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Alpha interferon (IFN-«) is an approved medication for chronic hepatitis B. Gamma interferon (IFN-y) is
a key mediator of host innate and adaptive antiviral immunity against hepatitis B virus (HBV) infection in vivo.
In an effort to elucidate the antiviral mechanism of these cytokines, 37 IFN-stimulated genes (ISGs), which are
highly inducible in hepatocytes, were tested for their ability to inhibit HBV replication upon overexpression in
human hepatoma cells. One ISG candidate, indoleamine 2,3-dioxygenase (IDO), an IFN-y-induced enzyme
catalyzing tryptophan degradation, efficiently reduced the level of intracellular HBV DNA without altering the
steady-state level of viral RNA. Furthermore, expression of an enzymatically inactive IDO mutant did not
inhibit HBV replication, and tryptophan supplementation in culture completely restored HBV replication in
IDO-expressing cells, indicating that the antiviral effect elicited by IDO is mediated by tryptophan deprivation.
Interestingly, IDO-mediated tryptophan deprivation preferentially inhibited viral protein translation and
genome replication but did not significantly alter global cellular protein synthesis. Finally, tryptophan sup-
plementation was able to completely restore HBV replication in IFN-y- but not IFN-«-treated cells, which
strongly argues that IDO is the primary mediator of IFN-y-elicited antiviral response against HBV in human

hepatocyte-derived cells.

Hepatitis B virus (HBV) is a hepatotropic virus in the family
of Hepadnaviridae (18, 56) which has infected two billion peo-
ple worldwide. Although most infected adults can resolve the
infection, approximately 5 to 10% of adulthood infections and
more than 90% of neonatal infections become lifelong persis-
tent, which causes a significant public health burden currently
affecting more than 350 million individuals worldwide (36, 41).
Patients with chronic hepatitis B carry a high risk of cirrhosis
and primary hepatocellular carcinoma (5, 36).

It is generally believed that the outcomes of HBV infection
and disease pathogenesis are primarily determined by the host
adaptive antiviral immune response (9). The resolution of
HBYV infection is associated with a robust, polyclonal viral
antigen-specific cytotoxic T lymphocyte (CTL) response that
kills and/or noncytopathically cures virally infected hepato-
cytes. The latter effect is primarily mediated by inflammatory
cytokines, including gamma interferon (IFN-vy) and tumor ne-
crosis factor alpha (TNF-a) (17, 18, 20, 21). Interestingly, al-
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though it has been shown that HBV can evade host innate
immunity surveillance, as evidenced by its failure to induce the
expression of interferon-stimulated genes (ISGs) in the liver of
chimpanzees during the early phase of infection (66), the virus
is sensitive to IFN-a/B-induced antiviral response in transgenic
mice and in people (30, 49). For example, treatment of chronic
hepatitis B with pegylated IFN-a for 48 weeks can achieve
sustained virological response in 30 to 40% of the treated
patients (29).

In efforts to elucidate the antiviral mechanism of IFNs, it has
been demonstrated that IFN-a- and IFN-y-induced antiviral
responses either prevent the formation of pregenomic RNA
(pgRNA)-containing capsids or promote the decay of replica-
tion-competent nucleocapsids in murine hepatocytes in culture
and in transgenic mice in vivo (3, 67, 68). Recently, type III
IFN (IFN-M) has also been shown to inhibit HBV replication in
cultured murine hepatocytes through a similar mechanism but
with a weaker antiviral activity in transgenic mice (49, 54).
Ironically, IFN treatment of human hepatoma-derived cells
usually elicits no or a weaker antiviral response against HBV.
Moreover, it remains unclear whether IFNs inhibit HBV rep-
lication in human hepatoma cells by targeting viral RNA tran-
scription and/or disrupting viral DNA replication complexes
(49, 53, 63).

To further elucidate the mechanism of IFNs against HBV in
human hepatocyte-derived cells, we first demonstrated that
IFN-a and IFN-y did not alter the steady-state level of viral
RNA but efficiently reduced the level of intracellular HBV
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DNA in HepG2-derived stable cell lines supporting HBV rep-
lication. To determine IFN-induced cellular proteins that me-
diate the antiviral response of the cytokines, we systematically
examined 37 ISGs that are inducible in hepatocytes by IFN-a
and/or IFN-y for their ability to inhibit HBV replication upon
overexpression in HepG2 cells. We identified two IFN-induced
cellular enzymes, APOBEC3G and indoleamine 2,3-dioxygen-
ase (IDO), which significantly reduced viral DNA but did not
alter the level of viral RNA. Further mechanistic analyses
provided strong evidence suggesting that the IDO-elicited an-
tiviral response against HBV depends on induction of trypto-
phan deprivation, which preferentially inhibits viral protein
translation but does not significantly alter global cellular pro-
tein synthesis in HepG2 cells. Intriguingly, we were able to
show that tryptophan supplementation completely restored
HBYV replication in cells treated with IFN-y but not with
IFN-a. Our findings thus favor the hypothesis that IDO is the
primary mediator of the IFN-y-elicited antiviral response
against HBV in human hepatocyte-derived cells. These results
may shed light on the mechanism by which CTL and IFN-y
mediate immune responses to noncytolytically control HBV
infection.

MATERIALS AND METHODS

Cell cultures and drugs. HepG2 cells were obtained from ATCC and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)/F-12 medium (Medi-
atech) supplemented with 10% fetal bovine serum, 100 U/ml penicillin, and 100
pg/ml streptomycin. HepDE19 cells were maintained in the same way as HepG2
cells but with the addition of 1 pg/ml tetracycline and 400 wg/ml G418 (23). To
initiate HBV replication in HepDE19 cells, tetracycline was withdrawn from the
culture medium and the cells were cultured for the indicated time period.
Recombinant human IFN-a2a and IFN-y were purchased from PBL Biomedical
Laboratories. L-Tryptophan (L-Trp) and 1-methyl-L-trp (1-MT) were purchased
from Sigma-Aldrich.

Plasmid construction. The construction strategy of plasmids expressing indi-
vidual human ISGs, including IDO (listed in Table 1), was described in previous
reports (33, 34), except for inducible nitric oxide synthase (iNOS). The iNOS
gene was PCR amplified from hep-iNOS (15) (a gift from David Geller, Uni-
versity of Pittsburgh) and cloned into vector pcDNAS (Invitrogen) restricted with
AflIT and Notl. All the ISGs contain a FLAG tag sequence fused to the N
terminus, and their expression is under the control of a cytomegalovirus imme-
diate-early (CMV-IE) promoter. The enzymatically inactive mutant of IDO,
IDOM340A (37), was constructed by introducing a single amino acid mutation into
the IDO expression plasmid with the QuikChange II site-directed mutagenesis
kit (Stratagene). To construct an HBV core promoter (Cp) reporter plasmid, a
fragment covering the HBV enhancer IT (EnII) and Cp region (nucleotides 1400
to 1902; genotype ayw; GenBank accession number V01460) was PCR amplified
from plasmid pHBV1.3 (25) and inserted into the Sacl and HindIII restriction
sites in pGL3-Basic vector (Promega). The generated plasmid was designated
EnlII/Cp-Luc, in which the expression of the firefly luciferase (FL) reporter gene
is governed by the HBV core promoter. The primer sequences used in this study
are available upon request. The sequences of all the DNA clones were confirmed
by sequencing.

Cell transfection and cytotoxicity assay. Cells were seeded in a collagen-
coated 6-well plate at a density of 1.2 X 10° cells per well in antibiotic-free
complete DMEM/F-12 medium. After 6 h, each well was transfected with a total
of 4 g plasmid with Lipofectamine 2000 (Invitrogen) by following the manu-
facturer’s directions. Transfected cells were harvested at the indicated time
points. Cell viability was determined with the CellTiter 96 AQ,.,., nonradioac-
tive cell proliferation assay (Promega) by following the manufacturer’s instruc-
tions.

Reporter assay. HepG2 and HepDE19 cells were transfected using Lipo-
fectamine 2000 (Invitrogen). For each transfection, 1 X 10* cells were cotrans-
fected with 200 ng of plasmid Enll/Cp-Luc and 4 ng of plasmid pRL-CMV
(Promega). Sixteen hours after transfection, cells were left untreated or treated
with 1,000 IU/ml IFN-a2a or 100 ng/ml IFN-y for 4 days, with treatment re-
peated every other day. Cells were then harvested and lysed. Luciferase activities
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TABLE 1. List of 37 ISGs and their antiviral effects
against HBV replication

Reduction of HBV“:

ISG GenBank
accession no. DNA RNA
IFN-a inducible
APOBEC3G NM_021822 ++++ -
PKR AHO008429 ++++ ++++
ISG20 NM_002201 ++++ ++++
Viperin AF442151 ++ ++
Tetherin(Bst2) NM_004335 +++ +++
1-8D (IFITM2) NM_006435 +++ +++
1-8U (IFITM3) NM_021034 ++ ++
9-27 (IFITM1) NM_003641 ++ ++
ISG12 BN000227 +++ +++
ISG15 NM_005101 + +
USP18 NM_017414 + +
UBE2L6 NM_004223 - ND
MxA NM_002462 + +
MxB NM_002463 - ND
TRIM22 X82200 + +
ADARI1 NM_001111 - ND
ISG54 NM_001547 - ND
ISG56 NM_001548 - ND
GBP1 NM_002053 + ND
1FI44 NM_006417 + ND
IF144L NM_006820 + ND
PLSCR1 NM_021105 + ND
PLSCR2 NM_020359 + ND
GLYAT BC009785 - ND
SAMHD1 NM_015474 + ND
RIG-G NM_001549 + ND
TRAFD1 NM_006700 + ND
MAPKS NM_002750 - ND
FLJ20035 AK000042 + ND
FLJ20637 AK000644 + ND
FLJ38348 AKO095667 + ND
IFN-v inducible
IDO NM_002164 ++++ -
LAMP3 NM_014398 - ND
iNOS L.09210 - ND
DCK NM_000788 + ND
Nmi U32849 + ND
NNMT NM_006169 + ND

“ Assays were done in at least triplicate. —, no reduction; +, <20% reduction;
++, 20 to 40% reduction; +++, 40 to 60% reduction; ++++, >60% reduc-
tion; ND, not determined.

in cell lysates were assayed using a dual-luciferase assay system (Promega) and
measured by TopCount NXT.

Viral nucleic acid analysis. Intracellular HBV core DNA and total cellular
RNA were extracted as described previously (22, 23). For core DNA analysis,
one-third of the DNA sample from each plate was resolved by electrophoresis
into a 1.5% agarose gel and blotted onto a Hybond-XL membrane (GE Health-
care). For RNA analysis, 10 pg of total cellular RNA was resolved in a 1.5%
agarose gel containing 2.2 M formaldehyde and transferred onto a Hybond-XL
membrane in 20X SSC buffer (1X SSC is 0.15 M NaCl plus 0.015 M sodium
citrate). Membranes were probed with either an [a-*?PJUTP (800 Ci/mmol;
Perkin Elmer)-labeled minus- or plus-strand-specific full-length HBV riboprobe
and exposed to a phosphorimager screen. Hybridization signals were quantified
with QuantityOne software (Bio-Rad).

Reverse transcription (RT)-PCR analysis of ISG expression. HepG2 cells
were left untransfected or transfected with pHBV1.3. Sixteen hours later, cells
were then left untreated or treated with 1,000 IU/ml of IFN-a or 100 ng/ml
IFN-y for 48 h and harvested. Total cellular RNA was extracted with TRIzol
reagent by following the manufacturer’s directions (Invitrogen). The first-strand
c¢DNA was synthesized with oligo(dT),g primer and Superscript III DNA poly-
merase (Invitrogen). To quantify mRNAs for ISGs and B-actin, 0.5 pl of each
c¢DNA reaction mixture was amplified for 25 cycles with respective forward and
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FIG. 1. Inhibitory effects of IFNs against HBV replication in human hepatocyte-derived cells. (A) IFN-a inhibits HBV replication in
transfected cells. HepG2 cells were transfected with 4 ug of pHBV1.3 containing 1.3-mer-genome-length HBV sequences or 4 pg of pPCMVHBYV,
in which viral pgRNA transcription is under the control of the CMV-IE promoter. Sixteen hours posttransfection, cells were left untreated or
treated with serial dilutions of IFN-q, as indicated. Cells were harvested at day 5 posttransfection, and the levels of viral RNA and core-associated
DNA were determined by Northern (top) and Southern (bottom) blot hybridization, respectively. For RNA analysis, each lane was loaded with
10 pg of total RNA and probed with a genome-length, plus-strand-specific HBV riboprobe. Ribosomal RNAs (28S and 18S) were presented as
loading controls. The positions of HBV pgRNA (3.5 kb) and surface RNAs (sRNA; 2.4 kb and 2.1 kb) are indicated. For DNA analysis, HBV core
DNA was probed with a genome-length, minus-strand-specific HBV riboprobe. The positions of relaxed circular (RC) and single-stranded (SS)
DNAs are indicated. The relative viral pgRNA, sRNA, or total DNA replicative intermediate level in each sample is expressed as the percentage
of RNA or DNA in untreated cells (lanes 1 and 6) and is indicated underneath each of the blots. (B) IFN-y inhibits HBV replication in transfected
cells. HepG2 cells were transfected in the same way as described above, followed by the treatment with IFN-y at the indicated concentrations. Five
days later, viral nucleic acids were quantified as described above. (C) IFNs inhibit HBV replication in a stable cell line. HepDE19 cells were
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reverse primers (sequence available upon request). PCR products were resolved
by electrophoresis in a 1% agarose gel and stained with ethidium bromide.

Protein analysis. For protein labeling, cells in one well of a 6-well plate were
cotransfected with 2 pg of plasmid pHBV1.3 and 2 pg of control vector or
plasmid expressing IDO. Cells were washed twice with warm phosphate-buffered
saline (PBS) and labeled at 37°C for 1 h at various time points posttransfection
with [>*S]methonine (Perkin Elmer) to a final concentration of 100 p.Ci/ml. Cells
were then lysed in 1 ml of lysis buffer containing 10 mM Tris-HCI (pH 8.0), 10
mM EDTA, 1% NP-40, and 1X protease inhibitor cocktail (Qiagen). Thirty
microliters of the clarified cell lysate was directly mixed with 10 pl of 4X
Laemmli buffer and subjected to sodium dodecyl sulfate-10% polyacrylamide gel
electrophoresis (SDS-PAGE), followed by transfer onto a polyvinylidene diflu-
oride (PVDF) membrane (Millipore). The remaining cell lysate was subjected to
immunoprecipitation assay. Briefly, 500 wl of cell lysate was mixed with 20 pl of
anti-FLAG M2 affinity gel (Sigma) or protein A/G Plus beads (Santa Cruz) that
were preabsorbed with antibodies against HBcAg (Dako). The mixtures were
incubated at room temperature for 2 h. Beads were washed four times with TBS
buffer (50 mM Tris-HCI, 150 mM NaCl, pH 7.4) and boiled in 20 pl 1X Laemmli
buffer. The clarified samples were subjected to a 12% SDS-PAGE and trans-
ferred onto a PVDF membrane (Millipore). The membranes were exposed to a
phosphorimager screen, and radioactive signals were scanned and quantified
with QuantityOne software (Bio-Rad).

For Western blot analysis, cells in one well of a 6-well plate were washed once
with PBS buffer and lysed in 300 pl of 1X Laemmli buffer. Thirty microliters of
the cell lysate was resolved in a 10% SDS-PAGE gel, and proteins were trans-
ferred onto an Immobilon PVDF-FL membrane (Millipore). The membranes
were blocked with Western Breeze blocking buffer (Invitrogen) and probed with
antibodies against FLAG tag (product no. F1804; Sigma), IDO (product no.
SC-25808; Santa Cruz), TDO (a gift from Christine Miller, Johns Hopkins
University) (44), HBcAg (24), HBsAg (product no. 20-HR20; Fitzgerald), and
B-actin (product no. MAB1501R; Chemicon). Bound antibodies were revealed
by IRDye secondary antibodies and visualized using the Li-COR Odyssey system.

RESULTS

IFN-a and IFN-v inhibit HBV replication in human hepa-
tocyte-derived cells. There are several reports demonstrating
that both IFN-« and IFN-y are able to inhibit HBV replication
in human hepatoma-derived cell lines, such as HepG2 and
Huh7. However, it remains controversial whether the cytokine-
induced antiviral response primarily targets viral RNA or
DNA biosynthesis or degradation (28, 53). We reasoned that
some of the discrepancy in the previous reports might be re-
lated to the different cell culture systems employed in their
studies. Therefore, we set out to compare, side by side, the
effects of IFN-a and IFN-y on the steady-state levels of intra-
cellular HBV RNA and DNA in HBV replicon plasmids, tran-
siently transfected HepG2 cells, and a HepG2-derived HBV-
replicating stable cell line, specifically HepDE19 cells (23).

Interestingly, as shown in Fig. 1, while both IFN-a and
IFN-vy efficiently reduced HBV pgRNA and surface RNAs in
HepG?2 cells transiently transfected with plasmids transcribing
the viral pgRNA under the direction of either the HBV au-
thentic core promoter (pHBV1.3) or a CMV-IE promoter
(pPCMVHBYV) (Fig. 1A and B, top), neither IFN-a nor IFN-y
affected the levels of HBV RNAs in HepDE19 cells (Fig. 1C,

IDO INHIBITS HBV 1051

top). However, the cytokines efficiently reduced HBV DNA in
both transiently and stably transfected HepG2 cells in a dose-
dependent manner (Fig. 1A, B, and C, bottom). Such obser-
vation is consistent with previous reports showing that IFN
reduced HBV promoter activity in the reporter gene transfec-
tion assay (63) but not in a stable cell line harboring the
integrated tandem HBV dimer, in which the viral RNA expres-
sion is under the control of authentic viral promoters (28).
These results thus imply that IFN-induced antiviral response
selectively inhibits the transcription of HBV RNA from input
plasmids in transiently transfected cells but not from the inte-
grated HBV transgene in the stable cell line. To further con-
firm this notion and rule out the possibility that the observed
difference on HBV RNA level is due to different cell lines
(HepG2 versus HepDE19), we performed reporter assays by
cotransfection of plasmids encoding HBV core promoter-di-
rected firefly luciferase (EnlI/Cp-Luc) and CMV-IE promoter-
directed Renilla luciferase (pRL-CMV) into either HepG2
cells or HepDE19 cells and treated with IFN-a or IFN-y,
respectively. As shown in Fig. 1D, the results indicate that the
IFNs significantly inhibited HBV core and CMV-IE promoter-
driven transcription in both HepG2 and HepDE19 cells to a
similar extent, suggesting that the effect of IFNs on transcrip-
tion is a specific phenomenon for a transfected plasmid-based
transcription template.

Thus, these results allowed us to conclude that the specific
antiviral activity of both IFN-a and IFN-vy is to inhibit HBV
replication in human hepatoma cells by posttranscriptionally
reducing viral DNA replication. Such an effect is observed only
in HBV stable cell lines but could not be clearly revealed in the
transiently transfected cells due to a primary strong inhibition
of IFNs on HBV RNA transcription from the input plasmids.

Identification of IFN-induced cellular proteins that inhibit
HBYV DNA replication. In our previous efforts to identify ISGs
that mediate the antiviral effects of IFNs against hepatitis C
virus and dengue virus, we established a library of ISG expres-
sion plasmids, including more than 30 ISGs that are highly
induced by IFN-« in Huh7 cells and 6 ISGs that are commonly
induced by IFN-vy in several cell types, including macrophages
and hepatocytes (27, 33, 34) (Table 1). By taking advantage of
this resource, with the addition of two IFN-y-inducible en-
zymes, specifically IDO and iNOS (15, 31), we set out to
identify ISGs that mediate the effects of IFNs on HBV DNA
replication in HepG2 cells.

HepG?2 cells were cotransfected with pHBV1.3 and a con-
trol plasmid expressing chloramphenicol acetyltransferase
(pcDNASCAT; Invitrogen) or plasmids expressing individual
ISGs at a 1:1 ratio. Five days later, cells were harvested and the
expression of each individual ISG was confirmed by Western
blot analysis with an antibody against a FLAG epitope that is

cultured in the presence of 1 wg/ml tetracycline (tet) until confluent, followed by the withdrawal of tet. Cells were then left untreated or treated
with serial doses of IFN-a or IFN-y. Five days later, cells were harvested, and viral DNA and RNA were analyzed as described above. (D) IFNs
inhibit viral promoter activity in transfected cells. HepG2 cells and HepDE19 cells (tet—) were seeded in a 96-well plate and cotransfected with
200 ng of EnII/Cp-Luc and 4 ng of pRL-CMV. Sixteen hours posttransfection, cells were left untreated or treated with IFN-a (1,000 TU/ml) or
IFN-y (100 ng/ml). Four days after transfection, cells were harvested, and luciferase activities were determined as described in Materials and
Methods. The plotted relative luciferase activity (RLA) represents the means * standard deviations (SD; n = 4 experiments) of the ratios of
absorbance obtained from wells treated with IFNs to that obtained from wells that were untreated.
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FIG. 2. Inhibition of HBV replication by APOBEC3G and IDO.
(A) APOBEC3G and IDO predominantly inhibit HBV DNA replica-
tion without reducing viral RNA levels. HepG2 cells were cotrans-
fected with 2 pg of pHBV1.3 and 2 pg of control vector (lanes 1 and
2), 2 pg of plasmids that express IDO (lane 3), or APOBEC3G (lane
4). Sixteen hours later, one set of cells transfected with pHBV1.3 plus
the control vector was treated with IFN-a (1,000 IU/ml). Cells were
harvested at day 5 posttransfection, and viral RNA and core DNA
were analyzed by Northern (top) and Southern (middle) blot assays,
respectively. The relative viral pgRNA or total DNA level in each
sample is expressed as the percentage of pgRNA or total DNA level in
the control sample (lane 1) and is presented underneath each of the
blots. Expression of APOBEC3G and IDO was revealed by Western
blot analysis with FLAG antibodies. The levels of B-actin served as a
loading control (bottom). (B) Induction profiles of APOBEC3G and
IDO under IFN treatment. HepG2 cells were left untransfected or trans-
fected with 2 ug of pHBV1.3. Sixteen hours later, cells were left untreated
or treated with IFN-« (1,000 IU/ml) or IFN-y (100 ng/ml) for 48 h. Total
cellular RNA was extracted by TRIzol and followed by cDNA synthesis,
and the levels of APOBEC3G and IDO mRNA were determined by
semiquantitative RT-PCR assay as described in Materials and Methods.
RT-PCR products of B-actin mRNA served as loading controls.

engineered at the N terminus of the ISG polypeptides (data
not shown). The culture media were collected for cytotoxicity
assay with the Promega cell proliferation assay kit and revealed
no toxicity of any ISG upon expression (data not shown).
Intracellular HBV DNA was analyzed by Southern blot hybrid-
ization. As shown in Table 1, among the 37 ISGs tested, over-
expression of 7 ISGs reduced HBV DNA by more than 40%

J. VIROL.

HepG2
pHBV1.3 (1.0 pg)
+1DO (ug)

0.06
0.12

0
= -

3.5kb

| 2.4kb
= [2.1kb

100 102 99 100 100 97 % of control

RNA

DNA

100 99 95 65 41

— ——=1Ipo

22 % of control

Proteins ! |
| | B-actin

1 2 345 6

FIG. 3. IDO inhibits HBV DNA replication in a dose-dependent
manner. HepG2 cells were cotransfected with 1 pg of pHBV1.3 and 1
ng of control vector (lane 1), 1 pg of IDO plasmid (lane 6), or serially
decreasing amounts of IDO plasmid plus the control vector (1 pg in
total) (lanes 2 to 5). Cells were harvested at day 5 posttransfection, and
viral RNA and core DNA were analyzed by Northern (top) and South-
ern (middle) blot assays, respectively. The relative viral pgRNA or
total DNA level in each sample is expressed as the percentage of
pgRNA or total DNA level in the control sample (lane 1) and is
presented underneath each of the blots. Dose-dependent expression of
IDO was revealed by Western blot analysis with FLAG antibodies,
with the levels of B-actin serving as a loading control (bottom).

compared with that of cells cotransfected with a control plas-
mid expressing chloramphenicol acetyltransferase (CAT). To
examine if the ISGs affect HBV RNA transcription from the
input pHBV1.3 plasmid DNA, the levels of HBV RNA in the
above 7 ISG-expressing plasmids cotransfected cells were as-
sayed by Northern blot hybridization. Interestingly, except for
two IFN-induced cellular enzymes, APOBEC3G and IDO,
the other 5 ISGs potently reduced the level of HBV RNA
(Table 1).

As demonstrated in Fig. 2, while IFN-a reduced both HBV
RNA and DNA in pHBV1.3-transfected HepG2 cells, cotrans-
fection of either APOBEC3G or IDO did not apparently affect
HBYV RNA but dramatically reduced HBV DNA (Fig. 2A, top
and middle). Moreover, we demonstrated that IDO can be
efficiently induced by IFN-y but not IFN-a in HepG2 cells
under the condition without or with HBV replication (Fig. 2B).
Furthermore, similar to observations in HepDE19 cells treated
with IFN-y, expression of IDO dose-dependently inhibited
HBV DNA replication in HepG2 cells, without altering the
level of HBV RNA at any concentration tested (Fig. 3).

While the five ISGs that reduce HBV RNA could be the
cellular proteins that mediate the observed decline of viral
RNA in the transfected cells under IFN treatment, we are
more interested in the ISGs that target HBV DNA replication,
which represent a more authentic antiviral effect of the cyto-
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FIG. 4. IDO inhibits HBV replication via tryptophan deprivation.
HepG2 cells were cotransfected with 2 pg of pHBV1.3 and 2 pg of
control plasmid (lanes 1 and 2), 2 pg of IDO plasmid (lanes 3 to 5), or
2 pg of an enzymatically inactive IDO mutant (IDO™4®*; lane 6).
Sixteen hours after transfection, cells were left untreated (lanes 1, 3,
and 6) or treated with 100 pg/ml L-tryptophan (L-Trp; lanes 2 and 4)
or 100 pg/ml 1-methyl-L-trp (1-MT; lane 5). Cells were harvested at
day 5 posttransfection, and viral RNAs and core DNA were analyzed
by Northern (top) and Southern (middle) blot assays, respectively. The
relative viral pgRNA or total DNA levels in each sample are expressed
as the percentage of pgRNA or total DNA levels in the control sample
(lane 1) and are presented underneath each of the blots. Expression of
the indicated viral and host proteins was analyzed by Western blot
analysis with antibodies described in Materials and Methods, and the
levels of B-actin served as loading controls (bottom).

kines, as suggested by our studies described in the previous
section. Since the antiviral mechanism of APOBEC3G against
HBYV has been well studied (45, 46), we set out to further
elucidate the antiviral mechanism of IDO and determine its
role in IFN-induced antiviral response against HBV.

IDO inhibited HBV DNA replication via tryptophan depri-
vation. IDO is a heme-containing enzyme that catalyzes the
conversion of L-tryptophan into NAD through the kynurenine
pathway, which is the major metabolic route of tryptophan
degradation in humans (52, 61). Therefore, we first investi-
gated whether the antiviral function of IDO depends upon its
enzymatic activity and is mediated by tryptophan metabolism.
To this end, HepG2 cells were transfected with pHBV1.3 in
combination with a control vector expressing CAT or a plasmid
expressing either wild-type or enzymatically inactive mutant
IDO that contains an amino acid substitution in heme binding
sites, specifically IDO™*4 (37). When indicated, wild-type
IDO-cotransfected cells were cultured with an excess amount
of L-tryptophan or an IDO inhibitor, 1-MT. As shown in Fig. 4
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and consistent with the results presented above, expression of
wild-type IDO efficiently reduced HBV DNA without reducing
the steady-state level of HBV RNA (Fig. 4, top and middle,
lane 3). Interestingly, IDO expression dramatically reduced the
levels of HBV precore, core, and envelope (L/M/S) proteins
(Fig. 4, bottom, lane 3). These results suggest that the reduc-
tion of HBV DNA in IDO-transfected cells is secondary to the
reduced viral protein synthesis, especially the core protein,
which serves as an essential component for the formation of
HBYV nucleocapsid (56).

Based on IDO’s ability to metabolize the essential amino
acid tryptophan, it is very likely that the observed inhibition of
HBYV protein synthesis and thus DNA replication is due to the
IDO-catalyzed tryptophan depletion. In support of this hy-
pothesis, an IDO enzymatic inhibitor, 1-MT, completely abol-
ished IDO’s antiviral activity (Fig. 4, lane 5); expression of an
enzymatically inactive IDO™*°4 failed to inhibit HBV protein
synthesis and DNA replication (Fig. 4, lane 6), thus suggesting
that IDO’s antiviral activity relies on its catalytic function.
Furthermore, supplementation of tryptophan into the culture
medium completely restored viral protein expression and sub-
sequently rescued HBV DNA replication in IDO-expressing
cells (Fig. 4, lane 4). Collectively, the above data clearly favor
the notion that IDO inhibits HBV DNA replication through
heme-catalyzed tryptophan deprivation and not via tryptophan
metabolites, such as kynurenine and NAD.

Interestingly, a noninducible tryptophan metabolic enzyme,
tryptophan 2,3-dioxygenase (TDO), is constitutively expressed
in hepatocytes as well as in skin cells (44, 52, 61). Therefore, it
was of interest to ask whether the endogenous TDO is involved
in the tryptophan depletion-mediated antiviral response.
While Western blot analysis indeed revealed the expression of
two TDO isoforms in HepG2 cells (Fig. 4, middle), tryptophan
supplementation in the absence of IDO expression did not
further enhance the viral protein expression and DNA repli-
cation (Fig. 4, lane 2). This result indicates that endogenous
TDO is not a limiting factor for HBV replication in cultured
cells.

IDO preferentially inhibited HBV but not cellular protein
synthesis. It has been shown that IDO-induced local trypto-
phan deprivation in vivo usually results in T lymphocyte growth
inhibition or apoptosis (12, 43). However, we did not observe
any cytotoxic effect in HepG2 cultures transfected with a plas-
mid expressing IDO (data not shown). In addition, the fact that
overexpression of IDO does not affect the steady-state level of
HBYV pgRNA, for which the half-life is less than 12 h in cell
cultures (11, 68, 69), plus the lack of effect on the steady-state
content of cellular proteins, such as TDO and B-actin (Fig. 4,
bottom, lane 3), strongly suggested that expression of IDO in
HepG?2 cells did not significantly affect the host cellular tran-
scription and translation machinery but preferentially inhibited
HBYV protein and DNA biosynthesis. One possible explanation
for such a selective antiviral effect is that confluent HepG2
cells are less sensitive to amino acid starvation than HBV,
possibly due to the viral replication putting a greater demand
on the amino acid pool and tryptophan in particular, since it is
the rarest essential amino acid in humans.

To investigate this possibility, we performed a pulse-labeling
experiment to determine the impact of IDO expression on viral
and host cellular protein translation activity. As shown in Fig.
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FIG. 5. IDO expression does not alter global protein synthesis but
preferentially inhibits viral protein translation. (A) Cellular protein
synthesis is not blocked by IDO-mediated tryptophan starvation.
HepG2 cells were cotransfected with 2 ug of pHBV1.3 and 2 pg of
control vector (lanes 1, 3, 5, and 7) or IDO plasmid (lanes 2, 4, 6, and
8). Sixteen hours later, one pair of transfected cells (lanes 1 and 2,
minus and plus IDO, respectively) were pulse labeled for 1 h with
3S-Met and harvested as samples of day 1. Afterward, the other three
pairs of cells were pulse labeled for 1 h and harvested at days 2, 3, and
4 posttransfection. To determine total cellular protein translation ac-
tivity, cell lysate samples were prepared as described in Materials and
Methods and resolved in SDS-PAGE, followed by transfer onto a
PVDF membrane and exposure to a phosphorimager screen (Bio-
Rad). The relative level of labeled proteins in each sample is expressed
as the percentage of radioactivity in the control sample (lane 1) and is
presented underneath. (B) IDO expression blocked de novo synthesis
of viral core protein. Cell lysates obtained from the above experiment
were subjected to immunoprecipitation with bead-bounded antibodies
against HBcAg and FLAG-tagged IDO, respectively. Precipitated pro-
teins were resolved in SDS-PAGE and transferred onto a PVDF mem-
brane, and **S-labeled HBV core protein (left) and IDO (right) were
revealed by autoradiography.

5A, compared with control vector-transfected cells, IDO ex-
pression did not significantly reduce the global cellular protein
synthesis at any time point examined. The gradual reduction of
global protein translation over time is most likely due to the
cell density-dependent growth arrest (4, 58). To determine the
effect of IDO on HBV protein translation, HBV core protein
and IDO synthesis were determined by immunoprecipitation
of the indicated proteins with specific antibodies followed by
electrophoresis and phosphorimaging analysis. As shown in
Fig. 5B, the translation activity of HBV core protein increased
gradually and reached the peak at day 3 after transfection in
control plasmid-transfected cells (top left), which was similar
to the kinetics of IDO expression (bottom right). However, the
rate of core protein synthesis was dramatically reduced in the
presence of IDO at days 2 to 4 (bottom left). These results thus
imply that IDO expression preferentially inhibits the de novo
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FIG. 6. IDO mediates IFN-y-elicited inhibition of HBV replica-
tion. HepDE19 cells were cultured in medium containing 1 pg/ml tet
until confluent, after which the cells were cultured in tet-free medium
without treatment (lane 1), treated with 1,000 IU/ml IFN-« alone (lane
2) or in combination with 100 pwg/ml L-Trp (lane 3), or treated with 100
ng/ml IFN-y alone (lane 4) or with supplementation of 100 pg/ml
L-Trp (lane 5). Cells were harvested at day 5 after tet withdrawal, and
viral RNA and core DNA levels were analyzed by Northern (top) and
Southern (middle) blot assays, respectively. The relative viral pgRNA
or total DNA level in each sample is expressed as the percentage of
pgRNA or total DNA level in the control sample (lane 1) and is
presented underneath each of the blots. Induction of endogenous IDO
by IFN-y was confirmed by Western blot analysis with IDO-specific
antibodies (Santa Cruz). Expression of TDO and HBV core protein
was analyzed by Western blot analysis with the antibodies described in
Materials and Methods. The levels of B-actin served as a loading
control (bottom).

synthesis of viral but not global host cellular proteins under the
selected experimental condition.

IDO is a primary mediator of the IFN-y-induced antiviral
response against HBV. As described above, IFN-y treatment
reduces HBV DNA without altering the steady-state level of
viral RNA in HepDE19 cells (Fig. 1C). Interestingly, expres-
sion of IDO, an IFN-y-inducible protein in HepG2 cells (Fig.
2B), elicits a similar antiviral effect. These observations
prompted us to investigate the physiological role of IDO in
IFN-vy-induced antiviral response in HepDE19 cells. For this
purpose, we attempted to examine whether tryptophan supple-
mentation could abrogate the antiviral function of IFNs in
HepDE19 cells. As shown in Fig. 6, while neither IFN-a nor
IFN-v further induced TDO expression, IDO expression was
profoundly upregulated under IFN-y treatment but not by
IFN-a stimulation. Upon the IDO induction by IFN-y, HBV
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core protein expression was significantly inhibited but re-
mained unchanged in IFN-a-treated cells (Fig. 6, bottom). The
absence of precore protein in HepDE19 cells was due to the
start codon of the precore open reading frame (ORF) having
been artificially mutated in the integrated HBV genome during
cell line establishment (23). Although both cytokines dramat-
ically inhibited HBV DNA replication without reducing the
steady-state content of viral RNA (Fig. 6, top), tryptophan
supplementation did not abolish the antiviral effect of IFN-«;
remarkably, IFN-vy-elicited antiviral response, including the
reduction of viral core protein expression and subsequent
DNA replication, was completely attenuated by tryptophan
supplementation (Fig. 6, middle). Hence, our results strongly
support the notion that IDO is a primary, if not the only, ISG
that mediates the antiviral effect of IFN-y against HBV in
human hepatocyte-derived cells.

DISCUSSION

Type I IFNs, represented by IFN-o/B, are the principal me-
diators of host innate antiviral defense in vertebrates (13, 19).
IFN-« is an FDA-approved therapeutic agent for chronic hep-
atitis B (32, 50). IFN-vy, produced by activated T lymphocytes
and natural killer cells, is a mediator of the adaptive antiviral
response and plays a key role in noncytolytic inhibition of HBV
replication during the clearance phase of acute HBV infection
by viral antigen-specific CTL (9, 19). Although the antiviral
activity and mechanism of IFN-« and IFN-y against HBV have
been well documented in murine hepatocyte cultures and a
transgenic mouse model in vivo, the antiviral mechanism of the
cytokines against HBV in human hepatocytes is not well un-
derstood. To resolve this issue, we first clarified a long-standing
controversy on whether IFNs target HBV RNA or DNA bio-
synthesis and/or degradation in human hepatoma cells. Our
results clearly demonstrated that both IFN-a and IFN-y inhib-
ited HBV replication in human hepatoma cells by posttran-
scriptionally reducing viral DNA replication. However, due to
the fact that IFNs potently inhibit HBV RNA transcription
from input plasmids, the effects of the cytokines on HBV DNA
replication could not be directly revealed in transiently trans-
fected hepatoma cells. Although it is possible that the observed
inhibition of IFNs on plasmid-based transcription may mimic
the cytokines’ effects on HBV covalently closed circular DNA
(cccDNA)-dependent transcription, the fact that IFNs inhibit
both HBV core promoter- and CMV-IE promoter-driven tran-
scription to a similar extent strongly suggests that the observed
transcriptional inhibition is a nonspecific, even artificial effect
in transiently transfected cells. Hence, we consider that inhi-
bition of HBV DNA replication, rather than RNA transcrip-
tion, is the primary target of IFNs in human hepatocyte-de-
rived cells. Accordingly, we took a forward genetic approach to
identify IFN-induced cellular proteins that may mediate the
inhibitory effect of IFN-a and IFN-y on HBV DNA replica-
tion.

Taking advantage of our ISG expression library, which also
includes the three ISGs, namely APOBEC3G (45, 46), myxo-
virus resistance A (MxA) (16), and tripartite motif-containing
22 (TRIM22) (14), that are reportedly able to inhibit HBV
replication in human hepatocyte-derived cells, we first per-
formed a cotransfection assay in HepG2 cells to identify indi-
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vidual ISGs that are able to reduce the intracellular level of
HBV DNA. After ruling out the ISGs that reduce HBV RNA,
we discovered two ISGs, APOBEC3G and IDO, that signifi-
cantly reduced HBV DNA but did not affect the steady-state
level of HBV RNA and thus most likely inhibited HBV DNA
replication. While we were able to confirm the anti-HBV effect
of APOBEC3G, the antiviral effects of MxA and TRIM22
could not be conclusively demonstrated in our assay.

APOBEC3G is an IFN-a-inducible cytidine deaminase that
inhibits the replication of human immunodeficiency virus
(HIV) and other retroviruses by inducing deoxycytidine to
deoxyuridine hypermutations in viral cDNA and thus impair-
ing the coding and replicative capacity of the viruses (26). The
editing activity of APOBEC3G on HBV DNA has also been
observed in previous studies, albeit at a lower efficiency (7, 47,
60, 62). Moreover, APOBEC3G can be packaged into HBV
nucleocapsids and inhibit HBV DNA reverse transcription in a
deaminase-independent manner (45, 46). However, because
APOBEC3G is not efficiently induced in HepG2 cells by either
IFN-a or IFN-y (Fig. 2B), in conjunction with the previous
reports showing that APOBEC3G is not an essential effector in
the IFN-elicited anti-HBV response (35, 51), its role in medi-
ating the antiviral effects of IFNs against HBV remains un-
clear.

On the contrary, IDO can be efficiently induced in a variety
of cell types, including hepatocytes, by IFN-vy in vitro and in
vivo (31, 42). As mentioned above, IDO is a cytosolic heme-
containing enzyme catalyzing the oxidation of L-tryptophan
into N-formylkynurenine, the first and rate-limiting step in the
kynurenine pathway. Therefore, IDO plays a central role in the
regulation of tryptophan metabolism upon induction by IFN-y
(61). In fact, tryptophan is the least abundant essential amino
acid in mammals, and deprivation of tryptophan can lead to
numerous pathophysiological and immunological conse-
quences (61). Most importantly, IDO is considered a key im-
munoregulatory enzyme to induce and maintain peripheral
immune tolerance by induction of tryptophan deprivation,
which results in T cell growth inhibition and apoptosis (12, 43).
Such a strategy is also utilized by many tumors to develop
immune subversion and appears to be the mechanism of ma-
ternal acceptance of the semiallogeneic fetus (38, 39).

Not surprisingly, IDO, upon induction by IFN-vy, has potent
antimicrobial and antiviral activities against a variety of intra-
cellular pathogens, including toxoplasma (10), chlamydia (8),
streptococci (40), human cytomegalovirus (6), herpes simplex
virus (1, 2), measles virus (48), and HIV (59). In all these cases,
the antimicrobial function of IDO is mediated by tryptophan
deprivation. In this study, we demonstrated for the first time
that IDO noncytolytically inhibited HBV DNA replication, via
preferential inhibition of HBV, but not host cellular, protein
biosynthesis. Most strikingly, the antiviral state of IFN-y in
HepDE19 cells is single-handedly built up by the induction of
IDO. Given the fact that tryptophan is the rarest essential
amino acid in human cells, it is conceivable that a slight de-
pletion of intracellular tryptophan reservoir could result in a
drastic decrease of viral protein production, especially in con-
fluent cells at the stationary growth phase, where the viral
biosynthesis operates optimally to support virus replication
(57). In addition, accumulation of uncharged tryptophanal
tRNA may serve as a stress signal to activate GCN2 kinase,
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which in turn phosphorylates eukaryotic translation initiation
factor 2 alpha (eIF2a) to further suppress protein translation
(65).

Although TDO is a constitutively expressed hepatic trypto-
phan degradation enzyme, we have shown that it is not a
cellular factor that limits HBV replication. What is more, while
IDO is highly induced by IFN-y in hepatocyte-derived cells,
TDO is not further induced by IFNs. This is consistent with
previous reports that the endogenous TDO removes only the
excess amount of tryptophan to maintain the tryptophan level
in the blood instead of causing tryptophan starvation (55).
Such different roles of TDO and IDO in tryptophan homeosta-
sis are due mainly to IDO having a much higher substrate
affinity than TDO, with a K,, value of 10 uM for IDO versus
222 uM for TDO (52). In agreement with this, we have also
observed that even overexpression of TDO had a marginal
antiviral effect against HBV replication in transfected HepG2
cells (data not shown).

There is a growing body of evidence suggesting the physio-
logic antiviral function of IDO under the condition of HBV
natural infection. It has been shown that the recovery from
acute infection of woodchuck hepatitis virus correlated with
the elevated level of IFN-vy and increased intrahepatic expres-
sion of IDO (64). What’s more, administration of HBV-spe-
cific CTLs into an acute hepatitis B transgenic mouse model
resulted in enhanced IDO expression in hepatocytes and up-
regulation of serum kynurenine levels (31). These evidences,
together with IDO’s immunoregulatory and antiviral functions,
thus favor a notion that IDO plays a dual role in virus-host
interaction. On one hand, intrahepatic IDO induction by
IFN-y inhibits HBV replication; on the other hand, IDO-
induced tryptophan deprivation dampens CTL killing of virally
infected hepatocytes and thus limits the cytopathic effects of
adaptive antiviral immune response. Hence, IDO may play a
critical role in balancing the cytopathic and noncytopathic an-
tiviral mechanisms of host immune response and thus deter-
mining the pathogenesis and outcomes of HBV infection (21).

Taken together, our work presented herein has identified
two ISGs that potently inhibit HBV DNA replication in human
hepatocyte-derived cells. More importantly, we provide com-
pelling evidence suggesting that IDO is a primary, if not the
only, mediator of IFN-y-induced antiviral response against
HBYV in HepG2 cells. Our work thus provides valuable insight
for better understanding of host antiviral immunity and HBV
pathogenesis.
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