation.
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Fig. 2. Course of viremia in the DHBV-infected duck groups during antiviral drug treatment. Ducklings were inoculated with a DHBV-positive
serum at 3 d of age and antiviral treatment was started 3 d post-inoculation. Animals received intraperitoneal injections with either �-L-Fd4C or
3TC at a dose of 25 mg/kg/d for 5 d, followed by a maintenance therapy at 25 mg/kg thrice weekly for 3 more weeks. Viremia was quantitatively
analyzed by dot-blot hybridization as detailed in Subheading 3.3. (A) Mean DHBV DNA titers of nine animals, which have been included in each
of the treatment group (�-L-Fd4C, 3TC) as wells as in the untreated control group are represented. (B) Mean duck weight values for each treatment
and control group. (C) Serum lactic acid levels for each duck group.
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tectable by Southern blot analysis. However, after drug withdrawal a rebound of intra-
hepatic DHBV DNA is observed in duck livers (data not shown). The rebound of viral
replication is essentially due to the pool of intranuclear DHBV cccDNA, a transcrip-
tional template for viral RNA synthesis, which was detectable by PCR in the duck liver
biopsies at the end of antiviral treatment (Fig. 3). This cccDNA plays an essential role
in the persistence of infection and in the long-term resistance to the antiviral drug treat-
ment.

This example illustrates the usefulness of the DHBV infection model for the in vivo
evaluation of new anti-HBV strategies, which is essential before their use in clinical
trials.

2. Materials
2.1. Animals

1. Purchase 1-d old Pekin ducklings (Anas domesticus) from a commercial breeder.
2. Maintain ducklings indoors, in suspended cage floors, under heating lamps during the first 2

wk of age and thereafter without lamps. Feed the animals with a commercially prepared diet,

Fig. 3. Analysis of DHBV DNA in the duck livers at the end of antiviral drug treatment. Total
viral DNA including the replicative intermediates (RC, relaxed circular; L, linear; SS, single-
stranded viral DNAs) as well as viral cccDNA were extracted from the �-L-Fd4C, 3TC-treated
and control groups. Southern blot analysis of liver biopsies at the end of antiviral drug treatment
was followed by specific hybridization with the radiolabeled full-length DHBV DNA probe. Note
that �-L-Fd4C therapy suppresses viral DNA synthesis in the livers of infected animals, but is not
sufficient to eradicate viral infection, as a low level of DHBV DNA was detectable by a specific
PCR test (indicated by crosses).
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with free access to food and water, and handle them in accordance with the guidelines for
animal care under veterinary control.

3. Keep DHBV-positive and -negative ducks separately.

2.2. Solutions
1. Dolethal (sodium pentobarbitol) (Vetoquinol, Lure, France).
2. 20X Saline sodium citrate (SSC): Dissolve 175.3 g of NaCl and 88.2 g of sodium citrate in

800 mL of H2O. Adjust the pH to 7.4 with 10 N NaOH, and adjust the volume to 1 L.
3. 20X SSPE: Dissolve 174 g of NaCl and 27.6 g of NaH2PO4

. H2O and 7.4 g of EDTA in 800
mL of H2O. Adjust the pH to 7.4 with 10 N NaOH, and adjust the volume to 1 L.

4. Prehybridization and hybridization solution: Mix 125 mL of 10X SSPE, 25 mL of Den-
hardt’s solution, 250 mL of formamide, 12.5 mL of 20% sodium dodecyl sulfate (SDS).
Complete with 50 mL of H2O to 500 mL.

5. TE buffer: 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0.

2.3. Equipment
1. Duck animal facility should be heated (20°C) and divided in boxes with suspended grating

floors and constant water supply. For newly hatched ducklings, additional heating with
lamps is required.

2. HybriDot manifold apparatus (BRL) for serum and DNA dot-blot analysis.
3. Water bath.
4. Microcentrifuge.
5. Sterile mortars and pestles.
6. Hybridization oven (e.g., Appligene Minihybridization oven).

3. Methods
3.1. Preparation of the Viremic Serum Pool

1. Inoculate 3-d-old Pekin ducklings with DHBV-positive serum (5 × 107–5 × 108 vge/duck-
ling) diluted in phosphate-buffered saline (PBS) (final volume 200 �L/duckling) using a 1-
mL syringe by intravenous injection, either via an occipital sinus (located at the back of duck
head) puncture or via the foot sinus.

2. At d 5–7 post-inoculation anesthetize ducklings by intravenous injection of Dolethal (1
mL/200 g body wt) and bleed them by a cardiac puncture using a 1-mL syringe.

3. Sterilize serum by filtration and store all serum samples at −20°C. Save a 50-�L aliquot of
each duck serum for DHBV DNA quantification.

4. Quantify DHBV DNA in 50 �L of each duck serum by dot-blot hybridization as detailed in
Subheading 3.3.

5. Pool together sera samples that have similar DHBV DNA concentrations in vge/mL. Check
the DHBV DNA concentration of the pooled sera by quantitatitive dot-blot hybridization as
detailed in Subheading 3.3.

6. Filter the serum pool and aliquot in 0.5- and 1-mL samples and store them at −20°C. Thaw
the aliquots of pooled sera immediately prior to duck inoculation.

3.2. Establishment of DHBV Chronic Carrier Duck Flock
1. Inoculate 3-d old ducklings by intravenous injection with 200 �L of DHBV-positive serum

pool diluted in PBS as detailed in Subheading 3.1.
2. Bleed ducklings by the intravenous route each day post-infection during the first week and

twice a week during the following weeks.
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3. Confirm the chronic carrier state of inoculated ducks by DHBV DNA detection in duck
serum samples by spot hybridization as detailed in Subheading 3.3.

3.3. Detection and Quantification of DHBV DNA 
in Duck Serum by Dot-Blot Hybridization

1. Apply 50 �L of each duck serum sample under vacuum directly onto a 0.45-nm Biodyne®
(PALL, Gelman Laboratory, AnnArbor, MI, USA) membrane using a HybriDot manifold
apparatus (BRL) that allows analysis of 96 samples. Cut off the vacuum and lay the mem-
brane on a sheet of Whatman 3MM paper.

2. Denature the DNA by floating the membrane for 20 min on 0.2 M NaOH, 1 M NaCl solution.
Carefully remove the membranes from this bath and soak them for 5 min in another bath
containing 1 M Tris-HCl, pH 7.4, 1 M NaCl for neutralization, and finally rinse it for 5 min
in a 2X SSC bath.

3. Prepare tubes with successive dilutions of cloned DHBV DNA (ranging from 10 ng to 0.1
pg) in a final volume of 100 �L of water. Denature DNA by boiling tubes for 5 min and rapid
cooling in ice. Add 100 �L of 20X SSC to each tube and apply the total (200 �L) of each
DHBV DNA dilution on a separate membrane using the HybriDot manifold.

4. Air-dry the membranes and bake them for 30 min at 80°C between two glass plates followed
by UV fixation at 0.44 J/cm2.

5. Prehybridize the membranes by inserting them in a hybridization tube containing 10–20 mL
of hybridization solution. Incubate the filters at 42°C in a hybridization oven for at least 30
min.

6. Hybridize together the serum and DHBV DNA dilutions containing membranes by
overnight incubation at 42°C with the genome-length DHBV DNA probe labeled with �-32P
(Ready-to-go™ DNA labeling kit, Amersham). Wash the membranes at 68°C twice (20 min
each wash) in 2X SSC, 0.2% SDS, then twice in 1X SSC, 0.1% SDS and once in 0.5X SSC,
0.1% SDS. Air-dry the membranes and autoradiograph them using intensifying screens fol-
lowed by PhosphorImager scanning.

7. Quantitate the relative amounts of DHBV DNA in each serum sample by the Image Quant
software using the values obtained for successive dilutions of cloned DHBV DNA. Express
the viremia in (vge/mL) assuming that one DHBV genome contains 3 × 10−6 pg of DNA.

3.4. DHBV DNA Extraction from Duck Liver
1. Cut duck liver biopsy or autopsy tissue samples into small pieces. Quickly freeze liver tissue

by immersion in liquid nitrogen and store at −80°C for DNA analysis. Fix a part of the tissue
in formalin for liver histology

2. Quickly weigh about 0.2 g of frozen liver sample without defrosting and rapidly crush the
liver tissue into a fine powder using a mortar containing liquid nitrogen.

3. For protein bound DNA extraction, transfer the powdered liver tissue to a tube containing 3
mL of ice-cold TE buffer. Do this step quickly before the mortar warms up. Add 30 �L of
proteinase K (300 �g/mL final) and 150 �L of 20% SDS (1% final concentration), mix well,
and incubate at 37°C for 3 h.

4. Perform two phenol–chloroform extractions and one chloroform extraction (to be done in
the hood) followed by ethanol precipitation. The total nucleic acids recovered after ethanol
precipitation can be treated with RNase followed by phenol–chloroform extractions to elim-
inate RNAs.

5. Analyze liver DNA by Southern blotting followed by hybridization with radiolabeled DHBV
DNA probe as described above for viremia quantification.
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Hepatitis B Virus Transgenic Severe 
Combined Immunodeficient Mouse Model 
of Acute and Chronic Liver Disease

Mark A. Feitelson, Jonathan D. Larkin, and Raymond F. Schinazi

1. Introduction
With the advent of blood tests capable of identifying hepatitis B virus (HBV), and

the development of an effective vaccine (1), one of the major challenges that remains is
what to do with people who are chronic carriers of HBV. This is important because
there are an estimated 350 million chronic carriers of HBV worldwide (2) who are at
high risk for the development of hepatitis, cirrhosis, and hepatocellular carcinoma
(HCC) (3). There are up to a million newly diagnosed cases of HCC each year, making
this one of the most common tumor types worldwide. In addition, the risk of carriers
developing HCC is in excess of 100, which makes it one of the strongest associations
between a cancer and an infectious agent ever reported (4). While the survival rate for
HCC is � 3% over 5 y, the development of hepatitis is often associated with consider-
able morbidity, and its progression to cirrhosis is a leading cause of death worldwide.
Treatment options for carriers with chronic liver disease are few, with interferon-�
(IFN-�), lamivudine, and adefovir dipivoxil the only licensed drugs for clinical use (5).
Interferon produces a sustained virus response in only about 20% of patients following
the end of therapy (5,6). Lamivudine is highly effective against both virus and liver dis-
ease, although a high rate of virus resistance has been reported (7,8). Adefovir is effec-
tive against lamivudine-resistant virus.

Although many other drugs are under development, part of the problem in targeting
chronic hepatitis B is the lack of knowledge concerning the virus and host elements that
contribute to the pathogenesis of chronic liver disease (CLD). Although it is generally
agreed that the pathogenesis of chronic infection is immune mediated (9), there is con-
siderable debate as to which virus encoded proteins trigger the accumulation of inflam-
matory cells in the liver, and the nature of the immune responses that contribute
importantly to the clearance of virus and pathogenesis of CLD. The problem in address-
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ing these types of questions is the lack of suitable small animal model(s) that develop
CLD. HBV-like viruses, for example, naturally infect woodchucks and ground squirrels
(10), and may result in the development of CLD and HCC (11,12), but the immune
mediated pathogenesis in these naturally occurring animal models cannot be studied
easily. This is because the immune system of these animals is poorly characterized, they
are expensive to maintain and breed, and none of these animals have inbred strains upon
which to dissect the immune reactions relevant to pathogenesis on an otherwise con-
stant genetic background. Chimpanzees are one of a small number of primates suscep-
tible to HBV (13), and do develop a mild CLD, but their cost, endangered species status,
and difficulty in working with these animals have limited their use. Hence, the amount of
information that could be obtained from such model systems has been limited.

The host range for HBV is quite narrow, and attempts to establish easily manipulated
laboratory animal models of HBV infection have not been successful. As a conse-
quence, a number of labs have created transgenic mice that express one or more virus
gene products or support viral replication (14–18). The success of these attempts sug-
gest that mouse hepatocytes are fully capable of supporting HBV replication, and sug-
gests that the inability to infect such animals with virus may be due to the lack of
appropriate host encoded cell surface receptor(s). A major limitation with this approach
is the fact that the transgenic mice are immunologically tolerant to the virus gene prod-
ucts, so that transgenic mice demonstrating virus gene expression and/or replication do
not develop hepatitis. While this situation appears to be analogous to the asymptomatic
carrier state in people (19), this does not provide an opportunity to study the pathogen-
esis of CLD or to evaluate experimental therapeutics against disease. Adoptive transfer
of T-cell lines with reactivity to individual HBV antigens has resulted in the appearance
of acute or fulminant hepatitis (20,21), but not CLD. In the models of acute and fulmi-
nant hepatitis, cytokines (such as tumor necrosis factor-�, interleukin-2, and IFN-�) in
addition to inflammatory cells appear to be very important to pathogenesis, to the down
regulation of virus gene expression, and to the clearance of replicating virus (9,22).
When HBV envelope antigen expressing transgenic mice were irradiated, thymec-
tomized, reconstituted with bone marrow from severe combined immunodeficient
(SCID) mice, and then adoptively transferred with envelope-antigen-specific T-cell
clones, CLD was observed (23). The importance of envelope-antigen-specific T cells to
the pathogenesis of chronic HBV infection in humans, however, is not clear. In part, this
is because HBV carriers have detectable envelope antigen in blood whether or not they
have underlying CLD (24). In addition, there does not seem to be a correlation between
envelope antigen staining in the liver and the distribution of intrahepatic inflammatory
cells in patients with CLD (25). Hence, the introduction of previously primed T cells
may give rise to CLD, but its relevance to the pathogenesis of natural infection in
human remains to be established.

Immune-mediated liver disease has also been experimentally generated in several
other laboratory animal models. For example, when a competent clone of HBV DNA
was introduced by liposomes into the liver of normal rats, HBV DNA appeared in
serum within a few days, followed by clearance of virus, a transient elevation of alanine
aminotransaminase in blood, and histopathological evidence of acute hepatitis in the
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liver. When the same experiment was conducted in T-cell-deficient nude rats, no clear-
ance of virus or development of liver disease was observed, suggesting that T lympho-
cytes play a central role in liver cell injury and the clearance of HBV (25). These
findings independently confirm the immune-mediated nature of fulminant and acute
hepatitis and provide information regarding the putative mechanisms of disease. Like-
wise, when normal rats were injected with a liposome formulation containing an
expression plasmid encoding the HBV envelope polypeptides, the rats seroconverted to
envelope antibodies and developed transient, acute hepatitis (26).

Chronic liver disease is a major target for therapeutics. As outlined above, there has
been no easily manipulated small animal model for HBV. In a recent report (27), trans-
genic mice supporting HBV replication were constructed using SCID mice hosts that
lacked mature T and B cells (28). Because the T and B cell compartments account for
the bulk of specific antiviral immunity, these transgenic mice were not tolerant to
HBV. A single adoptive transfer of 10 million unprimed, syngeneic splenocytes
resulted in the development of chronic hepatitis, whereas a similar transfer of 50 mil-
lion cells resulted in a bout of acute, resolving hepatitis. Hepatitis was accompanied by
mononuclear infiltrates resembling acute and chronic hepatitis in humans and with the
clearance of virus gene expression and replicative forms from the liver as well as clear-
ance of virus DNA from the blood. Although this model confirms the immune-
mediated nature of HBV associated acute and chronic liver disease, it will permit
dissection of the immune components and virus antigen targets that contribute to
pathogenesis. Importantly, this model will permit the evaluation of experimental ther-
apeutics against CLD.

The following sections outline and reference protocols that were used in the con-
struction of the transgenic mice, in the measurement of viral nucleic acids and proteins
in the mice, and in the development of liver disease following adoptive transfer of naive,
syngeneic splenocytes into these transgenic mice. They also list key materials and
equipment needed for the conduct of each procedure.

2. Materials
2.1. Animals and Accessories

1. Swiss Webster mice (Taconic Farms, Germantown, NY).
2. B6C3F1 mice (Taconic Farms).
3. C.B.-17 SCID mice (Taconic Farms).
4. C3H/SCID mice (C3H SMN.C SCID, Jackson Laboratory, Bar Harbor, ME).
5. Fluoromethane spray (Gebauer Company, Cleveland, OH).
6. Cauterizer (cat. no. 106205 from NLS Animal Health, Pittsburgh, PA).
7. Ketamine (Ft. Dodge Animal Health).
8. Xylazine (Phoenix).
9. Betadine (Fisher, Pittsburgh, PA).

10. Alcohol pads (Fisher).
11. Hemoclips (Weck, Research Triangle Park, NC).
12. Specimen bag (Bitran, Fisher).
13. Braided suture (Ethicon, Somerville, NJ).
14. Tail vein injection apparatus (wedge-type) (LJ Shore Acrylic Designs, Philadelphia, PA).
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2.2. Equipment
1. Microfuge (Eppendorf Model 5415D; Eppendorf, Westbury, NY).
2. Turboblotter (Schleicher & Schuell, Keane, NH).
3. Microtome (Leitz, model 1512).
4. Fluorescent microscope (B×60 Universal Fluorescent Microscope, Olympus, Melville, NY).
5. Light microscope (Olympus BH-2).
6. Camera (DKC 5000 Sony 3 CCD, Sony, NY).
7. Thermocycler (Hybaid Touchdown; Hybaid, Franklin, MA); Perkin Elmer 9600 (Perkin

Elmer, Norwalk, CT).
8. UV/VIS spectrophotometer (Spectronic Genesys 5; Spectronic, Garforth, Leeds, UK).
9. Enzyme-linked immunosorbent assay ELISA) plate reader (Dynatech MR5000, Dynatech,

Germantown, MD).
10. Water bath (Fisher Tissue Prep Flotation Bath 135).
11. Heating block (Thermolyne DB16525, Barnstead International, Dubuque, IA)
12. Hybridization incubator (Hybridizer 600, Stratagene, La Jolla, CA).
13. Transilluminator (FotoPrep I, Fotodyne, Hartland, WI).

2.3. Buffers and Solutions
1. TE: 10 mM Tris-HCl, 1 mM EDTA, pH 8 (Sigma Chemical, St. Louis, MO).
2. TAE: 0.04 M Tris-acetate, 0.001 M EDTA, pH 8.0 (Sigma).
3. TBE running buffer: 90 mM Tris base, 90 mM boric acid, and 2 mM EDTA.
4. Homogenization buffer: 10 mM Tris-HCl, 25 mM EDTA, pH 8, 100 mM NaCl, 0.5% sodium

dodecyl sulfate (SDS).
5. Formaldehyde loading buffer: 1 mM EDTA, pH 8, 0.25% (w/v) bromophenol blue, 50%

(w/v) glycerol, and 0.5 �g/mL of ethidium bromide.
6. 1X MOPS: 40 mM MOPS [3-(N-morpholino)-propanesulfonic acid], pH 7, 10 mM sodium

acetate, 1 mM EDTA.
7. Phosphate-buffered saline (PBS) (Ca2+- and Mg2+-free) (Invitrogen, Carlsbad, CA).
8. AL buffer (QIAGEN, Chatsworth, CA).
9. Hybridization buffer: 50% formamide, 12.5% dextran sulfate; 2X saline sodium citrate

(SSC), 50 mM sodium phosphate, pH 7.5, 1X Denhardt’s solution, 10 mM dithiothreitol
(DTT), 1mM EDTA, 25 �g of yeast tRNA per milliliter.

2.4. Molecular Biology Reagents
1. Restriction enzyme EcoRI (Promega, Madison, WI).
2. Low-melting-temperature agarose (Seaplaque, FMC, Philadelphia, PA).
3. Ethidium bromide (Sigma).
4. Phenol–chloroform–isoamyl alcohol: 25:24:1 (by vol) (Invitrogen).
5. Phenol–chloroform: 1:1 (v/v) (Invitrogen).
6. 10 M ammonium acetate (Fisher).
7. Ethanol (Pharmco, Brookfield, CT).
8. QIAamp Tissue Kit (QIAGEN).
9. HBV core specific primer MF03 (ATGGACATCGACCCTTATAAAGAATTTG, spanning

HBV residues 1903–1929).
10. HBV core specific primer MF04 (CTAAGATTGAGATCTTCTGCG ACGCGG, spanning

HBV residues 2436–2412).
11. Taq polymerase (Perkin Elmer, Norwalk, CT).
12. DNA size marker: 100-bp DNA ladder (Promega, Madison, WI).
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13. RQ1 DNase 1 (Promega).
14. Qiamp DNeasy column (QIAGEN).
15. AmpliTaq Gold (Applied Biosystems, Foster City, CA).
16. DNAzol® (Molecular Research Center, St. Louis, MO).
17. TriReagent® (Molecular Research Center).
18. RNase Protection Assay Kit: RPAII (Ambion, Austin, TX) or RiboQuant® (Pharmingen,

San Diego, CA).
19. Competent cells: Max-efficiency DH5-� (Invitrogen).
20. QIAprep Spin Miniprep Kit (QIAGEN).
21. RNA Transcription Kit: MEGAscript™ kit (Ambion) or the RiboQuant® System (Pharmin-

gen).
22. pGEM plasmid (Promega, Madison, WI).

2.5. Reagents for Tissue Staining
1. Xylene (Fisher).
2. Gill’s Hematoxylin (GHS-2-16, Sigma).
3. Ammonium hydroxide (A6899 from Sigma).
4. Eosin-phloxine B (HT110-3-6, Sigma).
5. Permount (cat. no. 8310-4 from Stephens Scientific).
6. Trypsin (T-8003, Sigma).
7. Glycine (BP381-1, Sigma).
8. Acetic anhydride (A-6404, Sigma).
9. Triethanolamine (T1377, Sigma).

10. Hydrogen peroxide (H325-500, Fisher).
11. 50% formamide–2X SSC (T-7503, Sigma).
12. DIG-Nick Translation Kit (cat. no. 1745816, Roche, Indianapolis, IN).
13. Anti-digoxygenin antibody conjugated to horseradish peroxidase (HRP) (cat. no. 1207733,

Roche).
14. Diaminobenzidine (DAB, cat. no. K4011, DAKO, Carpinteria, CA).
15. Probe-on Plus (Fisher).
16. 10% neutral buffered formalin (Fisher).
17. Paraffin (Fisher).
18. Normal pig blocking solution (Sigma).
19. Fetal bovine serum (FBS, Sigma).
20. Primary antibodies:

Anti-HBs (DAKO)
Anti-HBc (DAKO)
Anti-CD3, clone 17A2 (BD Pharmingen, San Diego, CA)
Anti-CD4, clone GK1.5 (BD Pharmingen)
Anti-CD8, clone 53-6.7 (BD Pharmingen)
Anti-CD45R/B220, clone RA3-6B2 (BD Pharmingen)
Anti-Mac1, clone M18/2.a.12.7 hybridoma supernatant (ATCC, Manassas, VA)

21. Secondary antibodies:
Affinity-purified fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit Ig (Sigma)
FITC-labeled anti-rat Ig  light chain, clone MRK-1 (BD Pharmingen)
HRP-conjugated anti-mouse Ig (Accurate Chemical & Scientific, Westbury, NY)

22. Biotin-free Fc receptor blocker (Accurate).
23. 2% paraformaldehyde (Sigma).
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24. Colorimetric substrate: 20 mL of 0.05 M phosphate citrate buffer containing 0.014% hydrogen
peroxide, pH 5 (Sigma, cat. no. P-9305) mixed with one 15-mg tablet of o-phenylenediamine
dihydrochloride (OPD) (Sigma, cat. no. P-4664).

2.6. Other Materials
1. 100-mm cell culture dishes (Falcon, Fisher).
2. Ground-glass slides (Fisher).
3. ALT/GPT assay (ALT/GPT 50, Sigma).
4. Removawell Strip Holders (Fisher, cat. no. 6604).
5. Removawell strips (Immunolon 4, Fisher, cat. no. 6404).
6. Microtome blades (Accuedge, cat. no. 4689).

3. Methods

3.1. Construction of Transgenic Mice

3.1.1. Isolation of HBV Dimer DNA
The plasmid, pTKHH2, which contains a head-to-tail EcoR1 dimer of HBV DNA,

and is infectious in chimpanzees (29), was used for making transgenic mice.

1. pTKHH2 was partially digested with EcoR1 using increasing amounts of enzyme in separate
tubes. For this work, 30 �g of pTKHH2 plasmid DNA was added to 360 �L of TE buffer
along with 40 �L of 10X restriction enzyme buffer “H” provided by the manufacturer. The
assay was set up by transferring 60 �L of the DNA solution to each of nine Eppendorf tubes
in ice, adding 2 U of EcoR1 to tube 1, and after thorough mixing, transferring 30 �L of the
mixture to the next tube. This process was repeated serially through and including tube 8,
from which 30 �L is discarded. Tube 9 serves as an enzyme negative control. The digestions
were incubated for 1 h at 37°C, and then the enzyme was heat inactivated at 70°C for 15 min.

2. The HBV dimer was resolved by gel electrophoresis using low temperature melting agarose
(1% gels) in 1X TAE buffer at 2.5 V/cm.

3. The HBV DNA dimer (6.4 kb) was then visualized by ethidium bromide staining (0.5
�g/mL of ethidium bromide for 15 min), cut out, added to five volumes of TE buffer, and
melted at 65°C for 5 min. The released nucleic acid was recovered by adding an equal vol-
ume of phenol–chloroform–isoamyl alcohol, vortex-mixing, recovering the aqueous phase,
then reextracting the aqueous phase with an equal volume of phenol–chloroform, and finally
with chloroform alone. In these extractions, it is important not to collect the interface, if pos-
sible.

4. The aqueous phase was then transferred to a fresh tube containing 0.2 volume of 10 M
ammonium acetate, vortex-mixed, and then two volumes of ethanol added. Ethanol precipi-
tation was carried out at −20°C for 30 min, and recovered by microcentrifugation at full
speed. The pellet was rinsed with 70% ethanol, dried, and resuspended in the proper amount
(10–50 �L) of TE buffer.

3.1.2. Microinjections
The pTKHH2 insert was microinjected into eggs from two strains of mice at concen-

trations of 1 ng/�L and 5 ng/�L. Detailed protocols for the construction of these trans-
genic mice have previously been published (30,31). All microinjected embryos were
implanted into pseudopregnant Swiss Webster females.
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1. B6C3F1 and C.B.-17 SCID females were superovulated as described (30) and mated to
males of the same strains.

2. Twenty plugged B6C3F1 females released 674 eggs, 394 of which were fertilized and
microinjected; 264 fertilized eggs survived microinjection. Following overnight culture, 238
embryos were implanted, and 13 of 64 liveborn offspring carried the transgene.

3. In contrast, C.B.-17 SCID females were poor superovulators, with 118 plugged C.B.-17
SCID females releasing 1875 eggs, 690 of which were fertilized. C.B.-17 SCID fertilized
eggs were fragile; of the 637 microinjected, only 256 survived. Half of the embryos were
cultured overnight prior to implantation and half were implanted directly after microinjec-
tion. Of the 219 embryos implanted, only one of 15 liveborn offspring carried the transgene.
This single C.B.-17 SCID transgenic founder was the progenitor of all mice in the colony.

4. Founder mice (F0) were screened for the transgene by extracting whole cell DNA from tail
snips and performing Southern blot hybridization of undigested and EcoR1 digested samples
or by polymerase chain reaction (PCR) amplification (see Subheading 3.2.).

5. Mice scoring positive for the HBV transgene were tested for virus in blood (see Subheading
3.3.). Virus-positive animals were mated to C3H/SCID mice.

6. Virus-positive littermates were mated to each other to establish a transgenic colony. In addi-
tion, littermates that did not carry the viral transgene were also mated together to establish a
line of mice for use as virus-negative controls, hereafter referred to as nontransgenic litter-
mates.

3.2. Detection of the Transgene
1. Shortly after weaning (21 d after birth), mice were topically anesthetized with fluoromethane

spray at the ends of their tails, tail tips (0.25–0.5 cm) were then clipped and placed into 1.5-
mL microfuge tubes for further analysis. The cut tails on the mice were then cauterized.

2. Mouse tail tissue was minced, Dounce homogenized, treated with proteinase K, and then
extracted with phenol, phenol–chloroform, and chloroform in successive steps using the
QIAamp Tissue Kit (32). Additional details were supplied by the instructions provided by
the manufacturer.

3. DNA was recovered by ethanol precipitation in the presence of carrier tRNA, washed, and
redissolved in PCR reaction buffer. One microgram of extracted DNA was analyzed by PCR
(32 cycles at 95°C for 30 s; 52°C for 30 s; and finally 72°C for 1 min) utilizing HBV core
region specific primers MF03 and MF04 and 1.25 U of Taq polymerase, as previously
described (33,34) using a Hybaid Touchdown Thermocycler.

4. Ten-microliter samples of amplified products were analyzed by agarose gel electrophoresis
(1.0% gels containing 0.5 �g of ethidium bromide/mL) and run in 1X TAE buffer. Size
markers consisted of a 100-bp DNA ladder. The products were visually inspected under
ultraviolet light on a transilluminator and photographed using a Polaroid camera and w/667
film.

3.3. Detection of HBV DNA in Serum by PCR
1. Viral DNA in blood was detected by semiquantitative PCR. One hundred microliters of

blood, drawn from the retroorbital plexus of mice under isoflurane anesthesia, was collected
in a sterile 1.5-mL microfuge tube. When bleeding was performed more than once a month,
the alternate eye was chosen for each session. In each case, blood was allowed to clot, and
serum collected after centrifugation at 6610g for 10 min with a refrigerated microcentrifuge
set at 4°C.
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2. Twenty-five microliters of serum from each animal was RQ1 DNase 1 digested at 37°C for
30 min. The DNase was heat-inactivated (95°C for 10 min) and the samples digested with
proteinase K (0.1 mg/mL) at 37°C for 60 min in lysis buffer (AL buffer). Each sample was
processed through a Qiamp DNeasy column according to the manufacturer’s instructions
and eluted in 200 �L of nuclease-free water.

3. Semiquantitative PCR was conducted with 6-�L aliquots of isolated DNA template contain-
ing 10-fold dilutions of spike in competitive PCR reactions. The spike consisted of the same
sequence as in the virus PCR amplicon, except that it had an internal deletion of 120 bp,
which allowed the spike to be distinguished from the virus amplicon by gel electrophoresis.
For PCR amplification, 1.25 U of AmpliTaq Gold was added to each reaction mixture (5 �L
of 10X AmpliTaq Gold reaction buffer), 1 �L of MF03 primer (10 �M), 1 �L of MF04
primer (10 �M), 1 �L of dNTP mix (10 mM each NTP), 1 �L of spike (ranging from 101 to
107 HBV copies), 6 �L of mouse DNA sample, and 32.75 �L of PCR-grade water). The
tubes were heated at 95°C for 10 min in a Perkin Elmer 9600, and amplified for 40 cycles
under the following conditions: 95°C for 30 s, 52°C for 30 s, 72°C for 1 min. At the end of
the last cycle, the samples were incubated at 72°C for 8 min.

4. PCR products were separated by agarose gel electrophoresis (Fig. 1). Quantitation was
accomplished by conducting densitometry scans of a photographic negative image from an
ethidium bromide stained gel of lanes having equal amounts of amplified samples and spike
or by conducting Southern blot hybridization and scanning the appropriate bands. Negative
controls included conducting PCR in the presence of extracted nucleic acids from normal
mouse serum, in the absence of template, with an irrelevant template, or with irrelevant
primers. Sera from tail blot [+], virus [−] mice were used as additional negative controls to
exclude detection of the transgene within cells. A positive control consisted of amplifying
100 copies of the HBV DNA spike in a separate reaction tube.

3.4. Detection of Viral Replication in the Liver
1. Hepatic genomic DNA was extracted by mincing snap-frozen liver (250–500 mg) in 5 mL of

homogenization buffer, Dounce homogenizing the pieces (5–10 strokes), treating the
homogenate with proteinase K (0.1 mg/mL), and then extracting the DNA by addition of
phenol, as previously described (35–37). Alternatively, genomic DNA was also isolated
using DNAzol® according to the manufacturer’s directions.

2. Total RNA was isolated from liver tissue using TriReagent® according to enclosed instruc-
tions.

3. Twenty micrograms of purified DNA was resolved by agarose gel electrophoresis (1.5%
agarose gel containing 0.5 �g of ethidium bromide/mL) in 1X TAE buffer. In addition, 20
�g of purified total liver RNA dissolved in formaldehyde loading buffer was heated to 60°C
for 10 min, loaded onto a denaturing agarose gel (1.5% agarose gel containing 2.2 M
formaldehyde), and separated under electrophoresis in 1X MOPS.

4. Following electrophoresis, nucleic acids were transferred to positively charged nylon mem-
branes via pressure blotting (Turboblotter) and HBV replicative forms were probed with a
full-length HBV DNA probe (3.2-kb product of EcoRI digested pTKHH2 plasmid) radioac-
tively labeled with [32P]dNTP by random priming (38). DNA extracted from HepG2.2.15
cells, which support HBV replication (39), was used as a positive control for the presence of
HBV DNA replicative forms as well as viral transcripts, while DNA extracted from the
parental HepG2 cells (40) serves as a negative control. An example of intrahepatic HBV
DNA replicative forms, as detected by Southern blotting, is presented in Fig. 2A, while an
example of the major viral mRNAs, as detected by Northern blotting, is shown in Fig. 2B.
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3.5. Immunofluorescence
1. Liver tissues were fixed in 10% buffered formalin for at least 24 h, embedded in paraffin, and

sectioned using a microtome, and 5 �m thick sections were mounted on poly-L-lysine coated
slides (Probe-on Plus).

2. Slides were deparaffinized and incubated with (normal pig) blocking serum diluted 1:100 in
PBS for 20 min at room temperature.

3. Slides were washed twice for 5 min in PBS containing 0.5% fetal bovine serum, and incu-
bated with primary antibody (ranging from 1:50 to 1:2000 dilutions) for 1 h at room temper-
ature in a humidified hybridization chamber (plastic container with lid and wet paper
towels). The primary antibodies, anti-HBs or anti-HBc, were used according to enclosed
instructions. Anti-HBx was used according to published procedures (34). In brief, rabbit

Fig. 1. Example of quantitative PCR using a single serum sample. Extracted samples were sub-
mitted to PCR amplification using core region primers in the presence of decreasing amounts of a
spiked DNA, which was amplified by the same primers, but migrated faster (i.e., the lower band)
during agarose gel electrophoresis. Quantitation was based on gel scanning of Southern blots.

Fig. 2. Evidence for virus replication in the livers of HBV transgenic SCID mice. (A) South-
ern blot hybridization of whole cell DNA isolated from the liver of a nontransgenic mouse (lane
1), and from two transgenic littermates (lanes 2 and 3). The results show intrahepatic virus
replicative forms � 3 kb among the livers of mice with detectable HBV in serum. (B) Northern
blot analysis of virus RNAs from a nontransgenic SCID mouse (lane 1), and from two different
HBV transgenic SCID mice (lanes 2 and 3). The pregenomic RNA at 3.6 kb is characteristic of
virus replication. The other RNA at 2 kb encodes the HBsAg polypeptides.
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antisera was raised to three HBx synthetic peptides (LPAMSTTDLEAYFKDC, spanning
residues 99–115; VFKDWEELGEEIRLKVC, spanning residues 116–131; and DPSRDVL-
CLRPVGAESRGRP; spanning residues 10–29) (41). Previous results showed that anti-
100–115 worked well for the detection of HBxAg in tissue sections (42).

4. For secondary antibody, affinity-purified FITC-conjugated goat anti-rabbit Ig was added and
each slide was then incubated for 30 min at room temperature in the dark. Following three
washes, the slides were mounted, visualized using an epifluorescent microscope equipped
with a dual FITC/rhodamine or HiQ FITC filter and a digital camera. (See Note 1.)

3.6. Partial Hepatectomy
1. Transgenic mice and nontransgenic littermates were prebled and subjected to a 30–40% par-

tial hepatectomy (PH) (43,44). For PH, mice were anesthetized using ketamine (200 mg/kg)
and xylazine (10 mg/kg) delivered intraperitoneally.

2. The abdomen was shaved, thoroughly swabbed with betadine and an alcohol pad, and small
incisions (approx 2 cm) made through the skin and peritoneum.

3. Holding the mouse upright and applying gentle pressure to the abdomen with both thumbs
then exposes the right lateral lobe of the liver, which was held using sterile gauze. Hemoclips
were used for isolation and ligation of the liver lobe. The lobe was excised with sterile scis-
sors, taking care to leave liver tissue distal to the clip.

4. Following lobe removal it was cut in half using a scalpel and half placed in 10% neutral
buffered formalin. The remaining piece was placed in a specimen bag, snap frozen in liquid
nitrogen, and stored at −70°C.

5. Each incision (peritoneum and skin) was then closed with braided suture, and mice were
placed on paper towels on a heating pad set to low and allowed to wake up, at which time
they were returned to a cage. The recovery time was 1 wk to allow for complete regeneration
of the liver mass.

3.7. Splenocyte Preparation
1. After the donor mice were killed by cervical dislocation, whole spleens were aseptically iso-

lated by spraying the abdomen with 70% ethanol, making a left abdominal incision, and
peeling back the skin to expose the peritoneal cavity.

2. The spleen, visible through the peritoneum as a dark red organ on the upper left abdomen
just below the rib cage, was isolated through another incision made directly above the
organ. The spleen was removed with sterile scissors and forceps, taking care to remove
any connected fat, and immediately placed in 5 mL of sterile PBS in a 100-mm cell culture
dish.

3. A single-cell suspension of splenocytes was generated by grinding the spleen between the
ends of sterile ground-glass slides and passing the remaining clumps, containing connective
tissue and splenocytes, through a 1-cc syringe held against the bottom of the dish.

4. The remaining clumps (connective tissue only) were removed with sterile forceps, leaving a
splenocyte suspension that was counted and assessed for viability using trypan blue exclu-
sion. (See Note 2.)

3.8. Adoptive Transfer
1. Transgenic mice (�6 wk old) were adoptively transferred with normal splenocytes from

syngeneic donors (C3H/C.B.-17 F1) by a single tail vein injection. For adoptive transfer,
recipient mice were placed under an infrared heat lamp set at intensity level 5 for 30 s to
dilate the tail vein.
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2. Mice were then immobilized in the barrel of a 50-mL centrifuge tube or a tail vein injection
apparatus (wedge-type) and immediately injected intravenously in the tail vein with 0.5 mL
of splenocyte cell suspension using a 1-cc syringe fitted to a 27-gauge needle. The entire
injection volume should be delivered in approx 20 s. The dose of splenocytes administered
was dependent on the desired disease state, with 1 × 107 generating chronic hepatitis and 5 ×
107 generating an acute disease.

3. Another group of transgenic mice was injected with an equal volume of saline (negative control).
4. Groups consisting of nontransgenic littermates adoptively transferred with normal spleno-

cytes were analyzed in parallel (negative control).
5. Serial serum samples were collected weekly and assayed for HBV by quantitative PCR

(Fig. 1).
6. Mice were killed at 35 wk following adoptive transfer and livers removed for further analy-

sis. Immunofluorescent staining of liver samples obtained at the time of PH and at 35 wk
post-adoptive transfer showed that adoptive transfer resulted in a partial clearance of viral
antigens from the liver (Fig. 3). Adoptive transfer also resulted in the clearance of HBsAg
and viral DNA from serum, as well as the appearance of viral antibodies (Fig. 4), suggesting
the priming and appearance of antiviral immune responses following adoptive transfer.

3.9. Measurement of Alanine Aminotransferase (ALT)
1. ALT levels were determined in fresh serum samples by measuring enzyme activity in a com-

mercial kit (ALT/GPT 50) with a protocol adapted for analysis of smaller volumes. In brief,
freshly isolated serum (10 �L) (see Subheading 3.3.) was mixed with ALT reagent (100 �L)
and incubated in a 30°C water bath for 1 min.

2. The change in absorbance [�A] was measured every 30 s for 90 s at 340 nm in a spec-
trophotometer.

3. ALT activity was determined as follows.

ALT (U/L)= �A per minute × Total volume (0.11 mL) × 1000
6.22 × Light path (1 cm) × Sample volume (0.01 mL)

3.10. Assessment of Immune Reconstitution
1. After the adoptively transferred transgenic and nontransgenic littermates and saline injected

transgenic SCID mice were killed, spleens were removed under sterile conditions (see Sub-
heading 3.7.) and splenocytes resuspended in sterile PBS supplemented with 5% FBS at 1 ×
107 splenocytes/mL.

2. Aliquots of 100 �L (containing 1 × 106 cells) were processed for quantitation of immune cell
reconstitution by flow cytometry using antibodies to cell surface markers (see below). To
eliminate potential nonspecific binding of detection (fluorochrome-labeled) antibodies to Fc
receptors on B cells, natural killer cells, macrophages, and so forth, splenocytes were treated
with biotin-free Fc receptor blocker using 0.3 mL/106 cells for 10 min at room temperature.
Splenocytes were then washed twice in PBS wash (see Subheading 2.5.).

3. Individual cell subsets were identified using rat primary monoclonal antibodies specific for
mouse cell surface molecules (CD3, CD4, CD8, CD45R/B220, and Mac1) and FITC-labeled
anti-rat Ig  light chain. Purified primary antibodies were diluted (1:100) in PBS wash and
hybridoma supernatant was used neat to label splenocytes (0.3 mL/106 cells) at room tem-
perature for 30 min.

4. The cells were then washed twice in PBS wash and incubated with FITC-labeled secondary
antibody (diluted 1:100, 0.3 mL/106 cells) in the dark for 30 min at 4°C.
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Fig. 3. Patterns of HBsAg gene expression in the liver of a transgenic mouse prior to (A) and
35 wk after (B) adoptive transfer of 1 × 107 unprimed, syngeneic splenocytes. Prior to adoptive
transfer, liver material was obtained by PH. Similar decreases in the expression of HBcAg and
HBxAg were also noted in the same mice (data not shown). The results suggest that adoptive
transfer results in in vivo priming of cell-mediated immune responses against virus antigens.

Fig. 4. Development of the host–virus relationship following adoptive transfer. The panels
show virus serology and the course of liver disease in two transgenic mice injected with 1 × 107

normal, syngeneic splenocytes at wk 0. ALT was measured by a commercial kit (Sigma) and
HBV DNA by quantitative PCR. HBsAg, anti-HBs, and anti-HBc were measured by adaptations
of commercially available assays (Abbott) while anti-HBx and anti-pol were measured by
ELISAs developed in the laboratory (see Subheading 3.11.). The results show the development
of virus antibodies, spikes of liver enzymes, and intermittent appearance of HBV DNA, as in
chronic human infections.
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5. Following antibody treatments, splenocytes were stabilized by fixation in 0.5 mL of 2%
paraformaldehyde in PBS–5% BSA and stored in the dark at 4°C until processing. Flow
cytometry was performed in the cytometric analysis core facility of the Kimmel Cancer Cen-
ter at Thomas Jefferson University.

3.11. Detection of Circulating Viral Antigens and Antibodies
ELISA was utilized to detect serum HBV antigen and antibody levels. Ninety-six-

well plates, consisting of Removawell Strip Holders and Immunolon 4 Removawell
strips, were used for this work.

1. To detect virus-specific antibodies, each well was coated with virus-specific peptides made by
solid phase peptide synthesis. For coating, each well received 1 �g of one or more synthetic
peptides dissolved in 50 �L of PBS, pH 7.4, containing 10% FBS. Plates were wrapped with
parafilm to prevent evaporation and stored at 4°C overnight.

2. Alternatively, to detect virus specific antigens, commercially available anti-HBs was diluted
in PBS–FBS, and used to coat wells, as outlined above.

3. Control plates were also processed in parallel by coating with PBS–FBS in place of the viral
antigens or antibodies to control for nonspecific binding.

4. Following overnight incubation, all wells were washed seven times with PBS at room tem-
perature using a Nunc 12-port Well Washer to remove unbound proteins.

5. Serum samples (5 �L) from experimental transgenic and nontransgenic mice were diluted
1:10 in PBS–FBS, applied in triplicate to the coated and control plates, and then incubated at
4°C for 30 min.

6. Following incubation, wells were washed seven times with PBS and then incubated with sec-
ondary antibody for 60 min at 37°C. For HBsAg detection in serum, the secondary antibody
was HRP-conjugated anti-HBs diluted 1:2500 in PBS–FBS, while for virus antibody detec-
tion, HRP-conjugated anti-mouse-Ig was used.

7. Wells were again washed seven times with PBS to remove unbound antibody. Fifty micro-
liters of freshly prepared colorimetric substrate was then added to each well and allowed to
develop for 5–15 min.

8. Plates were read spectrophotometrically at 450 nm on a Dynatech ELISA Plate Reader at 5-,
10-, and 15-min time points. A sample was considered positive if the OD was greater than
the mean plus two standard deviations above the negative controls, which were serum sam-
ples from nontransgenic mice. Positive serum samples were derived from human HBV carri-
ers. These assays were used to characterize the host–virus relationship that developed
following adoptive transfer (Fig. 4).

3.12. Liver Pathology
Hematoxylin and eosin staining was utilized to analyze liver pathology following

immune reconstitution as previously described (46).

1. Tissues were processed by fixation in 10% phosphate-buffered formalin, embedded in
paraffin, and 5 �m sections prepared on the microtome using low-profile disposable
blades.

2. Tissue sections were then floated on a lighted water bath at 45°C, the sections captured on
poly-L-lysine coated slides (Probe-on Plus), and allowed to air-dry.

3. Sections were deparaffinized in xylene by immersing the slides in xylene for 5 min. This step
was then repeated with fresh xylene.
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4. Rehydration was carried out by immersing the slides in 100% ethanol for 5 min, and the step
then repeated with fresh ethanol. Rehydration was continued in 95% ethanol (once for 5
min). then in 85% ethanol (once for 5 min), and finally in running tap water for 5 min.

5. Staining was carried out with Gill’s hematoxylin for 1–2 min, and the slides then washed in
tap water for 5 min. Slides were then incubated in 0.25% ammonium hydroxide for 10 s,
washed in running tap water for 5 min, and counterstained by immersion into eosin–phlox-
ine B solution for 45 s (46).

6. Sections were dehydrated sequentially through alcohol to xylene (85% ethanol for 5 min,
95% ethanol for 5 min, twice in fresh batches of 100% ethanol for 5 min each, and finally by
two incubations in fresh xylene for 5 min each).

7. Sections were then mounted with Permount and then protected by a cover glass before view-
ing by standard light microscopy.

3.13. RNase Protection Assay (RPA) for HBV RNA
Total liver RNA was isolated using TriReagent (see Subheading 2.4.). The RPA

(47–50) was conducted using commercially available kits according to enclosed
instructions.

1. In brief, antisense probes were produced by directionally cloning fragments of the HBV
genome, spanning the HBx, HBpol, HBc, or HBs region, into pGEM plasmids between the
Sp6 and T7 phage polymerase transcription initiation sites. These recombinant plasmids were
then used to transform competent bacteria in accordance with the manufacturer’s protocol.

2. Following transformation, competent cells were used to seed 10-mL sterile LB media con-
taining ampicillin (100 �g/mL), and cultured overnight at 37°C in a bacterial shaker. Plas-
mids were isolated and purified from the cultured cells using the QIAprep Spin Miniprep
Kit. Other antisense probe template sets specific for mouse cell surface molecules and
cytokines were custom designed and obtained from commercial sources (PharMingen).

3. The 32P-labeled sense or antisense RNA probes were produced by transcription from one or
the other polymerase start sites with [32P]UTP at 30°C for 16 h using an RNA transcription
kit according to enclosed instructions (51–54).

4. The labeled antisense probe was mixed with 20–25 �g of total liver RNA and precipitated by
the addition of five volumes of ethanol and pelleted by microcentrifugation (16,000g at 4°C).

5. Pellets were resuspended in hybridization buffer supplied in the RPA kits and denatured at
90–95°C for 5 min in a heat block. Hybridization was conducted for 16–22 h at 50°C in a
cabinet-type incubator.

6. Following hybridization, the samples were supplemented with 60 �L of RNase digestion
buffer (RDB; supplied in RPA kits) without RNase and incubated at 15°C for 30 min in the
cabinet-type incubator. Samples were then treated with 40 �L of a mix of RNase A–T1 (sup-
plied in RPA kits) diluted in RDB (1 �L of RNase A/T1: 39 �L of RDB per sample) and
incubated at room temperature for 60 min. to digest unprotected RNA.

7. RNase was inactivated and protected RNA fragments were precipitated in one step by the
addition of RNase inactivation/precipitation buffer. Pellets were resuspended in gel loading
buffer and subjected to 5% polyacrylamide gel electrophoresis in 1X TBE running buffer.

8. Gels were applied to TBE prewetted Whatman filter, desiccated with a gel dryer system
equipped with a liquid trap, wrapped in plastic wrap, and exposed to X-ray films for 5–48 h
at −80°C using autoradiographic cassettes without intensifying screens. X-ray films were
developed using an automated developer system.
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9. The RPA was also carried out with RNA isolated from HepG2.2.15 cells (39) (positive
control) and from parental HepG2 cells (negative control). For quantitation, the RPA kit
provided a probe for �-actin, which was in the same reaction mixtures as the HBV
probes. Accordingly, quantitation was carried out by scanning of the autoradiographic
images (Canon Scanner linked to a Hewlett–Packard desktop computer), where the inten-
sity of the viral RNA band was compared to the intensity of the �-actin RPA product on
the same gel using densitometry software (Scion Corporation, www.scioncorp.com). An
example of an RPA conducted prior to and 35 wk after adoptive transfer is shown (Fig.
5).

3.14. In Situ Hybridization (ISH)
1. Liver tissues were fixed in 4% paraformaldehyde solution, embedded in paraffin, and 5 �m

thick sections mounted on poly-L-lysine coated slides.
2. Slides were deparaffinized by immersing in xylene and hydrated through a graded alcohol

series (100, 90, and 75% ethanol) for 10 min each followed by three washes in PBS for 10
min each.

3. Sections were treated with 0.2 N HCl for 20 min to denature protein, and then permeabilized
with 0.1% trypsin for 10 min at room temperature. Protein digestion was stopped by addition
of 2 mg/mL of glycine for 30 s.

4. Slides were treated again with 4% paraformaldehyde solution for 5 min and washed with
PBS. Background was reduced by acetylating samples with 0.25% acetic anhydride in 0.1 M
triethanolamine for 10 min, and then washing with 2X SSC.

5. Slides were then dehydrated through 50, 75, 90, and 100% ethanol baths for 10 min each and
finally air-dried.

6. Endogenous peroxidase was inactivated by treatment with 3% hydrogen peroxide for 10 min
followed by air-drying.

7. Slides were rinsed in water and prehybridized with 50% formamide–2X SSC for 1 h.
8. Hybridization was carried out in hybridization buffer containing 1 �g/mL of HBV genomic

DNA probe labeled with digoxygenin in the DIG-Nick Translation Kit. The mixture was
heated to 95°C for 10 min, placed on ice for 5 min, and 20 �L added to each section.

9. The samples were covered with a plastic coverslip and incubated overnight at 42°C in a
humidified chamber (covered glass jar with water at bottom).

10. The slides were then washed as follows: 2X SSC for 20 min at 22°C , 1X SSC for 20 min at
42°C , and finally 0.5X SSC for 10 min at 50°C.

11. An HRP-conjugated anti-digoxigenin antibody, was diluted 1:40 in 0.05 M Tris-HCl, pH 7.6,
containing 0.15 M NaCl, and then applied to the liver sections for 60 min.

12. HBV DNA/RNA nucleic acids in the section were then detected by incubating the section
for 1–10 min in 1 mM DAB. Sections were then counterstained lightly in hematoxylin,
mounted with Permount under a coverslip, and viewed through a light microscope (with ×10,
×20 and ×40 ocular lenses) equipped with a 35-mm camera for photo documentation.

13. Negative controls included conducting ISH with no probe or an irrelevant probe, perform-
ing ISH after the pretreatment of tissue sections with RNase, or performing ISH on liver
sections from normal (nontransgenic) mice. Positive controls include performing ISH on
mouse liver epithelial cells stably transfected with full-length HBV DNA or liver from
human HBV carriers.



284 Feitelson et al.

4. Notes
1. To calibrate antibodies for immunofluorescence, staining with different dilutions of viral

antibodies was carried out on liver sections from nontransgenic mice to control for nonspe-
cific sticking. The lowest dilution for each antibody that yielded no background color on
virus-negative livers was then used for staining livers from transgenic mice. The specificity
of the signal obtained in livers from transgenic mice was determined further by asking
whether an immunofluorescent signal in a tissue sample was blocked by preincubation of the
primary antibody with an excess (25 �g) of corresponding antigen for 1 h at 37°C prior to
staining. In addition, liver powder prepared from uninfected mouse liver (43) should not
block the signal, while staining of transgenic mouse livers with preimmune sera at the same
dilution and under the same conditions as the primary antibody should not result in any sig-
nal.

2. A typical splenocyte yield from 8- to 16-wk old mice ranged from 1.5–2 × 108 cells with a
�98% viability.
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The Chimpanzee Model

Contributions and Considerations for Studies of Hepatitis B Virus

Pascal Gagneux and Elaine A. Muchmore

1. Introduction
Efforts to control the global pandemic of human hepatitis B virus (hHBV) infection

have been hampered by incomplete understanding of viral–host interactions in this dis-
ease. This situation has been confounded by the fact that hHBV has a limited host range
and cannot be propagated in simple cell culture (1). Reproducible experimental infec-
tion with determination of infectivity was demonstrated in chimpanzees (Pan
troglodytes), but not other primates (2–4), long before other animal models such as the
woodchuck were identified. After successful inoculation of chimpanzees was reported
in 1972, multiple institutions, including a multigroup collaboration between the FDA,
CDC, and NIH, initiated studies to evaluate them as a model for the study of HBV. For
the majority of studies only chimpanzees “with no prior exposure” to virus were used
because those with positive serology [either from exposure to hHBV or chimpanzee
HBV (chHBV)], with an estimated prevalence of 3–6% in Africa (5), were not repro-
ducibly susceptible to infection (3). It has been widely reported that the effects of HBV
infection in chimpanzees are milder than in humans, that is, few have developed fulmi-
nant hepatitis, and inoculated chimpanzees exhibit few symptoms or signs of infection.
Furthermore, the incidence of chronic infection with HBV (see Table 2) and horizontal
and vertical transmission (from mother to offspring) in chimpanzees is lower than in
humans (6,7). Chimpanzees have been the cornerstone of all research on infectivity of
HBV and safety and efficacy of vaccines.

Chronic HBV infection occurs in approx 5% of experimentally infected chim-
panzees, defined as persistence of hepatitis B surface antigen (HBsAg) for � 12 months
(approx 2⁄3 clear HBsAg between 6 and 12 months of infection) (8). Liver biopsies of
chimpanzees with chronic HBsAg have never been reported to have more severe abnor-
malities than mild persistent hepatitis (8–11), but we were unable to find published
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reports of liver biopsies performed later than 36 mo after inoculation with HBV, and
found few reports of chimpanzees with chronic infections of unknown source (12–14).
Likewise, liver biopsies performed since 1972 have not been reexamined for the pres-
ence of covalently closed circular DNA (cccDNA) or integrated HBV-DNA, indicative
of the chronic carrier state, in hepatocytes. In addition, other tissues that could harbor
HBV (15), such as lymphocytes (9–11) and splenic tissues (16), are generally not avail-
able from these animals. Thus, it has not been possible to make histological and molec-
ular comparisons between humans and chimpanzees with either serologically resolved
or chronic infections. This information would be particularly interesting because of the
demonstration by Penna (17) of the persistence of cccDNA in hepatocytes of humans
with apparently “resolved” infections, which indicates that HBV can persist at low lev-
els chronically, even in the absence of traditional serological markers. These issues raise
questions about the utility of the chimpanzee model to predict the outcome of chronic
infection, including cirrhosis and hepatocellular carcinoma, and the long-term efficacy
of currently available treatments and vaccines. In addition, the only reported cases of
hepatocellular carcinoma in chimpanzees involve two animals that had been experi-
mentally infected with hepatitis C virus (18).

This chapter recounts the history of HBV studies in chimpanzees and explains the
importance of the chimpanzee model to the study of human HBV disease and to HBV
vaccine development, comparing and contrasting both host and viral factors, and revis-
iting the potential issues about the utility of this model for future research in the area.

2. Appreciation of Multiplicity of Infectious Agents Capable of Causing
Hepatitis in Chimpanzees

Hepatitis of apparent viral origin in nonhuman primates was first described many
years before HBV was identified in 1966 (19). There are reports in the 1930s and 1940s
of jaundice following parenteral administration of blood products (19) or injection of a
yellow-fever vaccination prepared in Rhesus monkeys (20). Between 1958 and 1960
there were multiple reports of primate-related spontaneous hepatitis (approx 26 clusters
involving at least 106 veterinary personnel), associated primarily with exposure to
chimpanzees rather than other primates (20), with as many as 43% in some groups
infected (e.g., workers at Holloman Air Force Base [21]). It was rapidly recognized that
infected workers had handled chimpanzees newly arrived from Africa, indicating that
the chimpanzees had only recently contracted the illness, as none of the chimpanzees
quarantined for longer than 3 mo showed evidence of hepatitis. Microbiological analy-
sis of stool, urine, and sera demonstrated that many of the infected chimpanzees had
become ill with viruses such as reo-1, polio-1, ECHO-8, adenovirus 14 and 17, and an
“unknown” type. This raised the question of whether chimpanzees, known to have
occasionally been inoculated with pooled human sera after capture by animal dealers to
protect them from development of human infections (21), had, in fact, developed sig-
nificant infectious sequelae to this practice. The “unknown” infectious agent(s)
remained elusive, but it was clear that there was both intercage transmission and trans-
mission to veterinary personnel, indicating that fecal–oral transmission of what was
later identified as hepatitis A virus (HAV) was most common in this period.
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One chimpanzee at the Delta Regional Primate Research Center developed fulmi-
nant hepatitis 1 mo after arrival at the facility and two workers developed significant
hepatitis, 4 and 7 wk after that chimpanzee became ill (20). Both humans and the chim-
panzee had “unusual” liver histology, consistent with “acute yellow atrophy.” Although
this may have been an infection with HBV, this was not confirmed. In another early
study (22), three of six chimpanzees inoculated with human serum from inhabitants of
the Willowbrook State School (New York) developed evidence of hepatitis; although
this serum may have contained more than one hepatotropic virus, HBV was later iden-
tified to be endemic in this population. The first case of documented transmission of
HBV from chimpanzee to human was reported in 1970 after a cross-circulation experi-
ment between a young girl and a chimpanzee positive for HBsAg (23). The specific
medical history of the infected chimpanzee was not included, so the source of HBV is
unknown. In 1972, Maynard demonstrated that serologically negative chimpanzees
could be infected with serum derived from humans infected with HBV (3). The issue of
whether apes could represent a reservoir for the human infection was briefly addressed
but the prevailing attitude was that all chimpanzees serologically positive for HBV had
been infected by human viruses prior to their arrival at research facilities.

One of the confounding factors to discriminate between incidence and prevalence of
HBV and other forms of hepatitis in the natural habitat is that the vast majority of cap-
tive chimpanzees arrived in the United States with poor records, if any at all. Similarly,
the precise geographic origin of the animals was unknown. In addition, all animals were
treated as belonging to the same population. Based on recent population genetic sur-
veys, it is now clear that some chimpanzee populations have been separated for long
evolutionary periods (24), and that when using these animals for biomedical studies, it
may be relevant to identify the geographical origin of the animal (25, 26).

The assignment of chimpanzees currently in NIH facilities (230 founder animals)
into one of the four possible subspecies based on sequencing of mitochondrial DNA is
still incomplete (Ely and Gagneux, unpublished observations). Preliminary results sug-
gest that the vast majority originate from western Africa (West of the Niger River), but
a smaller number of animals were also imported from central and East Africa, e.g.,
imported from Cameroon (21) and Rwanda (27).

3. Use of Chimpanzees for HBV Research
Early studies of hepatitis involved large groups of humans (U.S. armed forces

recruits) and many individuals who would today not be considered suitable candidates
for human research because of ethical considerations, such as children at institutions for
the mentally ill (e.g., the Willowbrook State School) (28). Subsequently efforts to
develop animal models were undertaken.

Although there were multiple reports of chimpanzees positive for HBV on arrival to
captive facilities (Table 1), it was soon appreciated that serologically negative animals
were susceptible to HBV infection. Maynard reported that as many as 55% of captured
chimpanzees had HBV antibodies (3), and two animals that did not were susceptible to
infection with a 1:10 dilution of human serum containing HBsAg. Several groups
expanded these observations to demonstrate that most serologically negative chim-
panzees are susceptible to experimental inoculation with HBV (3,4,29).
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Chimpanzees selected for experimental studies were all negative by serologic assay
to HBV and had no known exposure to blood, blood products, or plasma derivatives. In
many cases liver enzyme assays and liver biopsies were performed to qualify the ani-
mals as noninfected. Radioimmunoassays were widely used after the mid-1970s and
significantly improved detection levels. However, it is now known that none of these
selection criteria rule out previous infection because infectious episomes can be
detected in hepatocytes in humans serologically negative for HBV (17,30,31).

Apart from polio vaccine safety and other studies done on 300–400 chimpanzees at
Lindi Camp near Stanleyville in the Belgian Congo in the 1950s, which included pre-
liminary studies by Deinhardt and colleagues on hepatitis, HBV research was the first
large-scale application of the chimpanzee in biomedical research (32).

The reaction of chimpanzees to inoculation with human serum positive for HBsAg
varied between animals, but appeared to be consistently milder than in humans (4,8,29).
Despite the inoculation of hundreds of animals, the first cases of confirmed fulminant
HBV infection were reported in 1993 (33). Antibody production, changes in liver
enzyme values, and changes in hepatic tissue architecture have been clearly docu-
mented and appear to follow a time course similar to that in humans. Transmission stud-
ies, reinfection, and combined infection (superinfection) with more than one
hepatotropic virus have been carried out. In addition to their importance to the study of
infectivity of HBV and in HBV vaccine safety and efficacy trials, the use of chim-
panzees was instrumental in the identification of hepatitis C virus (HCV) (34).

4. Safety Testing (the “Chimpanzee Assay”)
The reproducibility of infection and its temporal sequence in chimpanzees made it

possible to use chimpanzees as an “assay” for the presence of HBV in human serum and
serum-derived products, such as immunoglobulins and clotting factors. Between 1980
and 1993 multiple methods for decreasing infectivity of serum were reported, each of
which used chimpanzees in traditional experimental format, with some animals serving
as control (untreated product) and others receiving the treated product or, alternately,
treated animals serving as their own controls. These studies were pivotal for reducing

Table 1
HBV Prevalence Studies of HBV in Newly Captured Chimpanzees Housed in U.S.
Facilities

Positive/surveyed HBsAg HBV antibodies Site

1969 (117) 3/62 Holloman AF base,
LEMSIP

1971 (118) 6/97 29/97 Phoenix Labs
1972 (119) 46/81 Holloman AF Base
1980 (120) 2/82 24/82 Southwest Foundation

All studies used serological methods for the detection of antibodies, but not all assayed for the pres-
ence of viral antigen. No retrospective analysis of these specimens has been performed to discriminate
whether the infectious agent was chHBV or hHBV.
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viral contamination of blood and serum products, and for determining the activity of
serum proteins after various treatments. Specific agents tested included antibodies to
HBV (35,36), ultraviolet irradiation (37), urea/formalin treatment of human sera (38),
Tween-80 treatment (39), a combination of Tween-80–propiolactone and UV irradia-
tion (40,41), chloroform (42), Tween-80–20% ether and cold (4°C) treatment (43), glu-
taraldehyde (44), heat treatment (45,46,47), ion exchange treatment (48), photochemical
treatment (49), and disinfectants (two quaternary and one phenolic) (50). Later, when
the polymerase chain reaction (PCR) became widely used, it became the preferred
method for detection of HBV contamination.

Chimpanzees were also used to assay the presence of trace amounts of HBV in vac-
cine lots. Chimpanzees born in captivity to mothers serologically negative for HBV
were the principal animals used until the U.S. moratorium on breeding in captivity
came into effect in 1998. Despite improvements in the sensitivity of assays for markers
of HBV, it is now recognized that an indeterminate number of animals must have
escaped detection as a result of false negative assay results.

5. Experimental Inoculation of Chimpanzees with HBV
The earliest studies (Table 2) demonstrated that infectivity was related to both dose

and serotype of HBV; inocula were diluted in fetal calf sera serologically negative for
HBV. Later reports described neither the serotype nor precise source of HBV, so it is
possible that the inocula for many of the experiments could have contained more than
one hepatotropic virus. Infectivity of HBV inocula was calculated by the Reed–Muench
method (8) and a high percentage of infected animals were achieved using an inoculum
of 107–108 CID50 (chimpanzee infectious doses)/mL for subtypes adw, ayw, adr, and
100–103 CID50 for 1 yr (4). Interestingly, no such differences in infectivity were appar-
ent in the human host. There was a roughly inverse relationship between the amount of
virus inoculated and the time to appearance of HBsAg in chimpanzees, with some
serotypes exhibiting more reproducible incubation times than others. The longest incu-
bation time was 19 wk, which was comparable to infections in humans.

Animals successfully infected have typical biochemical, serological, and histologi-
cal patterns of mild type B hepatitis and responses are not distinguishable based on viral
subtype. Barker (29) reported that 27/29 chimpanzees developed HBsAg, which per-
sisted in 2/29; antibodies to HBsAg were detected in 24/29 and antibodies to HBcAg in
23/29. As can be seen, and calculated from Table 2, the rate of infection of susceptible
chimpanzees is approx 80–90%, with variation probably based on viral titer of inocula,
as early studies reported complete susceptibility to infection of seronegative chim-
panzees (3,51). This rate of infectivity is similar to that reported in human populations
with endemic infections, such as the Willowbrook School population, where 90% of
children housed at the center for 3–5 yr had detectable antibodies to HBV (52). Kara-
sawa et al. (9–11) and others have carefully documented histologic features of mild
hepatitis. Notably, there have been no reports of hepatocellular carcinoma in HBV-
inoculated chimpanzees. Of the more than 150 chimpanzees reportedly infected with
HBV from various sources (Table 2), detection of chronic HBsAg in serum, using stan-
dard serologic assays, has occurred in � 5% of cases, or 5 of �150 reported [one addi-
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Table 2
Infectivity Studies of Chimpanzees Previously Unexposed to HBV or to Human Serum Products

Histologic changes Persistence 
Date No. HBV type Route HBsAg HBsAb of hepatitis of HBsAg F/U

1962 (32) 6 WB serum IP NR NR 3/6 NR 2 mo
(?MS-2 strain)

1972 (3) 2 hHBV-plasma IV 1/2 2/2 0/2 0/2 �1 yr
1973 (4) 6 hHBV-plasma SQ 5/6 5/6 2/5 0/6 20–44 wk

(NIH) and partially 
purified plasma (SQ)

1973 (5) 3 Serum from IV 1/3 1/3 NR NR 6 mo
hemophiliac with
chronic HBV

1974 (121) 8 hHBV (MS-2) and IV 8/8 6/8 NR 1/8 2 yr
chimp serum from
infected chimps

1974 (122) 4 HBV IV 3/4 3/4 3/4 0/4 6 mo
1975 (123) 6 HBV + IV 6/6 (one 4/6 6/6 2/6 treated 13 mo

cytoxan spontaneous with cystoxan 
infection) during primary 

infection were 
positive at death 
at 11 and 42wk

1975 (51) 12 NIH plasma IV 9/12 12/12 8/12 2/12 NR
pool, MS-2 
strain

1975 (124) 2 MS-2 strain IV 2/2 2/2 2/2 0/2 9 mo
1975 (29) 34 hHBV: 4 IV 27/34 29/34 23/29 1/34 7–16 mo

serotypes; ayw strain 
was MS-2
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1977 (125) 4 HBV-saliva, semen IV 2/4 2/4 2/4 NR 6 mo
1977 (126) 7 Serum with HBeAg IV 4/4 1/3 NR NR NR

or anti-HBeAg
1977 (127) 1 hHBV+ SQ IV 1/1 1/1 0/1 0/1 6 mo

and IV ethanol
1979 (128) 3 hHBV IV 3/3 3/3 NR 0/3 22 mo
1979 (129) 1 HBV human plasma IV 1/1 1/1 0/1 0/1 1yr
1979 (130) 1 hHBV (pooled serum) IV 1/1 NR NR — 9 mo
1980 (131) 9 hHBV, multiple sources IV 8/9 9/9 NR 1/9 �2 yr
1980 (76) 7 JHB 001 hHBV IV 7/7 7/7 7/7 1/7 3 yr
1982 (132) 1 huHBV (plasma) corneal 1/1 NR NR NR 9 wks
1982 (133) 1 HBV2,6,14; cloned IV,IM,IH 1/1 1/1 0/1 0/1 1 yr
1985 (134) 8 Varied sequences, IV,IP 3/6 3/6 3/6 ND 1 yr

routes of inoculation
1985 (8) 6 JHB001 IV 6/6 6/6 5/6 0/6 �2 yr
1986 (135) 3 hHBV variants (hu sera + IV 4/4 4/4 4/4 0/4 1 yr

anti-HBc, anti-HBe,
-HBsAg)

1987 (136) 2 Media from  HEPG2 IV 2/2 1/2 2/2 1/2 NR
cells transfected with HBV

1988 (137) 1 Media from HEPG2 IV 1/1 NR 1/1 NR NR
cells transfected
with HBV

1988 (138 2 Plasma from IV 2/2 2/2 1/2 0/2 8 mo
HBsAb- (2/2 by
negative patients PCR)

1990 (139) 1 Media from rat hepatoma IV 1/1 1/1 NR 0/1 8 mo
cell line transfected
with HBV



Table 2
Infectivity Studies of Chimpanzees Previously Unexposed to HBV or to Human Serum Products

Histologic changes Persistence 
Date No. HBV type Route HBsAg HBsAb of hepatitis of HBsAg F/U

1990 (30) 1 hHBV from serologically IV 1/1 1/1 0/1 PCR + 17 mo
negative, PCR 
+ individual

1993 (33) 3 hHBV mutated in IV 3/3 3/3 NR 0/3 1yr
pre-core region

1997 (140) 6 hHBV, Arg- IV 5/6 5/6 ND 0/6 24 wk
Gly at codon 145 S

2001 (73) 3 Serum/lymphocytes IV 0/3 (by PCR) ND ND ND 55 wk
from patients
HBV DNA + 
by PCR, HBsAg-

Total 154

As explained in the text, the preinoculation history of most captive chimpanzees was limited. The rate of infectivity was �80%, as determined by detection
of viral antigen and antiviral antibodies. Many studies did not examine liver histology, but those that did reported changes consistent with mild hepatitis. A cal-
culation of percentage of infected animals that develop chronic infections is difficult because duration of follow-up was extremely limited, in most cases less
than the 12 mo required for viral clearance in chimpanzees. NR indicates not reported.
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tional case was detected using PCR in a serologically negative animal (30)]. This per-
centage of chronically infected chimpanzees remains constant even if the calculation is
restricted to animals followed for longer than 1 yr, which is the minimum follow-up
required to ensure that spontaneous clearance of HBsAg has not occurred (8).

Infection with more than one hepatotropic virus has been reported to be associated
with altered response to infection with HBV (53,54). Brotman et al. (55) reported that
chimpanzees inoculated with “standard” doses of HBV have 100% antigenemia with
HBsAg (18/18), with 15/18 having at least one abnormal alanine aminotransferase
(ALT). However, simultaneous exposure to non-A, non-B, and HBV in seven animals
yielded milder results: five of seven developed HBsAg, in each case with a greatly
delayed onset, and three of seven had only borderline ALT abnormalities. Kos et al. (56)
demonstrated decreased levels of HBV in a chronically HBV-infected chimpanzee
inoculated with HDV. However, Dienes et al. (14) reported that chronic HBV carriers
experimentally infected with either HAV or non-A, non-B agents developed more
severe disease than infected native animals. This indicates that the number of animals
that have been experimentally (knowingly) infected with more than one hepatotropic
virus is too low to allow definite conclusions.

6. Reinfection of Chimpanzees with HBV
The presence of detectable antibodies to HBV was found to be associated with resis-

tance to experimental reinfection with HBV. In 1974, Wilson and Logan (57) reported
two chimpanzees with low antibody titers to HBV who did not develop detectable cir-
culating HBsAg after injection of highly infectious serum; in fact, antibody titers
increased substantially. In 1975, Maynard et al. (51) reported that chimpanzees rein-
fected with HBV of a different serotype did not develop hepatitis. Furthermore, Trepo et
al. (58) demonstrated the presence of Arthus reactions in 7/7 animals with measurable
anti-HBV that had been immunized 1 yr earlier. These observations formed the basis for
vaccine development. Early studies demonstrated that immune function was directly
related to outcome of infection. Wilson reported a chimpanzee treated with cyclophos-
phamide and prednisone around the time of challenge with HBV serum, and with pred-
nisone for 7 wk when HBsAg levels decreased. At necropsy, abundant Dane particles
were present in both serum and liver, implying that effective immune response to infec-
tion had been blunted by treatment with prednisone. In contrast, reinfection with HDV,
even if associated with antibodies to HDV, has been reported (59).

7. Sequelae of Infection with HBV in Chimpanzees
Studies to determine hepatic sequelae of chronic infection with HBV in chim-

panzees have been sparse because of the generally short duration of follow-up in most
experimental infection studies. However, it was appreciated as early as 1982 (60) that in
chronically infected animals, HBV-DNA existed in a covalently closed, supercoiled cir-
cular configuration (cccDNA) not integrated into the host genome, and was infectious.
Thus, although no findings beyond minimal hepatitis have been recorded in the 1- to 3-
yr follow-up of the inoculation experiments, the follow-up may have been insufficient
to document chronic changes. There are several reports of biopsies performed in chron-
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ically infected chimpanzees. Krawczynski et al. (12) described liver biopsies in four
chimpanzees between the ages of 6 and 15 yr who were positive for HBsAg, due to
unknown exposures, for 2–8 yr; all had histopathologic features consistent with “mini-
mal hepatitis” of humans. Similarly, Shouval et al. (13) reported liver biopsy results
from five chimpanzees with chronic HBsAg (the source of the infectious inoculum was
known in only two animals, infected for a minimum of 5 and 10 yr); only one of the
specimens showed borderline findings for chronic aggressive, or active, hepatitis.
Dienes et al. (14) described liver biopsies from seven carrier chimpanzees, with mild
activation of sinusoidal cells, rare and mild fibrosis of portal tracts, and slight prolifera-
tion of bile ductules. If the pathology from these 12 chronically infected chimpanzees is
representative of the course of infection in the general population, it appears unlikely
that chimpanzees chronically infected with HBV would develop cirrhosis or hepatomas,
as occurs with greater incidence in chronically infected humans and in chimpanzees
infected with HCV (18) or chronic Schistosoma mansoni (61).

8. Vaccine Trials in Chimpanzees
The discovery that animals previously exposed to HBV were not susceptible to rein-

fection opened the way to the study of the immune modulation of infection. The first
vaccines (Table 3) involved injection of the empty 22-nm particles purified from the
plasma of chronically infected carriers. To minimize the risks of infection during immu-
nization, multiple steps were taken to purify human plasma containing HBV, including
centrifugation, fractional precipitation, chromatography, and molecular exclusion. To
inactivate the HBV, various detergents, formaldehyde, heat, pH changes, and ultraviolet
radiation were used. Within a few years after successful inoculation of a chimpanzee
with HBV, there were multiple vaccines based on noninfectious 22-nm subviral parti-
cles (containing mostly S antigen) isolated from chronic human HBV carriers. The ini-
tial findings were somewhat confusing, perhaps because different evaluation criteria
were applied to the studies, but sufficiently promising that second generation vaccines
were developed. Unfortunately, all published studies used unique injection schedules
regarding number of boosters and timing of injections.

The second generation of vaccines contained recombinant subviral particles pro-
duced in stably transfected eukaryotic cell lines. The sources of subviral particles for
vaccine development included plasma-derived polypeptides and synthetic polypeptides
expressed in E. coli, yeast, and murine cells. Live recombinant adenovirus vaccines
were introduced in 1989 (62) but both these and synthetic polypeptides did not prove to
be effective. It was recognized in the late 1980s that the M and L proteins, containing
the pre-S region of HBV, in addition to the S protein, were essential for vaccine effec-
tiveness (63). The latest generation of vaccines and treatments are intended to target the
HBV carrier state.

Chimpanzees have been used successfully for all vaccine safety and efficacy trials
(64–66). Cross-protection afforded by antibodies induced by different HBsAg subtypes
(51,67) was also first demonstrated in chimpanzees. Antibodies to the viral envelope
confer protective immunity; and 10 mIU/mL is considered sufficient to confer immu-
nity. HBcAg is highly immunogenic but although anti-HBcAg protects chimpanzees
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Table 3
HBV Immunization Studies Conducted in Chimpanzees

Date and first author Type of vaccine Number of chimpanzes Failure rate Duration of follow-up

1971 (118) Hypersensitivity test 2 — —
purified HBsAg

1974 (120) Partially purified 2 —
chimpanzee HBsAg

1974 (141) Vaccine safety
HBsAg +/− CFA 28 — —

1975 (58) Vaccine safety HBsAg 15 1 mo
purified + CFA

1975 (64) HBsAg 22-nm CsCl 7 1/4 6 mo
gradient purified, formalin 
inactivated

1976 (142) Ad and ay HBsAg from 10 1/16 10 mo
pooled serum 

1978 (143) HBV polypeptide vaccine 4 — 3 mo
efficacy

1978 (144) Bivalent NIH vaccine 7 — —
HBeAg active and passive 
immunization

1978 (145) HbsAg vaccine efficacy 2
1978 (146) Safety and efficacy 16 0/4 6 mo

NIAID subunit vaccine
1981 (147) Vaccine efficacy bivalent 46 4/46 32 mo

ad/ay HBsAg (Hepagen)
1982 (148) Vaccine efficacy HBeAg 4 —

and HBsAg
1983 (149) Vaccine efficacy for 8 3/4 16 mo

transfusion protection
HBsAg from pooled serum

Continued
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Table 3
HBV Immunization Studies Conducted in Chimpanzees

Date and first author Type of vaccine Number of chimpanzes Failure rate Duration of follow-up

1983 (150) Heptavax B safety — 6 mo
1984 (151) Vaccine efficacy 42 — 6 mo

HBsAg ayw MS-2 108

PFU (Hevac B, Pasteur)
1984 (152) Vaccine efficacy 2 0/2 8 mo

recombinant vaccinia virus 
intradermal

1984 (153) Treatment safety IgG anti- 10 — 12 mo
HBcAg and anti-HBcAg

1985 (68) Vaccine efficacy 5 1/3 16 mo
recombinant HBcAg in E.
coli and adjuvant

1987 (47) Inactivation safety human 4 0/4 5 mo
HBsAg-plasma

1987 (154) Vaccine efficacy 7 0/4 —
recombinant HBsAg in 
yeast

1988 (155) Vaccine efficacy cloned 6 0/5 12 mo
adw 226 aa HBsAg adw 
& alum adjuvant (Amgen)

1989 (62) Vaccine efficacy oral live 3 1/2 11 mo
recombinant adenovirus

1990 (63) Vaccine efficacy 
recombinant pre-S and S 9 0/8 10 mo
HBsAg adr in yeasts

1993 (50) Test of disinfectants 4 7 mo
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1997 (156) Vaccine efficacy for 3 16 mo
offspring of chronic carriers 
DNA vaccine pCMV S2-S

1997 (138) Vaccine efficacy 6 0/4 8 mo
recombinant HBsAg 
effective against surface 
mutant

1998 (157) Vaccine efficacy 5 0/3 9 mo
Pre s1 pre-S2 and S in 
mouse c1271 cells

1998 (71) DNA vaccine safety and 3 chronic carriers of HBV DNA 12 mo
efficacy recombinant chHBV down
retrovirus (Chiron)

2001 (70) Treatment efficacy/safety 
chronic carrier 1 chronic carrier 20 mo
DNA prime/canary 
pox boost
Total �250

Most studies did not include information about the animals used in the study, such as the previous experimental studies for which the chimpanzees had
been used. The failure rate was essentially negative after 1985. The few studies that have tested vaccines in chronic chimpanzee carriers of HBV are noted.
The duration of follow up, when included, after vaccine injection was universally short. (—) indicates information not included in publication.
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from challenge from live HBV, high titers of maternal antibodies to HBc fail to protect
the few infants of chronically infected mothers from perinatal infection (68).

In the past 25 yr, more than 250 chimpanzees have been used in vaccine safety and
efficacy trials. The record in terms of safety is impressive: not a single batch of tested
vaccine appeared to have contained infectious HBV. In terms of efficacy, there was a
rather steep learning curve, with high efficacy for all trials since the mid-1980s. How-
ever, the number of animals involved in individual vaccine efficacy trials has been very
limited, owing to the difficulty and high cost of keeping large numbers of chimpanzees.
Some of the earlier trials that had used more than 40 animals reported failure rates of up
to 25%. The current failure rate for HBV vaccine in humans is substantially lower
(5–10%), which highlights the importance the chimpanzee has had in protecting
humans at risk, or with chronic infection, with HBV.

The cost of producing the currently available vaccines has precluded generalized use
in poor nations. There are recent promising reports for treatment of chronic HBV infec-
tion using DNA vaccines. This method is attractive because the response induces cyto-
toxic T lymphocyte (CTL) and antibody responses to the same level as the most
successful subunit vaccines. All current vaccine trials have used small numbers of chim-
panzees because it is so rare to have chronic chimpanzee carriers: most infected after
birth spontaneously resolve infection with HBV (6). Davis et al. (69) used pre-S2 + S of
ayw strain, with boost of S, adw subtype at 52 wk and demonstrated early high titers
against pre-S2 domain (10-fold higher against M and S envelope proteins than those
composed entirely of S), but did not subsequently challenge with HBV. The Pancholi et
al. study (70) used a chimpanzee inoculated with HBV in 1985, with persistent positive
serology for 12 yr, and injected first HBsAg-encoding plasmid, followed by boost with
recombinant canarypox virus encoding HBsAg, preS-1, and pre-S2. There was a
decline in HBV DNA coincident with increase in interferon-� (IFN-�)-secreting cells.
The Sällberg et al. study (71) used three chimpanzees chronically infected with HBV, at
least one of which almost certainly was infected with chHBV. The Sällberg group used
a recombinant vector expressing HBC core antigen–neomycin phosphotransferase II
fusion protein. Although two of the three animals showed no change in HBV viral load,
the third animal developed antibodies to HBV core antigen and decreased HBV DNA
levels. Further studies are required to develop a safe and effective vaccine with production
costs that will be conducive to widespread use in the chronic carrier human population.

9. Potential Problems with the Chimpanzee Model
There are many unresolved issues raised by the review of the studies thus far per-

formed using chimpanzees. The first is that the tests performed between 1969 and the
mid-1980s to determine “susceptibility” of chimpanzees to infection with HBV were
insensitive, and can safely be assumed to have produced many false-negative results,
despite the fact that many included preinoculation serology, biopsy, and chemical
analysis. Animals could have previously been exposed and yet been serologically nega-
tive, and there has been more than one report of transmission of HBV from serologi-
cally negative, but PCR positive, humans to chimpanzees (72). With the benefit of
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hindsight it would not be unrealistic to posit that infectious particles could have been
recovered from serologically negative chimpanzees, had an organized effort been
undertaken, or if universal archiving of biopsy and serum specimens had been applied.
Another (troubling) possibility is that the animals could have been chronically infected
in the wild with chHBV variants carrying mutations in the S region, as epitopes in this
area mediate recognition of HBsAg in both humans and chimpanzees (73). Such muta-
tions have so far not been reported in chHBV, but we have only a minute sample of the
existing chHBV diversity documented, as complete genomic sequences have been com-
pleted from only 11 chHBV sequences (Table 4). Such mutations are likely to be one
reason for the failure, albeit small, of currently used vaccines. The existence of similar
antigenic mutants in chimpanzees, because they manifest few to no clinical signs of
infection, could have gone unnoticed. If a large number of chimpanzees had been previ-
ously exposed to HBV, or if the inocula contained a mixture of hepatotropic viruses,
experimental reinoculation would have altered the course of infection (14,55). Further-
more, rather than simply interfering, reinoculation could reactivate a latent infection as
shown by Bock et al. (74). Therefore, conclusions made about the course of infection
with HBV in chimpanzees have been compromised by insensitive serologic studies,
lack of archived serologic and pathologic specimens for reanalysis, and, most of all,
generally limited duration of experimental follow-up.

A second issue regarding the value of the chimpanzee model relates to the applica-
bility of the model data to human infection with HBV. Although infectivity of HBV is
similar between chimpanzees and humans, the course of the infection in chimpanzees is
milder than in humans, and vertical transmission, the major transmission in humans, in
chimpanzees is rare; in addition, horizontal transmission seems clearly limited in cap-
tive chimpanzee populations (6). The experimental conditions for inoculation of chim-
panzees may not mirror those in which humans are infected, because humans may be
infected repeatedly and with mixed hepatotropic viruses. When chimpanzees were
simultaneously infected with HCV and HBV the result was a milder infection (55), but
also metachronous infections resulted in more significant infections (14). This said,
when infection with HBV occurs in a naive individual, both humans and chimpanzees
exhibit a biphasic response (75), and both phases are milder in chimpanzees. As can be
seen in Table 2, substantially fewer chimpanzees (�5% in published studies) with chronic
infections have been reported than in humans. This indicates that there are fundamental
differences in immune response between humans and chimpanzees with regard to HBV.

A third problem is that the total number of chimpanzees infected has been too small
to address the major public health risk associated with HBV, which is the number of
chronic human carriers of the virus (approx 350 million) in the world. Even if one were
able to identify all chronic chimpanzee carriers, the total is almost certainly too small to
use for efficacy testing of all candidate therapeutic vaccines. Chimpanzees chronically
infected with chHBV would probably have comparable responses as carriers for hHBV,
based on the reports of vaccine efficacy in a small population of chimpanzee carriers
that had almost certainly been infected with chHBV. However, it is not clear that the
group of chronic carrier chimpanzees can be identified.
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Table 4
Chimpanzee Hepatitis B Viruses (chHBV) for Which Complete Genome Sequence Information Exists

GenBank Chimpanzee Facility Authors Virus name/ Host alive or dead
accession subspecies Serotype
number

DOOO22O P.t. verus London Zoo Vaudin et al. (82) LSH Dead?
Chimp K

AF222322 P.t. troglodytes CDC Hu et al. (77) HBV Dead?
CH109

AF222323 P.t. verus CDC Hu et al. (77) HBV Dead?
CH926

AB032431 P.t. verus Vilab Liberia Takahashi et al. (78) HBV/E-ch195 Dead?
AB032432 P.t. verus Vilab Liberia Takahashi et al. (78) ChHBV-Ch256? Dead
AB032433 P.t. verus Vilab Liberia Takahashi et al. (78) ChHBV-Ch258 Dead?
AF242585 P.t. troglodytes Cameroun MacDonald et al. (79) HBV Alive

Chimp 2
AF242586 P.t. verus Univ of Edinburgh MacDonald et al. (79) HBV Alive

Chimp4
AB046525 P.t. troglodytes Gabon Takahashi et al. (78) PttHBV Alive?

Ch Bassi
AF305327 P.t. vellerosus Coulston Foundation Hu et al. (25) ChHBV Alive

CB0376
AF305326 P.t. verus Coulston Foundation CB0031 Alive
AF305328 P.t. troglodytes Coulston Foundation CH116 Alive
AF305329 P.t. verus Coulston Foundation CH1435 Alive
AF305330 P.t. verus Coulston Foundation CH1436 Alive
AF498266 P.t. schweinfurthii wild Vartianan et al. (80) Chimp FG Dead

The number of chimpanzees currently housed in U.S. facilities chronically infected with chHBV is at least eight; the number of chimpanzees chronically
infected with hHBV is more difficult to determine because of the short follow-up of infected animals noted in Table 2.
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Finally, ethical considerations have led many scientists to reconsider the use of
chimpanzees for invasive biomedical research. The European Union has passed laws
seriously limiting biomedical research on chimpanzees and other primates. The public
acceptance for large-scale biomedical studies on chimpanzees is likely to be low in
North America and Japan. In the United States several large facilities with captive chim-
panzees have closed, and in 2000 Congress passed a “Chimpanzee Health Improve-
ment, Maintenance, and Protection (CHIMP) Act,” which permits “noninvasive
behavioral studies of the chimpanzees, or medical studies conducted during the course
of normal veterinary care that is provided for the benefit of the chimpanzees” (76). The
use of the conjunction “or” indicates an acceptance that some studies that are not bene-
ficial may be performed on chimpanzees.

10. Relevance of Distinct Chimpanzee HBV (chHBV) 
to the Chimpanzee as a Model for Human HBV Infection

Many investigators have explored the differences in genetic sequences of HBV to
understand individual differences in viral handling. Since it had been recognized in the
early 1970s that previous infections with HBV were at least potentially protective
against reinfection, the presence of an endemic infection in the study population, in this
case chimpanzees with chHBV, would be highly relevant to their use as a model for
human disease. The discovery of chimpanzee HBV in 2000 gave a partial explanation
for the large number of chimpanzees found to be serologically positive for HBV upon
arrival to captivity. Two retrospective studies used banked sera from chimpanzees posi-
tive for HBsAg (77,78) and one study analyzed two wild-caught, orphaned chim-
panzees (79) to document that chHBV is distinct from all forms of hHBV. Only one
study looked at tissues from animals that died in the wild and found a distinct chHBV in
an east African chimpanzee (80).

The first observed case of confirmed hepatitis B in captive chimpanzees was reported
in 1978 when several animals of a London Zoo breeding group showed clinical symp-
toms (81). The virus responsible for this infection was sequenced in 1988 and its
sequence was 10% divergent from that of any human HBV sequence (82). At the time it
was thought to resemble African hHBV because its serotype was identical to adw1.
However, based on abundant HBV sequence data, it is now apparent that serotypes do
not strictly correspond to genotypes, which is why all recently described chHBV can
share serotype adw, despite having divergent sequences. Two HBV with typical
sequences for gibbon HBV were found in two different captive chimpanzees, both of
serotype ayw, and both very likely to have been infected by gibbons in captivity (83,84).
There are now 11 published sequences of the complete chHBV genome derived from
chimpanzees (Table 4). These must represent a minimum of the HBV diversity existing
in the wild chimpanzee populations.

These chHBV sequences have been used repeatedly to attempt reconstructing the
phylogeny of primate HBV. Initial analysis of genomic sequences of various viral
strains used only short sequences (usually parts of the S-gene), and did not take into
account the frequent recombination occurring between HB viruses. A more recent
analysis by Fares and Holmes (85) is based on total HBV genome sequence but
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excluded obviously recombinant sequences as well as all segments with overlapping
reading frames for methodological reasons. While it is now clear that there are several
specific chHBV strains, the precise history of direction of infection, human to nonhu-
man primates, or nonhuman primates to human, or complex combinations of both, can-
not be clearly deduced. Thus a simple explanation for presence of hHBV in nonhuman
primates by human to animal infection is not possible. The question arises whether
some of the nonhuman primate species could represent reservoirs, whereas others may
have been infected by another animal species (e.g., gibbons from orangutan, or vice
versa). If chimpanzees are a reservoir, then this would beg the question why chHBV
diversity appears so much more restricted than that of hHBV. The curious case of a very
divergent HBV in woolly monkeys is puzzling and its relationship to the most divergent
strain of hHBV, hHBV-F, is a total mystery. To our knowledge, 9 of 16 animals positive
for wmHBV were housed in the same facility in a North American zoo (86). There are
no prevalence studies in or near natural woolly monkey habitat and no neotropical pri-
mates have tested positive for HBV in any other facility. The existence of a unique
strain of HBV combined with the lack of African strains in the New World is puzzling
and raises questions about why “African” hHBV was not imported despite the forced
movement of millions of humans during the slave trade.

Several factors may explain why we still lack a clear reconstruction of HBV evolu-
tion. The first is that HBV mutates under selection pressure, so the mutation rate is dif-
ficult to predict. This has been best demonstrated in humans who developed recurrent
HBV after orthotopic liver transplantation and while receiving regular doses of anti-
HBV-immunoglobulin. Ghany et al. (87) sequenced the HBV genome before and after
transplantation and demonstrated a change in “a” determinant in 50% of those express-
ing subtype adw2 and of the “S” gene in 85% posttransplantation. Thus the mutation
rate of hHBV is subject to strong fluctuations and this variable has yet to be incorpo-
rated into phylogenetic analyses. Second, there appear to be recombination hot-spots
along the HBV genome. Bowyer and Sim (88) found in their analysis of 65 whole HBV
genome sequences that at least 14 carry clear signs of recombination (89). They con-
cluded that the HBV genome consists of alternating conserved and highly variable
domains, with the core region apparently most involved in recombination. The persis-
tence of HBV in the host genome long after the acute infection subsides undoubtedly
provides ample opportunity for viral recombination during subsequent infections. It
would be important to study the precise nature, number, and degree of variation of per-
sistent HBV genomes in host cells of chronic carriers, as has been done for HIV (90).

We are left with several hypotheses to explain the origin of HBV, and the nature of
the correct hypothesis is highly relevant to the adequacy of the use of the chimpanzee
model for research on HBV. If one examines the nonoverlapping areas of genomes to
minimize effects of functional constraints on sequence evolution, and assumes a con-
stant mutation rate, it appears that HBV arose within the past 6000 yr and that, because
of similarities between ape and human HBV, both groups were infected at approxi-
mately the same time. However, if one makes comparisons of complete genome
sequences (91) using calculated mutation rates (based on intra-host HBV evolution), it
appears that the virus may be ancient. In support of this is the observation that hHBV-F



Chimpanzees and HBV 307

is found primarily in Polynesians and 70% of Amazon Indians (92), where different
strains persist in geographically isolated populations. This indicates a more ancient
divergence of human HBV (�15,000 yr) because of lack of substantial contact in inter-
vening years. Alternatively, there could have been contact between Polynesia and the
New World within the past 2000 yr. Another observation in favor of prolonged coevolu-
tion between HBV and its host is that there are geographic similarities of chHBV based
on mt DNA sequence comparisons and HBV data (25); however, the generally higher
genetic variability of chimpanzees as compared to humans is not reflected in the vari-
ability of their HBV. This latter point may be due to a strong bias in sample size for
human viruses, leaving us with a strong underestimation of the real diversity of HBV in
wild chimpanzees. The origin of HBV could be reconstructed if substitution rates were
constant and recombination patterns known. To complicate matters further, the muta-
tion rate of chHBV has not been calculated, and could differ from that of hHBV. Taken
together, it is currently not possible to make a definitive statement about the origin of
HBV because there are inconsistencies with both current theories. It is likely that HBV
has a complex evolutionary history that may include recurrent cross-species infection
between humans and apes, and periods of accelerated mutation rates in some of the host
species. The consequences of the existence of chHBV for the use of the chimpanzee
model for HBV infection cannot be safely determined at this point.

11. Differences in Host Genetics Between Chimpanzees and Humans
At the genomic level, humans and chimpanzees share more than 98% identity (93).

Despite this high level of genetic similarity, chimpanzees have obvious phenotypic and
significant functional differences, as exemplified by differing responses to HBV and
other viruses. Recently, several groups have reported specific genetic differences
between humans and chimpanzees. It is perhaps not surprising that several of the known
genetic differences between humans and chimpanzees are connected to the immune
system. It has been reported that the normal range of peripheral leukocytes in chim-
panzees in captivity is 60% higher than in humans (94), but because the increase is in
the number of polymorphonuclear leukocytes, this has not been considered to be the
mechanism for differences in susceptibility to viral infections.

The primary host defense to viral infection is recognition of viruses by the major his-
tocompatibility class (MHC) system. Although the functional orthologs in the MHC I
genes of the human (HLA-A through G) have been described and found to be similar in
chimpanzees (95,96), there are also notable differences. Chimpanzees have a much
reduced repertoire of MHC I A alleles, lacking alleles falling into one of the two class I
A lineages (based on exon 2 and 3 sequence data) (97–99). Furthermore, a recent study
of intronic variation has demonstrated that chimpanzees must have undergone a selec-
tive sweep causing a marked reduction of gene repertoire at all three MHC Ia loci (A, B,
and C) (100). Despite this loss of numerous ancient MHC I lineages and at least two
MHC II lineages, chimpanzees still harbor more variation at exon 2 and 3 sequences
(coding for the binding region of the molecule) of their class I B and C loci (101).
Because the immediate response in both humans and chimpanzees is a strong, poly-
clonal CTL response to envelope, capsid, and polymerase proteins of HBV, and in
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humans this response has been shown to be restricted to certain HLA alleles (HLA-A2,
HLA-A3, HLA-B7 supertypes), this difference may be important to the outcome of
HBV infection.

Despite this observation, it has been shown that infection of two chimpanzees with
HBV with a terminally redundant copy of the HBV genome transgenically expressed in
mice resulted in acute but self-limited HBV infection with identical CTL responses as
humans (100). In fact, one chimpanzee responded to HLA-A2 supertype-restricted CTL
epitopes (Env 183–191 and 335–343) and Pol (575–583) regions. This indicates that
chimpanzees can mount effective responses to HLA-A2 and HLA-B7 supertype epi-
topes. Studies of MHC recognition of HIV by chimpanzees and human nonprogressors
have shown that MHC molecules recognizing identical HIV epitopes belonged to very
different allele lineages (102). The lack of certain MHC lineages may be protective, as
several viruses have been shown to exploit host MHC molecules for immune subversion
(e.g., nef gene in HIV [103]).

Perhaps more relevant to interaction of HBV, chimpanzees have a nonclassical MHC
I gene Patr-AL, which is lacking in humans (104). The rapid evolution documented for
the KIR (killing inhibitory receptors) genes of ape and human natural killer (NK) cells
has generated unique sets of genes in chimpanzees and copy number polymorphisms in
humans and chimpanzees (105). KIRs have lectin-like domains that may interact with
carbohydrate moieties on MHC molecules of target cells. The inactivating mutation of
the single copy gene for the sialic acid modifying enzyme CMP–N-acetylneuraminic
acid hydroxylase (CMAH) uniquely in humans has caused a change in the terminal cell
surface glycosylation of virtually every cell. Humans have been shown to lack a form of
sialic acid (N-glycolylneuraminic acid) otherwise common in mammals including
chimpanzees (106). The biological consequences of this loss of function mutation are
still being investigated. One known consequence is a change in macrophage biology
due to a dramatic change in ligand density for sialoadhesin (Siglec 1) (107). These
results provide potential for differences in how the immune system deals with HBV and
other infections.

Another human-specific loss of function mutation is found for the gene coding for
Siglec-L1, which in humans has lost the capacity to bind to sialic acid, while it retains
this capacity in chimpanzees (108). The existence of differences between chimpanzee
and human immune systems must obviously be kept in mind when contemplating the
further use of chimpanzees as models for human disease.

12. Viral Envelopes and Differences 
in Host Cell Surfaces Between Humans and Chimpanzees

HBV is an enveloped virus and thus viral particles carry large numbers of cell sur-
face glycoconjugates: proteins or lipids decorated with carbohydrate chains (glycans).
The vast majority of these glycans are capped by sialic acid molecules. Potential roles
of sialic acids in natural immunity have been proposed (109). The potential role of gly-
cosylation variants in vaccines has not been sufficiently addressed, especially with
regard to the glycan structure and composition produced in different recombinant
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expression systems. Yeast, insect, and mammalian cells have drastically different N-
glycans, and yeast high-mannose glycans have previously compromised vaccine design
(as demonstrated by the failed vaccine attempt targeted at HIV gp120). Furthermore, it
has been shown that blocking the assembly of N-glycans on S proteins of HBV leads to
the retention of viruses inside the host cell and prevents viral replication cycles (110).
Because N-glycolylneuraminic acid is known to be antigenic in humans but not in
chimpanzees, its presence on vaccines may alter the antigenicity, and thus the effective-
ness, of the vaccine in these two closely related species.

In this context, it is interesting that one inoculation attempt with woolly monkey
HBV into chimpanzee produced only minimal infection (86). The enveloped HBV from
the New World woolly monkey must have carried the strongly antigenic � Gal epitope.
� 1–3 linked galactose (to another galactose) a structure that is completely absent in old
world primates (Catarrhines). Old world primates combine the lack of this � Gal with
high titers of natural antibody (IgG) against this carbohydrate epitope found in most
other mammals, and it has been suggested that this forms an efficient barrier to infection
by enveloped viruses from other species (111).

Unfortunately, the nature of the receptor(s) used by HBV remains elusive. Atkins et
al. showed that glycosaminoglycans (proteoglycans) influence HBV liver and leukocyte
interactions (112). Budkowska et al. (113) found a soluble HBV binding factor in
human serum. It is a glycoprotein and binding can be decreased more than fourfold by
coincubation with wheat germ agglutinin and Helix pomatia (N-acetyl-b-D-
glucosamine and to N-acetylgalatosamine residues) but is not affected by incubation
with peanut agglutinin (Galbeta1-3GalNAc) or concanavalin A (high mannose type gly-
cans). It was purified after incubation of human serum with pre-S1 and pre-S2-specific
monoclonal antibodies but demonstrates no binding to HBV S protein. The fact that this
soluble protein interacts with pre-S epitopes is interesting because HBV appears to bind
to cells via this region (114). However, as long as the receptor(s) used by HBV remain
unknown, it is impossible to speculate on similarity of receptors in chimpanzees, or on
the impact of the glycosylation differences on cell surfaces.

13. Conclusions
The chimpanzee model has been crucial for vaccine development and for improving

safety of blood products. Despite the large amount of work carried out on HBV in chim-
panzees and the impressive numbers of animals used for infection and vaccine work, we
are left with a confusing picture of long-term effects of infection with human HBV in
chimpanzees, and a nearly complete ignorance of the native chHBV infection in wild
chimpanzee populations. Although chimpanzees were important in the development
and testing of the currently used HBV vaccines, it is questionable whether chimpanzees
will be of much help in the development of therapeutic DNA vaccines or drugs for treat-
ment of chronic HBV infection. There is an urgent need for a concerted effort to iden-
tify the surviving chimpanzees chronically infected with hHBV or chHBV. Only a
careful longitudinal study of this very small group of animals would allow determination
of whether the chronic carrier state is really comparable between chimpanzees and
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humans. The small number of chimpanzees that develop chronic infection, in addition
to ethical issues surrounding use of primates for research (115), make it likely that
future studies will have to be carried out in naturally infected human populations.

Several other human viruses have been documented to have counterparts in wild
chimpanzees, including HIV1/SIVcpz and HTLV1/STLV1, Ebola, TT, Spuma, Kaposi
sarcoma herpes, and monkeypox viruses. Efforts are ongoing to document the epidemi-
ology of these agents in wild ape populations in Africa. Concerted efforts to obtain
good quality noninvasive samples from field research sites across Africa could provide
valuable opportunities. Fecal samples, urine samples, and samples of chewed fruit
(“wadges” containing saliva and many buccal cells) can easily be collected in large
numbers at field sites where wild animals have been habituated to human observers (at
least 10 such sites exist across Africa) and samples can be obtained even from nonhab-
ituated populations (Gagneux, personal experience, 116). Considering the endangered
status of most wild chimpanzee populations in Africa, which face human encroachment
on their habitats, habitat destruction, and most of all growing hunting pressure by
humans, it may very well be the last opportunity to document the epidemiology of such
viruses in wild chimpanzee populations, and to relate this epidemiology to their human
counterparts.
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Hepatitis B in Liver Transplant Recipients 
as a Special Model of Antiviral Drug Development

Robert G. Gish and Adil Wakil

1. Introduction
Treatment of patients before and after liver transplantation diagnosed with chronic

hepatitis B virus (HBV) infection represents a special model of treatment with antiviral
therapy that has important implications for individuals involved in drug development
and designing clinical trials. The high rate of graft infection and early graft failure
shortly after orthotopic liver transplantation (OLT), as well as frequent patient death,
led to restricted use or abandonment in the early 1990s of OLT for chronic hepatitis B
virus (HBV). Marked improvements in long-term survival in the mid-1990s resulted
from the use of low-dose immunosuppressive therapy and administration first of short-
term and then of long-term (indefinite) hepatitis B immune globulin (HBIG) after OLT
with the subsequent introduction of nucleoside therapy both before and after OLT (Fig.
1) (1–15). Graft infection is proportional to the serum level of HBV DNA (replication),
type of liver failure (fulminant versus chronic) and presence of hepatitis delta virus
(HDV) infection before transplantation (Fig. 2). Also, for maximum efficacy, HBIG
injections require a strict compliance with measurable serum titers of anti-HBs. It is
important to recognize not only that HBIG is a polyclonal antibody preparation initially
derived from blood donors who have been exposed to and cleared HBV infection, but
also that HBIG was designed to prevent de novo infection in individuals exposed to
HBV in high-risk settings. In the case of liver transplantation, HBIG binds circulating
virus and presumably prevents infection of the hepatocytes in the new graft and may
prevent interhepatocyte viral transfer as well.

It is important to understand that the immune system in cirrhotic patients and liver
transplant recipients is abnormal with evidence of cellular and immune dysfunction
(16,16–20). Patients with cirrhosis as well as liver transplant recipients have an
increased risk of bacterial and viral infections and may not mount a fever in response to
infectious problems. The immune system after solid organ transplantation is also abnor-
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mal due to the introduction of immunosuppressive therapy (21,22). Both of these
milieus provide a favorable host for chronic HBV infection and decrease the chance of
clearing or curing the disease due either to high levels of viral replication or to lack of
response (or risks) to administration of medication such as interferon. The immunosup-
pressive medications used for OLT, including prednisone, can cause an increase in HBV
levels in serum and liver tissue by directly enhancing HBV viral replication through
attachment to putative steroid receptors. The family of immunosuppressive medications
used after transplantation change both T- and B-cell function, inhibit the native or nor-

Fig. 1. Survival of patients treated without and with hepatitis B immune globulin (HBIG) ther-
apy after liver transplantation. (Adapted from ref. 10.)

Fig. 2. Risk of recurrence of hepatitis B virus (HBV) after liver transplantation depending on
viral status before transplant. HDV, Hepatitis D virus; HBeAg, hepatitis B envelope antigen, (+),
positive; (−), negative. (Adapted from ref. 10.)
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mal response to infectious insults, and promote chronic HBV infection and in many
cases more aggressive liver disease due to HBV (23–25).

2. The Prevention and Treatment of HBV Infection 
After Liver Transplantation
2.1. The Use of Antibody Therapy Hepatitis B Immune Globulin (HBIG) to
Bind Circulating Virus

Samuel et al. were the first to describe the use of HBIG in a large clinical trial to pre-
vent recurrent liver disease after liver transplantation in patients with liver failure due to
HBV infection (10,11). The concept was first to bind the circulating virus during the
anhepatic phase when the recipient’s liver, as the critical source of HBV replication,
was removed and second to administer and maintain high serum levels of anti-HBs to
continuously bind all circulating HBV (26). Overall survival and disease-free survival
rates were markedly improved, compared to historical controls, and other centers sub-
sequently demonstrated improved survival (�80%) at 1 yr after liver transplant
(26–30). Thus, HBIG administration became the standard of care at most centers
worldwide that provide liver transplantation. The cost of HBIG was high with per-unit
costs increasing dramatically starting in 1994, and total costs relative to the transplant
cost itself have been high since the early 1990s (Figs. 3 and 4) (26–30).

HBIG therapy is more effective (a lower graft infection rate) when the patient’s
serum is negative for hepatitis B surface antigen (HBsAg) and HBV DNA is unmeasur-
able by quantitative testing before liver transplantation. Also, if the HBIG dose is
adjusted to maintain antibody to hepatitis B surface antigen (anti-HBs), with blood lev-
els of at least 20 IU/mL, preferably �100 IU/mL or (according to some authors) 500
IU/mL, graft infection rate is lower (15,31). High-dose HBIG (serum levels of HBs:
�100 IU/mL or �500 IU/mL) prophylaxis has also been used with a high level of effi-
cacy for patients with high HBV DNA serum level at the time they undergo OLT. There
is less than a 40% graft reinfection rate using these serum targets compared to nearly
universal graft reinfection in previous series (15,32,33). Fixed dosing schedules, regard-
less of serum anti-HBs titers, have also been studied with only a modest failure rate of
19% (4).

One major question to answer has been to discover if and when patients can be dis-
continued from HBIG therapy, that is, once most circulating virus is bound, is the risk
of viral infection of hepatocytes/graft lower long-term? We know that the recurrence
rates of HBV infection in the liver graft are in excess of 60% with short-term HBIG and
10–20% if HBIG is stopped more than 6 mo to 1 yr after OLT, even with the continua-
tion of a nucleoside such as lamivudine (7,34,35). Some investigators find HBV repli-
cation evident in patients who undergo sensitive molecular testing and who are being
treated with HBIG and are HBsAg negative in serum (36). It also appears possible to
control reinfection and viral replication in patients with core mutations after liver trans-
plantation using HBIG and lamivudine therapy (37). The use of low-dose intramuscular
HBIG is also evolving. Studies, including those at California Pacific Medical Center,
have shown that dosing and cost can be decreased by 50–300% (38–42). Immediate
intra- and perioperative use of intramuscular HBIG is unlikely to be effective in supply-
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ing sufficient antibody to bind and neutralize virus, especially in patients with a moder-
ate to high viral load. Intramuscular dosing (after an initial period of intravenous HBIG)
should be customized, using increased doses and frequency, depending on the levels of

Fig. 3. Cost of therapy with hepatitis B immune globulin (HBIG) during the 1990s.

Fig. 4. Cost of therapy with hepatitis B immune globulin (HBIG) relative to the cost of ortho-
topic liver transplantation (OLT) itself. Medium shading: total cost; light (gray) shading: cost of
OLT; dark (black) shading: cost of HBIG.
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HBV DNA before liver transplantation and by following serum levels of anti-HBs after
transplantation (15,43). Attempts to find sources of high-titered HBIG that are less
expensive have led to the innovative process of studying fresh frozen plasma as a possi-
ble substitute for standard HBIG (44).

HBIG also aids in managing post-OLT patients coinfected with HBV and HDV
before transplantation as well because the binding of circulating particles that contain
HBsAg includes those packages that contain delta virus. Cases have been described of
fulminant HBV due to HBV/HDV coinfection after liver transplantation in patients
who received a liver transplant for end-stage liver disease, which emphasizes the
importance of HBIG in these patients as well. In some patients with HBV/HDV coin-
fection, if graft reinfection occurs after HBIG is discontinued or fails, a benign disease
course is often seen, probably as a result of the delayed onset of disease and lower
doses of immunosuppression. Some pharmaceutical companies have been trying to
develop new products, such as OMRI-Hep-B, that may have improved pharmacoki-
netic profiles and may achieve either higher titers of anti-HBs or longer half-life of the
administered product (45).

From a historical perspective, the use of a monoclonal HBIG to prevent graft infec-
tion has also been described in the setting of liver transplantation (46). An initial study
with a monoclonal antibody directed at the HBV surface protein was conducted in 1990
and resulted in the appearance of an HBV surface antigen mutant form in two liver
transplant recipients. These escape mutants were associated with rapidly progressive
liver disease (47–51). These results imply that monoclonal antibody may have selected
a genetic drift or allowed emergence of a defective virus that was extremely pathogenic.
Alternatively, the presence of this highly conserved antibody may have allowed an
existing mutant virus to escape immune surveillance and destroy the liver graft and may
require the development of special tests to detect the virus (52). Studies with this mon-
oclonal antibody were halted and it was never used in any further clinical trials.

Further emphasis of the point that transplant patients are a special population
occurred when the use of a polyclonal HBIG preparation resulted in the emergence of
HBV with surface antigen mutations (49,53,54). Changes in the surface region on the
HBV genome may result in “escape” from binding to HBIG and allow active and mea-
surable viral replication with HBsAg becoming positive in serum, which explains some
of the treatment “failures.” Other mutant hepatitis B viruses, not associated with the use
of HBIG therapy, have recently been described in a number of transplantation and non-
transplantation settings (55) including HBsAg mutants (34,56). These newly described
viruses have widely varied pathogenic potentials (57–59).

2.2. The Use of Oral Antiviral Therapy
2.2.1. Lamivudine

Lamivudine [3TC, 3-thiacytadine, (−)2'-deoxy-3'-thiacytadine 5' triphosphate,
BCH-189, Epivir ®, Epivir-HBV ®, Glaxo Wellcome, Research Triangle Park, NC]
clearly decreases HBV replication in patients who are not immunosuppressed and leads
to triple seroconversion (HBeAg positive to negative, anti-HBe negative to positive, and
HBV DNA from �2 pg/mL to �2 pg/mL) in 17% of patients treated for a minimum of
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at least 1 yr (60). An exciting report of the administration of lamivudine before and con-
tinued after liver transplantation revealed that all patients with cirrhosis could have a
marked reduction in HBV DNA serum levels (greater than a 3-log reduction in HBV
DNA serum levels) prior to transplantation and two of the five patients treated cleared
HBsAg long-term after liver transplantation without the use of postoperative HBIG
(61). Further reports have demonstrated that liver disease activity could be controlled,
serum levels of liver enzymes decreased, liver function test results improved, in some
cases liver enzyme levels as well as liver function test results returned to normal, and
time to death or transplantation was delayed by the use of lamivudine before transplan-
tation (62–71).

Direct antiviral therapy using lamivudine after liver transplantation was shown in a
major clinical trial to decrease HBV DNA levels in patient awaiting liver transplanta-
tion, resulting in excellent control (suppression) of serum levels of HBV DNA after
OLT (72–78). Also, it now appears possible that patients who develop de novo or recur-
rent HBV infection after OLT (HBIG untreated or treatment failures) can also be man-
aged with nucleoside analogs (6,74,75,79–84).

Lamivudine pretransplantation combined with lamivudine and HBIG posttrans-
plantation has also been shown in clinical trials to be effective in the long-term man-
agement of recipients of liver transplants, but combination with HBIG remains quite
expensive (Figs. 3 and 4) (75,77,85,86) including in patients with the precore mutation
(87). Stopping all therapy after liver transplantation is fraught with the danger of
severe liver disease and death and must be avoided (88). This combination administra-
tion of lamivudine pretransplantation with indefinite administration both of lamivu-
dine and HBIG after liver transplantation is probably the best current therapy and is
considered the standard of care at most institutions. As stated above, lamivudine
monotherapy, especially in the setting of immunosuppression, has a significant rein-
fection (recurrence) rate (�20%) and a very high mutation rate, once reinfection has
occurred, leading to nucleoside resistance (YMDD motif mutation as well as others).
Viral replication in patients even after 2 yr of therapy post-OLT can lead to severe liver
disease and death or need for retransplantation (74,76,85,89–100). Although conver-
sion from HBIG/lamivudine to lamivudine monotherapy is emerging as an alternative
option, it is very important to recognize that recurrence rates are approx 10–20%, and
any recurrence could be deemed unacceptable with the high risk of progressive liver
disease (34,35).

Unlike patients not undergoing immunosuppression who develop resistance to
lamivudine, patients with lamivudine-resistant mutants after transplant may have
aggressive liver disease (92,97,100). The likelihood of recurrence after liver transplant,
during administration of lamivudine monotherapy, was related to the serum levels of
HBV DNA pretransplant (101). Interestingly, patients who are immunosuppressed in
this clinical setting may still respond to interferon, at least with some levels of viral
reduction (102). If lamivudine therapy is stopped, the lamivudine-resistant mutant virus
often reverts to the wild-type virus. Nevertheless, even after the emergence of the viral
mutations, lamivudine is often continued in patients after liver transplant because of the
overall perception that liver disease is milder, in general, than that seen with the wild-
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type virus. This circumstance also appears to be the rule in nonimmunosuppressed
patients (74). It is important to note that the lamivudine-resistant mutant can cause
severe liver disease and result in patient death due to graft failure (88). Some authors
have proposed that the virus with lamivudine or nucleoside resistance is “less patho-
genic,” but many reports in the literature have attributed rapidly progressive liver dis-
ease to this mutant virus after liver transplantation, or for that matter in the setting of a
normal immune system (99,103–107). The natural history of the lamivurdine-resistant-
mutants has not been clearly established in the transplant patient but may well be path-
ogenic and the best step may be to avoid the possibility of the development of mutants
by using HBIG in combination with a nucleoside analog. To date, patients undergoing
such therapy have not been reported to develop the emergence of either a nucleoside-
resistant mutant or HBIG-resistant viruses but may fail therapy due to inadequate HBIG
dosing. Low-dose intramuscular HBIG is also useful, in combination with lamivudine,
for patients with the pre-core mutations who undergo liver transplantation (96).

2.2.2. Famciclovir
Other nucleoside analogs have been used in liver transplant recipients after liver

transplantation with modest levels of success (less than a 2-log reduction in HBV DNA
levels) such as famciclovir (Famvir ®, SmithKline Beecham Pharmaceutical, Philadel-
phia, PA), which is the prodrug of penciclovir (BRL 39123; [9-(4-hydroxy-3-
hydroxymethylbut-1-yl) guanine]) (82,108–116). Famciclovir appears to be a less
potent nucleoside analog than lamivudine with only a 1- to 2-log reduction in HBV
DNA levels in patients treated. Resistance is now being described with a number of
variant mutations having been identified in patients treated with famciclovir
(82,95,109,113,114,117–128). There is considerable cross-resistance between virus
infections that are resistant to famciclovir and lamivudine.

2.2.3. Ganciclovir
From a historical perspective, ganciclovir (DHPG, Cytovene, Roche Pharmaceuti-

cals, Nutley, NJ) was the first nucleoside to treat post-OLT HBV graft infection (6).
Ganciclovir is a nucleoside analog that has been shown to have efficacy for the treat-
ment of cytomegalovirus infections in HIV-infected patients and patients who are
immunosuppressed after organ transplantation. Unfortunately, ganciclovir must be used
intravenously to achieve maximum levels of concentration in the blood and only
reduces viral levels by 1–2 logs (129,130). Molecular sequencing has identified the
mutation points in the HBV genome that lead to resistance to ganciclovir (Mizokami,
submitted for publication). The role of valganciclovir (Valcyte ®, Roche Pharmaceuti-
cals, Nutley, NJ) in controlling HBV infection before liver transplantation or treating
recurrent disease is not yet defined and is predicted to have a weak antiviral effect.

2.2.4. Adefovir and Entecavir
Future therapy of post-OLT HBV infection will likely include adefovir (Gilead Sci-

ences, Foster City, CA), and entecavir (Bristol Meyers Squibb, Princeton, NJ) may
evolve as a “rescue” drug for patients with HBV resistant to lamivudine (131,132). Re-
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sistance to adefovir is also expected, although this has not yet been described, and the
ultimate management of immunosuppressed patients will evolve with the development
of combination antiviral drug strategies (122,133–135).

2.3. Fibrosing Cholestatic Hepatitis
The high morbidity and mortality after liver transplantation for HBV infection has

been attributed to an increased rate of viral replication as a result of the use of immuno-
suppression (136) and accelerated disease resulting from cirrhosis or the development
of early liver failure. Once activation of viral replication takes place, this aggressive
hepatitis and the subsequent rapid development of liver failure includes a syndrome
described as fibrosing cholestatic hepatitis (FCH). FCH is defined as a rapidly progres-
sive liver disease with cholestasis, jaundice, hepatic fibrosis, and liver failure, often
complicated by sudden and severe multiorgan dysfunction (79,137–147).

Both lamivudine and ganciclovir have been used to treat FCH (6,148). Initially,
patients respond well as defined by the marked decline in concentration of serum biliru-
bin and decrease in serum liver enzyme levels. The international normalized ratio (INR)
declines and ascites, if present, often resolves. Famciclovir may also be useful for man-
aging such patients although the efficacy is significantly less than lamivudine and may
only have a role as a rescue medication or as part of a combination protocol (149). The
long-term management of patients with severe recurrent disease is more complex. The
risk clearly exists not only for development of viral mutations that are resistant to nucle-
oside analogs but also for development of subsequent more rapidly progressive liver
disease. Future management of patients who have accelerated disease after the initiation
of nucleoside analogs may include the use of combination nucleoside medications,
including the addition of oral valganciclovir or famciclovir to lamivudine early in the
course of treatment. This new form of ganciclovir, valganciclovir, has been developed
by Roche Pharmaceuticals and is FDA approved for cytomegalovirus infection or pro-
phylaxis. Retransplantation has been performed in patients with fibrosing cholestatic
hepatitis (FCH), unfortunately patients who have rapid liver failure shortly after OLT
have much poorer survival (150,151). If recurrence of hepatitis B infection is suspected
after OLT, immunoperoxidase staining for the HBV core (HBc) and surface (HBs) anti-
gens is useful to document disease severity and to differentiate recurrent HBV disease
from rejection (26,152). A lobular form of hepatitis has also been described in patients
who have a recurrence of HBV infection (138,148,153).

2.4. Interferon Therapy
From a historical perspective, therapy with interferon just before and continued after

transplantation appears to modify the aggressive postoperative course of HBV when
HBIG therapy is not commonly used (154) but does not clear or prevent graft infection
(155). Interferon in the setting of cirrhosis is considered risky from the perspective of
potential for decompensation, death, bacterial infections, flare of HBV disease, and
need for dose reductions due to side effects (155–161). These studies demonstrated rare
cases in which patients cleared virus and where control of HBV replication was achiev-
able in a minority of patients (161). Once interferon has reduced viral replication, liver
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transplantation can take place safely using HBIG with excellent control of HBV repli-
cation after liver transplantation. Interferon, even in the setting of cirrhosis, appears to
significantly modulate the immune system including increases in the expression of
human leukocyte antigen DR and in intrahepatic natural killer cells that may have a role
in suppressing or clearing HBV infection (160,162).

Application of interferon to control recurrent HBV infection after liver transplanta-
tion appears to have an effect on disease severity in a minority of patients, although
viral suppression can be obtained in some patients (102,163–168). Also one may expect
rejection to take place in the setting of immune stimulations and up-regulation of major
histocompatibility complex class 1 molecules (169). Interestingly, in rare cases, HBsAg
seroconversion has been reported after the use of interferon in transplant recipients. At
this time, interferon therapy for the post-OLT patient is used but only recommended in
rare and closely monitored circumstances. One report of the use of interferon in patients
with a lamivudine-resistant mutant infection reported optimistic results (102).

3. Altering the Immune System Through Modifications 
in Immunosuppression

Management of liver transplant recipients who have chronic HBV infection can also
be enhanced by the use of low-dose immunosuppressive therapy (5,7,22,136,170–174).
Patients who have chronic HBV disease have undergone alterations in their immune
system and appear to be at a lower risk of rejection, leading to this innovative approach
of posttransplant management.

A recent interesting proposal that has not been used often is simultaneous transplan-
tation of liver with bone marrow from a vaccinated donor or immune donor (175). One
must be careful in defining “immunity,” as patients who are both anti-HBc and anti-HBs
positive have been reported to transmit HBV to organ transplant recipients. This method
of transferring cellular immunity was originally pioneered in bone marrow transplant
patients (176,177), leading to HBV clearance in the recipient of the bone marrow trans-
plant.

4. Hepatitis Delta Infection
Patients with HDV infection who undergo liver transplantation are interesting from

the perspective that they often have low or very low serum levels of HBV (low replica-
tion) and have an overall good survival rate after liver transplantation due to the “antivi-
ral” effect of delta on HBV replication. Early reports revealed that suppression of HBV
replication by delta hepatitis led to better survival in the setting of coinfection compared
to HBV infection alone after liver transplantation (9,26,178,179), probably as a result of
the effect of HDV on HBV viral replication (suppression). The importance of the use of
HBIG is not well defined in patients coinfected with HDV/HBV, although most centers
would use a peri- and post-OLT protocol that included the use of HBIG and potentially
lamivudine to serve as “triple” therapy to minimize the risk of HBV reactivation; how-
ever, these two treatments will have no effect on delta virus replication. The effect of
immunosuppressant drugs on delta infection is unknown and poses a series of interest-
ing questions for the bedside and laboratory. The requirement for post-OLT lamivudine
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is also not clear in these patients with HDV coinfection, although this combination
(lamivudine and HBIG) is used at most centers.

5. Anti-HBc-Positive Donors and De Novo HBV After Transplantation
If a liver transplant is not immediately available, the use of a donor who is anti-HBc

positive (high-risk donor) (Table 1) is considered at many centers, although donors who
are anti-HBc positive pose a significant risk (ranging from 34% to 86%) of transmitting
HBV infection to the liver transplant recipient (180–182). The use of anti-HBc-positive
donors presents a special problem to the transplant and infectious disease clinician and
is an interesting model of the compartmentation of HBV infection (183–185). Patients
who are anti-HBc positive often have molecular evidence of viral replication including
covalently closed circular DNA (cccDNA) and pregenomic RNA in liver but have no
circulation HBV by the most sensitive molecular tests (186). Unfortunately, the recipi-
ent may develop very aggressive liver disease if preemptive treatment is not initiated.
The management of patients who receive a liver from an anti-HBc-positive donor, either
intentionally (through informed consent) or inadvertently, is being refined with the
immediate prophylactic use of lamivudine, with or without the use of intravenous or
intramuscular HBIG (187,188). These anti-HBc positive grafts are typically given to
patients with known HBV infection and the organ recipient will be treated with the
same protocol as would be used for a donor liver that is anti-HBc negative, as the recip-
ient is already infected. One point on the use of HBIG, it must be remembered, is to stop
infection of the new graft! In the clinical setting of an anti-HBc donor, the liver is or
may be infected yet HBIG and lamivudine are used together and rare HBV infection is
seen. Additional questions are yet to be answered: Could lamivudine be used alone?
Does HBIG modify the activation or movement of HBV in the liver?

6. Other Special Issues
There has been some speculation that Asian patients with chronic HBV infection

may do worse than non-Asians after liver transplantation (Table2) (189,190)(California
Pacific Medical Center data, internal communication) (191). The decreased survival at
some centers in this ethnic group may be based on late referral or need for alternative
immunosuppressive therapy. The use of immunosuppressive medications such as
mycophenolate mofetil (CellCept, Roche Pharmaceuticals, Nutley, NJ) has an antiviral
effect against Epstein–Barr virus, human immunodeficiency virus, and some HCV-like
viruses, but it has no role in HBV management and is theoretically problematic because
it is an immunosuppressant and may increase viral replication and damage (192). Chil-
dren can be safely treated with lamivudine after liver transplantation as well (193).

7. Vaccination for HBV
The administration of standard HBV vaccine to liver transplant recipients who are

infected with HBV probably has no effect on viral replication or clearance, although
some authors claim that lower doses of HBIG can be used or eliminated in patients who
are surface-antigen negative (194–196). Some patients have been reported to clear HBV
after transplantation following the use of a high dose of HBV vaccination (194,196).
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Table 1
Liver Transplantation Anti-HBc Positive Donors

Number of patients

Type of 
Tissue therapy 

Author of Study Recipients donor Received (percent 
study Participants HBsAg positive positive DNA therapy protection)

Roque 16 4 14 10 HBIG
Post-OLT 
(100%)

Dickson 23 18 NA 0 —
Wachs 6 3 NA 0 —
Dodson 25 18 NA 0 a

Prieto 30 14 NA 5 Anti-HBc 
pre-OLT 
(100%)

aFour of 18 donors positive for anti-HBs.

Table 2
Hepatitis B Survival

Survival (percent)

Survival category Number of patients 1 yr 3 yr 5 yr

Patient
Asians 32 74 66 58
Non-Asians 37 97 82 76
Overall 69 86 75 68

Graft
Asians 32 74 66 53
Non-Asians 37 97 78 74
Overall 69 86 72 64

Patients with cirrhosis are less likely to respond to HBV vaccine, which is attributed to
the relative immune-suppressed state of the cirrhotic patient (197–201). New forms of
HBV vaccine being developed by Chiron and GlaxoSmithKline are highly immuno-
genic and may, alone or in combination, allow a more vigorous T-cell response to bring
about a durable seroconversion and may be useful as immunotherapy as well as pro-
phylaxis.

8. Summary
By recognizing the special models of chronic viral disease, great advances in the

management of HBV infection have taken place in the treatment of patients who are
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undergoing OLT for both acute and chronic liver disease due to HBV. Combination
therapy with nucleoside analogues and HBIG has emerged as the current standard of
care, in spite of the duration of therapy, especially for HBIG, required to minimize
recurrent disease. The emergence of new oral medications, especially nucleotide ana-
logues such as adefovir will further advance our ability to control HBV disease.
Lessons learned from customizing immunosuppression and preemptive peritransplant
treatment have allowed us to achieve superb long-term survival in this group of patients
that were nearly abandoned as transplant candidates in the early 1990s.

9. Conclusion
Advances in pre- and post-liver transplant management for HBV-infected patients

has resulted in exceptional survival. The future for managing these complex patients
will probably involve the use of combination nucleosides and or nucleotides as well as
the combination of interferon with these medications, with caveats on the use of inter-
feron in patients with end-stage liver disease and after liver transplantation. Hopefully,
early intervention, before the development of liver failure will markedly decrease the
need for liver transplant in patients with chronic HBV infection.
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Hepatitis Delta Virus Transfection 
for the Mouse In Vivo Model

Jinhong Chang, Anthony Lerro, and John M. Taylor

1. Introduction
1.1. Previous Studies of HDV in Mice

Over the years different strategies have been used to achieve the expression of hepa-
titis delta virus (HDV) sequences in mice. The first studies used cDNA clones of HDV
sequences to make mice transgenic for the expression of the small or the large forms of
the delta protein (1). Subsequently, three lines of mice transgenic for a cDNA express-
ing the entire HDV genome were made; these mice demonstrated accumulation of HDV
RNA transcripts, but the majority were in the skeletal muscle with only relatively small
amounts in the liver (2). At about the same time it was demonstrated that direct injec-
tions of HDV cDNA into the skeletal muscle of a mouse led to the accumulation of
HDV RNA transcripts (3).

As an approach to achieving infection in the liver of a mouse, Netter et al. injected
mice either intraperitoneally or intravenously with HDV particles from the serum of an
infected woodchuck and were able to demonstrate at 5–10 d HDV replication within
mouse hepatocytes; however, �0.6% of the hepatocytes were infected in such animals
(4). A quite different approach has been to engraft primary human hepatocytes adjacent
to the mouse kidney capsule; the associated technological difficulty of this system con-
trasts with the high efficiency with which the hepatocytes can be infected (5).

In 1999 Liu et al. described a most unusual procedure, referred to as “hydrodynam-
ics based transfection,” by which it was possible to achieve transient cDNA transfection
of as many as 40% of mouse hepatocytes (6). It is the extension of this concept to the
use of cDNA for HDV, leading to HDV genome replication in the liver, which is the
topic of this chapter.

1.2. General Principles of Hydrodynamics-Based Transfection
Before going into the protocols it is worthwhile to describe the general principle of

this procedure. Liu et al. had previously considered mouse intravenous injections with
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various cDNA, with and without transfection-enhancing agents, but in each case they
observed a low efficiency of hepatocyte transfection. In control experiments they
showed that the cDNA was rapidly degraded following injection. To obviate this prob-
lem, they moved to testing cDNA transfections using larger volumes and delivered in
much shorter times. They thus empirically found that when the volume injected was
about 10% of the mass of the mouse, and when this volume was injected via the tail
vein over a very short time, 5–10 s, then transient transfection efficiencies reached as
much as 40%. They and others have since tried to explain the success as follows (6–8).
The volume and speed of the injection produce a pressure that forces the flow of the
cDNA solution into tissues directly linked to the inferior vena cava in a direction oppo-
site to the regular circulation. The liver is the organ most affected by this. There is rever-
sal of the blood flow in the hepatic vein. In addition, the pressure exerted might increase
the permeability of liver fenestra.

1.3. Application to HDV
We recently reported that with HDV cDNA or even cRNA we could achieve hydro-

dynamic transfection of mouse hepatocytes, leading to HDV genome replication with
all of the characteristics expected (9).

1.3.1. Evidence of HDV Genome Replication
Three lines of evidence indicate that HDV replication was occurring in the transfected

mouse liver (9). (1) Northern analyses of the RNA extracted from the liver demonstrated
the presence of unit-length HDV genomic RNA. This RNA is complementary to the
antigenomic RNA transcribed from the DNA of the input expression plasmid. Figure 1
shows the quantitation of such genomic RNA at a series of times after transfection. After
a peak at around d 9 the amount decreased. At d 30 the amount was significantly reduced
but still readily discernable. In addition to the unit-length genomic RNA, we also
detected the less abundant polyadenylated RNA that acts as mRNA for the translation of
the delta protein (10). (2) Immunoblot assays for the delta protein showed a similar ini-
tial increase and ultimate decrease. This assay demonstrated not only the small 195-
amino-acid form of the delta protein but also small amounts of the large 214-amino-acid
form of the delta protein. The appearance of this large species supported the interpreta-
tion that in the mouse, as in cultured cells and infected human and woodchucks, there
was posttranscriptional RNA editing of some of the HDV RNA species (11). (3) The
third line of evidence was from immunomicroscopy, to detect the delta protein in fixed
sections from the transfected liver. As shown in Fig. 2, at d 5, a significant fraction of
liver cells showed staining for the delta antigen. Note that this staining was nuclear and
in hepatocytes. In addition, these hepatocytes seemed associated with a central vein, as
was expected considering the hydrodynamic mechanism of transfection. By d 9, up to
approx 4% of the hepatocytes demonstrated HDV replication (9).

1.3.2. Transfection with RNA Rather than DNA
For cells in culture, HDV replication can be initiated not only by transfection with

DNA contructs but also with RNA (12,13). Thus, we tested whether mice could be
transfected with RNA rather than DNA. Surprisingly, the result was not only positive
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Fig. 1. Time course of accumulation of HDV genomic RNA species following hydrodynamic
transfection with HDV cDNA construct.

Fig. 2. Immunostaining to detect HDV protein in liver of mouse at 5 d after hydrodynamic
transfection with HDV cDNA.

but also of an efficiency comparable to that achieved with cDNA constructs (9), pre-
sumably because the hydrodynamic transfection essentially cleared the way through the
venous system so that intact RNA, still in saline, was able to reach the liver cells.

1.3.3. Comparison with Injection into Skeletal Muscle
As mentioned in Subheading 1.1., others have shown that injection of HDV cDNA

directly into the skeletal muscle of a mouse will lead to the accumulation of HDV RNA-
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directed transcripts (3). We have confirmed such studies (data not shown), and com-
pared the efficiency relative to the transfection of mouse liver. We find that the HDV
replication in muscle is significant, but still less than what can he achieved with the
liver. In addition, the muscle injections use 20 times more cDNA, and in terms of an
animal model for HDV, the liver is the better choice.

1.4. Future HDV and Non-HDV Applications
The method has great potential for use in studying liver-tropic virus replication in

this small well-characterized animal model. Consider some of the following examples.
(1) The studies with HDV have recently been extended by others to HBV (P. Yang and
F. Chisari, personal communication) and there are plans to do the same with HCV. (2)
The transfection can be into mice with specific transgenes or knockouts; for example,
we are currently testing the role of an RNA-editing gene on HDV replication. (3) If
DNA is transfected, that DNA construct can be one that facilitates integration into the
hepatocyte chromosomes (14). (4) The recent discovery that small interfering RNA’s
can be transfected into cultured cells and achieve gene-specific posttranscriptional gene
silencing might be extended to transfected mice and used in many different ways to
reveal the host and viral genes needed for replication, pathogenesis, and so forth (15).

We might expect that with time there will be significant enhancements to this
hydrodynamics-based procedure. For example, maybe with better choices for the size
of animal and the injection conditions, the fraction of transfected hepatocytes might be
increased. Also, it is possible that with the additional use of agents such as cationic lipid
formulations, the efficiency might even reach as much as �80%, just as for cultured
cells.

2. Materials
2.1. Solutions

1. DNA: Expression vectors containing HDV sequences directed by either an SV40 late pro-
moter or a CMV immediate–early promoter were amplified in bacteria and then purified
either by a cesium chloride equilibrium density centrifugation or by a Midi-Prep procedure
(QIAGEN).

2. RNA: In some experiments the DNA construct was replaced by two HDV RNA species as
transcribed in vitro (16).

3. Saline: Dissolve 0.85 g of sodium chloride in 100 mL of distilled water. Sterilize by auto-
claving. Store at room temperature.

4. 10% Formalin: Dissolve 10 mL of formalin in 90 mL of distilled water. Store at room tem-
perature.

5. Tri Reagent: Molecular Research Center (cat. no. TR-118). Store at 2–25°C.

2.2. Equipment
1. Injection: disposable 27-gauge × 1⁄2-inch needle and 3-mL syringe.
2. Restraining device: Harvard Apparatus mouse restrainer (cat. no. 52-0882).
3. Heat lamp to warm the mice prior to injection.
4. Homogenizer: Brinkmann Instruments, model PT 10/35.
5. 15- or 30-mL Corex glass centrifuge tubes, sterilized.
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2.3. Tissues for Study
1. At selected times after injection the animals were killed, and the livers collected and divided

into samples of about 50–100 mg, for subsequent extraction or embedding and immunos-
taining. In some experiments we also collected samples of thigh or calf muscle, heart,
spleen, kidney, and lung.

2. For subsequent embedding and immunostaining, a liver sample was fixed in 10% formalin
overnight.

3. The remaining tissue samples were transferred to 1.5-mL tubes. These were rapid-frozen
with liquid nitrogen, and later stored at −70°C.

3. Methods
3.1 Mice

Typically, we used female Balb/c mice that were about 4 wk old and 16 g at the time
of injection (see Note 1). The strain of mouse is probably not significant. However, as
Liu et al. have empirically shown, the mass of the mouse is an important variable for the
transfection efficiency of the subsequent injection (6).

3.2. Injection (See Note 2)
1. For each mouse to be injected, prepare a syringe containing 5 �g of DNA (see Note 3) or

RNA diluted into 1.4 ml of saline (see Note 4).
2. Warm several mice for about 10 min using a heat lamp.
3. For each mouse to be injected, immobilize with restraining device.
4. Dip tail of mouse into warm water to dilate tail veins.
5. Inject the needle into the tail vein at a point about 1–1.5 inches from the body.
6. In one smooth injection, over a period of � 7 s, deliver the entire volume to the mouse (see

Notes 5 and 6).

3.3. Homogenization of Liver Tissue and Extraction of RNA and Protein
1. Frozen samples of liver tissue were collected as described in Subheading 2.3.
2. The frozen sample was transferred to a Corex tube containing 1 mL of Tri Reagent.
3. Without delay, the sample was homogenized for approx 15 s.
4. The homogenate was transferred back to a 1.5-mL tube and extracted, following the manu-

facturer’s protocol (Molecular Research Center) to obtain samples of total RNA and total
protein.

4. Notes
1. Age of mice at time of injection: In our studies we chose as a standard to use exclusively 4-

wk-old mice. Liu et al. tested a range of older and larger animals. They showed that larger
animals required using larger injection volumes to achieve maximal transfection efficiency
(6). Older animals may have the advantage that the injection is easier.

2. Note-taking: Small variations in the injection procedure, such as in the total volume deliv-
ered or the rate at which this volume is delivered, can have a major impact on the efficiency
of the transfection. Therefore, it is important to make notes regarding the injection of each
mouse. Keep track of the times—measure to an accuracy of 1 s the time for injection. Note
down all possibly relevant problems that arise during the injection.
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3. Amount of DNA: Liu et al. tested the effect of increasing the amount of DNA used in the
transfection. We have confirmed their result that increasing the amount of injected cDNA
from 5 to 25 �g has no significant effect.

4. Diluent: In the injection procedure a standard saline is used as the diluent. Others have
reported that with such a solution only 60% of animals survive, whereas with a Ringer’s
solution survival is 100% (7). However, in our hands standard saline was not toxic and sur-
vival following �100 injections was �98%.

5. Liver damage: The volume injected represents about 10% of the mass of the mouse. This is
even more impressive when you consider that the total blood volume of an uninjected mouse
is approx 8% of the total body mass. Nevertheless, we have found that the injection is not life
threatening, with the mice exhibiting normal behavior within seconds after being returned to
cage. However, in a small fraction of the animals (�5%), the injection does produce some
liver damage which is only detected later, when one examines the liver tissue 5–30 d after
injection. Several healed lesions may be seen on the surface of the liver. Liu et al. noted this
and we also have seen this.

6. Efficiency: The efficiency in our hands has been up to 4%, in terms of cells that go on to
carry out obvious HDV replication. We have not tried this, but repeated injections were used
by Liu et al., and these gave an arithmetic increase. We are currently attempting to increase
the efficiency of a single injection via application of cationic lipids, and so forth.
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Hepatitis Delta Virus RNA Transfection 
for the Cell Culture Model

Thomas B. Macnaughton and Michael M. C. Lai

1. Introduction
Much of our current understanding of the replication of hepatitis delta virus

(HDV) has been based on transfection studies using plasmid-DNA-based expression
of HDV RNA. Although this approach is simple and has provided much useful infor-
mation, there has always been the possibility that this highly artificial system can gen-
erate artifacts unrelated to true HDV RNA replication, as there are no DNA
intermediates in natural HDV infections. For example, it is not always certain
whether any feature observed in these systems is representative of true HDV RNA
replication or reflective of artificial DNA-templated HDV RNA transcription. More-
over, HDV cDNA itself has been shown to contain endogenous promoters that may
lead to synthesis of additional (unnatural) transcripts (1). A more reliable approach is
by direct transfection of HDV RNA. However, this procedure requires that an inde-
pendent source of small hepatitis delta antigen (S-HDAg) also be provided, presum-
ably to transport the transfected HDV RNA to the nucleus (2), the site of HDV RNA
replication, and/or to initiate RNA replication. For this reason, HDV RNA transfec-
tion was first done in cell lines that stably expressed S-HDAg from an integrated
cDNA copy (3,4), which, however, still involves some HDV cDNA-templated RNA
transcription. The next attempt involved transfection of HDV RNA that had been
incubated with recombinant S-HDAg to allow the formation of high-molecular-
weight ribonucleoprotein complexes (5,6). Although this approach most closely mim-
ics natural HDV infections, it is very inefficient, requires highly purified S-HDAg,
and can be used only for the transfection of genomic-sense HDV RNA (6). The most
current method of HDV RNA transfection was developed in our laboratory several
years ago (7) and has become the method of choice because of its simplicity, effi-
ciency, and almost universal applicability. In this approach, the initial requirement of
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S-HDAg is met by cotransfection of the HDV RNA together with a capped in vitro
transcribed mRNA encoding S-HDAg. The rest of this chapter is devoted to the dis-
cussion of this technique.

Three major variables need to be considered to achieve the most efficient HDV RNA
transfection. These are the choice of cell line, the length and configuration of the HDV
RNA species, and the structure of the S-HDAg mRNA. The choice of cell line is flexi-
ble, as our technique has been successful in every mammalian cell line we have tried.
However, to date the best results have been obtained using the human hepatoma cell line
HuH7 (8), in which transfection efficiencies of up to 80% have been achieved. The next
consideration concerns the HDV RNA itself. While a number of HDV RNA species of
different lengths can successfully be transfected (provided they are at least unit-length),
the most efficient HDV RNAs we have used conform to the general structure depicted
in Fig. 1. The same configuration is used for both genomic- and antigenomic-sense
HDV RNA and comprises an approx 1.2× genome-length species with a short terminal
redundancy at the 3'-end, such that a functional HDV ribozyme cleavage element will
be present at both ends of the transcript. Why HDV RNA species of this general struc-
ture initiates HDV RNA replication with the highest efficiency is unclear but may
depend on the rapid circularization of the transfected HDV RNA following cleavage at
the two ribozyme domains. However, a recent study using this RNA transfection
approach demonstrated that initiation of HDV RNA replication is not absolutely
dependent on circularization of the transfected HDV RNA species (9); more likely, cir-
cularization of HDV RNA renders the RNA more resistant to nuclease attack. The final
consideration concerns the length of the S-HDAg mRNA species (Fig. 2). We have
tested two capped mRNAs with identical sequences at the 5'-end but with differing
lengths of sequence at the 3'-end. Specifically, species 2 terminated approx 20
nucleotides (nt) downstream of the S-HDAg stop codon while species 1 contained an
additional 230 nt of HDV RNA sequence downstream (including the antigenomic
ribozyme domain; Fig. 2A). Neither species contained a poly(A) tail. Both S-HDAg
mRNA species supported initiation of HDV RNA synthesis with nearly equal efficiency
when cotransfected with 1.2× genome-length genomic-sense HDV RNA (Fig. 2B, left
panel). In contrast, only the longer mRNA species worked efficiently when cotrans-
fected with 1.2× genome-length antigenomic-sense HDV RNA (Fig. 2B, right panel). It
is likely that the additional HDV RNA sequence on species 1 increases the intracellular
half-life of the mRNA, allowing the synthesis of more HDAg. This observation sug-
gests that more HDAg is required when transfecting antigenomic-sense HDV RNA. We
therefore recommend the use of S-HDAg mRNAs similar to species 1 (Fig. 2A) for all
HDV RNA transfection studies.

2. Materials
2.1. Media and Reagents

1. Dulbecco’s modified Eagle’s medium (DMEM) with high glucose (Gibco cat. no.
12375–010) containing 10% fetal bovine serum (FBS) and 100 U/mL of penicillin and 100
�g/mL of streptomycin. Store at 4°C.
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Fig. 1. Genomic and antigenomic HDV RNA species that give optimal results following trans-
fection into HuH7 cells. The numbering and restriction enzyme sites are according to sequence of
Wang et al. (10). Both species are 1.2× genome-length and contain a terminal redundancy at the
3'-end of approx 300 nt (indicated by shaded line), which contains an additional ribozyme cleav-
age site. G Rz and AG Rz indicate the ribozyme cleavage sites on the genomic and antigenomic
HDV RNAs, respectively. The arrows indicate the position and orientation of the HDAg open
reading frame on each transcript.

2. Opti-MEM 1™ reduced serum media (Gibco cat. no. 31985–070). Antibiotic-free. Store at 4°C.
3. DMRIE-C transfection reagent (Invitrogen cat. no. 10459–014). Store at 4°C. Do not freeze

(see Note 1).
4. 70% Ethanol in distilled water (Gold Shield). Store at room temperature.
5. 100% Ethanol (Gold Shield). Store at room temperature.
6. Phenol–chloroform–isoamyl alcohol (Invitrogen cat. no. 15593–049). Store at 4°C in the

dark.
7. 3 M Sodium acetate, pH 5.2. Dissolve 24.6 g of sodium acetate (anhydrous) in 75 mL of dis-

tilled water. Adjust the pH to 5.2 with glacial acetic acid and bring the volume up to 100 mL
with distilled water. Sterilize by autoclaving and store at room temperature.

8. Appropriate restriction enzymes and buffers for linearization of template plasmid DNAs.
9. Nuclease-free water (Ambion cat. no.9930) for the resuspension and dilution of in vitro tran-

scribed HDV RNA.

2.2. Equipment and Kits
1. Good-quality tissue culture ware. Six-well plates, 60-mm Petri dishes, and so forth. We use

Falcon brand products throughout (Becton Dickinson).
2. 5-mL (Falcon cat. no. 352058) and 14-mL (Falcon cat. no. 352057) polystyrene tubes for

preparing transfection mixtures.
3. RNA transcription kits. We use Ambion brand. In our hands, they give the highest yields and

best quality of RNA for transfection. For capped HDAg mRNA production, use mMessage
mMachine™ kits (Ambion: SP6 no.1340; T7 no. 1344; T3 no. 1348). For full-length and
longer HDV RNA production, use MEGAscript™ kits (Ambion: SP6 no.1330; T7 no.1334;
T3 no.1338).
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3. Methods
3.1. Preparation of Transcription Templates.

Preparation of good-quality DNA templates for HDV RNA transcription is the single
most important factor determining the yield and proportion of the full-length RNA
products from the reaction.

1. Use column-purified or CsCl density gradient (twice)-purified plasmid DNA as the starting
material. The choice of restriction enzyme used for linearization will depend on the con-
struct. For best results, use enzymes that leave blunt ends or a 5' overhang sequence. Tem-
plates containing 3' overhangs may yield sequences that are complementary to the authentic

Fig. 2. Initiation of HDV RNA synthesis: Effect of the length of S-HDAg mRNA. (A) The
diagrammatic structure of the two mRNA species tested. Species 2 terminated approx 20 nt 3' of
the S-HDAg stop codon whereas species 1 contained 250 nt of HDV sequence downstream of the
HDAg-coding region. Both mRNA species contained a 7-methylguanosine cap at the 5'-end but
neither contained a poly(A) tail. (B) Northern blot to detect HDV RNA in HuH7 cells 4 d post-
transfection. The left panel shows antigenomic HDV RNA synthesis following cotransfection of
1.2× genome-length, genomic-sense HDV RNA and either S-HDAg mRNA species 1 or 2. The
right panel shows genomic HDV RNA synthesis following cotransfection of 1.2× genome-
length, antigenomic-sense HDV RNA and either mRNA species. Lane M contains RNA from
mock-transfected cells. Probes were 32P-labeled in vitro-transcribed HDV RNA specific for either
genomic or antigenomic HDV RNA.
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transcript as well as vector DNA (11). If there is no alternative, include Klenow DNA poly-
merase in the restriction enzyme digestion step. The 3'–5' exonuclease activity of Klenow
DNA polymerase will convert the 3' overhangs to blunt ends.

2. Run an aliquot of the digest from above on an ethidium bromide stained agarose gel to
ensure that the plasmid has been cleaved completely. Add an equal volume of the
phenol–cloroform–isoamyl alcohol solution to that of the remaining digest, mix vigorously
for 1 min, and then centrifuge at 14,000g for 5 min. Transfer the upper (aqueous) phase to a
fresh Eppendorf tube and precipitate the linearized plasmid DNA by addition of a one-tenth
volume of 3 M sodium acetate, pH 5.2, and 2 volumes of 100% ethanol. Store at −20°C for
at least 1 h.

3. Pellet DNA by centrifugation (14,000g, 10 min) and resuspend in 100 �L of distilled water.
Transfer the DNA solution to a fresh Eppendorf tube and reprecipitate DNA as above. We
have found that this reprecipitation step greatly improves the subsequent RNA transcrip-
tional activity of the DNA templates.

4. Wash the DNA pellet three times with 70% ethanol, carefully removing all the residual
ethanol solution after the final wash. Leave the tube open for 10 min at room temperature to
dry the pellet partially. Do not dry in a vacuum centrifuge as this may make the DNA hard to
resuspend.

5. Finally redissolve the DNA pellet in distilled water and determine the DNA concentration at
a 1:100 dilution by measuring the optical density (OD) at 260 nm. Under these conditions,
0.2 OD unit is equivalent to a final DNA concentration of 1 �g/�L in the undiluted solution.
It is important to allow the DNA pellet to redissolve for at least 2 h at room temperature (or
overnight at 4°C) to ensure that the solution is homogeneous prior to measuring the OD.
Adjust the DNA to a final concentration of 0.5 �g/�L with distilled water and store at 
−20°C.

3.2. Preparation of HDV RNA for Transfection
1. We strongly recommend that in vitro transcription of 1.2× genome-length HDV RNA and 

S-HDAg mRNA be performed using Ambion MEGAscript™ and mMessage mMachine™
kits, respectively, according to the manufacturer’s instructions. Each reaction will generally
yield approx 100 �g of the 1.2× genome-length RNA and 25 �g of the S-HDAg mRNA.

2. Precipitate the in vitro transcribed HDV RNA using the lithium chloride reagent and proto-
col provided in the kit. Store overnight at −20°C.

3. Pellet RNA by centrifugation at 14,000g for 10 min at 4°C. Wash the pellet three times with
70% ethanol. The RNA pellet will initially appear translucent and hard to see, but will
become white following the wash steps. Remove all residual ethanol following the final
wash. There is no need to dry the pellet.

4. Redissolve the pellet in nuclease-free water and determine the RNA concentration at a 1:100
dilution by measuring the OD at 260 nm. Under these conditions, 0.25 OD unit is equivalent
to a final RNA concentration of 1 �g/�L in the undiluted solution. Adjust to final concentra-
tion of 0.5 �g/�L with nuclease-free water and store at −70°C.

5. The simplest method used routinely in our laboratory to check the quality of RNA transcripts
is to run a 1-�L aliquot on a nondenaturing 1% TAE-agarose gel stained with ethidium bro-
mide. The RNA should appear as a single, solid but slightly diffuse band. Degraded or poorly
synthesized RNA will appear as a continuous smear from high to low molecular weights. If
it is necessary to determine the molecular weight of the RNA accurately, and to run an
aliquot on a denaturing agarose gel according to the protocol provided in the Ambion kit.
However, we generally find this step unnecessary.
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3.3. HDV RNA Transfection
The procedure given is for single 35-mm Petri dishes or six-well plate cultures. Pro-

portions required for culture vessels of different sizes are shown in Table 1.

1. For best results, cells should be seeded the previous day and be 70–90% confluent at the time
of transfection (see Note 2).

2. Add 1.0 mL of Opti-MEM 1™ media to a 5-mL polystyrene tube. Then add 12 �L of
DMRIE-C reagent directly to the media; do not let it run down the side of the tube. Incubate
for 2–5 min at room temperature.

3. Meanwhile, wash cell cultures to be transfected once with 4 mL of Opti–MEM 1 and then
drain completely.

4. The next steps need to be performed quickly to prevent the cultures from drying out. Add 5
�L (2.5 �g) of 1.2× genome-length HDV RNA (genomic- or antigenomic-sense) and 5 �L
(2.5 �g) of S-HDAg mRNA to the Opti-MEM DMRIE-C mixture, mix briefly with a 1-mL
micropipet tip, and transfer immediately to the washed and drained culture. Do not preincu-
bate the RNA with the DRMIE-C solution.

5. Incubate culture at 37°C for 4 h in 5% CO2, then change media to DMEM containing 10%
FBS and continue incubation overnight. Important: Do not incubate cultures overnight
without changing media. The DMRIE-C reagent is quite toxic; under these conditions,
most cells will be dead by the next day.

6. Change media again the next day (DMEM containing 10% FBS) and continue incubation for
the desired period. Generally, this procedure leads to robust levels of HDV RNA replication
which can be detected by Northern blot beginning at 2–3 d posttransfection (see Note 3).

4. Notes
1. We have also tested a number of other liposomal reagents for HDV RNA transfection,

including DOTAP (Roche) and lipofectamine (Gibco), but the best results have always been
obtained with DMRIE-C.

2. Do not use cell cultures �50% confluent for this transfection procedure, as the DMRIE-C
reagent is quite toxic under these conditions. If cell density is too sparse, incubate the cul-

Table 1
Amounts of Reagent Required for Efficient Transfection of 
Cells Cultured in Different-Size Plates

Culture Approx Opti-MEM DMRIE-C 1.2× HDV RNA S-HDAg 
vessel area (cm2) (mL) (�L) (�g) mRNA (�g)

24-Well plate 2 0.2 2.5 0.5 0.5
6-Well plate 10 1.0 12 2.5 2.5
35-mm 10 1.0 12 2.5 2.5
Petri dish
60-mm 28 2.0 24 5.0 5.0
Petri dish
100-mm 75 5.0 60 12.5 12.5
Petri dish
150-mm 175 10.0 120 25.0 25.0
Petri dish
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tures for another day prior to transfection. On the other hand, while 100% confluent cultures
can be transfected with this procedure, the efficiency of transfection is much less than that
with subconfluent cultures.

3. When analyzing antigenomic HDV RNA synthesis by Northern blot hybridization following
transfection with genomic HDV RNA, make sure that the sequence of the probe does not
overlap that of the S-HDAg mRNA.
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Analysis of Hepatitis B Virus Dynamics 
and Its Impact on Antiviral Development

Manuel Tsiang and Craig S. Gibbs

1. Introduction
Viral dynamics is the study of the population dynamics of viral infection within the

body of an infected individual. It describes how viruses spread from cell to cell, with the
aim of revealing the basic laws that govern the spread of the virus within the host, their
interaction with the immune system, and their response to therapy. For viruses that pro-
duce a viremia, changes in the size of the virus population can be measured and fol-
lowed from blood samples obtained by phlebotomy at various time intervals using very
sensitive polymerase chain reaction (PCR)-based assays to quantify viral nucleic acids
accurately over a dynamic range of six orders of magnitude.

To analyze these data, mathematical models based on a firm understanding of the
biology of the virus and its interaction with the host have been developed. Such mod-
els can often provide nonintuitive insights into the dynamics of viral infection. The
advent of potent antiviral drugs for the treatment of viral diseases in recent years has
facilitated the mathematical analysis of the dynamics of viral infections by providing a
means for perturbing the steady state that commonly exists during chronic infection.
Such studies have yielded not only insight into our understanding of the establishment,
maintenance, and clearance of viral infection, but also predictors of response and prin-
ciples useful in the design of more effective treatment strategies for human immuno-
deficiency virus (HIV) (1–4) and hepatitis C virus (HCV) (5,6) and promises to do the
same for hepatitis B virus (HBV) as well. Importantly, viral dynamics analyses now
offer a more sophisticated way of analyzing the response to therapy, particularly in
Phase II clinical studies of short duration. Viral dynamics analysis maximizes the use
of readily available data and allows different drugs, dosages and regimens to be com-
pared more precisely.

In this chapter, the basic model that has been formulated for HBV dynamics is
explained and its application to the analysis of response to antiviral therapy is
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described. In addition, some limitations and refinements of the model and their future
applications are discussed.

2. The Basic Model
2.1. Formulating the Basic Model

The basic model of viral dynamics as conceived by Nowak and Bangham (7) has
three variables: the population sizes of uninfected cells, x; infected cells, y; and free
virus, v (Fig. 1). Consistent with good model building practice, the basic model of viral
dynamics is constructed with the smallest number of essential assumptions: Uninfected
cells are generated at a constant rate �, die at a rate �x proportional to their own abun-
dance, where � is the death rate constant, and are infected at a rate bvx, proportional to
the product of virus and uninfected cell abundance, where b is the infection rate con-
stant characteristic of the infection efficiency. The infected cells are generated at the
same rate bvx as the uninfected cells become infected and die at a rate ay proportional
to their own abundance, where a is the death rate constant. The free virus is produced
from the infected cells at a rate ky proportional to the abundance of infected cells, where
k is the viral production rate constant and is cleared at a rate uv proportional to its own
abundance, where u is the clearance rate constant. Taken together, the basic model can
be formulated as a system of three differential equations describing the rate of change
of x, y, and v:

dx/dt = � − �x − bvx
dy/dt = bux − ay (1)
dv/dt = ky − uv

2.2. The Basic Reproductive Ratio
Before the start of infection, v = 0, y = 0 and the uninfected cells are at the steady-

state level x = �/�. When infection is initiated with a nonzero value of v, Eq. (1)
becomes a dynamic system describing primary viremia. The system is dynamic in the
sense that the three variables are interrelated, and altering the value of one variable will
alter the subsequent time course of all the variables. Whether the infection will spread
and become established or die out depends on the value of a critical quantity referred to
as the basic reproductive ratio R0 defined as the average number of infected cells that
can arise from a single infected cell when most of the cells in the system are still unin-
fected (7). It is written as the ratio of the rate constants from Eq. (1):

R0 = (2)

If R0 � 1, the infection will not be established, as less than one infected cell will arise
from every infected cell. If R0 � 1, the infection will become established with y and v
increasing and x decreasing to a steady-state level. In Subheading 4.2, we will show
how the basic reproductive ratio can be experimentally estimated for HBV infection.

�bk
a�u
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2.3. Solving the Basic Model
To test the model or utilize it, Eq. (1) needs to be solved. In general, a system of dif-

ferential equations can be solved by one of two methods, an analytical method or a
numerical method. An analytical solution of x, y, and v will give the mathematical for-
mula of each variable as a function of time. Once the functional forms of the variables
are obtained, they can be used to fit the data by regression analysis using software such
as SigmaPlot (SPSS® sofware products). However, in most cases, an analytical solution
cannot be obtained due to the complexity of the system. A numerical solution, on the
other hand, calculates the values of x, y, and v which can be plotted over a specified time
period without actually producing a mathematical formula. A numerical solution can
always be obtained when the initial conditions x0, y0, and v0 and estimates of the rate
constants are supplied. The numerical method is ideal for testing the behavior of the
model, but is more challenging to use in regression analysis. For those interested in
numerical solutions, a very fast and convenient general purpose differential equation
solver, Berkeley Madonna, developed by Robert Macey and George Oster can be pur-
chased at the website www.berkeleymadonna.com.

2.4. Estimation of the Rate Constants
In the case of a primary viremia, Eq. (1) can be solved only numerically. This

requires that the initial values for x, y, and v and estimates of all six rate constants be
supplied. To obtain a numerical solution of HBV primary viremia to show the time
course of x, y, and v (Fig. 2), we have attempted to provide realistic estimates for the

Fig. 1. Flow diagram of the basic model of viral dynamics applied to hepatitis B infection
within the host in the presence or absence of adefovir treatment.



Fig. 2. Numerical solution of viral load, v, infected cells, y, and uninfected cells, x, during pri-
mary HBV viremia using the basic model of viral dynamics. Both viral load and uninfected cells
display an initial exponential growth followed by a peak and then a decline to a steady-state level.
The uninfected cells stay initially constant, then sharply decline to a minimum and recover to a
steady-state level. Rate constants used for the simulation: � = 5 × 105, b = 4 × 10−10, k = 6.24, a =
0.043, d = 0.003, u = 0.65. Initial conditions used for the simulation: x0 = 1.7 × 108, y0 = 0, v0 = 400.
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initial conditions and rate constants to Eq. (1). The estimates used here may not be
entirely adequate, however, future experimental analyses may provide more accurate
determinations.

2.4.1. Number of Cells in Normal Human Liver
The three quantities, x, y, and v are expressed as units of per milliliter of blood. There

are no infected cells at the start of an infection, y0 = 0, and the infecting virus can be set
at an arbitrarily low quantity of v0 = 400 copies/mL. As to the uninfected cells, the num-
ber of cells in an adult liver has been estimated to be approx 1012. Using 6000 mL as the
average blood volume of an adult, x0 = 1012/6000 = 1.7 × 108 cells/mL.

2.4.2. Uninfected Cell Growth Rate Constant �, and Death Rate Constant �
In rat liver, approx 0.3% of liver cells go through mitosis in any 24-h period (8,9).

Assuming the same mitosis rate in human liver, we have 1012 × 0.3% = 3 × 109 cells
undergoing mitosis every day. Accordingly, the growth rate of uninfected cells per mil-
liter of plasma is � = 3 × 109/6000 = 5 × 105 cells/(mL.d). Because before infection the
liver is at steady state, the uninfected cell death rate constant � can be calculated as fol-
lows: dx/dt = 0 → � = � /x0 = 5 × 105/(1.7 × 108) = 0.003 d−1 (equivalent to a half-life of
231 d).

2.4.3. Infected Cell Number y, and Viral Production Rate Constant k
It has been reported that approx 5–40% of hepatocytes are infected in chronic HBV

patients (10). Therefore, an average value of 22.5% can be used. This allows the esti-
mation of y when the infection has reached a steady state where y = 1012 × 0.225/6000
= 3.75 × 107 cells/mL. The clearance rate constants of the virus and infected cells, u and
a, can be experimentally determined during antiviral therapy as described in Subhead-
ing 3.3. For now, we will use those determined values with u = 0.65 d−1 and a = 0.043
d−1. Using a mean viral load at steady state of v = 3.6 × 108 copies/mL as typically
observed in chronic HBV infection, the viral production rate constant k can be calcu-
lated. Since ky = uv at steady state, k = uv/y = 0.65 × 3.6 × 108/(3.75 × 107) = 6.24 d−1.

2.4.4. Infection Rate Constant b
The infection rate constant b is the most elusive; its value controls the time at which

the peak of primary viremia occurs. In the model of acute HBV infection in chimpanzee
described by Guidotti et al. (11), the peak of primary viremia occurred at wk 8 or d 56.
As b is the only rate constant left to be estimated, different values of b can be tested dur-
ing the numerical solution of primary viremia. The value of b that gives a viremia peak
at day 56 is b = 4 × 10−10 mL/(copies.d).

2.5. Numerical Solution of Primary Viremia
Using the initial conditions and rate constants discussed in Subheading 2.3., a

numerical solution to the basic model of viral dynamics described by Eq. (1) can be
obtained (Fig. 2). This solution describes the time courses of x, y, and v during primary
viremia. Both free virus and infected cells have an initial exponential growth phase fol-
lowed by a peak and then a decline by damped oscillation to a steady state. Free virus
and infected cells cannot continuously grow in number and reach a peak because the sup-
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ply of uninfected cells is limited. The uninfected cells remain initially constant, allowing
for a short exponential growth of both free virus and infected cells, then sharply decline
to a valley and slowly recover to a steady-state level by damped oscillation.

3. Antiviral Therapy
In untreated patients with chronic hepatitis B infection, a pretherapy steady state is

assumed to have been reached with balance between viral production and viral clear-
ance: dv/dt = 0 → uv0 = ky0, where v0 and y0 denote the pretherapy steady-state values of
free virus and infected cells. This balance is disturbed when the patient is treated with
antivirals such as lamivudine or adefovir, which are potent HBV polymerase inhibitors.
Analysis of the rapid decline in viral load during these antiviral therapies has enabled
the determination of rate constants critical to viral and infected cells clearance.

3.1. Mechanism of Inhibition
In modeling viral dynamics during antiviral therapy, it is necessary to consider the

mechanism by which the virus is being inhibited in order to make reasonable assump-
tions before solving the basic model. HBV polymerase is necessary for the synthesis
of the DNA genome of progeny virions from the pregenomic RNA transcripts; there-
fore, an HBV polymerase inhibitor should inhibit viral production. In addition,
because HBV polymerase may also be involved in completing the synthesis of
cccDNA, which migrates into the nucleus to establish a productive infection in the
cell, an HBV polymerase inhibitor should also inhibit viral infection. By assuming that
lamivudine completely inhibits both viral production (k = 0) and viral infection (b = 0),
Nowak et al. were first to model HBV decline in the plasma of patients under lamivu-
dine treatment (12).

3.2. Biphasic Solution of HBV Clearance
When we attempted to analyze HBV decline in the plasma of patients during ade-

fovir dipivoxil therapy, we observed a biphasic viral decline with a second slower phase
that could not be accommodated by Nowak’s solutions. A biphasic solution was
obtained from the basic model by modifying the assumptions about the efficacy of inhi-
bition (13). These efficacy terms were �, the efficacy of inhibiting viral production, and
�, the efficacy of inhibiting viral infection such that (0 � � � 1) and (0 � � � 1). The
terms (1 − �) and (1 − �) modify the viral infection rate bvx and the viral production rate
ky, respectively (Fig. 1). An efficacy of 0 indicates that there is no inhibition, whereas
an efficacy of 1 indicates complete inhibition. Values of the efficacy between 0 and 1
indicate partial inhibition. In our solution (13), we allowed for partial inhibition of viral
production (0 � � � 1), but still assumed complete inhibition of viral infection (� = 1).
This transformed the basic model into Eq. (3) for the description of HBV viral dynam-
ics during therapy with HBV polymerase inhibitors:

dx/dt = � − �x
dy/dt = −ay (3)
dv/dt = (1 − �)ky − uv
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An analytical solution for the viral load function v(t) can be obtained from Eq. (3):

V(t) = v0e
−ut + (4)

The assumption of complete inhibition of viral infection, although not entirely realistic,
does considerably simplify the solution. In Subheading 5.1., we will show that a solu-
tion obtained with a more realistic assumption of � yields practically the same dynamic
parameters when used to curve fit the same viral load data.

3.3. Curve Fitting the Viral Load Data
The viral load function shown in Eq. (4) can be used to fit the viral load data of

HBV patients treated with adefovir dipivoxil or any other HBV polymerase inhibitor
(Fig. 3). For better accuracy and easier curve fitting, it is recommended to fit
log(v(t)) to the logarithm of the viral load data, a detail rarely mentioned in manu-
scripts. From the nonlinear regression analysis, the clearance rate constants u and a
for the virus and for the infected cells and the efficacy of inhibition � of viral pro-
duction can be determined. The rate constants u and a can also be expressed as the
half-lives, (ln2)/u and (ln2)/a of the virus and infected cells, respectively. In our
analysis of 10 patients, u = 0.65 d−1 and a = 0.043 d−1, translating to half-lives of 1.1
d for the virus and 18.2 d for the infected cells, although considerable variation was
observed for the half-life of infected cells in different patients. A third way of under-
standing the rate constants u and a is to express them as 1/u and 1/a, the mean life-
spans of HBV virion in plasma and in productively infected cells, respectively. Thus,
the mean lifespan of HBV virion in plasma is 36.9 h, and the mean lifespan of pro-
ductively infected cells is 23.3 d. The mean viral generation time � is defined as the
time from the release of a virion until it infects another cell and causes the release of
a new generation of particles; therefore, � is expressed as (1/u + 1/a), the sum of the
mean lifespans of virus and infected cells (14).

3.4. The Meaning of the Two Phases
Counterintuitively, no attempt has been made to predefine the meaning of the two

phases during the formulation of the model or the postulation of the assumptions.
Instead, it is the analytical solution for the viral load function (Eq. [4]) that provides the
meaning for the two phases. The rapid initial phase is controlled by the parameter u, and
thus represents the clearance of free virus particles present prior to the initiation of ther-
apy, from patient plasma. The slower second phase is controlled by the parameter a, and
thus reflects the clearance of infected cells; it can also be understood as the clearance of
newly produced virus particles during antiviral therapy.

3.5. Efficacy of Inhibition of Viral Production
The mean efficacy of inhibition of viral production by adefovir dipivoxil given at a

daily dose of 30 mg for the 10 HBV patients shown in Fig. 3 was determined to be
0.993 ± 0.008. This indicates that 99.3% of viral production was inhibited. It does not
mean that 99.3% of baseline viral load has been cleared. Graphically, the efficacy of

(1 − 
)uv0 (e−at − e−ut)
u − a



Fig. 3. Plasma viral HBV DNA determinations in 10 patients treated with a 30-mg daily oral
dose of adefovir dipivoxil. The solid lines represent the best fitted curves using Eq. (4).
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inhibition of viral production is determined by the time at which the initial phase transi-
tions into the second phase. As shown in the simulation of Fig. 4A, the efficacy � affects
only the time required to reach the transition from the faster first phase to the slower
second phase. Each step between the successive values of � (0.9, 0.99, 0.999,
0.9999, . . . ), corresponds to a log10 decrease in the magnitude of the viral production
rate constant k and translates into a viral load difference of 54 d in the time required to
reduce the total viral load in plasma down to one copy (Fig. 4B).

3.6. Treatment Regimens Affecting Efficacy
In a 12-wk dose escalation study of adefovir at 5, 30, and 60 mg, the mean efficacy

� determined from curve fitting with Eq. (4) was 0.8, 0.983, and 0.993 for each dose
group, respectively, showing that increasing the dose of adefovir increases the antiviral
efficacy. Although the exact relationship between dose and efficacy is unknown, a
hyperbolic relationship is a reasonable assumption because the efficacy � can only take
values between 0 and 1, and our data are consistent with this assumption. In another
study of HBV patients where lamivudine monotherapy (150 mg qd) and combination
therapy of lamivudine (150 mg qd) plus famciclovir (500 mg tid) were compared, the
efficacies � determined were 0.94 for the monotherapy and 0.988 for the combination
therapy (15). The viral declines in both treatment arms were biphasic and famciclovir
increased the antiviral efficacy of lamivudine in a manner identical to that observed
with increasing doses of adefovir monotherapy.

Fig. 4. Effect of efficacy, �, of inhibition of viral production on viral decline. Equation 4 is
used in the simulations shown here, with v0 = 1 × 108 copies/mL, u = 0.65 d−1, a = 0.043 d−1. (A)
Effect of efficacy, �, on the kinetics of HBV clearance. (B) Effect of efficacy, �, on the time
required to reduce viral load to clearance level. Clearance level of virus in plasma is defined here
as one copy per 6000 mL of plasma.
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3.7. Intracellular and Pharmacological Delays
The intracellular delay of the virus is defined as the time between infection of a cell

and production of new virus particles. The pharmacological delay is defined as the time
required for a drug to be absorbed, distributed, and delivered into target cells after
administration (16). Because of these factors, viral load does not decline immediately
upon initiation of antiviral therapy, but is preceded by a lag that frequently causes the
virus clearance rate constant to be underestimated. To obtain reliable estimates of free
virus clearance rate constant u and the combined intracellular and pharmacological
delay t0, frequent sampling of patient blood in the early phase of therapy is necessary.
When early data points are available, a viral load function that incorporates this com-
bined delay t0, shown in Eq. (5), can be used for curve fitting instead of Eq. (4):

v(t) = v0e
−u(t−t0) + (e−a(t−t0) − e−u(t−t0)) (5)

This solution is valid for t � t0. For t � t0, the solution is v(t) = v0, where v0 is the initial
viral load. Figure 5 illustrates the effect of using Eq. (5) for curve fitting when frequent
sampling was performed during the first phase. In the absence of frequent sampling dur-
ing the first phase (Fig. 5A), a virus clearance constant of u = 0.7 d−1 was determined
using Eq. (4). When five additional points were sampled during the first phase (Fig. 5B,
open circles), a combined pharmacological and intracellular delay t0 = 1.9 d and a larger
virus clearance rate constant u = 1.1 d−1 were determined using Eq. (5). In other words,
without frequent early samplings, only a lower estimate of the virus clearance rate con-
stant can be determined.

4. Viral Rebound
Like primary viremia, viral rebound after cessation of therapy is also described by

the basic model shown in Eq. (1), but an analytical solution of the viral rebound func-
tion cannot be obtained.

4.1. Solving the Initial Rebound
However, the initial phase of the viral rebound or initial rebound (Fig. 6) can be

solved if we assume that, at the end of antiviral therapy, the free virus is practically
eradicated (v ≈ 0) and that during the initial rebound the uninfected cell number remains
relatively constant (dx/dt ≈ 0). With these assumptions, it can be seen that the uninfected
cell number is x1 ≈ �/� and that Eq. (1) can be simplified to Eq. (6):

dy/dt = bvx1 − ay
(6)

dv/dt = ky − uv

Equation (6) can be solved to give the viral load function [Eq. (7)] for the initial
rebound where v1 is the viral load at the end of antiviral therapy and r0 the rate constant
of initial rebound:

v(t) = v1 er0t (7)

(1 − 
)uv0
u − a
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Fig. 5. Frequent early samplings are necessary to determine the delay, t0 and to avoid overestimation of the virus clearance rate constant, u. (A)
The kinetic parameters were determined by fitting Eq. (4) to the data. (B) Five additional points in the initial phase were included in the analysis
using eq. (5) to fit the data. A delay of 1.9 d and a larger u were determined.
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The rate constant of initial rebound can be determined by fitting Eq. (7) to the viral load
data of initial rebound. Another expression for the rate constant of initial viral rebound
is the doubling time td = (ln 2) / r0 of the virus in the serum. In our study of HBV
patients treated with 30 mg qd adefovir dipivoxil for 12 wk, the initial rebound rate con-
stant r0 after cessation of therapy was 0.47 d−1, translating to a virus doubling time of
1.5 d in serum. This virus doubling time can also be measured from the initial phase of
primary viremia during acute HBV infection in humans. However, the opportunities to
study this process in humans are very rare. A virus doubling time of 2.2–5.8 d has been
measured from patients with acute HBV infection by Whalley et al. (17) and is consis-
tent with the result obtained from the initial rebound analysis.

4.2. Determination of the Basic Reproductive Ratio, R0

The rate constant of initial rebound r0 is a composite rate constant of all the rate con-
stants in Eq. (1). In the process of solving Eq. (6), its relationship to u, a, and the basic
reproductive ratio R0 can be established and is described by Eq. (8) (18):

R0 = 1 + ( ) (8)

Once u, a, and r0 are determined by curve fitting, the basic reproductive ratio R0 can be
calculated from Eq. (8), which is a more practical three-parameter expression of R0 in
contrast to Eq. (2) (see Subheading 2.2.). In our study of HBV patients treated with 30
mg qd adefovir, we determined a basic reproductive ratio of 16.

r0(r0 + u + a)
au

Fig. 6. Simulation of antiviral therapy followed by viral rebound after cessation of therapy.
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4.3. Induction/Maintenance Therapy
The observation of rapid HBV viral load decline during the first 2 wk of antiviral

therapy (first phase) followed by a period of slow decline (second phase) has led to the
proposal that patients might benefit from a treatment regimen involving an initial high
induction dose followed by a lower maintenance dose. Numerical simulation of such a
dose reduction by reducing the efficacy � predicts that a partial viral rebound will ensue
and will be followed by continued second phase clearance identical to that of the lower
maintenance dose with unaltered slope. This behavior has been observed (19) in a sin-
gle patient dose reduced from 30 mg to 10 mg with a partial viral rebound followed by
continued clearance as predicted (Fig. 7).

5. Further Refinements
5.1. Partial Inhibition of Infection

In Subheading 3.2. we described a biphasic solution for the viral load function
obtained by assuming partial inhibition of viral production (0 � � � 1) but complete
inhibition of new infections (� = 1). The assumption that inhibition of new infections
was complete provided a simplification that allowed us to obtain an analytical solution
describing the biphasic behavior of the viral load decline. However, in reality, complete
inhibition of new infections is unlikely. When analyzing the dynamics of HCV under
interferon-� therapy, Neumann et al. (6) assumed that the inhibition of de novo infec-
tion were also partial or 0 � � � 1. To allow an analytical solution for the viral load

Fig. 7. Partial viral rebound following dose reduction from 30 mg to 10 mg in a single HBV
patient.
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function, they further assumed that the uninfected cells remained constant at the pre-
treatment steady-state value x0 = ua—

kb during the short period of early treatment. With these
assumptions, the basic model was then written as Eq. (9):

dx/dt = � − �x − (1 − �)bvx
dy/dt = (1 − �)bvx − ay (9)
dv/dt = (1 − �)ky − uv

Solving Eq. (9) gave the solution for the viral load function shown in Eq. (10):

v(t) = v0 [(1 − )e −�1(t−t0) + (1 + )e −�2(t−t0) ] (10)

where the eigenvalues, �1 and �2 are given by 1–2(u + a + u) and 1–2(u + a − u), respectively,
and u = √(u − a)2 + 4(1 − 
)(1 − �)ua and t0 is the combined delay as defined in Sub-
heading 3.7. Again, this solution is valid only for t � t0. For t � t0, the solution is v(t) =
v0, where v0 is the initial viral load.

5.2. Noncytolytic Loss of Infected Cells
In our study of HBV dynamics in patients under adefovir treatment, the half-life for

productively infected hepatocytes was as short as 11 d in some patients. This translates
to a 6.2% daily loss in this population of cells. Because 5–40% of all hepatocytes in
chronic HBV patients can be productively infected (4), this means that between 0.3%
and 2.5% of all hepatocytes are killed daily and must be replenished to maintain a sta-
ble liver mass. However, in a study of acute HBV infection in chimpanzees (11), Chis-
ari and co-workers have demonstrated that �90% of the viral DNA can be eliminated
from the liver by noncytolytic processes independent of immune elimination of infected
hepatocytes and that the viral cccDNA is also susceptible to noncytolytic control. This
means that instead of being killed, the disappearance of productively infected hepato-
cytes can also occur through a curing mechanism where cured cells reenter the popula-
tion of uninfected healthy cells. In a recent model for HBV dynamics, Lewin et al. (20)
have introduced a reversion rate constant � into Neumann’s model (Eq. [9]) to reflect
this noncytolytic loss of infected cells through reversion to the uninfected state by loss
of all cccDNA from their nucleus. This model is described by Eq. (11):

dx/dt = � − �x − (1 − �)bvx + �y
dy/dt = (1 − �)bvx − ay − �y (11)
dv/dt = (1 − 
)ky − uv

Thus, the rate constant of infected cell loss is A = a + �, the sum of the rate constants of
cell death and reversion. By assuming that the uninfected cells remained constant at the
pretreatment steady-state value x0 = ua—

kb during the short period of early treatment, they
obtained the same solution for viral load as the one shown in Eq. (10), except that the
death rate constant a of infected cells was now replaced with A the rate constant of
infected cell loss.

Hence, the second phase decline could overestimate the actual death rate of infected
cells and rather reflect the decay of cccDNA. Again, viral serum kinetics alone does not

u + a − 2
u
u

u + a − 2
u
u

1
2
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allow us to dissociate the two rate constants. A separate determination of � will be
required before the real death rate constant a can be estimated.

A recent study of the kinetics of hepadnavirus loss from the liver of woodchucks
under L-FMAU therapy by Zhu et al. (21) pointed to yet a third and even more realistic
interpretation of the second phase decline. In that study, the authors compared the rate
of loss of replicating genomes, cccDNA, and infected hepatocytes (i.e., cells with at
least one molecule of cccDNA) and found that replicating genomes were virtually elim-
inated from the liver after 6 wk of therapy, while the decline of cccDNA and the actual
number of infected cells lagged behind with half-lives longer than 50 d. This suggests
that the second phase decline more realistically reflects a decrease in the level of repli-
cating genomes within the infected cells, which themselves are lost at a much slower
rate in a third phase decline. This scenario could also reconcile the observations made in
the Chisari’s chimpanzees where the decline in HBV liver DNA should not be viewed
as a loss of infected cells but simply as a loss of replicating genomes within the infected
cells. This is a reasonable paradigm, because it is more plausible that the replicating
genomes are lost gradually than in an all-or-none fashion within an infected cell. Future
models can be developed to accommodate this phenomenon by introducing a fourth
variable to denote the replicating genomes.

6. Conclusion
Using mathematical models to analyze the dynamics of HBV viral load during drug

therapy or during viral rebound after cessation of therapy can provide quantitative esti-
mates of the rate constants crucial in HBV replication in vivo. Although all mathemati-
cal models necessarily rely on simplifications and have certain limitations, their
formulation does force all the biological assumptions to be made explicit. Instead of
emphasizing accuracy, the current state of HBV dynamic modeling provides a basic, yet
not complete, understanding of the underlying processes that allows one to obtain pa-
rameter estimates that are invaluable guidelines for therapy planning and comparison of
different drugs and drug combinations. As more data are collected on HBV replication
and drug action, they can be used to test the conclusions of the model and bring further
refinements to the model, which in turn will yield more insight into HBV infection. Fur-
thermore, it is likely that variable factors associated with the virus, such as genotype
and host factors, such as the immune response, will influence the specific pattern of
viral dynamics observed during the treatment of an individual patient. It is also plausi-
ble that the viral dynamic pattern observed may be predictive of treatment outcome.
The correlations between baseline parameters, viral dynamic parameters, and treatment
outcome remain to be explored for hepatitis B. The challenge for such correlation
analyses is the collection of blood samples with the necessary frequency for each phase
of viral clearance required for accurate viral dynamic measurements in clinical trials
involving sufficient numbers of patients. Another challenge currently facing clinicians
treating patients with hepatitis B infection with antiviral therapy is the emergence of re-
sistance to lamivudine (22). Although the resistance profile of adefovir appears promis-
ing with no resistance observed after 1 yr in a Phase III clinical study (23), experience
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with anti-HIV therapy warns against complacency. Modeling resistance emergence into
HBV viral dynamics could potentially be applied to develop new treatment strategies
that may slow down the rate of resistance emergence.
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Genotyping Anti-Hepatitis B Virus Drug Resistance

Eric J. Bourne, Josée Gauthier, 
Vincent A. Lopez, and Lynn D. Condreay

1. Introduction
Agents available or in development for the treatment of chronic hepatitis B virus

(HBV) infection fall into two major groups: immunomodulators, such as interferon-�
and therapeutic vaccines, and nucleoside/nucleotide analogs, such as lamivudine and
adefovir (1). Currently, the only therapies approved in the United States for treatment of
chronic HBV infection are IFN-� and lamivudine. However, a number of nucleoside
and nucleotide analogs are in development, and it is likely that treatment of chronic
HBV infection in the future will involve additional therapies.

Prolonged treatment with antiviral agents can lead to the emergence of drug-resistant
virus. Resistance to lamivudine is well documented and is often associated with muta-
tions in the YMDD and FLLAQ loci of the HBV polymerase B and C domains, respec-
tively (2). The primary mutations M552I and M552V are selected in the YMDD locus
with L528M in the upstream FLLAQ locus being the most common secondary or com-
pensatory mutation selected. The drug-resistance profiles of investigational drugs such
as adefovir, entecavir, L-dT, and ACH-126,443 have yet to be determined. As more
drugs become available and combination therapy becomes an option for the treatment
of chronic HBV infection, genotyping of clinical samples and assessment of drug-resis-
tance mutations may become an important aspect of disease management.

Methods currently available for genotyping HBV include assays to detect changes
throughout the genome (standard sequencing) as well as assays to evaluate identified
sites of interest (restriction fragment length polymorphism [RFLP] assays, real-time
polymerase chain reaction [PCR]-based assays [Taqman], and the INNO-LiPA HBV
DR test). Sequencing of large portions of the viral genome allows detection of changes
at multiple sites in the viral genome; however, this methodology does not detect low
levels of variants in mixed virus populations without clonal amplification. The site-
specific assays permit very sensitive detection of mixed viral populations and thus per-
mit early detection of variants emerging in patients on therapy. Additional assays such
as pyrosequencing (3), Luminex (4), and the FLAP endonuclease assay (5) could be
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applied for these purposes, and are currently under development. These site-specific
assays have limited utility, if any, in cases where no specific sites of interest have been
determined and whole genome sequencing is preferred.

2. Materials
2.1. Lysis and Extraction of HBV DNA from Serum

1. QIAamp® 96 blood kit (cat. no. 351162; QIAGEN, Chatsworth, CA).
2. Tabletop centrifuge and rotor for 96-well plates (Sigma 4-15C, cat. no. 81010; and plate

rotor 2 × 96, cat. no. 81031; QIAGEN) or equivalent.
3. Oven for 70°C incubation.
4. Multichannel pipet and filter tips.
5. 95% Ethanol, molecular biology grade.

2.2. PCR Amplification and sequencing
1. Primers (6):
Set (i)

252F (5'-AGACTCGTGGTGGACTTCTCT-3').
794R (5'-CAAAAGAAAATTGGTAACAGCGGTA-3').

Set (ii)
377F (5'-GGA TGT GTC TGC GGC GTT T-3').
840R (5'-ACC CCA TCT TTT TGT TTT GTT AGG-3') (see Note 1).

2. SYBR green, 10,000X (Molecular Probes, Eugene, OR) or equivalent for staining of nucleic
acids following gel electrophoresis.

3. Thermocycler.
4. 96-Well plates.
5. QIAquick™ PCR purification kit (QIAGEN, cat. no. 28104) or equivalent.
6. Reagents for master mix:10X buffer with 15 mM MgCl2 (Perkin Elmer, Foster City, CA ), 25

mM MgCl2 (Perkin Elmer), 5 U/�L of AmpliTaq DNA polymerase (Perkin Elmer), 1.1
�g/�L of Taq Start antibody (ClonTech Laboratories, Palo Alto, CA), DNAse- and RNAse-
free sterile water (Sigma, St. Louis, MO), and 20 mM dNTPs (Amersham Pharmacia
Biotech, Piscataway, NJ).

7. Sequencing reagents (Applied Biosystems, Foster City, CA).
8. DNA sequencer (e.g., ABI 377, ABI 3700, ABI 3100 from Applied Biosystems).

2.3. Reagents for PCR Amplification and RFLP Analysis
1. Primer pairs F1 and B2 (for codon 552 site), F3 and B2 (for codon 528 site) (6):

F1 (5'-CAC TGT TTG GCT TTC AGT CAT-3').
F3 (5'-GTG GGC CTC AGT CCG TTT CTC-3').
B2 (5'-GTT CAA ATG TAT ACC CAA AG-3').

2. Reagents for master mix: 10X Buffer with 15 mM MgCl2 (Perkin Elmer, Foster City, CA),
25 mM MgCl2 (Perkin Elmer), 5 U/�L of AmpliTaq DNA polymerase, (Perkin Elmer), 1.1
�g/�L of Taq Start antibody (ClonTech Laboratories, Palo Alto, CA), DNAse- and RNAse-
free sterile water (Sigma, St. Louis, MO), and 20 mM dNTPs (Amersham Pharmacia
Biotech, Piscataway, NJ)

3. Restriction endonucleases NdeI and NlaIII (New England Biolabs, Beverly, MA) and XhoI
(for linearization of control plasmids).

4. Thermocycler.
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5. QIAquick™ PCR purification kit (cat. no. 28104).
6. Plasmids pCMVHBV (to generate a standard curve) (7) and appropriate control plasmids

(e.g., plasmids with L528M/M552V and M552I) (8).
7. Precast 6% TBE-polyacrylamide gel (Invitrogen, Carlsbad, CA).
8. SYBR green, 10,000X (Molecular Probes, Eugene, OR) or equivalent for staining of nucleic

acids following gel electrophoresis.
9. Bio-Rad Gel Doc 100 Gel Documentation System and Multi Analyst version 1.1 (Bio-Rad

Laboratories, Hercules, CA) or equivalent for capturing gel images.
10. 1000 �g/mL of �X174-HaeIII digested molecular weight marker (New England Biolabs).
11. 500-V DC power supply.
12. Xcell II gel electrophoresis apparatus (Invitrogen).
13. 5X TBE sample loading buffer (Invitrogen).

2.4. TaqMan Analysis (6)
1. TaqMan Universal PCR master mix (Perkin Elmer).
2. Primers for PCR amplification:

Codon 528:
HBVG.F464 (5'-TGT TGC CCG TTT GTC CTC-3').
HBVG.R711 (5'-AGC CAA ACA GTG GGG GAA-3').

Codon 552:
HBVG.F696A (5'-TCA GTG GTT CGT AGG GCT TT-3').
HBVG.R840A (5'-CCA TCT CTT TGT TTT GTT AGG-3').

3. Fluorescent probes for TaqMan assay: Fluorescently labeled oligonucleotide probes (Genset
Corp, Paris, France or Synthetic Genetics, San Diego, CA), containing 6-carboxyfluorescein
(FAM), 6-carboxy-4,7,2',7'-tetrachlorofluorescein (TET), or hexachlorofluorescein (HEX)
phosphoramidites at the 5' end and the quencher dye 6-carboxytetramethylrhodamine
(TAMRA) linked by a phosphate to the 3' end. Different sets of probes are required to
encompass various serotypes because of heterogeneity in the HBV DNA sequence within the
region.

Codon 528:
Set I (ayw, ayr, adr)

528wt (5'-FAM-CCC GTT TCT CCT GGC TCA GTT TAC TAG T-TAMRA-3').
528mut (5'-TET-CCC GTT TCT CAT GGC TCA GTT TAC TAG T-TAMRA-3').

Set II (adw2,adw)
528wt (5'-FAM-TCCGTTTCTCTTGGCTCAGTTTACTAGTGC-TAMRA 3'.
528mut (5'-TET-TCCGTTTCTCATGGCTCAGTTTACTAGTGC-TAMRA 3'.

Codon 552:
Set I (ayw, adr)

552wt (5'-FAM-TGGCTTTCAGTTATATGGATGATGTGG-TAMRA 3'.
552mut1 (5'-TET-TGGCTTTCAGTTATGTGGATGATGTG-TAMRA 3').
552mut2 (5'-HEX-TTGGCTTTCAGTTATATTGATGATGTGG-TAMRA 3').

Set II (adw2,adw,ayr)
552wt (5'-FAM-TGGCTTTCAGCTATATGGATGATGTG-TAMRA 3').
552mut1 (5'-TET-TGGCTTTCAGCTATGTGGATGATGT-TAMRA 3').
552mut2 (5'-HEX-TGGCTTTCAGCTATATTGATGATGTGG-TAMRA 3') (6).

4. AmpliTaq Gold (Perkin Elmer).
5. 96-Well optical plates with optical caps (Perkin Elmer).
6. ABI7700 thermocycler-fluorescent plate reader (Perkin Elmer).
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2.5. INNO-LiPA Analysis
1. INNO-LiPA HBV DR Amplification kit (cat. no. P-1084, Innogenetics, N.V.).
2. INNO-LiPA HBV DR Detection kit (cat. no. K-1084, Innogenetics, N.V.).

3. Methods

3.1. Lysis and Extraction of HBV DNA from Serum
1. Aliquot serum into a 1.5-mL microcentrifuge tube threaded on the outside containing a

screw cap with O-ring, to avoid potential contamination of the original sample. Aliquot only
a single tube at a time (see Note 2).

2. Use appropriate positive (e.g., commercially available HBV-positive serum or control plas-
mid) and negative (e.g., commercially available HBV-negative serum) controls for determin-
ing lysis and extraction efficiency and for detecting possible cross-contamination.

3. Lysis and extraction are performed following the manufacturer’s instructions.
4. Store extracted HBV DNA at −20°C for long-term storage and at 4°C for short-term storage.

3.2. Sequencing to Identify Mutation Sites
3.2.1. PCR Amplification (6)

1. PCR primer pairs for amplification are as follows: (1) 252F with 794R to amplify domain B
of the HBV polymerase or (2) 377F with 840R to amplify domain C of the HBV polymerase.

2. Set up the following PCR mixture, in a final volume of 50 �L per reaction: 10 �L of
extracted HBV DNA, 20 �M Tris-HCl, pH 8.3, 50 mM KCl, 2 mM MgCl2, 18 mM NaCl, 0.2
mM of each dNTP (dATP, dCTP, TTP, and dGTP), forward and reverse primers (250 nM
concentration each), 0.625 U of AmpliTaq polymerase, and 0.14 �g Taq Start antibody.

3. Thermocycler conditions: 94°C, 5 min; 40 cycles at 94°C, 30 s; 55°C, 15 s; 72°C, 60 s;
72°C, 60 s; hold at 4°C.

4. Purify the amplicons using the QIAquick™ PCR purification kit (QIAGEN) or equivalent,
according to the manufacturer’s instructions.

5. Quantify PCR products by using one of the following techniques or equivalent: UV spec-
troscopy, fluorescence, or visualization following gel electrophoresis and SYBR staining.

3.2.2. DNA Sequencing
1. Perform sequencing reactions using commercially available sequencing reagents and appro-

priate primers. For sequencing with the ABI377, 40 ng/400 bp of purified DNA is mixed
with 3.2 pmol of selected primer in a final reaction volume of 12 �L. For sequencing with
the ABI3700, 20 ng/400 bp of purified DNA is mixed with 2.5 pmol of selected primer in a
final reaction volume of 6 �L. The primers selected are the same as those used from the ini-
tial amplification for each sequencing condition. Sequencing reactions are performed
according to manufacturer’s suggestions.

3.3. Site-Specific Detection of Mutations
3.3.1. RFLP Assay

1. Generate a standard curve by diluting linearized pCMVHBV and amplifying the linearized
DNA using the following concentrations: 1010, 109, 108, 107, 104, 103, 500, 250, 125, 62.5,
and 31.25 copies/mL (see Note 3).

2. Set up the following PCR mixture, in a final volume of 50 �L per reaction: 10 �L of
extracted HBV DNA/positive control/negative control/standard curve; 20 �M Tris-HCl, pH
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8.3, 50 mM KCl, 2 mM MgCl2, 18 mM NaCl; 0.2 mM of each dNTP (dATP, dCTP, TTP, and
dGTP), forward and reverse primers (500 nM concentration each), 2.5 U of AmpliTaq poly-
merase, and 0.55 �g of Taq Start antibody. For analysis of the codon 552 site, use primer
pairs F1 and B2; for the codon 528 site, F3 and B2 (see Note 4).

3. Thermocycler conditions: 94°C, 5 min; 40 cycles at 94°C, 30 s; 55°C, 15 s; 72°C, 60 s;
72°C, 60 s; hold at 4°C.

4. Take 5 �L of the amplicon mixture, and digest in a 20-�L volume with NdeI or NlaIII using
buffer supplied by the manufacturer.

Reagents 1 Reaction (�L)

NdeI NlaIII
Sterile H2O 11.8 11.8
10X Buffer 4 2 2
0.293 M Spermidine 0.273 N/A
100X Bovine serum albumin (BSA) N/A 0.2
20 U/�L of NdeI 1 N/A
10 U/�L of NlaIII N/A 1
PCR sample 5 5

Final volume 20.073 20

5. Add additional enzyme after 30 min of incubation at 37°C. Incubate for an additional 30 min
at 37°C.

Reagents 1 Reaction (�L)

NdeI NlaIII
Sterile H2O 3.5 3.45
10X Buffer 4 0.5 0.5
100X BSA N/A 0.05
20 U/�L of NdeI 1 N/A
10 U/�L of NlaIII N/A 1

Final volume 5 5

6. Add and mix 5 �L of 5X TBE sample loading buffer after the 1 h of incubation.
7. Run 5 �L of digestion mixture on a 6% Tris-polyacrylamide gel. Stain with SYBR green for

10 min.
8. Place the gel into a UV light box and capture gel image. Multi Analyst software can be used

to quantitate mixtures.

3.3.2. TaqMan Assay (See Note 5)
1. Set up PCR reactions in 96-well optical plates. For site 552 reactions, the PCR reaction mix-

ture contained the following (final concentration) in a volume of 50 �L: 1X TaqMan buffer,
4.5 or 4.75 mM MgCl2, 200 �M each dNTP, 5% glycerol, 0.01 U of uracil-N-glycosylase,
0.04 U of AmpliTaq Gold, 200 �M wt fluorescent probe, 200 �M mutant fluorescent probe
(for Val or Ile substitution), 800 nM forward primer, and 800 nM reverse primer. For site 528
reactions, the PCR reaction contained the following in 50 �L: 1X PCR master mix (consist-
ing of buffer, MgCl2, dNTPs, glycerol, uracil-N-glycosylase, and AmpliTaq Gold), 300 nM
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forward primer, 900 nM reverse primer, 200 nM wt fluorescent probe, and 50 or 100 nM flu-
orescent mutant probe.

2. Reaction conditions for site 552 reactions: 50°C, 2 min; 95°C, 10 min; 40 cycles at 95°C,
15s; 65°C, 60 s; hold at 4°C. For site 528 reactions: 50°C, 2 min; 95°C, 10 min; 40 cycles at
95°C, 15 s; 62°C, 60 s; hold at 4°C (see Note 6).

3.3.3. INNO-LiPA Assay
1. Amplify HBV DNA by PCR using biotinylated primers (see above).
2. Perform the assay using the INNO-LiPA HBV DR kit (cat. no. K-1084) according to the

manufacturer’s instructions.

4. Notes
1. The indicated sequencing primer pairs provide sequences with extensive overlap. However,

each set also provides additional sequence information with respect to domain A (set 1) and
domain D (set 2).

2. To avoid potential cross-contamination, use filter tips for all pipeting steps.
3. The pCMVHBV plasmid was kindly obtained from Dr. Christoph Seeger. Any plasmid con-

taining the relevant sequence derived from the HBV genome would suffice. Frozen aliquots
of the standard curve should be kept at −20°C. This is used to determine the sensitivity of the
PCR assay and as a control for the NdeI restriction digest reactions. If all members of the
standard curve do not completely cut, the restriction digest must be repeated.

4. The RFLP assays detect differences in restriction endonuclease sites between wild-type and
drug-resistant viruses. Primer pairs F1 and B2 are designed to examine the methionine codon
ATG at position 552 in the YMDD locus. The primer F1 introduces a T → C change in the
nucleotide sequence, changing the tyrosine codon at position 551 from TAT to CAT and cre-
ating an NdeI restriction site (CA↓TATG). If a drug-resistant mutation has occurred that
changes the methionine codon to valine (M552V; sequence CATGTG) or isoleucine (M552I;
sequence CATATT), the NdeI restriction site is destroyed. Substitution of valine for methio-
nine at position 552 creates a new restriction site, NlaIII (CATG↓). Thus, presence of an
NdeI site in the codon 552 region indicates a wild-type sequence at codon 552; the presence
of an NlaIII site indicates codon M552V. Primer pairs F3 and B2 are designed to detect a
leucine (C/TTG) to methionine (ATG) change at codon 528 in the FLLAQ locus. Substitu-
tion of methionine for leucine at that position (L528M) creates an NlaIII restriction site
(CATG↓).

5. Because the TaqMan assay can detect a single basepair mismatch, the presence of polymor-
phisms in the region to be analyzed may require synthesis of multiple probes to include each
expected polymorphism. If information is available in advance indicating serotype, then
multiple probe sets may not be necessary.

6. Reaction conditions could be modified slightly based on probe composition (6).
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A Parsimonious Method for Screening Drug 
Combinations for Antihepadnaviral Activity 
Using a Parametric Dose–Response Surface Approach

Tim Shaw and Stephen Locarnini

1. Introduction
Hepatitis B virus (HBV) was identified as a cause of viral hepatitis more than 30 yr

ago, and safe and effective hepatitis B vaccines have been available for nearly 20 yr
(1,2). Nevertheless, HBV infection continues to be a global health problem, responsible
for about 1.2 million deaths every year. It has been estimated that by the end of the year
2000, almost 400 million people—approx 5% of the world’s population and more than
10 times the number infected with human immunodeficiency virus (HIV)—were chron-
ically infected with HBV (1). Chemotherapy remains the only option for controlling
chronic HBV infection once acquired, but none of the numerous chemotherapeutic
strategies used to date has proven consistently successful (3). Prospects for successful
treatment of chronic HBV infection have improved dramatically during the past decade
as a result of the development of new well-tolerated and efficacious antiviral drugs and
to advances in our understanding of HBV replication and pathogenesis. Accumulating
knowledge of the mechanisms of antiviral drug action and interaction and drug resis-
tance, together with increasing awareness of their importance, have also contributed
(2,3). Although the newer antiviral drugs are capable of reducing viral loads very rap-
idly, the initial response is invariably followed by a much slower elimination of residual
virus (4). As more effective antiviral drugs become available, the emergence of drug re-
sistance during the slower phase of HBV elimination will very likely replace drug-
related toxicity as the most significant obstacle in the way of eventual control and
ultimately elimination of HBV infection (3,5). Prior experience with HIV indicates that
combination chemotherapy has the potential to control or perhaps even eliminate drug
resistance, but there is relatively little clinical experience of combination chemotherapy
for HBV infection (3). Additional anti-HBV drugs will undoubtedly be needed to con-
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trol HBV drug resistance in the future (5) and methods for preclinical and clinical
assessment of anti-HBV drug combinations will also be required (3).

1.1. Combination Chemotherapy
Ideally, combination chemotherapy (the concurrent use of more than one drug to

treat disease) offers at least three important advantages over monotherapy. First, pro-
vided that appropriate combinations of drugs are used, the dose of each of the individ-
ual components of the drug combination will be lower than that required to produce the
same desired effect when they are used alone, reducing the risk of troublesome side
effects. Second, if the mechanisms or sites of action of each of the individual components
of a combination are different or complementary, the duration of treatment required to
reach a particular endpoint may be reduced. Finally and most important, it should be
possible to minimize the incidence of drug resistance by means of appropriate combi-
nation chemotherapy (3,6). Preclinical testing of drug combinations is mandatory even
when the individual components of drug combinations have an established history of
safety and efficacy. The behavior of drug combinations is not always predictable and
they may not interact optimally, especially in chronic HBV-infected patients who may
suffer from hepatic and, frequently, from other systemic insufficiency. The aim of pre-
clinical testing of anti-HBV drug combinations is to identify drug combinations that
will be safest and most efficacious when used clinically to treat chronic viral infection.
How well these aims are satisfied may depend on the choice of assay systems and
method used for analysis of results, as we show here.

1.2. Definitions and Terminology
The terms synergy (or synergism) and antagonism are used to describe effects that

are, respectively, greater or less than expected. The way in which “expected” results are
predicted is therefore crucial to the way in which the outcome of drug interactions is
described. Various methods have been used to predict results that are expected if com-
ponents of a drug combination do not interact (6–8). Here the predicted noninteraction
is called a null reference model (NRM). A consensus has yet to be reached regarding the
choice of appropriate NRMs, a topic that has fueled controversies for many years (6).
Currently there is no universally accepted unambiguous terminology for describing
drug interactions (6). The two most widely accepted alternatives for generating NRMs
are the empirically based concepts named “Lowe additivity” and “Bliss independence,”
respectively (6,8,9). It has been proposed that cases in which the observed effects differ
from those predicted by the adopted NRM be described as Lowe synergy or Lowe
antagonism or Bliss synergy and Bliss antagonism, respectively ([6]; see Table 1), but
even the more specific terminology is misleading. Considering the phenomena that they
describe (see below), more appropriate descriptions of Lowe additivity and Bliss inde-
pendence would be “Lowe indifference” and “Bliss interaction,” respectively, because
only in the former case is the NRM truly null (Table 1). Use of the names Lowe and
Bliss as adjectives reduces ambiguity and acknowledges the historical origin of the
alternatives (10,11), each of which has a logical basis.
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The historically older concept of Lowe additivity is based on the reasonable assump-
tion that a drug cannot interact with itself. The result of a sham combination experiment
in which a single agent is used in combination with itself defines Lowe additivity (11).
NRMs based on Lowe additivity define noninteraction as conditions that satisfy the
equation

(d1/D1 + d2/D2 + . . . + dn/Dn) = 1

where D1, D2, . . . , Dn are the doses of individual drugs required to produce the same
effect as the effect produced by doses d1, d2, . . . , dn in combination. The sum of this
expression is referred to as the interaction or combination index. A combination index
of 1 is indicative of no interaction or “Lowe additivity”; combination indices greater or
less than 1 indicate antagonism or synergy, respectively. Advantages of this approach
are that it is widely applicable and, because it requires no prior knowledge of the mech-
anisms of action of the individual component drugs, is free of mechanistic restrictions
and implications.

The second alternative, Bliss independence, is based on the intuitive notion that each
component of a drug combination has the potential to remove targets that would other-
wise have been available to the other components. The Bliss independence concept pre-
dicts that the effect of two or more drugs should be equal to the product of their
fractional effects. Effects can be predicted using the formula

E1,2, . . .,n = E1 × E2 × . . . × En

where the combined effect E1, 2, . . . , n is the product of the individual fractional effects
(E1, E2, . . . , En). For example, concentrations of two drugs that each reduce replication
by 50% of the untreated control level (100%) would be predicted to reduce it to 25%
(50% of 50%) when used in combination. The addition of a third drug (at a concentra-
tion equivalent to its IC50) to the combination would be predicted to reduce replication
to 12.5% of the control (50% of 50% = 25%; 50% of 25% = 12.5%). The main advan-

Table 1
Terminology for Interactions Between Pairs of Drugs

Effects of drugs in combination

Activities of individual drugs Greater than Same as Less than
NRM predicted predicted predicted

Both drugs active
Lowe NRM Lowe synergy Lowe indifference Lowe antagonism
Bliss NRM Bliss synergy Bliss interaction Bliss antagonism

Only one active drug
Either NRM Potentiation Inertism Inhibition

Neither drug active
Either NRM Coalism — —

Modified from (6).



Table 2
Point-by-Point Analyses of a Simulated Drug Interaction

Raw data Bliss model Lowe model TC-3D analyses

Complete data set Minimal data set

Data [Drug 1] [Drug 2] Measured Predicted Interaction Combin. Interaction Predicted Residual Interaction Predicted Residual Interaction
point no. effect effect index

1* 0 0 106** 96.6 9.4 100.3 6.4
2* 0 0 99.2** 96.6 2.6
3* 0 0 115** 96.6 18.4
4* 0 0.2 79.2 82.4 −3.2 93.8 −14.6
5 0 0.5 70.1 60.4 9.7
6* 0 1 49 38.0 11.0 48.9 0.1
7 0 2 21 19.5 1.5
8* 0 5 3.83 6.5 −2.7 6.0 −2.1
9* 2 0 74.2 89.0 −14.8 81.6 −7.4
10 5 0 71.5 74.5 −3.0
11* 10 0 48.1 54.8 −6.7 48.1 0
12 20 0 30.9 32.6 −1.7
13* 50 0 16.3 12.3 4.0 16.4 −0.1
14* 2 0.2 76.3 55.0 ANT. 1.10 ANT. 75.9 0.4 ANT. 76.3 0 BLISS
15 2 0.5 48.8 48.6 ANT. 0.713 SYN. 55.6 −6.8 SYN.
16* 2 1 44.5 34.0 ANT. 1.10 ANT. 35.0 9.5 ANT. 39.8 4.7 ANT.
17 2 2 15.5 14.6 ANT. 0.901 SYN. 17.9 −2.4 SYN.
18* 2 5 3.21 2.66 ANT. 0.895 SYN. 6.0 −2.8 SYN. 4.8 −1.7 SYN.
19 5 0.2 56.7 52.9 ANT. 0.944 SYN. 63.5 −6.8 SYN.
20 5 0.5 47.5 46.9 ANT. 0.978 SYN. 46.5 0.97 ANT.
21 5 1 26.8 32.7 SYN. 0.811 SYN. 29.3 −2.5 SYN.
22 5 2 16.9 14.0 ANT. 1.02 ANT. 15.0 1.9 ANT.
23 5 5 3.25 2.56 ANT. 0.911 ANT. 5.0 −1.8 SYN.
24* 10 0.2 46.7 35.6 ANT. 1.13 ANT. 46.7 −0.02 SYN. 45.0 1.7 ANT.
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25 10 0.5 35.6 31.5 SYN. 0.968 SYN. 34.2 1.37 ANT.
26* 10 1 21.5 22.1 SYN. 0.818 SYN. 21.6 −0.05 SYN. 23.5 −2.0 SYN.
27 10 2 11.1 9.44 ANT. 0.836 SYN. 11.0 0.06 ANT.
28* 10 5 2.94 1.72 ANT. 0.878 SYN. 3.7 −0.76 SYN. 2.86 0.08 ANT.
29 20 0.2 24.8 22.9 ANT. 0.809 SYN. 27.8 −3.02 SYN.
30 20 0.5 21.6 20.3 ANT. 0.844 SYN. 20.4 1.21 ANT.
31 20 1 17.3 14.1 ANT. 0.899 SYN. 12.8 4.5 ANT.
32 20 2 7.78 6.07 ANT. 0.751 SYN. 6.6 1.20 ANT.
33 20 5 1.84 1.10 ANT. 0.698 SYN. 2.2 −0.37 SYN.
34* 50 0.2 13.6 11.3 ANT. 0.898 SYN. 10.5 3.1 ANT. 15.3 −1.7 SYN.
35 50 0.5 11.1 9.96 ANT. 0.824 SYN. 7.7 3.4 ANT.
36* 50 1 6.43 7.47 SYN. 0.613 SYN. 4.9 1.6 ANT. 8.0 −1.6 SYN.
37 50 2 3.34 3.20 ANT. 0.539 SYN. 2.5 0.85 ANT.
38* 50 5 0.89 0.583 ANT. 0.496 SYN. 0.83 0.06 ANT. 0.97 −0.08 SYN.

Control mean = 106.7 Totals SYN. = 3 SYN. = 21 mean SYN. = 11 SYN. = 5
= 0.22

ANT. = 22 ANT. = 4 S.D. 2.87 ANT. = 14 ANT. = 3
S.E. 0.57 IND. = 1

Point-by-point analyses of a simulated drug interaction. The shaded area indicates “surface” (i.e., combination) data points. Columns 1–8 are reproduced from Greco et al.
(6). SYN, Synergy; ANT, antagonism BLISS, exactly as predicted. The measured effects (column 4) were generated from a set of ideal data that described the interaction
between a pair of drugs that had maximum effects of 100 (arbitrary units) and IC50s and slope parameters of 10.0 and −1 (drug 1) and 1.0 and −2 (drug 2), respectively. Random
errors were introduced into the ideal data set to simulate data that had a relative error characterized by a coefficient of variation of 10%. The Bliss model predictions (column 5)
were based on individual calculations for each surface point. If the measured effect was greater than the predicted effect, the interaction was recorded as Bliss synergy (column
6); if less than predicted, it was recorded as Bliss antagonism. Similarly, the combination indices listed in column 7 were calculated for each data point using the dose–effect
plots for each drug alone to estimate concentrations required to produce the same effect as the combination. Lowe synergy or Lowe antagonism were recorded in column 8 when
the combination index was less or greater than 1.0, respectively. The six right-hand columns show the results of fitting a Bliss model equation to complete sets of data with the
aid of TC3D. Columns 9–11 show results for the complete data set; columns 12–14 show the corresponding results for the minimal data set which is identified by asterisks in
column 1. Synergy and antagonism are recorded if the measured effect is less or greater (respectively) than predicted. **Indicates triplicate controls.
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tage of this second approach is its simplicity. The main criticism of the Bliss indepen-
dence concept seems to be that it is incompatible with Lowe additivity in that it can
produce apparently nonsensical results when applied to the sham situation where a sin-
gle drug is used in combination with itself. Its NRMs involve predictable amounts of
drug interaction, hence the description “Bliss Interaction” suggested in Table 1.

Another candidate proposed as the basis for NRMs is the “median effect” principle
of Chou and Talalay (12). Despite its lack of statistical rigor, it was rapidly adopted as
the basis for assessing drug interactions, especially when anticancer or antiviral drugs
were involved. The main reasons for its popularity seem to have been (1) the ease of
implementation using commercially available microcomputer software and (2) the ease
with which it produces apparently unequivocal results. As a result of frequent citation it
has been very influential. Currently, improved, updated software for drug interaction
analysis based on the median effect principle remains readily available and now incor-
porates some statistical functions (see Note 1). However, for various reasons that are
discussed in detail elsewhere (6,9), it cannot be regarded as a reasonable alternative
basis for NRMs, and will not be considered here.

Both Lowe antagonism and Bliss independence concepts have strong advocates. In
the antiviral research literature, for example, Prichard and Schipman (9) favor Bliss
independence, whereas Sühnel (8) advocates Lowe additivity. A comprehensive
review of published methods for analysis of drug interactions is provided by Greco et
al. (6), who critically compare different approaches by applying each to analysis of a
common data set. The data set consists of 38 datum points that simulate the results of
an experiment using two drugs in combination (see footnote to Table 2). Preference
for a simulated rather than a real data set was stated to be determined by the need to
have a “true” solution to the drug interaction problem that could provide an absolute
standard for comparison of rival analytic approaches. The data set together with some
of the results of their analyses is reproduced here in columns 1–8 of Table 2. Our rea-
son for appropriating this data set is that it has already been thoroughly analyzed by a
variety of other methods with a detailed discussion of both methods and outcomes by
Greco and colleagues (6). Their lucid and comprehensive review, which provides his-
torical and theoretical background as well as mathematical derivation and analyses of
13 different competing analytical approaches, is highly recommended. Here we use
the data to demonstrate a parsimonious method of drug interaction analysis that we
have developed using the scientific graphics-statistics program TableCurve3D
(TC3D; see Note 2).

2. Dose–Response Surface (DRS) Concepts
As more anti-HBV drugs become available, combination chemotherapy for HBV

infection is likely to become routine (3) and simultaneous development of generally
acceptable methods to screen drug combinations for anti-HBV activity and to describe
and quantify drug interactions (if any) will be essential. The need for better ways to
represent the outcome of drug interactions than by means of conventional two-
dimensional (2D) graphs was recognized more than a century ago, when theoretical
three-dimensional (3D) models of drug interaction were first developed (6,8,9). It was
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recognized that the interaction between two drugs could be represented by plotting the
individual drug concentrations on horizontal X- and Y-axes against the biological effect
on the Z (vertical) axis to generate a virtual 3D surface. The slope and shape of this
DRS would reflect the shapes of sets of 2D profiles produced by cutting the surface ver-
tically or horizontally and viewing only the cut surface. Subsets of these profiles corre-
spond to conventional dose–response plots and conventional isobolograms, respectively.
(For detailed discussion, see [6] and [9].) However, the technology required for rapid
and accurate analysis of data by 3D graphical methods had not been developed until rel-
atively recently. The widespread availability of personal computers and suitable com-
mercially available scientific graphics software now allow 3D graphs to be drawn with
ease and make the routine use of 3D graphical analyses feasible. Comparing 2D and 3D
graphs that illustrate the same drug interactions should make the main advantage of the
latter obvious. Further advantages follow if DRS forms can be described in terms of
mathematical and statistical parameters. Parametric DRS methods allow different types
of drug interactions to be described quantitatively and ideally include statistical mea-
sures of the reliability of parameter estimates. The main advantages of the parametric
DRS approach include the following:

1. Large sets of complex data can be reduced to small sets of statistically meaningful parame-
ters.

2. They are relatively objective and rigorous when properly designed.
3. They are flexible and adaptable to a variety of different experimental designs.
4. They facilitate prediction of the effects of particular drug combinations and conversely, pre-

diction of drug doses required to produce a desired effect.
5. They have the potential to provide insights into complex interactions.

Graphical representation of DRS requires only a graphics program capable of produc-
ing adequate 3D surface plots; parametric DRS methods require additional statistics
capabilities.

The only disadvantage of parametric DRS approaches are associated with the prob-
lem of choosing from the variety of credible alternative models available. Furthermore,
because these approaches are still evolving, models that are presently satisfactory are
likely to be rapidly superseded.

Logical extensions of DRS concepts (both empirical and parametric) entail the sub-
traction of a predicted surface from the experimentally observed and mapped surface so
as to generate 3D difference surfaces. This idea has been championed by Prichard and
Shipman (parametric; [9]) and Sühnel (empirical; [8]) among others. Although the
methodology is logical and the results visually appealing, a large number of datum
points is required to produce meaningful results. The difference surface that is gener-
ated by the extra data processing required by this approach may obscure underlying
dose–response relationships and may sometimes lead to spurious conclusions unless
rigorous statistical tests for deviation from the predicted reference surface are applied.
For example, experimental errors and artifacts may be easily but erroneously inter-
preted as localized patches of synergy or antagonism.
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2.1. Choice of Computer Software
Most modern graphics programs include 3D graphics options, but relatively few

offer automated surface fitting and statistical capabilities. Conversely, most statistics
programs that are capable of analyzing drug combination data also have the capacity to
generate 3D graphs, usually with only limited surface fitting options. Although import
and export of data to and from compatible programs is rarely a problem, it is unneces-
sary with TC3D, a program that is specifically designed for statistical analysis of 3D
data (see Note 2). When we started using TC3D it was—and remains—one of the few
such programs readily available. It offers a large number of preprogrammed equations
(nearly 4000) and a variety of different curve fitting (error minimization) options,
allows the generation and storage of user-defined functions, and is relatively user-
friendly compared to others of comparable sophistication and functionality. As shown
below, TC3D can be used to model the results of experiments based on real or simulated
data and compare expected outcomes based on different models. TC3D will readily
import and export data in a variety of common spreadsheet configurations and will
export data to other scientific graphics programs. It is also economical compared with
much less versatile programs specifically designed for dose–effect analyses such as
CalcuSyn (see Note 1), which has only limited 2D (and no 3D) graphics capacity. The
DRS approach outlined here relies heavily on the use of TC3D, but would be readily
adaptable to computer software with comparable capabilities.

3. Background to Current Protocol
Our major aim was to develop a method for screening combinations of two or more

potential anti-HBV agents that was efficient and economical in terms of materials,
labor, and data requirements. It had to be immediately applicable to our existing
assays—for example, refs. 13 and 14—and therefore sufficiently robust to cope with
small data sets that were relatively insensitive and inaccurate. At the same time, it had to
be sufficiently flexible and forward-looking to be able to handle data generated by more
sophisticated, recently developed high-throughput assays—for example, refs. 15—17—
and others that can reasonably be expected to become routinely available in the near
future (see Note 3). Methods of data analysis had to be as simple as possible, yet suffi-
ciently versatile to adapt to different alternative concepts of drug interaction and,
preferably, to different methods of data analysis. The strategy described here was origi-
nally developed for application to results obtained from in vitro assays using a duck
HBV–primary duck hepatocyte (DHBV-PDH) assay system (13). It has evolved in par-
allel with the development of more controllable and reproducible in vitro assays that
use recombinant baculovirus vectors to transduce efficiently HepG2 cells with HBV
(18, 19). The latter assay method can also be used to measure the relative sensitivity of
drug-resistant strains of HBV (7). There are no obvious reasons why the concepts and
methods outlined here could not be applied to other assay systems and perhaps ulti-
mately to clinical results as more facile and accurate assays become available (4; see
also Note 3). Comments on individual aspects of the suggested strategy illustrated by
Table 3 follows.
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3.1. Choice of Assay System
Historically, the study of HBV has been hindered by the lack of small animal models

and cell culture systems that are able to support complete cycles of HBV infection (2,5).
Besides technical problems, ethical, biosafety, and other constraints restricted the use of
primary cultures of human and primate cells, which were the only cell types known to
be susceptible to HBV infection. Even after the two main surrogates for study of
HBV—duck HBV (DHBV) and woodchuck (WHV)—were established as accepted
models, antiviral assays remained (and still remain) difficult. Hepadnaviral infections
are generally noncytopathic, so that monitoring viral replication has to depend on
assays for virus-specific nucleic acids or their expression products. Transient transfec-
tion of cells with HBV is achievable but inefficient and variable in outcome. Stably
transfected cell lines continuously producing HBV virions, most notably the HepG2-
derived 2.2.15 line, have been generated and widely used for antiviral assays (see [17],
for example), but they are not ideal models of HBV infection because, among other rea-
sons, the viral genome is permanently integrated into the host cells’ nuclear DNA.
Assays that use primary cell lines ([13], for example) are more closely analogous with
natural HBV infections, but they typically produce results that are subject to wide vari-
ation and are consequently difficult to standardize. Variability is presumably the result
of a variety of factors including differences in initial viral load or efficiency of infection,
differences in the cell type makeup of primary cultures, as well as differences in the
metabolic state of the cultured cells. A cell-free high throughput assay for DHBV
reverse transcriptase assay has been described (16) but can be expected to be of limited
use for drug combination studies. A high-throughput version of the Hep AD38 assay
described by King and Ladner (15), and others like it, appear to have greatest potential
for application to future drug combination studies. The protocol described here was
developed for application to data obtained using assays based on an in vitro assay sys-
tem that relies on the use of recombinant baculovirus vectors to introduce replication
competent HBV genomes into HepG2 cells with high efficiency (19). Application of

Table 3
Suggested Strategy for DRS Evaluation of Drug Interactions

1. Choose an assay system.
2. Determine the dose range of interest for each drug.
3. Identify the best dose–effect model for each drug when used alone.
4. Validate the assay and dose-effect model using replicate experiments.
5. Choose a null reference model (NRM).
6. Design a combination experiment using appropriate dose ranges for each drug.
7. Perform the experiment and collect data.
8. EITHER

Fit the data to a NRM OR Fit the preconceived model to the data
(Lowe approach) (Bliss approach)

9. Form conclusions if possible or repeat starting from appropriate step.
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this system for antiviral assays was initially demonstrated using lamivudine (4) and
later extended for comparing the sensitivities of lamivudine-resistant HBV mutants (7).
Most recently, we have used it for drug combination studies (20). Protocols for assays
using this recombinant baculovirus (rBV) system have been described in detail else-
where (7,18,19). As the system is more efficient, controllable, and reproducible than the
DHBV-PDH system that we used previously (13), more frugal experimental designs are
possible. This is an important advantage because the assays are relatively labor inten-
sive, as they remain ultimately dependent on the efficient isolation and accurate quan-
tification of viral nucleic acids or their expression products (see Note 3). The suggested
protocol should, in principle, be applicable to other assay systems that possess compa-
rable accuracy and sensitivity.

3.2. Assay Validation
The characteristics of the chosen assay system(s) should be established in terms of

dynamic range, accuracy, sensitivity, and inter- and intraassay variability using appro-
priate positive and negative controls. The assay can then be used to determine appropri-
ate drug concentrations for combination experiments. Accuracy may be improved by
increasing numbers of replicates and dynamic range and sensitivity increased by alter-
ing detection methods. These characteristics will determine the ability of the system to
distinguish between possible experimental outcomes of synergy, no interaction, and
antagonism.

3.3. Choice of Dose–Effect Models
Pharmacological responses are typically, but not invariably, nonlinear. 2D plots of

biological effect (dependent variable, plotted on the Y axis) against the drug concentra-
tion required to produce it (independent variable, plotted on the X axis) usually resem-
ble the profile of the downhill section of an Olympic ski-jump when the X axis is linear
(see Fig. 2). Plotting x on a logarithmic scale usually reveals upper and lower plateaus
connected by an approximately “S”-shaped transition. A variety of mathematical func-
tions can adequately describe such dose–effect relationships. The parameters of the pre-
ferred functions have a clear relationship to biological effect(s). Three of the simplest
and most useful and widely accepted dose–effect models are described by the logistic
dose response (LDR), log normal cumulative (LNC), or single exponential (EXP) func-
tions:

LDR: y = a/ [1 + (x/b)c]
LNC: y = a/2*erfc[−ln(x/b)/√

__
2c]

EXP: y = a exp(−x/b)

where y represents the effect produced and x represents the drug concentration required
to produce it. For the LNC funtion, erfc is the error function complement.

For LDR and LNC functions a, b, and c determine the amplitude, transition center (x at
half amplitude), and width, respectively. If a complete (100%) response is achievable, b
corresponds to drug concentration required to produce a 50% response. This concentra-
tion is the reference point for a variety of different types of assays, the most important in
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the present context being the 50% inhibitory concentration and the 50% cytotoxic con-
centration (IC50 and CC50 or alternatively EC50 and TC50, respectively). For EXP functions,
a is the amplitude and b determines the curve slope; at half the amplitude, x = ln(2/b).

In the examples used here, the maximum amplitude is the control response (no drug)
and response to drug is expressed in terms or the amount of analyte (virus replication)
remaining, rather than in terms of inhibition.

4. Analysis of a Set of Simulated Data Using TC3D
Raw data from Table 2 (columns 2–4) were analyzed using TC3D. First, appropriate

dose–response models for each drug were identified separately. LDR, LNC, and EXP
functions were fitted to the unweighted raw data and also to data weighted assuming the
presence of a 10% fractional error in Z. As shown in Fig. 1 and Table 4, effects of both
drugs could be described by LDR, LNC, or EXP functions with varying degrees of
accuracy. Weighting data affected “goodness-of-fit” parameters (see below) and equa-
tion parameters but not the validity of the models (Table 4). The entire data set was then
analyzed using TC3D. As the effects of both drug 1 and drug 2 when used alone could
be described adequately by LDR equations, preprogrammed equations that had LDR
functions in both X (drug 1) and Y (drug 2) were chosen for surface fitting (see Note 4).
Six alternatives were selected. They could be summarized by three basic interaction
expressions

E1,2 = E1E2 (Bliss model)
E1,2 = E1 + E2
E1,2 = E1 + E2 + E1E2

where E1,2 represents the effect of the drug combination and E1 and E2 represent the
effects of the individual drugs when used alone (drugs 1 and 2, respectively, in this
example). The three additional equations were identical except that they included a con-
stant that defined a Z-intercept (which determines the position of the surface in the ver-
tical dimension). Further preprogrammed options in which an LDR response was
present in X or Y only, as well as a pair of equations (with and without Z-intercept)
describing alternatives in which the slope (c) parameters for X and Y were equal were
omitted, since they were known to be inappropriate.

4.1. “Goodness-of-Fit” Criteria
Surface fitting using TC3D generates lists of fitted equations ranked in order of four

different “goodness-of-fit” criteria, namely: (1) the coefficient of determination (r2), (2)
r2 adjusted for degrees of freedom (DF adj r2), (3) fit standard error (FSE), or (4) F-
statistic. Each list is arranged in columns showing the following information (in order
from left to right): rank number according to nominated criterion; floating point (FP)
value; value for selected criterion; TC3D equation number; summary of equation. The
number of equation parameters and the FP value can also be used to rank fitted equa-
tions. Ranking by r2 or DF adj r2 produces the same order in most cases; the same
applies to FP value and parameter count. Fitting the complete unweighted data set from
Table 2 gave the results shown in Panel 1.



Fig. 1. 2D dose–response plots for drugs 1 and 2 when used alone. The finer dashed lines on
either side of the each plot represent 95% confidence intervals. Only logistic dose–response
(LDR) plots are shown: parameters for these and alternative fits are listed in Table 4.

Table 4
Results of Dose–Effect Analysis for Individual Drugs.

Drug 1 Drug 2

Equation type LDR LNC EXP LDR LNC EXP

Raw data Raw data
Weighted data Weighted data

Goodness-of-fit
parameters
DF adj r2 0.94 0.94 0.98 0.94 0.94 0.88

0.98 0.98 0.97 0.97 0.97 0.84
FSE 7.4 7.3 4.9 6.3 6.5 9.9

1.0 1.0 1.16 2.9 3.0 7.1
F-statistic 65 65 299 65 63 51

153 117 254 123 115 37

Equation parameters
a 102 ± 7 104 ± 7 102 ± 4 105 ± 6 106 ± 6 96 ± 7

89 ± 7 92 ± 8 93 ± 7 103 ± 9 104 ± 9 77 ± 10

b 1.1±0.1 0.8 ± 0.2 1.3 ± 0.1 8.1 ± 2.0 8.0 ± 2 17 ± 4
1.1 ± 0.1 1.0 ± 0.1 1.5 ± 0.1 8.5 ± 0.2 8.1 ± 2 29 ± 5

c 2.0± 0.2 1.3 ± 0.3 0.8 ± 0.2 1.9 ± 0.3
2.0 ± 0.2 0.93 ± 0.1 0.9 ± 0.1 1.8± 0.2

Data correspond to points 1–13 in Table 2. “Goodness-of-fit” parameters and weighting are explained,
and formulae are provided in the text.
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PANEL 1

Sorted by DF adj r2

1 0.9780754629 76 2144 z=a+LDRX(b,c,d)+
LDRY(e,f,g)+LDRX(h,c,d)*
LDRY(1,f,g)

2 0.9757918437 37 2133 z=LDRX(a,b,c)*LDRY(1,d,e)
3 0.974087532 38 2134 z=a+LDRX(b,c,d)*LDRY(1,e,f)
4 0.5316786963 37 2137 z=LDRX(a,b,c)+LDRY(d,e,f)
5 −0.045157021 38 2138 z=a+LDRX(b,c,d)+LDRY(e,f,g)
6 −0.233333321 75 2143 z=LDRX(a,b,c)+LDRY(d,e,f)+

LDRX(g,b,c)*LDRY(1,e,f)
Sorted by F-statistic
1 385.7933297 37 2133 z=LDRX(a,b,c)*LDRY(1,d,e)
2 288.38896748 38 2134 z=a+LDRX(b,c,d)*LDRY(1,e,f)
3 245.11431976 76 2144 z=a+LDRX(b,c,d)+

LDRY(e,f,g)+
LDRX(h,c,d)*LDRY(1,f,g)

4 9.9108310825 37 2137 z=LDRX(a,b,c)+LDRY(d,e,f)
5 0.9302375276 38 2138 z=a+LDRX(b,c,d)+LDRY(e,f,g)
6 5.166667e−08 75 2143 z=LDRX(a,b,c)+LDRY(d,e,f)+

LDRX(g,b,c)*LDRY(1,e,f)
Sorted by Fit Standard Error (FSE)
1 4.6212057009 76 2144 z=a+LDRX(b,c,d)+

LDRY(e,f,g)+LDRX(h,c,d)*
LDRY(1,f,g)

2 4.8635186867 37 2133 z=LDRX(a,b,c)*LDRY(1,d,e)
3 5.0293511537 38 2134 z=a+LDRX(b,c,d)*LDRY(1,e,f)
4 21.381074532 37 2137 z=LDRX(a,b, c)+LDRY(d,e,f)
5 31.924364747 38 2138 z=a+LDRX(b,c,d)+LDRY(e,f,g)
6 34.679412023 75 2143 z=LDRX(a,b,c)+

LDRY(d,e,f)+LDRX(g,b,c)*
LDRY(1,e,f)

The F-statistic is a measure of how well a particular equation models the data, with
higher values representing better fits. Ranking by F-statistic favors simpler equations
over equally effective but more complex equations. If an additional parameter (or data
manipulation step) improves the model, the F-statistic increases; otherwise, it
decreases. Ranking by F-statistic is recommended for sorting nonlinear equations. The
FSE is the least squares error of fit: lower values indicate better fits. It is useful for
comparing different fits to a set of data, but it is sensitive to the number and distribu-
tion of data points and not appropriate for comparing fits to dissimilar data sets.
Because the F-statistic and FSE increase and decrease, respectively, as “goodness-of-
fit” improves, it is probably valid to use higher F-statistic/FSE ratios to choose
between closely contending equations that describe a particular data set. As a general
rule, simpler equations (favored by F-statistic ranking) are preferable. In the example



PANEL 2

Rank 1 Eqn 2133 z=LDRX(a,b,c)*LDRY(1,d,e)
95% 95% Limits Weights

XYZ * X Value Y Value Z Value Z Value Residual Residual% Confidence Limits Prediction 

1 0 0 115 100.11645 14.883554 12.942221 95.093391 105.1395 89.019591 111.2133 1
2 0 0 99.2 100.11645 −0.916446 −0.923837 95.093391 105.1395 89.019591 111.2133 1
3 0 0 106 100.11645 5.8835539 5.5505225 95.093391 105.1395 89.019591 111.2133 1
4 0 0.2 79.2 91.126702 −11.9267 −15.05897 86.215257 96.038148 80.07992 102.17348 1
5 0 0.5 70.1 70.434855 −0.334855 −0.477681 64.812464 76.057245 59.054152 81.815557 1
6 0 1 49 44.222104 4.7778964 9.7508089 39.570504 48.873703 33.288372 55.155835 1
7 0 2 21 20.896639 0.1033613 0.4921966 16.344128 25.44915 10.004694 31.788584 1
8 0 5 3.83 5.8227408 −1.992741 −52.02979 3.0813422 8.5641394 −4.444896 16.090378 1
9 2 0 74.2 83.820781 −9.620781 −12.96601 78.786215 88.855346 72.718711 94.92285 1

10 2 0.2 76.3 76.294271 0.0057285 0.0075079 72.108699 80.479844 65.550523 87.03802 1
11 2 0.5 48.8 58.970376 −10.17038 −20.84093 54.635071 63.305681 48.167415 69.773338 1
12 2 1 44.5 37.024199 7.4758008 16.799552 33.324666 40.723732 26.460315 47.588084 1
13 2 2 15.5 17.495353 −1.995353 −12.87325 13.666618 21.324088 6.8855311 28.105175 1
14 2 5 3.21 4.87499 −1.66499 −51.86885 2.5586458 7.1913343 −5.287419 15.037399 1
15 5 0 71.5 66.371863 5.1281371 7.1722198 61.578872 71.164854 55.377234 77.366492 1
16 5 0.2 56.7 60.412142 −3.712142 −6.546988 56.529526 64.294758 49.782758 71.041527 1
17 5 0.5 47.5 46.694551 0.8054489 1.6956818 43.078735 50.310367 36.159693 57.229409 1
18 5 1 26.8 29.316896 −2.516896 −9.391401 26.309905 32.323886 18.975179 39.658612 1
19 5 2 16.9 13.853357 3.0466433 18.027475 10.781362 16.925352 3.4925526 24.214161 2
20 5 5 3.25 3.8601665 −0.610167 −18.77435 2.013483 5.7068501 −6.205585 13.925918 1

400



21 10 0 48.1 48.787927 −0.687927 −1.430202 44.722697 52.853158 38.090488 59.485367 1
22 10 0.2 46.7 44.407119 2.2928811 4.9098096 41.040967 47.773271 33.955321 54.858917 1
23 10 0.5 35.6 34.323737 1.2762629 3.5850083 31.353347 37.294127 23.992603 44.654871 1
24 10 1 21.5 21.549954 −0.049954 −0.232343 19.189235 23.910672 11.377338 31.722569 1
25 10 2 11.1 10.183179 0.916821 8.2596486 7.8874175 12.478941 0.0254416 20.340916 1
26 10 5 2.94 2.8374904 0.1025096 3.4867211 1.4739172 4.2010636 −7.150925 12.825906 1
27 20 0 30.9 31.51218 −0.61218 −1.981167 27.343722 35.680639 20.775088 42.249273 1
28 20 0.2 24.8 28.682611 −3.882611 −15.65569 24.982378 32.382844 18.118482 39.246741 1
29 20 0.5 21.6 22.169743 −0.569743 −2.637698 19.133442 25.206043 11.819466 32.520019 1
30 20 1 17.3 13.919141 3.3808592 19.542539 11.794138 16.044144 3.7986296 24.039652 1
31 20 2 7.78 6.5773275 1.2026725 15.458516 4.9447435 8.2099114 −3.451353 16.606008 1
32 20 5 1.84 1.8327384 0.0072616 0.3946503 0.9340514 2.7314255 −8.102892 11.768369 1
33 50 0 16.3 14.957469 1.342531 8.2363866 10.97057 18.944368 4.2895513 25.625387 1
34 50 0.2 13.6 13.614395 −0.014395 −0.105844 9.9783552 17.250434 3.0725784 24.156211 1
35 50 0.5 11.1 10.523018 0.5769821 5.1980369 7.64737 13.398666 0.2187246 20.827311 1
36 50 1 6.43 6.6068141 −0.176814 −2.74983 4.7456403 8.4679878 −3.461606 16.675234 1
37 50 2 3.34 3.1219728 0.2180272 6.5277593 2.0590287 4.184917 −6.829859 13.073805 1
38 50 5 0.89 0.8699217 0.0200783 2.2559934 0.4010328 1.3388105 −9.036085 10.775928 1
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shown here, the first four equations (2133, 2134, 2143, and 2144) in each list clearly fit
the data better than the last two by all criteria. The two leading equations, 2144 and
2133, give similar FSE (4.62 and 4.86, respectively) and DF adj r2 (0.978 and 0.976,
respectively). Inspection of the surface fits (Fig. 1) confirms that both equations fit the
data well. Equation 2133 gives a better F-statistic than 2144 (385.7 compared to
288.4) and a higher F-statistic/FSE ratio (approx 79 compared to 53 for Eq. 2144). It is
also preferred because it is simpler.

4.2. Data Summary
A list showing the fit for all individual data points can be generated for each fitted

equation. Fitting Eq. 2133 to the complete data set produces the data summary shown in
Panel 2. The default value for parameter estimates is eight digits.

4.3. Numeric Summary
A numeric summary of all fitted parameters and goodness-of-fit statistics for each

data set can also be generated, including an estimate of the volume enclosed by the fit-
ted surface (analogous to the area under curve [AUC] parameter for 2D pharmaco-
kinetic plots). In antiviral assays, the volume under the surface (“VUS”; “volume” in
numeric summaries) is proportional to the amount of viral replication, smaller volumes
indicating greater antiviral activity. As an example, the data summary resulting from fit-
ting Eq. 2133 to the complete data set is shown in Panel 3.

4.4. Predictions Based on Fitted DRS
From the fitted surface, it is possible to predict X, Y, or Z values (or a variety of their

derivatives) from input pairs of data. For example, the value of X required to give Z = 50
in the absence of Y and vice versa. Predicting Z from these X and Y estimates gives the
Z value from the curve fit (in this case, Bliss independence) equation (see Panel 4). This
facility is particularly useful for designing experiments and comparing observed values
with those predicted by the model under study.

4.5. Effects of Weighting Data
Because the data set being analyzed was created by introduction of random errors

into a set of “perfect” data, we next repeated the procedures outlined above after
weighting data by 1/(Z × 0.1)2 to allow for errors of the order of 10% of Z. Of the
alternative equations, only Eq. 2133 produced an acceptable result by any of the
goodness-of-fit criteria, as shown below. Inspection of the new surface modeled by
Eq. 2133 showed that the distribution of data points in relation to the surface had
changed. There were 13, 5, and 1 points now lying within 1, 2, and 3 standard devia-
tions (SD), respectively, of the surface, with 19 points located beyond 3 SD. Esti-
mated parameters for the surface equation also changed, as summarized in Table 5.
Although some of the parameters are closer to those that describe the “true” data, the
new surface clearly fits the raw data less well than previously, based on lower F-
statistic and confirmed by visual inspection (see Fig. 2). Z values predicted by the
new surface also lead to different conclusions about drug interactions, as summarized
in Tables 2 and 5. These results, together with the conclusions of Greco et al. (6),
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PANEL 3

Rank 1 Eqn 2133 z=LDRX(a,b,c)*LDRY(1,d,e)

r^2 Coef Det DF Adj r^2 Fit Std Err F−val
0.9790632162 0.9757918437 4.8635186867 385.7933297

Parm Value Std Error t−value 95% Limits P�|t|
Confidence

a 100.1164461 2.468919845 40.55070736 95.09339095 105.1395013 0.00000
b 9.527665422 0.816940493 11.66261864 7.865587493 11.18974335 0.00000
c −1.04915226 0.088769674 −11.818814 −1.22975552 −0.868549 0.00000
d 0.862589296 0.055651431 15.49985834 0.749365608 0.975812983 0.00000
e −1.58465568 0.141791388 −11.1759657 −1.87313243 −1.29617894 0.00000

Volume Xmin,Xmax Ymin,Ymax Volume Precision
2313.3769101 2.1131e−09

X at Fn Zmin Y at Fn Zmin Fn Zmin
50 5 0.8699216584
X at Fn Zmax Y at Fn Zmax Fn Zmax
0 0 100.11644614

Procedure Minimization Iterations
Lev−Marq LeastSquares 74
r^2 Coef Det DF Adj r^2 Fit Std Err r^2 Attaina
0.9790632162 0.9757918437 4.8635186867 0.9966304129
Source Sum of Squares DF Mean Square F Statistic P�F
Regr 36501.935 4 9125.4837 385.793 0.00000
Error 780.57586 33 23.653814
Total 37282.511 37

Lack Fit 654.9492 31 21.127393 0.336352 0.93412
Pure Err 125.62667 2 62.813333

Description: c:/greco_.prn

X Variable:
Xmin:0 Xmax:50 Xrange: 50
Xmean: 13.736842105 Xstd: 17.244951021

Y Variable:
Ymin: 0 Ymax: 5 Yrange: 5
Ymean: 1.3736842105 Ystd: 1.7244951021

Z Variable:
Zmin: 0.89 Zmax: 115 Zrange: 114.11
Zmean: 35.534473684 Zstd: 31.743273618



PANEL 4

X Y Z 95%Confidence Intervals

1. 9.602314904332 0 50 45.33941019975 54.66058980025 X=Root(Z,Y)

2. 0 0.952664382756 50 45.28321662139 54.71678337861 Y=Root(Z,X)

3. 9.602314904 0.952664382 23.96121730108 21.219739990733 26.70503469483 Z=F(X,Y)
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demonstrate how different methods of data treatment and analysis can affect conclu-
sions from experimental data.

5. Frugal Experimental Design
Adoption of the parametric DRS approach for analyses of drug interactions requires

three main decisions that determine experimental design: (1) which drug concentrations
to use, (2) the number of replicates needed, and (3) the number of experiments required.
A minimum of three experiments is usually necessary. A preliminary experiment should
establish the responses to individual drugs and identify appropriate drug concentrations
for a second “exploratory” experiment aimed at determining how the drugs interact at
selected concentrations, and a third confirmatory experiment designed on the basis of
results of the second. Whether additional experiments will be required will depend on
the nature of the drug interactions (if present) and the degree of stringency required to

Fig. 2. Dose–response surfaces. Surfaces fitted to raw data by TC3D using Eqs. (A) 2133 or
(B) 2144. (C) Surface fitted to weighted data by Eq. 2133. (D) Bliss model (Eq. 2133) fitted to
minimal data set. Data points that lie within 1 or 2 standard deviations (SD) from the DRS are in
white or gray respectively; those further than 2 SD are in black.
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make conclusions. Interactions that can be approximated by simple models will require
less confirmatory data than more complex interactions. Complex interactions may
depend not only on absolute drug concentrations but also on concentration ratios. Opti-
mal experimental designs will minimize the number of data points and replicates
required while maximizing the possibility of generating conclusive data. Discussion of
the concept of “D-optimal” designs, the most frequently used in biological systems, is
beyond the scope of this chapter. However, an important consensus observation in this
context is noteworthy: the minimum number of experimental data points required for
D-optimal designs is usually equal to the number of estimable parameters. Assuming
that one or more of the preprogrammed LDR-based equations available in TC3D can
adequately describe the 3D combination effects for two drugs, a D-optimal design
should require no more than seven data points, equivalent to the maximum number of
equation parameters. [The parameters are a–g in the most complex equation under con-
sideration, which is: z = a + LDRX(a, b, c) + LDRY(d, e, f) + LDRX(g, b, c)*LDRY(1,
e, f)]. Whether this is the case in practice will depend on the accuracy and sensitivity of
the particular assay system.

We have devised a parsimonious, essentially empirical, approach bearing these con-
siderations in mind, building mainly on practical experience. For two drug combinations,
it requires a minimum of nine drug combination data points, three different concentra-
tion controls for each drug separately, and triplicate drug-free controls, a minimum of 18
data points per assay set. This frugal experimental design is recommended for
exploratory experiments in which the three different concentrations of each drug should,
ideally, be evenly distributed on either side of the (previously estimated) 50% inhibitory
concentration (IC50) for each. The nine drug combination data (“surface”) points should
be able to indicate the type of interaction (if any) in relation to the chosen NRM and indi-
cate what modifications if any are needed for confirmatory experiment(s).

The right-hand columns of Tables 2 and 4 show the outcome of applying this
approach to a subset of the raw data in Table 2. The “minimal” data set used the mean
value (106.7) as a control (see note under raw data columns) and only z data correspon-
ding to x values of 2, 10, and 50 (drug 1) and y values of 1, 2, and 5 (drug 2). The min-
imal data subset is indicated by asterisks in column 1 of Table 2.

6. Selection of Reference Models
The division of suggested strategies into left-hand and right-hand pathways at step

8 in Table 3 may appear quite trivial, as both pathways later converge. In many cases
they lead to the same conclusions. The ostensibly trivial separation is actually based
on profound philosophical differences, which have generated endless controversies.
The left-hand, Lowe-oriented pathway emphasizes the need for genuinely “null”
NRMs that are flexible and independent of preconceived mechanistic and other
assumptions. Because these assumptions are absent, it is difficult to specify rigid sta-
tistical criteria that might otherwise indicate the degree of compliance with the
model. Consequently, its main weakness is that it is prone to accepting aberrant data
resulting from technical errors and/or normal biological variation as being “real.” The
right-hand pathway, by contrast, defines outcomes by reference to a simple, rigidly
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defined (Bliss interaction) reference model. Its main weakness is that, unless very
large sets of data are available, it is prone to regard small but potentially important
deviations from the reference model as being due to technical errors or normal bio-
logical variation.

6.1. LIM and BIM, the Yin and Yang of Reference Models
Perhaps the simplest way to summarize the difference between Lowe indifference

(LIM) and Bliss interaction (BIM) models (our suggested terminology) is that the for-
mer fit data to a model whereas the latter fit a model to the data. The defining equations
reflect this difference.

LIMs do not predict a combined effect,

[d1/D1 + d2/D2 +. . . . + dn/Dn] = 1

In contrast, BIMs do:

E1,2, . . .,n = E1 × E2 × . . . × En

Because a parameter equivalent to E1,2, . . . ,n that defines the combined effect cannot be
isolated on either side of LIM equations, they cannot be solved directly.

Rather than being regarded as competitors, BIMS and LIMS should be seen as com-
plementary “Yin and Yang” approaches that can’t be directly compared.

6.2. A Simple Pragmatic Alternative
Because TC3D requires a combined effect term (Z = E1,2 = % viral replication rela-

tive to control in the examples used here) to be isolated on the left-hand side of refer-
ence equations, fitting data to LIMs is difficult. Although this problem can be overcome
by programming a series of user-defined functions, it requires considerable program-
ming skill and is not as efficient as using preprogrammed functions. Consequently, we
use the simpler BIMs as the “null” reference. If both drugs are active, but the data do
not fit a BIM, it is likely that it can be adequately fitted by either of the alternative gen-
eral expressions Z = E1 + E2 or Z = E1 + E2 + E1 E2. The second of these two expressions
separates the interaction into separate components: an indifferent (additive or subtrac-
tive) component and a separate interactive (“Bliss”) component. It is reasonable to iden-
tify the major component (the expression—either E1 + E2 or E1E2—that accounts for
most of the overall effect in terms of the amplitude of response) as the “real” interac-
tion, and to treat the lesser component as a modifier. However, defining the nature of the
interaction on the basis of the ways in which the modifier affects the major component
is more complex in practice than it may appear, and beyond the scope of the present dis-
cussion. Assuming that a satisfactory alternative fit can be achieved, data can be reex-
amined to determine whether the predictions of the alternative fit fulfill BIM or LIM
criteria for part or all the DRS. If no satisfactory fit can be achieved using TC3D, it is
likely that the data are too noisy or that the individual dose–effect models are not valid.
In summary, this approach looks for a BIM first, and, if not satisfied, searches for the
best alternative from a very large number of possibilities, which is essentially the same
as a LIM strategy.
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6.3. Interpretation of Data
Choose the simplest best fit model for the data based of F-statistic and/or FSE as

described above. Observe how the data are distributed in relation to the DRS and
whether residuals are evenly distributed. Look for localized deviations if the data set is
large. If a BIM is used, and fits well, a majority of surface points below or above the
DRS may indicate synergy or antagonism, respectively. Whether they can justifiably be
interpreted as such can be judged from the DRS confidence interval and from the dif-
ference in the volumes enclosed by the fitted DRS and a DRS predicted from the indi-
vidual dose–response equations (see Note 5).

7. Frugal Experimental Design Applied 
to Combinations of More Than Two Drugs

The examples above illustrate the application of our preferred DRS method to the
analysis of data designed to simulate the results of a combination experiment in which
two drugs were used. Essentially the same approach can be used to analyze the results
of experiments in which combinations of three or more drugs are used. Before we had
access to the rBV system, we showed that combinations of lamivudine, penciclovir, and
adefovir acted approximately additively in vitro in the DHBV-PDH assay system (13).
Because of species-dependent differences in drug metabolism, it was necessary to
determine whether results obtained using the rBV system would lead to the same con-
clusion. Raw data and experimental details will appear elsewhere (20). In summary, we
used a frugal experimental design as outlined in the protocol in Subheading 8. Each
pair of drugs was tested in three parallel combination experiments. The results, which
are presented in Table 5 and illustrated in Fig. 3A–C, showed that the activities of each
pair of drugs in combination were consistent with BIMs. A second experiment in which
the three drugs were used at a fixed concentration ratio of 1:2:300 (lamivudine/ade-
fovir/penciclovir), approximately equivalent to the corresponding IC50 ratio, showed
that the triple combination also acted as predicted by the Bliss interaction reference
model over the concentration ranges used. Because we had already established that the
activities of each pair of drugs in combination was consistent with the Bliss interaction
RM, we could regard one pair of drugs as “drug 1” and plot the combined effect on a
single concentration axis as shown in Fig. 3D. With the aid of TC3D, we could also plot
the observed results in relation to a Bliss interaction response surface predicted from the
individual dose–response equations. This simple approach, which we prefer over alter-
native methods that require more than one 3D graph to illustrate the results of triple
combination experiments, can be extended to multidrug experiments (see Note 6).

8. Summary Protocol for Parsimonious Combination Analyses
1. If the individual dose–response characteristics of the drugs are unknown, carry out prelimi-

nary studies to determine the appropriate concentration ranges for each drug. Upper and
lower plateaus of the response as well as the transition should be located. (See Note 7.)

2. Repeat preliminary experiments using more appropriate drug concentrations if necessary.
Use the resulting data to select appropriate dose–response models and to determine whether
the assay’s sensitivity and accuracy are adequate to justify proceeding to step 3. (See note 8.)
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Table 5
Results of Analysis of Data from Table 2

Bliss model applied to

Complete data sets

“Ideal” Raw Raw Data Weighted (10% Z) Minimal data set

Equation parameters

Goodness-of-fit parameters
DF Adj r2 — — 0.98 0.92 0.97
FSE — — 4.9 1.0 5.6
F-statistic — — 386 110 130

X parameters (drug 1)
a 100 107 100 ± 2 105 ± 8 100± 4
b 10 8 9.5 ± 0.8 8.6 ± 1.6 9.2 ± 1.5
c 1 1.0 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1

Y parameters (drug 2)
a* 100 105 100 ± 2 105 ± 8 103 ± 4
d 1 0.80 0.9 ± 0.1 1.2 ± 0.1 1.0 ± 0.1
e 2 1.5 1.6 ± 0.1 1.9 ± 0.1 1.7 ± 0.4
VUS 2461 2256 2313 2709 2502

Data distribution
above — — 4E, 14S 5E, 2S 4E, 3S
below — — 3E, 5S 8E, 23S 3E, 6S

Deviation from surface
�1 SD — — 29 13 13
�2 SD — — 4 5 3
�3 SD — — 2 1 0
�3 SD — — 1 19 0

Overall conclusions based on
VUS — — ANTAG ANTAG ANTAG
Data distribution — — ANTAG SYN SYN

Bliss model surfaces were either predicted (from “ideal” data or from individual dose–responses),
fitted to the complete weighted or unweighted data set, or fitted to a minimal unweighted data set.
Equation parameters, volume under the fitted surface (VUS), and analyses of data distribution are
shown. E and S suffixes indicate “edge” and “surface” data points, respectively. Overall conclusions
differ depending on criteria on which they are based. If the data points are evenly distributed and the
DRS fit the data well (as they do here), the VUS is probably the most objective criterion: volumes
greater or less than the expected reference model indicate antagonism and synergy respectively.
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3. From the results of preliminary experiments, determine the approximate concentrations of
individual drugs that are required to inhibit viral replication by 25%, 50%, and 75%.

4. Using these estimates as a guide, plan exploratory assays using a “checkerboard” design to
test each pair of drugs in combination (see Table 6). For maximum efficiency and flexibility
in later analyses, maintain constant concentration ratios based as closely as possible on IC50
ratios of the component drugs. (See Note 9.)

5. When the exploratory assays have been completed, express the amount of viral replication
(or other endpoint) after drug treatment as a percentage of the mean control amount for that
particular assay, then calculate mean values for replicate assays.

6. Use the resulting data to generate a DRS for each drug combination with the aid of a TC3D
or similar computer software.

7. Using the guidelines for data interpretation suggested above, determine the nature of the
drug interaction. If the results are inconclusive, devise and perform additional assays (modi-
fied if necessary) to resolve inconsistencies.

8. Once it is possible to reach conclusions about the interactions between pairs of drugs, design

Fig. 3. A–C: Bliss model DRS for two drug combinations containing either penciclovir (PCV)
and lamivudine (3TC) (A); PCV + adefovir (PMEA) (B) or 3TC + PMEA (C). A frugal experi-
mental design as outlined in the text was used. Effects of each two drug combination closely
approximated Bliss interactions. A Bliss interaction also resulted when the three drugs were used
in combination at a fixed concentration ratio, as shown in (D), in which the PCV + PMEA com-
bination is treated as a single drug. The color code is the same as in Fig. 2.
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additional experiments using subset pairs of drug pairs at appropriate fixed ratio concentra-
tions as one member of a “superpair.”

9. Repeat these procedures to confirm the results or to extend the study to combinations that
contain additional drugs.

9. Notes
1. CalcuSyn, a PC program that performs dose–effect analyses using the Median Effect princi-

ple, is marketed by Biosoft, 2D Dolphin Way, Stapleford, Cambridge, CB2 5DW, UK. It is
an update of an earlier Biosoft program, Dose–Effect Analysis with Microcomputers. For
more information, see http://www.biosoft.com/win/calcusyn.htm

2. We use TableCurve3D, Version 1.0 (and also TableCurve2D, Version 3.0), both of which
were originally developed by Jandel Scientific, San Rafael, CA USA. The software company
SPSS Inc., 444 North Michigan Avenue, Chicago, IL 60611 has since become the owner and
distributor of TableCurve software. For more information see http://www.spssscience.com/
tcurve3/index.cfm

3. Several quantititative polymerase chain reaction (PCR) based methods that offer greater
accuracy, sensitivity and dynamic range have been developed for HBV (see [4] for example,
including a method for assaying HBV cccDNA (see Bowden et al., Chapter 5, volume 1).

4. TC3D contains 168 preprogrammed nonlinear functions to describe Z in terms of X and Y.
The individual X and Y functions are also preprogrammed so that the user can reassort to cre-
ate new user-defined functions (UDFs; e.g., Z = EXPX+LNCY; Z=LDRX*EXPY etc.).
TC3D will store up to 15 UDFs.

5. Inventors may cite proof of synergy between drugs as support for the claim of “unobvious-
ness” which can assist in obtaining patents for drug combination formulations in several
countries including the United States.

6. Examples of an alternative graphical method can be seen in Snyder et al. (21).
7. For preliminary studies, it is advisable to use a wide range of concentrations so as to be able

to determine the amplitude and transition width of the individual dose–response curves. For
example, a 7 log10 concentration range (0.0001–100 �M) would be needed to show the rela-
tive activities of lamivudine, adefovir and penciclovir in the rBV assay (20). Assays should
be performed in at least duplicate; triplicates may be needed to achieve statistical acceptabil-
ity. Because of species- and tissue-dependent differences in expression of the enzymes

Table 6
Suggested Checkerboard Layout for Testing Two Drug Combinations

Drug 1 Drug 2

0 2IC25
2IC50

2IC75

0 100 75 50 25
1IC25 75 56.25 37.5 18.75
1IC50 50 37.5 25 12.5
1IC75 25 18.75 12.5 6.25

Effects of the two drug combination predicted by Bliss models are shown (viral replication as a %
of control). 1ICx,

2ICx, etc. represent individual drug concentrations estimated from preliminary experi-
ments. Shading indicates “surface” data.
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responsible for drug metabolism, individual drugs can be expected to show different biolog-
ical activities in different assay systems.

8. Coefficient of variation � 10%, preferably � 5%.
9. Using fixed concentration ratios facilitates analysis by alternative methods. For most of the

newer nucleoside or nucleotide analogs, the IC25 and IC75 are usually between 2 and 4 times
less or greater, respectively, than the IC50. In the example shown in Fig. 4, IC25, IC50 and IC75
concentrations for penciclovir are approx 18, 36, and 72 micromolar, respectively. The cor-
responding values (in �mol/L) for adefovir are 0.04, 0.12, and 0.36 and for lamivudine are
0.03, 0.06, and 0.12. The order of potency is lamivudine � adefovir � penciclovir, the cor-
responding IC50 ratio (lamivudine/adefovir/penciclovir) being 1:2:600. In this example, the
lamivudine/penciclovir, lamivudine/adefovir, and adefovir/penciclovir ratios would be
1:600, 1:2, and 1:300, respectively. Test each drug alone and in combination using approxi-
mately equipotent concentrations that correspond as closely as possible to the IC25, IC50, and
IC75 estimates for each. This will require a total of at least 16 assays for each pair of drugs:
three concentrations of each drug alone, at least one untreated control and nine different drug
combinations as shown in Table 6. We use three six-well tissue culture plates (Becton Dick-
inson, Franklin Lakes, NJ, USA) for each assay set (a total of 18 wells, allowing triplicate
controls), and perform each assay in duplicate or triplicate.
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Hepatitis B Virus

Where Are We and Where Are We Going?

Michael P Manns, Johannes Hadem, and Heiner Wedemeyer

1. Introduction
There are few examples in modern medicine that are comparable with the enormous

progress in understanding the cause and pathogenesis of viral hepatitis B that has been
made in the last three decades leading to efficient therapies and the development of pro-
tective vaccines. Nearly one-tenth of the world’s population is suffering from viral hep-
atitis, and it has been estimated that approx 350 million individuals are chronically
infected with the hepatitis B virus (HBV). Most important, up to 25% of patients with
chronic hepatitis B will eventually die from end-stage liver disease or hepatocellular
carcinoma. Thus, HBV is a major health burden especially in high endemic areas where
up 15% of the population is infected with HBV.

It is interesting to note that the Australia antigen was first described as a marker of
leukemia in the 1960s. However, very soon it was identified as an infectious agent
responsible for one of the most frequent infectious diseases in the world. In 1976, Dr.
Baruch Blumberg received the Nobel Prize in Physiology/Medicine for his achieve-
ments in the identification of HBV, which began with the detection of an immunodiffu-
sion precipitin line between hepatitis B surface antigen (HBsAg) in the serum of an
Australian aborigine (later known as the “Australia antigen”) and an anti-HBsAg anti-
body in the blood of a multiply transfused hemophiliac (1,2). In 1970, David Dane and
colleagues first described the 42-nm particles that were later realized to be the hepatitis
B particles (3).

Meanwhile, the diagnosis of HBV is based on serological markers and direct detec-
tion of HBV DNA. In vitro models of HBV replication have been established, allowing
screening of potential antivirals for anti-HBV activity. In the late 1980s, HBV-
transgenic mice were developed that significantly helped our understanding of how
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HBV-specific T cells control HBV replication. Many investigators have worked with
the woodchuck model, which is the only animal model allowing one to study the natu-
ral course of hepatitis virus infection in a higher quantity of animals. Finally, recent
investigations of HBV infection in chimpanzees dissected the role of innate and adap-
tive immune responses in different phases of the infection.

The huge boost of research on HBV continued from the 1970s to the 1990s. Even in
the new millennium the hepatitis B virus is still among the most intensively investigated
viruses. Only HIV and the hepatitis C virus have received similar attention by investi-
gators around the world. Importantly, basic research on HBV not only gave insights into
the virus itself but also led to general new concepts in immunology and virology. For
example, the so-called noncytolytic clearance of HBV from hepatocytes through
release of cytokines by T cells without destroying the infected cell was first described
for HBV and now holds true as a general phenomenon in host immune defense against
many other infectious agents.

Perhaps the greatest success in hepatitis B research is the fact that the hepatitis B
vaccine is the first and currently only vaccine that has been proven to reduce the inci-
dence of cancer. In Taiwan, hepatocellular carcinomas have been a significant problem
in children. However, after vaccination of children was introduced in the early 1980s,
cases of liver cancer constantly decreased in the next 10 yr. Considering the very high
incidence of chronic hepatitis B infection in some areas of the world, with 10% of the
population being infected with HBV, the recent development of efficient antivirals not
only gives hope for many patients but also potentially has a very significant socioeco-
nomic impact for many countries.

However, many problems still remain and as always in research, in some fields more
questions than answers arose in recent years. Treatment is still not successful in all
patients, resistance to the new antivirals can develop, current drugs are very expensive
and not affordable for the far majority of infected patients, and the vaccine is effective
in only 95% of patients. Research on HBV has to be continued to achieve the ultimate
goal: the eradication of HBV in the world.

2. Overview of HBV Virology
HBV belongs to the family of hepadnaviruses. The whole virion, or Dane particle, is

a 42-nm sphere that contains a nucleocapsid, enclosing the HBV genome, which is a
circular, partially double-stranded DNA of approx 3200 basepairs (bp) in length (4).
The HBV genome has a compact organization consisting of four overlapping open
reading frames (ORFs) (5). The pre-S/S ORF is divided into pre-S1, pre-S2, and S
regions that encode the large (L), middle (M), and small (S) envelope proteins, forming
the HBsAg (6,7). These proteins are also capable of assembling into small 22-nm
spheres and filaments. The core gene consists of precore and core regions. The core pro-
tein can self-assemble into a capsid-like structure (5), whereas the precore polypeptide
is posttranslationally modified into a soluble protein, the hepatitis B e antigen (HBeAg)
(7). The polymerase has a large ORF (approx 800 amino acids) and overlaps the entire
length of the S ORF, consisting of three functional domains: the terminal protein
domain, the reverse transcriptase domain, and the RNase H domain. The initial phase of
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hepadnaviral infection involves the attachment of mature virions onto host cell mem-
branes. Various cellular factors have been shown to bind to the HBV pre-S and S pro-
teins (5). A recent study could identify the QLDPAF sequence within the 21- to
47-amino-acid epitope of pre-S1, expressed on the large HBsAg, as the receptor bind-
ing viral domain epitope. Interestingly, a similar sequence is shared by several cellular,
bacterial, and viral proteins involved in cell adhesion (8). Duck HBV (DHBV) virions,
which have been studied extensively as a model for human HBV, are likely to be ini-
tially scavenged by liver sinusoidal endothelial cells, thereafter rescued from lysosomal
degradation by binding to carboxypeptidase D, a major DHBV receptor candidate, and
finally released to infect adjacent hepatocytes (9,10). Entry of the virus results from
fusion of the viral and host membranes as the nucleocapsid is released into the cyto-
plasm. The covalently closed circular form of HBV DNA in the nucleus serves as the
template for transcription (5), which produces a pregenomic RNA that serves both as a
template for reverse transcription as well as a messenger RNA for the production of
nucleocapsid and polymerase proteins (7). While the newly reverse-transcribed
negative-strand DNA in turn serves as template for positive-strand DNA synthesis,
interaction of S protein and nucleocapsid at the endoplasmic reticulum leads to the ini-
tiation of virion assembly. Both HBeAg and HBX proteins are considered accessory
viral gene products. HBeAg might play a role as immunomodulator by inducing a pre-
dominant T-helper-2 (Th2) response, which then results in a depletion of HBcAg-
specific Th1 cells and could have a profound implication in viral persistence (11). HBX
is thought to be an inhibitor of proteasome-mediated proteolysis, thereby interfering with
antigen presentation of viral proteins leading to viral evasion of immune response (5).

3. Epidemiology and Transmission of HBV Infection
An estimated 350,000,000 persons worldwide are chronically infected with HBV

(12). Areas with low prevalence (0.1–2%) include, for example, the United States,
Western Europe, Sri Lanka, Japan, and Australia, intermediate endemic areas (3–5%)
are, for example, the Middle East, Central Asia, Korea, Thailand, and South America,
whereas prevalence rates can reach up to 10–20% in China and sub-Saharan Africa
(7,13). Figure 1 gives an overview of the worldwide HBV prevalence.

HBV is a parenterally transmitted virus that is acquired from exposure to infected
blood or body secretions. The rate of progression from acute to chronic HBV infection
is approx 90% for perinatally acquired infection, 20–50% for infections between the
age of 1 and 5 yr, and � 5% for adult acquired infection. This has an impact on the wide
range in carrier rate in different parts of the world (7). Vertical, that is, perinatal mother-
to-infant, transmission with its high rate of chronicity is thought to be an important fac-
tor in the rate of HBsAg carriage in high prevalence areas. It accounts for 40–50% of
HBsAg carriers in Taiwan and occurs particularly in children born to HBeAg-positive
mothers (14). They acquire HBV via maternal–fetal transfusion, exposure to maternal
blood in the birth canal, and postnatal close mother–baby contact. Horizontal transmis-
sion, on the other hand, plays an important role in early childhood when children may
acquire HBV infection via minor skin breaks and mucous membranes or close bodily
contact (7). The estimated risk of HBV acquisition within the first 5 yr of life in children
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living in countries with moderate to high HBV prevalence ranges from 5% to 40%.
Focused vaccination programs have already proven successful in reducing the preva-
lence of HBV infection in this age group (15). Unprotected sexual intercourse and intra-
venous drug use remain the most frequently identified modes of horizontal infection
among adults in low prevalence areas (16). Sexual transmission accounts for approx
30% of HBV infections in the United States (7). Serological markers of ongoing or
prior HBV infection are almost universal after 5 yr of drug use. Other recognized modes
of HBV transmission, including transfusions and dialysis, occur less frequently (17).

Chronic liver disease, including cirrhosis, represents the 10th most common cause of
death in the United States (17). Viral hepatitis is the most common cause of chronic
liver disease with an estimated 1.25 million with chronic HBV infection in the United
States (4). Still, the seroprevalence of HBV is relatively low when compared to other
areas of the world. In the National Health and Nutrition Examination Survey
(NHANES) III, the age-adjusted seroprevalence of chronic HBV infection, which was
defined by the presence of HBsAg and anti-HBc, was 4.9%. Prevalence was low until
the age of 12 yr, and increased thereafter in all racial groups, suggesting that sexual con-
tact is likely to be the primary mode of HBV transmission in the United States. Inde-
pendent predictors of chronic HBV infection after adjustment for age were: (1)
non-Hispanic black ethnicity, (2) high number of sexual partners, (3) cocaine use, (4)
divorced or separated marital status, (5) foreign birth, and (6) having less than a high
school education. Interactions were noted between race, sociodemographic variables,
and behavioral risk factors (17,18).

Fig. 1. Geographic pattern of hepatitis B prevalence 1997. (Modified from WHO.)



HBV: Where Are We Going? 419

4. Current Concepts in the Immunopathogenesis of HBV Infection
The ability to mount a coordinated and efficient helper and cytotoxic T cell (CTL)

response against different proteins of HBV seems necessary to achieve successful HBV
control (19). Effective viral control does not necessarily imply viral eradication, as it was
shown that HBV is still present in patients after recovery of acute viral hepatitis (20),
and that HBV replication persists years in the liver of patients who have cleared serum
HBsAg (21,22). An important parameter associated with viral control is the mounting
of a multispecific CTL response, that is, the ability of CD8 cells to recognize different
epitopes located in different HBV proteins (23,24). This requires a strong virus specific
CD4+ T cell response (predominantly of the Th1 phenotype) and an efficient presenta-
tion of the involved viral antigens. These are presented on HLA class I molecules to be
recognized by CD8+ T cells, or on HLA class II molecules within the HLA class II-
restricted CD4+ helper pathway. Only a limited array of peptide residues from the HBV
proteins (typically from the HBcAg, for example, peptide 18–27 binding to HLA-A2)
can gain access to the class I binding groove (4). The polymorphic nature of the major
histocompatibility complex binding sites and differences in the T-cell repertoire among
persons leads to highly variable binding affinity for the immunodominant HBV pep-
tides, which in turn determines the outcome after acute HBV infection (4,25). Not the
overall quantity of T cells, but the number of intrahepatic HBV-specific CD8+ cells
appears to be associated with an effective inhibition of HBV replication. In contrast,
when the HBV-specific CD8 response is unable to control virus replication, it may con-
tribute to liver pathology by causing the recruitment of non-virus-specific T cells (26).
As mentioned above, the HBeAg induces a predominant Th2 response, resulting in a
depletion of HBcAg-specific Th1 cells, which may have a profound implication in viral
persistence (11).

Newer evidence indicates that clearance of HBV is not always associated with a
cytopathic effect, but that the cellular immune response can resolve acute HBV infec-
tion by purging the virus from infected cells without killing them (27). Studies on HBV
transgenic mice showed that cytokines such as interferon-� (FN-�) and tumor necrosis
factor-� (TNF-�), which are released from HBV-specific CTL, and to a lesser extent
from helper T cells, natural killer cells, and natural killer T cells, activate hepatocytes to
actively degrade viral RNA and inhibit HBV replication by preventing proper assembly.
Activation of hepatocytes and nonparenchymal cells of the liver is likely to result in the
expression of a complex subset of chemokines that might differ in their antiviral and tis-
sue damaging potential (28). These intracellular viral inactivation mechanisms could
greatly amplify the protective effects of the immune response, while failure of such
mechanisms could lead to viral persistence or to the death of the host (29). Degradation
of HBV RNA is tightly associated with the cytokine-induced proteolytic cleavage of La
autoantigen, which binds to HBV RNA and might thereafter show endonucleolytic
activity (30). Importantly, viral clearance appears to be due largely to the antiviral
effects of cytokines produced by non-T cells while liver disease appears to be due
mostly to the destructive effects of the T cells, although the curative effects of cytokines
produced by these cells likely contribute to viral clearance as well (31).
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A recent study was able to demonstrate the relevance of the findings in HBV-
transgenic mice to natural infection. HBV DNA was shown to largely disappear from
the liver and the blood of acutely infected chimpanzees long before the peak of T-cell
infiltration and most of the liver disease. These results imply that noncytopathic antivi-
ral mechanisms contribute to viral clearance during acute viral hepatitis by purging
HBV replicative intermediates from the cytoplasm and covalently closed circular viral
DNA from the nucleus of infected cells (32).

5. Natural History of HBV Infection
HBV infection is characterized by a wide spectrum of manifestations. Approxi-

mately 70% of patients with acute HBV infection have subclinical hepatitis or anicteric
hepatitis, whereas 30% become icteric, and 0.1–0.5% develop acute liver failure. The
rate of progression from acute to chronic hepatitis B is high in perinatally acquired
infection and low in adult-acquired HBV (7). Rates of progression to cirrhosis and HCC
vary according to the state of the immune system, the age of the patient, the serologic
stage of infection, and geographic and genetic factors (33,34).

During the replicative phase of the virus, HBV DNA, HBsAg, and HBeAg are pres-
ent in the serum, indicating viral replication. As the hallmark of HBV infection, HBsAg
is usually detectable 1–10 wk after exposure to HBV, and approx 2–6 wk before the
onset of clinical symptoms (7). HBeAg is thought to be useful as an indicator of relative
infectivity, and is rapidly cleared, even before the disappearance of HBsAg (35).
Another serologic marker, detectable 1 mo after the appearance of HBsAg and therefore
the first antibody to develop during acute infection, is anti-HBc-IgM. It may be useful
to distinguish between acute or recent infection, although its titer may also increase to
detectable levels during exacerbations of chronic hepatitis B. Although anti-HBc-IgM
is not protective, it is the first indicator of the host’s attempt to mount an immune
response, which hopefully will be strong enough to clear the virus. This stage of
immune clearance occurs soon in adult infection (spontaneous HBeAg seroconversion
rate of 10–20% /yr), but relatively late in case of perinatally acquired infections, which
are characterized by several decades of immune tolerance, probably as a result of
transplacental HBeAg transfer and subsequent T-cell depletion (7). Typically, immune
clearance is accompanied by 3–4 wk of symptomatic hepatitis (4). But most cases of
chronic hepatitis B among adults occur in patients who never had a recognized episode
of clinically apparent acute viral hepatitis (35).

The nonreplicative (or low-replicative) phase is characterized by the presence of
anti-HBe and a marked reduction in HBV DNA levels. Where seroconversion to anti-
HBs occurs, it indicates the development of full immunity to the virus. However, even
in adult infection, there is a small proportion of patients developing chronic hepatitis,
most of them with inactive liver disease. Annual rate of HBsAg clearance is estimated
to be 0.5–2%, while HBV DNA frequently remains detectable (7). Figure 2 illustrates
the serologic profile of acute and chronic HBV infection.

During recent years, the direct detection of viral DNA has become a standard param-
eter within the diagnostic workup. HBV DNA assays include probe hybridization-based
and polymerase chain reaction (PCR)-based viral DNA target detection. They are used
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to assess the level of HBV replication, which is particularly helpful in monitoring the
response to antiviral therapy in patients with chronic HBV infection. In addition, owing
to the high sensitivity of current techniques, they can identify an acute hepatitis B in a
patient formerly thought to have cryptogenic liver disease. The recently developed
hybridization assay with branched-DNA (bDNA) molecules and signal amplification
detects HBV DNA down to 0.7 meq/mL. It has been used as the standard for HBV DNA
quantification in more recent antiviral treatment trials (36,37). Although the Quantiplex
bDNA assay, which is the most frequently used method for HBV detection, is charac-
terized by high accuracy and good reproducibility, it may not be suitable for patients
with low HBV titers. In contrast, newer quantitative PCR methods, such as the
Amplicor and Amplisensor assays, have proven a higher sensitivity, and can detect viral
loads as low as 0.002 meq/mL (in comparison: conventional PCR seems to be useful for
samples with titers of 1.23 meq/mL or higher). Therefore these tests are particularly
useful in HBV surveillance, and perhaps in the posttransplant setting (38).

6. Chronic HBV Infection and Hepatocellular Carcinoma
Chronic infection with HBV is a major risk factor for the development of hepatocel-

lular carcinoma (HCC). In the United States, the incidence of HCC rose from 1.4 per

Fig. 2. Serologic profile of acute and chronic HBV infection.
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100,000 people during the period from 1976 to 1980 to 2.4 during the period 1991 to
1995. This trend was associated with an increased incidence in blacks and older
patients, as well as a shift in the incidence rate toward younger age groups (39). In a
meta-analysis of 32 case-control studies, risk estimates of developing HCC appeared to
be 20-fold greater in serum HBsAg carriers than in seronegative controls (40). Annual
incidence rates of HCC in prospective studies differ according to geographic character-
istics and the severity of liver disease. The largest and longest cohort study available so
far examined the clinical outcomes of 1536 Alaska natives chronically infected with
HBV. The incidence of HCC was 1.9 per 1000 carrier-years (2.3 in men and 1.2 in
women), and was increased in individuals belonging to a certain ethnic group, people of
older age, and in case of switches in HBeAg status (12).

HCC arises almost exclusively in patients with cirrhosis (4). Its incidence reached
6.6% in 234 Asian cirrhotics during a follow-up of 3 yr (41). Persistent proliferation of
liver cells seems to be a key factor of hepatitis progression to HCC, which is indepen-
dent of disease etiology (42), and typically occurs after 25–30 yr of infection (4). Mea-
sured by immunostaining for proliferating cell nuclear antigen (PCNA) in patients with
compensated cirrhosis, high liver cell proliferative activity was associated with a higher
risk of developing cancer (5% in 80 patients) as compared to 1% in 208 patients with
lower liver cell proliferative activity. Not surprisingly, survival was significantly lower
in patients with high liver cell proliferation rates than in those with low proliferation
rates (10% vs 75%) (43). Although the majority of patients in the latter study had
chronic hepatitis C as underlying liver disease, the situation is likely to be similar in
chronic HBV infection, once cirrhosis has developed.

It still remains controversial whether HBV plays a direct or merely an indirect role in
the process of carcinogenesis. Although continued cell death and regeneration associ-
ated with chronic hepatitis appear to be major factors in hepatocarcinogenesis, HBX
protein, to which an oncogenic potential is attributed, may allow some of the multiple
stages to be skipped. HBV infection may therefore be capable of inducing HCC in the
absence of a complete set of genetic aberrations (44). The integration of viral DNA into
the host-cell chromosomal DNA is regarded as a key event, as it might lead to the acti-
vation or suppression of cellular genes involved in cell growth and proliferation (45).

Once HCC has been diagnosed, treatment options are often limited owing to the
advanced stage of the tumor. This underlines the importance of preventive measures to
avoid HBV infection. Recent data from Taiwan, an area of hyperendemic HBV infec-
tion, provides crucial evidence that universal hepatitis B immunization in children leads
to a marked reduction of the reservoir of HBV carriers and a concomitant decline in
HCC incidence (46). The reduction in the prevalence of HBsAg was accompanied by a
decline in the average annual incidence of HCC in children 6–9 yr of age from 0.53 per
100,000 for those born between 1974 and 1984 to 0.13 for those born between 1984 and
1986. The adoption of universal HBV vaccination for infants and adolescents through-
out the world, as has been recommended by the World Health Organization (WHO), is
likely to represent a milestone in the annals of preventive medicine (45). HBV vaccina-
tion should be regarded as a vaccine against cancer.
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7. HBV Genotypes and Mutants in Untreated Patients

HBV is classified into four serotypes (adr, adw, ayr, and ayw) based on antigenic
determinants of HBsAg, which can be further subdivided into nine subtypes. Direct
sequencing, restriction fragment length polymorphism, and other techniques can distin-
guish seven HBV genotypes (A–G) on the basis of a complete or partial sequence
analysis (47). Genotype A is predominant in Europe, North America, and Africa,
whereas genotypes B and C appear to be highly prevalent in Southeast Asia, which
might be related to the endemicity of HBV infection in these areas. It has been esti-
mated that the heterogeneity in disease manifestations and response to antiviral therapy
among patients with chronic hepatitis B in different parts of the world may, at least in
part, be attributed to differences in HBV genotypes (48). A study of 466 Japanese
patients demonstrated a much higher rate of HBeAg positivity in those infected with
genotype C than in genotype B, suggesting that HBV genotype B might be associated
with a higher HBeAg clearance rate (49). In addition, there is evidence that patients
with long-lasting and high level replication of HBV genotype C might develop
advanced liver disease more frequently (50). The relationship between HBV genotypes
and hepatocellular carcinoma is still unclear (48).

Recent studies have speculated that mutations in specific regions of the HBV
genome may influence the clinical course and severity of liver damage, among them
precore stop codon and core mutations (51,52), defective pre-S2-start codon and S-
mutations (53), as well as therapy escape mutations in the polymerase gene. This could
happen by altering the level of viral replication or the expression of more immunogenic
epitopes.

HBeAg synthesis is most commonly prevented by the precore mutation 1898 (G →
A), which results in a stop codon (TGG → TAG) at the end of the precore region, but
does not interfere with HBcAg synthesis (54). This implies that viral replication persists
despite blockage of HBeAg expression and subsequent anti-HBe seroconversion. There
is a wide variation in the prevalence of the stop codon mutant (high in the Mediter-
ranean basin and Asia, low in North America and northern Europe). This might be due
to the preponderance of HBV genotypes B, C, and D in southern Europe and Southeast
Asia, which have—in contrast to genotype A—been associated with the appearance of
the premature stop codon (48,55). Whereas former reports suggested an association of
the precore mutation with a fulminant course of hepatitis, later studies have not been
able to demonstrate a specific mutation predicting fulminant disease (54,56).

Naturally occurring core promoter mutants have been found to increase viral replica-
tion in vitro via various mechanisms, such as (1) up-regulated transcription of prege-
nomic RNA resulting from alterations in binding sites for transcription factors, (2)
enhanced encapsidation by an increase in core protein expression, and (3) by a reduc-
tion in the expression of precore protein, which can interrupt the encapsidation process
(57). However, the fact that these mutations have also been found in patients with acute
self-limited or chronic hepatitis B without liver disease and in asymptomatic HBV car-
riers suggests that they are not necessarily pathogenic (7). A recent study could not find
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a significant correlation between core promoter mutations, viral replication, and liver
damage in patients with chronic hepatitis B infection. Promoter and replication activi-
ties of the predominant core promoter mutants were equivalent to those of wild-type
virus, despite diverse sequence variation. In addition, no clear correlation between
HBeAg status and viral load was visible. Deletion mutants within the core promoter and
core gene, as well as variants with large deletions, spanning precore/core and preS/S
reading frames, have been detected in highly viremic carriers (58). Interestingly, a num-
ber of these mutants seem to need the presence of wild-type virus for replication, which
might be due to a dependence on HBVX protein for infection of hepatocytes, as shown
for the woodchuck hepatitis virus (59). Core mutations have been demonstrated to influ-
ence HBV clearance by the expression of cytotoxic epitopes that act as T-cell receptor
antagonists (60). Their correlation with a diminished IFN response remains unclear.

Vaccine-induced S-gene mutations can lead to loss of the common “a” determinant
of HBsAg, and are therefore known as “vaccine escape mutants” (61). Mutations in the
polymerase gene secondary to nucleoside analog treatment are discussed below.

In summary, HBV genotypes are likely to influence HBeAg seroconversion rates,
mutational patterns, and the severity of liver disease (48). But it is still unclear to what
degree different HBV mutants can change the outcome of HBV infection. The coexis-
tence of several mutations within the same genome, the cooperation of different HBV-
mutant strains, and, perhaps most importantly, the host immune response might all
participate in the modulation of disease activity (62).

8. Therapy of Chronic HBV Infection
Among the various factors influencing the histological progression of chronic hepa-

titis B to cirrhosis, active HBV replication is thought to play a major role, and its reduc-
tion is therefore the target of therapeutic interventions. The initial goal of HBV therapy
is to suppress viral replication and subsequently induce remission of liver disease. The
ultimate goal is to eliminate HBV and prevent progression to cirrhosis (7). In compen-
sated patients with chronic hepatitis B, antiviral therapy is indicated for active viral
replication, elevated aminotransferase activity, and histologic evidence of chronic
hepatic injury (63).

8.1. Role of IFN-�
Effective therapies against hepatitis B were first introduced in the mid-1980s when it

became apparent that prolonged therapy with IFN-� resulted in sustained loss of HBV
replication (HBeAg and HBV DNA undetectable) in 30–40% of treated patients com-
pared with only 10–12% of controls (64,65). Once HBeAg loss and HBV negativity are
established, the frequency of persistently normal alanine aminotransferase (ALT)
approaches 80% (66). HBeAg/anti-HBeAg seroconversion after treatment with IFN-�
is likely to be associated with an increase in survival after 6 yr of follow-up in patients
with chronic hepatitis B (67). Similarly, the incidence of HCC was significantly reduced
in chronic HBV patients after IFN-� in comparison to untreated controls (68). Approx-
imately 10% of patients develop a consecutive HBsAg seroconversion, when IFN-� is
given subcutaneously at a daily dose of 5 million units or three times a week at a dose
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of up to 10 million units for 4–6 mo (63). Patients who remain HBeAg-positive at wk
16 with low HBV-DNA levels should probably receive treatment beyond 6 mo to
improve the rate of response (69). Successful interferon therapy is more likely in
patients with low-level HBV DNA and substantial elevations of aminotransferase activ-
ity. Recent studies found that the rate of interferon-induced HBeAg seroconversion was
higher in German patients with genotype A than in those with genotype D (37% vs 6%)
and in Taiwanese patients with genotype B compared to those with genotype C (41% vs
15%) (70,71). On the other hand, immunosuppression and the existence of precore
mutants are markers of a poor treatment response. It is important to mention that IFN
therapy is potentially harmful once complications of end-stage liver disease, such as
ascites, bleeding varices, or hepatic encephalopathy, have occurred (63). IFN therapy is
associated with a wide spectrum of side effects, such as flulike symptoms, anorexia,
weight loss, mild myelosuppression, psychiatric problems, and autoimmune thyroiditis
(7). This is also true for long-acting interferon modified with polyethylene glycol (PEG-
IFN), which might present new opportunities for the treatment of chronic HBV infec-
tion (72).

Combination therapies of IFN-� and steroids have recently been thought to have lit-
tle additional benefit on the short- and long-term follow-up of patients with chronic
HBV infection (73,74). A meta-analysis of seven trials comparing prednisone-IFN with
IFN treatment in adults with chronic hepatitis B could not show a significant steroid-
induced increase in the efficacy of IFN treatment, when analyzing HBeAg, HBV DNA,
HBsAg loss, and serum ALT at the end of follow-up. However, the combination therapy
was significantly more effective in the subgroup of patients with low ALT levels (75).
Interestingly, a recent prospective randomized controlled trial on 42 HBeAg- and HBV-
DNA-positive patients suggested an efficacy of corticosteroid withdrawal therapy
(CSWT). HBeAg seroconversion rates at wk 104 after 3 wk of CSWT alone were twice
those following a combination therapy of 3 wk of CSWT plus 4 wk of IFN-� (38.9% vs
18.8%) (76). The reasons for these results have to await further investigation. Perhaps
the weak response to IFN was related to the fact that HBV genotype C, which has been
reported to be relatively IFN-resistant, comprised more than 90% of all cases (71).
Additional studies are needed to clarify the role of a steroid priming therapy, especially
in combination with subsequent use of nucleoside analogues (77).

8.2. Efficacy of Lamivudine and the Role of Resistant Viral Mutations
Lamivudine (�-L-(−)-2',3'-dideoxy-3'-thiacytidine [3TC]) recently has been licensed

in the United States, Canada, Europe, and Asia for the treatment of chronic hepatitis B.
It is administered orally, and inhibits HBV reverse transcriptase with negligible side
effects. Two large multicenter studies, one from the United States and the other one
from Asia, showed that 12 mo of lamivudine therapy result in almost universal suppres-
sion of hybridization-assay-detectable HBV DNA. HBeAg loss occurs in 30–33%,
HBeAg seroconversion in 16–18%, sustained ALT normalization in 41–49%, and liver
histologic improvement (i.e., a reduction in histologic activity index [HAI] of 	2
points) in 52% (78,79). Prolonged duration of treatment might be able to improve these
results further (80,81). After 3 yr of continuous therapy with 100 mg of lamivudine
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daily, there are enhanced HBeAg seroconversion rates of 40%, rising up to 65% in the
subgroup of patients with baseline serum ALT � 2 × upper limit of normal (ULN) (82).
Prolonged therapy with lamivudine also improves the histological activity index,
despite the higher rate of YMDD mutant emergence (83). ALT flares are not uncommon
during therapy, probably representing altered T-cell functions, as it has been suggested
that lamivudine therapy can restore T-cell responses against HBV (84). Posttreatment
ALT elevations, although asymptomatic and transient, are likely to reflect a return of
liver inflammation associated with resumption of unsuppressed wild-type HBV replica-
tion. In fact, HBV DNA reappears in the majority of patients without partial serocon-
version after discontinuation of treatment, and this is probably based on residual
covalently closed circular DNA (cccDNA) inside the nucleus of the hepatocyte, which
is not affected by lamivudine (85). A more gradual reemergence of wild-type HBV by a
stepwise withdrawal of lamivudine over several weeks might be able to minimize the
possibility of a clinically significant ALT flare in cirrhotic patients (72).

Patients with precore HBV mutations (i.e., HBeAg-negative and HBV DNA posi-
tive) show normalization of ALT and loss of HBV DNA in � 60%, and are character-
ized by an improved necroinflammatory activity, independent of the development of
YMDD mutations so that they also might be regarded as candidates for long-term ther-
apy (86). Another subgroup of patients for whom lamivudine therapy might be benefi-
cial are those with decompensated cirrhosis and actively replicating hepatitis B
infection awaiting liver transplantation. A small pilot study pointed toward an improve-
ment of hepatic function in this selected subgroup of patients during lamivudine therapy
(150 mg daily), which abrogated the urgent need of orthotopic liver transplantation and
suggested a survival advantage. Nevertheless, the significance of these results is still
questionable, because a retrospective control cohort was used (87). Finally, recent evi-
dence from pilot studies strongly suggests that lamivudine can be lifesaving in the set-
ting of a fulminant course of acute HBV infection (88).

Under lamivudine selection pressure, the high viral production rate and the low
fidelity viral polymerase contribute to frequent development of polymerase mutants
(89). Two types of polymerase gene mutations are most frequently observed: group 1
contains two mutations at amino acids 528 and 552 (L528M and M552V), which invari-
ably occur together. Group 2 contains a mutation only at amino acid 552 (M552I).
M552V (YVDD) and M552I (YIDD) are mutations in the YMDD motif of the poly-
merase gene, and are equally resistant to lamivudine (90). The resistance is thought to
arise from the side groups of isoleucine (YIDD) and valine (YVDD) sterically prevent-
ing lamivudine from appropriately configuring into the nucleotide binding site of the
reverse transcriptase (89). YMDD mutations occur in approx 15% after 1 yr (79) and in
up to 76% after 4 yr of lamivudine treatment (83) in initially HBeAg-positive patients.
Data on the rate of YMDD mutant emergence in HBeAg-negative chronic hepatitis B
are still controversial: 10% after 2–4 yr (83) vs 56% after 2 yr (91). Recent data sug-
gested that patients with the adw serotype were more likely to develop resistance to
lamivudine than those with the ayw serotype (92). The clinical ramifications of a
YMDD-mutant breakthrough are incompletely characterized (87), but severe or even
fatal flares and progressive disease with graft loss have been reported (93,94).
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To date, there is evidence that lamivudine therapy continues to benefit most patients
even in development of breakthrough mutations (82). Nevertheless, because of the
uncertain long-term prognosis of YMDD-mutant infection, concern has been voiced
about the use of lamivudine monotherapy in patients with mild disease and about pro-
longed use of this drug in individuals who may ultimately need liver transplantation
(72). A dilemma that emerges is whether to delay orthotopic liver transplantation in
patients who have significantly improved on lamivudine, thereby prolonging their wait-
ing time, or to proceed with transplantation despite stable hepatic function because of
the potential risk for YMDD mutation and subsequent deterioration (87).

8.3. Nucleoside Analogues Under Development
First tested in HIV patients, adefovir dipivoxil is a nucleotide analog that has been

shown to have activity against lamivudine-resistant mutants as well as against wild-type
HBV. A daily dose of 30 mg given over 12 wk results in a 4 log10 reduction in HBV
DNA in patients infected with wild-type HBV (37). Similar responses have recently
been demonstrated in five patients with chronic hepatitis B (four after liver transplanta-
tion, one with stable cirrhosis) who had developed lamivudine resistance. HBV DNA
suppression was sustained during a mean adefovir dipivoxil treatment period of 13 mo,
including one patient in whom lamivudine was discontinued (95). Patients with decom-
pensated liver disease and YMDD mutations are also likely to benefit from a combina-
tion of lamivudine and adefovir (96). Renal toxicity that has been noted under adefovir
dipivoxil treatment is probably minimal with a 10-mg dose, but might limit its use as a
first-line drug. Adefovir might therefore be used in combination with lamivudine to pre-
vent the emergence of YMDD mutants (72). Figure 3 provides recent data on the effi-
cacy of adefovir in HBeAg-negative patients.

Another promising, orally administered deoxyguanine nucleoside analog is ente-
cavir, which has antiherpes and antihepadnaviral activity. It was shown to suppress viral
replication 30 times more potently than lamivudine in HepG 2.2.15 cell lines (97), and
there is evidence that entecavir also has a direct effect on cccDNA, as shown for the
woodchuck model (98). Definite assessment of this drug has been delayed because of
concern about pancreatic adenomas in mice (72). In a 28-d study of entecavir, there was
a 2.55 mean log10 reduction of viral load without significant side effects (99). Like ade-
fovir dipivoxil, entecavir seems to inhibit both wild-type and lamivudine-resistant
forms of HBV (100).

�-L-2'-Deoxythymidine (LdT) belongs to the group of “unnatural” L-nucleosides
that are characterized by a highly potent, relatively selective inhibition of HBV poly-
merase in vitro. This is likely to be conferred by the 3'-OH group of the �-L-2'-
deoxyribose (101). A daily dose of 400 mg given over 24 d could induce a median
decrease of 3.6 log10 copies/mL (102).

Emtricitabine (FTC) is a fluorinated derivative of lamivudine that is anticipated to
have a similar resistance pattern. In a dose-escalating study (98 patients treated over 24
wk), there was HBV DNA level reduction of up to 3 log10 (103), and to date this nucle-
oside has been well tolerated (72).



428 Manns et al.

Clevudine (L-FMAU) is a pyrimidine analog with activity against HBV replication
(104) whose efficacy against YMDD variants might be incomplete (100). Fialuridine
(FIAU), a related agent, has been demonstrated to mediate severe toxicity in a signifi-
cant proportion of patients participating in a Phase II study, and has therefore not
achieved further clinical application. Adverse events included nausea, painful paresthe-

Fig. 3. Preliminary results from a double-blind randomized placebo-controlled trial of ade-
fovir for the treatment of patients with HBeAg-negative chronic hepatitis B. (Modified from
Hadziyannis and the GS-98-438 Study Investigator Group, presented at the EASL 2002.)
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sia, hepatic failure, and lactic acidosis, probably resulting from mitochondrial injury
and pyruvate oxidation inhibition (105).

Glucosidase inhibitors have been proposed to exert antiviral effects in woodchuck
animal model by altering specific steps in the N-linked glycosylation pathway (106).
Even in case they lack potency against HBV by themselves, these drugs might be effec-
tive when used in combination with a nucleoside analog (64).

8.4. Combination Therapy with IFNs and Multiple Nucleoside Analogues
The combination of IFN-� with lamivudine is currently one of the most appealing

treatment options for chronic hepatitis B (64). IFNs induce a targeted immune destruc-
tion, which up-regulates the second phase of viral load decay that is observed during
nucleoside analog therapy (72). In one of the largest combination studies, 230 patients
with HBeAg-positive chronic hepatitis B were randomized to IFN alone (10 million
units three times a week for 16 wk), lamivudine alone (100 mg daily for 52 wk), or a
combination (16 wk, preceded by an 8-wk course of lamivudine) (107). The HBeAg
seroconversion rates after 52 wk were 19% with IFN alone, 18% with lamivudine alone,
and 29% with the combination. Concern has been voiced about the uneven treatment
periods, although the response to therapy was measured at 52 wk from the start of treat-
ment (64). The concept of reducing HBV replication to very low levels with nucleoside
analogs and then delivering a “death blow” to the virus with the addition of IFN seems
to make sense (64). On the other hand, it is possible that an IFN lead-in phase or over-
lapping treatments could be more effective. This opinion is based on the assumption
that a rapid inhibition of viral peptide synthesis during lamivudine therapy may lead to
a diminished antigen display on the hepatocyte surface and therefore reduce the IFN
efficacy (72).

Many experts have postulated that combination antiviral therapy, that is, the use of
multiple nucleosides in combination, represents the future for treatment of chronic hep-
atitis B (64). By providing greater suppression of HBV replication, multidrug therapy
could shorten the period of treatment necessary to induce a virologic response, and as a
result diminish the rate of acquisition of drug-resistant mutants. Synergistic antiviral
effects have been assumed to cause the significantly enhanced HBV inhibition, which
was observed with a 12-wk course of lamivudine plus famciclovir, when compared with
lamivudine alone (108). But it is likely that more potent drugs will replace famciclovir,
including adefovir dipivoxil, entecavir, L-dT, L-dC, FTC, and L-FMAU, among others.
Adefovir seems to be a promising combination partner for lamivudine-induced YMDD
variants (96). Besides, combination regimes may also allow minimization of the toxic-
ity of nucleoside analogs (64). Figure 5 summarizes the current treatment options of
chronic HBV infection in HBeAg-positive patients and provides an outlook for how we
might treat these patients in the coming years.

8.5. Molecular Treatment Approaches to HBV
Innovative antiviral approaches, which are in the early stages of development and

have not proven their clinical utility yet, include antisense oligonucleotides and
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ribozymes among others. Theoretically, these molecules could be targeted to multiple
regulatory sites within the viral DNA or RNA, thereby preventing the emergence of
viral mutations. Antisense molecules have been shown to inhibit DHBV replication
(109), but their degradation by nucleases in vivo is a problem that has to be solved
before clinical implementation. Synthetic nuclease-resistant ribozymes could effi-
ciently be delivered to the liver of mice (110), and clinical trials are on the way to eval-
uate this potential treatment option (103).

9. Liver Transplantation and HBV Infection
Prior to the availability of effective treatment options throughout the 1970s and

1980s, HBV infection was considered to be a contraindication for transplantation.
The implementation of nucleoside analogs in patients has led to significant improve-
ments in the outcome of patients transplanted for HBV-induced end-stage liver disease.
However, because of the wide range of possible complications, liver transplantation
remains an ultima-ratio treatment option, which can be applied safely only at experi-
enced centers.

HBV recurs in approx 80% 3 yr after transplantation without immunoprophylaxis
(111), and is associated with a 5-yr survival rate of approx 50% that is significantly
lower than in other forms of chronic liver disease (112). The highest risk of recurrent
HBV infection and mortality is seen in patients with active viral replication prior to
transplant (detectable HBeAg and HBV-DNA in serum), whereas the lowest recurrence
rates are associated with a negative HBV-DNA and HBeAg prior to transplant, long-
term administration of HBIg, hepatitis D virus (HDV) superinfection (fulminant hepati-
tis or related cirrhosis with a 3-yr recurrence rate of approx 10%), and severe acute liver
failure (111, 113).

The use of HBV immune globulin (HBIG) intraoperatively and following transplan-
tation has reduced the frequency and severity of recurrent HBV and improved survival
(114). In a large multicenter European study of 372 patients, a 6-mo course of HBIG
could lower the recurrence rate 3 yr posttransplant to 35%, thereby increasing the sur-
vival (111). Further improvements can be achieved by maintaining anti-HBs levels
above 300–500 IU/L (115). There is evidence that even patients with active viral repli-
cation before transplantation benefit from passive immunization with HBIG by reduc-
tion of HBV antigenemia, although PCR assays can detect HBV DNA after 1 yr in a
considerable proportion (116). Indefinite, long-term HBIG therapy may therefore be
necessary in these patients (114).

Lamivudine has proven its efficacy in the transplant setting in a multicenter trial from
the United States and Canada. Seventy-seven HBsAg-positive liver transplant candidates
received treatment with 100 mg of lamivudine daily, which was continued after liver
transplantation (60% of patients). At treatment wk 156, 13 of 22 (59%) of the posttrans-
plant patients remained HBsAg negative, with HBV DNA polymerase mutants appearing
in 21%. When compared with historical controls, lamivudine significantly decreased the
rate of recurrent HBV infection (117) to an extent that was similar to that reported for
long-term HBIG treatment (111). Because the discontinuation of lamivudine in posttrans-
plant patients with YMDD mutations can be associated with clinical deterioration due to
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the reappearance of high-replicating wild-type HBV, the common clinical practice is to
continue lamivudine in these patients despite the development of this mutation (114).

Combination prophylaxis with HBIG and lamivudine is very effective in preventing
recurrent HBV, may protect against the emergence of resistant mutants, and is signifi-
cantly more cost effective than HBIG monotherapy (118). In one study, 23 patients
were given lamivudine starting up to 6 mo prior to transplantation and in addition put on
HBIG for the first 6 mo after transplantation. No treatment failures were reported after
a median follow-up of 13.8 mo (119). Another study suggested that sequential regimens
might be an alternative option for patients with a low HBV recurrence risk. Six months
of passive immunoprophylaxis with HBIG followed by lamivudine, 100 mg/d, for 52
wk was effective in preventing HBV recurrence (120). YMDD mutations have been
reported in a small proportion of patients receiving combination prophylaxis. Their
appearance prior to transplantation might pose a risk for HBV reinfection (121) and has
even been regarded as contraindication to orthotopic liver transplantation (OLT) in
some transplant centers (122). Therefore, consideration should be given to the risk-vs-
benefit ratio of pretransplant lamivudine therapy. Some authors suggest treating
HBsAg-positive transplant patients with 10,000 IU/mo of HBIG and lamivudine, 100
mg/d, starting in the anhepatic phase and maintaining anti-HBs titers 500 IU/L for high-
risk patients (HBV DNA or HBeAg positivity at transplant) and 100 IU/L for low-risk
patients (negativity for HBV-DNA and HBeAg) (114).

Combination therapy of one or more of the above-mentioned new nucleoside
analogs and HBV immune globulin is likely to play a key role for further improvements
in posttransplant therapy of HBV-infected patients in the future. Patients with YMDD
mutations under lamivudine could benefit from a significant HBV-DNA reduction fol-
lowing adefovir dipivoxil treatment (123). This treatment is associated with a signifi-
cant decline in viral load (Fig. 4). The role of high-titer hepatitis B immune plasma
formulations needs to be determined in prospective studies (114, 124).

Another strategy in the prophylaxis of HBV recurrence after liver transplantation
might be the discontinuation of HBIG followed by three applications of a double dose
HBV vaccination. In 17 selected posttransplant patients (HBeAg negative, HBV DNA
negative, completion of a 18-mo course of HBIG, no HBV recurrence, low-grade
immunosuppression), 82% developed anti-HBs titers of �10 IU/L (six patients after the
first, eight after a second vaccination course), and there was no HBV recurrence during
a mean follow-up period of 14 mo in these patients (125). Although the level of anti-
HBs that is needed to protect liver transplant recipients against HBV graft infection
recurrence is a matter of debate, this strategy warrants further study in larger groups of
patients. However, careful post-immunization testing and booster doses in case of
decreases in anti-HBs appear to be mandatory.

Proposed current and future treatment regimens for HBeAg-positive chronic hepati-
tis B are illustrated in Fig.5.

10. Vaccination Strategies in HBV Prophylaxis and Therapy
Current hepatitis B preexposure vaccines consist of recombinant HBsAg, and pro-

vide effective prophylaxis against HBV infection. A series of three injections of vac-
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cine induces protective levels of anti-HBs (� 10 mIU/mL) in � 95% of infants and
children and in 90% of healthy adults. The major determinant of vaccine response is
advancing age. By the age of 60 yr, the rate of protective antibody response has
declined to 75%. Hepatitis B vaccine is recommended for all newborns, for previously
unvaccinated children and adolescents, and for adults in high-risk groups. The latter
include health care workers, injection drug users, family members of patients with
chronic hepatitis B, patients with chronic renal failure, and recipients of clotting factor
concentrates, among others. Vaccine nonresponders show serologic response follow-
ing up to three additional vaccine doses in 50–75% of cases (126). They might also
benefit from newer vaccine formulations. A recent study in 294 healthy adults from the
United Kingdom and the United States demonstrated the efficacy of a new triple anti-
gen HBV vaccine (containing S and pre-S1, and pre-S2 antigens). The two-dose regi-
men (mo 0, 1) of this vaccine had a similar response (91%) to Engerix B®

(GlaxoSmithKline), while the three-dose regimen (mo 0, 1, 6) had a significantly supe-
rior response (98%) (127).

Fig. 4. Safety and efficacy of adefovir dipivoxil (ADV) for the treatment of lamivudine-
resistant HBV in patients post-liver transplantation. Inclusion criteria: post-OLT, chronic HBV,
clinically relevant lamivudine resistance, HBsAg-positive, HBV DNA 	6 log10 copies/mL, ALT
	 1.2 × ULN. (Modified from Schiff and the GS-98-435 Study Investigator Group, presented at
EASL 2002.)
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The success of recombinant protein vaccines as a therapeutic option has been less
encouraging (128). Vaccines that contain pre-S portions of HBsAg that serve as addi-
tional T- and B-cell epitopes have been attributed to reductions in HBV DNA (129).
Other authors have suggested administering the combination of HBsAg and anti-HBs to
enhance cell-mediated immunity via the activation of proinflammatory cytokines (130).

Bacterial DNA that contains unmethylated CpG sequences within certain base con-
tents (CpG DNA) can induce or enhance the stimulation of a variety of immune cells,
and has been found to be one of the strongest Th1-immunomodulating vaccination
adjuvants (131). The addition of CpG DNA to Engerix B® improved the HBsAg-
specific CTL activity in chimpanzees (128), and could overcome Engerix B® hypore-
sponsiveness in orangutans (132). Phase I clinical trials are still ongoing, and it is an
open question if the results from animal studies can be reproduced in humans.

Fig. 5. Nucleoside analogs in current and future treatment regimens for HBeAg-positive
chronic hepatitis B. LAM, Lamivudine; ADV, adefovir dipivoxil; ENV, entecavir; ULN, upper
limit of normal. (Modified from Perrillo 2002 with kind permission.)
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T-cell tolerance to HBV in HBV-transgenic mice can be broken by immunization
with a mixture of lipopeptides encompassing epitopes important in the induction of
HBV-specific CTL (133). These and other results have led to speculations about
peptide-based T-cell vaccines. The attraction of this strategy is the ability to identify and
combine the very best T-cell epitopes to ensure appropriate T-cell help and CTL gener-
ation during immune induction (128). Administration of CY-1899, a lipopeptide-based
HBcAg-epitope T cell vaccine, to subjects chronically infected with HBV initiated CTL
activity but was not capable of inducing an immune response strong enough to clear the
virus (134). Interestingly, however, a recent study provided strong evidence that thera-
peutic immunization with HBV core gene or protein deserves further investigation.
Chronic HBsAg carriers who received bone marrow from HLA-identical donors with
natural immunity to HBV showed resolution of chronic hepatitis B, which was associ-
ated with the transfer of HBcAg-reactive T cells (135).

The induction of strong T-cell responses might be an advantage of gene-based vac-
cines that could be demonstrated for several disease entities (136,137). Using recombi-
nant retroviral vector encoding the HBcAg, gene delivery could trigger the resolution of
infection in one of three chronically HBV-infected chimpanzees while activating HBV-
specific CTL activity in another (138). In another example, a chronically HBV-infected
chimpanzee received prime immunization with HBsAg encoding plasmid DNA fol-
lowed by boost immunization with a recombinant HBsAg encoding canarypox, which
led to a significant though transient decline of HBV DNA without a corresponding
boost in HBV-specific CTL responses (139). The delivery of DNA vaccines with
chimeric antigenes, in which sequences of an epitope of interest are exchanged between
different but related viruses (140), may contribute to the development of more potent
DNA vaccines for HBV therapy in the future.

11. HBV: Where Are We Going?
Since the discovery of HBV, enormous efforts have been made to shed light on its

epidemiology, mode of transmission, molecular mechanisms of replication, and possi-
ble therapeutic intervention strategies. All over the world, physicians, health care work-
ers, scientists, and technicians have applied themselves to help patients suffering from
the complications of hepatitis B. Two decades ago, there was no effective intervention
for the 300 million people carrying the “Australia antigen” (i.e., with chronic HBV
infection). Twenty years on, research and development have changed their outlook. But
the primary and ultimate goal is still the same: the eradication of HBV. The WHO has
recommended the adoption of universal hepatitis B immunization for infants and ado-
lescents. It is our policy to participate in the rigorous implementation of worldwide vac-
cination programs. The results of the Taiwanese immunization trial in infants have
provided crucial evidence that HBV prophylaxis is the most powerful tool against
HBV-associated morbidity. Further improvements in vaccination strategies will possi-
bly be able to provide effective prophylaxis even to immunosuppressed individuals.
Perhaps more importantly, preventive measures such as public information about the
disease and its transmission by trained health care workers will play a central role. Pre-
vention programs initiated by the WHO and other organizations to reduce the HBV
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incidence especially in children living in developing countries cannot be underesti-
mated. These initiatives need our full financial attention.

Once chronic HBV infection has developed, the individual is at risk of developing
potentially life-threatening complications. Improvements in the sensitivity of current
HBV DNA tests and their wide availability have already provided a good basis for an
adequate diagnostic workup. The treatment of chronic hepatitis B continues to evolve.
IFN is worthwhile in noncirrhotic patients with mild to moderate disease activity, for it
has not been associated with viral resistance, but its use is regularly associated with
unpleasant, sometimes severe side effects. Nucleoside analogs, on the other hand, offer
the advantage of reduced cost and minimal or no side effects. However, the virologic
response is often incomplete and limited by the development of viral resistance.
Lamivudine, which can be regarded as a first-line therapy for individuals with markedly
elevated ALT, is therefore less suitable for children and patients with only minimal dis-
ease activity. More importantly, patients in the liver transplant setting have been shown
to develop clinical deterioration secondary to the emergence of YMDD mutations. In
the future, adefovir dipivoxil might be useful to maintain long-term clinical response in
patients with intact renal function, as no resistance has been noted against this drug so
far. With regard to the pros and cons of IFNs and the newer evolving nucleoside
analogs, combination therapies have been suggested to represent the future for treat-
ment of chronic HBV, as is already the case for HIV treatment. During recent years, sci-
entists have dissected many details about the immunopathogenesis of HBV infection.
We have learned that hepatitis B is an immune-mediated disease and that the compe-
tence of the host’s immune system to mount a proper response at the right time plays a
central role for a subsequent viral eradication. For this reason, IFN is likely to be an
important combination partner in the near future, and may provide greater benefit than
the combination of multiple nucleosides alone. However, because of its nonspecific
action and multiple contraindications, IFN cannot be regarded as the ultimate therapeu-
tic goal. More effective vaccination schedules are currently being developed even for
immunocompromised patients post-liver transplant. The combination of viral load
reduction by nucleoside analogs or one of the newer molecular treatment options fol-
lowed by an efficacious immunization regimen might ultimately represent the most ele-
gant and applicable treatment tool. Undoubtedly, it will become more and more
important to tailor the treatment regimen to the specific disease features of the individ-
ual patient. To provide the basis for these sophisticated clinical decisions and enable
further steps toward an eradication of HBV continues to be the future task for
researchers all over the world.

References
1. Alter, H. J. (1981) Hepatitis B: a tribute to nondirected medical research. Semin. Liver Dis. 1,

1–6.
2. Blumberg, B. S. (1977) Australia antigen and the biology of hepatitis B. Science 197, 17–25.
3. Purcell, R. H. (1993) The discovery of the hepatitis viruses. Gastroenterology 104, 955–963.
4. Lee, W. M. (1997) Hepatitis B virus infection. N. Eng. J. Med. 337, 1733–1745.



436 Manns et al.

5. Liang, T. J. (2000) The molecular virology of hepatitis B virus—new insights into an old
virus, in Update on Viral Hepatitis, AASLD, Dallas, pp. 78–82.

6. Lau, J. Y. N. and Wright, T. L. (1993) Molecular virology and pathogenesis of hepatitis B.
Lancet 342, 1335–1340.

7. Lok, A. S.-F. and Chan, H. L.-Y. (2000) Viral hepatitis B and D, in Comprehensive Clinical
Hepatology (O’Grady J. G., Lake J. R., and Howdle P. D., eds.), Mosby, London,
pp. 12.1–22.

8. Paran, N., Geiger, B., and Shaul, Y. (2001) HBV infection of cell culture: evidence for mul-
tivalent and cooperative attachment. EMBO J. 20, 4443–4453.

9. Breiner, K. M., Urban, S., and Schaller, H. (1998) Carboxypeptidase D (gp 180), a Golgi-
resident protein, functions in the attachment and entry of avian hepatitis B viruses. J. Virol.
72, 8098–8104.

10. 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. Hepatol-
ogy 34, 803–808.

11. Milich, D., Chen, M., Hughes, J., and Jones, J. (1998) The secreted hepatitis B precore anti-
gen can modulate the immune response to the nucleocapsid: a mechanism for persistence. 
J. Immunol. 160, 2013–2021.

12. McMahon, B. J., Holck, P., Bulkow, L., and Snowball, M. (2001) Serologic and clinical out-
comes of 1536 Alaska natives chronically infected with hepatitis B virus. Ann. Intern. Med.
135, 759–768.

13. Andre, F. (2000) Hepatitis B epidemiology in Asia, the Middle East, and Africa. Vaccine 18,
S20–S22.

14. Stevens, C. E., Beasley, R. P., Tsui, J., and Lee, W. C. (1975) Vertical transmission of hepati-
tis B antigen in Taiwan. N. Engl. J. Med. 292, 771–774.

15. Harpaz, R., McMahon, B., Margolis, H., et al. (2000) Elimination of new chronic hepatitis B
virus infections: results of the Alaska immunization program. J. Infect. Dis. 181, 413–418.

16. Margolis, H., Alter, M., and Hadler S. (1991) Evolving epidemiology and implications for
control. Semin. Liver Dis. 11, 84–92.

17. Terrault, N. (2000) Chronic viral hepatitis in the United States, in Update on Viral Hepatitis,
AASLD, Dallas, pp. 36–46.

18. McQuillan, G., Coleman, P., Kruszon-Moran, D., et al. (1999) Prevalence of hepatitis B virus
infection in the United States: the National Health and Nutrition Examination Surveys, 1976
through 1994. Am. J. Publ. Hlth 89, 14–18.

19. Maini, M. and Bertoletti, A. (2000) How can the cellular immune response control hepatitis
B virus replication? J. Viral Hepat. 7, 321–326.

20. Michalak, T., Pasquinelli, S., Guilhot, S., and Chisari, F. (1994) Hepatitis B virus persistence
after recovery of acute viral hepatitis. J. Clin. Invest. 93, 230–239.

21. Mason, A., Xu, L., Guo, L., Kuhns, M., and Perrillo, R. (1998) Molecular basis for persistent
hepatitis B virus infection in the liver after clearance of serum hepatitis B surface antigen.
Hepatology 27, 1736–1742.

22. Rehermann, B., Lau, D., Hoofnagle, J. H., and Chisari, F. V. (1996) Cytotoxic T lymphocyte
responsiveness after resolution of chronic hepatitis B virus infection. J. Clin. Invest. 97,
1655–1665.

23. Chisari, F. (1997) Cytotoxic T cells and viral hepatitis. J. Clin. Invest. 99, 1472–1477.
24. Rehermann, B., Person, J., Redecker, A., et al. (1995) The cytotoxic T lymphocyte response

to multiple hepatitis B virus polymerase epitopes during and after acute viral hepatitis. 
J. Exp. Med. 181, 1047–1058.



HBV: Where Are We Going? 437

25. Thursz, M. R., Kwiatkowski, D., Allsopp, C. E. M., Greenwood, B. M., Thomas, H. C., and
Hill, A. V. S. (1995) Association between an MHC class II allele and clearance of hepatitis B
virus in the Gambia. N. Engl. J. Med. 332, 1065–1069.

26. Maini, M. K., Boni, C., Lee, C. K., et al. (2000) The role of virus—specific CD8+ cells in
liver damage and viral control during persistent hepatitis B virus infection. J. Exp. Med. 191,
1269–1280.

27. Chisari, F. V. (1999) Th immunobiology of viral hepatitis, in T Cells in the Liver: Biology,
Immunopathology and Host Defense (Crispe, N., ed.), John Wiley & Sons, New York,
pp. 117–138.

28. Kakimi, K., Lane, T. E., Wieland, S., et al. (2001) Blocking chemokine responsive to
gamma-2 / interferon (IFN)-gamma inducible protein and monokine induced by IFN-gamma
activity in vivo reduces the pathogenetic but not the antiviral potential of hepatitis B virus-
specific cytotoxic T lymphocytes. J. Exp. Med. 194, 1755–1766.

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

30. Heise, T., Guidotti, L. G., and Chisari, F. V. (2001) Characterization of nuclear RNases that
cleave hepatitis B virus RNA near the La protein binding site. J. Virol. 75, 6874–6883.

31. Chisari, F. V. (2000) Immunopathogenesis of hepatitis B, in Update on Viral Hepatitis,
AASLD, Dallas, pp. 92–94.

32. 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.

33. Fattovich, G., Guistina, G., Schalm, S., et al. (1995) Occurrence of hepatocellular carcinoma
and decompensation in western European patients with cirrhosis type B. Hepatology 21,
77–82.

34. Villeneuve, J. P., Desrochers, M., Infante-Rivard, C., et al. (1994) A long-term follow-up
study of asymptomatic hepatitis B surface antigen-positive carriers in Montreal. Gastroen-
terology 106, 1000–1005.

35. Dienstag, J. L. and Isselbacher, K. J. (1988) Acute viral hepatitis, in Harrison’s Principles of
Internal Medicine, (Fauci, A. S., Braunwald, E., Isselbacher, K. J., (eds.), McGraw-Hill, New
York, pp. 1677–1692.

36. Gilson, R. J. C., Murray-Lyon, I. M., Nelson, M. R., et al. (1998) Extended treatment with
adefovir dipivoxil in patients with chronic hepatitis B virus infection. Hepatology 28, 491A.

37. Heathcote, E., Jeffers, L., Wright, T., et al. (1998) Loss of serum HBV DNA and HBeAg and
seroconversion following short-term (12 weeks) adefovir dipivoxil therapy in chronic hepa-
titis B: two placebo-controlled phase II studies (Abstract) Hepatology 28 (Suppl), 317A.

38. Chen, T., Luk, J. M., Cheung, S.-T., Yu, W.-C., and Fan S.-T. (2000) Evaluation of quantita-
tive PCR and branched-chain DNA assay for detection of hepatitis B virus DNA in sera from
hepatocellular carcinoma and liver transplant patients. J. Clin. Microbiol. 38, 1977–1980.

39. El-Serag, H. B. and Mason, A. C. (1999) Rising incidence of hepatocellular carcinoma in the
United States. N. Engl. J. Med. 340, 745–750.

40. Donato, F., Boffetta, P., and Puoti, M. (1998) A meta-analysis of epidemiological studies on
the combined effect of hepatitis B and C virus infections in causing hepatocellular carci-
noma. Int. J. Cancer 75, 347–354.

41. Tsai, J. F., Jeng, J. E., Ho, M. S., et al. (1997) Effect of hepatitis C and B virus infection on
risk of hepatocellular carcinoma: a prospective study. Br. J. Cancer 76, 968–974.



438 Manns et al.

42. Colombo, M. (2000) Viral hepatitis and cancer, in Update on Viral Hepatitis, AASLD, Dal-
las, pp. 170–178.

43. Donato, M. F., Arosio, E., et al. (2001) High rates of hepatocellular carcinoma in cirrhotic
patients with high liver cell proliferative activity. Hepatology 34, 523–528.

44. Koike, K., Tsutsumi, T., Fujie, H., Shintani, Y., and Kyji, M. (2002) Molecular mechanism of
viral hepatocarcinogenesis. Oncology 62, S1:29–37.

45. Zuckerman, A. J. (1997) Prevention of primary liver cancer by immunization. N. Engl. J. of
Med. 336, 1906–1907.

46. Chang, M., Chen, C., Lai, M., et al. (1997) Universal hepatitis B vaccination in Taiwan and
the incidence of hepatocellular carcinoma in children. Taiwan Childhood Hepatoma Study
Group. N. Engl. J. Med. 336, 1855–1859.

47. Stuyver, L., De Gendt, S., Van Geyt, C., et al. (2000) A new genotype of hepatitis B virus:
complete genome and phylogenetic relatedness. J. Genet. Virol. 81, 67–74.

48. Chu, C. J. and Lok, A.S.F. (2002) Clinical significance of hepatitis B virus genotypes. Hepa-
tology 35, 1274–1276.

49. Orito, E., Mizokami, M., Sakugawa, H., et al. (2001) A case-control study for clinical and
molecular biological differences between hepatitis B viruses of genotypes B and C. Japan
HBV Research Group. Hepatology 33, 218–223.

50. Kao, J. H., Chen, P. J., Lai, M. Y., and Chen, D. S. (2000) Hepatitis B genotypes correlate
with clinical outcomes in patients with chronic hepatitis B. Gastroenterology 118, 554–559.

51. Omata, M., Ehata, T., Yokosuka, O., Hosoda, K., and Ohto, M. (1991) Mutations in the pre-
core region of hepatitis B virus DNA in patients with fulminant and severe hepatitis. N. Engl.
J. Med. 324, 1699–1704

52. Ehata, T., Omata, M., Chuang, W. L., et al. (1993) Mutations in core nucleotide sequence of
hepatitis B virus correlate with fulminant and severe hepatitis. J. Clin. Invest. 91, 1206–1213.

53. Pollicino, T., Zanetti, A., Cacciola, I., et al. (1997) Pre-S2-defective hepatitis B virus infec-
tion in patients with fulminant hepatitis. Hepatology 26, 495–499.

54. Liang, T. J., Hasegawa, K., Munoz, S. J., et al. (1994) Hepatitis B virus precore mutation and
fulminant hepatitis in the United States. A polymerase chain reaction-based assay for the
detection of specific mutation. J. Clin. Invest. 93, 550–555.

55. Li, J. S., Tong, S. P., Wen, Y. M., Vitsvitski, L., Zhang, Q., Trepo, C. (1993) Hepatitis B virus
genotype A rarely circulates as an HBe-minus mutant: possible contribution of a single
nucleotide in the precore region. J. Virol. 67, 5402–5410.

56. Sterneck, M., Günther, S., Santantonio, T, et al. (1996) Hepatitis B virus genomes of patients
with fulminant hepatitis do not share a specific mutation. Hepatology 24, 300–306.

57. Chun, Y. K., Kim, J. Y., Woo, H. J., et al. (2000) No significant correlation exists between
core promoter mutations, viral replication, and liver damage in chronic hepatitis B infection.
Hepatology 32, 1154–1162.

58. Schläger, F., Schaefer, S., Metzler, M., et al. (2000) Quantitative DNA fragment analysis for
detecting low amounts of hepatitis B virus deletion mutants in highly viremic carriers. Hepa-
tology 32, 1096–1105.

59. Zoulim F. F., Saputelli, J., and Seeger, C. (1994) Woodchuck hepatitis virus X protein is
required for viral infection in vivo. J. Virol. 68, 2026–2030.

60. Bertolletti, A., Sette, A., Chisari, F. V., et al. (1994) Natural variants of cytotoxic epitopes are
T cell receptor antagonists for antiviral cytotoxic T cells. Nature 369, 407–410.

61. Waters, J. A., Kennedy, M., Voet, P., et al. (1992) Loss of the common “a” determinant of
hepatitis B surface antigen by a vaccine-induced escape mutant. J. Clin. Invest. 90,
2543–2547.



HBV: Where Are We Going? 439

62. Blum, H. E., Moradpour, D., von Weizsaecker, F., Wieland, S., Peters, T., and Rasenack, J. W. S.
(1997) Hepatitis-B-Virusmutanten—Klinische Bedeutung. Z. Gastroenterol. 35, 347–355.

63. Dienstag, J. L. (2000) Therapy of hepatitis B, in Update on Viral Hepatitis, AASLD, Dallas,
pp. 95–100.

64. Di Bisceglie, A. M. (2002) Combination therapy for hepatitis B. Gut 50, 443–445.
65. Wong, D. K., Cheung, A. M., O’Rourke, K., et al. (1993) Effect of alpha interferon treatment

in patients with hepatitis B e antigen-positive chronic hepatitis B. A meta-analysis. Ann.
Intern. Med. 119, 312–323.

66. Lau, D. T-Y., Everhart, J., Kleiner, D. E., et al. (1997) Long-term follow-up of patients with
chronic hepatitis B treated with interferon alfa. Gastroenterology 113, 1660–1667.

67. Niederau, C., Heintges, T., Lange, S., et al. (1996) Long-term follow-up of HbeAg-positive
patients treated with interferon alfa for chronic hepatitis B. N. Eng. J. Med. 334, 1422–1427.

68. Lin, S. M., Sheen, I. S., Chien, R. N., et al. (1999) Long-term beneficial effect of interferon
therapy in patients with chronic hepatitis B virus infection. Hepatology 29, 971–975.

69. Janssen, H. L. A., Gerken, G., Carreno, V., et al. (1999) Interferon alfa for chronic hepatitis B
infection: increased efficacy of prolonged treatment. The European Concerted Action on
Viral Hepatitis (EUROHEP). Hepatology 30, 238–243.

70. Erhardt, A., Reineke, U., Blondin, D., et al. (2000) Mutations of the core promoter and
response to interferon treatment in chronic replicative hepatitis B. Hepatology 31, 716–725.

71. Kao, J. H., Wu, N. H., Chen, P. J., Lai, M. Y., Chen, D. S. (2000) Hepatitis B genotypes and
the response to interferon therapy. J. Hepatol. 33, 998–1002.

72. Perrillo, R. P. (2002) How will we use the new antiviral agents for hepatitis B? Curr. Gas-
troenterol. Rep. 4, 62–71.

73. Zavaglia, C., Bottelli, R., Bellati, G., et al. (1996) Treatment of chronic hepatitis B (HbeAg-
HBVDNA-positive) with lymphoblastoid alpha interferon with or without corticosteroids:
short- and long-term follow-up. Ital. J. Gastroenterol. 28, 324–331.

74. Zarski, J. P., Causse, X, Cohard, M., Cougnard, J., and Trepo, C. (1994) A randomized, con-
trolled trial of interferon alfa-2b alone and with simultaneous prednisone for the treatment of
chronic hepatitis B. French Multicenter Group. J. Hepatol. 20, 735–741.

75. Cohard, M., Poynard, T., Mathurin P., and Zarki, J. P. (1994) Prednisone-interferon combina-
tion in the treatment of chronic hepatitis B: direct and indirect metanalysis. Hepatology 20,
1390–1398.

76. Akuta, N., Suzuki, F., Tsubota, A., et al. (2002) Long-term clinical remission induced by cor-
ticosteroid withdrawal therapy (CSWT) in patients with chronic hepatitis B infection—a
prospective randomized controlled trial—CSWT with and without follow-up interferon-v
therapy. Dig. Dis. Sci. 47, 405–414.

77. Liaw, Y. F., Tsai, S. L., Chien, R. N., Yeh, C. T., and Chu, C. M. (2000) Prednisolone priming
enhances Th1 response and efficacy of subsequent lamivudine therapy in patients with
chronic hepatitis B. Hepatology 32, 604–609.

78. Dienstag, J. L., Schiff, E. R., Wright, T. L., et al. for the US Lamivudine Investigator Group
(1999) Lamivudine as initial treatment for chronic hepatitis B in the United States. N. Engl.
J. Med. 341, 1256–1263.

79. Lai, C.L., Chien, R.-N., Leung, N.W.Y., et al. for the Asia Hepatitis Lamivudine Study
Group (1998) A one-year trial of lamivudine for chronic hepatitis B. N. Engl. J. Med. 339,
61–68.

80. Dienstag, J.L., Schiff, E.R., Mitchell, M., et al. (1999) Extended lamivudine retreatment for
chronic hepatitis B: maintenance of viral suppression after discontinuation of therapy. Hepa-
tology 30, 1082–1087.



440 Manns et al.

81. Gauthier, J., Bourne, E.J., Lutz, M.W., et al. (1999) Quantitation of hepatitis B viremia and
emergence of YMDD variants in patients with chronic hepatitis B treated with lamivudine. 
J. Infect. Dis. 180, 1757–1752.

82. Leung, N. W. Y., Lai, C.-L., Chang, T.-T., et al. on behalf of the Asia Hepatitis Lamivudine
Study Group (2001) Extended lamivudine treatment in patients with chronic hepatitis B
enhances hepatitis B e antigen seroconversion rates: results after 3 years of therapy. Hepatol-
ogy 33, 1527–1532.

83. Lau, D. T., Khokhar, M. F., Doo, E., et al. (2000) Long-term therapy of chronic hepatitis B
with lamivudine. Hepatology 32, 828–834.

84. Boni, C., Bertoletti, A., Penna, A. et al. (1998) Lamivudine treatment can restore T cell
responsiveness in chronic hepatitis B. J. Clin. Invest. 102, 968–975.

85. Moraleda, G., Spautelli, J., Aldrich, C. E., Averett, D., Condreay, L., and Mason, W. (1997)
Lack of effect of antiviral therapy in nondividing hepatocyte cultures on the closed circular
DNA of woodchuck hepatitis B virus. J. Virol. 71, 9392–9399.

86. Tassopoulos, N. C., Volpes, R., Pastore, G., et al. (1999) Efficacy of lamivudine in patients
with hepatitis B e antigen-negative/hepatitis B virus DNA-positive (precore mutant) chronic
hepatitis B. Lamivudine Precore Mutant Study Group. Hepatology 29, 889–896.

87. Yao, F. Y., Terrault, N. A., Freise, C., Maslow, L., and Bass, N. M. (2001) Lamivudine treat-
ment is beneficial in patients with severely decompensated cirrhosis and actively replicating
hepatitis B infection awaiting liver transplantation: a comparative study using a matched,
untreated cohort. Hepatology 34, 411–416.

88. Tillmann, H. L. (2002) Efficacy of lamivudine in fulminant HBV infection. Unpublished
observation.

89. Doo, E. and Liang, T. J. (2001) Molecular anatomy and pathophysiologic implications of
drug resistance in hepatitis B virus infection. Gastroenterology 120, 1000–1008.

90. Whalley, S. A., Brown, D., Teo, C. G., Dusheiko, G. M., and Saunders N. A. (2001) Monitor-
ing the emergence of hepatitis B virus polymerase gene variants during lamivudine therapy
using the lightcycler. J. Clin. Microbiol. 39, 1456–1459.

91. Lok, A. S.-F., Hussain, M., Cursano, C., et al. (2000) Evolution of hepatitis B virus poly-
merase gene mutations in hepatitis B e antigen-negative patients receiving lamivudine ther-
apy. Hepatology 32, 1145–1153.

92. Zollner, B., Petersen, J., Schroter, M., Laufs, R., Schoder, V., and Feucht, H. (2001) 20-fold
increase in risk of lamivudine resistance in hepatitis B virus subtype adw. Lancet 357,
934–935.

93. Liaw, Y., Chien, R., Yeh, C., Tsai, S. L., and Chu, C. M. (1999) Acute exacerbation and hepa-
titis B virus clearance after emergence of YMDD motif mutation during lamivudine therapy.
Hepatology 30, 567–572.

94. Perrillo, R., Rakela, J., Dienstag, J., et al. (1999) Multicenter study of lamivudine therapy for
hepatitis B after liver transplantation. Hepatology 29, 1581–1586

95. Perrillo, R., Schiff, E., Yoshida, E., et al. (2000) Adefovir for the treatment of lamivudine-
resistant hepatitis B mutants. Hepatology 32, 129–134.

96. Perrillo, R., Schiff, E., Hann, H.-W. L., et al. (2001) The addition of adefovir dipivoxil to
lamivudine in decompensated chronic hepatitis B patients with YMDD variant HBV and
reduced response to lamivudine: preliminary 24 week results (Abstract). Hepatology 34,
349A.

97. Innaimo, S. F., Seifer, M., Bissachi, G. S., et al. (1997) Identification of BMS-200475 as a
potent and selective inhibitor of hepatitis B virus. Antimicrob Agents Chemother. 41,
1444–1448.



HBV: Where Are We Going? 441

98. Colonno, R. J., Genovesi, E. V., Median, I., et al. (2000) Long-term therapy with entecavir
(BMS-200475) in the woodchuck model of chronic hepatitis infection, in Abstracts of the
40th ICAAC, 172.

99. De Man, R. A., Wolters, L. M. M., Nevens, F., et al. (2001) Safety and efficacy of oral ente-
cavir given for 28 days in patients with chronic hepatitis B virus infection. Hepatology 34,
578–582.

100. Ono, S. K., Kato, N., Shiratori, Y., et al. (2001) The polymerase L528 mutation cooperates
with nucleotide binding site mutations, increasing hepatitis B virus replication and drug re-
sistance. J. Clin. Invest. 107, 449–455.

101. Bryant, M., Bridges, E. G., Placidi, L., et al. (2001) Antiviral L-nucleosides specific for
hepatitis B virus infection. Antimicrob. Agents Chemother. 45, 229–235.

102. Lai, C. L., Lam, P. F., Myers, M. W., et al. (2001) Safe and potent suppression of hepatitis B
virus (HBV) with L-deoxythymidine (LdT): results of a dose-escalation trial [Abstract].
Hepatology, 321A.

103. Lok, A. S., Heathcote, E. J., and Hoofnagle, J. H. (2001) Management of hepatitis B 2000—
Summary of a workshop. Gastroenterology 120, 1828–1853.

104. Peek, S. F., Cote, P. J., Jacob, J. R., et al. (2001) Antiviral activity of clevudine [L-FMAU,
(1-(2-fluoro-5-methyl-B, L-arabinofuranosyl)uracil)] against woodchuck hepatitis virus
replication and gene expression in chronically infected woodchucks (marmota monax).
Hepatology 33, 25401–50266.

105. Honkoop, P., Scholte, H. R., de Man, R. A., and Schalm S. W. (1997) Mitochondrial injury.
Lessons from the fialuridine trial. Drug Safety 17, 1–7.

106. Block, T. M., Lu, X., Mehta, A. S., et al. (1998) Treatment of chronic hepadnavirus infec-
tion in a woodchuck animal model with an inhibitor of protein folding and trafficking. Nat.
Med. 4, 610–614.

107. Schalm, S. W., Heathcote, J., Cianciara, J., et al. (2000) Lamivudine and alpha interferon
combination treatment of patients with chronic hepatitis B infection: a randomized trial.
Gut 46, 562–568.

108. Lau, G. K., Tsiang, M., Hou, J., et al. (2000) Combination therapy with lamivudine and
famciclovir for chronic hepatitis B-infected Chinese patients: a viral dynamics study. Hepa-
tology 32, 394–399.

109. von Weizsäcker, F., Wieland, S., Kock, J., et al. (1997) Gene therapy for chronic viral hepa-
titis: ribozymes, antisense oligonucleotides and dominant negative mutants. Hepatology 26,
251–255.

110. Morrisey, D. V., Johnson, D. A., Macejak, D. G., et al. (2000) Inhibition of HBV protein
synthesis by nuclease resistant ribozymes (Abstract). Hepatology 32, 459A.

111. Samuel, D., Müller, R., Alexander, G., et al. (1993) Liver transplantation in European
patients with the hepatitis B antigen. N. Engl. J. Med. 329, 1842–1847.

112. Terrault, N. A. (1999) Hepatitis B virus and liver transplantation. Clin. Liver Dis. 3,
389–415.

113. Samuel, D., Zignego, A., Reynes, M., et al. (1995) Long-term clinical and virological out-
come after liver transplantation for cirrhosis caused by chronic delta hepatitis. Hepatology
21, 333–339.

114. Sponseller, C. A. and Ramrakhiani, S. (2002) Treatment of hepatitis B and C following liver
transplantation. Curr. Gastroenterol. Rep. 4, 52–62.

115. Gugenheim, J., Baldini, E., Ouzan, D., et al. (1997) Absence of initial viral replication and
long-term high-dose immunoglobulin administration improve results of hepatitis B virus
recurrence prophylaxis after liver transplantation. Transplant. Proc. 29, 517–518.



442 Manns et al.

116. Terrault, N. A., Zhou, S., Combs, C., et al. (1996) Prophylaxis in liver transplant recipients
using a fixed dosing schedule of hepatitis B immunoglobulin. Hepatology 24, 1327–1333.

117. Perrillo, R., Wright, T., Rakela, J., et al. (2001) A multicenter United States-Canadian trial
to assess lamivudine monotherapy before and after transplantation for chronic hepatitis B.
The Lamivudine Transplant Group. Hepatology 33, 424–432.

118. Han, S. H., Ogman, J., Holt, C., et al. (2000) An efficacy and cost-effectiveness analysis of
combination hepatitis B immune globulin and lamivudine to prevent recurrent hepatitis B
after orthotopic liver transplantation compared with hepatitis B immune globulin
monotherapy. Liver Transplant. 6, 741–748.

119. Terrault, N. A., Wright, T. L., Roberts, J. P., et al. (1998) Combined short-term hepatitis B
immune globulin (HBIg) and long-term lamivudine versus HBIg therapy as hepatitis B pro-
phylaxis in liver transplant recipients (Abstract). Hepatology 28, 389A.

120. Naoumov, N. V., Ross Lopes, A., Burra, P., et al. (2001) Randomized trial of lamivudine
versus hepatitis B immunoglobulin for long-term prophylaxis of hepatitis B recurrence
after liver transplantation. J. Hepatol. 34, 888–894.

121. Rosenau J., Bahr, M. J., Tillmann, H. L., et al. (2001) Lamivudine and low-dose hepatitis
immune globulin for prophylaxis of hepatitis B reinfection after liver transplantation: pos-
sible role of mutations in the YMDD motif prior to transplantation as a risk factor for rein-
fection. J. Hepatol. 34, 895–902.

122. Villeneuve, J. P., Condreay, L. D., Willems, B., et al. (2000) Lamivudine treatment for
decompensated cirrhosis resulting from chronic hepatitis B. Hepatology 31, 207–210.

123. Ahmad, J., Dodson, S. F., Balan, V., et al. (2000) Adefovir dipivoxil suppresses lamivudine-
resistant hepatitis B virus in liver transplant recipients. Paper presented at the American
Association for the Study of Liver Disease Annual Meeting, Dallas, TX. October 27–31.

124. Dickson, R. C., Terrault, N. A., Ishitani, M. B., et al. (2001) Protective antibody levels and
dose requirements of IV 5% NABI hepatitis B immune globulin combined with lamivudine
in liver transplantation for hepatitis B induced end stage liver disease. Paper presented at
the American Association for the Study of Liver Disease Annual Meeting. Dallas, TX.
Novemeber 9–13.

125. Sanchez-Fueyo, A., Rimola, A., Grande, L., et al. (2000) Hepatitis B immunoglobulin dis-
continuation followed by hepatitis B virus vaccination: a new strategy in the prophylaxis of
hepatitis B virus recurrence after liver transplantation. Hepatology 31, 496–501.

126. Margolis, H. (2000) Hepatitis B vaccine, in Update on Viral Hepatitis, AASLD, Dallas,
pp. 88–91.

127. Young, M. D., Schneider, D. L., Zuckerman, A. J., Du, W., Dickson, B., and Maddrey W. C.
for the US Hepacare Study Group(2001) Adult hepatitis B vaccination using a novel triple
antigen recombination vaccine. Hepatology 34, 372–376.

128. Payette, P. J. and Davis, H. L. (2001) Are therapeutic vaccines a realistic approach to ther-
apy for chronic hepatitis B? in Therapy in Hepatology (Arroyo, V., Bosch, J., Bruix, J.,
Gines, P., Navasa, M., and Rodes, J., eds.), Ars Medica, Barcelona, pp. 239–244.

129. Couillin, I., Pol, S., Mancini, M., et al. (1999) Specific vaccine therapy in chronic hepatitis
B: induction of T cell proliferative response specific for envelope antigens. J. Infect. Dis.
180, 15–26.

130. Wen, Y. M., Qu, D., and Zhou, S. H. (1999) Antigen-antibody complex as therapeutic vac-
cine for viral hepatitis B. Int. Rev. Immunol. 18, 251–258.

131. Dalpke, A. H., Zimmermann, S., Albrecht, I., and Heeg, K. (2002) Phosphodiester CpG
oligonucleotides as adjuvants: polyguanosine runs enhance cellular uptake and improve
immunostimulative activity of phosphodiester CpG oligonucleotides in vitro and in vivo.
Immunology 106, 102–112.



HBV: Where Are We Going? 443

132. Davis, H. L., Suparto, I. I., Weeratna, R. R., et al. (2000) CpG DNA overcomes hyporespon-
siveness to hepatitis B vaccine in orangutans. Vaccine 18, 1920–1924.

133. Sette, A. D., Oseroff, C., Sidney, J., et al. (2001) Overcoming T cell tolerance to the hepatitis
B virus surface antigen in hepatitis B virus-transgenic mice. J. Immunol. 166, 1389–1397.

134. Heathcote, J., McHutchison, J., Lee, S., et al. and the CY-1899 T cell vaccine study group
(1999) A pilot study of CY-1899 in subjects chronically infected with hepatitis B virus.
Hepatology 30, 531–536.

135. Lau, G. K., Suri, D., Liang, R., et al. (2002) Resolution of chronic hepatitis B and anti-HBs
seroconversion in humans by adoptive transfer of immunity to hepatitis B core antigen.
Gastroenterology 122, 614–624.

136. Calarota, S., Bratt, G., Nordlund, S., et al. (1998) Cellular cytotoxic response induced by
DNA vaccination in HIV-I-infected patients. Lancet 351, 1320–1325.

137. Wang, R., Doolan, D. L., Le, T. P., et al. (1998) Induction of antigen specific cytotoxic T
lymphocytes in humans by a malaria DNA vaccine. Science 282, 476–480.

138. Sallberg, M., Hughes, J., Javadian, A., et al. (1998) Genetic immunization of chimpanzees
chronically infected with the hepatitis B virus, using a recombinant retroviral vector encod-
ing the hepatitis B virus core antigen. Hum. Gene Ther. 9, 1719–1729.

139. Pancholi, P., Lee, D. H., Liu, Q., et al. (2001) DNA prime/canarypox boost- based
immunotherapy of chronic hepatitis B virus infection in a chimpanzee. Hepatology 33,
448–454.

140. Schirmbeck, R., Zheng, X., Roggendorf, M., et al. (2001) Targeting murine immune
responses to selected T cell- or antibody-defined determinants of the hepatitis B surface
antigen by plasmid DNA vaccines encoding chimeric antigen. J. Immunol. 166,
1405–1413.





32

Designing Studies to Evaluate 
Anti-Hepatitis B Virus Therapies

From the Perspective of Studies 
for the Registration of Pharmaceutical Products

Alison B. Murray

1. Introduction
The clinical studies that are required to obtain world-wide regulatory approval to

market therapies for the treatment of hepatitis B virus (HBV) are lengthy, large, and
costly. It is therefore important that those undertaking such studies fully understand the
disease, the current therapies available, the requirements of major regulatory authori-
ties, and the role that the new therapy will play in the treatment of the disease before
embarking on these studies. The aims of this chapter are to outline some of the factors
that should be taken into consideration when planning such studies, to highlight com-
mon pitfalls in the design and conduct of these studies, and to provide some suggestions
on how these pitfalls might be avoided.

The specific designs of the studies that will form part of the clinical program will dif-
fer depending on the phase of development, the type of therapy being evaluated, and the
patient population for whom the therapy will be indicated. This chapter focuses on con-
siderations for the design and conduct of the Phase III studies that support the efficacy
and safety of a new therapy in international registration dossiers. It is not intended to
provide a blueprint for an entire development program for an anti-HBV therapy.

2. Selection of Patients
Selection of the appropriate patient populations for the Phase III studies is key to the

success of the development program, and has important implications for how the prod-
uct under evaluation will ultimately be labeled.
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2.1. Acute and Chronic HBV Infection
Patients chronically infected with HBV are the most commonly treated group, and

should therefore be the focus of the registration studies. The efficacy of anti-HBV ther-
apies is rarely studied among patients with acute HBV infection, as these patients are
only transiently affected, are at low risk of progressive liver disease and hepatocellular
carcinoma, and are therefore seldom treated (1,2).

2.2. HBeAg-Positive and HBeAg-Negative Disease
Patients who are hepatitis B virus e antigen (HBeAg) positive are generally the focus

of at least one of the pivotal studies that are included in a registration dossier. In addi-
tion, consideration should be given to conducting a study among patients who have
HBeAg negative chronic hepatitis B, sometimes referred to as precore mutant HBV
infection. These patients are HBsAg positive, HBeAg negative, and anti-HBe positive,
but can be distinguished from patients who have seroconverted, by having detectable
HBV DNA on one of the less sensitive assays, such as hybridization assays (limit of
detection approx 106 copies/mL) and alanine aminotransferase (ALT) levels that may be
intermittently or continuously elevated (3). It is important to study these patients in the
program, as the prevalence of precore mutant HBV disease in increasing in many areas,
particularly in southern Europe (4) and Southeast Asia (5). In other areas this form of
the disease is becoming more widely recognized as clinicians adopt the use of HBV
DNA testing in serum into the routine assessment of patients infected with HBV.

2.3. Treatment of Naive Patients 
and Those Who Have Previously Failed Therapy

It is prudent to focus the pivotal registration studies on treatment-naive patients if
possible, unless the new therapy is targeted specifically at patients who have previously
failed to respond to other treatments. It is becoming increasingly difficult to conduct
studies in treatment-naive patients, as increasing numbers of patients are being offered,
and respond to, treatment. The patients remaining in the specialist clinics, where these
studies are generally conducted, will be those who have failed to respond to prior ther-
apy. The challenge for future development programs will be to balance studies in a rel-
atively uncomplicated, treatment-naive population where it is relatively simple to
evaluate the efficacy and safety of therapy with studies in the more complex, previously
treated population, who will be the population requiring treatment in years to come.

The advantages of conducting studies in treatment-naive patients are as follows:

• These patients represent a population with the widest range of potential therapy responses,
that is, those with a high and low likelihood of responding to therapy, in particular, on sero-
conversion endpoints. Patients who have previously failed to seroconvert using other thera-
pies are also less likely to seroconvert on the new therapy. If the majority of patients in the
study have previously failed therapy, the chances of the study showing a difference in sero-
conversion rates between placebo and active treatment are likely to be small (6).

• For new antiviral therapies, allowing patients who have previously been treated with a dif-
ferent antiviral to be enrolled in the study increases the potential for including patients who
have an HBV strain that is resistant to the prior therapy. Including these patients would
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make it difficult to assess accurately the antiviral effect of the new therapy, and enrolling
patients with preexisting resistance to the comparator could bias the results of the study
against the comparator.

• Patients who have failed prior therapy may have more advanced disease than treatment-
naive patients. These patients are therefore more likely to experience adverse events during
the study than a treatment-naive population. If the study is a placebo-controlled study,
including patients with advanced disease is likely to be questioned by Institutional Review
Boards or Ethics Committees. If the comparator is an interferon, there may be limitations on
using such therapy in patients with advanced disease.

2.4. Cirrhotic and Noncirrhotic Patients 
and Patients with Compensated and Decompensated Liver Disease

When defining the patient population to be studied, it is important to distinguish
between excluding patients with cirrhosis from those who have decompensated liver
disease. Many protocols exclude all patients with cirrhosis, often without adequately
screening for the presence of cirrhosis in those being considered for enrollment. Rather
than excluding patients with cirrhosis, consideration should be given to excluding
patients with decompensated liver disease. This allows patients with early stage cirrho-
sis who have compensated liver disease to be enrolled, and will also facilitate a broader
label for the product without necessarily increasing the potential for adverse events in
the study.

Adequately controlled trials using new therapies are difficult to conduct in patients
with decompensated liver disease and those who are awaiting or have undergone liver
transplantation. However, prior to embarking on the clinical program, consideration
should be given to how the needs of these patients are to be addressed in the program,
as these are the patients in greatest need of new therapeutic options. Although con-
trolled studies may be difficult to conduct in this patient group, an attempt should be
made to collect data on efficacy and safety if these patients do receive the new treat-
ment. If a compassionate release program is considered, the scope of the program, the
criteria under which patients will be treated, the data to be collected, and the mechanism
for such data collection should be prospectively defined before the first patient is treated
under such a program. If not adequately planned in advance, an opportunity to collect
valuable data may be missed, the compassionate use program can become a major drain
on resources, and a point of conflict between the sponsor and treating physicians.

2.5. A Geographically Diverse, Representative Patient Population
To evaluate a new anti-HBV therapy in the populations in which it is most likely to

be used, and where the medical need is greatest, consideration should be given to con-
ducting these studies in areas where chronic HBV infection is endemic (7).

2.6. Baseline ALT Levels
Inclusion criteria for pretreatment ALT levels are another important consideration in

selecting patients for the study. There is generally agreement that patients with elevated
ALT levels should be treated, but the question as to whether patients with normal ALT
levels should be treated is still a topic of debate. The advantage of including patients
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with normal ALT levels in the study is that the study might support a broader label,
however, there are disadvantages. Seroconversion rates are lower among patients with
normal or only slightly elevated ALT levels (8,9). Therefore, including patients with
normal ALT levels in the study is likely to result in a lower seroconversion rate, and
hence a larger sample size will be required if statistical significance is sought for this
endpoint.

2.7. Other Characteristics of the Patient Population
Patients who are coinfected with other hepatitis viruses such as hepatitis C virus or

hepatitis delta virus are generally excluded from the pivotal registration studies. The
reason for this is that coinfection makes it difficult to assess the impact of the anti-HBV
therapy on the liver disease, if other causes of liver disease are also present. For this rea-
son patients with other liver diseases such as autoimmune or alcoholic hepatitis, Wil-
son’s disease, or hemochromatosis are also generally excluded from the pivotal studies.
Patients who are immunosuppressed as a result of human immunodeficiency virus
(HIV) infection, or treatment of malignant disease, are also generally excluded, as
immunosuppression may alter the behavior of the HBV disease or response of the dis-
ease to therapy. In addition, the multiple concomitant medications that immunosup-
pressed patients may require increase the potential for drug–drug interactions with the
new therapy, and make it difficult to assess the safety profile of the new therapy. How-
ever, once the safety profile of the therapy has been established in immunocompetent
patients, and once the potential for drug interactions has been explored, studies can be
considered in these more complex patient groups, in whom the need for new therapeu-
tic options may be significant.

3. Choice of Comparator
Wherever possible randomized, placebo-controlled studies are the optimal studies to

assess accurately the efficacy and safety of a new therapy. However, as therapies for
HBV improve, and are more widely adopted into clinical practice, it will become
increasingly difficult to conduct placebo-controlled trials.

If an active comparator is included, care should be taken to ensure that the study
design allows for an unbiased comparison of the treatments. The duration of treatment
should be comparable, and endpoints should be evaluated at similar time points for the
two therapies. This is particularly important when comparing therapies with different
treatment regimens, such as when a nucleoside/nucleotide analog is compared to an
interferon. If the endpoints are evaluated at different points, for example at the end of
treatment for one group and 6 mo after therapy in another, the study results may be dif-
ficult to interpret (6).

4. Choice of Endpoints
The primary endpoint of the study should be appropriate for the population being stud-

ied, and the indication to be sought for the product. The study should be adequately pow-
ered to determine the efficacy of the therapy using the chosen endpoint. The goal of
treating HBV infection is to prevent progressive liver disease, hepatic failure, and primary
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hepatocellular carcinoma. However, as liver disease due to chronic HBV evolves over
decades, it is neither practical nor reasonable to require that studies of new anti-HBV
therapies be designed to demonstrate efficacy using these endpoints. Therefore three cat-
egories of surrogate endpoints are generally used in registration studies for new anti-
HBV therapies: liver histology, seroconversion, and serum or plasma viral load. A fourth
endpoint, serum ALT, is also included, although this is seldom a primary endpoint.

4.1. Liver Histology
The most commonly employed endpoint for the Phase III studies that have been used

to register pharmaceutical or biological products in the past is an assessment of the
impact of therapy on liver histology. This is the endpoint that best evaluates the impact
of therapy on the liver, the target organ of the infection, and can be used in patients with
HBeAg-positive and HBeAg-negative chronic hepatitis B.

To ensure that studies employing histological endpoints succeed, the following
points should be considered. At least two biopsies are required, one prior to commence-
ment of therapy and the second at or near the end of the study. The timing of the second
biopsy will vary depending on the type of therapeutic regimen being studied. For inter-
ferons, where 4- to 6-mo treatment regimens are approved in most countries, the second
biopsy is generally conducted 6 mo after the course of therapy has been completed. For
antiviral therapies, such as lamivudine or adefovir, where therapy is administered
chronically to suppress viral replication, the second biopsy is generally taken after 1 yr,
while patients remain on therapy. These patients generally continue on therapy after the
biopsy has been taken, either within the study, or in a “rollover” protocol designed to
evaluate long-term safety and efficacy.

The timing of the first biopsy is often the subject of a great deal of discussion with
study investigators during study design and start-up activities. Ideally the first biopsy
should be taken as close to the commencement of treatment as possible, that is, within
the days or weeks before therapy is started. However, as there is both risk and discom-
fort for patients undergoing the liver biopsy procedure, it is reasonable to accept biop-
sies that had been taken recently, for example, up to 6 mo prior to enrollment. These
prior biopsies should be accepted only if the tissue sections, histological slides, and
other specimens required for the study evaluations are available for assessment by the
study pathologist. It is important to cap the time allowed between biopsy and enroll-
ment, and make this point very clear to investigators prior to the start of the study. Ide-
ally a limit of 6 mo should be stipulated; however, many sponsors will accept biopsies
taken up to a year prior to the commencement of therapy. One year is probably too long,
however, as this allows variation of up to a year between the timing of the baseline biop-
sies of different patients within the study. It also introduces a variation of 1 and 2 yr
between baseline and end of study biopsies for different patients within the study. If the
design of the study and the statistical analyses do not take this factor into account, there
is a potential for bias to be introduced. If the sponsor permits baseline biopsies taken up
to 12 mo prior to enrollment, the bias could be reduced by stratifying for timing of the
baseline biopsy, for example, � or � 6 mo, should be considered.
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Two biopsies are essential to be able to evaluate a histological endpoint. Excessive
numbers of patients who do not have the second biopsy can have a significant impact on
the power of the study to detect a treatment effect. Investigators should therefore be
strongly encouraged to enroll only patients who will consent to the second biopsy, and
the study should be powered assuming that dropouts will occur.

The assessment of liver histology is somewhat subjective; it is therefore essential to
use one central pathologist to evaluate and score the study histology slides to remove
the potential for interobserver differences (10,11). Intraobserver variation in histologi-
cal scoring can be minimized by having the pathologist assess and score the baseline
and end of study biopsies in the same session, which will ensure that the two biopsies
from a patient are compared under the same circumstances. To avoid biasing the pathol-
ogist, the biopsies should be blinded as to the order in which they were taken. This is
particularly important in placebo-controlled studies of highly effective therapies, where
the pathologist could easily become unblinded as to treatment group if the order in
which the biopsies were taken is known.

The optimal method for studying the effect of treatment of hepatitis using liver his-
tology has been a topic of debate for a number of years (12–14). Scoring systems have
been devised to attempt to quantify the damage to the liver caused by the infection, and
measure changes in liver pathology during the course of therapy. The most commonly
employed scoring system for registration studies for both HBV and HCV disease has
been the Histological Activity Index (HAI) (11), which assigns a weighted score to each
of four categories of the liver pathology as shown in Table 1.

This scoring system was later modified by Ishak (Table 2), who was one of the
authors on the paper describing the original HAI score (14). This modified HAI score
addressed a number of the disadvantages of the original HAI scoring system. The modi-
fied system is composed of two separate scores, one used to grade the necroinflammatory
activity and the other to stage fibrosis and cirrhosis. The scores for the necroinflamma-
tory and fibrosis components, considered to be quite different pathological processes,
were combined in the original HAI score. The original HAI score generated discontinu-
ous variables, whereas the modified HAI score generates continuous variables, and
therefore may be analyzed using a number of different statistical methods. The modified
score provides a more detailed evaluation of the impact of therapy on fibrosis and cirrho-
sis. For large, Phase III studies, it is prudent to have the biopsies scored using both the
HAI and the modified HAI scores.

The histological data can be analyzed in a number of ways. The most commonly
employed method used in past studies was to evaluate the proportion of patients in each
treatment group in whom there was at least (i.e., 	) a 2-point decrease in the HAI score
between the biopsies taken at baseline and the end of treatment/study (6,15–19). This
categorical method provided a means of analyzing the data from the discontinuous vari-
able generated by the HAI score. Although this method of evaluating the impact of ther-
apy on liver histology has been used for years, and was the basis of registration of
multiple therapies, there is not consensus among pathologists that this indeed indicates
a clinically relevant change in liver histology. Some pathologists and statisticians would
prefer a comparison of the median change in the HAI score between treatment groups.
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This analysis is possible if the continuous variable from the modified HAI scoring sys-
tem is used. In this case, median changes in the necroinflammatory and fibrosis compo-
nents can be compared across treatment groups.

4.2. Seroconversion
The endpoint most favored by study investigators is anti-HBe seroconversion. The

reason this endpoint is preferred to histology by investigation is that it can be evaluated
using blood samples, avoiding the liver biopsy procedure, and it is the endpoint that is
used in clinical practice to assess a patient’s response to therapy. However, anti-HBe
seroconversion should be used with caution as a primary endpoint in registration stud-
ies. The most important implication of this endpoint is on the size, and therefore dura-
tion of enrollment and cost, of the study. The most common error in the design of past
studies using seroconversion as a primary endpoint was that studies were not ade-
quately powered to detect a difference between the treatment and control groups in the
populations being studied. This led to years of debate on the efficacy of interferon as a
treatment for HBV, the debate being finally resolved in 1993 by the meta-analysis con-
ducted by Wong et al. (20). Underpowering of studies using a seroconversion primary
endpoint may be further compounded if the relationship between seroconversion rates
and ALT levels and between seroconversion rates and study duration are not taken into
account in the study design. Seroconversion rates increase, with increasing duration of
therapy; therefore studies of shorter duration will require larger sample sizes.

Table 1
HAI Scoring System

Category Possible scores

I. Periportal necrosis (with or without bridging) 0, 1, 3, 4, 5, 6, 10
II. Intralobular degeneration and focal necrosis 0, 1, 3, 4

III. Portal inflammation 0, 1, 3, 4
IV. Fibrosis 0, 1, 3, 4

Table 2
Modified HAI Scoring

Necroinflammatory Scores (Grading)
Category Scores

A. Portal and periseptal interface hepatitis (piecemeal necrosis) 0, 1, 2, 3, 4
B. Confluent necrosis 0, 1, 2, 3, 4, 5, 6
C. Focal lytic necrosis, apoptosis, and focal inflammation 0, 1, 2, 3, 4
D. Portal inflammation 0, 1, 2, 3, 4

Fibrosis and cirrhosis (staging)
Category Scores

Fibrosis and cirrhosis 0, 1, 2, 3, 4, 5, 6
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In recent studies in treatment-naïve patients with elevated ALT levels (�1.5× the
upper limit of the normal range), treated with lamivudine or adefovir for a year, sero-
conversion rates in the placebo groups were between 4% and 6%, while those in the
active groups were between 12% and 17% (16,17,19). Therefore each study had to be
powered to detect a difference of 6–12% between the active and placebo groups. To
show a statistically significant difference between active treatment and placebo in this
setting, between 120 and 150 patients are required in each treatment group if a 1:1 ran-
domization is employed. If an unequal randomization is employed to reduce the number
of patients receiving placebo, the sample size would have to be even larger. Similarly if
patients with normal ALT levels were included in the study, or for a study of a shorter
duration, both factors that would result in a decrease in the seroconversion rate at the
end of the study, the required sample size would be greater (8).

Seroconversion may be defined in three increasingly rigorous ways: patients who
enter the study with a detectable HBeAg are considered to have seroconverted if they
become:

1. HBeAg negative.
2. HBeAg negative and anti-HBe positive.
3. HBeAg negative, anti-HBe positive, and have an HBV DNA below the limit of detection of

the solution hybridization assay (� approx 106 copies of HBV to DNA/mL)(17).

The definition to be used should be discussed during the study design process, as this
too can influence the sample size. The rate of HBeAg loss is higher than the rate of
HBeAg loss accompanied by acquisition of anti-HBe, and both are higher than the rate
of seroconversion using the definition that includes HBV DNA. Only if anti-HBe
appears is the seroconversion likely to be sustained when therapy is stopped. As the
prevalence of HBeAg-negative chronic hepatitis B increases, the HBV DNA level will
become an increasingly important tool for differentiating this population from true sero-
converters. The first or second definitions were used in most of the interferon registra-
tion studies, but in the recent lamivudine Phase III registration studies seroconversion
was evaluated using the third definition listed in the preceding list (6,8,16,17). This def-
inition may need to be refined further for future studies, in which more sensitive HBV
DNA tests (lower limit of detection approx 102–103 copies/mL) that employ more sen-
sitive polymerase chain reaction technology will be used. Using these assays low levels
of HBV DNA can be detected in patients who seroconverted many years previously,
and in whom liver disease has not progressed (3,21–24). Therefore the definition of
seroconversion for newer therapies will need to be reviewed, to include a requirement
that the HBV DNA level is below some agreed cutoff value (e.g., 106 copies/mL) rather
than requiring patients to have undetectable HBV DNA levels (3).

Timing of assessment of anti-HBe seroconversion should be appropriate for the type
of therapy being studied. In studies in which different therapy types are being used, care
should be taken to ensure that the timing of the measurement of seroconversion does not
bias the results in favor of any one therapy or combination of therapies. For example,
seroconversion should be assessed either at the end of therapy in all treatment groups,
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or after 6 mo off therapy in all treatment groups. If seroconversion is measured at the
end of treatment in one group and 6 mo after therapy is stopped in another, it is not pos-
sible to make an accurate assessment of the relative efficacy of the two treatments (6).

Anti-HBs seroconversion may also be considered as a study endpoint; however, as
this generally follows anti-HBe seroconversion by months or years, this is seldom used
as a primary endpoint in the pivotal registration studies, in which patients are followed
for a year to 18 mo. As the rate of anti-HBs seroconversion is lower than the rate of anti-
HBe seroconversion, studies using an anti-HBs primary endpoint would have to be very
large to show differences between active treatment and placebo. Anti-HBs seroconver-
sion is best evaluated in follow on or rollover studies, into which patients from the
Phase III studies may be enrolled to assess longer term efficacy and safety.

4.3. Viral Load
The third possible primary endpoint is measurement of changes in HBV DNA levels

before and during treatment. To date this endpoint has not been widely accepted as a
primary endpoint by regulatory authorities. The major reason for this is that changes in
HBV DNA levels have not been fully established as a surrogate marker for disease pro-
gression. The data supporting the suitability of HBV DNA as a surrogate marker for the
clinical efficacy of a therapy are becoming available. Three antiviral therapies have
undergone Phase III testing over the past 5 yr. Lamivudine and adefovir have been
shown to suppress HBV DNA levels effectively in all patients undergoing therapy, by
between 2 and 4 log, depending on the dynamic range of the test used to measure viral
load, and both have been shown to halt or reverse liver damage effectively after 1 yr of
therapy (6,16–19). The third treatment, famciclovir, was less effective at reducing HBV
DNA levels; HBV DNA levels fell by � 1 log, and after 1 yr, was shown to be mini-
mally effective at halting or reversing liver disease (25,26).

HBV DNA levels have a number of advantages as a primary endpoint. Differences in
HBV DNA levels between patients receiving active therapy and those receiving placebo
are easily demonstrated with a relatively small sample size, and so studies using this
primary endpoint can be smaller than those using seroconversion as a primary endpoint.
The test is noninvasive, and therefore simpler and cheaper to perform, and can be per-
formed more frequently than histology. The other advantage of HBV DNA as a primary
endpoint is that it can be used to detect the development of resistance, as HBV DNA
levels that have been suppressed by therapy rise when a resistance develops.

In the future, when therapies will be targeted at management of resistance in previ-
ously treated patients, the importance of an HBV DNA endpoint will increase, as has
been the case in studies evaluating therapies used to treat HIV infection. Similarly, now
that an increasing number of anti-HBV therapies are being approved, placebo-
controlled studies will become more difficult to conduct, and active comparators will
become the norm. The sample sizes required to be able to detect differences between
active comparators using histological or serological endpoints will be prohibitive, and
so HBV DNA will become the favored primary endpoint for these studies in the future.
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Currently measurement of HBV DNA is the primary endpoint of choice for Phase II
studies of antiviral therapies, as this endpoint provides the most suitable and rapid
means of comparing the efficacy of various doses of a new therapy. If the therapy has a
strong antiviral effect, it is essential to use a sensitive assay (limit of detection 102–103

copies/mL) to quantify HBV DNA levels. This will maximize the opportunity to select
the correct dose. If an insensitive assay (limit of detection 105–106 copies/mL) is used in
the Phase II studies, an opportunity to identify a lower, equally effective dose could be
missed, with potential safety consequences at a later stage of the development process.

4.4. ALT Levels
Although changes in ALT levels are seldom used as a primary study endpoint, ALT

levels are a useful tool for assessing both the efficacy and safety of new therapies. These
can be assessed either by comparing median changes in ALT levels over time, the pro-
portion of patients in each treatment group in whom ALT levels become normal, or time
to normalization of ALT levels in each treatment group.

ALT is also a useful indicator of hepatotoxicity, and so patients in whom ALT levels
rise on therapy should be monitored carefully. An elevated ALT at study entry and ALT
flares during the first 1–3 mo of therapy or after therapy is withdrawn are also indicative
of immune responsiveness and may either predict, or accompany, seroconversion (27).
ALT flares, provided they remain asymptomatic and anicteric, may indeed be desirable.
However, one of the difficulties in assessing new anti-HBV therapies, particularly dur-
ing the early stages of the development program, is distinguishing this phenomenon
from hepatotoxicity (28). Monitoring ALT levels is complicated further in blinded,
placebo-controlled studies, in which rising ALT levels or ALT flares in untreated
patients may indicate progression of disease. Therefore when designing studies in
patients with HBV infection, it is essential for the investigators and the sponsors’ med-
ical team to have a mechanism in place for monitoring changes in ALT levels and other
safety data during the study on a regular basis. An independent data and safety monitor-
ing board should also be established to review all study safety data on a regular basis.

5. Conclusions
Careful and well-informed design of clinical studies will ensure that the full poten-

tial of a new anti-HBV therapy can be demonstrated. Appropriate selection of patients,
endpoints and the sample size will help to minimize risk and maximize the cost-
effectiveness of the clinical development program.
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Specific Considerations in the Design 
of Hepatitis B Virus Clinical Studies in the Far East

Man-Fung Yuen and Ching-Lung Lai

1. Introduction
Seventy-five percent of the world’s population of approx 400 million hepatitis B

virus (HBV) carriers are Asians (1,2). It is therefore not surprising that the majority of
clinical studies of HBV infection is from Asian countries or consists of a large propor-
tion of Asians. Because of the difference in the time of acquiring HBV between patients
in the East and West, the profile of the HBV disease and treatment response are signifi-
cantly different. In the East, nearly all HBV patients acquire the disease at birth or dur-
ing the perinatal/early childhood period (3). The HBV infection is followed by a
prolonged period of immunotolerance that can last for several decades. This is followed
by another prolonged period of immune clearance that may result in severe damage to
the liver and its architecture. As a consequence of this, hepatitis B e antigen (HBeAg)
seroconversion does not necessarily prevent the development of cirrhosis-related com-
plications and hepatocellular carcinoma (HCC) in Asians. In fact, the majority of
cirrhosis-related complications and HCC develops after HBeAg seroconversion (4,5).
Achieving a relatively low viremia state with HBeAg seroconversion is not enough to
stop disease progression in Asians with chronic HBV infection.

Currently, the endpoints for most clinical trials assessing treatment efficacy are short
term. These endpoints are as follows:

1. Viral suppression as evidenced by the loss of HBeAg with or without seroconversion to anti-
body against HBeAg (anti-HBe) and a reduction of HBV DNA to levels undetectable by
hybridization-based assays.

2. Reduction in liver damage as evidenced by normalization of serum aminotransferase levels
(if these are elevated) and by improvement in histological appearance on liver biopsy.

3. Loss of hepatitis B surface antigen (HBsAg), with seroconversion to antibody against
HBsAg (anti-HBs) and lowering of HBV DNA to levels undetectable by polymerase chain
reaction (PCR) assays.
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In practice, few agents can achieve the third endpoint. Whether the achievement of
the first two short-term objectives is associated with long-term clinical benefits (i.e., the
prevention of cirrhosis-related complications and HCC) would require long-term
follow-up studies.

2. Target Population for Clinical Trials
In conducting future clinical trials in Asian hepatitis B patients, the selection criteria

of the treatment population should differ in certain aspects from those for the Caucasian
population. These will be discussed under the following headings: serum aminotrans-
ferase levels, viral serology, HBV DNA levels, liver histology, and patients with liver
decompensation

2.1. Alanine Aminotransferase (ALT) Levels
Abnormal ALT is frequently used as a criterion for entry into clinical trials because

high ALT is taken to reflect active inflammation of the liver. Trials usually include
patients with mild to moderate increase in ALT levels, for example, between 1.3× upper
limit of normal (ULN) and 10× ULN. Patients with ALT levels higher than 10× ULN
are usually excluded because they have a high chance of HBeAg seroconversion within
a short period of follow-up (6–8).

In designing future trials for Asian patients, however, patients with ALT levels at the
high range of the normal limit should probably be considered for treatment. There are
two reasons for this. Patients who respond to lamivudine therapy have ALT levels usu-
ally at or below 0.5× ULN. This means that patients with completely quiescent disease
should have ALT levels below 0.5× ULN, whereas those whose ALT levels are 0.5–1×
ULN may still have significant disease. This is confirmed by an ongoing study of the
natural history of HBV involving 3433 HBV patients. Patients with ALT levels between
0.5 and 1× ULN have a significantly higher risk for the development of cirrhosis-related
complications and HCC when compared with patients with ALT levels less than 0.5×
ULN (Yuen and Lai, unpublished data).

2.2. HBeAg/ Anti-HBe Status
Loss of HBeAg with or without seroconversion to anti-HBe is frequently used as an

endpoint for antiviral therapy. This is probably an adequate endpoint for treatment for
Caucasians (9,10). In Caucasians, the survival rate and complication rate are both sig-
nificantly reduced after loss of HBeAg irrespective of whether the loss is treatment
induced or spontaneous. But the achievement of HBeAg seroconversion alone may not
be adequate for Asians. It has been shown that around two-thirds of Asian patients with
cirrhosis-related complications and HCC are anti-HBe positive (4,5). In addition, HBV
DNA is detectable in �90% of anti-HBe positive patients using a qualitative PCR assay
(11). The median HBV DNA level is more than 106 copies/mL by a quantitative PCR
assay (Yuen and Lai, unpublished data).

More clinical trials should be performed recruiting anti-HBe positive patients with
detectable HBV DNA. Not all of the detectable HBV DNA and/or elevated ALT levels
in these patients are caused by the presence of precore mutations (12). Recent studies
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show that there are no differences in the rate of HBV exacerbation, development of
cirrhosis-related complications, and HCC between patients with wild-type virus and
patients with precore mutations (12). Anti-HBe positive patients with detectable HBV
DNA and elevated ALT levels should be considered as candidates for drug trials irre-
spective of whether they have precore mutants or wild-type HBV, although it is still
advisable to stratify the patients into two groups. This will take into account the possi-
bility of a treatment agent being less efficacious for one type of virus, as interferon-� is
for precore mutants (13).

In conclusion, at least in Asian patients, trials should not be restricted to HBeAg pos-
itive patients and should not only rely on the HBeAg seroconversion as a successful
endpoint for treatment.

2.3. HBV DNA Level
There is little doubt concerning the importance of measuring HBV DNA levels in

assessing antiviral therapy. Because serum HBV DNA is a reliable and technically fea-
sible measurement to document active replication of HBV, it is universally taken as one
of the endpoints in all well-designed clinical trials. Most trials require a minimal HBV
DNA level for entrance into the study. This allows a measurable and significant reduc-
tion of HBV DNA levels (according to the power of viral suppression by specific trial
agents) that can be detected by the chosen HBV DNA assays.

The efficacy of the trial agents in the reduction of HBV DNA levels can be expressed
either in terms of median percentage decrease in actual levels or median logarithmic
decrease. The latter mode of expressing HBV DNA reduction is to be preferred. The
distribution of HBV DNA is skewed in almost all study populations. It is therefore more
appropriate to calculate any reduction in HBV DNA levels after logarithmic transfor-
mation. Moreover, with the development and testing of more potent therapeutic agents,
the difference in efficacy of different agents is mainly in the lower range of viral titers
because the lower ranges would reflect the potency of an agent in reducing HBV tem-
plates from productively infected cells. Logarithmic transformation would allow a more
accurate comparison of differences in the lower ranges. Finally, because, as discussed
below, disease progression in the Asian hepatitis B patients can probably occur at a low
viral titer, the suppression of even low levels of viral replication may be where thera-
peutic advances can be made. For these three reasons, we favor the use of median loga-
rithmic reduction in expressing treatment efficacy.

There are two other important issues concerning HBV DNA levels. First, one should
aim at achieving target HBV DNA levels that could be expected to have an effect in pre-
venting long-term cirrhosis-related complications and HCC. In a consensus meeting,
HBV DNA titers lower than 105 copies/mL has been suggested to be the desired level
(14). This arbitrary figure is based on the fact that after HBeAg seroconversion there is
usually a decrease in HBV DNA levels from the range of 107–1010 copies/mL to � 105

copies/mL, a level not detectable by most commercial hybridization assays (15). How-
ever, the consensus opinion from the meeting is that this target HBV DNA level needs
to be verified. There is no study of natural history of hepatitis B in Asians to show that
patients with HBV DNA levels below 105 copies/mL are free from the development of
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cirrhosis-related complications and HCC. Future clinical trials should clearly state the
levels of HBV DNA achieved by the drugs. Long-term follow up studies are then
required to confirm whether the achieved levels of HBV DNA is associated with a sig-
nificant reduction in the chance of development of cirrhosis-related complications and
HCC. This issue is even more important in Asian HBV patients in whom the cirrhosis-
related complications and HCC may be the result of prolonged low levels of viremia.
For Asians, antiviral therapy in clinical trials should aim at achieving very low levels of
HBV DNA, measured by reliable, reproducible, and sensitive HBV DNA assays.

This leads to the second important issue in determining the HBV DNA levels in clin-
ical trials. In the past, there were no standard HBV DNA measurements. The efficacy of
different antiviral agents cannot be directly compared from different trials because of
the difficulty in evaluating the accuracy of the HBV DNA measurements done either by
in-house assays or different commercial assays. Although in general different commer-
cial HBV DNA assays correlate well in the linear range of the detection profile, these
assays vary greatly in lower detection limits of HBV DNA levels (16–18). Correlation
between different assays is either impossible or dubious at the lower range. We suggest
that in the future, a quantitative PCR assay with the lowest detection limit below 1000
copies/mL should be used. The HBV DNA results should also be standardized against
an international standard, for example, the standard set by the Eurohep Pathobiology
Group (19).

With the emergence of more and more powerful nucleoside analogs, measurement of
covalently closed circular (ccc) DNA inside the liver may become more important.
cccDNA forms the pool of HBV template inside the hepatocytes from which future
viral replication may be initiated. It is relatively inert to the nucleoside analogs. The
reduction of cccDNA levels is mainly the result of the natural cell death of the infected
hepatocytes (20). To date, clinical trials have not been using cccDNA as one of the end-
points partly because there are no standard methods or assays to quantify the cccDNA
levels. In addition, it may require a substantial treatment and follow-up period before
there may be a significant reduction of the cccDNA levels. However, it should become
one of the important assessments of antiviral therapy in future clinical trials.

2.4. Liver Histology
Liver histology has been a primary short-term endpoint of assessment of antiviral

agents in some recent trials. Usually, the histological activity index (HAI) is adopted in
assessing mainly two aspects, the necroinflammatory score and fibrosis score. In the
first large-scale multicenter trial of lamivudine, a change of more than 2 points of the
score is taken to be significant (21). Taking a change of 2 points in the score as endpoint
is arbitrary but the correlation between histological, virological, and biochemical
improvement appears to be excellent. This study shows that lamivudine improves
necroinflammation and reduces progression of fibrosis when compared to placebo. It is
reasonable to believe that there would be a reduction in the progression of cirrhosis if
these effects continue on prolonged treatment.

There is some recent debate as to the real necessity of having two biopsies for com-
parison in newer trials of nucleoside analogs. Many patients, especially Asian patients,
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do not like to have two, or even one, liver biopsies. Another reason that has been pro-
posed is that the serum ALT levels reflect the degree of necroinflammatory activity quite
well (22).

Although it is difficult to change patient’s acceptance of liver biopsies, patients with
normal ALT levels can still have significant necroinflammatory activity (23). Further-
more, the progression or regression of fibrosis is still best assessed through histological
studies.

We suggest that future trials should still include histological comparisons as one of
the endpoints even if it is not used as the primary endpoint.

2.5. Patients with Liver Decompensation
It is always a challenge to conduct trials of antiviral agents in patients with liver

decompensation. There are mainly two issues to be addressed. First, is it worth studying
these patients with irreversible and end-stage liver diseases because their disease may
be too advanced to be amenable to treatment? Second, will the antiviral agents further
jeopardize the liver functions of these patients?

IFN-� treatment, and presumably other immunomodulatory agents, are contraindi-
cated in patients with liver decompensation because enhancing cell-mediated hepato-
cyte destruction in a liver in which normal regenerative power to produce normal
hepatocytes is already jeopardized can result in severe or even fatal hepatic decompen-
sation. However, clinical trials using lamivudine, which suppresses viral replication,
show that it does not increase the risk of liver decompensation. In fact, studies have
shown that lamivudine improves the liver function in patients with liver decompensa-
tion (24–26). Therefore, further trials for patients with liver decompensation should be
performed with newer nucleoside analogs in the future.

3. Trial Monitoring
The liver biochemistry must be monitored very closely once patients are placed on a

regimen of any trial agent. Especially with pivotal trials of newer compounds, trial cen-
ters should be asked to enforce the guidelines for Good Clinical Practice according to
the International Conference of Harmony to ensure high standards of practice even in
developing countries with little prior experience in conducting trials. Elevation of ALT
levels while patients are on treatment may indicate impending HBeAg seroconversion,
hepatic toxicity induced by the trial agents, or emergence of drug-resistant mutants.
Normalization of ALT usually signifies improvement of liver inflammation. Prothrom-
bin time and bilirubin levels are the useful indicators of hepatic decompensation and
serious adverse events that may happen.

Because nucleotide analogs cause prompt and dramatic reduction of HBV DNA lev-
els, interest has been focused on studying the viral dynamics of HBV during treatment
in recent years (27,28). HBV DNA dynamics may be of value in predicting treatment
efficacy and clinical benefits. Frequent monitoring of HBV DNA by a sensitive HBV
DNA assay should be done in clinical trials.

Monitoring HBV DNA is also important for the early detection of drug resistant
mutations as a result of antiviral therapy. Continuous surveillance for the emergence of
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drug resistant mutants is necessary. Drug resistance has become a major problem in
therapy with lamivudine. The common mutation site is in the catalytic domain of the
viral polymerase gene. The typical nucleotide changes are at codon 552 where the
methionine of the tyrosine-methionine-aspartate-aspartate (YMDD) motif can either
change to isoleucine (YIDD) or valine (YVDD). The antiviral effects of lamivudine are
greatly reduced in these mutants. These mutants typically become detectable after 9 mo
of lamivudine therapy (21). A study has shown that these mutants may be present 3 mo
before HBV DNA breakthrough (29). Continuous surveillance for these mutants using
a sensitive assay, for example, a line probe assay (Innogenetics), PCR restriction frag-
ment length polymorphism (RFLP) assay, is necessary. Other mutations may emerge
with newer nucleoside analogues that are now being extensively investigated.

4. Treatment Endpoints
Because of the shortcomings of the short-term endpoints mentioned above, more

definitive long-term endpoints are needed to assess the treatment efficacy for HBV. We
suggest the following endpoints for clinical trials for Asians:

1. Complete eradication of the virus as evidenced by the loss of hepatitis B surface antigen
(HBsAg), with or without seroconversion to antibody against HBsAg (anti-HBs), combined
with undetectable HBV DNA in the serum and the liver by PCR assay, endpoints that are
practically not possible to date.

2. Eradication of the HBV supercoiled or cccDNA from the nuclei of hepatocytes.
3. Long-term monitoring of HBV DNA levels to define the HBV DNA levels below which the

risk of development of cirrhosis-related complications and HCC becomes minimal. The
reduction in the development of cirrhosis-related complications and HCC is the ultimate aim
in the treatment of chronic hepatitis B diseases.
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Studying the Treatment of Chronic 
Hepatitis B Viral Infection in Special Populations

Robert G. Gish and Stephen Locarnini

1. Introduction
There are estimated to be more than 400 million people chronically infected with the

hepatitis B virus (HBV) worldwide (Fig. 1) (1). At least 20–30% of those chronically
infected will die of complications of chronic liver disease including cirrhosis and liver
cancer (2,3). The World Health Organization (WHO) places HBV in the top 10 causes
of death worldwide (4). The estimated viral burden in the United States is 1.5 million
people, with disease concentrated in ethnic subgroups and populations with high-risk
behavior, and health care costs to the North American economy that exceed $350 mil-
lion per year. Although the United States is considered an area of low-prevalence hepa-
titis B infection, the incidence of new cases, the prevalence of carriers, and the burden
of acute and chronic disease maintain hepatitis B high among the important communi-
cable diseases. It is estimated that 300,000 new cases of hepatitis B infection occurred
each year in the United States in the 1970s and 1980s. Currently about 125,000 new
cases occur each year in North America. These acute infections have led to at least
27,000–42,000 chronic carriers, 17,000 hospitalizations, 300 cases of fulminant liver
failure, and ultimately 4000–5500 deaths per year in the United States from cirrhosis
and primary liver cancer as well as the morbidity and cost of liver transplantation in
approx 350 patients per year (5–11). The age-specific incidence of acute HBV infection
is shown in Fig. 2. The risk of developing chronic HBV infection after acute exposure
ranges from 1% to 5% for adults and 90% for infants born to infected mothers (Fig. 3).
Once chronic infection has occurred, a heterogeneous group of patients or clinical pro-
files is evident based on a combination of viral replication, fibrosis progression, host
immune response, and presence or evolution of viral mutants. The understanding of
clinical research targeted at special subsets of HBV-infected patients is essential to
study design and the interpretation of the clinical literature. The purpose of this chapter
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Fig. 1. The 350 million chronic carriers of HBV worldwide account for more than 5% of the
world’s population. Although widely distributed, the prevalence of HBV varies from a highly
endemic disease (�8%) in China, Southeast Asia, and Africa to a disease of low endemicity
(�2%) in North America, western Europe, and Australia. Areas with intermediate levels of
prevalence (2–7%) are also noted. In most developed countries, the prevalence of chronic HBV
infection is �2%. Within these areas reside ethnic groups with HBV infection rates that are
significantly higher than those of the general population, for example, Eskimo populations in
Alaska and Canada and the Maoris in New Zealand. (WHO Statistics [166].)

Fig. 2. Age-specific incidence of acute hepatitis B in the United States from 1982 to 1998. The
median age increased from 27 to 32 yr, with 61% males. Age groups: gray line, 10–19 yr; dashed
line, 20–29 yrs; dotted line, 30–39 yr; solid line, 40–49 yr. (Centers for Disease Control, Sentinel
Counties Study.)
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is to discuss the patient populations with chronic HBV infection and aid in the design of
clinical trials, clinical assessment, and treatment of patients with HBV.

2. Definitions
To understand the special populations with HBV infection one must understand the

terminology and test results for HBV infection. The WHO case definition for a person
chronically infected with HBV is the presence of the hepatitis B surface antigen
(HBsAg) in serum on two occasions at least 6 mo apart (12–14). Inconsistent and inac-
curate terms such as “healthy carrier” must be removed from our terminology; no
patient with HBV infection can be considered healthy. These outdated terms, often used
to reassure patients or referring physicians, do not represent the true clinical outcome of
HBV.

The liver biopsy remains a very important step in evaluating patients with chronic
HBV infection but is not required for all patients. The outpatient liver biopsy is a safe
procedure with a risk of serious complications (bleeding) of less than 1:2000 and the
risk of death less than 1:10,000 (15,16). The liver biopsy determines the stage of dis-
ease (fibrosis) and the extent or level of inflammation (grade). This determination then
allows the patient and physician to decide on the necessity and urgency of treatment, the
need and frequency of liver cancer screening, as well as monitoring of viral replication
and liver panels. The natural history of HBV infection is one of viral evolution or muta-
tion with many presently known variants. These variants are discussed in detail and
must be understood, and clinicians must take into account these variants when design-
ing protocols for clinical trials.

With the arrival of new antiviral medications aimed at HBV infection, increasing
rates of resistance to medications has been observed. The clinical significance of these

Fig. 3. Carrier state and recovery.
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resistant viruses is still being evaluated currently. As combination therapy is currently in
development, awaiting new information about treatment is reasonable as part of a
patient treatment decision for some patients. Conversely, patients with advancing liver
disease or impending liver failure usually require immediate treatment with the current
best therapy, such as interferon or lamivudine.

Chronic HBV disease is defined as hepatic necroinflammation due to the presence
of HBV. These patients are HBsAg (+) and HBV DNA (+) with serum levels of HBV
DNA � 100,000 copies/mL or the presence of hepatitis B core antigen staining in the
liver. Liver enzymes are either persistently elevated or intermittently elevated over
time periods of 6 mo or longer. Liver biopsy is an important component in defining
the severity of liver disease (inflammation and fibrosis) in these patients. Abnormal
levels of liver enzymes are defined as alanine aminotransferase (ALT) of � 27 IU/mL
in women and 30 IU/mL in men when individuals have a normal body mass index
(17). Patients with chronic HBV with ongoing or measurable replication can be
divided into two basic subgroups, those who are hepatitis B envelope antigen (HBeAg)
(+) and (−), which is discussed further in the section on HBV mutants. Patients with
normal ALT levels but high levels of HBV DNA and necroinflammation on liver
biopsy are also included in the group owing to a similar natural history (8,10,11).
“Flares” of hepatitis B infection occur in some patients and are defined as intermittent
elevations of serum aminotransferases to more than 10 times the upper limit of nor-
mal. These events occur in 10–15% of patients each year and may be asymptomatic
and undetected.

Inactive HBsAg carrier state is defined as the presence of HBsAg in serum, no
detectable HBeAg, low levels of HBV DNA (� 100,000 copies/mL), and persistently
normal ALT levels for periods of � 6 mo. A liver biopsy can be performed in such
patients, but is not a usual practice, and the hepatitic activity index is typically � 3 on a
1–22 Knodell scale (18) (hepatitic activity index [HAI]). These patients are often
described as immunotolerant and remain at risk for HBV DNA integration into hepato-
cyte nuclear DNA with the attendant risk of developing liver cancer later in life.

Reactivation of hepatitis B occurs when a person is in the inactive HBsAg carrier
state, develops elevated liver enzymes, and DNA levels rise and transition to the state of
chronic HBV infection. The HBeAg can become positive in a subset of these patients
depending on the presence or absence of a variant virus. The liver biopsy typically has
an HAI score of 4 or greater once reactivation has occurred.

Resolved hepatitis B occurs when a person has serologic tests showing HBsAg (−)
and HBV DNA (−) with a history of acute or chronic HBV infection and currently nor-
mal levels of liver enzymes. These patients are often positive for antibody to HBsAg
(anti-HBs) and typically may remain anti-HBc positive for many years. These individu-
als are at risk for transmission of disease on rare occasions, such as the donation of solid
organ tissue, or for reactivation of HBV disease if the patient is treated with immuno-
suppressive medications. In addition, those patients who appear to have resolved HBV
infection may develop active liver disease if they are treated with immunosuppressive
medications such as prednisone, methotrexate, or chemotherapy.
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3. HBV and Common HBV Mutants
3.1. Viral Particles

Electron microscopy of partially purified preparations of HBV from infected human
serum reveal three particle types. By far the most abundant type are 22-nm spherical
particles that lack nucleic acid and are therefore noninfectious. These particles are pres-
ent in serum in a 10,000- to 1,000,000-fold excess over the hepatitis B virions. The 22-
nm particles consist exclusively of virus-derived glycoproteins comprising HBsAg as
well as host-derived lipids, principally phospholipids, cholesterol, cholesterol esters,
and triglycerides. When purified, the 22-nm particles are highly immunogenic and
induce a neutralizing anti-HBs antibody response. The second particle type consists of
long filamentous particles that are also 22 nm in diameter but of variable length. These
particles share properties with the 22-nm particles including envelope content. The
virion is a double-shelled particle ranging from 42 to 47 nm in diameter. The outer shell
is of similar composition to the spherical and filamentous 22-nm particles (19) while
the inner component, which can be released following treatment with nonionic deter-
gents, consists of an icosahedral nucleocapsid 25–27 nm in diameter. The nucleocapsid
comprises multiple subunits of a 21-kDa basic phosphoprotein, the HBcAg, the viral
genome (20), a viral encoded polymerase (POL) protein, and a host-derived serine
kinase (21,22).

3.2. The HBV Genome: Genotypes, Serotypes, and RNA Species
Based on sequence analysis, HBV can be classified into seven genotypes (A–G),

with an intergroup divergence in complete nucleotide sequence of 	 8%. Genotype A is
found throughout the world but is particularly common in North America and western
Europe. Genotypes B and C are distributed over the Asia–Pacific region while genotype
D is the dominant form of HBV in southern Europe, around the Mediterranean basin as
well as the Middle East. Genotype E is distributed throughout Africa while genotype F
has been found in native South American Indians and Polynesians. Genotype G is the
most recently discovered genotype and has been found distributed in Europe and North
America. The clinical significance of HBV genotypes is only now being appreciated as
large databases are developed and utilized in natural history and therapy studies. Geno-
type assessment may allow epidemiologists to track the historical movement of HBV
infections through or within regions of the world and establish other epidemiological
behavior of HBV infection. Genotyping may be useful to help define treatment and risk
of liver cirrhosis or cancer.

Depending on the predominant HBV genotype in the particular geographical setting,
non-genotype A infected patients often present to the liver clinic seropositive for anti-
HBe rather than HBeAg. They have the precore G1896A stop codon precore mutation
(“precore mutant”) and commonly have intermediate serum levels of HBV DNA. Geno-
type A HBV infected patients still tend to present to the clinic seropositive for HBeAg
and so have HBeAg-positive or wild-type chronic hepatitis B.

HBV can also be classified into four major serological subtypes that share one com-
mon antigenic determinant called “a,” which is a conformational epitope located in the
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HBsAg. There are two additional pairs of mutually exclusive subtypic determinants,
“d” or “y” and “w” or “r,” that constitute the four major antigenic subtypes: adr, ayr,
adw, and ayw. Antibodies to the “a” determinant confer protection against all HBV sub-
types. The “a” determinant is located on amino acids (aa) 110–160 of the HBsAg small
(S) gene product. Changes at aa122 and aa160 of the S region define the subtypes of
HBV: at aa122, glutamine (K) or arginine (R) define “d” or “y” subtypes, respectively,
and at aa160, K or R define subtypes “w” or “r,” respectively.

The HBV genome comprises a 3.2-kb relaxed circular, partially double-stranded
DNA species (Fig. 4). The minus (−) or long strand is unit length and has the terminal
protein (TP) domain of the POL protein covalently attached to the 5'-end. The TP serves
as a primer for (−) strand synthesis (see below). The plus (+) or shorter genomic strand
is 50–80% of unit length with a fixed 5'-end and a variable 3'-end. Attached to the 5'-end
of the (+) strand is a capped oligoribonucleotide.

The coding organization of the HBV genome is efficient, with most of the
nucleotides having protein coding functions in more than one open reading frame. The
viral genome has four open reading frames (ORFs) (Fig. 5) that are frameshifted. The
POL ORF encompasses 80% of the genome and encodes the viral polymerase (POL).
The pre-C/C region encodes HBcAg and the secretable protein HBeAg. The pre-S/S
codes for the three components of viral surface glycoproteins. The X ORF encodes the
X protein, which is a transcriptional activator (23–25), and has been shown in the
woodchuck model to be essential for viral replication in vivo (26–28).

The HBV proteins are translated from four mRNA species of 3.5 kb, 2.4 kb, 2.1 kb,
and 0.7 kb. All these mRNA species are capped, unspliced, and share a common
polyadenylation signal within the core coding region (28). These RNA transcripts are
divided into two major classes based on size: genomic and subgenomic. The transcrip-
tion of these RNAs is driven by four separate promoters and influenced by two enhancer
elements (EI, EII) as well as a glucocorticoid responsive element (GRE, Fig. 5). The
promoters for the 3.5-kb mRNA species and the 2.4-kb mRNA species are highly liver
specific (29). The 3.5-kb mRNA species is translated into both the core and POL protein
and also serves as the template for reverse transcription of (−)-strand DNA (28). This
former species is also referred to as the pregenome (pgRNA). Transcription from the
genomic basal core promoter (BCP) also produces a set of transcripts with a longer het-
erogeneous 5'-end containing a start codon for the pre-C region, which acts as the
mRNA for the precore or HBeAg protein. The pre-S1 promoter (SPI) is a weak
although liver-specific promoter that drives transcription of a 2.4-kb species of RNA
that spans the pre-S1, pre-S2, and S domain and codes for large-surface protein (L-
HBsAg) (29). The pre-S2/S promoter (SPII) directs transcription of a 2.1-kb RNA
species with 5'-staggered ends and serves as mRNA for middle- and small-surface anti-
gen (M-HBsAg and S-HBsAg, respectively) (30,31). Unlike the genomic and SPI pro-
moters, the SPII promoter is functional in a wide variety of cell types (31). Mammalian
hepadnaviruses produce an additional transcript via the X promoter, which is located
approx 140 bp upstream of the first ATG codon of the X ORF (32). This 0.7 kb mRNA
species serves as a template for synthesis of the X protein.
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Fig. 4. HBV genome and specific areas of viral protein production.

Fig. 5. Hepatitis B virus DNA regulatory elements.
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Two cis-acting enhancer elements, EI and EII, have been identified within the HBV
genome (33,34) (Fig. 5). Both of these elements are able to up-regulate transcription
from distally located promoters. EI is approx 200 nucleotide (nt) region adjacent to the
X promoter and has the ability to up-regulate transcription from all HBV promoters and
appears to contribute to the replication level of HBV (35). EI is also active in nonhep-
atic as well as hepatic cell lines. EII partially overlaps the BCP and, unlike EI, is highly
liver specific (34). In addition to the above enhancer elements, HBV transcription is
under hormonal control via the GRE (36). The GRE is located within the S coding
region and has been shown to up-regulate S gene expression (37) (Fig. 5).

4. Viral Life Cycle of HBV
4.1. Initial Events

The initial events of hepadnavirus replication are not well understood mainly because
of a lack of an authentic cell culture system. Hepadnavirus attachment is thought to be
mediated by the pre-S1 domain of L-HBsAg, as pre-S1 synthetic peptides as well as pre-
S1 antibodies have been shown to be capable of neutralizing HBV infection in vitro (38).
The region between aa3 and 77 of the pre-S1 domain is involved in the process of HBV
attachment but the identity of the cellular receptor for HBV is still unknown (39).

4.2. Viral cccDNA Generation and Processing
Following receptor binding and virion uncoating, viral cores in the cytoplasm are

transported to the nucleus where the partially duplexed, relaxed circular genome is con-
verted into covalently closed circular DNA (cccDNA) that exists as a viral minichromo-
some (Fig. 6). This conversion is carried out by host cell enzymes. Recently it has been
shown that the phosphorylated form of HBcAg interacts with the nuclear core complex
in a karyopherin-dependent manner, suggesting the possible role of these transport fac-
tors in the delivery of the viral genome to the nucleus. The viral minichromosome is the
template for transcription of the four viral mRNA species by the host cell RNA poly-
merase II (see Fig. 6).

4.3. Early Replicative Events: Viral Genome Replication
Once in the cytoplasm, the mRNAs are translated into POL, precore, core, pre-S, and

S as well as X proteins. Nucleocapsid assembly is initiated when sufficient levels of
core, POL, and pgRNA have accumulated. The pgRNA is selectively encapsidated via a
cis-acting packaging signal on the RNA termed epsilon (�) (28,40,41). This signal spans
approx 100 nts from the 5'-end of the RNA and can form a bipartite stem-loop structure
(42,43). The structure of the stem-loop is believed to be essential for encapsidation in
vivo, as most disruptions of this structure severely suppress encapsidation (43,44). The
� sequence is present on both the 5'- and 3'-ends of the pgRNA but only the 5' copy is
necessary for RNA packaging (45). Studies indicate that encapsidation of pgRNA
occurs following the binding of the POL protein directly to the � element (22,46). This
event triggers the in trans addition of low levels of core protein dimers to the preassem-
bly complex, and the capsid shell is completed by addition of more core protein dimers
attracted to the RNA via the presence of nonspecific nucleic acid binding domains on
core (22,47,48).
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Fig. 6. HBV: intracellular events in viral life cycle.
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Within the cytoplasmic core particles, HBV genome replication occurs by a novel
discontinuous mechanism of (−)-strand synthesis (48,49). The template for reverse
transcription is the pgRNA species that contains terminally redundant sequences (R) in
addition to direct repeat sequences at both 5'- and 3'-ends of 11–12 nts termed DR1 and
DR2. Within the terminal redundancy there is an additional copy of DR1 and �. These
direct repeat sequences provide sites for priming of (+) and (−)-strand DNA.

The POL protein binds to the bulge region of the 5'-copy of � to initiate reverse tran-
scription, providing the primer for (−)-strand synthesis through covalent linkage
between the first nucleotide on DNA and a tyrosine residue in the TP domain of P
(22,27). Minus strand DNA synthesis extends for 3–4 nts followed by transfer of the
nascent DNA to the 3' copy of DR1. Following the annealing to DR1, full length (−)-
strand DNA is synthesized with the concomitant degradation of the RNA template by
the RNaseH activity of POL (49,50). RNaseH digestion terminates at the 5'-end of the
RNA template, leaving a capped RNA oligomer of 15–18 nts consisting of short termi-
nal redundancies of (−)-strand DNA (r) and DR1 sequences (22,28). This RNA
oligomer is transferred and annealed to DR2 where it primes (+)-strand synthesis
(51,52).

Plus strand synthesis proceeds to the 5'-end of the (−)-strand DNA. Because of the
exhaustion of (−)-strand template, an intramolecular strand transfer event occurs to cir-
cularize the genome, thereby allowing continuation of (+)-strand synthesis. The circu-
larization event is facilitated by the presence of homologous sequences on the 3'-end of
both the (−)- and (+)-strand DNA. HBV (+)-strand synthesis does not proceed to com-
pletion, resulting in the characteristic partially duplex DNA species. At this stage,
DNA-containing nucleocapsids can either be exported from the cell as enveloped viri-
ons or be shunted to the nucleus for amplification of cccDNA (53,54) (see Fig. 6). Inter-
estingly, genome maturation inside the capsid appears to be coupled to envelopment, as
predominately mature, partially double-stranded DNA is found in the secreted virions.
It is thought that DNA synthesis inside the capsids induces some conformational
change on the capsid exterior that allows for interaction with L protein. This finding
could have implications for exploiting and understanding the effects of nucleoside and
nucleotide inhibitors of HBV DNA replication (see below).

4.4. HBV Morphogenesis: Late Replicative Events
HBV virion formation is thought to require the maturation of the genome prior to

envelopment of the cytoplasmic core particles. Studies indicate that all hepadnaviral
surface proteins are synthesized as transmembrane proteins in the endoplasmic reticu-
lum (ER) and it follows that virion formation probably proceeds via budding into the
ER. Both S- and L-HBsAg proteins but not M-HBsAg are required for virion formation.
A short sequence that maps to a region overlapping the pre-S1–pre-S2 domains of 
L-HBsAg is required for complete virion formation. A number of studies have confirmed
that S-HBsAg, in particular regions in the cytosolic loop, is directly involved in nucleo-
capsid envelopment. However, the question remains as to how the pre-S1 encoded
domain, which is exposed on the virion surface (and would presumably be in the ER
lumen), interacts with the cytoplasmically disposed nucleocapsids. Evidence suggests
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that the pre-S1 domain is initially synthesized on the cytoplasmic face of the ER. What
follows is a posttranslational translocation of a fraction of pre-S1 domains across the
membrane. Hence virion formation is initiated by interaction between the nucleocapsid
and cytoplasmic pre-S1 domains. Following budding, the virions are secreted via the
constitutive pathway of vesicular transport.

5. Natural History of HBV
To understand the special populations with chronic HBV infection one must under-

stand the natural history of HBV infection. With up to 30% of patients who have chronic
HBV infection developing cirrhosis and/or liver cancer, the course of HBV must be
defined individually for each patient being evaluated for clinical trials or treatment. The
important spontaneous seroconversion from HBeAg to anti-HBe (and a concomitant
decrease in HBV DNA levels) occurs in 1–10% of chronic hepatitis B carriers (in
patients with wild-type virus) per annum, but seroconversion from HBsAg to anti-HBs,
with clearance of HBV from the liver, is very uncommon (at or less than 1% per year).

6. Managing HBeAg Positive (Wild-Type Virus) Infection
6.1. Treatment of Clinical (Serological) Scenarios of HBV Infection

For patients with HBV “wild-type infection” with HBeAg+ and HBV DNA+, defini-
tions of response to antiviral therapy are very important when evaluating patients who
are about to undergo antiviral therapy or for those patients who have been previously
treated and appear to need subsequent treatment. Definitions of response are defined as
biochemical (liver enzymes), virologic (viral replication), and histologic (liver biopsy).

Biochemical response is defined as a fall in liver enzyme levels into the normal
range. These events, like the virologic definition below, can be initial (during therapy),
end of therapy, or sustained. Sustained response means that the liver enzymes were nor-
mal at the end of therapy and at least 6–12 mo following cessation of therapy. Partial
biochemical response means a marked fall (50%) in liver enzymes to the near normal
range and may be correlated with improvement in histology.

Virologic response means a decrease of HBV DNA to fewer than 100,000 copies/mL
when pretreatment levels were greater than 100,000 copies/mL or by a greater than 2-log
reduction from baseline. Although earlier HBV DNA assays were barely able to measure
100,000 copies/mL, currently available commercial assays have greatly increased the
linear range of sensitivity to enable a more accurate depiction of virologic response
(Table 1). The reduction in viral levels (commonly to fewer than 10,000) should corre-
late with HBeAg loss if positive pretreatment and finally anti-HBe conversion from neg-
ative to positive would complete what is termed “triple seroconversion.” Studies with
lamivudine have shown that full HBeAg seroconversion will not occur if the viral load is
not reduced to below 10,000 copies/mL (55). Virologic response can also be termed ini-
tial, end of treatment, and sustained if there is loss of viral markers or replication for
6–12 mo after treatment. HBeAg seroconversion is used when the HBeAg is lost (nega-
tive) long term.

Histological response is defined as an improvement in liver histology on paired liver
biopsies. Improvement is typically defined using the HAI, the Ishak (56) score, or the
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Metavir score (57) with a reduction in 2 points or more by inflammatory score (grade).
There is no international consensus about which liver biopsy scoring method is best. A
significant improvement is based on a decrease in number by 1–3 points and is usually
based on improvement in necroinflammation, as fibrosis score changes usually lag
behind changes in inflammatory cells in the liver.

Complete response means normalization of liver enzyme levels, virologic response
(as defined previously), and loss of HBsAg. Both HBeAg and HBV DNA must be neg-
ative by the most sensitive serological and molecular test available. For viral DNA tests,
this usually means by polymerase chain reaction (PCR)-based assays. This is thereby
synonymous with resolved or cured HBV infection. This term does not require the pres-
ence of anti-HBs and the patient does not require a follow-up liver biopsy.

6.2. Interferon
Interferon treatment must be considered as the first line of therapy in all patients with

HBV, as it is the only medication that may result in a “cure” with HBsAg seroconver-
sion. Approximately 20 natural forms of interferon (IFN) exist in humans including �2a
(produced in lymphocytes), �2b, � (produced in fibroblasts), � (produced in T cells),
and � IFN. A number of these interferons have been isolated and have been shown to
have direct antiviral effects on HBV replication in humans (58). IFN is the only med-
ication that has been proven to reduce and eliminate HBV infection in chronically

Table 1
Measurement of Hepatitis B DNA Viral Loada

Assayb Volume Sensitivity Copies Linearity Genotype Coefficient 
(�L) (pg/mL) (no./mL) (no. copies/mL) effects of 

variation
(%)

Genostics 100 1.6 4.5 × 105 5 × 105–1010 D � A 12–22
(Abbott) [8 × 106]

bDNA 10 2.1 7 × 105 7 × 105–5 × 109 A–F 6–15
(Bayer-Chiron)

Naxcor 50 2.1 7 × 105 — — —
(crosslinking)

Digene 30 0.5 1.4 × 105 2 × 105–1 × 109 ABCD 10–15
(HCII) 1 mL 0.02 5 × 103 5 × 103–3 × 106 ABCD 10–15

Roche 50 0.001 4 × 102 2 × 102–1 × 107 (A) B–E 14–44
MONITOR
(quantitative COBAS 1 × 105

PCR)
Molecular 10–50 — �50 50–1 × 109 A–F 5–10

Beacons
(real-time PCR)

aOne picogram of HBV DNA = 283,000 copies (approx 3 × 105 vge).
bbDNA, = Branched DNA; HCII, Hybrid Capture II.
Modified from Lok and McMahon (165).
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infected patients in randomized controlled trials (59) including patients with HBeAg
(+) and (−) chronic HBV infection. This appears to benefit patients long-term, with doc-
umented improved outcomes in clinical trials that have acumulative increase in patients
who are HBV DNA (−) and HBeAg (−) and a decrease in the number of patients devel-
oping decompensated liver disease.

Unfortunately, only an “ideal” subset of patients responds to interferon and clears
HBsAg (patients with low levels of liver enzyme elevation). Interferon appears to be
efficacious in those patients who have an ongoing primed endogenous immune
response, although this will probably change as we introduce nucleoside and nucleotide
analogs in combination with IFN or we are able to stimulate an immune response with
therapeutic vaccines. The presence of elevated liver enzymes and the presence of
hepatic inflammation identify these “ideal” patients who have an inherent immune
response to chronic HBV infection. One form of IFN, IFN �2b (Intron-A, Schering,
Kenilworth, NJ), results in HBeAg clearance in 30–50% of selected patients and
HBsAg clearance in up to 30% of patient with long-term follow-up (60). The new pegy-
lated forms of IFN �2a (PEGASYS®) and �2b (Peg-Intron®) are undergoing Phase III
trials to determine if the longer half-life of these compounds imparts any improvement
in therapeutic outcome over standard IFN preparations for the treatment of chronic
HBV. IFN �1n (Wellferon, GlaxoSmithKline, Research Triangle Park, NC) was
approved in some European countries for HBV infection but has since been withdrawn
from the market. Prolonged treatment with IFN for up to 32 wk may be useful in
patients who have an initial reduction in viral levels of HBV DNA without DNA clear-
ance. IFN is now being used for up to 1 yr in patients with the precore mutant HBV
virus or HBeAg-negative hepatitis (61–64).

6.3. Lamivudine
Currently, lamivudine (3-thiacytidine, 3TC, Epivir™, Epivir™-HBV, GlaxoSmith-

Kline, Research Triangle Park, NC) is the only FDA-approved oral medication that has
proven efficacy against HBV including HBeAg seroconversion and triple seroconver-
sion and is the second of the first-line treatments for the “wild-type virus infection.”
Lamivudine does not result in “cure,” clearance of HBsAg, or HBsAg seroconversion at
any significant level. Lamivudine is also approved in many other countries including
China. A summary of the data concerning efficacy includes a rate of 30–35% HBeAg
seroconversion at 1 yr of therapy and 17% triple seroconversion (HBeAg [+] to [−],
anti-HBe [−] to [+], and HBV DNA [+] to [−]). Rare (�6%) HBsAg seroconversion to
negative has also been reported with most patients remaining HBeAg and HBV DNA
negative long term after 1 yr of therapy (65–68). Resistance to lamivudine is very com-
mon after 1 yr of treatment (20%) with mild elevations in liver enzymes and slightly
more active liver disease, but few patients return to their baseline levels of liver disease
or viral replication. Flares of liver disease with decompensation have been seen in few
patients. The YMDD motif of the polymerase mutates to YVDD or YIDD or occasion-
ally to YSDD, resulting in lamivudine resistance. This and other resistant variants are
discussed below. This site in the HBV reverse transcriptase or “polymerase” is the cat-
alytic domain and is the most common site of lamivudine resistance, although other
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sites of mutations associated with resistance have been identified. The rate of viral resis-
tance after 3 yr is 50–70% (64,69–74). Other nucleosides that confer some level of anti-
HBV activity include famciclovir and ganciclovir but these medications have found
little use to date because of lower levels of efficacy (75).

6.4. Future Medications
Future medications that are in development to treat wild-type chronic HBV infection

with the wild-type virus and mutants include pegylated interferons, FTC, DAPD, ade-
fovir, tenofovir, entecavir, L-FMAU, L-� thymidine, adenine, and cytosine (12,13,76) as
well as ribozymes and therapeutic vaccines. Other more far-reaching treatments may
include dominant negative viral mutants, antisense DNA and RNA, intracellular anti-
bodies, and delivery of current medications via new and advanced delivery methods
such as liposomes or other methods that include molecules that bind to specific cellular
receptors. Treatment may also take place with DNA vaccines that may provide ongoing
internal immune suppression through production of HBV-derived proteins (77,78).
Liposomes may eventually be used to deliver oral prophylactic and therapeutic vaccines
such as those originally developed for hepatitis B via intramuscular injections.

7. HBV and Common HBV Mutants
Although HBV is a DNA virus, replication is through an RNA-replicative intermedi-

ate requiring an active viral reverse transcriptase/polymerase enzyme. The reverse tran-
scriptase of HBV lacks a conventional proofreading function that is found in other
higher order polymerases. Therefore, HBV exhibits a mutation rate more than 10-fold
higher than other DNA viruses and has resulted in a number of variants. The rates for
nucleotide substitutions vary depending on the stage of disease. The natural evolution-
ary rate for the HBV genome in chronic hepatitis B is approx 1.4–3.2 × 10−5 substitu-
tions per site per year, while in the liver transplant setting, it is almost 100-fold higher.
This higher substitution rate may also be a result of the immunosuppression regimen
associated with transplantation, especially the use of steroids and the positive enhanc-
ing effect on the HBV GRE.

7.1. Pre-S and S Gene Variants
The surface (S) envelope gene contains three in-frame start codons that divide the

gene into the three surface proteins of HBV: the pre-S1 region, the pre-S2 region, and
the S region. The three corresponding mRNAs formed provide the template for the syn-
thesis of each respective protein. Surface mutations have obvious relevance to clinical
practice as well as research (12,13,79,80). Follow-up studies of several large HBV vac-
cination programs in endemic regions have revealed a 2–3% incidence of vaccine
escape mutants resulting from alterations in the HBsAg protein, indicating that this is
an important and emerging special population and this mutant must be considered when
developing HBV vaccines. These changes also must be understood to explain liver dis-
ease in patients who are HBV DNA positive but HBsAg negative (81). Generally, the
amino acid (aa) substitution of glycine for arginine at aa 145 of the S protein makes this
epitope unlikely to bind to antibodies generated to wild-type HBsAg, and hepatitis B
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immune globulin (HBIG) or natural antibodies may not be protective. The “a” determi-
nant of the HBsAg is a peptide sequence located between aa 110 and 160 of the S pro-
tein and represents the major immune target of polyclonal antibody to the HBsAg
derived from patients with natural immunity or vaccine recipients. This antibody reac-
tivity is directed mainly against the second loop of this determinant, located in aa
139–147. In patients infected with HBV exhibiting surface mutations affecting the “a”
determinant, the mutant HBsAg will be present but will not be detectable by commonly
used HBsAg assays, especially if based on monoclonal antibody “capture” reagents
leading to false-negative tests. As a result, these mutants do represent a potential public
health challenge, as patients harboring HBV with these surface mutants remain infec-
tious but do not exhibit readily detectable HBsAg that can be measured in conventional
serological assays. In some cases, infection may result in aggressive liver disease after
liver transplantation and will require the development of new assays for their detection
(81,82). No therapeutic trials with interferon or nucleosides have been developed to
date for this special group of patients with surface antigen mutants but these infections
are rare and will unlikely be the focus of clinical research. The biggest concern is that
our current vaccines may not be effective in preventing HBV spread if these infections
become more prevalent. Reduced protection by standard HBIG needs to be documented
and could potentially justify the development of immune globulin preparation that may
be more broad based in terms of targeted epitopes for antibody binding.

7.2. X Gene Mutants
The X-ORF spans nucleotide positions 1380–1842 and encodes a 154-amino-acid

polypeptide with a predicted molecular weight of 16–19 kDa. X protein is a nonstruc-
tural protein that can transactivate a variety of cellular and viral promoters in vitro by
activating signaling pathways (83). X has been reported to interact with a number of
nuclear proteins involved in cell cycle regulation, DNA repair, and transcription includ-
ing NFk�, CREB, AP-1, and AP-2 (28). Persistently high levels of the HBx expression
have been associated with the development of liver tumors in transgenic mice and it can
transform nontumorigenic cell lines in vitro. Owing to the overlap of the basal core pro-
moter (BCP) with the X gene, the core promoter mutations often affect the structure and
possibly the function of the X protein (see above). Nearly all deletions/insertions in the
BCP shift the X gene frame and lead to the production of truncated X proteins. These X
proteins lack a domain in the C-terminus (around aa 130–140) which is essential for
transactivation activity. The amino acid changes that are introduced in the X protein by
the T1762/A1764 BCP mutations do not affect the transcriptional function of X.

7.3. Pol Gene Mutations
The polymerase ORF is the longest, covering almost 80% of the whole genome, and

overlaps the other three ORFs. Translation of the POL gene is thought to occur by leaky
scanning of ribosomes on the first AUG in POL ORF (84,85). The HBV polymerase
protein mediates encapsidation of the pgRNA into the core particle and synthesizes the
HBV DNA genome therein (see Fig. 6). It has four enzymatic activities: DNA synthesis
priming activity, RNA-dependent (RT) and DNA-dependent DNA polymerase activity,
and RNaseH activity (86). These activities of the POL protein are located in different
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domains with primase encoded N-terminally, followed by the nonessential spacer
region; thereafter follows the polymerase activity domain after which is located the
RNaseH domain at the C-terminal end of the protein (87). The HBV RT contains sev-
eral regions that are conserved in other RNA-dependent polymerases. These regions
have been designated domains A–F, where domain F is located upstream of domain A.
The “YMDD” motif of HBV is located in the C domain. The polymerase protein of
HBV has not been crystallized, however, there is amino acid similarity with human
immunodeficiency virus (HIV) in the conserved domains and these comparable regions
may be involved in NTP binding and substrate recognition. In the analysis of the X-ray
crystal structure of HIV it was proposed that domains A, C, D, and F may participate
directly in nucleotide triphosphate (NTP) binding and catalysis. Domains B and E may
be involved in the positioning of the template-primer relative to the active site, in which
domain B forms part of the “template grip” and domain E forms the “primer grip”
(88,89).

Hepatitis B virus quasispecies with mutations in the polymerase gene have been
detected in patients undergoing antiviral therapy. On exposure to lamivudine therapy,
quasispecies with L180M (the template binding site of the polymerase or domain B) as
well as codon M204V/I of the YMDD motif (the catalytic site of the polymerase or
domain C), or both are selected as the new dominant HBV (Table 2). These mutations sig-
nificantly decrease the in vitro sensitivity of the polymerase to lamivudine-associated
chain termination. Similarly, after famciclovir therapy, polymerase mutations in codon
L180M markedly decrease famciclovir efficacy (90–92).

7.4. Precore and Core Gene Variants
The HBV core gene contains two in-frame start codons that control the synthesis of

HBcAg and HBeAg. Both proteins are targets for immune-mediated viral clearance
mechanisms. The region between the first (pre-C ATG) and second (C ATG) start
codons is designated the “pre-C” region. HBeAg translation is initiated from the first
AUG of this ORF, giving rise to a 25-kDa polypeptide with the pre-C region encoding a
signal peptide. The signal peptide functions by inserting the precursor protein into the
ER where the peptide is cleaved, resulting in a 17-kDa protein product that is exported
through the secretory pathway. During export, the basic C-terminal domain is cleaved
to generate a 15- to 17-kDa soluble protein that is ultimately secreted into the serum,
but some is also incorporated into the outer cell membrane. The HBeAg is not required
for productive viral replication. HBcAg is a 21-kDa phosphoprotein whose synthesis is
initiated from the second in-frame initiation codon and is translated from the shorter of
the genomic transcripts. The HBcAg is the major protein component of the nucleocap-
sid. The C-terminal domain is highly basic and possesses a non-sequence-specific
nucleic acid binding domain.

The BCP (nt 1744–1804), residing in the overlapping X-ORF region, controls tran-
scription of both precore and core regions and directs the synthesis of two mRNAs, the
precore mRNA and the pregenomic/C mRNA. The precore mRNA encodes HBeAg.
The pregenomic/C mRNA encodes the core protein, the DNA polymerase, and itself
acts as the pgRNA, the template for reverse transcription.
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The two major groups of mutations that affect HBeAg synthesis are precore protein
mutations (G1896A) and mutations in the BCP at nt 1762 and nt 1764, all resulting in
diminished production of HBeAg and a resultant increased host immune response,
although this may be transient in some patients and does not have a clear correlation
with more aggressive liver disease in patients who are not immunosuppressed. Precore
mutations frequently occur at a similar time and are often related to core gene muta-
tions/deletions.

It is also important to understand the connection between the precore stop mutation
and HBV genotypes. Nucleotide (nt) 1896 is a guanosine (G) and is found within the
RNA structural element �, involved in encapsidation. This is base paired with nt 1858
and mutations at nt 1858, in conjunction with the precore stop mutation at nt 1896, can
enhance viral base pairing within the stem-loop region of �. In patients with genotype A
HBV infections (the most common genotype in North America and parts of Europe), nt
1858 is a C. In this genotype, both a mutation at nt 1896 (G–A) and nt 1858 (C–T)
would be required to stabilize the stem-loop structure. Without a compensatory muta-
tion at nt 1858 in genotype A HBV, impaired base pairing results when C-1858 tries to
pair with a A-1896, which destabilizes the stem-loop structure of the packaging signal.
Without a stable � for packaging, decreased encapsidation and consequently decreased
replication may occur, resulting in a replication deficient virus. Thus, precore stop
codon mutations may be less frequent in genotype A because of the requirement for two
mutational events. In contrast, HBV sequences in more than 70% of chronic HBV car-
riers from Asia, Africa, the Mediterranean basin, or the Middle East already contain a T
at nt 1858. Thus, only a single mutation at nt 1896 is required to yield a precore mutant

Table 2
HBV Antiviral Drug-Related Resistance Mutations Listed with the Standardized HBV
Polymerase Protein Nomenclature and Numbering System Proposed by Stuyver et al. (91)

HBV polymerase nomenclature of mutation

Antiviral Group Domain New (old) amino Drug-resistant 
drug acid number isolate 

sensitive to:

Lamivudine 1 B + C L180M (526) + M204V (550) Adefovir dipivoxila

2 C M204I (550)
3 A + C L80V/I (426) + M204I (550)
4 B + C L180M (526) + M204I (550)

Famciclovir A, B, C L180M (526) Lamivudineb

Adefovir dipivoxilc

Adefovir dipivoxil D N236T —c

aGroups 1–4 isolates resistant to famciclovir. All groups sensitive to adefovir dipivoxil.
bIsolates sensitive to lamivudine, but lamivudine resistance emerges more quickly. Isolates sensitive

to adefovir dipivoxil.
cRef. 167.



482 Gish and Locarnini

with stable stem-loop pairing. This higher frequency of precore stop mutant HBV in
patients harboring these other genotypes (genotypes B, C, D, and E) where nt 1858 is a
T is simply a reflection of the requirement of only a single mutation (G1896A) needed
to cause a stop codon and a stable stem-loop structure for epsilon (93,94).

Mutations in the BCP, especially at nt 1762 and nt 1764, resulting in T1762 and/or
A1764, have been detected in a variety of patients with persistent infection and fulmi-
nant hepatitis as well as in immunosuppressed patients. The double mutation at T1762
and A1764 together is associated with a decrease in HBeAg (but not disappearance) and
an increase in viral load (93,95). In general, this pattern of precore change is found in
some genotype A-infected patients.

The core protein can be divided into two major domains, the N-terminal assembly
domain up to amino acid position 144 and the functionally important, arginine-rich C-
terminal domain. The C-terminal domain is required for binding of the pregenomic
RNA and genome replication, as well as being involved in nuclear transportation. Inter-
estingly, core protein sequences of HBV from patients in the HBeAg-positive immune
tolerant phase contain none or very few amino acid changes, suggesting that less
immune pressure may result in less clinically evident mutations. The prevalence of
HBc/e amino acid changes is very similar to that of pre-C defects and is seen during
multiple stages of chronic infection. However, once patients enter the immune reactiva-
tion (clearance) phase, the mean rate of HBc/e amino acid changes increase by more
than fivefold, clustering onto 36 hot-spot positions possibly influenced by the immune
pressure and subsequent virus “selection.” These hot-spot positions have been linked to
major cytotoxic T lymphocyte (CTL) (aa 18–30) and T-helper (TH) cell (aa 50–70)
regions, and two B-cell (HBc/e1 and HBc/e2) epitopes at aa residues 75–90 and
120–140, respectively (93,95).

In patients with the HBV “precore type infection” with HBeAg (−) and HBV DNA
(+) treatment of precore mutation is less well defined. It appears that at least 1 yr of
interferon therapy is required to suppress HBV replication and lamivudine has, at most,
an ancillary role since the relapse rate is more than 90% following 1 yr with lamivudine
(64,96–98). There is no information concerning the treatment of core variant viruses or
HBsAg mutants with interferon or oral agents.

8. Special Patient Populations
8.1. Coinfected Populations
8.1.1. Hepatitis B and Hepatitis C Virus Coinfection

In patients who are infected with HBV, coinfection with hepatitis C virus (HCV)
(99) and/or HIV exists in certain risk groups, especially those with adult high-risk
behavior. All patients with HBV infection, a risk history of sexual exposure, or intra-
venous drug abuse (IVDA) must be tested for HCV infection. HCV coinfection with
HBV results in a higher risk of cirrhosis and a higher risk of liver cancer. Patients often
have one dominant viral disease. Treatment focused on the dominant virus, as revealed
by blood tests of viral replications, is probably the best management step.
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HIV coinfection with HBV results in more aggressive (progression to cirrhosis and
liver failure) liver disease in some patients although other patients have minimally
active liver disease with little or no evidence of progressive liver disease. The reason(s)
why some coinfected patients have progressive liver disease and others do not is unclear
and is not correlated with any specific clinical factor or laboratory test. The discrepan-
cies may be explained by an interaction between the host immune system, T-cell types
present (T-helper-1 [Th1] vs T-helper-2 [Th2]), host factors that predict fibrosis, and
levels of HBV and HIV viral replication. These patients are much less likely to respond
to cytokine-based therapies based on our current knowledge of interferon. Also these
patients will probably have a higher rate of mutations to nucleoside analogs based on
preliminary work completed with lamivudine-resistant populations of HBV, which
were also detected in patients who were coinfected with both HBV and HIV and who
were receiving lamivudine as part of antiretroviral therapy (100–102). In HBV and HIV
coinfection, HIV infection clearly influences the response to HBV vaccine. Interferon
treatment in these populations is not likely to be effective.

8.1.2. Hepatitis B and Hepatitis Delta Virus Coinfection
Hepatitis delta virus (HDV) infection occurs usually as a coinfection (infection initi-

ated at the same time) with HBV or a superinfection imposed on a chronic HBV carrier.
HDV infection is limited to the liver and is characterized by an initial phase associated
with acute hepatitis that either progresses to a chronic carrier state or is resolved. This
infection must be tested for prior to initiation of clinical trials, as the presence of delta
infection markedly changes the response to interferon and lamivudine and would prob-
ably influence the response to any other new antiviral medication in development. The
spectrum of liver disease mediated by HDV ranges from an asymptomatic carrier state to
fulminant hepatitis. Simultaneous acute coinfection usually results in an acute, self-
limited infection of both HBV and HDV with fewer than 5% of patients developing
chronic infection with HBV and HDV. Superinfection with HDV imposed on chronic
HBV disease tends to result in a more severe form of acute hepatitis with a short incu-
bation period, which commonly progresses to a chronic carrier state in more than 70%
of cases. This chronic carrier state is associated with a more aggressive form of liver
disease with a much higher risk of cirrhosis and a faster development of cirrhosis.
Superinfection can often be associated with fulminant acute HDV hepatitis.

HDV coinfection is also an important medical and research issue. HDV infection is
specific also to certain world regions such as Amerindians in South America and high-
risk populations in the Mediterranean area. In the United States, HDV occurs predomi-
nantly in IVDA in large cities and among persons involved in high-risk sexual activity
and paid sex work (103). Ethnic populations from the Mediterranean region or Middle
East may carry HBV and need to be tested for HDV infection as well. Delta infection
leads to much more severe liver disease in those patients who acquire HDV and HBV at
the same time (see Subheading 8.1.2.) (104–107). These patients with acute coinfec-
tion have a very high rate of viral clearance of both HBV and HDV. When HDV infec-
tion is superimposed on chronic HBV infection, the disease commonly accelerates to
cirrhosis in a much shorter time. Patients with HDV and HBV coinfection may also
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have a higher risk of liver cancer, probably as a result of the high risk and rate of devel-
oping cirrhosis (108).

HDV superinfection on chronic hepatitis B is defined as primary virus infection on a
preexisting persistent HBV replication. Serological markers such as titers of HBsAg and
HBV DNA can show transient reduction during superinfection. The typical serological
profile is HBsAg (+) as well as anti-HD (IgG and IgM) (+), but (−) for IgM-specific anti-
HBc. Again the diagnosis of persistent infection is established by repeated testing for
HDV RNA by PCR. The diagnosis of chronic hepatitis D is readily made when HDAg in
the nucleus of hepatocytes is detected in the liver biopsy by immunohistochemistry.

Suppression of markers of HBV replication during HDV superinfection has been
observed in humans as well as in the woodchuck and chimpanzee animal models. In
more than 90% of hepatitis B patients superinfected with HDV, seroconversion occurs
from an HBeAg (+) to an HBeAg (−)/anti-HBe (+) state. Serum HBV-specific DNA
polymerase activity and intrahepatic HBcAg expression can no longer be detected in
many of these patients. On rare occasions, HDV superinfection has been associated
with termination of the HBsAg carrier state and seroconversion to anti-HBs. The mech-
anism for this interference has not been conclusively established and the patient
remains delta positive, raising the question about the very low level of HBV replication
or presence that is not detected by our current best tests.

HDV is a serious disease including both acute infection simultaneous with HBV and
superinfection of HDV superimposed on chronic HBV. Acute infection simultaneously
with HBV and HDV commonly results in severe disease with a high risk of fulminant
liver failure. If the patient survives the acute disease, viral clearance of both HBV and
HDV will probably take place. Liver transplantation for patients with acute HDV infec-
tion will often be followed after liver transplant by milder liver disease if HBV and
HDV infection persist compared to HBV graft infection without HDV coinfection.
HBIG therapy to prevent graft infection with HBV can also prevent HDV infection of
the new graft (109). HDV infection can be treated with interferon, although results are
discouraging with rare patients clearing HDV and HBV long term. Therapy requires at
least 1 yr of IFN treatment with the hope to suppress disease activity. Nucleoside ana-
logue therapy such as lamivudine does not suppress HDV infection.

Coinfection with other hepatitis viruses, such as delta, poses a major clinic problem
to patients with HBV infection and must be determined to exclude these special sub-
groups of patients from primary clinical trials; however, these special subgroups of
patients will eventually need to be evaluated during Phase III or Phase IV studies to
determine the role of new medications in the treatment of broader populations. The
dilemma is even greater to the clinician trying to help the patient, as therapies are quite
limited in such patients. IFN must be used for at least 1 yr to suppress HDV infection
and inflammation, and lamivudine appears to have no defined role as there is no major
HBV replication during HDV and HBV coinfection.

8.2. Patients with Liver Cancer
Hepatocellular carcinoma (HCC), hepatoma, or primary liver cancer is a serious risk

for all HBV carriers and must be screened for before all clinical trial initiation or inclu-
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sion. The estimated lifetime risk for HCC in patients with chronic HBsAg (+) is esti-
mated to be about 20% with a higher risk level in the subgroup of patients with cirrhosis.
This risk is also increased in patients with active liver disease (inflammation) as demon-
strated by biopsy, elevated liver enzymes, coinfection with HCV, strong history of alco-
hol abuse, more than 50 yr as a carrier of HBV, exposure to aflatoxins, family history of
HCC, high serum HBV DNA levels, and those patients with an elevated �-fetoprotein
(�7 ng/dL). Issues such as prevention of HCC by vaccine is covered in other sections,
and prevention of HCC by use of IFN and new antiviral therapies is discussed in the sec-
tion on HBV therapies (see below). Patients who are chronic HBV carriers need to be
informed of the risk of HCC and screened for HCC according to relative risk of HCC in
special groups of patients with HBV, most importantly, patients with cirrhosis.

8.3. Pediatric Patients
Clinical research in children infected with HBV is just beginning. The U.S. govern-

ment mandates pharmaceutical research in children as a part of drug development
although the complexity of identifying and treating children must be identified. Theo-
retically, children should respond better to IFN and nucleoside analogs because of the
shorter time of infection and, possibly, higher levels of immune activation (110–114).

8.4. Elderly Patients
Older patients represent a special subgroup of patients with acute or chronic HBV

infection. Acute HBV infection in elderly patients is commonly associated with severe
or fulminant hepatitis with a high likelihood of liver failure. Older patients also have a
lower response rate to HBV vaccine and may respond poorly to interferon therapy
(115). Analysis of nucleoside analogues in this population has not yet taken place
(116–118).

8.5. Course and Complications
Each subgroup of patients with HBV infection has a different clinical course. The

clinical presentation for a given patient must be identified at the time of selection for
clinical trials. Heterogeneity of particular patient populations can lead to inconclusive
research results. Patients with cirrhosis may develop decompensation or cancer during a
treatment trial and would be excluded from the trial results owing to drop out during
treatment, although they may have had short- and long-term viral benefit from the med-
ication. The chronic carrier with consistently elevated liver enzymes is the patient with
the highest risk of progression to cirrhosis and the subsequent complications. These
patients may also be the most likely to respond, short term, to antiviral treatment. The
next highest risk patient with risk of progression is the patient who presents with inter-
mittent flares of liver enzyme levels and reactivation of liver disease. Each cycle of liver
enzyme elevation is due purportedly to immune activation and attempts, often ill fated,
to clear HBV infection. Only about 1% of patients with chronic HBV spontaneously
clear infection (convert from HBsAg [+] to [−]) each year. The rate of HBsAg serocon-
version is higher in patients with more active liver disease, as determined by liver
enzyme levels or by liver biopsy, but is in general � 15% over any 3-yr interval. During
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these immune “attacks” or flares there is ongoing hepatocellular damage and commonly
progressive fibrosis. Thus, in general, the level of liver enzymes and the number of
flares often correlate, over time, with the level or severity of liver injury. In specific
patients, testing and evaluation by sequential liver biopsies is necessary to time and
determine the urgency of treatment. The liver biopsy also allows a medical practitioner
to provide a full level of informed consent to patients prior to starting therapy by pro-
viding full clinical information on the stage of liver disease. Blood testing for progres-
sive liver disease and cancer will also take place more frequently in those patients with
cirrhosis when compared to patients with mild or no fibrosis.

The chronic carrier with persistently normal liver enzymes (�30 IU/mL) is at a
much lower risk of progressive liver disease as well as cancer. These patients commonly
have minimal liver disease on liver biopsy. The frequency of blood testing of these
patients is an important issue, as annual testing probably is insufficient to document a
stable patient or define inactive disease (conversely to identify reactivation of disease).
The frequency of screening with blood tests for such patients should be at least biannual
and a more thorough evaluation could be justified for testing every 3 mo.

During regular laboratory testing for liver function, liver enzyme levels, HBV DNA,
anti-HBe, and HBeAg one can define if a patient has developed reactivation, a mutant
or variant virus, and decompensated liver disease. Viral variants can be identified by the
presence of moderate to high levels of HBV DNA in the absence of HBeAg. This clini-
cal profile would strongly support the presence of a precore variant or mutant virus.
Patients who appear to clear HBsAg but do not develop anti-HBs or clear HBeAg but
do not develop anti-HBe may have developed core or surface mutant viruses. The clini-
cal significance of these mutant viruses is not clear. Long-term studies are in progress to
determine what specific markers might identify or predict which patients are at risk of
progressive liver disease. As therapy evolves and becomes much more complex the
options to treat such patients will expand.

8.6. Patients Who Develop Lamivudine Resistance
Initial clinical trials established that treatment of chronic HBV infection with

lamivudine was (1) safe and well tolerated and (2) caused rapid and substantial
decreases in viremia. However, decreases in viremia were not stable and rebounded in
the majority of cases after treatment stopped (119–122). As longer term trials pro-
gressed, it became apparent that “rebound” could occur during treatment and this was
attributed to the development of drug resistance (Table 2). Clinically a variety of drug-
resistant HBV variants or mutants have emerged under the selective pressures of oral
lamivudine and/or famciclovir therapy. Cross-resistance among these variants has also
now been defined with the associated point mutations in the HBV polymerase identified
(Table 2). Rational design of effective single or combination chemotherapeutic strate-
gies for the future will require the determination of the sensitivities of these mutants to
novel nucleoside and nucleotide analogues as they become available. This will be nec-
essary both to provide effective treatment to patients who are already infected with
drug-resistant HBV and to prevent, delay, or at least minimize the possibility of drug re-
sistance arising in treatment-naïve individuals.
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It has been observed that the viral loads are at least 0.5- to 1.0-log greater after viral
breakthrough in this group of patients who develop lamivudine-resistant mutants than at
their pretherapy level. The HBV DNA characterized from these patients usually have
multiple mutations in the polymerase and envelope genes. As with lamivudine resis-
tance, efforts to determine the molecular basis of famciclovir resistance focused pre-
dominately on sequencing the reverse transcriptase portion of the polymerase. In
contrast to lamivudine resistance, which is almost invariably associated with mutation
of the codon M204, famciclovir resistance does not affect the active site (YMDD)
motif, nor does it map predominately to a single locus. Mutations associated with fam-
ciclovir resistance occur most frequently in the A and B motifs for POL and the inter-
motif sequence that separates them. However, mutations have also been observed in
motifs C, D, E, and G of the reverse transcriptase, as well as in the terminal protein
region. In comparison to lamivudine-resistant mutations, considerably less is known
about famciclovir-resistant mutations.

Fortunately there is convincing evidence that indicates that adefovir dipivoxil and
entecavir inhibit replication of lamivudine- and famciclovir-resistant HBV. Knowing
the patient’s previous treatment and possible resistance patterns is very important and
promotes patient management, as all new HBV therapies will be tested against the wild-
type virus infection as well as drug-resistant variants. Cell-free polymerase assays show
that the sensitivity of wild-type and genetically engineered mutant HBV polymerases to
adefovir diphosphate is not significantly different from the wild HBV virus level
(123,124). Analyses from several independent laboratories have confirmed that adefovir
dipivoxil and entecavir are equally effective as inhibitors of wild-type and lamivudine-
resistant HBV in cell culture. Furthermore, recent clinical experience shows that treat-
ment with adefovir dipivoxil can suppress the replication of lamivudine-resistant HBV
in vivo (125,126).

8.7. Patients with Alcohol Dependency
Alcohol use in patients chronically infected with HBV increases the risk for progres-

sion to cirrhosis, results in more rapidly progressive liver disease, and also increases the
risk of liver cancer (12,13,127). Patients with chronic liver disease should not drink
alcohol and patients with documented chronic HBV infection should be educated about
the risks of alcohol use and advised not to drink any alcohol, as the threshold for com-
plications of alcohol use are unknown.

8.8. Patients on Renal (Hemo-) Dialysis
Dialysis patients need to be tested for HBV infection and those without evidence of

immunity need to be vaccinated with a double dose of vaccine in the usual time course
of vaccinations of 0, 1, and 6 mo, as they generally are poor responders to vaccine.
Patients who are chronically infected have been historically isolated from other patients
in dialysis centers, but more recently, with sterile techniques used, the exchange of
equipment in dialysis centers, and other advances in dialysis therapy, we do not man-
date complete separation or isolation of such patients. Treatment of dialysis patients
with chronic HBV infection should focus on the presence or absence of progressive
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liver disease as demonstrated by biopsy. Interferon probably has less efficacy in dialysis
patients owing to the relative state of immunosuppression in these patients (128).
Lamivudine can also be used in renal failure but dose adjustments must take into
account the dominant renal clearance of these medications. Close inspection of the
pharmacokinetics of drug metabolites in renal insufficiency needs to take place during
drug development of other nucleoside or nucleotide medications to determine correct
dosing profiles and avoid renal and systemic toxicity.

9. HBV and Liver Transplantation
The management of posttransplant HBV infection after liver transplant is complex

(12) and is discussed in a separate chapter in great detail. The most important step is to
prevent graft infection or reinfection, which can start before liver transplantation by
screening donors for anti-HBc and recipients for HBV DNA replication and suppress-
ing HBV replication to low levels using nucleoside or nucleotide analogs before the
patient enters the operating room. After transplantation, HBIG is used to bind circulat-
ing virus and prevent graft infection (129) and results in improved survival and a much
lower rate of HBV graft infection, thereby preventing aggressive liver disease. Ganci-
clovir was the nucleoside analogue first used to treat posttransplantation HBV infec-
tion with documented reversal of liver dysfunction and reduced HBV protein
expression in hepatocytes (130). Lamivudine can also be used in the setting of liver
transplantation and is now considered the standard of care for decompensated liver
disease in patients awaiting orthotopic liver transplantation (OLT) and for prevention
of graft reinfection after liver transplantation, especially in combination with HBIG
(12,125,131–144).

Lamivudine maintains viral replication at a very low level initially, both before and
after liver transplantation, and when used in combination with HBIG, after liver trans-
plantation, results in a risk of 5% of graft infection in compliant patients (144). Newer
nucleoside and nucleotide analogs may also be used in a similar clinical setting. The use
of two oral agents such as lamivudine and famciclovir or lamivudine and adefovir dip-
ivoxil may obviate the need for HBIG use, which is quite costly. The emergence of
mutant viruses that are resistant to lamivudine are a major problem after liver transplan-
tation with more than 30–40% of patients developing resistance and more aggressive
liver disease once resistance emerges (145). This resistance was also observed in both
the transplant setting (146–148) and in immunocompetent patients (149–152).
Although varying frequencies of resistance and different times preceding the detection
of resistance were reported, the incidence of resistance clearly correlated with treatment
duration. During the first year of lamivudine therapy, resistance developed in 14–32%
of cases studied (153–155), a frequency that increased to 50% after 2 yr (151).

As outlined above, changes in the HBV POL gene can result in a concomitant
change to the overlapping S gene. Similarly, changes in the envelope gene selected by
pressure of treatment with HBIG or therapeutic vaccination can affect the polymerase
gene. Treatment of HBV recurrence post-OLT with either passive immunoprophylaxis
using HBIG monotherapy or with antiviral agents such as famciclovir or lamivudine
has improved the outcome for a number of patients post-OLT. Unfortunately, viral
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breakthroughs are common and the liver-disease associated with the emergence of
drug-resistant virus can be more aggressive than the wild-type HBV form.

10. Other Organ Transplant Recipients
All organ transplant recipients are at risk for reactivation of HBV disease after receiv-

ing organ transplants such as bone marrow, heart, and kidney (156–160). An expert in
hepatitis B management must evaluate these patients before they undergo transplanta-
tion. If active HBV replication is present, avoiding or delaying organ transplantation is
advised. Some transplant centers historically would not perform organ transplantation on
patients who were HBsAg (+), although currently almost all programs will offer trans-
plantation with HBIG and lamivudine as a method to prevent graft reinfection. Another
clinical setting is the transmission of HBV from the organ donor to the recipient. There
is nearly a 100% risk of recipient infection with HBV if the donor is HBsAg (+) and liver
transplantation in this setting is rarely performed. Another risk is the presence of anti-
HBc in the donor, which poses a small risk of HBV transmission for organ transplant
recipients other than liver (161,162). Finally, recipients who are anti-HBc positive can
reactivate nascent HBV disease once immunosuppression is initiated (163). Any patient
who develops acute liver disease after solid organ transplant needs to be assessed by
HBsAg testing. Conversely, bone marrow transplants have resulted in HBsAg clearance
by adoptive immunity from the donor’s immune cells (164).

11. Conclusion
The best management of patients with HBV can be studied and instituted with the

knowledge and definition of the special populations who are chronically infected with
HBV. Each group needs to be approached separately and when pharmaceutical medica-
tion development takes place, population subgroups need to be studied separately.
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Designing Clinical Development Programs 
for Anti-Hepatitis B Virus Drugs

Nathaniel A. Brown

Introduction and Background
Hepatitis B virus (HBV) infection remains one of the leading infectious causes of

chronic liver disease and death in the world (1,2). With the advent of universal HBV
vaccination and with the availability of antiviral therapeutics, HBV infection is increas-
ingly preventable and treatable. Substantial progress has been achieved with vaccina-
tion programs, but the current social and economic impediments to full global
implementation of universal HBV vaccination render it likely that many people will
continue to be afflicted with chronic HBV infection for several more decades. Hence
antiviral treatment for clinically significant HBV infection will continue to be needed
for the foreseeable future. Current treatment modalities for chronic hepatitis B—inter-
feron, lamivudine, and adefovir—allow clinical management of some patients but are
associated with frequent nonresponse (interferon), frequent viral resistance (lamivu-
dine), or potential safety issues (adefovir), so additional treatment options are needed
before optimal clinical management can be assured for most patients.

Chronic HBV infection, usually defined as HBV infection persisting more than 6–12
mo, is termed the HBV carrier state; chronic HBV infection is clinically established by
documenting persistent hepatitis B surface antigen (HBsAg) antigenemia. Chronic
HBV carriage is associated with the development of chronic necroinflammatory liver
disease, termed chronic hepatitis B, in a proportion of carriers. The severe clinical
sequelae of chronic hepatitis B, that is, decompensated cirrhosis and hepatocellular car-
cinoma, develop in 15–40% of chronic HBV carriers and account for most of the severe
morbidity and mortality associated with HBV infection. Consequently, antiviral devel-
opment programs for HBV infection are focused on treating chronic HBV infection and
its associated chronic liver disease. Acute hepatitis B, associated with acute (primary)
HBV infection, is most often asymptomatic but can be severe and is occasionally fatal.
Most often, however, acute hepatitis B is a self-resolving clinical condition.
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Many chronic HBV carriers have low-level HBV viremia detectable by polymerase
chain reaction (PCR) or other DNA amplification methods, for example, serum HBV
DNA levels averaging 2–5 log10 genome copies/mL. Most of these low-level carriers
remain healthy with minimal or no liver disease, albeit with a lifelong risk of potentially
developing HBV-associated liver disease if HBV replication recrudesces to higher lev-
els (1–3). In contrast, chronic HBV carriers with persistently high levels of HBV repli-
cation—that is, who are HBeAg seropositive and/or have high levels of HBV viremia
(e.g., serum HBV DNA levels � 4–6 log10 genomes/mL)—are at risk for developing
progressive necroinflammatory liver disease, which can lead to cirrhosis and liver fail-
ure or to hepatocellular carcinoma (1–7). Hence, antiviral development programs for
chronic HBV infection usually focus on the subgroup of HBsAg carriers who have the
greatest risk for developing severe long-term clinical consequences of HBV infection,
that is, patients with established necroinflammatory liver disease (chronic hepatitis B)
and persistent high levels of HBV replication, documented by the persistent presence of
hepatitis B “e” antigen (HBeAg) and/or levels of HBV DNA in the bloodstream that
exceed 4–6 log10 copies/mL (1–3).

As a disease entity, chronic hepatitis B can be divided into two disease variants:
HBeAg-seropositive and HBeAg-seronegative. Persistent high replication of wild-type
HBV is associated with persistent detectability of HBeAg in serum. After prolonged
HBV infection, usually decades, a proportion of such patients develop HBV genomic
variants containing mutations in the precore, core promoter, or core gene regions, by
which production of detectable HBeAg is abrogated or reduced below detectable levels
(1–3,8,9). Clinically, such patients may continue to experience progressive liver injury
if HBV replication remains at high levels. The phenotype of such patients with chronic
“precore mutant” hepatitis B (more correctly called precore/core mutant) comprises
variably elevated serum aminotransferases, progressive necroinflammatory changes on
liver biopsy, and serum HBV DNA levels which are usually detectable by unamplified
hybridization assays (e.g., � 6 log10 copies/mL) but which sometimes dip into the 4–5
log10 copies/mL range, particularly as the disease advances (1–3,10).

In patients with wild-type (HBeAg-positive) chronic hepatitis B, HBeAg loss and
HBeAg seroconversion (HBeAg loss and gain of detectable anti-HBe) comprise a
poorly understood transition to a state of substantially lower HBV replication, associ-
ated with a multilog reduction in serum HBV DNA, usually to levels below 6 log10
copies/mL, that is, to levels that are typically undetectable in unamplified hybridization
assays (1–3,11). Such HBeAg responses (HBeAg loss or seroconversion) can occur
spontaneously, at a rate of 2–15%/yr, depending on age and ethnic group derivation.
Because it comprises a usually durable transition to a state of lower HBV replication
and decreased liver inflammation, HBeAg loss/seroconversion is usually clinically ben-
eficial if it occurs prior to the development of cirrhosis. As a corollary, one of the prin-
cipal beneficial effects of antiviral therapy for chronic HBV infection can be to increase
the rate of HBeAg loss and seroconversion in patients with HBeAg-positive chronic
hepatitis B. However, a note of caution is warranted. HBeAg/loss/seroconversion
appears to be immunologically mediated and is often associated with a concurrent
“flare” in hepatic disease, signaled by a period of substantial elevations in serum alanine



Clinical Development of Anti-HBV Drugs 501

aminotransferase (ALT) levels. Disease “flare” activity, with or without HBeAg
loss/seroconversion, can sometimes result in episodes of severe symptomatic liver dis-
ease, including hepatic decompensation and occasionally death. Fortunately, at least in
patients treated with anti-HBV antivirals, severe disease flares with hepatic decompen-
sation appear to be relatively rare in noncirrhotic patients treated with anti-HBV drugs.
In the Phase III trials of lamivudine and adefovir, although a number of patients had
ALT flares associated with HBeAg clearance, there were reportedly no fatal disease
flares and no flares with hepatic decompensation in these 1-yr trials involving patients
with compensated liver disease. Instead, such severe outcomes appear to be more com-
mon in patients with advanced underlying liver disease.

The largest clinical experience in treating chronic viral infection is in the field of
HIV therapeutics. Many experts familiar with the need for multidrug regimens for the
treatment of HIV infection currently consider that combination antiviral therapy may
also be needed for optimal treatment of patients with chronic hepatitis B. However,
there are several important disease differences in HIV vs HBV infection that need to be
considered before prejudging this notion: (1) HIV is cytopathic to its primary target
cells (CD4 lymphocytes), while HBV is essentially a noncytopathic virus with a limited
tissue tropism compared to HIV; (2) HBV is less resistance prone, as HBV mutability is
about 10-fold less than that of HIV during viral replication cycles; (3) intracellular repli-
cation templates for HIV (double-stranded DNA integrants) are maintained by cellular
DNA polymerases, while the replication templates for HBV (covalently closed circular
DNA [cccDNA] episomes) require ongoing HBV polymerase activity for replenish-
ment; (4) HBV infection, even chronic HBV infection, can be self-resolving, with even-
tual immune clearance in some patients; (5) the liver is probably a more regenerable
(more repairable) target organ than the CD4 lymphocyte compartment; and (6) progres-
sion to end-stage disease is, on average, significantly slower for HBV infection com-
pared to HIV infection (e.g., 10–40 yr for HBV infection compared to 5–15 yr for HIV).
These considerations, and the clinical results from hepatitis B trials with interferon and
lamivudine, collectively suggest that, unlike the HIV circumstance, antiviral monother-
apy can have substantial clinical value in treating HBV infection. Thus, although clini-
cal investigation of combination regimens for HBV infection will be important,
monotherapy regimens may continue to have a role in the treatment of patients with
compensated chronic hepatitis B—especially if newer HBV antivirals, with more pro-
found and more sustained suppression of HBV replication, are found to be associated
with increased durable response rates in these patients, compared to interferon, lamivu-
dine, and adefovir. On the other hand, it is already apparent that combination regimens
need urgent evaluation in HBV patient subgroups for whom durable response rates are
low (e.g., patients with precore mutant HBV infection), or in whom the consequences
of disease progression due to resistance-associated viral breakthrough can be severe or
fatal (e.g., posttransplant patients or patients with decompensated cirrhosis).

Present antiviral therapies for HBV infection have minimal short-term effect on
hepatic cccDNA pools, although a recent small-scale study with adefovir suggests that
long-term nucleoside/nucleotide therapy (1 yr or more) can be associated with a reduc-
tion in cccDNA (12). Consequently, current therapies do not usually eradicate HBV
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infection in the early years of treatment, and clinical treatment guidelines generally
restrict treatment recommendations to patients with high-level HBV replication and evi-
dence of underlying chronic liver disease, in whom HBV suppression can be clinically
beneficial through amelioration of liver disease even when HBV infection is not fully
eradicated. Indeed, the fact that long-term durable responses can be achieved in HBeAg
seroconverters, despite the persistence of hepatic cccDNA and low-level HBV viremia,
argues that virologic “cures” are not necessary for durable clinical responses in hepatitis
B patients. Nonetheless, it can also be said that, if HBV therapy becomes more eradica-
tive, that is, if treatment regimens can be derived that result in HBsAg clearance in a
large proportion of patients within the first 1–2 yr of therapy, then antiviral therapy could
appropriately be used more widely in chronic HBV carriers. Under these circumstances,
the issue of treating the “inactive” HBV carrier state (i.e., HBV chronic carriers with nor-
mal ALTs and minimal liver disease) could be readdressed in controlled studies.

It is possible that “direct” antivirals (nucleosides/nucleotides) may not afford maxi-
mal HBV clearance rates, even when used in combination. Increasing evidence sug-
gests that type I immune responses are important to natural clearance of HBV infection,
and may be important for optimal responses to anti-HBV agents. Hence, for optimal
rates of durable HBV clearance, it may be necessary to combine direct antiviral agents
(i.e., nucleosides/nucleotides) with immunomodulators. This notion will likely remain
an important issue in HBV clinical research, and will be more tractably addressed as the
science and pharmaceutics of immunomodulation make parallel progress with antiviral
pharmaceutics.

Previous clinical development programs for HBV antivirals, including the ground-
breaking clinical trial programs conducted with interferon products and with lamivudine,
have resulted in clinicians’ current ability to clinically manage some patients with
chronic hepatitis B, and have provided important insights relevant to the design of clini-
cal trial programs for new HBV antiviral therapeutics. Phase III adefovir data are avail-
able only in abstract form as this chapter goes to press, so much of the paradigm for HBV
drug development described here will be drawn from the extensively published clinical
trial data for interferon and lamivudine. Key observations to consider from the interferon
and lamivudine clinical development programs can be summarized as follows.

1.1. Key Insights from Interferon (IFN) Trials and Follow-Up Studies
• Over study periods of 10–24 mo, HBeAg loss and seroconversion (gain of anti-HBe) were

significantly more frequent with IFN treatment compared to no treatment, and were associ-
ated with generally durable clinical benefits (ALT normalization and longer term histologic
improvement), in patients who responded with loss of HBeAg, who comprised a minority of
treated patients.

• The major pretreatment factors favorably associated with HBeAg clearance were elevated
serum ALT levels (e.g., 	 2× upper limit of normal [ULN]) and low serum HBV DNA lev-
els (� 200 pg/mL by an unamplified solution hybridization assay) (1–3,13).

• Some HBeAg-responding patients lost detectable HBsAg, usually months to years after the
loss of detectable HBeAg (1–3,14).

• In association with HBeAg loss/seroconversion, patients’ HBV viremia typically dropped to
levels of 2–5 log10 copies/mL, similar to the viremia levels found in inactive carriers, and
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remained in this low range if the patient remained HBeAg-seroconverted, except in patients
in whom loss of HBeAg was caused by the development of precore mutant HBV strains.

• At the time of HBsAg loss, serum HBV DNA usually became nondetectable (even by PCR
methods), but HBV DNA remained detectable in patients’ livers, probably mostly in the
form of cccDNA but perhaps also with some HBV DNA integrants (14).

• Although still somewhat controversial, it appears likely that therapeutic induction of
HBeAg loss/seroconversion in precirrhotic patients is associated with a reduced long-term
risk for decompensated cirrhosis (15,16).

• One retrospective follow-up study suggested a beneficial effect of IFN treatment on the inci-
dence of hepatocellular carcinoma. This observation needs confirmation in additional studies.

• Treatment of HBeAg-negative patients (with precore mutant HBV infection) appeared
potentially beneficial, with ALT normalization and histologic responses in some patients,
but most responders relapsed after 4–12 mo of IFN treatment (17,18).

• IFN treatment of patients with decompensated cirrhosis was found to be risky, with some
treated patients experiencing leukopenia-related bacterial sepsis and some experiencing dis-
ease flares with hepatic decompensation (1–3).

1.2. Key Insights from the Lamivudine Trials
• Unlike IFN, lamivudine treatment was associated with nearly universal initial virologic

responses (HBV DNA reductions), which were variable but averaged about 3 log10 at 1 yr of
treatment (19–23).

• Lamivudine-related suppression of serum HBV DNA levels was consistently associated
with significantly more frequent efficacy responses (histologic response, HBeAg loss/sero-
conversion, ALT normalization) during the first year of treatment, compared to concurrent
placebo control groups (19,20,23).

• HBeAg responses appeared to be equally frequent for lamivudine and IFN 12 mo after ini-
tiation of therapy, using a standard (16-wk) course of IFN (23,24).

• Like IFN, elevated pretreatment ALT level was significantly associated with HBeAg
responses to lamivudine treatment (24).

• Unlike IFN, pretreatment viral load (HBV DNA level) did not appear to significantly influ-
ence HBeAg responses to lamivudine, after multivariate adjustment for other pretreatment
covariates (24).

• Tolerance of lamivudine was found to be good, allowing longer term treatment which can be
associated with additional cumulative HBeAg responses after the first year (25,26).

• Like IFN, lamivudine-related HBeAg responses appeared to be durable posttreatment in
most (but not all) HBeAg-responding patients, especially if treatment was continued for at
least 6–12 mo after HBeAg loss (27,28).

• Serum ALT normalization and histologic responses were observed when HBV viremia was
reduced to levels persistently below 5–6 log10 copies/mL, but HBeAg responses were
uncommon unless viremia was reduced to levels persistently below 4 log10 copies/mL (22).

• While clinical efficacy responses were observable when HBV DNA levels were lowered to
6 log10 or less, HBV resistance (with YMDD-mutant HBV strains) commonly emerged
eventually, except in those whose serum HBV DNA levels were brought below 2–3 log10
copies/mL in the first 6 mo of treatment (29).

• Lamivudine-resistant HBV strains were increasingly detectable by PCR methods in patients
after the first 6–8 mo of treatment. After 3 or 4 yr of lamivudine, approx 50–65% of patients
had PCR-detectable YMDD-mutant HBV strains, with or without evidence of virologic
breakthrough (25,26).
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• Therapeutic responses were variably diminished after the development of lamivudine-
resistant HBV strains. Patients who developed YMDD mutants typically had return of HBV
DNA levels � 6 log10 copies/mL and recrudescence of elevated ALT levels, although both
parameters often remained partially improved compared to pretreatment values, for
extended periods (19–23,25,26,30).

• In the combined Phase III data, patients who developed YMDD mutants reverted to an
HBeAg loss/seroconversion rate that was indistinguishable from the HBeAg clearance rate
observed in placebo recipients (30).

• In HBeAg-negative patients (with precore mutant HBV infection), virologic and clinical
responses, that is, ALT normalization and histologic responses, were satisfactory in the first
year of lamivudine treatment. Thereafter, diminished therapeutic responses were increas-
ingly frequent with the development of YMDD-mutant HBV in many patients, so that a
minority of HBeAg-negative patients exhibited continued clinical benefit after 3 yr of treat-
ment (18,31).

• Lamivudine treatment of patients with decompensated cirrhosis appeared promising with
regard to first-year HBV suppression and improvements in liver function in salvageable
patients (32–35). Improvements in hepatic synthetic function (increases in serum albumin)
and excretory function (decreases in serum bilirubin) were appreciable within 3–6 mo of
initiation of lamivudine therapy. After a period of response, some patients later experienced
viral breakthrough, which was occasionally associated with rapid or fatal hepatic disease
progression (36).

The above observations from the clinical trials of interferon and lamivudine provide
important background information relevant to clinical trial designs for new anti-HBV
therapeutics. Additional important data will soon be available from publication of the
Phase III data for adefovir dipivoxil. Clinical and virologic data from these previous
trial programs, and other pertinent information in the literature regarding HBV epi-
demiology and natural history, should be carefully consulted when designing clinical
trial programs for anti-HBV therapeutics. In the following discussion, HBV drug devel-
opment and clinical trial design are organized topically, with selected reference to key
publications and sources of data.

2. New HBV Therapeutics: A Changing Window of Opportunity
Before committing substantial resources to a clinical development program for a

new anti-HBV agent, it is essential to define clearly the anticipated role for the new
agent in the HBV therapeutic armamentarium. Several issues affect the long-term med-
ical and commercial viability of a candidate anti-HBV agent. First, it is crucial to under-
stand how the new agent might address unmet medical needs. The major deficiency of
current antiviral therapy for hepatitis B, in both adults and children, is suboptimal sus-
tained response rates. Lifelong suppressive therapy could prove to be beneficial in some
patients, but is unrealistic in most regions of the world where HBV is endemic. Hence it
would be highly desirable to be able to induce therapeutic responses in the vast major-
ity of patients that could be shown to be durable posttreatment. Other deficiencies of
current therapy include inadequate options for managing patients with advanced liver
disease, that is, decompensated cirrhosis. Interferon is relatively contraindicated in this
patient group, and the benefits of lamivudine are promising but sometimes transient in
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decompensated patients. Also, for both interferon and lamivudine, HBeAg-negative
(precore mutant) hepatitis B has proved to be a special challenge, with suboptimal
durable response rates and a clear need for additional options to allow long-term patient
management. Other difficult subgroups include patients coinfected with HIV, HCV, or
hepatitis delta virus (HDV). The potential role of a new HBV drug candidate for
addressing these or other unmet medical needs should be clearly defined at the start of
the clinical development program. A useful exercise in this regard is to define the
desired product profile for the new agent with regard to efficacy and safety expectations
for targeted HBV patient populations, and then to draft the key elements of the desired
product label. This project team exercise provides a clear definition of the specific goals
for the new agent and provides a framework for the design of the subsequent clinical
development program, with relevance for both preclinical and clinical efforts going for-
ward on the project.

In addition to the role of the new agent in addressing unmet medical needs, it is
important to assess the commercial goals for the new product, to ensure its viability in
the medical marketplace. At present, commercial forecasting for HBV therapeutics
remains fraught with difficulty. Because there were no effective treatments for hepatitis
B until recently, and because most hepatitis B patients reside in economically develop-
ing regions of the world, it is fair to say that the HBV marketplace is relatively unestab-
lished at present. However, because of the presently large number of chronic HBV
carriers (about 300–400 million, worldwide), it is apparent that the HBV pharmaceutic
market will grow substantially over the next 10–15 yr, before leveling off and perhaps
declining due to the eventual beneficial effects of global HBV vaccination programs in
reducing the number of new patients with chronic hepatitis B. Market data suggest an
approx 20-fold growth in hepatitis B related prescriptions in the first 4 yr following the
global regulatory approvals for lamivudine, which bodes well for continued growth in
the HBV antiviral marketplace in the next 10–20 yr as therapy gets better and better and
world economies grow. It should therefore be apparent that the commercial viability of
any new anti-HBV product is likely to depend on a global development and marketing
approach, especially including Asia and other developing regions of the world. HBV
clinical trial programs should be designed to prominently include patients from HBV-
endemic regions with growing economies and adequate intellectual property laws.

Finally, before undertaking a detailed discussion of HBV drug development issues, a
note of caution is warranted for the undertaking of new HBV research and development
programs. In view of the HBV drug candidates currently in clinical trials, it is likely that
by 2008 there will be three or four new regulatory-approved antiviral drugs (nucleo-
sides/nucleotides, and possibly new interferons) for treating HBV infection, in addition
to the current armamentarium of interferon-� (IFN-�), lamivudine, and adefovir. One or
more of the new drugs may prove to be as safe and well tolerated as lamivudine, and by
that time there may be supportive evidence for treatment regimens that are more effective
than the current armamentarium—either monotherapy regimens or combination regi-
mens. Consequently, any new drug candidates beyond those currently approved or in
development will need to have well-defined expectations with regard to efficacy improve-
ments. Conceivably, more profound antiviral effects from new nucleoside regimens will
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be sufficient to achieve substantially better HBV clearance than is currently feasible
with interferon or lamivudine alone. It is worth noting that a recent retrospective analy-
sis of clinical data suggested that reducing HBV viremia to nondetectable levels (by
PCR) in the first 6–12 mo of treatment may be associated with early clearance of serum
HBsAg, the ultimate predictor of probable long-term therapeutic benefit (37). However,
it may also be the case that optimal HBV inhibition will require new drug candidates
with unique mechanisms of action—for example, to provide more eradicative effects on
cccDNA and better eradication of HBV-infected cells, through enhanced antiviral
effects or through immunomodulatory mechanisms.

3. General Issues in Clinical Trial Design for HBV Drug Candidates
The following discussion primarily addresses issues related to the design of Phase II

and III clinical trials of new HBV drug candidates, after a brief comment on Regula-
tory and Phase I (clinical pharmacology) issues. In this discussion, it is assumed that
all future HBV clinical trials should be conducted to Good Clinical Practice (GCP)
standards.

3.1. Regulatory Considerations
Because the majority of hepatitis B patients are in developing regions of the world,

particularly Asian countries, a global approach is usually desirable for HBV clinical trial
programs. Internationally agreed standards and guidelines for clinical development pro-
grams have been promulgated by the International Conference on Harmonization of Tech-
nical Requirements for Registration of Pharmaceuticals for Human Use, an international
regulatory collaboration commonly known as “ICH.” The ICH guidelines have clarified
and partially standardized the scientific requirements for international drug development,
and offer a chance for streamlining of clinical trial programs and multinational regulatory
submissions through guidelines for clinical trial design and for a standardized submission
format for clinical data known as the Common Technical Document (CTD). The original
signatories to the ICH agreements (the United States, Europe, Japan) have fully commit-
ted to adhering to ICH recommendations. Also, many other (nonsignatory) countries have
indicated their intent to recognize ICH standards and allow final data submissions in the
CTD format, including several countries in Asia that are important for hepatitis B devel-
opment programs. However, despite regulatory progress with the international adoption of
ICH guidelines and standards, there can still be significant local variation in regulatory
processes and requirements, both for clinical data submissions and for CMC (chemistry,
manufacturing, and controls) issues. It is therefore essential that HBV pharmaceutic
development teams include expertise in international regulatory affairs.

3.2. Phase I: Clinical Pharmacology Issues
Because hepatitis B is endemic in regions of the world where access to specialized

medical care is often limited, it is highly desirable that HBV therapeutics have good
oral bioavailability and good safety profiles, allowing simple outpatient management
and minimal safety concerns for patients between clinic visits. If effective, safe, orally
bioavailable alternatives are available, parenterally administered agents, especially
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those requiring frequent dosing and/or close patient monitoring for toxicities, are not
likely to achieve widespread medical acceptance in areas of the world where chronic
HBV infection is endemic.

To allow safe and effective use in all stages of liver disease, it is desirable that there
be minimal or no hepatic metabolism of therapeutic agents for hepatitis B, and that they
be primarily renally cleared rather than hepatically cleared. Also, because hepatorenal
syndromes are common with decompensated liver disease, it is important to establish
whether a renally cleared drug accumulates under conditions of renal insufficiency, and
whether dose modifications may therefore be advisable in patients with renal insuffi-
ciency. These comments apply to many (but not all) nucleosides/nucleotides, which
tend to be renally cleared, usually with minimal hepatic metabolism.

When designing dosing regimens for antiviral agents, it is desirable that systemic
drug levels remain above the inhibitory concentrations (IC50 or IC90) at which the agent
has been demonstrated to inhibit virus replication in vitro. Many nucleoside or
nucleotide agents have long intracellular half-lives (as triphosphates), and many have
prolonged systemic elimination kinetics with a long terminal elimination half-life. Such
agents can be conveniently used in once-daily dosing regimens while continuously
maintaining viral-suppressive drug levels.

Other specific pharmacology issues include potential drug interaction issues, which
are particularly important for HBV patient subgroups that may be treated with multiple
concurrent medications, such as HIV-coinfected patients and liver transplant recipients.
In the organ transplant setting and under other circumstances where glucocorticoid med-
ications are routinely used (e.g., severe asthma and autoimmune disease), it is worth
keeping in mind that the HBV genome has a steroid-responsive element, and commonly
used glucocorticoids (such as prednisone and methylprednisolone) can induce higher
levels of HBV replication. Finally, as the HBV therapeutic armamentarium expands, it
will be important to conduct studies investigating potential drug interactions with other
HBV antivirals, anticipating the possible use of new HBV drug candidates in combina-
tion regimens with other anti-HBV drugs. At present, for example, it would be appropri-
ate to conduct drug interaction studies for new HBV drug candidates with IFN-�,
lamivudine, adefovir, and possibly transplant-related immunosuppressive medicines
such as cyclosporine and tacrolimus.

The following discussion addresses considerations in the design of Phase II and III
trials for new candidate anti-HBV agents.

3.3. Patient Populations for Study
To date, HBV clinical development programs have primarily focused on assessing

treatment in adults with chronic hepatitis B and compensated liver disease, a decades-
long disease phase that precedes severe morbidity and mortality by many years, on
average. Such patients have appreciable underlying necroinflammatory liver disease but
are typically noncirrhotic, asymptomatic, or minimally (nonspecifically) symptomatic,
and can safely be enrolled in long-term treatment studies (e.g., for trial periods of 1–2
yr, or possibly more), without substantial risk of severe morbidity or mortality during
the study periods. For example, among more than 900 adult patients with compensated
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HBeAg-seropositive chronic hepatitis B enrolled in four 1-yr Phase III lamivudine tri-
als, there were no deaths and no episodes of hepatic decompensation during the 1-yr
study periods for any of the subjects, including the 200 placebo recipients
(19,20,23,30). In contrast, patients with more advanced disease stages (e.g., decompen-
sated cirrhosis) can exhibit clinical disease progession, with severe morbidity or mor-
tality, over relatively short time frames (4–7).

The pathogenesis of HBV-associated liver disease—that is, a progressive necroin-
flammatory response quantitatively related to the level of ongoing HBV replication in
the liver—is similar in both HBeAg-positive and HBeAg-negative chronic hepatitis B,
and the therapeutic goals are similar in both patient groups, that is, durable abrogation
of HBV replication to ameliorate the necroinflammatory liver disease. Thus “com-
bined” trial designs can be envisaged in which both HBeAg-positive and -negative
patients with chronic hepatitis B are enrolled as a single trial population, prestratified for
HBeAg status to facilitate secondary efficacy analyses of subgroup-specific efficacy end-
points. Traditionally, however, the two patient subgroups have been studied separately,
for example, in the clinical trial programs for interferon, lamivudine, and adefovir.

A list of suggested entry criteria for Phase II–III trials, defining eligible adult
patients with compensated chronic hepatitis B, is given in Table 1. Minor variations of
these inclusion and criteria are apparent in the key controlled trials of interferon,
lamivudine, and adefovir.

Note that entry criteria for Phase II trials do not necessarily require elevated serum
aminotransferase levels, since the principal goals of Phase II antiviral trials are usually
to assess dose-related antiviral effects (HBV DNA reductions) rather than clinical effi-
cacy endpoints. Conversely, at the present time, Phase III trials should include only
patients with elevated ALTs and substantial underlying liver disease, unless a new agent
has preclinical data and Phase I–II clinical data supporting a novel HBV-eradicative
effect that might be clinically beneficial in inactive HBV carriers.

Trial entry criteria for evidence of HBV replication typically require pretreatment
serum HBV DNA levels of 5–6 log10 copies/mL. Results from numerous clinical stud-
ies indicate that patients with untreated HBeAg-seropositive chronic hepatitis B typi-
cally have HBV viremia levels in the range of 6–10 log10 copies/mL, averaging 8–9
log10 at study entry (13,19–23). Consequently, an inclusion criterion of serum HBV
DNA � 6 log10 is most often used in current clinical trials for patients with HBeAg-
positive chronic hepatitis B. Literature reports suggest somewhat lower average HBV
DNA levels in untreated but histologically active HBeAg-negative chronic hepatitis B,
averaging about 1 log10 lower than viremia levels in HBeAg-positive patients, perhaps
related to the generally more advanced liver disease in HBeAg-negative patients
(3,10,38). Consequently, an entry HBV DNA level of 5 or 6 log10 copies/mL is appro-
priate for clinical trials in HBeAg-negative patients. A cautionary note is that, at HBV
DNA levels of about 5 log10 copies/mL, the patient population with histologically
active, HBeAg-negative chronic hepatitis B can overlap with the inactive HBV carrier
population, in whom HBV viremia is typically 2–5 log10 copies/mL. Therefore in such
patients it is important to document, at study entry, elevated ALT levels and significant
chronic inflammation on liver biopsies.
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After establishing a preliminary safety profile and determining the preferred dose of
a new anti-HBV agent in Phase I–II trials, the goals of Phase III trials are to provide
adequate and well-controlled data regarding efficacy and safety of the new agent in the
primary patient population targeted for product labeling. In designing Phase III trials
for anti-HBV agents, the critical trial design dilemma is the imperfect correlation
between antiviral effects (HBV DNA reductions) measured in Phase I–II trials and the
clinically relevant endpoints to be measured in Phase III controlled trials. This issue is
further addressed below in the efficacy endpoints discussion.

3.5. Observation Periods in Phase III Trials
As noted earlier, Phase III trials have typically been conducted in populations of

chronic hepatitis B patients with compensated liver disease, in whom a prolonged
period of treatment benefit should be demonstrated in light of the expected long period
of minimally symptomatic disease prior to the development of decompensated cirrhosis
or hepatocellular carcinoma. Early registration trials with interferons typically included
treatment periods of 4–6 mo, with posttreatment observation periods of 6–12 mo. Phase
III trials with lamivudine utilized a 1-yr treatment period with 3- to 4-mo follow-up
periods, and Phase III trials with adefovir, currently ongoing, utilize a 2-yr study period
with an interim analysis after 1 yr. Therefore, while ALT normalization and histologic
improvements can be seen with effective antiviral treatments within 4–6 mo, previous
antiviral registration programs for hepatitis B have set an important precedent, to the
effect that, in patients with compensated liver disease, clinical benefit for new anti-HBV
agents should be demonstrated for at least one year or more. Indeed, because of the pre-
viously demonstrated possibilities of diminished benefit due to viral resistance or post-
treatment relapse of an HBV replicative state, it is currently desirable that pivotal trials
for new agents demonstrate longer periods of clinical benefit, for example, 2 yr or more.
For efficient registration, it may be desirable for the initial clinical dossier to be con-
structed on the basis of an analysis of first-year data, but the trial program should sub-
sequently proceed to gather controlled efficacy and safety data for 2 yr or more. In
addition, Phase IIIb–IV follow-on trials for lamivudine and adefovir are providing
open-label extended-treatment data for reenrolled Phase III patients, to 5–6 yr of total
treatment.

If controlled Phase III trials were to be conducted in patients with decompensated
liver disease, trial observation periods in principal could be somewhat shorter (6–12
mo), as improvements in clinical endpoints (Child–Turcotte–Pugh scores, albumin and
bilirubin levels, etc.) reflecting improved hepatic function are immediately beneficial to
these patients. However, decompensated patients are more difficult to accrue in large
numbers, and the high frequency of expected adverse events in these patients (related to
their hepatic decompensation) can confound the safety profile of new anti-HBV drug
candidates. Hence, trials in decompensated patients should be approached with caution,
and should be initiated only after sufficient preliminary safety data have been gathered.
More discussion of conducting clinical trials in hepatitis B patients with decompensated
liver disease is offered below.
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Table 1
Key Entry Criteria for Phase II and III Trials 
in Patients with Compensated Chronic Hepatitis B

Inclusion criteria
Age: Typically 18–65 (or 70) yr
Male or female
Medical history compatible with chronic hepatitis B
HBsAg seropositive at Screen

Some protocols require documented HBsAg+ more than 6 mo; not necessary if patient has
recent liver biopsy compatible with chronic hepatitis B

HBeAg seropositive at Screen (if this is the target population)
Serum HBV DNA:

� 6 log10 copies/mL for HBeAg-positive patients
� 5 or 6 log10 copies/mL for HBeAg-negative (“pre-core mutant”) patients

Serum ALT levels
� 10× ULN, for Phase II studies (normal ALTs allowed)
� 1.2, �1.3, �1.5, or � 2× ULN and � 10× ULN, for Phase III studies

Pretreatment liver biopsy compatible with chronic hepatitis B
Desirable for Phase III studies

Willing and able to give informed consent

Exclusion criteria
Coinfection with hepatitis C virus (HCV), hepatitis D virus (HDV), or HIV
Previous antiviral therapy for hepatitis B (if target population is treatment-naïve)

Previous failure to interferon therapy is OK if no interferon in past 12 mo
Concurrent medical condition that requires prolonged or frequent systemic corticosteroids
Concurrent medical condition that requires prolonged or frequent acyclovir or famciclovir 

(e.g., for recurrent herpes virus infections, etc.), which can be defined as treatment with 
these agents for periods exceeding 10 d every 3 mo, or chronic suppressive therapy.

History of signs of hepatic insufficiency: ascites, variceal bleeding, hepatic encephalopathy,
spontaneous bacterial peritonitis, or other signs of hepatic decompensation.

History of clinical pancreatitis
History of hepatocellular carcinoma (HCC) or findings suggestive of possible HCC

If patient has suspicious foci on imaging studies or elevated serum �-fetoprotein (AFP)
level, HCC should be ruled out prior to consideration for study
Currently abusing alcohol or illicit drugs, or has a history of alcohol or substance abuse
within the preceding 3 years

Patient has one or more additional known primary or secondary causes of liver disease.
Gilbert’s syndrome and Dubin–Johnson syndrome, two benign disorders associated with 

low-grade hyberbilirubinemia, should not disqualify patients.
Any concurrent medical condition likely to preclude compliance with the schedule of 

evaluations in the protocol, or likely to confound efficacy or safety observations. History of
treated malignancy (other than HCC) is allowable if the patient’s malignancy has been in
complete remission off chemotherapy and without additional surgical interventions during
the preceding 3 yr.

Abnormal laboratory values at Screen:
Hemoglobin � 11 g/dL for men or � 10 g/dL for women
Total WBC count � 3000/mm3 or absolute neutrophil count (ANC) � 1500/mm3

continued
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Table 1 (continued)
Key Entry Criteria for Phase II and III Trials 
in Patients with Compensated Chronic Hepatitis B

Platelet count � 75,000/mm3

Elevated serum creatinine
Serum amylase or lipase � 1.5 × ULN
Low serum albumin (e.g., � 3.5 g/dL)
Total bilirubin � 2.0 mg/dL
Prothrombin time prolonged by more than 3 s despite vitamin K administration

3.4. Phase II and III Trial Goals
Phase II trials typically focus on assessments of optimal dosing and the generation of

preliminary efficacy and safety data, in the patient population(s) targeted for Phase III
registration trials. It is therefore desirable that Phase II patient populations should be
similar to the expected Phase III population, with minor exceptions in inclusion/exclu-
sion criteria for expediencies. Depending on the amount of existing human exposure
data prior to the first Phase I–II study in patients, dose-ranging trials can be conducted
with a true dose-escalation study design if previous human data are minimal, or in par-
allel dosing cohorts if preliminary safety is established by earlier Phase I studies or use
of the agent in other patient populations. In either case, it is highly desirable that Phase
I–II dosing studies be conducted in a randomized fashion, including some placebo
patients within each dosing cohort. In general, Phase I–II dose cohorts in HBV trials
should each have at least 6–20 subjects. With nucleoside/nucleotide agents, observed
HBV DNA reductions can exhibit significant interpatient variation and can appear
somewhat truncated in patients with relatively low pretreatment HBV DNA levels (e.g.,
� 7 log10 copies/mL). Thus, reasonable-sized dose cohorts are required, to avoid mis-
leading dose–response results resulting from baseline imbalances in viral load and
interpatient variation in response within dose cohorts.

Because Phase I–II studies are usually of short duration, serologic responses are gen-
erally the primary efficacy assessments in such studies. Serum HBV DNA reductions
are typically the primary efficacy assessment in Phase I–II studies, although serum ALT
normalization can be assessed in a preliminary fashion in Phase II studies with treat-
ment periods of 3 mo or more. A note of caution: spontaneous HBeAg responses can
occur in the first 3–6 mo of treatment in Phase II–III trials and should not be assumed to
be treatment related. Such patients typically have low quantitative levels of HBeAg and
relatively high ALT levels on study entry. Further discussion of HBV DNA response
patterns and HBeAg responses is given below. Safety assessments in Phase II trials
enrolling compensated hepatitis B patients include routine monitoring of hematalogic
parameters, routine serum chemistries, urinalyses (at limited time points), and any
assessments that may be appropriate parameters for monitoring with respect to known
potential toxicities of the investigational agent. Recommendations for Phase II efficacy
and safety assessments are summarized in Table 2, and further discussion of efficacy
and safety parameters is offered in the Phase III-related discussion below.
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4. Efficacy Endpoints for Phase II and III Trials
This section focuses on a discussion of the various efficacy endpoints that are appro-

priate for study in hepatitis B clinical trials, and methodologic issues for these efficacy
assessments. A discussion of trial design issues, including the choice of primary vs sec-
ondary efficacy endpoints, is presented later in this chapter.

4.1. Antiviral Responses (HBV DNA Reductions)
Antiviral responses in HBV clinical trials are measured as reductions in serum HBV

DNA from pretreatment (baseline) levels. Earlier trials typically used unamplified
hybridization assays for HBV DNA, which detected HBV viremia levels greater than
5–6 log10 copies/mL. Current HBV trials generally utilize more sensitive HBV DNA
assays, utilizing DNA amplification methods (e.g., PCR or branched-chain amplifica-
tion). Earlier literature reports and recent expert consensus publications support the

Table 2
Phase II and III Efficacy Assessments in Patients with Compensated Chronic Hepatitis B

Phase II (or Phase I/II) Efficacy Assessments
Serum HBV DNA levels

Treatment-period changes in mean/median values
Proportions of patients who achieve HBV DNA reductions to various levels

To HBV viremia levels of 5 log10, 4 log10, and 3 log10 copies/mL
To PCR-nondetectable levels

Posttreatment changes in mean/median values
Assessments of virologic breakthrough to “clinically significant” levels

For example, to levels � 5 log10 or � 6 log10 copies/mL
Usually not necessary if treatment � 6 mo

Serum HBeAg and HBeAb
Assess at Screen, Baseline, and serially after 2–3 mo of treatment

Serum HBsAg and HBsAb
Assess at Screen, Baseline, and serially after 3–6 mo of treatment

Serum ALT levels
Changes in mean/median values during treatment and posttreatment
Proportion of patients with “ALT normalization” at each study visit

patients with ALT ≤ ULN whose ALT was �ULN at Baseline
ALT normalization not common until at least 2–3 mo of treatment

Phase III Efficacy Assessments
All of the above, plus histologic response if required

Assess histologic scoring changes in paired liver biopsies
For example, 2-point (or greater) reductions in Knodell necroinflammatory score (sum of 

first three components of Knodell HAI score)
Fibrosis changes assessed by slide-ranking method and/or by scoring

pretreatment biopsy should be within 12 mo prior to start of treatment, with no
intervening additional treatment

Follow-up biopsy usually stipulated for 1 yr; longer if possible
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notion that, in most HBV carriers, serum HBV DNA levels below 5–6 log10 copies/mL
or so may not be clinically significant, as such low levels are usually not associated with
a risk for progressive liver disease, except perhaps in cirrhotic patients. Hence in clini-
cal practice unamplified assays for HBV DNA may be adequate for diagnostic purposes
and for most patient monitoring purposes. However, in clinical trials it is desirable to
assess the full range of changes in HBV DNA levels by using sensitive methods (e.g.,
PCR-based assays), as analyses of the quantitative degree of HBV suppression may
prove to have relevance to eventual clinical efficacy observations and to the evolution of
drug-resistant HBV variants.

Analytically, serum HBV DNA reductions are usually assessed as mean and median
changes for each treatment group, with variance measures. Comparative treatment
effects can also be assessed as a difference in average means (DAVG) of HBV DNA
levels (or HBV DNA reductions) over a defined treatment period, or a conceptually
similar approach termed AUCMB (area under the curve minus baseline) in which, for a
given treatment group, the time-related area under the viral load curve is approximated
by the use of trapezoidal rules. The DAVG and AUCMB methods allow sensitive com-
parisons of time-weighted average antiviral effects between treatment groups, requiring
relatively low cohort sizes for statistically significant comparisons in Phase II dosing-
cohort studies. However, this approach is not advisable for comparison of antiviral
effects in Phase III studies, where the clinical focus is on the depth and duration of HBV
suppression for each treatment group, with the most important timepoints for intergroup
comparisons being the end-of-treatment and end-of-study visits, rather than a compari-
son of time-weighted average effects.

In addition to quantitative analyses of HBV DNA reductions, in Phase II or III clini-
cal trials a categorical HBV DNA response can be defined, using the “one-point” or
“two-point” methods. A two-point categorical HBV DNA response definition was uti-
lized in the lamivudine trials, by which a patient was said to have achieved HBV DNA
response if he or she had a detectable HBV DNA value at baseline and had undetectable
HBV DNA levels (in an unamplified hybridization assay) on at least two consecutive
post-baseline study visits. In the present era of sensitive, quantitative PCR-based
assays, using the two recent consensus publications cited above a definition of HBV
DNA response could be adopted to require the achievement of two consecutive HBV
DNA levels below 5 log10 in a patient who had a baseline level � 6 log10 copies/mL
(2,3). However, categorical response definitions for HBV DNA alone are somewhat
arbitrary and are not necessarily advisable. If a categorical HBV DNA response defini-
tion is elected, it is desirable to analyze the proportions of patients exhibiting that
response to the end of treatment, termed “maintained” response, and the proportion of
patients exhibiting the response to the last posttreatment visit, termed “sustained”
response. Rather than extensive analyses of arbitrary categorical response definitions
for HBV DNA changes, however, it may be wiser to simply assess treatment groups
with regard to mean/median HBV DNA reductions at key time points, on-treatment and
posttreatment. In addition, because there may be “threshold effects” with regard to the
relationship between HBV DNA suppression and clinical efficacy endpoints, it is desir-
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able to analyze the proportions of patients achieving HBV DNA levels below 5 log10,
below 4 log10, below 3 log10, and undetectable levels (by PCR) for each treatment group
at key timepoints.

In hepatitis B patients, treatment-related changes in serum HBV DNA levels typi-
cally exhibit a biphasic pattern during the first 3–6 mo of treatment, illustrated in Fig. 1.
After initiation of potent anti-HBV therapy there is usually an initial rapid drop in
serum HBV DNA level in the first week or two, termed “first phase clearance,” followed
by a more gradual reduction in subsequent weeks, termed “second phase clearance.”
Second phase clearance can be quite heterogeneous. In this “viral dynamics” perspec-
tive, it is thought that the HBV DNA drop in the first phase reflects inhibition of HBV

Fig. 1 HBV viral dynamics under antiviral therapy. (A) Typical pattern of early virologic
response to potent anti-HBV therapy of short duration. Depicted here are results of a study with a
4-wk treatment period and a 12-wk posttreatment follow-up period. With highly active antivirals,
serum HBV DNA reductions are rapid and steep during “first-phase” HBV clearance, that is, dur-
ing the first week or two of treatment. HBV DNA reductions then become more gradual and more
heterogeneous among different patients during “second-phase” HBV clearance. First-phase HBV
clearance is thought to reflect the net result of catabolism of circulating HBV templates and inhi-
bition of new HBV DNA replication from existing HBV templates. Slower second-phase clear-
ance is thought to reflect the net result of continued inhibition of HBV replication and a gradual
reduction in the number of HBV-infected cells. Consistent with this notion, as depicted in this fig-
ure, posttreatment return of HBV DNA levels is inversely proportional to the depth of observed
second-phase HBV clearance, that is, patients with more profound second-phase clearance during
treatment exhibit a slower post-treatment return to pretreatment HBV DNA levels. 
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Fig. 1 (continued) (B) Typical pattern of virologic response to longer term anti-HBV therapy.
Depicted here are results of 24 wk treatment. With potent nucleoside and nucleotide antivirals,
approx 50–75% of the total 6-mo viral load reduction occurs in the first 4–8 wk of therapy, and the
slope of second-phase HBV clearance becomes continuously more gradual during the first 6 mo of
treatment, sometimes approaching a horizontal asymptote. One patient, exhibiting distinctly less
virologic response during the early months of treatment, has started to show evidence of increasing
viral load and may have developed drug-resistant HBV. Second-phase clearance is often more het-
erogeneous than is depicted here. Thus, improved second-phase HBV clearance remains a major
goal for anti-HBV therapy.

replication from existing HBV genomic templates, while the continued drop in the sec-
ond phase reflects a net reduction in the number of HBV-infected cells (39–41). With
viral dynamics mathematical modeling, first-phase clearance is quantitatively reflected
in the estimated half-life of HBV virions, and second-phase clearance is reflected in the
estimated half-life of HBV-infected cells (39–41). For anti-HBV drugs that lack dose-
limiting toxicities, both Emax modeling and analyses of serum HBV DNA changes using
viral dynamics modeling can be helpful in Phase II dose-optimization, particularly when
all tested doses are quite active (42,43). When all doses or treatment regimens tested are
highly active in the first week or two of treatment, dose- or treatment-related increments
in antiviral effect can be assessed further by comparisons of second-phase HBV DNA
clearance, for example, during the period of time extending to 12–24 wk of treatment.

It is crucial that, in Phase I–II trials and particularly for Phase III registration trials,
serum HBV DNA assays should be performed only at reliable central reference labo-
ratories. At the time of this writing, commercially available diagnostic assays for
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HBV DNA have varying amounts of supportive validation data, but the assays are
poorly cross-standardized and none are FDA-approved. Also, none of the current
HBV DNA assays is capable of the ideal 9- to 10-log linear performance range for
quantitating HBV DNA levels—that is, levels in the range of 2–12 log10 copies/mL.
Therefore, while the better assays are reasonably reliable for relative quantitation of
HBV viremia within a given trial population, extreme caution is warranted when
comparing results across different trials, particularly if a different assay or different
laboratory is utilized in the trials being compared. Hopefully these issues of poor
assay cross-standardization and suboptimal dynamic range will be alleviated in the
next few years.

While serum HBV DNA reductions are usually the primary efficacy assessment in
Phase I–II trials of anti-HBV agents, few regulatory bodies will accept HBV DNA
reduction as a primary efficacy endpoint for Phase III registration trials, due to the
imperfect (or inadequately established) correlation between serum HBV DNA changes
and clinical benefit. Consequently, other efficacy endpoints with more established clin-
ical relevance are generally utilized in Phase III hepatitis B trials—that is, HBeAg
loss/seroconversion, HBsAg loss/seroconversion, ALT normalization, and histologic
response. These clinically relevant Phase III endpoints are described below.

4.2. HBV e-Antigen Responses
As noted above, in patients with HBeAg-positive chronic hepatitis B, HBeAg loss

and HBeAg seroconversion (loss of HBeAg with gain of detectable anti-HBe) are con-
sidered to be clinically beneficial, at least in precirrhotic patients, because they are usu-
ally associated with durable transition to a state of reduced HBV replication and
subsequently reduced risk for progressive liver disease. Also, after documentation of
persistent HBeAg loss/seroconversion, patients with compensated liver disease can
often be discontinued from antiviral therapy and observed periodically thereafter for
signs of virologic or clinical disease reactivation (1–3,20,21,27,28). Hence, in HBeAg-
positive patients, HBeAg response (loss or seroconversion) is a key clinical efficacy
endpoint, and is the only efficacy endpoint with a demonstrated predictive value for
improved long-term patient outcomes (1–3,14–16). At present most clinical experts and
regulatory bodies regard HBeAg responses and histologic responses as the two most
important efficacy endpoints to measure in Phase III registration trials of new anti-HBV
therapeutics in patients with compensated liver disease.

Experience with HBV antivirals indicates that, in a typical population of adults with
HBeAg-positive chronic hepatitis B, treatment-related clearance of HBeAg does not
begin to become readily appreciable until the second half of the first year of treatment
(24). HBeAg loss in the first 6 mo of treatment is variable and often reflects sponta-
neous HBeAg clearance. Reliable intergroup assessment of HBeAg responses therefore
requires Phase III treatment periods of at least 1 yr and substantial numbers of patients
in each treatment group.

HBeAg responses can be measured in several ways: as HBeAg loss alone, as HBeAg
seroconversion, and as HBeAg loss or seroconversion coupled with additional documen-
tation of suppressed HBV DNA levels (e.g., HBeAg loss or seroconversion linked with
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serum HBV DNA � 5 log10 copies/mL). The featured HBeAg response endpoint in early
interferon trials was simple HBeAg loss, while later interferon trials utilized a composite
endpoint of HBeAg loss coupled with HBV DNA nondetectability in an unamplified
hybridization assay (44,45). The Phase III lamivudine trials featured a three-component
HBeAg response endpoint, comprising loss of HBeAg, gain of anti-HBe, and HBV
DNA nondetectable by the unamplified hybridization assay (19–21). Recent adefovir tri-
als have featured HBeAg seroconversion without a concurrent measure of HBV DNA
suppression, which was assessed separately as a secondary endpoint (38,46).

The divergent approaches to defining HBeAg response have produced a muddled
scientific literature on HBV therapeutics, resulting in quantitatively varying estimates
for what should be the same biologic phenomenon, that is, the achievement of a thera-
peutic response that will potentially be durable posttreatment. What are the minimal pa-
rameters needed to define a potentially durable HBeAg response? Loss of detectable
HBeAg may by itself be adequate, in patients at low risk for evolution of precore mutant
HBV infection. In the Phase III lamivudine experience, at 1 yr 92% of patients with
HBeAg loss also had nondetectable HBV DNA in the unamplified hybridization assay,
and most of the rest had relatively low HBV DNA levels (e.g., several million
copies/mL). Furthermore, during the protocol-mandated no-treatment follow-up peri-
ods of 12–16 wk, the posttreatment durability of such responses was similar regardless
of whether patients had detectable anti-HBe antibody, that is, regardless of whether the
patients had fully seroconverted (47). These data suggest that the documentation of
detectable anti-HBe may not be clinically important with regard to posttreatment dura-
bility of HBeAg response. However, utilization of HBeAg loss alone as the primary
HBeAg response assessment is probably not prudent in the era of global clinical trials,
in which many patients (especially from southern Europe and Southeast Asia) will be at
risk for the development of precore mutant HBV infection. Patients with precore mutant
HBV infection can appear to have HBeAg-seroconverted, yet can have significant lev-
els of ongoing HBV replication (generally with HBV DNA � 4–5 log10 copies/mL) and
can experience progressive liver disease (8–10,18). Hence, probably the most prudent
HBeAg response assessment for HBV registration trials is loss of HBeAg coupled with
documentation of serum HBV DNA suppression to levels below 5 log10 copies/mL.
This composite (two-component) HBeAg response definition has been recently
endorsed by an NIH consensus panel and in a Practice Guideline promulgated by the
American Association for the Study of Liver Diseases (AASLD) (2,3). In these publica-
tions, this recommended two-component HBeAg response definition has been termed
“Virologic Response” and is qualitatively similar to the primary efficacy endpoint uti-
lized in the earlier registration trials for IFN-�-2b (13,45). To remove the quandary of
variable HBeAg response assessments across different clinical trial programs, this two-
component “Virologic Response” definition can be recommended as the primary
HBeAg response assessment for future clinical trial programs involving HBeAg-
positive patients, although program sponsors and clinical investigators may want to
continue to collect data regarding anti-HBe antibody detectability for further assess-
ments of HBeAg loss vs HBeAg seroconversion, and to allow comparisons of new trial
results with results from previous development programs.
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4.3. HBsAg/Antibody (Ab) Responses
As chronic HBV carriers, all hepatitis B trial patients should be HBsAg seropositive

at study entry. Some will also be concurrently seropositive for HBsAb, usually reflect-
ing either (past or present) coinfection with heterotypic HBV species or assay artifact,
that is, dissociation of HBsAg–Ab complexes under assay conditions. The concurrent
serodetectability of HBsAg and HBsAb does not usually represent ongoing HBsAg
seroconversion, and is highly unlikely to be so in patients who are seropositive for
HBeAg or have high-level HBV viremia.

Some patients responding to antiviral therapy will eventually lose detectable HBsAg
and may gain detectable HBeAb, usually months or years after HBeAg loss/serocon-
version and after prolonged reduction in HBV replication. Low-level peripheral HBV
viremia (i.e., PCR-detectable levels of serum HBV DNA) tends to persist after HBeAg
clearance, but usually disappears after HBsAg loss/seroconversion (1–3,14). Of note,
the liver may remain positive for PCR-detectable HBV DNA even after HBsAg sero-
conversion and disappearance of detectable HBV DNA from the peripheral blood
(2,3,14). Some of this residual hepatic HBV DNA may comprise integrated HBV
genomes, but in most patients this HBV DNA is likely to largely reflect residual hepatic
cccDNA, with a potential for future reactivation of HBV infection under conditions of
immunosuppression or debilitation. In the lamivudine and interferon trials, HBsAg loss
was rare in Asian patients and was evident in only 3–10% of Western patients in the first
year of treatment, but was observed months or years later in up to 40–70% of HBeAg-
responders in follow-up studies. Therefore, it is not necessary to follow HBsAg serosta-
tus closely at early study visits. Rather, HBsAg serostatus can be evaluated periodically
beginning 3–12 mo after initiation of treatment, or it can be evaluated as a reflex assess-
ment in patients who have exhibited HBeAg loss (wild-type HBV infection) or pro-
longed HBV DNA suppression (in patients with precore mutant HBV infection).

4.4. Serum ALT Normalization
Persistently (albeit variably) elevated serum aminotransferase levels are typically

found in patients with chronic hepatitis B, reflecting the patients’ underlying chronic
necroinflammatory liver disease. Hepatitis B patients’ ALT and AST levels will some-
times spontaneously dip into the normal range for awhile, a phenomenon that becomes
increasingly common with advanced cirrhosis; and conversely, ALT levels can range
very high during periods of disease “flare” activity. While liver biopsies provide better
information regarding the grade and stage of HBV-associated histologic activity, serum
aminotransferase levels are easily monitored in the clinic and provide a convenient
means for indirectly assessing the patient’s underlying hepatic necroinflammatory
activity over time. Consequently, serum aminotransferase levels are an important moni-
toring tool in clinical trials. Serum ALT levels are a more specific indicator of hepatic
disease activity, while AST levels include isoenzyme components contributed by other
body tissues; hence ALT is usually chosen as the primary aminotransferase monitoring
tool in hepatitis trials.

Elevated ALT levels reflect patients’ ongoing immune responses to their HBV infec-
tion. The level of ALT abnormality chosen as the trial entry criterion is an important
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choice, as experience in multiple HBV clinical trials has repeatedly indicated that entry
ALT level directly influences patients’ propensity to achieve HBeAg loss/seroconver-
sion with antiviral treatment (1–3,13,24). In patients with low or normal ALT levels,
HBeAg response rates are low and can be similar in drug-treated patients and placebo
recipients. Interferon trials have typically utilized an entry requirement that pretreat-
ment ALT level should be at least 1.5–2.0 × ULN, while the lamivudine Phase III trials
required entry ALT � 1.3 × ULN and the adefovir trials required entry ALT �1.2 ×
ULN. Recent expert consensus panels do not recommend antiviral treatment for
patients with ALT levels below 1.5–2.0 × ULN unless there is histologic evidence of
substantial disease activity. Hence at this time a reasonable choice for an ALT entry cri-
terion would be 1.5–2.0 × ULN, although patients with lower ALT levels can be
included for the purposes of study if their underlying liver disease is substantial and is
histologically documented at study entry.

To avoid including patients with ongoing disease flare activity, who may confound
study assessments due to decompensation events or spontaneous HBeAg seroconver-
sion during the first few months of study participation, most trials have excluded
patients with very high ALT levels at screening, for example, ALT levels �10× ULN.
Such patients may be suitable for later study screening if their ALT levels subside into
the qualifying range and they otherwise qualify for the study.

In clinical trials it is usually advisable to measure ALT/aspartate aminotransferase
(AST) levels at entry (screen and baseline) and at each periodic clinic visit during the
course of the trial. Efficacy data analyses primarily key on treatment-related improve-
ments in ALT levels, while safety analyses should include assessments of ALT/AST ele-
vations above patients’ baseline levels. ALT normalization can be assessed by one-point
or two-point methods similar to HBV DNA responses. A two-point definition was used
in the lamivudine trials, by which a patient was said to have experienced ALT normal-
ization if their baseline ALT level was elevated (� 1 × ULN) and ALT levels subse-
quently became normal on two successive study visits. Regardless of whether a
one-point or two-point definition is used for ALT normalization, it is probably more
important to assess ALT normalization that is maintained to the end of treatment
(termed “maintained” ALT normalization), and responses that persist post-therapy to
the end of study. Because ALT values can transiently fluctuate into the slightly elevated
range even in healthy hosts, an acceptable analytic algorithm for “maintained” ALT
normalization can allow occasional intervening abnormal values, but should not allow
two consecutive abnormal ALT values between the achievement of initial ALT normal-
ization and the time point defining end-of-treatment.

4.5. Histologic Responses
Clinical outcomes in patients with chronic hepatitis B are ultimately associated with

the extent of necroinflammatory damage in the liver. Chronic immune-mediated
necroinflammatory activity related to ongoing HBV replication is ultimately responsi-
ble for endstage cirrhosis and may be the principal promoting stimulus for neoprolifer-
ative activity leading to hepatocellular carcinoma. Hence, in clinical development
programs for antiviral agents for hepatitis B, it is important to assess treatment effects
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on liver histology in at least one large trial, at least until the quantitative relationship
between HBV suppression and hepatic disease progression is better understood.

Currently, at least three different histologic scoring systems have been used in large
clinical trials involving viral hepatitis patients: the Knodell histologic activity index
(HAI score), the French Metavir scoring system, and the Ishak scoring system (48–51).
The Knodell HAI score is the oldest and has been widely used in registration trials, but
this scoring system has been criticized for the discontinuous integer scores within its
four component evaluations and for overweighting of one component of hepatic
necroinflammatory activity, that is, periportal necrosis, which is assigned a score of up
to 10 points while each of the other three scoring components range up to only 4 points.
The Ishak scoring system derives from the Knodell approach but incorporates a contin-
uous integer scoring system and other potential improvements. The Metavir system has
interesting validation data with regard to reducing interobserver variability and has been
used in several hepatitis C trials, but this scoring system has not been used in hepatitis
B registration trials to date.

In addition to the three semi-quantitative scoring systems, a nonquantitative
“global” or “ranking” evaluation has also been used for histologic evaluations in most
Phase III hepatitis trials, usually as a confirmatory assessment (13,19,20,23). In this
approach, paired slides (pretreatment and follow-up) from each patient are blindly
evaluated by the hepatopathologists for the global severity of histologic findings, with
one slide ranked as “better” or both slides ranked as “same.” Such ranking evaluations
are conducted separately for necroinflammatory vs fibrosis features, and the pathologists
are again blinded to patient identifiers, treatment, date, and sequence of the paired biopsy
slides being evaluated. After unblinding of patient identifiers and treatment codes, it can
be determined what proportion of follow-up slides were designated as “better” for each
treatment group—and whether there was indeed a finding, after unblinding, that follow-
up biopsies usually appeared “better” than pretreatment biopsies.

Regardless of what scoring or slide evaluation system is used, protocol-mandated
histologic assessments in hepatitis clinical trials should be conducted only by con-
tracted independent expert hepatopathologists who are experienced in the scoring sys-
tems being used. Also, to ensure nonbiased evaluations, the slides should be scored or
evaluated only under blinded conditions—that is, for each slide evaluation the central
pathologist should be blinded with regard to patient identifiers, treatment, date, and
sequence of the slides (pretreatment vs follow-up).

Hepatitis B trials with interferon incorporated relatively limited histologic evalua-
tions. In the lamivudine Phase III trials in hepatitis B patients, similar to earlier inter-
feron trials in hepatitis C patients, histologic responses were primarily assessed as
2-point or greater reductions in the Knodell HAI score (10–12). In addition to the
results of Knodell HAI scoring, confirmatory histologic analyses in the lamivudine tri-
als included separate slide “ranking” evaluations. For the evaluation of treatment-
related changes in hepatic necroinflammatory activity, the lamivudine trials assessed
the frequency of 2-point (or greater) changes in the so-called “Knodell necroinflam-
matory score,” that is, the sum of the first three components of the Knodell HAI score,
in line with recommendations promulgated from hepatitis C trials and the 1997 NIH
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Consensus Conference on Hepatitis C (52,53). However, because fibrosis component
scores in the Knodell system are limited and discontinuous, the slide “ranking”
approach was felt to be potentially more reliable for evaluation of fibrosis changes.
Therefore the primary evaluation of “worsening in fibrosis” (i.e., progression in fibro-
sis) in the lamivudine trials was through use of the slide ranking method. This
approach proved to be useful, in that it became apparent after unblinding of the evalu-
ations that placebo patients often had their follow-up biopsy blindly evaluated as
“worse” for fibrosis (relative to the pretreatment biopsy slide), while this was an
unusual finding for lamivudine recipients (19,20,23). In the adefovir Phase III trials, a
conceptually similar but modified approach was utilized, in which the primary end-
point for histologic response was defined as a 2-point or greater improvement in the
Knodell necroinflammatory score in the follow-up biopsy with no worsening in the
fibrosis score (38,46,54).

5. Safety Assessments in Hepatitis B Trials
5.1. Routine Safety Assessments in Phase I–III Trials

Clinical adverse events and categorically graded laboratory abnormalities (e.g.,
grades 1–4) are routinely assessed in all clinical trials. Serious adverse events are regu-
latory defined as any untoward clinical event which meets one or more of the following
criteria: (a) fatal; (b) immediately life-threatening; (c) permanently or significantly dis-
abling; (d) requires or prolongs inpatient hospitalization; (e) comprises a congenital
anomaly/birth defect; or (f) is a medically significant event that may otherwise jeopard-
ize the patient or require medical or surgical intervention to prevent one of the outcomes
listed (a–e). If a serious adverse event (SAE) occurs in a trial, is unexpected on the basis
of what is known about the drug (as judged by information in the product label and/or
investigator brochure), and is thought by the clinical investigator to be possibly or rea-
sonably attributable to the study drug, then that SAE is likely to be subject to urgent
reporting requirements by prevailing regulatory laws. In the United States and other
ICH territories, drug-attributed SAEs are to be reported to the regulatory authorities
within 15 calendar days of learning of the event. If the SAE is fatal or involves an
immediately life-threatening event and is thought to be potentially attributable to the
study drug, then the timeframe for regulatory reporting is shorter (7 calendar days).

Phase I and II trials of new anti-HBV agents should broadly assess the potential for
toxicities attributable to the new agent, through close monitoring of clinical adverse
events and through relatively broad monitoring of clinical laboratory parameters reflect-
ing hematopoietic function and major organ functions. Hematologic monitoring should
assess changes in red blood cells, leukocytes, and platelets. Serum chemistries reflect-
ing visceral organ functions should be broadly monitored for most new drugs in early
(Phase I–II) trials—for example, electrolytes, blood urea nitrogen (BUN)/creatinine,
liver function tests (ALT, AST, albumin, bilirubin), amylase, lipase, creatine kinase, and
calcium and phosphorus are usually appropriate for periodic monitoring in early trials,
together with any other serum chemistry parameters suggested by preclinical toxico-
logic findings. Serial urinalyses, with assessments of hematuria, glycosuria, and protein-
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uria, are usually included in Phase I–II trials. Also, the Food and Drug Administration
(FDA) and other regulatory bodies are placing increasing emphasis on electrocardio-
graphic (ECG) assessments in early trials of new pharmaceutical candidates.

Once the early trials have delineated the preliminary human safety profile for the
new anti-HBV agent, subsequent Phase IIb–III–IV trials generally can be accomplished
with more limited laboratory monitoring than was utilized in the Phase I–IIa trials. In
the Phase IIb–III–IV trials, monitoring of subjects’ hematologic parameters, serum
chemistries, urinalyses, ECGs, and so forth, is guided by the results of safety monitor-
ing in the earlier trials, recognizing that continued monitoring of several routine labora-
tory parameters (e.g., blood counts, creatinine, liver function tests) is usually desirable
in the larger Phase III trials even if the earlier findings regarding these essential param-
eters have been unremarkable.

The pharmacologic disposition and safety of new anti-HBV drugs should be
assessed in subjects with varying degrees of hepatic and renal impairment, via special-
ized Phase I trials, as aberrant drug clearance could potentially be associated with safety
and efficacy concerns. Also, the potential for drug–drug interactions, involving the new
anti-HBV drug and medications commonly used in hepatitis patients, should be
addressed in Phase I pharmacokinetic trials, as drug interactions could engender both
safety and efficacy concerns.

Phase III registration trials require adequate and well-controlled data for safety
determinations as well as efficacy. Therefore, a key aspect of Phase III safety evalua-
tions is the choice of the comparator, that is, placebo or an active control agent. It is
usually desirable that a new drug be more effective than standard treatment, with a
similar (or better) safety profile. If superior safety is the most important goal of the
new product, then the primary endpoint for Phase III trials can be a relevant safety
endpoint, rather than the more customary practice of designating an efficacy endpoint
as primary. However, under this circumstance, it is advisable that the Phase III devel-
opment goal also include demonstration of noninferiority of the new product on key
efficacy parameters, because inferior efficacy against a potentially life-threatening
disease such as hepatitis B would be problematic with regard to clinical and regula-
tory acceptance.

5.2. Specialized Safety Evaluations in Hepatitis B Trials
As noted above, improvements in ALT levels in hepatitis patients usually reflect

reduced inflammatory activity in the liver; hence, ALT normalization is usually an
important efficacy endpoint in hepatitis trials. However, because disease exacerbations
and “flare” activity (reflected by sudden ALT/AST elevations) are common in hepatitis
B patients, safety assessments of worsening in ALT levels are also important, and are
usually keyed to patients’ baseline ALT level rather than to the upper limit of normal
(ULN). WHO-type toxicity grading scales can be adapted for analytic purposes by sub-
stituting patients’ baseline values in place of the ULN denominator. By this approach,
grade 3 and 4 ALT elevations, as a multiple of the patient’s pretreatment ALT level, can
be targeted for attention in protocolled patient management schemes or in the data
analyses (30,45,54).
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In addition to standard “graded toxicity” tables for laboratory abnormalities, the
lamivudine Phase III trials additionally incorporated a four-category analysis of ALT
flare activity, as summarized in Table 3. This categorical scale of ALT flare phenomena
was not used for patient management in the lamivudine trials, but proved useful in ana-
lytically identifying and meaningfully categorizing minor ALT flares vs ALT flares of
potential clinical concern—for example, those in which patients’ ALT levels exceeded
500 IU/L, or those in which an ALT elevation was associated with biochemical signs of
hepatic decompensation [(i.e., a concurrent bilirubin elevation (30)].

In hepatitis clinical trials, it is important to devise analytic means for identifying and
characterizing hepatic decompensation events and adverse events related to worsening
portal hypertension. Therefore, in addition to a categorical algorithm for assessing ALT
flares elevations as, noted above, other composite analytic algorithms can be developed
as needed, to capture the range of clinical events associated with worsening hepatic
function. For example, the protocol and data analysis plan can include linked assess-
ments of Child–Turcotte–Pugh scores, Model for End-stage Liver Disease (MELD)
scores, or clinical decompensation manifestations such as variceal and gastrointestinal
bleeding, spontaneous bacterial peritonitis and sepsis, hepatic encephalopathy, and so
forth. Depending on the trial goals and the nature of the comparator treatment (active vs
placebo), analyses of such “disease progression” events can be adopted as safety assess-
ments, or reductions in such outcomes can be incorporated as efficacy assessments, par-
ticularly in trials in patients with decompensated cirrhosis.

6. Trial Design Issues
6.1. Active vs Placebo Controls: Medical and Ethical Considerations

For any pharmaceutic agent, well-designed, well-conducted placebo-controlled tri-
als provide the most reliable assessment of true treatment effect. However, under cir-
cumstances in which regulatory-approved and clinically accepted treatment options are
available, the conduct of placebo-controlled trials can be ethically problematic, particu-
larly if the disease is severe enough that some patients may suffer mortality or signifi-
cant morbidity while assigned to placebo treatment. Data from the recent Phase III
lamivudine and adefovir trials indicate that, while no deaths occurred and clinical
decompensation events were rarely observed during 1–2 yr of study in patients with
compensated hepatitis B, the placebo cohorts consistently experienced modest but mea-

Table 3
Categorical Analysis of ALT Flaresa

1. ALT elevation 	 2× Baseline and �ULN
2. ALT elevation 	 3× Baseline and �ULN
3. ALT elevation 	 500 IU/L and 	 2 × Baseline
4. ALT elevation 	 2× Baseline with bilirubin 	 2× Baseline (and 	 2× ULN)

a Some would recommend also analysing ALT flares �5× Baseline and � 10× Baseline
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surable progression in hepatic fibrosis during the trial periods. Therefore, with the cur-
rent availability, in most countries, of two or three regulatory-approved antiviral treat-
ments for hepatitis B, it is more desirable to conduct Phase III registration trials with
active-comparator designs. In Phase I–II trials, new anti-HBV agents can be initially
assessed in small, short placebo-controlled trials, to assess dose-related antiviral effects
and preliminary safety. Later (Phase IIb–IV) trials should be primarily active-control
studies, comparing the new agent to one or more of the existing agents. This approach
has the additional advantage of offering potentially active treatment to all patients, and
helps to define the role for the new agent in the evolving therapeutic armamentarium for
hepatitis B, with the comparative data providing the basis for product differentiation
post-marketing if the new agent or new treatment regimen demonstrates a significant
efficacy or safety advantage.

6.2. Choice of Primary Endpoint for Phase III Registration Trials

The chosen primary endpoint for Phase III trials should be a clinically meaningful
efficacy endpoint, assuming the new agent is targeted to improved efficacy, and it
should be an acceptable endpoint from both the clinical and regulatory perspectives. In
the Phase III programs for currently approved hepatitis B agents, in which the target
Phase III patient populations comprised patients with compensated chronic hepatitis B,
a measure of HBeAg clearance was used as the primary endpoint in the registration tri-
als for IFN-�-2b, while histologic response was the primary efficacy endpoint in the
lamivudine and adefovir registration trials (30,47,54).

Future hepatitis B registration trials will therefore primarily employ active-control
designs, with the new agent compared to one or more of the existing regulatory-
approved agents. The choice of primary efficacy endpoint in an active-controlled regis-
tration trial is a critically important choice for optimization of the clinical and scientific
assessments in the study. In active-control trial designs, histologic response does not
serve well as a primary efficacy endpoint for several reasons. First, all current histologic
scoring systems comprise semiquantitative visual evaluations that have subjective
aspects, resulting in significant intra- and interobserver variation and unpredictable
degrees of intraobserver and interobserver variance. Even in large trials, it has been
common for the observed quantitative variance in histologic score changes, expressed
as a standard deviation or standard error of the mean, to be similar or greater in magni-
tude to the apparent treatment effect. Under these circumstances postulating response
rates and treatment differences is fraught with uncertainties. Also, even in the most rig-
orously conducted trial there will be missing biopsy data for some patients, who may
refuse the follow-up biopsy or whose baseline or follow-up biopsy slides may be found
to be inadequate for the central pathologist’s evaluation. In major Phase III trials to date
for the various regulatory-approved anti-HBV agents, 9–36% of patients have had miss-
ing biopsy data. In an intention-to-treat data analysis, missing data are presumptively
designated as failure data. Therefore, in active-control trials the intention-to-treat fail-
ure assumption, applied to missing biopsy data, can make the new agent look more sim-
ilar to the active control agent than it really is. Because missing data contribute a bias
toward similarity of two agents when the missing data are designated as failure data,
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most regulatory bodies have adopted a preference for efficacy subset analyses as the pri-
mary analysis for active-control registration studies. In this approach, patients with
missing biopsy data are excluded from the primary analysis of histologic responses.
This convention, which reduces the evaluable patient denominator, makes it even more
difficult to demonstrate the potential superiority of a new agent, however, and is not
ideal since the resultant efficacy subpopulation may not be truly representative of the
randomized population. Other issues for histology as a primary endpoint include the
objection that it is “only a snapshot in time,” and the fact that histology does not neces-
sarily reflect the degree of viral control at the time of the liver biopsy nor the probabil-
ity of a durable response (in contrast to HBeAg clearance, for example).

Because of the problematic aspects of histology as a primary endpoint, especially in
active-control study designs, there is a current movement to return to serologic mea-
sures as primary efficacy endpoints in hepatitis B clinical trials (2,3,55). Compared to
histologic scoring, serologic parameters are measured by more precise laboratory tests,
which exhibit less variance and are less likely to be associated with substantial degrees
of missing data compared to histologic scoring techniques.

In trials involving HBeAg-positive patients, as noted above the composite Virologic
Response endpoint recommended by the AASLD can be recommended as a good
choice as primary efficacy endpoint—that is, HBeAg loss with HBV DNA suppression
to levels below 5 log10 copies/mL (3). In HBeAg-negative patients, a composite sero-
logic endpoint comprising ALT normalization and HBV DNA suppression has been
used in some trials and can be recommended as a primary efficacy endpoint (17,18,56).
Because HBeAg-negative patients can have active liver disease with lower average
viremia levels, some experts believe that the viral suppression requirement for HBeAg-
negative patients should be lower than the 5 log10 viremia criterion recommended for
HBeAg-positive patients (3,10). At this time, it seems prudent to assess viral responses
in HBeAg-negative patients at several different viremia levels, for example, � 5 log10
copies/mL, � 4 log10, � 3 log10, and PCR-undetectable.

An interesting three-component endpoint can be used to assess therapeutic responses
in an overall population of hepatitis B patients, regardless of HBeAg status (i.e., a popula-
tion comprising both HBeAg-positive and HBeAg-negative patients). This endpoint has
been termed “therapeutic response” and comprises: HBeAg loss or ALT normalization,
with HBV DNA viremia suppressed to levels below 5 log10 copies/mL. This composite
serologic efficacy endpoint essentially operates as a hybrid of the two composite end-
points described above for HBeAg-positive and HBeAg-negative patients, and is attrac-
tive because it captures both kinds of clinical benefit achievable in hepatitis B patients
(i.e., HBeAg clearance or ALT normalization) together with a requirement for a reason-
able level of viral suppression. If this endpoint is chosen as primary, then patients should
be prestratified by HBeAg status at entry to ensure the ability to also analyze the two
patient subgroups separately in secondary analyses of the final dataset, using “traditional”
endpoints for the HBeAg-positive and HBeAg-negative subgroups. Also, as noted above,
in secondary analyses of responses in the HBeAg-negative subgroup it is advisable to ana-
lyze such a composite efficacy endpoint at several levels of HBV suppression, for exam-
ple, � 5 log10 copies/mL, � 4 log10, � 3 log10, and nondetectable by PCR.
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The best indicator of HBV clearance is, of course, clearance of detectable HBsAg
from patients’ sera. In the future, as HBV therapies improve and more patients are
driven to profound states of HBV suppression, more patients will achieve PCR nonde-
tectable serum HBV DNA levels and HBsAg clearance may then become a more
tractable primary endpoint. With current anti-HBV therapeutic modalities, however,
HBsAg clearance is too rare in the first 1–2 yr of treatment to allow its recommendation
as a primary endpoint in registration trials.

Finally, it should be noted that it has recently been proposed that efficacy responses
to anti-HBV agents should be assessed in three phases: “initial” responses (occurring in
the first 6 mo of treatment, “end-of-treatment” responses (also termed “maintained”
responses), and “sustained” responses (e.g., responses that are durable to last follow-up,
at least 6–12 mo posttreatment) (2,3,55). Of note, in the absence of durable (posttreat-
ment “sustained” responses), the clinical value of “maintained” therapeutic responses
should not be underestimated. With current therapies, for unclear reasons many patients
cannot achieve durable HBeAg clearance (or HBsAg clearance), yet there is consider-
able value in keeping such patients’ liver disease under control through continued HBV
suppression with maintained histologic improvement and ALT normalization.

6.3. Difference Assumptions and Statistical Conventions in Phase III Trials
In controlled trials, “delta 1” is the treatment effect of active drug vs placebo, while

“delta 2” is the postulated difference between an investigational agent and an active con-
trol agent. Active-control trials are typically designed to show the superiority or noninfe-
riority of a new agent to an approved active agent. True “equivalence” trials are typically
not undertaken, as the sample sizes required for such trials are larger than the sample
sizes required for superiority or noninferiority designs. In some instances, Phase III data
may indicate the likelihood of substantial superiority in efficacy, sufficient to justify
direct superiority designs for Phase III registration trials. In most cases, however, a more
conservative approach is desirable for pharmaceutic sponsors, in which Phase III trials
are statistically designed as noninferiority trials with a superiority reflex test if the trials’
results meet prepostulated superiority criteria. This approach to Phase III trial design,
that is, noninferiority with a superiority reflex, is specifically endorsed by the current
ICH guidelines and is the preferred approach unless the sponsor is exceedingly confident
that the new agent will achieve substantial superiority on the primary Phase III endpoint.

In the absence of placebo-controlled studies in the registration program, to ensure
that a new agent is in fact active in a noninferiority trial design the new agent should
demonstrate a response rate on the primary endpoint that is well within the confidence
intervals of the differential response rate ascribed to the active control agent compared
to placebo. In designing noninferiority trials it has become conventional to require a
response rate for the new agent that is not less than half the delta 1 ascribed to the active
control agent, or within 10–15% of the response rate of the active agent, whichever is
smaller. Most importantly, the chosen primary endpoint and the postulated treatment
difference for the new agent (vs the active control) should be reviewed with clinical
experts and with key regulatory authorities, to help ensure future acceptance of the
Phase III trial results and the criteria for noninferiority and superiority.
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6.4. Treatment Discontinuation for Efficacy
Data from natural history studies, studies of interferon therapy, and the lamivudine

trials have established that, in patients with HBeAg-positive chronic hepatitis B, clear-
ance of detectable serum HBeAg is usually associated with beneficial effects that are
durable in most patients if treatment is discontinued, for example, persistently lower
HBV viremia levels (usually � 5–6 log10 copies/mL), continuing histologic improve-
ments, and normalization of serum ALT levels (1–3,11,14–16,21,27,28,44,45). There-
fore, in clinical trials employing prolonged treatment periods (� 6–12 mo) for patients
with compensated liver disease, it is appropriate to incorporate treatment discontinua-
tion criteria into the study protocol for patients who achieve well-documented HBeAg
clearance with low HBV DNA levels. Not all such responses will be durable posttreat-
ment, however. It appears that, for HBeAg loss that has occurred spontaneously, with
IFN treatment, or with nucleoside therapy, the 1- to 3-yr recurrence rate for active dis-
ease is as high as 30–35%, when assessed from the day of discontinuation of treatment
(27,47). Retrospective analyses of lamivudine data suggest that this posttreatment dis-
ease relapse rate can be lower if patients are treated for a minimum of 1 yr and for at
least 6 mo after initial HBeAg loss (28). Therefore, current trials design often employ
some or all of the following treatment-discontinuation criteria: (1) antiviral treatment
for at least 1 yr for nucleosides/nucleotides, and at least 4–6 mo for interferon; (2)
HBeAg nondetectable for 6 mo or more; (3) low serum HBV DNA level (e.g., � 5 log10
copies/mL); and (4) no evidence of decompensated cirrhosis or immunodebilitation.
Some protocols also require detectable serum anti-HBe; however, retrospective analy-
ses of lamivudine data did not indicate a difference in posttreatment response durability
for patients who exhibited only HBeAg loss vs HBeAg seroconversion (47).

For patients with HBeAg-negative chronic hepatitis B, and for hepatitis B patients
with decompensated liver disease, treatment discontinuation criteria are not established.
Some protocols have suggested HBsAg loss or HBsAg seroconversion as a treatment
discontinuation criterion for such patients, which seems reasonable as HBsAg-
seroconverted patients, who lack any remaining peripheral signs of HBV replication,
would not be expected to gain any detectable benefit from continued antiviral therapy.
However, as noted above, residual HBV DNA is detectable in the livers of HBsAg-
seroconverted patients, and such patients have a theoretic risk for reactivation of HBV
replication and recurrence of liver disease, which can be substantial under conditions of
immunodebilitation. In light of these considerations, a closely monitored trial of treat-
ment discontinuation may be appropriate for HBsAg-seroconverted patients with stable
liver disease, as long as they are not posttransplant, not on immunosuppressive medica-
tions, and do not have other debilitating illnesses.

In clinical trials, patients who are discontinued from treatment for efficacy should be
kept on-study whenever possible and should be followed on a regular visit schedule, to
document the posttreatment durability of efficacy responses and to monitor for evidence
of posttreatment disease reactivation, which can be retreated with the study drug regimen
if recognized appropriately. Posttreatment disease reactivation should also be defined in
the study protocol, and includes a requirement for detectable serum HBsAg with
recrudescence of HBV viremia to levels � 4–6 log10 copies/mL with return of elevated
ALT levels, with or without return of detectable HBeAg.
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6.5. Study Discontinuation for Treatment Failure
The three Achilles heels of IFN therapy are frequent nonresponse, a requirement for

parenteral self-administration, and significant tolerance/safety issues. The Achilles heels
of nucleoside/nucleotide therapy are the emergence of drug-resistant HBV strains and
variable safety issues. Because the current anti-HBV armamentarium includes three
regulatory-approved antiviral therapies, it is usually appropriate for trials of investiga-
tional anti-HBV agents to include treatment failure criteria, to allow patients failing study
treatment to be discontinued from study to receive other treatment as available. The
lamivudine experience suggests that viral resistance emerges relatively slowly in HBV
infection compared to HIV infection. It appears that PCR-detectable drug-resistant HBV
strains are uncommon in the first 6 mo of lamivudine therapy, but show a cumulative inci-
dence after that, exceeding 50% of patients after 3 yr of treatment (25,26). Therefore,
treatment failure criteria are particularly important for patients receiving lamivudine or
investigational nucleoside/nucleotide therapies for longer than 6 mo (24 wk).

As long as the lamivudine experience remains the most relevant precedent, hepatitis
B patients failing antiviral therapy because of the emergence of drug-resistant HBV
strains will typically have the following features: (1) treatment � 24 wk; (2) serum
HBV DNA levels � 5–6 log10 copies/mL (on a persistent or recrudescent basis); (3)
persistently elevated serum ALT levels; and (4) persistently seropositive for HBeAg (if
patient was HBeAg-positive pretreatment) (57). With the emergence of drug-resistant
HBV strains, virologic breakthrough can trigger a severe disease flare (with large ALT
elevations and sometimes with hepatic decompensation) or, more commonly, a pro-
longed period of mildly to moderately elevated ALT levels with serum HBV DNA lev-
els continually exceeding 5–6 log10 copies/mL. Clinical trial protocols employing long
treatment periods should therefore incorporate treatment failure criteria reflecting these
observations from previous anti-HBV drug trials, with the protocol recommending dis-
continuation for patients meeting these criteria. Patients discontinued prematurely from
study for treatment failure can seek other treatment off-study but are, of course, pre-
sumptively captured as treatment failures for all efficacy in the final study analysis.

7. Phase IIIb–IV Studies
7.1. Special Patient Populations

In drug development parlance the term “special populations” refers to recognized
patient subgroups that may not be fully addressed in the core Phase III registration stud-
ies. It is common to begin clinical investigations of new antiviral agents in special pop-
ulations prior to the initial New Drug Application (NDA), whenever possible, but such
studies often continue into the post-approval period as Phase IIIb–IV trials. The issue of
how to include special patient populations in the clinical development program should
be discussed proactively with the FDA and other regulatory agencies. The regulatory
perspective is that the new drug may well be used in such patient groups post-approval.
Therefore, gaining relevant data in special patient subgroups is often a high-priority
issue for regulatory agencies.
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In hepatitis B therapeutics, most registration programs have prioritized Phase III data
collection for adult patients with HBeAg-positive and HBeAg-negative chronic hepati-
tis B with compensated liver disease. The inclusion of additional patient subgroups in
the clinical development program is discussed below.

7.1.1. Children with Chronic Hepatitis B
For antiviral drugs with no substantial safety issues, a common drug development

practice is to complete a Phase II pediatric pharmacokinetic study during Phase II–III
development (prior to initial regulatory submissions), affording a potential pediatric
dosing recommendation at the time of regulatory approval. This pediatric dosing rec-
ommendation can sometimes be incorporated into the initial product label, usually with
caveats for lack of controlled efficacy and safety data in children at the time of product
registration. Thereafter, although there are relatively few children with active HBV-
associated liver disease (compared to the large adult disease burden), a controlled pedi-
atric efficacy study should be strongly considered, as a Phase IIIb–IV study.
Fortunately, incentives for performing large-scale controlled trials in children have
increased in recent years, especially with the prospect of gaining 6 mo of extra patent
protection if an FDA-acceptable pediatric efficacy trial is conducted. Other considera-
tions include competitive product strategy issues (e.g., competitor profiles and product
differentiation), as large-scale pediatric trials have now been completed for interferon
and lamivudine and such a trial is anticipated for adefovir.

HBV infection and HBV-associated liver disease have differences in nuance between
adults and children. For example, children are more likely to be high-viremic carriers
with minimal liver disease. Also, as might be expected, in children with chronic HBV
infection and active liver disease, the cumulative liver damage is less, on average, with
lower histologic scores for necroinflammatory activity and fibrosis. However, world-
wide there are many children with active HBV-associated liver disease and, in principle,
the fundamental pathogenesis of hepatitis B is similar in children and adults, that is,
chronic necroinflammatory liver disease quantitatively associated with persistent HBV
replication. In that light, there is no obvious reason why a pediatric efficacy trial could
not be designated as a pivotal study for initial product registration, perhaps together
with a second controlled trial involving adults with hepatitis B. However, medical and
regulatory acceptance of such an approach would need to be proactively explored in a
thorough manner.

7.1.2. Patients with Decompensated HBV-Related Cirrhosis
As noted above, due to safety issues interferon is considered to be relatively con-

traindicated in patients with clinically decompensated cirrhosis, but lamivudine and ade-
fovir have shown promise in hepatitis B patients with decompensated cirrhosis.
Management of this patient population is not yet optimal, however, because of frequent
viral breakthrough during lamivudine therapy and a risk for renal toxicity with prolonged
adefovir treatment. Another current issue is that substantial controlled efficacy and safety
data are not yet available for either lamivudine or adefovir in this patient population;
most of the data so far are derived from relatively short-term uncontrolled studies.
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Because of unmet therapeutic needs in decompensated patients, there is a recog-
nized medical and regulatory urgency toward performing controlled trials of new
treatments for this patient population, which can speed marketing applications and
help product differentiation. Several cautions apply to conducting trials in this popu-
lation, however: (1) the new drug(s) should not have significant hepatic metabolism
or clearance; (2) the preliminary safety profile of the new drug should first be estab-
lished in other, less ill patient groups, as decompensated patients frequently have
severe adverse events which can be somewhat unpredictable and may cloud the
emerging safety profile of a new drug candidate; and (3) clinical care and support
modalities for these patients can differ significantly by clinical center and by geo-
graphic locale, potentially confounding efficacy and safety observations in large mul-
ticenter, multinational trials.

Efficacy assessments in trials involving decompensated patients need to reflect not
just improvements in viral markers and ALT levels, but also improvements in measures
of hepatic synthetic function (e.g., albumin, prothrombin time) and excretory function
(bilirubin levels), and improvements in clinical status. The latter are typically measured
as changes in clinical status scoring systems such as Child–Turcotte–Pugh scores or,
more recently, MELD scores (58,59). A reasonable approach for a primary efficacy
endpoint in decompensated patients is to link clinical improvement or stabilization
(assessed by CTP or MELD score) with ALT normalization and with a requirement for
HBV suppression to a low level, for example, serum HBV DNA levels � 3 or � 4 log10
copies/mL. The latter is required because, in this patient group, historic studies have
suggested that liver disease can continue to progress at lower levels of HBV viremia
compared to patients with compensated liver disease.

7.1.3. Liver Transplant Patients
In the 1980s and early 1990s, end-stage chronic hepatitis B patients were considered

to be poor candidates for liver transplantation, owing to high recurrence rate of HBV
infection posttransplant and, subsequently, an often rapid course to recurrent liver fail-
ure and death. With the advent of combined anti-HBV prophylaxis with lamivudine and
HBIg (hepatitis B immune globulin), rates of posttransplant HBV recurrence are
presently very low, and hepatitis B patients are now considered to be excellent trans-
plant candidates (2,3). The principal unmet need in this setting is for an agent or treat-
ment regimen that would shorten the course and/or lower the costs of HBV prophylaxis
posttransplant. Conceivably, a very potent new anti-HBV antiviral, or a combination
regimen, could be devised that would clear any residual HBV infection during the first
1–2 yr posttransplant, without the discomforts and costs of prolonged HBIg treatment.

7.1.4. Acute Hepatitis B
It has not proved feasible to conduct large controlled trials in patients with acute hep-

atitis B, owing to the sporadic nature of clinically evident cases. Indeed, recognizable
cases of acute hepatitis B appear to be waning in frequency in most countries, for a vari-
ety of reasons including better practices with blood products and increasingly wide-
spread HBV vaccination. There are also scientific issues in firmly establishing the
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diagnosis of acute hepatitis B. It has been shown that, in countries where chronic HBV
infection is endemic, a positive result for IgM antibody to HBV antigens could repre-
sent an acute flare in chronic disease activity rather than acute primary HBV infection.
Finally, while open-label studies have been done with small patient series, interpreta-
tion of longitudinal improvements in patients with acute hepatitis B is difficult because
primary HBV infection (and its associated acute liver disease) resolve spontaneously
over 3–12 mo in more than 90% of cases.

8. Virologic Evaluations in HBV Clinical Trials
From the perspectives of clinical and basic science, as well as regulatory inter-

pretability of clinical trial data, it has become increasingly desirable to provide support-
ive viral genotyping data for clinical development programs, for hepatitis B and C
therapeutics. In hepatitis B development programs, the virologic scope has evolved to
include detailed and comprehensive molecular genotyping efforts targeted to three pur-
poses: (1) to characterize the array of mutant HBV strains that may be associated with
evolution of resistance to a given antiviral drug candidate; (2) to characterize any varia-
tion in treatment response by patients’ HBsAg genotypes; and (3) where relevant, to
characterize the array of precore/core HBV mutant genotypes in HBeAg-negative
patients’ sera. These three endeavors receive further comment below. For pharmaceutic
sponsors lacking strong internal virology research capabilities, an increasing number of
HBV genotyping assays and virology contractors are available. For the linked analyses
of viral genotype data with efficacy and safety endpoints in the clinical databases, it is
essential that the virologic data be comprehensive and accurate.

8.1. Viral Resistance and Breakthrough Assessments
The Phase III–IV lamivudine data aptly illustrate the consequences of antiviral resis-

tance in hepatitis B patients. With the emergence of lamivudine-resistant HBV strains
containing mutations in the YMDD polymerase motif, patients experience variable
diminution of therapeutic response, with a substantially reduced likelihood of HBeAg
seroconversion and return of disease flares and hepatic inflammatory activity quantita-
tively related to the return of HBV replication (2,3,19–23,25,26,30). This scenario of
HBV resistance emerging cumulatively, after 6 mo or more of therapy, is likely for any
HBV antiviral agent if serum HBV DNA levels cannot be fully suppressed to very low
levels (29).

Owing to structural homologies between the HIV reverse transcriptase and the HBV
polymerase, for HBV antiviral candidates with activity against HIV the nature of poten-
tial HBV escape mutants can often be predicted from assessments of the in vitro resis-
tance profile of the agent against serially propagated HIV strains. For example,
generation of lamivudine-resistant HIV strains in vitro, exhibiting codon 184 mutations,
resulted in a prediction that lamivudine-resistant HBV would harbor mutations in the
YMDD motif, the structural homolog of codon 184 in HIV. When data from other viral
systems suggest a pattern of mutations that are likely to predict the resistant HBV geno-
type for a given antiviral drug candidate, this preknowledge can be used to focus resis-
tance-related virologic evaluations in clinical trials enrolling hepatitis B patients.
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However some anti-HBV agents, such as LdT and LdC, have little or no activity against
HIV or other viruses (60). In the absence of serial in vitro propagation systems for
HBV, the potential drug-resistant HBV genotypes for such agents cannot be predicted
from preclinical experiments.

Although predictive data from other viral systems can be helpful, in any case it is
essential to thoroughly evaluate virologic “breakthrough” in trials of new anti-HBV
agents, especially when trial treatment periods exceed 6 mo or so. Experience to date
indicates that DNA sequence analyses of HBV DNA amplified from the sera of
patients with virologic breakthrough remains the best way to identify clinically sig-
nificant drug-resistant HBV genotypes (61–64). Therefore evaluations of virologic
breakthrough phenomena should be prespecified in study protocols for each new anti-
HBV agent, especially for clinical trials in which treatment periods exceed three
months. However, there is no uniform or perfect approach to defining analytic algo-
rithms for virologic breakthrough. As noted in the preceding, in the absence of truly
eradicative therapy the treatment goal in hepatitis B is to at least maintain HBV DNA
suppression at levels found in “inactive” HBV carriers, that is, below 4–5 log10
copies/mL. With potent anti-HBV nucleosides, most (but not all) patients can be
expected to achieve good initial responses, with serum HBV DNA levels usually
reduced below 5–6 log10 copies/mL after 3–6 mo of treatment. Evaluations of viro-
logic breakthrough can therefore be targeted to identifying patients with recrudescent
HBV viremia to levels persistently exceeding 5–6 log10 copies/mL after a good initial
virologic response and after a treatment period of at least 6 mo; patients fitting this pro-
file are most likely to have developed underlying drug-resistant HBV mutants (57). For
data analysis purposes, and perhaps for patient management purposes, a second form of
suboptimal virologic response can be termed “primary virologic nonresponse,” in
which serum HBV DNA levels never get consistently below 5–6 log10 copies/mL. For
planning virologic genotyping analyses it is potentially important to distinguish
between breakthrough viremia vs primary nonresponse, as the viral genotypes associ-
ated with these two phenomena could in principle show substantial differences.

Other approaches to analyses of virologic nonresponse and virologic breakthrough
can also be taken. Regardless of the precise details of the analytic algorithms, the
lamivudine and adefovir trial experiences indicate that clinically relevant HBV resis-
tance can be assessed through identification of patients who, after 6 mo or more of treat-
ment, exhibit substantial viremia levels. For each new agent, once the drug-resistant
HBV genotypes have been identified and characterized, broad PCR-based assessments
of the emergence of these HBV genotypes should be incorporated into Phase III–IV tri-
als, to help regulators and clinicians gain a perspective on the likely resistance profile of
the new agent in long-term clinical use.

8.2. HBV Surface Antigen Genotyping
The notion that HBV disease progression and treatment responses may vary by sur-

face antigen genotype (A–G) has been gaining credence in recent years, although most
literature reports in this regard still involve retrospective data analyses and datasets of
varying adequacy. Therefore, although this area is still highly controversial, it is advis-
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able to perform HBsAg genotyping on all patients’ pretreatment sera in Phase III regis-
tration trials for new anti-HBV agents, to allow analyses of treatment effects by HBsAg
genotype. At this time, in the absence of conclusive prospective evidence for an affect
of HBsAg genotype on treatment outcomes, HBsAg genotyping does not need to be
done real-time during a clinical trial. Instead, the collected sera can be run batched for
these analyses toward the end of the trial.

8.3. Precore/Core Genotyping
In clinical studies involving patients with HBeAg-negative chronic hepatitis B, it is

scientifically desirable (but not, at this time, essential from a regulatory standpoint) to
conduct viral genotyping analyses for the common precore “stop” mutation as well as
analyses of other precore/core gene mutations and deletions (2,3,10,18). Again, such
analyses can be performed on stored pretreatment sera and can be run as batched analy-
ses, rather than real-time.

A comprehensive approach to precore/core genotyping would also include genotyp-
ing of HBV DNA amplified from the sera of patients who appear to achieve HBeAg
loss and seroconversion during investigational anti-HBV therapy, at least for trial popu-
lations at substantial risk for evolution of precore/core HBV variants, for example,
patients enrolled from southern Europe and Asia. However, a caveat here is that, when a
comprehensive precore/core genotyping approach is undertaken, the genotyping results
can have confusing implications for HBeAg seroconversion assessments because in
these locales, especially in older adult patients (beyond age 40–50 yr), mixed infections
with wild-type HBV and precore/core HBV variants are quite common. Hence, for
example, an HBeAg-positive patient could achieve HBeAg seroconversion due to con-
trol of their wild-type HBV infection, yet could also have PCR-detectable precore/core
HBV variants present at low levels at the time of HBeAg clearance, that would make
interpretation of the biology of the HBeAg clearance difficult. To cover this possibility,
it is probably best to recommend that, if the patient’s total serum HBV DNA level falls
below protocol response criteria (e.g., below 4–5 log10 copies/mL), then such patients
should be given a trial off-treatment after a suitable period of documenting HBeAg
clearance (perhaps 6 mo), to determine whether they have achieved a durable response.

9. Conclusions
Much progress has been made in HBV therapeutics over the past 10–15 yr. The

panoply of anti-HBV agents now commercially available or visible on the near horizon
will likely render chronic hepatitis B a largely manageable disease within the next
10–20 yr. In contrast to antiviral therapy for HIV infection, it is now clear that some
hepatitis B patients can achieve durable responses to antiviral therapies, that is, benefi-
cial responses that will be durable for prolonged periods, possibly for life, after cessa-
tion of antiviral treatment. New anti-HBV therapeutics will need to offer improved
efficacy, good tolerability and dosing convenience, and minimal treatment-limiting tox-
icities. And because chronic hepatitis B is most prevalent in developing countries, new
anti-HBV drugs will need to achieve these efficacy and safety profiles while remaining
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relatively affordable. These are daunting goals, but current data suggest that they may
be achievable if new agents afford prolonged HBV suppression at viremia levels below
4 log10 copies/mL and preferably below the level of PCR detectability, although the
issue of whether immunomodulation will also be needed for optimal rates of durable
HBV clearance remains an open question.

As HBV infection becomes increasingly manageable, and even eradicable in some
patients, countries with high social costs from HBV-related morbidity and mortality are
likely to commit increasing resources to identification and treatment of chronic HBV
carriers at risk for progressive liver disease. Because of the large current global pool of
HBV carriers, under these circumstances both the medical and commercial dimensions
of HBV therapeutics will expand considerably. With continued social and pharmaceutic
advances, the large global disease burden of chronic hepatitis B can finally be resolved.
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1. Introduction
Since the discovery of hepatitis delta virus (HDV) about 25 yr ago (1–3), no medical

therapy has yet been developed to eradicate effectively this cause of acute and chronic
liver disease. This small RNA virus is composed of three main elements: a 1.7-kb cir-
cular single-stranded RNA genome, two isoforms of an antigenome-encoded protein—
the delta antigens—and a lipid envelope embedded with hepatitis B virus (HBV)
surface antigens (HBsAgs) (Fig. 1 [4,5]). These latter proteins are necessary for the pro-
duction of infectious HDV particles, which explains why clinical infections with HDV
occur only in the presence of an HBV infection. The presence of HDV can dramatically
increase the severity of the underlying HBV infection (6–8). Clearance of delta infec-
tions is refractory to interferon (9), and recent improved therapies that clear HBV
viremia but still fail to abolish HBsAg levels have no impact on HDV (10). Thus other
anti-HDV strategies need to be considered.

Once the HDV genomic RNA has entered the cell (Fig. 2), it migrates to the nucleus
where it is replicated via a rolling circle mechanism catalyzed by an apparent combina-
tion of delta antigen and a recruited host cell RNA polymerase (11–13). During this
RNA-dependent RNA replication, an antigenomic form of the RNA is synthesized and
serves as a template for more genomic RNA species. The antigenomic RNA also bears
the open reading frame (ORF) for synthesis of delta antigen. In the course of replica-
tion, an RNA editing event occurs at the translational stop codon for small delta antigen,
extending the ORF to the next downstream stop codon (14–16). This generates the
larger isoform of delta antigen—a protein 19 amino acids longer at the carboxyl (C)-
terminus than the small form (Fig. 3). While both isoforms have in common nuclear
localization, oligomerization, and RNA binding domains, the large delta antigen also
displays activities completely different from its smaller counterpart: it inhibits HDV
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genome replication and promotes virion formation through interaction with HBV small
surface antigen (17–20). Essential to this latter function is a sequence motif located at
the extreme C-terminus of the 19 amino acid extension unique to large delta antigen.
This motif, termed a CXXX box (where C = cysteine and X is any amino acid), is the
substrate for a posttranslational modification: prenylation (21–23). The latter consists of
the covalent addition of the prenyl lipid farnesyl (a metabolite derived from mevalonic
acid through the cholesterol biosynthesis pathway) to the CXXX box cysteine. If farne-
sylation of the cysteine is prevented by mutation of the CXXX box cysteine, HDV par-
ticle formation is abolished (24,25). The prospect of similarly preventing prenylation,
but by pharmacologic means, thus represents an attractive potential strategy for disrupt-
ing the replication cycle of HDV.

Although a number of the multiple steps in prenyl lipid synthesis from mevalonate to
farnesyl pyrophosphate could be considered for inhibition, we have chosen to target the
last step in the formation of prenylated delta antigen, namely, the covalent addition of
fully formed farnesyl to delta antigen. This bisubstrate reaction is catalyzed by a cellu-
lar enzyme: farnesyl transferase (FTase [26], Fig. 4). FTase belongs to a family of pro-
tein isoprenoid transfer enzymes, which includes geranylgeranyl transferases I and II,
whose substrates bear a CXXX box or a variation thereof (e.g., CC or CXC), respec-
tively (27). To date, many prenylated proteins have been identified. Geranylgeranylated
proteins include the gamma subunit of G proteins (22) and members of the Rab family,
involved in vesicular transport (28). Farnesylation modifies such proteins as lamin B
(29), peroxisomal membrane protein PxF (30) and p21 ras (31,32). Farnesylation of H-
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Fig. 1. Schematic overview showing the principal structural elements of a HDV particle:
genomic circular RNA, complexed with delta antigen (large and small), is surrounded by a lipid
envelope embedded with HBV surface antigen proteins. (The precise stoichiometry is not known
and simplified here for illustrative purposes.)
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Fig. 2. Replication cycle of HDV. On infection of a hepatocyte, the HDV ribonucleoprotein
complex migrates to the nucleus where replication is promoted by small delta antigen. Once an
RNA editing event occurs at the end of the ORF encoding for delta antigen, the large form of this
protein is synthesized (see Fig. 3). This large delta antigen undergoes prenylation and inhibits fur-
ther genome replication while promoting virus particle formation. This last event also requires the
presence of a coinfecting HBV that provides the surface proteins necessary for HDV to exit the
cell and infect new targets.

ras is an essential step in cellular transformation by the oncogenic form of this protein.
As a consequence, this reaction has been extensively studied and several inhibitors of
FTase developed (33,34). These farnesyl transferase inhibitors (FTIs) include CXXX
box peptidomimetics (molecules derived from the structure of a CXXX box tetrapep-
tide) (35,36), farnesyl diphosphate (FDP) analogs (37), bisubstrate inhibitors contain-
ing structural motifs of both CXXX box and FDP (38), and several other compounds
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Fig. 3. Small and large delta antigens. At the C-terminus (COOH), a 19 amino acid extension
(shaded box) differentiates large delta antigen from the small isoform. The last four amino acids
of this extension represent a so-called “CXXX box” in which C is a cysteine and X any amino
acid (HDV type I CXXX (24,44) box is shown: Cys, cysteine, Arg, arginine, Pro, proline, Gln,
glutamine; not drawn to scale).

Fig. 4. Farnesyl transfer reaction. Farnesyl transferase catalyzes the covalent attachment of a
farnesyl group (coming from a farnesyl pyrophosphate precursor) to a CXXX box-containing
protein. R, Polypeptide; Cys, cysteine, X, any amino acid; OPP, pyrophosphoryl group, PPi, inor-
ganic pyrophosphate. [According to Tamanoi (45).]

screened from random chemical libraries and not based on the structure of either FTase
substrates (39). All of these types of compounds represent attractive potential inhibitors
of HDV large antigen prenylation.
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One should take into account that inhibitors developed to prevent ras prenylation
may not inhibit large delta antigen prenylation with similar efficacy. The prenyl transfer
reaction follows a random order sequential mechanism (40), with independent binding
of both substrates (e.g., the protein undergoing prenylation and the prenyl pyrophos-
phate to be transferred) to the FTase. Moreover, the catalytic efficiencies of CXXX sub-
strates seem to depend largely upon their relative binding affinity for FTase, which
could be different for ras and large delta antigen. Such caveats, however, are readily
addressed by our two-step screening procedure used to identify suitable candidates for
an FTI-based antiviral therapy against HDV.

The first step involves a rapid assay to assess the efficacy of inhibiting large delta
antigen prenylation in vitro (24). In the second step, the ability of the candidate com-
pound to inhibit production of HDV particles is assessed ([41] and see Fig. 5). For the
first step, coupled in vitro transcription/translation reactions are performed with rabbit
reticulocyte lysates programmed to express the large delta antigen in the presence of
[3H]mevalonate—the metabolic precursor of prenyl lipids—and the candidate com-
pound (Fig. 5A). These lysates contain the enzymes required for synthesis of farnesyl
from mevalonate as well as farnesyl transferase. Thus the covalent addition of labeled
farnesyl to large delta antigen can be simply monitored by subjecting aliquots of the
reactions to polyacrylamide gel electrophoresis (PAGE) and fluorography or phospho-
rimager analysis. Potential nonspecific effects on translation of the delta antigen sub-
strate prior to its farnesylation can be independently monitored by Western blot
analysis.

Candidate compounds identified in the first step are then subjected to a more lengthy
and informative cell culture based assay of actual HDV particle production (Fig. 5B).
Transient transfection of a liver-derived cell line with plasmids encoding the entire
HDV and HBV genomes leads to the release into the medium of infectious particles that
are detectable by assays for the HDV RNA that they contain. As preventing prenylation
of large delta antigen abolishes production of mature virus particles, Northern blot
analysis of pelleted media supernatants provides a convenient and sensitive method to
monitor the effect of prenylation inhibitors on HDV particle formation. Given the time
span of this kind of experiment (maximal virion production in the absence of inhibitors
is not achieved until approx 1 wk in this system), it is best reserved for inhibitors pass-
ing the first screen.

2. Materials
1. Drugs to be tested
2. Dimethyl sulfoxide (DMSO), enzyme grade.
3. 1 M Dithiothreitol (DTT).

2.1. First Screening: In Vitro Prenylation Assay
1. TNT® Quick coupled transcription-translation for SP6 RNA polymerase (Promega).
2. A suitable plasmid containing the ORF for large delta antigen under the transcriptional con-

trol of a SP6 promoter (24).
3. 60 Ci/mmol of [5-3H]mevalonate [R, S] (American Radiolabeled Chemicals).
4. 1.5-mL Microcentrifuge tubes, sterile autoclaved.
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5. Reagents and equipment for sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE).

6. Nitrocellulose (0.45 �m, Bio-Rad).
7. Transfer buffer: 200 mM glycine, 250 mM Tris-HCl, 1% SDS, 20% methanol.
8. Semidry transfer apparatus (Semidry blotting unit, FisherBiotech).

Fig. 5. Outline of the FTI screenings. (A) First step: in vitro prenylation assay. (B) Second
step: virus particle formation assay (see text for details).
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9. Ponceau S solution: 0.2% (w/v) Ponceau S, 3% (w/v) trichloroacetic acid, and 3% sulfosali-
cylic acid.

10. Western wash buffer (WWB): 10 mM Tris-HCl pH 7.6, 150 mM NaCl, 0.1% (w/v) bovine
serum albumin, 0.1% sodium azide, and 0.1% Tween-20.

11. Blocking solution: 5% (w/v) nonfat dry milk in water.
12. Primary antibody: Anti-delta antigen (e.g., serum from a patient chronically infected with

HDV).
13. Secondary antibody: Alkaline phosphatase-conjugated rabbit anti-human antibody (Promega).
14. Alkaline phosphatase (AP) buffer: 100 Tris-HCl, pH 8.5, 100 mM NaCl, and 5 mM MgCl2.
15. Nitroblue tetrazolium (NBT, Promega).
16. 5-Bromo-4-chloroindoxlyl phosphate (BCIP, Promega).
17. PhosphorImager (Molecular Dynamics).

2.2. Second Screening: Virus Particle Formation Assay
1. Huh7 cells.
2. CO2 incubator (Nuaire).
3. 100-mm diameter plastic tissue culture plates (Falcon).
4. Huh7 medium: 45% Dulbecco’s modified Eagle medium (DMEM) medium (Cellgro), 45%

RPMI 1640 medium (Cellgro), 10% fetal bovine serum (FBS, GibcoBRL).
5. Antibiotics: Penicillin–streptomycin.
6. Lipofectamine 2000 (GibcoBRL).
7. OPTI-MEM (GibcoBRL).
8. Suitable plasmids encoding the HDV (pSVLD3 [42]) and HBV (pGEM4ayw.2x [43])

genomes.
9. Tabletop centrifuge.

10. 1X Phosphate-buffered saline (PBS) without magnesium or calcium (Cellgro).
11. Trizol reagent (GibcoBRL).
12. 15-mL culture tubes, sterile (Falcon).
13. Chloroform.
14. Isopropanol.
15. 30-mL tubes, SA600 rotor, and RC5B or equivalent centrifuge (Beckman).
16. 100% and 80% ethanol.
17. 1.5-mL tubes, sterile autoclaved.
18. Microcentrifuge (Eppendorf).
19. 100% Formamide.
20. Spectrophotometer (Beckman)
21. Cushion solution: 20% Sucrose in 1X PBS (Cellgro).
22. Ultracentrifuge tubes (15-mL tubes, Beckman cat. no. 344059 or 331372), SW41Ti rotor

and ultracentrifuge (Beckman).
23. Pellet Paint™ NF (a nonfluorescent coprecipitant that does not interfere with subsequent

enzymatic steps, Novagen).
24. 20X Gel running buffer: 200 mM sodium phosphate, pH 6.8.
25. Glyoxalation solution: 1.9 M glyoxal (Fisher Scientific, Fair Lawn, NJ), 7.1 mM sodium

phosphate, pH 6.8, 4.5 mM EDTA, 35% DMSO.
26. 1000X Aurintricarboxylic acid (ATA) solution: 20 mM ATA.
27. 6X gel loading buffer: 0.25% w/v bromophenol blue, 0.25% (w/v) xylene cyanole FF, 40%

(w/v) sucrose in water.
28. Agarose gel apparatus with recirculation capabilities (Hoefer).
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29. 20X SSPE: 3 M NaCl, 0.2 M NaH2PO4, 20 mM EDTA, pH 7.0.
30. Zeta probe charged nylon membrane (Bio-Rad).
31. 3MM Whatman paper.
32. UV crosslinker (Stratalinker, Stratagene).
33. Tris-treat solution: 20 mM Tris-HCl, pH 7.5.
34. Methylene blue: 0.04% (w/v) in 0.5 M sodium acetate, pH 5.2.
35. Probe-producing plasmid: A suitable plasmid to allow synthesis of antigenomic RNA under

the dependence of a T7 promoter and linearized with the appropriate enzyme (such as in
Glenn and White [18])

36. [�-32P]UTP (3000 Ci/mmol, Amersham).
37. Riboprobe kit for T7 RNA polymerase (Promega).
38. Microspin G25 columns (Amersham Biosciences).
39. Hybridization oven and tubes (Hybaid).
40. Prehybridization/hybridization solution: 5X SSPE, 5X Denhardt’s solution, 0.5% (w/v)

SDS, and 20 �g/mL of denatured yeast tRNA (Sigma).
41. BioMax MR autoradiography film (Kodak).

3. Methods
Many FTIs are hydrophobic molecules with an active sulfhydryl group. These com-

pounds are best dissolved first in an organic solvent and maintained in a reduced state.
On final dilution into the screening assays, appreciable amounts of these carrier organic
solvent and reducing agents remain. Therefore, it is necessary to account for any possi-
ble effects attributable to these agents alone by including the carrier composition in par-
allel control assays run with no drug. Typically, duplicate reactions of multiple drug
concentrations are assessed in parallel.

1. Resuspend drugs in appropriate volume of DMSO containing DTT (as needed).
2. Store aliquots at −80°C.

3.1. First Screening: In Vitro Inhibition 
of Large Delta Antigen Farnesylation

3.1.1. Prenylation Reaction
1. Dry down the label in a SpeedVac.
2. Resuspend with 50 mM Tris-HCl, pH 8.5, and incubate at 37°C for 30 min to break the lac-

tone ring.
3. In 1.5-mL tubes, assemble the reactions according to the manufacturer’s instructions. In

brief, mix 40 �L of TNT® Quick master mix, 1 �L of 1 mM methionine, 1 �g of plasmid
DNA (see Note 1), 1 �L of [5-3H]mevalonate (see Note 2), and H2O to 50 �L.

4. Incubate at 30°C for 90 min.
5. Subject 1 �L equivalent to SDS-PAGE (12% separating, 4% stacking) acrylamide gels.
6. Transfer to a nitrocellulose membrane with a semidry transfer apparatus (2 mA/cm2 of mem-

brane for 75 min).
7. After transfer, wash the membrane briefly in distilled water to remove any adherent pieces of

gel.
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Fig. 6. Example of first screening assay. In vitro prenylation as a function of the concentration
of a farnesyl transferase inhibitor. Combined in vitro transcription–translation reactions were per-
formed with rabbit reticulocyte lysates programmed with water (lanes 1) or a plasmid encoding
large delta antigen (lanes 2–7) in the presence of [5-3H]mevalonate and either water (lanes 2);
carrier (0.5 mM DTT and 0.05% DMSO) (lanes 3); or carrier with 5, 10, 25, or 50 �M BZA-5B,
a farnesyl transferase inhibitor (46), as indicated. Aliquots (1 �L) were subjected to SDS-PAGE
and either fluorography (A) or immunoblot analysis (B). L, Large delta antigen. (Reprinted with
permission from Glenn et al. [44].)

8. Air-dry completely and analyze by PhosphorImager, or
9. Impregnate with 20% 2,5-diphenyloxazole (PPO)–toluene.

10. Air-dry completely and analyze by fluorography with preflashed 3H film.

3.1.2. Western Analysis
After PhosphorImager analysis (see Subheading 3.1.1., step 8), the membrane can

be used for Western blot analysis.

1. Stain with Ponceau S for 5 min. Destain with water until red bands appear on a white back-
ground and take a picture.

2. Block for 1 h in blocking solution (see Note 3).
3. Wash one time with WWB.
4. Incubate in WWB containing the primary antibody for at least 1 h at room temperature

(or overnight at 4°C). (The dilution should be determined for each patient serum experi-
mentally prior to using it in this analysis. The serum we use is typically diluted 1:250,000
in WWB.)

5. Wash briefly four times with WWB.
6. Incubate in WWB containing the secondary antibody (AP-conjugated, anti-human 1:7500

dilution) 1 h at room temperature (see Note 4).
7. Wash three times with WWB and one time with AP buffer.
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8. During this latter wash: Prepare the developing solution: 10 mL of AP buffer in a 15-mL
tube. Add 66 �L of NBT, mix, then add 33 �L of BCIP. Mix and use immediately by replac-
ing the solution on the membrane with this developing solution.

9. Wait until development is satisfactory. Stop the reaction by replacing solution with distilled
water for 10 min or more.

10. Transfer the membrane between two sheets of Whatman paper. Let it dry at least 1 h.

3.2. Second screening: Inhibition of HDV Particle Production (See Note 5)
1. The day before transfection, seed Huh7 cells at 90% confluency (about 8.5 × 106 cells per

100-mm diameter dish) in Huh7 medium (see Note 6).
2. On the day of transfection: Prepare lipofectamine 2000/DNA complexes according to the

manufacturer’s instructions. In brief, per plate: Dilute 24 �g of each plasmid DNA in 1.4 mL
of OPTI-MEM. Dilute 60 �L of lipofectamine 2000 in 1.4 mL of OPTI-MEM. Mix both
solutions together and let stand at room temperature for 20 min.

3. Remove the cell medium. Add complexes to the cells dropwise while rocking the plate gen-
tly. Add 12 mL of Huh7 medium with antibiotics. Keep the cells at 37°C, 5% CO2.

4. Change the medium daily, replacing it with medium containing carrier (e.g., DMSO and
DTT) without or with the desired concentration of drug to be tested. On d 9, collect the
supernatants (steps 5–6) and cells (steps 7–8).

5. Collect the supernatants in 15-mL tubes (Falcon), preclear them at 3000g for 5 min at 4°C in
a tabletop centrifuge and transfer supernatants to fresh 15-mL tubes. Load them onto a 2 mL

Fig. 7. Example of second screening assay. Northern analysis of HDV virion production as a
function of the concentration of a farnesyl transferase inhibitor. Following transfection with both
HDV and HBV genome-encoding constructs (see text), Huh7 cells were maintained in medium
changed daily containing carrier (0.2% DMSO and 400 �M DTT) alone (lanes 1 and 7) or carrier
plus 0.5 �M (lanes 2 and 8), 1 �M (lanes 3 and 9), 5 �M (lanes 4 and 10), 10 �M (lanes 5 and
11), or 20 �M (lanes 6 and 12) of FTI-277, a farnesyl transferase inhibitor (47). On d 10 after
transfection, supernatants (lanes 1–6) and cells (lanes 7–11) were processed for Northern analy-
sis of HDV RNA, as described in the text.
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of 20% sucrose in PBS cushion in ultracentrifuge tubes. Balance with 1X PBS. Centrifuge
for 17 h in an ultracentrifuge at 40,000 rpm, in a SW41Ti rotor, 4°C.

6. When ultracentrifugation is finished, carefully remove liquid including cushion either by
pipeting or by suction with a tipped Pasteur pipet linked to a vacuumed flask (see Note 7).
Resuspend pellets in 100 �L of 1X PBS (see Note 8). Transfer to 1.5-mL tubes. Add 1 �L of
Pellet Paint™ NF coprecipitant.

7. Harvest the underlying cells as follows: Wash the cells with 1X PBS. Aspirate. Cover the
cells with 7 mL of Trizol reagent. Roll the plate around in your palm until the lysate gets off
the plate by itself. Transfer the mixture of lysed cells to a 15-mL tube. Incubate at least 15
min at room temperature. Add 1.4 mL of chloroform. Mix well by vortexing. Centrifuge at
maximum speed in a tabletop centrifuge (about 5000g). Transfer aqueous phase to 30-mL
tubes. Add 3.5 mL of isopropanol. Mix well. Pellet RNA by centrifugation in a SA600 rotor
for 20 min at 4°C at 13,000g. Remove the supernatant. Resuspend the pellet in 400 �L of
sterile double-distilled H2O. Transfer to 1.5-mL tubes. Add 1 mL of 100% ethanol. Cen-
trifuge in a microcentrifuge at top speed (about 14,000g) for 20 min. Remove the super-
natant. Add 1 mL of 80% ethanol. Centrifuge at top speed for 10 min. Remove the
supernatant. Air-dry for at least 5 min or until the pellet looks dry.

8. Resuspend the pellets in 140 �L of 100% formamide (see Note 9). Make dilutions at 1:200.
Read the absorbance at 260 nm and 280 nm. Calculate ratios to determine purity (they
should be close to 2) and concentrations of original solutions (A260 × dilution factor × 0.04
mg/mL). Transfer 5 �g to fresh 1.5-ml tubes and adjust the volume to 7 �L with 100% for-
mamide. Samples can be stored at −80°C until the supernatant samples are ready to be gly-
oxalated.

9. Add 500 �L of Trizol reagent to the sample from step 6. Follow the same procedure as
before for the cellular total RNA (step 7) by downsizing volumes (100 �L of chloroform,
250 �L of isopropanol). After isopropanol precipitation, wash directly with 0.5–1 mL of
80% ethanol. Resuspend the air-dried pellet in 7 �L of 100% formamide.

10. To all samples (including RNA markers and standards), add 8 �L of glyoxalation solution.
Incubate for 50 min at 55°C. Quickly centrifuge the samples, then add 3 �L of 6X loading
buffer (see Note 10).

11. Prepare a 1.5% agarose gel in 1X gel running buffer and 1X ATA. Load samples. Apply max-
imum voltage possible (typically approx 280 V). Begin recirculation of buffer after samples
have begun to enter the gel (see Note 11). Stop migration when the level of bromophenol
blue reaches 8–10 cm from the wells. Cut the gel and set up a capillary blotting system with
20X SSPE as the transfer buffer and Zeta-probe as the membrane. Transfer for at least 12 h.

12. When the transfer is completed, subject the membrane to UV crosslinking (Stratalinker,
function “Autocrosslink”). Pour boiling Tris-treat solution over the membrane and let it
shake slowly until the solution is at room temperature.

13. Stain with methylene blue for 5–10 min and destain with distilled water until bands appear.
Take a picture, then incubate the membrane in 25 mL of prehybridization solution for at least
1 h at 70°C (see Note 12).

14. Prepare the riboprobe for detection of genomic HDV RNA according to the manufacturer’s
instructions. In brief, in a 1.5-mL tube, combine 4 �L of 5X transcription buffer; 2 �L of
100 mM DTT; 1 �L each of 10 mM ATP, GTP, and CTP; 1 �L of RNasin (20U/�L); 0.1–0.5
�g of linearized probe-producing plasmid, 5 �L of [�-32P]UTP; and 1 �L of T7 RNA poly-
merase (40 U/�L). Incubate at 37°C for 1 h. Add 1 �L of RQ1 DNase. Incubate at 37°C for
15 min. Purify the probe on Microspin columns according to the manufacturer’s instructions.
(In brief, after snapping the bottom tip of the column, centrifuge in a 1.5-mL tube for 1 min
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at 5000g. Load the labeling reaction onto resin, then centrifuge in a fresh 1.5-mL tube at
5000g for 2 min.)

15. When prehybridization is finished, remove 20 mL of prehybridization and use 1–2 mL to
dilute the probe. Add the diluted probe to the 5 mL of prehybridization solution remaining in
the tube. Incubate the membrane overnight (minimum 12 h) at 70°C.

16. Wash the membrane sequentially with 500 mL of 2X SSPE–0.1% SDS, 500 mL of 1X
SSPE–0.1 % SDS, and 500 mL of 0.1X SSPE–0.1 % SDS at 70°C.

17. Remove the membrane from the tube. Wash with 6X SSPE. Briefly dry between two sheets
of Whatman paper, then for 20 min in another pair of Whatman paper sheets at 70°C. Cover
the membrane with Saran Wrap and expose to a film at −80°C in a cassette (starting with an
overnight exposure, then adjusting exposure time according to the results from the first expo-
sure). Alternatively, the membrane can be exposed on a PhosphorImager cassette followed
by quantitative analysis of the data (see Note 13).

4. Notes
4.1. First Screening

1. It is not necessary to linearize the plasmid prior to the reaction. However, if no synthesis is
detected, linearization should be performed and, if the product is still not detected, a separate
in vitro transcription reaction should be set up to make sure that the expected RNA is syn-
thesized

2. Although tritium has a weak energy, it has a very long half-life and is detectable only
through swipes and scintillation counting. As with all experiments involving radioactive
materials, care should be taken to avoid contamination of the work environment including
the use of gloves, covering surfaces with a disposable bench paper, and using barrier pipet
tips.

3. The blocking step is enough to remove the last remains of the Ponceau S stain. However, it is
possible to remove the majority of Ponceau S by washing the blot with WWB 1–2 min prior
to blocking.

4. AP/color development can be replaced by horseradish peroxidase/ECL. In this case, buffers
should not contain sodium azide as it inhibits this enzyme.

4.2. Second Screening
5. Because this procedure aims to produce infectious HDV particles, all precautions pertaining

to biohazardous material should be observed. These include BL2 containment conditions and
workers being vaccinated against HBV (which provides protection against HDV as well).

6. The strain of Huh7 cells we use is fairly easy to work with, but one should pay attention to
some details influencing the efficiency of transfection. For instance, if the cells display very
bright dots in their bodies, it is a sign that they are stressed. In this case, expect transfection
efficiencies of 30–40% or less.

7. When removing sucrose/precleared medium supernatants, remove first nine tenths of the liq-
uid with a 10-mL pipet, then use a pipetman to remove the remainder.

8. When resuspending the pellet during supernatant concentrations, scrape the bottom of the
tube with the tip of the pipetman containing the PBS. Simple pipeting may lead to a poor
resuspension of the pellet.

9. When resuspending the cellular total RNA in formamide, it may be necessary to warm the
samples at 65°C with regular shaking to ensure complete dissolution of the pellets.

10. After glyoxalation, RNA samples may be kept at −20°C or −80°C for several days.
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11. Without recirculation of the buffer, ATA migrates toward the cathode, creating a front migrat-
ing in reverse of the nucleic acids, and eventually a zone where RNases can be active.

12. Ethidium bromide should be avoided during migration as it reacts with glyoxal and slows
down migration. Moreover, methylene blue is safer to handle and gives very satisfactory
images under our conditions.

13. Although not designed for 32P autoradiography, BioMax MR films work very well with our
level of signal, producing clean images with a very clear background.
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