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Hepatitis B virus (HBV)-associated chronic liver diseases are treated with nucleoside analogs that target the virus polymerase.
While these analogs are potent, drugs are needed to target other virus-encoded gene products to better block the virus replica-
tion cycle and chronic liver disease. This work further characterized GLS4 and compared it to the related BAY 41-4109, both of
which trigger aberrant HBV core particle assembly, where the virus replication cycle occurs. This was done in HepAD38 cells,
which replicate HBV to high levels. In vitro, GLS4 was significantly less toxic for primary human hepatocytes (P < 0.01 up to 100
�M), inhibited virus accumulation in the supernantant of HepAD38 cells (P < 0.02 up to 100 nM), inhibited HBV replicative
forms in the liver with a significantly lower 50% effective concentration (EC50) (P < 0.02), and more strongly inhibited core gene
expression (P < 0.001 at 100 to 200 nM) compared to BAY 41-4109. In vivo characterization was performed in nude mice inocu-
lated with HepAD38 cells, which grew out as tumors, resulting in viremia. Treatment of mice with GLS4 and BAY 41-4109
showed strong and sustained suppression of virus DNA to about the same extents both during and after treatment. Both drugs
reduced the levels of intracellular core antigen in the tumors. Alanine aminotransferase levels were normal. Tumor and total
body weights were not affected by treatment. Thus, GLS4 was as potent as the prototype, BAY 41-4109, and was superior to
lamivudine, in that there was little virus relapse after the end of treatment and no indication of toxicity.

There are more than 350 million people worldwide (1) chroni-
cally infected with hepatitis B virus (HBV) at high risk for the

development of chronic liver diseases (CLD), including hepatitis,
fibrosis, cirrhosis, and hepatocellular carcinoma (HCC) (2, 3).
Persistent virus replication and progressive chronic liver disease
are associated with a high risk for tumor appearance (2, 4–6).
Therefore, much effort has focused upon understanding the life
cycle of HBV so that specific antiviral drugs could be developed.

When HBV infects cells, the partially double-stranded genome
becomes fully double stranded and then appears as supercoiled
DNA in the cell nucleus. Supercoiled virus DNA exists as a
minichromosome (7) and is the template for all the virus mRNAs,
including the greater-than-genome-length pregenomic RNA (8,
9). The latter migrates into the cytoplasm, where it becomes pack-
aged along with the virus-encoded polymerase/reverse transcrip-
tase within immature core (nucleocapsid) particles (8–10). In this
context, the pregenomic RNA then becomes reverse transcribed
into minus-strand DNA, and after the RNA is degraded, partial
plus-strand viral DNA synthesis occurs while the virus buds from
the cell (8, 9, 11). Thus, replication occurs within core particles in
the cytoplasm prior to the maturation of virus particles.

Given the large burden of infection and disease, it was impor-
tant to develop efficacious drugs against chronic hepatitis B.
Knowledge that the pathogenesis of chronic infection was im-
mune mediated (12) led to the development and application of
interferons and pegylated interferons for treatment, but they were
effective in less than half the treated patients (13), were expensive,
and had significant side effects. Nucleoside and nucleotide analogs
have also been developed that target the virus polymerase/reverse
transcriptase, and although these are nontoxic, drug resistance has
been observed (14). Simultaneous treatment with multiple nucleo-
side analogs appeared to be more effective (15–17). In this context,

the success of combination therapy for human immunodeficiency
virus infection, aimed at multiple virus targets (18), may serve as a
good model for drug development against additional targets in
HBV.

Recently, a new class of compounds that target the HBV nu-
cleocapsid has been discovered (19). The prototype, BAY 41-4109,
was developed and shown to inhibit HBV DNA replication in
HepG2.2.15 cells by destabilizing core particle assembly and by
disrupting existing capsids, yielding large noncapsid polymers
(19–23). BAY 41-4109 was shown to partially inhibit the virus
replication cycle in HBV transgenic mice (24) and in Alb-uPA/
SCID mice (25). HBV BAY 41-4109 was also effective against
lamivudine- and adefovir-resistant mutants (22, 26) but was hep-
atotoxic at high doses in rats (27). To build upon these findings, a
series of BAY 41-4109 analogs were made, and the analog GLS4
(28) was shown to have potent antiviral activity in vitro in
HepG2.2.15 cells (26). In this context, the present work further
characterizes GLS4 relative to BAY 41-4109. Both compounds are
heteroarylpyrimidines, although the in vitro data suggest that
GLS4 may be more potent and less toxic than BAY 41-4109.
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MATERIALS AND METHODS
Drugs. Sunshine Lake Pharma Co., Ltd. (HEC), has provided all of the
drugs, reagents, and buffers used in this study and protocols for drug
formulation. For GLS4 {6[R,S]-ethyl-6-(2-bromo-4-fluorophenyl)-4-
(morpholinomethyl)-2-(thiazol-2-yl)-1,6-dihydropyrimidine-5-carboxy-
late}, the HEC lot used was HEC-GLS4-070901; for BAY 41-4109 [methyl-
4-(2-chloro-4-fluorophenyl)-2-(3,5-difluoro-2-pyridinyl)-6-methyl-1,
4-dihydropyrimidine-5-carboxylate], the lot used was 4109-3z-080630;
and for lamivudine (3TC), the lots used were numbers 20090701 and
0707019. GLS4 and BAY 41-4109 were solubilized in 0.1 M HCl, and small
volumes added to culture medium were used. Chemical synthesis and
purity of GLS4 and BAY 41-4109 have been previously described (29).

Cells and culture. Primary human hepatocytes were purchased from
CellzDirect (Durham, NC) and used within 48 h of becoming available
from the donor. Ten thousand primary hepatocytes plated into each well
of a 96-well plate by the manufacturer were maintained in a humidified
incubator at 37°C and 5% CO2, with medium changed daily.

HepAD38 cells were grown to about 80% confluence in 0.3 �g/ml of
tetracycline (TET) (30). In the presence of TET, the virus replication cycle
was strongly suppressed, but in the absence of TET, the virus replication
cycle was robust and under the control of the native virus enhancers and
promoters unless an inhibitor of HBV replication was present (30, 31).
After the removal of TET, the cells were treated with different doses of
GLS4, BAY 41-4109, or no drug. Cell viability was monitored by 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) as-
say (Invitrogen, Carlsbad, CA).

In vivo PK and toxicity studies. ICR mice were used to evaluate the
pharmacokinetic (PK) properties of GLS4. Following oral administra-
tion of 10 mg/kg (of body weight) of GLS4 to male mice, the concen-
tration of GLS4 in plasma was determined using liquid chromatogra-
phy-tandem mass spectrometry (LC/MS/MS). For toxicity studies,
ICR mice were given GLS4 by gavage over a 4-week period and then
kept off drug for another 2 weeks. Groups consisting of 20 male plus 20
female mice were administered a vehicle (1% methyl-2-hydroxyethyl
cellulose), 35.7, 118.9, or 356.6 mg/kg per day in a volume correspond-
ing to 20 ml/kg. Ten mice per dose group were euthanized 2 weeks after
the end of drug treatment. Body weight, food consumption, serum
albumin levels, and adverse effects were determined. All experiments
using mice were approved by the Institutional Animal Care and Use
committees (IACUC) at Temple University and at Sunshine Lake
Pharma Co., Ltd.

Protocol. Given that HepAD38 cells formed subcutaneous tumors in
nude mice, resulting in viremia that approached 108 virus genome equiv-
alents/ml of blood within 30 days, this system was used to assess the
potency of compounds against hepatitis B in vivo (17). Accordingly,
young adult nude mice of either gender were subcutaneously inoculated
on the back in the hind quarter with 1 � 107 HepAD38 cells. When
tumors were palpable (usually 4 to 5 weeks postinjection), the levels of
HBV DNA in serum was quantified by real-time PCR. Mice with HBV
DNA titers of �104 copies/ml were used. TET (2.5 mg/ml) was then added
to their drinking water for 2 weeks (weeks 0 and 1 in the figures below) to
suppress the virus replication cycle. TET was then removed, and various
treatments were performed for 2 weeks (weeks 2 and 3 in the figures below
[treatment period]), followed by another 2 weeks off drug (weeks 4 and 5
[rebound period]). For this work, mice were divided randomly into
groups of 10 mice each and then treated with TET only (group 1), drug
carrier alone (group 2), or GLS4 at a dose of 3.75 (group 3), 7.5 (group 4),
15 (group 5), 30 (group 6), or 60 (group 7) mg/kg per day. Additional
groups of mice were treated with BAY 41-4109 (at 60 mg/kg per day)
(group 7) or lamivudine (100 mg/kg per day) (group 8). Mice were ga-
vaged daily for 14 days at 0.2 ml per dose. The drug carrier, 2% methyl-2
hydroxyethyl cellulose in water, was used to dissolve GLS4 and BAY 41-
4109. A retro-orbital blood sample was obtained weekly for HBV DNA
quantification and alanine aminotransferase (ALT) measurements. Mice
were weighed just before treatment and at weekly intervals thereafter. At

the end of week 5, mice were euthanized, tumors were removed, and wet
weights were determined. Tumors from several mice treated with 60
mg/kg per day of GLS4 were collected at the end of treatment and from
identically treated mice after the rebound period. Tumor extracts were
assayed for core polypeptide (p21) by Western blotting.

Quantification of HBV DNA. To measure drug efficacy by real-time
PCR, DNA was extracted from tissue culture supernatant or serum using
the QIAamp DNA blood minikit (Qiagen, Germantown, Maryland). For
analysis, 200 �l of cell culture supernatant or 100 �l of mouse serum
was digested with 1 �l of RNase-free DNase I (10 to 50 U/�l; Roche,
Nutley, NJ) at 37°C for 30 min, and the DNA was recovered from a
minispin column in 200 �l of eluant. Real-time PCR was carried out as
described previously (17) in an Eppendorf Master Cycler (Eppendorf,
Westbury, NY).

Southern blot hybridization. Quantification of intracellular HBV
DNA replicative forms was performed by Southern blot hybridization
(32). Hybridization was conducted under high stringency using an HBc
region probe in the standard enhanced chemiluminescence (ECL) assay
(Amersham). Semiquantification was done by gel scanning of the autora-
diographic images using a PhosphorImager (Molecular Dynamics). HBV
covalently closed circular DNA (cccDNA), extracted from isolated nuclei
of cells replicating virus, was detected by using a 32P-labeled HBV-specific
DNA probe (Rediprime II; GE Healthcare, Piscataway, NJ). Signals were
developed using Kodak X-OMAT film and analyzed using Quantity One
software (Bio-Rad Laboratories, Inc., USA).

HBV core protein preparation. HBV-like capsids were produced
from C-terminally truncated HBc1–149 (Cp149). Cp149 was expressed in
Escherichia coli and purified as described previously (33). Protein stock
was stored at 4°C in 50 mM Na2CO3 (pH 9.6)–2 mM dithiothreitol
(DTT). All preparations were stable for at least 6 months. Protein was
quantified by determining the absorbance at 280 nm.

Determination of capsid size. The sizes of HBV capsids were moni-
tored by dynamic light scattering (DLS) after Cp149 (5 �M) was incu-
bated with or without drug at different compound concentrations for 24 h
(34). Particle sizes were also determined by transmission electron micros-
copy (TEM) and atomic force microscopy with Cp149 samples (5 �M)
(35). In addition, Cp149 assembly reactions were evaluated by size exclu-
sion chromatography (SEC) using Superose 6 10/300 GL (GE Healthcare
Life Sciences, Piscataway, NJ) (36). Recovered protein was assigned to
different forms of core (e.g., dimers, capsids, and large assembly forms)
depending upon elution volume.

HBc staining. HBc was detected in cultured cells and tissue sections by
immunostaining. Tissue culture cells were grown on chamber slides to
about 80% confluence and then fixed with methanol. Transplanted tumor
tissues were fixed in 10% buffered formalin (Fisher, Philadelphia, PA) and
embedded in paraffin, and 5-�m-thick sections were mounted on poly-
L-lysine-coated slides. Slides were then stained as described previously
(37) using a 1:100 dilution of anti-HBc as a primary antibody, followed by
horseradish peroxidase-conjugated secondary antibody (HRP-anti-Ig)
and substrate development (Dako, Carpenteria, CA).

Statistical analysis. Student’s t test was used to calculate the signifi-
cance of the difference between the means of tests compared to control
findings in measuring the comparative toxicity and antiviral efficacy of
GLS4 compared to BAY 41-4109 and lamivudine.

RESULTS
Toxicity profiles of GLS4 compared to BAY 41-4109. The molec-
ular structures of GLS4 and BAY 41-4109, as previously published
(19, 26), are shown in Fig. 1A. To establish the toxicity profiles of
GLS4 and BAY 41-4109, primary human hepatocytes were treated
with increasing concentrations of each drug for 48 h and then cell
viability was measured. GLS4 was significantly less toxic than BAY
41-4109 at high drug concentrations (Fig. 1B) (P � 0.001 for 25
and 50 �M; P � 0.01 for 100 �M). GLS4 showed no toxicity up to
25 �M, while BAY 41-4109 showed about 60% toxicity. The cyto-
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toxic doses whereby 50% of cells die (CC50) for primary hepato-
cytes were 35 �M for BAY 41-4109 and 115 �M for GLS4 (P �
0.001). The CC90 was not reached with either drug within the
range of concentrations used. In contrast, the CC50s for GLS4
in HepAD38 cells (26 �M) and BAY 41-4109 (35 �M) were
similar (Fig. 1C) (P � 0.1). The CC90s were 82 �M for BAY
41-4109 and 190 �M for GLS4 (P � 0.01) in HepAD38 cells,
indicating that GLS4 was less toxic than BAY 41-4109 under the
same conditions.

In vitro antiviral activities of GLS4 and BAY 41-4109.
HepAD38 cells were then used to assess the antiviral activities of
BAY 41-4109 and GLS4. Given that these drugs were toxic to
HepAD38 cells at low micromolar concentrations (Fig. 1), antivi-
ral activity was assessed within the nanomolar range. Accordingly,
5 � 106 cells were seeded into each well of 6-well plates, and the
wells were then treated with GLS4 or BAY 41-4109 for 7 days.
Fresh medium and drug were added daily. Cell supernatants were
assayed for the levels of HBV DNA by real-time PCR. The results
showed that GLS4 more strongly inhibited virus accumulation in
the supernatant of HepAD38 cells than did BAY 41-4109 at 25 nM
to 100 nM (P � 0.02) (Fig. 2). GLS4 was also more potent than
lamivudine at all concentrations of �25 nM. However, the po-
tency of BAY 41-4109 was similar to that of lamivudine except at
concentrations of �100 nM.

To confirm that the antiviral effects of GLS4 inhibited the virus
replication cycle and not just virus secretion, HepAD38 cells were
analyzed for virus replicative forms by Southern blot hybridiza-

tion. Figure 3 shows the replicative forms of HBV DNA that were
detectable at different concentrations of GLS4, BAY 41-4109, and
lamivudine. When TET was removed and no GLS4 was added,
high levels of HBV DNA were detected after 7 days (Fig. 3A, lane 1).
When TET was removed and immediately replaced with the indi-
cated concentrations of GLS4, there was a concentration-depen-
dent inhibition of HBV replication (Fig. 3A, lanes 2 to 6). The
concentration whereby HBV replication was inhibited by 50%FIG 1 (A) Molecular structures of GLS4 and BAY 41-4109. (Reprinted

from references 19 and 26 with permission of the publishers.) (B and C)
Viability of primary hepatocytes (B) and HepAD38 cells (C) to increasing
concentrations of BAY 41-4109 (diamonds) or GLS4 (squares) was deter-
mined using the MTT assay. The graphs show the mean of three indepen-
dent experiments. Error bars indicate standard deviation based upon the
mean value at each data point.

FIG 2 Quantification of HBV DNA in the supernatants of compound-treated
HepAD38 cells by real-time PCR at different concentrations of BAY 41-4109
(diamonds), GLS4 (squares), and lamivudine (triangles). The graph shows the
means of three independent experiments. Error bars indicate standard devia-
tion based upon the mean value at each data point.

FIG 3 Southern blot hybridization of HBV replicative forms. HepAD38 cells
were treated with increasing concentrations of GLS4 (A), BAY 41-4109 (B), or
lamivudine (C). The scanned data from three independent experiments are
graphically presented in panel D. The graph shows the means of three inde-
pendent experiments. Error bars indicate standard deviation based upon the
mean value at each data point. Triangles, GLS4; diamonds, BAY 41-4109;
squares, lamivudine. In panel E, HepAD38 cells were not treated with drug
(lane 1) or were treated with 400 nM GLS4 (lane 2), BAY 41-4109 (lane 3), or
lamivudine (lane 4) for 7 days. HBV cccDNA was then detected by Southern
blot hybridization. M, molecular weight markers.
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(50% effective concentration [EC50]) was 62.24 nM. For BAY 41-
4109, the EC50 was 124.28 nM (P � 0.02) (Fig. 3B), indicating that
GLS4 was more potent than BAY41-4109. Figure 3C shows the
results for lamivudine. In Fig. 3A to C, the replicative forms of
HBV DNA consisted of relaxed circular DNA (RC) at 4 kb, fully
double-stranded HBV DNA (DS) at 3 kb, and variably long single-
stranded DNA (SS) �3 kb in size. In Fig. 3D, the data collected
from the gel scans in Fig. 3A to C were plotted, again showing that
GLS4 was more potent than BAY 41-4109 at most drug concen-
trations. Both were also more potent than lamivudine. HBV
cccDNA was also sensitive to 400 nM GLS4, BAY 41-4109, and
lamivudine (Fig. 3E).

Based upon these data, the selective index for each drug (in
HepAD38 cells) was determined, which is defined as the ratio of
the CC50 of cell viability to the EC50 of HBV DNA levels (based on
the Southern blot scans in Fig. 3). The selective index for BAY
41-4109 was 210, and for GLS4 it was 562. Hence, GLS4 has a
higher selective index than BAY 41-4109 under the same experi-
mental conditions.

Effect of GLS4 upon HBc (core) expression. Antiviral activity
was also measured by the intracellular levels of HBc (core) anti-
gen, which supports HBV replication in the cytoplasm of infected
cells, and is targeted by GLS4. Figure 4A shows a concentration-
dependent decrease of core protein in cells treated with GLS4 and
BAY 41-4109 but not in cells treated with lamivudine (3TC).
When these data were scanned and plotted, they showed highly
significant differences between the levels of HBc polypeptide in
GLS4- and BAY 41-4109-treated cells compared to lamivudine-
treated cells at drug concentrations of 50 nM (P � 0.02), 100 nM
(P � 0.001), and 200 nM (P � 0.001) (Fig. 4B).

GLS4 and BAY 41-4109 block normal capsid assembly. The
finding that BAY 41-4109 induces the formation of aberrant
core particles in vitro (23) implies that GLS4 may do the same.
To test this hypothesis, HBV core particle assembly was deter-
mined in vitro in the presence or absence of drugs. Initially,
core particle assembly in a 10 �M Cp149 solution was moni-
tored 24 h after the initiation by SEC using Superose 6. The
different assembly forms of core were assigned based upon
elution volume. In the absence of drug, there were two major
peaks representing the 4-mDa capsid (peak A, 8.2 to 9.56 min)
and the 35-kDa core polypeptide dimer (peak B, 15.36 to 15.46
min) (Fig. 5A). When Cp149 was incubated with 10 �M GLS4
(Fig. 5B) or 10 �M BAY 41-4109 (Fig. 5C), the 35-kDa dimer
was not observed, consistent with increased assembly. As ex-

pected, both peaks were present in preparations incubated with
10 �M lamivudine (Fig. 5D).

Particle size change was also assayed by dynamic light scatter-
ing (DLS), which was used to obtain the mean size of particles

FIG 4 Intracellular levels of HBc polypeptide in HepAD38 cells treated with increasing doses of GLS4, BAY 41-4109, or lamivudine. (A) Representative Western blots
of cell lysates. (B) Graphical representation of mean values from gel scans of three independent experiments of the type shown in panel A for GLS4 (diamonds), BAY
41-4109 (squares), and lamivudine (triangles). Error bars indicate standard deviation based upon the mean value at each data point.

FIG 5 Assembly of 10 �M Cp149. This was examined by size exclusion chro-
matography with no drug (A) or 10 �M GLS4 (B), BAY 41-4109 (C), or
lamivudine (D). The samples were run sequentially on the same column under
identical conditions. (E) Dynamic light scattering was used to determine the
average core particle diameter in Cp149 samples treated with no drug (group
1) or GLS4 (white bars) or BAY 41-4109 (gray bars) at 1.25 �M (group 2), 2.5
�M (group 3), 5 �M (group 4), 10 �M (group 5), or 20 �M (group 6). Error
bars indicate standard deviation based upon the mean value at each data point.
(F) TEM images of core particles with or without the indicated drugs. The
images in the upper left (no drug) and lower right (20 �M GLS4) of this panel
are similar to those previously published (26). (G) Atomic force microscopy of
core particle assembly incubated without drug, with 10 �M BAY 41-4109, or
with 10 �M GLS4. Experiments shown consist of an example from each ex-
perimental design performed in triplicate.
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(capsids or masses) in suspension. The average particle size was
around 26 nm without drug, which is similar to that of normal
HBV capsids, but with 5 �M BAY 41-4109, the average particle
size was 140 nm. Higher concentrations of BAY 41-4109 yielded
smaller average particle sizes. In contrast, the particle size in-
creased gradually with increasing dosage of GLS4 (Fig. 5E).

TEM images yielded complementary results. In the absence of
drug, or after treatment with lamivudine, typical spherical parti-
cles of HBV core were observed (Fig. 5F). However, treatment of
Cp149 preparations with BAY 41-4109 or GLS4 failed to show
typical core particles and instead resulted in misassembled cores
(Fig. 5F). The appearance of aberrant cores was concentration
dependent for BAY 41-4109 and GLS4. At high concentrations of
BAY 41-4109, there was mostly disaggregated debris with a few
aberrantly assembled capsids (Fig. 5F). In contrast, aberrantly as-
sembled capsids were commonly seen at high concentrations of
GLS4 (Fig. 5F).

When atomic force microscopy (AFM) was used, spherical
core particles of the expected size range (26- to 29-nm diameter)
were observed in the absence of drug, but in the presence of BAY
41-4109 or GLS4, irregularly shaped core protein aggregates were
present (Fig. 5G). These aggregates ranged from roughly 100 to
300 nm in diameter, with the largest ones in preparations treated
with BAY 41-4109 (Fig. 5G). Thus, BAY 41-4109 or GLS4 treat-
ment results in the aberrant polymerization of Cp149 and the
appearance of aggregated core polypeptides.

PK and toxicity studies. ICR mice were used to evaluate the PK
properties of GLS4 as shown in Table 1. The time to maximum
concentration of drug in serum (Tmax) was 0.25 h, and the elimi-
nation half-life (t1/2) was 1.78 h. This was longer than the t1/2 of
BAY 41-4109, which was less than 1 h (24). The area under the
concentration-time curve from 0 to 24 h (AUC0 –24) of GLS4 was
556 h · ng/ml. After intravenous administration of 10 mg/kg GLS4,
the total plasma clearance and apparent volume distribution were
4.2 liters/h/kg and 7.38 liters/kg, respectively, which were similar
to those of BAY 41-4109 (24). Plasma exposure of GLS4 (AUC0–24)
was 2,329 h · ng/ml. The bioavailability of GLS4 was 25.5%, while
that of BAY 41-4109 was 31% (24). Thus, both drugs show fast

absorption with a good oral bioavailability and dose-proportional
concentrations in plasma (19, 24) (Table 1).

In toxicity studies, treatment with GLS4 resulted in a slow-
er-than-expected increase in body weight, reduced food con-
sumption, decreased albumin, and decreased ratio of albumin
to globulin by the end of the treatment period, but these mild
toxicities were gone by 2 weeks after the end of treatment. The
no-observed-adverse-effect level (NOAEL) was 35.7 mg/kg
(equal to 30 mg/kg of GLS4; AUC0-24 � 687.16 h · ng/ml). By
the end of the time off drugs, no drug or metabolite accumu-
lation was observed. These and other toxicity measurements
are presented in Table 2.

Evaluation of GLS4 in vivo. To characterize GLS4 in vivo,
nude mice were subcutaneously inoculated with HepAD38 cells,
and when viremia developed, they were fed with TET in their
drinking water for 2 weeks, then treated with carrier (without
drug) for 2 weeks, and then observed until the end of week 5 (two
more weeks). During weeks 0 and 1, the virus titer remained de-
pressed in all but one mouse, even though tumors were growing in
all. Once mice were taken off TET, there was an increase in average
virus titer of �3 log10 over the next 30 days (Fig. 6A). The data
displayed in Fig. 6A were based upon normalization to the DNA
levels for each mouse that were detected at the end of TET treat-
ment (where the value was set as 1.0). Thus, virus levels increased
once TET was removed from the drinking water.

In the experiment whose results are shown in Fig. 6B to F, mice
were treated with increasing doses of GLS4. There was a dose-
dependent reduction of HBV DNA levels in the serum of most
mice with increasing drug dose. When the average titers of HBV
DNA were compared over the various drug doses from the end of
week 1 (when TET was removed) to the end of week 3 (when drug
was removed), it was found that virus titers had increased 83.5-

TABLE 1 PK parameters of GLS4 after single intravenous or oral
administration to micea

Parameter

Value obtained with dose route

i.v. p.o.

AUCINF (h · ng/ml) 2,384 � 161 608 � 71
AUClast (h · ng/ml) 2,329 � 196 556 � 44
CL (liters/h/kg) 4.2 � 0.3
Cmax (ng/ml) 1,175 � 94
MRTINF (h) 1.76 � 0.93
t1/2 (h) 3.84 � 0.28 1.78 � 0.105
Tmax (h) 0.25 � 0.019
Vss (liters/kg) 7.38 � 0.49
F (%) 25.50 � 0.2
a Results are reported as the geometric mean values determined from three male mice.
Mice were administered 10 mg/kg of GLS4. i.v., intravenous; po, per os; AUCINF, area
under the plasma concentration-time curve from time zero extrapolated to infinity;
AUClast, area under the plasma concentration-time curve from time zero to the time of
the last quantifiable concentration; CL, plasma clearance; Cmax, maximum observed
concentration in plasma; MRTINF, mean residence time; Vss, apparent volume of
distribution; F, bioavailability.

TABLE 2 Summary of dose-dependent GLS4 toxicity at the end of
treatment

Parameter

Result at dose (mg/kg/day) of a:

30 100 300

Clinical signs — — —
Body wt — 5 to �7% decreased body

wt vs vehicle control
3 to �11% decreased

body wt vs vehicle
control

Food consumption — A decrease in food
consumption (�7% vs
vehicle control)
occurred in weeks 2
and 4.

A decrease in food
consumption (�7
to ��17% vs
vehicle control)
occurred.

Clinical chemistry — Decreased A/Gb (�11%
vs vehicle control) and
albumin (�11% vs
vehicle control). A/G
ratio reversed after
recovery.

Decreased
A/G(�11% vs.
vehicle control)
and albumin
(�8% vs vehicle
control). A/G ratio
reversed after
recovery.

Organ weight;
histopathology

— — —

a —, no difference compared to controls. Based on the presence of only nonadverse
effects on body weights, food consumption, and clinical chemistry in the mid-dose and
high-dose groups, the NOAEL was 30 mg/kg/day.
b A/G, ratio of albumin to globulin.
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FIG 6 (A) Ratios of virus DNA titers in mice fed TET for weeks 0 and 1, followed by 2 weeks of carrier (without drug), and then 2 weeks without carrier. (B to
F) Ratios of virus DNA titers in mice fed TET for weeks 0 and 1, followed by 2 weeks of GLS4 at 3.75 (B), 7.5 (C), 15 (D), 30 (E), or 60 (F) mg/kg per day, followed
by two additional weeks off drug. The same protocol was followed using BAY 41-4109 at 60 mg/kg per day (G) or lamivudine at 100 mg/kg per day (H). Each line
represents the values for a single mouse. The data for these graphs are the ratio of virus titer in successive serum samples where the sample obtained at week one
is set as 1.
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fold in mice treated with 3.75 mg/kg per day of GLS4, 28.3-fold
among mice treated with 7.5 mg/kg per day, but only 3- to 6-fold
among mice treated with the higher doses of GLS4. In compari-
son, there was an average 5.8-fold increase in HBV DNA ratio
among mice treated with BAY 41-4109 (at 60 mg/kg per day)
(Fig. 6G), suggesting that BAY 41-4109 suppressed the virus rep-
lication cycle to an extent similar to that of GLS4 at the same
concentration by the end of week 5. In contrast, mice treated with
lamivudine at a dose used in the clinic showed a 154.4-fold in-
crease in virus titer within 2 weeks following the end of therapy
(Fig. 6H). When the ratios of HBV DNA were compared at the end
of week 3 (end of drug treatment) to the end of week 5 (end of
rebound period), there was generally an inverse relationship be-
tween GLS4 dose and virus titer, with the greatest rebound seen in
mice treated with 3.75 mg/kg per day of GLS4 (540-fold) and the
smallest rebound in mice treated with 60 mg/kg per day (23-fold)
(P � 0.001). The latter was comparable to that seen in BAY 41-
4109-treated mice (12.2-fold increase; P � 0.01) (Fig. 6G) and was
better than that observed with lamivudine (155.6-fold increase;
P � 0.05) (Fig. 6H). Thus, termination of GLS4 treatment (at �15
mg/kg per day) resulted in a slower virus rebound than in mice
treated with lamivudine, suggesting that the effects of high doses
of GLS4 persisted for at least 2 weeks after the end of therapy.

The results in Fig. 6 were then analyzed statistically; results are
shown in Tables 3 and 4. When the mean virus titers at the end of
week 3 (the end of drug treatment) were compared in mice treated
with carrier versus drug, highly significant suppression of the virus
replication cycle was observed at 15, 30, and 60 mg/kg per day of
GLS4 (Table 3). The dose of 7.5 mg/kg per day showed smaller but
significant differences, while the lowest dose of GLS4 was not ef-
fective. As expected, BAY 41-4109 and lamivudine were effective.
For virus rebound, sustained suppression was observed in mice
treated with 30 and 60 mg/kg per day of GSL4, to a marginal extent
with 15 mg/kg per day, and not at all with the two lower doses
(Table 4). As expected, BAY 41-4109 prevented virus rebound,
while lamivudine did not. Thus, the GLS4 doses of �7.5 mg/kg per
day significantly suppressed the virus replication cycle throughout
the treatment period, while GLS4 doses of �15 mg/kg per day
suppressed virus for up to 2 weeks after the end of treatment.

Toxicity of GLS4 in vivo. Drug toxicity was assessed using

several criteria. First, there were no significant changes in the
mean ALT levels in both control compared to test mice through-
out the duration of these experiments (Fig. 7A). Second, when the
weights of mice in the various groups were determined for the
entire experiment, no significant changes were found to have oc-
curred. Third, when the wet weights of the tumors were subtracted
from the total body weight of each animal (obtained at the end of
the experiment for all groups), the overall body weight of each
mouse decreased slightly (Fig. 7B). Fourth, to determine whether
GLS4 had an impact upon tumor growth, tumors were recovered
from each mouse at the end of the experiment, and their wet
weights were determined. There were no statistical differences in
the mean tumor size for any paired comparisons (P � 0.25) (Fig.
7C). Thus, GLS4 appears to target the virus replication cycle and
not the host cell, and even at high doses for 2 weeks, GLS4 is not
overtly toxic.

TABLE 3 Probability of antiviral activity persisting at the end of
treatmenta

Treatment
P value (Student’s t test,
wk 3 vs wk 3)

Virus DNA suppression
in serum (avg fold)

GLS4 (mg/kg per day)
3.75 �0.6 1.29
7.5 �0.02 0.24
15 �0.005 0.06
30 �0.005 0.05
60 �0.001 0.09

BAY 41-4109 �0.005 0.08
Lamivudine �0.001 0.02
a The virus suppression due to treatment is calculated as the average titer of virus at
week 3 for each treated group divided by the average titer of virus at week 3 for the
group treated only with carrier. The lower the ratio, the greater the suppression of virus
in week 3 compared to carrier-treated mice at the same time point. Results are based
upon a one-tailed t test. The standard deviation is within 18% of the reported values for
DNA suppression.

TABLE 4 Probability of virus rebound 2 weeks after the end of
treatmenta

Treatment
P value (Student’s t test,
wk 3 vs wk 5)

Virus rebound
(avg fold increase)

TET only �0.020 98.6
Carrier �0.010 102.3
GLS4 (mg/kg per day)

3.75 �0.020 66.5
7.5 �0.010 51.8
15 �0.050 6.77
30 �0.100 5.7
60 �0.200 3.7

BAY 41-4109 �0.300 2.1
Lamivudine 0.010 166.9
a The virus rebound is calculated as the average titer of virus at week 5 divided by the
average titer of virus at week 3 for each group. The higher the ratio, the greater the
rebound of virus in week 5 compared to week 3. Results are based upon a one-tailed t
test. The standard deviation is within 15% of the reported values for virus rebound.

FIG 7 Toxicity of GLS4 in vivo. (A) ALT values were determined weekly for
each group of test and control animals. No treatment (�), carrier only (o),
doses of 3.75 (Œ), 7.5 (✳), 15 (�), 30 (	), or 60 (�) mg/kg per day of GLS4,
100 mg/kg per day of lamivudine (—), and 60 mg/kg per day of BAY 41-4109
(�). (B) Average weight of mice in each group was determined at week 0
(white bars) and at week 5 (gray bars). Week 5 values were obtained following
euthanasia and the removal of the tumor from each mouse. tet, tetracycline
only; ca, carrier only; 3.75 through 60, GLS4 concentrations used in different
groups; BAY, BAY 41-4109 (60 mg/kg per day); 3TC, lamivudine (100 mg/kg
per day). (C) Wet weights of tumors for each group of mice. Only one tumor
nodule, at the site of injection, was recovered from each mouse. The magni-
tude of each bar is the average weight of the corresponding tumors in each
group. Error bars indicate standard deviation based upon the mean value at
each data point. Panels B and C show the mean weights of mice (B) and tumors
(C), where each treated or control group shown consisted of 10 mice.
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HBc expression in GLS4-treated mice. Since GLS4 targets
core particle assembly and stability, HBc polypeptide levels were
assessed at the end of treatment (week 3) and at the end of the
rebound period (week 5). For this work, several mice treated with

GLS4 (60 mg/kg per day) were euthanized at the end of week 3 or
at the end of week 5. Western blotting showed that tumors at the
end of treatment had at least 4-fold-lower levels of HBc polypep-
tide relative to tumors obtained from animals sacrificed at the end
of week 5 (P � 0.005) (Fig. 8). These results are consistent with
those of PCR described above, in which GLS4 suppressed virus
DNA titers in treated animals.

HBc expression in tumors was also assayed by immunohisto-
chemistry. In Fig. 9A and C, HBc staining showed strong nuclear
and weaker cytoplasmic staining in tumors collected from mice at
the end of the virus rebound period (week 5). Tumors stained with
IgG (Fig. 9B) and mouse livers stained with anti-HBc (Fig. 9D)
were uniformly negative. HBc staining was much weaker and scat-
tered in tumors obtained at the end of drug treatment (week 3)
(Fig. 9E) compared to the end of the rebound period (week 5) (Fig.
9A and C). Most tumors had undifferentiated morphology with
little or no necrosis or inflammation. Further, all liver tissues ex-
amined from mice transplanted with HepAD38 cells had normal
histology, suggesting that GLS4 was not toxic to the liver. These

FIG 8 Western blot of core polypeptide (at 21 kDa) from HepAD38 tumors.
(A) The levels of core were determined at the end of treatment with 60 mg/kg
per day of GLS4 in three different mice (week 3; lanes 2, 4, and 6) and com-
pared to the levels of core in three other mice that were treated the same way at
the end of week 5 (lanes 1, 3, and 5). Signals were normalized to 
-actin. (B)
The core band in panel A was quantified by gel scanning. The extent of core
suppression was expressed as ratios by assigning the signal in lane 2 (the lowest
signal) as 1.0. The results shown here are representative of two independent
experiments with tumors from different mice.

FIG 9 Immunostaining for core (HBc) in the tumors of nude mice injected with HepAD38 cells. (A and B) Tumor from a mouse treated with drug carrier. The
mouse was euthanized at the end of week 5, and the tumor was removed, fixed, and then stained with anti-HBc (magnification, �100) (A) or normal IgG
(magnification, �100) (B). (C) Tumor from another mouse from the same group as panel A stained with anti-HBc (magnification, �200). (D) Liver from an
HepAD38 tumor-bearing animal stained with anti-HBc (magnification, �200). (E) Staining for HBc in tumor excised from a mouse treated with 60 mg/kg per
day of GLS4 at the end of treatment (week 3).
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results further support the hypothesis that GLS4 is active against
HBV in vivo without overt toxicity.

DISCUSSION

This study was conducted to examine the efficacy of GLS4 com-
pared to that of the prototype, BAY 41-4109 (Fig. 1A), against
HBV. In vitro work showed that GLS4 was nontoxic (up to 25 �M)
in primary human hepatocytes (Fig. 1B). This suggested that GLS4
may be suitable for longer-term studies in other models of chronic
hepatitis B, including application in human clinical trials. GLS4
showed more potent antiviral activity in vitro than BAY 41-4109 at
concentrations ranging from 25 to 100 nM by suppressing the
accumulation of virus in the cell culture medium of HepAD38
cells (Fig. 2). This suggests that GLS4 may be used at lower con-
centrations than BAY 41-4109 to achieve the same antiviral effect.
Analogous results were obtained with intracellular HBV replica-
tive forms, where GLS4 was more potent than BAY 41-4109 and
lamivudine (Fig. 3). GLS4 was active within the nanomolar range
(Fig. 2 and 3), suggesting that it demonstrated antiviral activity at
levels far below those associated with toxicity. Reduction in the
levels of replicative forms, including cccDNA (Fig. 3), showed that
high doses of GLS4, BAY 41-4109, and lamivudine inhibited the
virus replication cycle, and not just virus secretion. These obser-
vations are consistent with the data showing that core particles
may mature into virions or may be recycled into the nucleus to
replenish the pool of cccDNA (38) and that if this cycle is dis-
rupted, the pool of cccDNA may be depleted. Since there are no
drugs that presently target cccDNA, sustained depletion of this
pool of molecules may result in the permanent termination of
HBV replication. The reduced levels of core following treatment
with GLS4 or BAY 41-4109 (Fig. 4) confirmed that these drugs
target HBV core protein. Further, inhibition of HBV replication
results in aberrant core polypeptide polymerization, as demon-
strated by SEC, TEM, DLS, and AFM (Fig. 5). Thus, it seems
plausible that combination therapies consisting of a capsid inhib-
itor and one or more nucleoside analogs may cure or provide
long-term control of replication among chronically infected pa-
tients. The observation that sustained virus replication is also as-
sociated with progressive chronic liver disease and the appearance
of HCC (5, 6) also provides a rationale for the further develop-
ment of capsid inhibitors that may help to bring about resolution
of CLD and reduced incidences of cirrhosis and HCC.

Prior work has shown that GLS4 has activity against HBV core
particles in vitro (26), and while the present study confirmed these
results, it also suggested that GLS4 may be less toxic (Fig. 1) and
more potent than BAY 41-4109 in vitro (Fig. 2 and 3). However,
HepAD38 cells are considerably more sensitive to toxicity in the
presence of GLS4 than HepG2.2.15 cells. While the protocol and
assays used to measure cell viability were the same, and both stud-
ies used HepG2 cells, the levels of HBV DNA replication were low
in HepG2.2.15 compared to HepAD38 cells (20, 39). In addition,
different clones of HepG2 cells have been propagated for many
years in different labs, and this may also account for the differ-
ences observed here. Given these differences, an advantage in us-
ing the HepAD38 cells is that cccDNA was easily seen (Fig. 3E) in
this study, compared to HepG2.2.15 cells (20), so that the impact
of drugs upon this important replication template could be more
readily assessed. This will be especially important in assessing sus-
tained antiviral effects of capsid inhibitors with nucleoside analogs
in different combinations.

With regard to intracellular levels of core protein, there was an
inverse relationship between the concentration of GLS4 or BAY
41-4109 and the intracellular levels of core polypeptide (Fig. 4).
These observations confirm those made with HepG2.2.15 cells
(26). However, while both drugs result in aberrant core particles,
exposure of Cp149 to increasing concentrations of GLS4 yielded
larger-than-average core particle sizes at high concentrations (e.g.,
20 �M GLS4), which is similar to that previously reported (26),
but BAY 41-4109 yielded larger aberrant cores at lower concen-
trations (Fig. 5). BAY 41-4109 and other molecules in the same
class bind stoichiometrically to capsid protein polymers but not to
free protein (40), and it is assumed that GLS4 acts the same way.
However, since the kinetics of binding with other capsid inhibi-
tors correlates with their antiviral activity (40), this may explain
the differences in aberrant core particle sizes observed in Fig. 5 for
each drug.

Although several features of GLS4 resulting from in vitro char-
acterization suggest that it may be more potent and less toxic than
BAY 41-4109, in vivo characterization showed that the two com-
pounds were very similar. Both compounds demonstrated antivi-
ral activity after the end of treatment (Tables 3 and 4 and Fig. 6),
with little evidence of hepatotoxicity or overall toxicity to the mice
(Fig. 7). The two drugs also diminished the steady-state levels of
core polypeptide to similar extents in vitro (Fig. 4) and were like-
wise active against core in vivo (Fig. 8 and 9) (24). Given that HBV
replication occurs in immature core particles within the cyto-
plasm of infected cells (8, 9), it is likely that the dose-dependent
decrease in HBV replication upon treatment with GLS4 in vivo is
associated with diminished formation of replication complexes
(Fig. 6, 8, and 9). However, the advantages of GLS4 over BAY
41-4109 seen in vitro may be subtle and may have little impact
upon the eventual clinical efficacy of one drug over the other. This
is reflected in the similar selective index values for the two com-
pounds. Efforts to develop compounds in this class that disrupt
normal core particle assembly should continue because it is likely
that they will eventually be incorporated into drug cocktails that
will help to effectively treat patients with chronic hepatitis B.

The importance of further developing GLS4, and perhaps ad-
ditional antiviral compounds to target virus-encoded proteins
other than the polymerase, will likely result in the establishment of
combination therapies that will limit the appearance of virus re-
sistance during chronic infection. This is because drug resistance
is less likely to arise from combination therapies in which drugs
are developed against more than one virus target. Combination
therapies including BAY 41-4109 and GLS4 may also reduce the
risk of HCC, since persistent virus replication is a risk factor for
liver disease progression, end-stage liver disease (cirrhosis), and
liver cancer (5, 6). HCC is the fifth most frequent cancer world-
wide and is the third leading cause of cancer deaths (41). There are
few treatments that can help these patients (42–45), although the
recent introduction of the multikinase inhibitor sorafenib has ex-
tended the life span of patients by several months (46–48). Thus,
the further development of these capsid inhibitors may slow down
the progression of chronic liver disease and reduce the frequency
of HCC.
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