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Managing hepatitis B virus carriers with systemic
chemotherapy or biologic therapy in the outpatient clinic
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Aim: The number of outpatients receiving systemic chemo-
therapy in Japan has recently increased. We retrospectively
examined whether hepatitis B virus {(HBV) carriers were safely
treated and managed with systemic chemotherapy or bio-
logic agents as outpatients at our oncology center.

Methods: A total of 40 115 consecutive infusion chemo-
therapy or biologic therapies were administrated to 2754
outpatients in the Chemotherapy and Oncology Center at
Osaka University Hospital from December 2003 to March
2011. We first studied the prevalence of outpatients with
hepatitis B surface antigen (HBsAg), and then retrospectively
evaluated a database to determine the frequencies of
testing for other HBV-related markers and the incidence of
developing hepatitis or HBV reactivation in patients positive
for HBsAg. As a control for comparison, we also examined
these same factors in patients with hepatitis C virus anti-
body (anti-HCV).

Resulis: The majority of physicians at our hospital screened
for HBsAg (95%) and anti-HCV (94%) prior to administrating
chemotherapy. Of the 2754 outpatients, 46 (1.7%} were posi-
tive for HBsAg and 90 (3.3%) were positive for anti-HCV. Fifteen
patients that were HBsAg positive were treated with lamivu-
dine or entecavir prior to chemotherapy. None of the patients
with HBsAg taking a prophylactic antiviral developed hepati-
tis, and only one breast cancer patient without prophylactic
antiviral treatment (1/31 [3.2%]) developed hepatitis due to
HBV reactivation.

Conclusion: HBV reactivation occurred in outpatients
without prophylactic antiviral treatment, but the incidence
was relatively low.

Key words: biologic therapy, chemotherapy, hepatitis B
virus reactivation, outpatient

INTRODUCTION

EPATITIS B IS one of the world’s most common

and serious infectious diseases. It is estimated that
more than one-third of the world's population has been
exposed to the hepatitis B virus (HBV) and that there are
approximately 350 million chronic carriers worldwide,
75% of whom live in South-EFast Asia and the Western
Pacific regions.’™ In Japan, approximately 26 million
people have been exposed to HBV. Of those who have
been exposed, 1.5 million people are estimated to be
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chronic carriers.” Generally, one-fifth of all HBV carriers
develop chronic hepatitis, cirrhosis and primary hepa-
tocellular carcinoma. The majority of HBV patients are,
however, clinically inactive.

Among HBV-related liver diseases, HBV reactivation is
now a well-recognized complication in HBV inactive
carriers who receive cytotoxic chemotherapy for cancer.
HBV reactivation was first described in patients with
lympho- and myeloproliferative disorders by Wands
et al.® in 1975. Wands ef al.® demonstrated that patients
with hepatitis B antigen {HBAg) developed hepatitis
with a marked increase in the HB-Ag titer during
chemotherapy. The reactivation condition ranges
from asymptomatic self-limiting anicteric hepatitis to
severe, potentially fatal, progressive decompensated
hepatitis. In addition, HBV reactivation during or after
chemotherapy or other immunosuppressive therapy
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was recently reported as de novo HBV-related hepatitis
even in previously exposed HBV patients without
hepatitis B surface antigen (HBsAg), particularly in cases
using rituximab.”

Based on this background, a guideline for preventing
HBV reactivation during and after cytotoxic or immuno-
suppressive therapies was proposed in 2009 and revised
in 2011 by two collaborative study groups from the
Japanese Ministry of Health, Labor and Welfare, which
included measures not only for HBV carriers, but
also for patients without HBsAg.® The guideline was
intended to identify patients with the potential for
HBYV reactivation. Therefore, HBsAg screening is recom-
mended for all patients scheduled for chemotherapy
or other immunosuppressive therapy. If a patient is
positive for HBsAg, prophylaxis is recommended, in
addition to testing for hepatitis B e-antigen (HBeAg),
antibody to hepatitis B e-antigen (anti-HBe) and HBV
DNA. On the other hand, if a patient is negative for
HBsAg, testing for anti-hepatitis B core {HBc) and anti-
HBs is recommended. If a patient is positive for either or
both anti-HBs and anti-HBc, then testing for HBV DNA
is recommended. If a patient is positive for HBV DNA,
prophylaxis is recommended. If a patient is negative
for HBV DNA, monthly monitoring of HBV DNA and
aspartate aminotransferase (AST)/alanine aminotrans-
ferase {ALT) is recommended, and should be continued
for at least 12 months after the end of chemotherapy.®

The number of outpatients undergoing cancer chemo-
therapy has recently increased due to the advances in
cytotoxic agents and supportive therapies. Moreover,
there has been an increase in the number of patients
with inflammatory bowel disease or rheumatoid arthri-
tis requiring immunosuppressive therapy, such as bio-
logic agents {e.g. anti-tumor necrosis factor agents). In
japan, the increase in immunosuppressive therapies has
led to a shift in hospital care to outpatient therapy since
2002 for heath insurance reasons. The corresponding
data for HBsAg positive outpatients requiring these
immunosuppressive therapies are, however, not known.
In this study, we retrospectively examined whether
asymptomatic HBY carriers were safely treated and
managed with systemic chemotherapy or immunosup-
pressive therapies in the outpatient setting.

METHODS

Patients

HIS WAS A retrospective study in a single institute. A
total of 40 115 consecutive infusion treatments in
2754 outpatients (1122 men, 1632 women) with cancer

©® 2012 The Japan Society of Hepatology
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or autoimmune disease, such as rheumatoid arthritis
or Crohn's disease, treated with cytotoxic or biologic
agents in the Chemotherapy and Oncology Center for
outpatients at Osaka University Hospital from Decem-
ber 2003 to March 2011 were enrolled. Patients receiv-
ing second-line or more chemotherapy were also
included.

Methods

The cytotoxic or biologic infusion agents were adminis-
trated to each patient according to the standard protocol
for the specific tumor type or disease commonly treated
within health insurance parameters in Japan. Oncology
center staff and pharmacists basically reviewed all pro-
tocols before treatment. Medical records of all patients
with HBsAg were retrospectively reviewed for this
study. As a control, the records of patients with
hepatitis C virus antibody (anti-HCV) were examined.
If the patients were positive for HBsAg or anti-HCV,
their medical records were additionally reviewed to
determine whether they were tested for anti-HBs, anti-
HBc¢, HBeAg, anti-HBe and HBV DNA, or administrated
antiviral drugs before treatment. HBsAg, anti-HBs, anti-
HBc, HBeAg and anti-HBe were measured by chemilu-
minescent immunoassay, but both HBeAg and anti-HBe
were measured by chemiluminescent enzyme immu-
noassay until 5 May 2005. HBV DNA was measured by
polymerase chain reaction (PCR) until 30 September
2009 and then real-time PCR. For the antiviral drugs,
data collected included not only cases that received the
drug for prophylaxis, but also cases in which treatment
for chronic hepatitis was already administrated before
treatment. Collected data were entered into a database
that did not include any identifying information about
the respondents. The follow-up period was defined as
the period from the first visit in our center for outpa-
tients to the last visit at Osaka University Hospital.

The study was approved by the Clinical Investigation
and Research board of Osaka University Hospital
(#11202, 10 December 2011). The study was performed
in accordance with the Dedaration of Helsinki, as
revised in 2008.

Definitions of hepatitis and HBV reactivation

Hepatitis was defined as a more than threefold increase
in serum ALT of the upper limit of normal on two
consecutive determinations. Patients who had been
clinically diagnosed with hepatitis due to drug or tumor
involvement were excluded from this study. HBV reac-
tivation was defined as an increase of more than 1 log
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copy/mL of serum HBV DNA, or the serum HBV DNA
turned from negative to positive.

Statistical analysis

Statistical analysis was performed with JMP software
ver. 9.02 (SAS Institute). Data are expressed as the
mean * standard deviation and probability value. The
y2-test was used for the analysis of categorical variables.
Probability values of less than 0.01 were considered
statistically significant.

RESULTS

Baseline characteristics

HE MAJORITY OF physicians treating patients in

our outpatient clinic screened for HBsAg (2607/
2754, 95%) and anti-HCV (2586/2754, 94%) prior
to administrating treatments. Of 2754 outpatients, 46
patients {1.7%) were positive for HBsAg and 90 (3.3%)
were positive for anti-HCV. Two patients were positive
for both HBsAg and anti-HCV. Table 1 shows the
patient characteristics and Table 2 shows the laboratory
data for patients with HBsAg or anti-HCV at the first
infusion treatment at our outpatient clinic. The median

Table 1 Patient characteristics

Patients with  Patients with

HBsAg anti-HCV
(n=46) (n=90)

Age 59%10 66110
Sex (M/F) 16/30 55/35
Number of treatments 10 (1-210) 11 (1-62)
Agents for treatment

Cytotoxic agents 44 87

Immunosuppressive agents 2 3
Type of cancer or basic disease

Breast cancer 20 13

Gastrointestinal cancer 8 26

Hepato-biliary-pancreatic 7 22

cancer

Hematologic malignancy 7 10

Lung cancer 2 7

Renal cancer 1 1

Rheumatoid arthritis 1 1

Prostatic cancer 0 5

Gynecologic cancer 0 2

Others s 3
Tumor infiltration of the liver 17 18

HBsAg, hepatitis B surface antigen; anti-HCV, hepatitis C virus
antigen.

Managing HBV outpatients with chemotherapy 341

Table 2 Patients’ baseline laboratory data at first visit

Patients with
anti-HCV (n=90)

Patients with
HBsAg (n=46)

WBC (/uL) 511042015 4920 + 1825
Hb (g/dL) 122421 120+1.7
Plt (/uL) 203+7.9 19.949
AST (U/L) 2349 34432
ALT (U/L) 20+ 11 27430
T.Bil (mg/dL) 0.3 +0.04 07403

ALT, alanine aminotransferase; AST, aspartate aminotransferase;
Hb, hemoglobin; HBsAg, hepatitis B surface antigen; anti-HCV,
hepatitis C virus antigen; Plt, platelets; T.Bil, total bilirubin;
WBC, white blood cells.

follow-up period was 21 months (range, 2-102). Of 46
patients positive for HBsAg, 35 (76%), 14 (30%), 19
(41%), 24 (52%) and 25 (54%) patients were tested for
anti-HBs, anti-HBc¢, HBe-Ag, anti-HBe and HBV DNA,
respectively. Of 90 patients positive for anti-HCV, 24
(27%), 19 (21%), 23 (26%), seven (8%) and two (2%)
patients were tested for anti-HBs, anti-HBc, HBe-Ag,
anti-HBe and HBV DNA, respectively (Table 4). Two
patients with both HBsAg and anti-HCV were tested for
HBV DNA.

Of the 46 patients positive for HBsAg, 15 had been
treated with lamivudine or entecavir prior to chemo-
therapy or biologic therapies (33%). Of these 15, nine
had been treated prophylactically (cases 1-9; Table 3),
and the others had already been treated for chronic
hepatitis B {case 10-15; Table 3) before their fist visit to
the oncology center. They were all tested for HBV DNA
before treatment and then monitored for HBV DNA.
The method of monitoring for HBV DNA, however,
basically depended on each physician and was not
uniform. On the other hand, 31 patients (67%) with
HBsAg underwent chemotherapy or biologic therapy
without antiviral prophylaxis (Table 4). Of these 31, 10
were tested for HBV DNA before treatment and five of
the 10 tested positive for HBV DNA.

Of the 46 patients positive for HBsAg, 20 patients had
breast cancer, six of whom were treated with prophylac-
tic antiviral medication (30%) and five of the six
patients were positive for HBV DNA prior to chemo-
therapy. Of the other 14 patients without prophylaxis,
four were tested for HBV DNA and 10 were not. Of the
four patients tested for HBV DNA, one was positive. One
of the 10 not tested developed HBV reactivation (case
35; Tables 3 and 5). There were eight patients with gas-
trointestinal cancer, none of whom was treated with
prophylactic antiviral medication, although four were

® 2012 The Japan Society of Hepatology
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Table 3 Details of patients with HBsAg

Case No. of Follow-up Sex Age, Type of cancer First agent at HBsAg Anti- HBeAg Anti- Anti- HBV DNA, Anti- Corticosteroid Antiviral Hepatitis Reactivation
treatments period years or basic disease the center HBs HBe HBc log copies/ HCV use . prior to
{months) ) mi chemotherapy
of biologics

1 8 2 M 56 Malignant lymphoma Rituximab + - T + + 4.3 - Present Lamivudine None None

2 20 11 47 Breast cancer Paclitaxel + - - + ¥ 3.3 -~ Present Entecavir None None

3 10 32 F 44 Leukemia Rituximab + - - + + 33 - Present Entecavir None None

4 4 31 M 66  Malignant lymphoma Rituximab + - + t t Negative  — Present Entecavir None None

5 11 28 62 Breast cancer Paclitaxel + - -~ + + Negative - Present Entecavir None None

6 23 26 F 79 Breast cancer Navelbine + - T + + 2.1 - Present Entecavir Present  None

7 21 25 F 66 Breast cancer Docetaxel + - - + + 2.3 - Present Entecavir None None

8 14 22 43 Breast cancer FEC + - T + t <2.1 - Present Entecavir None None

9 16 60 Breast cancer Paclitaxel + - T + + 3.5 - Present Entecavir None None
10 19 15 M 71 Bile duct cancer Gemgcitabine + - ¥ + T 2.1 - Present Lamivudine  None None
11 6 33 F 60 Malignant lymphoma Rituximab + - - + T 3 - Present Lamivudine + None None

adefovir
12 8 60 F 73 Malignant lymphoma VDS +MTX + - T T t Negative  — Present Entecavir None None
13 5 44 F 35 Malignant lymphoma CHOP + - T t + Negative  — Present Entecavir None None
14 4 33 F 69  Macoglobulinemia  Rituximab + - = + + Negative - Present Entecavir MNone Nonet
15 6 2 M 60 Bile duct sarcoma CDDP + + - - - - Negative - Present Entecavir None None
gemcitabine

16 6 102 M 65 Esophageal cancer Paclitaxel + - T T T T - Present None Present  None
17 210 19 M 61 RCC 1L-2 + - - T T + - None None None None
18 8 4 F 56 Breast cancer FEC + T T T T T - Present None None None
19 18 15 F 52 Colon Cancer FOLFIRY + t - T T T - None None None None
20 12 85 F 51 Breast cancer Paclitaxel + - T T t Negative — — Present None None None
21 16 7 M 49 Gastric cancer Paclitaxel + T t t T T - Present None None None
22 14 5 F51 Brest cancer Paclitaxel + t + T T i - Present None None None
23 14 69 F 74 Bile duct cancer Gemcitabine + T ¥ T T T i None None None None
24 3 61 F 64  lung cancer Paclitaxel + T T t T T - Present None None None
25 5 66 F 59 Breast cancer FEC + - - + + Negative  — Present None None None
26 8 4 M 68  Gastric cancer Paclitaxel + - - + + Negative  — Present Mone None None
27 20 11 F 36 Pancreatic NET Dacarbazine -+ - T + + 4.4 - None None None None
28 3 4 M 55 Gastric cancer Paclitaxel + - T + 1 3.2 - Present None None None
29 18 52 M 58 Colon cancer 5-FU+ LV + - - + b T - None None None None
30 14 53 F 59  Breast cancer Paclitaxel + + T + T T - Present None None None
31 25 9 F 52 Breast cancer Paclitaxe] + - - T T T - Present MNone None None
32 198 53 F 44  Breast cancer Paclitaxel/herceptin  + - - + t 3.9 - Present None None None
33 70 20 F 59 Breast cancer 5-FU -+ MTX + - - + + T - Present None None None
34 11 13 F 72 Gastric cancer Paclitaxel + - + + T T - Present None None None
35 23 48 F 46 Breast cancer FEC + - T T T T - Present None Present  Present
36 22 47 M 60  Reumatoid arthritis  Inflivimab + - t T t <21 - None None None None
37 4 45 F 68  Breast cancer FEC + T t T T T - Present None None None
38 11 8 M 47  Bile duct cancer Gemcitabine + + - + T 7.2 = Present None None None
39 4 39 F 58  Breast cancer Paclitaxel + - T + H Negative - Present None None None
40 14 16 M 70 Bile duct cancer Gemcitabine/CDDP  + - T T T T + Present None None None
41 7 21 M 52 Lung cancer (NSCLC) Pemetrexed/CBDCA + - T T t i - Present None None None
42 2 4 M 65  Isophageal cancer Docetaxel + - - + t Negative — — Present None None None
43 3 17 M 64 HCC 5-FU + - - + + T + None None None None
44 12 15 F 64  Breast cancer Herceptin + T 7 T T T - Present None None MNone
45 B 8 F 71  Breast cancer Docetaxel + T T T T T - Present None None None
46 14 12 F 69 Breast cancer Abraxane + 1 1 T T t - Present None None None
tUntested.

$Case 14: past history of HBV reactivation.

Corticosteroid use: as chemotherapeutic regimens {including use for anti-emetics).

HBV DNA: before prophylactic antiviral or start at chemotherapy.

5-FU, 5-fluorouracil; CDDP, cisplatin; CBDCA, carboplatin; CHOP, cyclophosphamide/adriamycin/vindesine/predonine; FEC, 5-FU/epirubicin/cyclophosphamide; FOLFIRI, 5-FU/levofolinate/irinotecan; HBc,
hepatitis B core; HBeAg, hepatitis B e-antigen; HBs, hepatitis B surface; HBsAg, hepatitis B surface antigen; HBY, hepatitis B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; 11-2, interlenkin-2; LV,
levofolinate; MTX, methotrexate; NET, neuroendocrine tumor; NSCLC, non-small cell lung cancer; RCC, renal cell carcinoma; VDS, vindesin.
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Table 4 Patients’ hepatitis viral marker

Viral marker status Patients with Patients with

HBsAg anti-HCV
(n=46) (n=90)
HBsAg
Positive/negative/untested 46/0/0 2/86/2
(%) (100/0/0) (2/96/2)
Anti-HBs
Positive/negative/untested 1/34/11 8/16/66
(%) (2/74/24) (9/18/76)
Anti-HBc
Positive/negative/untested 13/1/32 8/11/71
(%) (28/2/70) (9/12/79)
HBeAg
Positive/negative/untested 1/18/27 0/23/67*
(%) (2/39/59) (0/26/74)
Anti-HBe
Positive/negative/untested 23/1/22 4/3/83*
(%) (50/2/48) (4/3/93)
HBV DNA
<2.1/<2.1 log copies/mL 12/13/21 1/1/88*
Juntested
(%) (26/28/46) (1/1/98)
Anti-HCV
Positive/negative/untested 2/40/4 90/0/0
(%) (4/87/9) (100/0/0)
HCV RNA
Positive/negative/untested 0/0/46 21/6/63*
{%) (0/0/100) (23/7/70)

*P < 0.001. Frequency of antibody testing between patients with
HBsAg vs anti-HCV.

HBc, hepatitis B core; HBeAg, hepatitis B e-antigen; HBs,
hepatitis B surface; HBsAg, hepatitis B surface antigen; 1BV,
hepatitis B virus; HCV, hepatitis C virus.

tested for HBV DNA and two of those tested positive.
Seven patients had hepato-biliary-pancreatic cancer, and
two of these had already received antiviral drugs before
being treated for cancer (cases 10 and 15; Table 3). The
other five, however, were not treated with prophylactic
antiviral drugs, even though two of these were tested for

Table 5 Viral reactivation
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HBV DNA and both were positive (cases 27 and 38;
Table 3).

Seven patients positive for HBsAg had hematologic
malignancies, and all were treated with antiviral drugs.
Three of them were started on antiviral drugs as pro-
phylaxis against HBV reactivation before treatment,
but four patients had already received antiviral drugs
before treatment for hematologic malignancies {cases
11-14; Table 3). One patient had a past history of
HBV reactivation before this chemotherapy (case 14;
Table 3).

Hepatitis and HBV reactivation
{Tables 3 and 5)

There were three patients with HBsAg who had hepatitis
during and after chemotherapy (cases 6 [ALT, 188 U/L],
16 [ALT, 205 U/L] and 35 [ALT, 487 U/L]; Table 3
[6.5%]), two of whom (cases 16 and 35 [4.6%]) showed
more than fivefold increases in serum ALT of the upper
limit of normal. None of them met the diagnostic crite-
ria for acute liver failure in Japan.” Two of them (cases 6
and 16) were clinically judged to be caused by drugs or
alcohol from history taking and laboratory data, one of
whom did not show an increase of serum HBV DNA.
Only one breast cancer patient (a 47-year-old woman)
without prophylactic antiviral treatment (1/31 [3.2%]),
however, developed hepatitis and was clinically diag-
nosed with hepatitis due to HBV reactivation (case 35;
Tables 3 and 5), although the definition of HBV
reactivation was not strictly applied because her HBV
DNA level was not tested before visiting our outpatient
clinic. She underwent surgery for breast cancer, includ-
ing a sentinel lymph node biopsy, on April 2008,
and then received adjuvant chemotherapy for breast
cancer on May 2008. Serological examination indicated
that she was positive for HBsAg, but negative for
HBeAg, and anti-HBs, anti-HB¢, anti-HBe and HBV-
DNA were not tested before chemotherapy. Her chemo-
therapeutic regimen comprised FEC (5-fluorouracil,
500 mg/m?; epirubicin, 100 mg/m?; cyclophosphamide,

Patients with HBsAg (n = 46)

Patients with anti-HCV (n=90)

With prophylactic antiviral 15 0
Without prophylactic antiviral 31 90
Development of hepatitis related to viral reactivation 11 (without antiviral) 0

tCase 35.
IBsAg, hepatitis B surface antigen; HCV, hepatitis C virus.
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500 mg/m?*) with administration of corticosteroids. She
received six cycles of FEC every 3 weeks on schedule. On
day 40 after she finished the last cycle, she was aware of
general fatigue and jaundice. On day 46, she was admit-
ted to the hospital with hepatitis B. Blood tests on
admission showed: AST, 508 U/L; ALT, 487 U/L; total
bilirubin, 8.5 mg/dL; direct bilirubin, 6.7 mg/dL; pro-
thrombin time, 79% (International Normalized Ratio,
1.10), NH; 122 pg/dL; and HBV DNA, 5.3 log/copies.
She received glycyrrhizinic acid by iv. injection and
then entecavir (0.5 mg/day). A liver biopsy was per-
formed on day 11 after admission and pathologically
proven viral hepatitis; her Histological Activity Index
{HAI) score was 10 (interface hepatitis, 3; intralobular
degeneration, 3; portal inflammation, 1; fibrosis, 3). Her
liver function gradually improved and she was dis-
charged from the hospital on day 18 after admission.
The liver function tests returned to normal within
6 weeks and HBV DNA was negative 8 weeks after
admission.

DISCUSSION

EPATITIS B VIRUS reactivation is now a well-

recognized complication associated with the use
of immunosuppressive chemotherapy in HBV carriers.
HBV reactivation depends on both the intensity of the
immunosuppressive agents and factors related to HBV
or a host’s immune balance. Therefore, the clinical con-
sequences vary from asymptomatic elevation of hepatic
enzymes to severe hepatitis and death from fulminant
hepatitis. The prevalence of HBV reactivation ranges
widely and is reported to occur in 20-78% of infected
patients who undergo systemic chemotherapy for non-
hepatic malignancies.’®'" Initiation of antiviral prophy-
laxis prior to chemotherapy and its continuation until
restitution of normal host immunity is important to
prevent hepatitis B reactivation.?

Hepatitis B virus reactivation can occur by different
mechanisms. First, glucocorticoids directly  stimu-
late HBV gene expression in vitro" because the HBV
genome has a specific glucocorticoid response ele-
ment." Second, steroid, cytotoxic or immunosuppres-
sive agents induced the breakdown of the host's
immune balance, leading to HBV replication and
sometimes severe hepatitis.

In fact, HBV reactivation may occur during or after
completion of the full course of chemotherapy. Several
anticancer immunosuppressive agents have been
associated with HBV reactivation. Corticosteroids and
anthracyclines are most frequently associated with HBV

© 2012 The Japan Society of Hepatology
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reactivation.””” Anthracycline has been demonstrated
in vitro to stimulate HBY DNA secretion from HepG2-
derived 2.2.15 cells in a dose-dependent manner.'®
Until recently, most of the cases with HBV reactivation
were reported in patients with hematological malig-
nancies, particularly lymphoma. HBV reactivation,
however, is increasingly observed in patients with
solid tumors, particularly breast cancer. Kim et al.’?°
and Yeo et al.”” reported that patients with HBsAg and
breast cancer during adjuvant anthracycline-based che-
motherapy developed acute hepatitis related to HBV
reactivation (20.7% and 24%, respectively). A previous
multivariate analysis indicated that a diagnosis of
lymphoma or breast cancer was significantly related to
HBV reactivation.”

The most important precaution to prevent HBV reac-
tivation is the oncologist’s knowledge of HBV reactiva-
tion. In Japan, a recommendation for the prevention of
HBYV reactivation was published in January 2009® and
revised in 2011. The guideline is intended to identify
patients with the possibility of developing HBV reacti-
vation. The guideline recommends that all patients
scheduled for chemotherapy or other immunosuppres-
sive therapy be screened for HBsAg and tested further
for anti-HBc and anti-HBs, even if negative for HBsAg.
The present study demonstrates a consensus for
oncologists in our institute to test for HBV or HCV in
the serum of patients scheduled for chemotherapy. In
fact, around 95% patients were tested for HBsAg or
anti-HCV, even before this recommendation, but HBV
DNA was only tested in 52% patients positive for
HBsAg. This finding suggests that little attention is paid
to HBV reactivation.

It is reported that 20% of oncologists in the USA do
not check HBV serology, and 30% of oncologists test for
HBV serology only when liver tests are abnormal.?!
These findings are consistent with another study of HBV
reactivation among oncologists in Canada. Some che-
motherapeutic agents such as anthracyclines are well
known to induce cardiotoxicity. Lee et al.” reported that
all patients scheduled for cardiotoxic chemotherapy
underwent left ventricular function testing {100%), but
only 14% of them were tested for HBsAg. Based on these
reports, HBV reactivation is not commonly tested for by
oncologists throughout the world, even though the per-
centage of HBV carriers was less in the USA and Canada
compared to that in Japan.

In our retrospective study, HBV reactivation was rela-
tively less frequent than in previous reports. The HBV
reactivation might be less frequent in outpatient clinic
patients than previously speculated. We speculated that
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some bias might cause relatively less frequent HBV reac-
tivation in this study due to its nature as a retrospective
study. First, as many as 46% of patients with HBsAg
were not examined for HBV DNA before treatment and
then some patients were not regularly monitored for
HBV DNA. Although the Japanese guideline recom-
mended measuring serum HBY DNA monthly for at
least 12 months after the discontinuation of chemo-
therapy,® there was a lack of data after the discontinua-
tion of chemotherapy in some cases because of
changing hospitals for palliative therapy. These may
affect relatively less frequent HBV reactivation. This
finding is, however, reasonable considering that oncolo-
gists have not been sufficiently aware of HBV reactiva-
tion until recently.

In conclusion, none of the patients with HBsAg who
were treated with antiviral therapy developed hepatitis.
HBV reactivation occurred in HBsAg positive outpa-
tients without prophylactic antiviral treatment, but the
incidence was relatively low in selected patients with
non-hematological malignancies. Educational interven-
tion is needed to prevent reactivation of HBV, and
screening for HBV viral markers should be performed
before starting chemotherapy.
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Carbamazepine promotes liver regeneration and survival in mice
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Tetsuo Takehara™

Department of Gastroenterology and Hepatology, Osaka University Graduate School of Medicine, Suita, Osaka 565-0871, Japan

Background & Aims: Carbamazepine (CBZ), a widely used anti-
convulsant and mood stabilizer, activates multiple proliferative
and pro-survival pathways. Here, we hypothesize that CBZ may
promote hepatocellular proliferation and ameliorate liver
regeneration.

Metheds: C57BL6/] mice were orally administered CBZ or vehicle
and underwent a 70% partial hepatectomy (PHx), 85% PHx or
treatment with carbon tetrachloride (CCly). Liver regeneration
was determined by liver to body weight ratio, hepatocyte prolif-
eration markers, and activation of intracellular signalling
pathways.

Results: Two to 5 days after the 70% PHX, the liver to body weight
ratio was significantly higher in the CBZ-treated mice than in the
vehicle-treated mice. CBZ treatment upregulated the number of
proliferative hepatocytes following PHx or CCly treatment, as
assessed by intrahepatic Ki-67 staining, BrdU uptake, and PCNA
protein expression. PHx surgery induced the expression of several
cyclins and activated Akt/mTOR signalling pathways, all of which
were enhanced by CBZ treatment. The administration of the mTOR
inhibitor temsirolimus abrogated the hepato-proliferative effect of
CBZ. CBZ treatment significantly improved the survival rate of the
mice that underwent lethal 85% massive hepatectomy.
Conclusions: CBZ demonstrated a novel hepato-proliferative
effect through the activation of the mTOR signalling pathway in
hepatectomised mice. CBZ has the potential to be a therapeutic
option for facilitating efficient liver regeneration in patients sub-
jected to liver surgery.

© 2013 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.
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Introduction

Hepatocyte proliferation is critically important in liver regenera-
tion after surgical resection or living donor transplantation. It
involves the recovery from loss of volume and impaired liver func-
tion [ 1-31. If this fundamental proliferative ability is not sufficient
to compensate for the resected liver, postoperative liver failure will
occur, which is a serious complication and remains an important
clinical problem [4,5]. To overcome this issue, therapeutic meth-
ods that support liver regeneration must be explored. However,
few treatment options are capable of enhancing liver regeneration
in a clinical setting, despite widespread interest and numerous tri-
als [6,7]. Carbamazepine (CBZ) is FDA-approved and widely used as
an anticonvulsant or a mood stabiliser in clinical settings [8,9].
Mood stabilisers have been shown to exert prosurvival and cyto-
protective effects on neuronal cells through the activation of
intracellular signalling pathways that involve the phosphotidyli-
nositol-3 kinase (PI-3K)-Akt pathway and the Ras-mitogen-acti-
vated protein kinase (MAPK) cascade [10-12]. In fact, CBZ
induces a rapid and prolonged phosphorylation of extracellular
signal regulated kinase (ERK) in human neurcblastoma cells [13].
In addition to the close relationship of CBZ to prosurvival signal-
ling, a recent report revealed the therapeutic potential of CBZ in
treating liver fibrosis caused by o1-antitrypsin deficiency, one of
the chronic liver diseases leading to cirrhosis and liver failure
[14]. These findings fascinated us enough to encourage the evalu-
ation of the favourable effect of CBZ on liver regeneration after sur-
gical resection. In the present study, we identified a novel hepato-
proliferative effect of CBZ on hepatectomised mice that is mediated
through the activation of the mTOR pathway. This effect could par-
tially protect the mice against the high lethality associated with
massive liver resection. These results imply the therapeutic poten-
tial of CBZ to support liver regeneration in patients who are sub-
jected to liver resection or living donor transplantation.

Materials and methods
Mice

Six- to eight-week-old male C57BL/6] mice were purchased from Charles River
Laboratories Japan (Tokye). The mice were maintained in a specific pathogen-free
facility with a 12-hour-dark/12-hour-light cycle and received humane treatment.
All animal-related procedures were approved by the Animal Care and Use com-
mittee of Osaka University Medical School.
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Surgery and materials

The mice were anesthetised with inhaled isoflurane and subjected to sham oper-
ation or 70% partial hepatectomy (PHx) as previously described (n >3 for each
group and time point) [15]. Then, the mice were euthanized at indicated time
points after surgery. The 85% PHx surgical procedure was identical to 70% PHx
but with the additional resection of the right lower and caudate lobes {16]. Car-
bamazepine (CBZ) was purchased from Sigma-Aldrich (5t. Louis, MO) and dis-
solved in a stock solution of 50 mg/ml dimethyl sulfoxide (DMSO). The mice
were orally administered 250 mg/kg of CBZ or an equivalent volume of DMSO
2 h before surgery. The CBZ dosage was determined based on a previous in vivo
study [14]. Temsirolimus was purchased from Sigma-Aldrich and dissolved in a
stock solution of 20 mg/ml DMSO. The mice were injected intraperitoneally with
5 mg/kg of temsirolimus or an equivalent volume of DMSO 4 h before surgery.
The temsirolimus dosage was determined based on a previous in vivoe study
reporting its inhibitory effects on mTOR {17].

Blood tests

To measure serum AST and ALT levels, blood was collected from the inferior vena
cava of mice and centrifuged at 10,000g at room temperature for 15 min. Serum
AST and ALT levels were measured by a standard method at the Oriental Kobo Life
Science Laboratory (Nagahama, Japan).

Histological analyses

The dissected livers were fixed in formalin and embedded in paraffin. The sections
were stained with haematoxylin and eosin (H&E). To assess hepatocyte prolifera~
tion, the sections were further processed for immunohistochemistry (IHC) with
anti-Ki-67 antibody (Sigma-Aldrich) and anti-PCNA antibody (Cell Signaling Tech~
nology, Beverly MA). For IHC, antigen retrieval was performed by steaming for
20 min in 1x Target Retrieval Solution (pH 6.0) (DAKO, Glostrup, Denmark). The
quenching of the endogenous peroxidase was accomplished with a 10-min incuba-
tionin 3% hydrogen peroxide in methanol. Sections were stained using the immun-
operoxidase technique and counterstained with haematoxylin. We also stained
liver sections for nuclear BrdU incorporation as previously described {18].

Western blot analysis

Apiece of frozen liver tissue was lysed in lysis buffer (1% NP-40, 0.5% sodium deoxy-
cholate, 0.1% sodium dodecy! sulphate, 1x protease inhibitor cocktail [Nacalai Tes-
que, Kyoto Japan], 1x phosphatase inhibitor cocktail [Nacalai Tesque], phosphate-
buffered saline, pH7.4). The homogenates were purified by centrifugation at
10,000g at 4 °C for 15 min. The protein concentrations were determined using a
bicinchoninic acid protein assay (Thermo Scientific, Rockford, IL). Equal amounts
of protein extract were electrophoretically separated by SDS polyacrylamide gels
and transferred onto a polyvinylidene fluoride membrane. For immunodetection,
the following antibodies were used: anti-cyclinE1, anti-Akt, anti-phospho Akt
(Thr 308), anti-phospho Akt (Ser 473), anti-mTOR, anti-phospho mTOR (Ser
2448), anti-S6K, anti-phospho S6K (Thr 389), anti-4EBP1, anti-phospho-4EBP1
(Thr 37/46), anti-ERK, and anti-phospho ERK (Thr 202/Tyr 204), anti-JNK, anti-
phospho JNK (Thr 183/Tyr 185) (Cell Signaling Technology), anti-cyclinA (Santa
Cruz Biotechnology Inc., Santa Cruz, CA), PCNA and B-actin (Sigma-Aldrich).

Real-time quantitative PCR

Total RNA isolated from liver tissues using an RNeasy Mini Kit (QIAGEN) was
reverse transcribed and subjected to real-time reverse transcription PCR (RT-PCR)
as previously described [18]. The mRNA expression levels of the specific genes
were quantified using TagMan Gene Expression Assays (Applied Biosystems) as
follows: murine ccna2 (assay 1D:Mm00438063_m1), murine ccne2 (assay ID:
Mm00438077_m1), murine hgf (assay ID:Mm01135193_m1), murine il6 (assay
ID:Mm00446190_m1) and murine actb (assay ID:MmO00607939_s1). The tran-
script levels are presented as fold change relative to the controls.

Statistics

Data are expressed as mean * SD, Statistical analyses between two groups were
performed by an unpaired Student's ¢ test unless otherwise indicated. Multiple
comparisons were performed by a one-way ANOVA, and differences in the mean
values among groups were examined by a Fischer post hoc correction. p values
fess than 0.05 were considered to be statistically significant.

Results
CBZ promotes liver regeneration after PHx

To test whether CBZ has any effect on liver regeneration, male
C57BL6/] mice were orally administered CBZ or vehicle and under-
went 70% PHx. The PHx procedure allows for a well-established liver
regeneration model in which the liver recovers full volume after sur-
gery. In the sham-operated mice, no difference was found in liver to
body weight ratio at 48 h after drug administration between the CBZ-
treated and vehicle-treated groups (Supplementary Fig. 1). In the
hepatectomised mice, the ratio was significantly higher in the CBZ-
treated group than in the vehicle-treated group (Supplementary
Fig. 1). We then examined the liver to body weight ratio at several
time points after surgery with or without one-time oral CBZ admin-
istration. After PHx, the liver to body weight ratio was rapidly recov-
ered in the CBZ-treated mice and was significantly higher than in the
vehicle-treated mice at 2, 3 and 5 days after PHx (Fig. 1A). The liver to
body weight ratio reached similar levels by 14 days after surgery in
both groups (Fig. 1A). These findings demonstrate that CBZ promoted
liver regeneration after PHX in mice.

CBZ enhances hepatocyte proliferation after PHx

During liver regeneration, hepatocyte proliferation is critically
important in compensating for the lost liver mass and liver func-
tion recovery. To determine whether CBZ affects hepatocyte prolif-
eration in the hepatectomised mice, hepatocyte DNA synthesis
was assessed by immunchistochemical staining of liver sections
with Ki-67 and BrdU—two principal markers of DNA replication.
We first confirmed that there was no difference in liver injury after
PHx in the CBZ- or vehicle-treated mice, by evaluation of serum
AST and ALT levels (Fig. 1B and C). H&E staining also revealed that
there was no inflammatory cell infiltration or necrosis in the livers
of either group (Fig. 1D). The number of Ki-67 positive cells
increased to a peak at 48 h after PHx in both groups (Fig. 1E and
F), but the peak value was significantly higher in the CBZ-treated
livers (Fig. 1E and F). Similarly, the number of BrdU-positive nuclei
was also significantly higher in CBZ-treated mice than in vehicle-
treated mice at 36 h after PHx (Fig. 1G and H). Western blotting
indicated higher protein expression levels for proliferating nuclear
antigen (PCNA), another well-known marker of DNA replication, in
CBZ-treated livers at 48 h after PHx (Fig. 11). These findings indi-
cate that CBZ increased the number of proliferative hepatocytes
after PHx in mice. We also observed the similar hepato-prolifera-
tive effect and amelioration of liver regeneration in hepatecto-
mized mice even after repeated CBZ administration for 3
consecutive days (Supplementary Fig. 2A and B), which is a more
clinically relevant regimen since CBZ requires multiple adminis-
trations to reach steady state levels [18]. To determine whether
this favourable effect of CBZ is only observed in a resected liver,
CBZ-treated mice were administered a single injection of carbon
tetrachloride (CCly), which causes acute liver injury, and followed
compensative liver regeneration | 20]. CBZ treatment did not affect
the liver damage but enhanced hepatocyte proliferation (Supple-
mentary Fig. 3A-C) suggesting that the hepato-proliferative effect
of CBZ may not be limited to the hepatectomised liver.

We then examined the gene expression of several cyclins,
accelerators of cell cycle progression, which are important for
hepatocyte proliferation in regenerating livers {21]. A real-time
RT-PCR analysis revealed that the mRNA levels of ccrne2 and
ccna2 were significantly higher in CBZ-treated mice than in
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Fig. 1. CBZ promotes liver/body weight ratio recovery and enhances hepatocyte proliferation after 70% partial hepatectomy. Mice were administered 250 mg/kg of
CBZ or DMSO orally and subjected to 70% partial hepatectomy 2 h later (3 mice per group). CBZ, PHx, and CTL stand for carbamazepine, 70% partial hepatectomy and control,
respectively. (A) Changes in liver/body weight ratio over time in mice receiving PHx with vehicle or CBZ, *p <0.05 vs, vehicle, (B and C) Serum AST (B) and ALT (C) levels in
vehicle- or CBZ-treated mice. (D) Liver sections at 48 h after PHx or sham operation were stained with H&E; original magnification, 400x. (E) Liver sections after surgery
were evaluated for hepatocyte proliferation with anti-Ki-67 staining; original magnification, 400x. (F) The number of Ki-67 positive nucleifhigh-power field (HPF) at 48 h
after surgery in sham-operated mice and at indicated time in hepatectomised mice with vehicle or CBZ treatment. Six fields of view (FOVs) were counted in liver sections of
individual mice, *p <0.05. (G) Liver sections at 36 h after PHx were stained with BrdU; original magnification, 400x. (H) The number of BrdU positive nuclei/HPF at 36 h after
PHx in vehicle-treated and CBZ-treated mice. Six FOVs were counted in liver sections of individual mice, “p <0.05. (I) Expression of PCNA protein in liver tissue from vehicle-
or CBZ-treated mice after PHx was assessed by Western blot analysis. (J and K) ccne2 (]) and ccna2 (K) mRNA levels in the liver were determined by real time RT-PCR at 24 h
after PHx, *p <0.05. (L) Protein expression of cyclin E1 and cyclin A in liver tissue was assessed by Western blot analysis at 24 h after PHx.

vehicle-treated mice at 24 h after PHx (Fig. 1] and K). Evaluation
by Western blot also demonstrated that protein levels of cyclin
E1 and cyclin A were increased in CBZ-treated mice (Fig. 1L). Col-
lectively, these results suggest that CBZ upregulated the cyclin
levels in remnant hepatocytes, leading to an increase in the num-
ber of hepatocytes entering the cell cycle after PHx.

Journal of Hepatology 2013 vol. 59 | 1239-1245

CBZ strongly activates the Akt-mTOR pathway after PHx

Mood stabilisers, including CBZ, have been reported to modulate
the Akt and MAPK pathways [10-13], both of which are also
involved in initiating the cell cycle progression of remaining liver
cells upon liver resection [22-25]. Thus, we examined the effect
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Fig. 2. CBZ strongly activates Aki-mTOR signalling. Mice were administered 250 mg/kg of CBZ or DMSO orally and subjected to 70% partial hepatectomy 2 h later (4 mice
per group). (A) The phosphorylation status of Akt, mTOR, S6K, 4EBP1, ERK and JNK was assessed by Western blot analysis at 12 h after PHx. (B-H) Relative expression levels
of phosphorylated proteins were calculated as the optical densities of their blots normalized to the p-actin biots; p-Akt (Thr308) (B), p-Akt (Ser473) (C), p-mTOR (D), p-S6 K

(E), p-4EBP1 (F), p-ERK (G) and p-JNK (H). CBZ, carbamazepine; “p <0.05.

of CBZ on the activation of these two pathways in the livers of
hepatectomised mice. PHx induced phosphorylation of Akt
(Thr308, Ser473) and activated its downstream effectors, mTOR,
S6K, and 4EBP1, at 12 h after surgery. All of these signalling mol-
ecules were enhanced by CBZ treatment (Fig. ZA-F). By contrast,
the phosphorylation of ERK was not different between the CBZ-
treated and vehicle-treated mice (Fig. 2A and G). We also evalu-
ated the activation of the c-jun N-terminal kinase (JNK) pathway,
which is closely related to liver regeneration [26], and found no
difference between the two groups (Fig. 2A and H).

Activation of the mTOR pathway is responsible for enhanced
hepatocyte proliferation in hepatectomised mice following CBZ
treatment

To investigate whether the strong activation of Akt-mTOR path-
way was ascribable to the hepato-proliferative effect of CBZ after
PHx, we blocked mTOR signalling by the use of the mTOR inhib-
itor temsirolimus. Temsirolimus administration blocked the
enhancement of mTOR pathway activation in the CBZ-treated
hepatectomised livers to a level similar to the vehicle-treated

hepatectomised liver (Fig. 3A), while phosphorylation of Akt, an
upstream signalling molecule of mTOR, was upregulated in both
mice likely due to a compensative response (Fig. 3A). Under these
conditions, temsirolimus abrogated the upregulation of ccne2 and
ccna2 mRNA expression and PCNA protein expression in the CBZ-
treated hepatectomised mice (Fig. 3B-E), suggesting that the
hepato-proliferative effect of CBZ is attributable to the enhanced
activation of the mTOR pathway. In addition, mTOR inhibition
also prevented CBZ-induced acceleration of liver mass recovery
48 h after PHx (Fig. 3F). Altogether, these findings indicate that,
following PHx surgery, CBZ treatment potentiated the activation
of the mTOR pathway, which enhanced hepatocyte proliferation
and promoted liver regeneration.

CBZ improves the survival rate of mice that undergo 85% massive
hepatectomy

Finally, we evaluated the therapeutic significance of CBZ in
regeneration of the resected liver using a severe 85% massive
hepatectomy model. This PHx model typically presents extremely
high mortality (82%) within 2 days after surgery [27]. Consistent
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with the effect of CBZ observed in the 70% PHx model, CBZ did not
affect liver injury but enhanced hepatocyte proliferation in the
liver after the 85% PHx (Fig. 4A and B). Consequently, while only
4 of the 25 vehicle-treated mice survived for 7 days after 85%
PHx, 11 of 25 CBZ-treated mice were alive at 7 days. The CBZ-
treated mice survival rate was significantly higher than that of
vehicle-treated mice (44% vs. 16%, p <0.05) (Fig. 4C).

Discussion

Liver regeneration after surgical resection or injury is a complex
phenomenon primarily dependent on hepatocyte proliferation. In
the present study, we identified a new aspect of CBZ, increasing
hepatocyte proliferation after partial resection of the liver in
mice. We also clarified the involvement of the mTOR signalling
pathway in this hepato-proliferative effect. mTOR and its down-
stream effecters S6K and 4EBP1, all of which were intensively
upregulated by CBZ treatment, have been shown to stimulate cell

cycle progression via modulation of the expression of several cyc-
lins, such as cyclin E and cyclin A [28]. In fact, in our hepatecto-
mised mice, CBZ enhanced upregulation of their mRNA levels,
which were dependent on mTOR activation. These findings sug-
gest that mTOR activation may produce a profound effect on cell
cycle progression via upregulating cyclin expression in CBZ-
treated remnant livers. In this study, we also found that CBZ
enhanced Akt phosphorylation following PHx, which might be
an event that is upstream of mTOR activation. As mood stabilising
drugs have been described to trigger activation of PI-3K and sub-
sequent phosphorylation of Akt in neuronal cells by generating
lipid second messengers (i.e., PI-3,4,5-P3 or PI-3,4-P2) [10,13],
such a mechanism might be relevant to CBZ-mediated Akt activa-
tion in resected livers. Further studies are necessary to elucidate
the exact mechanism by which CBZ activates the mTOR signalling
pathway.

Given that CBZ has complicated pharmacokinetic properties, a
variety of mechanisms other than those involving the mTOR
pathway could be related to the enhanced liver regeneration in
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tissue from vehicle- or CBZ-treated mice was assessed by Western blot analysis.
(C) The survival rate was assessed at 7 days after surgery (25 mice per group).
Statistical analysis was performed using Chi-square test. CBZ, carbamazepine;
*p <0.05.

CBZ-treated mice. To further investigate underlying mechanisms,
we performed microarray analysis of the mouse liver tissues
collected after CBZ administration. Pathway analysis of micro-
array data revealed activation of PXR/RXR and FXR/RXR pathways
(data not shown), both of which have been reported to be
involved in liver regeneration [29-31]. These pathways might
be also involved in the hepato-proliferative effect of CBZ.
Following PHx, both hepatocytes and non-parenchymal cells
(NPCs) are activated and integrate multiple signals originating
from immune, hormonal, and metabolic networks to induce
hepatocyte proliferation [24]. In particular, after PHx, hepatic
stellate cells and Kupffer cells produce hepatocyte growth factor
(HGF) and IL-6, respectively, both of which contribute to liver
regeneration partially through modulating the intrahepatic sig-
nalling pathways focused on in this study [3,32]. Therefore, we
investigated the involvement of NPCs in the CBZ-induced hep-
ato-proliferative effect in hepatectomised mice. Neither HGF nor
IL6 gene expression levels were different between the CBZ-trea-
ted livers and vehicle-treated livers following PHx (Supplemen-
tary Fig. 4A and B). By contrast, in the in vitro study, primary
hepatocytes presented sustained phosphorylation of Akt
(Ser473) with transient and moderate activation of mTOR in
response to the administration of CBZ (Supplementary Fig. 5).
These findings support the idea that CBZ may directly activate
intracellular signalling pathways in hepatocytes contributing to
enhanced liver regeneration. Meanwhile, in this in vitro setting,
primary hepatocytes did not show a proliferative response to
CBZ administration (Supplementary Fig. 6). This may be because
hepatocytes require additional priming stimulus to start prolifer-
ation in vitro, same as our in vivo finding that CBZ administration

did not start liver regeneration in the sham-operated mice
(Fig. 1E and F, and Supplementary Fig. 1), We cannot exclude
the possibility that CBZ does not primarily target hepatocytes,
but affects other cell types in the liver to promote liver regener-
ation. Actual targets of CBZ in the liver will be determined in
future studies.

In rodents, 70% hepatectomy is well tolerated, but beyond
70%, resection is accompanied by higher mortality due to acute
liver failure despite the inherent ability of the liver to recover
to full size, This suggests that insufficient functional compensa-
tion of the remnant liver fails to maintain homeostasis in the ani-
mal 16,271, In clinical settings, extended liver resection is
reportedly associated with severe hepatic dysfunction, leading
to a significant increase in postoperative mortality [33,34]. In this
context, the promotion of the recovery of impaired liver function
is critically important for any therapeutic drug potentially used to
aid in liver regeneration. In the present study, CBZ treatment sig-
nificantly improved the survival rate of the mice that underwent
lethal 85% massive hepatectomy. This result elucidates the ther-
apeutic potential of CBZ to prevent postoperative liver failure
after major hepatectomy or living donor liver transplantation
with extended criteria.

When considering the therapeutic application of this study,
it is important to apply clinically relevant doses of CBZ to obtain
relevant physiological serum levels of CBZ (4-12 pg/mi) [35]. In
the present study, 2 h after oral administration of 250 mg/kg of
CBZ, its serum level reached 22.9 pg/ml (Supplementary Fig. 7A)
and was relatively higher than the therapeutic range in humans.
It is known that repeated administration of CBZ shortens its
half-life, and therefore consecutive administration is required
to acquire steady state levels [18]. Thus, we evaluated CBZ
serum levels after repeated administration at 250 mg/kg for 3
consecutive days. This administration method acquires physio-
logical levels of CBZ (4.8 pg/ml) (Supplementary Fig. 7B), and
importantly, the favorable effect on liver regeneration was
retained in the subsequently performed 70% PHx (Supplemen-
tary Fig. 2A and B). This result may support the potential ther-
apeutic use of CBZ. We also studied the influence of
hepatectomy on serum levels of CBZ because it reduces the total
amount of metabolizing cells in the liver. Serum levels of CBZ
were not different between the hepatectomized mice and the
sham operated mice 3h after the surgery (Supplementary
Fig. 70), suggesting that CBZ treatment may be applicable after
liver resection.

In conclusion, we demonstrated that CBZ promoted hepato-
cyte proliferation via the mTOR signalling pathway, resulting in
early liver regeneration in mice. We also demonstrated the ther-
apeutic implications of this drug in an 85% massive hepatectomy
model. Despite a large number of basic studies searching for
novel therapeutic agents to enhance liver regeneration, few
options are currently available for clinical use [6,7]. Our study
suggests the possibility that CBZ may enharnce liver regeneration
in a clinical setting, leading to a reduction in postoperative liver
failure and improving survival.
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Colon cancer is one of the most common cancers in the
world, Despite recent progress in the development of ireat-
ment, the overall 5-year survival rate is only 50-60% due to
local recurrence or distant metastasis." In particular, patients
with metastatic colon cancer have a median survival rate of
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only six months. 5-Fluorouracil (5-FU) remains key-drug in
chemotherapy against colon cancer. However, colon cancer
cells are becoming increasingly resistant to existing chemo-
therapies including 5-FU? Therefore, novel strategies are
needed especially for the treatment of advanced colon cancers
including metastatic liver cancer.

A normal liver contains abundant lymphocytes that are
usually enriched with NK and NKT cells in contrast to pe-
ripheral blood™ Thus, the effective activation of innate
immune cells might be beneficial in the treatment of meta-
static liver cancer. To date, however, immunotherapy has not
yet been established against metastatic liver cancer. a-Galac-
tosylceramide (a-GalCer) induces the activation of NKT cells
in a CDld-dependent manner® Recently, a-GalCer has
been aftracting attention as a novel antitumeor therapy. Sys-
temic administration of «-GalCer has demonstrated antitu-
mor effects against various tumors (including melanoma,
sarcoma, colon carcinoma, and lymphoma) in vivo in animal
models of hepatic and lung metastasis.”® We and others have
demonstrated that sequential activation of both NKT and NK
cells could be observed in the liver after a-GalCer adminis-
tration® " Although most NKT cells had disappeared from
the liver within 12 hr of a-GalCer administration, strong
activation and proliferation of liver NK cells could be
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observed, and the antitumor effect of the o-GalCer treatment
against liver tumors depended primarily on NK cells. Based
on the promising results of preclinical studies, several Phase
1 clinical studies using intravenous administration of «-
GalCer have been conducted, but clinical responses of
a-GalCer have been limited.!' In view of future o-GalCer
treatment of metastatic liver cancer, new strategies should be
explored. We have previously reported that anticancer drugs
enhance the expression of the human NKG2D ligand, mem-
brane-bound major histocompatibility complex class I-related
chain A (MICA), and the NK sensitivity of human hepatocel-
lular carcinoma cells in vitro.'*"* These findings suggest that
the efficient activation of liver innate immunity after chemo-
therapy might represent a promising approach to the sup-
pression of liver tumor growth.

In this study, we investigated the therapeutic potential of
the combination of a-GalCer and 5-FU in the treatment of
liver tumor of colon cancer cells. We found that 5-FU can
enhance the NK sensitivity of colon cancer cells by increasing
the expression of NK activating molecules. In addition, the
combination therapy of «-GalCer and 5-FU showed synergis-
tic antitumor effects against liver tumor of colon cancer cells.
This study demonstrates a promising new therapeutic strat-
egy for the treatment of metastatic liver cancer.

Material and Methods

Mice

Female C57BL/6 and BALB/c mice were purchased from
Charles River Laboratories Japan, INC (Yokohama, Japan)
and were used at 6-10 weeks of age. The mice were housed
under conditions of controlled temperature and light with
free access to food and water at the Institute of Experimental
Animal Science, Osaka University Graduate School of Medi-
cine. All animals received humane care and our study proto-
col complied with the institution’s guidelines.

Cell lines

MC38, a mouse colon cancer cell line derived from C57BL/6
mice, was generously provided by Dr. Michio Imawari
(Showa University School of Medicine, Tokyo, Japan). Co-
lon26, a mouse colon cancer cell line derived from BALB/c
mice, was kindly provided by Dr. Takashi Tsuruo (Institute
of Molecular and Cellular Bioscience, University of Tokyo,
Tokyo, Japan). This cell line was maintained in complete me-
dium (CM, RPMI-1640 medium supplemented with 10%
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heat-inactivated fetal bovine serum, 100 U/ml penicillin, 100
ug/ml streptomycin, and 10 mM L-glutamine: all reagents
from GIBCO/Life Technologies, Grand Island, NY) in a
humidified incubator at 5% CO, and 37°C.

Reagents

a-GalCer was purchased from Funakoshi (Tokyo, Japan) and
prepared as previously described by Kawano ef al® 5-FU was
purchased from Kyowa Hakko Kirin (Tokyo, Japan) and dis-
solved in phosphate buffered saline (PBS). MC38 cell viability
was determined 24 hr after the addition of 5-FU (used at 10
nmol/l to 2 pmol/l) or PBS by the WST assay using the cell
count reagent SF (Nacalai Tesque, Kyoto, Japan) as previ-
ously described (10).

Flow cytometry

MC38 cells were cultured with or without a-GalCer (100 ng/
ml) or 5-FU (500 nmol/l) for 24 hr and evaluated for the
expression of NK activating molecules. Treated and non-
treated MC38 cells were incubated with PE-conjugated anti-
bodies (Abs) against anti-Rae-1 (R&D Systems, Minneapolis,
MN), H60 (R&D Systems), CD112 (Nectin-2) (Abcam, Cam-
bridge, UK), and CD155 (BioLegend, San Diego, CA). Flow
cytometric analysis was performed using a Canto II flow cy-
tometer (Becton Dickinson, San Jose, CA).

Preparation of hepatic mononuclear cells from 5-FU-

or u-GalCer-treated mice

C57BL/6 mice were administered 5-FU (20 mg/kg body
weight)or PBS intraperitoneally (i.p.) for 3 consecutive days.
Liver mononuclear cells (MNCs) were prepared as previously
described.® In some experiments, C57BL/6 mice were admin-
istered a-GalCer (0.4 pg/mouse) or PBS ip. on Day 0. On
Day 3, hepatic MNCs were prepared. NK cells were identified
as DX5+/TCRB- by flow cytometry as previously described®
The expression levels of NKGZD and DNAMI were eval-
uated with anti-NKG2D (R&D Systems) and anti-DNAM1
(BioLegend) Abs by flow cytometry.

Cytolytic assays

C57BL/6 mice were injected i.p. with a-GalCer (2 ng/mouse)
for the preparation of activated NK cells as previously
described.® Liver MNCs were prepared on Day 3 after a-
GalCer injection. MC38 cells were cultured with or without
5-FU (500 nmol/l) for 1 day. a-GalCer-activated liver MNCs
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