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Abstract 

An antibody-drug conjugate (ADC) is a promising therapeutic modality because selective and effective delivery of an anti-cancer 
drug is achieved by drug-conjugated antibody-targeting cancer antigen. Glypican 1 (GPC1) is highly expressed in malignant tumors, 
including pancreatic ductal adenocarcinoma (PDAC) and esophageal squamous cell carcinoma (ESCC). Herein, we describe the 
usefulness of GPC1-targeting ADC. Humanized anti-GPC1 antibody (clone T2) was developed and conjugated with monomethyl 
auristatin E (MMAE) via maleimidocaproyl-valine-citrulline-p-aminobenzyloxycarbonyl (mc-vc-PABC) linkers (humanized GPC1- 
ADC[MMAE]). Humanized GPC1-ADC(MMAE) inhibited the growth of GPC1-positive PDAC and ESCC cell lines via inducing 
cycle arrest in the G2/M phase and apoptosis in vitro. The binding activity of humanized GPC1-ADC(MMAE) with GPC1 was 
comparable with that of the unconjugated anti-GPC1 antibody. The humanized GPC1-ADC(MMAE) was effective in GPC1-positive 
BxPC-3 subcutaneously xenografted mice but not in GPC1-negative BxPC-3-GPC1-KO xenografted mice. To assess the bystander 
killing activity of the humanized GPC1-ADC(MMAE), a mixture of GPC1-positive BxPC-3 and GPC1-negative BxPC-3-GPC1- 
KO-Luc cells were subcutaneously inoculated, and a heterogenous GPC1-expressing tumor model was developed. The humanized 

GPC1-ADC(MMAE) inhibited the tumor growth and decreased the luciferase signal, measured with an in vivo imaging system 

(IVIS), which suggests that the suppression of the BxPC-3-GPC1-KO-Luc population. The humanized GPC1-ADC(MMAE) also 

inhibited the established liver metastases of BxPC-3 cells and significantly improved the overall survival of the mice. It exhibited 

a potent antitumor effect on the GPC1-positive PDAC and ESCC patient-derived xenograft (PDX) models. Our preclinical data 
demonstrate that GPC1 is a promising therapeutic target for ADC. 
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Introduction 

While cancer survival has improved, the prognosis of some cancers
remains poor. Pancreatic ductal adenocarcinoma (PDAC) is one of the most
lethal malignant neoplasms across the world and is the seventh leading cause
of cancer-related deaths [1] . The incidence of PDAC is increasing worldwide
and is expected to become the second leading cause of cancer-related death
by 2030 [2] . As PDAC is asymptomatic until it progresses, only 20% of
cases can be resected at diagnosis, and more than half are found at stage IV,
with an overall 5-year survival rate of only 6% [3] . Esophageal squamous
cell carcinoma (ESCC) is the sixth leading cause of death from cancer. The
number of patients with ESCC is increasing worldwide and is expected to
increase by approximately 35% from 2018 to 2030 [4] . Similar to that of
PDAC, the diagnosis of ESCC is often delayed, and the 5-year survival rate
is ≤20%, with a poor prognosis. Therefore, there is an urgent need for the
development of a new effective treatment method for such intractable cancer.

An antibody-drug conjugate (ADC) is a topical targeted therapeutic agent
that uses immunoconjugate in which anti-cancer drugs are chemically or
enzymatically bound to monoclonal antibodies (mAb). ADC can deliver a
highly cytotoxic payload to cancer cells by binding to cancer-specific antigens.
This platform enables targeting cancer cells and selective delivery of highly
cytotoxic drugs, resulting in a broad therapeutic window. Since the approval
of brentuximab vedotin (Adcetris) in 2011 for CD30-positive lymphomas
[ 5 , 6 ] and trastuzumab emtansine (Kadcyla) in 2013 for Her2-positive breast
cancer [7-9] , ADCs have received increasing attention. Boosted by success
stories, > 50 different ADCs are in clinical development. Recently, our
group identified glypican 1 (GPC1) as a novel cancer antigen in ESCC
by a quantitative protein expression profiling analysis focused on plasma
membrane proteins [10] . GPC1 is a heparan sulfate proteoglycan that binds
to the plasma membrane by a glycosylphosphatidylinositol anchor [ 11 , 12 ].
It has been reported that GPC1 promoted tumor growth, metastasis, and
invasion by acting as a coreceptor, enhancing various signaling pathways,
such as Wnt, Hedgehog, transforming growth factor- β, and fibroblast growth
factor-2 [ 13 , 14 ]. Elevated GPC1 expression level has been reported in
breast cancer, glioblastoma, uterine cervical cancer, and PDAC [15-18] .
Furthermore, GPC1 is also expressed in metastatic lymph nodes in ESCC
[14] . GPC1 expression in normal tissues is mainly restricted to the testis or
ovary, unlike ESCC tissues [14] . 

We previously demonstrated that the microtubule-disrupting agent
monomethyl auristatin F (MMAF) conjugated to mouse anti-GPC1
monoclonal antibody (clone 01a033) was effective against GPC1-positive
cervical cancer and PDAC preclinical models [ 17 , 19 ]. The aims of this study
were to develop a novel humanized GPC1-ADC and assess the antitumor
effect of humanized GPC1-ADC and show GPC1 as a promising therapeutic
target for PDAC and ESCC. 

In this study, we generated a novel humanized anti-GPC1 antibody
conjugated with the potent microtubule-disrupting agent MMAE that has
a bystander killing activity [ 20 , 21 ]. After the cleavage of the peptide linker
within the first internalized tumor cell, released MMAE can enter nearby
tumor cells, including GPC1-negative tumor cells and damaged cells, which
is called the “bystander killing effect.” A series of experiments of detailed
preclinical characterization both in vitro and in vivo revealed that this
humanized GPC1-ADC(MMAE) is highly selective and shows potent in
vivo efficacy in several xenografts and patient-derived tumor xenograft (PDX)

models of PDAC and ESCC. 
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aterials and methods 

ell lines and culture 

Two human pancreatic cancer cell lines, namely BxPC-3 
RRID:CVCL_0186) and PK-8 (RRID:CVCL_4718) were obtained 
rom the European Collection of Authenticated Cell Cultures, the 
apanese Collection of Research Bioresources (Osaka, Japan), and RIKEN 

ioResource Center (Wako, Japan), respectively. The human ESCC cell 
ines TE-8 (RRID:CVCL_1766) and TE-14 (RRID:CVCL_3336) were 
btained from the RIKEN BioResource Center. Human pancreatic cancer 
ell line KP-2 (RRID:CVCL_3004) and human ESCC cell line KYSE70 
RRID:CVCL_1356) were obtained from the Japanese Collection of 
esearch Bioresources (Osaka, Japan). BxPC-3-Luc#2 was obtained from 

he Japanese Collection of Research Bioresources (Osaka, Japan). BxPC-3 and 
xPC-3-Luc#2 were maintained in Roswell Park Memorial Institute (RPMI) 
640 medium supplemented with 10% fetal bovine serum (FBS; Thermo 
isher Scientific Inc., Waltham, MA, USA), 1% GlutaMAX (Thermo Fisher 
cientific), 100 U/ml penicillin, and 100 μg/ml streptomycin (Nacalai 
esque). KP-2, PK-8, TE-8, and TE-14 were maintained in RPMI 1640 
edium supplemented with 10% FBS, 100 U/ml penicillin, and 100 

g/ml streptomycin. KYSE70 was maintained in Ham’s F12/RPMI1640 
edium supplemented with 20% FBS, 100 U/ml penicillin, and 100 

g/ml streptomycin. The cultures were maintained at 37 °C in a humidified 
tmosphere at 5% CO 2 . The identity of each cell line was confirmed by
NA fingerprinting using short tandem repeat (STR) profiling, as previously 

escribed [22] . All cells were tested negative for Mycoplasma with the use
f a MycoAlert Mycoplasma Detection Kit (Lonza) and used less than 3 
onths after resuscitation. 

eneration of anti-GPC1 antibodies 

Generation of the mouse anti-human GPC1 antibody (clone 01a033) 
as previously described [17] . To humanize mouse anti-human GPC1 

ntibody (clone 01a033), a human VK library was constructed with a fixed 
eavy chain of murine antibody CDRs and human framework, followed 
y antigen panning and screening. A total of 30 humanized anti-GPC1 
ntibodies were discovered from the panning of the VK library and confirmed
y phage enzyme-linked immunosorbent assay. Twenty of the antibodies 
ere picked for antibody expression and purification, followed by affinity 
etermination using Biacore 8K. Humanized antibodies were produced as a 
ubclass of human IgG4, and mouse/human chimeric anti-GPC1 antibody 
clone 01a033) was also produced. VL and VH sequences were analyzed to 
ort out unique hits and determine hit diversity. 

eneration of humanized GPC1-ADC 

The humanized anti-GPC1 antibody T2 was conjugated to auristatin 
MAE by using previously described methods [23] . The human IgG4 

sotype control recombinant antibody (clone QA16A1) was purchased from 

ioLegend, and the control IgG-ADC (control-ADC) was synthesized using 
he same method as that used for the humanized GPC1-ADC(MMAE). 
he drug-to-antibody ratio (DAR) was 4.01 for humanized GPC1- 
DC(MMAE) and was 4.17 for control-ADC, determined with hydrophobic 

nteraction chromatography. 

mmunohistochemistry 

Formalin-fixed, paraffin-embedded tissue sections of 5 μm in size for 
ancreatic cancer primary and matched metastatic tissue microarray were 
btained from Tristar Technology Group (Bethesda, MD, USA). The GPC1 

http://creativecommons.org/licenses/by-nc-nd/4.0/
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expression in tumor tissues was evaluated using a rabbit polyclonal anti-
GPC1 antibody (1:2,000, catalog No. GTX104557; GeneTex, San Antonio,
TX, USA) and visualized using Envision ChemMate (Dako, Glostrup,
Denmark) according to the manufacturer’s instructions. Stained sections were
also photographed using phase-contrast light microscopy (DM2500 with
Leica Application Suite version 3.80; Leica Microsystems GmbH, Wetzlar,
Germany). 

Statistical analyses 

Data are shown as mean ± SD for the in vitro experiments and mean
± SEM for the in vivo experiments. For the comparisons between the two
groups, data were analyzed using the Student t -test. For comparisons among
three or more groups, data were analyzed using one-way analysis of variance,
followed by Dunnett’s post hoc test. Differences were considered significant at
P < 0.05. 

Other experiments are described in the Supporting Information Methods.

Results 

Preparation of a humanized GPC1-ADC 

As previously described, mouse anti-human GPC1 antibody (clone
01a033) showed high internalizing activity and usefulness for ADC [ 17 , 19 ].
To develop a humanized anti-human GPC1 antibody, a human VK library
was constructed using a fixed heavy chain of murine antibody CDRs with
a human framework, and antigen panning and screening were performed.
Among the discovered humanized anti-GPC1 antibodies, 20 were selected for
affinity determination using surface plasmon resonance. Among 20 clones,
clone T2 showed better affinity ( K D 

, 5.20 nM) than the mouse/human
chimeric anti-GPC1 mAb clone ( K D 

, 10.2 nM; Supplementary Table 1).
To identify the optimal mAb for a GPC1-targeting ADC, 20 clones were
screened on the basis of their ability to deliver an auristatin payload into
GPC1-expressing cells in vitro by using an indirect cytotoxicity assay exposing
cells to a humanized anti-GPC1 mAb and MMAF-conjugated secondary
antibody. Among 20 mAbs, clone T2 most efficiently delivered the MMAF-
conjugated secondary antibody into the GPC1-positive cells (Supplementary
Table 2). According to these results, we selected clone T2 for the antibody
component of the humanized GPC1-ADC. 

To confirm the expression of GPC1 in pancreatic cancer and ESCC cell
lines, a flow cytometric analysis was performed using a humanized anti-GPC1
antibody clone T2. The pancreatic cancer cell lines (BxPC-3, KP-2, and
PK-8) and ESCC cell lines (TE8, TE14, and KYSE70) showed high GPC1
expression levels, while the GPC1 expression was not detected in the GPC1-
knockout cell lines (BxPC-3-GPC1-KO and TE8-GPC1-KO) generated by
the CRISPR-Cas9 system ( Fig. 1 A). The GPC1 knockout was also confirmed
with western blot analysis (Supplementary Fig. 1). 

Humanized anti-GPC-1 mAb (clone T2) or an isotype control human
IgG4 was conjugated via the protease-sensitive linker maleimidocaproyl-
valine-citrulline- p -aminobenzyloxycarbonyl (mc-vc-PABC) to the auristatin
MMAE ( Fig. 1 B). The DAR was 4.0 for humanized GPC1-ADC(MMAE)
and 4.2 for control-ADC(MMAE). In the flow cytometric analysis, MMAE
conjugation did not affect the antibody-binding activity against BxPC-
3 (unconjugated humanized anti-GPC1 mAb: K D 

= 0.529 nM, binding
max = 1,495; humanized GPC1-ADC(MMAE): K D 

= 0.570 nM, binding
max = 1,463; Fig. 1 C). 

Internalization of humanized GPC1-ADC was confirmed in the 
BxPC-3 cells 

The binding capacity and percentage of internalization of the humanized
anti-GPC1 mAb (clone T2) and humanized GPC1-ADC(MMAE) were
etermined using flow cytometry in BxPC-3. GPC1 remaining on the cell
urface was measured with flow cytometry after each exposure to humanized
nti-GPC-1 mAb (clone T2) or humanized GPC1-ADC(MMAE) using 
iotin-labeled anti-GPC1 mAb (clone 02b006), which recognizes an 
pitope independent of that bound by clone T2. The internalization
f the humanized anti-GPC-1 mAb (clone T2) or humanized GPC1-
DC(MMAE) rapidly occurred in BxPC-3 cells and in case of comparable
ctivity ( Fig. 1 D). 

To confirm the translocation of the humanized GPC1-ADC(MMAE) 
o lysosomes, we performed immunofluorescence analysis, which was 
lso used to show humanized GPC1-ADC(MMAE) binding to the cell
embranes when preincubated at 4 °C before the internalization assay. 
hen humanized GPC1-ADC(MMAE) exposed cells were incubated at 

7 °C for 4 h, humanized GPC1-ADC(MMAE) membrane staining was
ecreased, and humanized GPC1-ADC(MMAE) was found instead in the 

ysosomes, as evidenced by the overlap of staining for humanized GPC1-
DC(MMAE) and the lysosomal marker LAMP-1 ( Fig. 1 E). Unconjugated
umanized anti-GPC1 mAb (clone T2) also represented a similar pattern
o humanized GPC1-ADC(MMAE). These results suggest that humanized 
PC1-ADC(MMAE) is first bound to the membrane of GPC1-expressing 

ells and is then internalized and translocated to the lysosomal compartment.

umanized GPC1-ADC(MMAE) successfully inhibited the 
roliferation of GPC1-expressing cancer cells 

Humanized GPC1-ADC(MMAE) caused a dose-dependent inhibition of 
ell viability in the GPC1-positive cancer cell lines in vitro ( Fig. 2 A). We did
ot observe any significant cytotoxic activity against all the cell lines treated
ith a control-ADC(MMAE). The IC 50 values of the humanized GPC1-
DC(MMAE) for the GPC1-positive cell lines ranged from 0.0383 to 0.343
M ( Table 1 ). Conversely, humanized GPC1-ADC(MMAE) had no effect on
xPC-3-GPC1 and TE-8-GPC1 KO cells. The IC 50 values of the humanized
PC1-ADC(MMAE) were not calculated for the BxPC-3-GPC1 and TE-8- 
PC1 KO cells, as the 16-nM cell inhibitory rate of the humanized GPC1-
DC(MMAE) did not reach 50% ( Fig. 2 A). However, the naked antibody
id not exhibit an antiproliferative activity in vitro against the BxPC-3 cells
data not shown). The IC 50 values of MMAE against the cell lines ranged
rom 0.288 to 0.349 nM ( Table 1 ). 

Next, we examined whether humanized GPC1-ADC(MMAE) effects on 
he cell cycle and apoptosis. Humanized GPC1-ADC(MMAE) significantly 
ncreased the proportion of cells in G2/M phase, whereas control-ADC did
ot change the proportion of cells in each cycle ( Fig. 2 B). In addition,
umanized GPC1-ADC(MMAE) caused a dose-dependent increase in 
aspase 3/7 activity compared to control-ADC(MMAE) ( Fig. 2 C). The
allmarks of classic apoptosis including activation of caspase 3 and cleavage
f PARP were also detected ( Fig. 2 D). These data suggest that humanized
PC1-ADC(MMAE) induces cell cycle arrest in the G2/M phase and
romotes apoptosis through caspase3/7 dependent pathway. 

n vivo efficacy study of humanized GPC1-ADC(MMAE) in the 
xPC-3 xenograft 

To assess the antitumor effect of humanized GPC1-ADC(MMAE), 
e developed three types of xenograft mice subcutaneously implanted 
ith BxPC-3 (GPC1 positive), BxPC-3-GPC1-KO-Luc#15 (GPC1 
egative), and the co-inoculation of BxPC-3 and BxPC-3-GPC1-KO- 
uc#15 to determine the bystander killing effect of the humanized
PC1-ADC(MMAE). 

By IHC, the GPC1 expression was confirmed in the BxPC-3 xenograft
umor, while the GPC1 expression was not detected in the BxPC-3-GPC1-
O-Luc#15 xenograft tumor ( Fig. 3 A). In the xenograft tumor of the co-

noculated mice, a heterogenous GPC1 expression was observed ( Fig. 3 A). 
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Fig. 1. Structure, characterization, and internalization activity of the humanized GPC1-ADC 

A, Flow cytometric analysis of GPC1 expression. The shaded histogram profile indicates the isotype control, and the open histogram indicates the humanized 
anti-GPC1 antibody-staining results. B, Structure of the humanized GPC1-ADC consisting of the humanized anti-GPC1 antibody (clone T2) conjugated 
to the MMAE payload. C, BxPC-3 cells are incubated with unconjugated humanized anti-GPC1 mAb (blue closed circles) or humanized GPC1-ADC (red 
closed triangles). The mean fluorescence intensity at various concentrations is shown. D, Time-course analysis of the internalization activity of the antibody or 
ADC in BxPC-3 cells. The left panel shows unconjugated humanized anti-GPC1 mAb (clone T2); and the right panel, humanized GPC1-ADC. E, GPC1- 
ADC internalizes and locates in the lysosomes of BxPC-3 cells. Cell surface and intracellular GPC1 visualized on fluorescence microscopy. Green indicates the 
humanized anti-GPC1 antibody (clone T2) or humanized GPC1-ADC; red, the lysosomal marker LAMP-1; and blue, 4 ′ ,6-diamidino-2-phenylindole-stained 
DNA. Scale bar: 10 mm. (Color version of figure is available online) 
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Fig. 2. In vitro cell growth inhibitory activity of ADC 

A, Cancer cells were treated with humanized GPC1-ADC(MMAE) or human IgG4-ADC (a control-ADC[MMAE]) for 144 h. The humanized GPC1- 
ADC(MMAE) significantly inhibited the growth of the GPC1-positive cancer cell lines compared with the control-ADC(MMAE). In the GPC1-negative 
BxPC-3-GPC1 and TE8-GPC1 KO cell lines, neither treatment had any inhibitory effect. B, Induction of G2/M phase cell cycle arrest in BxPC-3, KP-2, 
PK-8, TE-8, TE-14, and KYSE70 cells treated with humanized GPC1-ADC(MMAE). Cells were treated with either 16 nM control-ADC(MMAE) or 16 
nM humanized GPC1-ADC(MMAE). After 24 h, cell cycle analysis was performed by flow cytometry with propidium iodide DNA staining. ∗∗P < 0.01, 
by one-way ANOVA, followed by Dunnett’s post hoc test. C, Induction of apoptosis in BxPC-3, KP-2, PK-8, TE-8, TE-14, and KYSE70 cells treated with 
16 nM control-ADC(MMAE) or 16 nM humanized GPC1-ADC(MMAE). Caspase 3/7 activation was monitored using the Caspase Glo 3/7 assay system at 
48 h after addition of ADCs. Caspase 3/7 activation relative to untreated cells was detected in these cells treated with increasing concentrations of humanized 
GPC1–ADC. ∗P < 0.05 and ∗∗P < 0.01, by Student’s t test. D, Western blot analysis of proteins involved in the apoptosis pathways. BxPC-3 and TE-8 cells 
were treated with either 16 nM control-ADC(MMAE) or 16 nM humanized GPC1-ADC(MMAE). After 48 h, cells were harvested and lysed. The protein 
level of poly ADP-ribose polymerase (PARP), cleaved PARP, and Cleaved Caspase-3 was detected by western blot; β-actin was used as a loading control. 
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Fig. 3. Antitumor activity of the humanized GPC1-ADC(MMAE) in vivo 
A, Representative images of IHC staining for GPC1 in xenografted tumor tissues from BxPC-3, BxPC-3-GPC1-KO-Luc#15, and the co-inoculation of BxPC- 
3 and BxPC-3-GPC1-KO-Luc#15. Scale bar: 100 mm. B, Antitumor efficacy of the humanized GPC1-ADC(MMAE) in the BxPC-3 xenograft model (each 
n = 7 per group). Each point on the graph represents the average tumor volume. The changes in the relative body weight are represented. C, Antitumor 
efficacy of humanized GPC1-ADC(MMAE) in the BxPC-3-GPC1-KO-Luc#15 xenograft model (each n = 7 per group). Each point on the graph represents 
the average tumor volume. Changes in the relative body weight are also represented. D, Bystander killing effect of the humanized GPC1-ADC(MMAE) 
in the co-inoculated conditions in vivo . The time-course of the luciferase activity was detected by bioluminescence imaging (BLI) after the intraperitoneal 
administration of the substrate. The imaging data of the luciferase activity are shown in D. E, Tumor volumes are shown in the left panel. Quantification 
of the tumor burden from the BxPC-3-GPC1-KO-Luc#15 is shown in the middle panel. Changes in relative body weight are depicted in the right panel. 
F, BxPC-3-GPC1-KO cell viability after treatment with the conditioned medium from the humanized GPC1-ADC-treated BxPC-3 cells. G, Conditioned 
media generated by exposing the BxPC-3 cells with the control-ADC or humanized GPC1-ADC for 48 h. After 144 h, the cell viability was determined. 
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Table 1 

IC 50 values of humanized GPC1-ADC and MMAE in pancreatic cancer and esophageal squamous cell carcinoma cell 

lines. 

Cell Lines GPC1 expression (ABC/cell) Humanized GPC1-ADC (nM) Control-ADC (nM) MMAE (nM) 

BxPC-3 93,290 0.235 N.D. 0.310 

KP-2 262,409 0.0383 N.D. 0.288 

PK-8 129,630 0.228 N.D. 0.334 

TE8 249,304 0.0666 N.D. 0.304 

TE14 219,581 0.291 N.D. 0.296 

KYSE70 112,247 0.343 N.D. 0.349 

BxPC-3 GPC1-KO N.D. N.D. N.D. 0.317 

TE8 GPC1-KO N.D. N.D. N.D. 0.336 

ABC, antibody binding capacity; ADC, antibody-drug conjugate; GPC1, glypican-1; MMAE, monomethyl auristatin E; N.D., none 

detected 
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The GPC1-positive BxPC-3 xenograft model was designed to assess
the ability of the humanized GPC1-ADC(MMAE) to mediate antitumor
activity. The humanized GPC1-ADC(MMAE) significantly and dose-
dependently suppressed the tumor growth as compared with PBS and
control-ADC(MMAE) ( Fig. 3 B). 

The BxPC-3-GPC1-KO-Luc#15 xenograft model was used as a negative
control. The SCID mice were subcutaneously inoculated with BxPC-3-
GPC1-KO-Luc#15 cells and then intravenously treated with PBS, 10-
mg/kg control-ADC, or 10-mg/kg humanized GPC1-ADC(MMAE) twice
a week for a total of four times. The humanized GPC1-ADC(MMAE)
had no effect on the GPC-1-negative model. Both the humanized GPC1-
ADC(MMAE) and control-ADC(MMAE) slightly suppressed the tumor
growth as compared with PBS, but no significant difference was found
between the three groups ( Fig. 3 C ) . 

As described earlier, the antitumor activity of the humanized GPC1-
ADC(MMAE) was evaluated against a GPC1-positive (using BxPC-3) or
GPC1-negative model (using BxPC-3-GPC1-KO-Luc#15). We found that
the humanized GPC1-ADC(MMAE) showed a tumor growth inhibitory
effect on the GPC1-positive cells but not on the GPC1-negative cells
alone. Considering that the MMAE released from the humanized GPC1-
ADC(MMAE) possesses a high cell-membrane permeable activity and
bystander killing effect, the humanized GPC1-ADC(MMAE) should also
be effective for GPC1-negative cells adjacent to the GPC1-positive cells. To
verify the bystander killing effect of humanized GPC1-ADC(MMAE), a co-
inoculation xenograft model was used. As shown in Figure 3 A, we confirmed
the heterogeneity of the mixed tumor generated by inoculating a mixture
of BxPC3 and BxPC3-GPC1-KO-Luc#15. PBS, control-ADC(MMAE),
or humanized GPC1-ADC(MMAE) was intravenously administered to
the co-inoculated xenograft mice, and the tumor volume and luciferase
activity were measured. The humanized GPC1-ADC(MMAE) significantly
suppressed the tumor growth and luciferase signal as compared with the
PBS and control-ADC(MMAE), indicating that the BxPC-3-GPC1-KO-
Luc#15 cells were damaged by the bystander killing effect of MMAE that
was derived from the humanized GPC1-ADC(MMAE) ( Fig. 3 D-E). In
each experiment, no significant weight loss was observed in any group
( Fig. 3 E). 

We also assessed the bystander activity of the humanized GPC1-
ADC(MMAE) in vitro as illustrated in Figure 3 F, using GPC1-positive
BxPC-3 and GPC1-negative BxPC-3-GPC1-KO cells. The humanized
GPC1-ADC(MMAE) or control-ADC(MMAE) was exposed to the BxPC-3
cells for 48 h, and culture medium (CM) was transferred to the BxPC-3-
GPC1-KO cells. The CM from BxPC-3 treated with GPC1-ADC(MMAE)
caused a dose-dependent decrease in BxPC-3-GPC1-KO viability
( Fig. 3 G). 
3
n vivo efficacy study of humanized GPC1-ADC(MMAE) in the 
ancreatic cancer liver metastases xenograft model 

Liver metastasis is frequently observed in PDAC and associated with
 poor prognosis. To assess whether the GPC1 expression was retained in
he liver metastasis of PDAC, IHC analysis was performed. The GPC1
xpression was detected both in the matched primary tumor and liver
etastasis of PDAC ( Fig. 4 A). The retained expression of the GPC1

rimary tumors and metastases led us to hypothesize that the humanized
PC1-ADC(MMAE) may also elicit an activity against preestablished 
etastases. 

To demonstrate the efficacy of the humanized GPC1-ADC(MMAE) 
gainst the liver metastasis of PDAC, preclinically established experimental 
etastasis was used. BxPC-3-Luc#2 cells were inoculated intrasplenically 

o produce pancreatic cancer liver metastases. By IHC analysis, liver
etastasis was successfully produced using BxPC-3-Luc#2 cells ( Fig. 4 B).
he mice were randomized into two groups of equal average tumor burden
ased on the luciferase activity, 7 to 14 days post-inoculation. Vehicle or
umanized GPC1-ADC(MMAE) (10 mg/kg) was administered (twice a 
eek for two weeks). We revealed that the humanized GPC1-ADC(MMAE)

ignificantly reduced the tumor burden ( P < 0.01) as compared with the
ehicle treatment and no significant weight loss was observed in humanized
PC1-ADC(MMAE) administered group compared to vehicle ( Fig. 4 C-
). Furthermore, humanized GPC1-ADC(MMAE) significantly prolonged 

urvival ( P < 0.0001) compared to vehicle treatment ( Fig. 4 E). 

umanized GPC1-ADC(MMAE) showed a potent tumor growth 
nhibition in the pancreatic ductal adenocarcinoma and esophageal 
quamous cell carcinoma patient-derived xenograft models 

We also evaluated the therapeutic effects of the humanized GPC1-
DC(MMAE) on PDAC and ESCC in vivo using PDX models. Tumor

issues were subcutaneously implanted in NOG mice. The mice then
eceived intravenous 1-, 3-, or 10-mg/kg GPC1-ADC once a week for
 total of 4 times ( Fig. 5 ). The GPC1 expressions in the tumor tissues
ere confirmed by IHC. In the PDAC PDX models (PK565, PK175,
nd KPK1), humanized GPC1-ADC(MMAE) significantly suppressed the 
umor growth as compared with PBS and control-ADC ( Fig. 5 A-C).
n particular, 10-mg/kg humanized GPC1-ADC suppressed the tumor 
rowth to almost flat. In the ESCC PDX models (ESCC14 and ESCC2),
he humanized GPC1-ADC(MMAE) showed a potent therapeutic effect 
 Fig. 5 D-E). Tumor growth was significantly suppressed in the humanized
PC1-ADC(MMAE) group, and the tumors almost disappeared in the 
- and 10-mg/kg humanized GPC1-ADC(MMAE) groups. No significant 
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Fig. 4. Antitumor activity of the humanized GPC1-ADC(MMAE) in the pancreatic cancer liver metastasis xenograft model 
A, Representative images of IHC staining for GPC1 in tumor tissues in the matched primary and liver metastases of a patient with PDAC. Scale bar: 100 mm. 
B, Representative images of IHC staining for GPC1 in BxPC-3-Luc#2 pancreatic cancer liver metastases after intrasplenic injection of tumor cells are shown. 
Scale bar: 100 mm. C, The humanized GPC1-ADC(MMAE) inhibits the BxPC-3-Luc#2 pancreatic cancer liver metastases in the mice after intrasplenic 
injection of tumor cells. BLI was used to monitor the BxPC-3-Luc#2 pancreatic cancer liver metastases in the mice after intrasplenic injection of cancer cells. 
BLI was used 7 to 14 days post-inoculation to randomize the mice into vehicle ( n = 13) or 10-mg/kg humanized GPC1-ADC(MMAE) treatment groups 
( n = 10). Note the decrease in bioluminescence in the humanized GPC1-ADC(MMAE)-treated group at 49 days post-inoculation. D, Quantification of the 
tumor burden from the BxPC-3-Luc#2 liver metastasis study shown in C. Changes in relative body weight. The error bars denote the SEM. E, Kaplan-Meier 
survival analysis of the BxPC-3-Luc#2 liver metastasis study shown in C. Log-rank analysis: p < 0.0001, humanized GPC1-ADC(MMAE) versus vehicle. 
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Fig. 5. Antitumor activity of the humanized GPC1-ADC(MMAE) in the pancreatic cancer and ESCC PDX models 
A-E, Antitumor efficacy of the humanized GPC1-ADC(MMAE) in the PK565, PK175, KPK1, ESCC2, and ESCC14 PDX models ( n = 7–8 per group). 
Representative images of IHC staining for GPC1 in xenografted tumor tissues from untreated mice are inserted. Scale bar: 100 mm. The tumor-bearing mice 
were given PBS, control-ADC(MMAE) (10 mg/kg), or humanized GPC1-ADC(MMAE) (1, 3, and 10 mg/kg) intravenously on days 0, 7, 14, and 21. Each 
point on the graph represents the average tumor volume. Changes in body weight are also represented. F, Humanized GPC1-ADC causes mitotic arrest in 
vivo . Animals bearing the PK565 tumor xenografts are given a single dose of PBS, control-ADC(MMAE) (10 mg/kg), or humanized GPC1-ADC(MMAE) 
(10 mg/kg). After 24 h, the tumors were harvested and stained with an anti-phospho-histone H3 (Ser10) antibody to detect mitotic cells. Scale bar: 100 mm. 
G Phospho-histone H3 (Ser10) staining was assessed as the ratio of mitotic cells to the total number of tumor cells in 4 fields (magnification, x 200). ∗∗P < 

0.01, one-way ANOVA, followed by Dunnett’s post hoc test. 
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weight loss was observed in any group ( Fig. 5 ). To analyze the pharmacologic
action of humanized GPC1-ADC(MMAE) in vivo , IHC staining of PK565
PDX tumors with anti-phosphorylated histone H3 (Ser10) antibody, which
is a marker of mitosis, was performed. There was an increase in mitotic
cells following treatment with humanized GPC1-ADC(MMAE), but not
with control–ADC(MMAE) ( Fig. 5 F). The percentage of mitotic cells was
significantly increased in 1 mg/kg, 3 mg/kg, and 10 mg/kg humanized
GPC1-ADC(MMAE) administered group compared with the control–
ADC(MMAE) administered group ( P < 0.01; Fig. 5 G). These findings
suggest that the tubulin polymerizing inhibitor, MMAE, was effectively
delivered to the tumor cells of PK565 by the anti-GPC1 mAb and caused
mitotic arrest. 

Discussion 

PDAC and ESCC represent a significant global health problem; thus,
there is an urgent need for the development of a more effective agent to
control these diseases. A large proportion of these tumors have been shown
to overexpress GPC1 [ 14 , 18 , 19 , 24-26 ]. The overexpression of GPC1 in
PDAC was confirmed by detailed IHC studies. GPC1 expression has been
demonstrated to be retained in the liver metastases of patients with PDAC
( Fig. 4 ). Lu et al . reported that GPC1 overexpression was detected in tumor
metastases to the lymph nodes, abdominal wall, and liver in patients with
PDAC [26] . Moreover, the limited GPC1 expression in normal human tissues
certifies GPC1 as an attractive candidate target of antibody-based cancer
therapy. 

In this study, the humanized anti-GPC1 antibody clone T2 was generated
by humanizing the mouse anti-GPC1 monoclonal antibody clone 01a033.
We demonstrated the detailed preclinical characterization of the humanized
anti-GPC1 antibody clone T2 conjugated to the tubulin inhibitor MMAE
and humanized GPC1-ADC(MMAE), targeting GPC1-expressing tumors. 

The efficacy of an ADC predominantly depends on the expression of the
target antigen, ADC-binding affinity and subsequent internalization within
the cells, and the potency of the conjugated payload. Our data demonstrate
that the humanized anti-GPC1 antibody clone T2 possesses a specific
nanomolar-binding affinity for human GPC1 and undergoes a subsequent
internalization. The binding properties are not altered and retained in the
humanized GPC1-ADC(MMAE) ( Fig. 1 ). 

Humanized GPC1-ADC(MMAE) is shown to be both potent and
highly selective in killing GPC1-expressing tumor cells, whereas the same
dose range does not affect GPC1-negative cells. The mode of action of
humanized GPC1-ADC(MMAE) includes cycle arrest in the G2/M phase
and apoptosis through caspase3/7 dependent pathway. MMAE, the tubulin-
binding payload, mainly acts on proliferating cells and therefore provides
further functional specificity to the ADC beyond the specific target binding
of the antibody moiety. 

Furthermore, the treatment of the mice bearing either GPC1-negative
or GPC1-positive tumors with humanized GPC1-ADC(MMAE) or a
nontargeted control-ADC harboring the same linker payload, respectively,
indicates that the target-independent antitumor effects are only minor
when compared with the targeted activity of the humanized GPC1-
ADC(MMAE). The inferior target-independent in vivo effects of the
control-ADC at high doses are presumably due to enhanced permeability
and retention (EPR) in solid tumors. This phenomenon of passive drug
targeting of tumors has been widely described for macromolecules and
lipids [27] . 

Once humanized GPC1-ADC(MMAE) is bound and internalized by
a tumor cell, degradation of the humanized GPC1-ADC(MMAE) peptide
linker releases a cell-permeable payload metabolite with bystander killing
potential [21] . This bystander effect was demonstrated in vitro and in vivo
by using a xenograft model using co-culture of GPC1-positive and GPC1-
negative cells within the inoculated tumors ( Fig. 3 ). Humanized GPC1-
DC(MMAE) not only inhibited tumor growth but also induced tumor 
egression. This strongly suggests that in addition to the EPR effect observed 
n the GPC1-negative cells, the bystander effect contributes to the antitumor 
ctivity of the humanized GPC1-ADC(MMAE). 

In addition to the subcutaneous and liver metastatic xenograft tumor 
odels, we further demonstrated the dose-dependent therapeutic activity 

f the humanized GPC1-ADC(MMAE) in PDX tumors that more closely 
imic human tumor characteristics such as heterogeneity. Treatment 
ith humanized GPC1-ADC(MMAE) resulted in the total eradication of 

stablished tumors with no tumor recurrence and was reproducible in several 
odels over a long observational period, further indicating complete tumor 

ell elimination by the ADC. 
Based on our findings on the BxPC-3 liver metastases model, we 

xpect that humanized GPC1-ADC(MMAE) may improve survival of 
atients with advanced PDAC by restraining established liver metastases. 
nterestingly, a recent study has shown that GPC1 contributes to metastasis 
f renal carcinoma cells [28] . At present, our data only showed that
umanized GPC1-ADC(MMAE) directly damages metastasized tumor cells 

n the liver. Further study is necessary to examine whether treatment with 
umanized GPC1-ADC(MMAE) can inhibit the formation of metastatic 

esions. 
Our group initially used a naked anti-GPC1 antibody (clone 1-12) to 

reat PDX models. Although the naked antibody (clone 1 −12) inhibited 
umor growth in the esophageal cancer ESCC8 PDX model mainly via 
he ADCC and CDC activity [14] , it was ineffective in the BxPC-3
enograft model [19] . The reason for this difference remains unknown but 
s likely explained by the findings that GPC1 expression levels are typically 
ower in PDAC than in ESCC. We then generated another anti-GPC1 

onoclonal antibody (clone 01a033), a parent clone of humanized GPC1 
onoclonal antibody (clone T2), which has a high internalizing activity 

uitable for ADC [17] . Using the clone 01a033, we developed GPC1-ADC 

nd showed that this ADC strongly inhibited the tumor growth in the 
xPC-3 xenograft model [19] . These results demonstrate that GPC1-ADC 

as the advantage over the naked antibody by exerting direct killing effect 
n GPC1-positive tumor cells including those with relatively low GPC1 
xpression. 

Humanized GPC1-ADC(MMAE) may have weaknesses due to its potent 
illing activity on GPC1-positive cells. For example, it has been reported that 
PC1 is expressed on vascular endothelial cells [29] , raising the question 

f whether humanized GPC1-ADC(MMAE) might show a toxic effect on 
ascular endothelial cells. It should be noted that MMAE is known to be
ecognized as a substrate by multidrug resistance-1 (MDR-1) [30] , which is 
ighly expressed in vascular endothelial cells. Thus, even humanized GPC1- 
DC(MMAE) is incorporated into the GPC1-positive vascular endothelial 
ells, intracellularly released MMAE would be efficiently effluxed by MDR-1 
31] . In addition, we used human IgG4, a subclass lacking ADCC and CDC
ctivity, to generate the humanized anti-GPC1 antibody. Thus, humanized 
PC1-ADC(MMAE) may show little toxicity to vascular endothelial 

ells, although this should be evaluated very carefully in future clinical 
tudies. 

Taken together, our preclinical results validate GPC1 as a cancer antigen 
or ADC as a potential therapeutic approach. Future studies are needed 
o determine the threshold of the GPC1 expression required to achieve 
fficient ADC-induced antitumor efficacy. This information is crucial for 
eveloping companion diagnostics to stratify patient populations in clinical 
evelopment. 

ata availability 

All data generated or analyzed during this study are included in this 
ublished article and its supplementary information files. 
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