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A B S T R A C T

Pancreatic ductal adenocarcinoma (PDAC) is an extremely aggressive malignancy with very limited treatment
options. Antibody drug conjugates (ADCs) are promising cytotoxic agents capable of highly selective delivery.
Aspartate-β-hydroxylase (ASPH) is a type II transmembrane protein highly expressed in PDACs (97.1%) but not
normal pancreas. We investigated anti-tumor effects of an ADC guided by a human monoclonal antibody (SNS-
622) against ASPH in human PDAC cell lines and derived subcutaneous (s.c.) xenograft as well as a patient-
derived xenograft (PDX) murine model with spontaneous pulmonary metastasis. The cytotoxic effects exhibited
by several candidate payloads linked to SNS-622 antibody targeting ASPH+ PDACs were analyzed. After i.v.
administration of SNS-622-emtansine (DM1) ADC, the primary PDAC tumor growth and progression (number
and size of pulmonary metastases) were determined. The PDAC cell lines, s.c. and PDX tumors treated with ADC
were tested for cell proliferation, cytotoxicity and apoptosis by MTS and immunohistochemistry (IHC) assays.
SNS-622-DM1 construct has demonstrated optimal anti-tumor effects in vitro. In the PDX model of human PDAC,
SNS-622-DM1 ADC exerted substantially inhibitory effects on tumor growth and pulmonary metastasis through
attenuating proliferation and promoting apoptosis.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most ag-
gressive malignancies. Approximately, 80–85% of PDAC patients pre-
sent with unresectable tumors at the time of diagnosis and over 90% of
patients do not survive longer than 5 years with this malignancy [1,2].
Despite efforts in the development of surgery, chemoradiotherapy and
immunotherapy, pharmacologic treatment of PDAC has remained
challenging with very limited options. Therefore, it is essential to ex-
plore new strategies including targeted drugs for individuals with un-
resectable PDAC.

Antibody drug conjugates (ADC) are primarily designed to deliver a

potent cytotoxic agent with high selectivity into tumor cells using an
antibody directed against a specific antigen on the surface of tumor
cells. Upon binding, the ADC is rapidly internalized, as a key determi-
nate of anti-cancer efficacy [3]. Aspartate-β-hydroxylase (ASPH) is a
type II transmembrane protein highly expressed in PDACs. We have
previously reported robust ASPH protein expression in 101 of 104
PDACs (97.1%) using tissue microarrays, whereas no immunoreactivity
in pancreatitis, normal pancreas, normal intestine or pancreatic neu-
roendocrine tumor [4]. In this study, we describe the development,
evaluation and implementation of a novel ADC containing a cytotoxic
payload as a potential therapeutic agent for ASPH positive PDACs and
distant pulmonary metastatic spread.
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2. Materials and methods

2.1. Cell lines

The human pancreatic cancer cell lines AsPC-1 and MIA PaCa2 were
purchased from the American Type Culture Collection. Cells were cul-
tured at 37 °C in a humidified atmosphere containing 5% CO2 in cor-
responding medium supplemented with 10% fetal bovine serum and
penicillin-streptomycin. The culture medium used was RPMI 1640 for
AsPC-1, and high-glucose (25mM D-glucose) Dulbecco's Modified
Eagle's Medium (DMEM) for MIA PaCa2 cells, respectively. We have
established a stable MIA PaCa2 cell line overexpressing ASPH by using
the lentiviral transfection system [4,5].

2.2. Antibody

The anti-ASPH human antibody “622” was generated as described
previously [6]. The murine monoclonal antibody (FB50) was developed
in our laboratory [7]. Anti-Phospho-Histone H3 (Ser10) (#9701), and
anti-Cleaved Caspase-3 (Asp175) (#9661) antibodies were purchased
from Cell Signaling Technology. Anti-Ki67 antibody (NCL-Ki67p) was
purchased from Leica Biosystems. Anti-GAPDH antibody (sc-32233)
was purchased from Santa Cruz Biotechnology. The TUNEL colorimetric
IHC detection kit was obtained from ThermoFisher Scientific and per-
formed according to manufacturer instructions.

2.3. Development of ADCs with cytotoxic payloads

SNS-622 was conjugated to one of the three different drugs: may-
tansinoid (DM1), monomethyl auristatin E (MMAE) or duocarmycin
(DUO). DM1 was conjugated via a non-cleavable thioether linker mal-
eimidocaproyl (MC), while MMAE or DUO were conjugated using va-
line-citruline (vc) containing linkers, which are cleavable by cathepsin
B in the endosomal compartment (Table I supplemental information).
DM1 was conjugated at a 10:1M ratio with antibody while MMAE and
DUO was conjugated at a drug-to-antibody ratio (DAR) of 5:1 and 2.2:1,
respectively. Conjugation of drugs to the SNS-622 antibody had little
effect on its affinity for antigen, ASPH. Drug-Linker payloads were
purchased from Levena Biopharma (San Diego, CA). Conjugates were
purified by dialysis using a 30 K Da MWCO Dialysis Device overnight in
1× PBS (pH 7.4) with a total of three buffer changes.

ADCs were characterized by UV-vis, SDS-PAGE, HIC-HPLC and SEC-
HPLC. DARs were determined by UV-vis & HIC-HPLC (Tables I and II;
supplemental information). Binding affinities were determined by im-
munoassay on fixed cancer cells (H460, human lung cancer line): ∼0.1,
0.2 and 0.5 nM for SNS-622-DM1, SNS-622-MMAE and SNS-622-DUO,
respectively. The affinity of SNS-622 for ASPH as expressed on live cells
has previously been shown to be ∼1 nM.

2.4. Immunohistochemistry staining

Immunohistochemistry (IHC) staining was performed as previously
described [4]. In brief, IHC was conducted on 4-μm thick formalin-fixed

paraffin embedded (FFPE) unstained sections. After deparaffinization
and antigen retrieval, endogenous peroxidase activity was quenched by
a 30-min treatment with 3% hydrogen peroxide dissolved in methanol.
The staining procedure was performed using the VECTASTAIN Elite
ABC kit (PK-6101, PK-6102 and PK-6103 Vector Laboratories). Primary
antibodies were incubated at 4 °C overnight. Color development was
performed using DAB Peroxidase (HRP) substrate kit (SK-4100, Vector
Laboratories). Subsequently, Hematoxylin staining was performed.

For quantitation of cell staining, 6 microscopic fields were randomly
selected at 400× . The total number of DAB positive staining cells in-
cluding nuclear staining, were counted for each sample and the per-
centage of positive cells was calculated. For quantitation of the staining
on tissue sections, immunostained slides were scanned at a magnifica-
tion of 100× , then DAB and Hematoxylin staining were evaluated
using ImageJ software (U. S. National Institutes of Health, Bethesda,
Maryland, USA, https://imagej.nih.gov/ij/), with plugin “Color
Deconvolution” [8].

2.5. MTS assay

The cytotoxicity of each ADC was measured using an MTS assay kit
containing a tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt;
MTS] (Promega #G3582). Cells were seeded on a 96-well plate at a
density of 5,000 cells/well. Cells were incubated for 48 h with naked
antibody or ADC, respectively. Naked antibody or ADC was sterilized
through a 0.22 μm spin filter before use. To determine numbers of live
cells, MTS solution was added to the incubation for the final 1 h and
absorbance was measured in a microplate reader at a wavelength of
490 nm with a reference at 690 nm.

2.6. Western blots

Western blot analysis was performed as previously described [9]. In
brief, cell lysates were separated by SDS-PAGE and transferred to PVDF
membranes. Blots were incubated with each primary antibody over-
night at 4 °C and then incubated with corresponding secondary anti-
bodies for 1 h. Protein expression was visualized with enhanced che-
miluminescence by ECL Western blotting system (SuperSignal West
Pico Chemiluminescent Substrate; Thermo Scientific, Waltham, MA,
USA).

2.7. Animal model

The orthotopic model using the MIA PaCa2 vector and ASPH high
expressing cell lines were established as described [4]. We also estab-
lished a patient-derived xenograft (PDX) murine model from patients
undergoing surgical resection of PDAC at Rhode Island Hospital. The 5
to 6-week-old female NOD scid gamma (NSG) mice were employed. The
surgically resected tumor tissue was diced into 5×5×5mm3 pieces.
One piece of tumor tissue was subcutaneously transplanted into each
mouse via a small incision in the lower back after anesthesia with
isoflurane. An analgesic with Buprenorphine was injected for 3 days
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ADC antibody drug conjugate
ASPH aspartate-β-hydroxylase
DMEM Dulbecco's Modified Eagle's Medium
DM1 N2'-deacetyl-N2'-(3-mercapto-1-oxopropyl)-maytansine
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EGF epidermal growth factor
FFPE formalin-fixed paraffin embedded
H&E hematoxylin and eosin stain

IACUC Institutional Animal Care and Use Committee
IHC immunohistochemistry
I.V. intravenous
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MMAE monomethyl auristatin E
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PDX patient-derived xenograft
T-DM1 ado-trastuzumab emtansine
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Fig. 1. Comparisons of anti-tumor effects generated by different ADCs in human PDAC cell lines. IHC staining using murine FB50 and human 622 antibodies
against ASPH in (A) MIA PaCa2 cells with exogenous ASPH and (B) AsPC-1 cells with high endogenous ASPH. MTS assay was performed in (C) MIA PaCa2 and (D)
AsPC-1 cells. These cell lines were incubated with different concentrations (range: 0–50 or 0–500 nM, respectively) of ADCs: 622-MMAE, 622-DUO, 622-DM1 and
control unconjugated FB-50 and 622 mAbs for 48 h. The initial concentration of MIA PaCa2 and AsPC-1 plated cells in the MTT assay were the same in all groups.
Values represented mean ± S.D. from experiments performed in triplicate. MMAE, monomethyl auristatin E; DUO, duocarmycin; DM1, emtansine. (E) Structure of
SNS-622-DM1 conjugate.
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after surgery. The SNS-622 naked antibody or SNS-622-DM1 was ad-
ministered by intravenous tail-vein injection. Body weight and tumor
size were measured twice a week. Tumor volume was calculated using
the modified ellipsoid formula (0.5× length×width2) [10,11]. Body
weight was measured twice a week. After 5–8 weeks, the animals were
euthanized. All lung tissues were immersed in Bouin's fixative solution
(Sigma-Aldrich, HT10132) and metastatic nodules on the surface of the
lungs were counted. Animal experiments were conducted in accordance
with the guidelines of the Institutional Animal Care and Use Committee
(IACUC) at Rhode Island Hospital.

2.8. Statistical analysis

All statistical analyses were performed using SPSS software (version
16.0). Differences between two groups were evaluated by student's t-
tests unless otherwise stated. Equality of variance was examined using
the f-test. A p value of< 0.05 (2-tailed) was considered statistically
significant.

3. Results

3.1. Cytotoxicity on ASPH overexpressing PDAC cell lines exhibited by SNS-
622 anti-ASPH antibody conjugates

The anti-tumor effects of SNS-622 conjugated to multiple cytotoxic
payloads including MMAE, DUO, and DM1 on MIA PaCa2 (stably
transfected and overexpressing ASPH) and AsPC-1 (with high

endogenous expression of ASPH) cell lines were evaluated [4]. The IHC
staining revealed ASPH was highly expressed in both cell lines and
recognized by both murine (FB50) and human SNS-622 anti-ASPH
antibodies (Fig. 1A and B).

A MTS assay was performed using the tetrazolium compound to
evaluate cytotoxicity over a range of drug concentrations. Examples of
positive and negative results among several candidate cytotoxic pay-
loads delivered by SNS-622 are depicted in Fig. 1C and D. The highest
activity was demonstrated with SNS-622-DM1, the structure of which is
presented in Fig. 1E. This ADC construct inhibited PDAC cell pro-
liferation and viability of MIA PaCa2-ASPH and AsPC-1 cell lines. The
biologic activity of SNS-622-DM1 was observed at very low con-
centrations of 25–50 nM (IgG) as shown by a 60% reduction in pro-
liferation. SNS-622-DM1 significantly attenuated cellular proliferation
compared to SNS-622-antibody alone in MIA PaCa2 (Fig. 2A) and AsPC-
1 cells (Fig. 2B). To examine the specificity of SNS-622-DM1 targeting
ASPH-expressing cells, cytotoxicity was compared between empty
vector and ASPH overexpressing MIA PaCa2 cells (Fig. 2C). Both cell
lines were treated with very low concentrations of SNS-622 or SNS-622-
DM1 at 6.25 nM (IgG) for 48 h. Inhibition of cell growth was observed
in ASPH-overexpressing MIA PaCa2 cells treated with SNS-622-DM1
compared to SNS-622 alone. In contrast, such anti-tumor activity was
not observed in empty vector transfected MIA PaCa2 cells with very low
endogenous ASPH expression (Fig. 2C). These results suggest that SNS-
622-DM1 is specific and a potent cytotoxic agent with anti-tumor ef-
fects on PDAC overexpressing ASPH.

Fig. 2. The anti-ASPH antibody conjugated to DM1 selectively inhibits tumor cell viability in vitro. (A) MTS assay of ASPH overexpressing MIA PaCa2 cells
treated with 0–50 [IgG] nM 622 mAb or SNS-622-DM1 for 48 h. (B)MTS assay of AsPC-1 cells treated with 0–500 [IgG] nM 622, or 622-DM1 for 48 h. (C) Inhibitory
effects of 6.25 [IgG] nM 622 or 622-DM1 on cell viability in parental (empty vector transfected) vs. ASPH overexpressing MIA PaCa2 cells. Values represented the
mean ± S.D. from triplicate samples. *P < 0.05, **P < 0.01, ***P < 0.005 versus the group treated with 622 mAb.
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3.2. The SNS-622-DM1 ADC effects cell cycle progression and induces
apoptosis in PDAC cells

To clarify the possible mechanisms underlying SNS-622-DM1 in-
hibitory effects on cell proliferation and viability, the expression levels
of mitotic and apoptotic markers were examined in PDAC cell lines
treated with SNS-622-DM1 for 48 h. The IHC analysis revealed sig-
nificant accumulation of tumor cells in the G2/M phase of cell cycle as
measured by phosphorylation of histone H3 at Serine 10 (p-histone H3).
Prominent staining was observed in ASPH overexpressing MIA PaCa2
cells upon exposure to 10 nM of SNS-622-DM1 (Fig. 3A upper panel, B).
Furthermore, SNS-622-DM1 treatment significantly increased the cel-
lular level of cleaved caspase 3, the active form of this apoptosis-related
protein, in PDAC cells compared to treatment with SNS-622 naked
antibody (Fig. 3A lower panel, C). These results suggest that SNS-622-
DM1 induced PDAC cell cycle arrest, which subsequently underwent
apoptosis. Similarly, AsPC-1 cells with high endogenous expression of
ASPH [4] treated with SNS-622-DM1 also demonstrated cell cycle arrest
(Fig. 3D upper panel, E) and apoptosis (Fig. 3D lower panel, F). After
performing the IHC staining, there was an initial separation of the color
information acquired with DAB and hematoxylin staining using Image J
software and its plugin “color deconvolution”. The number of IHC
staining positive cells with DAB and the number of nuclei stained with
hematoxylin for p-histone H3 and cleaved caspase 3 were calculated.
Therefore, the cell numbers between 622-DM1 and the 622 groups were
adjusted. We established a PDX model that exhibited spontaneous
metastases from the primary human tumor grown on the back of NSG
mice to the lung. This phenotype was observed in the tumor derived
from the patient with PDAC as well (Fig. 3G).

3.3. Tumor growth inhibitory efficacy of SNS-622-DM1 ADC in a PDX
model of human PDAC

In vitro studies have revealed that SNS-622 binds to ASPH on the
surface of tumor cells and is internalized [6]. The efficacy of SNS-622-
DM1 on PDAC primary tumor growth and metastasis was investigated.
A novel PDX model of human PDAC was employed. Mice bearing an
approximately 100mm3 tumor xenograft were intravenously injected
weekly with 2.5mg/kg of SNS-622 or SNS-622-DM1, and tumor growth
was monitored. Primary PDAC tumor growth was significantly reduced
by day 35 in response to ADC compared to SNS-622 naked antibody or
non-treated control (Fig. 4A). The NSG mice received SNS-622-DM1
showed no adverse effects and maintained their body weight (Fig. 4B).
It was confirmed that SNS-622-antibody and SNS-622-DM1 demon-
strated strong binding to ASPH on cancer cells in the PDX model
(Fig. 4D) in comparison with negative and positive controls (Fig. 4C). In
addition, IHC analysis of the PDAC tumors of PDX mice using p-histone
H3 staining, revealed that SNS-622-DM1 increased the number of
tumor cells in the G2/M phase of the cell cycle. More importantly, SNS-
622-DM1 treatment induced expression of cleaved caspase 3 (arrows)
and TUNEL positive cells compared to treatment with SNS-622 naked
antibody (Fig. 4D and E). These observations suggested that SNS-622-
DM1 strongly bound to ASPH, inducing cell cycle arrest and promoting
apoptosis as possible mechanisms for anti-tumor effects.

3.4. The SNS-622-DM1 ADC inhibits lung metastasis in a PDX model of
PDAC

This PDX model was established from an individual with primary
PDAC who had developed spontaneous lung metastasis during the
clinical course. This phenotype was faithfully maintained in the PDX
model. Serial passages of this PDAC tumor in NSG mice confirmed the
durability and transmitability of this metastatic phenotype from the F2
to F9 generation, thus far. We evaluated the effects of SNS-622-DM1
administration on metastatic spread to the lungs. The NSG mice were
treated with SNS-622 or SNS-622-DM1 using the protocol (dosing, route
and interval of administration) as shown in Fig. 5A. The development
and progression of metastatic nodules in the lungs after the treatment
were assessed (Fig. 5B). After 6 weeks, the number of macro-metastatic
nodules on the surface of lungs was determined. The mean number of
nodules was 13.9 per animal in the untreated control group and 3.25
per animal in the SNS-622-DM1 treated group (P=0.01, Fig. 5C and
D). ASPH was substantially expressed in the lung metastatic nodules
(Fig. 5E). Moreover, treatment with SNS-622-DM1 was associated with
accumulation of p-histone H3 in the tumor nodules as revealed by IHC
staining (Fig. 5E, yellow arrowheads).

3.5. Specificity of the ADC for ASPH expressing tumors

To demonstrate the specificity of the SNS-622 human anti-ASPH
mAb for ASPH expressing PDACs, MIA PaCa2-empty vector and MIA-
PaCa2-ASPH cell lines generated s.c. tumors in the NSG mice were
treated with SNS-622-DM1 and a non-relevant IgG mAb also conjugated
with DM1, respectively (Fig. 6A). Only MIA-PaCa2-ASPH (with high
exogenous ASPH as shown in Fig. 6B) tumors treated with SNS-622-
DM1 exhibited a reduced growth rate; whereas no anti-tumor effects of
IgG-DM1 were noted (Fig. 6C). Fig. 6D demonstrates the expression
levels of ASPH in the parental and overexpressing Mia PaCa2 cell lines
derived from the control, IgG-DM1 and 622-DM1 treatment groups.

To confirm the specificity of SNS-622-DM1, the parental MIA PaCa2
cells with low endogenous ASPH generated tumors were established on
the left shoulder while MIA PaCa2-ASPH generated tumors on the right
shoulder of the same animal (Fig. 7A). The ADC, SNS-622-DM1, was
administered at 2.5 mg/kg i.v. to 8 mice weekly (× 5). Compared to
MIA PaCa2-empty vector generated tumors, MIA PaCa2-ASPH gener-
ated tumors were substantially inhibited in response to SNS-622-DM1
treatment (Fig. 7B). Consistent with in vitro results, caspase 3 cleavage
was upregulated in the MIA PaCa2-ASPH derived tumors treated with
SNS-622-DM1 (Fig. 7C). Direct comparisons of ASPH and p-histone H3
expression as well as apoptosis markers cleaved caspase-3 and TUNEL
assays are shown in Fig. 7D. There were 12 animals in each group and
treatment with SNS-622-DM1 was associated with cell cycle arrest and
increased apoptosis in high and low expressing ASPH Mia PaCa2 cells.

4. Discussion

Several ADCs under clinical investigation have demonstrated cyto-
toxicity on cancer cells through disrupting functions, structures or dy-
namics of tubulins. Recently, US FDA has approved tubulin inhibitor-
based ADCs, brentuximab vedotin for the treatment of Hodgkin's lym-
phoma and anaplastic large cell lymphoma [12]. Another tubulin

Fig. 3. PDAC cell lines treated with SNS-622 anti-ASPH conjugated to DM1 accumulates in the G2/M phase of cell cycle and exhibits apoptosis. (A) IHC
staining to detect levels of p-Histone H3 and cleaved caspase 3 in ASPH overexpressing MIA PaCa2 cells. (B) Relative number of p-Histone H3 positive cells in panel
(A). (C) Relative number of cleaved caspase 3 positive cells in panel (A). (D) IHC staining to detect levels of p-Histone H3 and cleaved caspase 3 in AsPC1 cells. (E)
Relative number of p-Histone H3 positive cells in panel (D). (F) Relative number of cleaved caspase 3 positive cells in panel (D). Total number of positive cells with
nuclear staining were counted and the percentage of positive cells determined. (G) Comparison of histologic features between the original tumor derived from PDAC
patient (top panels) and the primary tumor derived from PDX model (bottom panels). Note that the dense stroma has been preserved in the PDX tumor as compared
to the original human tumor. The pulmonary metastases in the NSG mice have recapitulated the patient's clinical course. Both the original human tumor and PDX
primary/metastatic tumor (F2 generation) highly express ASPH as described by IHC. Values represent mean ± S.D. derived from six replicate samples. **P < 0.01,
***P < 0.005 versus the 622 mAb treatment group.
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inhibitor-based ADC, ado-trastuzumab emtansine (T-DM1) was ap-
proved as the first ADC therapeutic agent to treat human epidermal
growth factor 2 (HER2)-positive breast cancer [13,14]. Brentuximab
vedotin contains monomethyl auristatin E (MMAE) as a cytotoxic
payload, while T-DM1 uses emtansine (DM1) as a payload. Both MMAE
and DM1 inhibit tubulin function, resulting in cell cycle arrest in the
G2/M phase and induction of apoptosis [15]. However, no ADCs have
been approved by FDA for pancreatic cancer and very a few targeted
antigens have been explored for construction of such ADCs [3,16].

We have recently identified and characterized ASPH as a target
antigen on the surface of PDAC tumor cells. As a member of α-ke-
toglutarate dependent dioxygenase family [17,18], ASPH catalyzes the
hydroxylation of aspartyl and asparaginyl residues in epidermal growth
factor (EGF) like repeats of various proteins for signal transduction,
including Notch receptors and ligands. The ASPH is conserved in
mammalian evolution and the human protein sequence is 85% identical
to rats and mice respectively; the catalytic site in the C-terminal region
is 100% conserved among the three species. As an oncofetal protein
expressed in embryonic development, it is “shut off” at birth, only to re-
emerge during oncogenesis. Therefore, ASPH is proposed to generate
and maintain malignant phenotypes in cancer, such as PDAC [4,17,18].
Overexpression of ASPH stimulates PDAC cell proliferation, migration,
invasion, metastases and anchorage independent growth. Knockdown
with shRNAs, knockout with CRISPR-Cas9 or inhibition of enzymatic
activity with a site directed mutation in the catalytic site (H675Q) and a
small molecule inhibitor (SMI) could impair ASPH-mediated malignant
phenotype [4].

Immunohistochemical staining for protein expression and RT-PCR
for mRNA upregulation have revealed that approximately 85% of he-
patitis C virus (HCV) and hepatitis B virus (HBV) related HCC, as well as
95% of cholangiocarcinoma's exhibit upregulation of the ASPH gene
[17–22]. It is overexpressed in 97.190 of PDAC's [4]. High expression
confers a poor prognosis characterized by early disease reoccurrence,
reduced overall survival and a highly undifferentiated aggressive phe-
notype [23,24].

The known mechanism(s) underlying ASPH's transforming activity
in PDAC are the following. ASPH overexpression activates Notch1 sig-
naling and upregulates downstream genes responsible for cell pro-
liferation, migration, invasion and metastasis. ASPH binds directly to
Notch1 receptor followed by generation of the ICD (intracellular do-
main) which translocates to the nucleus of PDAC cells and thus acts as a
transcriptional factor. Transcriptional activation of ASPH is accom-
plished through well-known upstream growth factor signaling path-
ways. Thus, this molecule links upstream growth factor signaling to
downstream Notch1 activation in tumorigenesis [18,20]. Recently, we
have found other potential mechanisms responsible, in part, for its
oncogenic properties by inhibiting apoptosis and enhancing cancer
stem cell formation in PDAC [4]. This enzyme may regulate cell cycle
control through phosphorylation of RB and impairs cell senescence
[20]. Therefore, as a fundamental factor, the upregulation of ASPH
contributes to PDAC oncogenesis.

It is noteworthy that several ADCs are undergoing clinical trials for
PDAC. For example, TAK-264 (MLN0264) contains MMAE conjugated

to anti-guanylyl cyclase C antibody. A phase II study on TAK-264
against PDAC is in progress [25,26]. Preclinical studies have been
performed for PDAC and prostate cancer using another ADC, ASG-5ME
[27]. The ASG-5ME contains MMAE conjugated to anti-SLC44A4 anti-
body. For breast cancer patients, T-DM1 exerts an antitumor effect by
binding to HER2 protein [28]. Further attention has been paid to T-
DM1 for treating different types of cancer, such as Her2 overexpressing
gastric cancer [29,30] and colorectal cancer [31]. The proportion of
Her2 positivity in PDAC has been reported to be 21%–45% [28,32,33],
and clinical trials using T-DM1 on Her2 positive PDAC may be forth-
coming.

It has been challenging to develop and evaluate efficient drugs that
inhibit metastatic spread, due to lack of suitable animal models that
realistically recapitulate histology and pathology of human tumors. We
describe here a novel PDX derived from a patient with primary PDAC
and subsequent pulmonary metastasis. In this corresponding PDX
model, metastases to the murine lungs were spontaneously developed
from a subcutaneous grown neoplasm on the back of NSG mice. It has
been hypothesized that ASPH functions as a driver of pulmonary me-
tastasis, partially attributable to Notch signaling activation
[7,24,34–40].

A major challenge for drug delivery in PDAC treatment is desmo-
plasia (extremely dense stroma surrounding the tumor cells). This
phenotype was recapitulated vividly in the PDX model. Desmoplasia
significantly limits the access of ADCs to PDAC tumor cells. More pro-
found inhibition of primary tumor growth was achieved in MIA PaCa2-
ASPH by SNS-622-DM1, which is a clonal derived tumor without dense
stroma. Notably, this ADC also exerted substantial inhibitory effects on
the formation, growth and progression of pulmonary metastasis in the
PDX model. The tumor tissue was derived from a patient who had
pulmonary involvement during tumor progression.

The SNS-622-DM1 ADC demonstrated specificity for ASPH with
respect to an ADC based on DM1 conjugated to a non-relevant IgG1
(Fig. 6). This ADC was highly active in tumors derived from MIA PaCa2
cells with robust exogenous expression of ASPH compared to the par-
enteral cells (Fig. 7), where there was little, if any, reduction in tumor
development, growth and progression. Collectively, the novel ADC,
SNS-622-DM1, has therapeutic potential in a murine PDX model for
human PDAC and xenografted PDAC tumors generated by MIA PaCa2
cells overexpressing ASPH. This ADC inhibits the growth of primary
tumor and metastatic spread to the lung. Mechanistically, SNS-622-
DM1 is effective in inducing cell cycle arrest and promoting apoptosis
of PDAC cells. Therefore, SNS-622-DM1 is a promising therapeutic
agent to target ASPH in patients with PDAC and progressive develop-
ment of a metastatic burden before and after surgical resection of the
primary tumor.
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Fig. 4. Antibody conjugated DM1 demonstrates anti-tumor effects in PDX model of PDAC. (A) Mice xenografted human PDAC were treated once a week with
622 naked mAb or 622-DM1 (2.5 mg/kg) through injection into the tail vein. Values represent mean ± S.E.M. derived from each group (SNS-622, n = 8; SNS-622-
DM1, n = 8; untreated control, n = 5). *P < 0.05, **P < 0.01, versus 622 or untreated control group. (B) Body weight of tumor-bearing mice in each group during
the treatment. Values represent mean ± S.E.M. (C) Representative example of H&E and IHC staining on subcutaneous xenografts in untreated control at
400×magnification. IHC was performed using a human non-relevant IgG (1mg/ml, 1:1,000) or 622 mAb (1mg/ml, 1:1,000). (D) Representative examples of IHC
image at 400x magnification using the anti-ASPH murine FB50 mAb, or antibodies against mitotic marker p-histone H3 and apoptosis marker cleaved caspase 3 and
the TUNEL staining on the subcutaneous human PDAC xenografts of each group treated with SNS-622 or SNS-622-DM1. (E) Quantitative analysis of panel (D). Values
represent the mean ± S.D. derived from six different tumors. *P < 0.05, **P < 0.01 versus the treatment group with SNS-622 antibody.
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Fig. 5. The SNS-622-DM1 conjugate suppresses lung metastases in a PDX model of PDAC derived from a patient with spontaneous pulmonary metastasis.
(A) Schedule of treatment with SNS-622 or SNS-622-DM1. Mice were injected with SNS-622 antibody or SNS-622-DM1 (1.9 mg/kg) via tail-vein. (B) Macroscopic
view of the lung in the PDX model demonstrating pulmonary metastases. This indicates the phenotype of the PDX primary tumor is maintained in the NSG mice. (C)
Total number of metastatic nodules in each group after fixation in Bouin's solution. (D) The mean number of metastatic nodules in each group. Values represent
mean ± S.E.M. derived from pulmonary spread per group (untreated control, n= 7; SNS-622, n=8; SNS-622-DM1, n= 8). Difference between two groups was
evaluated by Mann-Whitney U test. (E) Histologic and IHC staining images of metastatic nodules in the lung in the PDX model. (100× and 400×magnification for H
&E and IHC staining using anti-ASPH FB50 mAb, or anti-p-histone H3 antibody). Increased p-histone H3 accumulation was observed prominently in the SNS-622-
DM1 treatment group (yellow arrowheads).

Fig. 6. Effects of SNS-622-DM1 on tumors generated by ASPH overexpressing MIA PaCa2 cell line. (A) Experimental design for s.c. murine model. (B)
Expression of ASPH in the MIA PaCa2-empty vector (ASPH low) and MIA PaCa2-ASPH (ASPH high) by Western blot. (C) Growth curves demonstrating inhibition of
tumor progression by SNS-622-DM1 compared to the nonrelevant IgG antibody conjugated DM1. (D) Statistical analysis of tumor growth curve.
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Fig. 7. SNS-622-DM1 blocks tumor growth and promotes apoptosis in a s.c. orthopic murine model. (A) Growth of the parenteral MIA PaCa2 (ASPH low)
compared to MIA PaCa2-ASPH (ASPH high) cell lines as solid tumors produced on the back of 2 representative NSG mice. (B) Note the striking differences in tumor
volume generated by the above two cell lines implanted in the same animal over a 29-day period. (C) The levels of cleaved caspase 3 as measured by Western blot
analysis among three representative tumors treated with SNS-622-DM1. The (−) represents tumors derived from the MIA PaCa2-empty vector (ASPH low) and (+)
represents tumors derived from MIA PaCa2-ASPH (ASPH high). (D) Analysis of ASPH and p-histone H3 expression levels as well as apoptosis markers of cleaved
caspase 3 and the TUNEL assay. There were 12 animals in both Mia PaCa2 EV (ASPHlow) and Mia PaCa2 (ASPHhigh) induced tumors. The ADC SNS-622-DM1
promotes apoptosis as a mechanism for inhibiting tumor growth.
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