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An EpCAM/CD23 bispecific antibody efficiently eliminates
hepatocellular carcinoma cells with limited galectin-1 expression
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Abstract There have been several studies suggesting
that cancer stem cells (CSCs) contribute to the high rates
of recurrence and resistance to therapies observed in hepa-
tocellular carcinoma (HCC). Epithelial cell adhesion mol-
ecule (EpCAM) has been demonstrated to be a biomarker
of CSCs and a potential therapeutic target in HCC. Here,
we prepared two anti-EpCAM monoclonal antibodies (1HS8
and 2F2) and an anti-EpCAM bispecific T cell engager
(BiTE) 1H8/CD3, which was derived from 1HS, and used
them to treat HCC in vitro and in vivo. The results dem-
onstrated that all of the developed anti-EpCAM antibodies
specifically bound to EpCAM. Neither anti-EpCAM mono-
clonal antibody had obvious anti-HCC activities in vitro or
in vivo. However, anti-EpCAM BiTE 1H8/CD3 induced
strong peripheral blood mononuclear cell-dependent cellu-
lar cytotoxicity in Huh-7 and Hep3B cells but not EpCAM-
negative SK-Hep-1 cells. Notably, 1H8/CD3 completely
inhibited the growth of Huh-7 and Hep3B xenografts in
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vivo. Treatment of the Huh-7 HCC xenografts with 1H8/
CD3 significantly suppressed tumor proliferation and
reduced the expression of most CSC biomarkers. Intrigu-
ingly, galectin-1 (Gal-1) overexpression inhibited 1HS8/
CD3-induced lymphocytotoxicity in HCCs while knock-
down of Gal-1 increased the lymphocytotoxicity. Collec-
tively, these results indicate that anti-EpCAM BiTE 1HS8/
CD3 is a promising therapeutic agent for HCC treatment.
Gal-1 may contribute to the resistance of HCC cells to
1H8/CD3-induced lysis.
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Introduction

Hepatocellular carcinoma (HCC) is the third leading
cause of cancer-related deaths worldwide [1]. This cancer
is characterized by resistance to adjuvant chemotherapy
and high recurrence after curative liver resection [2, 3]. In
recent years, there have been several studies demonstrat-
ing that one of the likely causes for the high resistance to
chemotherapy and high recurrence of HCC is the presence
of cancer stem cells (CSCs) [4-7]. The CSC hypothesis
states that CSCs are one cause of tumor initiation, metas-
tasis and local recurrence after therapy [8, 9]. Conventional
anticancer therapies such as chemotherapy and radiation
merely kill rapidly growing differentiated tumor cells but
not CSCs. So, successful eradication of cancer requires an
anticancer therapy that can kill both differentiated cancer
cells and CSCs [10, 11].

Epithelial cell adhesion molecule (EpCAM; CD326) is
a type I transmembrane glycoprotein that functions as an
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epithelial-specific cell adhesion molecule and is involved
in cell migration, proliferation and differentiation [12—17].
Recently, EpCAM was recognized as a CSC marker in
HCC [18, 19]. Additionally, EpCAMTAFP" (alpha feto-
protein) HCC was shown to be correlated with poor prog-
nosis [20], and EpCAM-positive circulating stem-like cells
were associated with poor prognosis of HCC after curative
resection [7]. Silencing EpCAM expression significantly
decreased the proliferative activity and invasiveness of
HCC cells [21].

Epithelial cell adhesion molecule on normal epithe-
lial tissues is mostly sequestered in intercellular bounda-
ries while becoming accessible on the surface of cancer
cells [22]. So, EpCAM may represent a promising target
for therapeutic antibodies. Several anti-EpCAM monoclo-
nal antibodies have been developed for cancer treatment
with promising therapeutic efficacy [23, 24]. Additionally,
a bispecific T cell engager (BiTE) antibody recognizing
EpCAM has also been developed for cancer treatment [25,
26]. BiTEs are fusion proteins consisting of two single-
chain variable fragments (scFvs) on a single peptide chain.
One of the scFvs binds to CD3 on T cells and the other to
a tumor-specific molecule on tumor cells. BiTE can effi-
ciently gear up the potential of CD8" and CD4" T cells
to lyse cancer cells predominantly through perforin and
pro-apoptotic components of cytotoxic T-cell granzyme B
[27]. Apart from this, activated CD8' T cells can secrete
cytokines such as TNF-a (tumor necrosis factora) and IFN-
vy (interferon y), which can induce cancer cell apoptosis via
the Fas/CD95 pathway [28].

Although EpCAM has been regarded as a HCC CSC
biomarker and a potential therapeutic target for HCC
treatment, EpCAM-directed immunotherapy has never
been investigated in HCC models. Thus, in this study, we
developed monoclonal antibodies and a BiTE directed at
EpCAM and explored their potential for treating HCC.

Materials and methods
Cells

The human HCC cell lines Huh-7, Hep3B, SK-Hep-1,
PLC/PRF/5 (ATCC), Huh7-EGFRVIII (Huh-7 cells with
exogenous epidermal growth factor receptor variant III
overexpression) [29] and SMMC-7721 (Chinese Acad-
emy of Sciences, Shanghai, China) were used. All of the
cell lines were maintained in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10 % fetal bovine
serum and antibiotics in a humidified atmosphere of 95 %
air and 5 % CO, at 37 °C. Peripheral blood mononuclear
cells (PBMCs) were obtained from Shanghai Red Cross
Blood Center.
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Antibody-dependent cell-mediated cytotoxicity

Antibody-dependent cell-mediated cytotoxicity (ADCC)
was performed as following: Huh-7, Huh-7-EGFRVIII and
SMMC-7721 cells were plated at a density of 5,000 cells/
well with varying amounts of 1H8 or 2F2 (0.005-50 g/
mL) in 96-well plates. Effector cells (mouse thymus and
abdominal cavity mononucleocytes) were freshly prepared
and added to the target cells to achieve an effector cell: tar-
get cell ratio of 50:1. After incubation at 37 °C for 48 h, the
percent cytotoxicity of the antibody was calculated using
the CytoTox 96° Non-Radioactive Cytotoxicity Assay
according to the manufacturer’s instructions (Promega,
Madison, WI).

Expression and purification of anti-EpCAM monoclonal
antibodies and BiTE

To prepare monoclonal antibody against human EpCAM,
BALB/c mice were immunized with EpCAM ectodomain
recombinant protein. Fusion of splenocytes was performed
with SP2/0 myeloma cells, from which hybridomas of
the desired characteristics were subsequently selected. To
prepare anti-EpCAM BiTE, the 1H8 scFv derived from
anti-EpCAM monoclonal antibody 1H8 was obtained by
5’-race kit (Takara, Dalian, China) and overlap PCR. The
BiTE 1H8/CD3 was constructed by standard DNA recom-
bination technologies. The EpCAM-specific scFv fragment
was fused by a flexible peptide linker to the CD3 scFv
fragment, which specifically recognizes the human T-cell
receptor/CD3 complex (United States Patent, Patent No.: 7,
112, 324, B1). The BiTE DNA sequence was then cloned
into the pIH expression vector. Recombinant 1H8/CD3 was
expressed in CHO-DG44 cells, affinity-purified through a
C-terminal 6 x His tag and isolated by Ni Sepharose TM
6 Fast Flow. The purity of 1H8/CD3 was estimated by
SDS-PAGE and SEC-HPLC (size exclusion chromatog-
raphy high performance liquid chromatography). CH12 is
an anti-EGFRVIIT monoclonal antibody developed in our
laboratory, which can preferentially bind to EGFRVIII and
significantly inhibit the growth of EGFRvVIII-positive HCC
xenografts [29, 30].

Enzyme-linked immunosorbent assay (ELISA)

Cell culture supernatants were harvested and analyzed for
cytokines by ELISA Kit according to the manufacturer’s
protocol (Peprotech, Hangzhou, China).

Cytotoxicity assay

hepatocellular carcinoma cells SMMC-7721, Huh-7,
Hep3B and SK-Hep-1 were used as target cells. Effector
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cells (PBMC) were freshly prepared and added to the target
cells to achieve effector cell: target cell ratios of 10:1. For
the cytotoxicity assay, Huh-7, Huh-7 CD133 EpCAM™
and SMMC-7721 cells were plated at a density of ~7,000
cells/well or Hep3B, Hep3B CD133"EpCAM™ and SK-
Hep-1 cells were plated at a density of ~5,000 cells/well,
with varying amounts of the 1H8/CD3 in 96 wells plates.
Cytotoxicity analysis was performed using the CytoTox
96® Non-Radioactive Cytotoxicity Assay according to the
manufacturer’s instructions (Promega).

CD133"EpCAM™ cells sorting

CD133"EpCAM* and CDI133 EpCAM™ cells derived
from Huh-7 and Hep3B were sorted using the Pan anti-
Mouse Kit (Invitrogen, Carlsbad, CA) according to manu-
facturer’s instructions. First, anti-CD133 antibody (Miltenyi
Biotec, Ko6ln, Germany) was incubated with magnetic
beads for 1 h at 4 °C with gentle tilting and rotation. Then,
cells were incubated with anti-CD133 antibody-coated
magnetic beads for 20 min at 4 °C with gentle tilting and
rotation. CD133" and CD133" cells were separated by
a Dynal magnet. CD133" bead-bound cells were incu-
bated with DNasel to release the cells from the beads via
DNA linker cleavage. This procedure was repeated using
anti-EpCAM antibodies to separate EpCAM™ cells from
CD133" or CD133" cells to obtain CD133*EpCAM™ and
CDI133"EpCAM™ cells.

Western blot analysis

Cell lysates were collected and centrifuged for 15 min at
13,000 rpm, 4 °C. The supernatant was transferred to a
clean tube, and proteins were quantified using the BCA Kit
(Pierce, Rockford, IL, USA). Proteins were separated on
10 or 12 % SDS-PAGE gels and transferred to nitrocellu-
lose membranes. The membranes were blocked with 5 %
skim milk and incubated overnight at 4 °C with primary
antibodies. Immune complexes were detected by incubat-
ing the nitrocellulose membranes with HRP-conjugated
goat anti-mouse antibody for 2 h at room temperature and
subsequent exposure of the membrane to enhanced chemi-
luminescence reagents.

Real-time PCR

Total RNAs were extracted with the TRIzol Kit (Invitro-
gen) according to the manufacturer’s instructions. Real-
time PCR was carried out using the SYBR Green PCR
kit (Takara), according to the manufacturer’s instructions.
Primers for Nanog, Oct3/4 and KI1f4 were used as Ref. [25];
the primers of EpCAM as Ref. [31] and primers for B-actin
served as an internal control.

CCK-8 assay

Cells were plated in 96-well plates at 2 x 10* cells per
well. After 24 h, cells were placed in complete medium
containing the indicated concentrations of doxorubicin
(Hisunpharm, Taizhou, China), 5-FU (Jinghua, Nantong,
China) or vehicle control. Then, the plates were incubated
at 37 °C. After 72 h, CCK-8 (Dojindo, Kumamoto, Japan)
solution (10 pL) was added to 100 pL of culture media,
and the optical density was measured at 450 nm.

Colony formation assay

CD133"EpCAM™ or CD133 EpCAM ™~ Huh-7 and Hep3B
cells were seeded into cell culture plates at 1,000 cells/
plate. 10 days later, cells were washed with PBS and fixed
with 4 % paraformaldehyde. Then, the cells were stained
with crystal violet and clones were counted.

In vivo model for human HCC cancer

Single-cell suspensions of HCC Huh-7 (2 x 10° or Hep3B
(4 x 10% cells together with or without freshly isolated
donor-derived PBMC:s at a ratio of 1:1 (Cancer cells: PBMC)
were injected subcutaneously into the flanks of 6- to 8-week-
old NOD/SCID (non-obese diabetic/severe combined immu-
nodeficiency disease) mice. Mice were manipulated and
housed according to protocols approved by the Shanghai
Medical Experimental Animal Care Commission. For the
treatment model, six animals per group were i.v. treated with
1HS, PBS or 1H8/CD3 starting 1 h after cancer cell/PBMC
inoculation at the indicated doses and treatment was repeated
for 10 consecutive days. Tumor volumes were measured as
described previously [29].

Statistical analysis

All data are presented as the mean & SD and were analyzed
by the Student’s # test. p < 0.05 was considered statistically
significant.

Results

Two anti-EpCAM monoclonal antibodies 1H8 and 2F2
displayed no obvious anti-tumor effect on HCC cells
in vitro and in vivo

Two anti-EpCAM monoclonal antibodies, 1H8 and 2F2,
were shown by FACS analysis to efficiently bind Huh-
7, SMMC-7721 and Huh7-EGFRvII cells but not to
PLC/PRF/5 cells (Supplementary Figure S1). As shown
in Figure S1B, 1H8 and 2F2 are effectively bound to

@ Springer



124

Cancer Immunol Immunother (2014) 63:121-132

Fig. 1 Anti-tumor effects of A
anti-EpCAM monoclonal anti-
bodies 1H8 and 2F2 on HCC in
vitro and in vivo. a Antibody-
dependent cellular cytotoxic-
ity function of monoclonal
antibodies 1H8, 2F2 and CH12.
Hepatocellular carcinoma cells
Huh7-EGFRvIII, Huh-7 and
SMMC-7721 were used as tar-
get cells. Effector cells (mouse
thymus and abdominal cavity
mononucleocytes) were freshly
prepared and added to the target
cells to achieve an effector

cell: target cell ratio of 50:1.
The antibody concentrations
ranged from 0.005 to 50 pg/
mL. Data are represented as
mean + SD. b Huh7-EGFRVIII
cells (3 x 10%) were subcutane-
ously injected into 4—-6-week-
old nude mice. When tumors
had reached a mean tumor
volume of 200 mm?, the mice
were randomly allocated into
four groups (n = 6) and treated
with sterile PBS or 25 mg/kg
of monoclonal antibodies (1H8,
2F2 or CH12) in sterile PBS.
Injections were administered
intraperitoneally three times per
week for 2 weeks. Data are rep-
resented as mean £ SD, n =6
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recombinant EpCAM protein as C-10. Binding studies on
CHO-K1 cells expressing human/mouse chimeric proteins
showed that 1H8 but not 2F2 bound to the N-terminal por-
tion of human EpCAM encoded by exon 2 (Supplementary
Figure S2) [32]. Unfortunately, no obvious ADCC effect
induced by 1H8 or 2F2 was observed on Huh-7, SMMC-
7721 or Huh7-EGFRVIII cells even at a concentration of
50 pg/mL (Fig. 1a). Additionally, CH12, an anit-EGFRvIII
monoclonal antibody, displayed obvious anti-tumor effects
on Huh7-EGFRVIII xenografts in vivo, but the two anti-
EpCAM monoclonal antibodies did not (Fig. 1b).
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Expression and purification of 1H8/CD3 BiTE

Since the anti-EpCAM monoclonal antibodies could not
effectively suppress the growth of EpCAM-positive HCC,
we resorted to BiTE. An anti-EpCAM BIiTE was gener-
ated by genetically fusing a scFv derived from mAb 1HS8
and a scFv against CD3 (Fig. 2a). As shown in Fig. 2b,
the molecular mass of anti-EpCAM BiTE 1HS8/CD3 is
about 54 KD. The purity of 1H8/CD3 monomer isolated
by molecular sieve approached 100 % as assessed by SEC-
HPLC (Fig. 2¢).
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Fig. 2 Purification and characterization of anti-EpCAM BiTE 1H8/CD3. a The structure of 1H8/CD3. b Coomassie blue-stained SDS-PAGE
gel of purified IH8/CD3. ¢ The SEC-HPLC result indicated that the purity of 1H8/CD3 monomer segregation by molecular sieve is about 100 %

1H8/CD3 effectively binds to PBMC and EpCAM™*
HCC cells

To test the binding specificity of 1H8/CD3, FACS assay
was performed. The results indicated that 1H8/CD3 bound
to PBMC:s efficiently as CD3scFv. FACS analysis revealed
that 1H8/CD3 obviously bound to Hep3B, SMMC-7721
and Huh-7 cells, barely bound to PLC/PRF/5 cells and
weakly bound to SK-Hep-1 cells (Supplementary Figure
S3).

1H8/CD3 binds to an Exon 2-encoded Sequence
of human EpCAM

The binding epitope of 1H8/CD3 on human EpCAM was
determined with the help of mouse EpCAM, which is not
recognized by 1H8/CD3 (Supplementary Figure S4). A
crude mapping of binding domains on EpCAM was done
for 1H8/CD3 by using CHO-K1 cells expressing either
human, mouse or two human/mouse chimeric EpCAM pro-
teins (Supplementary Figure S2A). The two chimeric pro-
teins exchanged human and mouse sequences in the junc-
tion of exon 2 and exon 3. Binding studies with CHO-K1
cells expressing human/mouse chimeric proteins showed
that 1H8/CD3 bound to the N-terminal portion of human
EpCAM encoded by exon 2 (Supplementary Figure S4).

Target-cell-dependent T-cell activation
and lymphocytotoxicity mediated by 1H8/CD3

Production of cytokines is a character of T-cell activation.
To analyze the effect of 1H8/CD3 on T-cell activation,
cytokine release was studied with PBMC as the effec-
tor cells using 100 ng/mL of 1H8/CD3. In the presence of
Huh-7 cells and 1H8/CD3, human PBMCs secreted sig-
nificantly higher concentrations of IL-2, IL-4, IL-10, TNF-
a and IFN-y in the cell culture supernatant than PBMCs
incubated with Huh-7 cells in the absence of 1H8/CD3
(Fig. 3b).

The in vitro lymphocytotoxicity of 1H8/CD3 was
tested in a lactate dehydrogenase (LDH)-based cytotox-
icity assay using human PBMCs of healthy donors as
effector cells and various hepatocellular carcinoma cell
lines as target cells. Effector cells were mixed with target
cells at an effector-to-target ratio of 10:1 and incubated
with tenfold serial dilutions (0.03-30 ng/mL) of 1HS8/
CD3 for 48 h. The activity of 1H8/CD3 was dose depend-
ent on EpCAM-positive Huh-7, Hep3B and SMMC-7721
(Fig. 3c). The ECs, values of 1H8/CD3 on Huh-7 and
Hep3B cells were 71 £ 5.7 pg/mL and 4.8 £ 1.5 ng/mL,
respectively. However, the ECs, value of 1H8/CD3 on
SMMC-7721 cells was not reached even with 30 ng/mL
of 1H8/CD3. Additionally, IH8/CD3 did not show obvi-
ous lytic activity on EpCAM-negative HCC SK-Hep-1
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4 Fig. 3 Cytotoxic activity of 1H8/CD3-engaged T cells against HCC
cells. a Phase-contrast micrographs were taken 24 h after co-culture
of PBMCs with a confluent monolayer of HCC Huh-7 or SK-Hep-1
cells in the presence or absence of 100 ng/ml of 1H8/CD3. Red
arrows mark the position of PBMCs, green arrows mark the posi-
tion of cancer cells and black arrows mark the position of PBMCs
engaged around a cancer cell. b Cytokine concentrations measured
by ELISA 48 h after co-culturing effector and target cells with or
without 1H8/CD3, 1H8/CD3 co-culturing with PBMCs without tar-
get cells are shown. (*p < 0.05; **p < 0.01; ***p < 0.001) Data are
represented as mean &+ SD, n = 3. ¢ A 1H8/CD3 dose-response assay
for redirected lysis of HCC Huh-7, Hep3B, SMMC-7721 and SK-
Hep-1 cells. Data are represented as mean = SD, n =3

cells (Fig. 3a, c). These results demonstrated that 1H8/
CD3 could mediate indirect lysis in an antigen-dependent
manner.

Redirected lysis of CD133"EpCAM™ HCC CSCs
by 1H8/CD3-engaged T cells

It has been reported that CD133"EpCAM™ HCC cells
possesses characteristics of CSCs [33]. Therefore,
CD133"EpCAM™* HCC cells (Huh-7 and Hep3B) were
isolated, and the expression of CD133 and EpCAM in the
isolated cells was confirmed by Western blot (Fig. 4a).
High potential for colony formation and drug resistance are
regarded as two features of CSCs. To demonstrate that the

Fig. 4 Redirected lysis of HCC A

CD133"EpCAM™ HCC cells carried features of CSCs, col-
ony formation and drug resistance assays were performed.
The results showed that CD1337"EpCAM™ Huh-7 and
CD133"EpCAM™ Hep3B cells formed more colonies than
CDI133"EpCAM™ Huh-7 and CDI133"EpCAM™ Hep3B
cells, respectively (Supplementary Figure S5A). Addition-
ally, CD133tEpCAM™ Huh-7 or Hep3B cells were rela-
tively resistant to the anti-growth effects of doxorubicin and
5-FU compared with CD133"EpCAM™ Huh-7 or Hep3B
cells, respectively (Supplementary Figure S5B). Since our
experiment in the HCC cell lines demonstrated that BiTE-
mediated indirect lysis was in an EpCAM-dependent man-
ner, we compared the sensitivity of CD133"EpCAM™
Huh-7 and Hep3B cells to 1H8/CD3-induced redirected
lysis with that of their parental cells. The results showed
that redirected lysis of CDI133"EpCAM™® Huh-7 and
Hep3B cells by 1H8/CD3 was almost the same as that
observed in their parental cells (Fig. 4b).

Gal-1 expression level has a reverse correlation with the
sensitivity of HCC to 1H8/CD23-induced redirected lysis

To understand the molecular mechanism underlying the
relative resistance of SMMC-7721 to the 1H8/CD3-
induced indirect lysis, several molecules involved in the
T-cell immunity were examined. PD-L1 (programmed

CD133 EpCAM
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ies specifically recognizing EpCAM
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cellular cytotoxicity on .
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death 1 ligand) is a molecule participated in immune
evasion and its expression is induced by IFN-y [34];
overexpression of c-FLIP (cellular FLICE-inhibitory
protein) and PI-9 (serine protease 9) in cancer cells
can lead to their escape from T-cell immunity [35, 36].
Gal-1, a 14.5-kD protein, has been reported to often con-
tribute to tumor immune privilege by modulating sur-
vival of T-cell subsets [37]. RT-PCR was used to detect
the PD-L1, PI-9 and c-FLIP mRNA expression in HCC
cell lines. The results shown in Figure S6A indicate that
PD-L1 and PI-9 mRNA expression in SMMC-7721 cells
were obviously lower than their expression in Huh-7
and Hep3B cells while strong c-FLIP mRNA expression
was expressed in all three cell lines. Additionally, in the
presence of IFN-y, more PD-L1 expression was induced
in Huh-7 cells than that in SMMC-7721 cells (Supple-
mentary Figure S6A). Real-time PCR was performed to
further compare the c-FLIP mRNA expression in these
three cell lines. The results showed that SMMC-7721
cells expressed lower levels of c-FLIP mRNA than Huh-7

and Hep3B cells (Supplementary Figure S6B). Thus, PD-
L1, PI-9 and c-FLIP might not be the factors involved in
SMMC-7721 cells resistant to 1H8/CD3-induced indirect
lysis.

Intriguingly, in comparison to SMMC-7721 and Hep3B,
Huh-7 had almost no Gal-1 expression while SMMC-7721
had the most Gal-1 expression in these three cell lines
(Fig. 5a, b). To examine the role of Gal-1 in the 1H8/CD3-
induced indirect lysis response of HCC cells, Huh-7 cells
with Gal-1 overexpression were established (Supplemen-
tary Figure S6C). The Gal-1 overexpression in Huh-7 cells
did not promote cell growth (Fig. 5c). The EC50 values
of 1H8/CD3 on Huh-7 Gal-1 and Huh-7 mock cells were
17.81 £ 7.1 and 4.38 + 3.48 ng/mL, respectively (p < 0.05)
(Fig. 5d), suggesting that Gal-1 overexpression can lead to
relative resistance of the HCC cells to 1H8/CD3. To fur-
ther confirm the activities of Gal-1, SMMC-7721 cells with
Gal-1 knockdown were established (Supplementary Figure
S6D). The knockdown of Gal-1 in SMMC-7721 did not
change the growth of the cells (Fig. 5¢). The EC50 values

Fig. 5 Gal-1 reduces the A B
sensitivity of HCC cells to = [ SMMC-7721 i I
BiTE-induced indirect lysis. 2 200 %ok % ED) Huh-7 Gal-1 - -
a Gal-1 mRNA expression in g 150 & Hep 38 |
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2 S
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of 1H8/CD3 on SMMC-7721 Gal-1 shRNA or SMMC-
7721 NC shRNA cells were 25.4 4+ 14.0 or 41.3 £ 17.3 ng/
mL, respectively (p < 0.05) (Fig. 5f).

1H8/CD3 effectively eliminates HCC cells in mouse
models

To further demonstrate the anti-tumor activities of 1H8/
CD3, 2 x 10° Huh-7 or 4 x 10° Hep3B tumor cells as tar-
get cells were mixed with human PBMCs as effector cells
at a ratio of 1:1 (target: effector) and inoculated subcuta-
neously into NOD/SCD mice. Tumor model animals were
then given daily doses of 1H8/CD3 or an equimolar injec-
tion of the 1HS8 control antibody for 10 days. The results

in Fig. 6 indicate that 1H8/CD3 displayed potent growth
suppression in both HCC models while 1H8 displayed
no obvious anti-tumor effect. For Huh-7 tumor xenograft
mouse models, doses of 0.5 mg/kg 1H8/CD3 prevented
tumor outgrowth in all of the mice for the entire observa-
tion period of 30 days. At a dose of 0.25 mg/kg 1H8/CD3
intravenous injection for 10 days, 3 out of 6 mice were
free of tumor (Fig. 6a). Doses of 0.5 mg/kg and 0.25 mg/
kg 1H8/CD3 intravenous injection for 10 days prevented
Hep3B tumor outgrowth in all of the mice for the entire
observation period of 39 days (Fig. 6b).

The most definite feature of CSCs is their ability to
form tumors following transplantation into immunocom-
promised mice. As the results showed that 1H8/CD3 effec-
tively eradicated HCC cells in mouse models, we further

Fig. 6 Anti-tumor effects of A 60004 (-7 PBS
1H8/CD3 on HCC xenografts. a EE Hub-7PEMC PES %
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investigated whether 1H8/CD3 effectively eliminated CSCs
in Huh-7 xenograft mouse models. Huh-7 xenograft tumor
tissues were analyzed by real-time PCR for expression of
mRNA coding for CSC marker proteins. As shown in sup-
plementary Figure S7, levels of EpCAM, CD133, Nanog,
Sox-2 and Oct-3/4 mRNA expression in tumor tissues
treated with 0.25 mg/kg of 1H8/CD3 were remarkably
lower than those treated with 1H8 or PBS. These results
suggested that 1H8/CD3 could effectively eliminate CSCs
in Huh-7 and Hep3B xenograft mouse models.

Discussion

Given that HCC is characterized by adjuvant chemotherapy
resistance and high rates of recurrence after a curative liver
resection [2, 3], it is urgently necessary to develop novel
therapeutic strategies to eventually achieve better prog-
nosis. Previous studies have shown that EpCAM-positive
HCC cells exhibit the characteristics of CSCs [18, 19] and
are correlated with poor prognosis of HCC [20]. There-
fore, EpCAM may represent a promising target for HCC
treatment.

Several EpCAM-targeting antibodies are in clinical
development, for example, catumaxomab, adecatumumab,
chimeric edrecolomab and ING-1 [32, 38]. Clinical trials
have been carried out in various cancers, including colon
cancers, malignant ascites, ovarian cancer and breast cancer
[38—41]. Among them, Catumaxomab has been approved
for treating malignant ascites in Europe. However, an anti-
HCC effect of EpCAM-directed antibodies has not yet
been reported in preclinical or clinical studies. It is there-
fore necessary to explore their potential in HCC treatment.

In this study, we developed two anti-EpCAM mono-
clonal antibodies 1H8 and 2F2 and examined their growth
suppression effect on HCC cells. Unfortunately, the two
monoclonal antibodies did not display obvious anti-tumor
effects on HCC cells in vitro or in vivo.

There is increasing evidence that cytotoxic T cells are
able to inhibit tumor growth and survival both in early and
late stages of the disease [42]. BiTEs can induce potent
anti-tumor activity at a very low dose. More importantly,
BiTEs have the potential to overcome mutations (for
instance, KRAS and BRAF mutation) that classically lead
to resistance to monoclonal antibody therapy [43]. Addi-
tionally, a phase 2 clinical study of blinatumomab, an anti-
CD19 BIiTE could cause prolongation of leukemia-free
survival in B-lineage acute lymphoblastic leukemia
patients, which further supports that BiTE is a promising
way for eliminating cancer cells [44]. Two recent studies
have demonstrated the highly efficient elimination of colo-
rectal and pancreatic CSCs by anti-EpCAM BiTE [25,
26]. Our data showed that anti-EpCAM BiTE 1H8/CD3
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could activate PBMCs and redirect lysis EpCAM-positive
HCC cells as well as CSCs of HCC. Additionally, the can-
cer cell killing capability of 1H8/CD3 was produced in an
EpCAM-specific manner.

Interestingly, SMMC-7721 cells, although efficiently
bound by 1H8/CD3, displayed resistance to redirected lysis
induced by 1H8/CD3. By checking several factors that
may contribute to this resistance, we observed that Gal-1
expression level had an inverse relation with the sensi-
tivities of the cells to anti-EpCAM BiTE. Gal-1 is overex-
pressed not only by a variety of cancer cells including HCC
cells [45] but also by activated regulatory T (Treg) cells
[46]. Recently, it has been demonstrated that Gal-1 plays
a pivotal role in promoting escape from T-cell-dependent
immunity [47]. Thus, we propose that Gal-1 may contribute
to the resistance of HCC cells to 1H8/CD3-induced lysis
indicating the anti-HCC efficacy of anti-EpCAM BIiTE and
also a potential therapeutic target.

In summary, in this study, we provide the first experi-
mental evidence of the anti-tumor effect of anti-EpCAM
monoclonal antibodies and BiTE on HCC models. Our
results indicate that anti-EpCAM BiTE 1H8/CD3 is capa-
ble of redirecting T cells to eradicate HCC cells as well
as CSCs of HCC in vitro and in vivo. Additionally, we
revealed that anti-EpCAM BiTE has lower lymphocytotox-
icity on HCC cells with Gal-1 overexpression than on HCC
cells with limited Gal-1 expression. Thus, we propose here
that anti-EpCAM BiTE 1H8/CD3 is a promising agent for
treating HCC with limited Gal-1 expression.
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