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Phospho-Aspirin  (MDC-22) inhibits
pancreatic cancer growth in patient-
derived tumor xenografts and
targeting EGFR:

KPC mice hy
Enhanced efficacy in combination
with irinotecan

Abstract

Novel therapeutic strategies are needed in the fight against pancreatic cancer. We have previously documented the chemopreventive
effect of MDC-22 in preclinical models of pancreatic cancer. In the present work, we examined the therapeutic effects of MDC-
22 in patient-derived tumor xenografts (PDTXs) and in LSL-Kras®'?PH+ [SL- Trp53R1 72HI+ P 1-Cre (KPC) genetically engineered
mice, two complementary and clinically relevant animal models of pancreatic cancer. In addition, we evaluated whether MDC-22
could synergize with current chemotherapeutic drugs used in the clinic. MDC-22 reduced the growth of various human pancreatic
cancer cell lines in a concentration-dependent manner. /2 vivo, MDC-22 strongly reduced patient-derived pancreatic tumor xenograft
growth by 50%, and extended survival of LSL-Kras¢??P*; LSL-Tip53R172H%; Pdx1-Cre (KPC) mice by over a month (5.3 months
versus 7.0 months). In both models, MDC-22 inhibited EGFR activation and its downstream signals, including ERK and FAK
phosphorylation. In human pancreatic cancer cell lines, MDC-22 enhanced the growth inhibitory effect of irinotecan, and to a lesser
degree those of gemcitabine and nab-paclitaxel. Normal human pancreatic epithelial cells were more resistant to the cytotoxic effects
of, both, MDC-22 alone or in combination with irinotecan, indicating selectivity. Furthermore, MDC-22 enhanced irinotecan’s effect
on cell migration, in part, by inhibiting EGFR/FAK signaling. Collectively, our results indicate that MDC-22 is an effective anticancer
drug in preclinical models of pancreatic cancer, and suggest that MDC-22 plus irinotecan as drug combination strategy for pancreatic
cancer treatment, which warrants further evaluation.
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Introduction

. - _ - . Pancreatic cancer (PC) is a leading cause of cancer-related deaths
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worldwide, with a current overall 5-year survival rate of approximately 10%
[1]. Several reasons explain this dismal prognosis. For example, PC is usually
diagnosed at advanced stages, and lacks sensitive and specific tumor markers
to help detect it at an early-stage. In addition, pancreatic tumors metastasize
early, making patients ineligible for surgery. Finally, pancreatic tumors are
resistant to existing treatments, being surrounded by a complex and dense
tumor microenvironment, which limits the effectiveness of chemotherapy
and radiotherapy [2].
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Indeed, the current chemotherapeutic options offer limited help. For
instance, the chemotherapeutic drug gemcitabine, given alone or in
combination with nab-paclitaxel, is minimally effective in PC treatment,
improving patients’ survival by only a few months [3-5]. Irinotecan is a
cytotoxic drug largely used in the treatment of solid tumors. It is often used for
the treatment of metastatic PC in combination with fluorouracil, leucovorin,
and oxaliplatin (FOLFIRINOX), and leads to longer overall survival than
gemcitabine therapy [6]. Unfortunately, irinotecan-based chemotherapy has
a large spectrum of side effects, and therefore it is only suitable for patients
with tolerance. Therefore, it is critical to develop safe and effective agents for
the management of PC.

Epidermal growth factor receptor (EGFR) has a relevant physiological
function regulating epithelial tissue development. Aberrant activation of
EGEFR plays a key role in PC through the activation of downstream cascades
that promotes cell survival and proliferation [7,8]. One of the most important
EGFR-downstream protein is the focal adhesion kinase (FAK). FAK is a
non-receptor cytoplasmic tyrosine kinase that regulates several cell functions
such as proliferation, migration and survival. It has been reported that
elevated FAK expression enhances tumor malignancy driving the fibrotic and
immunosuppressive microenvironment that protects tumors from immune
surveillance and drives resistance to immunotherapy [9—12]. Previous studies
have shown that pharmacological targeting of FAK in PC models results in
decreased stromal density and thus increases the responsiveness of the tumor
to chemotherapy, while simultaneously suppressing tumor progression [10].
Thus, the EGFR and FAK are attractive targets for PC treatment.

We have previously identified MDC-22 (Fig. 1A) as a potent
EGFR inhibitor [13,14], and documented that MDC-22 possesses strong
chemopreventive properties in PC [14]. This novel agent has been synthesized
based on a general approach where a specific chemical modification of
known drugs enhances their desired anticancer properties, mainly their safety
and efficacy [15,16]. In the present study, we examined the therapeutic
efficacy of MDC-22 in two clinically relevant models of PC. These included
patient-derived tumor xenografts (PDTXs); and the LSL-KrasC120H [S] -
TipS53RI72H Pdy]-Cre (KPC) genetically engineered mice [17], which
develop pancreatic tumors, whose pathophysiological and molecular features
resemble those of human pancreatic ductal adenocarcinoma [18]. Our data
show that MDC-22 reduces the growth of PDTXs and extends survival in
KPC mice, in part, by inhibiting EGFR activation, ERK phosphorylation
and FAK signaling. Furthermore, MDC-22 enhances the anticancer effect of
irinotecan 7z vitro and reduces PC cell migration.

Materials and methods
Reagents

MDC-22 was a gift from Medicon Pharmaceuticals Inc. (Stony Brook,
NY). Gemcitabine (> 99%) was purchased from BIOTANG (Waltham,
MA). 5-Fluorouracil (> 99%) was purchased from Alfa Aesar (Haverhill,
MA). Irinotecan hydrochloride was purchased from Sigma-Millipore (Saint
Louis, MO). In all cell culture media, the final DMSO concentration was
adjusted to 1% (v/v). All general solvents and reagents were HPLC grade or
the highest grade commercially available.

Cell culture

MIA PaCa-2 (Cat# CRL-1420), Panc-1 (Cat# CRL-1469) and BxPC-
3 (Cat# CRL-1687) human PC cell lines were purchased from American
Type Culture Collection (ATCC) and grown according to the supplier’s
recommendations. Each culture medium was supplemented with 10%
(v/v) heat inactivated fetal bovine serum (FBS) and 1% (v/v) penicillin-
streptomycin. The human pancreatic normal epithelial cell line, hTERT-
HPNE, was cultured in 75% (v/v) DMEM without glucose (Gibco 11966),

25% (v/v) M3:Base medium (InCell, M300F), 5% (v/v) FBS, 5.5 mM
D-glucose, 750 ng/mL puromycin, and 10 ng/mL human recombinant
epidermal growth factor (EGF). We have not authenticated these cell lines,
however we routinely test for mycoplasma contamination in every cell line
every three months. These cells were grown as monolayers in the specific
medium and under conditions suggested by ATCC. All the cell lines were
characterized by cell morphology and growth rate and passaged in our
laboratory less than 6 months after being received.

Cell viability assay

Following treatment with increasing concentrations of MDC-22 alone or
in combination with gemcitabine, nab-paclitaxel, 5-FU, or irinotecan, the
reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
dye (MTT) Millipore-Sigma (Saint Louis, MO) was determined as previously
described [19,20].

Transwell migration assay

For the migration assay, MIA PaCa-2 and Panc-1 cells (5.0 x 10°cells/well)
were seeded in serum-free DMEM in the top chambers of 24-well plates
(Corning, New York, NY), as previously described [21,22]. The bottom
chambers of the plates were filled with DMEM containing 10% FBS.
The cells were incubated for 24 h at 37°C. Afterwards, MDC-22 alone
or in combination with irinotecan were added to the top chambers for an
additional incubation of 24 h. At that time, cells in the top chambers were
removed, and the cells, which migrated to the bottom chambers were fixed in
4% paraformaldehyde, were stained with 0.5% crystal violet for 1 h at room
temperature. The stained cells were counted in 3 independent fields under a
microscope. All experiments were performed in triplicate.

Western blot analysis in cells

Following treatment with MDC-22 alone or in combination with
irinotecan, cells were collected, total cell fractions obtained and western
blots performed as previously described [23,24]. Membranes were probed
overnight with the following antibodies from Cell Signaling Technologies
(Danvers, MA): p-FAK (Cat #3283), FAK (Cat #3285), p-ERK (Cat #4376),
ERK (Cat #9102), cyclinD1 (Cat #2978), p-EGFRT™198 (Cat #3777) and
EGFR (Cat #2085), using a 1:1,000 dilution of antibody in 5% (w/v) fat-
free milk. B-actin (Cat #A1978) from Millipore-Sigma, Saint Louis, MO,
was used as a loading control. The membranes were allowed to incubate
in secondary antibody, HRP conjugated (1:5,000 dilution), for 60 min.
Conjugates were visualized by chemiluminescence.

Animal Studlies. Animal studies were approved by the Institutional Animal
Care and Use Committee at Stony Brook University.

Patient-derived tumor xenografis (PDTXs)

Human de-identified PC tumor samples were obtained from the
Cooperative Human Tissue Network (CHTN), which assigned a patient
code and a sample code prior to their release to researchers. Upon delivery,
PC tumor tissues were immediately transplanted into female NOD/SCID
mice (5-6 weeks old) for PDTX modeling, as previously described [21].
Tumors were collected when they reached approximately 10 mm in diameter,
and cut into small pieces (approximately 2 x 2 X 2 mm). Single pieces
were subcutaneously implanted into the right and left flanks of additional
female NOD/SCID mice. Once the tumor reached ~200 mm?®, mice
(n=7/group) were divided randomly into two groups; one receiving PBS
(vehicle control), and the other MDC-22 (100 mg/kg) suspended in PBS
[14], given intraperitoneally five times per week for 28 days. Body weight
and tumor size were measured twice a week [19]. At the end of the study,
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Fig. 1. MDC-22 reduces the growth of human pancreatic cancer cells and patient-derived pancreatic tumor xenografis. A: Chemical structure of MDC-22. B: Cell
growth was determined in Panc-1, Mia PaCa-2, BxPC-3 and HPNE cells treated with escalating concentrations of MDC-22 (0-800 uM), for 48 h. Results are
expressed as % control; *» < 0.01. C: Transwell migration assay were performed in human Panc-1 and MIA PaCa-2 PC cells treated with MDC-22 0.25x ICs,
as described under Materials and Methods. Results are expressed as % control. *p < 0.01. D: Patient-derived tumor volume growth over time for vehicle control
and MDC-22-treated mice. *Significantly different compared to control group (p < 0.05 vs. control). E: Tumor weight at euthanasia. *Significant compared to
control group; p < 0.05. F: Body weight progression between the groups. G: H&E staining, trichrome staining and immunostaining for Ki-67 performed on
patient-derived tumor sections. Photographs were taken at x10 magnification. Representative images are shown. Results were expressed as percent of Ki-67+

cells = SEM per 20x field; *Significant compared to control group; p < 0.05.
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the animals were euthanized, and tumor weights were measured after their
careful resection. Tumor tissue was collected for analysis.

KPC survival

To determine the anticancer capacity of MDC-22, six-week-old male and
female KPC mice were randomized and dosed by oral gavage with MDC-22
100 mg/kg in corn oil [14], 5x/week (n=12; 6 males and 6 females) or with
corn oil (n=18; 9 males and 9 females) from the time of enrollment until
endpoint criteria were met. All animals were weighed 2x/week. Endpoint
criteria included the development of hemorrhagic abdominal ascites, severe
cachexia, weight loss exceeding 20% of the initial weight, or extreme weakness
or inactivity. Mice were observed daily for signs of significant weight loss
| cachexia; hemorrhagic ascites; and for other clinical failure including loss
of thermoregulation, inactivity, and presence of malignant ascites. When an
animal reached its endpoint, it was euthanized by CO, asphyxiation and
pancreas and tumor were carefully resected and stored for further analysis.

Evaluation of the acute toxicity of MDC-22 in hamsters

Five-week old female Syrian golden hamsters (n=2 per group) were
treated with increasing doses of MDC-22 for 8 days. On the initial two days
(day 0 and 1), hamsters were gavaged with MDC-22 at a dose of 100 mg/kg
once daily for 2 days. On the next two days (days 2 and 3), the dose was
increased to 200 mg/kg gavaged once daily for 2 days. On the following next
two days (days 4 and 5), MDC-22’s dose was increased to 300 mg/kg. Finally,
on days 6 and 7, the dose was increased to 400 mg/kg for two additional days.
MDC-22 was administered once daily by oral gavage. At the conclusion of
the intervention (on day 8), hamsters were euthanized and serum collected
for biochemical assay determinations.

Immunobistochemical staining

Human PC xenograft tissue and KPC pancreas/tumor samples were
Immunohistochemical stained for Ki-67 (Cat # sc-15402) from Santa
Cruz Biotechnology (Santa Cruz, CA), cyclinD1 (Cat # 2978), p-EGFR
(Cat #3777) and p-ERK1/2 (Cat #4376), from Cell Signaling Technology
(Danvers, MA), as previously described [25,26]. Scoring: At least 5 fields per
sample (at magnification x200) were scored. We calculated the percentage of
positive cells (brown staining) by dividing the number of labeled cells by the
number of cells in each field and multiplying by 100.

Western blot analysis in tissues

Human PC xenograft tissue was homogenate as previously described
[27,28] and western blots were performed as described above. Membranes
were probed overnight with the antibodies mentioned above.

Statistical analysis

The data, obtained from at least three independent experiments, were
expressed as the mean £ SEM. Statistical evaluation was performed by t-test
or one-factor analysis of variance (ANOVA) followed by the Tukey test for
multiple comparisons. Graph plotting and statistical analysis by the log-rank
(Mantel-Cox) test were performed by GraphPad Prism (version 7.0.5; San
Diego, CA, USA). P < 0.05 was regarded as statistically significant.

Results

MDC-22 selectively reduces the growth and migration of human
pancreatic cancer cells

We first assessed the selectivity of MDC-22 in vitro by comparing
the growth inhibitory effect of MDC-22 in human PC cells to that of
human pancreatic normal epithelial cells (HPNE). For this purpose, we
treated multiple human PC cells or HPNE cells with or without increasing
concentrations of MDC-22 (200-800 uM) for 48 h. MDC-22 reduced
human PC cell growth in a concentration-dependent manner and more
potently in human PC cells compared to HPNE cells (Fig. 1B). For instance,
at 48 h, MDC-22 600 pM reduced Panc-1, MIA PaCa-2 and BxPC-3
cell growth by 35%, 88% and 73% (p < 0.05), respectively. In contrast,
MDC-22 at all concentrations tested (up to 800 pM) for 48 h had no
significantly effect on the HPNE cell growth, reducing cell growth by
< 8% (Fig. 1B), being unable to obtain an Inhibitory Concentration-50
at 48 h (48h-ICsy) in HPNE cells with the concentrations of MDC-22
tested. In contrast, the 48h-1Csy for MDC-22 in Panc-1, MIA PaCa-2 and
BxPC-3 cells were 525 £ 22 pM, 247 £+ 16 pM and 300 £ 17 pM,
respectively.

Furthermore, we examined the capacity of MDC-22 to regulate cell
migration, using transwell inserts in PC cells. Compared to vehicle-treated
controls, MDC-22 at a concentration of 0.25xICsy reduced cell migration
by 50% and 62% in Panc-1 and MIA PaCa-2 cells, respectively (» < 0.01 for
both; Fig. 1C).

MDC-22 reduces the growth of patient-derived pancreatic tumor
xenografts

We previously documented a chemopreventive effect of MDC-22 in
preclinical models of PC [14]. We now evaluated the chemotherapeutic
effect of MDC-22 in vivo, in a PDTX model. A human pancreatic tumor
obtained from a surgical resection was implanted in a NOD/SCID mouse
and then expanded to multiple mice. Once the expanded tumors reached
a size of 200 mm?, mice were divided randomly into two groups receiving
PBS (vehicle control), or MDC-22 (100 mg/kg) suspended in PBS given
by intraperitoneal injections to mice five times per week during 4 weeks.
At sacrifice, MDC-22 treatment reduced the rate of growth over baseline
by 50.1% (p < 0.01; Fig. 1D). At the end of the treatment tumor weight
were 51.2% lower in MDC-22 group compared to control group (Fig. 1E).
This reduction in tumor growth was accompanied with a 51.9% inhibition
on tumor proliferation, as determined by measuring the expression of the
proliferating marker Ki-67 by immunohistochemistry (Fig. 1G). Treatment
with MDC-22 showed no apparent adverse effects in mice during the whole
treatment period, as can be evidenced by body weight. Throughout the study,
the body weight of mice receiving MDC-22 was comparable to that of the
control group. For instance, at the start of the treatment, the body weight
(mean £ SEM) of control and MDC-22-treated mice was 19.940.5 g and
18.0+1.8 g, respectively. At the end of the 28 day-experimental period, the
mean body weight in both groups of mice was as follows: Control = 24.1 &+
1.1 g;and MDC-22 = 22.7 & 2.1 g (Fig. 1F).

MDC-22 inhibits EGFR, FAK and ERK phosphorylation in PC cells
and in PDTXs

To investigate the mechanisms by which MDC-22 reduces tumor growth,
we assessed the activation status of EGFR, and the downstream proteins
FAK and ERK, all known to play a key role in pancreatic cancer growth
and migration [9,14,29]. In vitro, PC cells were treated with escalating



Neoplasia Vol. 24, No. xxx 2022
targeting EGFR: Enhanced efficacy in combination with irinotecan

Phospho-Aspirin (MDC-22) inhibits pancreatic cancer growth in patient-derived tumor xenografts and KPC mice by

C. Rodriguez Lanzi et al. 137

A

MDC-22,xIC;, 0 05 1 1.5 120 MDC-22
p-EGFR - e o ) S * . 0X|C50
EGFR [« +« ww «u| 5 80{}f - . I, M05xCs
Q T | 1 xICsg
P R . 40 ] 1.5XICs
FAK [ = — ]
0-
D-ERK | W B o o 0 & * *
S & &
N\
er [ e & & ¢
- A 3
& g g
B-actin | S S g @
B Control MDC-22 C
ERK | e m——— S |
OB
P-FAK | s — ;
FAK | == - o v ~F
N
T i ]
UDUIN | o e s — Q1
s |

« 200 B p-ERK
i g o] . EPFAK
as
50O _
§ = 100
W= 501
[oN
0_
*® SR\

E:_25- . M p-ERK
S B 15 x
x 2 10
% 3 10
Ll|J/'\ 5'
ot
0- AN AN
> AV > AV
v e
¢ ® SR\

Fig. 2. MDC-22 inhibits EGFR, FAK and ERK phosphorylation in PC cells and in PDTXs A: Immunoblots of EGFR, p-EGFR, FAK, p-FAK, ERK and p-ERK
in total cell protein extracts from PC cells treated with escalating concentrations of MDC-22 from 0x to 1.5x ICsy for 48 h, B: Immunoblots of FAK, p-FAK,
ERK and p-ERK from total tumor homogenates collected from PDTX tumor samples. Loading control: B-actin. Each lane represents a different tumor sample.
Bands were quantified and results are expressed as the ratio of phospho/total and normalized by the protein levels of the loading control. Values are mean +
SEM. *p < 0.002 vs. control. C: Immunohistochemistry p-EGFR and p-ERK were performed on KPC tumor sections and photographs were taken at 20x
magnification Representative images are shown. Results were expressed as percent of p-EGFR+ or p-ERK+- cells & SD per x20 field. *Significant compared

to control group; p < 0.01.

concentrations of MDC-22 for 48 h. MDC-22 at 1x and 1.5x ICs
significantly reduced phosphorylation of EGFR, FAK and ERK, compared
to vehicle-treated control cells (Fig. 2A).

To confirm these results, we assessed FAK and ERK activation by
immunoblotting in PDTXs homogenates. MDC-22 reduced FAK and ERK
activation in PDTXs homogenates compared to vehicle-treated controls
(Fig. 2B). Similar results were obtained by immunohistochemistry of tumor
sections prepared from PDTXs from control and MDC-22-treated mice, in

which MDC-22 significantly reduced p-ERK and p-EGFR levels by 54% and
64%, respectively (Fig. 2C; p < 0.05 for both).

MDC-22 extends survival in KPC mice

To rule-out an animal model-dependent effect, we next assessed the
anticancer efficacy of MDC-22 using a KPC mouse model. Six weeks-old
male and female KPC mice were randomized in vehicle-treated controls and
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MDC-22-treated mice, which were treated with MDC-22 100 mg/kg by oral
gavage, S5x/week until mice reached their end-point. As shown in Fig. 3A,
MDC-22-treated KPC mice exhibited a significant 19.5% increase in overall
median survival compared to vehicle-treated mice (median survival was 159
days for vehicle-treated control versus 190 days for MDC-22 treated mice,
log-rank p=0.01). Interestingly, the effect of MDC-22 was significantly more
pronounced in male KPC mice (median survival was 150 days for vehicle-
treated control versus 199 days for MDC-22 treated mice, log-rank p=0.02),
than in female KPC mice, which did not reach statistical significance (median
survival was 163 days for vehicle-treated control versus 188 days for MDC-22
treated mice, log-rank p=0.08; Fig. 3A). Consistent with the effect observed
in PDTXs, MDC-22 reduced Ki-67 levels in tumor samples isolated from
KPC mice by 51% (Fig. 3C).

We next evaluated whether MDC-22 could modulate key molecular
targets in KPC mice. For this purpose, we assessed the levels of
EGFR phosphorylation, ERK phosphorylation and cyclin D1 by
immunohistochemistry in KPC tumor sections from control and MDC-22-
treated mice. MDC-22-treated mice reduced cyclin D1, p-EGFR and p-ERK
expression levels by 73.7%, 35.9% and 66.7%, respectively, compared to
control mice (Fig. 3C).

Evaluation of the acute toxicity of MDC-22 in hamsters

We previously documented that MDC-22 is safe in mice and rats
[13,14,30]. We now expanded these studies and evaluated the acute toxicity
of MDC-22 in hamsters, which represents an appropriate model for
carcinogenic studies [31], and complements the safety findings in mice and
rats. Five-week old Syrian golden hamsters were treated with increasing
doses of MDC-22 for 8 days. Even at a dose of 400 mg/kg, MDC-22 was
well tolerated, with the hamsters showing no weight loss or other signs of
toxicity during treatment (Fig. 4A). Indeed, the body weights of vehicle-
and MDC-22-treated animals increased during the treatment days and were
comparable throughout the study. Moreover, no adverse effects of MDC-22
on liver and pancreas function were noted, with no changes in the levels
of multiple liver enzymes (alkaline phosphatase, alanine aminotransferase,
aspartate aminotransferase, and Gamma-glutamyl transferase) and amylase
between the groups (Fig. 4B).

MDC-22 enhances the growth inhibitory effect of chemotherapeutic

drugs in vitro

Given that drug combination for the treatment of PC is a common
practice, we next evaluated the efficacy of MDC-22 in combination with
various chemotherapeutic agents in a panel of three human PC cells lines.
MIA PaCa-2, Panc-1 and BxPC-3 cells were treated for 48 h with MDC-
22 0.25xICs, alone or in combination with escalating concentrations of
irinotecan (0 to 8 pM), gemcitabine (0 to 400 nM), nab-paclitaxel (0 to 8
nM), or 5-FU (0 to 20 pM). The concentrations were chosen based on growth
inhibitory effects by these chemotherapeutic drugs [21]. Even though the cell
growth inhibitory additive outcomes of the drug combinations were variable
in the multiple cell lines, MDC-22 showed a strong combination effect,
enhancing the anticancer effect of irinotecan, gemcitabine and nab-paclitaxel,
and to a lesser effect that of 5-FU (Fig. 5A). Among the multiple drug
combinations, MDC-22 plus irinotecan was the best drug combination to
reduce cancer cell growth. For instance, treatment with MDC-22 0.25xICs
for 48h reduced cell growth by 24%, 27% and 25% in MIA PaCa-2, Panc-1
and BxPC-3 cells, respectively. Treatment with irinotecan 2 pM for 48 had
minimum effect on cell growth reducing it by 12%, 3% and 3% in MIA
PaCa-2, Panc-1 and BxPC-3 cells, respectively. Interestingly, combination
of MDC-22 0.25xICsj and irinotecan 2 pM reduced cell growth by 60, 48
and 43% (p<0.01 for all three) in MIA-PaCa-2, Panc-1 and BxPC-3 cells,

respectively (Fig. 5A), highlighting a strong additive effect between MDC-22
and irinotecan in all three cell lines.

Next, we evaluated the selectivity of MDC-22 in combination with
irinotecan or gemcitabine on cell growth in PC cells and compared it to
that of HPNE cells. For this purpose, HPNE and Panc-1 cells were treated
with MDC-22 400 pM either alone or in combination with irinotecan 2
pM or gemcitabine 50 nM for 48 h. While MDC-22 + gemcitabine, or
MDC-22 + irinotecan significantly reduced Panc-1 cell growth by 35% and
37%, respectively, MDC-22 + irinotecan or gemcitabine, under the same
experimental conditions, was unable to reduce HPNE cell growth (Fig. 5B).
These results show that MDC-22 alone and in combination with irinotecan
or gemcitabine is selective to PC cells, sparing the normal cells (Fig. 5B).

MDC-22 enhances irinotecan’s effect on PC cell migration

Finally, we evaluated the ability of MDC-22 both alone and in
combination with irinotecan to inhibit migration using transwell inserts
in PC cells. Treatment with MDC-22 or irinotecan alone resulted in a
41.5% and 57.5% reduction of migratory cells in Panc-1 cells and in a
77.0% and 53.9% in MIA PaCa-2 cells, compared to controls (Fig. GA).
Co-treatment with MDC-22 and irinotecan significantly decreased the
number of migratory cells by 86.2% and 87.0% in Panc-1 and MIA PaCa-
2 respectively, compared to controls. Of note, this effect was significantly
different to the one observed by either drug alone (Fig. GA).

Finally, we determined whether MDC-22 =+ irinotecan could modulate
the activation of EGFR, FAK and ERK in Panc-1 cells. Treatment with
MDC-22 0.25xICs for 24 h, both alone and in combination with irinotecan
2 pM, significantly reduced the activation of the above mentioned proteins in
contrast to vehicle-treated control cells. Cells treated only with irinotecan also
shown a reduced activation of these proteins, except for EGFR that remained
similar to control values (Fig. 6B).

Discussion

PCis currently one of the deadliest types of cancer, with low improvement
in survival rates. During the last few decades, there has been a significant effort
to develop effective therapies to fight this disease [32]. We have previously
documented that MDC-22 has strong chemopreventive efficacy in preclinical
models of PC [14]. Our present data indicate that MDC-22 possess strong
chemotherapeutic efficacy in two clinically relevant preclinical models of
pancreatic cancer, acting primarily through the inhibition of EGFR pathway.

The majority of the existing chemotherapeutic agents for PC do not offer
much benefit [2]. For instance, gemcitabine has been a standard of care for
the treatment of PC for over 20 years, but as a single agent gemcitabine is
not curative. Currently, newly diagnosed PC patients would likely receive
the combination of gemcitabine with Abraxane [33,34], or FOLFIRINOX,
which is the use of a combined therapy of leucovorin-modulated 5-FU,
irinotecan, and oxaliplatin. Unfortunately, the majority of patients with
advanced PC treated with gemcitabine monotherapy or combination will
progress after several months, leaving patients with few options. Thus, there
has been an extended effort to develop new chemotherapeutic agents as first
line and second-line treatment. In this study, we assessed the anticancer effect
of MDC-22 in two complementary and clinically relevant animal models
that better mimic the human disease. Multiple studies have used PC PDTX
models to demonstrate the potential utility of novel single or combination
regimens for treating this tumor type [35,36]. Our findings demonstrate that
MDC-22 possesses potent chemotherapeutic efficacy in PDTXs, without any
sign of toxicity.

To confirm the findings in the PDTX model, we evaluated the efficacy
of MDC-22 to enhance survival in the KPC genetically engineered mouse
model. Human PDA arises from pancreatic intra-epithelial neoplasias,
frequently driven by activating mutations in Kras, followed by loss or
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mutation of tumor suppressors, such as p53. The KPC model which
conditionally express endogenous mutant Kras and p53 alleles in pancreatic
cells [17], develop pancreatic tumors as they age, and recapitulate
pathophysiological and molecular features that resemble those observed
in human pancreatic ductal adenocarcinoma [37]. It is noteworthy that
KPC mice succumb from the diseases at around 6 months of age. MDC-
22 extended overall median survival compared to vehicle-treated mice,
without signs of toxicity, and the effect of MDC-22 was significantly
more pronounced in male KPC mice. Overall, these two clinically relevant
preclinical models validate our previous findings and indicate that MDC-22
is efficacious for PC treatment.

Safety is a critical consideration for new therapeutic agents. Under the
conditions tested, MDC-22 appears to satisfy this requisite of improved
safety. The hamster’s studies, which complemented our previous MDC-22’s

aminotransferase; GGT, Gamma-glutamyl transferase.

toxicity studies in mice and rats [13,14,30], assessed multiple parameters of
acute toxicity. MDC-22, even at 400 mg/kg, a dose 4-times higher than the
dose used in the efficacy studies, was well tolerated, showing essentially no
signs of liver toxicity. Overall, these additional studies confirm that MDC-22
appears safe and efficacious in the treatment of pancreatic cancer.

It is well accepted that combination drug therapies are usually more
effective than monotherapies [32]. Irinotecan is a crucial anticancer drug
in treatment regimens for several solid tumors [38]. This natural product-
derivative can be used as a monotherapy but it is more frequently combined
with other cytotoxic agents, such as in FOLFIRINOX combo (combination
of irinotecan, 5-fluorouracil, leucovorin and oxaliplatin) [39]. Irinotecan
rapidly kill cancer cells but it also affects non-tumor cells such as blood
cells and epithelial cells. Consequently, it is often accompanied by toxicity,
primarily neutropenia and diarrhea [39]. For the above mentioned reasons,
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Fig. 5. MDC-22 enhances the growth inhibitory effect of chemotherapentic drugs in vitro
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FOLFIRINOX is reserved for patients that can tolerate the toxicity associated
with it, and new drug combination that may lead to less toxicity and
better anticancer effects are under active investigation. MDC-22 proved to
be a strong combination partner of irinotecan, the both of them strongly
inhibiting cell growth in multiple PC cells. This drug combination shows
promise and it would be worth exploring iz vivo in the near future.

An important feature of MDC-22, both as a single agent and in
combination with irinotecan and gemcitabine, is its selectivity. Anticancer
agents should preferably kill the tumor and not the normal tissues. MDC-
22 exhibits such selectivity. Compared with human pancreatic cancer cell
lines, the normal human pancreatic epithelial cells are more resistant to the

growth inhibitory effect of MDC22 = irinotecan. These observations validate
our previous findings that MDC-22 is able to target specifically cancer cells
and not normal cells, fact of notable importance in order to ensure less
toxicity. This selectivity, together with lack of apparent toxicity, is a significant
advantage of MDC-22.

EGFR activation plays an important role in the growth, invasion,
adhesion, and angiogenesis of numerous cancers, including PC [8,29,40].
A main mechanism involved in the anti-cancer effect of MDC-22 points
to EGFR. EGFR overexpression has been correlated with more advanced
disease, poor survival and metastasis of PC [41]. MDC-22 inhibits EGFR
activation and EGFR-downstream proteins as FAK and ERK, in PDTXs and
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KPC models. It is important to note that, at this time, we cannot rule out
the possibility that MDC-22 exerts an anti-inflammatory effect and that the
inhibition of EGFR may be a consequence of such reduced inflammation or
other effect [13,14]. Additional studies are warranted to fully characterize the
exact mechanism of MDC-22 effect on EGFR inhibition.

The activation of EGFR can regulate migration of PC cells, in part,
through the modulation of FAK [42]. FAK is a central hub for multiple
signaling pathways, affecting a series of cellular biological behaviors such
as proliferation, survival, adhesion, migration, invasion, and metastasis
in various tumor cells [43]. Therefore, the above provides evidence for
the importance of EGFR and FAK as targets for the development of
anti-metastatic drugs. MDC-22 showed strong effects inhibiting PC cell
migration. Furthermore, the anticancer and anti-migratory effects were
enhanced with MDC-22 and irinotecan combination.

Collectively, the present results indicate that MDC-22 is a safe and
effective anticancer agent in preclinical models of PC, acting primarily
through the inhibition of EGFR pathway. Moreover, MDC-22 is a promising
combination partner of irinotecan, inhibiting PC cell growth and migration.
Taken together, our results highlight the potential of MDC-22 as a
chemotherapeutic agent for PC.
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