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Recombinant immunotoxin targeting GPC3 is
cytotoxic to H446 small cell lung cancer cells
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Abstract. Glypican-3 (GPC3) is a cell membrane glycopro-
tein that regulates cell growth and proliferation. Aberrant
expression or distribution of GPC3 underlies developmental
abnormalities and the development of solid tumours. The stron-
gest evidence for the participation of GPC3 in carcinogenesis
stems from studies on hepatocellular carcinoma and lung squa-
mous cell carcinoma. To the best of our knowledge, the role
of the GPC3 protein and its potential therapeutic application
have never been studied in small cell lung carcinoma (SCLC),
despite the known involvement of associated pathways and
the high mortality caused by this disease. Therefore, the
aim of the present study was to examine GPC3 targeting
for SCLC immunotherapy. An immunotoxin carrying an
anti-GPC3 antibody (hGC33) and Pseudomonas aeruginosa
exotoxin A 38 (PE38) was generated. This hGC33-PE38 protein
was overexpressed in E. coli and purified. ADP-ribosylation
activity was tested in vitro against eukaryotic translation elon-
gation factor 2. Cell internalisation ability was confirmed by
confocal microscopy. Cytotoxicity was analysed by treating
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liver cancer (HepG2, SNU-398 and SNU-449) and lung
cancer (NCI-H510A, NCI-H446, A549 and SK-MESI) cell
lines with hGC33-PE38 and estimating viable cells number. A
BrdU assay was employed to verify anti-proliferative activity
of hGC33-PE38 on treated cells. Fluorescence-activated cell
sorting was used for the detection of cell membrane-bound
GPC3. The hGC33-PE38 immunotoxin displayed enzymatic
activity comparable to native PE38. The protein was efficiently
internalised by GPC3-positive cells. Moreover, hGC33-PE38
was cytotoxic to HepG2 cells but had no effect on known
GPC3-negative cell lines. The H446 cells were sensitive to
hGC33-PE38 (ICs,, 70.6+4.6 ng/ml), whereas H510A cells
were resistant. Cell surface-bound GPC3 was abundant on the
membranes of H446 cells, but absent on H510A. Altogether,
the present findings suggested that GPC3 could be considered
as a potential therapeutic target for SCLC immunotherapy.

Introduction

The glypican-3 (GPC3) protein has emerged as a novel, prom-
ising target for cancer immunotherapy (1). GPC3 is a member of
the membrane-bound heparan sulphate proteoglycan (glypican)
family (2). The C-terminal fragment of GPC3 is anchored to the
cell membrane via a glycosylphosphatidylinositol (GPI) anchor,
whereas its N-terminus can be released into the extracellular
matrix (3.,4). This modular structure enables GPC3 to function
as a receptor interacting with several regulatory molecules. The
expression of GPC3 is relatively high during embryonic devel-
opment and is precisely regulated in a tissue- and stage-specific
manner (5), suggesting a role for GPC3 in morphogenesis and
embryonic development. After birth, GPC3 is rarely detectable
in healthy tissue. Previous studies demonstrated that GPC3 was
overexpressed in hepatocellular carcinoma (HCC) and that its
expression could serve as a potential diagnostic marker and
prognostic factor for this disease (1,6-9). The role of GPC3 in
HCC pathogenesis and development is not fully understood,
and few underlying mechanisms have been proposed. Cell
membrane-bound GPC3 can interact with growth factors; for
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example, it binds Wnt and stimulates Wnt/f3-catenin signalling,
leading to HCC development (10). The involvement of GPC3 in
the Yap (Yes-associated protein) and Hedgehog (Hh) signalling
pathways was described in other cancer types and develop-
mental processes (11). Filmus and Capurro (12) proposed
that GPC3 could stimulate cell proliferation in tumours with
a dominant influence of the Wnt signalling and inhibit prolif-
eration in tumours with predominant Hh signalling. Evaluating
the potential use of the GPC3 antigen would provide further
insight into the targeted therapy of other cancer types. Aside
from HCC, the overexpression has been observed in several
tumour types, especially in embryonic carcinoma, yolk sac
tumours, non-small cell lung cancer and thyroid cancer (13-25).
Conversely, in some tumours, the expression of GPC3 is
decreased compared with normal tissue (10,26-29).

In lung cancer, a major contributor to cancer-associated
deaths worldwide, the role of GPC3 may be cell-type dependent
and remains poorly understood. The presence of GPC3 in healthy
lung tissue has not been reported. GPC3 expression is signifi-
cantly increased in lung squamous cell carcinoma (LSCC), both
at the mRNA and the protein levels (24,30-33). Typically, GPC3
presence is detected in more than half of analysed specimens
from patients with LSCC and LSCC cell lines (24,30-33).
Importantly, GPC3 levels correlate inversely with LSCC
differentiation grade, and positively with metastasis and disease
progression (24). Li et al (33) demonstrated that GPC3 could
represent a rational target in immunotherapy for LSCC. These
authors developed a strategy based on (GPC3)-redirected
chimeric antigen receptor (CAR)-engineered T lymphocytes that
is currently under evaluation in a phase-I clinical trial (33,34).
By contrast, the GPC3 protein is rarely detected on the surface
of lung adenocarcinoma (LAD) cells, where it is expressed at
low mRNA levels (24,30,31). To the best of our knowledge, there
are no reports describing the role of GPC3 in the exceptionally
malignant small cell lung carcinoma (SCLC). Therefore, the aim
of the present study was to determine whether the GPC3 protein
could represent a potential target for SCLC immunotherapy.

In this study, an effective and highly specific PE38-based
immunotoxin comprising the humanised mouse monoclonal
antibody hGC33 against a C-terminal epitope of GPC3
was used (35). Recombinant immunotoxins (RITs) are
chimeric proteins composed of a portion of a monoclonal
antibody (mAb) fused to a portion of bacterial, plant or
animal toxin. Thus, the variable fragment (Fv) of the mAb
directs the toxin to the cells expressing the target antigen.
As a result, the cell surface-bound immunotoxin is inter-
nalised via receptor-dependent endocytosis and translocates
to the cytoplasm where it causes cell death, mostly through
protein synthesis inhibition (36-38). Gao et al (39) developed
immunotoxin variants based on a P. aeruginosa exotoxin A
fragments (PE38 variant) fused to several different anti-GPC3
antibodies (39,40). The results obtained in vitro and in mouse
xenograft experiments demonstrated that anti-GPC3 immu-
notoxins may become very potent antitumor therapeutics for
HCC therapy (39,40). The aim of the present study was to
evaluate the GPC3-directed cytotoxicity on two SCLC cell
lines, NCI-H510A and NCI-H446, chosen for their relatively
high GPC3 mRNA levels (41). The use of the GPC3 antigen as
a target for immunotoxin in the SCLC cell lines is described
for the first time. The present findings suggested a possible

role for GPC3 in SCLC and indicated that this antigen might
represent a useful candidate for SCLC immunotherapy.

Materials and methods

Protein overexpression and purification. The coding sequence
of the hGC33-PE38 immunotoxin was designed by linking
two functional domains: i) the sequence encoding the hGC33
antibody at the N-terminus; and ii) a truncated exotoxin A
fragment lacking its native binding moiety and a fragment of
the domain Ib (referred to as PE38) at the C-terminus (42). The
last, terminal codon for lysine of PE38 was deleted resulting
in the C-terminal REDL sequence. The GPC3-binding
domain sequence encoded the single-chain Fv humanised
mouse monoclonal antibody named hGC33 according
to the hGC33VHk/hGC33VLa_Arg variant created by
Nakano et al (35). Between the hGC33 antibody and PE38, a
short linker encoding the N-ASGGGGSGGGTSGGGGSA-C
sequence was inserted. In some experiments, the native PE38
exotoxin A (referred to as N-PE38 thereafter) was used as
a control. The production and purification of N-PE38 and
hGC33-PE38 were performed in the same way.

The genes encoding the hGC33-PE38 immunotoxin and
N-PE38 were codon-optimised for expression in E. coli and
synthesised commercially by Invitrogen (Thermo Fisher
Scientific, Inc.). The synthetic coding fragments were cloned
into the pET28SUMO expression vector, which was previ-
ously produced in our laboratory by the insertion of the SUMO
protein coding sequence into the pET28a (Novogene Co.,Ltd.).
As a result, the proteins of interest were fused to a His-tagged
SUMO. The constructs were sequenced to confirm sequence
identity and correct gene orientation.

The NiCo21(DE3) chemocompetent E. coli strain was
transformed with expression vectors by heat shock and placed
onto Agar plates supplemented with 1% glucose and kana-
mycin. The preculture was inoculated with a single colony
and grown in TB medium (Sigma-Aldrich; Merck KGaA)
for 16 h at 37°C. Fresh TB medium was warmed to 37°C
and inoculated with seed culture at a culture:medium ratio
of 1:100. Protein overexpression was induced with 0.5 mM
IPTG when ODg, reached 0.4 and further grown for 14 h at
23°C. At the end of the incubation, bacteria were collected
by centrifugation. The bacterial pellet was suspended in lysis
buffer (50 mM NaH,PO,; 300 mM NaCl; 20 mM imidazole;
10% glycerol; 0.5 mM PMSF; 5 mM B-mercaptoethanol;
1 mg/ml lysozyme; 0.05% Triton X-100; 5 U/ml Benzonase®;
pH 8.0). Re-suspended cells were sonicated and centrifuged at
15,000 x g at 4°C for 20 min. The supernatant containing the
protein of interest was collected and immediately processed.
Protein was purified on two connected chromatography
columns, the first containing chitin resin (New England
Biolabs, Inc.) and the second filled with NiNTA Superflow
resin (Qiagen GmbH). Columns were previously equilibrated
using a lysis buffer (50 mM NaH,PO,, 300 mM NacCl, 20 mM
imidazole, 10% glycerol, pH 8.0). The supernatant was loaded
with a constant flow rate of 0.1 ml/min. After protein binding,
columns were washed using 8 column volumes of lysis buffer
and were disconnected afterwards. The single NiNTA column
was then washed with high-salt buffer (50 mM NaH,PO,;
2000 mM NaCl; 20 mM imidazole; 10% glycerol; pH 8.0) to
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remove non-specifically bound material. The proteins were
eluted in gradient-elution mode with buffer (50 mM NaH,PO,;
300 mM NaCl; 500 mM imidazole; 10% glycerol; pH 8.0).
The collected fractions were pooled and SUMO protease was
used to remove the SUMO-tag. After SUMO-tag removal, the
protein of interest was filtered and loaded on a size exclusion
column (HiLoad Superdex 200; GE Healthcare Life Sciences)
and equilibrated with PBS (pH 7.4), containing 10% glycerol.
The fractions containing the hGC33-PE38 immunotoxin were
pooled and concentrated on a Vivaspin Turbo concentrator
(Sigma-Aldrich; Merck KGaA). Protein purity was assessed by
densitometry and through the use of a Bradford protein assay
(Bio-Rad Laboratories, Inc.). The integrity and molecular
weight of the immunotoxin were analysed by 10% SDS-PAGE
in reducing conditions and by western blotting. For western
blotting, 50 ng protein/lane was separated via 10% SDS-PAGE
under reducing conditions and then transferred onto a PVDF
membrane using a semi-dry electrophoretic transfer. Prior to
immunodetection, the membrane was blocked overnight with
SuperBlock (TBS) Blocking Buffer (Thermo Fisher Scientific,
Inc.) at room temperature. Subsequently, the membrane was
incubated with an anti-Pseudomonas exotoxin A-specific
primary antibody (1:5,000; cat. no. P2318; Sigma-Aldrich;
Merck KGaA) for 1 h at room temperature with gentle
agitation. The primary antibody was detected using a goat
anti-rabbit HRP-conjugated secondary antibody (1:2,000;
cat. no. A6154; Sigma-Aldrich; Merck KGaA) by incubating
for 1 h at room temperature with gentle agitation. Bounded
antibodies were visualized using ECL Western Blotting
Detection Reagents (GE Healthcare Life Sciences) and chemi-
luminescent signals were analyzed using a molecular imager
(Bio-Rad Laboratories, Inc.).

ADP-ribosylation assay. The ADP-ribosylation activities of the
hGC33-PE38 and N-PE38 were measured using a solid-phase
assay against S. cerevisiae eEF2 as a substrate, as previously
described (43). The ADP-ribosylation capacity was measured
by rapid detection using the western blotting method with
HRP-conjugated streptavidin against biotin-labelled ADP-ribose
covalently bound to eEF2 as described by Borowiec et al (43).
The ECs, values were calculated from dose-response curves
using the GraphPad Prism 5 software (GraphPad Software, Inc.).

ELISA. A clear, flat-bottomed, polystyrene, 96-well plate was
coated overnight at 4°C with recombinant human glypican-3
protein (R&D Systems, Inc.) at increasing concentrations.
As a negative control, wells were also coated with 3% (w/v)
Bovine Serum Albumin (BSA) in wash buffer. The plate was
subsequently washed three times with PBS + 0.1% Tween-20
to remove unbound protein and blocked with 3% BSA with
0.1% Tween-20 for 3 h at room temperature. Then, the plate
was washed three times with PBS + 0.1% Tween-20. In the
next step, 1 xg/ml immunotoxin was added to each well.
The plate was incubated for 1 h at room temperature, and
subsequently washed three times with PBS + 0.1% Tween-20.
The plate was then incubated with anti-P. aeruginosa
exotoxin A-specific antibodies (1:250,000; cat. no. P2318;
Sigma-Aldrich; Merck KGaA) for 1 h at room temperature and
washed three times with PBS + 0.1% Tween-20. The primary
antibody was labelled using an anti-rabbit HRP-conjugated

secondary antibody (1:2,000; cat. no. P0448; Dako; Agilent
Technologies, Inc.) for 1 h at room temperature and detected
using Super Signal ELISA Pico Chemiluminescent Substrate
(cat. no. 37069; Thermo Fisher Scientific, Inc.). The incubation
with the substrate was performed for 30 min at room tempera-
ture. The absorbance was then measured at 450 nm using a
Sunrise Tecan microplate reader (Tecan Group, Ltd.).

Cell lines. The human liver cancer cell lines HepG2, SNU-398
and SNU-449; SCLC cell lines NCI-H510A (HTB-184),
NCI-H446 (HTB-171) and LAD A549, were purchased from
American Type Culture Collection (ATCC). The SNU-398,
SNU-449, NCI-H446 cell lines were cultured in RPMI-1640
medium (Thermo Fisher Scientific, Inc.) containing
10% heat-inactivated FBS (Thermo Fisher Scientific, Inc.). The
NCI-H510A cell line was cultured in F-12K medium (ATCC)
supplemented with 10% FBS. The HepG2 and A549 cell lines
were maintained under standard conditions in Dulbecco's
modified Eagle's medium (Thermo Fisher Scientific, Inc.)
supplemented with 10% FBS. The cells were subcultured when
they reached the exponential phase. All cell cultures were free
of mycoplasma which was confirmed by routine test using the
MycoAlert™ Mycoplasma Detection kit (Lonza Group, Ltd.).

Internalisation studies

Alexa Fluor® 488 dye staining and visualization. The
fluorescent labelling of the hGC33-PE38 immunotoxin
was performed using Alexa Fluor 488 Dye (Thermo Fisher
Scientific, Inc.) according to the manufacturer's recom-
mendations. A549 and HepG2 cells were incubated at 37°C
with 1.5 pug/ml of fluorescently labelled protein for 3 h. The
cells were then fixed in 4% formaldehyde for 10 min at room
temperature, then stained for 20 min at room temperature
with NucRed Live 647 ReadyProbes Reagent (Thermo Fisher
Scientific, Inc.) for nuclei visualisation, and Alexa Fluor 594
Phalloidin (Thermo Fisher Scientific, Inc.) for actin visu-
alisation, both according to the manufacturer's protocol. For
fluorescence visualisation, the Nikon C1 confocal microscope
was used (Nikon Corporation; magnification, x60).

ATTO 542 NHS-ester staining and visualization. The
hGC33-PE38 immunotoxin was covalently stained with the
fluorescent dye ATTO 542 NHS-ester (Atto-Tec GmbH)
according to manufacturer's protocol. NCI-H446
and NCI-H510A cells were incubated with 4.5 ug/ml
ATTO 542-stained hGC33-PE38 immunotoxin in complete
medium for 1 h at 37°C. Subsequently, cells were washed
twice with complete medium for 10 min each and resuspended
in HBSS with 1 yM calcein-AM (Thermo Fisher Scientific,
Inc.) and 4 uM Hoechst 33342 (Thermo Fisher Scientific,
Inc.). After another 20-min incubation at 37°C, a portion of
cells were transferred onto the SensoPlate. The plate was
centrifuged for 3 min at 300 x g at room temperature and
the cells were then imaged. Images were obtained using the
Nikon Eclipse TE2000-S inverted microscope with and Plan-
Apochromat 60x/1.4 Oil DIC N2 objective and a Nikon C1
confocal attachment (all from Nikon Corporation).

Cytotoxicity assay. In order to evaluate the cytotoxicity of the
hGC33-PE38 immunotoxin, a neutral red uptake assay was
performed (44). For each line tested, cells were seeded into
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96-well plates in triplicate at a density of 1.5x10* cells/well.
After 24 h, the cells were treated with increasing concentrations
of hGC33-PE38 and incubated for another 48 h. Cells were also
treated with 20 pg/ml of CHX as a control to assess their sensi-
tivity to the inhibition of protein synthesis. SDS (200 pg/ml)
was also used as a standard cell membrane-damaging agent.
After a 48-h incubation with a cytotoxic agent, the medium
was removed and cells were washed with cold PBS. The cells
were then incubated for 3 h with 50 yg/ml of neutral red
(Sigma-Aldrich; Merck KGaA) in HBSS. The neutral red solu-
tion was removed, and the cells washed with PBS. Subsequently,
the cell-bound dye was extracted using a solution containing
50% ethanol and 1% acetic acid by gentle shaking for 10 min
at room temperature. Absorbance at 550 nm was measured
using a Sunrise microplate reader (Tecan Group, Ltd.). The
half-maximal inhibitory concentration (ICs,) values were
calculated based on linear dose-response curves using the
GraphPad Prism 5 software.

Cell proliferation assay. For the determination of the effects
of hGC33-PE38 immunotoxin on cell proliferation, a BrdU
Cell Proliferation ELISA kit (Abcam; cat. no. ab126556) was
used. NCI-H446 cells were seeded on clear 96-wells plates
at a density of 1x10* cells/well. The following day, cells
were treated with increasing concentrations of hGC33-PE38
immunotoxin and incubated for an additional 48 h. BrdU was
added to wells 24 h before the end of the experiment. The cells
were then fixed at room temperature for 30 min using Fixing
Solution (part of the aforementioned BrdU Cell Proliferation
ELISA kit), and the subsequent procedure was done according
to the manufacturer's protocol. The absorbance of 450 nm was
measured on an Infinite 200 PRO plate reader.

Microarray data analysis. The publicly available microarray
results were analysed for GPC3 expression by performing
a search on the Expression Atlas site (https://www.ebi.
ac.uk/gxa/experiments/E-MTAB-2706) using ‘GPC3’ as the gene
name. The chosen diseases were ‘lung adenocarcinoma’, ‘lung
adenosquamous’, ‘small cell lung carcinoma’ and ‘squamous cell
lung carcinoma’, which resulted in the automatic selection of 67 cell
lines. The applied expression value was 0.5. The obtained results
were viewed as fragments per kilobase of exon model per million
reads mapped (FPKM; normalised within each set of biological
replicates). Reads below the minimum quality threshold were
automatically discarded. The primary data are available through
the Array Express Archive (www.ebi.ac.uk/arrayexpress/) under
the accession number: E-MTAB-2706.

Reverse transcription-quantitative (RT-q) PCR. Total RNA
from NCI-H446 and NCI-H510A cells was isolated using
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's instruction. Total RNA (5 ug)
from each sample was reverse transcribed for 10 min at 25°C
followed by 15 min at 50°C using the Maxima First Strand cDNA
Synthesis kit for RT-qPCR (Thermo Fisher Scientific, Inc.). The
gPCR step was performed using LightCycler® 480 SYBR
Green I Master (Roche Diagnostics) on the Light Cycler 480
Real-time PCR Instrument (Roche Diagnostics). Reaction
conditions were as follows: Initial denaturation at 95°C for
5 min; 35 cycles at 95°C for 10 sec, 55°C for 10 sec and 72°C

for 20 sec; melting curve at 95°C for 30 sec, 72°C for 45 sec
and 97°C continuous; and cooling at 40°C for 15 sec. The
following primers were used: i) GPC3-forward, 5"-TGGAGT
CAGGCTTGGGTAGT-3' and reverse, 5-ATTCAGAATGCT
GCGGTTTT-3%ii) B-catenin-forward,5'-CATTACAACTCTC
CACAACC-3" and reverse, 5'-CAGATAGCACCTTCAG
CAC-3' (45); iii) hydroxymethylbilane synthase (HMBS)-
forward, 5'-GGCAATGCGGCTGCAA-3' and reverse,
5'-GGGTACCCACGCGAATCAC-3' iv) hypoxanthine phos-
phoribosyltransferase 1 (HPRT)-forward, 5'-TGACACTG
GCAAAACAATGCA-3' and reverse, 5'-GGTCCTTTTCAC
CAGCAAGCT-3'; v) ribosomal protein L13a (RPL13A)-
forward, 5'-CCTGGAGGAGAAGAGGAAAGAGA-3' and
reverse, 5“-TTGAGGACCTCTGTGTATTTGTCAA-3". The
HBMS, HPRT and RPL13A housekeeping genes were used to
normalise the Cq values. The qPCR for each gene was carried
out in triplicate. The obtained data was analysed using the
2-4%¢ method (46). ACt values were obtained by subtracting Ct
of the studied genes from Ct of the geometric mean of refer-
ence genes (46). For presentation, AC,, were recalculated into
relative copy number values (number of copies of GPC3 or
[B-catenin per 1,000 copies of housekeeping genes).

Flow cytometry. HepG2, H446 and H510A cells were tryp-
sinised into single-cell suspensions and then stained with
mouse anti-human glypican-3 allophycocyanin-conjugated
monoclonal antibody (10 p1/10° cells; cat. no. FAB2119A) or
isotype control antibody IgG, , (10 u1/10° cells; cat. no. ICO03A)
in Flow Cytometry Staining Buffer supplemented with BSA
and sodium azide for 30 min at room temperature (all from
R&D Systems, Inc.). Following incubation, excess antibody was
removed by washing the cells twice in 2 ml Flow Cytometry
Staining Buffer. Cell pellets were re-suspended in 200-400 ul
Flow Cytometry Staining Buffer for flow cytometric analysis
using a BD LSR Fortessa instrument (BD Biosciences).

Statistical analysis. Quantitative data are presented as the
mean + SD of three independent replicates (or 95% confidence
intervals for ADP-ribosylation activity). Statistical signifi-
cance among groups was calculated using a one-way ANOVA
followed by Dunnett's or Tukey's post hoc test. All statistical
analyses were performed using GraphPad Prism 5 software
(GraphPad Software, Inc.). P<0.05 or P<0.001 was considered
to indicate a statistically significant difference.

Results

Production of an active recombinant hGC33-PE38 immuno-
toxin. The recombinant hGC33-PE38 immunotoxin generated
in the present study displayed ~94% homogeneity and concen-
tration of 9 mg/ml (Fig. 1).

An in vitro enzymatic activity of recombinant proteins was
evaluated using a solid-phase assay against S. cerevisiae eEF2 as a
substrate, as previously described (43). The calculated ECs, values
for hGC33-PE38 and N-PE38 were nearly the same (Table 1),
suggesting that the enzymatic activity of the hGC33-PE38 was
comparable to the wild type of the N-PE38 toxin.

The affinity of the hGC33-PE38 immunotoxin to GPC3 was
determined by ELISA. The immunoreactivity of hGC33-PE38
was analysed for 1 pyg/ml of protein against GPC3 antigen
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Table I. ADP-ribosylationactivity of N-PE38 and hGC33-PE38.

Toxin ECs,, pmol/ml 95% CI
N-PE38 154 13.9-17
hGC33-PE38 152 13.7-16.5

n=3. N, native; PE38, Pseudomonas aeruginosa exotoxin A 38;
hGC33, anti-GPC3 antibody.
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Figure 1. Molecular analysis of purified hGCPE38 and N-PE38. Proteins
from pooled and concentrated size-exclusion chromatography fractions were
loaded onto SDS-PAGE gels and analysed. (A) SDS-PAGE in reducing condi-
tions: 2,000 or 500 ng of the hGCPE38 protein per lane. (B) Western blotting.
The toxins were detected using anti-exotoxin A-specific primary antibodies;
50 ng of each protein per lane. (C) Enzyme-linked immunosorbent assay
analysis of hGC33-PE38 binding affinity to GPC3 antigen. Absorbance values
are given as the mean + SD from three independent replicates. BSA (0 pg/ml
of GPC3 antigen) was the negative control. PE38, Pseudomonas aeruginosa
exotoxin A 38; hGC33, anti-GPC3 antibody; GPC3, glypican-3.

in five different concentrations (2-100 pg/ml/well; Fig. 1).
Observed absorbance values (OD,5,,,) increased (0.22+0.03)
even for the lowest concentration of GPC3 tested (2 pg/ml)
(Fig. 1), demonstrating that hGC33-PE38 can bind to GPC3
in vitro.

hGC33-PE38 internalisation. As a positive control for
GPC3-directed immunotoxin uptake, HepG2 liver cancer cells
were used. HepG2 is known to express GPC3 abundantly in the
cell membrane and shows the ability to internalise anti-GPC3
immunotoxins at a high rate (39). For the protein-binding
specificity evaluation, the A549 adenocarcinoma cell line

Table II. Cytotoxicity of hGC33-PE38 toward liver and lung
cancer cell lines.

A, Liver cancer

Cell line 1Cs, mean + SD, ng/ml P-value (vs. H446)
HepG2 330+15 P<0.0001
SNU-398 >1650 P<0.0001
SNU-449 No effect P<0.0001

B, Lung cancer

Cell line ICsy, mean + SD, ng/ml P-value (vs. H446)
H446 70.6+4.6 -

H510A No effect P<0.0001
A549 No effect P<0.0001
SK-MESI No effect P<0.0001

PE38, Pseudomonas aeruginosa exotoxin A 38; hGC33, anti-GPC3
antibody.

was also tested, chosen due to low/no GPC3 expression (30).
As shown in Fig. 2, Alexa Fluor 488-labelled hGC33-PE38
is effectively internalised into HepG2 cells within 3 h.
Fluorescence is clearly visible in the cytoplasm with espe-
cially high density of signal in globular clusters around the
nuclei (Fig. 2). Untreated HepG2 control cells have not shown
visible fluorescence in Alexa Fluor 488 specific channel (data
not shown). No evident immunotoxin uptake was observed in
the case of A549 cells. Control untreated A549 cells have also
not shown visible fluorescence in Alexa Fluor 488 specific
channel (data not shown). As these cells are generally capable
of effectively internalising native exotoxin A and its variant in
analogous experiments (43), these observations demonstrated
that the internalisation of hGC33-PE38 was GPC3-dependent.

Additionally, the internalisation of ATTO 542-labelled
hGC33-PE38 was tested on two SCLC lines, NCI-H510A and
NCI-H446. The immunotoxin uptake was evident in the case
of H446 cells (Fig. 3), resulting in strong, punctate/globular
staining in the cytoplasm, while untreated NCI-H510A control
cells have not shown visible fluorescence in ATTO 542 specific
channel (data not shown). In contrast, ATTO 542-labelled
hGC33-PE38 internalisation was not detected in NCI-H510A
cells (Fig. 3) and ATTO-542-specific fluorescence was also
not visible in untreated NCI-H510A control cells.

In vitro biological activity of hGC33-PE38. The biological
activity of hGC33-PE38 was evaluated in vitro on cancer
cell lines. Cytotoxicity was assessed after 48-h incubation
with hGC33-PE38 in various concentrations by enumerating
viable cells using a neutral red uptake assay (44). Preliminary
analyses were performed on liver cancer cell lines as a model
for anti-GPC3 immunotoxin potency validation. As a posi-
tive control, HepG2 cells, which express GPC3 at high levels,
were tested. hGC33-PE38 was cytotoxic to HepG2 cells in a
dose-dependent manner with an ICy, of 330+15 ng/ml (Table II).
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A549
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Figure 2. Internalisation of hGC33-PE38 immunotoxin in A549 and HepG2 cells visualised using confocal microscopy. Merged views are shown in parts
A and E on both panels. Fluorescent signal corresponding to the hGC33-PE38 immunotoxin is marked as green (parts B and F). The cells were treated with
fluorescently labelled hGC33-PE38 immunotoxin (Alexa Fluor 488), fixed and additionally labelled with Alexa Fluor 594 Phalloidin for actin visualisation
(parts C and G), and with NucRed Live 647 Ready Probes Reagent (parts D and H) for nuclei visualisation. Magnification, x60. PE38, Pseudomonas aerugi-

nosa exotoxin A 38; hGC33, anti-GPC3 antibody.

A NCI-H446 NCI-H510A

Figure 3. Internalisation of hGC33-PE38 immunotoxin in NCI-H446 and
NCI-H510A cells visualised using confocal microscopy. Blue channel,
nuclei (Hoechst 33342); green channel, live cells (calcein-AM); red channel,
hGC33-PE38 (ATTO 542).(A) Intracellular localization of ATTO 542-stained
hGC33-PE38 immunotoxin within NCI-H446 cells and no specific signal
in NCI-H510A cells. (B) Calcein-AM staining indicates shape of the cells
and tightness of cellular membrane. On the upper right corner of the right
panels, non-specific binding within a dead cell is shown. Scale bar, 10 pgm.
Magnification, x60. PE38, Pseudomonas aeruginosa exotoxin A 38; hGC33,
anti-GPC3 antibody.

For specificity evaluation, the SNU-398 (low GPC3 expression)
and SNU-449 (GPC3-null) lines were treated (47). As expected,
no cytotoxicity in the SNU-449 cell line was observed, and
only small yet detectable cytotoxicity (13% at the highest dose;

>
*
*
*

H446 ok
1004 _____{--_.

80+ ’

Cytotoxicity (%)
(2]
o
L

ns

Cytotoxicity (%)

L] L]
-2.0 -1.5 -1.0 -0.5 0.0 0.5
hGC33-PE38 (Log ug/ml)

Figure 4. Treatment of H446 and H510A cells with increasing concentrations
of the hGC33-PE38 immunotoxin. (A) Cytotoxicity curve for H446 cells.
Dashed line represents the logarithmic dose-response logistic curve fitted
to data. (B) No effect on H510A cells' survival. Dotted line represents the
baseline of cytotoxicity. Cytotoxicity was calculated based on the analysis of
neutral red uptake by viable cells. Mean + SD (n=3). Statistical significance
of differences vs. control (fixed value, 0) was calculated with ANOVA and
Dunnett's post hoc test; "P<0.05, ““P<0.001. PE38, Pseudomonas aeruginosa
exotoxin A 38; hGC33, anti-GPC3 antibody.

data not shown) was seen in SNU-398 cells. These findings
suggested that the cytotoxicity of hGC33-PE38 was specific and
dependent on GPC3 expression levels on the target cells. The
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Figure 5. Inhibition of H446 cell proliferation treated for 48 h with increasing
concentrations of the hGC33-PE38 immunotoxin. Proliferation inhibition
was determined using the BrdU assay. Mean + SD (n=3). Statistical sig-
nificance of differences vs. control (point 0.0) was calculated with ANOVA
and Tukey's post hoc test; "P<0.05. PE38, Pseudomonas aeruginosa exo-
toxin A 38; hGC33, anti-GPC3 antibody.

SCLC cell lines tested were chosen based on microarray results
obtained previously by Klijn et al (41). Two SCLC lines with the
highest levels of GPC3 expression were tested for immunotoxin
cytotoxicity, NCI-H510A and NCI-H446. Despite expressing
similar levels of GPC3 mRNA, the responses of these lines to
hGC33-PE38 immunotoxin differed. The H446 line was sensi-
tive to hGC33-PE38 in a dose-dependent manner, and the ICs,
for the immunotoxin was 70.6+4.6 ng/ml (Table II and Fig. 4).
However, for H510A, no cytotoxicity was observed even at the
highest tested concentration (1,562 ng/ml). Additionally, two lung
cancer lines with previously reported low or undetectable GPC3
expression were analysed. The A549 LAD cells were insensitive
to hGC33-PE38 even at a 1,600 ng/ml dose (the highest tested)
(Table II). The second GPC3-negative cell line to be tested was
the SK-MES-1 LSCC cell line (30). The SK-MES-1 cells were
resistant to hGC33-PE38 and remained viable at the highest
concentration of immunotoxin tested (1,650 ng/ml; Table IT).
The anti-proliferative effect of hGC33-PE38 immunotoxin
on NCI-H446 cells was evaluated using a BrdU assay. Cells
were analysed 48 h after immunotoxin treatment. As shown in
Fig. 5,hGC33-PE38 inhibits cell proliferation in dose-dependent
manner. A 48-h incubation with 1.5 zg/ml hGC33-PE38 resulted
in inhibition of proliferation by ~50% in NCI-H446 cell culture.

Comparison of GPC3 and (3-catenin expression in NCI-H446
and NCI-H510A cells. The SCLC cell lines in the present
study were chosen based on microarray results obtained by
Klijn er al (41). Analysis of the publicly available microarray
results was performed for lung adenocarcinoma, lung adeno-
squamous, small cell lung carcinoma and squamous cell lung
carcinoma lines. Of the 67 cell lines analysed, 20 SCLC lines
and 9 LAD lines exhibited expression values above the cut-off
(Fig. 6). Almost the same mRNA levels of GPC3 were reported
for H446 and H510A lines (58 fragments per kilobase of exon
model per million reads mapped for H510A and 59 for H446).

GPC3 mRNA levels were verified in both SCLC cell lines
via RT-qPCR. The expression levels of GPC3 were comparable
between NCI-H446 and NCI-H510A cells (Table III).

The transcript abundance of the [3-catenin (CTNNBI gene)
was also measured in both SCLC lines. The expression of

Table I1I. Relative expression levels of the GPC3 and (3-catenin
genes in NCI-H446 and NCI-H510A cells.

GPC3 expression [-catenin expression

Cell line mean + SD mean + SD
H446 919+470 50+44
H510A 955+180; 26+9;

P=0.886 (vs. H446) P=0.629 (vs. H446)

GPC3, glypican-3.

NCI-H446
NCI-H510A
CPC-N
HCC 33
NCI-H847
NCI-H2198
NCI-H2196
COR-L279
NCI-H1092
SCLC-22H
NCI-H889
NCI-H82
DMS 273
SCLC-21H
DMS 454
DMS 53
NCI-H1882
NCI-H520
NCI-H345
NCI-H2081

|
]
A-427 [
VMRC-LCD [T
HCC4011 [T
]
)
)
)
I

H1781
NCI-H596
Calu-3
HCC1534 [ LAD cell lines
HCC2935
NCI-H1395 |

Bl SCLC cell lines

0 20 40 60
FPKM

Figure 6. Graph showing a normalized estimation of the GPC3 gene expres-
sion across 67 lung cancer cell lines. Data obtained from the EMBL-EBI
Expression Atlas tool. The x-axis presents expression values in FPKM. The
accession number of primary dataset: E-MTAB-2706. LAD, lung adeno-
carcinoma; SCLC, small cell lung carcinoma; GPC3, glypican-3; FPKM,
fragments per kilobase of exon model per million reads mapped.

[-catenin was detectable in both cell types. However, 3-catenin
levels were higher in NCI-H446, compared with NCI-H510A,
although this trend was not statistically significant (Table III).

Treatment of NCI-H446 and NCI-H510A cells with
hGC33-PE38 did not result in changes in expression of GPC3
and B-catenin (data not shown).

Surface-bound GPC3 detection. Due to the differences in
hGC33-PE38 cytotoxicity on SCLC lines, despite their similar
levels of GPC3 expression, the levels of cell surface-bound
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Figure 7. Cell surface expression of GPC3 in HepG2, H510A and H446 cell lines measured by flow cytometry. Grey curves/numbers on the histograms repre-
sent cell staining with isotype control; black curves/numbers represent cells stained by antibodies recognising GPC3. Boxes represent interval gates threshold

based on respective isotype control. GPC3, glypican-3.

GPC3 were then examined in the H510A, H446 and HepG2 cell
lines using flow cytometry. The results indicated varying
levels of GPC3 surface expression in different tested cell
lines. While H446 cells exhibited a strong positive staining
with anti-GPC3 antibodies, H510A cells were GPC3-negative
(Fig. 7). As previously reported by other authors, HepG2
cells showed GPC3-positive staining (Fig. 7). Interestingly,
H446 cells exhibited a higher level of GPC3 specific immuno-
reactivity on their surface compared with HepG2 cells (Fig. 7).

Discussion

In the present study, a hGC33-PE38 immunotoxin targeting
GPC3 was generated using the recombinant humanized
monoclonal antibody hGC33. hGC33 has previously been
demonstrated to inhibit HCC tumour growth via anti-
body-dependent cellular cytotoxicity (35,48,49). Cytotoxicity
of the hGC33-PE38 was first evaluated against a panel of liver
cancer cell lines employed as a model for GPC3-targeted cancer
immunotherapy. The results confirmed the hypothesis that the
hGC33-PE38 immunotoxin could kill GPC3-expressing cells
(HepG2), but not cancer cells lacking surface expression of this
antigen (SNU-449 line) and was only slightly cytotoxic to cells
expressing GPC3 at low levels (SNU-398 line). The specificity
of hGC33-PE38 was additionally confirmed by treating known
GPC3-negative lung cancer cell lines. The hGC33 antibody
could potentially serve as an alternative to HN3, developed by
Feng et al (50), to create effective anti-GPC3 immunotoxins.
Although not fully of human origin, hGC33 was well-tolerated
in clinical trials (35,48,49). The antitumour potential of
hGC33-PE38 should be further evaluated in vivo. However,
the potential clinical use of hGC33-PE38 might be restricted
due to the known immunogenicity of the PE38 molecule (51).
Nonetheless, the present findings further support the potential
use of GPC3 as a target in immunotherapy of SCLC.

The pathogenesis of SCLC is still unknown and the
underlying molecular mechanism remains unclear (52).
The potential role of the GPC3 protein in these processes
might be of interest, due to its association with the Hh and
Wnt/f3-catenin signalling pathways, which are considered as

contributing mechanisms in SCLC pathogenesis (45,53-56).
Recently published data suggest the role of Wnt/B-catenin
pathway activation in chemotherapy resistance and SCLC
relapse (56). Interestingly, Pan er al (45) demonstrated the
inhibitory effect of XAV939 (a small-molecule inhibitor of
the Wnt/p-catenin signalling pathway) on the proliferation of
NCI-H446 cells, suggesting inhibition of Wnt signalling as a
potential therapeutic approach for advanced SCLC disease.
Previous studies on the pathogenesis of SCLC have
described this disease as dynamic and involving diverse
cellular and molecular processes (57-59). In the present study,
two cancer lines were tested, NCI-H510A and NCI-H446.
Both lines were isolated by Carney et al (60) in 1982 from
male, adult patients, and both were derived from metastatic
sites: H510A from adrenal metastasis and H446 from pleural
effusion. On the basis of biochemical markers and morpho-
logical differences, the HS10A cell line is a classic-SCLC line
defined by upregulation of all four APUD (amine precursor
uptake and decarboxylation) biomarkers (60,61). In contrast,
H446 is a variant-SCLC line expressing only two biomarkers
and presenting atypical morphology (60-63). Gazdor et al (62)
suggested that the unique, variant phenotype of the H446 line
manifests early in in vitro culture and reflects the morphology
of the tumour of origin. Thus, it is not a result of changes
occurring during culture. It is known that SCLC cells with
variant morphologies have increased expression of the c-myc
oncogene, shorter doubling time, decreased or absent expres-
sion of neuroendocrine cell features and can be resistant to
conventional therapy (62-65). In the present study, the rela-
tively high levels of GPC3 protein observed on the cell surface
of the NCI-H446 line suggested that GPC3 could potentially
act as an oncogene in these cells. The reason why GPC3 is
almost undetectable on the surface of H510A cells despite
the high expression observed at the mRNA level is unknown.
The presence or absence of GPC3 on the surface of the H446
and H510A cells directly corresponded to their sensitivity
to hGC33-PE38 immunotoxin. In the case of H446 cells,
GPC3 acted as an antigen for the immunotoxin and enabled
its internalisation, resulting in cytotoxicity. The observed
cytotoxicity and anti-proliferative effects of the hGC33-PE38
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immunotoxin on H446 cells were dose-dependent. To the best
of our knowledge, this is the first demonstration of the use of
GPC3 as a target for SCLC cell killing. Due to the known
properties of GPC3, differences may be expected between
H446 and H510A lines in signalling cascades that are impor-
tant for SCLC initiation and progression. Importantly, the
mRNA level of B-catenin was higher in H446 compared with
HS5I10A cells, although this trend was not statistically signifi-
cant (Table IIT). Most probably, the H446 cell line represents
the SCLC subtype with the active canonical Wnt/f-catenin
pathway enhanced by overexpressed, cell surface-bound
GPC3. Recently, Wang et al (66) demonstrated that GPC3
promotes the progression of lung squamous cell carcinoma
through upregulation of B-catenin expression. It is also known
that in hepatocellular carcinoma, the GPI anchoring and the
cell surface localization of GPC3 is needed for Wnt/f3-catenin
signalling activation and cell proliferation (10,67).

It is thus conceivable that high surface expression of GPC3
in H446 cells can represent some important characteristics of
late-stage SCLC, which is associated with high aggressiveness,
and chemo- and/or radio-therapy resistance. This warrants
further study of the potential oncogenic role of GPC3 in SCLC,
particularly in the context of different stages of the disease.

In conclusion, the present study described the production
and in vitro activity of hGC33-PE38, a PE38-based immu-
notoxin targeting the GPC3 antigen. Similar to anti-GPC3
immunotoxins described elsewhere, the hGC33-PE38 was
effectively internalised and cytotoxic to HepG2 cells, and inef-
fective in the case of GPC-3-negative cancer cells. A major
focus of this study was the evaluation of hGC33-PE38 toxicity
against cell lines representing cancer types that are not yet
recognised as GPC3-associated. SCLC was considered as
such, based on previous microarray results suggesting GPC3
gene upregulation. Two SCLC lines were chosen and treated
with hGC33-PE38 in order to test GPC3-directed cytotoxicity.
Despite similar GPC3 mRNA levels in both cell lines, only the
H446 cell line was sensitive to hGC33-PE38, whereas H510A
was resistant. This result was consistent with the difference
in the amount of cell surface-bound GPC3 detected by flow
cytometry. Since these cell lines were SCLC variants, the
GPC3-associated phenotype reported here could reflect some
important differences in the molecular pathways involved in
diverse manifestations of the disease. Thus, cell surface-bound
GPC3 might be considered as a potential target for SCLC
therapy involving immunotoxins, other immunoconjugates or
T cells. This hypothesis is consistent with recently reported
activation of the Wnt/pB-catenin pathway in the advanced,
chemo-resistant form of SCLC, and in line with ideas to treat
advanced SCLC through inhibition of Wnt signalling. These
observations also suggest a need for further studies of GPC3
cell-membrane abundance in different stages of SCLC.
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