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Interferons (IFNs) play a major role in the control of hepatitis B virus (HBV), whether as endogenous
cytokines limiting the spread of the virus during the acute phase of the infection or as drugs for the treatment
of its chronic phase. However, the mechanism by which IFNs inhibit HBV replication has so far remained
elusive. Here, we show that type I and II IFN treatment of human hepatocytes induces the production of
APOBEC3G (A3G) and, to a lesser extent, that of APOBEC3F (A3F) and APOBEC3B (A3B) but not that of
two other cytidine deaminases also endowed with anti-HBV activity, activation-induced cytidine deaminase
(AID), and APOBEC1. Most importantly, we reveal that blocking A3B, A3F, and A3G by combining RNA
interference and the virion infectivity factor (Vif) protein of human immunodeficiency virus does not abrogate
the inhibitory effect of IFNs on HBV. We conclude that these cytidine deaminases are not essential effectors of

IFN in its action against this pathogen.

More than 350 millions individuals worldwide suffer from
chronic hepatitis B virus (HBV) infection (66), a condition that
evolves towards liver insufficiency and hepatocellular carci-
noma in approximately 15 to 40% of cases (31). However, the
majority of de novo HBV infections, except for those occurring
during the perinatal period, are cleared during the acute phase.
This appears to result largely from noncytopathic host defense
mechanisms involving cytokines, most notably interferons
(IFNs) (2, 21). A key role for IFN in the biology of HBV
infection is further illustrated by studies in animal models of
the disease. For instance, HBV-specific T cells from acutely
infected chimpanzees produce high levels of gamma IFN
(IFN-y) coincident with viral clearance (23, 37). Also, the
induction of alpha/beta IFN (IFN-«/B) or the production of
IFN-y by transferred HBV-specific cytotoxic T lymphocytes
inhibits HBV replication in the liver of HBV transgenic mice
(9, 19, 20, 35). Finally, IFN-« is the standard treatment for
chronic hepatitis B (17). Although type I and II IFNs are the
most important immune regulators of HBV replication, the
downstream effectors mediating the inhibitory action of IFN
on HBV replication have not yet been identified.

HBYV replication is blocked by human APOBEC3G (A3G)
and APOBEC3F (A3F) (43, 44, 57, 58), two closely related
editing enzymes initially recognized for their ability to inhibit
retroviruses (24, 29, 32, 49, 70) and as the targets of the virion
infectivity factor (Vif) protein of human immunodeficiency
virus (HIV) (34, 50, 68). APOBEC3B (A3B), a Vif-resistant
member of the same family, exhibits modest levels of activity
against HIV (3). Notwithstanding, the full-length protein
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APOBEC3B; (A3B,) has recently been found to be as po-
tent as A3G in inhibiting HBV replication, in contrast to
A3Bg, which results from alternative splicing of the same
transcript (6).

A3G, A3F, and A3B belong to a family of polynucleotide
cytidine deaminases that also comprises activation-induced
cytidine deaminase (AID), APOBEC1 (A1), APOBEC2 (A2),
and the products of the APOBEC3A (A3A) through the
APOBEC3H gene cluster. AID is essential for class switch
recombination and somatic hypermutation of the immunoglob-
ulin locus in pre-B lymphocytes and thus for the generation of
antibody diversity (25), while Al edits the apolipoprotein B
mRNA in the guts, thereby regulating cholesterol metabolism
(61). By comparison, little is known about the physiological
functions of the other family members. However, apart from
that for A2 and A3A, sequence analysis of the genes encoding
these enzymes reveals that they rapidly accumulated nonsyn-
onymous changes during primate evolution, suggesting that
their products were involved in molecular conflicts and thus
possibly evolved as a host defense against pathogens (46, 71).
This hypothesis was confirmed for most APOBEC3 proteins,
which were independently found to restrict the replication of
various exogenous and endogenous retroelements, as well as
the adeno-associated virus (4, 12, 14, 67). Like A3G, A3F,
A3B, and A3DE can inhibit the replication of both Vif-defec-
tive (AVif) HIV type 1 (HIV-1) and AVif simian immunode-
ficiency virus (14, 67, 72), while A3C can block AVif simian
immunodeficiency virus but not AVif HIV-1 (67). A3A re-
stricts the parvovirus adeno-associated virus as well as auton-
omous non-long terminal repeat (LTR) retroelements, such as
the human long interspersed nucleotide element 1 (L1) (5, 12,
36). L1 retrotransposition is also inhibited by A3B, A3C, and
A3F (5, 12, 36, 52). Interestingly, A3G does not affect L1
retrotransposition. Nevertheless, A3G impairs L1-mediated
Alu retrotransposition, along with A3A, A3B, and, to some
extent, A3C (5, 13, 26).
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Cytidine deaminases block HBV infection not by lethal ed-
iting of nascent reverse transcripts (38, 43, 57, 58), as for
retroviruses (24, 29, 32, 70), but rather by impairing the accu-
mulation of pregenomic RNA-containing viral capsids in which
HBYV reverse transcription takes place (57, 58). Remarkably,
this is similar to the decreased steady-state levels of pre-
genomic RNA-containing capsids which are observed upon
exposure of HBV-infected cells to IFN (63, 64). This suggests
that IFNs and cytidine deaminases might affect HBV replica-
tion through the same pathway.

A first step to unveil the in vivo impact of antiviral cytidine
deaminases on HBV replication was provided by the recent
demonstration that the expression of A3G and, to a smaller
degree, that of A3F and A3B is up-regulated in hepatocytes
upon IFN treatment (6, 28, 45, 56). Likewise, it has been shown
that alpha IFN (IFN-a) treatment induces the expression of
A3G in macrophages, albeit not in T lymphocytes, the main
target of HIV in the body. Notably, the IFN-a-mediated inhi-
bition of HIV-1 in macrophages results at least in part from
this induction of A3G, to levels or in a form that allows escape
from Vif countering (41). These data led us to ask whether the
induction of antiviral cytidine deaminases by cytokines simi-
larly contribute to the IFN-induced clearance of HBV, as
IFN-a and IFN-vy are both found in high amounts in the livers
of acutely infected individuals.

For this, we first explored the range of cytidine deaminases
active on HBV and their expression and cytokine inducibility in
cells of hepatic origin. We then assessed their relevance for the
anti-HBV effect of IFNs. Our results indicate that antiviral
cytidine deaminases are not the main mediators of the action
of IFNs on this pathogen.

MATERIALS AND METHODS

Constructs, virus production, infections, and titrations. The plasmids express-
ing the hemagglutinin (HA)-tagged form of A3G (49) and A3A (3) were a kind
gift from M. Malim (King’s College, London, United Kingdom). The human
A3B and A3F ¢cDNAs were amplified from activated peripheral blood lympho-
cytes. We used the forward (cem196, 5'-AGATTAAGCTTGGCTGAACATGA
ATCCACAGATCAG-3') and reverse (cem197, 5'-TTACTTCTAGAGTTTCC
CTGATTCTGGAGAATGG-3") primers for A3B and the forward (cem157,
5'-AGATTAAGCTTCCAAGGATGAAGCCTCACTTCAG-3") and reverse
(cem156, 5'-TTACTTCTAGACTCGAGAATCTCCTGCAGCTTGC-3') prim-
ers for A3F. These cDNAs were then introduced in the HindIII and Xbal sites
of the pPCMV4/CEM15HA plasmid (49), replacing the human A3G cDNA. The
resulting proteins correspond to the NP_004891 and NP_660341 NCBI entries,
respectively. Note that A3B bears the known T146K variation. The cDNAs for
A3C (pcDNA3.1-APOBEC3C-V5-6XHis), A2 (pcDNA3.1-APOBEC2-V5-
6XHis), Al (pcDNA3.1-APOBECI1-V5-6XHis), and AID (pcDNA3.1-AID-V5-
6XHis) from B. Majita Peterlin and Yong-Hui Zheng (72) were obtained
through the NIH AIDS Research and Reference Reagent Program, Division of
AIDS, NIAID, NIH. All cDNAs for APOBEC family members were inserted
into the same expression vector (pCMV4-HA). HBV was encoded by the
payw1.2 construct (47), kindly provided by R. J. Schneider (New York Univer-
sity), and contains a 1.2 copy of the HBV genome (subtype ayw) from which the
pregenomic and subgenomic RNAs are expressed under the control of the
endogenous viral promoters. The murine stem cell virus-based pNG/A3G-HA
retroviral vector and the corresponding empty vector pNG95 (49) were kindly
provided by M. Malim (King’s College, London, United Kingdom). The pNG/
A3B-HA vector was constructed by replacing the A3G-HA cassette from the
PNG/A3G-HA plasmid by the A3B-HA cassette generated by PCR using
pCMV4/A3B-HA as the template and cem272/cem273 as primers (5'-AGACT
AGTCGATAAGCTTGGCTGAACATGAATC-3" and 5'-TTATCAATTGGA
CGCGTCCCGGGTCACTGAGCAGCGTAATC-3', respectively). Murine leu-
kemia virus-based particles were used to establish stable cell lines expressing
either A3G-HA, A3B-HA, or the control vector and were produced by transient
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transfection of 293T cells with calcium phosphate using the pNG transfer vectors
together with the packaging construct pCIG3 NB (kindly provided by O. Danos,
Généthon-CNRS, Evry, France), the envelope plasmid pMD2G (http://tronolab
.epfl.ch/page58122.html), and a Vif-expressing plasmid in the case of the pNG/
A3G-HA vector. The simultaneous expression of HXB2 Vif and green fluores-
cent protein (GFP) was obtained through the use of a T2A self-cleaving peptide
(55). For this, a cassette coding for this T2A peptide followed by a myc-tagged
version of Vif was appended to the GFP 3’ end in the pRRLsin.cPPT.PGK.GFP.
WPRE lentivector plasmid (16), yielding the pRRLsin.cPPT.PGK.GFP-2A-Vif-myc
plasmid. The same construct encoding the C'*3S Vif mutant was used as a control
vector and was generated using the QuikChange site-directed mutagenesis kit (Strata-
gene) and the forward (Vif35, 5'-GGACACATAGTTAGCCCTAGATCTGAAT
ATCAAGCAGGAC-3') and reverse (Vif36, 5'-GTCCTGCTTGATATTCAGAT
CTAGGGCTAACTATGTGTCC-3") primers. Lentiviral particles were produced
by transient transfection of 293T cells with calcium phosphate by use of the pRRL
transfer vectors, the second-generation packaging construct pCMV-AR8.91, and the
envelope plasmid pMD2G (see http:/tronolab.epfl.ch/page58122.html for details).
For the infectivity assay, AVif HIV-1 particles were produced by transient transfec-
tion of HepG2-H1.3 cells with a proviral clone (60) by use of JetPEI-Gal (Polyplus
Transfection). Virus-containing supernatants were collected, and infections and ti-
trations on target cells were performed as previously described (33). Briefly, virion
release was scored by monitoring the reverse transcriptase (RT) enzymatic activity in
the producer cell supernatant (1). Infectious titer was determined in a single-round
infectivity assay by applying supernatant on HeLa-CD4-LTRLacZ indicator cells
(11). Virion infectivity was derived by dividing the infectious titer by the amount of
physical particles as determined with RT activity.

Generation of HepG2-H1.3. HepG2-H1.3 cells were generated by stably trans-
fecting human hepatoma HepG2 cells with the pTH1.3 plasmid containing a
1.3-fold-overlength HBV genome (51) and the pSV2neo plasmid (Clontech)
conferring neomycin resistance.

DNA dot blot analysis of progeny HBV DNA. HBV particles concentrated
from 20 ml of cell culture medium at 4°C using centrifugal filter devices (Cen-
tricon Plus-70, Biomax 100,000-Da membrane; Millipore Corp., Bedford, MA)
were sedimented through a cesium chloride step gradient (density, 1.15 to 1.4
g/ml) to separate unenveloped capsids from enveloped HBV virions, typically
sedimenting at 1.2 g/ml (51). Gradient fractions were collected from the bottom.
HBV DNA was detected by dot blot hybridization with a 3>P-labeled HBV DNA
probe.

Cell culture and transfections. 293T, P4.2, and Huh7 hepatoma cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal calf serum (FCS), 10 mM HEPES, 2 mM glutamine, and antibiotics (100
1U/ml penicillin, 100 mg/ml streptomycin). For the antiviral activity assay, six-
well plates of Huh7 cells at 80% confluence were cotransfected with the payw1.2
plasmid and either a vector encoding one of the cytidine deaminases or an empty
vector using FUGENE 6 (Roche) as recommended by the manufacturer. Inclu-
sion of a GFP-expressing plasmid provided an internal control for transfection
efficiency in each experiment. Where indicated, 20 uM 3TC (lamivudine;
Moravek Biochemicals Inc.) was added to the culture at the time of cell washes
after transfection. Cells were harvested 3 days after transfection for fluorescence-
activated cell sorter analysis, protein analysis, and core-associated HBV DNA
extraction. HepG2 hepatoma cells were maintained in Iscove’s modified Dul-
becco’s medium containing 8% FCS, 2 mM glutamine, and antibiotics. HepG2-
H1.3 cells were maintained in DMEM complemented with 10% FCS, 2 mM
glutamine, antibiotics, 1% nonessential amino acids, and 200 pg/ml G418. Pri-
mary hepatocytes were freshly isolated from three different donors and seeded in
a 24-multiwell plate (BD Bioscience). Donors included a 28-year-old male who
tested negative for HIV, human T-cell leukemia virus, HBV, and HCV but
positive for cytomegalovirus, a 44-year-old male who tested negative by the
above-mentioned serology testing procedure, and a 4-year-old female with a
history of Crigler-Najjar type I disease (hepatocytes from this last patient were
kindly provided by T.H. Nguyen, University of Geneva). Upon reception, pri-
mary hepatocytes were maintained in serum-free and phenol red-free DMEM-
F-12 medium to which only antibiotics were added. For cytidine deaminase
induction experiments, cells were treated as indicated with 1,000 U/ml of human
recombinant IFN-y (Peprotech, Calbiochem), 10,000 U/ml of human recombi-
nant IFN-a (Peprotech, Calbiochem), and 100 ng/ml of tumor necrosis factor
alpha (TNF-a) (Peprotech), interleukin-6 (IL-6), IL-8 (Sigma), or IL-15 (Endo-
gen). Primary hepatocytes were seeded in 24-well plates, treated, and harvested
24 h later for RNA extraction. Cell lines were treated each 2 days with the
cytokines and harvested after 6 days of treatment for cellular RNA, protein, and
core-associated HBV DNA extractions.

Protein analyses. Cells were lysed with radioimmunoprecipitation assay buffer
(1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate in phos-
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phate-buffered saline). Lysates were precleared (13,000-rpm tabletop spin) and
subjected to standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
HA-tagged cytidine deaminases were detected with the mouse HA-specific
monoclonal 3F10-peroxidase-conjugated antibody (Roche Applied Science).
PCNA was used as a protein loading control and was detected with the mono-
clonal anti-PCNA antibody (Oncogene Research Products, Boston, MA). In
order to visualize the IFN-induced endogenous A3G protein, we used a rabbit
polyclonal antibody that specifically reacts with the C-terminal 16 amino acids of
the enzyme (53). The expression of HIV-1 Vif was monitored using a rabbit
HIV-1y;xs, Vif antiserum (18). These antibodies were obtained through the NIH
AIDS Research and Reference Reagent Program, Division of AIDS, NIAID,
NIH, from Warner C. Greene and Dana Gabuzda, respectively.

Core-associated HBV DNA purification and analysis. The purification of cy-
toplasmic core-associated HBV DNA was performed as previously described
(58). Briefly, cells were disrupted in lysis buffer (100 mM Tris-HCI [pH 8.0], 0.2%
NP-40), and the lysate was purified from nuclei and insoluble material by cen-
trifugation. The resulting supernatant was treated with 200 pg/ml of DNase I and
100 pg/ml of RNase A for 2 h at 37°C. After removal of digested nucleic acids,
the supernatant was incubated with 200 pg/ml of proteinase K for 1 h at 55°C.
DNA was recovered through phenol-chloroform extraction and ethanol precip-
itation, resuspended in TE, pH 8, and finally treated with 100 ng/ul of RNase A
for 30 min at 37°C. Purified HBV DNA was then subjected to quantification
using quantitative real-time PCR with HBV primers and probes specific for the
polymerase and pre-S1 regions (PB.HBV1, 5'-AAGGTAGGAGCTGGAGCA
TTCG; PB.HBV2, 5'-AGGCGGATTTGCTGGCAAAG; PB.HBVFAMI, 5'-6-
carboxyfluorescein [FAM]-AGCCCTCAGGCTCAGGGCATAC-6-carboxytetr
amethylrhodame [TAMRA]) and Southern blot analysis.

RNA isolation and quantitative real-time RT-PCR analysis. Total RNA was
isolated using an RNeasy Plus kit (QIAGEN) according to the manufacturer’s
instructions. RNA was then converted into double-stranded cDNA by the Su-
perscript II RT (Invitrogen) with random hexamers (Promega) as primers. For
each sample, a control reaction lacking the RT was included. To compare the
levels of expression of cytidine deaminases in different cell lines or in cells treated or
not with cytokines, diluted cDNA was analyzed using primers and probes specific for
A3G (cem162, 5'-ATGCAACCAGGCTCCACATAA,; cem163, 5'-GGAATCACG
TCCAGGAAGCA; FAM3G.2, 5'-FAM-CTTGAAGGCCGCCATGCAGAGC-
TAMRA), A3F (cem177, 5'-CCTATGGTCGGAACGAAAGC; ceml178, 5'-GCA
TGACAATGGGTCTCAGG; and FAM3F.1, 5'-FAM-TCCACCTGGTTTCGGA
AGACGCC-TAMRA), A3B (ceml72, 5'-CTATGGTCGGAGCTACACTTG;
ceml173, 5'-ACATTTCTGCGTGGTACTGAG; and FAM3B.1, 5'-FAM-AAATA
CACCTGGCCTCGAAAGACCC-TAMRA), Al (huAlf, 5'-CCACTCTGAGGA
GAAGAATCGAA; huAlr, 5-GACAGGCCTCTTTACGAAGTTCTCT; and
huA1.FAM, 5'-FAM-CATAGAAGACGTCAAACTCCCAGG-TAMRA), AID
(huAIDf, 5'-TCCTTTTCACTGGACTTTGGTTATC; huAIDr, 5-TGTAGCGG
AGGAAGAGCAATTC; and huAID.FAM, 5'-FAM-TCGCAATAAGAACGGC
TGCCACGT-TAMRA), and three of the four following housekeeping genes: those
for TATA-box-binding protein (TBP) (huTBPf, 5-GCCCGAAACGCCGAAT
ATA; huTBPr, 5'-CGTGGCTCTCTTATCCTCATGA,; and huTBP.PBE, 5'-FAM-
CCGCAGCAAACCGCTTGGGABHQ), transferrin receptor (TFRC) (huTFRCH,
5'-CATTTGTGAGGGATCTGAACCA; huTFRCr, 5'-CGAGCAGAATACAGC
CACTGTAA; and huTFRC.PBE, 5'-FAM-CAGGCCCATTTCCTTTATGTCTG
CTCTGTABHQ), beta-2-microglobulin (32MG) (huB2MGf, 5'-TGCTCGCGCT
ACTCTCTCTTT; huPB2MGr, 5'-TCTGCTGGATGACGTGAGTAAAC; and
huB2MG.PBE, 5'-FAM-CTGGAGGCTATCCAGCGTACTCCAAAGATTBHQ),
and eukaryotic elongation factor 1 alpha (éEF1A) (eEF1Af, 5'-AGCAAAAATGACC
CACCAATG; eEF1Ar, 5-GGCCTGGATGGTTCAGGATA; and ¢eEF1APBE, 5'-
FAM-CACCTGAGCAGTGAAGCCAGCTGCTTBHQ). Levels of expression
of A3G and A3F in H9 and SupT1 human lymphoid cells were used as positive
and negative controls, respectively. H9 cells express high levels of these proteins
(49) and are thus nonpermissive for the replication of AVif HIV-1, whereas
SupT1 cells fail to produce A3G or A3F and thus fully support AVif HIV
replication. Total RNA from Huh7 cells transfected with A3B-, AID-, or Al-
expressing constructs was used as a control for the amplification of these RNAs.
To avoid amplification of potentially contaminating genomic DNA, all the prim-
ers were designed on exon junctions. For the standardization, the two most stable
housekeeping genes out of three tested were selected by submitting the data to
the GeNorm software (59). For each sample, a normalization factor was ob-
tained by calculating the geometric mean of the values of the selected house-
keeping genes and subsequently used to normalize the relative amounts of the
RNAs of interest. The expression levels of the different APOBEC transcripts
could be directly compared, since the values were also normalized for the real
efficacy of the primers, which was calculated for each target sequence by deter-
mining the slope of the respective amplification curves.
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RNA interference. The following sense and antisense oligonucleotides were
used for the cloning of small hairpin RNA (shRNA)-encoding sequences in
lentiviral vectors: for shA3B, 5'-GATCCCCGGATGTATCGAGACACATTTT
CAAGAGAAATGTGTCTCGATACATCCTTTTTGGAAA-3' (sense) and 5'-
AGCTTTTCCAAAAAGGATGTATCGAGACACATTTCTCTTGAAAATG
TGTCTCGATACATCCGGG-3' (antisense); and for shCtrl, 5'-GATCTCCCC
GCATCGTGCACAGGAGTATTTCAAGAGAATACTCCTGTGCACGATG
CTTTTTGGAAA-3' (sense) and 5'-AGCTTTTCCAAAAAGCATCGTGCACA
GGAGTATTCTCTTGAAATACTCCTGTGCACGATGCGGGGA-3"  (antisense).
shCtrl contained seven mismatches compared to the A3G, A3F, and A3B mRNA
sequences. The oligonucleotides were first annealed and ligated into the BglII
and HindIII sites of the pSUPER plasmid (8). BamHI-Sall fragments of
pSUPER which correspond to the cassette containing the HI RNA polymerase
IIT promoter and the hairpin sequence were then cloned into the BamHI and
Sall sites of the pRDI292 lentivector providing puromycin resistance (7). Ret-
roviral particles were produced by transient transfection of 293T cells with
calcium phosphate by use of the pRDI transfer vector, the second-generation
packaging construct psPAX2, and the envelope plasmid pMD2G (see http:
//tronolab.epfl.ch/page58122.html for details). Transduced HepG2-H1.3 cells
were selected using 2 pg/ml puromycin.

RESULTS

A3G, A3F, A3B, AID, and Al can inhibit HBV. A3G, A3F,
and A3B,; were shown to inhibit HBV replication (6, 43, 44, 57,
58). We first tested whether other human polynucleotide cy-
tidine deaminases can act on this virus. For this, we cotrans-
fected Huh7 human hepatoma cells with an HBV-producing
plasmid and either a control vector or vectors encoding HA-
tagged forms of these enzymes. Transfection rates were simi-
lar, as confirmed by the inclusion of a GFP-expressing plasmid.
Intracellular levels of tagged cytidine deaminases induced by
this procedure varied, with A2, A3A, A3C, and A3G being the
most abundant and Al and AID exhibiting the lowest levels
(Fig. 1A). Amounts of core-associated HBV DNA were mea-
sured by quantitative real-time PCR as previously described
(58) (Fig. 1B). Among the well-expressed cytidine deaminases,
A3G and A3F exerted a strong inhibition, almost as pro-
nounced as that induced by the RT antagonist 3TC. Serial
dilutions of the A3G plasmid confirmed that this protein acted
in a dose-dependent manner. A2 and A3A were without effect
on HBV, while A3C had only a minimal influence. In contrast,
the lowly expressed Al and AID consistently reduced levels of
core-associated HBV DNA. Indeed, transfection of AID and
Al led to protein levels that were below those of the 15-fold-
diluted A3G yet were twice as active. With the transiently
expressed A3B, results were very variable from one experiment
to the other, precluding any conclusion (Fig. 1B). To solve this
issue, we generated HBV-producing hepatoma cells stably ex-
pressing the HA-tagged versions of A3G or A3B. In this con-
text, expression of A3G and A3B reproducibly and similarly
restricted HBV replication despite a lower expression of the
A3B protein (Fig. 1C).

Baseline levels of expression of cytidine deaminases in hu-
man hepatocytes. We then examined the baseline levels of
expression of the cytidine deaminases endowed with anti-HBV
activity in human hepatic cells by use of quantitative real-time
RT-PCR. As expected, neither transcripts of B lymphocyte-
specific AID nor those of the gut-specific Al were detected in
any of the analyzed cells (data not shown). Expression of A3G
was undetectable in various immortalized human hepatocytic
cell lines, including the immortalized line IHH10.3 (39), the
hepatoma lines Huh7 and HepG2, and its HBV-producing
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FIG. 1. A3G, A3F, A3B, AID, and Al can inhibit HBV. (A) Western blot analysis of cytoplasmic extracts from HBV-transfected Huh7 cells
in the presence of either 3TC or the indicated HA-tagged cytidine deaminase, including dilutions of HA-A3G. The protein expression levels at
day 3 posttransfection were estimated using an anti-HA antibody, while PCNA served as protein loading control (NT, nontransfected). Molecular
masses in kDa are given to the right. (B) Quantitative real-time PCR analysis of core-associated HBV DNA purified from HBV-transfected Huh7
cells in the presence of either 3TC or the indicated cytidine deaminase at day 3 posttransfection. This is one representative experiment out of three.
Values represent means = standard deviations of two independent duplicates and are expressed relative to the amounts of core-associated HBV
DNA produced in HBV-transfected control cells, which were given the arbitrary value of 100%. The antiviral activity of A3B was assessed overall
in five independent experiments, which consistently triggered highly variable results. (C) Quantitative real-time PCR analysis of core-associated
HBYV DNA purified from HBV-producing cells stably expressing the HA-tagged A3B or A3G. Values are expressed relative to the amounts of
core-associated HBV DNA in HBV-producing cells transduced with the control vector (Ctrl), which were given the arbitrary value of 100%, and
represent means = standard deviations of two independent experiments, one of which was performed in duplicate. (Inset) Protein levels of the
HA-tagged A3B and A3G in the cell lines were assessed by Western blotting using an anti-HA antibody and PCNA as the protein loading control.

HepG2-H1.3 derivative (see Fig. 4A), while A3F was lowly
expressed in these cells, reaching at most 20% of the TBP and
TFRC RNA levels, which were used as internal controls (Fig.
2 and data not shown). In primary human hepatocytes, levels of
A3G and A3F RNA represented 10% and 40%, respectively,
of the TBP and TFRC RNA levels. A3B expression was higher
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FIG. 2. Baseline levels of A3G, A3F, and A3B in human hepato-
cytes. Levels of A3G, A3F, and A3B gene expression in various hepatic
cells were evaluated by quantitative real-time RT-PCR and expressed
relative to the levels of the two normalization genes, the TBP and
TFRC genes. Amounts in primary hepatocytes represent means *+
standard deviations of values obtained from three donors. PH, primary
hepatocytes.

in most tested cells, notably reaching 500% of the TBP and
TFRC RNA levels in primary hepatocytes (Fig. 2 and data not
shown). Interestingly, expression levels of the three antiviral
cytidine deaminases were particularly low in HepG2-H1.3 cells
(Fig. 2), a condition which perhaps facilitated the establish-
ment of this constitutively HBV-producing derivative of
HepG2 hepatoma cells.

A3G, A3F, and A3B are induced upon cytokine treatment of
hepatocytes. It was recently demonstrated that IFN-« treat-
ment up-regulates A3G, A3F, A3B, and A3C in primary hu-
man hepatocytes as well as in hepatocarcinoma cell lines (6, 28,
45, 56). However, it is still not known whether the expression
of cytidine deaminases endowed with anti-HBV activity is up-
regulated by treatment with other cytokines, notably those
known to be induced during acute HBV infection. We thus
treated hepatic cells with IFN-«, IFN-y, TNF-«, IL-6, IL-8,
and IL-15 alone or in various combinations and measured the
levels of A3G, A3F, A3B, Al, and AID mRNA 24 h later by
quantitative real-time RT-PCR. A3G was induced about 10-
fold in primary hepatocytes from a first donor upon treatment
with either IFN-a or IFN-y combined with TNF-a and up to
15-fold when all cytokines were used together (Fig. 3A, left).
A3F exhibited the same pattern, albeit with lower levels of
induction, while A3B was less than 1.5 times up-regulated. In
contrast, Al and AID mRNA remained below the threshold of
detection in all conditions tested (data not shown). Similar
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FIG. 3. A3G, A3F, and A3B are induced in primary hepatocytes (A) and HepG2 cells (B) upon cytokine treatment. Levels of A3G, A3F, and
A3B gene expression were assessed by quantitative real-time RT-PCR 24 h after treatment with the indicated cytokines. Quantities were
normalized using two of the following housekeeping genes: 32MG, TBP, TFRC, and eEF1A. Normalized quantities were expressed as change
(n-fold) relative to the baseline levels obtained from untreated hepatocytes. Values represent means * standard deviations for independent

triplicates.

results were obtained with primary hepatocytes from a second
donor, although in this case the induction of antiviral cytidine
deaminases was very strong upon IFN-a stimulation, with A3G
reaching levels six times higher than those observed upon
IFN-y treatment (Fig. 3A). There thus appear to be donor-
dependent variations in the regulation of APOBEC proteins.
Likewise, A3G, A3F, and, to a small degree, A3B were induced
by IFN-vy plus TNF-a in hepatoma cell lines, including Huh7
and HepG?2 cells (Fig. 3B and data not shown). Of note is the
fact that IFN-a alone, the therapeutic agent used to treat
chronic HBV infection, significantly up-regulated A3G expres-
sion exclusively in primary hepatocytes (Fig. 3).

Inhibition of HBV replication by IFNs is independent of
antiviral cytidine deaminases. IFN-y and IFN-a are demon-
strated inhibitors of HBV replication both in vitro and in vivo
(9, 10, 15, 22, 35, 40, 42, 54), and both cytokines induce the
expression of cytidine deaminases capable of blocking this vi-
rus (Fig. 3). We thus investigated a possible link between these
two observations by asking whether IFNs conserve their inhib-
itory effect on HBV when A3G, A3F, and A3B are blocked. To
address this point, we used HBV-producing HepG2-H1.3 cells.
These cells release enveloped HBV virions at levels compara-
ble to the previously characterized HepG2.2.15 cells (48), but
in contrast to this other line they are sensitive to IFNs (D.
Webb, F. Bohne, M. Hosel, and U. Protzer, unpublished data)
(Fig. 4A and data not shown). Upon IFN-vy, IFN-a, and TNF-«
treatment, HepG2-H1.3 cells exhibited patterns of A3G induc-
tion similar to those observed for other hepatoma cell lines,
while A3F and A3B were both less than fourfold up-regulated
(Fig. 4B).

In order to suppress the consequences of the induction of
A3F, A3G, and A3B by IFN, we used a combined protein- and
RNA-based approach. We first took advantage of HIV-1 Vif,
which counters A3G and A3F by triggering their proteasomal
degradation (30, 50, 53). We previously demonstrated that Vif
rescues HBV DNA production in cells overexpressing A3G
and A3F (reference 58 and data not shown), which explained

A capsids enveloped virions
HepG2.2.15 ' 3
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FIG. 4. Infectious HBV particle production and IFN-mediated in-
duction of antiviral cytidine deaminases in HepG2-H1.3 cells. (A) Se-
cretion of HBV virions from HBV-producing hepatoma cell lines.
HBYV was concentrated from cell culture medium of HepG2.2.15 and
HepG2-H1.3, and obtained virus stocks were sedimented through a
CsCl step gradient (1.2 to 1.4 g/ml). The different gradient fractions
from bottom to top were analyzed by dot blot analysis using a >*P-
labeled HBV DNA probe. (B) A3G and, to a small extent, A3F and
A3B are induced in HepG2-H1.3 cells upon IFN-y treatment. Levels
of A3G, A3F, and A3B gene expression were assessed by quantitative
real-time RT-PCR 24 h after treatment with the indicated cytokines.
Quantities were normalized using TBP and TFRC and expressed as
change (n-fold) relative to the baseline levels obtained from untreated
HepG2-H1.3 cells. Values represent means =+ standard deviations for
independent duplicates.
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duction in the presence of cotransfected A3G- and wild-type Vif-
expressing vectors was used as a control. Values represent means *
standard deviations for independent duplicates. IU, infectious units.

our approach. We thus transduced HepG2-H1.3 cells with
lentiviral vectors expressing either wild-type Vif or the C'*3S
Vif mutant, which still interacts with A3G but fails to induce its
degradation (69). We verified the functionality of wild-type Vif
in HepG2-H1.3 cells by demonstrating that it could counter the
effect of A3G on AVif HIV-1, in contrast to the C'**S Vif
mutant (Fig. 5). However, Vif is inactive against A3B, and in
spite of the low levels of induction of this enzyme in the
IFN-treated HepG2-H1.3 cells, we further modified the two
cell lines by transduction with lentiviral vectors expressing ei-
ther a shRNA directed to A3B (shA3B) or a mismatched
shRNA (shCtrl) as a negative control. Treatment with IFN-y
plus TNF-a induced A3G RNA expression in HepG2-H1.3
cells expressing shCtrl by 25-fold, while induction of A3F and
A3B was markedly lower (Fig. 6A). Upon IFN-a-plus-TNF-a
treatment, A3G and A3B were about fivefold up-regulated,
while levels of A3F increased three times at most. In cells
expressing shA3B, A3B expression was effectively suppressed,
whether at baseline or upon cytokine treatment. Surprisingly,
A3F and A3G transcripts were also down-regulated by shA3B,
albeit to a lesser extent, in spite of one mismatch between their
sequences and that of the shRNA (Fig. 6A). The increased
transcription of A3G in cells expressing shCtrl and the C'**S
Vif mutant correlated with increased levels of the protein, as
verified by Western blotting, which also confirmed that A3G
was completely suppressed in the presence of wild-type Vif
(Fig. 6B). Per the lack of antibodies recognizing endogenous
A3F and A3B, we could not assess the protein levels of these
cytidine deaminases, but the results of the RNA analyses dem-
onstrated their very low levels of expression in wild-type Vif-
and shA3B-expressing cells, even upon IFN treatment. Most
importantly, neither Vif nor either of the two shRNAs affected
baseline levels of HBV replication (data not shown).

IFN-y combined with TNF-a induced an approximately
80% decrease in core-associated HBV DNA both in control
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C'**S Vif- and shCtrl-expressing HepG2-H1.3 cells and in
wild-type Vif- and shCtrl-expressing cells, demonstrating
that A3G and A3F are not essential effectors of the IFN-y-
induced inhibition of HBV replication (Fig. 6C). Moreover,
HBYV was similarly suppressed by IFN-y-plus-TNF-a treat-
ment in wild-type Vif- and shA3B-expressing cells, in which
all three antiviral cytidine deaminases are blocked. This was
in agreement with our finding that when combined with
TNF-a, IFN-a was as active as IFN-y at blocking HBV,
whereas only the latter regimen significantly up-regulates
the expression of A3G, A3F, and A3B in these targets (Fig.
6). These results converge to indicate that the anti-HBV
effect of IFNs does not stem from the induction of antiviral
cytidine deaminases, at least in this system.

DISCUSSION

In this study, we first show that, in addition to A3G, A3F,
and A3B, two other human polynucleotide cytidine deami-
nases, AID and Al, can inhibit HBV replication. Whether
these two enzymes act by editing the viral genome or by some
other mechanism was not investigated. Indeed, AID and Al
were not found to be expressed in hepatocytes or induced in
these cells upon treatment with relevant cytokines, making it
unlikely that they affect HBV replication in vivo.

In contrast, the expression of A3G, of A3F, and, to a small
extent, of A3B was induced by type I and II IFNs in hepatic
cells, particularly when IFN-y was combined with TNF-a. This
is interesting because these two cytokines have long been
known to play a key role during the acute phase of HBV
infection and act synergistically to curtail HBV replication in
vitro (27). As suggested by the recent demonstration that IFN-
a-induced inhibition of HIV in macrophages is partly mediated
by APOBEC3 enzymes (41), a similar involvement of cytidine
deaminases might have accounted for the IFN-induced block
of HBV. Here, we demonstrate that in spite of the induction of
A3G, A3F, and A3B in hepatoma cells exposed to IFNs, the
cytokine-mediated inhibition of HBV replication is not af-
fected when the expression of these cytidine deaminases is
suppressed by combining RNA interference and the Vif pro-
tein of HIV-1. From these data, we conclude that there must
be other effectors that account for the antiviral action of IFNs,
at least in this system.

While demonstrating that A3G, A3F, and A3B are not re-
quired for the inhibition of HBV by IFNs in cell culture, these
results do not imply that antiviral cytidine deaminases have no
relevance for HBV biology and therapy. First, the A3G protein
is weakly expressed in IFN-treated HepG2-H1.3 compared to
HY lymphoid cells. As cytidine deaminases act in a dose-de-
pendent manner (58), they may have a greater impact on HBV
replication upon stronger expression, which may occur in the
infected liver. Thus, it is not excluded that antiviral cytidine
deaminases act in concert with other yet-undefined IFN-in-
duced effectors during the clearance of HBV in vivo. Some
genes were previously shown to be specifically up-regulated
during HBV clearance in both chimpanzees and IFN-treated
mouse hepatocytes, and thus they represent potential media-
tors of the antiviral effect of IFNs against HBV (62, 65). How-
ever, it remains to be clarified whether these genes are induced
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FIG. 6. A3G, A3F, and A3B are not required for the antiviral effect of IFNs against HBV. Doubly transduced HepG2-H1.3 cells were
treated every 2 days with IFN-y plus TNF-a, IFN-a plus TNF-a, or the RT inhibitor 3TC as indicated and collected after 6 days for total
RNA, protein, and core-associated HBV DNA analyses. ND, not determined. (A) Levels of A3G, A3F, and A3B gene expression were
assessed by quantitative real-time RT-PCR. Quantities were normalized using TFRC and TBP and expressed as change (n-fold) relative to
the baseline levels obtained from untreated control HepG2-H1.3 cells (Vif 3355 shCtrl). Values represent means * standard deviations for
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was purified from the remaining lysate and analyzed by quantitative real-time PCR. Levels are expressed relative to the amounts of
core-associated HBV DNA produced in the different untreated HepG2-H1.3 cell lines, which were given the arbitrary value of 100%. Values
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in the hepatocytes or in the surrounding inflammatory cells in
the liver.

To assess further the role of antiviral cytidine deaminases in
the IFN-mediated clearance of HBV, it might be revealing to
compare levels of A3G, A3F, and A3B in the livers of unin-
fected, acutely infected, and chronically infected individuals.
Informative data might also be obtained by looking at possible
interindividual differences in the sequences of the antiviral
cytidine deaminase promoters, particularly with respect to
IFN-responsive elements. As well, an evaluation of the sensi-
tivity to A3G, A3F, and A3B of HBV strains isolated at various
stages of the disease could be indicative.

Finally, IFN-a treatment rarely leads to the clearance of
HBYV and in addition triggers very strong systemic symptoms,
and thus it is poorly tolerated. Therefore, the induction of
antiviral cytidine deaminases in the liver, by either genetic or

pharmacological means, can still be envisioned as a therapeutic
strategy to treat chronically infected patients.
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