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bstract

Cationic lipid–DNA (non-coding) complexes (CLDC) are activators of the innate immune response that increase survival of rodents with some
cute viral infections and cancers. CLDC were evaluated for their ability to impact viral DNA levels in transgenic mice carrying an infectious clone
f hepatitis B virus (HBV). Mice used in the studies were diet-restricted as nursing pups from solid food, because the expression of HBV DNA in
he liver was increased above background levels in some mice with this restriction. Survival surgery was performed on these mice to obtain liver
iopsies from which to select animals with suitable levels of liver HBV DNA for entry into the experimental protocols. Intravenous administration
f 5 �g/mouse of CLDC on days 1, 7 and 13 reduced liver HBV DNA to similar low levels achieved with the positive control, adefovir dipivoxil.

n a subsequent experiment, the same treatment schedule was used to determine that the minimal effective CLDC dose was between 0.5 and
.05 �g/mouse. Selective cytokines were increased in the livers of CLDC-treated compared to placebo-treated mice in a dose-responsive manner.
LDC were effective in reducing liver HBV DNA and could be considered for further evaluation in other hepatitis models.
2008 Elsevier B.V. All rights reserved.
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. Introduction

Although the immune stimulatory properties of CpG oligonu-
leotides (ODN) and poly I:C are well-established, studies
onducted over the past 5 years indicate that cationic lipid DNA
omplexes (CLDC) are more potent and effective inducers of
ype I and II interferons (Dow et al., 1999a,b; Whitmore et
l., 1999; Whitmore et al., 2001). The prevailing hypothesis to
xplain the innate immune enhancement observed with CLDC
s that cationic liposomes facilitate endocytosis and direct deliv-
ry of the DNA to the endosomal compartment. The targeted
elivery results in increased binding of nucleic acids to endo-
omally located TLRs, including TRL9, TLR7/8, and TLR3

olecules (Gursel et al., 2001), leading to enhanced innate

mmune activation and production of antiviral cytokines. How-
ver, the mechanism of action is not fully understood, and other
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athways, such as a cytosolic DAI activator (Takaoka et al.,
007), may also be involved in up-regulation of innate immunity
y CLDC.

The therapeutic potential of CLDC was first demonstrated in
odels of tumor immunotherapy (Dow et al., 1999b; Whitmore

t al., 1999; Lanuti et al., 2000; Whitmore et al., 2001). The
nti-tumor activity elicited by CLDC was found to be mediated
rimarily by IFN-� released by activated NK cells, presumably
n response to release of IL-12 and type I interferons.

The antiviral potential of CLDC immunotherapy has also
een demonstrated in a lethal arbovirus infection model, using
unta Toro virus (PTV, Bunyaviridae, Phlebovirus) (Gowen
t al., 2006). In these studies, treatment of mice with CLDC
licited high levels of IFN-�, IL-12, and IFN-� production, and
omplete protective immunity when CLDC were administered
y intraperitoneal (IP) injection 24 h before or 24 h after

ubcutaneous (SC) challenge with 10 × LD50 (2 × 104 PFU)
TV. Even low doses of CLDC (equivalent to 0.5 �g DNA
er mouse) were protective by the IP route of administration.
ntravenous (IV) administration of CLDC was even more potent

mailto:john.morrey@usu.edu
dx.doi.org/10.1016/j.antiviral.2008.01.157
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n eliciting protective immunity, with DNA doses as low as
0 ng per mouse providing significant protection. Protection
y both routes of CLDC administration was associated with
ignificant suppression of viremia and virus replication in
iver. Although the immunological mechanisms of protective
mmunity were not determined in these investigations, it was
ostulated that protection was mediated by type I IFNs. These
tudies, therefore, provided the rationale for investigating
LDC immunotherapy in other virus infection models.

Transgenic mouse lines (1.3.32 and 1.3.46) replicate HBV
n the liver and produce measurable levels of HBV DNA in the
erum comparable to levels found in chronically infected human
atients (8). HBV DNA replicative intermediates (relaxed circu-
ar, double-stranded linear, and single-stranded) are identified in
iver. Since these intermediates are normally produced in assem-
led virions as a part of the HBV life cycle, such data indicate
hat virus assembly is occurring in these mice. Indeed, Dane par-
icles were identified in liver by electron microscopy (Guidotti
t al., 1995). Infection of chimpanzees with the molecular clone
hat was used to generate the transgenic mice resulted in produc-
ive infection (Guidotti et al., 1999). HBV transgenic mice have
roven valuable for evaluating therapeutic substances, such as
defovir dipivoxil (Julander et al., 2002), entecavir (Julander et
l., 2003), lamivudine (Morrey et al., 1999), a dinucleoside ana-
og (Iyer et al., 2004b), interleukin-12 (Cavanaugh et al., 1997),
nterleukin-18 (Kimura et al., 2002), Toll-like receptor ligands
Isogawa et al., 2005), and HBV-specific ribozyme (Morrissey et
l., 2002). This study describes the therapeutic efficacy of CLDC
easured by reduction in HBV DNA in the livers of transgenic
ice. Interferon-� is an approved treatment for chronic HBV

n humans; since CLDC induces interferon-� and other innate
mmune antiviral cytokines, this report may have relevance for
he design of improved therapeutic regimens.

. Materials and methods

.1. Animals

Homozygous female and male transgenic HBV mice were
btained from Dr. Frank Chisari (Scripps Research Institute,
aJolla, CA) (Guidotti et al., 1995) and were subsequently bred

n the Biosafety Level 3 (BL-3) area of the AAALAC-accredited
SU Laboratory Animal Research Center (LARC). The animals
ere derived from founder line 1.3.32. Animal use and care
as in compliance with the Utah State University Institutional
nimal Care and Use Committee.

.2. CLDC

A sterile 10 mM solution of cationic liposomes com-
osed of DOTIM [octadecenoyloxy (ethyl-2-heptadecenyl-3-
ydroxyethyl) imidazolinium chloride] and cholesterol was
repared in a 1:1 molar ratio as previously described (Dow

t al., 1999c; Gowen et al., 2006). Liposomes were extruded
hrough a filter diameter of 200 nm rather than 100 nm. Prior to
njection, cationic liposomes were gently mixed with plasmid
NA (pMB75.6 empty vector; 3 mg/mL) at a ratio of 16 nmol
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ipid per 1 �g DNA in 10% sucrose in water at room tem-
erature. The plasmid DNA lacked a gene insert downstream
f the HCMV promoter. The final plasmid DNA concentra-
ion was appropriate to deliver the dosage by injection in

0.1 mL volume. Adefovir dipivoxil (ADV) was obtained
rom Gilead Sciences (Foster City, CA) as a positive con-
rol. The ADV was prepared in citric acid (0.05 M, pH 2.0),
hich was used to enhance the solubility of ADV in liquid

uspension. It was administered by oral gavage in a 0.1 mL
olume.

.3. Liver HBV DNA assay

Liver tissue was homogenized in a lysis buffer immediately
pon necropsy. The tissue (approximately 0.1 g) was ground
ith a well-fitted pestle in a microcentrifuge tube containing

ysis buffer (1 mM EDTA, 10 mM Tris, 10 mM NaCl, 0.5%
DS, proteinase K). After incubation for 5–10 min at room

emperature, the tubes were snap-frozen in liquid nitrogen for
torage. For extraction of the DNA, the samples were incu-
ated at 55 ◦C for 2–4 h. Samples were poured into PhaselockTM

el tubes containing 150 �L water, 350–500 �L phenol. After
haking and centrifuging at 12,000 rpm for 15 m, the contents
ere poured into a second tube containing 350–500 �L chlo-

oform. After centrifuging, the DNA was precipitated with
0 �L 5 M NaCl and 650 �L isopropanol and washed with
0% ethanol. The dried pellets were suspended in 500 �L
E buffer containing 1 �L RNase and incubated overnight at
5 ◦C with occasional shaking. A specified volume of the DNA
olution typically containing 40 �g was digested with HindIII
nzyme (New England Biolabs, Beverly, MA) for an incuba-
ion period of 3 h at 37 ◦C. HindIII has been shown not to cut
ithin the HBV transgene sequence. Digested DNA was sepa-

ated by electrophoresis utilizing a 1% TAE-buffered agarose
el at 80 V for 3–4 h. The DNA was then transferred to a
ioDyneTM B positive-charged nylon membrane by alkaline

ransfer method with the following modifications: (1) the gel was
oaked in 0.4 M NaOH for 15–30 min; (2) the nylon membrane
as soaked in water followed by 0.4 M NaOH for 5 min. The

ponge used for transfer was also saturated in 0.4 M NaOH. The
reated gel was placed (well-opening-side down) upon absorbent
aper on the sponge. Transfer occurred over a 3 h period, after
hich the gel was discarded, and the nylon membrane was
ashed in a solution of 0.2 M Tris (pH 7.6), 2× SSC, and
.1% SDS. The membrane was baked for >30 min at 80 ◦C
nd UV-fixed using UV StratalinkerTM 1800 (Stratagene, La
olla, CA). Prior to hybridization, the filter was rinsed twice
or 30 min in a neutralizing solution of 0.1× SSC and 0.1%
DS. Hybridization using a [32P] CTP-labeled, HBV genomic
robe (digested with Hae III) cloned into the pBluescript plas-
id (gift of Dr. Luca Guidotti, The Scripps Institute, LaJolla,
A) occurred overnight at 60 ◦C in a solution of 10% PEG-
000, 0.05 M NaPO4, 0.21 mg/mL salmon sperm DNA, and 7%

DS.

The radioactive signals were measured using a Phosphor
maging method (Optiquant). An image of the radioactive filter
as exposed overnight to a CycloneTM Storage Phosphor Screen
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Perkin Elmer Multisensitive Medium, Type MS PPN 7001723).
he exposed screen was transferred to the CycloneTM drum and

ead using the 600 dpi setting. The ratio of the viral DNA bands
o the transgene band was used to determine the concentration of
iral DNA per host DNA. This calculation was based upon the
nowledge that there were 1.3 copies of the transgene present per
ost cell with this line of transgenic mice (personal communica-
ion, F. Chisari). The transgene was used as an internal indicator
o calculate the pg of HBV DNA per �g of homozygous cellular
ost DNA.

.4. Liver HBcAg assay

For detection of hepatitis B core antigen (HBcAg), liver
iopsies were first paraffin-embedded. The paraffin was then
emoved from the sections by using two 5 min treatments with
ylene. Tissues were fixed with two 3 min treatments with 95%
thanol. Sections were treated with deionized water for 3 min,
xposed to 3% hydrogen peroxide for 5 min, and Biotin-block
#X0590, Dako Corporation) for 5 min. The primary antibody,
abbit anti-HBcAg (1:100 dilution) (#B0586, Dako Corpora-
ion), goat anti-rabbit secondary antibody (#k684 Dako, LSAB
eroxidase Kit), strepavidin peroxidase (#K684 Dako, LSAB
eroxidase Kit), and substrate–chromogen solution (3-amino-9-
thylcarbazole, AEC) were added for durations of 30, 30, 10 and
0 min, respectively. Sections were counterstained with Mayer’s
ematoxylin before being mounted.

Three different parameters were obtained from each tissue
ection. The first two measurements are based on the observa-
ion that cells surrounding the central veins of the liver are more
trongly stained than are other areas of the liver (personal obser-
ation), and that a drug administered intraperitoneally should
ave ready access to the liver. The first two parameters were
btained from counting cells surrounding central veins as fol-
ows. The total number of cells, the number of cells with stained
uclei, and the number of cells with stained cytoplasms were
ounted around central veins. The stained nuclei counts or the
tained cytoplasm counts were divided by the total cells. Three
entral vein areas were counted with each slide sample. For the
hird parameter, a field, not in a central vein area, was counted
or the total number of stained nuclei. One-quarter of the field
as counted. Three such fields were counted per liver section.
he identity of the samples were blinded to the person reading

he slides.

.5. Serum HBeAg

Whole blood samples were obtained during necropsy by
ardiac puncture. The whole blood was centrifuged for the col-
ection of the serum component. Ten microliters of serum was
ext diluted into 90 �L of negative control serum, resulting in
1:10 dilution of each sample. Along with a serial dilution

f a positive control and a calibrator, these samples were run

n an HBeAg-specific ELISA (International Immuno Diagnos-
ics, Foster City CA) per the manufacturer’s instructions. Using
he known PEI units for the Calibrator, PEI units were for-

ulated for the serial dilutions of the positive serum. A graph

p
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p
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as generated and extrapolation was used to assign a PEI unit
alue for each sample with a high degree of confidence (R2

alue of 0.9816). The ELISA manufacturer’s cut-off was uti-
ized.

.6. Serum HBsAg

The same serum samples collected and prepared for the
BeAg ELISA were also used for the HBsAg ELISA. Fifteen
icroliters of serum were diluted in the same manner and run on

n HBsAg specific ELISA (International Immuno Diagnostics,
oster City CA) per the manufacturer’s instructions. Interpreta-

ions were then made from both the manufacture’s cut-off chart
with blank correction) and the manufacturer’s cut-off formulae
without blank correction).

.7. Cytokine array—serum

The same serum samples collected and prepared for the
BeAg and HBsAg ELISAs were also used for the serum

ytokine assay. Five microliters of serum were diluted into
20 �L of sample dilution buffer, resulting in a 1:25 dilution
f each sample. Thirty microliters of this prepared sample was
hen run on a Q-PlexTM Mouse Cytokine Array (Quansys Bio-
ciences, Logan, UT) per the manufacturer’s instructions. The
ully developed cytokine plate was then captured as a .tif image
n a Fuji LAS-3000 Luminescent Image Analyzer (Fuji Life
ciences, Stamford, CT) and analyzed with Quansys Array
oftwareTM, version 1.3. Levels of serum IFN-�, IFN-�, IL-6,
nd IL-10 were also determined with individual kits, not arrays
eBioSciences, Inc., San Diego, CA).

.8. Cytokine array—liver

Liver punches (approximately 35 mg each) were collected
uring necropsy and quickly homogenized in sterile PBS con-
aining 0.1% NP-40. These homogenized samples were then
nap-frozen in liquid nitrogen until the assay was performed. Just
rior to performing the assay, the samples were rapidly thawed
nd centrifuged at 3000 rpm’s for 20 min to remove any solid
atter. The supernatant was then diluted 1:5 into sample dilution

uffer and run on a Q-PlexTM Mouse Cytokine Array (Quansys
iosciences, Logan, UT) per the manufacturer’s instructions.
he fully developed cytokine plate was then captured as a .tif

mage on a Fuji LAS-3000 Luminescent Image Analyzer (Fuji
ife Sciences, Stamford, CT) and analyzed with Quansys Array
oftwareTM, version 1.3.

.9. Serum chemistry panel

A VetScan® Chemistry, Electrolyte and T4 Analyzer, specif-
cally designed for veterinary medicine, was used in our BL-2
aboratory to process samples for the “comprehensive diagnostic

rofile,” which consists of ALT, BUN, creatinine, total biliru-
in, albumin, alkaline phosphatase, globulin, glucose, Na+, K+,
hosphorous, total protein. Protocols for the instrument were
sed.
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.10. Liver HBV RNA

Real-time RT-PCR was used to assay HBV-specific RNA
n liver biopsies. Total RNA from tissues was extracted using
rizolTM reagent. Primer-pairs (HBV3 forward ATAAAACGC-
GCAGACACATC, HBV3 reverse AACCTCCAATCACTC-
CCAACC) and HBV3 Taq-man probe [6∼FAM]-AGCGATA-
CCAGGACAAGTTGGAGGACA-[BHQ1a∼6FAM] were
sed. A second primer-pair (HBV4 forward GGACAAACG-
GCAACATACCT, HBV4 reverse TCTTCCTCTTCATCCT-
CCTGCT) and HBV4 Taq-man probe [6∼FAM]TCCAGA-
AGAACCAACAAGAAGATGAGGCA[BHQ1a∼6FAM]
as used, without a noticeable difference between the two sets,

o the HBV3 probe/primer set was used. A duplex reaction was
one with the internal control, mouse GAPDH-primers/probe.
he primers and probe were the forward GCATCTTGGGC-
ACACTGAGG, reverse GAAGGTGGAAGAGTGGGAGT-
G, and probe [5∼HEX]-ACCAGGTTGTCTCCTGCGACT-
CAACAG-[BHQ1a∼5HEX]. The one-step FullVelocityTM

RT-PCR Master Mix (Stratagene, La Jolla, CA) was used
or RT and amplification of HBV RNA and mouse GAPDH
ith primers and probe at a final concentration of 0.1 �M.
wo microliter of total cellular RNA, extracted from infected
r control tissues was used. Samples were run on a DNA
ngine Opticon 2 (MJ Research Inc., Waltham, MA). A 25 �L

eaction consists of 12.5 �L FullVelocityTM QPCR Master Mix,
.375 �L dilute reference dye (1:500), 0.25 �L StratascriptTM

T/RNase Block Enzyme Mixture, and 0.5 �L FullVelocityTM

nzyme. The reaction contained 0.25 �L of both HBV-primers,
.25 �L of both GAPDH-primers, and 0.25 �L of both probes,
ll having a stock concentration of 10 �M. Reverse transcription
f cellular RNA was performed for 30 min at 50 ◦C followed
y PCR, which consisted of 1 cycle of 2 min at 95 ◦C, then 40
ycles of 10 s at 95 ◦C and 30 s at 60 ◦C. The assay was run
ith a series of 10-fold dilutions of pooled liver RNA from
BV transgenic mice to obtain a standard curve. The y-axis
as the log dilutions of the standard, and the x-axis was the
(t) values. R2 values were used to measure the quality of the
urve, which was always above 0.098. Mean C(t) values were
btained for duplicates of each sample. The mean C(t) values
f each sample were used to obtain the log relative RNA value
sing a formula of the fit line of the standard curve.

.11. Liver biopsies

The fur of ketamine and xylazine-anesthetized mice was
lipped from the abdomen and scrubbed with Betadyne followed
y alcohol. Within a sterile field and using sterile instruments,
he ventral skin was cut longitudinally, followed by the peri-
oneum. While holding the liver with forceps, about half of the
ight lobe was cut with Teflon-coated scissors that had been
eated in a bead-sterilizer at 250 ◦C. The scissors immediately
auterized the liver. As quickly as possible, a second person slid

mbient-temperature forceps along both sides of the scissors to
asily separate the liver and biopsy from the hot scissors. The
iopsy was processed as above for Southern blot hybridization.
he peritoneum was closed with one suture (3.0 Vicryl), and

s
e
t
t

search 79 (2008) 71–79

he skin was joined with wound clips. The wound was saturated
ith BetadyneTM.

.12. Diet restriction experiments

Pups up to 3 weeks of age were restricted from solid food
rovided to the dam by placing the food in a solid tray at the
op of the cage that could only be accessed by the dam. The
mall amount of food dropped by the dam into the bottom of the
age was not controlled. Pups that were raised without this diet
estriction had access to solid food placed in the bottom of the
ages.

.13. CLDC experimental design

CLDC was administered IV on days 1, 7, and 13 wherein day
was the first day of the experiment. ADV was administered

nce daily for 14 days by oral gavage. The day after the last
LDC treatment and 4 h after the last ADV treatment, necropsy
as initiated. Mice were euthanized to collect tissues. Whole
ody weight was measured 1 day before initiation of treatments
nd on day 14 during necropsy. A dose of 5 �g DNA/mouse or
erial doses of 5, 0.5, 0.05, or 0.005 �g DNA/mouse were used.

.14. Statistical analysis

Either a one-way analysis of variance with a Newman–Keuls
ultiple Comparison test or an unpaired t-test was used with

rism 4 (GraphPad Software, Inc.).

. Results

.1. Liver biopsies to select mice for entry into experiments

To screen the liver HBV DNA for entry of mice into exper-
ments, liver biopsies were obtained. The surgical procedure
nvolving cauterization of the liver with hot scissors was success-
ul in obtaining as much as half of the right lobe and in preventing
eath of mice. At 12 days after biopsy surgery, gross and micro-
copic examinations were done. The surgical site appeared to
ave healed normally. A thin pale band (1–2 mm wide) of tissue
as noted on the biopsied liver lobe, which was immediately

djacent to the initial site of the biopsy. The remainder of
he liver showed no gross abnormalities or abnormal histology
rom a hematoxylin/eosin stained section. The remainder of the
bdomen was unremarkable upon gross examination. The serum
LT value was normal. Based on this, only mice recovered >3
eeks after surgery were used in experiments.

.2. Diet restriction of pups

Since the liver HBV DNA is expressed after 3 weeks of age
Guidotti et al., 1995), we tested the hypothesis that early con-

umption of solid food by pups might affect liver HBV DNA
xpression. While solid food was provided to the dam, pups up
o 3 weeks of age were restricted from solid food by placing
he food in a solid tray at the top of the cage that could only
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CLDC treatment increased the expression of some cytokines
in liver homogenates and serum in a dose-dependent manner
(Fig. 3). From all of the cytokines in the array (IL-1�, IL-1�,

Fig. 2. Effect of cationic liposome–DNA complexes (CLDC) on hepatitis B
virus in transgenic mice. For both experiments (A and B), CLDC were adminis-
tered IV on days 1, 7, and 13. ADV was administered once daily for 14 days by
ig. 1. Effect of restriction of solid food from <3 week-old pups on liver HBV
NA was assayed by Southern blot analysis. (***P ≤ 0.001 using unpaired t-tes

e accessed by the dam. Pups that were raised without this diet
estriction had access to solid food placed in the bottom of the
ages. The livers of these mice were biopsied greater than 8
eeks of age and assayed for HBV DNA (Fig. 1). In trial #1,

he mean liver HBV DNA titer from mice that were restricted
rom solid food as pups was 140 ng/�g ±113 as compared to
7 ng/�g ±33 with an unrestricted diet. Since this difference
as not statistically significant and since the numbers were low

n the restricted-diet group, trial #2 was conducted with larger
umbers of animals. In this trial, the mean liver HBV DNA
iter from mice that were restricted from solid food as pups
as 96 ng/�g ±137 as compared to 16 ng/�g ±20 (P < 0.001).
leven of the 27 samples (40.7%) from unrestricted-diet mice
ere at or below the limit of HBV DNA detection, as compared

o 4/32 (12.5%) from restricted-diet mice. The restriction of diet
id not eliminate the variability of DNA levels in positive mice,
ut it did reduce the proportion of mice at or below the limits of
BV DNA detection. Based on these results, transgenic mice
sed for CLDC experiments were restricted from solid food as
ups, and their liver biopsies were screened for adequate HBV
NA expression.

.3. CLDC treatment

An IV treatment dose of 5 �g/mouse of CLDC on days 1, 7,
nd 13 IV was compared with ADV (10 mg/kg, once daily for
4 days) and the placebo; measurement of HBV DNA on day
4 was the primary outcome measure (Fig. 2A). Both CLDC
nd ADV significantly reduced (P ≤ 0.001) liver HBV DNA.
he values between the CLDC- and the ADV-treated animals
ere not statistically different. The liver HB core antigen or

iver HBV RNA was not affected by CLDC or ADV treatment
data not shown).

Since the dynamic range for measuring the liver HBV DNA
n these transgenic mice was not large enough to compare the
ctivities of CLDC and ADV, graded doses of each drug were
valuated to determine end-points of activity (Fig. 2B). There
as a dose-dependent decrease in liver HBV DNA. With only
ve animals per group, a statistically significant reduction in
BV DNA was observed in the 5 �g and 0.5 �g/mouse CLDC-
ose groups (P ≤ 0.01). Even with the 0.05 �g/mouse-treated
roup, there was a decrease, but not with the 0.005 �g/mouse-

reated group. The minimal effective dose, therefore, was
etween 0.5 and 0.05 �g CLDC/mouse. The minimal effective
oncentration for the positive control, ADV, was determined
o be <0.1 mg/kg dosage, but we did not reach an ineffective

o
w
0
c
M

as adults (>8 weeks old). Two independent trials were conducted. Liver HBV

osage. None of the treatments statistically affected the liver
BV RNA levels, serum HBe or HBs antigens (data not shown).
ral gavage. The day after the CLDC and 4 h after the ADV treatment, necropsy
as initiated. (A) A dose of 5 �g DNA/mouse or (B) serial doses of 5, 0.5,
.05, or 0.005 �g DNA/mouse were used (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001
ompared to placebo using one-way analysis of variance with a Newman–Keuls
ultiple Comparison test).
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Fig. 3. Effect of cationic liposome–DNA complexes (CLDC) on cytokine expression in the liver and serum of HBV transgenic mice. Treatment schedule and mice
were the same as in Fig. 2. The cytokine array included IL-1�, IL-1�, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12, MCP-1, TNF-�, MIP-1, GM-CSF, and
RANTES. Only those cytokines statistically affected by treatment are shown. (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 compared to placebo using one-way analysis of
variance with a Newman–Keuls Multiple Comparison test).
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Fig. 4. Temporal serum cytokine expression in response to CLDC injected

L-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12, MCP-1, TNF-�,
IP-1, GM-CSF, and RANTES), the inflammatory cytokines

L-1�, MCP-1, RANTES, and the TH1 cytokine IL-12 were
tatistically increased in the liver the day after the last treatment.

L-12, MCP-1 and RANTES were also statistically increased
ose-responsively in the serum.

To better understand the temporal expression of the cytokines
n response to CLDC, the serum of C57BL/6 mice at 1, 3, 8

ig. 5. Effect of cationic liposome–DNA complexes (CLDC) on serum amy-
ase. Treatment schedule and mice were the same as in Fig. 2. The chemistry
anel included albumin, alkaline phosphatase, alanine transferase, amylase,
otal bilirumin, blood–urea–nitrogen, calcium, phosphorous, creatinine, sodium,
otassium, total protein, globulin, and glucose. Only amylase was possibly
ffected by CLDC treatment. (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001 compared
o placebo using one-way analysis of variance with a Newman–Keuls Multiple
omparison test).
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nce into C57BL/6 mice at 1, 3, 8 and 24 h with five mice per time period.

r 24 h after a single IV injection of CLDC (5 �g/mouse) was
ssayed for IFN-�, IFN-�, IL-6, and IL-10 (Fig. 4). All cytokines
ere increased with a peak at 3 h after CLDC administration,

xcept for IL-10, which was not affected. The levels of IFN-
and IL-6 reached baseline levels by 24 h. IFN-� levels were

eclining by 24 h but had not yet reached baseline levels.
A chemistry panel was performed on serum samples. All

erum chemistry values were normal, except for amylase being
lightly reduced by CLDC treatment (P ≤ 0.05) (Fig. 5).

. Discussion

CLDC at 5 �g DNA/mouse administered intravenously on
ays 1, 7 and 13 reduced liver HBV DNA to similar low levels
chieved with daily treatments of the positive control, adefovir
ipivoxil. In a subsequent experiment, the same treatment sched-
le was use to determine that the minimal effective dose was
etween 0.5 and 0.05 �g/mouse. Liver HBV RNA, serum HBe
nd HBs, and liver HB core were not significantly affected by
he CLDC treatment. The HBV RNA in the transgenic mice is
roduced primarily from an HBV transgene, unlike a natural
nfection wherein it is expressed from HBV covalently closed
ircular DNA (cccDNA) (Raney et al., 2001). Unlike the natu-
al infection, HBV produced from the transgene in mice cannot
nfect mouse cells for successive rounds of viral replication. In
he natural infection, HBV RNA and HBe and HBs proteins

re derived from successive rounds of replication to produce
ncreasing levels of cccDNA, and consequently, increasing lev-
ls of HBV RNA and proteins. In this regard, the use of the
BV transgenic mice is analogous to HBV stably transfected,
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ells such as Hep G 2.2.15 cells (Iyer et al., 2004a). It was not
nexpected, therefore, that a selective reduction of HBV DNA
ould not necessarily affect HBV RNA or protein levels, since

hese levels can be independently derived from the HBV RNA
ranscribed from the transgene.

The mechanism of action for CLDC in the HBV model is
ikely a result of cytokine induction and innate immunity, as
t is for other viral diseases (Gowen et al., 2006). Moreover,
BV DNA is reduced in transgenic mice upon treatment with

nterleukin-12 (Cavanaugh et al., 1997), interleukin-18 (Kimura
t al., 2002), interferon (Guidotti et al., 1994), IL-2 (Guidotti
t al., 1994), and Toll-like receptor ligands (Isogawa et al.,
005). Selective cytokines were increased in the livers and serum
f CLDC-treated compared to placebo-treated mice in a dose-
esponsive manner when assayed on day 14, one day after the last
LDC administration. Inflammatory cytokines (IL-1�, MCP-1,
ANTES) were increased in the liver, including a TH1 IL-12

esponse. Serum cytokines at 14 days did not appear to be as sen-
itive to the effects of CLDC since not all four cytokines elevated
n the liver were elevated in serum; nevertheless, the increased
erum IL-12, MCP-1 and RANTES reflected the increases in the
iver.

Since transgenic mice are immuno-tolerant to HBV anti-
ens, the CLDC mechanism for reduction of HBV DNA does
ot involve acquired immunity, such as the killing of infected
epatocytes by virus-specific cytotoxic T cells (Robek et al.,
007). Another known mechanism of viral clearance is the non-
ytolytic blockage of HBV DNA replication mediated by both
FN-�/� and IFN-�, and IFN-related protein IL28/IFN (Guidotti
nd Chisari, 1999). The cellular IFN response inhibits HBV
NA replication in hepatocytes without affecting expression
f viral mRNA by inhibiting the assembly of viral pregenomic
NA-containing capsids, as demonstrated in cell culture and in

ransgenic mice (Wieland et al., 2000; Wieland et al., 2005). The
ntiviral effect of IFN in HBV transgenic mice requires protea-
ome activity, although this inhibition occurs independently of
he IFN-inducible proteasome catalytic subunits (LMP2, LMP7)
Robek et al., 2007). Induction of Toll-like receptors (TLR),
uch as TLR3, TLR4, TLR5, TLR7, and TLR9, but not TLR2,
on-cytopathically inhibit HBV DNA in transgenic mice in an
lpha/beta interferon-dependent manner (Isogawa et al., 2005).
n this study, serum IFN-� and IFN-�, in addition to IL-6, were
ignificantly increased at 3–8 h after IV administration of CLDC;
herefore, CLDC may reduce HBV DNA by induction of TLRs
r IFN responses.

Since the expression of HBV DNA is very low at birth in
he liver of these transgenic mice but increases to varying levels
y 3–4 weeks of age (Guidotti et al., 1995), we hypothesized
hat the time of weaning and consumption of solid food could
licit cellular development in the liver to express varying levels
f HBV DNA. Indeed, liver HBV DNA levels in adult mice
aised as pups with a restricted diet were statistically increased
s compared to mice that had no restriction on their diets. The

hysiological basis for this is not known.

All serum chemistry values were normal, except for amylase
eing slightly reduced by CLDC treatment. Increased amylase
s typically considered diagnostic, but lower levels of amylase

J

search 79 (2008) 71–79

ith no other abnormalities in other clinical chemistry param-
ters, as observed here, is typically not considered diagnostic
f pathology, although the reason for the decreased levels of
mylase are not known.

Currently therapeutic strategies for chronic hepatitis B are
imited in efficacy, the development of resistance, toxicity, the
equirement for prolonged treatment, high cost and limited avail-
bility. Here, we describe a new immunotherapeutic approach
hat deserves further study as a potential addition to the range
f products available for treatment of this important disease.
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