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Simple Summary: Pancreatic ductal adenocarcinoma (PDAC) is an aggressive cancer type with
rising incidences worldwide and poor survival. GP-2250 is an emerging agent showing a high
antineoplastic capacity. Currently, GP-2250 is under phase I clinical trial for PDAC. This study
was the first to evaluate the antineoplastic effects of GP-2250 on pancreatic adenocarcinoma in
combination with Gemcitabine in a PDAC patient-derived mouse xenograft (PDX) setting. This
combination showed highly synergistic effects in a primary cell culture model, as well as in a first-line
and a maintenance setting using PDX. Changes in the CD133 content of treated spheroid cultures
provide first indicators for this synergism. These findings demonstrate the vast potential of this
highly promising combination in the maintenance therapy of PDAC patients.

Abstract: The novel Oxathiazinane derivative GP-2250 (Misetionamide) displays antineoplastic
activity in vitro and in vivo, as previously shown in pancreatic cancer cells and in patient-derived
mouse xenografts (PDX). Currently, GP 2250 is under phase I clinical trial in pancreatic ductal
adenocarcinoma (PDAC). GP-2250 in combination with Gemcitabine displays a high synergistic
capacity in various primary and established pancreatic cancer cell lines. Additionally, in the eight PDX
models tested, the drug combination was superior in reducing tumor volume with an aggregate tumor
regression (ATR) of 74% compared to Gemcitabine alone (ATR: 10%). Similarly, in a PDX maintenance
setting following two weeks of treatment with nab-Paclitaxel plus Gemcitabine, the combination of
GP-2250 plus Gemcitabine resulted in outstanding tumor control (ATR: 79%) compared to treatment
with Gemcitabine alone (ATR: 60%). Furthermore, GP-2250 reduced the ratio of tumor-initiating
CD133" markers on the surface of PDAC cells in spheroid cultures, indicating a possible mechanism
for the synergistic effect of both substances. Considering the high tolerability of GP 2250, these results
may open up a new approach to maintenance therapy with GP-2250/Gemcitabine combination
following nab-Paclitaxel plus Gemcitabine as first-line treatment.
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1. Introduction

Pancreatic cancer is one of the most lethal gastrointestinal cancers and is usually
diagnosed at an advanced stage when curative therapy is often not possible. It is the
fourth most common cause of cancer-related death in Germany [1,2]. Pancreatic ductal
adenocarcinoma (PDAC) is the most common type of pancreatic cancer worldwide. Due
to a lack of early symptoms and diagnostic markers, PDAC is often diagnosed at a late
stage. Additionally, only a few therapeutics were shown to be effective, and the rapid
development of drug resistance combined with the high toxicity of these drugs is the main
reason for the low 5-year survival rate of 9% [3-6].

Surgical resection is the only potentially curative therapy for pancreatic cancer [7,8].
Additional adjuvant chemotherapy according to the FOLFIRINOX protocol (5-Fluorouracil,
Leucovorin, Irinotecan, Oxaliplatin), with Gemcitabine or 5-Fluorouracil (5-FU) is recom-
mended [9], expanding the 5-year survival rate by 15-20%. However, only 15-20% of
the tumors are resectable at the time of diagnosis [10]. In cases of non-resectable tumors,
chemotherapy is used with palliative intention or to achieve secondary resectability in
order to prolong survival and increase quality of life, respectively. For patients with a
good performance status, FOLFIRINOX or nab-Paclitaxel / Gemcitabine are administered
as first-line treatment, although FOLFIRINOX has a low safety profile with various severe
side effects such as peripheral neuropathy [9-11]. For patients with lower overall condi-
tions, Gemcitabine as monotherapy or in combination with Erlotinib or nab-Paclitaxel in a
reduced dosage is used [9,10,12].

However, continued uninterrupted full-dose chemotherapy often leads to cumulative
toxicity without additional efficacy [13,14]. Therefore, different maintenance strategies have
been explored for advanced PDAC after sustained tumor control has been achieved [15,16].
One approach is the reduction in the number of chemotherapeutic agents used. Indeed, in
clinical studies, neither the progression-free survival (PFS) rate nor the median overall sur-
vival (OS) was significantly improved by these maintenance strategies [17,18]. The other ap-
proach is to introduce another chemotherapeutic agent with a different mechanism of action,
often mutation-targeted therapies, also known as switch maintenance [19-24]. Among these,
the poly(adenosine diphosphate-ribose) polymerase (PARP) inhibitor Olaparib showed
the most promising results in maintenance following platinum-based chemotherapy in
metastasized PDAC patients with BRCA 1 or 2 germline mutation, increasing the mean
progression-free survival from 3.8 to 7.4 months [19]. In Western countries, only 4.5 to 8% of
unselected PDAC patients display BRCA 1 or 2 germline variants though [19,25], severely
limiting the number of patients benefitting from targeted therapy. Hence, the development
and research of new therapeutic opportunities, especially regarding emerging substances,
are essential to improve patient survival and quality of life.

The novel substance GP-2250, known as Misotionamide, is an Oxthiazinane derivate
(1.4.5-oxathiazan-dioxide-4.4), which is characterized by a cyclic six-membered ring struc-
ture containing a sulfur, an oxygen, and a nitrogen heteroatom (Figure 1). Recently, it has
been demonstrated to possess antiproliferative, antineoplastic, and migration-inhibiting
effects on several tumor entities such as PDAC, pancreatic neuroendocrine carcinoma,
mesothelioma, colon and Merkel cell carcinoma, as well as mammarian cancer cells
in vitro [26-30]. The substance is currently undergoing an open-label phase 1/2 clin-
ical trial to evaluate the safety and tolerability of GP-2250 on patients with advanced
unresectable or metastatic pancreatic adenocarcinoma (NCT03854110) [31]. Its mechanism
of action is largely based on the impairment of the cancer cell energy metabolism by in-
hibiting HK2 (Hexokinase 2) and GAPDH (Glyceraldehyde 3-phosphate dehydrogenase)
resulting in ATP reduction. Thereby, AMP-Kinase is activated leading to a downregulation
of mTOR (mammalian Target of Rapamycin), thus reducing cell growth and proliferation.
Furthermore, lower ATP levels induce reactive oxygen species (ROS) production, result-
ing in apoptosis via mitochondrial damage. GP-2250 also inhibits NF«kB (Nuclear factor
kappa light-chain enhancer of activated B cells) and thereby supports apoptosis induction
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via downregulation of Bcl-2 (B-cell lymphoma 2) and inhibition of cell proliferation by
downregulating Cyclin D1 [26-30].

\/

@

GP-2250

Figure 1. Molecular structure of the substance GP-2250 (Misetionamide), which is an Oxathiazinane
derivative (1.4.5-oxathiazinan-dioxide-4.4). The metabolic half-life in blood of nude mice is 13.8 h [26].

In vivo, GP-2250 shows a reduction in tumor growth in xenografts of established pan-
creatic cancer cell lines, as well as in patient-derived xenograft (PDX) models of pancreatic
adenocarcinoma, accompanied by rarely occurring side effects [26,29]. Evaluation of the
maximal tolerable dose revealed acute toxicity at 2000 mg/kg*BW and chronic toxicity at
concentrations higher than 1000 mg/kg*BW in nude mice. No changes in body weight or
vital function were observed at lower concentrations [26,29]. Crucially, a synergy between
GP-2250 and Gemcitabine was discovered in the first study of pancreatic neuroendocrine
carcinoma. GP-2250 in combination with Gemcitabine showed partial remission of the
neuroendocrine tumor volume according to response evaluation criteria in solid tumors
(RECIST) in an in vivo mouse model of PDX [29]. Nevertheless, the underlying mech-
anism of this synergy between Gemcitabine and GP-2250 remains to be determined. A
clinically relevant factor, associated with poor therapeutic outcome and tumor recurrence
after Gemcitabine treatment, is the expression of the surface marker CD133, also known
as prominin-1 [32,33]. In 2007, Hermann et al. found that a CD133* subgroup of PDAC
cells was associated with a high ability for tumor formation and higher resistance towards
chemotherapeutics like Gemcitabine [34]. Cells overexpressing CD133 were also found
to have a higher glucose uptake and increased glycolysis, along with a higher NfkB ex-
pression [35,36]. Inhibition of glycolysis increased the sensitivity towards Gemcitabine of
otherwise resistant CD133" cells [35]. The impact of GP-2250 on CD133" cells was therefore
explored as a potential target for sensitizing tumors to Gemcitabine.

The present study aims to investigate the potential benefit of the combination of
GP-2250 and Gemcitabine for PDAC patients. Firstly, it was examined whether the drug
combination of GP-2250 and Gemcitabine displayed synergistic cytotoxicity in PDAC cell
lines. Furthermore, the efficiency of this synergistic drug combination was tested in a
PDX mouse model. Additionally, the drug combination was examined in a subsequent
PDX model in a maintenance setting after a two-week treatment with nab-Paclitaxel plus
Gemcitabine to analyze the effectiveness of tumor control. As GP-2250 targets the glucose
metabolism and inhibits NFkB, we finally sought to examine its impact on CD133* PDAC
cells in spheroid culture to obtain a first indication of the mechanism of synergy between
those two substances.

2. Materials and Methods
2.1. Cell Lines and Culture Conditions

Four different human pancreatic cancer cell lines were used for the in vitro exper-
iments. The established cell line was PancTul (ATCC—LGC Standards GmbH, Wesel,
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Germany). PDAC primary cell lines Bo73, Bo80, and Bo103 were isolated and established
from PDX tissue, as described by Hermann et al. [34]. PancTul and Bo80 cells were cul-
tured in Dulbecco’s Modified Eagle Medium (DMEM) with 5% FCS, 100 U/mL Penicillin,
100 pg/mL Streptomycin, and 2 mM L-Glutamine (See Table 1). Bo73 and Bo103 were
cultured in modified DMEM/F12 Medium [37]. The details of the ingredients are listed in
Table 1. Cells were passaged for fewer than 6 months after establishment or receipt from
the cell banks. Authentication was analyzed via STR analysis.

Table 1. Composition of used media.

DMEM
10% FCS
DMEM 100 U/mL Penicillin
100 ug/mL Streptomycin
2 mM L-Glutamine

DMEM

10% FCS

200 U/mL Penicillin

200 pg/mL Streptomycin
2 mM L-Glutamine

1 mM Sodium Pyruvate

50% DMEM/F12

50% D-10 Medium

100 U/mL Penicillin

100 ug/mL Streptomycin
1.6 ug/mL Amphotericin
10 uM Y27632 1HCl

10 pg/mL Ciprofloxacin
8.4 ng/mL Choleratoxin
10 pg/mL Insulin

20 nM 1-Thioglycerol

DMEM/F12

100 U/mL Penicillin/Streptomycin
Spheroid Medium 1x MEM NEAA

1:50 B27 supplements

100 pg/mL bFGF

D-10 Medium

DMEM/F12 modified

The cells were cultivated at 37 °C in a water vapor-saturated atmosphere at 5% CO,
(v/v) and were regularly screened for mycoplasma contamination.

2.2. Spheroid Cultivation

Spheroid cultivation was performed to increase the ratio of CD133* cells using a
free-floating method according to Miranda-Lorenzo et al. [38]. For the spheroid formation,
400,000 cells per well were seeded on ultra-low adhesion 6-well plates in 2 mL spheroid
medium, where 1 mL of spheroid medium (DMEM/F12 (Pan Biotech, Aidenbach, Ger-
many) supplemented with 100 U/mL Penicillin/Streptomycin, 1 x MEM Non-essential
Amino Acid (NEAA; Pan Biotech P08-32100), B27 (1:50, gibco, 17504044), 100 pg/mL bFGF
(Thermo Fischer, Waltham, MA, USA, 13256-029) was added every two days (Table 1).
The cultivation time until the formation of spheroids occurred varied depending on the
cell line (Bo80 7-9 days, PancTul 5-7 days). Spheroids were passaged and separated from
single cells and loose cells aggregated with a 40 um cell strainer and transferred back onto
low-adhesion plates for cultivation, treatment, and further experiments.

2.3. Tissue

Thirteen different human pancreatic cancer tissues were used for the in vivo experi-
ments. As every tumor has a unique mutation profile, 13 different PDX models were used
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in total for the in vivo studies (See Table 2). The selection for the two different treatment
methods was made randomly and was not based on certain criteria.

Table 2. Classification and features of all analyzed tumors.

Union Internationale Contre

PDX ID TNM Classification le Cancer (UICC) Stage

Bo69 pT3 pN1 MO L1 V1 Pnl UICC IIb
Bo70 pT3b pN1 MO LO V1 Pnl UICC IIb
Bo73 pT3 pN1 MO L1 Pnl UICC IIb
Bo80 pT3 pN1 MO L1 V1 Pnl UICC IIb
Bo82 pT3 pN1 MO LO Pnl UICC IIb
Bo85 pT3 pNOMO L1 V1 Pnl UICC IIa
Bo103 pT3 pN1 MO L1 V1 Pnl UICC IIb
Bo122 pT3 pN2MO L1 V1 Pnl UICC III

Bo6 pT2 pN1 MO L1 V1 Pnl UICC IIb
Bo81 pT3 pN2a MO L1 VO Pnl UICC IIb
Bo84 pT3 pN1 MO L1 V1 Pnl UICC IIb
Bo66 pT3 pNOMO L1 VO Pnl UICC IIa
Bo57 pT3 pNOMO L1 VO Pnl UICC Ila

2.4. Reagents

GP-2250 ultrapure powder (kindly provided by Geistlich Pharma AG, Wohlhusen,
Switzerland) was dissolved in double-distilled water (ddH,O), sterile filtered, set to a
physiological pH, and freshly prepared once weekly. Gemcitabine was purchased from the
company Hexal (Novartis) (Holzkirchen, Germany), further diluted in physiological saline
solution, and freshly prepared once weekly.

2.5. MTT Cytotoxicity Assay

Cells were seeded to a density of 3.5 x 104 cells/well in 96-well plates and in-
cubated for 24 h to obtain a subconfluent monolayer. The cells were treated with in-
creasing concentrations of GP-2250 and Gemcitabine for 48 h to determine the dose-
response antineoplastic effect. In addition, the combinations of both agents were analyzed.
Two hours prior to measurement, 10 pL of yellow MTT (3-(4.5-Dimethylthiazol-2-yl1)-2.5-
diphenyltetrazoliumbromide, Sigma Aldrich, St. Louis, MI, USA) reagent (5 mg/mL) was
added into each well. Viable cells convert yellow MTT into violet formazan crystals. The
test media was discarded, and 100 uL DMSO (Dimethylsulfoxide, Carl Roth, Karlsruhe,
Germany) was applied. After an incubation time of 5-10 min, cell viability was analyzed
using a microplate absorbance reader by measuring the absorption at 550 nm and 720 nm
as the reference wavelength (Asys UVM 340, Biochrom, Berlin, Germany). The amount of
violet formazan produced was directly proportional to the number of viable cells [39]. The
assay was performed in 4-6 independent experiments with consecutive passages.

2.6. FACS Analysis

GP-2250 and Gemcitabine were evaluated for their effects on populations in spheroids
of PancTul and Bo80 incubated either with 1000 uM GP-2250 or with 34 mM Gemcitabine for
48 h compared to untreated cells serving as negative controls. To dissociate spheroids, they
were centrifuged (4 min, 230 rpm) and rinsed with PBS before resuspension in Accumax
cell dissociation solution (PAN Biotech GmbH, Aidenbach, Germany) after discarding
the supernatant. Spheroids were incubated at 37 °C and pipetted several times every
10-15 min until dissociation occurred (25 to 60 min depending on the cell line). Separated
cells were centrifuged and resuspended in staining buffer (PBS + 5% FCS) and incubated
for 30 min without light with CD133/1 (AC133)-PE or Mouse IgG1k-PE (MACS Miltenyi
Biotec, Bergisch Gladbach, Germany) (1:20) as a control for unspecific binding. Unstained
cells were used as negative control to determine baseline cell population. Afterward, the
cells were washed 2 times with 500 uL staining buffer to remove unbound antibodies
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and reduce background before flow cytometric analysis was performed. The laser excited
488 nm and the emission was measured at 520 nm (FACSCalibur, BD Biosciences, Franklin
Lakes, NJ, USA). Cell detritus and fragments were distinguished by a forward and side
scatter and excluded from the measurement. Data were analyzed using the Cell Quest
ProTM software Version 5.1.

2.7. Animal Studies

Six-week-old female NMRI Foxnlnu/Foxnlnu mice (Janvier, Le Genest-Saint-Isle,
France) were acclimated to a 12 h light cycle-controlled environment for at least one week
before initiation of the study. The animals were provided standard laboratory food and
water ad libitum. Mice were anesthetized by isoflurane inhalation. Tumor tissue fragments
were implanted subcutaneously in the flank region [40,41]. After implantation, the recipient
mice were monitored for general health status, body weight (BW), and the presence of
subcutaneous tumors. Tumor volume was determined by measuring tumor diameters
(measurement of 2 perpendicular axes of the tumor) twice weekly using a caliper and
calculated as follows:

V = (11/6) x (ab?),

(a = larger axis, b = smaller axis).

Following randomization, the systemic influence of GP-2250, Gemcitabine, and their
combination on tumor growth after intraperitoneal (i.p.) administration was investigated.
Group 1: control treated with vehicle; Group 2: Gemcitabine 50 mg/kg*BW twice weekly;
Group 3: GP-2250 500 mg/kg*BW three times per week; Group 4: combination therapy
of GP-2250 500 mg/kg*BW three times per week and Gemcitabine 50 mg/kg*BW twice
weekly on alternating days. Treatment was initiated when the tumor volume reached
250 mm3. Tumor volume was measured twice weekly. The experiment was terminated
either after an application period of 9 weeks or when the tumor reached a volume of
1000 mm?. Therapy response was evaluated according to Response Evaluation Criteria In
Solid Tumors (RECIST) [42].

2.8. Maintenance Study

Mice were randomized into three groups. Group 1: control treated with vehicle; Group
2: Gemcitabine 50 mg/kg*BW twice weekly; Group 3: combination therapy of GP-2250
500 mg/kg*BW three times per week and Gemcitabine 50 mg/kg*BW twice weekly on
alternating days. This regime was initiated after previous treatment of all animals for two
weeks with Gemcitabine 100 mg/kg*BW twice weekly and nab-Paclitaxel 30 mg/kg*BW
twice weekly on alternating days, and the tumor volume was measured twice weekly. The
experiment was terminated either after an application period of 8-10 weeks or when the
tumor reached a volume of 1000 mm?>. The therapy response was evaluated according to
RECIST [42].

2.9. Immunbhistochemival Validation of Therapy Response

H and E staining and regression grade analysis was performed of representative
tumors (73, 69, 103, 122 first-line therapy). Slides were stained according to an established
hematoxylin and eosin protocol (Mayer’s hemalum solution, WALDECK, Ref: 2E-010 Lot:
31151, Eosin 1% Waldeck 1B-425) [43,44]. All slides were analyzed by two pathologists who
were blinded to all information regarding the tumors’ treatment [45,46]. The pathologic
tumor regression grading was executed according to two established graduating systems:
Le Scodan and College of American Pathologists (CAP). Both of the systems focus on the
relation of therapy-induced changes of viable tumor mass to fibrosis.

Regression grading according to Le Scodan: Grade 1 (minor response): large distri-
bution of vital tumor cells, less than 50% SDCC, no complete necrosis; Grade 2 (moderate
response): large distribution of vital tumor cells, more than 50% SDCC, sporadically small
necrosis; Grade 3 (partial response): few vital tumor cells, 80% of which are SDCC, extensive
complete necrosis; Grade 4 (complete response): no vital tumor cells remain.
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Regression grading according to CAP: Grade 0 (complete response): no vital tumor
cells remain; Grade 1 (near complete response): few viable tumor cells (<5% viable tumor
cells); Grade 2 (partial response): large areas of residual cancer with apparent tumor
regression, predominance of fibrosis over tumor cells; Grade 3 (poor or no response):
extensive residual cancer and large infiltrates of viable cancer cells, predominance of tumor
cells over fibrosis.

2.10. Statistics and Calculations

The results of the MTT assay (percentage of viable cells) and characteristics of mice
(body weight, tumor volume) are expressed as mean =+ standard deviation (SD). Compari-
son between experimental groups with normal distribution were performed using one-way
ANOVA followed by Tukey’s post hoc test, and pairwise tests were performed using t-tests.
Fisher’s exact test was used for categorical data, if appropriate. Statistical significance
was set at p < 0.05, and is indicated in the figures as follows: *** p < 0.001, ** p < 0.01,
*p <0.05 n.s. p > 0.05 (not significant). Calculations were performed using Graph Pad
Prism 5.1.0 and 9.1.0.

The synergistic effects were analyzed by computing the combination index (CI) by
Chou-Talalay using CalcuSyn, version 2.11 (Biosoft, Cambridge, UK). A CI < 0.95 was
classified as a synergistic effect (+), CI = 0.95-1.1 as an additive effect (), and CI > 1.1 as
an antagonistic effect (—). In the resulting isobolograms of the software, the x- and y-axes
reflect the doses of the individual components. The isobole is the line/curve between
points of the same effect; therefore, a straight line means that the two substances have
an additive effect. In the case of synergism, the overall effect of the two compounds is
bigger than expected from the summation of their separate effects, resulting in a concave
curve. Oppositely, antagonistic interaction displays, that the overall effect is less than
expected from the summation of the separate effects and a convex curve is obtained. The
mean effective dose was computed using CalcuSyn software version 2.0. This analysis was
performed as described by Chou et al. [47,48].

2.11. Ethical Considerations

The local ethical committee approved the collection of sample tissue from patients
with PDAC, as well as the implantation and expansion of cancer tissue in xenograft mouse
models. Written informed consent was obtained from all patients according to the local
ethics guidelines. This study was conducted in accordance with the Declaration of Helsinki.
All procedures were performed according to a protocol approved by the Ethics Committee
of Ruhr University Bochum (permission no. 2392 3. amendment). All animal experiments
were performed in accordance with the guidelines of the local Animal Use and Care
Committee (Permission No. 81-02.04.2018.A169).

3. Results
3.1. Synergy of GP-2250 and Gemcitabine in Pancreatic Cancer Cell Lines

In the first step, the impact of GP-2250 and Gemcitabine as single agents on cell
viability was compared to their combination using the MTT viability assay in three primary
cell lines (Bo103, Bo80, and Bo73) and the established cell line PancTul. When the three
primary cell lines were treated with Gemcitabine alone (100 and 1000 uM), no significant
loss of cell viability was observed (Figure 2A—C). In contrast, GP-2250 reduced the viability
of all three cell lines. In Bo103, viability was reduced to 64.87 & 6.31% with 500 uM and
20.46 £ 5.17% with 1000 uM GP-2250. In Bo80, viability was reduced to 85.37 £ 5.63% with
200 uM GP-2250 and to 5.74 £ 0.54% with 500 pM GP-2250. In Bo73 cells, cell viability was
reduced to 48.28 & 5.97% with 650 uM GP-2250.

The IC50 of GP-2250 after 48 h was determined using a linear regression model with
five different concentrations of GP-2250. In cell line Bo103, IC50 was reached at 670 uM,
Bo80 at 257 uM, and Bo73 at 646 uM. The primary cells were not sensitive enough to
Gemcitabine to determine the IC50 after 48 h with a reasonable amount of substance. If
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possible, we used a dosage of medium-range cytotoxicity for GP-2250 with a cell viability
between 30 and 60%.
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Figure 2. Cell viability by MTT analysis after 48 h of combination treatment. The graphs show the
ratio of viable cells of (A): Bo103 treated with GP-2250 + Gemcitabine (G), (B): Bo80 treated with
GP-2250 + Gemcitabine, (C): Bo73 treated with GP-2250 + Gemcitabine, (D): PancTul treated with
GP-2250 +Gemcitabine. Values are the mean + SD of at least six independent experiments with
consecutive passages. Concentrations are given in uM with G refers to Gemcitabine and GP refers to
GP-2250. Asterisk symbols indicate the statistical significance of the decrease in viability compared
with the untreated control (Control). *** p < 0.001, ** p < 0.01, * p < 0.05. The combination indices
(CI) by Chou-Talalay are marked as follows: CI < 0.9: synergistic effect (+), CI = 0.9-1.1: additive
effect (), and CI > 1.1: antagonistic effect (-).

However, when inactive doses of Gemcitabine were combined with GP-2250, a re-
markable synergy became apparent in all cell lines tested. In Bo103, combining GP-2250
(500 uM) with Gemcitabine (1000 uM) reduced cell viability to 32.87 &£ 5.72% (CI = 0.624), as
compared to 64.87% with GP-2250 as a single agent (Figure 2A). A combination index (CI) of
0.624 indicated a synergistic effect. Likewise, synergy was achieved in Bo103 by combining
100 uM Gemcitabine with 1000 uM GP-2250, with a CI of 0.634. In Bo80, GP-2250 (200 uM)
plus Gemcitabine (100 pM) reduced cell viability to 24.72 &+ 5.84% (CI = 0.382). A similar
result (27.73 £ 6.66%) was achieved with 200 uM GP-2250 and 1000 uM Gemcitabine
(CI = 0.410), whereas GP-2250 as a single agent at 200 uM reduced viability to only
85.37 £ 5.63% (Figure 2B). A synergistic effect was also found for Bo73, where Gemc-
itabine (100 uM) plus GP-2250 (600 pM) reduced cell viability to 57.87 £ 7.67% (CI = 0.903),
which contrasts with the reduction by GP-2250 as a single agent at the same concentration
to 85.35 + 7.37% (Figure 2C).

A synergistic effect was also observed for the established cell line PancTul, which
was considerably more sensitive to Gemcitabine as opposed to the primary cell lines.
The IC50 value of GP-2250 after 48 h was 285 uM. The IC50 value of Gemcitabine was
115 uM after 48 h. Figure 2D shows a significant effect for all analyzed concentrations of
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both substances. The combination of 150 uM GP-2250 and either 0.1 uM Gemcitabine or
1 uM Gemcitabine reduced cell viability to 49.11 &+ 6.41% (CI = 0.712) and 36.94 £+ 7.11%
(CI = 0.616) respectively, displaying a synergistic effect. The combinations of 0.1 uM
Gemcitabine or 1 tM Gemcitabine with 200 uM GP 2250 further reduced cell viability to
24.51 £ 6.87% (CI1 0.693) and 32.26 + 8.25% (CI 0.774).

3.2. PDX In Vivo Studies

To elucidate the therapeutic effect of GP-2250 in combination with Gemcitabine in vivo,
tumor responses were analyzed in patient-derived xenograft (PDX) mouse models by com-
paring Gemcitabine monotherapy, GP-2250 monotherapy, their combination and vehicle-
treated control. The reduction in tumor growth by GP-2250 as a single agent was not
superior, as previously proven by Buchholz et al. (2017) [26] and confirmed in two PDX
mouse models in the present study (Figure S1A,B). Thus, GP-2250 monotherapy was only
performed in the first four PDX models, and the results are displayed in the supplements.
Both, Gemcitabine as a single agent and the combination of GP-2250 and Gemcitabine
led to a significant decrease in tumor growth compared to controls in all analyzed PDX
models (Figure 3). All controls showed progressive disease according to RECIST, reaching
abortion criteria within 6 weeks in six of eight PDX models and consequently had to be
terminated. Treatment with Gemcitabine monotherapy reduced tumor growth in compari-
son to the control group but was still classified as progressive disease according to RECIST
in all PDX models, except Bo69, where a stable disease with a relative tumor volume of
1.07 £ 0.24 was achieved. However, the combination therapy of GP-2250 and Gemcitabine
was significantly superior in reducing tumor growth in all eight PDX models compared
with Gemcitabine alone. Indeed, in four of the eight PDX (Figure 3A,C,D,G), the combi-
nation treatment resulted in a partial response after 6-8 weeks (3 weeks in Bo80) with a
relative reduction in tumor volume of 0.23 & 0.06 in Bo 69, 0.46 & 0.14 in Bo103, 0.45 + 0.15
in Bo80 and 0.69 £ 0.07 in Bo85. Three of eight PDX models (Figure 3B,F H) displayed stable
disease after treatment with a combination of GP-2250 and Gemcitabine. The relative tumor
volume ranged between 0.76 & 0.06 in Bo73, 0.76 £ 0.10 in Bo70 and 1.17 = 0.55 in Bo122.
Only the PDX model Bo82 (Figure 3E) showed a progressive disease under combination
treatment with a relative tumor volume of 2.61 & 0.34.

3.3. Maintenance Therapy

The potential of combining GP-2250 plus Gemcitabine was further analyzed in a
maintenance therapy setting in 8 PDX mouse models. To achieve initial tumor control, the
animals were first-line treated with the combination of Gemcitabine and nab-Paclitaxel
for 14 days. This period was followed by treatment with the combination of GP-2250 and
Gemcitabine or Gemcitabine alone. The controls showed a progressive disease according to
RECIST, reaching abortion criteria within 3 to 5 weeks. In all PDX models tested, the main-
tenance therapy with either Gemcitabine or a combination of GP 2250 and Gemcitabine
led to a significant decrease in tumor growth compared to controls (Figure 4). However,
maintenance therapy with Gemcitabine monotherapy showed progressive disease in six
of eight PDX models after 3 to 6 weeks (Figure 4A-C,E,G,H). Only the PDX model Bo73
displayed stable disease with a relative tumor volume of 1.06 £ 0.34, while partial remis-
sion with a relative tumor volume of 0.63 & 0.32 in the PDX model Bo85 was achieved
(Figure 4D, F). In striking contrast, the combination therapy of GP-2250 and Gemcitabine
resulted in partial response after 6 to 8 weeks in 4 of 8 PDX models with relative tumor
volume of 0.18 £ 0.10 in Bo85, 0.29 + 0.20 in Bo73, 0.39 & 0.17 in Bo69, and 0.66 + 0.43
in Bo84 (Figure 4D-G). Additionally, three of eight PDX models showed stable disease
after treatment with the combination of GP-2250 with Gemcitabine. The relative tumor
volume ranged between 0.72 £ 0.46 in Bo57, 0.82 £ 0.20 in Bo66, and 0.86 £ 0.15 in Bo81
(Figure 4A,C,H). Only the PDX model Bo6 showed progressive disease with a relative
tumor volume of 2.18 & 0.26. However, the relative tumor volume was still significantly
reduced compared to Gemcitabine monotherapy (5.13 £ 3.33), which reached the abortion
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criteria after 4 weeks (Figure 4B). Additionally, no significant changes in body weight (BW)
were observed even after long-term maintenance therapy (Figure S1C-]). Table 3 shows an
overview of all in vivo results according to RECIST criteria.
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Figure 3. First-line therapy in vivo. Effects of 500 mg/kg*BW GP-2250 in combination with Gem-

citabine (GP + G) (50 mg/kg*BW) versus Gemcitabine alone (G) versus vehicle-treated control on

the subcutaneous tumor growth in nude mice in vivo. Nude mice with tumors of Bo80 (A), Bo70
(B), Bo103 (C), Bo85 (D), Bo82 (E), Bo73 (F), Bo69 (G), and Bo122 (H) were treated with GP-2250
(500 mg/kg*BW) three times a week in combination with Gemcitabine (50 mg/kg*BW) twice weekly,
Gemcitabine monotherapy (50 mg/kg*BW) twice weekly or vehicle (control) for up to 9 weeks.
The tumor volume was measured twice weekly. Asterisk symbols indicate differences between

the combination treatment and the Gemcitabine monotherapy. *** p < 0.001, ** p < 0.01 (one-way

ANOVA followed by Tukey’s post hoc test).
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Figure 4. Maintenance therapy in vivo. Effects of the maintenance therapy with 500 mg/kg*BW GP-2250
in combination with Gemcitabine (50 mg/kg*BW) (GP + G) versus Gemcitabine alone (G) after treatment
with Gemcitabine (100 mg/kg*BW) in combination with nab-Paclitaxel (30 mg/kg*BW) (G + nabPac) for
two weeks on the subcutaneous tumor growth in nude mice in vivo. Nude mice with tumors of Bo81 (A),
Bob (B), Bo57 (C), Bo85 (D), Bo84 (E), Bo73 (F), Bo69 (G), and Bo66 (H) were incubated after initial therapy
with Gemcitabine monotherapy (50 mg/kg*BW) twice weekly, GP-2250 (500 mg/kg*BW) three times a
week in combination with Gemcitabine (50 mg/kg*BW) twice weekly, or treated with vehicle (control)
for up to 9 weeks. The tumor volume was measured twice weekly. Asterisk symbols indicate differences
between the combination treatment and the Gemcitabine monotherapy. ** p < 0.001, ** p < 0.01 (one-way
ANOVA followed by Tukey’s post hoc test).
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Table 3. Results of the first-line and maintenance therapy in vivo. (PD: progressive disease, PR:
partial response; SD: stable disease).

First-Line Maintenance

Tumor G GP +G Tumor G GP +G
Bo80 PD PR Bo81 PD SD
Bo70 PD SD Bo6 PD PD
Bo103 PD PR Bo57 PD SD
Bo85 PD PR Bo85 PR PR
Bo82 PD PD Bo84 PD PR
Bo73 PD SD Bo73 SD PR
Bo69 SD PR Bo69 PD PR
Bo122 PD SD Bo66 PD SD

In summary, in the first-line PDX study, Gemcitabine alone did not result in tumor
regressions in any of the eight patient-derived xenografts, whereas Gemcitabine plus GP-
2250 led to tumor regressions in seven (87.5%) of the eight models. The aggregate tumor
regression response in individual xenografts derived from the eight parental cases was
six (10%) of 58 tumors for Gemcitabine as a single agent and 55 (74%) of 68 tumors for
Gemcitabine plus GP-2250 (Figure 5A).
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S 80 S 80
a a
4 70 o 70
E:Jo 60 i," 60
< 50 < 50
o o
€ 40 € 40
b=} b=}
= 30 = 30
[] []
% 20 % 20
oY) oY)
9 10 9 10
% [oT:]
£ 0 £ 0
EG [ GP+G mG @ GP+G

Figure 5. Aggregate tumor regression rate of the first-line therapy (A) and the maintenance therapy
(B) model is shown in comparable bar graphs. *** p < 0.001 (Fisher ‘s exact test).

In the maintenance treatment model, Gemcitabine alone resulted in tumor regressions
in only one (12.5%) of eight patient-derived xenografts, while Gemcitabine plus GP 2250
resulted in tumor regression in seven (87.5%) of eight cases. The aggregate tumor regression
response in individual xenografts derived from the eight parental cases were 14 (19%) of 74
for Gemcitabine and 60 (79%) of 76 and Gemcitabine plus GP-2250 (Figure 5B).

3.4. Immunbhistochemival Validation of Therapy Response

For the validation of the therapy response immunhistochemical H and E staining
of the treated tumors of the first-line therapy was performed and the regression grades
were determined. The results in Figure 6 show clearly, that the tumors which received the
combined treatment of GP-2250 and Gemcitabin reached higher regression grades (grade
2 and 3 Le Scodan, grade 2 and 1 CAP) compared to those who received the individual
therapies (grade 1 and 2 Le Scodan, grade 3 and 2 CAP).
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Figure 6. Distribution of tumor regression grades according to (A) Le Scodan and (B) CAP: Tumors
of untreated controls (control) show lowest regression rates (Le Scodan 1, CAP 3, 10x (C)), where
tumors treated with monotherapy Gemcitabine (G) show higher grades (grade 1 and 2 Le Scodan,
grade 3 and 2 CAP, 5x (D)). Tumors treated with a combination of GP-2250 and Gemcitabine reached
the highest regression grades (grade 2 and 3 Le Scodan, grade 2 and 1 CAP, 5x (E)).

3.5. Effect of GP-2250 on CD133* Cells in Spheroid Cultures

To obtain a first assessment of the effect of GP-2250 and Gemcitabine on CD133*
cells, spheroids of the cell lines PancTul and Bo80 were generated and analyzed for their
expression of CD133* on their surface under treatment compared to untreated controls.
Concentrations of GP-2250 (1000 uM) and Gemcitabine (30 mM) with high cytotoxic effects
after 48 h were chosen. Cultures of PancTul and Bo80 showed stable and compact multi-
cellular spheroid formation after an incubation period of 5-9 days (Figure 7A,B). The
subsequent flow cytrometric analysis of these cultures revealed different ratios of CD133*
cells between both cell lines. As expected, the established cell line PancTul (6.8%) showed
an approximately 10x smaller fraction of CD133* cells in their spheroid cell populations
compared to the primary cell line Bo80 (67.7%). After incubation with GP-2250 the ratio
of CD133* cells was significantly reduced by 76.1 £ 18.7% in spheroid cell populations of
PancTul, and by 56.3 & 13.5% in spheroid cell populations of Bo80 (Figure 7C,D) compared
to the untreated control. No significant changes in the level of CD133" cells were observed
in spheroid populations treated with Gemcitabine. These data revealed that only substance
GP-2250 was able to reduce the ratio of CD133* markers on the surface of the cells in both
established and primary cell line populations significantly. Conversely, in Gemcitabine-
treated cultures, the ratio of CD133* cells did not diminish at all. Morphologically, it was
observed that spheroid cultures treated with GP-2250 show signs of dissociation of the
spheroid structure indicating a certain amount of cell damage. This effect was not observed
in spheroid cultures treated with Gemcitabine alone, even at such a high concentration of
30 mM (Figure 7E-G).
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Figure 7. Effects of GP-2250 and Gemcitabine on CD133+ cell population in spheroid cultures of
PancTul and Bo80. Untreated spheroid cultures of PancTul (A), Bo80 (B) showed different ratios
of CD133" cells in their population as shown by flow cytometry. Cells treated with Gemcitabine
(30 mM) (G) or GP-2250 (1000 uM) (GP) for 48 h were analyzed via flow cytometry and compared to
untreated control spheroid cultures which were taken as 100%. Shown is the normalized percentage of
CD133* cells PancTul (C), and Bo80 (D) £SD in %. Asterisk symbols indicate differences between the
treated cultured and untreated control cells. ** p < 0.01, n.s. p > 0.05 (one-way ANOVA followed by
Tukey’s post hoc test). (E-G) Morphological effect of GP-2250 (100 uM) (F) and Gemcitabine (30 mM)
(G) compared to an untreated control of Bo80 Spheroid cultures (E), all analyzed in 10 x magnification.

4. Discussion

The present study is the first to evaluate the combinatorial effect of GP-2250 and Gem-
citabine on PDAC. As the prognosis for this disease is abysmal and established chemothera-
peutic protocols are characterized by highly unfavorable side effect profiles, exploration of
novel therapeutic options is indispensable in order to improve quality of life and survival
in patients. The combination of these agents showed a strong synergism and proved to
be highly effective in vitro on three cell lines derived from PDAC patient tissue and one
established pancreatic cancer cell line. The advantage of this drug combination over Gemc-
itabine treatment as a single agent in first-line was confirmed in vivo in eight PDX mouse
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models which constitute a translational intermediate between cell culture and clinical
trials. Similarly, promising results were found for the drug combination in a maintenance
therapeutic setting following first-line treatment with nab-Paclitaxel plus Gemcitabine, as
shown in eight additional PDX models. Furthermore, the combined treatment was not
accompanied by weight loss and severe side effects, enabling a treatment period up to
60 days in mice. Finally, we were able to show that GP-2250 but not Gemcitabine signifi-
cantly reduced the ratio of aggressive tumor-initiating CD133* cells in spheroid cultures of
both an established and a primary pancreatic cell line.

Pancreatic ductal adenocarcinoma is a highly malignant disease characterized by poor
prognosis. Even in the case of early detection and after curative resection, pancreatic cancer
relapses in more than half of patients [49]. As its incidence continuously increases, PDAC is
projected to be the second-most lethal cancer type by 2030 [50]. Current German guidelines
express an open recommendation for nab-Paclitaxel plus Gemcitabine or FOLFIRINOX
as first-line therapies for PDAC, depending on the performance status of the patient [8].
In particular, FOLFIRINOX treatment is poorly tolerated and is accompanied by severe
side effects such as peripheral neuropathy and gastrointestinal and hematological adverse
reactions [9-11]. Therefore, only patients in good general condition qualify for adminis-
tration. For patients with a lower performance status, Gemcitabine as monotherapy or in
combination with Erlotinib is used [9,10]. German guidelines allow the application of Gem-
citabine combined with nab-Paclitaxel in reduced dosage in cases of lower performance
status (ECOG 2) [8]. Gemcitabine is an established chemotherapeutic agent approved for
locally advanced and metastasized PDAC [51]. However, its efficacy is compromised by
multiple mechanisms causing the development of secondary resistance [52-55]. One of
those factors is overexpression of CD133. Already in 2007, Hermann et al. defined that
CD133* PDAC cells were associated with tumorigeneses and Gemcitabine resistance [34].
Furthermore, clinical studies related CD133 as an efficient prognostic factor correlated with
poorer clinical outcomes, manifesting via advanced TNM stage, lesser tumor differentia-
tion and early lymph node metastasis. In addition, high CD133 expression resulted not
only in an unfavorable outcome, but it also promoted tumor recurrence after Gemcitabine
treatment [32,33]. Therefore, the elimination of CD133* cells may be a purposeful approach
to counteract Gemcitabine resistance and tumor recurrence in PDAC patients.

Over the last few years, research on alternative first-line or maintenance regimens
has been focused especially on targeted therapies which are limited to a very small num-
ber of patients fulfilling a narrowly defined set of criteria, i.e., particular mutations [56].
Hence, none of the novel antineoplastic agents have shown superior efficacy or survival
benefits in larger randomized trials for the overall patient collective [57-62]. Moreover,
uninterrupted full-dose chemotherapy often leads to cumulative toxicity without addi-
tional efficacy [13,14]. Thus, current options for maintenance are limited to a small group
of eligible patients owing to the specific requirements of either mutation profile or good
performance status. This underlines the crucial need to establish new therapeutic strategies
and regimens with better tolerability for broad patients, including more vulnerable patients.

4.1. Choice of GP-2250 Plus Gemcitabine

The selection of the therapeutic agents for this study was focused on agents applicable
as maintenance therapy with a favorable side effect profile. Therefore, this study combined
the standard therapeutic agent Gemcitabine with the novel Oxathiazinane derivate GP-
2250. GP-2250 has been proven to possess antiproliferative and antineoplastic properties
on pancreatic cancer in vitro and in vivo [26,28]. Recently, similar to our results, Sofia et al.
could show that tumor progression was significantly reduced by GP-2250 in a variety
of human cancer cell lines in a xenograft mouse model [63]. Additionally, the substance
exhibited strong synergistic effects in combination with Gemcitabine in vitro and in vivo in
pancreatic neuroendocrine carcinoma [29]. The combination of GP-2250 with Gemcitabine
is well tolerated as there were no changes in body weight or vital functions observed in the
test animals ([26,29], Figure S1C-]).
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The combination of GP-2250 and Gemcitabine offers a therapeutic regime with high
effectiveness and a low side effect profile rendering the regimen a potential option for
patients with poor performance status. As no development of secondary resistances was
observed, its applicability as a maintenance strategy seems promising. While monotherapy
with Gemcitabine in vitro showed no significant reduction in cell viability, the combination
of GP-2250 with Gemcitabine reduced cell viability by up to 70%. These results were con-
firmed in vivo, where a partial remission according to RECIST in six of eight PDX models
was achieved with the combination treatment. In contrast, Gemcitabine monotherapy
resulted in progressive disease in seven of eight PDX models.

The aggregate tumor regression response derived from the eight parental cases was
10% for Gemcitabine, whereas the combination achieved a regression response rate of 74%.
Comparing our results to data by Von Hoff et al., the effects of Gemcitabine monotherapy
are similar (response rate 24% von Hoff versus 10% in our collective) [64]. In comparison
to the current guideline-appropriate first-line therapy Gemcitabine and nab-Paclitaxel,
GP-2250 and Gemcitabine proved to be more effective (tumor regression response rate of
55% for nab-Paclitaxel and Gemcitabine versus 74% for GP-2250 and Gemcitabine) [64,65].
The results of the immunhistochemical regression grade analysis of these tumors showing
higher regression grades of tumors receiving the combination therapy also strengthens
this hypothesis.

To improve efficacy and/or reduce side effects, several modifications in the nab-
Paclitaxel and Gemcitabine regimen have been investigated. For instance, Wolfe et al.
in 2021 demonstrated in heterotopic and orthotopic xenograft models that altering the
schedule of Gemcitabine application prior to nab-Paclitaxel versus concurrent delivery de-
layed tumor growth without added toxicity [66]. Despite these improvements, progressive
disease eventually occurred. Likewise, combining Gemcitabine with selective inhibitors of
nuclear export (SINEs) such as Selinexor or KPT-330 significantly reduced tumor growth
in pancreatic cancer xenografts; however, the disease continued to progress according to
RECIST [67-69]. In another study, an additional combination of Selinexor with Gemcitabine
and nab-Paclitaxel resulted in tumor regression in a PDX model of pancreatic cancer [70].
However, the study lacked the comparison with a control group treated with a combination
of Gemcitabine and nab-Paclitaxel in the PDX model. In an orthotopic MiaPaca 2 model,
Selinexor significantly enhanced the effect of Gemcitabine and nab-Paclitaxel; yet, all arms
displayed progressive disease [70]. This contrasts with the results of our study achieving a
partial response in seven of eight PDX models in first-line therapy (see Figure 5).

4.2. Maintenance Study

Opverall, PDX studies in PDAC for maintenance strategies are rare. Clinical trials have
featured two different maintenance strategies in advanced PDAC [15,16]. The first strategy
is to reduce the number of chemotherapeutic agents when sustained tumor control is
achieved [17,18,71]. The only prospective study is the phase Il PRODIGE35-PANOPTIMOX
by Dahan et al., comparing 5-FU and Leucovorin following 8 cycles of FOLFIRINOX vs.
12 cycles of FOLFIRINOX without changing the regimen [17]. Although the primary
endpoint of 6 months PFS did not differ significantly between the two arms, the mainte-
nance group had a longer median survival without deterioration in quality of life (11.4 vs.
7.2 months) [17]. Concomitantly, progression-free survival ranged from 6.8 to 8 months in
other albeit retrospective maintenance studies pursuing a similar strategy [18,72,73].

The other maintenance approach consists of introducing another agent with a dif-
ferent mechanism of action, often mutation-targeted therapies [19-24]. Among these, the
results of the POLO study form the basis for the guideline recommendation for Olaparib
maintenance therapy in patients with BRCA germline mutations following platinum-based
chemotherapy [8]. Golan et al. observed an increased PFS to 7.4 months under Olaparib
therapy in eligible patients compared to 3.8 months in the control arm [19]. However,
OS did not change significantly (18.6 vs. 18.1 months). Similarly, Reiss et al. observed a
12-month PFS rate of 54.8% in eligible patients treated with PARP inhibitor Rucaloprid and
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a median OS of 23.5 months [21]. As the study design did not include an untreated control,
the data can only be compared to the literature.

Analogously to the clinical POLO trial, Roger et al. treated an orthotopic PDAC Mouse
model with FOLFIRINOX followed by either Olaparib or a combination of PARP, ATR
and DNA-PK inhibitors (PAD) compared with vehicle control [22]. Olaparib maintenance
reduced tumor growth in comparison to the control, although the disease progressed in
both groups (+20.7% vs. +41.1%). In contrast, treatment with PAD maintained stable
disease (+18.1% tumor growth) and achieved complete remission of liver metastasis [22].
Notwithstanding these promising results, only 4.5-8% of PDAC patients in the Western
world present with germline BRCA1/2 mutations and are eligible for treatment with PARP
inhibitors [25].

4.3. CD133" Cells

Although the combination of GP-2250 and Gemcitabine was superior to monotherapy
in efficiency for PDAC in a PDX mouse model, the underlying mechanism of synergy
remains to be determined. A possible explanation for this promising interaction may lie in
the reduction in the highly aggressive subpopulation of CD133" cells in PDAC by GP-2250.
In this study, GP-2250 but not Gemcitabine was able to reduce the ratio of CD133* cells
in PDAC spheroids of an established and a primary cell line (Figure 7C,D). Recently, the
mechanism of action of GP-2250 was discovered [28]. It targets the glucose metabolism
by inhibition of Hexokinase 2 (HK2) and GAPDH, resulting in AMPK activation due to
a reduction in ATP and NADH levels ultimately inducing apoptosis via the inhibition of
NF«kB and mTOR signaling pathways [28].

Aberrant metabolism and a high energy demand is a hallmark of aggressive cancer
cells and an upregulation of the glucose metabolism is frequently observed in cancer
cells resistant to chemotherapy [74-76]. Shukla et al. found an upregulation of glycolysis
by increased MUC1 expression in Gemcitabine-resistant pancreatic cancer cells causing
a stabilization of HIF-1x resulting in turn in a higher dependency on glucose and an
increased dNTP production [76,77]. Moreover, they were able to increase the Gemcitabine
sensitivity of resistant pancreatic cancer cells through glucose deprivation and inhibition of
HK2 with 2-Deoxy-Glucose (2DG) [77]. Therefore, the inhibition of HK2 via GP-2250 might
be one possible explanation for the synergy between Gemcitabine and GP-2250 and the
absence of Gemcitabine resistance in combined therapy, even after long-term treatment.

More specifically, Nomura et al. found an increase in glucose uptake and increased
glycolysis in the CD133* cell population of KPC cells [35]. Additionally, the activity of HK2
was found to be threefold increased, along with overexpression of TCA-cycle enzymes.
They were able to show, that the inhibition of glycolysis in CD133" cells augmented their
sensitivity towards chemotherapeutic substances such as Gemcitabine [35]. Furthermore,
Banerjee et al. demonstrated a 2.5-fold increase of NFkB binding in CD133" cells com-
pared to CD133" cells, ensuring survival, increasing invasion, and evading apoptosis [78].
Gemcitabine reduced only the viability of CD133" cells, while the highly aggressive tumor
initiating CD133* subpopulation remained unaffected [36].

Thus, with its ability to reduce glucose metabolism and inhibit NFkB, GP-2250 might
preferentially target CD133* cells and/or reduce the amount of CD133 in the cells, thereby
sensitizing the tumor in whole to Gemcitabine. In keeping with this view, there was no
major sign of resistance development and tumor recurrence with the drug combination in
the maintenance in vivo study. Gemcitabine alone maintained tumor regression in only
one of eight patient-derived xenografts, while Gemcitabine plus GP-2250 sustained tumor
regression in seven of eight cases. Similarly, the aggregate tumor regression response for
maintenance in individual xenografts derived from the eight parental cases was 19% for
Gemcitabine monotherapy and 79% for Gemcitabine plus GP-2250 (Figure 5B). Neverthe-
less, this experiment was a purely exploratory first assessment to characterize the effects
on CD133 surface expression specifically based on the individual substances. Further
studies will explore the impact of GP-2250 on CD133* cells and its contribution to the
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synergy between GP-2250 and Gemcitabine in displaying an excellent sustained response
in combination therapy.

4.4. Limitations of the Study

Our data present highly promising preclinical data for the therapy of PDAC and
contributes to the further examination and characterization of GP-2250, but some limitations
need to be addressed.

Firstly, while a patient-derived xenograft model is a valuable translational model, since
cancer tissue directly from patients is used, it has to be kept in mind that the extrapolation
of PDX results to humans is limited [40]. Especially as it is necessary to use immunocom-
promised mice in order to allow propagation of the tissue, no statements on any possible
side effects concerning the immune system can be made. Here, the current open-label phase
1/2 clinical trial to evaluate the safety and tolerability of GP-2250 [31] will provide the
relevant information. Furthermore, the examination of CD133 in this study was a purely
exploratory first assessment to characterize the effects mainly based on the individual
substances. From our data, it cannot clearly be stated if GP-2250 is actually selectively
eliminating CD133" cells of the tumor population or if it functions in a negative regulatory
way on the expression of CD133 on the surface of the cells. So, the exact mechanism of this
promising synergy will be a prospect of further extensive studies.

5. Conclusions

As the prognosis for PDAC is dire, the further exploration of novel therapeutic options
is imperative. The combination of GP-2250 and Gemcitabine proved to be highly effective
for the treatment of PDAC in a preclinical first-line strategy, as well as in this first main-
tenance setting. The present study represents a new highly effective treatment strategy
with the combination of GP-2250 plus Gemcitabine and is a first proof of concept in a main-
tenance setting of this promising combination in PDAC. Accompanied by the currently
running clinical trial in the USA [31] and the favorable side effect profile of GP-2250, this
forms the translational basis for future clinical trials, particularly for maintenance therapy
with this promising drug combination. By testing 13 different PDX-models in total we
attempted to take the high inter- and intra-tumoral heterogeneity PDAC into account. The
preliminary data on the impact of GP-2250 on CD133* cells open a new avenue to assess
the mechanism of synergy between GP-2250 and Gemcitabine.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers16142612/s1, Figure S1: (A,B) Monotherapy in vivo.
Effects of 500 mg/kg*BW GP-2250 versus vehicle treated control on the subcutaneous tumor growth
in nude mice in vivo. Nude mice with tumors of Bo82 (A), Bo73 (B) were treated with GP-2250
(500 mg/kg*BW) three times a week or vehicle (control) for up to 9 weeks. The tumor volume was
measured twice weekly. (C-J) Changes in body weight of mice undergoing maintenance therapy
in vivo with 500 mg/kg*BW GP-2250 in combination with Gemcitabine (50 mg/kg*BW) versus
Gemcitabine alone after treatment with Gemcitabine (100 mg/kg*BW) in combination with nab-
Paclitaxel (30 mg/kg*BW) for two weeks. Nude mice with tumors of B66 (C), Bo84 (D), Bo85
(E), Bo6 (F), Bo69 (G), Bo81 (H), Bo57 (I), and Bo73 (J) were incubated after initial therapy with
Gemcitabine monotherapy (50 mg/kg*BW) twice weekly, GP-2250 (500 mg/kg*BW) three times a
week in combination with Gemcitabine (50 mg/kg*BW) twice weekly, or treated with vehicle (control)
for up to 9 weeks. The asterisk symbols indicate differences between the combination treatment and
the Gemcitabine monotherapy. *** p < 0.001, ** p < 0.01, * p < 0.05, n.s. p > 0.05 (one-way ANOVA
followed by Tukey’s post hoc test).
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uM Micromole per liter

5-FU 5-Fluorouracil

Bcl-2 B-cell lymphoma 2

CI Combination Index

DMEM Dulbecco’s Modified Eagle Medium

DMSO Dimethylsulfoxide

FOLFIRINOX  5-Fluorouracil, Leucovorin, Irinotecan, Oxaliplatin
GAPDH Glyceraldehyde 3-phosphate dehydrogenase
Gem, G Gemcitabine

GP-2250 1.4.5-oxathiazan-dioxide-4.4, Misetionamide

ip. Intraperitoneal

mg/kg*BW Milligram per kilogram bodyweight

Min Minutes

mM Millimole per liter

mTOR Mammalian Target of Rapamycin

MTIT 3-(4.5-Dimethylthiazol-2-yl)-2.5-diphenyltetrazoliumbromide
NF«B Nuclear factor kappa light-chain enhancer of activated B cells
nm Nanometer

(O] Overall survival

PARP Poly (adenosine diphosphate-ribose) polymerase
PDAC Pancreatic ductal adenocarcinoma

PDX Patient-derived mouse xenografts

PFS Progression-free survival

RECIST Response evaluation criteria in solid tumors

ROS Reactive oxygen species

SD Standard deviation

SINEs Selective inhibitors of nuclear export



Cancers 2024, 16, 2612 20 of 23

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

German Centre for Cancer Registry Data. German Centre for Cancer Registry Data (2020) Krebs—Cancer in Germany: Pancreas-
C25. 2020. Available online: https:/ /www.krebsdaten.de/Krebs/EN/Content/Publications/Cancer_in_Germany/cancer_in_
germany_node.html (accessed on 9 March 2020).

McGuire, S. World Cancer Report 2014. Geneva, Switzerland: World Health Organization, International Agency for Research on
Cancer, WHO Press, 2015. Adv. Nutr. 2016, 7, 418-419. [CrossRef]

Ilic, M.; Ilic, I. Epidemiology of pancreatic cancer. World . Gastroenterol. 2016, 22, 9694-9705. [CrossRef] [PubMed]

Stewart, B.W.; Wild, C.P. World Cancer Report 2014, Online-Ausg; International Agency for Research on Cancer: Lyon, France, 2014;
ISBN 9789283204435.

Quifonero, F; Mesas, C.; Doello, K.; Cabeza, L.; Perazzoli, G.; Jimenez-Luna, C.; Rama, A.R.; Melguizo, C.; Prados, J. The
challenge of drug resistance in pancreatic ductal adenocarcinoma: A current overview. Cancer Biol. Med. 2019, 16, 688-699.
[CrossRef] [PubMed]

Deutsche Gesellschaft fiir Himatologie und Medizinische Onkologie e.V. Pankreaskarzinom Leitlinie: Empfehlungen der
Fachgesellschaft zur Diagnostik und Therapie Himatologischer und Onkologischer Erkrankungen. 2018. Available online:
https:/ /www.onkopedia.com/de/onkopedia/guidelines/pankreaskarzinom/@@guideline /html/index.html (accessed on 15
September 2022).

Schoppmeyer, K.; Mossner, J. Pankreaskarzinom. Internist 2004, 45, 769-776. [CrossRef]

Leitlinienprogramm Onkologie. Leitlinienprogramm Onkologie: Leitlinien. 2021. Available online: https://www.
leitlinienprogramme-onkologie.de/index.php?id=7&type=0 (accessed on 11 March 2021).

McGuigan, A; Kelly, P.; Turkington, R.C.; Jones, C.; Coleman, H.G.; McCain, R.S. Pancreatic cancer: A review of clinical diagnosis,
epidemiology, treatment and outcomes. World . Gastroenterol. 2018, 24, 4846—4861. [CrossRef] [PubMed]

Adamska, A.; Domenichini, A.; Falasca, M. Pancreatic Ductal Adenocarcinoma: Current and Evolving Therapies. Int. J. Mol. Sci.
2017, 18, 1338. [CrossRef] [PubMed]

Vogl, UM.; Andalibi, H.; Klaus, A.; Vormittag, L.; Schima, W.; Heinrich, B.; Kafka, A.; Winkler, T.; Ohler, L. Nab-paclitaxel and
gemcitabine or FOLFIRINOX as first-line treatment in patients with unresectable adenocarcinoma of the pancreas: Does sequence
matter? BMC Cancer 2019, 19, 28. [CrossRef] [PubMed]

Macarulla, T.; Pazo-Cid, R.; Guillén-Ponce, C.; Lopez, R.; Vera, R.; Reboredo, M.; Mufioz Martin, A.; Rivera, F.; Diaz Beveridge, R.;
La Casta, A.; et al. Phase I/1I Trial to Evaluate the Efficacy and Safety of Nanoparticle Albumin-Bound Paclitaxel in Combination
With Gemcitabine in Patients With Pancreatic Cancer and an ECOG Performance Status of 2. J. Clin. Oncol. 2019, 37, 230-238.
[CrossRef] [PubMed]

Socinski, M.A.; Schell, M.].; Peterman, A.; Bakri, K.; Yates, S.; Gitten, R.; Unger, P; Lee, J.; Lee, ].-H.; Tynan, M.; et al. Phase III trial
comparing a defined duration of therapy versus continuous therapy followed by second-line therapy in advanced-stage IIIB/IV
non-small-cell lung cancer. J. Clin. Oncol. 2002, 20, 1335-1343. [CrossRef]

Tournigand, C.; Cervantes, A.; Figer, A.; Lledo, G.; Flesch, M.; Buyse, M.; Mineur, L.; Carola, E.; Etienne, P.-L.; Rivera, F; et al.
OPTIMOX1: A randomized study of FOLFOX4 or FOLFOX7 with oxaliplatin in a stop-and-Go fashion in advanced colorectal
cancer--a GERCOR study. J. Clin. Oncol. 2006, 24, 394—400. [CrossRef]

Hammel, P; Vitellius, C.; Boisteau, E.; Wisniewski, M.; Colle, E.; Hilmi, M.; Dengremont, C.; Granier, S.; Turpin, A.; de Mestier, L.;
et al. Maintenance therapies in metastatic pancreatic cancer: Present and future with a focus on PARP inhibitors. Ther. Adv. Med.
Oncol. 2020, 12, 1758835920937949. [CrossRef] [PubMed]

Singh, H.; Perez, K.; Wolpin, B.M.; Aguirre, A.]. Beyond the Front Line: Emerging Data for Maintenance Therapy in Pancreatic
Cancer. J. Clin. Oncol. 2021, 39, 3199-3206. [CrossRef]

Dahan, L.; Williet, N.; Le Malicot, K.; Phelip, J].-M.; Desrame, J.; Bouché, O.; Petorin, C.; Malka, D.; Rebischung, C.; Aparicio, T.;
et al. Randomized Phase II Trial Evaluating Two Sequential Treatments in First Line of Metastatic Pancreatic Cancer: Results of
the PANOPTIMOX-PRODIGE 35 Trial. J. Clin. Oncol. 2021, 39, 3242-3250. [CrossRef] [PubMed]

Franck, C.; Canbay, A.; Malfertheiner, P.; Venerito, M. Maintenance Therapy with FOLFIRI after FOLFIRINOX for Advanced
Pancreatic Ductal Adenocarcinoma: A Retrospective Single-Center Analysis. J. Oncol. 2019, 2019, 5832309. [CrossRef]

Golan, T.; Hammel, P.,; Reni, M.; van Cutsem, E.; Macarulla, T.; Hall, M.].; Park, J.-O.; Hochhauser, D.; Arnold, D.; Oh, D.-Y.; et al.
Maintenance Olaparib for Germline BRCA-Mutated Metastatic Pancreatic Cancer. N. Engl. J. Med. 2019, 381, 317-327. [CrossRef]
Martinez-Galan, J.; Rodriguez, I.; Caba, O. Importance of BRCA mutation for the current treatment of pancreatic cancer beyond
maintenance. World J. Gastroenterol. 2021, 27, 6515-6521. [CrossRef]

Reiss, K.A.; Mick, R.; O’'Hara, M.H.; Teitelbaum, U.; Karasic, T.B.; Schneider, C.; Cowden, S.; Southwell, T.; Romeo, J.; Izgur, N.;
et al. Phase II Study of Maintenance Rucaparib in Patients With Platinum-Sensitive Advanced Pancreatic Cancer and a Pathogenic
Germline or Somatic Variant in BRCA1, BRCA2, or PALB2. J. Clin. Oncol. 2021, 39, 2497-2505. [CrossRef] [PubMed]

Roger, E.; Gout, J.; Arnold, F; Beutel, A.K.; Miiller, M.; Abaei, A.; Barth, TEE.; Rasche, V.; Seufferlein, T.; Perkhofer, L.;
et al. Maintenance Therapy for ATM-Deficient Pancreatic Cancer by Multiple DNA Damage Response Interferences after
Platinum-Based Chemotherapy. Cells 2020, 9, 2110. [CrossRef]

Zhang, W.; Du, C; Sun, Y,; Yang, L.; Cui, C,; Jiang, Z.; Wang, C.; Wang, J.; Zhou, A. Nab-paclitaxel plus S-1 as first-line followed
by S-1 maintenance for advanced pancreatic adenocarcinoma: A single-arm phase II trial. Cancer Chemother. Pharmacol. 2018, 82,
655-660. [CrossRef]


https://www.krebsdaten.de/Krebs/EN/Content/Publications/Cancer_in_Germany/cancer_in_germany_node.html
https://www.krebsdaten.de/Krebs/EN/Content/Publications/Cancer_in_Germany/cancer_in_germany_node.html
https://doi.org/10.3945/an.116.012211
https://doi.org/10.3748/wjg.v22.i44.9694
https://www.ncbi.nlm.nih.gov/pubmed/27956793
https://doi.org/10.20892/j.issn.2095-3941.2019.0252
https://www.ncbi.nlm.nih.gov/pubmed/31908888
https://www.onkopedia.com/de/onkopedia/guidelines/pankreaskarzinom/@@guideline/html/index.html
https://doi.org/10.1007/s00108-004-1222-7
https://www.leitlinienprogramm-onkologie.de/index.php?id=7&type=0
https://www.leitlinienprogramm-onkologie.de/index.php?id=7&type=0
https://doi.org/10.3748/wjg.v24.i43.4846
https://www.ncbi.nlm.nih.gov/pubmed/30487695
https://doi.org/10.3390/ijms18071338
https://www.ncbi.nlm.nih.gov/pubmed/28640192
https://doi.org/10.1186/s12885-018-5240-6
https://www.ncbi.nlm.nih.gov/pubmed/30621630
https://doi.org/10.1200/JCO.18.00089
https://www.ncbi.nlm.nih.gov/pubmed/30523758
https://doi.org/10.1200/JCO.2002.20.5.1335
https://doi.org/10.1200/JCO.2005.03.0106
https://doi.org/10.1177/1758835920937949
https://www.ncbi.nlm.nih.gov/pubmed/32695234
https://doi.org/10.1200/JCO.21.01510
https://doi.org/10.1200/JCO.20.03329
https://www.ncbi.nlm.nih.gov/pubmed/34288696
https://doi.org/10.1155/2019/5832309
https://doi.org/10.1056/NEJMoa1903387
https://doi.org/10.3748/wjg.v27.i39.6515
https://doi.org/10.1200/JCO.21.00003
https://www.ncbi.nlm.nih.gov/pubmed/33970687
https://doi.org/10.3390/cells9092110
https://doi.org/10.1007/s00280-018-3650-4

Cancers 2024, 16, 2612 21 of 23

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Reni, M,; Cereda, S.; Milella, M.; Novarino, A.; Passardi, A.; Mambrini, A.; Di Lucca, G.; Aprile, G.; Belli, C.; Danova, M.; et al.
Maintenance sunitinib or observation in metastatic pancreatic adenocarcinoma: A phase II randomised trial. Eur. ]. Cancer 2013,
49, 3609-3615. [CrossRef]

Macchini, M.; Centonze, E; Peretti, U.; Orsi, G.; Militello, A.M.; Valente, M.M.; Cascinu, S.; Reni, M. Epidemiology and geographic
distribution of BRCA1-2 and DNA Damage response genes pathogenic variants in pancreatic ductal adenocarcinoma patients.
Cancer Treat. Rev. 2022, 104, 102357. [CrossRef]

Buchholz, M.; Majchrzak-Stiller, B.; Hahn, S.; Vangala, D.; Pfirrmann, R.W.; Uhl, W.; Braumann, C.; Chromik, A.M. Innovative
substance 2250 as a highly promising anti-neoplastic agent in malignant pancreatic carcinoma—In vitro and in vivo. BMC Cancer
2017, 17, 216. [CrossRef] [PubMed]

Baron, C.; Buchholz, M.; Majchrzak-Stiller, B.; Peters, I.; Fein, D.; Miiller, T.; Uhl, W.; Hohn, P.; Strotmann, J.; Braumann, C.
Substance GP-2250 as a New Therapeutic Agent for Malignant Peritoneal Mesothelioma-A 3-D In Vitro Study. Int. ]. Mol. Sci.
2022, 23, 7293. [CrossRef] [PubMed]

Majchrzak-Stiller, B.; Buchholz, M.; Peters, I.; Strotmann, J.; Mohrke, J.; Zelichowski, L.; Oehlke, L.; Quensel, C.; Fein, D.; Hohn, P;
et al. Oxathiazinane derivatives display both antineoplastic and antibacterial activity: A structure activity study. J. Cancer Res.
Clin. Oncol. 2023, 149, 9071-9083. [CrossRef]

Buchholz, M.; Strotmann, J.; Majchrzak-Stiller, B.; Hahn, S.; Peters, I.; Horn, J.; Miiller, T.; Hohn, P.; Uhl, W.; Braumann, C. New
Therapy Options for Neuroendocrine Carcinoma of the Pancreas-The Emergent Substance GP-2250 and Gemcitabine Prove to Be
Highly Effective without the Development of Secondary Resistances In Vitro and In Vivo. Cancers 2022, 14, 2685. [CrossRef]
[PubMed]

Majchrzak-Stiller, B.; Buchholz, M.; Peters, I.; Waschestjuk, D.; Strotmann, J.; Héhn, P.; Hahn, S.; Braumann, C.; Uhl, W.; Miiller, T.;
et al. GP-2250, a novel anticancer agent, inhibits the energy metabolism, activates AMP-Kinase and impairs the NF-kB pathway
in pancreatic cancer cells. J. Cell. Mol. Med. 2023, 27, 2082-2092. [CrossRef]

Kasi, A.; Iglesias, ].L. A phase 1/2 study to evaluate the safety, tolerability, and preliminary efficacy of GP-2250 in combination
with gemcitabine for advanced or metastatic pancreatic adenocarcinoma. J. Clin. Oncol. 2022, 40, TPS620. [CrossRef]

Li, X.; Zhao, H.; Gu, ].; Zheng, L. Prognostic value of cancer stem cell marker CD133 expression in pancreatic ductal adenocarci-
noma (PDAC): A systematic review and meta-analysis. Int. J. Clin. Exp. Pathol. 2015, 8, 12084-12092.

Kim, H.-S.; Yoo, S.-Y.; Kim, K.-T.; Park, J.-T.; Kim, H.-J.; Kim, J.-C. Expression of the stem cell markers CD133 and nestin in
pancreatic ductal adenocarcinoma and clinical relevance. Int. J. Clin. Exp. Pathol. 2012, 5, 754-761.

Hermann, P.C; Huber, S.L.; Herrler, T.; Aicher, A.; Ellwart, ].W.; Guba, M.; Bruns, C.J.; Heeschen, C. Distinct populations of cancer
stem cells determine tumor growth and metastatic activity in human pancreatic cancer. Cell Stem Cell 2007, 1, 313-323. [CrossRef]
Nomura, A.; Dauer, P.; Gupta, V.; McGinn, O.; Arora, N.; Majumdar, K.; Uhlrich, C.; Dalluge, J.; Dudeja, V.; Saluja, A.; et al.
Microenvironment mediated alterations to metabolic pathways confer increased chemo-resistance in CD133+ tumor initiating
cells. Oncotarget 2016, 7, 56324-56337. [CrossRef]

Banerjee, S.; Nomura, A.; Sangwan, V.; Chugh, R.; Dudeja, V.; Vickers, S.M.; Saluja, A. CD133+ tumor initiating cells in a syngenic
murine model of pancreatic cancer respond to Minnelide. Clin. Cancer Res. 2014, 20, 2388-2399. [CrossRef]

Weisner, J.; Landel, I.; Reintjes, C.; Uhlenbrock, N.; Trajkovic-Arsic, M.; Dienstbier, N.; Hardick, J.; Ladigan, S.; Lindemann,
M.; Smith, S.; et al. Preclinical Efficacy of Covalent-Allosteric AKT Inhibitor Borussertib in Combination with Trametinib in
KRAS-Mutant Pancreatic and Colorectal Cancer. Cancer Res. 2019, 79, 2367-2378. [CrossRef]

Miranda-Lorenzo, I.; Dorado, J.; Lonardo, E.; Alcala, S.; Serrano, A.G.; Clausell-Tormos, J.; Cioffi, M.; Megias, D.; Zagorac, S.;
Balic, A.; et al. Intracellular autofluorescence: A biomarker for epithelial cancer stem cells. Nat. Methods 2014, 11, 1161-1169.
[CrossRef]

van Meerloo, J.; Kaspers, G.J.L.; Cloos, ]. Cell sensitivity assays: The MTT assay. Methods Mol. Biol. 2011, 731, 237-245. [CrossRef]
[PubMed]

Hidalgo, M.; Amant, F; Biankin, A.V.; Budinska, E.; Byrne, A.T,; Caldas, C.; Clarke, R.B.; de Jong, S.; Jonkers, J.; Melandsmo,
G.M.,; et al. Patient-derived xenograft models: An emerging platform for translational cancer research. Cancer Discov. 2014, 4,
998-1013. [CrossRef]

Mazur, PK.; Herner, A.; Mello, S.S.; Wirth, M.; Hausmann, S.; Sanchez-Rivera, FJ.; Lofgren, S.M.; Kuschma, T.; Hahn, S.A;
Vangala, D.; et al. Combined inhibition of BET family proteins and histone deacetylases as a potential epigenetics-based therapy
for pancreatic ductal adenocarcinoma. Nat. Med. 2015, 21, 1163-1171. [CrossRef]

Eisenhauer, E.A.; Therasse, P.; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, J.; Arbuck, S.; Gwyther, S.; Mooney, M.;
et al. New response evaluation criteria in solid tumours: Revised RECIST guideline (version 1.1). Eur. . Cancer 2009, 45, 228-247.
[CrossRef] [PubMed]

Mulisch, M.; Welsch, U. Romeis-Mikroskopische Technik. 19. Uberarbeitete und Erweiterte Auflage; Springer: Berlin/Heidelberg,
Germany, 2015.

Lang, G. Histotechnik: Praxislehrbuch fiir Die Biomedizinische Analytik. zweite Uberarbeitete und Aktualisierte Auflage; Springer:
Berlin/Heidelberg, Germany, 2013.

Ahn, S.; Lee, J.; Kim, J.; Kim, Y.H.; Yoon, Y.; Han, H.; Kim, H.; Hwang, J. Four-Tier Pathologic Tumor Regression Grading
System Predicts the Clinical Outcome in Patients Who Undergo Surgical Resection for Locally Advanced Pancreatic Cancer after
Neoadjuvant Chemotherapy. Gut Liver 2022, 16, 129-137. [CrossRef] [PubMed]


https://doi.org/10.1016/j.ejca.2013.06.041
https://doi.org/10.1016/j.ctrv.2022.102357
https://doi.org/10.1186/s12885-017-3204-x
https://www.ncbi.nlm.nih.gov/pubmed/28340556
https://doi.org/10.3390/ijms23137293
https://www.ncbi.nlm.nih.gov/pubmed/35806313
https://doi.org/10.1007/s00432-023-04799-8
https://doi.org/10.3390/cancers14112685
https://www.ncbi.nlm.nih.gov/pubmed/35681665
https://doi.org/10.1111/jcmm.17825
https://doi.org/10.1200/JCO.2022.40.4_suppl.TPS620
https://doi.org/10.1016/j.stem.2007.06.002
https://doi.org/10.18632/oncotarget.10838
https://doi.org/10.1158/1078-0432.CCR-13-2947
https://doi.org/10.1158/0008-5472.CAN-18-2861
https://doi.org/10.1038/nmeth.3112
https://doi.org/10.1007/978-1-61779-080-5_20
https://www.ncbi.nlm.nih.gov/pubmed/21516412
https://doi.org/10.1158/2159-8290.CD-14-0001
https://doi.org/10.1038/nm.3952
https://doi.org/10.1016/j.ejca.2008.10.026
https://www.ncbi.nlm.nih.gov/pubmed/19097774
https://doi.org/10.5009/gnl20312
https://www.ncbi.nlm.nih.gov/pubmed/33875622

Cancers 2024, 16, 2612 22 of 23

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Matsuda, Y.; Ohkubo, S.; Nakano-Narusawa, Y.; Fukumura, Y.; Hirabayashi, K.; Yamaguchi, H.; Sahara, Y.; Kawanishi, A;
Takahashi, S.; Arai, T.; et al. Objective assessment of tumor regression in post-neoadjuvant therapy resections for pancreatic
ductal adenocarcinoma: Comparison of multiple tumor regression grading systems. Sci. Rep. 2020, 10, 18278. [CrossRef]
Chang, T.T.; Chou, T.C. Rational approach to the clinical protocol design for drug combinations: A review. Acta Paediatrica
Taiwanica = Taiwan er ke yi xue hui za zhi 2000, 41, 294-302.

Chou, T.-C. Theoretical Basis, Experimental Design, and Computerized Simulation of Synergism and Antagonism in Drug
Combination Studies. Pharmacol. Rev. 2006, 58, 621-681. [CrossRef] [PubMed]

Oettle, H.; Post, S.; Neuhaus, P; Gellert, K.; Langrehr, J.; Ridwelski, K.; Schramm, H.; Fahlke, J.; Zuelke, C.; Burkart, C.; et al.
Adjuvant chemotherapy with gemcitabine vs observation in patients undergoing curative-intent resection of pancreatic cancer: A
randomized controlled trial. JAMA 2007, 297, 267-277. [CrossRef]

Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, ].M.; Matrisian, L.M. Projecting cancer incidence and deaths
to 2030: The unexpected burden of thyroid, liver, and pancreas cancers in the United States. Cancer Res. 2014, 74, 2913-2921.
[CrossRef] [PubMed]

Ducreux, M.; Cuhna, A.S.; Caramella, C.; Hollebecque, A.; Burtin, P.; Goéré, D.; Seufferlein, T.; Haustermans, K.; van Laethem,
J.L.; Conroy, T.; et al. Cancer of the pancreas: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann.
Oncol. 2015, 26 (Suppl. S5), v56-v68. [CrossRef]

Spratlin, J.; Sangha, R.; Glubrecht, D.; Dabbagh, L.; Young, ].D.; Dumontet, C.; Cass, C.; Lai, R.; Mackey, ].R. The absence of
human equilibrative nucleoside transporter 1 is associated with reduced survival in patients with gemcitabine-treated pancreas
adenocarcinoma. Clin. Cancer Res. 2004, 10, 6956—6961. [CrossRef]

Ohhashi, S.; Ohuchida, K.; Mizumoto, K.; Fujita, H.; Egami, T.; Yu, J.; Toma, H.; Sadatomi, S.; Nagai, E.; Tanaka, M. Down-
regulation of deoxycytidine kinase enhances acquired resistance to gemcitabine in pancreatic cancer. Anticancer Res. 2008, 28,
2205-2212. [PubMed]

Saiki, Y.; Yoshino, Y.; Fujimura, H.; Manabe, T.; Kudo, Y.; Shimada, M.; Mano, N.; Nakano, T.; Lee, Y.; Shimizu, S.; et al. DCK is
frequently inactivated in acquired gemcitabine-resistant human cancer cells. Biochem. Biophys. Res. Commun. 2012, 421, 98-104.
[CrossRef]

Nakahira, S.; Nakamori, S.; Tsujie, M.; Takahashi, Y.; Okami, J.; Yoshioka, S.; Yamasaki, M.; Marubashi, S.; Takemasa, I.; Miyamoto,
A.; et al. Involvement of ribonucleotide reductase M1 subunit overexpression in gemcitabine resistance of human pancreatic
cancer. Int. J. Cancer 2007, 120, 1355-1363. [CrossRef]

Qian, Y;; Gong, Y.; Fan, Z.; Luo, G.; Huang, Q.; Deng, S.; Cheng, H.; Jin, K.; Ni, Q.; Yu, X.; et al. Molecular alterations and targeted
therapy in pancreatic ductal adenocarcinoma. J. Hematol. Oncol. 2020, 13, 130. [CrossRef]

Watkins, D.J.; Starling, N.; Cunningham, D.; Thomas, J.; Webb, J.; Brown, G.; Barbachano, Y.; Oates, J.; Chau, I. The combination
of a chemotherapy doublet (gemcitabine and capecitabine) with a biological doublet (bevacizumab and erlotinib) in patients with
advanced pancreatic adenocarcinoma. The results of a phase I/1I study. Eur. J. Cancer 2014, 50, 1422-1429. [CrossRef] [PubMed]
Kindler, H.L.; Friberg, G.; Singh, D.A.; Locker, G.; Nattam, S.; Kozloff, M.; Taber, D.A.; Karrison, T.; Dachman, A.; Stadler,
W.M.; et al. Phase II trial of bevacizumab plus gemcitabine in patients with advanced pancreatic cancer. J. Clin. Oncol. 2005, 23,
8033-8040. [CrossRef]

van Cutsem, E.; Vervenne, W.L.; Bennouna, J.; Humblet, Y,; Gill, S.; van Laethem, J.-L.; Verslype, C.; Scheithauer, W.; Shang,
A.; Cosaert, J.; et al. Phase III trial of bevacizumab in combination with gemcitabine and erlotinib in patients with metastatic
pancreatic cancer. J. Clin. Oncol. 2009, 27, 2231-2237. [CrossRef] [PubMed]

Ko, A.H.; Youssoufian, H.; Gurtler, J.; Dicke, K.; Kayaleh, O.; Lenz, H.-].; Keaton, M.; Katz, T.; Ballal, S.; Rowinsky, E.K. A phase II
randomized study of cetuximab and bevacizumab alone or in combination with gemcitabine as first-line therapy for metastatic
pancreatic adenocarcinoma. Invest. New Drugs 2012, 30, 1597-1606. [CrossRef] [PubMed]

Bergmann, L.; Maute, L.; Heil, G.; Riissel, J.; Weidmann, E.; Kéberle, D.; Fuxius, S.; Weigang-Kohler, K.; Aulitzky, W.E.; Wérmann,
B.; et al. A prospective randomised phase-II trial with gemcitabine versus gemcitabine plus sunitinib in advanced pancreatic
cancer: A study of the CESAR Central European Society for Anticancer Drug Research-EWIV. Eur. ]. Cancer 2015, 51, 27-36.
[CrossRef] [PubMed]

Brahmer, J.R.; Tykodi, S.S.; Chow, L.Q.M.; Hwu, W.-].; Topalian, S.L.; Hwu, P; Drake, C.G.; Camacho, L.H.; Kauh, J.; Odunsi,
K.; et al. Safety and activity of anti-PD-L1 antibody in patients with advanced cancer. N. Engl. |. Med. 2012, 366, 2455-2465.
[CrossRef]

Sofia, R.D.; Martin, K.M.; Costin, J.C. Antineoplastic activity of GP-2250 in-vitro and in mouse xenograft models. Anti-Cancer
Drugs 2024, 35, 183-189. [CrossRef] [PubMed]

von Hoff, D.D.; Ramanathan, R.K,; Borad, M.].; Laheru, D.A.; Smith, L.S.; Wood, T.E.; Korn, R.L.; Desai, N.; Trieu, V.; Iglesias, J.L.;
et al. Gemcitabine Plus nab -Paclitaxel Is an Active Regimen in Patients With Advanced Pancreatic Cancer: A Phase I/1I Trial. J.
Clin. Oncol. 2011, 29, 4548-4554. [CrossRef]

Goldstein, D.; El-Maraghi, R.H.; Hammel, P.; Heinemann, V.; Kunzmann, V.; Sastre, J.; Scheithauer, W.; Siena, S.; Tabernero, J.;
Teixeira, L.; et al. nab-Paclitaxel plus gemcitabine for metastatic pancreatic cancer: Long-term survival from a phase III trial. ].
Natl. Cancer Inst. 2015, 107, dju413. [CrossRef]


https://doi.org/10.1038/s41598-020-74067-z
https://doi.org/10.1124/pr.58.3.10
https://www.ncbi.nlm.nih.gov/pubmed/16968952
https://doi.org/10.1001/jama.297.3.267
https://doi.org/10.1158/0008-5472.CAN-14-0155
https://www.ncbi.nlm.nih.gov/pubmed/24840647
https://doi.org/10.1093/annonc/mdv295
https://doi.org/10.1158/1078-0432.CCR-04-0224
https://www.ncbi.nlm.nih.gov/pubmed/18751396
https://doi.org/10.1016/j.bbrc.2012.03.122
https://doi.org/10.1002/ijc.22390
https://doi.org/10.1186/s13045-020-00958-3
https://doi.org/10.1016/j.ejca.2014.02.003
https://www.ncbi.nlm.nih.gov/pubmed/24613126
https://doi.org/10.1200/JCO.2005.01.9661
https://doi.org/10.1200/JCO.2008.20.0238
https://www.ncbi.nlm.nih.gov/pubmed/19307500
https://doi.org/10.1007/s10637-011-9691-8
https://www.ncbi.nlm.nih.gov/pubmed/21629990
https://doi.org/10.1016/j.ejca.2014.10.010
https://www.ncbi.nlm.nih.gov/pubmed/25459392
https://doi.org/10.1056/NEJMoa1200694
https://doi.org/10.1097/CAD.0000000000001550
https://www.ncbi.nlm.nih.gov/pubmed/37983375
https://doi.org/10.1200/JCO.2011.36.5742
https://doi.org/10.1093/jnci/dju413

Cancers 2024, 16, 2612 23 of 23

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Wolfe, A.R.; Robb, R.; Hegazi, A.; Abushahin, L.; Yang, L.; Shyu, D.-L.; Trevino, ].G.; Cruz-Monserrate, Z.; Jacob, ].R.; Palanichamy,
K. et al. Altered Gemcitabine and Nab-paclitaxel Scheduling Improves Therapeutic Efficacy Compared with Standard Concurrent
Treatment in Preclinical Models of Pancreatic Cancer. Clin. Cancer Res. 2021, 27, 554-565. [CrossRef]

Azmi, A.S.; Aboukameel, A.; Bao, B.; Sarkar, EH.; Philip, P.A.; Kauffman, M.; Shacham, S.; Mohammad, R.M. Selective inhibitors
of nuclear export block pancreatic cancer cell proliferation and reduce tumor growth in mice. Gastroenterology 2013, 144, 447-456.
[CrossRef] [PubMed]

Gao, J.; Azmi, A.S.; Aboukameel, A.; Kauffman, M.; Shacham, S.; Abou-Samra, A.-B.; Mohammad, R.M. Nuclear retention of
Fbw?7 by specific inhibitors of nuclear export leads to Notchl degradation in pancreatic cancer. Oncotarget 2014, 5, 3444-3454.
[CrossRef] [PubMed]

Kazim, S.; Malafa, M.P.; Coppola, D.; Husain, K.; Zibadi, S.; Kashyap, T.; Crochiere, M.; Landesman, Y.; Rashal, T.; Sullivan, D.M.;
et al. Selective Nuclear Export Inhibitor KPT-330 Enhances the Antitumor Activity of Gemcitabine in Human Pancreatic Cancer.
Mol. Cancer Ther. 2015, 14, 1570-1581. [CrossRef] [PubMed]

Azmi, A.S.; Khan, H.Y.; Mugbil, I.; Aboukameel, A.; Neggers, J.E.; Daelemans, D.; Mahipal, A.; Dyson, G.; Kamgar, M.; Al-Hallak,
M.N.; et al. Preclinical Assessment with Clinical Validation of Selinexor with Gemcitabine and Nab-Paclitaxel for the Treatment
of Pancreatic Ductal Adenocarcinoma. Clin. Cancer Res. 2020, 26, 1338-1348. [CrossRef] [PubMed]

Franck, C.; Miiller, C.; Rosania, R.; Croner, R.S.; Pech, M.; Venerito, M. Advanced Pancreatic Ductal Adenocarcinoma: Moving
Forward. Cancers 2020, 12, 1955. [CrossRef]

Petrioli, R.; Torre, P.; Pesola, G.; Paganini, G.; Paolelli, L.; Miano, S.T.; Martellucci, I.; Francini, G.; Francini, E. Gemcitabine plus
nab-paclitaxel followed by maintenance treatment with gemcitabine alone as first-line treatment for older adults with locally
advanced or metastatic pancreatic cancer. J. Geriatr. Oncol. 2020, 11, 647-651. [CrossRef] [PubMed]

Reure, J.; Follana, P; Gal, ].; Evesque, L.; Cavaglione, G.; Saint, A.; Frangois, E. Effectiveness and Tolerability of Maintenance
Capecitabine Administrated to Patients with Metastatic Pancreatic Cancer Treated with First-Line FOLFIRINOX. Oncology 2016,
90, 261-266. [CrossRef] [PubMed]

Baier, D.; Schoenhacker-Alte, B.; Rusz, M.; Pirker, C.; Mohr, T.; Mendrina, T.; Kirchhofer, D.; Meier-Menches, S.M.; Hohenwallner,
K.; Schaier, M.; et al. The Anticancer Ruthenium Compound BOLD-100 Targets Glycolysis and Generates a Metabolic Vulnerability
towards Glucose Deprivation. Pharmaceutics 2022, 14, 238. [CrossRef] [PubMed]

Lin, J.; Xia, L.; Liang, J.; Han, Y.; Wang, H.; Oyang, L.; Tan, S.; Tian, Y.; Rao, S.; Chen, X.; et al. The roles of glucose metabolic
reprogramming in chemo- and radio-resistance. J. Exp. Clin. Cancer Res. 2019, 38, 218. [CrossRef]

Gebregiworgis, T.; Bhinderwala, F.; Purohit, V.; Chaika, N.V; Singh, P.K,; Powers, R. Insights into gemcitabine resistance and the
potential for therapeutic monitoring. Metabolomics 2018, 14, 156. [CrossRef]

Shukla, S.K.; Purohit, V.; Mehla, K.; Gunda, V.; Chaika, N.V,; Vernucci, E.; King, R.J.; Abrego, ].; Goode, G.D.; Dasgupta, A.; et al.
MUCT1 and HIF-1alpha Signaling Crosstalk Induces Anabolic Glucose Metabolism to Impart Gemcitabine Resistance to Pancreatic
Cancer. Cancer Cell 2017, 32, 71-87.€7. [CrossRef] [PubMed]

Verzella, D.; Pescatore, A.; Capece, D.; Vecchiotti, D.; Ursini, M.V.; Franzoso, G.; Alesse, E.; Zazzeroni, F. Life, death, and
autophagy in cancer: NF-kB turns up everywhere. Cell Death Dis. 2020, 11, 210. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1158/1078-0432.CCR-20-1422
https://doi.org/10.1053/j.gastro.2012.10.036
https://www.ncbi.nlm.nih.gov/pubmed/23089203
https://doi.org/10.18632/oncotarget.1813
https://www.ncbi.nlm.nih.gov/pubmed/24899509
https://doi.org/10.1158/1535-7163.MCT-15-0104
https://www.ncbi.nlm.nih.gov/pubmed/25934708
https://doi.org/10.1158/1078-0432.CCR-19-1728
https://www.ncbi.nlm.nih.gov/pubmed/31831564
https://doi.org/10.3390/cancers12071955
https://doi.org/10.1016/j.jgo.2019.08.008
https://www.ncbi.nlm.nih.gov/pubmed/31471168
https://doi.org/10.1159/000444854
https://www.ncbi.nlm.nih.gov/pubmed/27097162
https://doi.org/10.3390/pharmaceutics14020238
https://www.ncbi.nlm.nih.gov/pubmed/35213972
https://doi.org/10.1186/s13046-019-1214-z
https://doi.org/10.1007/s11306-018-1452-7
https://doi.org/10.1016/j.ccell.2017.06.004
https://www.ncbi.nlm.nih.gov/pubmed/28697344
https://doi.org/10.1038/s41419-020-2399-y
https://www.ncbi.nlm.nih.gov/pubmed/32231206

	Introduction 
	Materials and Methods 
	Cell Lines and Culture Conditions 
	Spheroid Cultivation 
	Tissue 
	Reagents 
	MTT Cytotoxicity Assay 
	FACS Analysis 
	Animal Studies 
	Maintenance Study 
	Immunhistochemival Validation of Therapy Response 
	Statistics and Calculations 
	Ethical Considerations 

	Results 
	Synergy of GP-2250 and Gemcitabine in Pancreatic Cancer Cell Lines 
	PDX In Vivo Studies 
	Maintenance Therapy 
	Immunhistochemival Validation of Therapy Response 
	Effect of GP-2250 on CD133+ Cells in Spheroid Cultures 

	Discussion 
	Choice of GP-2250 Plus Gemcitabine 
	Maintenance Study 
	CD133+ Cells 
	Limitations of the Study 

	Conclusions 
	References

