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Summary

Colorectal cancer (CRC) is the third most common cancer and the second leading cause of
cancer related death worldwide with incidence predicted to rise. Due to the establishment of
systematic clinical screening and development of novel therapy protocols in the last view
years, the overall survival of CRC patient has significantly improved. However, resistance
against standard regimens is inevitable emphasizing the need for new therapy options and
better understanding of the underlying pathologic mechanisms of colon cancer. In this study,
we aimed to identify a potential interaction of CD13, also called Aminopeptidase N (APN,
EC 3.4.11.2), and the protease-activated-receptor-2 (PAR2) and to define the roles of both
PAR2 and CD13 in colon cancer genesis and progression. CD13 is a membrane-bound
ectopeptidase cleaving neutral or basic amino acid residues of proteins. PAR2 is a G-
protein-coupled receptor, that is activated by proteases cleaving the N-terminal arginine to
unmask the tethered ligand, which subsequently binds and activates the receptor. CD13 as
well as PAR2 are expressed on endothelial cells of neoplastic or normal blood vessels and
on colonic epithelial cells. The impact of CD13 and PAR2 in malignant transformation of
epithelial cells in the colon is not entirely understood. Both CD13 and PAR2 are known to
promote angiogenesis thereby enhancing tumor growth. Therefore, PAR2 and CD13
represent promising targets in the drug development for colon cancer therapy.

In this work, we aimed to test a yet experimental CD13-inhibitor called IP10.C9A in vitro and
in vivo. We hypothesized that the pharmacological inhibition of PAR and CD13 decreases
colon cancer cell viability and spheroid formation by regulating the Wnt-signaling pathway.
In murine colon cancer cells, we postulated that IP10.C9A attenuates the enhanced
phosphorylation of mitogen-activated protein kinase (MAPK) pathways under Factor Xa
(FXa)-mediated PAR2-activation. In mice, we also intended to examine the impact of genetic
PAR2- and CD13-knockout (KO) on tumor growth rate and tumor size. Ultimately, we aimed
to investigate the effect of PAR2 and CD13 gene deletion on immune response in mice.

To address these research questions, we used 2D and 3D murine and human colon cancer
cell culture models and a syngeneic subcutaneous tumor mouse model. Cell viability was
assessed and a spheroid formation assay was performed to evaluate the cytotoxic
capacities of our PAR2- and CD13-inhibitor. In our in vivo-studies, we used Wild-type (WT),
CD13-, PAR2- and CD13/PAR2-KO mice and measured the tumor growth rate regularly and
non-invasively during 21 days in trial. Spleen weight, tumor weight and tumor volume were

determined. Tumor cryo-sections were analyzed via immunofluorescence staining.



SUMMARY

In this study, we revealed the first link between PAR2- and CD13-related signaling, as CD13
was upregulated on mRNA level under FXa-induced PAR2-activation in murine colon cancer
cells. Additionally, PAR2-activation enhanced the phosphorylation level of the p38 MAPK in
murine colon cancer cells. However, treatment with CD13-inhibitor IP10.C9A did not
diminish phosphorylation of MAPK or influence Wnt-signaling. Interestingly, 1P10.C9A
interfered with spheroid formation of murine and human colon cancer cells due to the dose-
dependent cytotoxic properties of IP10.C9A especially in malignant colonic cells. In mice,
the pharmacological inhibition of CD13 under IP10.C9A treatment as well as the genetic KO
of CD13 diminished the tumor growth rate within 21 days of observation. Compared to WT
mice, CD13-KO mice showed significantly decreased tumor weight and volume, when
normalized to days spent in trial. However, the downregulated expression of CD13 in the
tumor samples of CD13-KO mice was not accompanied by a reduced expression of
angiogenesis marker CD31. The CD13-related downstream signaling, present under
IP10.C9A treatment or in CD13-KO mice, leading to reduced tumor growth and size could
not be identified in this study. Against our expectations, the inhibition of PAR2 did not
diminish colon cancer cell growth in vitro or in vivo. Independently of the genotype, spleen
weight was positively correlated with tumor weight, with tumor-bearing mice showing
increased spleen weight compared to no-tumor-bearing mice. The role of PAR2 and CD13
in mediating immune response in colon cancer disease remains an object of future research.
Allin all, IP10.C9A exhibited promising cytotoxic capacity against colon cancer cells in vitro
and in vivo thereby labeling IP10.C9A as a potential new compound in colon cancer therapy.
Furthermore, IP10.C9A represents an experimental compound for basic research to further
investigate the underlying CD13-related pathologic mechanisms in colon cancer genesis

and progression.



Zusammenfassung

Kolonrektalkarzinom (KRK) ist dritth&ufigste Krebsart und die zweithaufigste Ursache fur
krebsbedingten Tod weltweit mit steigender Inzidenz. Durch die Etablierung von
systematischen Routine-Untersuchungen und Entwicklung neuer Therapie-Protokolle in
den letzten Jahren hat sich das Gesamt-Uberleben von KRK-Patienten signifikant
verbessert. Resistenzen gegen Standard-Therapeutika sind unvermeidlich und
unterstreichen die Notwendigkeit fir neue Therapieoptionen und besseres Verstandnis der
zugrundeliegenden pathologischen Mechanismen des Kolonkarzinoms. In dieser Studie
zielten wir darauf ab, eine potentielle Interaktion zwischen CD13, auch Aminopeptidase N
(APN, EC 3.4.11.2) genannt, und Protease-aktivierten Rezeptor-2 (PAR2) zu identifizieren
und die Rolle von PAR2 und CD13 in der Genese und Progression des Kolonkarzinoms zu
definieren. CD13 ist eine membran-gebundene Ektopeptidase, die neutrale oder basische
Aminosaurereste von Proteinen spaltet. PAR2 ist ein G-protein-gekoppelter Rezeptor, der
von Proteasen aktiviert wird, die das N-terminale Arginin abspalten und somit den
angeketteten Liganden demaskieren, welcher folgend an den Rezeptor bindet und aktiviert.
CD13 wie auch PAR2 sind auf Endothel-Zellen neoplastischer oder normaler BlutgefalRe
sowie auf Kolonepithel-Zellen exprimiert. Der Einfluss von CD13 und PAR2 auf maligne
Transformation von Epithel-Zellen des Kolons ist nicht vollstandig verstanden. Beide
Proteine CD13 und PAR2 sind bekannt daftir, Angiogenese zu beglnstigen und dabei
Tumorwachstum zu férdern. Daher reprasentieren PAR2 und CD13 vielversprechende

Targets in der Wirkstoff-Entwicklung fiir die Therapie des Kolonkarzinoms.

In dieser Arbeit testeten wir einen noch experimentellen CD13-Inhibitor genannt IP10.C9A
in vitro und in vivo. Wir stellten die Hypothese auf, dass die pharmakologische Inhibition von
PAR2 und CD13 die Viabilitat von Kolonkarzinomzellen und deren Fahigkeit, Spharoide zu
bilden, herabsetzt Uber Regulation des Wnt-Signalwegs. In murinen Kolonkarzinomzellen
postulierten wir, dass IP10.C9A die unter Faktor (FXa) vermittelter PAR2-Aktivierung
erhohte Phosphorylierung von Mitogen-aktivierten Protein Kinase (MAPK)-Signhalwegen
abschwacht. AulRerdem beabsichtigen wir, den Einfluss von genetischen PAR2- und CD13-
Knockout (KO) auf Tumorwachstumsrate und Tumorgrof3e in Mausen zu untersuchen.
Letztendlich zielten wir auch darauf ab, den Effekt von PAR2- und CD13-Deletion auf die

Immune-Antwort in Mausen zu verstehen.

Um diese Forschungsfragen zu adressieren, benutzten wir murine und humane 2D- und 3D-
Kolonkarzinomzellkulturmodelle und ein syngenes subkutanes Tumormausmodell. Die
Viabilitat der Zellen wurde ermittelt und ein Spharoid-Formationsassay durchgefiihrt, um die
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ZUSAMMENFASSUNG

zytotoxischen Kapazitaten unseres PAR2- und CD13-Inhibitors zu evaluieren. In der in vivo-
Studie verwendeten wir Wildtyp (WT), CD13-, PAR2- und CD13/PAR2-KO Mause und
malf3en regelmalig und nicht-invasiv die Tumorwachstumsrate wahrend der 21 Tagen im
Versuch. Das Milzgewicht, Tumorgewicht und Tumorvolumen wurden bestimmt. Die

Tumorkryoschnitte wurden mittels Immunofluoreszenz-Farbung analysiert.

In dieser Arbeit zeigten wir den ersten Link zwischen PAR2- und CD13-abhangigen
Signalwegen. Denn CD13 war auf mRNA-Basis aufreguliert unter FXa-induzierter PAR2-
Aktivierung in murinen Kolonkarzinomzellen. Zusatzlich erhdhte die PAR2-Aktivierung das
Phosphorylierungslevel von p38 MAPK in murinen Kolonkarzinomzellen. Die Behandlung
mit unserem CD13-Inhibitor IP10.C9A reduzierte jedoch nicht die Phosphorylierung von
MAPK und beeinflusste auch nicht den Wnt-Signalweg. Interessanterweise stérte IP10.C9A
die Formation von Spharoiden in murinen und humanen Kolonkarzinomzellen aufgrund
dosis-abhéangiger Zytotoxizitat, die besonders gegentber malignen Kolonzellen ausgepragt
war. In Mausen reduzierte sowohl die pharmakologische Inhibition von CD13 unter
Behandlung mit IP10.C9A also auch der genetische KO von CD13 die Tumorwachstumsrate
innerhalb der 21 Tage Beobachtungszeit. Im Vergleich zu WT Mausen zeigten CD13-KO
Méause signifikant verringertes Tumorgewicht und Tumorvolumen, wenn diese jeweils auf
die im Versuch verbrachten Tage normalisiert wurden. Die herunterregulierte Expression
von CD13 in den Tumorproben war jedoch nicht begleitet von einer reduzierten Expression
von Angiogenese-Marker CD31. Die CD13-abhangigen Downstream-Signalwege préasentin
IP10.C9A behandelten oder in CD13-KO Méausen, die zu reduzierten Tumorwachstum und
TumorgrélRe fuhrten, konnten in dieser Studie nicht identifiziert werden. Entgegen unserer
Erwartungen verringerte die Inhibition von PAR2 das Kolonkarzinomwachstum in vitro und
in vivo nicht. Unabhangig vom Genotyp korrelierte das Milzgewicht positiv mit dem
Tumorgewicht. Dabei zeigten tumortragende Mause erhéhtes Milzgewicht im Vergleich zu
nichttumortragenden Mausen. Die Rolle von PAR2 und CD13 in der Vermittlung von
Immunantwort innerhalb einer Kolonkarzinomerkrankung verbleibt Objekt zukUnftiger
Forschung. Zusammenfassend gesagt, weist IP10.C9A eine Vvielversprechende
zytotoxische Kapazitat gegeniiber Kolonkarzinomzellen in vitro und in vivo auf. Dies
kennzeichnet IP10.C9A als einen potentiellen neuen Wirkstoff flr die Therapie des
Kolonkarzinoms. Weiterhin repréasentiert IP10.C9A eine experimentelle Substanz fir die
Grundlagenforschung, um die CD13-abhéngigen pathologischen Mechanismen in der

Genese und Progression des Kolonkarzinoms weitergehend zu untersuchen.
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1. Introduction

1.1. Aglobal view on colon cancer disease and its therapy options

In year 2022, colorectal cancer (CRC) represented the third most common cancer and the
second leading cause of cancer related death worldwide (1). By the year 2040, the number
of CRC patients is predicted to increase to 3.2 million new cases and 1.6 million deaths
globally (2). In Germany, the incidence of colon cancer (C18-C20) in 2020 was 24,240
(women) and 30,530 (men) with 2/3 of colon cancer being localized in the rectum (3). The
current therapeutic options for CRC are surgery and chemotherapy (4). First line treatment
in colon cancer are represented by two chemotherapeutic combinations: 5-Fluorouracil (5-
FU) plus leucovorin (LV) plus oxaliplatin, referred to as FULFOX, and 5-FU plus LV plus
irinotectan, referred to as FOLFIRI. Neugut et al. reported no survival difference between
the two therapy regimens FULFOX and FOLFIRI and that one regimen may be preferred
due to demographic or clinical reasons and not because of better efficacy (5). Oxaliplatin
belongs to the diaminocyclohexane platinum family. When combined with 5-FU/LV,
oxaliplatin increases the progression-free survival from 6 to 9 months and elevated the
overall response rate from 22% to 53% in advanced colon cancer patients (6). Irinotecan
represents a specific inhibitor of topoisomerase I, that equally enhances the progression-
free survival and the overall response rate when combined with 5-FU/LV in metastatic CRC
patients (7). Due to the generation of novel therapy protocols in the last few years, the
survival of CRC patients has remarkably improved with the response rate of metastatic CRC
patients to systemic chemotherapy reaching up to 40% (8). Previously, Jindal et al.
demonstrated in a meta-analysis, that the triple combination of 5-FU/LV plus oxaliplatin plus
irinotecan (FOLFOXIRI) further improves progression-free survival, response rate and
overall survival in CRC patients (9). In Germany, the triple combination FOLFOXIRI is the
recommended first-line treatment for CRC patients with good overall condition due to
increased incidence of side effects (10). However, drug resistance against standard
regimens containing irinotecan or oxaliplatin is inevitable. In year 2011, approximately 20%
of metastatic colorectal tumors showed chemotherapeutic resistance to either FULFOX or
FOLFIRI (11). This emphasizes the need for new targets in colon cancer therapy and the
urgency to understand the pathologic mechanisms behind colon cancer. In this study, we
investigated the role of aminopeptidase N (APN, EC 3.4.11.2), also referred to as CD13,
and protease-activated-receptor-2 (PAR2) in colon cancer genesis and progression. CD13
has been shown to reverse multi-drug resistance (MDR) at least in hepatocellular cancer

(121 14). Furthermore, PAR2-activation has been described to attenuate chemotherapeutic-

9



INTRODUCTION

induced apoptosis in colon cancer cells (15). Subsequently, both proteins may represent

promising targets in colon cancer therapy.

1.2. CD13 as a driver of tumorigenesis and drug resistance in cancer

CD13 is a Zn?*-dependent, membrane-bound ectopeptidase (Figure 1) that cleaves neutral
or basic N-terminal amino acids of regulatory proteins expressed on diverse cell types,
including small intestinal, renal tubular epithelial cells, macrophages and granulocytes (16).
CD13 is upregulated in vessels and stroma of inflammatory lesions when compared to non-
inflammatory tissues. Furthermore, CD13 expression is elevated in neoplastic tissues like
the endothelial cells of colon adenocarcinoma vessels, labelling CD13 as a marker for neo-
angiogenesis in colon cancer (17,18). CD13 expressed on both cancer and non-malignant
cells has been shown to cooperate within the tumor microenvironment promoting
angiogenesis and tumor growth (19). As a cancer stem cell (CSC) marker, CD13 is
expressed on rapid-growing and drug-resistant cancer cells e.g. in liver cancer or
cholangiocarcinoma (20,21). The expression of CD13 on various cancer cells is therefore
associated with poor prognosis. This has been shown for non-small cell lung cancer
(NSCLC), where NSCLC patients with CD13-positive (CD13+) tumors had a lower survival
rate than NSCLC patients with CD13-negative (CD13-) tumors (22,23). In hepatocellular
cancer, enhanced CD13 expression positively correlates with advanced disease stage, poor
prognosis and even early recurrence | (2485)t
Additionally, high CD13 expression is associated with poor prognosis in osteosarcoma
patients (26). In colon cancer patients, disease-free and overall survival rate of patients with
CD13+ tumors are significantly lower when compared to patients with CD13- tumors (27).

Subsequently, CD13 also represents a marker for poor prognosis in colon cancer.

Figure 1. Computational protein crystal structure of the mammalian Aminopeptidase N (APN)/CD13 dimerized on
the cell surface. The closed form of CD13 is shown with the substrate bound to the active site. CD13 is composed of four
domains: Domain | (DI, orange), Domain Il (Dll, yellow) and Domain Il (DIll, red) and Domain VI (DVI, green). DI-Ill are
the N-Terminal domains. DIl contains the active site with the zinc-coordinated residues. DVI is the C-terminal domain and
mediates the dimerization of the protein. All domains are connected to the membrane. Taken from Santiago et al. (264);
link to their CC-license: https://creativecommons.org/licenses/by/4.0/

10



INTRODUCTION

1.3. PAR2 as a pro -inflammatory and oncogenic protein

PAR2 is one of four G-protein-coupled receptors (Figure 2), that is activated by proteases
like coagulation factor Xa (FXa) (28). The N-terminal arginine of PAR2 is cleaved by trypsin
or other proteases to unmask the tethered ligand which then binds to the receptor and
stimulates G-protein (Ggq, Gi or Gi2/13) mediated signaling (29). Additionally, FXa can activate
PAR2 in a ternary complex with tissue factor and Factor Vlla (30,31). Only at certain
circumstances, like acute injury or in a tumor microenvironment, where higher
concentrations of Thrombin are available, PAR2 can be directly activated by Thrombin (32).
PAR?2 is expressed on many cell types of the gastrointestinal tract, including endothelial
cells, epithelial cells, smooth muscle cells, enteric neurones, fibroblasts and some immune
cells like neutrophils, mast cells, lymphocytes, monocytes, macrophages (33). Therefore,
PAR2 is expressed on epithelial, immune, neuronal cells mediating inflammation, immunity
and angiogenesis (34). As a marker for acute inflammatory response, PAR2 is upregulated
by inflammatory mediators like tumor necrosis factor-alpha (TNFa), interleukin-1 (IL1) or
lipopolysaccharide (LPS) in endothelial cells (35). Treatment with PAR2 agonist promotes
migration and tube formation in endothelial progenitor cells, leading to angiogenesis in
breast cancer (36). In breast cancer cells, PAR2-activation promotes angiogenesis by
upregulating vascular endothelial growth factor (VEGF) (37) or via crosstalk with co-
expressed tissue factor (38). In the colon, PAR2 mediates pro-inflammatory responses,
which are independent of cytokines released by T helper-1 or 2 cells, as PAR2-activation
have been shown to control leukocyte recruitment in the colon (39). Meyer et al. revealed,
that PAR2 deficiency in mice leads to decreased colon cancer cell growth in vivo (40).
Furthermore, colon cancer cells deficient of PAR2 have been shown to be more sensitive to
cytokine-induced apoptosis (41). In human colon cancer cells, PAR2-inhibition leads to
decreased expression of inflammatory cytokines, decreased cell apoptosis and migration
(42). As shown by Quang et al ., i nhibition
to chemotherapeutics like 5-FU by reducing TGFb-related signaling (43). Equally to CD13-
inhibition in hepatocellular cells, inhibition of PAR2 has been shown to decrease MDR in
colon cancer cells making PAR2 an interesting target for the generation of novel therapy
options in colon cancer. By targeting PAR2, anti-inflammatory effects may lead to anti-tumor
effects, which are intrinsically tied to each other as tumors have been considered as
iwounds that (4p not heal o
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Figure 2. Computational protein crystal structure of the activated Protein -activated -receptor -2 (PAR2). The tethered
ligand is bound to the orthosteric pocket of PAR2 (red). As a G-protein coupled receptor (GPCR), PAR2 is linked to a Gag-
protein (blue) over the C-terminus. The single chained antibody fragment ScFvies (grey) stabilizes the GPCR and their
associated G-proteins Gp: (yellow) and Gg (violet) enabling signal transduction. Taken from Lyu et al. (265); link to their
CC-license: https://creativecommons.org/licenses/by-nc-nd/4.0/

1.4. Pathological background of colon cancer genesis

To successfully treat colon cancer, we are obliged to better understand its genesis. The
transition of non-malignant to malignant cell type has different underlying theories. One is
the generation of progenitor-related cancer stem cells (CSCs) representing cells of high
drug-resistance because of their ability to persist in Go-phase of the cell cycle (45) or to
express efflux-transporters (46) thereby avoiding chemotherapeutic treatment, respectively.
The continuous transformation of CSCs to malignant or non-malignant cells and vice versa
contributes to tumor genesis and its progression (47). The different subpopulations in cancer
cell lines like the subpopulation of CSCs can be analyzed via Flow cytometry (FACS).
Hereby, CSCs appear as side-population (SP), because of the extrusion of Hoechst 33342
DNA-binding dye only apparent in this specific CSC-subpopulation expressing higher levels
of efflux transporter e.g. ABCG2 and ABCA3 (48,49). Interestingly, SP fractions in the
colorectal cancer cell line SW480 showed self-renewal abilities (50). Haraguchi et al.
identified CD13 as a functional CSC marker on cells belonging to the SP that can be used
to identify potentially dormant liver CSCs resistant to treatment (45). Therefore, CD13 is
expressed on cells belonging to the SP and can potentially be used for targeted therapy
against CSCs to overcome stemness and multi-drug resistance in cancer. One pathway
associated with the differentiation of CSCs and the transformation of non-CSCs to
progenitor-phenotype cells is the non-canonic Wnt-signaling pathway (46). Mutations in
Whnt-signaling occur in nearly all CRC cancers and are believed to be the reason for tumor

initiation and progression (51). It is already known, that die disruption of b-catenin and
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therefore disruption of Wnt-signaling leads to a "master switch" in proliferation of healthy to
malignant intestinal epithelial cells (52). Leucine-rich repeat-containing G-protein coupled
receptor 5 positive (Lgr5+) crypt base columnar cells are considered to be the stem cell of
the colon (53). Lgr5+ stem cells are discussed to receive essential niche signals from the
specialized daughter cell, the Paneth cell. Paneth cells provide Wnt, Notch and epidermal
growth factor receptor (EGFR)-signaling and are therefore essential for the stemness
character of Lgr5+ cells (54,55). De Lau et al. showed, that Leucine-rich repeat-containing
G-protein coupled receptor 4 positive (Lgr4+) and Lgr5+ cells play a crucial role in the Wnt-
dependent stemness and progenitor character of colon cells as the conditional deletion of
both genes in the murine colon impairs Wnt-targeted gene expression (56). Mutations
leading to the loss of function of Adenoma polyposis coli (APC) or the RNF43 gene,
encoding for E3 ubiquitin ligase, are known to activate Wnt-signaling in CRC by lowering
the threshold for pathway activation for Wnt-proteins (571 59). The RNF43 gene is expressed
in Lgr5+ cells and can therefore loose its function of endocytosis of Wnt-receptors after
mutation (60). APC deficiency or b-catenin mutations, that prevent b-catenin-degradation,
leads to activation of Wnt-signaling and therefore to excessive stem cell renewal and cell
proliferation that can again lead to tumorigenesis (61). Onuma et al. demonstrated, that
APC-inactivated intestinal organoids were constitutively active in the Wnt-signaling pathway
and proved tumorigenic when injected into mice (62). As APC genotypes differ in the distal
or proximal CRC, Christie et al. argued, that there is a different threshold for Wnt-signaling
and tumorigenesis dependent of the C R C fosation in the colon (63). As shown in Figure 3,

the underlying mutations in Lgr5+ stem cells of the colon leading to upregulated Wnt-

signaling may promote the dielahddCSC-liker phanatypd i 0 n

initiating tumor growth via uncontrolled cell proliferation and survival.
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Figure 3. Hypothetic course of events in the genesis of colon cancer with focus on the Wnt -signaling pathway.
Leucine-rich repeat-containing G-protein coupled receptor 5 positive (Lgr5+) crypt base columnar cells are considered as
stem cells of the colon. The Paneth cell is discussed as the specialized daughter cell of the Lgr5+ cell maintaining the
stemness character of Lgr5+ cells by Wnt-, Notch- and Epidermal growth factor receptor (EGFR)-signaling. With Adenoma
polyposis coli (APC) or the RNF43 gene, encoding for E3 ubiquitin ligase, losing their function, Wnt-signaling related
proteins are upregulated leading to malignant transformation of Lgr5+ cells to colon cancer cells.

1.5. Wnt-signaling as a potential pathway mediating tumorigenesis

Therefore, we investigated the role of CD13 and PAR2 in this particular Wnt-signaling
pathway mediating tumorigenesis. CD13 has been shown to be upregulated in sphere-
forming hepatocellular cells when compared to parental cells underlining the link between
stemness character and CD13 (25). Subsequently, we wanted to investigate Wnt-signaling
also in spheroids, the simplest form of 3D cell culture. Via pharmacological inhibition of
CD13 and PAR2 we intended to analyze potential changes in viability, proliferation and Wnt-
signaling in 2D and 3D cultured colon cancer cells. In colon cancer, PAR2 has already been
shown to play role in GSK3R-related Wnt-signaling, thereby regulating proliferation and stem
cell survival (64). As inhibitors, we used AZ3451 as a commercially available potent PAR2-
antagonist negatively and allosterically modulating PAR2 (65) and IP10.C9A as a novel
experimental compound inhibiting CD13. PAR2 and CD13 represent tumor initiating proteins
driving tumorigenesis in various cancer types. Whether this tumor promoting properties are
linked to enhanced Wnt-signaling, is one of the main research questions covered in this

study.
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1.6. Angiogenesis as a driver of colon cancer genesis and progression
Angiogenesis represents one of the six
cancer progression (66). Angiogenesis describes the development of new blood vessels
branching from already present blood vessels to provide e.g. tumor cells with oxygens and
nutrients. In adults, new vessels can only be developed via angiogenesis (67). In embryos,
the genesis of the vascular system is called vasculogenesis and describes the development
of new endothelial cells from endothelial progenitors and angioblasts (68). In the absence
of vasculature and oxygen and nutrients, tumor cells become necrotic (69) and apoptotic
(70). Therefore, angiogenesis is essential for the growth of solid tumors as persistent
development of new blood vessel is required. Various anti-angiogenetic therapy strategies
have been followed in the last few years as potential targets e.g. in colon cancer. Vascular
endothelial growth factor (VEGF) expression, associated with angiogenesis, is enhanced in
CRC tumor tissues when compared to normal tissues labelling VEGF as a tumor marker in
CRC (71). Despite the expanding list of FDA-approved drugs, the success of anti-angiogenic
therapy has so far been quite limited (72). The addition of anti-VEGF antibody Bevacizumab
to 5-FU-based chemotherapy seemed to improve survival of patients with metastasized
CRC (73). However, a meta-analysis including randomized controlled clinical trials of
metastatic CRC patients published recently, demonstrated no improvement of survival
under Bevacizumab treatment in combination with FU-based chemotherapy (74). However,
VEGF remains a marker for angiogenesis and therefore a marker for tumor growth fueling
colon cancer genesis and progression. The role of PAR2 and CD13 in angiogenesis has
already been discussed in the literature for various cancer types. According to Li et al., PAR2
is upregulated in lung cancer tissues and cells and promotes angiogenesis, proliferation and
stem cell sphere-forming in lung cancer cells (75). CD13 positive bone marrow-derived cells
promote cancer progression due to their inducing effects on angiogenesis (76). As the
inhibition of CD13 has been shown to interfere with tube formation of primary endothelial
cells, CD13 has also been suggested as a promising target for inhibiting angiogenesis (77).
Endogenous PAR2 and CD13 in endothelial cell lines are up-regulated in response to
hypoxia (77,78). This highlights the angiogenic properties of PAR2 and CD13, which has to
be further investigated to understand pathologic mechanisms and identify novel anti-

angiogenic strategies in colon cancer.
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1.7. Mitogen -activated protein kinases (MAPK ) as central player in colon
cancer progression

Besides angiogenesis, colon cancer growth and cell proliferation in vitro are equally driven
by mitogen-activated protein kinases (MAPK) representing a family of protein serine-
threonine kinases including MAPK p38, extracellular signal regulated kinases (ERK1/2 or
p44/42) or c-Jun N-terminal kinase (JNK) (79,80). Growth factors like EGFR are often
located upstream of MAPK pathways (81). Additionally, the small guanosine triphosphatase
(GTPase) protein Ras plays a crucial role in upstream MAPK-signaling and is divided into
the H-Ras, N-Ras and K-Ras subfamilies (82), where mutations of the K-Ras gene coding
have been shown to be mutated in 27% of colonic tumors (83). EGFR is known to activate
Ras-GTP by bondage of the phosphorylated tyrosine residues thereby activating Ratf,
another protein and player of MAPK-signaling phosphorylating the Mitogen-activated protein
kinase kinase (MEK), which then phosphorylates and activates MAPK like p38 and p44/42
(84). The Ras-Raf-MEK-ERK-signaling cascade is known to regulate cell proliferation,
differentiation and survival. Therefore, a mutation in this pathway may transform normal cells
to malignant cells exhibiting uncontrolled growth, enhanced stemness properties and
decreased apoptosis in colon cancer (85). Inhibitors of the p38 MAPK pathway are known
to diminish colon cancer progression (86). The upregulation of phosphorylated p38 is again

associated with colon cancer progression (87).

CD13 overexpression has been shown to attenuate the efficacy of cytotoxic agents via
activation of p38-related signaling (88), representing one mechanism causing the already
well-known MDR-promoting properties of CD13 in cancer chemotherapy (89). Therefore, we
hypothesized that the inhibition of CD13 may promote less phosphorylation of MAPK and
therefore less proliferation and tumor progression in colon cancer (Figure 4). In human
colon cancer cells, PAR2-activation leads to induced phosphorylation of MEK1/2 and
ERK1/ 2 thereby enhancing col(3®n Futcharmae PARZ-
activation by trypsin or PAR2 activating peptide AP2 has been shown to activate EGFR and
therefore ERK1/2-related signaling in human colon cancer cells (91). According to literature,
PAR2 as well as CD13 promote proliferation via MAPK-signaling to mechanistically explain
the enhanced proliferation seen under PAR2-activation and furthermore, to understand the

diminished proliferation under CD13-inhibition.
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Figure 4. Flowchart of the Ras/Raf/Mitogen -activated protein kinase (MAPK) -pathway and hypothetic intervention

of CD13-inhibitor IP10.C9A. After binding of growth factors to the growth factor receptor, Ras-guanosine triphosphate
(Ras-GTP) increases, which activates Raf. Raf phosphorylates Mitogen-activated protein kinase kinase 1 and 2 (MEK 1/2),
which again phosphorylates Extracellular signal regulated kinases 1 and 2 (ERK 1/2). As transcription factors, ERK 1/2
enhance the transcription of oncogenes like c-Myc promoting cell proliferation. According to our hypothesis, the CD13-
inhibitor IP10.C9A potentially interferes with the phosphorylation of ERK1/2 (p44/42) leading to decreased cell proliferation.

1.8. The protein kinase -B (AKT) pathway and its connection to the Wnt -
signaling pathway

The phosphatidylinositol 3-kinase (PI3K) and protein kinase-B (AKT)-signaling is another
frequently discussed intracellular pathway driving cell proliferation, differentiation and
migration of colon cancer cells (84). Comparable to the MAPK-pathway, the PI3K/AKT-
pathway is activated by growth factors like EGFR or Insulin. Protein kinase B, also referred
to as AKT, is a serine/threonine protein kinase regulating PI3K downstream signaling. PI3K
activated by growth factors, receptor tyrosine kinases (RTK) or activated Ras,
phosphorylates phosphatidylinositol-4, 5-biphosphate  (PIP2), which  subsequently
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phosphorylates phosphatidylinositol-3, 4, 5-triphosphate (PIP3), which then activates AKT
mediating e.g. downstream targets such as mechanistic target of rapamycin (mTOR), a
protein kinase regulating cell growth and survival (84). Factors associated with poor
prognosis in colon cancer are potentially acting through the AKT/PISK/mTOR signaling
pathway (92). Furthermore, PI3K-signaling pathways have been shown to be upregulated
in colon cancer cell lines (93). The augmented phosphorylation of AKT has been associated
with enhanced proliferation and decreased apoptosis in colon cancer, as the inhibition of the
PI3BK/AKT/mTOR-signaling pathway reduced proliferation and apoptosis of colon cancer
cells (84,94). Accumulating evidence indicates, that the interaction of Wnt/b-catenin-
signaling and the PI3K/AKT-pathway enhances CRC cell proliferation and migration, that
can be reduced by PI3K-inhibitors (95,96). Inactivation of AKT signaling is known to
suppress the activity of the key molecule of Wnt-signaling, called b-catenin, downregulating
oncogenes like c-Myc and cyclin D1 thereby interfering with spheroid formation in colon
cancer cells (97,98). Subsequently, AKT phosphorylation leads to activation of the Wnt-
signaling pathway. AKT phosphorylates and thereby deactivates GSK3b, which would
otherwise phosphorylate the b-catenin, marking it for proteomic degradation via the Axin-
APC-GSK3-CK1-destruction complex (99,100). After phosphorylation of GSK3b by AKT, the
demounting molecule of b-catenin is inactivated leading to an accumulation of b-catenin and

activation of the canonical Wnt-signaling pathway (101).

Targeting the PISK/AKT pathway represents a promising approach for the development of
new compounds in colon cancer therapy. In this study, we investigated the effect of
pharmacological inhibition of CD13 on the phosphorylation level of AKT in murine colon
cancer cells (Figure 5). To further investigate the known interaction between Wnt-signaling
and PI3K/AKT-signaling, we analyzed how the phosphorylation of AKT interferes with the
phosphorylation of b-catenin in human colon cancer spheroids treated with PAR2- and or
CD13-inhibitors and in tumor samples of PAR2- and CD13-deficient mice. The inhibition of
CD13 have been shown to reverse resistance of gastric cancer cells against cis-platin by
inhibiting PI3K/AKT-related signaling (102). Accumulating evidence demonstrated, that
pharmacological inhibition of CD13 reversed MDR in hepatocellular cancer (121 14,103) with
the PI3K/AKT-pathway representing a potential underlying mechanism. As PAR2 has been
repetitively shown to induce survival in colon cancer cells over both ERK1/2 and PI3K
signaling pathways (15,41,104), we hypothesized, that treatment of colon cancer cells with
our CD13-inhibitor 1P10.C9A downregulates the otherwise upregulated MAPK- and
PI3K/AKT-related signaling under PAR2-activation.
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Figure 5. Flowchart of the Phosphatidylinositol 3  -kinase (PI3K)/Protein Kinase B (AKT)/Wnt -pathway and
hypothetic intervention of  CD13-inhibitor 1P10.C9A. After binding of growth factors to the growth factor receptor, PI3K-
phosphatidylinositol-3, 4, 5-triphosphate (PI3K-PIP3) increases, which phosphorylates AKT. AKT deactivates Glycogen
synthase kinase-3 beta (GSK-3b) via phosphorylation thereby increasing b-catenin. As key player of Wnt-signaling, b-
catenin enhances the transcription of oncogenes like Cyclin D1 promoting cell survival. We postulated, that the CD13-
inhibitor IP10.C9A potentially interferes with the phosphorylation of AKT thereby activating the b-catenin-degrading protein
GSK-3b to reduce b-catenin-related signaling in the nucleus leading to decreased cell survival.

1.9. Characterization of multiple tumor marker as potential driver of tumor
growth

1.9.1. Transforming growth factor -beta (TGFDb)

TGFb acts as a tumor suppressor in normal cells and represents another pathway mediating
colon cancer cell proliferation, differentiation, migration and survival (105,106). The
intracellular signal transduction protein of the TGFb-signaling pathway is the transcription
factor protein Suppressor of Mothers Against Decapentaplegic (SMAD), where the subtypes
SMAD2 and SMAD3, also referred to as R-SMADs, directly mediate the TGFb-ligand
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signaling, whereas SMADA4 is independent of TGFb-ligand signaling forming hetero-trimeric
complexes with phosphorylated R-SMADs, which then translocate to the nucleus as
transcription factors (107). Mutations in the SMAD gene and the TGFb receptor gene occur
in 25-50% of the cases in CRC and are considered to be one of the last mutations
accumulating during malignant transformation (108). Besides mutations in the APC gene,
SMAD4 gene mutations also represent a common mutation in CRC and play a significant
role in malignant progression of CRC tumors (109i 111). In healthy colon epithelial cells,
TGFb is expressed in three different isoforms referred to as TGFb-1, TGFb-2 and TGFb-3
(112) inhibiting cell proliferation and inducing apoptosis (113,114). However, during late
stages of colon cancer genesis TGFb6s acti on change from a tumo
promoter (115,116). Therefore, elevated expression levels of TGFb in primary CRC tumors
is associated with advanced tumor stage, depleted survival labelling TGFb as a prognostic
marker in the subgroup of poor prognosis CRC patients (117). Wang et al. showed, that
permanent exposure to TGFb leads to malignant transformation of epithelial cells in the
colon (118) highlighting the carcinogenic properties of TGFb in colon cancer. PAR2-
activation has already been discussed to synergistically enhance TGFb-related signaling
thereby increasing cancer progression (119). In pancreatic cancer, PAR2 is required for
TGFb-dependent cell motility, making PAR2 an interesting target for preventing TGFb-
related pro-metastatic signaling (120,121). The potential interactions of PAR2 and TGFb
have been reviewed by Ungefroren et al. and linked to fibrosis and oncogenesis (122).
CD13-inhibitorsar e known to induce the TGFb1l producti
activity of regulatory T cells making CD13 an interesting target for the treatment of
inflammatory bowel disease (123). The effect of CD13-inhibition on TGFb-signaling in colon
cancer has, to the best of our knowledge, not been investigated. In this study, we focused
on understanding the effect of CD13-inhibitor IP10.C9A on TGFb-signaling as a potential

pathway to interfere with stemness and uncontrolled proliferation of colon cancer cells.

1.9.2. Epidermal growth factor receptor (EGFR)

EGFR belongs to the family of receptor tyrosine kinases, also referred to as ErbB family
consisting of four different subtypes ErbB1, representing EGFR or HER1, ErbB2 (HER2),
ErbB3 (HER3) and ErbB4 (HER4). EGFR consists of an intracellular tyrosine kinase (TK)
domain, a transmembrane lipophilic segment and an extracellular ligand-binding domain
(124). Common ligands are Epidermal Growth Factor (EGF) and Transforming Growth
Factor alpha (TGFa) (125,126). In epithelial cells, TGFb is also discussed to transactivate
EGFR (127). After activation, EGFR dimerizes and catalyzes the translocation of phosphate
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originating from Adenosine-tri-phosphate (ATP) to the active site of the TK starting signal
cascades including Ras-Raf-MEK-MAPK- and PI3K-AKT-pathways inducing anti-apoptosis,
cell proliferation, cell invasion and angiogenesis (124,128). In APC-deficient mice, EGFR
activity has been shown to be essential for intestinal tumor development (129). EGF has
already been described as migratory factor in colon cancer cells increasing cell motility,
invasion and migration via the EGF-EGFR-pathway (130,131). With EGFR being
upregulated in up to 82% of CRCs representing a marker for poor prognosis (1321 134), the
EGFR copy number decreased with malignant progression in CRC, highlighting the tumor
initiating properties of EGFR (135). EGFR-inhibitor Gefitinib has been tested successfully
in vivo to decrease colonic tumor growth via inhibition of ERK1/2- and AKT-related signaling
(136). Targeting CD13 and EGFR simultaneously via a bi-targeted fusion protein, consisting
of an anti-EGFR single-chain variable fragment, a connective apoprotein called lidamycin
and an anti-CD13 peptide sequence Cys-Asn-Gly-Arg-Cys (CNGRC-peptide) containing the
NGR-motif (Asn-Gly-Arg) targeting CD13 (137), increased apoptosis and decreased tube
formation in breast cancer cells and diminished breast cancer cell growth in vitro and in vivo
(138,139). Caruso et al. demonstrated, that PAR2-activation is able to trans-activate EGFR
thereby increasing proliferation of gastric cancer cells (140). Additionally, PAR2-activation
has been shown to induce angiogenesis in lung cancer cells via activating EGFR (141).
Subsequently, a potential crosstalk between EGFR and PAR2 modulating angiogenesis and
apoptosis was demonstrated in various cancer types. The role of PAR2 and CD13 in EGFR-
related signaling in colon cancer is one research question addressed in this study.

1.9.3. Vascular endothelial growth factor (VEGF)

To further investigate whether the inhibition of PAR2 and CD13 inhibits angiogenesis, we
analyzed the expression of VEGF is an angiogenic growth factor and a prominent marker of
human tumor vascular endothelium (142). Ellis et al. demonstrated, that inhibiting the
tyrosine kinase specific for VEGF receptor decreases metastasis, micro-vessel formation
and cell proliferation, whereas apoptosis of colon cancer and endothelial cells is enhanced
under inhibition of the VEGF receptor (143). Subsequently, inhibiting VEGF-related
signaling is a promising new therapy option in colon cancer. In clinical trials, anti-VEGF
therapy was only effective in CRC patients in combination with established chemotherapy
(144). Accumulating evidence indicates that VEGF-related signaling plays a crucial role in
colon cancer genesis and progression. When transfected into colon cancer cells, VEGF has
been shown to elevate angiogenesis, tumor growth and metastasis (145). Interestingly,
Ahluwalia et al. have shown that colon cancer cells not only express VEGF and its receptors,
but also secret VEGF into the medium and that inhibiting the VEGF receptor diminishes
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colon cancer cell proliferation (146). As the status of tumor suppressor gene p53 has been
linked to VEGF expression and angiogenesis in patient samples of colon cancer, gene
mutations in p53 may promote VEGF-related angiogenesis (147). In non-cancerous colon
epithelial cells, transfection of activated b-catenin enhances mRNA and protein expression
of VEGF (148), underlining the relevance of b-catenin/Wnt-signaling and VEGF as potential

mechanisms for the pathogenesis of colon cancer.

In this study, we focused on determining VEGF expression in the tumor samples of CD13-
KO and PAR2-KO mice compared to WT mice. As a tumor marker and a marker of
angiogenesis, diminished VEGF expression can give a first hint for decreased tumor growth
expected in this study in mice missing the neo-angiogenesis marker CD13. Regarding
PAR2, Dutra-Oliveira et al. showed that PAR2 mediates VEGF production in human
glioblastoma cells via the ERK1/2 pathway (149). In gastric cancer cells, PAR2 promotes
VEGF expression and therefore angiogenesis in an ERK1/2 and p38 MAPK pathway-
dependent manner (150). Considering the literature, we hypothesized that CD13 and PAR2
deficiency potentially downregulates VEGF thereby reducing tumor growth in vivo. As the
interaction between VEGF and PAR2 or CD13 in colon cancer has not been studied so far,

we aimed to discuss VEGF as a potential link between PAR2 and CD13 signaling.

1.9.4. Tumor necrosis factor -alpha (TNFa)

As a marker for inflammation and tumor growth, we analyzed the expression of TNFa, a
cytokine promoting inflammation which is produced by macrophages and cancer cells (151).
In human monocytes, TNFa is one of the main inducers of colony stimulating factor (CSF-
1) promoting proliferation, chemotaxis and survival of macrophages (152,153). Furthermore,
CSF-1 acts like a growth factor accelerating angiogenesis via stimulation of monocytes,
which are precursors of macrophages, to release biologically active VEGF (154), providing
a crucial link between TNFa-signaling and angiogenesis. TNFa derived from colon cancer
cells, stimulated macrophages to secret CSF-1 thereby upregulating autocrine VEGF and
promoting colon cancer cell growth (155). The interplay between tumor cells and
macrophages in the so called Atumor <cell
cytokines like TNFa and represents a potential target to interrupt this tumorigenic crosstalk
between immune cells and tumor cells. High-dose TNFa in combination with chemotherapy
has been shown to enhance apoptosis in melanoma and sarcoma by inducing apoptosis of
angiogenic endothelium (156). However, in low dosages TNFa induces growth of cancer
cells (157). Additionally, low concentrations of TNFa have been shown to activate the

ERK1/2 pathway promoting cellular migration and invasion in colon cancer cells (158). This
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emphasizes the tumor promoting properties of TNFa in colon cancer cells, where pathways
for TNFa-induced apoptosis seem to be downregulated or entirely lost during pathogenetic
processes. As TNFa represents an independent marker for poor prognosis in colon cancer,
anti-TNFa therapeutics like Infliximab have been combined with Oxaliplatin showing
potential benefits in the treatment of colon cancer patients (159). A fusion peptide containing
the NGR-motif targeting CD13 and TNFa simultaneously, has been shown to specifically
target angiogenic vessels thereby modulating vessel normalization in transgenic mice (160).
Inhibiting PAR2-driven inflammation has been shown to diminish TNFa secretion in CRC
lines interfering with the tumorigenic microenvironment (161). As chronic inflammation is a
prominent driver of colon cancer genesis and progression, TNFa will be discussed as a

tumor marker in this study.

1.10. PAR2-inhibitor s in anti-inflammatory and cancer therapy

Pharmacological inhibition of PAR2 is already well known for its anti-inflammatory effects
labelling PAR2-inhibitors as potential drugs for the treatment of immune-mediated chronic
i npammat or Y163163. & argi-eusor therapy, PAR2-inhibitors are less commonly
discussed as new therapy options. Li et al. demonstrated, that pharmacological inhibition of
PAR2 sensitizes colon cancer cells to EGFR-targeted chemotherapy in vivo (164).
Comparably to colon cancer cells, a PAR2-inhibitor called P2pal-18S decreases the

resistance of non-small-cell lung cancer cells against EGFR-targeted chemotherapy (165).

The PAR2-inhibitorMe | i tt i n showed equal effects decrea:

and increasing the sensitivity of lung cancer cells against EGFR-targeted chemotherapy
(166). Considering cancer as a disease with chronic inflammatory character as foundation,
targeting PAR2 seems to be a promising approach to interrupt pathogenic processes in the
development of cancer. In this study, we tested AZ3451 as an experimental compound and
PAR2-inhibitor on colon cancer cells. As PAR2-inhibition has been described in the literature
to mediate apoptosis in human colon cancer cells (42), we postulated that treatment with
AZ3451 alone or in combination with CD13-inhibitor IP10.C9A enhances apoptosis in colon

cancer cells and or decreases their ability to form spheroids.

1.11. Development of CD13-inhibitor s and their applications

Many inhibitors of CD13 have been developed over the last few years. CD13-inhibitors were
synthesized as small molecules, peptide-based drugs or peptidei drug conjugates and
tested in clinical trials in treating e.g. advanced pancreatic or small cell lung cancer (167).
An antibody-drug conjugate (ADC) targeting CD13 and including a cytotoxic compound

showed selective anti-tumor effects in vitro and in vivo, which labels CD13 as an attractive
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ADC target (168). Novel anti-CD13 peptide ligand connected to TNFa only binds to CD13

expressed on tumor vessels, exhibiting anti-tumor effects in vivo (169). Additionally,
inhibitors of CD13 targeting CD13 positive tumor neo-vasculature have been shown to
reduce tumor growth in mice bearing mammary or prostate tumors (137). Inhibitors of CD13,
like Bestatin and Actinonin, are known to suppress angiogenesis and growth of cancer cells.
Actinonin is an antibiotic compound simultaneously exhibiting anti-tumor effects. Actinonin
has been discussed to inhibit the human peptide deformylase (HsPDF), which is localized
in the mitochondria, thereby diminishing the proliferation of breast, prostate, lung, ovary,
kidney or hematopoietic cancer cell lines in vitro and prostate cancer and lung cancer growth
in vivo (170). Another CD13-inhibitor representing a benzosuberone analogue, inhibited
endothelial cell morphogenesis as well as cell motility (171). Therefore, the inhibition of
angiogenesis is another discussed mechanism behind the anti-tumor activities of CD13-
inhibitors (172). Bestatin has been shown to reduce the polyp number in a CRC patient-
derived xenograft mouse model (173), making CD13-inhibitors relevant also for colon
cancer therapy. Additionally, a 5-FU prodrug, containing an Asn-Gly-Arg (NO2) COOCHS3
tripeptide inhibiting CD13, has been shown to inhibit proliferation of colon cancer cells in
vitro and colon cancer cell growth in vivo (174). Pharmacological inhibition of CD13 is a
known concept to reduce colon cancer cell growth labelling CD13 as a promising target for

the development of novel compounds in colon cancer therapy.

1.12. Characterization of the novel CD13-inhibitor 1P10.C9A
In this study, we tested a novel CD13-inhibitor IP10.C9A (IP) as a Bestatin derivative
consisting of two disulfide-bridged 2-amino-3-phenylpropane-1-thiol molecules (Figure 6).
Bestatin was used successfully in a Phase Il study as treatment for non-small cellular lung
cancer in combination with another chemotherapeutic (175,176). Bestatin not only inhibits
CD13, but also other leucine and arginine aminopeptidases (177) and is therefore not a
selective antagonist of CD13. The 2-amino-3-phenylpropane-1-thiol-motive of IP is already
known to inhibit CD13 as stated in the Therapeutic Target Database (178). Adverse effects
of Bestatin like leukopenia, thrombopenia, anemia, increase in creatinine, anorexia and
nausea were observed, but only for anorexia the incidence of adverse reaction was
significantly different compared to placebo (179). Adverse effects of the yet experimental
compound IP are not known as, to the best of our knowledge, the substance has not been
tested in vivo before. Other small-molecule structured CD213-inhibitors have been
synthesized in the last years. For instance, Su et al. synthesized CD13-inhibitors of synthetic
small-molecule structure showing anti-metastatic and anti-angiogenetic effects in vitro (180).
Therefore, we investigated the impact of our novel CD13-inhibitor IP on colon cancer cell
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growth in vitro and in vivo as pharmacological inhibition of CD13 has already revealed
promising anti-tumor effects in mouse and in cell culture models. We hypothesized that the
pharmacological inhibition of CD13 under IP treatment decreases the viability and the ability
of spheroid formation in colon cancer cells. Furthermore, we wanted to determine the
tolerability of IP in mice to exclude or include potential side effects under treatment with IP.
We postulated, that treatment with CD13-inhibitor IP enhances overall survival in mice and

simultaneously decreases tumor growth rate and tumor size in vivo.

NH,

.S
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| 2-ami8-phenyl p-i-oipid

NH,
2-ami-8-phenyl p-i-bipia
Figure 6. Structural formula of CD13-inhibitor 1P10.C9A. After bioactivation involving cleavage of the disulfide bridge,

two 2-amino-3-phenylpropane-1-thiol molecules (grey) are released as active metabolites. Taken with slight modification
from the Investigational Medicinal Product Dossier (Version 0.7) by the IMTM GmbH.

1.13. CD13 and PAR2 as potential modulators of immune cell marker in colon
cancer disease

Besides the effects of pharmacological inhibition of CD13 on colon cancer cell growth, we
also wanted to investigate the impact of PAR2 and CD13 on immune response. To model a
physiological immune system with all the immune cells still intact, we chose a syngeneic
subcutaneous tumor model using immunocompetent mice. Interestingly, CD13 being highly
expressed on myeloid cells is not essential for normal hematopoiesis and cellular myeloid
function as CD13 deficient mice develop normal hematopoietic profiles (181). A study
conducted with hepatocellular cancer cell-bearing mice demonstrated positive correlation of
spleen weight and tumor weight (182). Subsequently, we measured tumor weight and
spleen weight in colon cancer cell-bearing mice and furthermore analyzed the spleens for
infiltration of immune cells potentially contributing to the increase of spleen mass during
tumor growth. We wanted to know, how CD13 and PAR2 deficiency interferes with immune
response in colon cancer disease, as to the best of our knowledge, this research question

has not been covered so far.
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1.13.1. Cluster of differentiation -4 (CD4)

One immune cell marker present in the tumor microenvironment is CD4 expressed on

T helper cells or regulatory T cells. Regulatory T cells are CD4-positive (CD4+) as well as
CD25+ cells and represent 5 to 10% of the peripheral CD4+ T cell population in healthy
human and mice (183). Cytotoxic T cells are essential for proceeding against malignancy.
Previously, CD4+ T cells infiltrating tumors have been identified to express cytolytic granules
such as granzymes and perforin and furthermore, have been shown to exhibit direct
cytotoxic effects against cancer cells, labelling them as CD4+ cytotoxic T cells (184).
Yamada et al. demonstrated in a mouse model, that, in case of obesity, the reduced number
and function of CD4+ T cells enhanced the progression of CRC cells in vivo (185). In CRC
patient s, Ch4+CD25+ regulatory T cells have
responses to tumor-associated antigens thereby elevating the risk of tumor recurrence
(186). Subsequently, CD4+ T cells play a crucial role in anti-cancer immunity and inhibiting
colon cancer progression. In this study, we focused on analyzing the CD4 expression in
spleens of CD13- and PAR2-deficient mice as an indicator for immune response. Our
hypothesis was, that CD13- and or PAR2-KO may increase the infiltration of CD4+ T cells
in the spleen of mice. As PAR2 deficiency in CD4+ T cells leads to a decreased level of
interleukin-4 (IL-4), diminishing inflammation, and increased the level of interferone gamma
(IFNg) in mice (187), elevating the activation of macrophages, PAR2 may inhibit immune
responses essential for maintaining a non-malignant environment. CD13 is already known
to be expressed on monocytic cells and involved in inflammatory monocytic cell trafficking
(188). However, the interplay between CD13 and CD4+ T cell-mediated immune response
is not entirely understood and object of current research.

1.13.2. Cluster of differentiation -8 (CD8)

The expression of CD4 on T cells is directly linked to CD8, as CD4+ T cells are considered
as fNhel per so ¢185). CB8 F cellc are lenbwn gor their cytotoxic effects on
cancer cells, but do change their metabolism after tumor infiltration due to hypoxic and low-
gl ucose conditions present wi t hin establishe
functionality in controlling tumor progression (189,190). Accumulating evidence indicates,
that the number of CD8+ T cells infiltrating tumors of human CRC patients positively
correlates with patient survival and therefore represents a marker for good prognosis in CRC
(1911 193). The decrease in number and function of CD4+ T cells in obese mice has been
shown to reduce the anti-tumor response of CD8+ T cells contributing to colon cancer cell
growth in vivo (185). Therefore, CD8+ T cells are essential for controlling development and

growth of colon cancer. PAR2 being expressed on CD8+ T cells suppresses their
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functionality, highlighting PAR2 as a protein inhibiting the immune response in the tumor
microenvironment (194). CD13 deficiency in mice is known to enhance T cell response,
increasing antigen uptake by regulating endocytosis (195). Therefore, we postulated that
CD13 and or PAR2 deficiency increases CD8 expression in the spleen of mice thereby

indicating elevated anti-tumor response.

1.13.3. Murine macrophage surface marker F4/80

Counteract i n-umdr furcton, macphagestmediate inflammation and tumor
progression in colon cancer as depleting macrophages decreases the tumor number in the
colon of mice and decreases the expression of inflammatory cytokines like interleukin-6 (IL6)
and TNFa in mice (196). However, macrophages have also been shown to prevent tumor
growth. In CRC patients, a high infiltration of macrophages in the tumor has been associated
with good prognosis as a high level of cell-to-cell contact of macrophages may promote their
anti-tumorigenic properties (197). The murine macrophage surface marker F4/80 (198) has
been shown to be reduced under EGFR-targeted therapy with cetuximab inhibiting colitis-
associated tumorigenesis in mice suggesting EGFR-signaling to be essential for
macrophage function (199). Therefore, we not only measured F4/80, CD4 and CD8 as
immune cell markers in spleen of CD13 and or PAR2 deficient mice, but also included EGFR
and TNFa as indirect marker for immune response in spleen. As PAR2 deletion has been
shown to also promote colitis-associated tumorigenesis via accumulation of myeloid cells
and diminishing cytotoxic T cells, the role of PAR2 in colon cancer genesis remains
controversial (200). Subsequently, investigating the impact of PAR2-KO on macrophage
infiltration within the spleen is one research question in this study. CD13 is known to interact
with phagocytic receptors on human macrophages thereby modulating phagocytosis (201).
However, during inflammation and macrophage activation CD13 is upregulated, which leads
to coimmunoprecipitation of CD13 and toll-like receptor 4 (TLR4), downregulating TLR4-
signaling and balancing innate immune response (202). In this study, we further addressed

the research question regarding CD1306s rol e i
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1.14. Aim of this study

Colon cancer genesis and progression exhibit complex pathologic mechanisms which
overlap in the case of tumor marker, MAPK-signaling or Wnt-signaling, as mutations in this
specific pathways or genes lead to the malignant cell phenotype capable of uncontrolled cell
growth. As stated above, CD13 and PAR2 play crucial roles in the development of multiple
cancer types besides colon cancer. To the best of our knowledge, a functional interaction
between CD13 and PAR2 has not been revealed yet. In this study, we want to further
illuminate CD13- and PAR2-related signaling in colon cancer genesis and progression and

reveal a potential interaction in-between CD13 and PAR2.
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2. Material and Methods

2.1. Material

Table 1. used drugs and composition of their stock solution

Drugs Company Catalog number Stock solution
AZ3451 (AZ) MedChemExpress® 32993 10 mM in DMSO
Apixaban (APIX) Sigma-Aldrich® SML3285 10 mM in DMSO
Factor Xa (FXa) Enzo® BML-SE362-0100 2,18 g/L
IP10.C9A (IP) Orgentis Chemicals LV-05114 10 mM in sterile
GmbH water
Staurosporine (STS) Sigma-Aldrich® S6942 1 mM in DMSO
Table 2. used reagents
Reagents Company Catalog number
Acrylamide ROTIPHORESE® Gel 30 (37,5:1) Carl Roth® 3029.1
Agarose Electran® VWR™ CHEMICALS | 438795A
Bovine serum albumin (BSA) Carl Roth® 3737.1
Dimethyl sulphoxide (DMSQO) Carl Roth® 7029.1
Dulbecco's Modified Eagle's Medium (DMEM) PAN™ BIOTECH P04-03600
with indicator
Dulbecco's Modified Eagle's Medium (DMEM) PAN™ BIOTECH P04-03591
without indicator
Dulbecco's Phosphate Buffered Saline (PBS) PAN™ BIOTECH P04-36500
Fetal bovine serum (FBS) GIBCO™ 10270-106
L-glutamine PAN™ BIOTECH P04-80100
Paraformaldehyde (PFA) Carl Roth® 0964.2
Penicillin/Streptomycin PAN™ BIOTECH P06-07100
Protease Inhibitor Cocktail Set VI EMD Millipore Corp. 539133
USA
Protein marker VI (10-245) prestained PanReacAppliChem A8889
ITW Reagents
Roswell Park Memorial Institute Medium 1640 PAN™ BIOTECH P04-17500
(RPMI-1640)
ROTI®Mount FluorCare DAPI Carl Roth® HP20.1
Sodium azide Carl Roth® 4221.1
Tetramethylethylenediamine (TEMED) Carl Roth® 2367.3
TissueTek®O.C.T. Sakura® 4583
Triton™ X-100 SigmaAldrich® 18787
TRIzol™ Reagent invitrogen™ 12034977
Trypsin/EDTA PromoCell® C-41010
Ultrapure water Carl Roth® 231-791-2
b-mercaptoethanol Carl Roth® 4227.1
3-(4,5-dimethylthiazol-2-yl)-2,5- invitrogen™ M6494
diphenyltetrazolium bromide (MTT)
N-2-Hydroxyethylpiperazine-N'-2-ethane Carl Roth® 6763.3

sulphonic acid (HEPES)
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Table 3. used antibodies

Antibodies Company Catalog RRID
number

Primary antibodies

AKT Rabbit Ab Cell Signaling 9272 AB_329827
Technology®

phospho-AKT (Ser473) (D9E) XP® Rabbit Cell Signaling 4060 AB_2315049

mAb Technology®

CD13/APN (D6V1W) Rabbit mAb Cell Signaling 32720 AB_2799028
Technology®

CD3 Rabbit IgG mAb abcam® ab135372 AB_2884903

CD31 Rat IgG2a mAb BioLegend® 102401 AB_312896

PAR2 antibody [EPR13675] abcam® ab180953 AB 3674622

p38 MAPK Rabbit Ab Cell Signaling 9212 AB_ 330713
Technology®

phospho-p38 MAPK (Thr180/Tyr182) (D3F9) Cell Signaling 4511 AB_2797648

XP® Rabbit mAb Technology®

p44/42 MAPK (Erk1/2) (137F5) Rabbit mAb | Cell Signaling 4695 AB_390779
Technology®

phospho-p44/42 MAPK (Thr202/Tyr204) Cell Signaling 4370 AB_2315112

(D13.14.4E) XP® Rabbit mAb Technology®

b-catenin (D10A8) XP® Rabbit mAb Cell Signaling 8480 AB_11127855
Technology®

phospho-b-catenin (Ser33/37/Thr41) Rabbit | Cell Signaling 9561 AB_331729

mAb Technology®

Secondary antibodies

IRDye® 800CW Goat anti-Rabbit 1IgG LI-COR® 926-32211 AB_621843

Secondary Antibody

Donkey anti-Rabbit IgG Alexa Fluor® 568 abcam® ab175470 AB 2783823

Alexa Fluor® 647 Goat anti-Rat IgG BioLegend® 405416 AB_2562967

Antibody
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Table 4. used probes (TagManE Genexpressionsassay, all FAM-labeled)

Probes Company Catalog Species | Probe-ID
number

ANPEP (CD13) ThermoFisher® 4331182 human [Hs00174265_m1]
Scientific

CEACAMS5 (CEA) ThermoFisher® 4331182 human [Hs00944025 m1]
Scientific

GAPDH ThermoFisher® 4331182 human [Hs02786624_g1]
Scientific

Adgrel (F4/80) ThermoFisher® 4331182 mouse [MmMO00802529 m1]
Scientific

Anpep (CD13) ThermoFisher® 4331182 mouse [MmMO00476227_m1]
Scientific

Cd4 (CD4) ThermoFisher® 4331182 mouse [MmMO00442754_m1]
Scientific

Cd8a (CD8) ThermoFisher® 4331182 mouse [MmMO01182107_m1]
Scientific

EGFR ThermoFisher® 4331182 mouse [Mm01187858_m1]
Scientific

F2rl1 (PAR2) ThermoFisher® 4331182 mouse [MmMO00433160 _m1]
Scientific

Gapdh ThermoFisher® 4331182 mouse [Mm99999915 g1]
Scientific

Tgfbl (TGFb) ThermoFisher® 4331182 mouse [MmMO00441727 gl]
Scientific

Tnf (TNFa) ThermoFisher® 4331182 mouse [Mm00443260_g1]
Scientific

Vegfa (VEGF) ThermoFisher® 4331182 mouse [MmMO00437306_m1]
Scientific

Table 5. used cell lines

Cell line Company Catalog number RRID

Caco? ATCC® HTB-27™ CVCL_0025

HCT116 ATCC® CCL-247™ CVCL _0291

MC38 kerafast® ENH204-FP CVCL_B288

MC38-CEA-1 kerafast® ENH201-FP CVCL_5I36

SW620 ATCC® CCL-227™ CVCL_0547

31



MATERIAL AND METHODS

Table 6. used buffer and solvents

Buffer and solvents Composition

Cell culture medium for MC38 and MC38- RPMI-1640

CEA-1 cells (complete RPMI) 2 g/L Sodium bicarbonate
10% FBS

Starvation medium for MC38 and MC38-
CEA-1 cells (complete DMEM)

Cell culture medium for HCT116, Caco2 and
SW620 cells

Starvation medium for HCT116, Caco2 and
SW620 cells

Cell culture medium for Fibroblasts (DMEM
for primary cell culture)

Digestion medium

DMEM/F12 for primary cell culture

4x Lammli buffer

RIPA lysis buffer

Collection gels

Separation gels

1% L-glutamine

0.05 mM b-mercapto ethanol
complete RPMI

2.5% FBS

DMEM

3.7 g/L Sodium bicarbonate
4.5 g/L Glucose

10% FBS

1% L-glutamine

complete DMEM without FBS

DMEM

Sodium pyruvate

3.7 g/L Sodium bicarbonate

4.5 g/L Glucose

10% FBS

1% L-glutamine

1% HEPES

1% Penicillin/Streptomycin.

complete DMEM

1 mg/mL collagenase

DMEM/F12

10% FBS

1% L-Glutamine

1% Penicillin/Streptomycin

1.25 mM N-Acetyl-L-Cysteine

10 mM Nicotinamide

50 ng/mL human Epidermal Growth Factor
5 ¢ MROCK inhibitor Y-27632

0.4 g Dithiothreitol

1 mL Tris hydrochloride pH 6.8 (2 M)
4 mg Bromine phenol blue

0.1% Protease Inhibitor Cocktail Set VI
50 mM Tris hydrochloride

150 mM Sodium chloride

0.1% Sodium dodecyl sulfate (SDS)
1% NP-40

0.25% Sodium deoxycholate

1 mM ethylenediaminetetraacetic acid
pH 7.5

two gels:

3.075 mL distilled water

0.75 mL tris hydrochloride (1.5M, pH 6.8),
0.56 mL ROTIPHORESE®

0.045 mL SDS (10%)

0.045 mL ammonium peroxide sulfate (10%)
25 uL of TEMED

two gels:

8 mL distilled water

5 mL Tris hydrochloride (2 M, pH 8.8)
6.6 mL Acrylamide ROTIPHORESE®
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10x Tank buffer

Running buffer

10x Towbin buffer

Transferring buffer

10x Tris buffered saline (TBS)

1x TBS

Destaining solution

Ix TBST

Stripping buffer, mild

Table 7. used expendable materials

0.2 mL SDS (10%)

0.2 mL Ammonium peroxide sulfate (10%)
50 pL of TEMED

30 g Tris ultrapure

144 g Glycine

10 g SDS

dissolved in 1L distilled water
900 mL distilled water

100 mL of 10x Tank buffer

30 g Tris ultrapure

144 g glycine

dissolved in 1 L distilled water
700 mL distilled water

100 mL of 10x Towbin buffer
200 mL Methanol

80 g Sodium chloride

2 g Potassium chloride

30 g Tris ultrapure

dissolved in 1 L of distilled water (pH 7.4)
900 mL of distilled water

100 mL of 10x TBS

0.4 g Sodium hydroxide

120 mL Methanol

280 ml distilled water

900 mL distilled water

400 pL Tween® 20

100 mL 10x TBS

15 g Glycine

19 SDS

10 mL Tween® 20

dissolved in 1 L distilled water (pH 2.2)

Expendable materials Company Catalog number

Nitrocellulose blotting membrane Carl Roth® 4685.1

Amersham™ Protran™ 0.2 um NC

thin blot paper BIO-RAD 1620118
Laboratories

T75 flask SARSTEDT® 83.2911.002

superfrost slides ThermoFisher 16242171
Scientific®

50 mL tube SARSTEDT® 62.547.254

12-well cell culture plates SARSTEDT® 83.3921

24-well cell culture plates SARSTEDT® 83.3922

96-well cell culture plates SARSTEDT® 83.3924.300

96-well piko PCR plates ThermoFisher SPL0961
Scientific®

100 pm cell strainer pluriSelect® 43-50100-51

40 um cell strainer pluriSelect® 43-50040-51

40 um cell strainer mini pluriSelect® 43-10040-50
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Table 8. used laboratory equipment

Laboratory equipment Company RRID or Cat.

Instruments

Mini-PROTEAN® Tetra Vertical BIO-RAD Cat. 1658004

Electrophoresis Cell Laboratories

Mini Trans-Blot® Cell BIO-RAD Cat. 1703930
Laboratories

Mini-PROTEAN® comb (15-well) BIO-RAD Cat. 1653366
Laboratories

Mini-PROTEAN® glass plates (1.5 mm) BIO-RAD Cat. 1653308
Laboratories Cat. 1653312

CKX53 inverted microscope Olympus RRID:SCR_025025

CytoFLEX S Flow Cytometer
Fusion Fx Imaging System

Infinite® 200 PRO microplate reader
IX81 inverted fluorescence microscope
NanoDrop

Neubauer counting chamber
PikoReal 96 Thermal Cycler PCR System

Tissue lyzer MM400
Software
ImageJ 1.54k software

Beckman Coulter
Life Sciences
VILBER Company

Tecan Group
Olympus
Thermofisher
Scientific®
Assistant®
ThermoFisher
Scientific®
Retsch®

open source

RRID:SCR_027083
RRID:SCR_023580
RRID:SCR_020543
RRID:SCR_020341
RRID:SCR_016517

Cat. 40441702
not available

Cat. 20.715.0001

RRID:SCR_003070

GraphPad Prism 10.3.1 software Dotmatics RRID: SCR_002798

G*Power 3.1 software open source RRID: SCR_013726

Olympus cellSens Software Olympus RRID: SCR_014551
Table 9. used kits

Kits Company Catalog number

High Capacity cDNA Reverse Transcription Thermofisher 4368813

Kit Scientific®

Blue Probe qPCR Master Mix Biozym® Scientific 331456

Pierce™ BCA Protein Assay

Revert™ 700 Total Protein Stain
Alexa Fluor™ 488 Annexin V/Dead Cell
Apoptosis Kit

2.2. Methods
2.2.1. 2D cell culture

The murine colon cancer cell line MC38 and the genetically modified murine colon cancer
cell line MC38-CEA-1 expressing human carcinoembryonic antigen (CEA) (203) were
maintained in complete RPMI. The human colon cancer cell lines HCT116, SW620 and
Caco2 were maintained in complete DMEM. Cells were incubated at 37°C in a humidified

atmosphere containing 5% CO2 and passaged twice a week at a confluency of 80-90%.

ThermoFisher®
Scientific

LI-COR®
ThermoFisher®
Scientific

23228 (Reagent A)
1859078 (Reagent B)
23209 (Albumin
Standard)

926-11021

V13245



MATERIAL AND METHODS

Therefore, old cell culture medium was removed and cells were washed with 10 mL of PBS.
Cells were detached from the T75 flask with 2 mL of Trypsin/EDTA for 5 minutes (SW620),
3 minutes (MC38, HCT116, Caco2) or 30 seconds (MC38-CEA-1) at 37°C. After cautious
shaking the cells were collected in 6 mL of fresh cell culture media and transferred to a
50 mL tube. Cells were centrifuged at 700 rpm for 4 minutes at RT. Supernatant was
removed to resuspended the cell pellet in fresh cell culture media. 0.5 mL of cell suspension
was transferred to a sterile T75 flask containing 15 mL of fresh cell culture media. Cell

number was determined using a Neubauer counting chamber.

2.2.2. Stimulation 2D cell culture

Cells were harvested and resuspended in cell culture medium. MC38, MC38-CEA-1 and
HCT116 cells were pipetted into 12-well with 75.000 cells per well for the murine colon
cancer cells and 100.000 cells per well for the human colon cancer cells. At a confluency of
80% cell culture medium was removed. After washing the cells with 200 pL of PBS, 500 pL
starvation medium was added. Cells were held in starvation media 24 hours before
incubation with drugs. Cells were pretreated with 1 uM or 10 uM Apixaban or 1 uM IP10.C9A
30 minutes before incubation with 30 nM of FXa at different time points.

2.2.3. 3D cell culture

HCT116, MC38 and MC38-CEA-1 cells were cultured in spheroids as described by ibidi®
protocol (204) with slight modification. 96-well plates were coated with 30 pL of sterile 1%
agarose dissolved in PBS and heated in a microwave. 24-well plates were coated with
150 pL of 1% agarose and 12-well plates were coated with 300 pL of 1% agarose. Cells
were seeded with 10.000 cells per well by pipetting 50 pL of a cell suspension into each well
of agarose-coated 96-well plates. Cells were maintained at 37°C in a humidified atmosphere
containing 5% CO:2. After two days, 50 pL of fresh cell culture medium was added. Partial
media change with replacement of 50 pL cell culture medium with 50 pL fresh cell culture

medium was done every two days.

2.2.4. Stimulation 3D cell culture

After seven days of culture, spheroids were transferred to 300 or 500 uL starvation media
on agarose-coated 24- or 12-well plates. Spheroids were immediately incubated with drugs.
Spheroids were incubated with 10 uM of AZ3451 and or 10 uM of IP10.C9A for 24 hours.

2.2.5. Primary cell culture
This study using patient specimens was approved by the medical ethics committee of the
Carl von Ossietzky University Oldenburg under the reference number 2023-221. Specimens

were provided by the University Clinic of Visceral Surgery of the Pius-Hospital Oldenburg.
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Fibroblasts were isolated by mechanical dissociating of human intestinal tissue. Therefore,
fatty and necrotic areas were removed and tissue sections no larger than 1-2 mm? were
enzymatically digested in digestion medium for 45 minutes at 37°C with 5% COa2. After
filtration using 100 um and 40 pum coupled cell strainers, cell suspension was centrifuged
and supernatant was aspirated. The cell pellet was resuspended in DMEM/F12 for primary
cell culture and transferred to 12-well plates until proliferation was stable. Fibroblasts derived
from human colorectal tissue were maintained in DMEM for primary cell culture. Cells were
incubated at 37°C in a humidified atmosphere containing 5% CO2 and passaged every two

weeks.

2.2.6. Animal study

2.2.6.1. Animal ethics statement

This animal study wasapproved by the Lower Saxony State
Ver braucherschutz und Lebensmittel si c-#2802-heito
04-23-00299.

2.2.6.2. Estimation of sample size for animal studies
The sample size of 20 per group was estimated a priori with G*Power 3.1 given a = 0.05,
power=0. 87 and Cohen®50634 hefefeect $ize was determihed in previous

animal studies using the same in vivo tumor model (40).

2.2.6.3. Inclusion and exclusion criteria for animal studies
Male and female mice at the age of 8 to 10 weeks were included in the study. Mice with
body weight below 18 g were excluded from the study.

2.2.6.4. Housing and husbandry

For enrichment, mice were housed in the company of their siblings with channels at the
bottom of their cages. Tunneling was the preferred handling strategy. Mice were given
unrestricted access to food and water during the study.

2.2.6.5. Animal care and monitoring

Mice were monitored closely for changes in overall behavior, weight, feeding or drinking
habits, ambulation and tumor associated properties. All animals were given appropriate
doses of anesthetics (5% isoflurane for initiation, 2% isoflurane for maintenance) and
analgesics (20 mg/kg of carprofen, s.c.) to reduce pain and distress. To minimize
hypothermia risks under isoflurane anesthesia, a heating plate was used during recovery.
Mice were euthanized on day 21 with an overdosage of ketamine (300 mg/kg, i.p.) and

xylazine (30 mg/kg, i.p.). Mice were immediately euthanized if no-go criteria according to
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the score sheet were met. Tumor related criteria were defined according to the
recommendations of the Society for Laboratory Animal Science (GV-SOLAS) and the
veterinary association for animal welfare (TVT) (205). The score sheet of the main trial can

be found in the Appendix Il .

2.2.6.6. Syngeneic subcutaneous tumor model

In the preliminary trial, we injected 150 pL of MC38-CEA-1 cells of different cell numbers
resuspended in PBS (666,67 cells per yL; 1666,67 cells per pL; 3333,33 cells per pL)
subcutaneously into the right flank of immunocompetent C57BL/6 Wild-type (WT), PAR2-
Knock out (PAR2-KO), CD13-KO, and PAR2/CD13-KO anesthetized mice. Tumor growth
was observed over 28 days to determine the optimal cell number. For optimal tumor growth,

observation period was limited to 21 days.

In the main trial, we injected 150 uL of MC38-CEA-1 cells resuspended in PBS
(3333 cells per pL) subcutaneously into the right flank of immunocompetent C57BL/6 WT,
PAR2-KO, CD13-KO and PAR2-/CD13-KO anesthetized mice. Mice were divided into 4
groups: group 1 (WT, untreated, n = 18), group 2 (CD13-KO, untreated, n = 18), group 3
(WT, treated, n=13) and group 4 (CD13-KO, treated, n=7). IP10.C9A (50 mg/kg
bodyweight) was administered orally over the drinking water. As IP10.C9A caused side
effects like fatigue and weight loss, we limited the treatment period to 14 days. Tumor growth
was observed over 21 days. We measured tumors in vivo on day 7, 11, 15, 18 and 21 non-
invasively with a caliper. Tumor volume was calculated using the following formulas:

Aa s e o 00 QRO E QOQNF A OWOQIBAG A QDD
001 T O &I/l Wirk c

a0 QDG 2 0 QDG 6 2 W NG b
00110 OI-FSFA -

A schematic overview of the tumor model used in the main trial of this animal study is

illustrated in Figure 7 .
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tumor cell isolation +
genetic modification

MC38-CEA-1 cell line

C57BL/6 mouse
with colon cancer %ﬁ

Verum
s.c. injection of cell ‘
KO WT suspension into
immunocompetent
C57BL/6 mice
KO WT
Control

Figure 7. Schematic overview of the syngeneic subcutaneous tumor model used in the main trial of the animal

study. Colon cancer cells were once isolated from a mouse with a C57BL/6-background bearing colon cancer. The
generated MC38 cell line was genetically modified to express human carcino embryonic antigen (CEA). The generated
MC38-CEA-1 cell line was purchased from kerafast® and subcutaneously injected suspended in PBS into
immunocompetent mice with the same genetic background like the mouse the MC38 cells originated from (C57BL/6).
Wild-type (WT) and Knock-out (KO) mice were divided into verum and control. Mice in the verum group were treated with
IP10.C9A (50 mg/kg/bodyweight), which was administered orally over the drinking water. Tumor growth was observed
over 21 days.

2.2.7. Quantitative Real -Time Polymerase Chain Reaction (QPCR)

RNA of cell, tumor and spleen samples was isolated with TRIzol™ Reagent according to the
manuf act ur er 6RNA paillastwere dissdlvednrs25 to 50 pL of ultrapure water
and stored at - 80°C. The RNA concentration was determined using NanoDrop. Total RNA
(1000 ng) served as the template for preparation of single-strand cDNA using High Capacity
cDNA Reverse Transcription Kit following
conditions were as follows: stage 1 (10 minutes at 25°C), stage 2 (120 minutes at 37°C),
stage 3 (5 minutes at 85°C) and stage 4 (holding 4°C). The cDNA was amplified using Blue
Probe gPCR Master Mix and FAM-labeled TagManE Genexpressionassay probes. gPCR
was performed on PikoReal 96 Thermal Cycler PCR System with the following amplification
settings: stage 1 (10 seconds at 50°C), stage 2 (10 minutes at 95°C), stage 3 (45 cycles of
15 seconds at 95°C and 1 minute at 60°C), stage 4 (10 seconds at 20°C). Samples were
measured in duplicates. Only Cq-values smaller than 40 were analyzed. The relative gene

expression was calculated with the 2-P°€t method and normalized to Gapdh.
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2.2.8. Western Blot

Cells were washed with ice cold PBS and lysed in ice cold RIPA lysis buffer. Mouse tissue
was perfused with warm PBS. After freezing in liquid nitrogen, tissue was pulverized in tissue
lyzer or crushed manually with frozen mallets. Pulverized frozen tissue was lysed in ice cold
RIPA lysis buffer over 2 hours at 4°C maintaining constant agitation. Pierce™ BCA Protein
Assay was performed to determine the protein concentration of each sample aiming for a
protein concentration between 1 and 5 mg/mL. Samples were diluted in loading buffer and
heated at 95°C for 5 minutes. Loading buffer contained 4x Lammli buffer diluted 1:4 with
RIPA buffer. Heated samples are stored on ice until loading.

For SDS-PAGE, gels with acrylamide concentration of 10% were used. Gels were cast in
1.5 mm glass plates using a 15-well comb. 20 to 30 pg of total protein of each lysate were
loaded along with 2 pL of Protein marker VI. For p38 and p44/42 MAPK, 20 pg of protein
were loaded. For AKT, b-catenin, PAR2 and CD13, 30 ug of protein were loaded. The Mini-
PROTEAN® Cell was filled with running buffer. The gel was run for 20 minutes at 80 V

following another 90 minutes at 120 V.

Proteins on the gels were electro-transferred to nitrocellulose blotting membrane (0.2 um)
by fixing the gel and the membrane between three layered thin blot paper. The Mini Trans-
Blot® Cell was filled with ice cold transferring buffer and covered in ice to maintain cool

temperatures. Electro-transfer was performed at 370 mA for 90 minutes.

Blots were washed with 1x TBS. Revert™ 700 Total Protein Stain was used to stain the total
amount of protein blotted following the

distilled water at 680 nm via imaging system Fusion Fx. The hereby detected fluorescence
signal of total protein was used for signal normalization. After destaining the blots with
destaining solution for 5 minutes, Blots were blocked with blocking buffer of 5% non-fat dry
milk, 3% BSA or 10% FCS in 1x TBST for 1 hour at room temperature (RT) maintaining
constant agitation. Primary antibodies were diluted in 10% FCS blocking buffer (p38, p44/42,
AKT, b-catenin) or 3% BSA blocking buffer (PAR2, CD13) in a ratio of 1:1000. Blots are
incubated with primary antibodies over night at 4°C maintaining constant agitation. Blots
were washed with 1x TBST three times, 10 minutes each. As secondary antibody IRDye®
800CW Goat anti-Rabbit IgG Secondary Antibody was diluted 1:5000 in 10% FCS blocking
buffer, which was preserved with 0.1% sodium azide. Blots were incubated with secondary
antibody for 1 hour at room temperature in the dark maintaining constant agitation. After
washing with 1x TBST for three times 10 minutes each, blots were imaged in TBST at

800 nm via imaging system Fusion Fx.
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MATERIAL AND METHODS

For stripping, blots were incubated in 10 mL of mild stripping buffer for 1 hour at room
temperature maintaining constant agitation. Blots were washed with 1x TBST two times, 5
minutes each, one time for 10 minutes and two times, 5 minutes each. Blots were blocked
with 10 mL blocking buffer for 1 hour at RT maintaining constant agitation. Incubation with
primary and secondary antibody was carried out as described previously.

2.2.9. FACS analysis

The viability of HCT116 spheroids treated with CD13 and PAR2-inhibitor was assessed via
flow cytometry using the Alexa Fluor™ 488 Annexin V/Dead Cell Apoptosis Kit. HCT116
spheroids were collected with 8 spheroids for each condition. Spheroids were centrifuged
by 300 xg for 4 minutes. Supernatant was removed. After trypsinization with 50 pL
Trypsin/EDTA for 4 minutes at 37°C, HCT116 spheroids are disassociated with pipetting the
cells 20 times up and down. The reaction is stopped with 700 pL of cold DMEM. Cells are
centrifuged by 300 xg for 4 minutes. Cells are resuspended in 500 pL cell culture media and
kept for 1 hour at 37°C and 5% CO: to restore the cell membrane. Cells were centrifuged
by 300 xg for 4 minutes to remove the supernatant. 100 pL of cold PBS was added to wash
the cell pellet. Cells were centrifuged by 300 xg for 1 minute to remove supernatant. Cell
pellet was washed with 100 pL of 1x Binding Puffer and centrifugation at 300 xg for 1 minute.
Supernatant was removed and cells were resuspended in 100 pL of 1x Binding Puffer and
strained through 40 pum cell strainer mini. Cells were stained with 2.5 uL of Alexa Fluor™
488 Annexin V antibody and 1 pL of propidium iodide (PI) working solution. After 15 minutes
of incubation, 400 pL of 1x Binding Puffer was added and cells were measured via
CytoFLEX S Flow Cytometer.

2.2.10. Spheroid formation assay

HCT116 and MC38-CEA-1 cells were seeded on agarose-coated 96-well plates with
10.000 cells per well. Cells were immediately treated with 10 pM, 20 uM and 30 pM of
IP10.C9A and or 10 uM of AZ3451. Cells were maintained at 37°C in a humidified
atmosphere containing 5% CO2. Photographs were taken under the inverted microscope
CKX53 using Olympus cellSens Software up to four days after stimulation. The Pixel density
was measured by ImageJ 1.54k using the following formula. The Pixel density was

normalized to control.

e, L AQOBL MW O 6 Q
0 QuXXXDE | Qoo0——
oI QW
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MATERIAL AND METHODS

2.2.11. MTT viability assay

HCT116, SW620, MC38-CEA-1 cells and Fibroblasts were seeded on 96-well plates. At a
confluency of 70% old media was removed, cells were washed and complete DMEM without
indicator was added. Cells were treated with 1 uM, 3 uM, 10 pM, 20 pM, 30 uM and 100 pM
of IP10.C9A or AZ3451 for 24 hours. Cells receiving Staurosporine (1 pM) served as positive
control. MTT dissolved in PBS (5 mg/mL) was added to the cells at a working concentration
of 0.45 mg/mL. Cells were maintained at 37°C and 5% CO: for 1 to 2 hours. To dissolve the
Formazan crystals, supernatant was removed and 100 pL of a mixture of DMSO and ethanol
(1:1) was added to each well. Cells were incubated for 10 minutes at 37°C and 5% COa.
Absorbance was measured after 180 seconds of shaking at 570 nm by microplate reader
Infinite® 200 PRO. Samples were measured in triplicates. The viability was expressed as %
of untreated control. ICso values were calculated with Nonlinear regression using GraphPad
Prism 10.3.1 software.

2.2.12. Immunostaining

Tumor samples were embedded in TissueTek®, frozen over liquid nitrogen and stored at
- 80°C. Blocks were cut into 6 um sections using a cryostat. Sections were mounted on
superfrost slides and stored at - 20°C until staining procedure. Before staining, slides
warmed up at RT for 30 minutes. Tissue sections were fixated with 4% PFA in PBS (pH 7.4)
for 15 minutes at RT. After washing with TBS and drying, tissue sections were blocked and
permeabilized with 1% BSA and 0.25% Triton X-100 in TBS for 1 hour at RT. Primary
antibodies were diluted 1:100 and incubated over night at 4°C. After washing with TBS,
secondary antibodies were diluted 1:1250 and incubated for 2 hours at RT in the dark. After
washing with TBS, tissue sections were embedded in ROTI®Mount FluorCare DAPI and
stored at 4°C protected from light. Pictures were taken under an inverted Fluorescence
Microscope IX81 using Olympus cellSens Software. Fluorescence signal was quantified by

ImageJ 1.54k calculating the corrected total cell fluorescence (CTCF):
6 Y6 "OY G I0E 60 QQIORE QMO i B OO QOUQEMRGO W d 6 Q

2.2.13. Statistical analysis

GraphPad Prism 10.3.1 software was used for statistical data analysis. Data was expressed
as mean = SD. Paired t-test was performed for the comparison of two groups. Ordinary one-
way Analysis of Variance (ANOVA) was performed among multiple groups followed by
Fi sher 6post ho&S fest. Values of p <0,05 were considered as an indicator for

statistically significant differences.
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MATERIAL AND METHODS

2.2.14. Use of generative Artificial Intelligence (Al)
Elicit and perplexity were used as generative Al tools for literature research only to generate
lists of published papers covering one specific research question. Papers were then

manually read and evaluated. Generative Al was not used for the generation of text.
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3. Results

3.1. gPCR analysis of CD13 expression under PAR2 -activation in vitro

The activation of PAR2 via Factor Xa (FXa) increased CD13 expression in MC38 and MC38-
CEA-1 cells revealing the first link between PAR2- and CD13-signaling. In MC38 cells,
MRNA expression of CD13 was increased after 24 hours incubation of FXa (30 nM)
(Figure 8 A). In MC38-CEA-1 cells, mRNA expression of CD13 was increased after 16
hours incubation of FXa (30 nM) (Figure 8 B). CD13 and PAR2 expression in untreated
MC38 and MC38-CEA-1 cells were comparable (Figure 8 C, D).

A mRNA expression of CD13 in MC38 cells
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Figure 8. PAR2-activation by Factor Xa (FXa) increased the CD13 expression in vitro . (A-B) RT-gPCR was performed
in MC38 (A) and MC38-CEA-1 cells (B) treated with 30 nM FXa. Cells treated with 1 pM Apixaban served as negative
control. (C-D) mRNA expression of CD13 (C) and PAR2 (D) were compared between untreated MC38 (C) and MC38-CEA-
1 cells (D). TagMan™ Genexpressionassay was used in all RT-gPCR assays. mMRNA expression of CD13 was determined
using the 2-(®°°Y method. C: values for CD13 were normalized on Gapdh. Data represent mean + SD (n = 3; n = 6). Ordinary
one-way ANOVA(A-B) wi th Fisher s LSD festg(-D) Wweveqerformedt*p 00t05.unpai r e
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RESULTS

3.2. Western blot analysis of phosphorylation level of mitogen -activated

protein kinase (MAPK) under PAR2 -activation in vitro

As shown in Figure 9 A and B, the phosphorylation of p38 MAPK in MC38 cells was
increased after 16 hours incubation of PAR2-activating FXa. Phosphorylation of p38 MAPK
was not increased in Apixaban treated cells. Treatment with IP10.C9A (IP) prior to FXa
incubation seemed to decrease the phosphorylation level of p38 MAPK in MC38 cells
(Figure 9 C, D). As the Apixaban treated MC38 cells also showed lower phosphorylation
level of p44 MAPK, phosphorylation of p44 MAPK in MC38 seems to be decreased in a
FXa-independent manner (Figure 10 A, B). However, treatment with IP had no further
diminishing effect on the phosphorylation of p44 MAPK (Figure 10 C, D).
Figure 11 A and B shows, that FXa had no effect on phosphorylation of p42 MAPK in MC38
cells. Subsequently, treatment with IP had no effect on the phosphorylation of p42 MAPK in
MC38 cells (Figure 11 C, D). In MC38-CEA-1 cells, FXa increased the phosphorylation of
p38 MAPK after 10, 15 minutes and 4 hours of incubation (Figure 12 A, B), whereas the
phosphorylation of p38 MAPK was not increased in Apixaban treated cells (Figure 12 A).
Interestingly, treatment with IP increased the phosphorylation of p38 MAPK after 30 minutes
and 6 hours of incubation, neglecting the trend seen in the MC38 cells (Figure 12 C, D).
Similar to MC38, FXa had no effect on phosphorylation of p44 MAPK in MC38-CEA-1 cells
(Figure 13 A, B). Subsequently, treatment IP had no effect on the phosphorylation of p44
MAPK in MC38-CEA-1 cells (Figure 13 C, D). Figure 14 A and B shows, that FXa had no
effect on phosphorylation of p42 MAPK in MC38-CEA-1 cells, reflecting the results in MC38
cells. Interestingly, treatment with IP increased the phosphorylation of p42 MAPK after
30 minutes, 4 and 16 hours of incubation in MC38-CEA-1 cells, which was not observed in
MC38 cells (Figure 14 C, D). Additionally, FXa had no effect on phosphorylation of AKT in
MC38-CEA-1 cells (Figure 15 A, B). However, treatment with IP increased the
phosphorylation of AKT after 1, 2 and 16 hours of incubation in MC38-CEA-1 cells
(Figure 15 C, D), comparable to the increase in phosphorylated p38 MAPK and p42 MAPK
in MC38-CEA-1 cells under IP treatment.
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Phosphorylation of p38 in MC38 cells
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Figure 9. Factor Xa (FXa) increased the phosphorylation of p38 MAPK in the murine colon cancer cell ine  MC38
after 16 hours of incubation. Treatment (*) with IP10.C9A (IP) suggested a decrease in phosphorylation of p38

MAPK based on preliminary data. (A-B) Western blot was performed with samples of MC38 cells incubated with 30 nM
of FXa at different time points. Apixaban (APIX, grey) pre-treated cells served as negative control. (C-D) MC38 cells were
treated with 1 uM of IP before incubation with 30 nM of FXa and Western blot was performed. Equal amounts of protein
(20 pg for p38, 30 g for phosphorylated p38 (pp38)) were loaded. Signal was normalized using Revert™ 700 Total Protein
Stain. Data representmean + SD (n = 4; n = 2). Ordinaryoneeway ANOVA with Fishero6s LSD
*n < 0.05.
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Figure 10. Phosphorylation of p44 MAPK in  the murine colon cancer cell line  MC38 was decreased in a Factor Xa
(FXa)-independent manner. Treatment (*) with IP10.C9A (IP) had no further diminishing effect on the
phosphorylation of p44 MAPK based on preliminary data. (A-B) Western blot was performed with samples of MC38
cells incubated with 30 nM of FXa at different time points. Apixaban (APIX, grey) pre-treated cells served as negative
control. (C-D) MC38 cells were treated with 1 uM of IP before incubation with 30 nM of FXa and Western blot was
performed. Equal amounts of protein (10 ug for p44, 20 ug for phosphorylated p44 (pp44)) were loaded. Signal was
normalized using Revert™ 700 Total Protein Stain. Data represent mean = SD (n = 3; n = 2). Ordinary one-way ANOVA
with Fisherdés LSD postpd®s test were performed, *
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Figure 11. Factor Xa (FXa) had no effect on phosphorylation of p42 MAPK in the murine colon cancer cell line

MC38. Treatment (*) with IP10.C9A (IP) had no effect on the phosphorylation of p42 MAPK based on preliminary

data. (A-B) Western blot was performed with samples of MC38 cells incubated with 30 nM of FXa at different time points.
Apixaban (APIX, grey) pre-treated cells served as negative control. (C-D) MC38 cells were treated with 1 uM of IP before
incubation with 30 nM of FXa and Western blot was performed. Equal amounts of protein (10 pg for p42, 20 pg for
phosphorylated p42 (pp42)) were loaded. Signal was normalized using Revert™ 700 Total Protein Stain. Data represent
mean+SD (n=3;n=2). Ordinaryone-way ANOVA with Fisherds LSD p<00D5. hoc
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A Phosphorylation of p38 in MC38-CEA-1 cells
*

Relative Level of Protein
normalized via Total Protein

p38
38 kDa

pp38
38 kDa |

Total
Protein
38 kDa

(¢)

N\

4 - [ QQ ° N

Relative Level of Protein
normalized via Total Protein

6’0

Stimulation Time of FXa [30 nM] with (*) or without IP treatment [1 uM]

Omin 0 min* 10 min* 15 min* 30 min* 1 h* 2 h* 4 h* 6 h* 16 h*

p38
38 kDa

pp38
38 kDa

Total
Protein
38 kDa

Figure 12. Factor Xa (FXa) increased the phosphorylation of p38 MAPK in the murine colon cancer cell line MC38 -
CEA-1. Treatment (*) with IP10.C9A (IP) increased the phosphorylation of p38 MAPK after 30 min and 6 hours of
incubation. (A-B) Western blot was performed with samples of MC38-CEA-1 cells incubated with 30 nM of FXa at different
time points. Apixaban (APIX, grey) pre-treated cells served as negative control. (C-D) MC38-CEA-1 cells were treated
with 1 uM of IP before incubation with 30 nM of FXa and Western blot was performed. Equal amounts of protein (20 pg
for p38, 30 g for phosphorylated p38 (pp38)) were loaded. Signal was normalized using Revert™ 700 Total Protein Stain.
Data represent mean £ SD (n =5; n=4). Ordinary one-way ANOVA with Fishero6s LSD

*p < 0.05.
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Phosphorylation of p44 in MC38-CEA-1 cells

JEn e
.|—.—:—| [ ]

Relative Level of Protein
normalized via Total Protein
N
1

[ ]
.|—0—-0—| [ ]

Q%
%
%
s
3
%
%
5 |
&
3

p44
p42

pp44

pp42
Total
Protein
44 kDa
42 kDa

@]

N\

Relative Level of Protein
normalized via Total Protein

050

o~ o o o S &
S & L8 T
Stimulation T ime of FXa [30 nM] with (*) or without IP  treatment [1 OM]

Omin O min* 10 min* 15 min* 30 min* 1 h* 2 h* 4 h* 6 h* 16 h*

p44a
pa2

pp44
pp42

Total
Protein

44 kDa
42 kDa

Figure 13. Factor Xa (FXa) had no effect on phosphorylation of p44 MAPK in the murine colon cancer cell line

MC38-CEA-1. Treatment (*) with IP10.C9A (IP) had no effect on the phosphorylation of p44 MAPK. (A-B) Western
blot was performed with samples of MC38-CEA-1 cells incubated with 30 nM of FXa at different time points. Apixaban
(APIX, grey) pre-treated cells served as negative control. (C-D) MC38-CEA-1 cells were treated with 1 uM of IP before
incubation with 30 nM of FXa and Western blot was performed. Equal amounts of protein (10 pg for p44, 20 pg for
phosphorylated p44 (pp44)) were loaded. Signal was normalized using Revert™ 700 Total Protein Stain. Data represent
mean * SD (n = 4). Ordinary one-way ANOVA wi th Fisherdés LSD popgt00hoc test
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Phosphorylation of p42 in MC38-CEA-1 cells

Relative Level of Protein
normalized via Total Protein
=Y
1

[ ]

()

* * *
8-

a1 19 T T P

Relative Level of Protein
normalized via Total Protein
H
1

[ ]

(]
L]
ﬁé’
0- I I I
é\‘\ & é\“ & é\"\ & <&°@$ RS N < b;ob:g AN g&v
D N R O .

Stimulation Time of FXa [30 nM] with (*) or without IP treatment [1 pM]

Omin 0 min* 10 min* 15 min* 30 min* 1 h* 2h* 4 h* 6 h* 16 h*

p44
p42

pp44

pp42 |
Total
Protein
44 kDa
42 kDa

Figure 14. Factor Xa (FXa) had no effect on phosphorylation of p42 MAPK in MC38 -CEA-1 cells. Treatment (*) with

IP10.C9A (IP) increased the phosphorylation of p42 MAPK after 30 minutes, 4 and 16 hours of incubation. (A-B)
Western blot was performed with samples of MC38-CEA-1 cells incubated with 30 nM of FXa at different time points.
Apixaban (APIX, grey) pre-treated cells served as negative control. (C-D) MC38-CEA-1 cells were treated with 1 uM of IP
before incubation with 30 nM of FXa and Western blot was performed. Equal amounts of protein (10 pg for p42, 20 ug for
phosphorylated p42 (pp42)) were loaded. Signal was normalized using Revert™ 700 Total Protein Stain. Data represent
mean + SD (n =4). Ordinaryone-way ANOVA with Fisherdés LSD po0D5. hoc te
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Phosphorylation of AKT in MC38-CEA-1 cells
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Figure 15. Factor Xa (FXa) had no effect on phosphorylation of AKT in the murine colon cancer cell line MC38 -
CEA-1. Treatment (*) with IP10.C9A (IP) increased the phosphorylation of AKT after 1, 2 and 16 hours of incubation.

(A-B) Western blot was performed with samples of MC38-CEA-1 cells incubated with 30 nM of FXa at different time points.
Apixaban (APIX, grey) pre-treated cells served as negative control. (C-D) MC38-CEA-1 cells were treated with 1 uM IP
before incubation with 30 nM Factor Xa and Western blot was performed. Equal amounts of protein (20 pg for AKT, 30 pg
for phosphorylated AKT (pAKT)) were loaded. Signal was normalized using Revert™ 700 Total Protein Stain. Data
represent mean = SD (n =5; n=4). Ordinaryone-way ANOVA with Fisherdés LSD p<0095.
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3.3. Western blot analysis of Wnt
3D cell culture treated with CD13

-signaling and FACS analysis of viability in
- and PAR2 -inhibitor

Treatment with CD13-inhibitor IP and PAR2-inhibitor AZ had no effect on phosphorylation
of AKT or b-catenin in HCT116 spheroids (Figure 16 A, B). The viability of HCT116
spheroids treated with IP and AZ at the same time seem to be decreased (Figure 16 C),
which lines up with the increased cell death in HCT116 spheroids under IP and AZ treatment
(p = 0.054; Figure 16 D). However, IP and AZ treated cells in HCT116 spheroids did not
undergo apoptosis compared to untreated control (Figure 16 E).
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Figure 16. Investigation of Wnt -signaling and viability in HCT116 spheroids under inhibition of CD13 and PAR2

using the CD13 -inhibitor IP10.C9A (IP) and PAR2 -inhibitor AZ3451 (AZ). (A-B) Western blot was performed with
samples of HCT116 spheroids treated with 10 uM of IP and or 10 uM of AZ for 24 hours. Equal amounts of protein (20 pg
for AKT or b-catenin, 30 pg for phosphorylated AKT (pAKT)) were loaded. Signal was normalized using Revert™ 700 Total
Protein Stain. (C-E) Viability of HCT116 spheroids (C), cell death in HCT116 spheroids (D) and apoptotic cells in HCT116
spheroids (E) treated with 10 uM of IP and or 10 uM of AZ for 24 hours was measured by Flowcytometry (FACS) using the
Dead Cell Apoptosis Kit with Annexin V Alexa FluorTM 488 & Propidium lodide purchased from invitrogen™. Data
representmean + SD (n=11;n=8). Ordinaryone-way ANOVA with Fishero6s LSD pdfi
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3.4. Assessment of viability and spheroid formation under pharmacological
inhibition of CD13 and PAR2 in vitro

As shown in Figure 17 A and B, spheroid formation was inhibited in MC38-CEA-1 cells
under treatment of only 10 uM IP and in HCT116 cells under treatment of 30 uM IP. PAR2-
inhibitor AZ3451 (AZ) had no effect on spheroid formation (Figure 17 C, D) or viability
(Figure 17 E-G) of murine and human colon cancer cells. Interestingly, IP showed
concentration-dependent cytotoxic effects in murine and human colon cancer cell lines
(Figure 17 E-G), but formed a plateau in non-cancerous cells at higher concentrations
(Figure 10 H). The ICso values for IP in all cell lines tested are stated in Table 10. More

detailed data regarding the MTT-assay results are listed in the Appendix |.
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Figure 17. Concentration dependent cytotoxic effects of IP10.C9A (IP) and AZ3451 (AZ) in murine and human colon

cancer cell lines and non -cancerous cells. (A-D) Spheroid formation of MC38-CEA-1 (A) and HCT116 cells (B) was
inhibited under treatment with IP. MC38-CEA-1 and HCT116 cells were seeded in 96-well plates and immediately incubated
different concentrations of IP and or AZ. 4 days later, photographs were taken (C-D) and the pixel density relative to control
was determined. (E-F) MTT assay was used to measure the viability of human and murine colon cancer cells after 24 hours
incubation with IP and AZ at different concentrations. The viability of MC38-CEA-1 cells (E), HCT116 cells (F), SW620 cells
(G) and Fibroblasts derived from human colorectal tissue (H) was determined. Data represent mean + SD (n = 6; n = 4).
Ordinaryone-way ANOVA with Fisherés LSD pxr68t hoc test was pe

53



RESULTS

Table 10. The half-maximal inhibitory concentration of IP10.C9A (IP) for different cell lines were determined via MTT
assay and calculated by Nonlinear Regression using the equation for inhibitor vs. normalized response i variable slope.

IP10.C9A (IP) MC38-CEA-1 HCT116 SW620 Fibroblasts
ICso value [uM] 16.41 17.60 20.56 67.87
Confidence interval [uM] 6.986 to 41.68 13.21 to 28.91 19.55 to 21.54 47.04t0 112.2

3.5. Preliminary trial : determination of the optimal cell number in vivo

Figure 18 A shows, that overall survival after 28 days of observation was 100% for 100.000
cell injected, but less than 50% for the cell humbers 250.000 and 500.000. 100% tumor
growth rate was only reached at 500.000 cells (Figure 18 B). Therefore, observation period
was reduced from 28 to 21 days for the upcoming main trial. Tumor weight and tumor volume
of tumors, dissected from mice with 100.000 cells (Figure 18 C, F) or 250.000 cells
(Figure 18 D, G) injected, varied strongly between genotypes. Figure 18 E and H
suggested smaller tumor weight and tumor volume in CD13-knockout (CD13-KO) and
PAR2-/CD13-KO mice compared to Wild-type (WT) mice. Preliminary tumor data regarding
tumor weight and tumor volume indicated 500.000 cells to be the most appropriate cell

number to be injected for reproduceable and reliable tumor growth.
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Figure 18. Preliminary trial data revealed 5 x 10 5 MC38-CEA-1 cells to be the cell number for 100% tumor growth
rate and optimal tumor growth. Because of drop  -out rates higher than 50%, observation period was reduced to 21
days in the main trial. (A-B) To determine the optimal cell number, three different cell numbers were injected
subcutaneously in Wild-type (WT), PAR2-knockout (PAR2-KO), CD13-KO and PAR2/CD13-KO mice having a C57BL/6
background. Survival rate (A) and tumor growth rate (B) was recorded over 28 days. (C-H) After 28 days, mice were

sacrificed and tumors were dissected to determine tumor weight (C-E) and tumor volume (F-H). Data represent mean +
spanor SD (n=8;n=2;n=23).
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RESULTS

3.6. Main trial: Impact of the p harmacological inhibition of CD13  or genetic

deletion of CD13 on overall survival and tumor growth rates in vivo

Untreated CD13-KO mice showed increased overall survival after 21 days of observation
compared to untreated WT, PAR2-KO and PAR2-/CD13-KO mice (Figure 19 A). Treatment
with IP increased overall survival to 100% for all genotypes (Figure 19 B). As shown in
Figure 19 C and D, tumor growth rates in vivo were decreased in untreated CD13-KO mice
compared to untreated WT (Figure 19 C) as well as in treated mice independently of the
genotype when compared to untreated WT (Figure 19 D). IP treatment of WT mice
significantly decreased the tumor growth rate in vivo starting at day 15 (Figure 19 E, F). IP
treatment of CD13-KO mice had no further diminishing effect on tumor growth
(Figure 19 G, H). IP treatment of PAR2-KO mice had an in vivo tumor growth rate reducing
effect only on day 15 (Figure 191, J), whereas PAR2-/CD13-KO mice treated with IP

showed decreased in vivo tumor growth rate from day 15 until day 21 (Figure 19 K, L).
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Figure 19. Anti -tumor activities of IP10.C9A (IP) and genetic Knockout (KO) of CD13 in vivo . 5 x 10°> MC38-CEA-1
cells were injected subcutaneously in Wild-type (WT), PAR2-KO, CD13-KO and PAR2/CD13-KO mice having a C57BL/6
background. Then, mice were divided into different groups and treated (*, white) or not treated (black) with IP. IP treatment
was discontinued at day 14. (A-B) Survival period of untreated (A) and treated (B) mice was recorded over 21 days. (C-L)
Tumor growth in vivo was measured non-invasively with a caliper on days 7, 11, 15, 18 and 21. Data represent mean + SD
(n=18;n=13;n=11;n=7;n=6). Ordinaryone-way ANOVA with Fisherds LSD pp0.85t
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RESULTS

3.7. Main trial: Impact of the p harmacological inhibition of CD13  or genetic
deletion of CD13 on tumor size

Tumor volume was significantly decreased in untreated CD13-KO mice compared to
untreated WT mice (Figure 20 A). Tumor weight (Figure 20 B) was only decreased in
untreated CD13-KO mice compared to untreated WT mice when normalized to days spent
in trial (Figure 20 D) or bodyweight (Figure 20 F). However, tumor volume as well as tumor
volume normalized to days spent in trial (Figure 20 C) and bodyweight (Figure 20 E) was

significantly decreased in untreated CD13-KO mice compared to untreated WT.
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Figure 20. The genetic Knockout (KO) of CD13 reduced colon cancer cell growth in vivo . 5 x 105 MC38-CEA-1 cells
were injected subcutaneously in Wild-type (WT), PAR2-KO, CD13-KO and PAR2/CD13-KO mice having a C57BL/6
background. Then, mice were divided into different groups and treated (*, grey) or not treated (black) with IP. IP treatment
was discontinued at day 14. (A-F) After 21 days, mice were sacrificed and tumors were dissected to determine tumor
volume (A) and tumor weight (B). Tumor volume and tumor weight was significantly decreased in CD13-KO mice when
normalized to days spent in trial (C-D) and normalized to bodyweight (E-F). Data represent mean + SD (n =18; n =13; ;
n=11;,n=7;n=6). Ordinaryone-way ANOVA with Fisherds LSD px068t hoc t
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RESULTS

3.8. qPCR analysis of tumor marker in tumor samples

As shown in Figure 21 A, mRNA expression of VEGF in tumor samples of untreated PAR2-
KO mice was elevated compared to untreated WT mice. Genetic KO of CD13 or PAR2 in
mice had no significant effect on mMRNA expression of transforming growth factor-beta
(TGFb) in tumor samples (Figure 21 B). Genetic KO of CD13 and PAR2 as well as
pharmacological inhibition of CD13 had no effect on mRNA expression of tumor necrosis
factor-alpha (TNFa) in tumor samples (Figure 21 C, D). EGFR was upregulated in tumor
samples of untreated CD13-KO mice on mRNA level (Figure 21 E), but not in tumor
samples of treated CD13-KO mice (Figure 21 F).

Figure 21. Investigation of tumor markers in tumor samples of untreated or treated (*, grey) Wild -type (WT), CD13-
knockout (CD13 -KO), PAR2-KO and CD13-/PAR2-KO mice on mRNA level. (A-B) mRNA expression of vascular
endothelial growth factor (VEGF) (A) was elevated in tumor samples of PAR2-KO mice compared to WT. Transforming
growth factor-beta (TGF ) (B) was not decreased in tumor samples of KO mice. (C-D) mRNA expression of tumor necrosis
factor-alpha (TNF ) was not decreased in tumor samples of untreated (C) or treated (D) WT and KO mice. (E-F) mRNA
expression of epidermal growth factor receptor (EGFR) was increased in tumor samples of untreated CD13-KO mice
compared to WT (E) but not in tumor samples of treated CD13-KO mice (F). RT-gPCR was performed in all tumor samples
using TagMan™ Genexpressionassay. mMRNA expression was determined by the 2-PPC) method. C values were normalized
on Gapdh. Data representmean + SD (n=8;n=6;n=5;n=4;n=3). Ordinaryone-way ANOVA wi th F
hoc test was performed, *p < 0.05.
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