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Human MxA is an alpha/beta interferon-inducible intracytoplasmic protein that mediates antiviral activity
against several RNA viruses. We had previously shown that overexpression of the hepatitis B virus (HBV) cap-
sid led to selective downregulation of MxA gene expression, suggesting a mechanism by which the virus escapes
from the host defense system (O. Rosmorduc, H. Sirma, P. Soussan, E. Gordien, P. Lebon, M. Horisberger,
C. Brechot and D. Kremsdorf, J. Gen. Virol. 80:1253-1262, 1999). In the present study, we investigated the
antiviral activity of MxA protein against HBV. MxA-expressing HuH7 clones were established and transiently
transfected with HBV, and viral replication was then studied. Viral protein secretion was profoundly reduced
in MxA-expressing clones by 80% for HBV surface antigen (HBsAg) and 70% for HBV e antigen (HBeAg). The
levels of intracytoplasmic HBsAg and HBeAg were reduced by about 80 and 50% in the two MxA-positive clones
tested. A nearly complete disappearance of HBV DNA replicative intermediates was observed in MxA-express-
ing clones. Although the expression of total viral RNAs was not modified, two- to fourfold reductions in HBV
cytoplasmic RNAs were found in MxA-expressing clones. This suggests the inhibition of HBV replication at a
posttranscriptional level. Indeed, using the well-characterized posttranscriptional regulation element (PRE)
reporter system, we were able to demonstrate a marked reduction (three- to eightfold) in the nucleocytoplasmic
export of unspliced RNA in MxA-expressing clones. In addition, MxA protein did not interact with HBV
nucleocapsid or interfere with HBV nucleocapsid formation. Our results show an antiviral effect of MxA pro-
tein on a DNA virus for the first time. MxA protein acts, at least in part, by inhibiting the nucleocytoplasmic

export of viral mRNA via the PRE sequence.

The hepatitis B virus (HBV) is a major human pathogen,
belonging to the family of hepadnaviruses, a group of small
enveloped viruses with major liver tropism (47). The HBV
genome consists of a relaxed, circular, partially double-strand-
ed 3.2-kb DNA molecule. One of the striking features of HBV
is that its replication involves reverse transcription of a greater-
than-genome-length pregenomic RNA (3.5 kb) (22, 29). This
reverse transcription process occurs exclusively in the core
particle, which is assembled through complex interactions be-
tween pregenomic RNA, core protein, polymerase, and several
cellular proteins (22, 29). The core particles containing the
replicative intermediates are then transported back to the nu-
cleus, for the establishment of a pool of covalently closed
circular DNA, or to the endoplasmic reticulum to be released
after association with the viral envelope, as infectious mature
virions (for a review, see reference 22).

HBYV infection may lead to acute liver disease, chronic active
hepatitis, liver cirrhosis, and hepatocellular carcinoma. Over
300 million people worldwide are estimated to be infected
chronically by HBV and are therefore at risk of liver failure,
cirrhosis, or hepatocellular carcinoma. The principal treatment
for chronic hepatitis B involves the use of alpha interferon
(IFN-a) or nucleoside analogs (9, 42). IFN-a belongs to the
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IFN-a/B system, which mediates antiviral, antiproliferative, im-
mune, and other cellular effects (8). In humans, IFN-« antiviral
action is mediated by the induction of at least three major
proteins, 2’,5'-oligoadenylate synthetase, protein kinase R, and
MxA. IFN-a likely acts by combining stimulation of the im-
mune response and a direct viral effect. However, the specific
mechanisms responsible for an improvement in HBV-related
hepatitis following IFN treatment are not clearly understood.
To date, IFN-« antiviral mechanisms against HBV have main-
ly been examined in vitro using hepatoma cell lines. These
experiments showed that IFN-a brought about changes to the
expression of viral antigens and/or steady-state levels of viral
RNAs or replicative intermediates, depending on the experi-
mental model employed (2, 4, 7, 17, 21, 26, 35, 36, 51, 54).
Although the use of IFN-a has improved the treatment of
chronically infected HBV patients, an effective reduction in
virus load is only observed in 30% of treated patients. The
molecular basis for resistance to IFN-a therapy is not clearly
defined. However, studies have suggested that HBV may play
a direct role in the development of resistance to endogenous or
exogenous IFN. In vitro, HBV genome expression has been
shown to reduce sensitivity to IFN, as measured by inhibition
of the cytopathic effect of Sindbis virus challenge (30). HBV
capsid and polymerase terminal proteins have been shown to
reduce expression of the IFN-B and IFN-induced 6-16 genes,
respectively (11, 52, 53). Furthermore, several in vivo studies
have demonstrated a lack of IFN system activation in patients
with acute or chronic hepatitis B. In particular, impaired in-
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duction of the IFN-inducible MxA protein was evidenced in
acute and chronic HBV infection (10, 20).

MxA is a 76-kDa GTPase protein belonging to the super-
family of large GTPases, which accumulate in the cytoplasm in
response to IFN-a/B (16). In vitro, in different cellular models,
or in vivo, in MxA transgenic mice, MxA protein is able to
inhibit a broad spectrum of negative-stranded RNA viruses,
including influenza virus, Thogoto virus, vesicular stomatitis
virus, measles virus, and bunyavirus (12, 13, 33, 46, 57). Recent-
ly, antiviral activity has been demonstrated against a positive-
stranded RNA virus, Semliki Forest virus (28). The mecha-
nisms through which MxA is able to inhibit such a variety of
viruses are yet to be precisely defined. Several studies have
shown that MxA may act at different levels of the virus repli-
cation cycle, depending on the virus species and the cellular
models used. Indeed, MxA is capable of blocking viral repli-
cation at primary transcriptional steps (Semliki Forest and ve-
sicular stomatitis viruses) (28, 46) or following primary tran-
scription (influenza virus) (32). In the case of measles virus,
MXA seems to have an inhibitory effect on either viral RNA or
glycoprotein synthesis, depending on the cellular model (43, 44).

In a previous study, we showed evidence for HBV defective
particles, characterized by a singly spliced HBV RNA, which
had been encapsidated and retrotranscribed, giving rise to a
defective HBV genome (49). We also demonstrated an asso-
ciation between those defective particles and the establishment
of a chronic carrier state (37). In vitro, we showed that expres-
sion of this defective genome led to a reduction in the antiviral
activity of IFN, as determined using the virus yield reduction
assay, and that this modulation involved a selective inhibition
of MxA protein induction via overexpression of the HBV cap-
sid protein (38). This led us to suggest that MXA might play a
major role in antiviral activity against HBV.

The aim of the present study was to determine whether the
antiviral spectrum of the MxA protein extended to cover HBV.
We therefore established HuH7 cell lines stably expressing the
M=xA protein and performed transient-transfection experiments
using an HBV-expressing plasmid. We found that MxA inhib-
ited HBV replication through a significant reduction in the
synthesis of viral proteins, cytoplasmic RNAs, and DNA rep-
licative intermediates. We demonstrate that MxA antiviral ac-
tion against HBV occurs, partly at least, at a posttranscrip-
tional level, by inhibiting the nuclear export of viral RNAs.

MATERIALS AND METHODS

Plasmids. The MxA gene, derived from the cDNA clone p78-8b (gift from
M. A. Horisberger), was flanked by two HindIII sites, one located 24 bp upstream
of the ATG initiation codon and the other introduced by adding a linker at the
Smal site 51 bp downstream of the TAA termination codon. The resulting
2,070-bp HindIII fragment, comprising the full MxA coding sequence, was sub-
cloned at the HindIII site into the pHBApr-3-neo expression vector (15). The
pTHBVI1.1 plasmid (gift from H. Schaller), corresponding to the ayw HBV
complete sequence under the control of the C gene promoter, has been de-
scribed previously (14). The PeyHBc plasmid, expressing the capsid under
a cytomegalovirus (CMV) promoter, was a kind gift from P. Soussan. The
pRSV138PDM-CAT, pRSV138PRE-CAT, and pRSV-CAT plasmid constructs
(kindly provided by M. Dobbelstein) have been described previously (39). B-Ga-
lactosidase expression plasmids, pCH110 or pRSV (in which B-galactosidase is
driven by the Rous sarcoma virus promoter) (Pharmacia Biotech) were cotrans-
fected in each experiment to monitor the efficiency of transfection.

Cell culture and transfection. The human hepatoma cell line HuH7 was
maintained in Dulbecco’s modified Eagle’s medium (Gibco-BRL) supplemented
with 10% fetal calf serum plus 100 TU of penicillin and 100 wg of streptomycin
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(Gibco-BRL) per ml at 37°C in a 5% CO,~95% air humidified atmosphere. To
obtain cells which stably expressed MxA, 2 X 10° HuH?7 cells were transfected
with 20 pg of either pHBApr-3-neo-MxA or pHBApr-3-neo plasmid, using the
calcium phosphate precipitation method. Sixteen hours later, the cells were
washed and grown for a further 24 h. The cells were then trypsinized and seeded
into new dishes at a splitting ratio of 1:4, and clones were selected in medium
containing 400 pg of geneticin (G418 sulfate; Gibco-BRL) per ml. The neomy-
cin-resistant clones were analyzed by Western immunoblot for MxXA expression.
One clone expressing the neomycin resistance gene (neo clone) and two clones
expressing MxA (MxA6 and MxA10) were selected for the study. The growth
curve of these different clones was studied as follows. The cells were seeded at a
confluence of 20,000 cells per well of six-well plates and counted daily in dupli-
cate. The experiment was done twice. The MxA-positive clones (MxA6 and
MxA10) and the neo clone left untreated or treated with IFN-a (500 TU of
recombinant human IFN-a-2b per ml [Schering-Plough] applied for 20 h prior to
transfection) were transiently transfected with the plasmids specified (10 to 20 g
per 10-cm plates, 0.5 to 3 pg per six-well plate). Two micrograms per 10-cm plate
or 0.3 g per six-well plate of B-galactosidase expression plasmid was added to
the DNA transfection mixtures to monitor the efficiency of transfection. An
aliquot of the transfected cells was lysed in NP-40 buffer (10 mM Tris [pH 8], 100
mM NaCl, 1 mM EDTA, and 1% Nonidet P-40) containing a cocktail of protease
inhibitors (Complete Boehringer) and then subjected to a B-galactosidase assay.
The values obtained were used to normalize the efficiency of transfection.

Protein analysis. For cellular MxA protein analysis, cells were lysed from a
confluent 10-cm-diameter dish by the addition of 500 wl of NP-40 buffer. The
protein content was measured by the Bradford technique (Bio-Rad). From 20 to
40 pg of protein was boiled in 4X Laemmli buffer and resolved by sodium
dodecyl sulfate (SDS)-10% polyacrylamide gel electrophoresis (PAGE). After
gel transfer onto a polyvinylidene difluoride membrane (Immobilon P; Milli-
pore), the blots were incubated with a monoclonal anti-MxA (1:3,000) antibody
(kindly provided by M. A. Horisberger) or with a monoclonal anti-glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) antibody (1:1,000) (Interchim). De-
tection was carried out using a horseradish peroxidase-conjugated secondary
antibody (1:2,000) (Amersham) and subsequent chemilumiscent revelation
(ECL; Amersham).

Viral envelope (HBsAg), capsid (HBcAg), and HBeAg protein expression was
determined-using standard enzyme-linked immunosorbent assay (ELISA) (Ab-
bott) in supernatants and cell extracts from HBV-transfected HuH7 neo and
MxA clones harvested 2 or 3 days posttransfection. All experiments were per-
formed at least three times.

The in vitro interaction between MxA and HBV capsid was evaluated using a
cosedimentation assay in a discontinuous glycerol gradient (70 and 60%) in the
presence of GTP-yS, as described elsewhere by Kocks et al. (24). For this
experiment, the MxA lysate was prepared from the 3T3 MxA-expressing cell
clone and mixed with either Thogoto virus (THOV)-infected cell lysates (kindly
provided by G. Kochs) or purified capsid protein (kind gift from M.-A. Petit).
Seven fractions (80 pl each) were collected from the bottom of the gradient and
analyzed as described above by Western blotting, using polyclonal rabbit anti-
MxA and anti-THOV antibodies (gift from G. Kochs) and an anti-HBe/c anti-
body (gift from M.-A. Petit).

We analyzed the ability of MxA protein to interfere with capsid self-assembly
into particles using the sucrose gradient sedimentation analysis described by
Koschel et al. (27). Briefly, HuH7 and positive MxA (MxA10) cells were trans-
fected with 20 pg of the PyHBc plasmid and lysed 4 days posttransfection in
1 ml of lysis buffer (150 mM NaCl, 50 mM Tris-HCI [pH 7.5], 5 mM MgCl,, 0.2%
Nonidet P-40). The lysates were applied to a 15 to 60% discontinuous sucrose
gradient. Eleven fractions (380 pl each) were collected from the bottom, and 30
wl of each fraction was analyzed by Western blot (as described above) using
polyclonal anti-HBe/c antibody.

Analysis of viral nucleic acids. HBV DNA replication following the transient
transfection of MxA clones was assessed using Southern blot analysis of viral
DNA extracted from immunoprecipitated intracellular core particles. Encapsi-
dated viral DNA was prepared as follows, after culture for 3 days of HBV-
transfected HuH?7 clones. The cytoplasmic lysates, prepared as described above,
were first cleared by incubation for 3 h at 4°C in protein A-Sepharose CL-4B
bead (Pharmacia Biotech) solution (50% protein A-Sepharose beads in NP-40
buffer). In order to eliminate any residual transfected DNA, the lysates were
digested with DNase I (100 pg/ml) in NP-40 buffer containing magnesium ace-
tate (10 mM) for 30 min at 37°C. Viral capsids were immunoprecipitated over-
night at 4°C, using a rabbit polyclonal anti-HBe/c antibody. Protein A-Sepharose
solution was then added for 3 h at 4°C. Beads were collected by centrifugation,
and HBV DNA was extracted by proteinase K (1 mg/ml) digestion in lysis buffer
(50 mM Tris [pH 8], 1 mM EDTA, 100 mM NaCl, 1% SDS). After incubation at
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55°C for 4 h, viral DNA was purified from the lysate by phenol-chloroform
extraction and then precipitated using ethanol. Viral DNA replicative forms
were loaded onto a 0.8% agarose gel and transferred onto Hybond N+ (Amer-
sham) filters by the Southern blot method. Membranes were hybridized over-
night at 42°C in a buffer containing 50% formamide, 5X SSC (1X SSCis 0.15 M
NaCl plus 0.015 M sodium citrate), 1X SDS, 40 mM phosphate buffer [pH 6.5],
5% Denhardt’s solution, and a 3>P-labeled HBV DNA probe (Megaprime; Strat-
agene). In order to ensure the homogeneity of the results, all immunoprecipita-
tion experiments were performed using the same amount of protein lysate, and
the core-extracted DNA was loaded onto the agarose gel according to the
transfection efficiency.

Northern blot analysis of total or cytoplasmic viral RNAs was performed 48 h
posttransfection. Total or cytoplasmic RNAs were extracted using Trizol reagent
(Gibco-BRL) or the Qiagen RNeasy kit, as recommended by the manufacturer.
Ten micrograms of total or cytoplasmic RNA was subjected to electrophoresis on
a 1% formaldehyde—agarose gel and then transferred onto Hybond N+ (Amer-
sham). Total and cytoplasmic HBV RNAs were detected with a 3?P-labeled HBV
DNA probe (Megaprime; Stratagene) in Church hybridization buffer (6). The
blots were then stripped and rehybridized with a 3?P-labeled GAPDH probe for
normalization. The autoradiograms were scanned using NIH image 1.62/ppc
software. The values of HBV bands were normalized to the B-galactosidase
activity (transfection efficiency) and the corresponding GAPDH scanned band
value. All experiments were performed at least twice.

CAT assays. Two days after transfection of the different clones with
pRSV138PDM-CAT, pRSV138PRE-CAT, and pRSV-CAT plasmids, cells were
harvested and lysed in NP-40 buffer for the quantification of cytoplasmic chlor-
amphenicol acetyltransferase (CAT) activity using the Quant-T-CAT assay kit
(Amersham), as recommended by the manufacturer. An aliquot of each lysate
was assayed for B-galactosidase activity to monitor transfection efficiency. Two
independent transfection experiments were performed, in duplicate.

RESULTS

Stably transfected HuH?7 cells expressing MxA protein. In
order to investigate the specific influence of MxA protein on
HBYV replication, we established cell lines which constitutively
express MxA by stably transfecting well-differentiated human
hepatoma HuH7 cells with an MxA plasmid, as described in
Materials and Methods. HuH7 cells were chosen for their ca-
pacity to support efficient HBV replication (5). Clones were
tested for their MxA expression by Western blot using a mouse
monoclonal MxA antibody. We selected two independent
clones (MxA6 and MxA10) which expressed the MxA protein
at a level comparable to that found in IFN-induced parental
HuH?7 cells (data not shown) or neo-expressing clone (Fig. 1a).
A clone expressing the neomycin resistance gene only was also
selected as a negative control (Fig. 1a). A normal cytoplasmic
localization of the MxA protein was found (data not shown).
The influence of MxA protein on cell growth was assessed (Fig.
1b). No significant effect on the growth rate of the MxA10
clone was seen in comparison with the neo clone. A reduction
in cell growth was observed in the MxAG6 clone after 2 days of
culture; this probably reflected a cell-cloning event indepen-
dent of MxA expression, since no modification was seen in the
MxAI10 clone. In addition, identical expression of GAPDH
protein was observed in the different cell clones (Fig. 1a).

MxA protein reduces the synthesis of HBV proteins. In
order to demonstrate the inhibitory effect of MxXA protein on
HBYV protein synthesis, the different clones were transiently
transfected with the pTHBV1.1 plasmid. We first investigated
HBsAg and HBeAg secretion, 2 and 3 days posttransfection,
using standard immunoassays. The secretion of HBs and HBe
Ags was profoundly reduced in MxA-expressing clones (MxA6
and MxA10), by about 80% for HBsAg and 70% for HBeAg,
compared to the neo clone (Fig. 2a). In the IFN-treated neo
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FIG. 1. Analysis of MxA clones. (a) Expression of MxXA protein in
stably transfected HuH7 clones. Western blot analysis of cytoplasmic
extracts from HuH7 clones expressing the neomycin resistance gene,
untreated (Neo), or treated (Neo + IFN) with IFN-a for 20 h, and
from two MxA-expressing clones (MxA6 and MxA10) using a mono-
clonal mouse anti-MxA antibody. Level of protein expression was
monitored by using a mouse monoclonal anti-GAPDH antibody. (b)
Typical curve of cell growth obtained for neo (Neo) and MxA-positive
(MxA6 and MxA10) clones. Cells were seeded at a confluence of
20,000 cells per well of six-well plates, trypsinized, and counted daily.
Experiments were done in duplicate at least twice, and bars show
standard errors.

clone, the reductions were about 40 to 60% for HBs and HBe.
This difference could be linked to the lower level of MxA
expression. In order to establish whether this effect was due to
intracellular accumulation of synthesized viral proteins, we
analyzed the amounts of cytosolic HBsAg and HBe/cAg
present 3 days posttransfection, using the same ELISA tests.
The level of intracytoplasmic HBsAg was reduced by about
80% in MxA-positive clones and about 60% in the IFN-in-
duced neo clone (Fig. 2b). In the case of HBe/cAg, we observed
a reduction of about 40 to 60% in MxA-positive clones and
30% in the IFN-induced neo clone (Fig. 2b). Taken together,
our results are consistent with a marked reduction in HBV
protein expression in MxA-positive clones.

MZxA protein reduces the synthesis of HBV replicative inter-
mediates. In order to determine whether the decrease in viral
protein expression was associated with a change to HBV DNA
replicative capacity, the amount of encapsidated viral DNA
was measured in the different HBV-transfected clones 3 days
posttransfection. As shown in Fig. 3, HBV DNA replicative
intermediates were seen to have disappeared almost entirely
for the two MxA-expressing clones (MxA6 and MxA10). IFN
treatment of the neo clone also led to a significant reduction in
DNA replicative forms. Scanning revealed a two- to eightfold
reduction. Thus, in addition to viral protein synthesis, MxA
protein downregulates viral DNA replication.

Cytoplasmic HBV RNAs are selectively reduced in MxA-
expressing clones. The reduction in HBV protein synthesis and
DNA replicative forms in MxA-expressing cells could be due to
a modulation of viral transcript synthesis. To investigate this
possibility, Northern blot analysis of the HBV-transfected
clones was performed for the detection of total and cytoplas-
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FIG. 2. Inhibition of HBV protein synthesis in MxA-expressing clones. MxA clones (MxA6 and MxA10) and untreated (Neo) or IFN-treated
(Neo + IFN) neo clones were transfected with pTHBV1.1 plasmid as described in Materials and Methods. Two (d2) or 3 days (d3) after
transfection, culture supernatants (a) and cell lysates (b) were collected and assessed for HBs, HBc, and HBe Ag expression. The values shown
are percentages of the value obtained for the HBV-transfected neo clone. They were calculated as the mean of the optical density of each
experiment normalized to the B-galactosidase activity, as described in Materials and Methods. Bars show the standard errors of at least three

independent experiments.

mic HBV RNAs. As shown in Fig. 4a, there were no major
changes in the expression of total viral transcripts in either
MXA clone or the neo clone. By contrast, a two- to fourfold
reduction in all intracytoplasmic viral transcripts was observed
in MxA-positive clones but not in the negative neo clone (Fig.
4b). Taken together, these results are consistent with MxA
protein acting at a posttranscriptional level through the block-
ade of viral RNA transport from the nucleus to the cytoplasm.

MZxA inhibits the nuclear export of RNA mediated by the
HBV PRE sequence. It has been shown that the nucleocyto-
plasmic export of HBV RNA is mediated by an RNA cis ele-
ment of about 600 bases termed the posttranscriptional regu-
latory element (PRE) (18, 19, 39, 48). A pRSV138PRE-CAT
construct was used to assay for possible interference between
MxA protein expression and the export of HBV RNA (39).
pRSV138PRE-CAT expresses a transcript containing both the
HBV PRE sequence and the coding sequence for CAT, as
described in Materials and Methods. Control and MxA-
expressing clones were transfected with pRSVPDM138-CAT,
pRSV138PRE-CAT, or pRSV-CAT vector (Fig. 5). In the
transfected neo clone, the presence of the PRE sequence in the
same intron as the CAT gene enabled the efficient nuclear

export of unspliced RNA, resulting in CAT expression [Fig. 5a,
Neo PRE(+)]. In contrast, CAT expression was reduced three-
to eightfold in the IFN-induced neo clone and in MxA-express-
ing clones [Fig. 5a, Neo/IFN PRE(+), MxA6 PRE(+), and
MxA10 PRE(+)]. This effect was not due to the degradation of
CAT transcripts or proteins by MxA protein, since no modifi-
cation was observed in MxA clones transfected with the pRSV-
CAT plasmid (Fig. 5b). These results establish that the MxA
protein acts at a posttranscriptional level by inhibiting the
nuclear export of viral RNAs by a mechanism(s) which has yet
to be clarified.

MXxA protein does not interact with the HBV nucleocapsid.
It has recently been demonstrated that MxA interacts with the
nucleocapsid of THOV and prevents transport of the nucleo-
capsid into the nucleus. Our aim was to investigate whether
MxA would target HBV nucleocapsid protein and participate
in the antiviral effect of MxA against HBV. Previous studies
had shown that GTP binding is critical to the antiviral action of
the MxA association with THOV nucleocapsid (24). Thus, the
in vitro interaction between MxA and HBV capsid was as-
sessed in a cosedimentation assay using a discontinuous glyc-
erol gradient in the presence of GTP-vS, analyzed by Western
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FIG. 3. MxA inhibits HBV DNA replication. Southern blot analy-
sis of core-extracted HBV DNA after transient transfection of un-
treated (Neo) or IFN-treated (Neo + IFN) neo clone and MxA clones
(MxA6 and MxA10) with the pTHBVI1.1 plasmid. The DNA was
loaded onto a 0.8% agarose gel according to the transfection efficiency
and then blotted to nylon membranes. Blots were hybridized with a
32p-labeled HBV probe. The arrows indicate relaxed circular (RC),
linear double-stranded (DS), and single-stranded (SS) HBV DNA
forms. Histograms express the values of the scanned bands as de-
scribed in Materials and Methods.

MxA10

blot (Fig. 6a). As expected, a shift of MxA sedimentation from
lower to higher density glycerol fractions was observed when
MxA-expressing and THOV-infected cell lysates were mixed
(Fig. 6a, compare upper and lower panels). A similarly modi-
fied distribution of MxXA protein was not observed in MxA-
HBYV nucleocapsid mixed lysates (Fig. 6a, middle panel). These
results indicate a lack of interaction between the two proteins
under these experimental conditions.

We then tried to establish whether MxA protein could inter-
fere with capsid self-assembly into particles. To address this ques-
tion, cytoplasmic lysates from HuH7 cells and MxA10 clone
transfected with a capsid-expressing vector were subjected to
ultracentrifugation through a discontinuous sucrose gradient
and analyzed using Western blot (Fig. 6b). In this assay, non-
particulate capsid protein would be found in low-density frac-
tions, while nucleocapsid-like particles would be found in high-
density fractions (27). No major modifications were observed
to capsid distribution in the two cell lines, indicating that MxA
protein does not interfere with capsid self-assembly.

DISCUSSION

This report offers the first direct evidence for the antiviral
activities of IFN-a-inducible human MxA protein against
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HBV. Our results show that MxA protein induced a marked
reduction in the synthesis of envelope and capsid proteins and
of HBV DNA replicative intermediates. This was associated
with an unmodified expression of total viral RNAs, suggesting
that MxA inhibits HBV replication at a posttranscriptional
stage. However, the cytoplasmic RNAs were diminished in the
MxA-positive clones. Indeed, using the well-characterized
PRE reporter system, a considerable reduction in the nucleo-
cytoplasmic export of RNA from MxA-positive clones was
evidenced. Until now, the inhibitory effect of MxA had only
been reported against certain RNA viruses (12, 13, 28, 31-33,
43, 44, 46, 57). For these viruses, MxA may act at different
steps of the virus replication cycle, according to the virus spe-
cies and the cellular models used. Interestingly, viral glycop-
rotein synthesis has been found to be inhibited for measles
virus in a human monocytic cell line constitutively expressing
MxA protein, while the viral RNA level remains unchanged
(44). Similarly, the antiviral effects of MxA protein against
influenza virus replication do not occur at the viral RNA syn-
thesis level but at an unidentified posttranscriptional step (32).

Several groups have studied the global effect of IFN-a
against HBV, using different hepatoma cell lines which stably
sustain complete (HepG2 clones 2.2.15, HB3-5 and HB107) (4,
7,17, 21) or partial (PLC/PRF/5 cell line) HBV replication (2,
26, 55). In line with our findings, reductions in HBsAg and
pre-S2 secretion were observed in the IFN-treated PLC/PRF/S
cell line (2, 26, 55). In contrast, in IFN-treated HepG2 cell
lines, no change or a moderate reduction in HBsAg and
HBeAg secretion was evidenced, even when high doses of
IFN-a were employed (4, 21); this probably reflects differences
in cell sensitivity to IFN treatment (23, 35). As shown by our
data, IFN treatment of HepG2-HBYV clones induces a reduc-
tion in HBV DNA replicative intermediates (7, 17, 21). Fur-
thermore, no change was seen to the expression of total viral
RNA in either IFN-treated HepG2 HB107 or PLC/PREF/5 cells
(17, 26), and a reduction in the steady-state level of cytoplas-
mic viral RNA in the IFN-treated HepG2.2.15 cell line was
reported (4). Thus, as in our model, posttranscriptional IFN
activity, based on the inhibited nuclear export of viral RNAs,
could be suggested. Taken together, the published data and
our results indicate that IFN-a and MxA have comparable
inhibitory effects on HBV. It is therefore likely that MxA
protein plays a key role in the antiviral action of IFN against
HBV.

Several studies have demonstrated the importance of the
PRE region to HBV RNA nuclear export. The PRE is a cis
RNA element, encompassing nucleotides 1151 to 1684 and
present in viral transcripts (19). The PRE has been shown to
act posttranscriptionally to achieve the efficient expression of
HBYV surface proteins (18, 19). We report here that one of the
mechanisms involved in the antiviral effect of MxA protein
against HBV is inhibition of the PRE function. Since MxA is a
cytoplasmic protein, its action is probably exerted via modula-
tion of one or more of the cellular factors involved in the PRE
function. Indeed, MxA protein has a leucine zipper motif in its
primary sequence, which is involved in protein-protein inter-
action (16). The cellular proteins that interact with the PRE
sequence are under investigation. A recent report has identi-
fied GAPDH as one of the cellular proteins that binds to the
PRE, and it is probably involved in the posttranscriptional
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bands and B-galactosidase values.

regulation of HBV expression (56). One might therefore hy-
pothesize that cytoplasmic MxA may act by blocking GAPDH
and thus preventing the nucleocytoplasmic transport of viral
RNA. Alternatively, MXA protein may induce IkBa expres-
sion, which has been shown to inhibit HBV RNA export when
it is overexpressed (39).

Since we observed the nearly complete disappearance of
replicative intermediates, a further mechanism for HBV inhi-
bition by MxA may be suggested, involving MxA interference
with the pregenome encapsidation process. In this respect,
recent studies in duck and HBV transgenic models suggest that
IFN-«/B may act by inhibiting the formation of pregenome-
containing capsids, by preventing their assembly or accelerat-
ing their degradation (45, 54). In addition, it is interesting that
Kochs et al. demonstrated that MxA protein was able to inter-
act with the THOV nucleocapsid, impairing normal viral rep-
lication (25). We were not able to provide evidence for a direct
interaction between MxA and capsid proteins. However, the
existence of weak interactions cannot be excluded, although
they were not detected under our experimental conditions.

We previously demonstrated that HBV defective particles,
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FIG. 5. MXxA inhibition of the nuclear export of RNA mediated by
the HBV PRE sequence. (a) neo clone, untreated (Neo) or treated
with IFN (Neo/IFN), and MxA-positive clones (MxA6 and MxA10) were
transfected with pRSVPDM138-CAT [PRE(—)] and with pRSVPRE-
CAT [PRE(+)]. (b) neo, MxA6, and MxA10 clones were transfected
with the pRSV-CAT (CAT) plasmid. Histograms represent the values
of CAT activity (counts per minute) normalized to the transfection
efficiency (B-galactosidase [B-Gal] activity). Bars show the standard
errors of at least two independent experiments, each performed in
duplicate.
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FIG. 6. MxA protein does not interact with HBV nucleocapsid. (a)
MxA protein interactions with HBV core protein were analyzed by
cosedimentation assay. Lysates from 3T3 cells stably expressing the
MxA protein alone (upper panel) or mixed with purified HBV core
protein (middle panel) or with THOV-infected 3T3 cell lysate (lower
panel) were subjected to glycerol gradient ultracentrifugation as de-
scribed in Materials and Methods. The seven fractions collected were
analyzed by Western blot using polyclonal antibodies against MxA
protein (MxA), HBV core protein (HBc), and THOV nucleoprotein
(NP). (b) The influence of the MxXA protein on HBV capsid self-
assembly into particles was analyzed by sucrose gradient assay. HuH?7
cells (control) and MxA10 clone (MxA10) were transiently transfected
with a vector expressing the capsid protein. Cleared lysates were sub-
jected to ultracentrifugation through a discontinuous (15 to 60%)
sucrose gradient as described in Materials and Methods. Eleven frac-
tions were collected and analyzed for HBcAg expression by western
blot using a polyclonal rabbit anti-HBe/c antibody. The size of each
protein is indicated.

generated by the reverse transcription of encapsidated spliced
RNA, were associated with a chronic course of HBV infection
and gave rise to the cytoplasmic accumulation of capsid protein
(37). We also showed that expression of the defective genome
led to an inhibition of MxA protein and that the capsid protein
was implicated in this inhibition. Indeed, we observed an in-
verse correlation between the amount of intracellular capsid
protein and MxA protein expression (38). This would fit with in
vivo and in vitro reciprocal interactions between IFN and HBV
and further argues in favor of a major role for MxA against
HBV. In addition, naturally occurring mutations in the HBV
precore promoter and precore open reading frame have been
described in patients with severe liver disease (34, 40, 50).
These mutations may enhance viral replication and/or core
protein accumulation (1, 3, 34, 41). In this context, it is plau-
sible that the relative levels of capsid and MxA proteins ex-
pression may contribute to the failure of IFN treatment in such
patients.

The present results clearly demonstrate that the antiviral
activity of MxA is not restricted to RNA viruses but also
includes a DNA virus. We provide evidence for a major anti-
viral role of MxXA protein against HBV. Additional studies are
required to further define the precise mechanism(s) involved

J. VIROL.

in the antiviral effect of MxA against HBV and how MxA
might be used to develop new diagnostic and therapeutic ap-
proaches to the management of chronic HBV infection.
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