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Toll-like receptors (TLR) play a key role in innate immunity. To examine the ability of diverse TLRs to
modulate hepatitis B virus (HBV) replication, HBV transgenic mice received a single intravenous injection of
ligands specific for TLR2, TLR3, TLR4, TLR5, TLR7, and TLR9. All of the ligands except for TLR2 inhibited
HBV replication in the liver noncytopathically within 24 h in a �/� interferon-dependent manner. The ability
of these TLR ligands to induce antiviral cytokines at the site of HBV replication suggests that TLR activation
could represent a powerful and novel therapeutic strategy for the treatment of chronic HBV infection.

We have previously shown that hepatitis B virus (HBV)-
specific CD8� cytotoxic T lymphocytes and CD4� helper T
lymphocytes can inhibit HBV replication in the liver of HBV
transgenic mice by secreting gamma interferon (IFN-�) when
they recognize viral antigen (6, 8). This antiviral effect could be
also induced in response to IFN-�/� that was produced in the
liver during lymphocytic choriomeningitis virus, murine cyto-
megalovirus, and adenovirus infections (2, 7). More recently,
we have demonstrated that NKT cells, NK cells, and antigen-
presenting cells inhibit HBV replication when they are acti-
vated by alpha-galactosylceramide (16), interleukin-12 (IL-12)
(3), IL-18 (18), and an agonistic anti-CD40 antibody injection
(17), respectively. Collectively, these results suggest that HBV
replication can be controlled by innate immune response if it is
activated in the liver.

Toll-like receptors (TLRs) are essential for the recognition
of invading pathogens and serve as an important link between
innate and adaptive immunity. TLRs can discriminate various
microbial components, such as triacylated lipopeptides (recog-
nized by TLR1/TLR2 heterodimer) (30), diacylated lipopep-
tides (recognized by TLR2/TLR6 heterodimer) (23), double-
stranded RNA (dsRNA; recognized by TLR3) (1),
lipopolysaccharide (LPS; recognized by TLR4) (27), flagellin
from bacterial flagella (recognized by TLR5) (11), single-
stranded RNA (ssRNA; recognized by TLR7/8) (4, 12), and
bacterial DNA containing the unmethylated CpG motif (rec-
ognized by TLR9) (13). While the TLRs have been shown to
play a crucial role in the innate recognition of bacterial and
fungal pathogens, recent studies also suggest the importance of
TLRs in antiviral immunity in vivo (14, 19, 20).

Although we have reported that poly(I · C) inhibits HBV
replication by inducing IFN-�/� (21), little is known about the
ability of other TLRs to control of HBV. Accumulating evi-
dence suggests that each TLR transduces its signals by distinct
but overlapping signaling pathways. For instance, TLR3 and

TLR4 appear to signal mainly through a MyD88-independent,
TRIF-dependent pathway, while TLR2, TLR5, TLR7, and
TLR9 signaling appears to be MyD88 dependent and TRIF
independent (14). Thus, to examine the potential antiviral ef-
fect of these different TLR signaling pathways, groups of three
or more age-, sex-, and serum HBeAg-matched transgenic
mice from lineage 1.3.32 (9) were injected intravenously with a
panel of ligands specific for TLR2 (PGN and Pam3Cys), TLR3
[poly(I · C)], TLR4 (LPS), TLR5 (Flagellin), TLR7 (R848),
and TLR9 (CpG oligodeoxynucleotides [ODN]), and they
were sacrificed 24 h later. Total hepatic DNA was analyzed for
HBV DNA by Southern blot analysis (8, 9). Total hepatic
RNA was analyzed for HBV gene expression by Northern blot
analysis and for the expression of various cytokines and 2�,5�-
oligoadenylate synthetase (2�5�-OAS) (a marker of IFN-�/�
induction) by RNase protection assay (8). The results were
compared with those observed in mice that were injected in-
travenously with saline.

As shown in Fig. 1A for two representative mice per group,
HBV replication was almost completely abolished by the ad-
ministration of 10 �g of TLR3, -4, -5, -7, and -9 ligands. In
contrast, the administration of 20 �g (data not shown) or 100
�g of TLR2 ligands had little effect on virus replication. As
shown below the Southern blot in Fig. 1A, except for LPS, the
administration of these ligands did not cause any elevation of
serum alanine aminotransferase (ALT) activity (a manifesta-
tion of liver cell injury), nor did they induce the recruitment of
intrahepatic lymphocytes (data not shown), indicating that the
antiviral effect was essentially noninflammatory and noncyto-
pathic. Importantly, the TLR ligands had no effect on the HBV
RNA content of the livers (data not shown), indicating that the
antiviral effect on HBV replication was posttranscriptional as
previously reported (8). Importantly, as shown in Fig. 1B, the
profound inhibition of HBV replication was accompanied by
the intrahepatic induction of IFN-�/� (indicated by the induc-
tion of 2�5�-OAS mRNA expression) following TLR3, -4, -5, -7,
and -9 ligand injection, and IFN-� mRNA was also induced by
activation of TLR9. These results indicate that the administra-
tion of these TLR ligands induced the production of cytokines
in the liver (especially IFN-�/� and IFN-�) that inhibit HBV
replication by suppressing the assembly or stability of HBV
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RNA-containing capsids, within which HBV DNA synthesis
occurs (8, 21, 32).

The results described above suggest that TLR signaling trig-
gered the production of cytokines that inhibited HBV replica-
tion. It is possible, however, that TLR signaling per se could
have directly inhibited viral replication by cytokine-indepen-
dent mechanisms. To examine this question, the TLR ligands
were injected into groups of HBV transgenic mice that were
homozygous (IFN-�/�R�/�) for the IFN-�/�R-null mutation
(21, 22), and the animals were sacrificed 24 h later. HBV
transgenic mice that were either heterozygous (IFN-�/�R�/�)
for the IFN-�/�R-null mutation or wild type with respect to the
IFN-�/�R allele were treated with the TLR ligands at the same
time as controls. As shown in Fig. 2, the baseline level of HBV

replication was higher in IFN-�/�R�/� mice than the controls,
indicating that constitutive levels of IFN-�/� regulate HBV
replication under baseline conditions, as previously described
(21). Importantly, the antiviral effect of all the TLR ligands was
virtually abolished in the absence of the IFN-�/� receptor,
indicating that the IFN-�/� pathway is primarily responsible
for inhibiting HBV replication in these experiments.

The source of IFN-�/� following TLR ligation could be any
TLR� cell in the liver. To determine if the TLR ligands target
the hepatocytes directly, we treated an immortalized murine
hepatocyte cell line derived from HBV transgenic mice (HBV-
Met) (26) with TLR2, -3, -4, -5, and -9 ligands (5 �g/ml pep-
tidoglycan [PGN], 100 �g/ml poly(I · C), 1 �g/ml LPS, 0.2
�g/ml flagellin, 6.6 �g/ml CpG oligonucleotide, respectively).
Unlike IFN-� (2,000 U/ml), which efficiently suppresses HBV
replication in these cells, the TLR ligands did not inhibit HBV
replication (not shown), probably because these cells do not
express the corresponding TLRs. Nonetheless, it is possible
that hepatocytes express TLRs in vivo but not after immortal-
ization and maintenance in vitro. Thus, we examined TLR2, -3,
and -9 expression by flow cytometry in primary hepatocytes
and CD11c-positive intrahepatic nonparenchymal cells iso-
lated from the livers of HBV transgenic mice (16, 25). As

FIG. 1. Toll-like receptor ligands inhibit HBV replication in vivo.
Age-, sex-, and serum HBeAg-matched lineage 1.3.32 HBV transgenic
mice were injected intravenously with 20 �g (not shown) and 100 �g of
TLR2/6 (peptidoglycan [PGN] from Staphylococcus aureus; Invivo-
Gen), TLR2/1 ligand N-�-palmitoyl-S-[2,3-bis(palmitoyloxy)-(2RS)-
propyl]-L-cysteine (Pam3Cys; InvivoGen), 10 �g of TLR3 [polyi-
nosinic-poly(I · C); P(I:C); Sigma]) TLR4 (LPS from Escherichia coli
011:B4 strain; InvivoGen), TLR5 (Flagellin from salmonella
muenchen; Calbiochem), TLR7 (R848) (InvivoGen), or TLR9 (ODN
1826 CpG oligonucleotide [CpG]; InvivoGen) ligands and sacrificed
24 h later. Lineage 1.3.32 mice replicate HBV at high levels in the liver
without any evidence of cytopathology (9). (A) Total hepatic DNA was
isolated from frozen liver tissues and analyzed for HBV DNA by
Southern blot analysis as previously described (9). Bands correspond-
ing to the integrated transgene (Tg), relaxed circular double stranded
(RC), and single-stranded (SS) HBV DNA replicative forms are indi-
cated. The integrated transgene can be used to normalize the amount
of DNA bound to the membrane. The mean serum ALT activity,
measured at the time of autopsy, is indicated for each group and is
expressed in units/liter. (B) Total hepatic RNA was also isolated from
the same mice and analyzed by RNase protection assay for the expres-
sion of various cytokines as previously described (8). The RNA encod-
ing the ribosomal protein L32 was used to normalize the amount of
RNA loaded in each lane.

FIG. 2. The antiviral effect of TLRs is mediated by IFN-�/�. Age-,
sex-, and serum HBeAg-matched transgenic mice (lineage 1.3.46) that
were homozygous (�/�) for the IFN-�/� receptor null mutation (21,
22) were injected with 20 �g of TLRs as indicated and sacrificed 24 h
later, and their livers were analyzed for HBV replication. Age-,
HBeAg-, and sex-matched transgenic mice from lineage 1.3.46 that
were heterozygous (�/�) for the IFN-�/� receptor null mutation or [in
the case of poly(I · C) and flagellin] from wild-type lineage 1.3.32 were
treated exactly the same as controls. The integrated transgene (Tg) can
be used to normalize the amount of DNA bound to the membrane.
P(I:C), poly(I · C).
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shown in Fig. 3, none of these TLRs was expressed by freshly
isolated hepatocytes. In contrast, 15.4%, 11.2%, and 78.1% of
CD11c� nonparenchymal cells (i.e., intrahepatic dendritic
cells) expressed TLR2, TLR3, and TLR9, respectively. Collec-
tively, these results suggest that in vivo the TLR ligands acti-
vate an antiviral program in the nonparenchymals cells, espe-
cially the dendritic cells, and not the hepatocytes. Since the
TLRs examined in this study are known to highly expressed on
monocytes, NK cells (29), endothelial cells (28), and hepatic
stellate cells (24) as well as dendritic cells (15), all of which are
abundant in the liver, it is likely that some or all of those
nonparenchymal cells are activated by the TLR ligands, pro-
duce IFN-�/�, and thereby inhibit HBV replication in the
hepatocyte in vivo.

While ample evidence suggests the involvement of TLRs in
the defense against bacterial infections, their role in viral in-
fections is less understood. Recent studies suggest that TLR
activation can both enhance human immunodeficiency virus
(HIV) replication (5) and suppress respiratory syncytial virus
(19), mouse cytomegalovirus (14), and vesicular stomatitis vi-
rus infection (20) in vivo. Furthermore, there is evidence that

poxviruses have developed strategies to defeat TLR activation
(10), suggesting a role for TLRs in the control of those infec-
tions as well. While the current results suggest that TLR acti-
vation could contribute to the control of HBV replication
during natural infection, we have recently reported that IFN-
�/�, 2�5�-OAS, and other genes associated with the innate
immune response are not induced in the liver of acutely in-
fected chimpanzees (31). While this implies that HBV proba-
bly does not activate TLRs per se, it also suggests that it hasn’t
evolved evasion strategies to defeat the antiviral signaling
pathways TLRs induce. Thus, we suggest that therapeutic TLR
activation could be used to treat chronic HBV infection, since
local induction of IFN-� by TLR activation is likely to be more
efficient than systemic IFN-� administration (21) and should
therefore reduce the risk of the undesirable side effects of this
cytokine. In this regard, it is particularly encouraging that mul-
tiple TLR ligands that utilize distinct signaling pathways inhib-
ited HBV replication in the absence of cytopathology, implying
that coadministration of various TLR ligands might induce
additive or synergistic antiviral effects in chronically infected
patients.
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