In another clinical trial of a synthetic peptide vaccine,
1C41 containing the 7 relevant HCV-specific Th cell and CTL
epitopes and the adjuvant poly-L-arginine were used. It has
been reported that IC41 can induce HCV-specific responses
in both Thl cells and CTLs in patients not responding
to or relapsing from IFN therapy [72, 73]. Although this
vaccination was tolerated and induced serious adverse events,
HCV RNA reduction was rarely observed in the study [73].
In the phase Il trial of pegylated interferon plus ribavirin
therapy in combination with this vaccine, an enhanced HCV-
specific T-cell response was observed in 73% of patients, and
the responses could be detected more frequently in patients
with sustained virologic response than in those showing
relapse [74].

A recent Phase 1 placebo-controlled study has revealed
that a prototype vaccine, which consists of HCV core
protein and the adjuvant ISCOMATRIX, induces cytokine
production by T-cells, but CTL responses were detected in a
few healthy individuals [75]. A tableted therapeutic bivalent
vaccine, which consists of heat-inactivated HCV antigens
derived from HBV- and HCV-infected donors, has been
applied in the treatment of chronic hepatitis C patients. Oral
administration of this vaccine showed no adverse effects, and
the elevated liver enzyme levels observed before the study
were reduced in all patients at the end of the study.

A therapeutic DNA vaccine developed using the mix-
ture of plasmid expressing HCV structural antigens and a
recombinant HCV core protein, namely, CIGB-230, has also
been used to treat chronic hepatitis C patients who did not
respond to previous 1FN therapy in a Phase I study [76].
This vaccination induced specific T-cell responses in 73% of
the participants. Interestingly, 40% of the vaccinated patients
showed reduction in liver fibrosis.

5. Conclusions and Future Directions

Since HCV was first identified, many investigations have
been performed to resolve and prevent HCV infection. It has
been demonstrated that HCV-specific CTLs are implicated in
not only viral eradication but also the immunopathogenesis
of hepatitis C. Development of IFN-based therapy in com-
bination with ribavirin and protease/polymerase inhibitor
has improved the sustained viral response rate of patients.
However, there are still many nonresponders who suffer from
chronic hepatitis C, cirrhosis, and hepatocellular carcinoma.
Moreover, the HCV infection mechanism in many patients
is still unknown. For these patients, a novel immune
therapy and vaccination should be urgently established. For
this purpose, we have to continue further investigation of
immune responses in HCV infection.
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Abstract

Aim We investigated whether tumor-specific CD8 " T-cell
responses affect tumor-free survival as well as the relation-
ship between CD8" T-cell responses against tumor-associ-
ated antigens (TAAs) and the clinical course after tumor
treatment in patients with hepatocellular carcinoma (HCC).
Methods Twenty patients with HCC that were treated by
radiofrequency ablation or trans-catheter chemo-emboli-
zation (TACE) and in whom HCC was undetectable by
ultrasonography, CT, and/or MRI 1 month after treatment
were enrolled in the study. Before and after treatment for
HCC, analyses of TAA (glypican-3, NY-ESO-1, and
MAGE-1)-specific CD8"% T-cell responses were evaluated
with an interferon-y enzyme-linked immunospot (ELISpot)
assay using peripheral CD8" T-cells, monocytes, and 104
types of 20-mer synthetic peptide overlapping by 10 resi-
dues and spanning the entirety of the 3 TAAs.

Results  Sixteen out of 20 patients (80%) showed a positive
response (=10 TAA-specific cells/ 10° CD8* T-cells) before
or after treatment. When we performed univariate analysis of
prognostic factors for the tumor-free period in the 20 patients,
platelet count, prothrombin time, and the number of TAA-
specific CD8* T-cells after treatment were significant factors
(P = 0.027, 0.030, and 0.004, respectively). In multivariate
analysis, the magnitude of the TAA-specific CD8" T-cell
response (>40 TAA-specific cells/ 10° CD8™ T-cells) was the
only significant prognostic factor for a prolonged tumor-free
interval (hazard ratio 0.342, P = 0.022).
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Conclusions  Our results suggest that strong TAA-specific
CD8* T-cell responses suppress the recurrence of HCC.
Immunotherapy to induce TAA-specific cytotoxic T lym-
phocytes by means such as the use of peptide vaccines
should be considered for clinical application in patients
with HCC after local therapy.

Keywords Hepatocellular carcinoma - CD8" T-cell
response - Cytotoxic T lymphocyte - ELISpot assay -
Immunotherapy

Introduction

There are about 500,000 new patients with hepatocellular
carcinoma (HCC) per year worldwide. Although vaccina-
tion against hepatitis B virus (HBV) and interferon
(IFN)-based therapy against hepatitis C virus (HCV) will
presumably reduce the number of HCC patients in the
future, the incidence of HCC is still increasing in Asia and
Africa because of the previous prevalence of infection with
the virus. Progress in treatments for HCC has improved the
prognosis of patients with HCC. However, HCC is usually
associated with cirrhosis and often recurs even after com-
plete treatment of the tumors in the remaining part of the
cirthotic liver. Thus, there is a strong need for the devel-
opment of a new intervention therapy that suppresses the
occurrence or recurrence of HCC effectively and that has
fewer side effects. Immunotherapy may be such a tréatment
and may be applicable to the clinical treatment of HCC. In
fact, some clinical trials have been performed [1-3].
Cytotoxic T lymphocytes (CTLs) are thought to be
potent effector cells against cancers. CTLs recognize spe-
cific antigens, and the induction of CTLs specific for
tumor-associated antigen (TAA) is an attractive procedure
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for tumor therapy. The MAGE-1 gene was first identified
as encoding a tumor-specific antigen on MZ-2-MEL cells,
a melanoma cell line, in 1991 [4]. MAGE-1 gene and
protein can be detected in many cancer tissues, and three
articles reported the expression of MAGE-1 in HCC as 30,
68, or 78%, respectively, in a Japanese population [5-7]. In
gastrointestinal tumors, immunotherapy using both den-
dritic cells and MAGE peptides has been performed for
patients with primary malignant melanoma of the esopha-
gus, and this therapy was able to induce peptide-specific
immune responses [8].

NY-ESO-1 antigen, a member of the cancer-testis anti-
gen family, was initially identified by a serological analysis
of recombinant cDNA expression cloning in an esophageal
cancer patient [9]. NY-ESO-1 mRNA was detected in
24-37% of HCCs by reverse transcription-polymerase
chain reaction [10, 11].

Glypican-3 (GPC3) consists of 580 amino acids and is a
heparan sulfate proteoglycan with a potential role in the
control of cell division. GPC3 mRNA was detected in
74.8% of HCC tissues, but only in 3.2% of normal liver
tissues [12], and GPC3 protein was detected in 72% of
HCCs, but not in normal tissue using GPC-specific anti-
body [13]. The GPC3 protein can also be detected in sera
of 40-53% of patients with HCC [14, 15].

These three antigens are thought to be attractive targets
for cancer immunotherapy because they are expressed only
in tumor tissues and testis, but not in normal tissues other
than testis. On the basis of previous reports, it is assumed
that most HCCs would express at least one of the three
TAAs. Therefore, monitoring immune responses against
these TAAs might help in the development of HCC
immunotherapy, such as TAA-based vaccination. In this
study, we investigated how the magnitude of CD8* T-cell
responses against these TAAs determined by an IFN-y
enzyme-linked immunospot (ELISpot) assay is related to
other clinical data and the tumor-free interval in patients
with HCC, in order to explore the clinical application of
such a TAA-based immunotherapy.

Methods
Patients

Twenty patients who were diagnosed with HCC at Showa
University Hospital between 2006 and 2008 were enrolled
in the study. They met the following study criteria: (1)
pathologically confirmed as having HCC or a lesion with
characteristic imaging features of HCC based on ultra-
sonography, CT, and/or MRI; (2) liver function classed as
Child-Pugh A or B; (3) no extrahepatic metastasis or vascular
invasion; (4) no previous or simultaneous cancers other than
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HCC; and (5) an indication for treatment such as radiofre-
quency ablation (RFA) or trans-catheter chemo-emboliza-
tion (TACE). RFA was performed by well-trained
hepatologists using usual methods according to previous
reports [16]. A 16-gauge cooled-tip ablation electrode
(Covidien, Boulder, CO) was used in the procedure. TACE
was performed by well-experienced hepatologists and radi-
ologists. A microcatheter was inserted from the femoral
artery to the artery feeding the HCC superselectively after
conventional hepatic angiography, and then a segmental or
subsegmental TACE procedure was performed using gela-
tin, lipiodol, and either epirubicin hydrochloride or cisplatin.
All patients were followed every 1-3 months by ultraso-
nography, CT, and/or MRI to examine the appearance of new
lesions in the liver or other organs. The recurrence-free
interval was defined as the period from the month of HCC
treatment to the month when a recurrent and/or metastatic
HCC was first detected after treatment. Clinical data (platelet
count, prothrombin time, serum AST, ALT, albumin, total
bilirubin level, and AFP level) were collected 1-7 days
before HCC treatment. Chronic hepatitis C was diagnosed on
the basis of detectable HCV RNA in serum using the
Amplicor assay (Roche Diagnostics, Tokyo, Japan). Informed
consent was obtained from each patient included in this study.
The study protocol conformed to the ethical guidelines of
the 1975 Declaration of Helsinki as reflected in a priori
approval by the Ethical Committee of Showa University.

Synthetic peptides of TAA

Twenty-mer peptides overlapping by 10 residues and span-
ning the entire MAGE-1, NY-ESO-1, and GPC3 proteins
were synthesized based on the amino acid sequences repor-
ted previously as PepSets™ and purchased from Mimotopes
(Clayton South, Victoria, Australia). These peptides were
>80% pure. A total of 30 MAGE-1, 17 NY-ESO-1, and 57
GPC3 peptides were synthesized, as shown in Table 1. A
total of 10-11 TTA peptides were pooled in a mixture (total
10 mixtures) at a concentration of 10 pg/ml each.

Preparation of CD8" T cells and monocytes
from patients with HCC

PBMCs were isolated from heparinized peripheral blood by
gradient centrifugation using Ficoll-Paque (Pharmacia-
LKB Biotechnology, Uppsala, Sweden). As reported pre-
viously, peripheral CD8% T-cells and monocytes were
separated from PBMCs using CD8 microbeads (MACS
system; Miltenyi Biotec, Bergisch Gladbach, Germany)
and a Monocyte Isolation Kit II (Miltenyi Biotec),
respectively [17]. These cells were isolated using an
autoMACS™ Pro Separator (Miltenyi Biotec). The purity
of the cells was >95% on flow cytometry (data not shown).
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Table 1 Synthetic peptides and peptide mixtures used in this study
Tumor-associated Peptide Amino acid
antigen sequence
Glypican-3 GL1 1-20

GL2 11-30

GL3 21-40

GL57 561-580
MAGE-1 MG-1 1-20

MG-30 290-309
NY-ESO-1 NY-1 1-20

NY-17 161-180
Mix 1 Mix 2 Mix 3 Mix 4 Mix 5 Mix 6 Mix 7 Mix 8 Mix 9 Mix 10
GL1 GL2 GL3 GL4 GLS - GL6 GL7 GL8 GLS GL10
GLI11 GLI12 GL13 GL14 GL15 GL16 GL17 GL18 GL19 GL20
GL21 GL22 GL23 GL24 GL25 GL26 GL27 GL28 GL29 GL30
GL31 GL32 GL33 GL34 GL35 GL36 GL37 GL38 GL39 GL40
GL41 GL42 GL43 GL44 GL45 GL46 GL47 GL48 GL49 GL50
GL51 GLs52 GL53 GL54 GL55 GL56 GL57 MG-1 MG-2 MG-3
MG-4 MG-5 MG-6 MG-7 MG-8 MG-9 MG-10 MG-11 MG-12 MG-13
MG-14 MG-15 MG-16 MG-17 MG-18 MG-19 MG-20 MG-21 MG-22 MG-23
MG-24 MG-25 MG-26 MG-27 MG-28 MG-29 MG-30 NY-1 NY-2 NY-3
NY-4 NY-5 NY-6 NY-7 NY-8 NY-9 NY-10 NY-11 NY-12 NY-13
NY-14 NY-15 NY-16 NY-17 - - - - - -

IEN-y ELISpot assay

The ELISpot assay was performed using an IFN-y ELISpot
assay kit (Mabtech AB, Stockholm, Sweden) as previously
described [17]. Briefly, a 96-well microtiter plate with a
nitrocellulose membrane bottom (Millititer; Millipore,
Bedford, MA) was coated with 100 ul anti-JFN-y mono-
clonal antibody at a concentration of 15 pg/ml in phos-
phate-buffered saline (PBS) overnight at 4°C. Unbound
antibody was removed by washing 6 times in Hanks’ bal-
anced saline solution. After blocking with AIM-V medium
(Invitrogen Japan, Tokyo, Japan) containing 10% fetal
bovine serum, 1 x 10° CD8" T-cells, 1 x 10* autologous
monocytes, and a TAA peptide mixture at 10 pg/ml of each
peptide were placed and incubated in duplicate in 100 ul
AIM-V medium at 37°C in a humid atmosphere with 5%
CO,. After incubation for 18 h, the cells were removed
by washing the plate 8 times with PBS. Next, 100 pl of
biotin-conjugated monoclonal antibody was added to each
well, and the plates were incubated further for 2 h at room
temperature. Wells were washed 5 times with PBS and
incubated with 100 pl streptavidin-alkaline phosphatase
for 2 h. Unbound antibodies were removed by washing 6

times with PBS. Then, 100 pl of alkaline phosphatase
substrate (Bio-Rad Laboratories, Richmond, CA) was
added to each well and incubated until dark spots emerged.
Color development was stopped by washing 3 times with
water, and the plates were allowed to dry. Using an ELI-
Spot reader (KS ELISPOT compact; Carl Zeiss, Oberko-
chen, Germany), the number of spot-forming cells (SFCs)
per well was counted. Numbers of TAA-specific SFCs for
each peptide mixture were calculated by subtracting the
mean number of SFCs of 2 control wells (without stimulus)
from the mean number of SFCs of 2 wells stimulated by
TAA antigens. An SFC number was calculated for each
patient as the sum of SFCs in each peptide mixture. ELI-
Spot assays were performed before and 3-7 days after
treatment. When TAA-specific CD8' T-cell responses
were analyzed in 10 normal subjects, we were unable to
detect any responses against TAA peptides in the ELISpot
assay (data not shown).

Statistical analyses

The relationship between the mumber of TAA-specific
CD8* T-cells and the recurrence-free period was analyzed
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using a parametric survival model. The log-rank test was
used to compare recurrence-free data for 2 groups. The
effects of multiple explanatory variables on recurrence-free
interval were analyzed using a Cox proportional hazards
model. Statistical analyses were performed using the sta-
tistical software JMP version 5 (SAS Institute Inc., Cary,
NC). Differences were considered as significant when the
P value was less than 0.05.

Results

TAA-specific CD8* T-cells were detected by ELISpot
assay before and after HCC treatment in most HCC
patients

The characteristics of the 20 patients enrolled in this study
are shown in Table 2. The 20 patients had no HCC
detected by ultrasonography, enhanced CT, and/or MRI
1 month after treatment for HCC. In those patients with
HCCs who had up to 3 HCCs and in whom the diameter of
each lesion was 3 cm or less, the treatment was usually
RFA; the remaining patients were treated by TACE.
However, in a few patients (patients 2 and 5) in whom the
diameter of each lesion was less than 3 cm, the physician
in charge of the patient selected TACE because they could
not deny the existence of more lesions that were unde-
tectable by conventional enhanced CT. The clinical courses
of the patients were followed for 3-29 months after ther-
apy for HCC. The ELISpot assay was performed to detect
CD8™ T-cell responses to TAAs before and 3-7 days after
treatment. The data are shown in Table 3 as SFCs (total
count of TAA-specific CD8' T-cells/l x 10° CD8*
T-cells). Sixteen out of 20 patients (80%) showed a posi-
tive response (10 or more SFCs) for TAA peptides either
before and/or after treatment. The numbers of SECs
(mean + SD) before and after therapy were 33.8 & 51.4
(0-161, median 16.5) and 32.9 £ 34.7 (0-130, median
23.0), respectively. Of the 20 patients, 5 (25%) and 7
(35%) showed a high TAA-specific immune response (40
or more SFCs) before and after treatment, respectively.

When we analyzed the TAA peptides recognized by
CD8* T-cells, we occasionally observed that different
peptide mixtures were identified as positive before and
after HCC treatment (data not shown).

Change in TAA-specific CD8" T-cell response induced
by HCC treatment does not correlate with recurrence-
free period

The number of SFCs increased in 11 of 20 (55%) patients
after treatment. In these patients, TAA-specific CTLs
might have been induced by the treatment. There were no
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Table 2 Characteristics of HCC patients before HCC treatment

n=20 Median

Age (years)® 68.8 +94 73.0
Gender

M i1

F 9
AST (1lum* 70 4= 49 52
ALT (uny® 63 43 54
PLT (x 10%/u)* 98+53 8.5
PT (%)* .81+ 11 78
Alb (g/dD)* 35+ 04 34
T-Bil (mg/dl)* 09+ 04 0.9
AFP (ng/ml)® 86 + 157 16
Virus

HCV 17

NBNC 3
Child-Pugh class

A 12

B 8
HCC size (mm)* 23+ 8 23
No. HCCs

1 9

2 4

3 7

>3 0
Treatment

RFA 13

TACE 5

RFA + TACE

NBNC Negative for neither HBV nor HCV infection, RFA radiofre-
quency ablation, TACE trans-catheter chemo-embolization

* Results are shown as mean + SD

significant differences between the increase in TAA-spe-
cific CD8' T-cell response induced by the treatment and
either therapeutic procedure, laboratory data, or back-
ground of the patients (data not shown). The increase in
TAA-specific CTLs after treatment did not predict a better
prognosis of HCC.

Platelet count, prothrombin time, and the magnitude
of TAA-specific immune response after treatment
correlate with the recurrence-free period by univariate
analysis

‘When we analyzed the relationship between TAA-~specific
SFCs detected by the ELISpot assay or other clinical variates
and the HCC-free interval using a parametric survival
model, we found that platelet count, prothrombin time, and
the TAA-specific CD8% T-cell response after treatment
significantly correlated with the HCC-free interval
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Table 3 Results of IFN-y ELISpot assay in patients in whom HCCs
were not detected after therapy

Patient no.  SFC before  SFC after treatment  Recurrence-free
treatment (/10° CD8* T-cells) interval
(/10° CD8* (month)
T-cells)

1 0 0 5

2 15 31 10

3 12 15 5

4 159 130 26

5 58 4 12

6 5 99 29*

7 15 17 7

8 20 41 7

9 135 9 12

10 1 6 3

11 8 9

12 10 57 15

13 34 ) 13*

14 6 4 12®

15 23 8 9

16 59 37 12

17 12 29 23

18 161 72 24

19 18 4 15

20 25 44 23*

SFC Spot-forming cells
* These patients had no recurrence detected by ultrasonography,
enhanced CT, and/or MRI after treatment

(P = 0.005, 0.007, and 0.001, respectively). When univar-
iate analysis of prognostic factors for the HCC-free interval
was performed, only platelet count (P = 0.027; Fig. la),
prothrombin time (£ = 0.030; Fig. 1b), and the number of
SECs after treatment (P = 0.004; Fig. 1c) were found to be
significant. Child-Pugh class A tended to prolong the HCC-
free interval, although this was not significant (P = 0.066).
The other factors, including the number of SFCs before
treatment (P = 0.407), ALT level (P = 0.644), albumin
level (P = 0.488), total bilirubin level (£ = 0.340), HCC
size (P = 0.756), HCC number (P = 0.486), and the pro-
cedure used for HCC treatment (RFA or TACE, P = 0.481),
did not affect HCC-free survival, as confirmed by the log-
rank test.

Multivariate analysis shows that the magnitude

of TAA-specific CD8" T-cell responses correlates
with the HCC-free interval after treatment in patients
who have no detectable HCC after therapy

In a further analysis of the 20 patients with HCC who were
treated by RFA or TACE and in whom no HCC

(A) Platelet count

ol

2 10 e p=0.027 > 1x10°/pL.
£ - - = < 1x10°%pL
.g 0.8 — v L

Z 0.6 -

«© '

S 04 1

: -

U 02 :

g !

= 0.0 :

I I I I I
0 5 10 15 20 25 30

Month after treatment

(B) Prothrombin time
I S—

p=0.030 271.5%
- - <715%

0.8 — Ll

1
0.6 — ¥
0.4 -

0.2

HCC-free survival rate

0.0

0 5 10 i5 20 25 30
Month after treatment

i
i
I
i
]

(C) * SEC after treatment

P0.004 s > 40
L= Lm» -- <40

r=s
4

ot
@0
1

0.6 —
0.4 —

0.2

HCC-free survival rate

0.0 - '

Month after treatment

Fig. 1 Kaplan-Meier curves of HCC-free survival rate. In univariate
analysis, platelet count, prothrombin time, and the tumor-associated
antigen-specific CD8"' T-cell response were found to be prognostic
factors for the HCC-free period after treatment. Kaplan—Meier curves
representing the relationship between month after treatment (HCC-
free interval) and HCC-free survival rate were grouped by a platelet
count, b prothrombin time, and ¢ spot-forming cells (SFCs) specific
for tumor-associated antigens after treatment

was detectable 1 month after treatment, we performed
multivariate analysis using a Cox proportional hazards
model. On multivariate analysis, only the magnitude of
TAA-specific CD8* T-cell responses (>40 TAA-specific
cells/10° CD8™ T-cells) was the only significant prognostic
factor for a prolonged tumor-free period after treatment
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Table 4 Multivariate analyses of prognostic factors for tumor-free
interval

Hazard ratio

Variable 95% Confidence limit P value
Platelet count
>1 x 107/pL 0916 0.326-2.020 0.843
<l x 10l 1.000
Prothrombin time
>77.5% 0.455 0.094-1.390 0.177
<77.5% 1.000
Child-Pugh class
A 1.464 0.539-6.813 0.493
B 1.000
Spot-forming cells after treatment
>40 0.342 0.079-0.866 0.022
<40 1.000

(hazard ratio 0.342, P = 0.022), as shown in Table 4.
Therefore, the results suggest that TAA-specific CTLs
detected after treatment are able to suppress the occurrence
or recurrence of HCC in patients with no detectable HCCs
after treatment.

Discussion

To determine whether TAA-specific CTLs suppress the
occurrence or recurrence of HCC, we investigated the
relationship between the magnitude of TAA-specific CD8"
T-cell responses and the HCC-free interval in patients who
had no detectable viable HCC 1 month after treatment for
HCC. We found that potent TAA-specific CD8* T-cell
responses, as observed 1 month after treatment for HCC,
led to a prolonged HCC-free interval.

An HLA-A24-restricted MAGE-1 peptide-specific CTL
line was established in a patient with metastatic mela-
noma [18], and an NY-ESO-1 DNA vaccine induced
both antigen-specific effector CD4™ and/or CD8™ T-cell
responses in most patients who did not show detectable
pre-vaccination immune responses [19]. In addition,
HLA-A2- and HLA-A24-restricted GPC3-derived peptide
vaccine induced specific CTLs in mice [20]. In this study,
we selected GPC3, MAGE-1, and NY-ESO-1 to monitor
antigen-specific CD8" T-cell responses against HCC
because they had been reported to be expressed com-
monly and frequently in HCC tissues [7, 11-13], and thus
the combination of these TAAs would cover most HCCs.
Among the 20 patients enrolled in the present study, 16
(80%) showed positive CD8" T-cell responses (10 or
more SFCs) against the TAAs before and/or after the
treatment. Although we did not examine the expression of
TAAs in the HCC tissues, it would be expected that at
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least one of these three TAAs will be expressed in HCCs
in patients who have a positive CD8" T-cell response
against TAAs.

In patient 10, HCC recurrence was detected 3 months
after treatment. Insufficient treatment or the pre—existeﬁcc
of intrahepatic metastases might be considered in a patient
in whom HCCs are undetectable 1 month after treatment,
but are detected within a few months after treatment. We
expected that TAA-specific CTLs induced by treatment
would suppress the development of a small HCC, which is
not easily detected by conventional methods of examina-
tion. Thus, we enrolled and analyzed all patients in whom
no HCC was detectable by ultrasonography, CT, and/or
MRI 1 month after treatment, even if a recurrent or met-
astatic HCC was detected within a few months after
treatment.

1t is of interest whether tumor destruction by local HCC
treatment would induce immune responses against HCCs.
Apoptotic tumor cells are capable of inducing tumor-spe-
cific immune responses [21]. Dendritic cells, representing
antigen-presenting cells, around damaged tumor cells take
up tumor antigen released from the tumor cells and then
migrate into draining lymph nodes [22]. There, they mature
and stimulate tumor-specific helper T-cells and CTLs. In
turn, the effector cells migrate into the tumor tissue and
attack the tumor cells [23]. Tumor-specific immune
responses were induced by a combination of direct den-
dritic cell injections into the HCC and radiation therapy
that might induce tumor destruction [3]. When we com-
pared TAA-specific CD8" T-cell responses before HCC
treatment and those after treatment, about half of the
patients (55%) showed an increased frequency of TAA-
specific CD8™ T-cells, which might have been induced by
the treatment. However, the increase in TAA-specific
CTLs did not affect the recurrence-free interval. Rather, it
was the magnitude of TAA-specific CD8" T-cell responses
after the treatment itself that affected the recurrence-free
interval. Even if the frequency of these CTLs seemed to be
decreased after treatment, they might infiltrate the liver.
Furthermore, new CTLs other than pre-existing CTLs
might be induced by the treatment because many TAA
peptides recognized by CTLs were different between
before and after the treatment. Although some patients
showed a potent TAA-specific CD8% T-cell response
before treatment, SFC before treatment did not correlate
with the recurrence-free interval. We believe that TAA-
specific CTLs are not able to control a large tumor burden
by itself. As HCCs enlarge, they may secret immune sup-
pressive factors such as TGF-f [24] and/or IL-10 [25] and
modify gene expression of TAAs [26]. We speculate that
TAA-specific CTLs detected after the treatment, but not
detected before the treatment may be able to control HCCs.
Otherwise, TAA-specific CTLs detected before the
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treatment may be able to destroy a small HCC that was not
detected by conventional examinations.

The ELISpot assay is a convenient means of detecting
antigen-specific CD8" T-cells in a variety of diseases. We
have detected HCV-specific CD8% T-cell responses in
patients with acute HCV infection using this method and
identified 6 new epitopes within the HCV protein {17]. In
fact, we identified a novel GPC3-specific CTL epitope
using this method (unpublished observation). At present,
we are trying to identify more CTL epitopes among these
TAAs that will be used as cancer vaccines.

In this study, we used peptide mixtures to stimulate
CD8* T-cells. This procedure may mask responses to
individual peptides because a peptide that interacts only
weakly with HLA molecules is unable to attach to the
molecule if the mixture contains 1 peptide with a high
affinity for the same molecule. However, such a weak
peptide would not contribute to tumor immune responses
because of its weak interaction with the HLA molecules.
Thus, we ignored this issue in this study.

Recurrence and multicentric carcinogenesis are major
factors in determining the prognosis of HCC, and several
treatments have been tried for the prevention of recurrence.
IFN therapy [27, 28], treatment with acyclic retinoid
therapy [29, 30], and adoptive immunotherapy [31] have
been reported as effective in suppressing HCC recurrence.
Preoperative hepatic function influenced early HCC
recurrence in patients in whom small HCCs were resected
[32]. This is consistent with our result that prothrombin
time, reflecting hepatic function, affected the recurrence-
free interval in the univariate analysis. In our study, higher
platelet counts also contributed to a longer recurrence-free
interval in the univariate analysis. In the multivariate
analysis, however, only the magnitude of TAA-specific
CD8™" T-cell responses remained as an independent factor
contributing to a longer recurrence-free interval.

Although the size and number of HCCs were reported to
affect the period of HCC-free survival (recurrence) in
patients with HCC treated by hepatic resection {33], they
are not significant factors affecting the recurrence-free
interval. Further investigation, such as the accumulation of
analyses of HCC patients, is needed to clarify this issue.
Sixteen out of 20 patients without detectable HCC 1 month
after treatment had recurrent or metastatic HCCs during the
observation period in this study. Our results suggest that
the maintenance of strong TAA-specific CD8" T-cell
responses for a long period may lead to a longer recur-
rence-free state. A long-term observation of TAA-specific
immune responses should also be performed in any future
study.

The results of our study suggest that strong TAA-
specific CD8* T-cell responses would suppress HCC
recurrence in patients with HCC who are treated by RFA or

TACE and in whom any HCC is undetectable by ultraso-
nography, CT, and/or MRI 1 month after treatment. Since
recurrence and intrahepatic metastasis are major risk fac-
tors influencing the prognosis of patients with HCC,
immunotherapy to induce TAA-specific CD8% T-cells,
such as a peptide vaccine, should be considered for clinical
application in patients with HCC after local therapy.
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Discrete Nature of EpCAM™ and CD90™ Cancer Stem
Cells in Human Hepatocellular Carcinoma

Taro Yamashita,' Masao Honda,' Yasunari Nakamoto,' Masayo Baba,' Kouki Nio," Yasumasa Hara |
Sha Sha Zeng,' Takehiro Hayashi," Mitsumasa Kondo,! Hajime Takatori,' Tatsuya Yamashita,'
Eishiro Mizukoshi," Hiroko Tkeda,' Yoh Zen,' Hiroyuki Takamura,' Xin Wei Wang,? and Shuichi Kaneko

Recent evidence suggests that hepatocellular carcinoma (HCC) is organized by a subset of
cells with stem cell features (cancer stem cells; CSCs). CSCs are considered a pivotal target
for the eradication of cancer, and liver CSCs have been identified by the use of various
stem cell markers. However, little information is known about the expression patterns and
characteristics of marker-positive CSCs, hampering the development of personalized CSC-
targeted therapy. Here, we show that CSC markers EpCAM and CD90 are independently
expressed in liver cancer. In primary HCC, EpCAM™ and CD90™ cells resided distinc-
tively, and gene-expression analysis of sorted cells suggested that EpCAM™ cells had fea-
tures of epithelial cells, whereas CD90™ cells had those of vascular endothelial cells.
Clinicopathological analysis indicated that the presence of EpCAM™ cells was associated
with poorly differentiated morphology and high serum alpha-fetoprotein (AFP), whereas
the presence of CD90™ cells was associated with 2 high incidence of distant organ metasta-
sis. Serial xenotransplantation of EpCAM*/CD90" cells from primary HCCs in immune-

* deficient mice revealed rapid growth of EpCAM™ cells in the subcutaneous lesion and a
highly metastatic capacity of CD90™ cells in the lung. In cell lines, CD90™ cells showed
abundant expression of c-Kit and 7z vitro chemosensitivity to imatinib mesylate. Further-
more, CD90™ cells enhanced the motility of EpCAM™ cells when cocultured in vitro
through the activation of transforming growth factor beta (TGF-f) signaling, whereas
imatinib mesylate suppressed TGFBI expression in CD90" cells as well as CD90*
cell-induced motility of EpCAM™ cells. Conclusion: Our data suggest the discrete nature
and potential interaction of EpCAM™ and CD90" CSCs with specific gene-expression
patterns and chemosensitivity to molecular targeted therapy. The presence of distinct
CSCs may determine the clinical outcome of HCC. (HepatoLoGY 2012;00:000-000)

noma (HCC), is a leading cause of cancer death
worldwide.! Recent studies have shown the existence

{he cancer stem cell (CSC) hypothesis, which
suggests that a subset of cells bearing stem-

cell-like features is indispensable for tumor
development, has recentdy been put forward
subsequent to advances in molecular and stem cell
biology. Liver cancer, including hepatocellular carci-

of CSCs in liver cancer cell lines and primary HCC
specimens using various stem cell markers.”” Inde-
pendently, we have identified novel HCC subtypes
defined by the hepatic stem/progenitor cell markers,

Abbreviations: 5-FU, fluorouracil; Abs, antibodies; AFE alpha-fetoprosein; CK-19, cytokeratin-19; CSC, cancer stem cell; DNs, dysplastic noduless EMT,

jthelsal mesenchymal transition; EpCAM; epithelial cell adhesion molecule; FACS, fluorescent-activated cell sorting; HBV, bepzztztz: B virus; HCC, bepatocellular
mmnoma, HCY, hepatitis C virus; HSCs, hepatic stem cells; IE 7 offuorescence; IHC, i histochemistry; IR, i oreactivity; MDS, multids jonal
scaling; NBNC, non-B, non-C hepatitis, NOD/SCID, nonobese diabetic, severe combined immunodeficient; NT Z 5 OV-1, lbumin I; qPCR,

quantitative real-time polymerase chain reaction; SC, subcusaneons; Smad3, Mothers against decapentaplegic homolog 3; TEC;, tumor epithelial cells; TGF-f,
transforming growth factor beta; TIN, tumorfnonsumor; VECs, vascular endothelial cells; VM, vasculogenic mimicry; VEGFR, vascular endothelial growth factor
receptor.

;rom the *Liver Center, Kanazawa University Hospital, Kanazawa, Ishikawa, Japan; and *Laboratory of Human Carcinogenesis, Cener for Cancer Research,
National Cancer Institute, Bethesda, MD.

Received July 9, 2012; revised October 22, 2012; accepted November 6, 2012. :

This study was supported by a Grant-in-Aid from the Ministry of Education, Culsure, Sporss, Science, and Technology of Japan (23590967), a grant from the
Japanese Society of Gastroenterology, a grant from the Ministry of Health, Labor, and Welfare, and a grant from the National Cancer Center Research and
Development Fund (23-B-5) of Japan. X W.W. is supported by the Intramural Remzrcb Program of the Center for Cancer Research, U.S. National Cancer

Institute.

925



2 YAMASHITA ET AL.

epithelial cell adhesion molecule (EpCAM) and alpha-
fetoprotein (AFP), which correlate with distinct gene-
expression  signatures and prognosis.>® EpCAM™
HCC cells isolated from primary HCC and cell lines
show CSC features, including tumorigenicity, invasive-
ness, and resistance to fluorouracil (5-FU).!° Similarly,
other groups have shown that CD133™, CD90%, and
CD13™ HCC cells are also CSCs, and that EpCAM,
CD90, and CD133 are the only markers confirmed to
enrich CSCs from primary HCCs thus far.*>1°
Although EpCAM™, CD90*, and CD133"% cells
show CSC features, such as high tumorigenicity, an
invasive nature, and resistance to chemo- and radiation
therapy, it remains unclear whether these cells repre-
sent an identical HCC population and whether they
share similar or distiner characteristics. In this study,
we used fluorescent-activated cell sorting (FACS),
microarray, and immunohistochemistry (IHC) techni-
ques to investigate the expression patterns of the repre-
sentative liver CSC markers CD133, CD90, and
EpCAM in a total of 340 HCC cases and 7 cases of
mesenchymal liver tumors. We further explored gene-
and protein-expression patterns as well as tumorigenic
capacity of sorted cells isolated from 15 primary
HCCs and 7 liver cancer cell lines in an attempt to
identify the molecular portraits of each cell type.

Materials and Methods

Clinical Specimens. HCC samples were obtained
with informed consent from patients who had under-
gone radical resection at the Liver Center in Kanazawa
University Hospital (Kanazawa, Japan), and tissue
acquisition procedures were approved by the ethics
committee of Kanazawa University. A total of 102
formalin-fixed and paraffin-embedded HCC samples,
obtained from 2001 to 2007, were used for IHC analy-
ses. Fifteen fresh HCC samples were obtained between
2008 and 2012 from surgically resected specimens and
an autopsy specimen and were used immediately to
prepare single-cell suspensions and xenotransplantation
(Table 1). Seven hepatic swomal tumors (three
cavernous hemangioma, two hemangioendothelioma,
and two angiomyolipoma) were formalin fixed and

paraffin embedded and used for IHC analyses.

HEPATOLOGY, Month 2012

Table 1. Clinicopathological Characteristics of HCC Cases
Used for Xenotransplantation

Age/ Tumor Histological AFP Dcp

1] Sex Etiology Size (cm) Grade {ng/mL) (IU/mL)
P1 77/M  Alcohol 12.0 Moderate 198 322
P2 61/F NBNC 11.0 Moderate 12 3,291
P3 66/M NBNC 22 Moderate 13 45
P4 65/M HCV 4.2 Poor 13,700 25,977
P5 52/M HBV 6.0 Moderate 29,830 1,177
P6 60/M HCV 2.7 Poor 249 185
P7 79/F HBV 4.0 Poor 46,410 384
P8 77/F NBNC 5.5 Moderate 17,590 562
P9 71/M  Aicohol 7.0 Poor 3,814 607
P10 51/M HBV 22 Well <10 21
P11 71/M  Alcohol 21 Well <10 11
P12  60/M HBV 10.8 Poor 323 2,359
P13 66/M HCV 2.8 Moderate 11 29
P14  7i/M HCV 7.2 Moderate 235,700 375,080
P15  75/M HBV 5.5 Poor <10 97

Abbreviation: DCF, des-gamma-carboxy prothrombin.

Additional details of experimental procedures are
available in the Supporting Information.

Results

EpCAM, CDI133, and CD90 FExpression in
HCC. We first evaluated the frequencies of three rep-
resentative CSC markers (EpCAM™, CD90", and
CD133% cells) in 12 fresh primary HCC cases surgi-
cally resected by FACS (representative data shown in
Fig. 1A). Clinicopathological characteristics of primary
HCC cases are shown in Table 1. We noted that
frequency of EpCAM™, CD90%, and CD133% cells
varied between individuals. Abundant CD90™ (7.0%),
but almost no EpCAM™, cells (0.06%, comparable to
the isotype control) were detected in P2, whereas few
CD90" (0.6%), but abundant EpCAM™, cells
(17.5%) were detected in P4. Very small populations
of EpCAM™ (0.09%), CD90™ (0.04%), and CD133*
cells (0.05%) were found in P12, but they were almost
nonexistent in P8, except for CD9I0" cells (0.08%)
(Fig. 1A). We further evaluated the expression of
EpCAM, CD90, and CD133 in xenografts obtained
from surgically resected samples (P13 and P15) and an
autopsy sample (P14). As a whole, compared to the
isotype control, 7 of 15 HCCs contained definite
EpCAM+ cells (46.7%), whereas only 3 HCCs

Address reprint requests to: Taro Yamashita, M.D., Ph.D., Department of General Medicine, Kanazawa University Hospital, 13-1 Takara-Machi, Kanazawa,
Lhikawa 920-8641, Japan. E-mail: taroy@m-kanazawa.jp; fax: +81-76-234-4250.

Copyright © 2012 by the American Association for the Study of Liver Diseases.
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Fig. 1. Gene-expression profiles of CSC marker-positive HCCs. (A) FACS analysis of primary HCCs stained with fluorescent-labeled Abs against
EpCAM, CDSO0, or CD133. (B) Multidimensional scaling analysis of 172 HCC cases characterized by the expression patterns of EpCAM, CD133,
and CD90. Red, EpCAM™ CD90™ CD133™ (n = 34); orange, EpCAM™ CD90™ CD133™ (n = 10); light blue, EpCAM™ CD90™ CD133™ (n =
49); blue, EpCAM™ CD90™ CD133™ (n = 79). HCC specimens were clustered in specific groups with statistical significance (P < 0.001). (C)
Expression patterns of well-known hepatic stem/progenitor markers in each HCC subtype, as analyzed by microarray. Red bar, EpCAM™; orange
bar, €D133*; light blue bar, CDSO™; blue bar, EpCAM™ CD30™ CD133". (D) Hierarchical cluster analysis based on 1,561 EpCAM/CD90/
CD133-coregulated genes in 172 HCC cases. Each cell in the matrix represents the expression level of a gene in an individual sample. Red and
green cells depict high and low expression levels, respectively, as indicated by the scale bar. (E) Pathway analysis of EpCAM/CD90/CD133-
coregulated genes. Canonical signaling pathways activated in cluster A (red bar), cluster B (orange bar), or cluster C (light blue bar) with
statistical significance (P < 0.01) are shown. (F) Expression patterns of representative genes differentially expressed in EpCAM/CD90/CD133
HCC subtypes. Red bar, EpCAM™; orange bar, CD133*; light blue bar, CD90™; blue bar, EpCAM™ CD133™ CD30™.
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Table 2. Tumorigenic Capacity of Unsorted, EpCAM ™, TABLE 2. (Continued)
EpCAM ™, CD90™, and CDY0™ Cells From Primary T
HCCs and Xenografts cell Fo,:':;;:,n
‘Tammor cDh133  CD9O EpCAM Surface Number —
Cell . Sample (%) (%) (%) Marker of Cells 2mM M
Ccb133 (111 EpCAM Surface Number e -+ 5
Sample (%) (%) (%) Marker of Cells M 3m P13 0 003 617 EpCAM g : iga gg ::
P1 0 3.1 0 Unsorted 1 x 107 0/6 0/ 5x10° 3/3 NA
¢p9ot 1 x10° o/5  0/5 EpCAM™ 5 x 10° 0/4 NA
€090~  1x10° 0/5 0/5 5x 10 0/3 NA
P2 006 70 006 Unsored 1x107 0/5 0/5 5x10° 0/3 NA
CD90*t  1x 10° 0o/5 0O/5 Pl4 240 006 3.1 EpCAM*™ 6 x 10° 4/5 NA
CDR0~ 1 x10° 0/5 0/5 EpCAM™ 5 x 10° 2/5 NA
P3 0 13 0 Unsorted 1 x 10° ©0/2 072 P15 0 245 0 €D90* 5 x 10° 3/4 NA
cD90*t 1 x 10* o/4  0/4 5x10° 1/3  NA
cD90~ 1 x 10° 0o/4 0/4 5x 102 1/3  NA
P4 0 06 175  Unsorted 1 x 10° 3/4 4/4 D90~ 5x 10° 274 N
EpCAM* 1 x 10° 0/3 2/3 5x10° 1/3  NA
1x10° 3/4 44 5x10° 0/3 NA

1x10° 3/3 3/3
cpoot 1 x10° 0/3  0/3
1x10* 0o/4 0/4

5
i x 10" 0/8 0/3  hained definite CD133T cells (20%) (Table 2).

EpCAM™ x 10° 0/3 0/3 . .
CD90~ CD90" cells were detected at variable frequencies in

1x10*° o4 o/4 all 15 HCCs analyzed.
b5 o 08 297  Unsorted 1" }gz g/ : 8/ 2 To explore the status of these CSC marker-positive
. 3 E;Z(/)\!\:”‘” 1 i: 105 0;5 0;5 ce%ls in HCC in a large cohort, we utilized oligo—DNA
D90t  1x10° o/5 0/5 microarray data from 238 HCC cases (GEO accession
EpCAM™  1x10° 0/5 0/5 no: GSE5975) to evaluate the expression of EPCAM

cos0° (encoding EpCAM and CD326), THYI (encoding

NA, not available.

P6 0 0.7 0 Unsoted 1 x 10° 072 0/2 X :
gggoi 1 i 10 0/4 0§4 CD90), and PROM1 (encoding CD133) in whole HCC
cD90™ 1 x 10‘; 0/4 0/4 dssues and nontumor (NT) dssues. Because previous
P 138 45 44 gnzmef ;:igz éjg (2);3 studies demonstrated that CD133% and CD90™ cells
i 1x10° o3 13 were detected at low frequency (~13.6% by CD133
1x10° 2/4 4/4 staining and ~6.2% by CD90 staining) in HCC, but
o i x 102 8/ 2 g/ 3 were almost nonexistent in NT liver (4, 5),%° we utilized
1 z: 184 0; " 0; 4 tumor/nontumor (T/N) gene-expression ratios to detect
EpcaM-  1x 10° 03 /3 the existence of marker-positive CSCs in tumor. Accord-
CDg0™ . ingly, we showed that a 2-fold cutoff of T/N ratios of
i i 185 8;2 8;2 EPCAM  successfully stratifies HCC  samples with
P8 o o008 0  umoted 1x10° o4 o4 EpCAMY liver CSCs>
Coo0*  1x10° /3 0/3 A twrl of 95 (39.9%), 110 (46.2%), and 31
CD90™ 1 x 10 0/3 0/3 0,
b9 o o026 0  Usotd 1x10° 0O/4 0/ (13.0%) +of the 218 HCC cases _\;vere thus regarded. as
CcDSo+ 1 x 103 0/3 0/3 EPCAM 5 CD9O 5 and CD133 HCCS (T/N ratios:
90~  1x10° 0/3 0/3 >2.0), respectively. As observed in the FACS data
P10 0 078 0  Umsoted 1x 107 04 g/ 4 described above, we detected coexpression of EpCAM
e U5 U5 and CDY0 in 45 HCCs (18.9%), EpCAM and CD133
P11 0 04 154 Unsoted 5 x 10° 0/2 0o/2 in five HCCs (2%), CD90 and CD133 in five HCCs
EpCAM' 1 10° 03 /3 (%), and EpCAM, CD90, and CD133 in 11 HCCs
Eggi;_ 1 Z 184 g;g gﬁ (4.6%). To clarify the characteristics of gene-expression

CD90™ signatures specific to stem cell marker expression status,

P12 0.06 005 009  Unsored 1x 102 0/3 33 we selected 172 HCC cases expressing a single CSC
C%0T  1x 100 0 V% marker (34 EpCAMT CD90” CD133, 49 EpCAM™
L% o3 33 CD90t CDI1337, and 10 EpCAM~ CD90~

CD133") or all marker-negative HCCs (79 EpCAM™

(Contnued) CD90~ CDI1337). A class-comparison analysis with
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univarjate F tests and a global permuration test
(x10,000) vyielded a toral of 1,561 differentally
expressed genes. Multidimensional scaling (MDS) analy-
sis using this gene set indicated that HCC specimens
were clustered in specific groups with statistical signifi-
cance (P < 0.001). Close examination of MDS plots
revealed three major HCC subtype clusters: all marker-
negative HCCs (blue spheres); EpCAM single-positive
HCCs (red spheres); and CD90 single-positive HCCs

(light blue spheres). CD133" HCCs (orange
spheres) were rare, relatively scattered, and not clustered
(Fig. 1B).

We examined the expression of representative he-
patic stem/progenitor cell markers AFR KRTI19, and
DIKI in HCCs with regard to the gene-expression
status of each CSC marker (Fig. 1C). All three
markers were up-regulated in EpCAM™ and CD1337
HCGCs, compared with all marker-negative HCCs,
consistent with previous ﬁndings.m’11 However, we
found no significant overexpression of AFR KRT1I9,
and DLK7 in CD90" and all marker-negative HCCs.

Hierarchical cluster analyses revealed three main
gene clusters that were up-regulated in EpCAM™
HCCs (cluster A, 706 genes), EpCAM* or CD133%
HCCs (cluster B, 530 genes), and CD90" or
CD133% HCCs (cluster C, 325 genes) (Fig. 1D).
Pathway analysis indicated that the enriched genes in
cluster A (red bar) were associated with chromarin
modification, cell-cycle regulation, and Wnt/f-catenin
signaling (Fig. 1E). Genes associated with messenger
RNA processing were enriched in clusters A (red bar)
and B (orange bar). Surprisingly, genes in cluster C
were significantly associated with pathways involved in
blood-vessel morphogenesis, angiogenesis, neurogene-
sis, and epithelial mesenchymal transition (EMT)
(light blue bar). Close examination of genes in each
cluster suggested that known hepatic transcription fac-
tors (FOXAI), Wnt regulators (TCF/L2 and DKKI),
and a hepatic stem cell marker (CD24) were domi-
nantly up-regulated in EpCAM™ and CD133" HCCs
(Fig. 1F). By contrast, genes associated with blood-ves-
sel morphogenesis (7/EI and FLTI), EMT (TGFBI),
and neurogenesis (NVES) were activated dominantly in
CD90* HCCs and CD133™* HCCs.

CD90Y HCC Cells Share Features With Mesen-
chymal Vascular Endothelial Cells. Because CD133%
HCCs were relatively rare and constituted only 13%
(microarray cohort) to 20% (FACS cohort) of all
HCC samples analyzed, we focused on the characteri-
zation of EpCAM and CD90. To darify the cell iden-
tity of EpCAM™ or CD90% cells in primary HCCs,
we performed IHC analysis of 18 needle-biopsy

YAMASHITA ETAL. 5

specimens of premalignant dysplastic nodules (DNs),
102 surgically resected HCCs, and corresponding NT
liver dssues. When examining the expression of
EpCAM and CD90 in cirrhotic liver tissue by double-
color THC analysis, we found that EpCAM™ cells and
CD90" cells were distinctively located and not colo-
calized (Supporting Fig. 1A). Immunoreactivity (IR) to
anti-CD90 antibodies (Abs) was detected in vascular
endothelial cells (VECs), inflammatory cells, fibro-
blasts, and neurons, but not in hepatocytes or cholan-
giocytes, in the cirthotic liver (Supporting Fig. 1B,
panels a,b). IR to anti-EpCAM Abs was detected in
hepatic progenitors adjacent to the periportal area and
bile duct epithelial cells in liver cirrhosis (Supporting
Fig. 1B, panels c.d).

IR to anti-EpCAM Abs was detected in 37 of 102
surgically resected HCCs (Fig. 2A, panel b), but not
in 18 DNs (Fig. 2A, panel- a). By contrast, no tumor
epithelial cells (TECs) showing IR to anti-CD90 Abs
were found in any of the 18 DNs or 102 HCCs
examined (Fig. 2A, panels ¢,d). However, we identified
CD90" cells that were morphologically similar to
VECs or fibroblasts within the tumor nodule in 37 of
the 102 surgically resected HCC dssues (>5% positive
staining in a given area). IR to anti-CD90 Abs was
also detected in hepatic mesenchymal tumors (Sup-
porting Fig. 1C, panels a-c), indicating that CD90 is
also a marker of liver stromal tumors.

Double-color THC and immunofluorescence (IF)
analysis confirmed the distinct expression of EpCAM
and CD90 in HCC (Fig. 2B), consistent with the
FACS data (Fig. 1A). Quantitative real-time polymer-
ase chain reaction (qPCR) analysis of sorted EpCAM+,
CD907, and EpCAM ™ CD90™ cells after CD45™ cell
depletion indicated that the hepatic stem/progenitor
markers, AFP and KRT19, were up-regulated in
EpCAM+ cells (red bar), whereas the mesenchymal
markers, K/7 and FLT1, were up-regulated in CD90™
cells (orange bar), compared with EpCAM™ CD90~
cells (blue bar) (Fig. 2C). The hepatocyte marker,
CYP3A4, was down-regulated in EpCAM™ cells and
not detected in CD90* cells, compared with
EpCAM™ CD90™ cells. POUSFI and BMII were
equally up-regulated in both EpCAM™ and CD90*
cells, compared with EpCAM™ CD90™ cells.

EpCAM and CD90 were independendy and
distinctively expressed in different cellular lineages, so
we evaluated the staining of EpCAM and CD90 sepa-
rately and analyzed the clinicopathological characteris-
tes of surgically resected HCC cases. HCCs were
regarded marker positdve if >5% positive staining was
detected in a given area. The existence of EpCAM™*
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* P < (.0001 EpCAM* .. CD45CD90*
cells (>5%) was characterized by poorly differentiated
morphology and high serum AFP values with a tend-
ency for portal vein invasion, whereas the existence of
CD90™ cells (>5%) was associated with poorly differ-
entiated morphology and a tendency for large tumor
size (Supporting Tables 2 and 3). Notably, the exis-
tence of CD90™ cells was associated with a high inci-
dence of distant organ metastasis, including lung,
bone, and adrenal gland, within 2 years after surgery,
whereas EpCAM™ cell abundance appeared unrelated
to distant organ metastasis.

We evaluated the characteristics of EpCAM™ or
CD90™ cells in seven representative HCC cell lines.
Morphologically, all EpCAI\/[+ cell lines (HuHI1,
HuH7, and Hep3B) showed a polygonal, epithelial
cell shape, whereas three of four CD90™ cell lines
(HLE, HLE and SK-Hep-1) showed a spindle cell
shape (Fig. 3A). EpCAMJr cells were detected in
11.5%, 57.7%, and 99.6% of sorted HuHI, HuH7,

B2 EpCAM™ CD45™ CDO0™
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Fig. 2. Distinct EpCAM™ and
CDY0™ cell popuiations in HCC.
(A) Representative images of
EpCAM and CD90 staining in
dysplastic nodule (panels a,c)
and HCC (panels b,d) by IHC
analysis (scale bar, 50 um).
EpCAM (panels a,b) and CDS0
(panels c,d) immunostaining is
depicted. (B) Upper panel: rep-
resentative images of EpCAM
(red) and CD9Q (brown) double
staining in HCC by IHC (scale
bar, 50 um). Lower panel: repre-
sentative images of EpCAM
(green) and CD9Y0 (red) staining
with  4'6-diamidino-phenylindole
(DAP1) (blue) in HCC by IF (scale
bar, 50 um). (C) gqPCR analysis
of sorted EpCAM™ (red bar),
CDY0™ (orange bar), or EpCAM™
CDYO0™ (blue bar) derived from
a representative primary HCC.
Experiments were performed in
triplicate, and data are shown as
mean = standard error of the
mean.

CYP3A4

POUSF1

and Hep3B cells, respectively. A small CD90™ cell
population (0.66%) was observed in PLC/PRL/S,
whereas 91.3%, 10.8%, and 59.0% of CD90™ cells
were detected in HLE, HLE and SK-Hep-1, respec-
tively. Compared with primary HCCs, only EpCAM™
or CD90™ cells were detected in liver cancer cell lines
under normal culture conditions (Fig. 3B), suggesting
that these cell lines contain a relatively pure cell popu-
lation most likely obtained by clonal selection through
the establishment process.

A class-comparison analysis with univariate # tests
and a global permutation test (x10,000) of microarray
data yielded two main gene clusters up-regulated in
EpCAM™ cell lines (HuH1, HuH7, and Hep3B)
(cluster I, 524 genes) or in CD90™ cell lines (HLE,
HLE and SK-Hep-1) (cluster II, 366 genes) (Fig. 3C).
PLC/PRL/5 showed intermediate gene-expression pat-
terns between EpCAM™ and CD90" cell lines using
this gene set. Pathway analysis indicated thart the genes
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Fig. 3. Characteristics of HCC cell lines defined by EpCAM and CD90. (A) Representative photomicrographs of EpCAM™CD90™ and EpCAM™
CDS0* HCC cell lines. (B) Representative FACS data of EpCAMTCD90™ and EpCAM™ CDS0™ HCC cell lines stained with fluorescein isothiocya-
nate (FITC)-EpCAM and APC-CD90 Abs. (C) Heat-map images of seven HCC cell lines based on 830 EpCAM/CD90-coregulated genes. Each cell
in the matrix represents the expression level of a gene in an individual sample. Red and green cells depict high and low expression levels,
respectively, as indicated by the scale bar. (D and E) Pathway analysis of EpCAM/CD90-coregulated genes. Canonical signaling pathways acti-
vated in cluster | (orange bar) or Il (blue bar) with statistical significance (P < 0.01) are shown. (F) qPCR of representative differentially
expressed genes identified by microarray analysis (C) in seven HCC cell fines.
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enriched in cluster II were mainly associated with
blood-vessel morpho- and angiogenesis (Fig. 3D). By
contrast, the enriched genes in cluster I were signifi-
cantly associated with known hepatocyte functions (P
< 0.01) (Fig. 3E). In addition, we identified that the
enriched genes in cluster II were significantly associ-
ated with neurogenesis, skeletal muscle development,
and EMT.

We used qPCR to validate that known hepatic stem
cell (HSC) and hepatocyte markers, such as AFR
EPCAM, ALB, and FHINF4A genes, were up-regulated in
EpCAM™ cell lines, but not detected in CD90™ cell
lines (Fig. 3F). By contrast, genes associated with mes-
enchymal lineages and EMT, such as K77, TWISTI,
CD44, and THYI, were stongly up-regulated in
CD90* cell lines.

Unique Tumorigenicity and Metastasis Capacity
of Distinct CSCs Defined by FEpCAM and
CD90. We investigated the rumorigenic capacity of
EpCAM™ or CD90" cells by subcutaneously (SC)
injecting 1 x 10° sorted cells of four HCC cell lines
(HuH1, HuH7, HLE, and HLF) into nonobese dia-
betic, severe combined immunodeficient (NOD/
SCID) mice. We excluded Hep3B cells for the evalua-
tion of tumorigenicity because almost 100% of cells
were EpCAM positive. We further excluded SK-Hep-1
cells from the analysis because they potentially origi-
nated from endothelial cells.'* The highly tumorigenic
capacities of EpCAM™ and CD90™ cells were repro-
duced in HuH1, HuH7, and HLF cell lines, compared
with matker-negative cells (Fig. 4A). However, HLE
cells did not produce SC tumors, even 12 months af-
ter transplantation, in NOD/SCID mice. EpCAM™
cells from HuHl and HuH7 formed larger tumors
more rapidly than CD90™ cells from HLF (Fig. 4B).
IHC analyses indicated that EpCAM™ cells did not
produce CD90™ cells and wice versa in these cell lines
in vivo (Fig. 4C). CD90" cells showed a high meta-
static capacity, whereas EpCAM™ cells showed no me-
tastasis to the lung when SC tumor volume reached
approximately 2,000 (HuH1 and HuH7) or 700 mm?
(HLF) (Fig. 4D). The high metastatic capacity of
PLC/PRL/5 cells, which contain a small population of
CD90™ cells, was also confirmed after SC injection
into NOD/SCID mice (data not shown). CD90" cells
could divide to generate both CD90™ and CD90~
cells, and CD90™ cells showed a high capacity to
invade and form spheroids with overexpression of
TWISTI and TWIST2, which are known to acrivate
EMT programs in HLF cells (Supporting Fig. 2A-D).

We next evaluated the tumorigenic/metastatic
capacity of CD45™ tumor cells using 12 fresh primary

HEPATOLOGY, Month 2012

HCC specimens (P1-P12) that had been surgically
resected (Table 2). We further evaluated the tumorige-
nicity of EpCAM/CD90 sorted cells obtained from
xenografts derived from primary HCCs (Supporting
Fig. 3A). Of these, we confirmed the tumorigenicity of
cancer cells obtained from six primary HCCs after SC
injection into NOD/SCID mice within 3 months after
transplantation (Fig. 5A; Table 2; Supporting Fig. 3B).
EpCAM™ cells derived from four HCCs (P4, P7, P13,
and P14) showed highly tumorigenic capacities, com-
pared with EpCAM ™ cells. CD90™ cells derived from
two HCCs showed equal (P12) or more-tumorigenic
capacities (P15), compared with CD907 cells. Tumori-
genicity of EpCAM™ cells was observed in three hepa-
titis C virus (HCV)-related HCCs and an hepatitis B
virus (HBV)-related HCC, whereas tumorigenicity of
CD90% cells was observed in two HBV-related HCCs
(Tables 1 and 2).

Using unsorted cells, we compared the frequency of
EpCAM™ and CD90™ cells in primary and xenograft
tumors and found that EpCAM™ cells remained, but
CD90™" cells disappeared, in secondary tumors derived
from P4 or P7, whereas EpCAM™ cells disappeared,
but CD90" cells remained, in secondary tumors
derived from P12 (Fig. 5B). Morphologically, tumori-
genic EpCAM™ cells showed an epithelial cell shape,
whereas CD90™ cells showed a mesenchymal VEC
shape (Fig. 5C and Supporting Fig. 3C). FACS analy-
sis indicated that P12 HCC cells showed abundant
expression of vascular endothelial growth factor recep-
tor (VEGFR) 1 and a vascular endothelial marker
endoglin (CD105) (Fig. 5D). By contrast, P4 and P7
HCC cells did not express these vascular endothelial
matkers (data not shown). Lung metastasis was
detected in NOD/SCID mice transplanted with P12
HCC cells, but not in mice wansplanted with P4 and
P7 HCC cells (Fig. 5E,F).

Taken together, these resulis suggest that the
tumorigenic and metastatic capability of primary HCC
may depend on the presence of distinct EpCAM™ or
CD90" CSCs. EpCAM™ cells were associated with a
high tumorigenic capacity with hepatic epithelial stem
cell features, whereas CD907 cells were related to the
metastatic propensity with VEC features.

Suppression of Lung Metastasis Mediated by
CD90" CSCs by Imatinib Mesylate. We previously
demonstrated that Wnt/f-catenin signaling inhibitors
could successfully attenuate the tumorigenic capacity
of EpCAM* CSCs in HCC.*'® To explore the poten-
tial molecular targets activated in CD90™ CSCs, we
investigated the expression of the known VEC
markers, CD105, VEGFR1 (encoded by FLTI), and
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Fig. 4. Distinct tumorigenic/metastatic capacities of HCC cell lines defined by EpCAM and CD90. (A) Tumorigenicity of 1 x 10° cells sorted
by anti-EpCAM (HuH1 and HuH7) or anti-CD90 (HLE and HLF) Abs. Data are generated from 8 mice/cell line. (B) Tumorigenic ability of EpCAM™

and CD90™ sorted cells in NOD/SCID mice. Aggressive tumor growth in
with CD90™ HLE or HLF cells. EpCAM™* (1 x 10%) or CDO0* cells were
tion of 4 mice/group. (C) Histological analysis of EpCAM™ or CD9O*

the SC lesion was observed in EpCAM™ HuH1 or HuH7 cells, compared
injected. Tumor-volume curves are depicted as mean *+ standard devia-
cell-derived xenografts. Hematoxylin and eosin (H&E) staining of a SC

tumor (upper panels) and HC of the tumor with anti-EpCAM (middle panels) or anti-CD0 Abs (bottom panels) are shown (scale bar, 50 um).
(D) Metastasis was evaluated macroscopically and microscopically in the left and right lobes of the lung separately in each mouse (n = 4)

(scale bar, 100 um).

c-Kit (encoded by K77), in cell lines and showed that
they were abundantly expressed in CD90™ cell lines,
but not EpCAM™ cell lines (Fig. 6A). No expression
of VEGFR2 was detected in this set of cell lines, sug-
gesting that molecular reagents specifically rargeting
VEGFR2 may have no effects on CD90% CSCs.
CD44, a stem cell marker that functionally regulates
redox status and is a potential target of CD90" CSCs,
was also abundantly expressed in CD90™ cell lines
(Supporting  Fig. 4A), consistent with previous
data.”'® No significant difference was detected in the

expression of the hematopoietic marker, CD34, or
ABCG2 between EpCAM™ and CD90™ cell lines
(Supporting Fig. 4A).

Among these molecular targets, we focused on the
characterization of c-Kit because the cKit tyrosine
kinase inhibitor, imatinib mesylate, is readily available,
is widely used for the weatment of gastrointestinal
stromal tumor with activation of ¢-Kit, and may have
potential antitumor activity against a subset of
HCC." We explored the effect of imatinib mesylate
on HCC cell lines and found that treatment with 10
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