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immunoglobulins in the tissue. Sections were incu-
bated for 30 minutes at room temperature with Imm-
PRESS peroxidase-micropolymer staining kits and
3,3'-diaminobenzidine substrate (Vector Laboratories).
For double immunostaining, a MACH2 peroxidase-
and alkaline phosphatase-polymer detection kit, 3,3'-
diaminobenzidine, and Warp Red chromogen kit (Bio-
care Medical, Concord, CA) were used. Sections were
lightly counterstained with hematoxylin.

Xenograft Transplantation. Fach transplant con-
sisted of 1 x 10° cells of each of the cell lines stably
expressing short hairpin RNA (shRNA) against SALL4
or luciferase suspended in 200 uL Dulbecco’s modified
Eagle medium (DMEM) and Matrigel (1:1). The cells
were transplanted into nonobese diabetic, severe com-
bined immunodeficient (NOD/SCID) mice (6-week-
old, male) under anesthesia. Control and SALL4-
knockdown cells were implanted into the subcutaneous
space on the right and left sides of the backs of recipi-
ent mice, respectively. For 8 weeks the mice were
examined for tumor formation.

SALL4 Profiling Analyses in HCCs. SALL4 expres-
sion data were derived from cDNA microarray analysis
of 139 HCC specimens as described.”® The microarray
data, with NCI's Human Array-Ready Oligo Set
microarray platform (GPL1528), are publicly available
at the Gene Expression Omnibus (GEO;shttp;://
www.ncbi.nlm.nih.gov/geo) with accession numbers
GSE1898 and GSE4024. High and low SALL4 groups
were dichotomized according to the median SALL4
expression in tumors. Kaplan-Meier survival analysis
was used to compare patient survival based on dicho-
tomized SALL4 expression using GraphPad Prism soft-
ware 5.0 (GraphPad Software, San Diego, CA) with
statistical P values generated by the Cox-Mantel log-
rank test. Survival data linking to this cohort were
kindly provided by Dr. Snorri Thorgeirsson at NCI.

Other Materials and Methods can be found in the
online Supporting Information.

Results

SALL4 Expression in Human Normal Liver and
Biliary Tree Tissues In Sita and In Vitro. We have
previously reported that SALL4 is expressed in murine
hepatoblasts (mHBs) but not adult murine hepatocytes
and plays a critical role in their differentiation.” In
these studies, we analyzed SALL4 expression in normal
human liver tssues. Immunohistochemical analyses
showed that SALL4 is diffusely expressed in the nuclei
of liver cells from both fetuses and neonates. Neonatal
hepatocytes were more weakly positive for SALL4 than
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parenchymal cells in fetal livers and some had lost
SALL4 expression altogether. In contrast, SALL4 expres-
sion was not detected in mature hepatocytes and chol-
angiocytes in adult livers (Fig. 1A-C). Double immuno-
staining of EpCAM and cytokeratin19 (CK19) show
clearly that EpCAM and CK19 strongly costain the
cytoplasm of ductal plate cells, now recognized to com-
prise hHpSCs, and human hepatoblasts (hHBs) in fetal
and neonatal livers. It is found also in hBTSCs within
peribiliary glands (PBGs), the stem cell niches of the
biliary tree, in neonatal livers (Supporting Fig. S1A),
and in adult livers.*® We found that SALL4 coexpressed
with EpCAM+/CK19+ ductal plate cells, known to
comprise hHpSCs (arrows), and the adjacent hHBs
(arrowheads). It also was found in multple subpopula-
tions of hBTSCs within PBGs located within livers or
biliary tree tissue from all donor ages and included cel-
lular  subpopulations that are EpCAM-/CK19+,
EpCAM-/CK19-, EpCAM+/CK19-, and EpCAM+/
CK19+ cells. Shown are ones from fetal or neonatal
livers (Fig. 1D; Supporting Fig. S1A). We also found
that SALL4, NCAM, and EpCAM coexpressed in colo-
nies of hHpSCs and in colonies of hBTSCs (Fig. 1E,F;
Supporting Fig. SIB). These results suggest that SALL4
is found only in early lineage stage parenchymal cells,
such as hHpSCs, hBTSCs, hHBs, and to a less extent
in committed progenitors, but not in later lineage stages
of parenchymal cells of either liver or biliary tree.

SALL4 Expression in Human Liver Cancers. We
analyzed SALL4 expression in surgical specimens of
noncancerous liver tissue and in liver cancers. SALL4
was not detected in chronic hepatitis but faintly
detected in bile ductules and in hepatocytes at the
interface of parenchymal and stromal cells in liver cir-
rhosis (Supporting Fig. S2A,B). Seventeen of 20 HCC
specimens were positive for SALL4 in the nuclei of the
tumor cells, whereas three specimens showed no
SALL4 expression. In some cases, biliary epithelial
cells, presumptive hBTSCs, around the tumors
expressed SALL4 (Fig. 2A-C; Supporting Fig. S2C,D).
Four of five CC specimens expressed SALL4. We
found that SALL4 is expressed in combined hepatocel-
lular and cholangiocarcinoma (HC-CC) and in a
transplantable human tumor line derived from a FL-
HCC (Fig. 2D-F). Double immunostaining showed
that SALLA+/EpCAMA+/CK19+ cancer cells were
observed in CC, which strongly expressed EpCAM
and CK19 in serial sections (Supporting Fig. S2E,F).
These results suggest that SALL4 expression indicates
selection for stem cells as a2 minor cell population in
normal tissue and cirrhotic tissues and as a dominant
cell population in liver cancers.

_92__



1472 OIKAWA ET AL.

HEPATOLOGY, April 2013

Fig. 1. Representative immunostaining of SALL4 and EpCAM expression in human normal livers and in a colony of hHpSCs. (A-D) Immuno-
staining of SALL4 expression during liver development. Fetal weeks gestation (A; 19 weeks, D; 16 weeks), neonatal (B; 4 months), and adult
liver (C; 68 years) tissues. Sections were stained with an anti-SALL4 antibody (A-C) or antibodies against SALL4 and EpCAM (D). (E,F) A colony
of hHpSCs. The colony was stained with antibodies against EpCAM and NCAM (E) or antibodies against EpCAM and SALL4 (F). Magnification
%200 (A-C), x400 (D, F), x100 (E). BD, bile duct; DP. ductal plate; PT, portal tract.

SALL4 Expression in Human Liver Cancer Cell
Lines. To investigate the functions of SALL4 in liver
cancers, we used liver cancer cell lines, Huh7 and
PLC/PRE/5 cells. The quantitative real-time polymer-

ase chain reaction (qQRT-PCR) analyses showed that
both cell lines expressed SALL4A messenger RNA
(mRNA). SALL4 protein was also detected using
immunocytochemistry (Fig. 3A).

_93_



HEPATOLOGY, Vel. 57, No. 4, 2013 OIKAWA ET AL. 1473

Fig. 2. Representative immunostaining of SALL4 in surgical specimens of liver cancers and transplantable tumor lines of FL-HCC. HCC (A;
T41, well differentiated, B; T37, moderately differentiated, C; T49, poorly differentiated). CC (D; 75, poorly differentiated). HC-CC (E; T45, moder-
ately differentiated). FL-HCC (F; poorly differentiated). Magnification x200.

Regulation of Cell Proliferation by SALL4. To into the cells significantly increased SALL4A mRNA
examine whether SALL4 regulates tumor growth of and also protein levels by western blots and immuno-
liver cancer cell lines, we used a SALL4A-overexpress- cytochemistry (Fig. 3B; Supporting Fig. S3). SALL4A-
ing retroviral vector.”® Overexpression of SALL4A was overexpressing liver cancer cells had enhanced cell pro-
verified using qRT-PCR. Transduction of SALL4A liferation (Fig. 3C).
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Fig. 3. SALL4 expression and the effects of SALL4 overexpression or knockdown on cell proliferation of liver cancer cells. (A) SALLAA mRNA
and protein expression in liver cancer cells. (B,D) Expression of SALL4 mRNA and proteins in cultures derived from SALL4-overexpressing
or SALL4-knockdown liver cancer cells. Cells infected with mock- or SALL4-expressing retroviruses, with shRNA against luciferase or SALL4-
expressing lentiviruses were cultured for 3 days. (C,E) Cell proliferation assays of cells transduced by a SALL4-overexpressing retroviral vector
or a SALL4-knockdown lentiviral vector were cultured for 7 days. Data are expressed as mean = SD (triplicate samples, ***P < 0.001,
**p < 0.01).

Next, we conducted SALL4 expression knockdown revealing that the percentage of cells infected with
studies using a lentiviral vector expressing-shRNA.>>*  lentiviruses expressing-shRNA against uciferase or
Transduction efficiency was estimated using FACS SALL4 was more than 90% (Supporting Fig. S4).

_95_



HEPATOLOGY, Vol. 57, No. 4, 2013

OIKAWA ET AL. 1475

B
Huh7 PLC/PRF/5 Huh?  PLC/PRF/5 Huh7 PLC/PRF/5
" mock 1K mock [J mock [Ish-Lue
[ ]sALL4A M sh-SALLS
8001 800
51. 1.
26001 G182.6% 200 G1:80.4% 3
200] | 2000 (& 20 r‘l 0. i_
0 200 400 600 800 1K 0 200 400 600 800 1K & CyclinD1 ~ CyclinD1
FL2-H FL2-H
Huh? PLC/PRF/5 Huh?7  PLC/PRF/5 Huh7  PLC/PRF/5
e SALL4A T SALL4A [ mock [ sh-Luc
SALL4A M sh-5ALL4
8001 8001 -
' 81. p=0.082 - 1.
26001 G1;79.0% 26001 G1,61.0% 2
4001 Ta00] g o *
200] 200] go. io‘ i
]
0 ey 0 o e &opl 0 . 0
0 200 400 600 800 1K 0 200 400 600 800 1K CyclinD2  CyclinD2 ~ CyclinD2 ~ CyclinD2
FL2-H FL2-H
Huh7 PLC/PRF/5 Huh? PLC/PRF/5
sh-Luc sh-Luc
O sh-Luc sh-Lue 1004 ‘ 1004
B sh-SALLY B <h-SALL4 501 f \ 80 | \
60 - 60
s p=078 £'%1  p=0.0t \ 1219
2 2 40 320% | 0 —
Qﬁu.o s U10) I 20 \ 20.J
Q.
t>1>< 3 0 - \'\,"‘\ , 0 i
Los 205 o 10" 10 10° 10* o 10" 10° 10° 10°
% % FL-7 AnnexinV-APC FL-7 AnnexinV-APC
Q o) Huh? PLC/PRF/5
xo o sh-SALL4 sh-SALL4
CASP3 CASP3 1004 p 100 f
80- !\ 80 1
60 J! , 60 -
] 1 12.2%
e V\,/ \ 326% | “°
20 20 ] \
% ISR IS VAN e
0 10" 10* 10° 10* o0 10" 10* 10° 10°

FL-7 AnnexinV-APC

FL-7 AnnexinV-APC

Fig. 4. Corelates of SALL4 overexpression or knockdown with respect to cell proliferation of liver cancer cells. (A) Cell-cycle analysis in SALL4-overexpress-
ing liver cancer cells was estimated by flow cytometry. (B,C) Expression of Cyclin D1, Cyclin D2, and CASP3 in SALL4-overexpressing or SALLA-knockdown liver
cancer cells. Cells transduced by a retroviral or lentiviral vector were cultured for 3 days. Cyclin D1, Cyclin D2, and CASP3 mRNA expression was detected using
gRT-PCR. Data are expressed as mean =+ SD (triplicate samples, ***P < 0.001, **P < 0.01, *P < 0.05). (D) Apoptosis in SALL4-knockdown fiver cancer
cells was estimated by flow cytometry. Cells were cultured for 3 days and stained with allophycocyanin (APC)-conjugated anti-Annexin-V antibody.

Transduction of shRNA into the cells significantly SALL4-knockdown liver cancer cells in culture (Fig. 3E;
decreased both mRNA and protein production of Supporting Fig. S5). Therefore, SALL4 regulates the
SALL4 (Fig. 3D). We observed growth inhibition in

proliferative potential of liver cancer cell lines in vitro.
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SALL4 Regulates Cell Proliferation Through
Cyclin D1 and D2 Expressions. To analyze molecular
mechanisms regulating SALL4-induced proliferation of
liver cancer cell lines, cell-cycle analyses were exam-
ined. Cell-cycle analyses using flow cytometry showed
that overexpression of SALL4 induced the decrease of
the G; phase in liver cancer cells (Fig. 4A). Next,
Cyclin D1 and D2 mRNA expressions were examined
using qRT-PCR. Consistent with the flow cytometry
analysis, Cyclin D1 and D2 levels were induced by
SALL4A overexpression. In contrast, their levels were
decreased by SALL4 knockdown (Fig. 4B), implicating
a correlation of Cyclin levels to those of cell prolifera-
don. Although we also analyzed expression of cyclin
inhibitors, significant changes were not observed (data
not shown).

To exclude the possibility that shRNA-knockdown
of SALL4 expression inhibited cell proliferation by

- means of an induction of apoptosis, we analyzed the
effect of viral infection on apoptosis of the liver cancer
cell lines. The qRT-PCR analyses showed that caspase-
3 (CASP3) expression, an early stage marker of apo-
ptosis, did not change in SALL4-knockdown liver can-
cer cells (Fig. 4C). Apoptosis was also evaluated using
flow cytometric analyses. The number of Annexin-V+
cells did not change by SALL4 knockdown, suggesting
that inhibition of cell proliferation was not due to ap-
optosis (Fig. 4D).

SALL4 Expression Is Inversely Correlated with
Differentiation Mavkers. Given that hepatocytic mat-
uration was suppressed by SALL4 overexpression in
mHBs,” we hypothesized that SALL4 could affect the
differentiation of liver cancer cell lines. To explore
this, we analyzed mRNA expression for hepatocytic
differentiation marker genes using qRT-PCR. Expres-
sion of albumin (ALB), transthyretin (TTR), and
UDP-glucuronosyltransferase-2B7  (UGT2B7)  were
suppressed by SALL4 overexpression. In contrast, their
levels were significantly enhanced in SALL4-knock-
down liver cancer cells (Fig. 5A; Supporting Figs. SGA,
S7). These results suggested that SALL4 inhibits hepa-
tocytic differentiation in mHBs and also human liver
cancer cell lines. Hepatocyte nuclear factor 4-alpha
(HNF40), a key transcriptional factor regulating differ-
entiation of HBs into hepatocytes with acquisition of
mature liver functions, did not decrease in SALL4-
overexpressing liver cancer cells, indicating that SALL4
inhibits hepatocytic differentiation through a pathway
independent of HNF4a (Supporting Fig. SGA). As
shown above, CK19 and EpCAM are expressed in
normal hHpSCs, hHBs, and cholangiocytes in livers of
all donor ages but not adult hepatocytes, and EpCAM
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is also a TIC marker for liver cancer. Overexpression
of SALL4 in liver cancer cells induced expression of
CK19 and EpCAM (encoded by TACSTD1 gene),
indicating a correlation between SALL4 and CK19.
Down-regulation of SALL4 suppressed the expression
of CK19 but not EpCAM in liver cancer cells.
SALL4-overexpressing PLC/PRE/S cells had up-regu-
lated POUSF1 (OCT3/4) and CD90 (Fig. 5B; Sup-
porting Figs. S6B, S7). Similarly, ABCG2, a mulddrug
resistance gene found in normal hHpSCs as well as in
CSCs and responsible for chemoresistance, was signifi-
cantly increased in SALL4-overexpressing Huh7 cells.
In contrast, SALL4 knockdown of liver cancer cells
resulted in lowered ABCG2 levels (Fig. 5B). These
results suggest that SALL4 either plays a role control-
ling maintenance of stemness and TIC marker genes
or is a biomarker for stem cell phenotypic traits.

SALL4 Increases Expression of EMT Genes but
Does Not Influence Cell Invasion. Epithelial-mesen-
chymal transition (EMT) phenomena occurs in inva-
sion and metastasis of cancer cells and is also associ-
ated with the acquisiion of stem cell-like
characteristics. To investigate whether SALL4 regulates
EMT, we analyzed its effects on EMT-related genes in
liver cancer cell lines. The mRNA expression of
CXCR4 and TWIST1, a direct transcriptional rtarget
of EMT inducers, was up-regulated by SALL4 overex-
pression. In contrast, another important EMT phe-
nomenon, down-regulation of E-cadherin (encoded by
the CDH1 gene) was not observed in SALL4-overex-
pressing liver cancer cells (Fig. 6A), nor were there sig-
nificant changes in cell migration assays with the liver
cancer cells (Fig. 6B). These data suggest that cell
migration and invasion of liver cancer cells are not
directly affected by SALL4 even though some EMT-
related genes are up-regulated.

SALL4 Expression Is Correlated with Chemosensi-
tivity. We previously reported that the oncostatin M
(OSM) induced maturation of fetal hepatic cells. !
OSM induced hepatocytic differentiation of EpCAM-+
liver CSCs into EpCAM-negative cells and increased
chemosensitivity to 5-FU.** As shown above, we have
shown that overexpression of SALL4 suppressed hepa-
tocytic differentiation and induced stem cell-like phe-
notype in liver cancer cells. We thus analyzed whether
overexpression of SALL4 affects chemosensitivity of
liver cancer cell lines. 5-FU treatment decreased cell
proliferation in both lines. Cell survival and prolifera-
tion of liver cancer cells were induced by SALL4-over-
expression with or without 5-FU. Interestingly, overex-
pression of SALL4 increased cell proliferation (5-FU/
PBS) in liver cancer cells (Fig. 7A,B). These results
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Fig. 5. Expression of hepatocytic differentiation (A) and stemness (B) genes in SALL4-overexpressing or SALL4-knockdown liver cancer ce.Hs.
Cells transduced by a retroviral or lentiviral vector were cultured for 3 days. ALB, TTR, CK19, and ABCG2 mRNA expression was detected using
gRT-PCR. Data are expressed as mean = SD (triplicate samples, ***P < 0.001, **P < 0.01, *P < 0.05).

_98_



1478  OIKAWA ET AL.

A

Huh7 PLC/PRF/5
[T mock [ mock
SALL4A []sALL4A
1.5 1.5,
S S *
0N (2]
w w
10 1.0
2 2
o T [
g 0.5 Ag 05
ke ©
jo [&)
X o o
CXCR4
Huh?7 PLC/PRF/5
[T mock [Jmock
SALL4A [F]sALL4A
1.5 . 1.5,
-5 p=0.355 _g.
[} 1]
§ 1.0 T § 1.0
Q. Q.
> x
@ [}
g 0.5 g 0.5
= ©
<3 Q
Y o o
CDH1 CDH1

HEPATOLOGY, April 2013

Huh? PLC/PRF/5

[ I mock [Imock
[1sALL4A SALL4A

5 2.0 p=0.718 5 1.5

(] 12

) 7]

2 210

Q Q

x x

(] O]

2 208

T 5 |-

[0} [0}

4 xo -
TWISTT TWISTT

PLC/PRF/5
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suggest that SALL4 expression results in sclection of
cells that are chemoresistant.

Down-vegulation of SALL4 Inhibits Tumor
Growth in Xenograft Transplantation. To determine
whether SALL4 affects tumorigenicity of liver cancer
cell lines, we generated stable liver cancer cells express-
ing-shRNA against luciferase or SALL4, and cells were
transplanted into the subcutaneous space on the right
versus left sides of immunodeficient mice, respectively.
After 8 weeks, both control Huh7 and PLC/PRF/5
cells gave rise to subcutaneous tumors. In contrast,
tumors derived from SALLA4-knockdown liver cancer
cells were significantly smaller than those of control
cells (Fig. 8A-C). The tumor weights were also smaller
than those from control cells (Fig. 8D). These results
suggest that down-regulating SALL4 expression also
inhibited growth of the tumors from liver cancer cell
lines in vivo.

SALL4 Expression in HCC Clinical Specimens Is
Prognostic of Patient Swurvival (Bioinformatics
Analyses). We examined SALL4 expression in 139
HCC cases in a microarray dataset published by Lee
et al.®® A rortal of 110 cases with available expression and
overall survival data were selected for survival analysis.
We found that HCC patients with high SALL4 expres-
sion is significantly associated with shorter survival dur-
ing the first 3 years of follow-up (P = 0.038) (Fig. 8E).

Discussion

Gene expression profiles and signaling pathways
associated with self-renewal and differentiation are
shared in normal stem cells and in CSCs.” Accord-
ingly, fully understanding these common molecular
mechanisms that regulate self-renewal and differentia-
tion is a necessary step towards novel therapeutic
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modalities for cancer. The only curative treatments for
liver cancers are surgical resection and liver transplan-
tation for early-stage patients. However, most patients
are diagnosed at advanced stages by which time extant
therapies are ineffective. For the treatment of advanced
HCC patients with unresectable tumors, transcatheter
arterial chemoembolization and systemic chemother-
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apy, including sorafenib, are one of the options, but
the effects are limited."*!” Therefore, the identification
of novel molecules that can become targets for future
therapies is urgently needed.

SALLA is required for cell proliferation and mainte-
nance of pluripotency in several types of stem cells
(e.g., ESCs) and in malignantly transformed stem cells
(e.g., leukemia and breast cancer).2'?% In addition,
our prior investigations with mHBs revealed that inhi-
bition of SALL4 contributes to cell differentiation.”
Hence, it seemed likely that SALL4 expression could
be a factor in liver cancers in which the CSCs might
have a shared gene profile to normal hHpSCs and/or
to normal hBTSCs. This hypothesis became plausible
when we found SALL4 expression in normal hHpSCs,
hHBs, and with weaker expression in committed pro-
genitors in human fetal and neonatal liver tissues, in
stem cells in PBGs, the stem cell niches of human bili-
ary tree tissue, and in various liver cancers (Figs. 1, 2).
In recent publications it was reported that SALL4 is
expressed in hepatoid gastric carcinoma but not in
other liver cancer.’®® We hereby report that SALLA
expression in liver cancers (and cancers of the biliary
tree) can be detected by using EDTA buffers, rather
than citrate buffers, for antigen retrieval. The mecha-
nisms of antigen retrieval are poorly understood. It has
been reported that antigen retrieval is needed for dis-
ruption of methylene-bridges during fixation, which
crosslink proteins and therefore mask antigenic sites.
Indeed, we were not able to obtain clearly positive
SALL4 staining in liver cancer tissues when we used
citrate buffer (pH 6.0), the most popular buffer for
antigen retrieval. Therefore, we decided to use EDTA
buffer (pH 8.0), because it has been reported that the
pH of antigen retrieval solution remarkably affects the
intensity of immunostaining.*> SALL4-positive cells
were observed by using EDTA/pHS8.0 rather than ci-
trate buffer (Supporting Fig. $8). This indicates that
the pH of the retrieval buffer and the presence of
EDTA, the chelating agent, are important factors for
masking the epitopes available for binding either by
eliminating masking molecules and/or proper refolding
of SALL4-specific epitopes to bind with antibody.

One of the main regulators of G;-S phase transition
in the cell cycle, Cyclin D1, has been shown to have
capabilities of carcinogenesis and progression in cancer
through controlling cell proliferation.”* Moreover, the
strong relationship of tumorigenesis and self-renewal
by Ras-Cyclin D2 activation has been elucidated in
spermatogonial stem cells.*> With respect to SALL4’s
effects on growth, recent studies revealed that Cyclin
D1 has been shown to bind to SALL4 and works
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Fig. 8. Effect of SALL4 knockdown on xenograft tumor growth in vivo. (A) Control cells and SALL4-knockdown cells were implanted into recipi-
ent mice, respectively. White arrows show tumors derived from control cells and black arrows show tumors detived from SALL4-knockdown cells
(Huh7 n = 5, PLC/PRF/5 n = 8). (B) Representative tumors derived from control versus SALL4-knockdown liver cancer cells at 8 weeks are
shown. (C) The tumor growth curve over 8 weeks is shown. (D) The weight of the tumor at 8 weeks is shown. Data are expressed as mean =
SD (**P < 0.01, *P < 0.05). (E) Kaplan-Meier survival plot according to the relative level of SALL4 expression in HCC tumor samples, as
determined by microarray analyses and with the use of the log-rank test. The median expression level was used to dichotomize low and high
SALL4-expressing HCC tumors.

synergistically in transcriptional repression; Cyclin D1 induced a shorter G; phase, and there was a positive
is a downstream target of SALL4 in malignant cells correlation between expression of SALL4 and Cyclin
and in ESCs.?*?"¢ We found overexpressing SALL4 D1 and D2 in liver cancer cell lines. This suggests

-101-



HEPATOLOGY, Vol. 57, No. 4, 2013

that SALL4 regulates cell proliferation either by selec-
tion of early lineage stage cells or by controlling G;-S
transition through regulating expression of Cyclin D1
and D2 directly. Although SALL4 has been proposed
to play a role in survival and apoptosis in leukemic
cells,”® we did not observe any difference in apoptosis
between control and SALL4-knockdown liver cancer
cell lines (Fig. 4), indicating that downstream targets
for SALL4 may be different in liver cancer cells and
leukemic cells.

Analyses of functions using models of liver cancer
cell lines indicated that SALL4 overexpression leads to
cells with enhanced phenotypic traits such as ABCG2
and CKI19 expression, ones highly expressed in stem
cells. SALL4 is associated also with CD90 (Thy-1),
known to be highly expressed in mesenchymal cells
tightly associated with the stem cell. In contrast,
SALL4 knockdown provided evidence of slowed
growth and more parenchymal cell differentiation. In
summary, SALL4 expression is a marker of stem cells
and early lineage descendants from those stem cells,
implicating it as a marker of TICs. Its expression cot-
relates with cell proliferation, survival, and a minimally
differentiated status in normal and in malignantly
transformed cells.

Findings reported recently corroborate our own in
that OSM induction or HNF4a gene transfer into
liver cancer cells resulted in more differentiated cells
with reduced tumor-initiating ability and enhancement
of sensitivity to 5-FU.*** High levels of SALL4 cor-
relate with growth and stemness features, and SALL4
suppression results in inhibition of growth, increased
hepatocytic differentiation of cells, and reduced tumor-
igenicity (Figs. 3-8).

SALL4 has been found in normal hHpSCs and
hHBs, stem/progenitor cell populations found intrahe-
patically and associated with canals of Hering®*®; both
of these are positive for EpCAM and CK19, and the
hHBs are positive also for AFP and for ALB. Interest-
~ ingly, it is found strongly expressed in all of the subpo-
" pulations of hBTSCs, ones located with PBGs
throughout the biliary tree and that comprise the most
primitive stem cells identified (LGR5+/NCAM+/
SOX17+/PDX1+/CK19-+/EpCAM-/AFP-/ALB-);
others with phenotypic traits identical to or similar to
that of hHpSCs (LGR5+/NCAM-+/EpCAM+/
SOX17+4/PDX1-/CK19+/AFP-/ALB-); and yet others
with traits overlapping with those of hHBs (LGR5-/
EpCAM+/SOX17-/PDX1-/ICAM-1+-/CK19+4-/AFP++/
ALB+-)."3% It is also found in stem/progenitor cells of
human fetal but not adult pancreas (Oikawa, Wauthier,
and Reid, unpublished data).
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SALL4 has also been identified as a novel molecule
in reprogramming of somatic cells to become
iPSCs.*”*® This background makes interpretable pub-
lished bioinformatics analyses® in which there is no
significant correlations between the expression of
SALL4, EpCAM, AFP, or ALB in liver cancers. Rather,
we found that it correlates with HCC patient’s prog-
nosis because an increased SALL4 expression is associ-
ated with shorter survival in HCC patients (Fig. 8). It
should be noted that we have not yet done bioinfor-
matics analyses relating SALL4 expression in survival
of patents with CC; however, we hypothesize that it
will be relevant to survival for patients with CC, given
that SALL4 expression is strong in all the subpopula-
tions of normal hBTSCs. We interpret this to mean
that high SALL4 expression indicates tumors enriched
for CSCs, whether or not they express EpCAM, AFP,
or ALB. Thus, SALL4 is a reliable indicator of stem
cell populations, whether normal or malignantly trans-
formed, and its levels quantitatively indicate the pro-
portion of the tissue comprised of those stem cells.
Therefore, our findings corroborate those of others
suggesting that SALL4 is indicative of aggressiveness
and poor prognosis in liver cancers.”?*>°

Taken together, SALL4 is an excellent target for
identifying treatments for liver cancers. Suppression of
SALL4 expression may contribute to inhibition of tu-
mor growth by (1) attenuation of cell cycle progression
by way of Cyclin D1 and D2; (2) reduction in stem
cell traits and, thereby, allowing a more differentiated
state; and (3) reduction in multidrug resistance genes
with increased sensitivity to chemotherapies. Further
analyses on SALL4-mediated mechanisms may provide
a novel future therapeutic strategy against liver cancers.
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Introduction

Summary

As natural killer (NK) T cells play an important role in the development of
autoimmune diseases, they should have significant roles for the pathogenesis
of autoimmune liver disease. Implication of the NK T cells in the generation
of autoimmune-related hepatic inflammation was investigated using a novel
mouse model. Immunization of mice with dendritic cells (DCs) loaded with
hepatocyte-mimicking hepatocellular carcinoma cells (DC/Hepal-6) induces
cytotoxic T lymphocytes (CTL) capable of killing hepatocytes. Subsequent
administration of interleukin (IL)-12, a potent interferon-gamma (IFN-y)
inducer, to the immunized mice generates autoimmune hepatic inflamma-
tion (AHI), as reported previously. Upon onset of the AHI response, the
number of intrahepatic CD3*NK1-1" NK T cells increased markedly, along
with a decrease in the number of splenic NK T cells, augmented expression
of CXCR6 on intrahepatic NK T cells and CXCL16 in hepatic tissue, suggest-
ing that NK T cells were recruited into the inflamed liver. The NK T cells
were strongly positive for CD69 and produced IFN-y, but not IL-4, AHI
activity was attenuated markedly in CD1d"~ NK T cell-deficient mice, indi-
cating that NK T cells play a pivotal role in the development of AHI. Mice
treated with DC/Hepal-6 and alpha-galactosylceramide, a potent NK T cell
activator, also exhibited similar hepatic inflammation, in which activated
NK T cells producing IFN-y and CD8" T cells cytotoxic to hepatocytes were
induced in liver-infiltrating mononuclear cells. Activated NK T cells produc-
ing IFN-y potentiate DC-based AHI in the mouse model.

Keywords: o-GalCer, autoimmune hepatic inflammation, cytotoxic T lym-
phocyte, interferon-gamma, natural killer T cell

prevalent in patients with acute-onset ATH than those with
chronic AIH. After treatment with immunosuppressive

Autoimmune hepatitis (AIH) is an immune-mediated
chronic inflammatory liver disease that predominantly
affects women genetically predisposed to its development
[1]. Although the pathogenic mechanism of AIH and aetio-
logical agents involved are not known, it has been postu-
lated that autoreactive T cells targeting at hepatocytes play a
central role in the development of ATH [2]. Until recently,
autoreactive CD4" T cells were considered to be critical for
disease development [3], but increasing evidence has shown
that CD8* T cells also play significant roles [4]. CD8" T cells
are observed mainly in areas of interface hepatitis of AIH,
and CD4* T cells are found in the central part of the portal
tract [5]. Peripheral CD8*CD25" lymphocytes are more

274

therapies, the number of CD8"CD25* T lymphocytes in the
blood decrease in parallel with the serum aminotransferase
level [6]. Although hepatic tissue in AIH exhibits abundant
apoptosis of hepatocytes [7], and highly activated infiltrat-
ing T lymphocytes [8] may play an important role in the
induction of hepatocyte apoptosis, the mechanism of estab-
lishment and progression of AIH remains unclear.

Natural killer (NK) T cells are innate immune cells that
were described originally as expressing both T cell and NK
cell phenotypes [9]. NKT cells are activated in a CD1d-
dependent manner in response to glycolipid antigens such
as o-galactosylceramide (o-GalCer) [10,11], and rapidly
produce large amounts of T helper type 1 (Thl) cytokine,

© 2012 The Authors
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interferon-gamma (IFN-y) and Th2 cytokine, interleukin
(IL)-4 [12]. The implication of NK T cells in autoimmune
diseases such as multiple sclerosis [13-15] and diabetes
[16-18] has been shown using well-established animal
models. In mice, NK T cells represent up to 30% of T cells
in the liver, where they reside within the sinusoids and
appear to provide intravascular immune surveillance
[19,20], and may also be associated with the development of
liver injury in the setting of hepatitis [21,22]. In humans, it
has not been clarified whether NK T cells are beneficial or
harmful in the setting of liver disease [23]. The importance
of NKT cells in the pathogenesis of autoimmune liver
disease also remains unknown.

We have reported previously a mouse model of autoim-
mune hepatic inflammation (AHI) generated by immuni-
zation of C57BL/6 mice with dendritic cells (DC) loaded
with well-differentiated hepatocellular carcinoma cells
(Hepal-6), followed by IL-12 administration [24,25]. In
this model, liver specific inflaimmation is mediated by
hepatocyte-responsive autoreactive T cells. Our findings
indicate that two independent steps are necessary for the
development of autoimmune-mediated liver damage:
one step concerns the induction of autoreactive T cells
responsive to hepatocytes. Because of similar phenotypic
expression between normal hepatocytes and Hepal-6
cells, cytotoxic T lymphocytes (CTLs) recognizing shared
antigen between them are induced by immunization of
mice with DCs loaded with Hepal-6 [24]. The other step
is the modulation of the hepatic microenvironment to
promote recruitment of autoreactive T cells into the liver
and CTL response to hepatocytes, because the sole induc-
tion of autoreactive T cells cannot generate autoimmune
hepatic injury in vivo. The key cytokine for this response is
IFN-y induced by IL-12, which provides the enhanced
expression of major histocompatibility complex (MHC)
class I, adhesion molecules and chemokines on hepato-
cytes [24]. In fact, treatment of the immunized mice
with anti-IFN-y monoclonal antibody or immunization
of IFN-y knock-out mice abolishes AHI activity [24].
Although, unlike human AIH, histological features of AHI
are characterized by an acute inflammatory response
located mainly in hepatic parenchyma, this model could
contribute to analysis of the mechanism of the liver-
specific autoimmune response [25].

In this study we show, using our mouse model, that
intrahepatic NK T cells play a pivotal role in promoting the
CTL-mediated autoimmune hepatic inflammation.

Materials and methods

Animals

Eight-week-old female C57BL/6 wild-type (WT) mice were
purchased from Sankyo Labo Service Co., Ltd (Tokyo,
Japan). CD1d™ mice (C57BL/6 genetic background) were

© 2012 The Authors
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kindly provided by Dr Shinsuke Taki (University of
Shinshu, Japan). All animals were maintained in our facili-
ties and received humane care according to the criteria out-
lined in the Guide for the Care and Use of Laboratory
Animals prepared by the National Academy of Sciences
(NIH publication 86-23, revised 1985). Mice were used at
the age of 810 weeks and were matched for sex and age.

Cell lines, cytokines and antibodies

Hepal-6, a well-differentiated murine hepatocellular carci-
noma cell line, was obtained from the American Type
Culture Collection (Manassas, VA, USA). Recombinant
murine granulocyte—macrophage colony-stimulating factor
(GM-CSF) and recombinant IL-2, IL-4 and IL-12 were pur-
chased from PeproTech (Rocky Hill, NJ, USA). Anti-CD8a
monoclonal antibody (mAb) (clone 53-6:7) conjugated
with fluorescein isothiocyanate (FITC) was purchased from
BD Biosciences (San Diego, CA, USA). Anti-CD69 mAb
(clone H1-2F3) conjugated with allophycocyanin (APC)
and anti-CD62L mAb (clone MEL-14) conjugated with
phycoerythrin (PE) were purchased from BioLegend (San
Diego, CA, USA). Anti-CXCR6 mAb (clone 221002) conju-
gated with PE was purchased from R&D Systems, Inc. (Min-
neaoplis, MN, USA). Anti-IEN-y (clone XMG1-2), anti-IL-4
(clone 11B11) conjugated with APC for intracellular
cytokine staining were purchased from eBioscience (San
Diego, CA, USA).

Treatment of mice

AHI was induced in mice as described previously [24,25].
Briefly, bone marrow-derived DCs loaded with Hepal-6
cells (DC/Hepal-6) were generated by quick treatment of a
mixture of the DCs and Hepal-6 cells with 50% polyethyl-
ene glycol (Peg solution; Sigma-Aldrich, Inc., St Louis, MO,
USA). DC/Hepal-6 cells were injected subcutaneously into
8-week-old female C57BL/6 WT mice or CD1d™ mice on
days 1 and 14. Then, IL-12 (500 ng/mouse) was injected
intraperitoneally on days 15, 17 and 19. The mice were sac-
rificed on day 21. To analyse the role of activated NK T cell
in this mouse model, 0i-GalCer (KRN7000; Funakoshi Co.,
Ltd, Tokyo, Japan) was dissolved in 0-1ml phosphate-
buffered saline (PBS) and injected intraperitoneally (0-5 pg/
mouse) instead of IL-12 to DC/Hepal-6 pretreated and
untreated WT mice on day 15. The mice were sacrificed
48 h after o-GalCer administration.

Assay for serum transaminase levels

Serum alanine aminotransferase (ALT) levels were meas-
ured using the DriChem system (L3500V; Fuji Film Medical
Co., Ltd, Tokyo, Japan), according to the manufacturer’s
instructions.
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Histology

Liver tissue was fixed in 10% formalin for at least 24 h and
paraffin-embedded. Sections of 2 pm thickness were stained
with haematoxylin and eosin (H&E) to determine morpho-
logical changes. The numbers of inflammatory foci were
determined as described previously [24].

Preparation of liver mononuclear cells

Hepatic mononuclear cells (MNCs) were isolated from
murine liver, as described previously [24].

Quantitative reverse transcription—polymerase chain
reaction (QRT-PCR)

Liver RNA extraction and messenger RNA (mRNA) quanti-
fication by real-time qRT-PCR were performed as
described previously [25]. The expression levels of CXCL16
were normalized relative to that of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH).

Flow cytometry and intracellular cytokine staining

For cell-surface staining, after blocking with anti-FcR (clone
93; eBioscience), cells were incubated with various mAbs in
darkness at 4°C for 30 min and examined by flow cytometry
[fluorescence activated celll sorter (FACS)Calibur, BD Bio-
sciences Immunocytometry Systems, San Jose, CA, USA].
For intracellular cytokine staining, isolated intrahepa-
tic MNCs were stimulated with phorbol 12-myristate
13-acetate (PMA) (50 ng/ml; Sigma-Aldrich, Inc.) and
ionomycin (1pg/ml; Sigma-Aldrich, Inc.) in the presence of
Brefeldin A (10 pg/ml; Sigma-Aldrich, Inc.) for 5h. After
labelling the cell-surface antigens, cells were fixed and per-
meabilized using a Cytofix/Cytoperm plus kit (BD Bio-
sciences) and then stained with anti-IFN-y or IL-4
conjugated with APC. The stained cells were analysed by
flow cytometry. The data were analysed using CellQuest Pro
version 5-2 software (BD Biosciences Immunocytometry
Systems, San Jose, CA, USA).

Isolation of hepatocytes and cytotoxicity assay

Hepatocytes were isolated as described previously [24]. A
cytotoxicity assay against primary murine cultured hepato-
cytes was performed as described previously [24]. Briefly,
isolated hepatocytes were seeded at 1x 10" cells/well into
96-well collagen-coated plates (Iwaki, Asahi Techno Glass,
Chiba, Japan). After overnight incubation, 4 x 10° effector,
intrahepatic whole MNCs or CD8" T cells or non-CD8" T
cells, which were isolated using a magnetic cell sorting
system (CD8* T Cell Isolation kit II; Miltenyi Biotec, Ber-
gisch Gladbach, Germany), were co-cultured for 24 h.
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Aspartate aminotransferase (AST) activity of the culture
supernatant was determined and percentage of cytotoxic
activity was calculated as [(experimental AST release —
spontaneous AST release)/(total AST release — spontaneous
AST release) x 100], according to the formula described
previously [24].

Statistical analysis

The significance of difference among the groups was ana-
lysed with Tukey’s test for multiple group comparisons.
Unpaired Student’s t-test was used for comparison of
means in two groups. Differences were considered to be
significant at a P-value less than 0-05.

Results

Accumulation of activated NK T cells producing IFN-y
in the AHI liver

As shown in Fig. la,i, the number of NK T cells increased
significantly in the AHI liver generated by treatment of mice
with DC/Hepal-6 and IL-12. The number of NK T cells was
higher in combined treatment with DC/Hepal-6 and IL-12
than treatment with DC/Hepal-6 or IL-12 alone (Supple-
mentary Fig. S1A-a). The absolute number of intrahepatic
CD69" activated NK T cells was high in AHI (Fig. la,ii).
Conversely, the number of NKT cells in the spleen was
lower than in the untreated control at maximum hepatic
inflammation (PFig. 1a,iil). Expression levels of CXCL16, a
ligand of CXCRS, in hepatic tissue and the population
of CXCR6" intrahepatic NK T cells were elevated in AHI
liver (Fig. 1b,i~iil). Although the population of IFN-y-
producing intrahepatic NK T cells increased at maximum
hepatic inflammation (Fig. 1c,i,iii), the population of
IL-4-producing intrahepatic NKT cells was not affected
which show a Th1 phenotype might have been accumulated
into the liver of AHI. Because of a vigorous increase in the
number of intrahepatic T cells by generation of AHI, fre-
quency of NKT cells in the intrahcpatic MHCs was
decreased in spite of an increase in absolute number of
NK'T cells (Supplementary Fig. S2).

The activity of AHI was suppressed in the livers of
CD1d™ mice

When AHI was generated in NK T cell-deficient CD1d™"
mice, the inflammatory activity was markedly attenuated
(Fig. 2a). The level of serum ALT, number of clusters of
MHCs (inflammatory foci, IF) in hepatic tissue and abso-
lute number of MNCs in the liver (Fig. 2b—d) were signifi-
cantly lower in the AHI livers of CD1d” mice compared
with those in AHI of WT mice. Although CD8&'T cells were
found in CD1d™" mice, they were significantly fewer than in

© 2012 The Authors

Clinical and Experimental immunology © 2012 British Society for Immunology, Clinical and Experimental Immunology, 170: 274-282

-107-



NK T cells in hepatic autoimmunity

(a i) Liver (i) Liver (iii) Spl*een
30 &80 1 &30
(@) - [=]
- X ~
=20 <20 22.0
= - =
o z 2
510 + 10 810
= © =
h'd o X
Z O 9 z
Control AHI Control AHI Control AHI
(b, ) . (ii) . (iii)
1.2 50 ! _ Control AHI
T ~ 8
. @2 7 90
S £ 30 Egly M2 |E
©06 X Sglf o
- Z 20 '
go4 o NN
So2 g1 o e
o0 ’
Control AHI Control AHI CXCR 6
. . (iii) _Control  _  AHI
(c, i) (i) 8 8 -
29 a3
540 ©20 38 38
- a ol o
230 315 S
© IFN
E20 E10 o J
4 z o o
10 55 £
z SN R
Lo 0 ok ok
Control AHI Control AHI 1o 10

Fig. 1. The dynamic statistics of natural killer (NK) T cells in the autoimmune hepatic inflammation (AHI) liver and spleen. (a) Absolute number
of total NK T cells (i) and CD69*NK T cells (ii) in the liver and NK T cells in the spleen (iii) in AHIL The number was determined as [total number
of mononuclear cells (MNCs) in the liver or spleen] X [the frequency of CD3"NKI1-1* cells or CD3"NK1-1* CD69cells] in each group [n =5,

mean * standard deviation (s.d.), *P < 0-001]. (b) (i) Expression of CXCL16 in hepatic tissue. Levels of CXCL16 mRNA in each group were
determined by quantitative reverse transcription—polymerase chain reaction (qQRT-PCR). Bars indicate mean * s.d., *P < 0-001. (ii) Population of
intrahepatic CXCR6*NK T cells (n =5, mean = s.d., *P < 0-001). (iii) Representative flow cytometry of intrahepatic CXCR6"NK T cells in control
and AHL Grey-filled histograms; CXCR6*cells, dotted histogram; isotype control. The value shows the frequency of CXCR6" cells and the numbers
in parentheses shows mean fluorescence intensity (MFI) of CXCR6. (c) (i) Frequency of interferon (IFN)-y* NK T cells in each group (n =5,

mean = s.d., *P < 0-001). (ii) Frequency of interleukin (IL)-4* NK T cells in control and AHI. (iii) Representative flow cytometry of IFN-y* or IL-4*
intrahepatic NK T cells in each group. Grey-filled histograms; [IFN-y* or IL-4* cells, dotted histogram; isotype control. The value shows the frequency
of IFN-y- or IL-4-producing cells and the numbers in parentheses shows MFI of IFN-vy or IL-4. All experiments were repeated at least three times.

(Fig. 3a,1,1i,b,c). The population of IFN-y-producing NK T
cells were enhanced but the population of IL-4-producing
NKT cells was not affected in hepatic inflammation
induced by treatment with o-GalCer alone or DC/Hepal-6
and o-GalCer (Fig. 3d,i,ii).

AHI liver of WT mice (Fig. 2¢). These results demonstrate
that NK T cells play a pivotal role in the establishment of
AHL

o-GalCer treatment of DC/Hepal-6 immunized mice
produced severe hepatic inflammation

Autoreactive CD8* CTLs cytocidal to hepatocytes
were induced by treatment of mice with DC/Hepal-6
and a-GalCer

Hepatic inflammation was induced when mice immunized
with DC/Hepal-6 were treated with o-GalCer instead of
IL-12 (Fig. 3a,i). This was characterized by the emergence of

abundant IF in hepatic lobules, similar to the AHI gener-
ated by treatment with DC/Hepal-6 and IL-12. Impor-
tantly, the hepatic inflammatory activity generated by
treatment with DC/Hepal-6 and o-GalCer was greater
than that induced by treatment with «a-GalCer alone

© 2012 The Authors

When DC/Hepal-6 immunized mice were treated with
o-GalCer and hepatic inflammation was generated, the
population of CD8* T cells in intrahepatic MNCs was
increased (Fig. 4a,i). Among these CD8" T cells, the percent-
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Fig. 2. Autoimmune hepatic inflammation
(AHI) activity was attenuated in natural killer
(NK) T cell-deficient CD1d™~ mice. AHI was
generated in wild-type (WT) or CD1d™
mice. (a) Histological change of AHI liver
(haematoxylin and eosin staining, x 200).
Arrows indicate inflammatory foci (IF). (i)
Representative hepatic tissue of AHI in WT
mice. (ii) Representative hepatic tissue of
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experiments were repeated at least three times.

Notably, CD8* T cells from the livers of mice treated with
DC/Hepal-6 and o-GalCer showed high cytotoxic activity
against hepatocytes, while the cytotoxic activity of intrahe-
patic CD8* T cells of mice treated with oi-GalCer alone was
lower (Fig.4b). These results indicate that treatment of
mice with DC/Hepal-6 and o-GalCer could induce CTLs
cytocidal to autologous hepatocytes, as for the treatment of
mice with DC/Hepal-6 and IL-12.

Discussion

AHI is generated in mice by induction of hepatocyte-
responsive CTLs by immunization with DC/Hepal-6 and
accumulation of these autoreactive CTLs to the liver by
enhanced expression of adhesion molecules, chemokine
ligands and MHC in hepatic tissue by IFN-y induced by
IL-12 [24]. As IFN-y makes hepatocyte vulnerable to
CD8'CTL attack by up-regulation of MHC class 1 expres-
sion [3], IFN-y is a key cytokine to generate AHI in this
mouse model [24]. It is probable that activated NK T cells,
accumulated into the liver upon onset of AHI, may contrib-
ute to the generation of the AHI as producers of IFN-y.
Because IL-12 is a potent IFN-y inducer [26], it may stimu-
late various immune cell types to produce IFN-y. Thus, the
involvement of NK T cells as IFN-y producers in the gen-
eration of AHI has not been clear. When CD1d”" mice,
which show NKT cell deficiency, were immunized with
DC/Hepal-6 and treated with IL-12, the resultant AHI was
suppressed significantly, indicating that IFN-y produced by
NK T cells has an important role in development of AHL
Although the number of CD8" T cells in the AHI liver was
decreased significantly in CD1d™ mice, CD8" T cells existed
in infiltrating cells of the AHI liver of CD1d™" mice. This
result suggests that IFN-y produced by IL-12-activated
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immune cells other than NK T cells might have stimulated
the CD8'T cell response.

The involvement of NKT cells in the generation of
AHI was studied further by treatment of DC/Hepal-6-
immunized mice with o-GalCer. Because treatment with
o-GalCer itself causes hepatic injury [27], the minimum
dose of a-GalCer that induced hepatic injury (05 pug/
mouse) was used to analyse the combined effect with
DC/Hepal-6 immunization and o-GalCer on generation of
hepatic inflammation. The activity of hepatic inflammation
was significantly higher in mice treated with DC/Hepal-6
and o-GalCer than o-GalCer alone. CD8" T cells from mice
treated with DC/Hepal-6 plus o-GalCer showed higher
percentage of CD62  cells and significant cytotoxicity
against primary cultured hepatocytes, but CD8" T cells
from mice treated with o-GalCer alone showed low cyto-
toxicity. These results suggest strongly that antigen-specific
activated T cells capable of killing hepatocytes, which were
induced by immunization with DC/Hepal-6, had accumu-
lated in the liver following modulation of the hepatic
microenvironment by IFN-y secreted from o-GalCer-
activated NK T cells. Although infiltration of CD8" T cells
was seen in the liver of mice treated with DC/Hepal-6
alone, inflammatory activity of the liver in such mice was
somewhat low, as reported previously [24]. Accordingly,
because of few numbers of intrahepatic CD8" T cells of
mice treated with DC/Hepal-6 alone, it was extremely hard
to collect them and examine their cytotoxic activity. Cyto-
toxic activity of CD8* T cells in the AHI liver of CD1d™”~
mice is important for interpretation of the role of NK T
cells. According to our previous data, splenic CD8" T cells
from sole DC/Hepal-6 immunized mice without IL-12
treatment could elicit significant cytotoxic activity to
autologous hepatocytes in vitro. However, without the effect
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of IFN-y, which was provided by systemic IL-12 treatment
or activation of intrahepatic NKT cells, to increase the
expression of MHC class I or several adhesion molecules in
hepatic tissue, such CD8" cytotoxic T cells could not recruit
into the liver. Thus, it might be probable that CD8" T cells
in the AHI Jiver of CD1d™ mice could show cytotoxic activ-
ity to hepatocytes, but because of lack of IFN-y effect pro-
vided by activated NKT cells and less infiltration of
CD8*CTLs into the liver, hepatic inflammatory activity was
reduced in CD1d™ mice.

Non-CD8" T cells among the hepatic MHCs showed con-
siderable cytotoxic activity to hepatocytes, although the
activity was lower than that of CD8* T cells. Under Thl
conditions rich in IFN-y, activated intrahepatic bystander
cells such as macrophages and NK or NK T cells might elicit
non-specific cytotoxic activity to hepatocytes [28]. As intra-
hepatic NK T cells express FasL [29], it cannot be excluded

© 2012 The Authors

that activated NKT cells might elicit direct hepatocyte
injury, possibly through Fas-FasL interaction, and this point
should be studied further.

Concanavalin A (ConA) hepatitis is used widely as a
mouse model of immune-related hepatitis, although the
specific autoimmune response to hepatocytes has not been
defined. Several studies have shown convincingly the
involvement of NK T cells in the pathology of ConA hepati-
tis. Depletion of hepatic NK T cells in ConA-administered
mice, or treatment of NK T cell-deficient mice with ConA,
reduced the activity of ConA hepatitis significantly [30].
Moreover, in the interaction between CD8" T cells respon-
sive to ovalbumin in a MHC class I-restricted manner (OTI
T cells) and hepatocytes expressing transferrin-membrane-
bound ovalbumin (Tf-mO transferrin-mOVA) in T-mOVA
mice, specific effector function to antigen was stimulated by
co-activation of Vou14 NK T cells using o.-GalCer [31]. Also,
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in an animal model of primary biliary cirrhosis, in which
infection of mice with Novosphingobium aromaticivorans
induces antibody against mitochondrial component and T
cell-mediated autoimmunity, disease induction requires
NKT cells [32]. These results suggest that NK T cells play
pivotal roles for development of immune-related liver
disease.

Our AHI model seems to be an artificial model gene-
rated by extreme treatment of mice. However, we demon-
strated that in order to generate liver-specific autoimmune
response, two independent factors, induction of hepatocyte-
responsive CD8" T cells by immunization with DC/Hepal-6
and recruitment of such CD8* T cells into the liver by
modulation of hepatic environment with IFN-y, were
required. In humans, the similar mechanism for develop-
ment of autoimmune hepatitis might be considered. Prior
to onset of human autoimmune hepatitis, infection of
hepatitis virus or drug-induced liver injury might contrib-
ute to induction of hepatocyte-responsive T lymphocytes
just as does immunization with DC/Hepal-6. Some pro-
moting factors such as massive cytokine production from
NK T cells for activation of these autoreactive T cells might
be associated with onset of autoimmune hepatitis.

Although this study showed an important role for acti-
vated NK T cells in the generation of AHI, the implication
of NK T cell activation in patients with autoimmune hepa-

280

titis remains obscure. Several potential physiological ligands
for NK T cells have been reported [33,34], but the specific
endogenous ligand for NKT cell activation remains
unknown [35]. Recently, several reports suggested the
involvement of Toll-like receptors (TLRs) in the pathogen-
esis of autoimmune diabetes, inflammatory bowel diseases,
multiple sclerosis and systemic lupus erythematosus
[36,37]. It may be possible that the inflammatory activity in
human AIH is affected by activation of IFN-y-producing
NK T cells in the liver through TLR stimulation by intesti-
nal microbial components. If so, the regulation of intrahe-
patic NK T cell activity might lead to the establishment of a
new modality for controlling disease activity in human
AIH.
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