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Fig. 2 Comparison of mRNA expression of FOXP3 and
CTLA4 in CD4+CD25high+ T cells among the groups. The
expression of FOXP3 (a) and CTLA4 (b) in separated
CD4+CD25high+ T cells were analysed by real-time reverse
transcriptase-polymerase chain reaction as described in
Materials and methods. Boxes represent lower and upper
quartiles with the median value (solid line) between boxes,
while the whiskers represent the minimum and maximum
values. * P < 0.05; , P < 0.01; +, P < 0.001, For defini-
tions of PNALT, CH and HS, see Fig. 1.
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production stimulated with antigen-pulsed DC. We com-
pared such responses between samples with or without
CD4+CD25+ T cells. In PNALT patients, HCV NS5-specific
T cell proliferation or IFN-y production of CD25-depleted
CD4+ T cells was significantly higher than those of the bulk
CD4+ T cells (Fig. 3a,b). In contrast, in CH patients, such
restoration did not occur significantly even when CD4+
CD25+ T cells had been depleted (Fig. 3a,b). There was no
difference in the production of I-10 and TGE-f between bulk
CD4+ T cells and CD25-depleted CD4+ T cells in both CH and
PNALT patients (Fig. 3c,d). These results suggest that
co-existing CD4+CD25+ T cells play an inhibitory role in the
HCV-specific CD4+ T cell response, in which suppression was
more potent in the PNALT than in the CH group.

CD127-FOXP3+ cells, regardless of their CD25
expression, are increased in patients with HCV infection

In the analyses of N-Treg, the frequency of CD4+CD25-
FOXP3+ T cells in HCV-infected patients was higher than
those in the healthy donors (Fig. 1d). These results suggest
that CD4+FOXP3+ T cells, regardless of the degree of CD25

Fig. 3 Changes of hepatitis C virus
(HCV)-specific CD4+ T cell responses
with or without depletion of CD25+
T cells. Bulk CD4+ T cells or those
depleted of CD25+ cells were cultured
with autologous monocyte-derived
dendritic cells in the presence of HCV-
NS5 protein for 5 days as described in
Materials and methods. (a) On day 4,
[3H]-thymidine was pulsed and the
thymidine incorporation was counted
with a f-counter. Before the pulsing,
the culture supernatants were har-
vested and subjected to enzyme-linked
immunosorbent assay for interferon-y
(b), interleukin-10 (c) and TGF-§ (d),
respectively. *, P < 0.05 by Mann—
Whitney U-test. For definitions of
PNALT and CH, see Fig. 1.
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Fig. 4 Gating of CD4+CD127-FOXP3+ cells with variable
CD25 expression under FACS analysis. After setting the gate
on CD4+FOXP3+ cells [rectangle in the dot plot (a)], were
displayed on the CD25 and CD127 axis (b). The presence of
CD25+ (bold rectangle) and of CD25- cells (dotted rectan-
gle) in CD4+FOXP3+ cells are shown in plot (b). The
frequencies of these cells were analysed.

expression, increase in chronic HCV infection. Alternatively,
it implies that higher expression of CD25 is not a universal
marker for identifying ROXP3+ cells with regulatory activity.
It has been reported that CD127 expression on CD4+ T cells
is inversely correlated with FOXP3 expression, suggesting
that CD127low/negative cells consist of those with regula-
tory activity. In order to analyse regulatory T cell subsets
more precisely, we first examined FOXP3 expression on
CD127- or CD127+ cells paired with CD25 expression in
patients with HCV infection (Fig. 4). As a result, the majority
of CD4+FOXP3+ T cells belonged to the CD127- population
frrespective of CD25 expression (Fig. 4). Next, we compared
the frequency of CD4+CD127-FOXP3+ cells, which consist
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Fig. 5 Comparison in the frequencies of

CD127- regulatory T cell subsets
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of CD25+ and CD25~ cells, among the subject groups
(Fig. 5a). The frequency of CD4+CD127-FOXP3+ cells was
similar in the CH and the PNALT groups, both of which were
significantly higher than those in the HS (Fig. 5a). Finally, in
order to estimate the profile of CD4+CD127-FOXP3+ cells
according to CD25 expression, we compared the percentage
of CD25+CD127-FOXP3+ or CD25-CD127-FOXP3+ cells
in CD4+ T cells among the groups. The percentage of
CD25+CD127-FOXP3+ T cells in CD4+ T cells was com-
parable for PNALT and CH (Fig. 5b). In clear contrast, the
percentage of CD25-CD127-FOXP3+ T cells in the PNALT
was lower than those in the CH (Fig. 5c¢). The frequencies of
these cells were higher in the HCV-infected patients than in
HS (Pig. 5b,c). When we set the focus on the proportion of
CD25+CD127- or CD25-CD127~ cells in the FOXP3+ cells
in the periphery as a whole, we found that the proportion of
CD25+CD127- cells in the PNALT was higher than that in
the CH group (Fig. 5d). On the other hand, the proportion of
CD25-CD127- cells in FOXP3+ cells was lower in the
PNALT than in the CH group (Fig. 5e). Therefore, the phe-
notypic profiles of FOXP3+ T cells are distinct between
PNALT and CH patients, with regard to the expression of
CD127 and CD25.

DISCUSSION

Approximately 30-40% of chronically HCV-infected patients
continue to display PNALT for decades. We previously
reported the possible contribution of certain human leuko-
cyte antigen haplotypes {23] or DC dysfunction in the
maintenance of the PNALT state [24]. However, the precise
mechanisms behind this important issue are yet to be
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established. Cumulative reports have shown that Th1/Tcl
type responses are instrumental in HCV-induced liver
inflammation [7,25,26]. We thus hypothesized that some
suppressor mechanisms exist in PNALT patients especially
against HCV-specific Th1 and/or CTL reactions.

The involvement of Treg cells in the pathogenesis of var-
ious diseases has been reported {9-13]. Most of the studies
presented the possibility that N-Treg play substantial roles in
the induction of tolerance against aetiological self or nonself
antigens, thus leading to alleviation or exacerbation of the
disease severity. With regard to HCV infection, several
groups have shown that N-Treg are increased both in the
periphery and in the liver and are able to inhibit HCV-specific
CD4+ or CD8+ T cell responses in vitro [17,18,27]. In this
study, we showed that the frequency of N-Treg in HCV-
infected patients is higher than those in the controls, which
is consistent with the previous reports. However, the fre-
quencies of N-Treg are indistingnishable between the patient
groups with different disease activities. As for the functional
aspect, the deprivation of CD4+CD25+ cells enhanced the
HCV NS5-specific CD4+ T cell response in the PNALT than
in the CH group, suggesting that co-existing Treg in the
PNALT are more suppressive. In addition, the expression of
FOXP3 and CTLA4, which are key molecules of the
suppressor function, is higher in PNALT than in those with
active hepatitis. Venken et al. [28] demonstrated that the
degree of FOXP3 expression at the single-cell level of N-Treg
is well correlated with their suppressive ability, which is
supportive of our results. In contrast, Bolacchi et al. [29]
reported that the frequency of TGF-§+ N-Treg in the PNALT
was higher than in the hepatitis group. Furthermore, their
frequency was inversely correlated with the histological
inflammatory grade, suggesting that TGF-f+ Treg play
active roles in alleviating hepatitis. The reasons for the lack
of correlation between N-Treg and serum ALT or HCV RNA
quantity in the present study may be because of the differ-
ence in the target of analyses, such as either peripheral or
intra-hepatic Treg, or either TGF-f+ or bulk Treg., Further
analyses need to be performed on these important issues, as
CD4+FOXP3+ Treg are reported to accumulate more in the
portal tract of HCV-infected livers compared with those in
the periphery [20].

During the observation period, about 30-40% of PNALT
patients began to show elevated or fluctuating ALT abnor-
malities. What crucial factor triggers HCV-induced liver
inflammation remains unknown. One of the plausible
explanations is an antigenic shift accompanied by the
occurrence of mutations in the HCV genome. In other words,
hepatitis may flare up if the mutation raises HCV immuno-
genicity. Comprehensive analyses of HCV epitopes for CTL
using overlapping peptides have shown that the HCV core
and NS3 are more immunogenic than the remaining
regions; however, the presence of an epitope hierarchy in
Treg induction has been controversial, Li et al. [30] reported
the possibility that Treg are expandable in response to
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certain epitopes in HCV proteins. In two patients in whom
we observed flare-up of hepatitis in this study, we were able
to find that the expression of FOXP3 in N-Treg was high in
the PNALT status, but declined in the active hepatitis stage
(data not shown). Although it is difficult to state whether
such phenotypic changes in N-Treg are the cause or the
consequence of disease progression, these results suggest the
involvement of N-Treg in the degree of HCV-mediated
hepatitis. Purther detailed study is needed to examine
whether or not such changes in N-Treg are related to the
sequence evolution in HCV genomes.

Recent research has disclosed that distinct types of Treg
are present in humans, Currently, it is generally accepted
that CD25+FOXP3+ is the most reliable marker for Treg,
which is induced in parallel with the acquisition of sup-
pressor ability, However, owing to the lack of phenotypic
markers for specifically identifying adaptive Treg, their roles
in clinical settings have been unclear, In this study,
CD4+FOXP3+ cells increased in HCV-infected patients, who
were either positive or negative for CD25. In contrast to
thymus-derived N-Treg expressing a greater degree of CD25,
adaptive Treg are presumed to be induced in the periphery
with a lesser degree of CD25 expression. Thus, it is likely that
CD4+CD25-FOXP3+ T cells in HCV infection contain some
part of adaptive Treg.

Treg have been reported to express low levels of CD127 at
their cell surface [31]. Furthermore, the expression of CD127
is inversely correlated with FOXP3 expression and with the
suppressive function of CD25high+ Treg. Liu et al. [22]
pointed out the possibility that adaptive Treg are grouped
into CD127- cells, which also include FOXP3-negative Trl
or Th3 cells. Alternatively, You et al. [32] reported that
murine CD4+CD25lowFOXP3+ T cells might be adaptive
Treg, which exert a TGFf-dependent suppressive function.
Taking these reports into consideration, and in order to
exclude activated CD25+ T cells, we examined CD4+
CD127-CD25-FOXP3+ cells tentatively determined as part
of adaptive Treg. In order to confirm that CD4+CD127- cells
possess suppressive capacity, we co-cultured sorted
CD4+CD127-CD25— or CD4+CD127-CD25+ cells with
allogeneic CD4+ T cells stimulated with anti-CD3 and anti-
CD28 antibodies. As a result, we found that CD4+CD127-
cells, regardless of CD25 expression, significantly suppressed
the proliferation of responder CD4+ T cells (manuscript in
preparation). Of note is the finding that the frequency of
CD127-CD25-FOXP3+ cells is higher in patients with active
hepatitis than those in the PNALT group. One of the plau-
sible explanations for such an increase of Treg is the
compensatory mechanisms for the aggravation of liver
inflammation. In support of this possibility, Bonelli et al. [33]
reported that CD4+CD127-CD25- cells are increased in
patients with systemic lupus erythematosus (SLE), the
numbers of which are well correlated with disease activity.
With regard to the ability of Treg in SLE patients,
CD4+CD127-CD25~ cells were potent in the inhibition of T

© 2009 The Authors.



cell proliferation but not in IFN-y release. Such a defective
suppressor capacity may result in the continuation of tissue
inflammation regardless of the presence of abundant Treg.
The other conceivable role of CD4+CD25-CD127-FOXP3+
cells in active hepatitis may be a peripheral reservoir of
CD4+CD25+FOXP3+ cells in case of flare-up of liver
inflammation. In mice, it has been reported that
CD25-FOXP3+ cells revert to CD25+FOXP3+ cells upon
activation signals, thus leading to the expansion of the Treg
pool [34]. In order to reach a definite conclusion on the role
of CD127-CD25-FOXP3+ cells, further analyses are needed
to elucidate whether these cells are inhibitory to either HCV-
specific or HCV-nonspecific T cell responses.

Large-scale studies with HCV-infected patients demon-
strated that the cumulative incidence of HCC in the PNALT
group is extremely low compared with that in patients with
apparent hepatitis and liver cirrhosis [35]. The lesser HCC
incidence is also evident in patients who attained a lasting
biochemical response to IFN-based therapy; even if they had
failed to achieve sustained virological response [36]. These
results clearly indicate that the maintenance of the PNALT
state is one of the surrogate therapeutic goals in chronic
HCV infection. Therefore, it is necessary to clarify the
mechanisms of Treg induction in HCV infection, whether
they are naturally or adaptively introduced, and to establish
a feasible modality for controlling Treg. Our study has
shown the importance of subset-oriented analyses of Treg for
gaining access to that goal.
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Mcl-1 and Bel-xL Cooperatively Maintain Integrity of
Hepatocytes in Developing and Adult Murine Liver

Hayato Hikita,'* Tetsuo Takehara,!* Satoshi Shimizu,! Takahiro Kodama,! Wei Li,! Takuya Miyagi,' Atsushi Hosui,’
Hisashi Ishida,! Kazuyoshi Ohkawa,! Tatsuya Kanto,! Naoki Hiramatsu,! Xiao-Ming Yin,? Lothar Hennighausen,?

Tomohide Tatsumi,' and Norio Hayashi’

Anti-apoptotic members of the Bcl-2 family, including Bcl-2, Bd-xL, Mcl-1, Bcl-w and Bfl-1,
inhibit the mitochondrial pathway of apoptosis. Bcl-xL and Mcl-1 are constitutively expressed in
the liver. Although previous research established Bcl-xL as a critical apoptosis antagonist in
differentiated hepatocytes, the significance of Mcl-1 in the liver, especially in conjunction with
Bcl-xL, has not been clear. To examine this question, we generated hepatocyte-specific Mcl-1—
deficient mice by crossing mel-172*fo% mice and AlbCre mice and further crossed them with
bel-of*l% mice, giving Mcl-1/Bcl-xL— deficient mice, The mcl- 1% AlpCre mice showed spon-
taneous apoptosis of hepatocytes after birth, as evidenced by elevated levels of serum alanine
aminotransferase (ALT) and caspase-3/7 activity and an increased number of terminal deoxynu-
cleotidyl transferase-mediated 2’-deoxyuridine 5'-triphosphate nick-end labeling (TUNEL)-
positive cells in the liver; these phenotypes were very close to those previously found in
hepatocyte-specific Bcl-xI-deficient mice. Although mcl-1%** AlbCre mice did not display
apoptosis, their susceptibility to Fas-mediated liver injury significantly increased. Further cross-
ing of Mcl-1 mice with Bcl-xL, mice showed that bel-s™*+ mcl- 17"+ AlbCre mice also showed
spontaneous hepatocyte apoptosis similar to Bcl-x1~deficient or Mcl-1-deficient mice. In con-
trast, bel-sofox el 1Pox1* AIbCre, bel-od*t mcl-174fox AlbCre, and bol-af®orfior el 1Foxiflor
AlbCre mice displayed a decreased number of hepatocytes and a reduced volume of the liver on
day 18.5 of embryogenesis and rapidly died within 1 day after birth, developing hepatic failure
evidenced by increased levels of blood ammonia and bilirubin, Conclusion: Mcl-1 is critical for
blocking apoptosis in adult liver and, in the absence of Bcl-xL, is essential for normal liver
development. Mcl-1 and Bcl-xL are two major anti-apoptotic Bcl-2 family proteins expressed in
the liver and cooperatively control hepatic integrity during liver development and in adult Liver

homeostasis in a gene dose-dependent manner. (HepaTOLOGY 2009;50:1217-1226.)

See Editorial on Page 1009

Abbreviations: ALT, alanine aminotransferase; PCR, polymerase chain reaction;
RT-PCR, reverse transcription polymerase chain reaction; TNF-, tumor necrosis
factor alpba; TUNEL, terminal deoxynucleotidyl transferase-mediated 2'-de-
oxyuridine 5'-triphosphate nick-end labeling.
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he mitochondrial pathway of apoptosis is regu-

lated by the Bcl-2 family proteins.!? They are

functionally divided into two basic groups: pro-
apoptotic and anti-apoptotic members. Pro-apoptotic
members are further divided into multi-domain mem-
bers, such as Bax and Bak, and BH3-only proteins. Bax/
Bak triggers release from mitochondria of cytochrome c,
presumably by forming pores at the mitochondrial outer
membrane. Cytochrome c released into the cytosol acti-
vates multiple caspases, which cut a variety of cellular
substrates and dismantle the cell.? The release of Bax/
Bak-mediated cytochrome c is considered to be a point of
no return and a commitment to cell death.? Killing by
BH3-only proteins, such as Bid, Bim, or Puma, requires
Bax or Bak, placing them upstream of Bak/Bax activation.
BH3-only proteins are transcriptionally or posttransla-
tionally activated by a variety of cellular stresses. They are
considered to be sensors that transmit apoptotic stimuli to
mitochondria. Anti-apoptotic members, including Bcl-2,
BelxL, Mcl-1, Bel-w, and Bfl-1, inhibit the mitochon-
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drial pathway of apoptosis either by directly blocking
Bak/Bax activation or by sequestering BH3-only proteins
from Bak or Bax.

Mcl-1 has increasingly attracted attention because of
its role in liver disease. Several reports have shown that
Mcl-1 is overexpressed in a subset of human hepatocellu-
lar carcinomas and provides apoptosis resistance.>” The
multi-kinase inhibitor sorafenib, which was recently ap-
proved by the Food and Drug Administration as a che-
motherapeutic agent for hepatocellular carcinoma,® is
capable of down-regulating Mcl-1 expression and pro-
ducing apoptosis in hepatoma cells.” Cycloxygenase 2 or
hepatocyte growth factor up-regulates Mcl-1 expression
in hepatocytes and improves Fas-mediated liver inju-
ry.1%1! Recently, enforced expression of Mcl-1 was re-
ported to reduce liver injury induced by anti-Fas injection
in mice.'? However, little is known about the physiologic
significance of Mcl-1 in hepatocytes.

We previously reported that hepatocyte-specific
Bcl-xL knockout mice were born and grew up but de-
veloped spontaneous hepatocyte apoptosis, identifying
Bel-xL as a critical apoptosis antagonist in hepato-
cytes.!3 This raises a question of whether other anti-
apoptotic Bcl-2 family members, such as Mcl-1, have a
significant role in regulating hepatocyte apoptosis and
what the relationship is among those molecules. To
this end, in the current study, we generated hepato-
cyte-specific Mcl-1 knockout as well as Bcl-xL/Mcl-1
double knockout mice and found that, like Bel-xL,
Mcl-1 is critical for maintaining hepatocyte integrity in
adult liver, but not essential for liver development.
However, both deficiencies cause a severe defect in liver
development and lethality during the early neonatal
period because of severe hepatic failure. The current
study identifies Bel-xL and Mcl-1 as two major anti-
apoptotic Bcl-2 family proteins in the liver and dem-
onstrates their gene dose—dependent effects for
controlling hepatic integrity.

Materials and Methods

Mice. Mice carrying the mcl-1 gene encoding amino
acids 1 through 179 flanked by 2 loxP (mcl- 1) were
provided by Dr. You-Wen He of Duke University.*
Mice carrying a bcl-x gene with two loxP sequencers at the
promoter region and a second intron (bel-sdlfox) wwere
described previously.'> Heterozygous AlbCre transgenic
mice expressing Cre recombinase gene under the pro-
moter of the albumin gene were described previously.!?
We generated hepatocyte-specific Mcl-1 knockout mice
(mcl-1foxlfoox 4[hCre) by mating mecl-17f and AlbCre
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mice. We then used these knockout mice to generate hep-
atocyte-specific Bl-xI/Mcl-1 knockout mice (fel-aP
ml-1%F% AlbCre) by mating them with bcl-/™o% mice.
Traditional Bid knockout mice were described previous-
ly.16 They were maintained in a specific pathogen—free
facility and treated with humane care under approval
from the Animal Care and Use Committee of Osaka Uni-
versity Medical School.

Genotyping. Genomic DNA was extracted from the
tail and subjected for polymerase chain reaction (PCR)
for genotyping mice. The primers used were as follows:
5'-GCCACCTCATCAGTCGGG-3" and 5'-TCA-
GAAGCCGCAATATCCCC-3' for the bel-x allele; 5'-
GGTTCCCTGTCTCCTTACTTACTGTAG-3" and
5'-CTCCTAACCACTGTTCCTGACATCC-3' for
the mcl-1 allele; 5'-GCGGTCTGGCAGTAAAAAC-
TATC-3', 5'-GTGAAACAGCATTGCTGTCACTT-
3', 5'"CTAGGCCACAGAATTGAAAGATCT-3" 5'-
GTAGGTGGAAATTCTAGCATCATCC-3' for the
AlbCre allele; 5'-CCGAAA TGTCCCATAAGAG-3',
5'-GAGATGGACCACAACATC-3', and 5' TGC-
TACTTCCATTTGTCACGTCCT-3' for the bidallele.
PCR products were electrophoretically separated using
2% agarose gels. The expected sizes of the PCR products
were as follows: 165 bp for the wild-type belx allele, 195 bp
for the floxed bcl-x allele, 200 bp for the wild-type mel-1
allele, 300 bp for the floxed mcl-1 allele, 130 bp for the
wild-type bid allele, and 350 bp for the &id knockout allele.
AlbCre-negative mice showed a 350-bp band, and heterozy-
gous AlbCre mice showed 100-bp and 350-bp double bands.

Apoptosis Assay. To measure serum ALT level and
caspase-3/7 activity, blood was collected from the inferior
vena cava of mice and centrifuged. Serum was stored at
—20°C until use. Serum ALT levels were measured by a
standard method at Oriental Kobo Life Science Labora-
tory (Nagahama, Japan), and serum caspase-3/7 activity
was measured by a luminescent substrate assay for
caspase-3 and caspase-7 (Caspase-Glo assay, Promega,
Tokyo, Japan). For histological analysis, livers were for-
malin-fixed, embedded in paraffin, and thin sliced. The
liver sections were stained with hematoxylin-eosin. To
detect cells with oligonucleosomal DNA breaks, the sec-
tions were also subjected to terminal deoxynucleotidyl
transferase-mediated 2'-deoxyuridine 5’-triphosphate
nick-end labeling (TUNEL) staining, according to a pre-
viously reported procedure.!” For Fas-stimulating study,
anti-Fas antibody (Jo2 clone) (PharMingen, San Diego,
CA) was intraperitoneally injected into mice 3 hours be-
fore sacrifice.

Western Blot Analysis. Approximately 25 mg liver
tissues was lysed with a lysis buffer (1% NP-40, 0.5%
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sodium deoxycholate, 0.1% sodium dodecyl sulfate and
1X protein inhibitor cocktail (Nacalai tesque, Kyoto, Ja-
pan), phosphate-buffered saline; pH 7.4). After incuba-
tion on ice for 15 minutes, the lysate was centrifuged at
10,000 for 15 minutes at 4°C. The protein content of
the supernatants was determined using a bicinchoninic
acid protein assay kit (Pierce, Rockford, IL). Equal
amounts of protein were electrophoretically separated
by sodium dodecyl sulfate polyacrylamide gels (8% or
12%) and transferred onto polyvinylidene fluoride
membrane. For immunodetection, the following anti-
bodies were used: anti-Bcl-xL antibody (Santa Cruz
Biotechnology, Santa Cruz, CA), anti-Mcl-1 antibody
(Rockland, Gilbertsville, PA), anti-Bax antibody (Cell
Signaling Technology, Beverly, MA), anti-Bid anti-
body (Cell Signaling Technology), anti-albumin anti-
body (Affinity Bioreagents, Golden, CO), and anti—
beta actin antibody (Sigma-Aldrich, Saint Louis, MO).
Detection of immunolabeled proteins was performed
using a chemiluminescent substrate (Pierce).

Neonate Analysis. Neonatal mice delivered by ce-
sarean section were suckled by a surrogate mother and
sacrificed at 10 hours after birth. Blood from the neo-
natal mice was centrifuged, and the plasma was stored
at —20°C until use. The levels of total bilirubin and
ammonia were measured by Van den Bergh reaction
and a standard enzymatic procedure, respectively, at
Oriental Kobo Life Science Laboratory.

Real-Time Reverse-Transcription PCR. Total RNA
was prepared from liver tissue using RNeasy kit (QIA-
GEN, Tokyo, Japan). For complementary DNA syn-
thesis, 1 ug total RNA was reverse-transcribed using
the High Capacity RNA-to-DNA Master Mix (Applied
Biosystems, Foster City, CA). Complementary DNA,
equivalent to 40 ng RINA, was used as a template for real-
time reverse-transcription PCR (RT-PCR) using an Applied
Biosystemns 7900HT Fast Real-Time PCR System (Applied
Biosystems). The messenger RNA expressions of tumor ne-
crosis factor alpha (TNF-a), collagen-alphal(I), and transt-
hyretin were measured using TagMan Gene Expression
Assays (Assay ID: Mm00443260_gl, Mm00801666_gl,
and Mm00443267_m], respectively), and were corrected
with the quantified expression level of beta-actin messenger
RNA measured using TagMan Gene Expression Assays (As-
say ID: Mm02619580_g1).

Statistical Analysis. Data are presented as mean *
standard deviation. Comparisons between two groups
were performed by unpaired # test. Multiple comparisons
were performed by analysis of variance followed by
Scheffe post hoc correction. P < 0.05 was considered sta-
tistically significant.
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Results

Hepatocyte-Specific Mcl-1 Deficiency Leads to
Spontaneous Hepatocyte Apoptosis in the Adult Liver.
To generate hepatocyte-specific Mcl-1-deficient mice,
floxed mel-1 mice were crossed with heterozygous Al6Cre
mice. After mcl-1#* AlbCre mice were mated with mcl-
I mice, and offspring were screened for genotyping
and Mcl-1 expression. mel- 2% AlpCre mice were born
and grew up. Their expression in the liver of Mcl-1 was
greatly reduced compared with that of wild-type mice
(Fig. 1A). The levels of Bcl-xL expression did not change
in mcl-17ex AlpCre liver. Bcl-xL and Mcl-1 proteins
migrated as typical doublet bands of which the biochem-
ical nature had been previously determined.!® The trace
amount of Mcl-1 expression found in the knockout liver
may have been attributable to expression in nonparenchy-
mal cells, as previously observed in hepatocyte-specific
Bcl-xL—deficient mice.!?

To investigate the significance of Mcl-1 in the liver,
mice were sacrificed 6 weeks after birth and subjected to
analysis of serum ALT levels and caspase-3/7 activity as
well as liver histology and TUNEL staining. macl- 1fostfos
AlbCre mice displayed significantly higher levels of serum
ALT than control mice (4/6Cre-negative or mcl-1*'* Al-
bCre mice) (Fig. 1B). Hepatocytes with typical apoptosis
morphology such as cellular shrinkage and nuclear con-
densation were frequently observed in the liver sections of
ml-1oxlfex Alb Cre mice (Fig. 1C). Consistently, the num-
ber of cells with TUNEL positivity, a hallmark of apopto-
tic cell death, in the liver was significantly higher in mc/-
1fedfox. AlbCre mice than in control mice (Fig. 1C).
Activity of caspase-3/7, executioners of apoptosis, was sig-
nificantly higher in circulation of mcl- 1o~ AlpCre mice
than in control mice, which might reflect activation of
those proteases in the knockout liver (Fig. 1D). Bax ex-
pression was clearly increased in mcl-1##ox AlpCre mice,
suggesting Bax activation being involved in the apoptosis
in mcl-1fo*fox AlbCre mice (Fig. 14). Furthermore, the
expression of TNF-a and collagen-alphal(I) was signifi-
cantly increased in the mcl-1#%% AlbCre liver compared
with the wild-type liver, as found in the Bcl-xL knockout
liver (Fig. 1E). Taken together, hepatocyte-specific Mcl-1
knockout mice developed spontaneous apoptosis leading
to sterile inflammation and fibrotic response in the liver,
like hepatocyte-specific Bel-xL knockout mice.!?

Heterozygous Deletion of the mcl-1 Gene Does Not
Produce Apoptosis But Increases the Susceptibility to
Fas Stimulation. Although the levels of Mcl-1 expres-
sion were significantly decreased in mcl- 177+ AlbCre liver
(Fig. 1A, Supporting Fig. 1), mcl- 17+ AlbCre mice did
not have apoptosis phenotypes in the liver (Fig. 1B-D).
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Fig. 1. Hepatocyte-specific Mcl-1 knockout mice. Offspring from mating of mcl-1%%+ AlbCre mice and mcl-17%+ mice were sacrificed at the age
of 6 weeks. (A) Western blot of whole liver lysate for the expression of Bel-xL, Mcl-1, and Bax. (B) Serum ALT levels. N = 15 mice for each group.
*P < 0.05 versus the other five groups. (C) Left panel shows hematoxylin-eosin and TUNEL staining of the liver section. Amow indicates fypical
apoptotic cells. Right panel shows statistics of TUNEL-positive cells. The number of TUNEL-positive cells was determined in a defined area. N = 5
mice for each group. *P < 0.05 versus the ther five groups. (D) Serum levels of caspase-3/7 activity. The levels were normalized to mel-1+/* AlbCre
(—) mice. N = 15 mice for each group. *P < 0.05 versus the other five groups. (E) Real-time RT-PCR analysis for TNF-« and collagen-1alpha(1)
expression. *P < 0.05. N = 12 or 9. The levels were normalized to the wild-type mice. (F) Serum ALT levels of Fas-stimulated mice. The mc/-1fov+
AlbCre mice and mgl-1fev+ or fox mice were sacrificed 3 hours after intraperitoneal injection of 0.5 mg/kg Jo2 antibody, *P < 0.05. N = 13 or 7.
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Therefore, we examined the susceptibility to Fas stimula-
tion in these mice. We injected anti-Fas antibody into
mel-17"* AlbCre mice and mcl- 1+ o fo mice and mea-
sured the levels of their serum ALT. mcl-1/* AlbCre
mice displayed significantly higher levels of serum ALT
than control mice (Fig. 1F). These findings suggest that
haplo-deficiency of Mcl-1 does not produce apoptosis ina
physiological setting but clearly reduces apoptosis resis-
tance under pathological conditions.

Involvement of Bid in Apoptosis Caused by Mcl-1
Deficiency. BH3-only proteins regulate life and death
balance by interacting with core Bcl-2 family members.
The hepatocyte is a so-called type 2 cell, which requires
Bid as a sensor for Fas-mediated apoptotic stresses.!? In
addition, it has been reported that the caspase-8/Bid path-
way is involved in a variety of liver pathological condi-
tions.}1620 To examine the possibility of Bid being
involved in hepatocyte apoptosis caused by Mcl-1 defi-
ciency, we crossed hepatocyte-specific Mcl-1 knockout
mice with Bid knockout mice. Offspring form mating
of bid*'~ mel-1fofex AlbCre mice with bid*'™ mcl-
1fieslflox mice were sacrificed at 6 weeks after birth and
subjected to analysis of apoptosis phenotypes. Mice
with each genotype grew up, and, as expected, the lev-
els of Bid and/or Mcl-1 expression in the liver were
correspondingly reduced with their genotypes (Fig.
2A). The levels of serum ALT were significantly lower
in bid="~ mel-1fofox AlbCre mice than in bid™"" mel-
fostfiox AlbCre mice (Fig. 2B). The results indicate that
Bid was involved in hepatocyte apoptosis found in
Mcl-1 knockout mice.

Combined Deficiency of Mcl-1 and Bel-xL in Hepa-
tocytes Causes Lethality. Phenotypes observed in hepa-
tocyte-specific Mcl-1 knockout mice were very similar to
those in hepatocyte-specific Bcl-xL knockout mice.!
These results indicated that Bcl-xL and Mcl-1 share sim-
ilar anti-apoptotic functions but do not compensate for
the loss of each other. To examine whether their expres-
sion and function are completely nonredundant or just
partially so, we generated hepatocyte-specific Bel-xL/
Mcl-1 double-knockout mice.

The bel-s* mel- 1% AlbCre mice were mated with
bl el 1fexlfiox mice, and genotypes of the offspring
were screened at 3 weeks after birth. A/6Cre-negative and
bel-sd™* el 127+ AlbCre mice were born and grew up,
but not bel-sdox ycl- 110x% AlbCre, bel-sdt mel- 1ioxlfox
AlbCre, and bel-sofox mcl- 1floxlfex AlbCre mice (Table 1).
The lack of Bcl-xL and Mcl-1 caused a more severe phe-
notype than either knockout, suggesting that they par-
tially compensate for the loss of each other at least from
the viewpoint of maintaining normal development.
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Fig. 2. Mcl-1/Bid double-knockout mice. Offspring from mating of
bid+/— mcl-17%/fex AlbCre mice with bid*/~ mel-1%¥x mice were
sacrificed at 6 weeks after birth. (A) Western blot of whole liver lysate for
the expression of Mcl-1, Bel-xt, and Bid. (B) Serum ALT levels. N = 12
mice for each group. *P < 0.05 versus the other five groups; **P <
0.05 versus the AlbCre-negative groups and the bid*/+ mgl-1%y/fox
AlbCre group.

Mice Lacking Single Alleles for Both Bclxl and
Mecl-1 Develop Spontancous Apoptosis in the Adult
Liver Similar to Bel-xL or Mcl-1 Knockout Mice.
Offspring from mating of bel-'+ mel- 17"+ AlbCre and
bel-sd % gl [oxlfor were sacrificed at 6 weeks after birth
and subjected to analysis of Bcl-xL/Mcl-1 expression and
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Table 1. Genotyping of Offspring Obtained by Crossing
bel-x/+ mel-11%/+ AlbCre Mice and bel-xfo/fiox
mel-17o%/fox Mice

AlbCre bel-x mel-1 ED18.5 3 Weeks

- flox/+ flox/+ 4 14
- flox/flox flox/+ 6 17
- flox/+ flox/flox 12 17
- flox/flox flox/flox 7 17
+ flox/+ flox/+ 11 22
+ flox/flox flox/+ 8 0
+ flox/+ flox/flox 9 0
+ flox/flox flox/flox 10 0

Total 67 87

ED, embryonic day.
Note that each genotype is expected to account for one-eighth of the offspring
from this mating.

apoptosis phenotypes. As expected, bel-ad™* mel- 109+
AlbCre liver expressed reduced levels of expression for
both Bcl-xL. and Mcl-1 (Fig. 3A). Interestingly, bel-s™*
mel-1#% AlbCre mice developed spontaneous hepato-
cyte apoptosis as evidenced by an increase in serum ALT
levels and caspase-3/7 activity (Fig. 3B,C). In agreement
with this, hepatocytes with typical apoptotic morphology
and positive for TUNEL staining were found scattered in
the liver lobules in these mice (Fig. 3D,E). Furthermore,
bel-sd* mel-17% AlbCre mice showed higher expres-
sion of TNF-« than wild-type mice (Fig. 3F). The phe-
notypes were very similar to hepatocyte-specific Bcl-«L or
Mcl-1knockout mice.

Hepatocyte-Specific Mcl-1/Bcl-xL-Deficient Mice
Show Impaired Development of the Liver and Liver
Failure During the Neonatal Period. To examine the
impact of Bcl-xL/Mcl-1deficiency at an earlier time
point, offspring obtained from crossing bcl-%"** mel-
oxt* AlbCre mice and bel-so% pcl. [foxlfox mice were
analyzed on gestational day 18.5. Live-obtained em-
bryo followed expected Mendelian frequencies (Table
1). Overall, they looked normal, and their body weight
did not differ among genotypes (Fig. 4A,B). However,
the livers obtained from live pups with genotype of
bel-sfoox el 104+ AlbCre, bel-sf mel- 1foxtfiox Alp-
Cre, or bel-sotfox ypel [foxlfox AlpCre were clearly
smaller. The ratios of liver weight to body weight were
significantly lower in those pups than in A/ Cre-nega-
tive or bel-x% mel- 1805+ AlbCre pups (Fig. 4C). The
ratios of liver weight to body weight were also exam-
ined in mcl-1fo¥fex with AlbCre or without AlbCre
mice, and there was no significant difference between
the two (6.0 % 0.8 versus 5.5 = 0.9, N = 5, P = 0.34),
excluding the possibility that Mcl-1 knockout itself
affects the liver size at this time point. Histological
analysis revealed that there were a number of hepato-
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cytes with rectangular morphology and hematopoietic
cells in the developing liver of the A/6Cre-negative pups
(Fig. 4D). Whereas the number of rectangular hepato-
cytes in bel-s+ mel- 1707 AlpCre livers was similar to
that in the A/bCre-negative livers, it was lower in bel-
ofoilfox el 1Fost ALbCre, bel-s** mel- 1774 AlbCre,
and bel-sfolfox el 1foxlfex. AlpCre livers. Rectangular
cells were rarely observed in bel-x0x0% mcl- 1Fo¥fox Alb-
Cre livers. Furthermore, the expression of albumin and
transthyretin was examined in the liver as a marker for
hepatocyte differentiation.?! Consistent with histolog-
ical findings, both expressions were gradually reduced
from the AlbCre-negative livers to the bcl-s*fo% mel-
1fioxlfiox AlpCre livers (Fig, 4E,F).

We noticed that offspring obtained from crossing bcl-
A mel- 1705+ AlbCre mice and bel-sdofox el 1foxlfior
mice frequently died within 1 day after birth. To examine
the cause of the early neonatal death, offspring were sac-
rificed at 10 hours after birth. They were divided into two
groups according to the data shown in Table 1: expected
survivors including AlbCre-negative and bcl-s/™/* mel-
1o+ AlbCre pups, and expected nonsurvivors including
bel-sfoxlfox ol o+ AlbCre, bel-s™"* mel-1Fo%ex AlpCre,
and bel-xox mcl- 1Fexlfoer Al Cre pups. The levels of total
bilirubin and ammonia in circulation were determined
and compared between the groups. Both blood bilirubin
levels and ammonia levels were significantly higher in the
expected nonsurvivors than in the expected survivors (Fig.
5A,B). These results suggested that bel-sdlotflox o] [foxi+
AlbCre, bel-s#* mcl-1#xfox AlbCre, and bel-s"o% mcl-
Lfoxtfiox AlbCre mice died quickly after birth because of
hepatic failure, in agreement with the findings of im-
paired liver development.

Discussion

Five members of the anti-apoptotic Bcl-2 family have
been found: Bcl-2, Bel-xL, Bel-w, Bf-1, and Mcl-1. Tra-
ditional knockout of Bcl-2, a prototype of this family,
displays growth retardation, hair color abnormality, lym-
phocyte decrease, and polycystic kidney.?%?? In agree-
ment with the finding that Bcl-2 is not expressed in
hepatocytes,'? these mice did not show any liver pheno-
types. Similarly, Bcl-w?4%5 or Bl-1 knockout mice?® were
generated but no liver phenotypes have been reported.
Traditional knockout of Bcl-xL or Mcl-1 caused more
severe phenotypes. Deletion of the bcl-x gene resulted in
embryonic lethality because of abnormal neuronal devel-
opment and hematopoiesis.” The mcl-I knockout em-
bryo fails to be implanted in utero?® Thus, study of
traditional knockout mice could not reveal the signifi-
cance of Bel-xL or Mcl-1 in the liver.
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Fig. 3. Hepatocyte-specific Bel-xL/Mcl-1-deficient mice. Offspring from mating bclx"¥+ mcl-1%+ AlbCre mice and bel-xfoy/fox mgf. 17ox/f0x mice
were sacrificed at the age of 6 weeks. (A) Western blot of whole liver lysate for the expression of Bel-xL and Mcl-1. (B) Serum AT levels. N =9

mice for each group.
mcl-17%+ mice. N = 9 mice for each group.

*p < 0,05 versus the othet five groups.

(C) Serum levels of caspase-3/7 activity. The levels were normalized to belxfov+
*p < 00.05 versus the other five groups. (D) Hematoxylin-eosin and TUNEL staining of the liver sections

for bolxov+ mel-179+ AlbCre mice. Findings for bel¥+ mcl-1%+ mice are shown as a control. (E) Statistics of TUNEL-positive cells. The number of

TUNEL-positive cells was determined in a defined area. N = 5 or 6.

*p < 0.05. (F) RT-PCR analysis for TNF-c: expression. The levels were normalized to

the group of beladey+ or fax . gfey/+ or flx *p < 0,05, N = 9.

We previously reported - that hepatocyte-specific
knockout of Bcl-xL, caused spontaneous apoptosis in
hepatocytes after birth and established that Bel-xLL is crit-
ically important for the integrity of hepatocytes.!® The

. current study demonstrated that Mcl-1 plays an anti-ap-

optotic role in differentiated hepatocytes similar to that of
Bcl-xL. During the preparation of this manuscript, a re-
port by Vick et al.?? appeared on the Web, demonstrating
_a similar apoptosis phenotype in mice with specific
knockout of the mcl-1 gene in hepatocytes. Our findings
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Fig. 4. Hepatocyte-specific Bel-xL/Mcl-1-deficient embryos. Offspring from mating belx™v+ mel-1%¢+ AlbCre mice and belx™vex mgl-1fovTox
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(B) Body weight. (C) The ratios of liver weight to body weight. *P < 0.05 versus Bel-xL +/+ Mel-1 +/+; **P < 0.05 versus Bel-xL +/+ Mcl-1
4-/+ and Bel-xL +/— Mcl-1 +/—. (D) Hematoxylin-eosin staining of the liver sections. (E) Westem blot of whole-fiver lysate for albumin expression.
(F) Real-time RT-PCR analysis for transthyretin expression. The levels were normalized to the group of Bel-xl +/+ Mcl-1 +/-+. *P < 0.05 versus
Belxl +/+ Mel-1 +/4; **P < 0.05 versus BelxL +/+ Mcl-1 +/+ and Bel-xL +/— Mcl-1 +/—.
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Fig. 5. Plasma biochemistry of hepatocyte-specific Bel-xL/Mcl-1-de-
ficient neonates 10 hours after birth, Group A (N = 13) was defined as
expected survivors including AlbCre-negative mice and belxfov+ mel-
170+ AlbCre mice. Group B (N = 6) was defined as expected nonsur-
vivors including bel-xf¥fex mel-1f0¢+  AlbCre, belx™¥+  mcl-1fov/ox
AlbCre, belxf¥/fox mel-1tov/fex AlbCre, (A) Plasma total bilirubin levels.
*p < 0,05, (B) Plasma ammonta levels in both groups. *P < 0.05.

are in agreement with theirs and further provide evidence
that deletion of a single allele for the mcl-1 gene fails to
produce apoptosis phenotypes under physiological condi-
tions, as observed in knockout of the bcl-x gene.!> Mcl-1
heterozygous disrupted mice did not produce apoptosis at
least until 16 weeks of age (our unpublished data). It was
demonstrated that hepatocyte-specific Mcl-1 knockout
mice showed higher levels of liver injury than control
mice on anti-Fas antibody injection.?” However, because
mice lacking both mcl-1 alleles possess preexisting liver
injury, it would be difficult to exactly compare liver injury
after anti-Fas antibody injection and to conclude whether
decreased Mcl-1 expression actually increases the suscep-
tibility to Fas. In the current study, we took advantage of
Mcl-1 heterozygous disrupted mice to address this point.
They showed significantly higher levels of liver injury af-
ter Fas stimulation than wild-type mice, formally proving
the significance of Mcl-1 expression under pathological
conditions. Furthermore, our data on Mcl-1/Bid—defi-
cient mice implies that the Bid pathway is involved in
generating apoptosis found in Mcl-1 knockout mice. Be-
cause Bid mediates a variety of cellular stresses in hepato-
cytes upstream of Mcl-1,3%3" it will be interesting in
future study to determine what stresses generate hepato-
cyte apoptosis in Mcl-1 knockout mice.

Bcl-xL and Mcl-1 share similar structures and func-
tions.! The observations that either deficiency similarly
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Jeads to spontaneous hepatocyte apoptosis imply that
they play a non-redundant role in maintaining the in-
tegrity of hepatocytes in the adult liver. To further
understand the relationship of both molecules, we gen-
erated hepatocyte-specific Bcl-xL/Mcl-1 knockout
mice. Interestingly, mice lacking single alleles for both
genes (bel-x™'~ mel-1+/7) induced spontaneous hepa-
tocyte apoptosis that could not be distinguished from
that found in Bel-xL or Mcl-1 knockout mice. This
indicates that, whereas knockout of a single allele of the
bel-x or mel-1 gene did not produce apoptosis, knock-
out of two alleles of any combination among both
genes was sufficient to produce hepatocyte apoptosis.
This finding suggests that both molecules are not inde-
pendently but rather interdependently required for en-
suring integrity of differentiated hepatocytes.

Bcl-xL/Mdl-1-deficient mice as well as mice only having a
single allele of either bclx or mcl-1 gene displayed a decreased
number of hepatocytes and reduced liver size on day 18.5 of
gestation and appeared to develop lethal liver failure within 1
day after birth. Because the liver contains a large number of
hematopoietic cells during development (Fig. 4D), it is very
difficult to determine the expression levels of Bcl-xL. or
Mdl-1 specifically in hepatocytes in each knockout mouse.
Liver development begins on day 8.5 of gestation in the
mouse when the liver primordium is delineated from the
endoderm.3? The albumin promoter, which is active in both
hepatoblasts and hepatocytes, shows a 20-fold increase in
transcriptional activity from day 9.5 to day 12.5 of gestation.
The level of albumin then continues to increase as the liver
develops simultaneously with the biliary tree and the hepatic
bile duct being formed.?? Thus, the target genes could prob-
ably be successfully deleted during embryogenesis in the A/
4Cre recombination system. The observation that Bel-xL/
Mcl-1—deficient mice developed severer phenotypes than
Bel-xL—deficient or Mcl-1—deficient mice supports the idea
that Cre-mediated deletion of the target genes actually took
place during embryogenesis in our model. In contrast to the
knockout of two alleles, knockout of three alleles and more of
the belx and mcl-1 genes induced lethal neonatal hepatic
failure. Thus, hepatocyte integrity appeared to be strictly
controlled by BclxL and Mcl-1 in a gene dose-dependent
manner.

Hepatocyte-specific deficiency of both Bel-xL and
Mcl-1 led to significant reduction of liver volume be-
cause of impaired hepatocyte development. However,
overall, mice with these phenotypes were capable of
developing normally until birth and rapidly developed
liver failure and died within 1 day after birth. This
finding suggests that differentiated hepatocytes are
critically required for maintaining host homeostasis af-
ter birth but not during embryogenesis. The placenta
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plays an important role in nutritional support and de-
toxification of the embryo. Our data imply that it could
probably compensate for most functions of the liver
cells during embryogenesis, whereas the liver would
turn to the critical organ that is essential for maintain-
ing host homeostasis after birth. Bcl-xL/Mcl-1 knock-
out mice provide interesting implications for the
difference in the impact of differentiated hepatocytes
between embryogenesis and the early neonatal period.

In conclusion, Mcl-1 and Bcl-xL are two major Bcl-2
family proteins inhibiting hepatocyte apoptosis. Together
with previous work on traditional knockout mice, our data
imply that other members, if any, could not compensate for
their functions. Mcl-1 and Bcl-xL cooperatively maintain
hepatocyte integrity during liver development and in adult
liver homeostasis, and their effects are gene-dose dependent.
Recent studies also have established that Mcl-17 and Bcl-
xL1834 are frequently overexpressed and confer resistance to

apoptosis in hepatocellular carcinoma. Therefore, Mcl-1 and

Bcl-xL are important apoptosis antagonists in a variety of
pathophysiological conditions of the liver.
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The most serious problem of nucleoside/nucleotide ana-
logue therapy for hepatitis B virus (HBV) infection is the
emergence of drug-resistant mutant virus, Here, we describe
a patient with chronic hepatitis B infection with a complex
drug-resistant mutant virus during sequential therapy with
lamivudine (3TC), entecavir (ETV) and adefovir dipivoxil
(ADV). The patient’was a 52-year-old male with positive
hepatitis B e antigen and high HBV DNA (>7.6 log,, copies/
ml). Initial 3TC monotherapy offered little benefit and 3TC
resistance was established by the virus with rtA181T and
not rtM204V/L. HBV DNA was reduced slightly by replace-
ment with ETV monc;therapy and was followed by virological
breakthrough. At that time, rtA181T was undetectable and
the virus with rtM204V and rtL.180M became predominant.
ETV resistance was established by an additional rtS202G

mutation. Efficacy of subsequent combination therapy with
ADV and 3TC was limited because of reappearance of the
virus with rtA181T, which might confer cross-resistance
to 3TC and ADV. Final combination therapy with ETV and
ADV reduced HBV DNA to 3.7 log, , copies/ml for 5 months,
which was the most effective therapy for this patient.
Thus, two kinds of mutant viruses (rtM204V-related and
rtA181T-related) appeared alternately in this patient.
Combination therapy with ETV and ADV might have been
effective because these drugs share therapeutic roles, that
is, ETV affects the rtA181T-related virus and ADV affects
the rtM204V-related virus. This is the first report suggest-
ing clinical significance of combination therapy with ETV
and ADV for controlling replication of the complex drug-
resistant mutant HBV.

Introduction

Nucleoside/nucleotide analogues have a better thera-
peutic effect on chronic’hepatitis B virus (HBV) infec-
tion than previously used drugs. They strongly suppress
HBYV replication and retard disease progression {1,2];
however, the most serious problem associated with
nucleoside/nucleotide analogues is the emergence of
drug-resistant viruses through long-term administra-
tion. Drug-resistant viruses for nucleoside/nucleotide
analogues occur as a result of amino acid substitu-
tions within the reverse transcriptase (RT) domain of
the HBV polymerase gene. Lamivudine (3TC) resist-
ance is primarily caused by mutations rtM204V/I
and rtL180M, the latter of which is a compensatory
substitution [3,4]. Adefovir dipivoxil (ADV) resist-
ance is associated with the mutations rtA181V/T and/
or rtN236T [5]. Entecavir (ETV) resistance is estab-
lished by substitution(s) at 1t184, rt202 and/or rt250

©2009 International Medical Press 1359-8535 {print} 2040-2058 (online}

in, addition to 3TC-resistant substitutions, rtM204V
and rtL180M [6].

Recently, the substitution at rt181 has been reported
to confer cross-resistance not only to ADV, but also
to other nucleoside/nucleotide analogues [7,8]. Some
investigators -have suggested that 3TC resistance can
occur not only with rtM204V/I, but also with rtA181T
[9,10]. A more recent report has shown that rtA181V/T
is involved in resistance to multiple drugs, including
3TC, ADV and tenofovir disoproxil fumarate, although
the degree of drug resistance varies considerably among
HBV strains in vitro [8]. ’

In this report, we describe a chronic HBV patient
who has a complex drug-resistant mutant virus that
was identified during sequential therapy with three
nucleoside/nucleotide analogues. In this patient, two
kinds of mutant viral strains based on the rtM204V and
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rtA181T substitutions appeared alternately. We also
refer to the clinical usefulness of combination therapy
with ETV and ADV for the mutant HBV strain.

Patient clinical course

The patient was a 52-year-old male who first visited
Osaka University Hospital (Osaka, Japan) in September
2004. He had been diagnosed as a chronic HBV carrier
5 years earlier. He was a chronic drinker, with alcohol
consumption of approximately 65 g/day. He had also
suffered from type-2 diabetes mellitus for >10 years
and had undergone insulin therapy for 10 months.
The laboratory data-at his first visit were alanine ami-
notransferase (ALT) 68 IU/l (normal level <40 IU/),
aspartate aminotransferase (AST) 75 TU/I (normal level
<40 TUN), y-glutamyl transpeptidase (GGT) 189 IU/I
(normal level <50 IU/), fasting plasma glucose (FPG)
239 mg/dl (normal level <110 mg/dl), glycated hae-
moglobin (HbAlc), 10.3% (normal range 4.3-5.8%)
and HBV DNA>7.6 log,, copies/ml. Hepatitis B surface
antigen (HBsAg) and hepatitis B e antigen (HBeAg)
were positive, whereas antibodies against HBsAg (anti-
HBs), HBeAg (anti-HBe), hepatitis C virus and HIV
were negative. Liver histology showed mild piecemeal
necrosis, mild lobular inflammation and mild portal
fibrosis; however, steatosis was found in only <5% of
the hepatocytes. 3TC (100 mg/day) therapy was com-
menced in October 2004. Sequencing analysis before
therapy revealed no drug-resistance-associated muta-
tions. After starting 3TC therapy, HBV DNA decreased
to 6.5 log,, copies/ml in February 2006 and increased
again to >7.6 log,, copies/ml in April 2006. ALT levels
were almost abnormal and on one occasion flared up to
472 TU/N in December 2005 despite cessation of drink-
ing. rtM204V/T was not detected by repeated PCR-en-
zyme-linked minisequence assay [11], but rtA181T was
found by sequencing analysis in October 2006. At this
point, 3TC was switched to ETV monotherapy (0.5 mg/
day). The laboratory data at the beginning of ETV
administration were ALT 64 TU/l, AST 78 TU/l, GGT
268 TU/l and HBV DNA>7:6 log,, copies/ml. Diabetes
mellitus was improved (FPG 123 mg/dl and HbAlc

6.9%) because of a strict diet. During ETV therapy, .

HBV DNA decreased to 5.6 log,, copies/ml in Febru-
ary 2007, but virological breakthrough was observed
in August 2007 (HBV DNA 6.7 log,, copies/ml). As
for drug-resistance-associated mutations, rtM204V
and rtl.180M were detected in September 2007, and
1t5202G was detected in January 2008 despite an
increasing dose of ETV (1 mg/day). ETV administra-
tion was stopped in March 2008 and replaced by com-
bination therapy of 3TC (100 mg/day) with ADV (10
mg/day). The laboratory data at that time were ALT
29 TU/, AST 49 IU/l, GGT 161 IU/l and HBV DNA
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7.0 log,, copies/ml. The combination therapy led to a
slight decrease in HBV DNA to 5.6 log,, copies/ml in
June 2008. In September 2008, rtA181T was detected
again, whereas rtL.180M, rtS202G and rtM204V were
not detected. From October 2008, a combination ther-
apy with ADV (10 mg/day) and ETV (0.5 mg/day) was
carried out. HBV DNA decreased from 5.8 to 3.7 log,,
copies/ml for 5 months.

In this patient, ALT fluctuated within the normal to
slightly abnormal range (<60 IU/l) during ETV mono-
therapy and subsequent combination therapy. Improve-
ment of liver function was observed despite poor control’
of HBV replication and appeared to be greatly attrib-
uted to recovery from alcoholic and diabetes mellitus-
related liver diseases. Throughout the follow-up period,
no side effects from the nucleoside/nucleotide analogues
were observed. The clinical course of the patient is sum-
marized in Figure 1.

Serological and virological assays for HBY

HBsAg, anti-HBs, HBeAg and anti-HBe were determined
by chemiluminescent immunoassays. HBV DNA was
quantified by a PCR-based method (Amplicor HBV
monitor; Roche Diagnostics, Basel, Switzerland). The
3TC-resistant rtM204V/I substitution was examined by
PCR-enzyme-linked minisequence assay [11]. Nucleotide
sequences of the entire RT region were determined by PCR
directsequencing. The primersBES (5-AAGAGACAGTC
ATCCTCAGG-3’, nucleotides 3183-3202) and BRS
(5-TTGCGTCAGCAAACACTTGG-3,  nucleotides
1195-1176) were used for the amplification. The
sequencing analyses were done using sera collected in
October 2004, October 2006, September 2007, Janu-
ary 2008 and September 2008 (designated as P1 to PS5,
respectively; Figure 1).

Results of sequencing analyses

Sequencing data showed that the patient was infected
with HBV genotype C according to phylogenetic
tree analysis (data not shown). The results of serial
sequencing analyses from P1 to PS5 are shown in
Figure 2. The virus with rtA181T and rtF221Y was
detected at P2. By contrast, the virus with rtL.180M,
rtM204V, rtl229V and rtL.269] became predomi-
nant at P3. At P4, rtS202G was added, although it
occurred incompletely; however, the dominant virus
at PS possessed rtA181T and rtF221Y and was identi-
cal to that at P2.

We also compared HBV DNA sequences around
rt180 and rt181 obtained at P1-PS (Figure 3). At P2
and PS, two types of mutations were identified: one was
an A670 mutation causing rtA181T and an in-frame
stop codon formation at codon 172 of the S gene, and
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the other was a C669/A670 double mutation, which
resulted in rtA181 but avoided the stop codon forma-
tion in the S gene. At P3 and P4, the A667 mutation,
which led to rtL.180M, was detected.

Discussion

In this paper, we have described a chronic hepatitis B
patient with a complex drug-resistant mutant virus.
In this patient, initial 3TC monotherapy offered lit-
tle benefit and virological breakthrough was observed
after administration. 3TC resistance was not caused by
rtM204V/I but by rtA181T. After 3TC was replaced
by ETV, HBV DNA decreased to 5.6 log,, copies/ml,
followed by virological breakthrough for a short period
of time. At that time, rtA181T was not detected, and
the virus with rtM204V and rtL180M was predomi-
nant. This indicates that the virus with rtM204V and

Complex drug-resistant HBV and its responsiveness to ETV plus ADV

rtL180M might have already coexisted as a minor
population before ETV therapy, and that the virus with
rtA181T might have been reduced because of its sus-
ceptibility to ETV. Indeed, the virus with rtA181V/T
has been reported to be sensitive to ETV in vitro [8].
The ETV resistance-specific rtS202G was not yet seen
at the time of virological breakthrough. It was observed
a short time later, resulting in the establishment of ETV
resistance, although the reasons for virological break-
through prior to the detection of the ETV-resistant
HBV strain remains to be understood.

Subsequently, combination therapy with ADV and
3TC was done because ADV has been reported to
have an effect on ETV resistance [12,13]; however, its
efficacy was limited and the virus with rtA181T reap-
peared. The virus with rttM204V, rtL.180M and rt5202G
became undetectable. This might be because the virus
with rtM2.04V, rtL180M and rt$202G was susceptible

Figure 1. Clinical course of a patient with a complex drug-resistant mutant HBV during sequential therapy with 3TC, ETV and ADV
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Figure 2. Amino acid sequences of the RT region of the HBV polymerase gene at serum sampling points P1-P5
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Figure 3. DNA and amino acid sequences around the positions rt180 and rt181 at serum sampling points P1-P5
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P51 Sequence CTCCITGAICTCAGT AB70
"7 Polymerase gene L L T Q
(tA181T)
P2-'ﬁ S gene S S L S
P5-ii  sequence cTccTCcAaAcTCAGT CB6Y9Y/ABTO0
Polymerase gene L L T Q
(tA181T)
P3 S gene S W L S
P4 Sequence . CTCATGGCTCAGT A667
Polymerase gene I M A Q
(rtL180M)

Mutated nucleosides/nucleotides and substituted amino acid residues are underlined. As for nucleoside/nucleotide changes, the nucleoside/nucleotide numbering is
according to the representative hepatitis B virus (HBV) genotype C strain (GenBank accession number AB033550) [15], where position 1 is an EcoRl recognition site.
Sampling points were at October 2004, October 2006, September 2007, January 2008 and September 2008 {designated as P1 to P5, respectively).
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to ADV, whereas the virus with rtA181T revealed
resistance to 3TC and possibly ADV. Final combination
therapy with ETV and ADV resulted in a decrease in
HBV DNA to 3.7 log,, copies/ml for 5 months, which
was the most effective therapeutic regimen for this
patient. Thus, two kinds of drug-resistant viral strains,
the rtA181T-related strain and the rtM204V-related
strain, appeared alternately in this patient. It is note-
worthy that combination therapy with ETV and ADV
was effective against such a complex mutant HBV. This
might be because of the sharing of therapeutic roles of
these drugs: ETV for the rtA181T-related strain and
ADYV for the rtM204V-related strain.

rtA181T, which is generally caused by the A670
mutation, results in the in-frame stop codon formation
at codon 172 of the S gene. In this patient, the virus
with the C669/A670 double mutation, which could
produce the surface protein, coexisted with the virus
with the A670 mutation alone. A similar virus with the
T669/A670 double mutation, which compensates for
the defect of surface protein production, has also been
reported [7,14].

In summary, we have reported on a complex drug-
resistant mutant HBV related to both rtA181T and
rtM204V substitutions in a patient with chronic HBV,
who received sequential therapy of nucleoside/nucle-
otide analogues. We also showed for the first time that
combination therapy with ETV and ADV might be of
clinical significance for controlling replication of com-
plex mutant HBV.
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