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Abstract Endoglin is a proliferation-associated cell mem-
brane antigen and overexpressed in the angiogenic vasculature
of solid tumors. However, the applications of endoglin
(ENG)-targeted radioimmunotheray in hepatocellular carcino-
ma have not been reported yet. Therefore, the aim of this study
was the visualization of both the development of hepatocellu-
lar carcinoma (HCC) tumor burden and therapeutic effect with
ENG-targeted '*'I-anti-ENG mAb (A8), via in vivo noninva-
sive fluorescence imaging (NIFLI) of SMMC7721-green
fluorescent protein (GFP) cells. A8 showed a dose-dependent,
time-dependent suppression on the proliferation of
SMMC7721-GFP cells and human umbilical vein endothelial
cells (HUVECs ) in vitro. Tube formation assay showed that
3'[_A8 markedly inhibits HUVECs to form extensive and
enclosed tube networks. The results showed that the radio-
chemical purity of "*'I-A8 was 92.8 % and '*'I-A8 main-
tained more stable in serum than in saline and had high affinity
against SMMC7721-GFP cells. The pharmacokinetics of '*'I-
A8 was in accordance with the two-compartment model, with
a rapid distribution phase and a slow decline phase. NIFLI
exhibited a good relation between the fluorescent signal and
tumor volume in vivo. Furthermore, treatment with *'1-A8
resulted in significant tumor-growth suppression on the basis
of the reducing fluorescent signal and a remarkably decreased
tumor weight in treated animals. These results were further
verified by RT-PCR and immunohistochemistry staining. Our
findings indicate that '*'I-A8 can be used as ENG-targeted
therapy for hepatocellular carcinoma, and noninvasive
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fluorescence imaging provides valuable information on tumor
burden and effectiveness of therapy.
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Introduction

Hepatocellular carcinoma (HCC) is the most common form of
primary liver cancer and the third most deadly malignancy
worldwide, particularly in China where the mortality rate
associated with HCC accounts for more than 50 % of the
worldwide rate [1]. Although advancing in diagnosis, modal-
ities, and surgical techniques [2—4], the long-term prognosis of
patients with HCC remains poor, mainly because of frequent
recurrence and metastasis after curative resection [5-7].
Therefore, an effective and alternative treatment strategy is
urgently needed.

Angiogenesis-targeted therapy is a promising strategy for
cancer therapy. It can be more effective for destroying
established tumors than conventional antiangiogenic therapy
[8]. Thus, a critical issue in angiogenesis-targeted therapy is
availability of an appropriate target. In this concept, endoglin
(ENG) is a cell membrane glycoprotein representing a prime
vascular target to implement innovative antibody-based diag-
nostic and therapeutic strategies according to emerging
in vitro and in vivo preclinical evidence. It is a component
of the receptor complex of transforming growth factor
(TGF-f3), a pleiotropic cytokine involved in cellular prolifer-
ation, differentiation, and migration. It is present on endothe-
lial cells of both peri-tumoral and intratumoral blood vessels
and on tumor stromal components [9, 10]. Recently, several
studies indicated that ENG represents a more specific and
sensitive marker for tumor angiogenesis and/or tumor pro-
gression than the commonly used pan-endothelial markers
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such as CD34 and CD31 in various types of human malig-
nancies [11, 12]. In HCC, staining for ENG was reported to be
strong at the areas of active angiogenesis including tumor
edge, while it was less intense in the central area of the tumor
and not detectable in the adjacent normal tissue [13].

Radioimmunotherapy is a therapeutic modality which de-
livers alpha, beta, or gamma emitters directly to targeted
cancer cells. It has the advantage of regressing tumors while
reducing nontargeted toxicities with the help of neutralizing
antibodies. The effective use of radioimmunotherapy for can-
cer treatment is closely linked to the optimal application of
imaging for staging and tumor characterization. Therefore,
any improvement in the field of imaging will impact on
radiation oncology per se. Noninvasive fluorescence imaging
(NIFLI) using genetically encoded fluorescence proteins (FP)
is a promising tool to detect and monitor primary tumor
growth as well as metastatic disease and their therapy
response in vivo. Even simultaneous imaging of separated
fluorophores reporting different model parts or processes,
e.g., therapeutic agent, drug carrier system, and therapy
target, is possible [14, 15].

In this study, by labeling anti-ENG monoclonal antibody
(mAb) with "*'I, we acquired a radioactive tumor targeting
drug "*'I-anti-ENG mADb and investigate its in vitro stability,
binding affinity, in vivo pharmacokinetics, and tumor locali-
zation behavior. In addition, the radioimmunotherapy effect of
B3!-anti-ENG mAb on SMMC7721-green fluorescent protein
(GFP)-derived tumor was monitored by NIFLI.

Materials and methods
Cell culture

Human HCC cell line SMMC7721-GFP stably expresses
GFP at high levels, and human normal liver cell line L-
02 was obtained from the Cell Bank of Shanghai Insti-
tute for Biological Sciences (Shanghai, China). The cell
lines were cultured in DMEM (Invitrogen, Carlsbad,
CA), all supplemented with 100 U/ml penicillin (Gibco
BRL, Gaithersburg, MD), 100 U/ml streptomycin
(Gibco BRL), and 10 % fetal bovine serum (Gibco
BRL). Human umbilical vein endothelial cells
(HUVECs) were stored in my laboratory and grown in
endothelial cell growth medium (ScienCell Research
Laboratories). Cells grew by attaching to the wall in a
monolayer, and the cells in the logarithmic growth
phase were used for experiments. After the cells cov-
ered the entire culture bottle bottom, digestion and
passage were conducted with 0.25 % pancreatin under
aseptic conditions. All cells were cultured in a humidi-
fied atmosphere with 5 % CO, at 37 °C. Cells were
regularly passaged to maintain exponential growth.
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Animal model

The HCC tumor models were established by subcutaneous
injection of 5x10%200 ul SMMC7721-GFP cells into the
right upper back of male BAIB/cA-nu mice (20-25 g, 5—
8 weeks, Animal Center of Peking University). Mice were
maintained in a protected environment in a laminar flow unit
and given sterilized food and water ad libitum. All animal
studies were conducted under a protocol approved by the
School of Medicine, Shandong University Institutional Ani-
mal Care and Use Committee.

Cell proliferation assay

The effect of the inhibition of the anti-ENG mAb (A8, Santa
Cruz Biotechnology, Europe) on the proliferation of
SMMC7721-GFP, HUVECs cell lines were examined using
CCK-8 kit (boster Co. China) according to the manufacturer’s
instructions. After cells in the logarithmic growth phase were
digested and collected and prepared into a cell suspension
with a concentration of 3% 10*/ml, cell suspension was inoc-
ulated into four 96-well plates (100 pul/well). The four 96-well
plates respectively represent four different time points: 12, 24,
48, and 72 h. In each 96-well plate, the cell suspension was
divided into six groups (the control group and A8 5, 10, 20,
40, and 60 pg/ml group). In addition, the blank group (only
full culture medium, without cells) was set, and the blank was
used for zero calibration during colorimetric determination.
The cells were incubated in the incubator containing 5 % CO,
at 37 °C at a saturated humidity respectively for 12, 24, 48,
and 72 h. At 1 h before culture completion, CCK-8 (10 ul)
was added into each well, and the cells were continuously
cultured at 37 °C for 1 h. The optical density (OD) was then
read at 450 nm using a microplate reader. The experiment was
conducted in triplicate. The cellular proliferation inhibition
ratio was calculated according to the following formulas:
Inhibition ratio (%)=[1—(OD value of the test group/OD
value of the control group)]* 100.

Targeting ability study of '*'I-A8

Radioiodination of A8 radiochemical stability
and pharmacokinetic analysis

Two hundred forty micrograms A8 was iodinated with 50 pl
Na'*'1 (185 MBq) (China Institute of Atomic Energy, Beijing,
China) using the iodogen method as described previously
[16]. Radioiodinated A8 was separated from free iodine using
size exclusion columns (Sephadex G-25, Amersham
Pharmacia Biotech, Uppsala, Sweden). Radiochemical purity
was determined by paper chromatographic method using
strips on two-paper sheet (1 cm width and 13 cm length) as
described [17, 18] with modifications. Radiochemical purities
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were measured at 1, 6, 12, 24, 48, and 72 h, respectively,
to assess the stability. Ten percent potassium iodide was
added to mice drinking water 3 days before injection of
3!'Tlabeled antibody to block the thyroid gland.
0.37 MBq "'I-A8 was injected into the tumor burden
mice through the tail vein. Pharmacokinetic analysis was
conducted as follows: 10-pl blood samples were taken
from periorbital vein of four mice at different times after
injection of '*'I-A8 and then the radioactivity was mea-
sured by vy scintillation counter. The distribution half-life
(T12«), the elimination half-life (7),p), and mean resi-
dence time (MRT) were calculated.

Cellular radioligand-based binding assay

The radioligand-based binding assay was carried out in
borosilicate glass tubes as described [19, 20] with mod-
ifications. For saturation studies, the reaction mixture
contained 200-ul SMMC7721-GFP cells (5% 10%ml and
100 ul '1-A8 (0.01-50 nM, diluted in 1x PBS) in a
final volume of 500 ul. 0.1-1,000 nM unlabeled A8
and 10 nM "'I-A8 were used for competition binding
assay. The mixture was incubated at 37 °C for 2 h. The
bound radioligand was separated by rapid vacuum fil-
tration through Whatman GF/B filters using a cell har-
vester followed by 3x2 ml washes of PBS at room
temperature. The radioactivity of filters containing the
bound radioligand was assayed in test tube by Wipe
Test/Well Counter (Caprac; Capintec, Ramsey, NJ).
The equilibrium dissociation constant (Kp), the maxi-
mum number of binding sites (Bn.x), the inhibitor con-
stant (K;), and the half maximal inhibitory concentration
(ICsp) were calculated.

Tube formation assay

The ability of endothelial cells to sprout new blood vessels
suppressed by '*'1-A8 was examined in HUVECs angiogen-
esis in vitro model [21]. Briefly, 5x10* HUVECs were col-
lected, resuspended in a conditioned medium which contain
different dose of antibody, seeded in 24-well plates that were
coated with 100 pl of gelled matrigel (BD Biosciences, USA),
and cultured in a humidified 37 °C, 5 % CO, incubator. After
incubation from 0.5 to 8 h, numbers of branching points were
counted. The data were obtained from triplicate wells under
each experimental condition at each time point. Photographs
from randomly chosen fields were taken using a digital cam-
era when cords were formed.

Radioimmunotherapy of '*'I-A8 on tumor-bearing mice

The subcutaneous tumor-bearing mice were randomly divided
into the experimental group and control group (n=8). When

the volume (volume=(length x width?)/2) [22] of the tumors)
increased 50 mm’, they were given intratumorally injections
with 3.7 MBq "*'I-A8 (0.5 ug/g) or control phosphate-
buffered saline (PBS) in 0.1 ml. The mAb dose was chosen
based on the dose-dependent titration experiment [23]. The
treatment was administered intratumorally once a week
for a month. At the end of the experiment, tumor tissue
from each animal was excised and then weighed. The
inhibition rate was calculated using the formula inhibi-
tion rate:[(weightcontrol groupfweightexperimental group)/
Weightcontrol group] x100 %.

NIFLI to monitor the treatment efficacy

In vivo GFP images were obtained using the in vivo
FPRO imaging system, using the appropriate filters (exci-
tation=445-490 nm, emission=535 nm). The parameters
of CCD were fov=80-100, binning=2%2, and exposure
time=5 sec. At the end of the imaging period, a grayscale
reference image was collected under white light (excita-
tion=445-490 nm, emission=0, fov=80-100, binning=0,
exposure time=0.175 sec). Activity was quantified by
viewing the region of interest (ROI) in the tumor analysis
software molecular imaging standard edition (MISE) that
is supplied with the Carestream. Fluorescence images and
grayscale reference images were fused together with
MISE. The signal intensities from manually derived re-
gions of interest were expressed as photon flux (counts/s).
The fluorescent signals are presented in color: blue for the
lowest and red for the highest intensity.

RT-PCR

The expression of ENG mRNA was evaluated by reverse
transcription polymerase chain reaction (RT-PCR). Total
RNA was extracted from the cell lines or freshly isolated
tumor and normal liver tissue by use of TRIzol reagent
(Invitrogen, Carlsbad, CA). Oligo (dT)-primed complementa-
ry DNA (cDNA) synthesis involved use of Superscript™ III
reverse transcriptase (Invitrogen). Transcripts were amplified
from reverse-transcribed cDNA by use of SYBR Green
(Invitrogen). The primer for ENG was chosen in cDNA por-
tions by accessing human sequences in GenBank. The se-
quences were as follows: ENG forward 5'-GTGCTTCTGG
TCCTCAGTGTA-3" and reverse 5'-AGTTCCACCTTCAC
CGTCAC-3"; GAPDH forward 5'-AGAAGGCTGGGGCT
CATTTG-3' and reverse 5'-AGGGGCCATCCACAGTCT
TC-3". Cycling conditions for amplification were as follows:
denaturation step at 94 °C, followed by 35 cycles of 30 s at
94 °C, 1 min at 62 °C, and 1 s at 72 °C. PCR products were
analyzed on 1.5 % agarose gels and stained with ethidium
bromide. All the experiments were performed in duplicate,
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and they were repeated at least three times. The relative
expression of genes was analyzed using the 27 method.

Histological and immunohistochemical analyses

HCC tissues (freshly isolated tumor of the mice treated with
PBS or "*'I-A8) and normal liver tissues were fixed in
phosphate-buffered 4 % paraformaldehyde, embedded in par-
affin, and cut into 4 pum thick sections. Sections were
deparaffinized and stained with hematoxylin and eosin using
a standard protocol to determine morphology. ENG protein
expression was determined by immunostaining with A8
(1:200) using the streptavidin-biotin method. The sections
were microscopically examined, and the positively stained
fields were observed. At least ten fields per each section were
observed. Image-Pro Plus v5.0.2 (Media Cybernetics, Inc.,
Bethesda, MD) was used for quantitative assessment of rela-
tive ENG protein expression levels.

Statistical analysis

SPSS v11.5 (SPSS Inc., Chicago, IL) was used for statistical
analysis. Continuous data were expressed as mean+SD and
compared by one-way ANOVA, followed by unpaired ¢ test or
paired ¢ test as appropriate. The Pearson’s correlation coeffi-
cient » was determined to assess the degree of correlation. A P
value <0.05 was considered statistically significant.

Results
Cell proliferation assay

To assess the conceivable effects of anti-ENG mAb (AS8) on
both HUVECs and SMMC7721-GFP cells proliferation and
survival, the number of viable cells at different times in vitro
was measured with CCK-8 assays. SMMC7721-GFP cells
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257 a 3 Control 157 ¢
Wl A8 (5ug/ml) 1 3 Control
2,01 A8 (10ug/ml) AB8(5ug/ml)
g B3 A8 (20ug/mi) s £ A8(10ug/ml
2 151 D A8 (40ug/mi) Las ) A8(20ug/ml
$ + E A8 (60ug/mi) 53 s« A8(40ug/ml
= " 5 £ A8(60ug/m
S 10 5 \ S
2 illls \ o 0.5 x
o : \ \ 0 il N N
N N N N NN AN
0.5 N N N fin N N 7N
N N N AR N 17 N
N N N iR N N A
N \ N i N N N
0.0 N \ N 0.0 AN | IHEHARN i
¢ v > ® v
Time(hour) Time(hour)
60 b A8 (5ug/mi) 07 d )
Py —= A8 (10ug/ml - *k .- AZ (f;g/r;nl)l
R < —-— ug/ml
< wx - A8 (20ugmi) | < 40 & {10ug/i)
2 48 b 2 *% x*  —— A8 (20ug/ml)
E 40- gx 7 AB(40ug/mi c *k A8 (40ug/ml)
2 3 *H o= AB(60ug/mi} | 8 30 ~— A8 (60ug/mi)
a 8 *
% = %
£ £
é * % . .S 204 *
T 207 N s o
o D
o =
= o 10
° &k &
o * %
c T T T c T T T
0 24 48 72 0 24 48 72
Time(hour) Time(hour)

Fig. 1 The effect of A8 (anti-ENG mAb) on the proliferation of both
SMMC7721-GFP and HUVECS cells. a—b SMMC7721-GFP cells were
cultured with A8 (0, 5, 10, 20, 40, and 60 png/ml, respectively) for 12, 24,
48, and 72 h (a *P<0.05 and **P<0.01 vs. control; b *P<0.05 and
**P<0.01 vs. 12 h; #P<0.05 and ##P<0.01 vs. the same time-point in
the 5 pg/ml group). e-d HUVECs were incubated with different
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concentrations of A8 for 12, 24, 48, and 72 h. The HUVECS proliferation
inhibition rate was calculated after incubated with A8 (0, 5, 10, 20, 40,
and 60 pg/ml, respectively). ¢ *P<0.05 compared with control; d
*P<0.05 and **P<0.01 vs. 12 h). Each point represents the mean of
three independent experiments
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were treated with different concentrations of A8 (0, 5, 10, 20,
40, and 60 pg/ml), and A8 markedly suppressed cell growth in
time-dependent and dose-dependent manner. The prolifera-
tion inhibition ratio of the A8 (20 pg/ml) group (17.6+

Fig. 3 The tube formation
inhibition of '*'I-A8 was detected
in HUVECs angiogenesis model.
a Representative photographs of
each treatment were shown
(100%). b The total numbers of
branching points were decreased
compared with the untreated
(*P<0.05 and **P<0.01 vs.
control)

a

Control

1.23 %, 32.2.6+1.06 %, and 39.9£0.96 % at 24, 48, and
72 h, respectively) was significantly higher than that of the
A8 (5 pug/ml) group (4.9+£1.24 %, 6.9+0.95 %, 7.2+£1.52 %)
(P<0.01) (Fig. 1b). This antiproliferative role for A8 was also

Numbers of branching points
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presented in the HUVECSs, and increased concentrations of A8
between 0 and 60 pg/ml lead to increased inhibition of
HUVECs growth. The highest proliferation inhibition ratio
in this experiment was up to 45.2+1.26 % when incubated
with A8 (60 pg/ml) for 72 h. Collectively, these results dem-
onstrated that treatment of SMMC7721-GFP cells and
HUVECs with A8 exhibited a time-dependent and dose-
dependent manner suppression of both two cell lines
proliferation.

The synthesis and pharmacokinetic analysis

1311-A8 was radioiodinated using the iodogen technique. The
radiolabeling efficiency was 97.4 %. The radiochemical purity
of *'I-A8 was 92.8 %. The specific activity of radioiodinated
A8 is 69.746.26 MBqg/umol. For in vitro stability test, the
radiochemical purities of '*'T-A8 were still over 90 % in
serum and declined under 80 % in saline at 72 h, indicating
that they maintained more stable in serum than in saline.
These results showed that '*'I1-A8 had good stability
(Fig. 2a). Pharmacokinetic analysis showed that the pharma-
cokinetics of '*'I-A8 was in accordance with the two-
compartment model, with a rapid distribution phase and a
slow decline phase. Tq, 1155, and MRT were 7.1, 144.5,
and 10 h, respectively. (Fig. 2b).

Fig. 4 Quantification of the a
SMMC7721-GFP cells number
and fluorescent signals in vitro.
a—b Each cell aliquot was
assessed by measuring intensity
in vitro with NIFLI. Data are
plotted as net photon counts
(summary background) with
standard deviation. ¢ In vitro
fluorescent signal is strongly
correlated to cell number over a
broad dynamic range. Control:

The affinity of '*'1-A8 against SMMC7721-GFP cells

Radioligand-based binding assay is a sensitive technique
available to quantitatively determine the affinity of one anti-
body against a certain receptor. Saturation assay showed that
311-A8 displayed saturable binding with SMMC7721-GFP
cells and Kp and B,,,, were 3.994+0.64 nM and 142,874+
456 cpm respectively (Fig. 2c). The unlabeled A8 competed
effectively with '*'I-A8 binding sites on SMMC7721-GFP
cells at low micromole concentrations, and K; and ICsy were
8.81+1.02 and 30.85+1.33 nM, respectively (Fig. 2d). All of
above demonstrated that high affinity of '*'I-A8 against
SMMC7721-GFP cells.

Tube formation assay

A HUVECs angiogenesis model was employed to evaluate
the capacity of tube formation of HUVECs. As illustrated in
Fig. 3a, HUVECs which were treated with 20 pg/ml *'I-A8
were effectively inhibited to form extensive and enclosed tube
networks as compared with the untreated ones. Furthermore,
the formation time of vascular like structures was significantly
delayed in the '*'I-A8-treated group than the untreated group
(data was not shown).
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NIFLI

In vitro fluorescent signal is strongly correlated to cell number
over a broad dynamic range (+*=0.9247, P<0.01) (Fig. 4a—).
SMMC7721-GFP cells (5x10°) were injected into the right
upper back of nude mice to monitor subcutaneous tumor
growth by caliper measurement and NIFLI. Tumor growth
was measured beginning on day 5 after injection and three
times per week thereafter. All mice showed successful tumor
development on d5 by NIFLI and caliper measurements.
Overall, fluorescent signal and tumor volume were highly
correlative (#=0.925, P<0.01) (Fig. 5a—d).

Tumor prevention study and therapeutic evaluation

To evaluate the capacities of NIFLI for monitoring the tumor
burden in a therapeutic setting, '*'I-A8 treatment was admin-
istered intratumorally once a week for a month when tumor
volume increased to 50 mm?®. The imaging data shows a
continuous increasing fluorescent signals in the control group
of PBS-treated mice, whereas a significant reduction in tumor
burden was seen in the mice treated with '*'I-A8 ("P<0.05
and “"P<0.01 vs. control) (Fig. 6b). Figure 6¢c—d shows the
course of the fluorescent signals for one representative mouse

Fig. 5 Quantification of tumor a
volume and fluorescent signals

over time of subcutaneous tumor
growth. a Tumor volume over 200-
time (n=8 animals). Tumor

250+

volume was calculated using the .-,E
following formula: = 150
volume=(length x width?)/2; £
tumor size was measured by 3
calipers. b Quantification of the < 1001
fluorescent signal over time. ¢ g
Correlation between mean tumor = 50-

volume and mean fluorescent
signal. d One representative
animal shows the increase of 0 T T

in the control and '*'I-A8 therapy groups. Again, photon
counts and tumor volume were highly correlative (+*=0.947,
P<0.01). After 4 weeks of '*'I-A8 treatment, tumor weight
was significantly decreased in '*'I-A8-treated group com-
pared with PBS-treated group (Fig. 6f, g) (P<0.01), and the
inhibition rate was 62.1 %. Collectively, these results suggest
that '*'I-A8 treatment is significantly effective in reducing
tumor growth in an HCC mouse model.

ENG mRNA and protein expression

ENG protein expression was assessed by immunohistochem-
istry staining. ENG protein was mainly localized to cell mem-
branes (Fig. 7a). ENG protein level was significantly higher in
HCC tissue in PBS-treated mice than that in normal liver
tissue (¥**P<0.01 vs. control). Compared with the PBS treated
mice, there was significantly lower ENG protein level in '*'I-
AS8-treated mice (#P<0.01 vs. tumor 2) (Fig. 7b). ENG
mRNA expression was quantified by RT-PCR. ENG expres-
sion in the SMMC7721-GFP group was markedly higher than
that in the normal liver cell L-02 group. Between the two
groups, there was a significant difference (£<0.01). Similarly,
there was a significantly higher ENG mRNA level in HCC
tissue than that in normal liver tissue (Fig. 7c, d).
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Fig. 6 Monitoring '*'I-A8 radioimmunotherapy efficacies on tumor
growth. a The scheme described the time points when '*'I-A8 was
injected and NIFLI was conducted. b When the tumor volume was up
to 50 mm?®, mice were treated intratumorally with injections of '*'I-A8
once a week for a month. Average size of the tumors of mice during
treatment with '*'I-A8 or control PBS (n=8 in each group). There is a
significant difference in tumor size between the two groups (*P<0.05 and

Discussion

HCC is the fifth most common cancer worldwide, and
its incidence is very high in China where it is the
second most common cancer. Because many patients
are at increased risk of HCC, there is a need to develop
reliable, sensitive, and specific markers that will aid the
clinician in early diagnosis and therapy [24, 25]. HCC
tumors depend on a rich blood supply [26, 27]; there-
fore, inhibition of angiogenesis has constituted a crucial
point in liver cancer therapy.
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**P<(.01 vs. control). ¢ Quantification of the fluorescent signal over
time for the two groups. d—e Representative NIFLI images during track-
ing tumor growth. f Decreased excised tumor weights of >'1-A8-treated
mice compared to PBS treated at the day of 31 (P<0.01 treated compared
to PBS). Results are shown as mean SD of eight individual animals. g
Representative tumor images from different groups at the day of 31

Tumor angiogenesis has been considered to be an attractive
target for therapeutic strategies for many decades. Among
antibodies with antiangiogenetic activity so far tested in can-
cer patients, only the humanized anti-VEGF mAb
bevacizumab has received approval by regulatory agen-
cies, though for selected clinical indications [28, 29].
However, the effectiveness of anti-VEGF therapy in the
clinic proved to be strongly tumor-type-dependent, and
effects were mostly transient, due to resistance. Therefore,
these therapies did not meet the high expectations of
increasing patient survival in many tumor types and even
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Fig. 7 ENG mRNA and protein expression. a Representative hematox-
ylin and eosin staining (H&E) and immunohistochemical staining for
ENG protein (original magnification x200), normal liver tissue (control);
tumor of '*'I-A8-treated mouse (tumor 1); tumor of PBS-treated mouse
(tumor 2). b Quantification of ENG protein levels in immunohistochem-
ical staining (¥**P<0.01 vs. control. #7<0.01 vs. tumor 2). c—d Relative

led to the withdrawal of FDA approval for anti-VEGF
therapy in breast cancer [30]. One of the major mecha-
nisms of resistance to anti-VEGF therapy is the upregula-
tion of alternative proangiogenic pathways [31], opening
the possibility to explore these pathways to serve as novel
antiangiogenesis targets.

ENG is a TGF- coreceptor that modulates TGF-f3-
dependent cellular responses. Several reports indicate an in-
dispensable role for the TGF-f3 signaling pathway in devel-
opmental angiogenesis. ENG in developmental angiogenesis
was first demonstrated by the death of ENG knockout mice
due to vascular development defects, particularly of the prim-
itive vascular plexus of the yolk sac, by gestational day 11.5
[32]. In addition, mutations in the ENG gene have been
described in human. It is generally accepted that ENG
haploinsufficiency results in the autosomal dominant syn-
drome hereditary hemorrhagic telangiectasia type 1(HHT1)
[33]. Many studies have defined the role of ENG as a powerful
marker to quantify intratumoral microvessel density (IMVD)
in solid and hematopoietic tumors such as breast [34], prostate

(fold change)

ENG mRNA level

mRNA expression of ENG in SMMC7721-GFP, L-02, normal liver
tissue (control), and hepatocellular carcinoma tissue (¥*P<0.01 vs. con-
trol). Fold changes represent the mean of triplicate experiments compared
to untreated control group. A pattern of results was analyzed by repeating
at least three times. Columns represent the mean; bars represent SD

[35], cervical [36], colorectal [37], nonsmall cell lung cancer
(NSCLC) [38], HCC, and in multiple myeloma [39]. Recent-
ly, ENG has been reported to play a role in the regulation of
adhesion, motility, and invasion of several kinds of human
cancer cells [40]. Furthermore, considerable efforts based on
ENG have been made recently in the early detecting of tu-
mors, and radiolabeled anti-ENG mAb efficiently imaged
human melanoma xenografts in C57BL/6 mice [41] and
spontaneous mammary adenocarcinomas in a canine model
[42]. In this setting, targeting of ENG is generally considered a
promising therapeutic strategy to control tumor angiogenesis.

In the present study, we found that anti-ENG mAb can
effectively inhibit the proliferation of SMMC7721-GFP, the
proliferation inhibition ratio up to 39.94+0.96 % after incubat-
ed with anti-ENG mAb (60 pg/ml) for 72 h. Furthermore, the
proliferation of HUVECs was also significantly restrained by
anti-ENG mAb, and the formation of the tube networks was
prevented in vitro. These findings are consistent with previous
observations that anti-ENG antibodies can inhibit prolifera-
tion, migration, and adhesion of endothelial cells [43]. Based
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on our results, we consider that the probable mechanism of the
tumor suppression of anti-ENG mADb is to direct inhibition of
HCC growth, restrain the formation of the tube, and block the
blood supply for the tumor further.

Molecular imaging, which allows for sensitive, longitudi-
nal observation, has become an invaluable tool for early lesion
detection, monitoring therapeutic efficacy, and facilitating
drug development [15]. In recent years, optical molecular
imaging has emerged as an important tool of technologies to
advance our understanding of disease mechanisms and accel-
erate drug discovery [44]. NIFLI technique is a sensitive and
fast in vivo cellular and molecular imaging method, allowing
use of cells transfected with fluorescent gene or specific
molecular probes and sensitive fluorescent imaging system
to perform real-time, noninvasive, dynamic, and in vivo ob-
servation and analysis on different gene expressions, cell
surface protein markers, and diseased cells. In this study, we
use an HCC cell line SMMC7721 which stably expressed
GFP and shows a good correlation between the fluorescent
signal and the number of cancer cells in vitro. Meanwhile, we
also demonstrated a good correlation between the fluorescent
signal and tumor size in a subcutaneous hepatoma model with
SMMC7721-GFP cells. Therefore, we can be noninvasive,
accurate, and capable of continuously monitoring the therapy
of tumor by fluorescent imaging. Combination of tumor
vessel-targeted therapy with other therapies such as immuno-
therapy and radiotherapy may enhance therapeutic efficacy
compared with either therapy alone [45]. '*' is a widely used
therapeutic radionuclide in clinical practice [46]. It has been
easy labeling and is inexpensive, with a half-life of 8 days
[47]. In the present study, '*'I-A8 was successfully
radioiodinated and was proved to have high affinity against
ENGR. Following subcutaneous injection of SMMC7721-
GFP cells, mice treated with '*'I-A8 exhibited significant
tumor suppression compared with that of PBS group. Consid-
ering the therapeutic results in this study, we were able to
demonstrate that significant antitumor effect of '*'I-A8 in
HCC on the basis of a significantly reduced fluorescence
signal by NIFLI and a remarkably decreased tumor weight
in treated animals. The result is in accordance with previous
studies demonstrating a long-lasting regression/suppression of
tumor growth and metastasis in mice by the anti-ENG mAb
[48].

In conclusion, our study indicated that ENG could be a
promising candidate for molecular-targeted therapy for HCC.
Furthermore, NIFLI can be used to monitor the therapeutic
effect of tumor burden mice based on the good relationship
between the fluorescence imaging and tumor volume.
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