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Abstract

Background: Pancreatic cancer is one of the most aggressive malignancies without effective targeted therapies.
MUCT has emerged as a potential common target for cancer therapy because it is overexpressed in a variety of dif-
ferent cancers including the majority of pancreatic cancer. However, there are still no approved monoclonal antibody
drugs targeting MUCT have been reported. Recently, we generated a humanized MUCT antibody (HzZMUCT) specific
to the interaction region between MUC1-N and MUC1-C. In this study, we generated the antibody drug conjugate
(ADC) by conjugating HzMUCT with monomethyl auristatin (MMAE), and examined the efficacy of HZMUCT-MMAE
against the MUCT-positive pancreatic cancer in vitro and in vivo.

Methods: Western blot and immunoprecipitation were used to detect MUCT in pancreatic cancer cells. MUCT
localization in pancreatic cancer cells was determined by confocal microscopy. HzZMUCT was conjugated with the
monomethyl auristatin (MMAE), generating the HzMUCT-MMAE ADC. Colony formation assay and flow cytometry
were used to assess the effects of the HZMUCT-MMAE cell viability, cell cycle progression and apoptosis. Capan-2 and
CFPAC-1 xenograft model were used to test the efficacy of HZMUCT-MMAE against pancreatic cancer.

Results: HzMUC1 antibody binds to MUC1 on the cell surface of pancreatic cancer cells. HzZMUC1-MMAE signifi-
cantly inhibited cell growth by inducing G2/M cell cycle arrest and apoptosis in pancreatic cancer cells. Importantly,
HzMUCT-MMAE significantly reduced the growth of pancreatic xenograft tumors by inhibiting cell proliferation and
enhancing cell death.

Conclusion: Our results indicate that HZMUC1-ADC is a promising novel targeted therapy for pancreatic cancer.
HzMUC1-ADC should also be an effective drug for the treatment of different MUCT-positive cancers.
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Background

Pancreatic cancer is one of the most deadly can-

cers, a 5-year survival of ~5% and a median survival
Guang Wu, Lan Li and Mengnan Liu contributed equally to this work of less than 11 months, a major clinical problem [1].
At present, the treatment of pancreatic cancer is lim-
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development of novel targeted therapies for pancreatic
cancer patients is particularly important.

MUCI is a single pass type I trans-membrane glyco-
protein that is with heavily glycosylated and expressed
on the cell surface. MUCI1 protein is auto-proteolycally
cleaved at the GSVVV motif, located within the sea-
urchin sperm protein, enterokinase and agrin (SEA)
domain, generating two peptide fragments of the
MUCI-N and MUCI-C subunits. The two subunits
form heterodimers through non-covalent bonds [3].
MUCI-N is composed of variable tandem repeat region
(VNTR) and SEA domain. The VNTR region is com-
posed of 20 amino acids that are extensively O-linked
glycosylated at the serine and threonine residues.
MUCI1-N and MUCI-C are sparingly N-linked glyco-
sylated at asparagine residues [4]. MUC1-C contains a
short extracellular region, transmembrane domain, and
a cytoplasmic tail.

MUCI is mainly located in the apical membrane of
epithelial cells. In a variety of epithelial cancers includ-
ing breast cancer and pancreatic cancer, MUCI1 is often
abnormally over-expressed and evenly distributed on
the entire surface of cancer cells due to the loss of polar
expression. Therefore, it is one of the important targets
for cancer therapy [5-11]. More than 90% of pancreatic
cancers have abnormally high expression of MUCI. The
intracellular region of MUC1-C plays a key role in the
growth and metastasis of pancreatic cancer cells. MUC1-
C associates with HIF-a and promotes its translocation
onto the nucleus, resulting in the increased production
and secretion of PDGFA, which interacts with the recep-
tor PDGFR-a signaling through PDGFR-a has an additive
effect on f-catenin translocation, enhancing MUC1-C
induced proliferation and invasion of pancreatic cancer
cells [12].

Currently, there is no antibody drug targeting MUC1
approved by the U.S. Food and Drug Administration
(FDA). The main reason is that almost all MUC1 mono-
clonal antibodies used in clinical research and develop-
ment target the high immunogenic VNTR in MUC1-N
[13]. These anti-MUCI1-N antibodies recognize either the
non-glycosylated polypeptide portion [14] or the glyco-
sylated chain of VN'TR or simultaneously recognize non-
glycosylated peptide and glycosylated chain of VNTR
[15-17]. However, all these MUC1 antibodies that only
recognize the epitopes in the MUCI1-N subunit are not
effective in clinical trials [17]. One of the main reasons is
that there are large amounts of MUC1-N shedding from
the surface of tumor cells in cancer patients [18]. The free
MUCI1-N subunit may neutralize most MUCI therapeu-
tic antibodies, which limits the amount of antibodies tar-
geting MUCI protein on the surface of tumor cells [13,
18, 19].
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We recently generated a novel mouse monoclonal anti-
body specifically recognizing the human MUC1 SEA
domain (MUC1-SEA Ab) with some inhibitory efficacy
against pancreatic cancer in xenograft model [20]. Fur-
thermore, we developed a novel humanized MUC1 anti-
body (HzMUC1) from MUC1-SEA Ab, which specifically
recognizes the interaction region between MUCI1-N and
MUCI1-C in its native state [21]. HzZMUCI1 was used to
generate antibody drug conjugate (ADC) through con-
jugation with the antineoplastic agent monomethyl
auristatin (MMAE). HZMUC1-MMAE was found to sig-
nificantly inhibit the growth of MUCI-positive trastu-
zumab-resistant HER2 positive breast tumors [21]. In this
study, we evaluated the effects of HZMUC1-ADC against
pancreatic cancer cells in vitro and in vivo. Our result
shows treatment with HzZMUC1-MMAE is a potential
therapy for the treatment of pancreatic cancer.

Methods

Antibodies

The humanized MUC1 antibody (HzMUC1) was gen-
erated as described previously [21]. Briefly, to obtain
the humanized IgG1 antibody with intact IgG format,
DNAs encoding VH and VL were synthesized (Tsingke,
China) and inserted into the modified pcDNA 3.4 expres-
sion vector (Thermo Fisher Scientific, Waltham, MA,
USA) carrying the human IgG1 constant region (CH1-
hinge-CH2-CH3) or the human kappa chain constant
region (CL). These vectors were transiently co-trans-
fected into HEK-293 F cells. After 6 days, HzMUC1
antibody was purified from culture supernatants using
Protein-A chromatography (GE Healthcare Life Sciences,
Buckinghamshire, UK).

To detect MUC1 protein in cells by western blotting
and immunoprecipitation, commercially available rab-
bit monoclonal antibody against the cytoplasmic tail of
MUCI1 (CT) (anti-MUC1-CT Ab, Catalog No. ab109185
at 1:5000) was purchased from Abcam (Cambridge, UK).
Anti-MUC1 mouse monoclonal antibody to MUC1-N
(clone GP1.4; Catalog No. AM32842PU-S at 1:2000) was
obtained from OriGene (Rockville, USA). The anti-B-
actin antibody (Catalog No. 3700 S at 1:5000), anti-Ki-67
antibody (Catalog No. 9027 S at 1:400), anti-cleaved
caspase-3 antibody (Catalog No. 9661 S at 1:1000), anti-
caspase-3 antibody (Catalog No. 9662 S at 1:1000) were
purchased from Cell Signaling (Danvers, MA, USA).

Cell culture

Human pancreatic cancer cell lines Capan-2, CFPAC-1,
SW1990, Mia-PaCa-2, PATU-8988, PANC-1, and Normal
pancreatic duct cell line hTERT-HPNE were purchased
from American Type Culture Collection (ATCC, Manas-
sas, VA, USA). Capan-2 cells were cultured in McCoy’s
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5 A medium (Thermo Fisher Scientific). CFPAC-1 cells
were cultured in Iscove’s modified Dulbecco’s medium
(IMDM, Thermo Fisher Scientific). SW1990, Mia-
PaCa-2, PATU-8988, PANC-1, and hTERT-HPNE cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Thermo Fisher Scientific). All media were sup-
plemented with 10% fetal bovine serum (Thermo Fisher
Scientific), penicillin (100 U/mL), and streptomycin
(100 pg/mL). Cells were incubated at 37 °C in an atmos-
phere of 5% CO,. HEK-293 F cells were cultured in sus-
pension with serum-free medium (Catalog No. 12338018;
Thermo Fisher Scientific), and incubated at 37 °C in an
atmosphere of 8% CO,.

Immunoblotting and immunoprecipitation

For immunoblotting, cell lysates were boiled and sepa-
rated by SDS-PAGE, transferred onto PVDF membranes
(Millipore, Billerica, MA, USA), and blocked with 5%
non fat skim milk in TBS-T for 1 h at room tempera-
ture. The membranes were probed with primary and
HRP-conjugated secondary antibodies (Jackson Immu-
noResearch Laboratories, West Grove, PA, USA), and
developed using chemiluminescence (ECL) reagent. The
immunoreactive proteins were detected using ChemiDoc
MP imaging system (Bio-Rad) and analyzed with Image
Lab 5.0 software (Bio-Rad).

For immunoprecipitation, cells were lysed in 1% NP-40
lysis buffer containing protease inhibitor cocktail mix-
tures (Selleck Biosciences, San Jose, CA). Cell lysates
were incubated with HzMUCI1 antibody overnight at
4°C and followed by incubation with Protein A bead for
an additional 1 h. The immunocomplexes were washed
with lysis buffer and denatured with Laemmle buffer, fol-
lowed by immunoblotting with anti-MUC1-CT antibody
as described previously.

Confocal microscopy

Pancreatic cancer cells were seeded on poly-L-lysine-
coated glass coverslips in 24-well culture plates. After
72 h, cells were blocked with 3% BSA, and incubated
with HzMUCI1 antibody for 1 h on ice, washed with PBS
containing 1% BSA, and incubated with Alexa Flour
488-conjugated goat anti-human IgG antibody (Jackson
ImmunoResearch) for 30 min. All samples were mounted
and observed under the Nikon A1l confocal microscope
system (Nikon, Tokyo, Japan).

Generation of antibody-drug conjugate

The HzMUC1-MMAE and human IgG-MMAE ADC
were generated as described previously [21]. Briefly,
HzMUCI or human IgG (Bethyl Laboratories, Montgom-
ery, TX, USA) were partially reduced with tris (2-carbox-
yethyl) phosphine hydrochloride (TCEP, Sigma-Aldrich
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St. Louis, USA) at 37 °C for 2 h, and the buffer was
exchanged by passing the mixture through Sephadex G25
resin and eluted with PBS. The drug-linker agent (mc-vc-
PAB-MMAE, MCE, Monmouth, NJ, USA) dissolved in
DMSO was then added to the reduced antibody at 4 °C
for 1 h. The reaction mixture was concentrated by cen-
trifugal ultra-filtration, passed through Sephadex G25,
and eluted. The eluate was then sterile filtered through a
0.2-um filter and stored 4 °C.

Colony formation assay

Cells were seeded in 48-well tissue culture plates (3 x 103
cells/well), and treated with the indicated concentra-
tions of HzMUCI1 antibody, human IgG-MMAE, and
HzMUC1-MMAE. After 5 days, colonies were fixed with
4% paraformaldehyde solution, and stained with 0.5%
crystal violet solution at RT for 20 min. Stained crystal
violet dye was solubilized with 10% acetic acid. Absorb-
ance was measured at 540 nm using a microplate reader
(Molecular Devices, San Jose, CA). The inhibitory con-
centration (ICy,) for HZMUC1-MMAE was determined
using SPSS statistics software.

Cell cycle analysis

Pancreatic cancer cells were treated with HzMUC1-
MMAE for 24 h, harvested by trypsinization, washed
with cold PBS, and fixed with cold 70% ethanol at 4 °C for
2 h. The fixed cells were washed with PBS and incubated
with Propidium iodide (Dojindo, Kumamoto, Japan) at
37 °C in the dark for 30 min and detected by Flow cytom-
etry (NovoCyte"', ACEA Biosciences, Hangzhou, China)
and analyzed using the NovoExpress software.

Apoptosis assay

Cells were seeded in 6-well culture plates, and treated
with the indicated concentrations of human IgG-MMAE
and HzMUC1-MMAE. After 72 h, cells were harvested
with trypsin-EDTA and washed with FACS buffer. The
apoptotic cells were stained with annexin V and propid-
ium iodide (Dojindo) for 15 min at RT in the dark, and
analyzed via Flow cytometry (NovoCyte ', ACEA Bio-
sciences) using the NovoExpress software.

Xenograft tumor studies

The experimental protocol was approved by the by the
Institutional Animal Care and Use Committee of Wen-
zhou Medical University (Permit Number: 2020-015).
Capan-2 cells (3.5 x 10°) or CFPAC-1 cells (3 x 10°) were
resuspended in 50% Matrigel (Corning, Bedford, MA,
USA) and injected subcutaneously into the dorsal right
flank of six-week old female BALB/c nu/nu mice (pur-
chased from GemPharmatech, Jiangsu, China) .When
the tumors grew up to about the size of 120 ~ 150 mm?,
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mice were randomly divided into two groups, PBS and
HzMUC1-MMAE (5 mg/kg). PBS or ADCs were injected
intravenously into the mice every six days for three
times. Tumor diameters were measured with calipers,
and tumor volumes were calculated using the formula,
V=width? x length/2. Mice were sacrificed on the 18th
(Capan-2 tumor) or 21st day (CFPAC-1 tumor) after
ADCs injection. On day 18 ~21 after ADCs injection, all
mice were euthanized, and the tumors were surgically
excised, weighed, fixed in 10% formalin, and embedded
in paraffin.

Immunohistochemistry

Paraffin blocks of tumor were sliced into 4 pm-thick
sections and dried onto slides. The sections were depar-
affinized, rehydrated, and treated with 3% hydrogen
peroxide for 30 min. For antigen retrieval, slides were
immersed in citrate solution (pH 6.0) heated at 121 °C
for 20 min, and then blocked with 3% normal horse
serum for 30 min. The slides were incubated with anti-
Ki-67 antibody (1:400) or anti-cleaved caspase-3 anti-
body (1:100) overnight at 4 °C followed by incubated with
HRP-conjugated anti-rabbit IgG antibody (ZSGB-BIO,
Beijing, China) for 1 h. The immunoreactivities were
detected with 3,3’-diaminobenzidine (DAB, ZSGB-BIO)
and examined under an Eclipse Ci microscope (Nikon,
Japan).

Statistical analysis

All data are presented as mean=standard deviation.
Statistical significance of differences between two sam-
ples was performed using unpaired two-tailed Student’s
t-test. One-way ANOVA with Bonferroni’s multiple com-
parison test correction was used to analyze data among
multiple groups. Statistics were performed using Prism
(Graph Pad Software Inc). Statistically significance was
considered when p-value was less than 0.05. All experi-
ments were repeated at least three times.

Results

HzMUC1 antibody binds to MUC1 on the cell surface

of pancreatic cancer cells

To examine if the HZMUC]1 antibody recognizes MUC1
protein in pancreatic cancer cells, we performed west-
ern blot analysis with lysates from Capan-2, CFPAC-1,
PANC-1, Mia-PaCa-2, PATU-8988, SW1990 cells, and
hTERT-HPNE cells. The commercial anti-MUC1-NT
antibody (epitope: DTRP in the tandem repeats) detected
MUCI-N protein in pancreatic cancer cells, with the
highest expression of MUC1-N in Capan-2 and CFPAC-
1, followed by PANC-1 cells, and the lower extend in
Mia-Paca-2 and PATU-8988, but not detected in SW1990
and Normal pancreatic duct cell line hTERT-HPNE cells.
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We therefore used the SW1990 cell line as a negative
control throughout this study (Fig. 1A).

To evaluate whether the HZMUCI1 antibody recognizes
endogenous MUCI in the native state in cells, HZMUC1
antibody was used to immunoprecipitate MUCI followed
by immunoblot analysis in the above three cell lines. The
result showed that HzMUCI1 immunoprecipitated the
native MUCL1 proteins in Capan-2 and CFPAC-1 cells
(Fig. 1B). The amount of immunoprecipitated MUC1-N
in Capan-2 cells was similar to that in CFPAC-1 cells. In
contrast, the amount of immunoprecipitated MUC1-C
in Capan-2 cells was about~3 fold higher than that in
CFPAC-1 cells. Furthermore, these cells were immu-
nostained with HzZMUC1 without permeabilization and
fixation. Consistently with the immunoprecipitation
result, the immunofluorescent staining signals were sig-
nificantly higher on the cell surface of Capan-2 cells than
that of CFPAC-1 cells, whereas immunofluorescent stain-
ing signal was detected in SW1990 cells (Fig. 1C). These
results indicate that the HzMUCI antibody efficiently
recognizes the native form of MUCI1 protein in and on
the surface of MUC1 + pancreatic cancer cells.

HzMUC1-MMAE inhibit the growth of MUC1 positive
pancreatic cancer cells

We investigated the efficacy of HzMUCI1 antibody
conjugated with chemotherapeutic drugs on pan-
creatic cancer cells. Firstly, we used valine-citrulline
dipeptide as linker to conjugate HzMUCI1 antibody
with monomethyl auristatin E (MMAE), a microtu-
bule polymerization inhibitor, generating the antibody
drug conjugate, HzMUC1-MMAE. Then, we exam-
ined whether HZMUC1-MMAE can inhibit the growth
of pancreatic cancer cells. MUC1 positive (Capan-2,
CFPAC-1, PANC-1), MUCI negative (SW1990) pancre-
atic cancer lines and Normal pancreatic duct cell line
hTERT-HPNE were treated with different concentra-
tions of human IgG-MMAE, HzZMUC1-MMAE and ana-
lyzed using colony formation assay. As an isotype control,
human IgG-MMAE did not have significant effect on the
growth of Capan-2, CFPAC-1, PANC1, SW1990, and
hTERT-HPNE cells. In contrast, compared with human
IgG-MMAE, HzMUC1-MMAE significantly reduced the
proliferation of Capan-2 cells (IC5,=26 nM), CFPAC-1
(IC5,=50 nM) and PANCI (IC;,=59 nM). HzMUC1-
MMAE was most sensitive to Capan-2 cells followed by
CFPAC-1 and PANC-1 cells (Fig. 2). HzMUC1-MMAE
did not have significant effect on the growth of MUC1
negative cells SW1990.

In addition, we tested the effect of HzMUCI antibody;,
drug-linker agent (Mc-vc-PABC) and MMAE separately
on cell proliferation of the four cell lines mentioned
above. HZMUCI antibody and drug-linker agent could
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Fig. 1 HzMUCI1 antibody binds to MUC1 on the cell surface of pancreatic cancer cells. A Lysates from SW1990, Mia-PaCa-2, PATU-8988, PANC-1,
CFPAC-1, and Capan-2 pancreatic cancer cell lines, and hTERT-HPNE (a normal epithelial pancreatic cell line) were resolved by SDS-PAGE and
immunoblotted with the commercially available anti-MUCT N-terminal (NT) antibody and reprobed with anti-B-actin antibody as loading control.
B Cell lysates from Capan-2, CFPAC-1, and SW1990 cells were immunoprecipitated with human IgG or HZMUC1 antibody and immunoblotted
with the anti-MUC1-NT antibody or anti-MUC1-CT antibody. C HzMUCT1 antibody binds to MUCT protein on the cell surface. Capan-2, CFPAC-1
and SW1990 cells grown on coverslips were washed with PBS, incubated with HzZMUC1 antibody (1 pg/well) on ice, and subsequently with Alexa
488-conjugated secondary antibody, and examined with fluorescent (upper panels) and phase contrast (lower panels) confocal microscopy. Scale
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not effectively inhibit the growth of cells (Fig. 2, Addi-
tional file 1: Figures S1, S2). In contrast, MMAE alone
inhibited the growth of Capan-2, CFPAC-1, and hTERT-
HPNE cells, with IC;, of 108 nM, 79 nM, and 86 nM,
respectively, and did not affect the growth of SW1990
cells (Fig. 2, Additional file 1: Figures S1, S2). Our results
indicate that HZMUC1-MMAE can inhibit the growth of
MUCI1 positive pancreatic cancer cells.

HzMUC1-MMAE induces G2/M cell cycle arrest of MUC1
positive pancreatic cancer cells

To examine whether HzMUC1-MMAE affects cell
cycle progression of pancreatic cancer cells, cells were
treated the different concentrations of HzMUCI-
MMAE (10, 20, 40 nM) for 24 h being subjected to
DNA content analysis by flow cytometry (Fig. 3). As
expected, HzMUC1-MMAE did not have any effect on

cell cycle progression of MUCI1 negative SW1990 cells.
In contrast, HZMUCI1-MMAE significantly increased
the G2/M cell contents of Capan-2 and CFPAC-1
cells compared with cells treated with vehicle control
(Fig. 3A, B). HzZMUC1-MMAE increased the G2/M
content in a dose dependent manner, from ~13 to
26% in Capan-2 cells and 9 to 14% in CFPAC-1 cells
(Fig. 3B). Furthermore, HzMUC1-MMAE significantly
increased the sub-G1 cell contents of Capan-2 and
CFPAC-1 compared with cells treated with vehicle con-
trol (Fig. 3A, B). HzMUC1-MMAE increased the sub-
G1 content in a dose dependent manner, from 2 to 6%
in Capan-2 cells and 2 to 5% in CFPAC-1 cells (Fig. 3B).
Our results indicate that HzZMUC1-MMAE not only
causes cell G2/M cycle arrest but also induces apopto-
sis of MUCI1 positive pancreatic cancer cells.



Wau et al. Cancer Cell International (2022) 22:417 Page 6 of 14
Capan-2 CFPAC-1 PANC-1

120 120 120 ]
e e e
g 100 : S 100 S 100 ey
°5 °5 5
o5 80 o5 80 o5 80
= C = C = C
8 8 60 88 60 3 8 60
05 05 05
52 ¥ =2 R
E 20 IC5, =26 NM K2 20 ICsy = 50 NM B 20 IC55 =59 NM

100 107 102 100 101 102 100 10" 102
Concentration (nM) Concentration (nM) Concentration (nM)
SW1990 hTERT-HPNE

120 - 120
e
3 100 H‘T":ti:H % 100 =
£9 5o 55 a0 + HzZMUC1AD
- = c
D 9O ® O + Human IgG-MMAE
c2 60 oo + HZMUC1-MMAE
=2 40 2 o 40
B 8
E 20 K 20

100 107 102 100 107 102

Concentration (nM)

Concentration (nM)

Fig. 2 HzMUCT-MMAE inhibits the growth of pancreatic cancer cells. Capan-2, CFPAC-1, PANC-1, SW1990, and hTERT-HPNE cells were plated at low
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HzMUC1-MMAE enhances apoptosis of MUC1 positive
pancreatic cancer cells

To further provide evidence that HzMUC1-MMAE
induces apoptosis of pancreatic cancer cells, cells were
treated the human IgG-MMAE (10, 20, 40 nM) or
HzMUC1-MMAE (10, 20, 40 nM) for 72 h and then
stained with propidium iodide (cell death marker)
and annexin V (early apoptosis marker) (Fig. 4). As an
isotype control, human IgG-MMAE did not increase
apoptosis of Capan-2, CFPAC-1, SW1990, and hTERT-
HPNE cells. In contrast, HZMUC1-MMAE significantly
enhanced apoptosis of Capan-2 and CFPAC-1 cells
compared with control (Fig. 4A, B). HzZMUC1-MMAE
induced apoptosis in a dose dependent manner, from
~14 to 24% in Capan-2 cells and 5 to 11% in CFPAC-1
cells (Fig. 4B, P <0.05). Furthermore, HzZMUC1-MMAE
did not increase apoptosis of MUCI1 negative cells
SW1990 and Normal pancreatic duct cells hTERT-
HPNE. Our results further support that HzMUC1-
MMAE significantly enhances apoptosis of MUCI1
positive pancreatic cancer cells.

HzMUC1-MMAE inhibits the growth of MUC1 positive
pancreatic tumors in xenograft

To examine the efficacy of the HzMUC1-MMAE in
decreasing pancreatic tumor growth in vivo, we uti-
lized our established pancreatic tumor xenograft mouse
model and evaluated the growth of tumors after injection
of the ADC into mice. First, BALB/c nu/nu mice were
subcutaneously injected with CFPAC-1 cells. When the
CFPAC-1 tumors reached the sizes of 150 mm?, mice
were randomized into two groups and treated with PBS
and HZzZMUC1-MMAE (5 mg/kg). When assessing tumor
volume and weight, we discovered that mice treated
with the HzMUC1-MMAE displayed reduced growth
of CFPAC-1 tumors compared to PBS-treated mice
(Fig. 5C-E).

Furthermore, BALB/c nu/nu mice were subcutane-
ously injected with Capan-2 cells. When the Capan-2
tumors reached the sizes of 120 mm?, the mice were
intravenously injected through the tail vein with PBS and
HzMUC1-MMAE. Compared to PBS treatment, treat-
ment with HzZMUCI-MMAE (5 mg/kg) dramatically
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inhibited the growth of Capan-2 xenograft tumors
(Fig. 6C-E). The expression of MUC1 in Capan-2 and
CFPAC-1 tumor tissue was examined by immunostain-
ing with the anti-MUC1-CT antibody. The treatment of
HzMUC1-MMAE does not affect MUC1 protein lev-
els in xenograft tumor tissues (Additional file 1: Fig.
S3). Ki-67 immunohistochemistry analysis revealed that
the HzZMUC1-MMAE treatment significantly reduced
the proliferation of Capan-2 and CFPAC-1 tumor cells
(Fig. 7A, B). Concurrently, the result of cleaved caspase-3
immunohistochemistry and immunoblot showed that
HzMUC1-MMAE at the 5 mg/kg dose induced higher
level of apoptosis compared with PBS in Capan-2 and
CFPAC-1 tumors (Fig. 7C, D). Furthermore, the body
weights of the mice were not affected by treatments with
HzMUC1-MMAE, indicating that the antibody-drug
conjugate had no notable side effects (Figs. 5B, 6B). Col-
lectively, these experiments indicate that the efficacy of
HzMUC1-MMAE against pancreatic tumors in xenograft
models depends on the MUCTI level in pancreatic cancer
cells.

Discussion

Pancreatic cancer is a very challenging disease because
most of the patients are already at the advanced stage
before being diagnosed [22, 23]. Despite extensive efforts
in searching for effective treatments for pancreatic can-
cer, there has been no major breakthrough for decades.
The most difficult obstacle for the treatment of pancre-
atic cancer is the lack of symptoms for the disease at the
early stage, and the late diagnosis of the disease at the
advanced stage [23]. Another reason for the ineffective
treatment of pancreatic cancer is that most of the stand-
ard therapeutics is consisted of the cytotoxic chemother-
apy drugs, which have limited impact on overall survival
[24, 25]. Therefore, there is an immediate need to develop
effective targeted therapy for pancreatic cancer.

We previously developed the humanized MUC1 mon-
oclonal antibody targeting MUC1. The HzMUCI1 anti-
body targets the interaction region between MUC1-N
and MUCI-C, unlike most current MUC1 antibodies
that target variable tandem repeat region (VNTR) of
MUCI1-N [26]. MUC1-N subunit is frequently shed from
tumor cells and present freely in the extracellular matrix
and blood circulation in patients [27]. The free MUC1-
N subunit could neutralize MUCI1 therapeutic antibod-
ies targeting MUCI1-N. However, HzMUC1 antibody
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only binds the MUC1-N/MUCI-C heterodimer, which
is present mainly on the surface of tumor cells, making
it an ideal therapeutic antibody against MUC1 [21]. To
address the clinical need for improved pancreatic can-
cer therapy, we here evaluated the potential utility of
HzMUC1-MMAE ADCs in treating pancreatic cancer.
The HzMUCI1 antibody immunoprecipitated MUC1-
N and MUC1-C from the pancreatic cancer cell lines
Capan-2 and CFPAC-1 (Fig. 1B). This indicates the ability
of HzMUCI1 to bind the endogenous MUCI in its native
structure. In addition, confocal microscopy analysis of
Capan-2 and CFPAC-1 cells clearly revealed that the
HzMUCI1 recognized MUC1 on the surface of pancreatic
cancer cells (Fig. 1C). We determined that the HzMUC1
can specifically target MUCI on the surface of pancreatic
cancer cells.

The antibody is the main component of the antibody-
drug conjugate. It should possess the target specificity
and high binding affinity to the tumor antigens [28, 29].
In addition, the expression level of antigen on the surface
of tumor cells will affect the antitumor activity of ADC
[30-33]. Under normal physiological conditions, MUCI-
N and MUCI-C heterodimers are formed through
non-covalent bonds and are localized in the plasma
membrane. However, this heterodimer can be dissociated
under the stimulation of proinflammatory cytokines.
Interferon-y and TNF-a enhance the activity of extra-
cellular integrin metalloproteinase, and the catalysis of
these enzymes leads to the shedding of MUCI1-N from
the cell surface. However, the molecular mechanism of
how MUCI1-N shed from the cell surface is unclear [34,
35]. It has been reported that MUCI protein is expressed
at high levels over the entire surface of tumor cells from
diverse types [8]. Its isoforms consist of the full-length
type containing SEA domain, and MUCI1-C type [8].
However, the expression level of each MUC]1 isoform on
the surface of cancer cells is unclear, especially in pan-
creatic cancer. Therefore, we emphasize here that the
HzMUCI1 antibody recognizes a MUCI1 isoform, which
contains SEA domain, expressed on the surface of pan-
creatic cancer cells. Importantly, we found that the conju-
gate of HZMUC1 and MMAE as ADC is very effective in
killing MUCI1 positive pancreatic cancer cells at low con-
centration (Fig. 2). We also found that HzMUC1-MMAE
treatment could effectively inhibit the growth of estab-
lished Capan-2 xenograft tumor in BALB/c nu/nu mice
without weight loss or other obvious toxicity (Fig. 6).

(See figure on next page.)

Fig. 4 HzMUC1-MMAE induces apoptosis in pancreatic cancer cells. A The Capan-2, CFPAC-1, SW1990, and hTERT-HPNE cells were treated with
HzMUC1-MMAE (10, 20, 40 nM) or human IgG-MMAE (10, 20, 40 nM) for 72 h. The cells were stained with annexin V and propidium iodide, and
analyzed by flow cytometry using NovoExpress software. B Quantification of the flow cytometry analysis data from (A). The mean values from
three different experiments were presented. HzZMUC1-MMAE group was compared with control group. Statistical analyses were performed using
One-way ANOVA with Bonferroni’s multiple comparision test, *P < 0.05, ***P < 0.001, ****P < 0.0001
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Fig.5 HzMUC1-MMAE impairs the growth of CFPAC-1 cell derived xenograft tumors. BALB/c nu/nu mice were subcutaneously injected with
CFPAC-1 cells to induce tumor formation. Once the tumors reached 150 mm? in volumes, the mice were randomized into two groups (seven mice/
group) and treated with PBS (n=7) or HZMUC1-MMAE (5 mg/kg, n=7) by intravenous injection three times (once every 6-day). A HzZMUC1-MMAE
dosing scheme. B Body weights of mice for each treatment group. C The growth of tumor volumes over the experimental period. D Images of
isolated tumors from mice euthanized at the end of experimental period. E Tumor weights for each treatment group. Statistical analyses were
performed using unpaired two-tailed Student’s t-test. *P < 0.05, **P < 0.01, the HZMUC1-MMAE group was compared with that of PBS control group

Interestingly, our results revealed that HzMUCI- hyperglycosylated in the region that is recognized by
MMAE is less effective in inhibiting the growth of HzMUCI in CFPAC-1 cells, which prevents HzMUC1-
CFPAC-1 tumors compared with that of Capan-2 MMAE from binding the cell surface MUCI and killing
tumors (Figs. 5, 6). One possibility is that MUCI is CFPAC-1 cells in vivo. There are many O-linked and five
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the HzMUCT-MMAE group was compared with that of PBS control group

(See figure on next page.)

Fig. 7 HzMUC1-MMAE inhibits the growth of Capan-2 and CFPAC-1 tumor by reducing cell proliferation and inducing apoptosis. Tumors dissected
from mice treated with PBS or HZMUC1-MMAE (5 mg/kg) were sectioned, and subjected to immunohistochemistry staining with anti-Ki-67 (A)

and anti-cleaved caspase-3 (C) antibodies respectively. Scale bar =50 um. B Quantification of the Ki-67 immunohistochemistry results. Ki-67
positive tumor cells were counted from five random 400x microscopic fields for each section. D Protein samples from Capan-2 and CFPAC-1 tumor
tissues were resolved by SDS-PAGE and immunoblotted with anti-cleaved caspase 3 and anti-caspase 3 antibodies, and reprobed with anti-3-actin
antibody as loading control. Statistical analyses were performed using unpaired two-tailed Student’s t-test. ****P <0.0001, indicate statistical

significance compared to PBS control group
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predicted N-linked glycosylation sites in the extracellular
domain of MUCI1 protein [36], in which two of predicted
N-linked glycosylation sites are potentially located in
the interaction region between MUC1-N and MUCI1-C.
Consistent with this hypothesis, immunostaining using
HzMUCI1 showed that MUCI1 fluorescent signal on the
cell surface is much lower in CFPAC-1 cells compared
with in Capan2 (Fig. 1C). Published study also demon-
strated that N-linked glycosylation of PD-L1 decreases
anti-PD-L1 antibody binding affinity to PD-L1 and inter-
feres accurate detection of PD-L1 level in human cancer
cells [37]. The second possibility is that the decreased
affinity of HzMUCI to human MUCI, after humaniza-
tion of mouse anti-MUC1 SEA antibody through modi-
fication by CDR grafting technology (data no shown),
contributes to the reduced efficacy of HzMUC1 against
CFPAC-1 tumors in vivo. In the future, we plan to
improve the binding affinity of HzMUC1 to MUC1 by
screening the human Ig phage display library using the
variable region of the mouse anti-MUC1 SEA antibody
as the template and the MUC1 SEA domain region as
the antigen, which should help generate higher affinity
humanized antibodies that mimic the variable region of
the mouse monoclonal antibody and bind to the same
antigen determinant as described [38].

ADC is a monoclonal antibody conjugated with a
potent cytotoxic drug through appropriate links. It has
been proved to be an effective targeted drug (such as
T-DM1) for the treatment of HER2 positive breast can-
cer [35]. MMAE is a synthetic derivative of dolastatin 10,
which inhibits mitosis by inhibiting tubulin polymeriza-
tion. MMAE as an payloads of ADC widely used in clini-
cal trials and clinical practice, and has reliable efficacy
and safety [39]. Our data show that HZMUC1-MMAE
treatment could induce the G2/M cell cycle arrest and
apoptosis in the MUC1 positive pancreatic cancer cells
Capan-2 and CFPAC-1 (Figs. 3, 4).

In conclusion, our HZMUC1-MMAE ADC significantly
inhibits the growth of MUCI positive pancreatic cancer
cells in vitro and in vivo. The HzMUC1 ADC is a poten-
tially effective antibody drug for the treatment of pancre-
atic cancer.
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