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Fig. S1. The dynamic statistics of natural killer (NK) T cells
in the autoimmune hepatic inflammation (AHI) liver and
spleen. (A) Absolute number of NK T cells in the liver (a)
and spleen (b) in AHI. The number was determined as
[total number of mononuclear cells (MNCs) in the liver
or spleen] X [the frequency of CD3*NKI-1* cells] in
each group [n=5, mean * standard deviation (s.d.),
*P<0-001). (B) (a) Population of intrahepatic CXCR6"
NK T cells (n=5, mean * s.d., *P < 0-:001). (b) Expression
of CXCL16 in hepatic tissue. Levels of CXCL16 mRNA in
each group were determined by quantitative reverse
transcription—polymerase chain reaction (QRT-PCR). Bars
indicate mean * s.d., *P<0-001. (C) (a) Frequency of
interferon (IFN)-y* NKT cells in each group (n=5,
mean * s.d., *P<0-001). (b) Frequency of interleukin

282

(IL)-4* NKT cells in each group. All experiments were
repeated at least three times.

Fig. S2. Frequency of natural killer (NK) T cells in the
liver and spleen in autoimmune hepatic inflammation
(AHI). Frequencies of NK T cells in intrahepatic major his-
tocompatibility complexes (MHCs) and splenocytes were
determined by flow cytometry (n=5, mean * standard
deviation, *P < 0-001). Experiments were repeated at least
three times.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
article.
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Abstract

AIM: To investigate the hepatoprotective effect of
MK615, a Japanese apricot extract, in an animal model,
and its clinical therapeutic effect.

METHODS: Wistar rats were administered physiologi-
cal saline (4 mL/kg) or MK615 solution (4 mL/kg) for 7
d. On the sixth d, acute hepatic injury was induced by

(44
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administering a single intraperitoneal injection ({p) of
D-galactosamine hydrochloride (D-GaIN) (600 mg/kg).
Plasma levels of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) were determined,
and liver tissues were used for histopathological analy-
sis. Fifty-eight patients with liver disorders [hepatitis C
(77 = 40), non-alcoholic fatty liver disease (7 = 15), and
autoimmune liver disease (7 = 3)] were orally admin-
istered commercially available Misatol ME-containing
MK615 (13 g/d) daily for 12 wk. Blood and urine were
sampled immediately before and 6 wk, 12 wk, and 16
wk after the start of intake to measure various bio-
chemical parameters. The percentage change in ALT
and AST levels after 12 wk from the pre-intake baseline
served as a primary endpoint.

RESULTS: D-GalN effectively induced acute hepatic
injury in the rats. At 48 h after the jp injection of D-GalN,
the plasma levels of ALT (475.6 + 191.5 TU/L vs 225.3
+ 194.2 TU/L, P < 0.05) and AST (1253.9 + 223.4
IU/L vs 621.9 £ 478.2 TU/L, P < 0.05) in the MK615
group were significantly lower than the control group.
Scattered single cell necrosis, loss of hepatocytes, and
extensive inflammatory cell infiltration were observed
in hepatic tissue samples collected from the control
group. However, these findings were less pronounced
in the group receiving MK615. At the end of the clinical
study, serum ALT and AST levels were significantly de-
creased compared with pre-intake baseline levels from
103.5 + 58.8 IU/L to 71.8 £ 39.3 IU/L (P < 0.05) and
from 93.5 + 55.6 IU/L to 65.5 + 34.8 IU/L (P < 0.05),
respectively. A reduction of = 30% from the pre-study
baseline ALT level was observed in 26 (45%) of the 58
patients, while 25 (43%) patients exhibited similar AST
level reductions. The chronic hepatitis C group exhibit-
ed significant ALT and AST level reductions from 93.4
51.1 IU/L to 64.6 = 35.1 IU/L (P < 0.05) and from 94.2
+ 55.5 IU/L to 67.2 + 35.6 IU/L (P < 0.05), respective-
ly. A reduction of = 30% from the pre-study baseline
ALT Jevel was observed in 20 (50%) of the 40 patients.
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ALT levels in both the combined ursodeoxycholic acid
(UDCA) treatment and the UDCA uncombined groups
were significantly lower after Misatol ME administration.
MK615 protected hepatocytes from D-GalN-induced
cytotoxicity in rats. Misatol ME decreased elevated ALT
and AST levels in patients with liver disorders.

CONCLUSION: These results suggest that MK615 and
Misatol ME are promising hepatoprotective agents for
patients with liver disorders.

© 2012 Baishideng. All rights reserved.
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INTRODUCTION

Japanese apticot (Prunus mume Sieb. et Zucc.), heremnaf-
ter referred to as #me, was brought to Japan from China
around the eighth century. The flesh of this fruit has
been used not only as food but also as medicine. Ishznbo,
the oldest medical monograph in Japan, which was writ-
ten in AD 984, indicates that both umeboshi (pickled wme)
and wbai (smoke-dried wme) were used as medicines (e.g,
as anti-diarrheal agents and for detoxification in food ot
drug poisoning). Shokokukodenhibo, published 1 1817,
also refers to the effectiveness of uze extracts. It is thus
evident that ume was used extensively as a folk remedy in
Japan. Syringaresinol, a lignan in wme, was recently shown
to control infection by inhibiting the migration of He/-
cobacter py/m{l]. MKG15, an extract from Japanese apticot,
contains triterpenoids such as ursolic acid (UA)[Z], oleano-
lic acid (OA)PY, lupeolm}, o-amyrin®, and ﬁnsitosterol[‘q.
These substances have been shown to exert various bio-
logical actions. Reports have described diverse effects, m-
cluding anti-tumor activity (against tumor cell lines such
as those of gastric cancer{ﬂ, leukemia[ﬂ, breast cancerm,
hepatocellular carcinoma’™?, colon cancer™, pancreatic
cancer™, and malignant melanomam]) and immunopo-
tentiation in experimental animals exposed to X—raysm.
MK615 was previously reported to inhibit the release of
high-mobility group box 1 (HMGB1) from lipopolysac-
charide (LPS)-stimulated macrophage-like RAW?264.7
cells and to activate the transcription factor nuclear fac-
tor erythroid 2-related factor 2 (Nrf2), resulting in the

(44
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induction of heme oxygenase-1 (HO-1). MK615 was
also shown to suppress the formation of inflammation-
mnducing cytokines [tumor necrosis factor o (TNF-o) and
mterleukin-6 (IL-6)] by inactivating mitogen-activated
protein kinases (MAPKSs) and the transcription factor
nuclear factor-xB (N F—KB)WZJ‘ It is thus evident that ume
extracts exert anti-inflammatory and antioxidative actions.
However, the significance of these actions in the liver has
not been adequately clarified.

Given the anti-inflammatory and antioxidative ac-
tions of MKG615, we investigated the hepatoprotective
effects of MKG615. In addition, the effects of Misatol
ME, a beverage containing MK615 that is approved as
a health food product in Japan, were clinically evaluated
in patients with liver disorders that included hepatitis C,
chronic inflammation of the liver, as well as fatty liver
disease, which is closely involved in oxidative stress.

MATERIALS AND METHODS

Effect of MK615 on D-galactosamine hydrochloride-
induced acute hepatic injury in rats

Preparation of MK615 solution: MK615 solution was
prepared from a condensed extract of ume. In brief, ume
were squeezed using a press, and the #me juice was then
heated and concentrated 20-fold™. The condensed ex-
tract was neutralized using NaOH and was then heat-
sterilized. The MK615 solution contained the neutral,
condensed #me extract.

D-galactosamine hydrochloride-induced hepatic in-
jury in rats: Seven-week-old male Wistar rats (Celj:WI)
weighing 200-240 g were purchased from Charles River
Laboratories Japan (Yokohama, Japan). All rats were
maintained under controlled temperature and lighting
conditions (12/12-h dark/light cycle), and water and
standard diet were provided ad libitum in accordance
with the institute’s guidelines for care and use of labora-
tory animals in research.

Acute hepatic injury was induced by administering a
single intraperitoneal () injection of D-galactosamine
hydrochloride (D-GalN) (600 mg/kg; Wako Pure Chemi-
cal Industries, Osaka, Japan). In this study, rats were
divided mto 3 experimental groups. In group I (the ve-
hicle control group), rats were administered physiological
saline (4 mL/kg per day) va gavage for 7 d and injected
with D-GalN (7) 2 h after the sixth oral administration
of saline (6 d from the first oral administration). In group
I (the MKG615 group), rats recetved MIK615 solution (4
ml./kg per day) via gavage for 7 d and were injected with
D-GalN () 2 h after the sixth oral administration of
MEKG615 solution. In group III, rats were administered the
neutral MK615 solution (4 mL/kg per day) via gavage for
7 d and were injected with saline (79) 2 h after the sixth
oral administration of MIK615 solution. group II served
as a negative experimental control without D-GalN-
induced hepatic injury (Figure 1). Treatments involving
oral administration by gavage were conducted between

August 21, 2012 | Volume 18 | Issue 31 |
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MK615 or saline administration via gavage

T D A

Sacrifice

T R

T T T T T

-1 0 1 2 3 4
t/d

5 6 7 8

Injection (jp) of D-galactosamine hydrochloride

Figure 1 Experiment protocol of D-galactosamine hydrochloride-induced acute hepatic injury in rats.

9:00 and 10:00 AM and 7 injections were administered
between 11:00 AM and 12:00 noon. All rats were sacri-
ficed by exsanguination under anesthesia 48 h after the
zp injection of D-GalN or saline (8 d after the first oral
administration). Blood samples from the abdominal aorta
were immediately heparinized, and plasma samples wete
isolated by centrifugation. Plasma samples were frozen
and stored at -80 °‘C until used, and subsequently ana-
lyzed to determine the levels of alanine aminotransferase
(ALT) and aspartate aminotransferase (AST). Liver tissue
samples were also obtained from each rat and used for
histopathological analysis. The plasma levels of ALT and
AST were determined using a commercially available ana-
lytical kit (Transaminase CII-Test; Wako Pure Chemical
Industries).

Evaluation of the effects of MK615 in patients with liver
disorder

Subjects: This study involved patients who were defini-
tively diagnosed with a liver disorder at the Jikei Uni-
versity School of Medicine Hospital, the St. Marianna
University School of Medicine Hospital, or the Kurihara
Clinic between December 2007 and December 2009 and
who met the following requirements: (1) ALT level ex-
ceeding reference limits when tested within 3 mo before
the start of this study, indicating the presence of hepa-
topathy; (2) serum hepatitis C virus (HCV)-RNA positiv-
ity (determined by real-time polymerase chain reaction)
n patients with chronic hepatitis C; and (3) presence of
fatty liver confirmed by diagnostic imaging in cases of
non-alcoholic fatty liver disease (NAFLD). The following
patients were excluded from the study: (1) those receiving
treatment for liver cirthosis, hepatocellular carcinoma, or
other malignant tumors; (2) patients receiving treatment
with Stronger Neo-Minophagen C; (3) those receiving
treatment with interferon (IFN); and (4) habitual drink-
ers (alcohol consumption, > 30 g/d) or occasional heavy
drinkers. Concomitant use of drugs or any treatment with
antiviral, inmunomodulating, or marrow-suppressive ac-
tivity was prohibited duting the study period, but contin-
ued use of drugs that had been initiated before the study
was permitted. No patients were heavy drinkers. The eth-
ics committee of each participating facility approved the
study protocol. Informed consent to participate in the
study was obtained in writing from all patients.

Methods: In Japan, MK615 solution is commercially
available as Misatol ME (AdaBio Co. Ltd., Takasaki, Ja-
pan). For the clinical study, Misatol ME was used as the

144
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MK615 solution and was ingested orally every d (2 X
6.5 g packs/d) for 12 wk. Blood and urine were sampled
immediately before and 6 wk, 12 wk, and 16 wk after
the start of MKG615 intake to measure the following
parameters: white blood cell (WBC) count, differential
leukocyte count, red blood cell RBC) count, hemoglo-
bin, hematocrit, platelet count, ALT, AST, y-glutamyl
transpeptidase (y-GTP), alkaline phosphatase (ALP),
total protein, albumin, total cholesterol, cholinesterase,
and total bilirubin, as well as urinalysis parameters. The
percentage change in ALT and AST levels after 12 wk
of intake from the pre-intake baseline served as primary
and secondary endpoints, respectively. In the analysis of
these endpoints, an improvement of = 50% from the
pre-intake baseline was regarded “markedly effective”,
= 30% was regarded “effective”, << 30% as “ineffec-
tive”, and an aggravation of = 30% as “worsened”. The
response rate was defined as the percentage of “markedly
effective” plus “effective” cases.

Stafistical analysis

Data are expressed as mean t SD. Statistical analyses
were performed using Stat View for Windows Version
5.0 (SAS Institute Inc., North Carolina, United States).
Differences between 2 groups were analyzed using the
Mann-Whitney U test. Comparisons between baseline
and each time point wete performed using Dunnett’s test.
P <0.05 was considered significant.

RESULTS

The effect of MK615 on D-galactosamine hydrochloride-
induced acute hepatic injury in rats

ALT and AST plasma levels in control rats were elevated
48 h after D-GalN induction, with mean values of 475.6
+ 1915 IU/L (# = 8) and 1253.9 £ 2234 IU/L (» = §),
respectively. In the MK615 group, the ALT and AST levels
were 2253 + 1942 IU/L (n = 9) and 621.9 £ 478.2 TU/L
(n = 9), tespectively. The levels of ALT and AST in the
MKG615 group rats were significantly lower than in those
of the control group (P = 0.0433 for ALT, P = 0.0124 for
AST by Mann-Whitney U test) (Figure 2A and B).

Liver tissues were obtained from both control group
rats and MK615 group rats at 48 h after D-GalN injec-
tion. Scattered single cell necrosis (swollen eosinophilic
hepatocytes) and loss of hepatocytes was observed in
hepatic tissue samples from the control group. Extensive
inflammatory cell infiltration was also noted (Figure 2C).
Figure 2D shows that these features of D-GalN-induced
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Figure 2 Effect of MK615 in D-galactosamine hydrochloride-induced acute hepatic injury in rats. A: AST plasma levels; B: ALT plasma levels; C: Control group
(liver), D: MK615 group (fiver). AST:Aspartate aminotransferase; ALT: Alanine aminotransferase.

Chronic NAFLD Autoimmune

hepatitis C liver disease
Number 40 15 3
Gender (M/F) 25/15 14/1 1/2
Age (yr) 6442113  525+137  657%4.0
HCV viral load(10"/mL) 6.2+08
= 5Slog/ < 5log/ND 35/3/2
WBC count (/uL) 4153 £ 994 68001578 3967 £723
RBC count (10°/uL) 415 £59 490 51 448 +48
Hemoglobin (g/dL) 13118 155+1.1 125+1.7
Platelet count (10°/uL) 13.8+57 203 +£84 17.2+5.1
AST (IU/L) 94.2 £55.5 84.5 +50.0 1293 +90.5
ALT (IU/L) 93.4+51.1 1319725 96.7 £50.1
v-GTP (IU/1) 729%605 18191975 12031742
LDH (IU/L) 237.8+54.8 2289+444 270 £443
ALP (IU/L) 318.1+116.8 303.4+106.8 391+293.1
Total bilirubin (mg/dL) 0.84 +£0.29 0.8+044 0.67 £0.15
Total cholesterol (mg/dL) 162£352  1885+49.1 174.7+£40.1
Total protein (g/dL) 75+0.6 77£03 79+09
Albumin (g/dL) 3.9+04 44+03 3.9%09
BUN (mg/dL) 16.2£4.0 13.6 £3.2 153 £3.1
Creatinine (mg/dL) 0.76 £0.16 0.75+0.1 0.62 £0.06

Data are expressed as the mean # standard deviation. NAFLD: Non-
alcoholic fatty liver disease; ND: Not done; M: Male; F: Female; HCV:
Hepatitis C virus; WBC: White blood cell; RBC: Red blood cell; AST:
Aspartate aminotransferase; ALT: Alanine aminotransferase; y-GTP: y
guanosine triphosphate; LDH: Lactate dehydrogenase; ALP: Alkaline
phosphatase; BUN: Blood urea nitrogen.

hepatic injury were reduced in the treatment group re-

(44

T

Guishideeye  WJG | www.wjgnet.com

ceiving the MK615 solution.

The effects of MK615 in patients with liver disorders

We enrolled 58 patients in this clinical study (mean age,
61.4 £ 12.7 years; range: 29-82 years; 40 men and 18
women). The diagnosis was chronic hepatitis C in 40
patients, NAFLD in 15 patients, and autoimmune liver
disease in 3 patients (2 with autoimmune hepatitis and 1
with primary sclerosing cholangitis). Table 1 lists the back-
ground variables in relation to the diseases diagnosed.

Analysis of the entire study population determined
that ALT levels had decreased significantly from 103.5
1 58.8 IU/L before the start of the study to 81.3 + 45.7
TU/L (P < 0.05) at 6 wk, 71.8 £ 39.3 TU/L (P < 0.05) at
12 wk, and 72.3 * 40.3 IU/L (P < 0.05) at 16 wk (Figure
3A). AST levels decreased significantly from 93.5 + 55.6
IU/L before the start of the study to 77.6 £ 47.1 TU/L
(P < 0.05) at 6 wk, 65.5 £ 34.8 IU/L (P < 0.05) at 12 wk,
and 68.3 * 37.8 IU/L (P < 0.05) at 16 wk (Figute 3B). A
reduction of = 30% from pre-study baseline ALT levels
was observed in 26 (45%) of the 58 patients, whereas 25
(43%) patients exhibited a similar reduction in AST levels
(Table 2).

When the effects of Misatol ME were analyzed in
relation to the disease diagnosed, the chronic hepatitis C
group exhibited significant ALT level reductions from the
pre-study baseline of 93.4 * 51.1 IU/L to 75.3 X 46.6
TU/L (P < 0.05) at 6 wk, 64.6 * 35.1 IU/L (P < 0.05) at
12 wk, and 64.6 % 33.8 TU/L (P < 0.05) at 16 wk (Figure
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Figure 3 Effects of MK615 in patients with liver disorder, chronic hepatitis C and non-alcoholic fatty liver disease. A: Alanine aminotransferase (ALT); B: Aspartate
aminotransferase (AST); C: Chronic hepatitis C group (ALT); D: Non-alcoholic fatty fiver disease group {ALT). °P < 0.05 vs 0 wk group. Dunnett's test.

ALT AST
Chronic hepatitis C 20/40 (50) 16/40 (40)
NAFLD 5/15(33) 6/15 (40)
Autoimmune liver disease 1/3(33) 3/3(100)
Total 26/58 (45) 25/58 (43)

NAFLD: Non-alcoholic fatty liver disease; AST: Aspartate aminotransfer-
ase; ALT: Alanine aminotransferase.

3C). This same group of patients exhibited significant
AST level reductions from the pre-study baseline of 94.2
+55.51U/L to 78.8 = 49.5 IU/L (P < 0.05) at 6 wk, 67.2
T 35.6 IU/L (P < 0.05) at 12 wk, and 66.6 * 33.7 IU/L
(P < 0.05) at 16 wk. In the chronic hepatitis C group, a
reduction of = 30% from the pre-study baseline ALT
level was observed in 20 (50%) of the 40 patients, while
16 (40%) patients exhibited similar AST level reductions
(Table 2). Among the patients with chronic hepatitis C,
ALT data before the start of test beverage intake (24
wk before starting intake) were available for 32 patients.
These patients were subdivided into combined ursode-

44
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oxycholic acid (UDCA) treatment (# = 20) (Figure 4A)
and UDCA uncombined (» = 12) groups (Figure 4B). In
both the combined UDCA treatment and UDCA uncom-
bined groups, ALT levels were significantly lower after the
intake of Misatol ME compared with those before intake.
The NAFLD group exhibited significant ALT' level
reductions from 131.9 + 72.5 IU/L before the start of
the study to 102.8  37.6 IU/L (P < 0.05) at 6 wk, 90.9
* 45.6 IU/L (P < 0.05) at 12 wk, and 96.9 * 50.8 IU/L
(P < 0.05) at 16 wk (Figure 3D). This group also exhib-
ited significant AST level reductions during the Misatol
ME intake period compared with the pre-start baseline
level; levels were 84.5 £ 50.0 IU/L before the start of the
study, 66.7 * 24.2 TU/L (P < 0.05) at 6 wk, 58.1 £ 26.0
TU/L (P < 0.05) at 12 wk, and 69.8 * 41.9 TU/L (NS)
at 16 wk. In the NAFLD group, a reduction of = 30%
from the pre-study baseline ALT level was observed in 5
(33%) of the 15 patients, whereas similar AST level re-
ductions were observed in 6 (40%) patients (Table 2).
The levels of y-GTP in the entire study population
also decreased significantly after Misatol ME intake com-
pared with pre-intake baseline levels (data not shown).
Table 3 presents the hematological and biochemical
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Figure 4 Effects of MK615 in patients with chronic hepatitis C (alanine aminotransferase). A: Misatol was added on ursodeoxycholic acid; B: Only Misatol was

used. °P < 0.05 vs 0 wk group. Dunnett's test. NS: Not significant.

Before During therapy P value'

therapy 12 wk
WBC count (/uL) 4828 + 1640 4977 + 1855 NS
RBC count (10°/uL) 436 £ 65 435 £ 65 NS
Hemoglobin (g/dL) 13.7 £2.0 13.8+1.9 NS
Platelet count (10°/pL) 157 £7.0 15.6 6.6 NS
AST (IU/L) 94 +56 66 £35 <0.05
ALT (IU/L) 104 +£59 72 £39 <0.05
+GTP (TU/L) 104 +121 74 93 <0.05
LDH (IU/L) 237 +52 227 £52 <0.05
ALP (IU/L) 318 124 298 £126 <0.05
Total bilirubin (mg/dL) 0.8+03 0.8+03 NS
Total cholesterol (mg/dL) 170 £40 171+£43 NS
Total protein (g/dL) 7.6 £0.6 7.6+05 NS
Albumin (g/dL) 4.0+0.5 41+04 NS
BUN (mg/dL) 155+3.9 147 £35 NS
Creatinine (mg/dL) 0.75£0.15 0.74 £0.15 NS

Data are expressed as the mean + standard deviation. ‘Dunnett’s test.
NS: Not significant; WBC: White blood cell; RBC: Red blood cell; AST:
Aspartate aminotransferase; ALT: Alanine aminotransferase; y-GTP:
y-guanosine triphosphate; LDH: Lactate dehydrogenase; ALP: Alkaline
phosphatase; BUN: Blood urea nitrogen; NS: Not significant.

data obtained for the clinical study. No change associated
with Misatol ME intake was noted in any hematological
or biochemical parameter other than in the indicators
of liver function, which improved after MK615 intake.
An unexplained eruption was observed in 1 patient with
NAFLD, which was the only adverse event observed dur-
ing this study, and was not found to have a causal rela-
tionship with the intake of Misatol ME.

DISCUSSION

This is the first study demonstrating that Misatol ME (a
beverage contamning MK615, an #me extract) lowers blood
transaminase levels in patients with liver disorders such
as chronic hepatitis C and NAFLD. wme has been used
as traditional medicine and food in Japan since ancient
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times”. The clinical effects of #me have been attributed
to the biological activity of MIK615. MK615 contains
triterpenoids such as OA, UA, lupeol, oi-amymin, and f3-si-
tosterolp'ﬂ, and has been shown to exert anti-tumor activ-
ity agamst various tumor cell lines, including those of
gastric cancer™, leukemia™, breast cancer™, hepatocellu-
lar carcinomap’s], colorectal cancerm, pancreatic cancer[m],
esophageal cancerm, and malignant melanoma’”. The
possible mechanisms underlying the anti-tumor activity of
MK615 include induction of an tosis [2’6’9’“], induction of
autophagym, cell cycle arrest™®"" , reduced expression of
receptors for advanced glycation end products (RAGE)
on membrane surfaces of cancer cells ’“], and immuno-
potentiation following exposure to X-rays'?. MK615 in-
hibits the release of HMGBI1 from mouse macrophage-
like RAW?264.7 cells™. This inhibitory activity is mediated
by Nrf2 activation and HO-1 induction, suggesting that
MK615 possesses antioxidative activity®™. The authors
also previously demonstrated that MKG615 suppressed the
release of the inflammatory cytokines TNF-q and IL-6
in RAW264.7 cells™. This suppression was mediated by
the inactivation of MAPKSs and NF-xB, thus indicating
an anti-inflammatory effect of MK615™.

The present study reveals that MKG615 also exerts hep-
atoprotective activity in a rat model of D-GalN-induced
hepatopathy, given that treatment with MI615 resulted
in lower plasma ALT and AST levels accompanied by his-
tological evidence of suppressed destruction of hepatic
parenchymal cells when compared with untreated con-
trols. Therefore, MIK615 protected the rats from D-GalN-
induced hepatopathy.

Previous studies using animal models of D-GalN-
induced hePatopathy revealed the activation of MAPKSs
in the liver™, suggesting that liver grotection might be
achieved by the induction of HO-1%or by the inhibition
of NF-xB in Kupffer cells™. In the present study, the ef-
fects of MK615 in suppressing MAPK phosphorylation,
inducing HO-1, and inhibiting NF-kB activation may have
protected the rats from D-GalN-induced hepatopathy.

Additionally, it was shown that the intake of Misatol
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ME, which contains MIK615, lowered the elevated levels
of AST and ALT in patients with hepatic impairment.
This effect was observed in patients with etiologically
different hepatic diseases, i.e., those with hepatitis C and
those with NAFLD. No adverse event was associated
with the intake of Misatol ME duting this study. Further-
more, add-on Misatol ME in combination with UDCA,
which had been initiated before the start of Misatol ME
intake, resulted in further AST and ALT level reductions
in patients with hepatitis C. Moreover, the reduction in
ALT levels was also noted in patients who were previ-
ously resistant to UDCA therapy.

A major approach to treating HCV infection is antivi-
ral therapy using a combination of IFN and ribavirin™.
In cases in which the virus cannot be eradicated or IFN
is not indicated, it is important to prevent the progression
of HCV infection to liver cirrhosis or liver cancer™. In
practice, the progression of HCV infection to liver fibro-
sis is accelerated by higher levels of ALT™, Therefore,
when dealing with cases in which virus eradication is dif-
ficult, therapeutic interventions that result in lower ALT
levels are important for delaying disease progression. In
the present study, Misatol ME was shown to significantly
reduce ALT levels in patients with chronic hepatitis C,
and further reductions in ALT levels were also observed
in patients refractory or pootly responsive to UDCA.
Given the significance of these findings, Misatol ME
warrants further evaluation as a potential treatment for
liver disease, including an evaluation of its efficacy dur-
ing prolonged use. Because Misatol ME is a functional
food, conducting the same controlled study to investigate
its potential as a medicine was difficult. Nevertheless, the
usefulness of Misatol ME as a functional food was clari-
fied. A future investigation is required in which a detailed
analysis of the active principal component of Misatol
ME should be conducted to elucidate the mechanism un-
derlying its effectiveness as a functional food.

The mechanism undetlying the hepatoprotective ac-
tivity of Misatol ME in patients with chronic hepatitis C
appears to involve the anti-inflammatory and antioxida-
tive actions of the MK615 component of Misatol ME.
Patients with chronic hepatitis C have high levels of
inflammatory cytokines such as TNF-o and IL-6%%.
MK615 inhibits the phosphorylation of MAPKs i LPS-
stimulated macrophage-like RAW264.7 cells and sup-
presses the formation of TNF-o and IL-6 by inhibiting
NF-kB activation"?; these findings suggest that the effect
of MK615 in suppressing cytokine formation contributes
to the suppression of hepatocyte damage in patients with
hepatic impairment. Given that Nrf2 activation™ ™ and
HO-1 induction**** ate known to be hepatoprotective,
the authors previously demonstrated that MK615 and
its component OA activate the transcription factor Nrf2
in LPS-stimulated macrophage-like RAW264.7 cells and
induce HO-1, one of the target genes". Whether MK615
also activates Ntf2 and induces HO-1 in clinical cases is
unknown. However, it appears highly probable that the
antioxidative action of MIC615 protects the liver.

MKG615 was also effective in patients with NAFLD,

"
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reducing serum AST and ALT levels in these patients,
as well as in those with hepatitis C. The involvement of
factors such as oxidative stress, insulin resistance, and
TNF-¢ in the progression of NAFLD into non-alcoholic
steatohepatitis (NASH) has been suggested™ . Diet and
exercise are the standard therapies for the treatment of
such cases™". However, the outcomes of these treat-
ments are often unsatisfactory. The effects of MK615
on oxidative stress and insulin resistance in patients with
NAFLD are most likely based on the antioxidative ef-
fect and the inflammatory cytokine-suppressive action
of MK615. Therefore, MK615 therapy may be a promis-
ing new means of treating such cases clinically. Obesity
is considered a major factor associated with NAFLD.
The livers of obese individuals display disturbances in
autophagy, with upregulation of autophagy reducing in-
sulin resistance”™. Since MK615 has been demonstrated
to induce autophagy in colorectal carcinoma cell lines?,
this effect is also expected to be useful for treatment™.
More recently, it was reported that a rat model of NASH
exhibited increased expression of RAGE in the liver,
suggesting that inhibiting RAGE expression can protect
the liver' . MK615 reduces the expression of RAGE
on the cell membranes of the high-RAGE expression
hepatocellular carcinoma cell line HuH7?. This RAGE
suppression may also play a role in the hepatoprotective
effects of Misatol ME.

In the present study, MK615 and Misatol ME, which
contains MK615, were shown to potentially alleviate
various types of hepatic impairment caused by different
factors. MK615 contains multiple triterpenoids (OA, UA,
lupeol, ez); previous in vitro and in vivo studies have
shown that these triterpenoids protect the liver from vari-
ous hepatotoxic substances, such as D-galactosamine, ac-
etaminophen, carbon tetrachloride, and ethanol® #*4,
As a result of these diverse actions, Misatol ME may ex-
ert extensive hepatoprotective effects in patients with he-
patic impairments of differing etiologies. Therefore, fur-
ther studies are required to clucidate the diverse actions
of Misatol ME and to assess the significance of its long-
term use and its clinical efficacy in suppressing the onset
and progression of cancet, as previously demonstrated at
experimental level.

Background

MK615, an extract from Japanese apricot, contains triterpencids. These sub-
stances have been shown to exert various biological actions. In the present
study, MK615 (a beverage containing MK615, an ume extract) was found to
protect hepatocytes from D-galactosamine hydrochioride-induced cytotoxicity
in rats. MK615 decreased the elevated alanine aminotransferase (ALT) and
aspartate aminotransferase levels in the patients with liver disorder.
Research frontiers

The mechanism underlying the hepatoprotective activity of MK615 in patients
with chronic hepatitis C appears to involve the anti-inflammatory and antioxida-
tive actions of the MK615 component of MK615.

Innovations and breakthroughs

This is the first study to indicate that MK615 lowers blood transaminase levels
in patients with liver disorders such as chronic hepatitis C and non-alcoholic
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fatty liver disease.

Applications

In treating hepatitis C virus infection, therapeutic interventions that result in
lower ALT levels are important for delaying disease progression. In the present
study, MK615 was shown to significantly reduce the ALT levels in the patients
with chronic hepatitis C, and further reductions in ALT levels were observed in
the patients refractory or poorly responsive to ursodeoxycholic acid. Given the
significance of these findings, MK615 warrants further evaluation as a potential
treatment for liver disease, including an evaluation of its efficacy during pro-
longed use.

Terminology

MK615, an extract from Japanese apricot, contains triteroenoids such as ursolic
acid, oleanolic acid, lupeol, o-amyrin, and -sitosterol. Ume extracts exert anti-
inflammatory and antioxidative actions.

Peer review

The strongest point of this study should be the histological comparison of the rat
livers with galactosamine-induced injury pretreated with MK615 and those not
pretreated with MK615. The result is interesting and suggest that MK615 are
promising hepatoprotective agents for patients with liver disorders.
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'CCR9* Macrophages Are Required for Acute Liver Inflammation in

NOBUHIRO NAKAMOTO,* HIROTOSH! EBINUMA,* TAKANOR! KANAI,* PO-SUNG CHU,* YUICHI ONO,* YOHEI MIKAMI,*
KEISUKE OJIRO,* MARTIN LIPP,* PAUL E. LOVE,® HIDETSUGU SAITO,* and TOSHIFUMI HIBI
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BACKGROUND & AIMS: Antigen-presenting  cells
(APCs) are involved in the induction of liver inflamma-
tion. We investigated the roles of specific APCs in the
pathogenesis of acute liver injury in mice. METHODS:
We used concanavalin A (con A) or carbon tetrachloride to
induce acute liver inflammation in mice and studied the
roles of macrophages that express CCR9. RESULTS: After
injection of con A, we detected CCR9*CD11b*CD11c"
macrophages that express tumor necrosis factor (TNF)-a
in livers of mice, whereas CCR9*Siglec-H"CD11b"
CD11d"¥ plasmacytoid DCs (pDCs), which are abundant
in normal livers, disappeared. The CCR9* macrophages
were also detected in the livers of RAG-27/~ mice, which
lack lymphocytes and natural killer T cells, after injection
of con A. Under inflammatory conditions, CCR9™ macro-
phages induced naive CD4" T cells to become interferon
gamma-producing Th1 cells in vivo and in vitro. CCR9™/~
mice injected with con A did not develop hepatitis unless
they also received CCR9* macrophages from mice that
received con A; more CCR9™ macrophages accumulated in
their inflamed livers than CCR9* pDCs, CCR9- pDCs, or
CCR9™ macrophages isolated from mice that had received
injections of con A. Levels of CCL25 messenger RNA
increased in livers after injection of con A; neutralizing
antibodies against CCL2S reduced the induction of hep-
atitis by con A by blocking the migration of CCR9*
macrophages and their production of TNF-a. Peripheral
blood samples from patients with acute hepatitis had
greater numbers of TNF-a-producing CCR9*CD14*
CD16"#" monocytes than controls. CONCLUSIONS:
CCR9* macrophages contribute to the induction of
acute liver inflammation in mouse models of hepati-
tis.

Keywords: Immune Regulation; Hepatic Disease; Chemo-
kine Receptor; T-Cell Activation.

Ithough the liver faces continuous exposure to many

pathogens and commensal bacterial products, the
innate and adaptive immune responses of the liver favor
the induction of immunologic tolerance.!”> Critically,
however, there are many patients who experience acute
hepatic failure, with a high lethal rate owing to liver
inflammation.$ Although various immune compartments,
such as T cells including CD4*CD25*Foxp3™* regulatory

T cells, natural killer cells, natural killer T (NKT) cells,
macrophages (Kupffer cells), conventional DCs (cDCs),
and plasmacyroid DCs (pDCs), reside in the normal
liver,? it is unknown which types of cells positively in-
duce inflammarion.

Accumulating evidence shows that the chemokine/
chemokine receptor axis instructs immune cells into the
inflamed liver.” Originally, CCRO is a representative gut-
homing receptor on lymphocytes that migrate into the
small intestine, where CCL2S5 (ligand of CCRY) is abun-
dant.® Furthermore, up-regulation of CCL25 in the in-
flamed small intestine following accumulation of CCR9*
CD4* T cells has been reported both in Crohn’s disease®
and in a murine model,'®!! and clinical trials of anti-
CCRY antagonist against Crohn’s disease are ongoing. In
liver immunology, however, Eksteen et al previously
showed that CCL25 is up-regulated in the inflamed liver
of primary sclerosing cholangitis in humans and that
CCR9-expressing T cells are accumulated in the liver of
such patients.'? Although initial studies focused on
CCRY-expressing lymphocytes irrespective of the gut and
liver, Hadeiba et al recently showed that immature pDCs
in the spleen and lymph nodes also express CCR9 and
that those CCR9-expressing pDCs have the ability to
suppress immune responses.'> However, little is known of
the function of CCR9-expressing pDCs in the liver and
also of the presence and the function of liver CCRY-
expressing macrophages and ¢DCs.

To examine the induction of liver inflaimmation, we
compared 2 typical conditions—the steady condition ver-
sus the inflammatory condition—using an acute T cell-
mediated hepatitis model, concanavalin A (con A)-in-
duced liver inflammation in mice,'* focusing on antigen-
presenting cells (APCs)!'s-18 and the chemokine/
chemokine receptor axis.” Intravenous injection of con A
induces massive hepatocyte necrosis, with marked infil-

Abbreviations used in this paper: AH, acute hepatitis; APC, antigen-
presenting cell; CH, chronic hepatitis; cDC, conventional dendritic cell;
con A, concanavalin A; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; IFN, interferon; IL, interleukin; mAb, monoclonai antibody; NC,
normal control; NKT, natural killer T; PB, peripheral blood; pDC, plas-
macytoid dendritic cell; TLR, Toll-like receptor; TNF, tumor necrosis
factor; WT, wild-type.

© 2012 by the AGA Institute
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doi:10.1053/j.gastro.2011.10.039
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Figure 1. Abundant CCR9*CD11b~CD11c" pDCs in the normal liver. (A) Representative CD11b and CD11¢ staining on whole cells isolated from
the liver and spleen of WT mice. Each box indicates ¢cDCs, CD11b+*CD11c*; pDCs, CD11b~CD11¢®%; and macrophages, CD11b*CD11c™. (B)
Mean percentage of pDCs, ¢DCs, and macrophages. Data show mean = SEM (n = 5/group). "P < .01.

tration of lymphocytes in the liver and elevation of serum
transaminase levels. Initially, this model was believed to
be CD4" T-cell dependent; later, however, 2 groups clar-
ified that the pathologic CD4* T cells were CD1d-depen-
dent NKT cells.’?2% Against this background, we here
propose that liver CCR9* macrophages act specifically as
initial inflammatory cells in the development of con A-in-
duced T-cell hepatitis.

Materials and Methods

Experimental Protocols of con A-Induced

Hepatitis

Con A (type IV) was purchased from Sigma-Aldrich (St
Louis, MO). Intravenous injections of con A (20 mg/kg) were
administered into the tail vein of mice 12 hours before exami-
nation under anesthesia. In experiment 1, age-matched wild-type
(WT), CCR9~/~, CCR7/~, and MCP-1"/~ mice were treated with
con A. In experiment 2, CCR9* and CCR9™ macrophages as well
as CCR9* and CCR9~ pDCs were isolated from the liver of con
A-treated Ly5.1* mice. These cells were then adoptively trans-
ferred to CCR9™/~ Ly5.2* mice (5 X 10° cells/mice), which were
immediately injected with con A. As a control, WT Ly5.2* mice
were injected with con A. In experiment 3, WT mice were intra-
peritoneally injected with neutralizing anti-CCL25 monoclonal
antibody (mAb) (500 pmg/mouse, clone 89818; R&D Systems,
Minneapolis, MN; n = 4) or isotype control (n = 4) 2 hours
before administration of con A. All mice were killed 12 hours
after administration of con A.

See Supplementary Materials and Methods for more details.

Results

Abundant CCR9*CD11b~CD11c"* pDCs in
the Normal Liver

To clarify the mechanism by which liver inflam-
mation is induced, we focused on liver APCs.)21516 To
segmentalize the APC compartments, we stained liver and
spleen mononuclear cells obtained from WT mice with
mADb against CD11b and CD11c. As shown in Figure 14,
3 APC compartments were found in the liver and spleen:
cDCs, CD11b*CD11c*; pDCs, CD11b~CD11d"¥; and
macrophages, CD11b*CD11c™. As previously reported,’
pDCs are more abundant in the liver than in the spleen,
although the ratios of ¢cDCs to macrophages were com-

parable in these organs (Figure 1B). To further character-
ize these compartments, we stained the cells with a third
mAb (Supplementary Figure 1). Consistent with previous
reports,'>?! B220, PDCA-1, CCRY, and CD8a were pref-
erentially expressed on pDCs but not on ¢cDCs ot macro-
phages in liver and spleen cells. However, not all
CD11b~CD11c"¥ cells appeatred to be identical to pDCs
because some of the latter cells did not express the mark-
ers. Interestingly, the liver pDC population contained a
higher proportion of CCR9" cells than spleen pDCs,
which suggests that liver pDCs are more immature and
tolerogenic than spleen pDCs.’32! In contrast, F4/80 was
expressed not only on spleen and liver macrophages, but
also on liver cDCs and some spleen cDCs. This implies
that macrophages in the liver and spleen and ¢cDCs in the
liver can be classified exclusively as monocyte phagocyte
system!® cells generated from monocytes and also that
spleen cDCs are a mixture of macrophage/dendritic pre-
cursor- and monocyte-derived DCs.'¢ In this regard, mac-
rophages and ¢DCs in the liver and spleen expressed Ly6C
at a high level and a low to negative level, respectively.
CD80, CD86, and major histocompatibility complex class
1I on liver and spleen cells were expressed at a high level
on ¢DCs but at moderate to low levels on macrophages
and pDCs (Supplementary Figure 1). Collectively, these
data suggest that pDCs and cDCs/macrophages are dis-
tinct populations in the liver, whereas ¢cDCs and macro-
phages constitute similar but different populations in
terms of activation status.

Accumaulation of CCR9-Expressing
Macrophages Through con A-Induced Liver
Inflammation

To induce liver inflammation, we intravenously
administered con A to WT mice. Twelve hours after ad-
ministration, the APC compartments in the liver showed
marked changes; the proportion of pDCs was significantly
reduced, whereas that of cDCs/macrophages, particularly
macrophages, was significantly increased (Figure 2Ai and
Bi). In contrast, the APC composition of spleen cells was
unchanged by administration of con A (Figure 247 and
Bi). Consistent with these findings, the absolute cell num-
bers of cDCs and macrophages in the liver were signifi-
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Figure 2. Accumulation of CCR9-expressing macrophages in the liver of con A-treated mice. (A)) CD11b and CD11c staining on whole cells in the
liver and spleen from PBS- or con A—-treated mice. (Ai) CCR staining for the gated APCs. Data are representative of & independent experiments. (Bi)
Mean percentages in 3 subsets of the liver (upper panel) and spleen (middle panel) and (Bil) absolute cell numbers of the 3 subsets of the liver (ower
panel). Data show mean = SEM (n = 5/group). Blue bars, PBS; red bars, con A. "P < .01. (C) Mean percentages of CCR9* cells in the 3 subsets
of the liver (upper panel) or spleen (lower panel). Blue bars, PBS; red bars, con A. P < .05, "P < .01. (D) Time course changes of mean percentages
of CCR9* cells in the 3 subsets of the liver after con A injection. Blue fine, pDCs; red line, cDCs; green line, macrophages. Data show mean + SEM
(n = 4/group). (E) CCL25 expression in the liver after con A injection. CCL25 mRNA expression in the livers of PBS- and con A-treated mice was
measured by reverse-transcription quantitative polymerase chain reaction, and each sample was normalized relative to glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) expression. Error bars represent SEM of triplicate samples. ™"P < .001.

cantly higher in con A-treated mice, whereas those of
pDCs were comparable in phosphate-buffered saline
(PBS)- and con A-treated mice (Figure 2Bii). Surprisingly,
we found a dramatic change in CCR9 expression in the
liver, but not in the spleen, after administration of con A:
down-regulation on pDCs and a corresponding up-regu-
lation on macrophages/cDCs (Figure 247 and C). This
change was confirmed by time course observation of
CCRY expression after administration of con A (Figure
2D). Furthermore, the expression level of CCL25 messen-
ger RNA (mRNA) in the liver of con A-treated mice was
significantly up-regulated 12 hours after injection of con
A (Figure 2E).

Interestingly, not only did macrophages/cDCs in the
liver of con A-treated mice show markedly up-regulated
CD80 and CD86 expression compared with those in the
liver of PBS-treated mice, but also the mean fluorescent
intensity of CD80 and CD86 expression of CCR9* mac-

rophages/cDCs was significantly higher than in CCR9™
macrophages/cDCs (Supplementary Figure 24 and B). In
contrast, although both CCR9™ and CCR9* pDCs in the
liver of PBS-injected mice were in the CD80~ and CD86~
population, only CCR9~ pDCs in the liver of con
A-treated mice showed up-regulated CD80 and CD86
expression (Supplementary Figure 2A). Notably, CCR9*
macrophages/cDCs, but not pDCs, expressed a signifi-
cantly higher level of tumor necrosis factor (TNF)-« after
injection of con A (Supplementary Figure 2C and D). The
phenotypic difference between CCR9* pDCs in the steady
state and CCR9" macrophages under inflammation was
also confirmed in that only the CCR9* pDC population, not
CCR9" macrophages, coexpressed the specific pDC marker
Siglec-H?22% (Supplementary Figure 2E). Furthermore, in
vitro stimulation with con A slightly up-regulated CCR9
expression on CD11b* macrophages of the spleen and liver
at 12 and 24 hours after culture. Marked up-regulation was
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observed only in liver cells at 72 hours after culture (Supple-
mentary Figure 2F), although this up-regulated CCR9 ex-
pression was less than that induced after in vivo con A
administration in mice (Supplementary Figure 2F).

We next sought to establish whether the increased CCR9*
macrophages were also observed in the liver of RAG-27/~
mice following administration of con A; we wished to deter-
mine whether macrophages or T/NKT cells are the primary
cells in response to con A in this model. As shown in
Supplementary  Figure 34, the accumulation of
CD11b*CD11c¢™ macrophages and the up-regulation of
CCRY in the macrophages subset were similarly observed in
the liver of con A-treated WT and RAG-27/~ mice. By con-
trast, an activated CD69"e"CD3" population, including con-
ventional T and NKT cells, was observed in con A-treated
WT mice, but it was completely absent in con A-treated
RAG-27/~ mice. The severity of liver inflammation was dra-
matically reduced in con A-treated RAG-2"/~ mice from an
assessmnent of the liver histology and serum levels of
transaminase (Supplementary Figure 3B and C). These re-
sults suggest that NKT cells might be terminal effector cells,
rather than initiator cells, following the activation of mac-
rophages in a con A hepatitis model.

CCR9" Macrophages in the Livers From con
A-Treated Mice Promote the Development of
Th1 Cell

To investigate the function of CCR9* macro-
phages in the livers from con A-treated mice (CCR9*
macrophages) in addition to CCR9* pDCs in the livers

from PBS-treated mice (CCR9* pDCs), both subsets were
isolated using FACSAria (BD Biosciences, Franklin Lakes,
NJ) (Figure 3A4) and their morphologic characters were
assessed using Giemsa staining. CCR9" pDCs resembled
plasma cells with an eccentric kidney-shaped nucleus,
whereas CCR9* macrophages displayed a horseshoe-
shaped nucleus (Figure 3B). Next, CCR9" pDCs or CCR9™"
macrophages were cocultured with carboxyfluorescein
succinimidyl ester-labeled naive CD4* T cells obtained
from the spleen of DOI1.10 X RAG-27/~ mice in the
presence of ovalbumin peptides. After 72 hours of culture,
CD4* T cells had extensively divided in the presence of
CCR9* macrophages but showed little division in the
presence of CCR9* pDCs (Figure 3C); this finding is
consistent with previous reports showing the poor stim-
ulatory function of pDCs2425 We further examined the
expression of interferon (IFN)-y, interleukin (IL)-17A, and
Foxp3 in cultured CD4* T cells. As depicted in Figure 3D,
CD4% T cells cocultured with CCR9* macrophages ex-
pressed IFN-y but not Foxp3 and IL-17A; CD4" T cells
cocultured with CCR9* pDCs expressed Foxp3 but not
IL-17A and IFN-y.

We next performed a reverse-transcription quantitative
polymerase chain reaction assay of the gene expression of
CCR9* macrophages and CCR9" pDCs. Expression of
TNF-a mRNA in CCR9* macrophages was significantly
increased; conversely, that of IL-10 and transforming
growth factor B mRNAs in CCR9* macrophages was
significantly decreased (Supplementary Figure 4). Consis-

-126-

g
a2
239,
3
22
E,




370 NAKAMOTO ET AL

tent with the findings of a previous report,? the expres-
sion parterns of Toll-like receptors (TLRs) in CCR9* mac-
rophages and CCR9™ pDCs were distinct; CCR9™ pDCs

preferentially expressed TLR7 and TLR9 mRNAs, whereas

CCR9" macrophages preferentially expressed TLR4 and
TLR6 mRNAs (Supplementary Figure 4). This suggests
that these 2 populations are separately generated from
different precursor cells. Furthermore, the expression of
CCR2 mRNA was significantly higher in CCR9* macro-
phages; conversely, the expression of CX3CR1 mRNA was
significantly lower in CCR9" macrophages than in CCR9*
pDCs. The expression of CCRS, CCR6, and CCR7 mRNAs
was comparable in CCR9" macrophages and CCR9*
pDCs (Supplementary Figure 4).

CCR9~/~ Mice Were Resistant to con
A-Induced Hepatitis

To investigate the role of CCR9 during liver in-
flammation, we used CCR9™/~ mice in a con A-induced
hepatitis model. First, the proportion of pDCs in the liver
of untreated CCR9™/~ mice was slightly lower than that of
untreated WT mice, but the difference was not significant
(dara not shown). No inflammatory lesions were found in
the liver of CCR9™/~ mice until the age of 40 weeks (data
not shown). This suggests that CCR9* pDCs are not the
only cells responsible for liver tolerance and inflammation
in the steady state and that other CCR9-expressing cells,
such as activated CCR9* macrophages, are needed to
induce inflammation. To test this, we administered age-
matched WT, CCR9™/~, CCR7~/~, and MCP-17/~ (MCP-1
[CCL2]; CCR2 ligand) mice with con A. As expected,
CCR9™/~ mice did not develop liver damage after treat-
ment with con A (Figure 4B) and showed less elevation of
transaminase levels than the treated WT mice (Figure 4C);
con A-treated CCR7™/~ and MCP-17/~ mice developed
hepatitis to a similar extent to con A-treated WT mice
(Figure 4B and C). This suggests that the CCR9/CCL25
axis plays an important role in the pathogenesis of this
model. The proportion of macrophages in the liver of
CCRY9™/~ mice after con A treatment was comparable with
that of WT mice treated with PBS, whereas con A-treated
WT, CCR7™/~, and MCP-1"/~ mice showed marked in-
creases of CCR9™ macrophages (Figure 44 and Di). This
was confirmed by the absolute cell numbers of liver
CD11b* macrophages after treatment with con A (Figure
4Dii). The diseased WT, CCR77/~, and MCP-1"/~ mice
showed up-regulation of CCR9 on macrophages and
down-regulation on pDCs (Figure 4E). Furthermore, we
confirmed that the serum levels of TNF-¢, IFN-v, and IL-6
in con A-treated CCR9™/~ mice at 12 hours after admin-
istration of con A were significantly reduced compared
with those in con A-treated WT mice (Figure 4F). Impor-
tantly, the activation of NKT and T-cell subsets observed
in con A-treated WT mice was diminished in con
A~treated CCR9™/~ mice, which suggests that the recipro-
cal interaction between CCR9-expressing macrophages
and NKT/T cells plays a key role in the development of
con A-induced acute hepatic inflammation (Supplemen-

GASTROENTEROLOGY Vol. 142, No. 2

tary Figure 5). We also confirmed that CCR9™/~ mice were
resistant to carbon tetrachloride-induced liver inflamma-
tion, another model of acute liver injury in mice, accom-
panied by the up-regulation of CCR9 expression on
CD11b" macrophages in the liver of carbon tetrachloride-
treated WT mice (Supplementary Figure 6).

CCRY* Macrophages Were Key Inflammatory
Cells for con A-Induced T-Cell Hepatitis

Given the evidence that inducible CCR9 expression
on macrophages in the liver is crucially involved in the
induction of liver inflammation, we further confirmed
the direct involvement of CCR9* macrophages without
the possible impact of CCR9* lymphocytes'2?7 in the T
cell-mediated con A model. To this end, CCR9" and
CCRY9™ macrophages and CCR9* and CCR9~ pDCs were
isolated from the liver of identically con A-treated LyS.1*
WT mice, and those cells were then adoptively transferred
into Ly5.2* CCR9™/~ mice, which were immediately in-
jected with con A (Figure SA). As a control, Ly5.2" WT
mice were injected with con A (Figure 54). Strikingly, con
A-treated CCR9™/~ mice transferred with CCR9* macro-
phages developed more severe hepatiris than mice trans-
ferred with CCR9* pDCs, CCR9™ pDCs, or CCR9™ mac-
rophages from an assessment of the liver histology and
serum levels of transaminase (Figure 5B and C); however,
con A-treated CCR9™/~ mice transferred with CCR9*
macrophages showed less liver inflammation than con
A-treated WT mice (Figure SB and C). Consistent with
this, the ratios of CCR9*CD11b™ macrophages were
markedly increased in the liver of con A-treated WT mice
and CCR9™/~ mice transferred with CCR9* macrophages,
although this was not observed in CCR9™/~ mice trans-
ferred with CCR9* or CCR9™ pDCs or CCR9™ macro-
phages (Figure 5D and E). This result suggests a specific
role of migrating CCR9* macrophages as key inflamma-
tory cells in the development of con A-induced hepatitis.
Additionally, we confirmed that the increased
CCR9*CD11b* macrophages in con A-treated CCR9™/~
mice transferred with CCR9* macrophages were Ly5.1%
transferred cells, whereas those in con A-treated WT mice
were LyS5.2" endogenous cells (Figure SE, right).

We next investigated whether the transfer of CCR9™ mac-
rophages obtained from con A-treated LyS5.17 WT mice into
CCR9™/~ mice without con A administration could induce
liver inflammation (Supplementary Figure 7A). As controls,
we used CCR9™/~ mice without the transfer or con A admin-
istration as well as CCR9™/~ mice with the transfer of CCR9*
macrophages and con A administration (Supplementary Fig-
ure 7A). However, in sharp contrast to CCR9™/~ mice trans-
ferred with CCR9* macrophages and con A administration,.
Ly5.1*CD11b* macrophages were not accumulated in the
liver of CCR9™/~ mice transferred with CCR9* macrophages
but without con A administration and in CCR9™~ mice
without the transfer or con A administration (Supplemen-
tary Figure 7B). Consistent with this, CCR9™/~ mice trans-
ferred with CCR9" macrophages and without con A admin-
istration and CCR9™/~ mice without the transfer or con A
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Figure 4. CCR9™/~ mice are resistant to

con A-induced hepatitis. (A) CD11b and

CD11c staining on whole cells in the liver from

PBS- or con A-injected WT, CCR9~-,
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{IU/mL)

“P < .01; P < .001. (£) CCRY staining on F

pDC and macrophage subsets of the liver.

Data are representative of 5 independent ex- 1000

periments. (F) Serum levels of TNF-a, IFN-y, = 750

and IL-6 from PBS- or con A-treated mice E— 500

detected by CBA assay. Data show mean + g 250 250 50 7 o
SEM (n = 4/group). Red bars, con A. P < 0 0 0
.05; "P < .01. WT CCR9-/- WT  CCR9-/- W7  CCR9-/-
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Figure 5. CCR9* macro-
phages are key inflammatory cells

for con A-induced T-cell hepatitis.
(A) Experimental design. CCR9™
and CCR9™ macrophages and
CCR9* and CCR9~ pDCs were
isolated from the liver of con
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administration did not develop hepatitis (Supplementary
Figure 7C and D).

In addition, we showed that the ratio of IFN-y-express-
ing Th1 cells, but not IL-17A~expressing Th17 cells, was
markedly increased in the liver of con A-treated CCR9™/~
mice with the transfer of CCR9* macrophages, but not in
the liver of con A-treated CCR9™/~ mice without the
transfer (Supplementary Figure 8).

Neutralizing Anti-CCL25 mAb Attenuated con
A-Induced Liver Injury

To directly evaluare the possible contribution of
CCRY/CCL2S blockade to the clinical efficacy of the treat-
ment of acute hepatitis (AH), we examined whether neutral-
izing anti-CCL25 mAb was effective in preventing con A-in-

WT CCR9- CCR9+ CCR9- CCR9+

with CCR9* pDCs (n = 4),
CCR9™~ mice transferred
with CCR9~ macrophages (n =
4), CCR9™~ mice transferred
with CCR9* macrophages (n =
4), and WT mice (n = 4). Then,
all mice were immediately in-
* jected with con A. (B) Represen-
* tative photomicrographs  of
H&E-stained sections of the
liver. Data are representative of
each group. (C) Serum ALT
level. Data show mean = SEM
(n = 4/group). ‘P < .05. (D)
" Mean percentage of macro-
WT CCR9-CCR9+CCR9-CCRY+ phage (CD11b*) subsets in the
pDC pDC m¢ m¢ liver from 5 groups. Data show
* mean * SEM (n = 4/group).
huled 'P<.05,"P<.01.(fCD1iband
CD11c staining on liver mono-
nuclear cells (left panel) and
CCR9 and CD45.1 staining for
pDC and macrophage subsets
(right panel) in the liver from 5
groups. Data are representative
of 4 independent experiments.

pDC pDC m$ m¢

duced hepatitis. As expected, administration of anti-CCL25
mAb significantly ameliorared con A-induced liver injury;
anti-CCL2S mAb-treated mice showed less liver damage (Fig-
ure 6A4) and lower serum levels of transaminase (Figure 6B)
than isotype mAb-treated con A-treated mice. The number
of CCR9* macrophages in the anti-CCL2S mAb-treated con
A-treated group was significantly lower than in the isotype
mAb-treated con A-treated group, whereas the number of
CCR9* pDCs was not statistically different between the
isotype mAb and anti-CCL25 mAb-treated con A-treated
groups (Figure 6C and D). Interestingly, the expression of
TNF-« in CCR9* macrophages in the anti-CCL25 mAb-
treated con A-treated group in response to in vitro lipopoly-
saccharide stimulation was significantly lower than in the
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Figure 6. Neutralizing anti-CCL25 « (CCR9*CD 11b+) (CCR9*CD11cY)
mAb treatment ameliorates con A-in- ———— ey 5
duced liver inflammation. (A) Photomi- =5 sggg ,‘2 4
crographs of H&E-stained sections of E 1000 "6_ 3 g 3
the liver from PBS-injected, con Aliso- 3 500 ZS,? X %
type mAb-injected, and con A/anti- = 0 0 ! 0 4+ o e
CCL25 mAb-injected mics. Data are PBS iso oCCL25  PBS iso aCCL25  PBS iso aCCL25
representative of each group (n = 4).
(B) Serum ALT level. Data show o
mean = SEM (n = 4/group). P< 05 B j CD11b*CD11c" m® il % TNFo* in CCR9* mo
(C) CD11b and CD11c staining on liver *
mononuclear cells (eft panel) and +isotype +aCCL25 t 2
CCR9 staining for macrophage sub- ) . 100 ek - *k :
sets (right panel) in the liver from 3 80 l—_—_!.?'_r‘“-——; e
groups. Data are representative of 4 60 g
independent  experiments (n = % % o
4/group). (D) Absolute cell numbers of 40 _%_ 5§ &
CCRO*CD11b* cells (eft pane) and 20 2az
CCR9*CD11c* cells (right panel) in the 0 ',. . 55 i
s

liver from 3 groups. Data show mean = PBS iso oCCL25
SEM (n = 4/group). 'P < .05. (£) Intra-

cellular TNF-a and surface CCR9 ex- F
pression and (Ei)) mean percentage of

TNF-a* cells in macrophages of the 400 - = 400 50

liver from 3 groups. Cells were stimu- 3 300 300 IL-6 40

lated with lipopolysaccharide for 6 E 200 Eogp ?En gg

hours, followed by surface and intra- g 100 g’_ 100 2730

cellular staining. Data show mean = = 0 : =~ 0 - . —E 0 += g A Mo
SEM (n = 4/group). ‘P < .05, "P < .01.

(F) Producton of TNF-a, IL-6, pDCmy pDC mp pDC md  pDC mp pDC mi  pDC my

and IL-10, in response to CCL25. - PBS ~ ~Con A— -PBS— —ConA-— —PBS— —ConA-—
CD11b*CD11¢c™ macrophages or o * '

CD11b=CD11¢% pDCs obtained from n >

the liver of PBS- or con A-treated mice * R . e CCL25

were cultured with CCL25 (0, 100, 500 — 3 1 — migration {ng/mL)

ng/mL). (Fi) Migration assay. Fold in- T2

crease of migration by CCL25 com- »§,1

pared with the baseline (without 0

CCL25 incubation) was calculated.

Data show mean = SEM (n = pDCmy pDC mp

4/group). P < .05, "P < .01. —PBS— —ConA-—
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isotype mAb-treated con A-treated group (Figure 6E); this
suggests that up-regulated CCL2S under inflammation con-
tributes to both the migrarion and activation of CCR9*
macrophages.

Notably, macrophages obtained from the liver of con
A-treated mice—but not macrophages and pDCs from
the liver of PBS-injected mice and pDCs from the liver of
con A-treated mice—produced a significantly higher
amount of TNF-« and IL-6 in response to CCL2S in a
dose-dependent manner (Figure 6Fi). By contrast, pDCs
from the liver of PBS-injected mice, but not macrophages
and pDCs from the liver of con A-treated mice, produced
significantly higher amounts of IL-10 in response to
CCL2S5 in a dose-dependent manner (Figure 6Fi). We fur-
ther performed an in vitro migration and cell activation
experiment using macrophages and pDCs obtained from
the liver of PBS- and con A-treated mice. As expected, the
migratory ability of pDCs from the liver of PBS-injected
mice and macrophages from the liver of con A-treated
mice, both of which express CCRY, was significantly in-
creased in the presence of CCL25 (Figure 6Fi).

TNF-a—Expressing CD14*CD16"$?CCR9*
Monocytes Were Markedly Increased in the
Peripheral Blood of Patients With AH

Finally, we attempted to apply the present results
in mice to human AH, such as viral hepatitis and auto-
immune hepatitis. To this end, we assessed the pheno-
types of the peripheral blood (PB) in patients with AH,
patients with chronic hepatitis (CH), and normal controls
(NCs). The precise characteristics of each group are sum-
marized in Supplementary Table 1. In particular, we fo-
cused on CD14*CD16" cells in PB samples, because it has
been reported that the subpopulation of CD14*CD16"
monocytes produces a large amount of TNF-o and other
proinflammatory cytokines to participate in inflamma-
tion?® First, the proportion of CD14*CD16"8" mono-
cytes, but not CD14*CD16¥ or CD14~CD16"g" mono-
cytes, was significantly increased in the PB of patients
with AH as compared with that of NCs and patients with
CH (Figure 74, left, and B). Furthermore, the positive
percentage of CCR9" cells in CD14*CD16hg" monocytes
was significantly higher in the PB of patients with AH
than in that of NCs or patients with CH (Figure 7A, right,
C, and D). Importantly, TNF-« was preferentially ex-
pressed on CD16"8"CCR9* but not on CD16M"CCR9™
subpopulations in the PB of patients with AH (Figure 7E).

Discussion

We here identify CCR9* macrophages as key in-
flammatory cells of con A-induced AH in mice. Figure 7F
gives a schematic view of the current study. Our results
clearly show that CCR9* macrophages played a key role in
promoting proliferation of CD4" T cells and generation
of IFN-y-producing Th1 cells as well as NKT cell activa-
rion in con A-induced T-cell hepatitis.

To investigate the mechanism of the breakdown of liver
tolerance in the inflammartory state, we initially focused
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Figure 7. TNF-a—expressing CD14*CD16""CCR9* monocytes
emerge in the PB of patients with AH. (A) CD14 and CD16 staining (left
panel) and CCR9 staining on indicated subsets of cells (right panel)
isolated from the PB of NCs, patients with CH, and patients with AH. (B)
Mean percentage of CD14*CD16°, CD14*CD1i6"%e", and
CD14-CD16"" monocytes. "P < .05. (C) CCRY and CD16 staining on
the PB isolated from 3 groups. (D) Mean percentage of CCRQ+*CD16Ma"
populations. "P < .05. () Intracellular TNF-« and surface CCR9 staining
on CD16MN9" gated cells of PB from AH. (A Suggested immunologic
mechanism through con A-induced acute liver inflammation. After ad-
ministration of con A, CCR9*™ macrophages migrated to the CCL25
up-regulated liver promote proliferation of CD4* T cells and generation
of IFN-y-producing Th1 cells as well as NKT cell activation. me, macro-
phages; mono, monocytes. :
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