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SUMMARY. To investigate the efficacy of long-term lamivu-
dine (3TC) and adefovir dipivoxil (ADV) combination therapy
in 3TC-resistant chronic hepatitis B virus (HBV) infected
patients, we analysed 28 3TC-resistant patients treated with
the combination therapy during 47 months (range, 9-75). At
12, 24, 36, and 48 months, the rates of virological response
with undetectable HBV DNA (<2.6 log copies/mL) were 56,
80, 86, and 92%, respectively. Among 17 hepatitis B e anti-
gen (HBeAg)-positive patients, HBeAg disappeared in 24% at
12 months, 25% at 24 months, 62% at 36 months, and 88%
at 48 months. When HBV genotypes were compared, patients
with genotype B achieved virological response significantly
more rapidly than those with genotype C (P = 0.0496). One
patient developed virological breakthrough after 54 months,
and sequence analysis of HBV obtained from the patient was
performed. An rtA200V mutation was present in the majority
of HBV clones, in addition to the 3TC-resistant mutations of

rtL180M+M204V. The rtN236T ADV-resistant mutation
was observed in only 25% clones. In vitro analysis showed that
the rtA200V mutation recovered the impaired replication
capacity of the clone with the rtL.L180M+M204V mutations
and induced resistance to ADV. Moreover, rtT184S and
rtS202C, which are known entecavir-resistant mutations,
emerged in some rtL.180M+M204V clones without rtA200V
or rtN236T. In conclusion, 3TC+ADV combination therapy
was effective for most 3TC-resistant patients, especially with
genotype B HBV, but the risk of emergence of multiple
drug-resistant strains with long-term therapy should be
considered. The mutation rtA200V with rtL.180M+M204V
may be sufficient for failure of 3TC+ADV therapy.
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INTRODUCTION

Hepatitis B virus (HBV) causes acute and chronic infection,
and chronic hepatitis often leads to liver cirrhosis and
hepatocellular carcinoma (HCC) [1]. HBV contains a small
(3.2 kb), circular, partially double-stranded DNA genome,
and nucleoside or nucleotide analogues inhibit HBV repli-
cation by interfering with reverse transcriptase/DNA poly-
merase of the virus [2]. Although therapy with these drugs
virological, biochemical,

results in and histological
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improvement in most patients [ 3], the effect is often transient
because of the emergence of drug-resistant HBV mutants [4].

Lamivudine (3TC), a nucleoside analogue of L-deoxycity-
dine, is associated with highly frequent emergence of drug-
resistant mutants: the cumulative rate is about 20% per year
[5,6]. Mutations that result in the replacement of methio-
nine at amino acid 204 to valine or isoleucine (rtM204V/1)
within the tyrosine-methionine-aspartate-aspartate (YMDD)
motif in the reverse transcriptase (RT) region of HBV poly-
merase are found in most of the 3TC-resistant isolates [7].
Compensatory mutations rtV173L and rtL180M, which
restore the replication capacity of the YMDD mutant in vitro,
are observed frequently together with the YMDD mutation
[8.9]. Adefovir dipivoxil (ADV) is a phosphonate nucleotide
analogue of adenosine monophosphate, and ADV-resistance
rates are lower than those of 3TC [10]. Two mutations,
rtA181V/T and rtN236T, are associated with resistance to
ADV [11-14], and the cumulative 5-year occurrence of
genotypic resistance is reported to be 29% [15]. In vitro
studies showed that these mutations confer a weaker

© 2010 Blackwell Publishing Ltd



decrease in the susceptibility to ADV, in comparison with the
greater decrease in 3TC susceptibility because of the YMDD
mutant [11,16]. This finding may explain the lower rate of
the emergence of ADV resistance.

Although the number of approved drugs has increased in
recent years, the treatment of chronic HBV infection remains
a clinical challenge. Especially, how to manage drug-
resistant patients including 3TC-resistant patients is a major
problem. Continuation of 3TC monotherapy or retreatment
with 3TC after its temporary discontinuation is ineffective
options for 3TC-resistant patients [17]: the lack of any
further benefit and the possibility of rapid re-emergence of
resistant HBV have been reported [18]. Against 3TC-
resistant HBV, ADV and entecavir (ETV) have a suppressive
effect in vivo and in vitro [19-21]. Combination therapy of
ADV and 3TC is effective for 3TC-refractory patients and has
a low frequency of viral breakthrough [22]: the 3-year
cumulative rate of de novo resistant mutants was 4% with no
development of viral breakthrough in 3TC-resistant patients.
However, further longer-term efficacy of the combination
therapy remains unknown. ETV is a potent drug with
infrequent development of resistance for treatment-naive
patients [23]. ETV monotherapy was shown to be effective
during the first year of therapy in 3TC-resistant patients
[20], but pre-existing 3TC-resistant mutants are favourable
for the emergence of ETV resistance {21], and a compara-
tively high rate of the emergence of ETV-resistant strains has
been reported in long-term studies [23]. Therefore, ETV
monotherapy seems to be a less attractive option for the
long-term treatment of 3TC-resistant patients.

Several previous reports have described the differences in
the responses to antiviral therapy between HBV genotypes.
A case—control study of 3TC treatment for genotypes B and C
showed that the responses were not different, but the
emergence of the YMDD mutation was more frequent in
genotype C [24]. It was also reported that the YMDD
mutation and breakthrough hepatitis developed more often
in patients with genotype A than in patients with genotype B
or C [25]. However, the impact of the genotype on the
efficacy to ADV is uncertain.

Here, we studied the long-term efficacy of 28 3TC-
resistant patients treated with the combination of 3TC and
ADV and compared the response between HBV genotypes.
Sequence analysis of HBV from a patient with resistance to
the combination therapy was performed, and in vitro drug
susceptibility of the mutant HBV clones was assessed to
clarify the mechanism of the emergence of resistance.

MATERIALS AND METHODS

Patients

A total of 28 consecutive Japanese patients with chronic
HBYV infection who were treated with 3TC+ADV at Tohoku
University Hospital from June 2003 to August 2009 for
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more than 6 months were enrolled in this study. All patients
developed virological breakthrough during 3TC monother-
apy, and ADV was added in. Virological breakthrough was
defined as an increase in the serum HBV DNA level of 21 log
copies/mL, which was determined using the Amplicor HBV
monitor test {(Roche Diagnostics, Tokyo, Japan), at two or
more consecutive examinations in comparison with the
lowest level after treatment. To evaluate renal function,
the estimated glomerular filtration rate (¢GFR) level using
the Cockeroft-Gault formula [(140 - age) x (weight in
kilograms) x (0.85 if female)/(72 x serwmn creatinine)] [26}
was calculated. No patients were infected with HCV, nor had
a history of other liver diseases. The patients were evaluated
for the rate of virological response (undetectable HBV
DNA: <2.6 log copies/mL). biochemical response [alanine
aminotransferase (ALT) normalization: <35 IU/L], hepatitis
B e antigen (HBeAg) loss, and virological breakthrough.

Antiviral treatment

Adefovir dipivoxil was administered at a dosage of 10 mg/
day in all but one patient in addition to 3TC at a dosage of
100 mg/day. One patient received 10 mg of ADV on alter-
nate days and 50 mg/day of 3TC daily because of reduced
eGFR at the start of treatment. This occurred when the eGFR
level dropped to <50 mL/min.

Determination of HBV genotype

The HBV genotype was determined as described previously
[27] with minor modifications. Briefly, total DNA was
extracted from 50 uL of serum sample by QlAamp Blood
Mini kit (QTAGEN GmbH, Hilden, Germany) and subjected to
nested polymerase chain reaction (PCR) with high fidelity
polymerase (PrimeSTAR HS DNA polymerase; TaKaRa Bio
Inc., Shiga, Japan), to amplify a 396-nt sequence in the S
gene. The amplification products were sequenced on both
strands directly using the BigDye Terminator v3.1 Cycle
Sequencing kit on an ABI PRISM 3100 Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA). Sequence anal-
ysis was performed using Genetyx-Mac (Version 12.2.7;
Genetyx Corp., Tokyo, Japan). The genotype of HBV was
determined by phylogenetic analysis with HBV isolates
whose genotype was known.

Sequencing analysis of HBV reverse transcriptase region

Total DNA extracted from 50 uL of serum sample was sub-
jected to nested PCR to amplify the 1148-nt sequence [nt 52
to 1199, the nucleotide numbers are in accordance with a
genotype C HBV isolate of 3,215 nt (AB033550)] including
the RT region of HBV polymerase. The first-round PCR was
carried out with primers BO26 [5’-TCA TCC WCA GGC CAT
GCA GTG GA-3’ (W = A or T)] and B025 (5’-CTA GGA GIT
CCG CAG TAT GGA TCG-3’). and the second round with
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primers BO11 [5-YTT YCC TGC TGG TGG CIC CAG TTC-3’
(Y = C or T)] and B024 (5’-GGG GTT GCG TCA GCA AAC
ACT TG-3’). The amplification products were sequenced on
both strands directly or after cloning into pUC118. Sequenc-
ing analysis after cloning was performed at nt 497-1161.

Construction of plasmid

A cloned mutant sequence including the RT region from a
sample obtained after the development of 3TC and ADV
resistance was digested with Blnl (TaKaRa Bio Inc.) and
EcoT22I (TaKaRa Bio Inc.). The digested fragment (nt 179-
1068) was ligated into the BInI-EcoT22I site of pBFH2R,
which contained a 1.3-fold HBV genome [28]. Quick Change
II-E Site-Directed Mutagenesis kit (Stratagene, La Jolla, CA,
USA) was used to introduce nucleotide substitutions into the
plasmid. Each mutation found in the RT region, rtL180M
[C to A at nt 667 (C667A)], rtT1848 (A679T), rtA200V
(C728T). rt8202C (A733T), rtM204V (A739GC), and
rtN236T {(A836C), was converted into the wild type or
another mutant nucleotide, To construct plasmids
with combined nucleotide substitutions, these converted
plasmids were used next as templates. As a result. vari-
ant constructs harbouring rtM204[, rtLI8OM+M204V,
rtL180OM+T184S+M204V, rtL18OM+A200V+M204V,
rtL180M+S202C+M204V, rtL180M+M204V+N236T, and
rtL180M+A200V+M204V+N236T were composed, and all
constructs were sequenced to confirm the nucleotide sub-
stitutions.

Cell culture and transfection

Human hepatoma HepG2 cells were cultured in Dulbecco’s
modified Eagle medium supplemented with 1(0% bovine
serum at 37 °C and 5% CO,. Cells were seeded in 24-well
plates at 1.25 x 10% cells/well. On the next day, 375 ng of
plasmid DNA were transfected into these cells using TransIT
LT-1 Transfection Reagent (Mirus, Madison, WI, USA), and
cells were washed twice with phosphate-buffered saline after
4 h. Five hundred microliter of the medium and various
amounts of adefovir (Toronto Research Chemicals Inc.,
Ontario, Canada) were added, and the culture supernatant
was collected 4 days later. Experiments were performed at
least in triplicate.

Real-time PCR and determination of 1Cs,

HBV DNA in the culture supernatant was quantified by real-
time PCR as described previously [28] to determine the 50%
inhibitory concentration (IC50) for ADV of each mutant
HBV clone. Briefly, to digest the input plasmid DNA in the
culture supernatant, 5 uL of the supernatant were treated
with 5 units of DNase I (TaKaRa Bio Inc.) at 37 °C for 2 h,
and the reaction was stopped with EDTA. Then, total DNA
was extracted with a QlAamp DNA Blood Mini kit, and

10 uL of 200 uL DNA solution were subjected to real-time
PCR using a LightCycler (Roche Diagnostics). Dose-response
curves were plotted to determine the ADV IC50.

Statistical analysis

Statistical analyses were performed using Fisher’s exact
probability test for comparison of proportions between two
groups and Mann-Whitney U test for comparison of con-
tinuous variables between two groups. The cumulative rate
of undetectable HBV DNA or ALT normalization was cal-
culated using the Kaplan-Meier method, and differences
between the curves were tested using Log-rank test. Differ-
ences were considered to be statistically significant when
P < 0.05.

RESULTS

Study profile

The demographic and clinical profiles of the 28 patients [20
men and 8 women, median age 53.5 years (range 18-72)]
at commencement of 3TC+ADV therapy are shown in
Table 1. One (3.6%), 7 (25.0%), and 19 (67.9%) patients
had HBV of genotypes A, B, and C, respectively, Eight
(28.6%) patients had cirrhosis, 7 (25.0%) had HCC, and 17
{60.7%) patients were HBeAg positive. The mutations of the
YMDD motif were determined by direct sequencing, and the
YIDD, YVDD, and YIDD+YVDD mixed pattern were found in
14 (50%). 11 (39%), and 2 (7%)of the patients, respectively.
Only one (4%) patient had no mutation in the YMDD motif.
There were no significant differences in the profiles between
patients with genotype B and those with genotype C.

Response to lamivudine and adefovir dipivoxil combination
therapy

The 3TC-resistant patients treated with the combination
therapy were followed up for a median of 47 months (range,
9-75). All patients continued to be treated with 3TC and
ADV until virological breakthrough. The 6-, 12-, 24-, 36-,
and 48-month rates of virological response with HBV
DNA < 2.6 log copies/mL were 39, 56, 80, 86, and 92%,
respectively (Table 2). The ALT normalization rates were
57% at 6 months, 70% at 12 months, 84% at 24 months,
82% at 36 months, and 77% at 48 months. When com-
pared between genotype B and C, the results of patients with
genotype B tended to be favourable for both virological and
biochemical response (Figs 1a,b). The camulative probability
of undetectable HBV DNA was significantly higher in
genotype B than in genotype C (P = 0.0496), whereas there
was no significant difference in that of ALT normalization.
Notably, patients with genotype B achieved early virological
response (HBV DNA < 2.6 log copies/mL at 6 months)
significantly more frequently than those with genotype C
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Table 1 Demographic and clinical characteristics of the 28 lamivudine-resistant patients at the start of adefovir addition to the

treatment

Overall (n = 28)

Genotype B (n = 7)  Genotype C (n = 20)

Age (years), median (range) 53.5 (18-72) 51.0 (18-72) 53.5 (35-68)
Male patients, no. (%) 20 (71.4) 5(71.4) 14 (70.0)
Patients with cirrhosis, no. (%) 8 (28.6) 1(14.3) 7 (35.0)
Patients with HCC, no. (%) 7 (25.0) 0(0) 7 (35.0)
HBeAg positive. no. (%) 17 (60.7) 3(42.9) 13 (65.0)
HBV DNA (log copies/mL), median (range) 7.6 (4.3 to >7.6) 7.2 (5.3 to >7.6) 7.6 (4.3 to >7.6)
Patients with rtM204 mutation (M:I:V:1/V, no.) 1:14:11:2 1:3:2:1 0:11:8:1

ALT (IU/L), median (range) 86.5 (29-1027) 314 0 (47-760) 78.5 (29-1027)
T. Bil (mg/dL), median (range) 1.1 (0.5-4.5) 1(0.5-1.5) 1.1 {0.5-4.5)
Albumin (g/dL), median (range) 4.1 (2.7-4.8) 2 (3.8-4.8) 4.0 (2.74.6)
Serum creatinine {mg/dL), median (range) 0.7 (0.4-1.2) 7 (0.6-1.2) 0.7 (0.4-1.2)
Prior lamivudine therapy (month), median (range) 28.6 (2-76) 36.5 (2-76) 28.6 (5-65)

HCC, hepatocellular carcinoma; ALT, alanine aminotransferase; T. Bil, total bilirubin. *One patient had genotype A HBV.

Table 2 Virological and biochemical response to lamivudine and adefovir combination therapy during a median of 47 months

Months of treatment

Response O0n=28) 6(n=28 12(n=27) 24(n=25) 36m=22) 48(n=13) 60(n=7)
HBV DNA < 2.6 0 (0) 11 (39.3) 15 (55.6) 20 (80.0) 19 (86.4) 12(92.3) 6 (85.7)
HBV DNA 2.6 to <5.0 1(3.6) 15 {53.6) 11 40 7) 5 (20.0) 3(13.6) 1(7.7) 1(14.3)
HBV DNA 2 5.0 27 (96.4) 2(7.1) 1(3.7) 0 (0) 0 (0) 0(0) 0 (0)

ALT normalization’ NA 16 (57.1) 19 7() 4) 21 (84.0) 18 (81.8) 10(76.9) 6 (85.7)
HBeAg disappearance’ NA 1/17 (5.9) 4/17(23.5) 4/16 (25.0) 8/13 (61.5) 7/8 (87.5) 4/5 (80.0)
Virological breakthrough NA 0 (0) 0 0W 00 0(0) 1(14.3)

Values are shown as numbers of patients followed by percentages in parentheses. NA, not applicable. "ALT < 35 IU/L. "Values
are shown as numbers of patients/total followed by percentages in parentheses.

[5/7 (71%) vs. 5/20 (25%), P = 0.0427]. Although the
status of HBeAg at the start of ADV seemed to influence the
response, the difference was not significant (Figs lc.d).
Among 17 HBeAg-positive patients, HBeAg disappeared in
6% at 6 months, 24% at 12 months, 25% at 24 months,
62% at 36 months, and 88% at 48 months. There was no
patient with hepatitis B surface antigen (HBsAg) loss during
follow-up in this study.

Three of 22 patients who were treated for more than
36 months did not achieve virological response. One of them
developed virological breakthrough after 54 months of
combination therapy. The other patients had 2.8 and
3.5 log copies/mL of serum HBV DNA at 36 months of
therapy but did not develop breakthrough. None of the
patients experienced biochemical breakthrough. One patient
with HCC died of HCC progression at 9 months after ADV.
None of the 21 patients without HCC at the start of ADV
developed HCC during follow-up.

The renal toxicity with a 0.3 mg/dL increase in serum
creatinine level was observed in five of the 28 patients. Two
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of them had a 20.5 mg/dL increase: the serum creatinine
levels were increased from (0.8 to 1.4 mg/dL after 31 months
in a patient, and from 0.9 to 1.7 mg/dL after 34 months in
another patient. As their eGFR levels were lowered to 39 and
29 mL/min, the dosage of ADV was reduced to alternate-day
administration. After the reduction of ADV, their serum
creatinine and eGFR recovered.

Profile of a patient with lamivudine and adefovir dipivoxil
resistance

He was a 53-year-old Japanese man with HBeAg-positive
liver cirrhosis at the start of 3TC monotherapy in April
2002. The genotype of HBV was found to be genotype C. His
clinical course is shown in Fig. 2. He developed break-
through hepatitis with serum HBV DNA of >7.6 log copies/
mL and alanine aminotransferase (ALT) of 236 IU/L in
March 2003. ADV was added to the ongoing 3TC therapy in
June 2003, and HBV DNA was gradually reduced reaching
<2.6 log copies/mL 3 years later. However, virological
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Fig. 1 Cumulative probability of virological or biochemical response during lamivudine (3TC) and adefovir dipivoxil (ADV)
combination therapy. (a) Camulative probability of undetectable HBY DNA (<2.6 log copies/mL) in patients with genotype B
and those with genotype C. (b} Cumulative probability of ALT normalization (<35 IU/L) in patients with genotype B and those
with genotype C. (¢) Cumulative probability of undetectable HBV DNA in HBeAg-positive patients and HBeAg-negative
patients. (d) Cumulative probability of ALT normalization in HBeAg-positive patients and HBeAg-negative patients.

breakthrough was observed at 4 years after starting ADV,
and his HBV DNA reached 4.3 log copies/mL in December
2007. Because his liver was cirrhotic and the hepatic func-
tional reserve was impaired, combination therapy of ten-
ofovir disoproxil fumarate (TDF) and 3TC was started before
ALT flair. Two months later, his HBV DNA was suppressed to
<2.6 log copies/mL, and viral breakthrough has not been
observed to date (20 months later).

Mutations found in the HBV reverse transcriptase region
of the lamivudine and adefovir dipivoxil-resistant patient

To investigate the mutations responsible for the viral
breakthrough during the 3TC and ADV combination ther-
apy, nucleotide sequences of the HBV RT region of the
patient were compared between 3 time points: at the
beginning of ADV treatment, at 30 months after ADV
therapy, and at the time of viral breakthrough (54 months
after ADV therapy). Direct sequencing analysis showed 10
amino acid changes during the clinical course (Fig. 2). The
3TC-resistant mutation of rtM204I changed to rtM204V

after ADV treatment. Along with the change, the mixed
mutation of rtL180L/M changed to rtL180M, which was
reported to emerge with rtM204V during 3TC therapy [9].
The rtN236T mutation, which is a known ADV-resistance
mutation [11], emerged as a mixed mutation with wild type
(rtN236N/T) after viral breakthrough. Notably, rtA200V,
which has never been reported as an ADV-resistant muta-
tion, emerged also after viral breakthrough as a mixed
mutation (rtA200V/A). Meanwhile, no specific mutation
was found in the 2 patients without virological break-
through who did not achieve virological response after
3 years of the combination therapy.

Clonal analysis was performed to examine the significance
of these mutations of the RT region (Table S1). Several
minor mutations were found during the 3TC and ADV
therapy. After viral breakthrough, rtA200V was found in
63% of the clones, while rtN236T was found in only 25% of
the clones. Therefore, rtA200V seemed to be responsible for
the treatment failure of ADV. Moreover, rtT184S and
$202C, which were reported as ETV resistance—-associated
mutations [29], were found as a minor population.

© 2010 Blackwell Publishing Ltd
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Fig. 2 Clinical course of a lamivudine (3TC)-resistant
patient who developed virological breakthrough during 3TC
and adefovir dipivoxil (ADV) combination therapy, and
changes of amino acids in the reverse transcriptase (RT)
region detected by direct sequencing analysis. After
breakthrough, therapy was switched to 3TC plus tenofovir
disoproxil fumarate (TDF) combination. The arrows indicate
the time point when serum samples were obtained for
sequencing analysis. Sample 1, 2, and 3 were obtained at
the start of ADV, 30 months after ADV, and 54 months
after ADV, respectively.

To investigate further the mutant populations, the combi-
nations of these mutations and 3TC-resistant mutations
were analysed (Fig. 3). At 30 months after ADV therapy,
100% of clones had mutations rtL180M+M204V. Subse-
quently, the mutations of rtT184S, A200V, S202C, and
N236T emerged in the rtL180M+M204V clones after viral
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breakthrough. Of note, rtN236T was not found in clones
without rtA200V.

Replication capacity and drug susceptibility of HBV
mutants

We analysed the replication capacity of HBV clones with
combined mutations as shown in Fig. 3. A clone with
rtL.180OM+M204V+N2 36T mutations, which was not found
in the patient, was also included for comparison. Consistent
with a previous report [30], 3TC-resistant mutations of
rtM2041 or rtL180M+M204V lowered the replication
capacity significantly in comparison with the wild-type clone
(Table 3). From additional mutations to rtL180M+M204V
found in the patient, only rtA200V restored the impaired
replication capacity significantly. The ETV-resistant muta-
tion of rtT184S and rtS202C did not seem to have such an
effect. The ADV-resistant mutation, rtN236T, lowered the
replication capacity further, and rtA200V did not restore the
lowered capacity caused by rtN236T.

The 7 HBV clones with mutations in the RT region were
analysed for their susceptibility to ADV. The IC5, of each
clone is shown in Table 3. The clones with the 3TC-resistant
mutations of rtM2041 or rtL180M+M204V showed moder-
ate resistance to ADV. In comparison with the clone with
rtL180M+M204V, clones with additional mutations of
rtT184S, A200V, or S202C showed significantly higher
resistance to ADV. An additional mutation of rtN236T led to
much greater resistance to ADV. Taking into account
the results from the clonal analysis of serum samples and the
replication capacity of each clone, rtA200V may be
responsible for the treatment failure of 3TC+ADV therapy
when it presents with 3TC-resistant mutations such as
rtL180M+M204V. The mutations of rtT184S or S202C with
rtL180M+M204V also confer ADV resistance, but the clones

At the start of ADV 30 months after ADV 54 months after ADV
M204| RSN
A200V+M2041
L180M+M204V £ A . | /48)
- 20/20
L180M+T184S+M204V
L18OM+AZ00V-+M204V | (18/48)
L180M+S202C+M204V |
L180M+A200V+M204V-+N236T | 48)
0 20 40 60 80 100 20 40 60 80 100 0 20 40 60 80 100 (%)

Fig. 3 Clonal analysis of HBV obtained from the patient with 3TC and ADV resistance. The serum samples were collected at
the time points indicated in Fig. 2. The percentages (no. of clones/total in parentheses) of the clones with the combined

mutations in the RT region are shown.
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Table 3 Replication capacity and susceptibility to adefovir of the HBV mutants

HBV DNA (x107 log Fold Fold
HBV mutants copies/mL)" replication” ICs (uMm)’ resistance’
Wild type 13.60 * 3.50 1 0.42 + 0.06 1
M2041 2.17 +0.38 0.16 0.87 £ 0.2 2.07
L180M+M204V 438 +0.77 0.32 0.73 + 0.06 1.74
L180M+T184S+M204V 5.98 + 0.80 0.44 0.91 + 0.04 2174
L180M+A200V+M204V 8.90 + 0.56 0.65% 1.09 + 0.12 2.60%
L180M+S202C+M204V 4.86 + 0.19 0.36 2.19 + 0.63 5.21%
L180M+M204V+N236T 0.88 + 0.68 0.07% >10 >25
L1SOM+A200V+M204V+N236T 0.54 + 0.38 0.04} >10 >25

"Values are expressed as means + SD of experiments performed in triplicate. "(Mean value of the mutant)/(mean value of the
wild type). *P < 0.05 in comparison with the clone with rtl.1 80M+M204V.

with these mutations were not major, because they had no
effect in enhancing the replication capacity of HBV.

DISCUSSION

As clinical and histological improvement accompanies
reductions in HBV replication, therapies that reduce HBV
replication are expected to limit the progression of liver dis-
ease and improve the natural history of chronic HBV infec-
tion [10]. Currently, the management of hepatitis B patients
with drug resistance is one of the major problems in clinical
practice for hepatitis B. A substantial part of 3TC-treated
patients has mutant HBV with the YMDD mutation, and
several clinical trials to treat 3TC-resistant hepatitis B have
been performed. It has been reported first that with ADV
alone and in combination with 3TC, the viral and bio-
chemical responses were the same for 3TC-resistant patients
in a 1 year study [31]. However, several studies of longer
term treatment have shown that adding ADV was superior
to switching to ADV monotherapy for patients with 3TC
resistance [32—-34]. In this study, we demonstrated that the
add-on ADV therapy for 3TC-resistant hepatitis B patients
effectively suppressed serum HBV DNA for a median of
47 months. Moreover, the biochemical response of ALT
normalization was achieved in 77% patients and HBeAg loss
in 88% of the HBeAg-positive patients at 48 months. The
undetectability of HBV DNA was assessed by the Amplicor
HBV monitor test, but recently, this can be assessed by a
more sensitive real-time assay such as the Cobas TagMan
HBV test (Roche Diagnostics). The treatment duration to
achieve HBV DNA undetectability might be longer if a more
sensitive assay was used.

The influence of HBV genotype on the response or resis-
tance to ADV has not been clarified, whereas the efficacy to
3TC was reported to be different between HBV genotypes
[24,25]. This study showed that the virological response to
3TC+ADV was significantly earlier in genotype B than in C.
However, there were several limitations of the results: the

patients with genotype B were fewer, and no multivariate
analysis was performed. In addition, all patients with HCC
were genotype C, and ALT levels of genotype B tended to be
higher, although there were no significant differences. The
effect of genotype on the response to 3TC+ADV should be
confirmed in larger studies. The baseline HBeAg status in
3TC+ADV combination therapy in 3TC-resistant patients
was reported to influence the viral response: HBeAg-negative
patients showed better virological and biological
response [35]. In this study, the same tendency was
observed, but the difference was not significant.

Initial virological suppression by ADV monotherapy was
reported to be a good prognostic factor for the treatment of
both naive patients [36] and 3TC-resistant patients [37].
Taking into account the results of this study and previous
reports, it is suggested that patients with genotype B HBV
might develop resistance to 3TC+ADV less frequently than
those with genotype C. In fact, the 3TC+ADV-resistant
patient in this study was infected with genotype C HBV.
Because the development of resistance to 3TC+ADV
combination therapy is rare [22,35], it is difficult to evaluate
whether the early virological response or genotype B is
associated with the lower frequency of resistance to
3TC+ADV combination therapy. Further long-term study is
needed to clarify this issue.

Although the emergence of resistance in this study was
rare during the combination therapy as previously reported
[22,35], one patient developed virological breakthrough
after 4.5 years. We identified a characteristic mutation
pattern of HBV in this patient. The mutation of rtA200V
rescued the in vitro replication capacity that was impaired by
rtL180M+M204V and reduced the susceptibility to ADV. In
previous reports, rtA200V emerged as an additional muta-
tion with the 3TC-resistant mutation in patients under 3TC
monotherapy [38,39]. The effect of this mutation is not as
strong as the effect of rtM2041/V+L180M on 3TC suscepti-
bility in vitro, which showed >1000-fold resistance [40].
However, the clinical dose of ADV is comparatively low
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because of renal toxicity [41], and the weakly resistant
profile in vitro can explain the great clinical impact. Villet
et al. reported that rtA200V was observed in a patient with
3TC monotherapy. and it was no longer detected after the
combination therapy with ADV and 3TC [39]. The difference
of results between the previous study and our study may be
because of the emergence of mutations with a potent effect
on ADV resistance, such as rtV173L and rtA181V, in the
previous study. Because these mutations may have a greater
effect on ADV resistance than rtA200V, the HBV clones with
rtA200V seemed to disappear in the previous study case.

The known ADV-resistant mutation of rtN236T was
found in only 25% clones, exclusively with rtA200V. This
may indicate that rtN236T appeared after the emergence of
rtA200V. In the active replication of the clones with
rtA200V, which restored the replication capacity and
enhanced ADV resistance, other mutations including
rtN236T might occur more readily.

The rtA200V mutation is the result of nucleotide substi-
tution C728T. This change in the overlapping S region
results in an amino acid substitution affecting HBsAg: Leu to
Phe at aal92 (sL192F). There is a possibility that sL192F
may affect the replication capacity of HBV, but the actual
mechanism is unknown.

Interestingly, the ETV-resistant mutations of rtT184S and
rt$202C were also detected during 3TC+ADV combination
therapy by clonal analysis. These mutations confer ETV
resistance in the presence of the 3TC-resistant mutations of
riM2041/V+L180M {21]. This study showed that these
mutations also have an ADV-resistance profile. These
mutations may not cause viral breakthrough, because the
population of these mutants in the patient was minor (4%
and 6%, respectively), and their replication capacity was
lower than that with rtA200V in vitro. The emergence of
these mutations suggested that long-term 3TC+ADV ther-
apy has the possibility of leading to multiple drug resistance
including ETV resistance.

The combination therapy of 3TC and ADYV is very effective
with little frequency of viral breakthrough for 3TC-refractory
patients. However, some patients do not achieve complete
viral suppression of serum HBV DNA to under 2.6 log
copies/mL. It was considered that the incomplete suppres-
sion of viral replication might favour further selection of
drug-resistant mutants [42]. Although there have been a
few reports of cases that showed resistance to 3TC+ADV
therapy to date, the number of resistant cases will increase
along with the increase in cases with long-term therapy. The
3TC- and ADV-resistant patient in this study was treated
with 3TC and TDF alter the virological breakthrough, and
HBV DNA was promptly suppressed. Although TDF was
reported to show cross-resistance with ADV in vitro
[16,40,43], there are several reports that showed the
effectiveness of TDF for ADV-refractory patients [44-46]. It
is thought that the potency of TDF might result from its
higher clinical dose compared to that of ADV [47].
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In conclusion, this study showed that the combination
therapy of 3TC and ADV effectively suppressed HBV repli-
cation in 3TC-resistant patients with chronic HBV infection
for 4 years. Especially, patients with genotype B achieved
earlier virological response than those with genotype C.
However, one of the 28 patients developed virological
breakthrough during the combination therapy over 4 years,
and the HBV mutation of rtA200V, in addition to 3TC-
resistant mutations, was demonstrated to contribute to the
ADV resistance. Moreover, ETV-resistant mutations emerged
coincidentally in minor HBV clones. The risk of emergence of
multiple drug-resistant mutant should be considered in cases
with long-term therapy with nucleos(t)ide analogues, espe-
cially when serum HBV DNA cannot be suppressed com-
pletely. Potent antiviral agents should be administered in
such cases to prevent the emergence of multiple drug-
resistant HBV mutants that are difficult to treat.
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Exosomes are nanovesicles derived from multivesicular bodies (MVBs) in antigen-presenting cells. The
components of the ESCRT (endosomal sorting complex required for transport) pathway are critical for
the formation of MVBs, however the relationship between the ESCRT pathway and the secretion of exo-
somes remains unclear. We here demonstrate that Hrs, an ESCRT-0 protein, is required for fascilitating

KeyWOftf-’S: the secretion of exosomes in dendritic cells (DCs). Ultrastructural analyses showed typical saucer-shaped
Dendritic cells exosomes in the culture supernatant from both the control and Hrs-depleted DCs. However, the amount
ESCRT . i . . . . .

F— of exosome secretion was significantly decreased in Hrs-depleted DCs following stimulations with oval-

Hrs bumin (OVA) as well as calcium ionophore. Antigen-presentation activity was also suppressed in exso-
somes purified from Hrs-depleted DCs, while no alteration in OVA degradation was seen in Hrs-
depleted DCs. These data indicated that Hrs is involved in the regulation of antigen presentation activity

through the exosome secretion.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Exosomes are nanovesicles (60-90 nm in diameter) surrounded
by a lipid bilayer. Exosomes are secreted from a variety of cells,
including antigen-presenting cells (APCs), B cells, monocytes, and
dendritic cells (DCs) [1], in physiological situations. They are gen-
erated as the intraluminal vesicles (ILVs) of a sorting endosome
called a multivesicular body (MVB), by the inward budding of the
MVB'’s limiting membrane. The release of exosomes into the extra-
cellular milieu is achieved by the direct fusion of the MVB with the
plasma membrane. Exosomes possess selected cargo proteins orig-
inating from the MVB membrane, including the major histocom-
patibility complex (MHC), costimulatory molecules, tetraspanins,
adhesion molecules, and cytosolic proteins, and the biological

Abbreviations: APC, antigen-presenting; ESCRT, endosomal sorting complex
required for transport; ILV, intraluminal vesicle; MVB, multivesicular body; MHC,
major histocompatibility complex; N-Rh-PE, N-(lissamine rhodamine B sulfonyl)
phosphatidyl ethanolamine; OVA, ovalbumin; TEM, transmission electron micros-
copy; VPS, vacuolar protein sorting.
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0006-291X/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2010.07.083

functions of exosomes depend mainly on the types of cargo pro-
teins they contain. For instance, APC-derived exosomes are capable
of directly sensitizing naive T cells via the MHC/peptide complex
and the costimulatory molecules on their surface [2]. On the other
hand, exosome like vesicles secreted from intestinal epithelial cells
can induce tolerance in an antigen peptide-specific manner [3,4].
These findings suggest that exosomes carrying MHC proteins can
regulate immune responses positively or negatively in vivo.
Exosomes also contain ubiquitinated proteins, suggesting that a
subset of ubiquitinated cytoplasmic proteins is actively incorpo-
rated into the MVB pathway [5]. The sorting of ubiquitinated pro-
teins on MVBs is mediated by a series of proteins involved in
vacuolar protein sorting (VPS), called endosomal sorting complex
required for transport (ESCRT). The first complex that binds the car-
go on endosomes is ESCRT-0 (it includes Hrs [6,7] and STAM), and
with the help of the ESCRTs-I, -II, and -III, the cargo accumulates
on the endosomal membrane. At the end of the sorting, an AAA-type
ATPase, VPS4, disrupts the ESCRT complexes, and the membrane
with its accumulated cargo is invaginated into the maturing endo-
some to produce an intraluminal vesicle, called an MVB. Most of
the ubiquitinated cargo, which includes epithelial growth factor
(EGF) receptors, c-Met, and gp130, is degraded by lysosomal prote-
ases. A deficiency of Hrs results in abnormally enlarged endosomes



K. Tamai et al./Biochemical and Biophysical Research Communications 399 (2010) 384-390 385

and a marked reduction in cargo sorting to the MVBs, which accu-
mulate ligand-activated membrane-bound growth factor receptors
[8]. While most of the cargo is destined for degradation, some MVBs
direct their ILVs to be secreted as exosomes by direct fusion with the
plasma membrane [9]. In this context, the intracellular membrane
traffic system seems to play key role in the formation and release
of exosomes. Previous studies suggested that at least four Rab
GTPase members, Rab5, Rab11, Rab27a and Rab27b are involved in
the secretion of exosomes [10-12]. Nevertheless, the precise mech-
anisms of the exosome pathway are still unclear.

Considering that the importance of MVB formation in exosomal
pathway, as well as the presence of ubiquitinated proteins in exo-
somes, we suspected that Hrs might be involved in exosomal path-
way. We report here that Hrs is required for secretion of exosomes
in DCs.

2. Materials and Methods
2.1. Ethics Statements

This study was conducted according to the principles expressed
in the Declaration of Helsinki and Fundamental Guidelines for Ani-
mal Experiments and Related Activities. The study was approved
by the research committees of the Miyagi Cancer Center and Toho-
ku University. All the animal experiments were conducted under
the approval of the Institutional Animal Care and Use Committees
of Miyagi Cancer Center and Tohoku University.

2.2. Celis

DC2.4 cells (murine DC line) were maintained in RPMI medium
containing 10% fetal calf serum, 2 mM t-glutamine, 1 mM sodium
pyruvate, 0.1 mM non-essential amino acids, 10 mM hepes buffer,
and antibiotics. We also generated primary DCs from mouse bone
marrow using a standard method, as previously described [13]. To
express Hrs-specific short hairpin RNA (shRNA), a retroviral vector
{pSIREN-RetroQ, BD Biosciences) was generated as described previ-
ously [14]. The target sequence consisted of nucleotide residues
302-320 (5'-AGG TAA ACG TCC GTA ACA A-3') in the human hrs
c¢DNA. A control plasmid, pSIREN-RetroQ-Luc, targeted bp 413-
434 of firefly luciferase (5-GCA ATA GTT CAC GCT GAA AAG-3').
The retrovirus was prepared as previously described [14].

2.3. Mice

We generated a conditional knock-out of Hrs as described previ-
ously (Acc. No. CDB0476 K, Center for Developmental Biology, Kobe,
Japan)[15}. To generate a dendritic-cell-specific conditional knock-
out of Hrs, We crossed this mouse with a LysM-cre transgenic mouse
(a gift from Dr. L. Foerster) [ 16]. The OT-I TCR-transgenic mice were a
gift from Dr, W, Heath (Walter and Eliza Hall Institute, Melbourne,
Australia) and were used as the source of CD8" T cells that were spe-
cifically responsive to the OVA257-264 peptide {17].

2.4. Genotype analysis

The hrs flox allele was genotyped as described previously {15].
Genotyping for the presence of the LysM-Cre allele was performed
using the following primer pair: forward {5'-TTA CCG GTC GAT GCA
ACG AGT GAT G) and reverse {5-TTC CAT GAG TGA ACG AAC CTG
GTC G).

2.5, Isolation and purification of exosomes

Exosomes were purified as previously described {2,18]. In brief,
the cell culture medium was centrifuged for 10 min at 300 g,

10 min at 1200 g, and 30 min at 10,000 g to remove the cells and
debris. The supernatant obtained from the last spin was then cen-
trifuged for 60 min at 100,000 g, and the pellet was solubilized in
SDS sample buffer for analyses by Western blotting.

2.6. Fluorescent N-Rh-PE measurement

To measure exosome secretion, the fluorescent phospholipid
analog N-(lissamine rhodamine B sulfonyl) phosphatidyl ethanol-
amine (N-Rh-PE) was inserted into the plasma membrane as de-
scribed previously [19], and eventually secreted into the
extracellular medium [10]. Briefly, the lipid was solubilized in
absolute ethanol and injected into serum-free RPMI (<1% v/v) dur-
ing vigorous vortexing. The mixture was then added to the cells,
which were incubated for 60 min at 4 °C. After this incubation,
the medium was removed, and the cells were extensively washed
with cold PBS. The labeled cells were cultured in complete RPMI
medium to collect the exosomes. To measure the exosome secre-
tion, 50 i of the exosomal fraction was solubilized in 1.5 ml PBS
containing 0.1% Triton X-100, and the N-Rh-PE was measured at
560nm and 590nm excitation and emission wavelengths,
respectively.

2.7. OVA protein degradation

Control and Hrs-depleted dendritic cell lines were treated with
a lysosomal inhibitor (50 mM NH4CI) and/or proteasomal inhibitor
(10 uM epoxomicin) for up to 2 h. The cells were pulsed with
300 pgfml ovalbumin (OVA) protein for 1 h, and incubated with
fresh medium for the indicated times. For western blot analysis,
an anti-OVA antibody (rabbit polyclonal antibody, Abnova, Tai-
wan) was used for the first antibody.

2.8. Western blotting

Immunoblotting was carried out as described previously {20].
For dot-blot analysis, each cell lysate was spotted onto PVDF
membranes.

2.9. Phenotypic analysis of cells by flow cytometry

Cells were assessed for surface marker expression by fluores-
cent multicolor flow cytometry (FACSCalibur, Becton Dickinson,
San Jose, CA). The immunophenotypic profile of DCs was evaluated
by staining with anti-CD40, anti-CD80, anti-I-A?, and anti-H-2 K
antibodies (Pharmingen).

2.10. Antigen presentation assays

To assess the function of DC-derived exosomes, we performed
an in vitro CD8" T-cell proliferation assay as described previously
[21]. The spleen was harvested from OT-I mice, and the CD8" T cells
were positively selected using MACS magnetic beads (Miltenyi Bio-
tec). Next, 4 x 10° BMDCs from Hrs**; LysM-Cre and Hrsfox/flox;
LysM-Cre mice were incubated with 300 mg/ml OVA for 24 h. Exo-
somes in 10 ml of supernatant were purified as described above.
The purified OT-I1 CD8" T cells were cocultured with the purified
exosomes in 96-well plates for 5 days. The exosome induced prolif-
eration of the OT-1 T cells was measured after 5 days by adding
[*H]thymidine (1 uCi/well; ICN Pharmaceuticals) during the last
8 h of each culture.

2,11, Negative staining in electron microscopy

Samples of exosomes pelletted by ultracentrifugation as de-
scribed above were resuspended in 0.1% glutaraldehyde, and a
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drop of each resuspension was mounted on an ion-coated copper
grid supported by a carbon-coated collodion film. The grid was
stained with 1% uranyl acetate for 1 min and observed under an
electron microscope (H-7650, Hitachi, Tokyo, Japan).

3. Results

3.1. Establishment of Hrs-depleted DCs and purification of exosomes

To examine the role of Hrs in exosome secretion, we established
an Hrs-depleted dendritic cell (DC) line through retrovirus-medi-
ated shRNA expression (Fig. 1A). The exosome-containing fractions
were purified from the DCs by sucrose gradient centrifugation,
using an anti-MHC-class II (I-AP) antibody to detect the exosomes.
The fraction containing the peak I-AP-binding activity occurred at
1.15 g/ml sucrose in the sample from control DCs, and 1.14 g/ml
from the Hrs-depleted DCs, indicating a similar distribution irre-
spective of the Hrs expression (Fig. 1B). Although these values were
slightly different, they were both within the normal density profile

for DC-derived exosomes in sucrose gradients [22]. Ultrastructural
analysis of the ultracentrifuged exosome pellets by negative stain
method of transmission electron microscopy (TEM) showed them
to be markedly enriched in typical saucer-shaped exosomes, 40—
100 nm in diameter, from both the control and knock-out DCs
(Fig. 1C).

We further examined the exosome-containing fractions by
Western blot analysis. Exosomes from the Hrs-depleted DCs un-
der steady-state conditions contained less ubiquitinated protein
than exosomes from control DCs, although the total ubiquitinated
protein in the whole-cell lysates of both types of DCs was the
same (Fig. 1D). MHC-I and -II, two marker proteins for DC-derived
exosomes, were included at similar levels in the two exosome
fractions (Fig. 1E). Although Hrs was not detected in the exosome
fractions, TSG101 and VPS4B, two downstream ESCRT proteins,
were clearly identified in the exosomes, and at lower amounts
in the Hrs-depleted DCs. These data suggested that Hrs and an-
other ESCRT trafficking pathway are involved in exosome
secretion.

A @ A 0 N N @
@ VAN S N A R L)

L]

A N B
006‘@ -Qs\‘?‘
Hrs | o Control
a-tubulin | W g shRNA
C Control

&

D Total cell lysates Exosomes

-

MHC-classll

MHC-classl

VPS4B

Hrs

TSG101

o-Tubulin

Fig. 1. Hrs-knock-down dendritic cells (DCs), Hrs knock-out bone marrow DCs, and characterization of their exosomes. (A) Western blot analysis of total cell lysates from
control and Hrs knock-down DCs. (B) Sucrose gradient fractionation and dot-blot analysis of exosomes produced from DCs. The same amount of protein was fractionated and
blotted on the membranes. (C) Negative staining TEM of exosomes from murine DCs. DCs were grown from monocytic precursors and cultured in GM-CSF for 10 days. The cell
culture supernatants were sequentially centrifuged to obtain a pellet containing exosomes. The 100,000 x g pellet was washed and analyzed by TEM. Bar, 100 nm. (D)
Western blot analysis of total cell lysates (left panel) and exosome fraction (right panel) using an antibody against ubiquitinated proteins (FK2). (E) Western blot analysis of

total cell lysates (left panel) and exosomes (right panel) using the indicated antibodies.
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3.2. Impairment of exosome secretion in Hrs-depleted DCs

In addition to steady-state secretion, DCs release additional
exosomes upon stimulation. To examine the effect of Hrs on activa-
tion-dependent exosome secretion, the amount of purified exo-
somes released under several types of stimulation was measured.
Ovalbumin (OVA) is known to induce exosome secretion from
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DCs [18,21]. Exosome secretion by the control DCs was clearly in-
creased by 24 h of stimulation with OVA, whereas no significant in-
crease was found in the Hrs-depleted DCs (Fig. 2A). To evaluate the
possible effect of lipopolysaccharide (LPS) contamination in the
OVA, we examined the amount of exosomes released under stimu-
lation with LPS alone. Exosome secretion was not enhanced by the
LPS stimulation, irrespective of the Hrs level (Fig. 2A). We also

() y 1AU)
4 * [—1 Control ¥ [ Control 50 s« 1 (;Cr)\?:'d
B RNAI B RNA i i
* 40
s 3
- 30
? 2
20
! 1
10
’ o (&) < 0 0
4 % @ 7, o 2,
% ) 4 2,
00 & &
P -5 A23187 4
/9>/ 2 OVA-protein
> N
O -, Q .
b Py = F(ne)
- & O € 2 1 wr
£ @ 2 . HEEEE KO
HSP70  — —
T - Hrs |w— ’
-AP vl
. - 1
a-tubulin
H2-K?
null OVA 300 ug/ml 0
o le)
%7&
G %
(ng) (dpm) “.
4 I wWT 10000 . %
HEl <O
* 8000
3
6000
2 *
4000
1
2000
0 0
& 71%1 null WT KO
A23187

Fig. 2. Hrs is required for the secretion of exosomes. (A) Measurement of the exosome secretion from DCs under stimulation with OVA or LPS, using a protein assay.
*p < 0.007. (B) Measurement of exosomes under stimulation with a Ca?* ionophore (1 1M A23187), using a protein assay. “p < 0.005. (C) Measurement of exosome production
under simulation with OVA, using N-Rh-PE release. *p < 0.05. (D) Western blot analysis of exosomes under stimulation with OVA. (E) Western Blot analysis of total lysates
from control and Hrs-knock out BMDCs. (F) Measurement of the exosome secretion from BMDCs under stimulation with OVA in BMDCs, using a protein assay. “p < 0.006. WT,
hrs'!*, LysM-Cre; KO, hrs1¥/1°% [ysM-Cre. (G) Measurement of exosomes under stimulation with a Ca®* ionophore (1 {M A23187) in BMDCs, using a protein assay. *p < 0.005.
(H) [3H]-thymidine incorporation of CD8 T cells from OVA-specific TCR transgenic mice (OT-I mice). CD8 T cells were stimulated with purified exosomes from control and

Hrs-knock out dendritic cells for 5 days. *p < 0.05.
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Fig. 3. Characteristics of Hrs-knock-out DCs under antigen stimulation. The
degradation rate of OVA in control and Hrs-knock-down DCs was shown by
western blot. A lysosomal inhibitor (NH4C1) and/or protease inhibitor (Epoxomicin)
were included in the culture medium in some cases.

examined the exosome secretion induced by intracytoplasmic Ca**
release [23]. The incubation of DCs with the Ca®" ionophore
A23187 induced a 2.8-fold increase in exosome release from the
control DCs; however, the Hrs-depleted DCs showed very low
Ca®"' responsiveness (Fig. 2B). We also measured the exosome
secretion using N-(lissamine rhodamine B sulfonyl) phosphatidy!
ethanolamine (N-Rh-PE) [10], and obtained similar results
(Fig. 2C). Western blot analysis revealed that the levels of three
exosome markers, HSP70, I-AP, and H-2 K, were reduced in the
Hrs-depleted DCs compared with the control DCs, after incubation
with OVA (Fig. 2D).

To verify the essential role of Hrs in exosomal secretion,
Hrs-depleted bone marrow-derived DCs (BMDCs) were success-
fully generated from hrs¥/A°%; LysM-Cre mice, and they expressed
dramatically less Hrs than DCs derived from the hrs*"*; LysM-Cre
mice (Fig. 2E). No significant difference was seen between the
population of CD11¢* cells in BMDCs from hrs*/*; LysM-Cre and
hrsfoxflox. [ysM-Cre mice (data not shown). First, we examined
the amount of exosome secretion under stimulation of OVA as well
as Ca®* ionophore A23187. Similar to the results obtained from
Hrs-knock-down DCs, BMDCs from hrsfo¥/flox. [ysM-cre secreted
lesser amount of exosome than those from hrs**; LysM-Cre mice
(Fig. 2F and G). We further investigated whether the Hrs depletion
affected the amount of exosomes secreted from these cells, by
measuring the antigen-presenting activity of the exosomes for T
cells. DCs derived from the hrs**; LysM-cre and hrsfo*/flox; pysm-
Cre mice were incubated with OVA for 48 h, and the exosomes
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secreted from the DCs were purified. The exosomes were co-cul-
tured with splenic CD8" T cells derived from OT-I transgenic mice.
We found a significant increase in the proliferation of OVA-peptide
restricted CD8* T cells cultured with the exosomes from the hrs**;
LysM-cre DCs, but not with those from the hrsf¥/fox. [ysM-Cre
DCs (Fig. 2H). Collectively, these data suggested that Hrs is re-

quired for exosome secretion.
3.3. No alteration in OVA degradation in Hrs-depleted DCs

It was possible that the decreased antigen-presentation activity
of exosomes from the Hrs-depleted DCs was due to insufficient
degradation of the OVA protein that was taken up. We therefore
measured its degradation rate. The OVA protein was completely
degraded one hour after the OVA pulse, and the degradation was
the same, regardless of Hrs expression. The degradation of the
OVA was efficiently blocked by a lysosomal acidification inhibitor,
NH,4CI, but not by a proteasomal inhibitor, epoxomicin, in both the
control and the Hrs-depleted DCs (Fig. 3). These results suggested
that Hrs does not affect the lysosome-dependent degradation of
the OVA protein in DCs.

3.4. Characteristics of Hrs-depleted DCs under stimulation by OVA

We next investigated whether Hrs-depleted DCs were activated
by stimulation with OVA. When stimulated with OVA proteins, DC
activation markers increased more in Hrs-depleted DCs than in
control cells (Fig. 4A to C). This was also true of the production
of cytokines, including interleukin-6 (IL-6) and tumor necrosis fac-
tor-alpha (TNF-a) (Fig. 4D and E). These findings indicated that
exosome secretion and DC activation were regulated by different
mechanisms.

4. Discussion

There is accumulating evidence that the ESCRT proteins play
important roles in the formation of MVBs, which undergo lysosomal
digestion or are released into the extracellular environment as exo-
somes [24]. The ESCRT machinery, glycosylphosphatidylinositol-
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Fig. 4. Characteristics of Hrs-depleted DCs under stimulation of OVA (A to C) FACS analysis using anti-1-AP (A), CD80 (B), and CD40 (C) antibodies. Control and Hrs-knock-
down DCs were incubated with OVA for 24 h. Data are representative of at least three experiments. (D and E) Measurement of cytokine secretion from control and Hrs-knock-
down DCs. Control and Hrs-knock-down DCs were incubated with OVA for 16 h. Data are representative of at least three experiments performed in triplicate. *p < 0.05.
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associated lipid affinity, and tetraspanin-associated protein affinity
are involved in the mechanisms of cargo-protein sorting and intralu-
minal-vesicle formation, which are related to exosome maturation
[25]. So far, two Ras family monomeric G protein Rab27a and Rab27b
were reported to function in MVB docking at the plasma membrane,
and to control the exosomal pathway [11], suggesting that MVBs
contribute to exosome secretion through their direct fusion to the
cell surface membranes. In this context, we demonstrated here that
Hrs, one of the ESCRT proteins, is required for the production of exo-
somes within MVBs. Regarding the relationship between exosome
production and the ESCRT machinery, there have been some contra-
dictory reports. For example, the formation of proteolipid protein-
containing exosomes is dependent on Rab5, but independent of
the ESCRT machinery in oligodendrocytes under ceramide stimula-
tion [12]. Since our present study on exosome production was lim-
ited to DCs stimulated by OVA or a calcium ionophore, there may
be some cargo-dependent or stimulation-dependent pathways for
MVB formation and exosome production.

In antigen-presenting cells, exosomes are secreted upon expo-
sure to various stimulants, such as OVA or the calcium ionophore
A23187 [18]. OVA is usually considered to act as an antigenic pep-
tide source, and other report also utilized this agent alone to stim-
ulate DCs [26], although we cannot fully exclude a possibility that a
faint contamination of LPS as a stimulator is included in OVA. The
exosome secretion in Hrs-depleted DCs was decreased in spite of
their higher expression of the cell-surface-activation markers,
MHC class I/Il molecules as compared with the control DCs. Those
markers are also known to be ubiquitinated and sequestered
through MVBs [27,28]. Therefore, our findings suggested that Hrs
is required for the efficient endocytosis and degradation of the
MHC molecules through MVB formation as well as the exosome
secretion. We previously demonstrated that the deficiency of Hrs
suppresses degradation of gp130, a subunit of IL-6 receptor, in
Hela cells, which leads to a prolonged and amplified IL-6 signal
[8]. Epidermal growth factor receptor (EGFR) degradation is im-
paired and the signaling is enhanced in Hrs-depleted mouse
embryonic fibroblasts and Drosophila [29,30]. We suspect that
Hrs-depleted DCs may be more sensitive to some stimulations than
control DCs. This may be true of IL-6 secretion, because the Hrs-de-
pleted cells secreted small but significantly more IL-6 even in the
absence of OVA (Fig. 4D). It is possible that [L-6 secretion is some-
what enhanced by a factor(s) contained in FCS in the medium
without OVA stimulation. We suspect that both the prolongation
of cytokine signals and the deficiency of exosome production in
Hrs-depleted DCs are caused by the impaired MVB formation.

Finally, our present study suggests a biological role of Hrs in im-
mune regulation (Fig. 2H). DC-derived exosomes have been shown
to have potent immunostimulatory potential, and MHC-I and B7.2
(CD86)-bearing exosomes generate CD8* T-cell responses against
tumors in vivo [31]. Further study using DC-specific Hrs knock-
out mice will provide precise roles of the Hrs-dependent exosomal
pathway in anti-tumor immune response.
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Background & Aims: Excessive trans-fatty acids (TFA) consump-
tion has been thought to be a risk factor mainly for coronary
artery diseases while less attention has been paid to liver disease.
We aimed to clarify the impact of TFA-rich oil consumption on
the hepatic pathophysiology compared to natural oil.

Methods: Mice were fed either a low-fat (LF) or high-fat (HF) diet
made of either natural oil as control (LF-C or HF-C) or partially
hydrogenated oil, TFA-rich oil (LF-T or HF-T) for 24 weeks. We
evaluated the liver and body weight, serological features, liver
lipid content and composition, liver histology and hepatic lipid
metabolism-related gene expression profile. In addition, primary
cultures of mice Kupffer cells (KCs) were evaluated for cytokine
secretion and phagocytotic ability after incubation in cis- or
trans-fatty acid-containing medium.

Results: The HF-T-fed mice showed significant increases of the
liver and body weights, plasma alanine-aminotransferase, free
fatty acid and hepatic triglyceride content compared to the HF-
C group, whereas the LF-T group did not differ from the LF-C
group. HF-T-fed mice developed severe steatosis, along with
increased lipogenic gene expression and hepatic TFA accumula-
tion. KCs showed increased tumor necrosis factor secretion and
attenuated phagocytotic ability in the TFA-containing medium
compared to its cis-isomer.
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Abbreviations: NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic st-
eatohepatitis; FFA, free fatty acid; LPS, lipopolysaccharide; TFA, trans-fatty acid;
ALT, alanine-aminotransferase; LF(-C or -T), low-fat (control or TFA-rich) diet;
HF(-C or -T), high-fat (control or TFA-rich) diet; KCs, Kupffer cells (KCs); AST,
aspartate-aminotransferase; TG, triglyceride; ELISA, Enzyme-Linked ImmunoSor-
bent Assay; HDL, high density lipoprotein; (V)LDL, (very) low density lipoprotein;
NAS, NAFLD activity score; TBARS, thiobarbituric acid reactive substances; TNFa,
tumor necrosis factor o; IL-6, interleukin-6; SD, standard deviation; iNOS, indu-
cible nitric oxide synthase; TGF-B, transforming growth factor-p; SREBP-1, sterol
regulatory element-binding protein-1; FAS, fatty acid synthase; ACC, acetyl CoA
carboxylase; PPAR, peroxisome proliferator activated receptor; PGC-1p, PPARY
coactivator-1p; PUFA, polyunsaturated fatty acid; MUFA, monounsaturated fatty
acid; SFA, saturated fatty acid.

ELSEVIER

Conclusions: Excessive consumption of the TFA-rich oil up-regu-
lated the lipogenic gene expression along with marked hepatic
lipid accumulation. TFA might be pathogenic through causing
severe steatosis and modulating the function of KCs. The quantity
and composition of dietary lipids could be responsible for the
pathogenesis of non-alcoholic steatohepatitis.

© 2010 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

In concordance with the prevalence of obesity, the incidence of
non-alcoholic fatty liver disease (NAFLD) has increased and is
nowadays recognized as the most common liver disease [2]. It
is known that a part of NAFLD can progress to non-alcoholic steato-
hepatitis (NASH), liver fibrosis, cirrhosis and hepatocellular
carcinoma [9]. Nevertheless, the mechanisms of NAFLD-to-NASH
transition remain to be clarified; NAFLD appears to originate from
the dysregulation of hepatic lipid metabolism as a part of the
metabolic syndrome accompanied by visceral obesity, dyslipide-
mia, atherosclerosis, and insulin resistance [25]. According to the
hypothetical theory named the 2-hit theory [5], the secondary hit
to NAFLD that can be due to free fatty acid (FFA)s, oxidative
stress, lipopolysaccharide (LPS) and inflammatory cytokines,
causes NASH as a consequence.

In terms of the “first hit”, the lipid accumulation in the liver is
induced by high-fat diets [6,23] that include various lipid species.
Such dietary lipid species uniquely affect the obesity phenotype,
liver histology and gene expression pattern in the rat liver [3]. In
this context, lipid species could play a potential role in the path-
ogenesis of NAFLD and/or NASH.

trans-Fatty acid (TFA) is produced through the industrial hard-
ening of the vegetable oils to make the products more stable and
robust, and thus easier to handle or store. Excess consumption of
TFA is known as a risk factor for coronary artery diseases, insulin
resistance and obesity accompanied by systemic inflammation,
the features of metabolic syndrome [20,29]. Nevertheless, little
is known about the effects on the liver induced by lipids.
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Fast-foods, containing large amount of TFA in the form of mar-
garine, spreads or frying oils, cause body-weight gain and abnor-
mal serum alanine-aminotransferase (ALT) elevations in healthy
subjects [15]. In addition, TFA-rich chow leads to hepatic steato-
sis [30], ALT elevations and insulin resistance in mice [17];
although the mechanisms have not been completely clarified.
Therefore, we aimed to investigate the impact of the dietary lipid
species and their quantities on the pathogenicity of hepatic
inflammation and steatosis in mice. Comparing in particular nat-
ural oil and industrially produced partially hydrogenated TFA-
rich oil of the same origin.

Materials and methods
Animal treatment

All the animal experiments were conducted under the approval of the Institu-
tional Animal Care and Use Committees of Tohoku University. Female C57BL/
6Njcl mice (8-10 weeks) were randomly assigned to four groups (n = 6 per group)
and fed the designated chows (ORIENTAL YEAST Co. Ltd., Tokyo, Japan) ad libitum
for 24 weeks, respectively. Low-fat diet (LF) and high-fat diet (HF) were made of
either natural canola oil as control oil (LF-C and HF-C) or industry produced par-
tially hydrogenated canola oil as TFA-rich oil (28.5% TFA/total fat, LF-T and HF-T),
respectively (Table 1). After 12 h of fasting, the mice were sacrificed under dieth-
ylether anesthesia and the livers were removed and weighed. The divided livers
were either stored at —80 °C for lipid, protein and gene expression analysis, or
fixed in 4% paraformaldehyde and embedded in paraffin for histological evalua-
tion. Standard chow-fed female C57BL/6Njcl mice (6-10 weeks) were used as a
source of primary Kupffer cells (KCs).

Chemistry

Plasma aspartate-aminotransferase (AST), ALT, triglyceride (TG) and total cho-
lesterol were measured with FUJI DRI-CHEM 7000 (FUJIFILM, Tokyo, Japan) at
Biomedical Research Core of Tohoku University Graduate School of Medicine.
Plasma adiponectin (AdipoGen, Seoul, Korea) and leptin (RayBio, GA, USA) were
measured by Enzyme-Linked ImmunoSorbent Assay (ELISA). Plasma FFA, high
density lipoprotein (HDL)-cholesterol and (very) low density lipoprotein
((V)LDL)-cholesterol were measured by enzymatic assay kits (BioVision, CA,
USA).

Histology and immunohistochemistry

The thin-sliced specimens were stained with hematoxylin and eosin to eval-
uate steatosis and inflammation or Sirius red to evaluate fibrosis of the liver.
The histology was scored by the NAFLD activity score (NAS) [16]. KCs were
stained with anti-F4/80 monoclonal antibody (Abcam, Cambridge, UK) and
neutrophils were detected by myeroperoxidase immunostaining (Abcam).
Apoptosis was evaluated by TUNEL method using an ApopTag kit (Chemicon,
CA, USA).

Table 1. Diet compositions.

Immunoblot analysis and real-time RT-PCR

Liver protein extracts were evaluated by immunoblot analysis with the following
primary antibodies: phosphor-AKT (Thr308 and Ser473), total AKT (Cell Signaling
Technology, Danvers, MA) and p-actin (Sigma, MO, USA). RNA extracted from the
livers was subjected to real-time RT-PCR analysis using the specifically designed
primer sets purchased form TAKARA BIO Perfect Real Time Support System
(TAKARA BIO INC., Tokyo, Japan) and One Step SYBR Prime Script RT-PCR Kit II
(TAKARA BIO INC.), and only PGC-1p was analyzed using the specifically designed
TagMan primer set and 1-step kit (Applied Biosystems, CA, USA). All results were
normalized by GAPDH as the internal control.

Lipidomic analysis of the liver

Hepatic TG and FFA content were measured by enzymatic assay kit (BioVision)
and were normalized by the liver weight. Hepatic lipid peroxide was evaluated
by measuring TBARS (thiobarbituric acid reactive substances, Cayman Chemical
Company, USA) in the liver and was normalized by the protein level [18]. Total
lipids from the liver were extracted by Folch’s procedure [10]. The lipids were
methylated and evaluated by gas chromatography as previously reported [31].

Isolation and culture of primary Kupffer cells

KCs were isolated as reported previously [28). Briefly, the mice livers were
digested by two-step collagenase perfusion. The minced livers were subjected
to the gradient centrifugation of Percoll (Sigma) and succeeding counterflow cen-
trifugal elutriation. The viabilities of the obtained cells evaluated by trypan blue
staining were more than 85%, and the purity was more than 90% determined by
the population of CD11b positive cells counted by FACS Calibur (Becton Dickin-
son, Tokyo, Japan). KCs were suspended in RPMI1640 medium with 10% fetal
bovine serum and antibiotics (100 U/ml penicillin G, 100 pg/ml streptomycin sul-
fate) and incubated overnight at 37 °C in 5% CO, incubator for the succeeding
examinations.

Fatty acid treatment

Fatty acids (Larodan Fine Chemicals, Malmo, Sweden) were dissolved in
RPMI1640 medium with 1% fatty acid-free bovine serum albumin (Calbiochem,
Darmstadt, Germany) and adjusted to a final concentration of 200 pM with 1%
bovine serum albumin, 1% ITS-A supplement (GIBCO, CA, USA) and antibiotics
same as above. After overnight incubation, KCs were washed and the medium
was changed to fatty acid-containing medium or fatty acid-free medium as the
control, and incubated for another 24 h.

Cytokine production by KCs stimulated with lipopolysaccharide

After 24 h incubation, KCs were stimulated by LPS (100 ng/ml, SIGMA) com-
bined with LPS-binding protein (200 pg/ml, ALEXIS BIOCHEMICALS, Lausanne,
Switzerland) for 6 h, and the cell viability was determined by MTS assay (3-
(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt and phenazine ethosulfate, Promega, Tokyo, Japan). The
supernatants were subjected to ELISA (Thermo Fisher Scientific Inc., IL, USA)
for the evaluation of the tumor necrosis factor-alfa (TNFa) and interleukin-6
(IL-6) production.

Phagocytotic ability of KCs

Low-fat diet High-fat diet

Control oil  TEA-rich il Control ~ TEA-rich After 24 h incubation, KCs were incubated at 37 °C for 1 h with 1 um latex beads

(LF-C) (LF-T) (HF-C) (HF-T) (75 ng/ml, SIGMA) or at 4 °C in the fatty acid-free medium as control. After incu-

kcal% keal% keal% keal% bation, the cells were washed 3 times, detached with trypsin/EDTA and analyzed
Diet compositions by FACS calibur [1].
Protein 138 13.8 188 18.8
Carbohydrate 744 74.4 17.6 17.6 Statistical analysis
Over all fat 118 11.8 6361 63.6
Fat composition (g/100 5) The results are shown as the mean + standard deviation (SD), and were analyzed
Saturated 7.8 21,7 7.8 217
(cis-)Monounsaturated 62.5 45.3 62.5 45.3 by SPSS software (SPSS INC, Tokyo, Japan).

” . i . The differences between the groups were tested by ANOVA, followed by
KOtin e S i 297 2 Tuke: st hoc test. A p values less than 0.05 were considered statisticall
trans- (%) 285 285 ukey post hoc test. A p an 0. i is y
significant.
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Results
Physiological and biochemical characteristics

Body weight was similar between LF-fed mice, increased in HF-
fed mice compared to LF-fed mice, and strikingly HF-T-fed mice
weighed 1.3-fold more than HF-C-fed mice (Table 2). Liver weight
was significantly increased in only HF-T-fed mice by approxi-
mately 2-fold compared to the other groups. The liver-body
weight ratio was significantly increased by 1.2- and 1.6-fold in
LF-T-fed and HF-T-fed mice, respectively, compared to the corre-
sponding control groups with the same dietary composition, and
decreased by approximately 20% in the HF-C-fed mice compared
to the LF-C-fed mice.

Plasma AST, ALT, TG, FFA and leptin were similar between the
LF groups irrespective of the dietary lipid source, but in the LF-T
group, total cholesterol, HDL-cholesterol, (V)LDL-cholesterol and
adiponectin were significantly decreased compared to the LF-C
group (Table 2). In contrast, some serum markers were elevated
in the HF-T group compared to the HF-C group, particularly
AST, ALT, TG, total cholesterol, (V)LDL-cholesterol, FFA and leptin
were significantly increased. As for the control oil-fed mice, total
cholesterol, HDL-cholesterol, (V)LDL-cholesterol and adiponectin
were lower, whereas plasma leptin was higher in HF-C-fed than
in LF-C-fed mice. Between TFA-rich oil-fed mice, all serum
markers except adiponectin were also significantly higher in
HF-T-fed than in LF-T-fed mice.

Liver histology

There were few lipid droplets in LF-C-fed mice liver. Mild micro-
vesicular and macrovesicular steatosis was present around zone
1 in LF-T-fed mice livers and abundant large lipid droplets around
zones 1 and 2 in HF-C-fed mice livers. Inflammation and balloon-
ing degeneration were minimal in these groups (Fig. 1A). How-
ever, the HF-T-fed mice livers were characterized by foamy,
prominent microvesicular steatosis throughout the lobe and
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some macrovesicular lipid droplets in zones 1 and 2. Most of
the hepatocytes were expanded with marked small lipid droplets
that surrounded the nuclei, and the severely expanded hepato-
cytes presented the phenotype of ballooning degeneration
(Fig. 1A); moreover, some of the fatty hepatocytes were sur-
rounded by infiltrated neutrophils confirmed by immunostaining
for myeloperoxidase, forming lipogranuloma (Fig. 1B) accompa-
nied by ballooning hepatocytes (Fig. 1C). The number of neutro-
phils was increased in HF-T-fed mice livers (Fig. 1D). However,
when evaluated by NAS, the HE-T group did not show significant
differences (Table 2).

To investigate the involvement of KCs in the pathological dif-
ference between the HF-C group and HF-T group, we performed
immunohistochemical staining for F4/80, a macrophage-
restricted surface glycoprotein. F4/80-positive cells were more
prevalent in the HF-T group (Fig. 1E). Although fibrosis was not
identified visually by Sirius red staining in any of the groups
(not shown), collagen typel, o1 mRNA expression in the liver,
as an early fibrosis marker, increased only in HF-T-fed mice by
3.6-fold compared to LF-C-fed mice (Fig. 1F). TUNEL assay did
not reveal conspicuous apoptotic hepatocytes in each group,
however some non-parenchymal cells were TUNEL positive (Sup-
plementary Fig. 1).

Lipid and lipid peroxide content and fatty acid composition of liver

The hepatic total lipid (Fig. 2A), TG (Fig. 2B), FFA (Fig. 2C) and
lipid peroxide contents (Fig. 2D) did not differ between the
LF-C and LE-T groups. On the other hand, reflecting the marked
liver weight gain and histological steatotic changes, hepatic
total lipid, TG and lipid peroxide content were significantly
increased in the HF-T group compared to the HF-C group, while
FFA content did not differ. All of these markers had a tendency
to be elevated in the HF groups compared to the LF groups and
when compared between the corresponding dietary oil-fed
groups, although the TG increase in HF-C-fed mice was not sta-
tistically significant.

Table 2. Influence of trans-fatty acid-rich oil intake for the physiological and biochemical characteristics.

Low-fat diet

High-fat diet

Control oil (LF-C)

TFA-rich oil (LF-T)

Control oil (HF-C) TFA-rich oil (HF-T)

Body weight (g) 244121 23 E13 31.8+3.6 409+7.0"
Liver weight (g) 1.08 +0.16 1.22+£0.08 1.11+0.11 240+1.01°%
Liver-body weight ratio (%) 45+04 54+02° 35+03° 561167
Plasma characteristics
Aspartate-aminotransferase (IU/L) 952+124 82.5+20.8 136.8 +47.0 26224720
Alanine-aminotransferase (IU/L) 48.815.0 37.0+£7.3 50.4 £10.9 244.0+105.7° "
Triglyceride (mgj/dl) 603 +19.2 51.0+12.38 624+148 124.8£45.0°
Total cholesterol (mg/dl) 77.0+89 475+6.1° 552 +5.0 87.8+10.1°
HDL-cholesterol (mg/dl) 51.6+83 262439 33370 38.6 +5.0°"
(V)LDL-cholesterol (mg/dl) 16.8+2.1 120+1.5 11.9+1.0° 174+1.77
Free fatty acids (nmol/ml) 1.77£0.38 1.43+£031 1.99£0.58 3.64 0427
Adiponectin (pg/ml) 255+1.4 182+14" 20.0 £1.5° 200+1.4"
Leptin (ng/L) 56+07 53+06 138220 237 £257R
Total: HDL-cholesterol ratio 1.54 + 0.06 233%05 1.71+0.37 2.25+0.87'
NAFLD activity score
Steatosis 0.33 £0.52 0.17+0.41 1.67 £0.82° 1.17 £0.41°
Inflammation 033 £0.52 0.33+0.52 0.83+0.75 1.00+0.63
Ballooning 0.00 +0.00 1.00+£0.63" 1.00 £ 0.00° 1.67 +0.82°
All values are means + SD (n = 6 per each group).
* Significantly different from the corresponding control group with the same dietary composition; p < 0.05.
* Significantly different from the low-fat diet with the same dietary lipid as a source; p <0.05.
" Significantly different from low-fat control diet group; p <0.05.
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