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1 Introduction

Urological cancers account for roughly 10 % of all cancer cases globally (Bray et al., 2024,
Zi et al., 2021, pp. 1990-2019). The most common types of urological cancers include
prostate, bladder, and kidney cancer. Both men and women can be affected by bladder
cancer (BCa) and kidney cancer, whereas prostate cancer (PCa), testicular, and penile
cancers are exclusive to men. The etiology of these diseases is largely attributed to dietary
habits and smoking (Urological Cancers, n.d.). As described in Fig. 1 the incidence and
mortality of urological cancers are still very elevated. Therefore, urological cancers remain
a major global health challenge (Zi et al., 2021, pp. 1990-2019).

Kidney Prostate
434,419 1,466,680
155,702 396,792

< i
ASH
8
i

Testis
72,031
9,056

:-\?Z:”” Bladder Penis
| 613,791 37,699
220,349 13,729

Fig. 1: Urological cancer incidence and mortality
Number of newly diagnosed cases (top) and deaths (bottom) of urological cancers in
2022. Data obtained from Bray et al. (Bray et al., 2024). Image created with BioRender.

Given that mortality in these cancers is often due to late diagnosis or the development of
resistance to standard therapy, the scientific community has proposed solutions focused
on earlier detection and the treatment of more advanced or resistant tumors. These

solutions primarily involve discovering novel tumor markers or establishing more effective
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or long-lasting therapies. In this line, the projects presented in this thesis aim to develop
therapies that can effectively target advanced cancer stages and/or overcome therapy
resistance in some of the most frequent urological lesions. In detail, three different
scientific questions were explored: 1) Can CUB domain-containing protein 1 (CDCP1) and
epithelial growth factor receptor (EGFR) be successfully targeted with nanobodies (Nbs)
in urological cancers? 2) Is CDCP1 correlated with tumor-associated macrophages (TAM)
infiltration and can CDCP1 be targeted to diminish TAM-negative effects in advanced
urological cancers? 3) Can the biological features of senescence be characterized more
appropriately to simplify the discovery of new senescence markers for the treatment of
advanced PCa?
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1.1Cancers
1.1.1 Prostate cancer (PCa)

PCa ranks as the second most common cancer overall, and the most common among
men, with more than 1.4 million new diagnoses and 397,000 deaths worldwide in 2022
(Bray et al., 2024). Confirmed risk factors for PCa include aging, family medical history,
and specific genetic alterations. Smoking, body weight, and certain dietary factors are
potential risk factors that are still under investigation (Bray et al., 2024). The incidence of
PCa has seen a significant rise in recent years, largely attributable to the effectiveness of
screening programs that evaluate prostate-specific antigen (PSA) levels in blood. Despite
this increase in diagnosis, survival rates remain high due to early detection, the typically
indolent nature of the tumor, and advancements in treatment modalities (Leach, 2023).
Initial detection of PCa is commonly achieved through PSA testing or digital rectal
examination (DRE), with further investigation conducted via multiparametric magnetic
resonance imaging (mpMRI) (Barber and Ali, 2022). An abnormal DRE or mpMRI
necessitates a biopsy and the determination of the Gleason score (GS), recently replaced
by the International Society of Urological Pathology (ISUP) grade (Barber and Ali, 2022).
Another utilized tool for PCa classification is tumor, node, metastases (TNM) staging
(Urological Cancers, n.d.). The integration of PSA levels, GS, and TNM staging facilitates
the stratification of patients based on the risk level, which is crucial in guiding clinical
decision-making for the most appropriate intervention (Tonry et al., 2020). The standard
clinical approach for low-risk PCa, which is considered non-life threatening, typically
involves a strategy of watchful waiting or active surveillance (Tonry et al., 2020). On the
contrary, medium and high-risk PCa necessitate treatment. Curative treatment options for
these cases include radical prostatectomy, radical radiotherapy, and androgen deprivation
therapy (ADT) (Tonry et al., 2020). Specifically, ADT aims to reduce the bioavailability of
androgens, which are the primary drivers of the growth and proliferation of epithelial
prostatic cells (Tonry et al., 2020). This can be achieved via two strategies. The first is a
surgical approach, known as orchiectomy or surgical castration, which involves the
removal of the testes. The second is a chemical approach, also known as chemical
castration, which employs the use of luteinizing hormone-releasing hormone (LHRH)

agonists and antagonists to inhibit the production and release of androgens (Wadosky
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and Koochekpour, 2016). Likewise, the standard therapeutic regimen for the metastatic
form of the disease is ADT, either as a standalone treatment or combined with
chemotherapy, specifically the taxanes docetaxel or cabazitaxel (Wadosky and
Koochekpour, 2016). Despite the initial efficacy of ADT, a majority of patients ultimately
develop resistance. This leads to the emergence of a more aggressive form of the disease
known as castration-resistant prostate cancer (CRPC) (Wadosky and Koochekpour,
2016). The standard therapeutic approach for primary CRPC or metastatic castration-
resistant prostate cancer (MCRPC) typically involves the administration of
docetaxel/cabazitaxel or second-generation ADT, such as enzalutamide or abiraterone
(Achard et al., 2021). A summary of the clinical progression of PCa and its elective

treatments is represented in Fig. 2.

A

Surgery LHRH Agonist\Antagonist
Radiotherapy Castration

Abiraterone, Enzalutamide
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Time
Fig. 2: Clinical progression and treatment of PCa
In summary, medium and high-risk PCa are treated with surgery, radiotherapy, and ADT.
The tumor is stable for a relatively long period until the development of resistance to ADT.
At this stage, treatment typically involves second-generation ADT and chemotherapy;
however, resistance often develops, ultimately leading to the patient’s death.

To briefly describe the standard treatments used in the clinic, taxanes, such as docetaxel

and cabazitaxel, exert their antineoplastic activity by interacting with microtubules. This
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interaction impedes the depolarization of microtubules and halts cell division, ultimately
inducing apoptosis (Mosca et al., 2021). Enzalutamide is a selective antagonist that
specifically targets the androgen receptor (AR), effectively blocking its activation by
androgens, thereby disrupting the downstream signaling pathways that drive the growth
and proliferation of PCa cells (Schalken and Fitzpatrick, 2016). Abiraterone, on the other
hand, is designed to inhibit androgen biosynthesis within the adrenal gland. It
accomplishes this by targeting and inhibiting the enzyme CYP17A1, crucial for producing

androgens at this location (Achard et al., 2021).
1.1.2 Bladder cancer (BCa)

After PCa, BCa is the second most common urological tumor. In 2022, it was responsible
for about 614,000 new cases and led to the death of 220,000 individuals (Bray et al.,
2024). It predominantly affects males and the causes vary depending on the geographical
region. In industrialized nations, the main factors are tobacco smoking, exposure to
specific chemicals at work, and arsenic in drinking water (Bray et al., 2024). BCa typically
presents clinically as painless gross hematuria, with cystoscopy serving as the gold
standard for initial diagnosis (Lopez-Beltran et al., 2024). Any abnormal findings
necessitate a pathological evaluation. Histopathological material can be procured via
transurethral resection of bladder tumor (TURBT), which should be performed within 31
days from the diagnosis and also serves a therapeutic purpose (Lopez-Beltran et al.,
2024). The most common histologic type of BCa is urothelial carcinoma (UC). It represents
approximately 80-90 % of all BCa cases and involves the urothelium (Barber and Ali,
2022). Hence, it can also be present in the urethra and upper urinary tract, albeit in rarer
instances. Non-urothelial bladder cancers, which are less common but more invasive,
include squamous cell carcinoma and adenocarcinoma (Black and Black, 2020). The
determination of the therapeutic approach relies both on the histological characteristics of
the lesion and risk stratification. Pathologists stratify BCa into low-risk, intermediate-risk,
or high-risk categories based on TNM staging. In the absence of nodal (N) or distant
metastases (M), the classification relies on the primary tumor characteristics (T). It can be
dichotomized into non-muscle-invasive bladder cancer (NMIBC) or muscle-invasive

bladder cancer (MIBC) according to its penetration into the muscle layer surrounding the
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bladder lumen (Matulewicz and Steinberg, 2020). NMIBC is typically low-risk, isolated
tumors that are restricted to the bladder wall and are classified as T1 (Fig. 3). The standard
treatment for these tumors involves TURBT followed by a single chemotherapy dose,
which may include agents such as mitomycin C, gemcitabine, epirubicin, and docetaxel
(Lopez-Beltran et al., 2024; Matulewicz and Steinberg, 2020). However, under certain
circumstances, NMIBC can be classified as intermediate-risk or high-risk. In these cases,
additional treatments may be required, which could include further chemotherapy, the use
of bacillus Calmette-Guérin (BCG), or a radical cystectomy for the most aggressive forms
(Matulewicz and Steinberg, 2020). On the other hand, MIBC is consistently categorized
as high-risk due to its aggressive nature and tendency to spread beyond the bladder
(Lopez-Beltran et al., 2024). All tumors that are exceeding T1 are classified as MIBC (T2,
T3, T4) (Fig. 3).

Treatment
TURBT

NMIBC 1, single chemotherapy dose
' Lumen. Neoadjuvant chemotherapy
Lamina propria MIBC + Radical cystectomy

(+ Adjuvant chemotherapy)

Fig. 3: Clinical progression and treatment of BCa

In summary, BCa is divided in NMIBC and MIBC. NMIBC is confined to the bladder lumen
and is generally treated with TURBT. MIBC, which includes the most advanced stages, is
infiltrating the muscle layer and treatment require radical cystectomy associated with
chemotherapy. Image created with BioRender.

Recent transcriptome analysis has identified several molecular subtypes of MIBC that
could potentially enhance patient stratification and provide insights into possible
therapeutic strategies (Kamoun et al., 2020). These subtypes include luminal papillary
(LumP), Iluminal non-specified (LumNS), luminal unstable (LumU), stroma-rich,
basal/squamous (Ba/Sq), and neuroendocrine-like (NE-like) (Kamoun et al., 2020). Each
subtype is characterized by unique differentiation patterns, oncogenic alterations, tumor

microenvironments, and associations with specific histological and clinical features, all of



18

which are summarized in Fig. 4. LumP and Ba/Sq are the most common subtypes,
representing 24 % and 35 % of patients respectively (Kamoun et al., 2020). Tumors of the
LumP subtype are distinguished by their high levels of fibroblast growth factor receptor 3
(FGFR3) expression. This suggests that therapeutic strategies aimed at targeting FGFR3
could prove effective for these particular tumors (Kamoun et al., 2020). On the other hand,
Ba/Sqg tumors are characterized by high EGFR expression, increased immune infiltration,

and a significantly lower survival rate compared to luminal variants (Kamoun et al., 2020).

% || (0N || Markers || Infiltrate
24 4 FGFR3, PPARG
8 1.8 PPARG Fibroblast
15 2.9 PPARG, E2F3
ERBB2
Smooth muscle, Fibroblast
15 3.8 Myofibroblast, Immune cells

Ba/Sq ‘ 35 1.2 EGFR Immune cells
NE-like ‘ 3 1

Fig. 4: MIBC molecular subtypes

Description of the most relevant characteristics of the six molecular subtypes recognized
in MIBC. % refers to the percentage of MIBC patients affected by each subtype. OS refers
to the average overall survival. Markers lists the most common markers characterizing
each subtype. Infiltrate indicates the most common cell types infiltrating the tumor.

The standard treatment protocol for MIBC currently involves neoadjuvant chemotherapy,
which may include drugs such as methotrexate, vinblastine, adriamycin, cisplatin, or a
combination of gemcitabine and cisplatin, followed by radical cystectomy (Lopez-Beltran
et al., 2024). Clinical trials showed that neoadjuvant can improve survival at 5 years for
around 5-8 % of the patients (Lopez-Beltran et al., 2024; Sarkis et al., 2022; Stecca et al.,
2023). Following surgery, patients with MIBC may undergo adjuvant chemotherapy,



19

although its efficacy in improving patient survival has yet to be proven (Lopez-Beltran et
al., 2024). Despite therapeutic interventions, these tumors eventually relapse and
metastasize beyond the anatomical confines of the bladder. Palliative care is administered
to patients with locally advanced or metastatic BCa with the dual objectives of decelerating
tumor progression and alleviating associated symptoms (Lopez-Beltran et al., 2024). The
first-line therapeutic strategy typically involves platinum-based chemotherapy, such as
cisplatin (Lopez-Beltran et al., 2024). However, recent advancements in the field have led
to the emergence of novel treatment options, such as the combination of enfortumab-
vedotin, an antibody-drug conjugate (ADC) targeting Nectin-4, and the immune
checkpoint inhibitor pembrolizumab (Lopez-Beltran et al., 2024). In instances where
platinum-based treatment proves ineffective, alternative therapeutic strategies may be
employed, including tyrosine-kinase inhibitors like erdafitinib and immunotherapy (Lopez-
Beltran et al., 2024).
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1.2Targets
1.2.1 CUB domain-containing protein 1 (CDCP1)

CDCP1, also known as cluster of differentiation 318 (CD318), subtractive immunization
associated 135 kDa (SIMA135), and transmembrane and associated with Src kinases
(TRASK) is a cell surface glycoprotein composed of an amino-terminal signal peptide, an
extracellular domain, a short transmembrane domain and a cytoplasmic domain
(Wortmann et al., 2009) (Fig. 5). The extracellular domain has three CUB-like domains of
unknown function and 14 consensus N-glycosylation sites that incorporate approximately
40 kDa of carbohydrate moieties (Wortmann et al., 2009) (Fig. 5). In turn, the cytoplasmic
domain possesses five tyrosine phosphorylation sites required for downstream signaling
(Khan et al., 2021) (Fig. 5). Indeed, upon tyrosine phosphorylation by Src family kinases
(SFKs) at Y734, a subsequent phosphorylation at Y762 occurs, allowing protein kinase C
delta (PKC®) to bind and CDCP1 to form a complex with SFK and PKCd (Benes et al.,
2005; Wortmann et al., 2009).

N

ATF (cuai‘

.Jr’368
K369

\cuszgo & O

cu i@’ O(O

PI3K/AKT

MAPK

Fig. 5: lllustration of CDCP1 structure and downstream pathway.
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This cascade of events can follow different situations. Firstly, it can be triggered by CDCP1
proteolysis. In this case, CDCP1 is cleaved by serine proteases in the extracellular region
precisely at R368 and/or K369 (Khan et al., 2021). Proteolysis generates a free amino-
terminal fragment (ATF) of 65 kDa and a carboxyl-terminal fragment (CTF) of 70 kDa
spanning the cell membrane (He et al., 2010). After proteolysis the CTF undergoes
phosphorylation at Y734 and, as mentioned above, it forms the multiprotein CTF-
CDCP1/SFK/PKCD®, activating the pro-survival signaling (He et al., 2010). On the other
hand, the destiny of ATF is still uncertain. Some articles reported ATF to be found in a
free form in the serum of patients (Y. Chen et al., 2017), while others reported it to be
binding to the CTF and not abandoning its original location on the cell surface (Kryza et
al., 2020). Second, CDCP1 downstream pathway can be triggered by homodimerization
or heterodimerization of CDCP1. Heterodimerization can happen with a plethora of
proteins, and it is by now described to occur with some RTKs such as EGFR, hepatocyte
growth factor receptor (HGFR), human epidermal growth factor receptor 2 (HER2) (Alajati
et al., 2015; Kajiwara et al., 2021). Following the activation of CDCP1 and the formation
of a multiprotein complex, several signaling cascades may be activated promoting cell
growth and survival, such as the PISK/AKT and the MAPK/ERK pathways (Khan et al.,
2021). Since these pathways are known to be involved in tumor growth and metastasis
formation, itis obvious to conclude that CDCPL1 is involved in oncogenic mechanisms too.
As such, several studies showed that CDCPL1 is upregulated in many cancer types, such
as breast, lung, colorectum, ovary, kidney, liver, pancreas, and hematopoietic system
(Khan et al., 2021). Strikingly, elevated levels of this protein are generally associated with
the most advanced disease stages, poorer prognosis, and/or reduced therapy response
(Heitmann et al., 2020; Turdo et al., 2016). In our experience, the level of CDCP1 showed
a tight correlation with the most advanced stages of PCa (Alajati et al., 2020). Indeed,
Alajati et al. show that CDCPL1 is highly expressed in CRPC and metastatic PCa in a
human cohort and frequently associates with Pten loss, the most frequent genetic
alteration found in PCa (Jamaspishvili et al., 2018). Moreover, thanks to the creation of a

CDCP1*; Pten™ transgenic mouse model, it was proved that CDCP1 collaborates with
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Pten loss for the advancement of PCa and metastasis formation (Alajati et al., 2020). Fig.
6 summarizes the mechanism of CDCP1 overexpression in such mouse model.

CDCP1

LoxP LoxP

L 4@* o - @
o)

LoxP LoxP
2. — S/ Cdcpl —
CRE
recombinase CDCP1
3. — Cdcpl — E>

olf
i

Fig. 6: CDCP1 overexpression in CDCP1%; Pten"‘transgenicrmouse model
Representation of the mechanism for CDCP1 overexpression in CDCP1*; Pten™-
transgenic mouse model. Shortly, the STOP codon prevents the expression of CDCP1 in
normal conditions (1). When Cre recombinase is introduced, the STOP codon is excised
(2) and the mouse model, or in-vitro models derived from it, overexpress CDCP1 (3).
Image created with BioRender.

Recently, we also studied the effects of CDCP1 overexpression in BCa (Saponaro et al.,
2023). As observed in PCa, we noticed that CDCP1 is upregulated in the most advanced
stages of BCa and correlates with the Ba/Sq subtype (Saponaro et al., 2023), which
happens to be the most aggressive subtype among all MIBC (Kamoun et al., 2020). Based
on the evidence suggesting the high relevance of CDCP1 in advanced oncological
diseases, several hypotheses on its application in cancer diagnosis, prognosis, and
treatment were explored. Interestingly, CDCP1 targeting, either with monoclonal
antibodies or small molecule inhibitors, has already demonstrated effectiveness at
inhibiting tumor growth and metastasis in-vivo (Alajati et al., 2020; Kollmorgen et al., 2013;
Nakashima et al., 2017; Siva et al., 2008). Thus, it has proven to be a valid target, justifying

the need for an enhanced effort in generating effective therapies that can target CDCP1.
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1.2.2 Epithelial growth factor receptor (EGFR)

EGFR, also known as ErbB1 or human epidermal growth factor receptor 1 (HER1), is a
receptor tyrosine kinase (RTK) found in the cell membrane and its structure consists of an
intracellular region, a single transmembrane domain, and an extracellular ligand-binding
domain (Guardiola et al., 2019). The intracellular region is divided into a small
juxtamembrane region, which function is yet to be defined, a segment with tyrosine kinase
activity, and a C-terminal regulatory tail, involved in the regulation of the receptor
activation (Ferguson, 2008; Guardiola et al., 2019). The extracellular region is formed by
four domains, two homologous ligand binding domains (domains | and l1ll), and two
cystine-rich domains (domains Il and IV) (Ferguson, 2008). At the inactive state, the four
extracellular domains are folded and the dimerization arm present in domain Il is
sequestrated by domain IV (Ferguson, 2008). However, ligands binding induces a
conformational change exposing the dimerization arm (Ferguson, 2008). Epithelial growth
factor (EGF) is the first ligand discovered for EGFR (Levantini et al., 2022; Ullrich et al.,
1984). However, following research indicates other EGFR agonists, such as transforming
growth factor a (TGF-a), heparin-binding EGF (HB-EGF), amphiregulin, betacellulin,
epigen, and epiregulin (Linggi and Carpenter, 2006). All these ligands are present in the
cell membrane as precursors. They are then cleaved and released in the extracellular
space thanks to the proteolytic activity of the ADAM family of metalloproteases (Blobel,
2005). Upon interaction with one of its ligands and exposure of the dimerization arm, the
canonical mechanism for EGFR activation requires its dimerization with a second EGFR
molecule (homodimerization) or with another member of the ErbB family, such as ErbB2,
ErbB3, ErbB4 (heterodimerization) (Ferguson, 2008; Linggi and Carpenter, 2006).
Dimerization activates the intracellular tyrosine kinase region of the protein, which results
in the auto-phosphorylation of tyrosine residues in the C-terminal tail segments
(Sigismund et al., 2018; Zhang et al., 2006). The latter serve as docking sites for activating
several signaling pathways that promote cell proliferation and survival, such as PI3K/AKT,
MAPK, Ras/Raf/Mek/Erk, JAK/STAT, and PLCy1/PKC pathways (Levantini et al., 2022;
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Sigismund et al., 2018; Yarden and Sliwkowski, 2001). Fig. 7 summarizes the steps for
EGFR activation and its function.
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Fig. 7: EGFR

lllustration of EGFR structure and downstream pathway. Image created with BioRender.

EGFR downstream signaling plays a crucial function in tissue development and
homeostasis (Sigismund et al., 2018). However, it can also act as a double-edged sword,
supporting tumorigenesis and drug resistance in tumors (Sigismund et al., 2018). Indeed,
EGFR dysregulation is frequently observed in cancer (Sigismund et al., 2018). Causes of
EGFR dysregulation are mainly genetic alterations that increase receptor dimerization and
activity (Levantini et al., 2022). Also, receptor amplification, transcriptional upregulation,
or ligand overproduction have been reported (Levantini et al., 2022). Two major genetic
alterations are described: short in-frame deletions in exon 19 (Ex19Del) and point
mutations in exon 21, resulting in arginine replacing leucine at codon 858 (L858R)
(Kobayashi et al., 2015; Ladanyi and Pao, 2008; Shi et al., 2014). At present, tumors with
EGFR dysregulations are mainly managed with tyrosine kinase inhibitors (TKIs) such as
gefitinib or erlotinib, or monoclonal antibodies (mAbs) like cetuximab (Chong and Janne,
2013). However, durable complete response to these drugs is unusual due to the frequent
acquisition of resistance mechanisms (Ladanyi and Pao, 2008). Treatment resistance is

associated in 50 % of the cases with the development of a second EGFR mutation,
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specifically T790M (Pao et al., 2005). Alternatively, tumor cells may respond to anti-EGFR
therapies with amplification or activation of other RTKs that work synonymously to EGFR
by activating common downstream effectors (Levantini et al.,, 2022). The most
characterized mechanism in the promotion of resistance against anti-EGFR therapy is
MET amplification (Bean et al., 2007). However, also HER2 or PIK3CA amplification
(Papadimitrakopoulou et al., 2018), HER3 overexpression (Yonesaka et al., 2022) or AXL
activation (Zhang et al., 2012) could promote resistance. In general, the selection and
expansion of tumor cell clones carrying the resistant mutations potentially cause a more
aggressive disease due to the lack of treatment options (Levantini et al., 2022). Currently,
numerous studies focus on developing more effective, longer-lasting, and possibly
mutation-specific drugs to improve the treatment of tumors with EGFR dysregulation
(Levantini et al., 2022). From a clinical perspective, therapies targeting EGFR signaling
are currently approved to treat lung, colorectal, pancreatic and head and neck cancers
(Chong and Jéanne, 2013). However, this receptor is correlated with poor prognosis also
in ovarian, cervical, esophageal, gliomas, and bladder cancers (Chong and Janne, 2013),
suggesting that targeting EGFR may be beneficial for the treatment of these cancers too.
Strikingly, several studies show that EGFR is upregulated in 27 - 53 % of MIBC cases
(Chaux et al., 2012; Chow et al., 2001, 1997), and high expression of this receptor
represents a distinct molecular characteristic of the Ba/Sq subtype (Kamoun et al., 2020).
Clinical studies to test the application of EGFR inhibitors in recurrent or metastatic MIBC

have already been proposed (Mooso et al., 2015).
1.2.3 Tumor-associated macrophages (TAMs)

Macrophages are mononuclear immune cells derived from the myeloid cell compartment
and are present in most human tissues (Kadomoto et al., 2021; Sica et al., 2015). They
can differentiate from circulating monocytes that are recruited to peripheral tissues upon
exposure to local growth factors, cytokines, or microbial products, or, in the case of tissue-
resident macrophages, they directly originate from the yolk sac during embryogenesis and
are maintained in the adult tissues independently from monocyte replenishment
(Kadomoto et al., 2021). The recruitment of monocytes to peripheral tissues occurs mostly

via chemotaxis and the most common mechanism responsible for monocyte chemotaxis
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to the tumor site is the presence of CC-chemokine ligand 2 (CCL2) in the tumor
microenvironment (TME) (Kadomoto et al., 2021). In the peripheral tissues, macrophages
have several functions, such as phagocytosis of pathogens, debris, infected and dead
cells, antigen presentation, and production of inflammatory cytokines (Shapouri-
Moghaddam et al., 2018). Some of these functions are crucial for controlling and
eliminating infections as well as maintaining the homeostasis of certain tissues (e.qg.
microglia, lung alveolar macrophages, and Kupffer cells) (Kadomoto et al., 2021).
However, macrophages can also play a negative role under certain circumstances.
Indeed, they can sustain inflammatory diseases and cancer growth (Shapouri-
Moghaddam et al., 2018). This is mainly possible because they are a highly plastic cell
population, and their phenotype largely differs depending on the micro-environmental
stimuli they encounter. Each phenotype exhibits a peculiar functional response, although
the precise definition and characterization of macrophage phenotypes remain the subject
of ongoing debate and vary across different scientific fields (Shapouri-Moghaddam et al.,
2018). The process by which macrophages acquire a certain phenotype is called
polarization and is extensively investigated in oncology. Recent publications indicate that
gaining a deeper understanding of macrophage polarization may be crucial for improving
tumor management (Josephs et al., 2015; Mantovani et al., 2017). In general, it is
accepted that macrophages can play both anti-tumoral and pro-tumoral roles based on
their polarization. Pro-tumoral macrophages, also known as TAM, anti-inflammatory
macrophages, or M2 macrophages, constitute the main macrophage population infiltrating
tumors (Zhang and Sioud, 2023). The pro-tumoral macrophage phenotype is generally
induced by interleukin 4 (IL4), interleukin 13 (IL13), and colony stimulating factor 1 (CSF-
1) (Locati et al., 2020; Yunna et al., 2020; Zhang and Sioud, 2023), and characterized by
a high expression of cluster of differentiation 163 (CD163), cluster of differentiation 200R
(CD200R), cluster of differentiation 206 (CD206), and arginase 1 (Argl) (Mantovani et al.,
2002; Yunna et al., 2020; Zhang and Sioud, 2023). Among the pro-tumoral attributes of
TAMs, the production of anti-inflammatory cytokines plays a crucial role in tumor survival
(Lahmar et al., 2016; Ocafia-Guzman et al., 2018; Zhang and Sioud, 2023). Indeed, anti-
inflammatory cytokines such as interleukin 10 (IL10) or tumor growth factor-beta (TGF-
beta) suppress the cytotoxic function of CD8(+) T cells, which are the main antitumoral

effectors in the tumor microenvironment (TME) (Farhood et al., 2019). Moreover, TAMs
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produce pro-angiogenic factors that sustain tumor vascularization and growth, such as
vascular endothelial growth factor (VEGF) or interleukin 8 (IL8) (Kadomoto et al., 2021,
Zhang and Sioud, 2023). On the contrary, anti-tumoral macrophages are far less common
in the TME. Indeed, tumor cells tend to generate a cytokine milieu that supports tumor
growth and survival, normally favoring pro-tumoral polarization of macrophages (Wang et
al., 2021). However, recent publications show that TAMs can be re-programmed from a
pro-tumoral to an anti-tumoral phenotype by targeting specific pathways involved in
macrophage polarization (Gao et al., 2022; Rannikko and Hollmén, 2024). In physiological
conditions, anti-tumoral macrophages develop upon exposure to interferon-gamma (IFN-
gamma) or lipopolysaccharide (LPS) and generally express high levels of cluster of
differentiation 38 (CD38), inducible nitric oxide synthases (iNos), cluster of differentiation
80 (CD80), and cluster of differentiation 86 (CD86) (Locati et al., 2020; Yunna et al., 2020).
They produce pro-inflammatory cytokines, such as interleukin 1-beta (IL1-beta), IFN-
gamma, and tumor necrosis factor-alpha (TNF-alpha) (Gao et al., 2022; Yunna et al.,

2020). Fig. 8 highlights the key characteristics of polarized macrophages.
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Fig. 8: Macrophage phenotypes
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1.2.4 Senescence

Cellular senescence is a cellular state that develops as self-defense against genomic
alteration and cell transformation (Huang et al., 2022). In contrast to quiescence, which
arrests the cell cycle in the GO phase, senescence consists of the blockade in the G1 or
G2 phase (Dan Sun and Buittitta, 2017; Gire and Duli¢, 2015; Huang et al., 2022; Leonardo
et al., 1994). It was originally proposed as a physiological regulatory mechanism occurring
spontaneously upon extended cell proliferation, a process now specifically termed by the
scientific community as replicative senescence (Gire and Duli¢, 2015; Huang et al., 2022;
Ohtani, 2022; Prasanna et al., 2021). Examples of specific systems where replicative
senescence occurs are embryonic development and aging (Huang et al., 2022). In
embryogenesis, senescence develops in a coordinated manner, functional to the embryo
development (Mufioz-Espin et al., 2013; Storer et al., 2013). On the contrary, senescence
develops during aging as a defensive mechanism caused by genetic exhaustion.
Nonetheless, in both cases, replicative senescence is caused by telomere erosion (Huang
et al., 2022). Telomeres are repetitive nucleotide-sequence motifs that protect the ends of
chromosomes from deterioration or fusion with adjacent chromosomes (Calcinotto et al.,
2019). Each cell division leads to the loss of 50—200 bp of unreplicated DNA at the 3'-end
of chromosomes (Calcinotto et al., 2019). Telomeres progressively shorten over time.
When they are nearly lost, the risk of exposing the free end of chromosomes is high
(Herranz and Gil, 2018). Subsequent cell divisions would end in the deterioration of the
genetic code. Thus, to prevent genetic mutations and the transmission of such mutations
to the next generation of cells, DNA damage response (DDR) is activated. The function of
DDR is to arrest the cell cycle progression while allowing for DNA repair (Dan Sun and
Buttitta, 2017; Gire and Duli¢, 2015; Leonardo et al., 1994; Rossiello et al., 2014).
However, when telomeres are lost, DNA repair fails causing the persistence of DDR
signaling (Rossiello et al., 2014). In turn, constant DDR signaling leads to senescence
(Rossiello et al., 2014). Essentially, senescence prevents the accumulation of mutated
cells, thereby also preventing tumor initiation (Huang et al., 2022; Rossiello et al., 2014).
Since replicative senescence restricts the total number of cell divisions, it is reasonable to
assume that it does not interfere only with tumor initiation but also with tumor growth

(Roninson, 2003). However, this is not the case. Indeed, tumor cells often develop
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mechanisms to bypass senescence, most commonly through the upregulation of
telomerases, enzymes that inhibit telomere erosion during cell divisions (Roninson, 2003).
Therefore, despite senescence having the potential to inhibit cancer growth, it does not
occur spontaneously in this context. Nevertheless, senescence can be induced in tumor
cells through several mechanisms, including radiation and some conventional anticancer
drugs (chemotherapy-induced senescence; CIS) (Roninson, 2003). Specifically, evidence
shows that cisplatin (Wang et al., 1998), doxorubicin (Schwarze et al., 2005; te Poele et
al., 2002), and docetaxel (Schwarze et al., 2005), among others, can induce senescence
in tumor cells. From a mechanistic perspective, the induction of senescence is mostly
orchestrated by retinoblastoma tumor suppressor protein (RB). The phosphorylation level
of RB dictates whether the cell cycle will continue and reach the M phase or stop
beforehand (Weinberg, 1995). Preceding G1, RB is found in its active
underphosphorylated form, which has an inhibitory activity on the progression of the cell
cycle (Weinberg, 1995). As G1 progresses, RB becomes hyperphosphorylated and
remains so throughout the rest of the cell cycle until emergence from phase M (Weinberg,
1995). Afterwards, should conditions be propitious for another cell division, RB would
undergo phosphorylation again starting a new cell cycle (Weinberg, 1995). RB
phosphorylation is the product of certain cyclin-dependent kinases (CDKs) upon their
coupling with cyclins (Roger et al., 2021; Serrano et al., 1997; Weinberg, 1995). The most
significant CDK-cyclin complexes promoting RB phosphorylation are cyclin A-CDK2,
cyclin E-CDK2, cyclin D-CDK4, and cyclin D-CDK6 (Weinberg, 1995). During senescence,
the function of those CDK-cyclin complexes is dampened by physiological inhibitors,
resulting in RB hypophosphorylation, cell cycle arrest and blockade of cell division. Among
the CDK-cyclin inhibitors that substantially impact senescence, p21 and pl16 are the most
significant. Indeed, these 2 CDKs are often upregulated in senescent systems, providing
a strong inhibitory signal for the progression of the cell cycle (Huang et al., 2022). p21,
also called cyclin-dependent kinase inhibitor 1A (CDKNZ1A), binds to cyclin A-CDK2 and
cyclin E-CDK2 complexes, while p16, or cyclin-dependent kinase inhibitor 2A (CDKN2A),
maintains RB hypophosphorylation through the inhibition of the cyclin D-CDK4/6 (Huang
et al., 2022; Rossiello et al., 2014). Fig. 9 simplifies the mechanism responsible for cell

cycle progression or senescence development.
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Fig. 9: Cell cycle and senescence
Representation of the mechanism for senescence development during the cell cycle.
Image created with BioRender.

Despite senescence blocking cell growth, senescent cells are not completely dormant and
exhibit some peculiar metabolic and morphological properties. First, compared to normal
dividing cells they are characterized by enhanced activity of B-D-galactosidase (B-GAL),
a hydrolase that cleaves B-linked terminal galactosyl residues from a wide range of
naturally occurring substrates and resides in the lysosomes (Kurz et al., 2000). During
senescence, the lysosomal content of B-GAL increases, together with lysosomal size. This
characteristic can be easily recognized at the microscope as increased granularity. Other
morphological features of senescent cells are enlarged and flattened cell shape and,
sometimes, multi-nuclei (Roninson, 2003). In physiological conditions, B-GAL is active at
the lysosome natural pH (pH=4-4.5) (Kurz et al., 2000). The overexpression of B-GAL
during senescence causes this enzyme to become active at pH=6 (Kurz et al., 2000). The
specific enzymatic activity of B-GAL in senescent cells has no well-understood function.
However, it proved crucial for the development of tests that allow fast identification of
senescent cells, such as the X-gal staining (Roninson, 2003). Senescent cells also
produce and secrete many cytokines (e.g. IL1-alpha, IL1-beta, IL6, IL8), chemokines (e.g.
CCL2, CXCL1, CXCL2), extracellular matrix components (e.g. fibronectin), proteases
(e.g. MMPs), and growth factors (e.g. amphiregulin, EGF, BMPs, FGFs, VEGF, WNTSs)
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that influences their neighboring cells as well as tissue organization (Gonzalez-Meljem et
al., 2018; Herranz and Gil, 2018; Roninson, 2003). The ensemble of all these molecules
is termed senescence-associated secretory phenotype (SASP) (Herranz and Gil, 2018).
SASP has a dual function. On the one hand, it reinforces the senescence growth arrest in
an autocrine and/or paracrine manner, inducing surrounding cells to undergo senescence
(Herranz and Gil, 2018). On the other hand, it has an important proinflammatory nature
that plays a negative role in the development of certain pathologies which are dependent
on inflammatory stimuli. Therefore, SASP simultaneously enhances the tumor-
suppressive function of senescence by enlarging the pool of tumor cells that do not divide
anymore and promotes tumor progression via proinflammatory mediators (Herranz and
Gil, 2018). However, it has been proven that the continuous presence of SASP in the TME
is correlated with increased tumor cell proliferation and invasion (Angelini et al., 2013;
Bhatia et al., 2008; Di et al., 2014; Zacarias-Fluck et al., 2015). Moreover, SASP
components can affect other elements in the TME. Indeed, senescent cells produce
proangiogenic factors that influence endothelial cell proliferation (Gonzalez-Meljem et al.,
2018) and cytokines that induce myeloid cell infiltration, which potently suppress T-cell
responsiveness (Ruhland et al., 2016). Considering all the listed pro-tumoral features of
senescence and SASP, it is currently believed that the detrimental effects of senescence
outweigh its protective properties in cancer (Herranz and Gil, 2018). Fig. 10 summarizes

the senescent cell characteristics mentioned in this chapter.
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Fig. 10: Senescent cell characteristics
Summary of the main characteristics of senescent cells. Image created with BioRender.
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1.3Therapeutical strategies
1.3.1 Nanobodies (Nbs)

Nbs present many benefits compared to traditional mAbs. The size gap is the first and
most striking difference between Nbs and mAbs. mAbs, particularly immunoglobulin G
(IgG), have a molecular weight of approximately 150 kDa, whereas Nbs are about ten
times smaller. The size reduction is clearly due to the structural differences between them.
mAbs, composed of two heavy and two light chains, exhibit a complex structure. Each
heavy chain consists of three constant domains (CH1, CH2, and CH3) and a variable
domain (VH). The light chains consist of a constant domain (CL) and a variable domain
(VL). CH2 and CH3 regions form the fragment crystallizable (Fc) region of the mAb, while
CH1, VH, and light chains constitute the fragment antigen-binding (Fab) region. On the
other hand, camelid heavy-chain antibodies (HcAbs) present a simpler structure. They
possess an Fc region analogous to that of mAbs but lack the light chains and CH1 regions.
Instead, they feature two single variable antigen-binding domains (VHH) in the Fab region
(Jin et al., 2023). This structural simplification results in a substantial size reduction,
bringing their molecular weight down to approximately 90 kDa (Jin et al., 2023). Nbs, which
are essentially VHH monomers of the HcAbs, exhibit an even smaller size. Their molecular
weight is around 15 kDa, making them significantly smaller than mAbs and HcAbs. Fig.
11 illustrates the structural differences between mAbs, HcAbs and Nbs. Despite the
pronounced size difference between Nbs and mAbs, their antigen-binding regions present
a comparable structure. Indeed, both Nbs and VH domains of mAbs are characterized by
the presence of four conserved framework regions (FR) and three variable
complementarity-determining regions (CDR) that are responsible for determining antigen
specificity (Jin et al., 2023). However, the triad of CDRs in the VH domain of mAbs is
generally inadequate for high-affinity antigen binding. This necessitates the conjoining of
the mAb’s VH domain with the VL domain, requiring a sextet of CDRs to manifest full

antigen-binding capability (Jin et al., 2023).
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Fig. 11: mAb, HcAb, and Nb structure

lllustration of the structural features of mAbs, HcAbs, and Nbs.

In contrast, Nbs can preserve the antigen-binding capacity intrinsic to mAb while
functioning as a monomeric entity equipped with only three CDRs (Bao et al., 2021). This
is possible because Nbs present an extended paratope comprehensive of enlarged CDR1
and CDR3 (Jin et al., 2023). The capacity of maintaining a strong antigen-binding function
while presenting a notably reduced size has profound implications for both therapeutic
and imaging applications. Indeed, when compared to mAbs they present several
advantages. First, Nbs are characterized by higher penetration and distribution within solid
tumor masses, enhancing their therapeutic effectiveness (Oliveira et al., 2013). Besides,
since their size is below the filtration threshold of the kidney’s glomerular membrane, they
can be quickly eliminated through urine (Bao et al., 2021). As a result, “off-target” toxicity
is reduced. Moreover, thanks to the rapid clearance, the intensity of background signals
rapidly decreases after the injection of imaging tracers derived from Nbs. Thus, early
imaging of lesions is facilitated (Bao et al., 2021). An additional benefit of Nbs compared

to mAbs is their remarkable stability, which ensures the preservation of their binding
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affinity under various conditions (Bao et al., 2021). Indeed, Nbs are known for their
superior ability to refold and revert to their original conformation even when subjected to
harsh conditions like extreme pH levels and temperatures (Oliveira et al., 2013).
Furthermore, the monomeric structure of Nbs do not require post-translational
modifications to gain their active form. This greatly eases their molecular manipulation,
enabling the straightforward creation of multivalent and multispecific Nb combinations
(Oliveira et al., 2013). It also facilitates their production in bacteria, which offers rapid
growth and cost advantages compared to the eukaryotic production systems required for
mADb production (Oliveira et al., 2013). In conclusion, due to their small size, simple
structure, high antigen binding affinity, and remarkable stability, Nbs have the potential to
transform antibody-based therapy (Jin et al., 2023). Notably, Nbs have been successfully
tested for treating various diseases, including cancer, autoimmune and infectious
diseases (Jin et al.,, 2023). Caplacizumab, a Nb targeting von Willebrand factor, is
currently approved for thrombotic thrombocytopenic purpura (Duggan, 2018; Hollifield et
al., 2020). In Japan, the tetravalent Nb targeting tumor necrosis factor-alpha
Ozoralizumab was approved for treating rheumatoid arthritis (Keam, 2023). Finally,
Ciltacabtagene autoleucel, a Nb chimeric antigen receptor (CAR) T cell therapy, was

approved for treating multiple myeloma in February 2022 (Mullard, 2022).
1.3.2 TAM-targeting therapies

The involvement of TAM in tumor-promoting mechanisms convinced the scientific
community that elimination or reprogramming of TAMs could have a beneficial effect on
patient prognosis. Elimination can be obtained via any strategy that diminishes the
presence of macrophages in the tumor. The induction of apoptosis and the blockade of
recruitment in the tumor site are the most typical examples of strategies for TAM
elimination. On the other hand, reprogramming TAMs requires the identification of
markers or pathways that can influence the phenotype of macrophages. When
considering therapies that can hinder TAM infiltration in the tumor, the first recorded drugs
with a proven effect are bisphosphonates (Ngambenjawong et al.,, 2017; Tang et al.,
2013). This family of compounds can bind to tumor microcalcifications. They are then

phagocyted from macrophages inducing apoptosis (Ngambenjawong et al.,, 2017).
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Despite the effective tumor regression observed in murine models upon single treatment
with bisphosphonates (Hiraoka et al., 2008; Miselis et al., 2008; Zeisberger et al., 2006),
the same results haven’t been achieved in clinical trials (Ngambenjawong et al., 2017,
Zeisberger et al., 2006). However, bisphosphonates showed some benefits in
combination with other drugs (Ngambenjawong et al., 2017; Zeisberger et al., 2006).
Another strategy that can eliminate TAM and consequently cause tumor shrinkage is the
inhibition of CSF-1R, an RTK that promotes macrophage function and survival
(Ngambenjawong et al., 2017). Since tumor cells and other TME components produce
chemokines that attract macrophages to the tumor site, alternative strategies to reduce
TAM infiltration involve blocking the activity or synthesis of these chemokines. One of the
most remarkable strategies that block chemokine-induced recruitment of macrophages is
targeting the CCL2/CCR2 axis. CCL2 is a key chemokine responsible for inducing
macrophage chemotaxis. Targeting this chemokine or its receptor, CCR2, has proven
effective in reducing TAM recruitment and promoting tumor regression in in-vivo models
(Gazzaniga et al., 2007; Lim et al., 2016; Popivanova et al., 2009). However, all the
aforementioned approaches affect macrophages without distinction. Achieving a complete
tumor clearance may instead require preserving certain macrophage populations
characterized by anti-tumoral properties (Ngambenjawong et al., 2017). Therefore, a more
appropriate therapy should specifically target TAMs while sparing anti-tumoral
macrophages. Hence, at the current state of research, reprogramming TAMs is a more
appealing option compared to macrophage elimination. When evaluating therapeutic
strategies that can reprogram TAM from a pro-tumoral to a tumoricidal phenotype, it is
essential to mention mammalian target of rapamycin (mTOR) and toll-like receptors
(TLRs) (Ngambenjawong et al., 2017). mTOR is a serine/threonine kinase. Its main role
is to sense the presence of amino acids, glucose, lipids and ATP in order to regulate
downstream metabolic processes (Byles et al., 2013; Weichhart et al., 2015). Activation
of MTOR pathways usually promotes the synthesis of nucleic acids, proteins, and lipids,
and stimulates glycolysis and mitochondrial respiration (Weichhart et al., 2015). Emerging
data suggest that the metabolic reconfiguration promoted by mTOR can influence myeloid
cell function (Weichhart et al., 2015). Accordingly, inhibition of mMTOR has been proven
effective in the polarization of macrophages towards the M1-like phenotype with an anti-

tumor effect in a hepatocarcinoma mouse model (Chen et al.,, 2012). TLRs are
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transmembrane receptors expressed from macrophages and other antigen-presenting
cells (APC). Their physiological function is to recognize various pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPS) as part
of the innate immune surveillance (Ngambenjawong et al., 2017). Surprisingly, different
TLRs induce pro-inflammatory M1 polarization of macrophages in response to certain
PAMPs (e.g. polyinosinic:polycytidylic acid (polyl:C) for TLR3, LPS for TLR4, imiquimod
for TLR7, and CpG-oligonucleotide for TLR9) (Ngambenjawong et al., 2017). Therefore,
scientists have investigated TLR activation as a tool for TAM reprogramming in the TME.
For example, Zheng et al. developed a weakened strain of Salmonella typhimurium that
secrete flagellin B (FlaB) and thus activates TLR4 and TLR5 simultaneously (Zheng et al.,
2017). The engineered bacteria effectively suppressed tumor growth and metastasis in
mouse models and prolonged animal survival (Zheng et al., 2017). Fig. 12 illustrates the
most common strategies that target TAM infiltration.
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Fig. 12: TAM-targeting therapies
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1.3.3 Senolytic drugs

Considering the relevance of senescence in tumor progression, scientists have proposed
that eliminating senescent cells post-chemotherapy may be crucial to avoid tumor
progression and/or relapse in patients (Gonzalez-Meljem et al., 2018; Ohtani, 2022;
Prasanna et al., 2021). As a result, the search for senolytic drugs that could eliminate
senescent cells gained increasing interest in the tumor field and the number of proposed
senescence markers and senolytic therapy has been growing over time. However, due to
the ubiquity of the selected markers, none of the proposed strategies have successfully
met the challenge of targeting senescent cells while avoiding off-target toxicity. A clear
example is navitoclax, a selective inhibitor of B-cell lymphoma 2 (BCL-2) family proteins.
BCL-2, along with other members of the BCL-2 family, plays an important role in inhibiting
apoptosis and it has been found upregulated in senescent cells (Yosef et al., 2016). This
suggests that senescent cells switch off the apoptotic mechanism to survive after DDR
failure. Re-activating such mechanism could help to clear the senescent cell population
(Yosef et al., 2016). This intuition proved to be somewhat accurate, as navitoclax showed
great effectiveness in senescent cell elimination in in-vitro and in-vivo models (Chang et
al., 2016; Jochems et al., 2021; Wang et al., 2017; Zhu et al., 2016). This drug was also
used as part of the innovative strategy named “one-two punch”, which involves a first hit
with a pro-senescence drug (e.g. docetaxel) to induce senescence in tumor cells and a
second hit with a senolytic compound (e.g. navitoclax) to eliminate senescent cells (L.
Wang et al., 2022) (Fig.13).
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Fig. 13: One-two punch strategy
lllustration of the “one-two punch” strategy. Image created with BioRender.
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Remarkably, navitoclax treatment proved great efficacy in combination with many pro-
senescent drugs when the one-two-punch strategy was applied to cancer cell lines (Fleury
et al., 2019; Hann et al., 2008; Saleh et al., 2020; Wang et al., 2017; Wu et al., 2014;
Yosef et al., 2016). However, during phase | clinical trials, this drug showed high off-target
toxicity, and further research was halted (Kaefer et al., 2014). Therefore, since the one-
two punch therapy has been proven effective in preclinical models despite navitoclax
toxicity, there is a pressing need to discover a senolytic drug characterized by an improved

specificity for senescent cells.



2 Materials and methods

2.1Solutions
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Name

Recipe

1M Tris pH 6.8 (Stacking Gel)

121.1 g Tris-Base (#AE15, ROTH) in 500 mL
demineralized H20, adjust pH to 6.8 with 32 %
HCI (ROTH) and fill up to 1 L with demineralized
H20

1M Tris pH 8.8 (Separation Gel)

121.1 g Tris-Base (#AE15, ROTH) in 500 mL
demineralized H2O, adjust pH to 8.8 with 32%
HCI (ROTH) and fill up to 1 L with demineralized
H20

10X SDS Running Buffer

30 g Tris-Base (#AE15, ROTH), 144 g Glycine
(#3790, ROTH), 10 g SDS (#CN30, ROTH) and
fill up to 1 L with demineralized H>O

10X Tris-Glycine Buffer

30 g Tris-Base (#AE15, ROTH), 144 g Glycine
(#3790, ROTH) and fill up to 1 L with

demineralized H,O

1X Transfer Buffer

200 mL 10x Tris-Glycine, 300 mL 2-propanol
(#6752, ROTH) and fill up to 2 L with

demineralized H,O

10X TBS 24 g Tris-HCI (#9090, ROTH), 5,6 g Tris-Base
(#AE15, ROTH), 88 g NaCl (#P029, ROTH), fill
up to 1 liter with demineralized H2O and adjust
pH to 7.6 if necessary

IX TBST 100 mL 10x TBS, 900 mL demineralized H20,

500 ul Tween-20 (#A4974, PanReac Applichem)

4X WB Sample Loading Dye

2 g SDS (#CN30, ROTH), 5 mL 1 M Tris-HCI pH
6.5, 8 mL Glycerin (#6962, ROTH), 100 mg
Bromphenol Blue (Carl Roth #A512.2), warm up
to 37 °C until SDS dissolves, add 10 mL 1 MDTT
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(Carl Roth #6908.1) and fill up to 25 mL with

demineralized H>O

8 % SDS Gel Solution

8 % Acrylamide (#40-A515, ROTH), 37 % 1M Tris
pH 8.8, 0.1 % SDS (#CN30, ROTH), 0.1 % APS
(Carl Roth #9178.3), 0,8 yL / mLTEMED (#2367,
ROTH) in demineralized H20

Stacking Gel Solution

3 % Acrylamide (#40-A515, ROTH), 13 % 1M Tris
pH 6.8, 0.1 % SDS (#CN30, ROTH), 0.1 % APS
(Carl Roth #9178.3), 0,8 L / mLTEMED (#2367,
ROTH) in demineralized H20

LB-Medium 25 g LB (#6673, Carl Roth) and fill up to 1 L with
demineralized H>O
LB-Agar 25 g LB (#6673, Carl Roth), 20 g Agar-Agar

(#2266, Carl Roth), fill up to 1 L with
demineralized H-O, autoclave, let cool down to
56°C in water bath before adding 100 pg/mL

ampicillin, pour in 10 cm bacteria dish (Greiner)

0.5 % Crystal Violet

2.5 mg Crystal Violet (#7123, ROTH) in 50 mL

demineralized H,0O

1 % Crystal Violet

5 mg Crystal Violet (#7123, ROTH) in 50 mL

demineralized H,O

0.1 % Acetic Acid

0.5 mL 100 % Acetic Acid (ROTH) in 500 mL

demineralized H,O

Table 1: Solutions

List of solutions used in this work and their recipes.




2.2Cell culture

All cells and organoids were maintained in a humid environment at 37°C and 5% CO: in

a COzincubator (PHCDbi). The following table describes the composition of all used media:
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Cells/Organoids

Name

Recipe

PC3  (ATCC),
SCaBER
(ATCC),  769p
(ATCC)

RPMI complete

RPMI1640 (Thermo Fisher Scientific), 10%
fetal calf serum (Thermo Fisher Scientific),
1% streptomycin/penicillin (10.000 units/ml
Penicillin and 10.000 pg/ml Streptomycin;
Thermo Fisher Scientific), 1% glutamine

(Thermo Fisher Scientific)

LNCaP (ATCC)

LNCaP Media

RPMI1640 w/o phenol red (Thermo Fisher
10%

streptomycin/penicillin

fetal calf serum, 1%
(10.000

Penicillin and 10.000 pg/ml Streptomycin,

Scientific),

units/mi

1% glutamine

DMEM complete | DMEM 10% fetal calf serum, 1%
streptomycin/penicillin
41-2 (ATCC) 41-2 Maintenance 10 % fetal calf serum (not heat
Media inactivated),1 % streptomycin/penicillin,1 %
non-essential amino acids (Thermo Fisher
Scientific),1 % sodium pyruvate (Thermo
Fisher Scientific)
41-2 41-2 Ab | PFHM-II (Thermo Fisher Scientific), 1 %

PBMC-derived

macrophages

Production Media
Human
Macrophage
Media

streptomycin/penicillin

RPMI1640, 50 ng/mL human CSF1
(Peprotech), 10% fetal calf serum, 1%
streptomycin/penicillin, 1%  GlutaMax,
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(Thermo Fisher Scientific), 1% sodium

pyruvate
BMDM Murine DMEM, 20 ng/mL murine CSF1
Macrophage (Peprotech), 10% fetal calf serum, 1%
Media streptomycin/penicillin

Prostate murine @ Prostate Organoid  Advanced DMEM/F12 (Thermo Fisher

organoids Media Scientific), 1% GlutaMax, 1% HEPES
(Thermo Fisher Scientific), 0.20% Primocin,
2% B27 (#17504-04, Life Technologies),
500 nM A83-01 (#2939, Tocris Bioscience),
200 pg/mL NAC (#A9165, Sigma-Aldrich),
0.5 ng/mL EGF (#AF-100-15, PeproTech),
100 ng/mL Noggin (#120-10C, Peprotech),
100 ng/mL R-Spondin (#4645-RS-025,
R&D Systems), 10 uM Y-27632 (#M1817,
Abmole Bioscience), 0.3 ng/mL DHT (#D-
073-1ML, Sigma-Aldrich)

Bladder murine  Bladder Organoid = Advanced DMEM/F12, 1% GlutaMax, 1%

organoids Media HEPES (Thermo Fisher Scientific), 0.20%
Primocin, 2% B27, 500 nM A83, 200 pg/mL
NAC, 0.5 ng/mL EGF, 100 ng/mL Noggin,
100 ng/mL R-Spondin, 10 uM Y-27632

Table 2: Cell line, primary cell and organoid media
List of in-vitro models used in this work and their media.

2.3Nb production

Nbs were generated from the Core Facility Nanobodies from the University of Bonn. The
Landesuntersuchungsamt Rheinland-Pfalz (23 177- 07/A 17-20-005 HP) authorized all
immunizations necessary for Nbs production. Within 10 weeks, alpacas (Vicugna pacos)
were immunized by six subcutaneous injections of a 1:1 mixture composed by 200 ug of
human CDCP1 protein (#CD1-H52H6, Acro Biosystems) or EGFR and GERBU-FAMA

adjuvant. Subsequently, 100 mL of blood were drawn, and peripheral blood mononuclear
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cells (PBMCs) were isolated. PBMCs messenger ribonucleic acid (mMRNA) was extracted,
and reverse transcription polymerase chain reaction (RT-PCR) was performed to obtain
complementary deoxyribonucleic acid (cDNA). To generate a library for phage display,
VHH sequences in the cDNA were amplified by polymerase chain reaction (PCR) and
cloned into a phagemid vector. The phage display was performed using E. coli TG1 cells
in combination with KM13 helper phages to enrich specific VHHs. The biotinylated bait
protein was immobilized with magnetic streptavidin beads. After two rounds of panning,
E. coli ER2738 cells were infected with the enriched phages and individual clones were
picked in a 96-well plate. The clones were grown 4 h at 37 °C, protein expression was
induced by isopropyl-B-D-thiogalactopyranosid (IPTG) and Nbs were produced overnight
at 30 °C. The supernatants were then tested for specific binding of VHHs to CDCP1 and
EGFR by enzyme-linked immunosorbent assay (ELISA) and positive hits were
sequenced. Nb encoding genes were cloned into pHENG6 vectors with an N-terminal pelB
signaling sequence and a C-terminal HA-His6 tag. The plasmids were transformed into
chemically competent E. coli WK6 cells. Cells were grown in Terific Broth (TB) media (100
pg/ml Ampicillin), inoculated with 25 mL of an overnight preculture, and incubated at 37
°C in a shaking bacteria incubator until reaching an optical density of 1.2. Protein
expression was induced by adding 0.4 mM IPTG and bacteria were further incubated for
4 h. The cells were harvested by centrifugation at 4,000 RCF and 10 °C for 25 min. The
cell pellet was suspended in 25 mL TES buffer (200 mM Tris, 0.65 mM EDTA, 500 mM
sucrose, pH 8.0), incubated for 1 h slowly mixing at 4 °C, diluted with 70 mL of 0.25
concentrated TES buffer and incubated at 4 °C overnight slowly mixing. Subsequently,
the suspension was centrifuged at 70,000 RCF, 10 °C for 45 min and the supernatant was
filtered through a 0.45 um filter. Later, selected Nbs were cloned into the pCSE2.5 vector
to obtain different Nb formats: HcAbs using the rabbit CH2 and CH3 domains (Nb-rFc),
Nb homodimers or Nb heterodimers comprising an HA-Avi-6His Tag. Obtained plasmids
were transfected in HEK293-6E cells using jetPEI® transfection reagent (Sartorius). Six
days after transfection, cell suspension was centrifuged for 10 min at 4,600 rpm at 4 °C
and the supernatant containing the Nb constructs were harvested and filtered with a
Steriflip (Merck). Nb comprising a His Tag were purified by Ni2+-Affinity chromatography.
Supernatants were mixed with equilibrated Ni2+-NTA beads and incubated for 2 h at 4 °C

slowly mixing. Afterwards, Ni2+-affinity chromatography was carried out on a gravity
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column. The flow through was discarded and the beads were washed with 100 mL wash
buffer (50 mM Tris, 50 mM NacCl, 10 mM imidazole, pH 8.0). The protein was eluted in
elution buffer (50 mM Tris, 50 mM NaCl, 500 mM imidazole, pH 8.0), the buffer was
replaced using PD-10 columns to storage buffer (20 mM Hepes pH 7.4, 150 mM NaCl)
and proteins were concentrated using an Amicon 3 kDa MWCO. Nb-rFc were purified by
protein A affinity chromatograpy using HiTrap Protein A columns and a Akta pure system.
After Binding Nb-rFcs were eluted with glycin elution buffer (0,1 M Glycin*HCI, pH 2,5).
Buffer was exchanged using PD-10 columns to storage buffer (20 mM Hepes pH 7.4, 150
mM NaCl) and proteins were concentrated using an Amicon 10 kDa MWCO. Purification
steps were monitored by SDS-PAGE. Proteins were flash frozen in liquid nitrogen and
stored at -80 °C.

2.4FACS staining with Nbs

For the FACS staining performed with the Nbs, PC3 and SCaBER cells were first
incubated for 30 min with the different Nbs (10ug/mL) and 1:1000 LIVE/DEAD™ Fixable
Near IR (#L34993, Invitrogen™). Cells were then washed via centrifugation for 5 min, 300
RCF at room temperature, and incubated with 1:50 anti-HA secondary antibody (#901524,
BioLegend) for 30 min. Cells were washed a second time for 5 min, 300 RCF at room
temperature, and acquired with BD FACSCanto™ Il Flow Cytometer (BD biosciences).

Obtained data were analyzed with FlowJo™.

2.5Vectors for CDCP1 mutants and CDCP1 isoforms expression and

transfection

Vectors for the transmembrane expression of CDCP1 mutants (delN-term, delCUB1I,
delCUB2) and CDCP1 isoforms (homo sapiens CDCP1, mus musculus CDCP1, macaca
fascicularis CDCP1) were generated in Holzel lab and provided to us. HEK-293T cells
(ATCC) were seeded at a density of 2.5*10%well in 12-well plates (TPP). Transfection was
performed on HEK-293T cells with Lipofectamine™ 3000 (#L3000001, Invitrogen™) as
described by the provider. The day after transfection cells were detached with a scraper
and processed as described in Chapter 1.4 for the fluorescence-activated cell sorting
(FACS) analysis.
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2.6SDS Gels preparation

8 % SDS Gels for electrophoresis were prepared as follows. Glass plates for 1.0 mm thick
gels were mounted in a casting stand. 8 % SDS Gel Solution was poured between the
glass plates. Stacking Gel Solution was poured on top of the solidified 8 % SDS Gel
Solution and 10-well combs or 15-well combs were inserted. After complete solidification,

gels were conserved at 4 °C in distilled water until usage.
2.7Western blotting (WB)

Cells were seeded in 6-well plates (TPP) at the following densities: PC3, 10° cells / well;
796p, 10° cells / well; SCaBER, 2*10° cells / well. They were treated for 48 h with 0.7 yM
Nbs or relative controls (mAb-CDCP1 or cetuximab). Cells were detached with the help of
a scraper and lysed in RIPA buffer (#9806, Cell Signaling). Cell lysates were centrifuged
at 14,000 RCF for 15 min at 4 °C to eliminate cell debris and protein concentration was
measured in the supernatant with Pierce™ BCA Protein Assay Kit (#23225, Thermo
Scientific™) as described by the manufacturer. 20 ug of protein were mixed 1:4 with 4X
WB Sample Loading Dye and loaded on 8 % SDS Gels and electrophoresis was
performed in a BioRad buffer tank filled with 1X SDS Running Buffer for 1 h and 45 min
at 100 V using PowerPac™ HC Power Supply (BioRad). Gels were then mounted in
sandwiches with 0.45 um Hybond-P PVDF membranes (Amersham Biosciences). Each
sandwich was hold together between two foam pads and filter paper sheets and inserted
in a gel holder cassette (BioRad). The gel holder cassette was then inserted in the buffer
tank filled with 1X Transfer Buffer and proteins were transferred on the membrane
applying 100 V for 1 h and 45 min with a PowerPac™ HC Power Supply (BioRad).
Membranes were blocked for 2 h at room temperature in a 5 % milk solution (neoFroxx)
and cut as needed. Cut membranes were incubated with anti-pEGFR (#2236T, Cell
Signaling), anti-EGFR (#4267, Cell Signaling), anti-CDCP1 (#4115, Cell Signaling), anti-
pERK (#9102S, Cell Signaling), anti-ERK (#4377, Cell Signaling), and anti-B-actin
(#A2228, Sigma-Aldrich) primary antibodies overnight at 4 °C and with the HRP-
conjugated secondary antibodies (anti-rabbit, #170-6515 or anti-mouse, #170-6516;

BioRad) for 2 h at room temperature. Finally, membranes were developed with
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SuperSignal™ West Pico PLUS Chemiluminescence-Substrate (Thermo Fisher

Scientific) and chemiluminescence was measured with ChemiDoc MP (BioRad).
2.8Vitality assay

Vitality was assessed with crystal violet assay. Cells were seeded in a 12-well plate (TPP)
with the following densities: PC3, 2.5*102 cells / well; 769p, 1.5*102 cells / well; SCaBER,
5*10° cells / well. After 12 h, 0.7 uM treatment with Nbs and the relative controls (anti-
CDCP1 Ab, cetuximab) was started. On day 3, the media was replaced with fresh media
and treatment. The experiment was stopped after 6 days of treatment. Cells were fixed
with 4 % PFA for 15 min and stained with 0.5 % Crystal Violet for 15 min. Plates were
dried at room temperature for 2 days and crystal violet was then dissolved with 0.1 %
Acetic Acid. The absorbance of the resulting solution was then analyzed at the wavelength

of 570 nm with a spectrometer (Spectra Thermo, SLT).

2.9Immunohistochemistry (IHC) on MIBC and PCa tumor-microarray
(TMA)

CDCP1, cluster of differentiation 68 (CD68), and CD163 expression was analyzed on a
cohort of 238 PCa patients and one of 184 MIBC patients. Samples for the establishment
of the PCa cohort were collected at the University Hospital of Bonn according to the project
013/20. MIBC samples collection was instead approved by the ethical review board of the
Friedrich-Alexander-University Erlangen-Nirnberg (Erlangen, Germany; approval
number: 329 16B and 97_18Bc) and tumors were gathered at the Comprehensive Cancer
Center Erlangen Metropole Region Nuremberg (CCC-EMN). Stainings for CDCP1, CD68,
and CD163 were performed on the PCa cohort with the VENTANA BenchMark ULTRA
autostainer (Ventana) according to an accredited staining protocol in a routine
immunohistochemistry facility. In the MIBC cohort, CDCP1 staining followed the same
protocol used for the PCa cohort, but CD68 and CD163 stainings were performed as
described by Taubert et al. (Taubert et al., 2021). CDCP1 was then analyzed with a semi-
guantitative scale from experienced uropathologists at the University Hospital of Bonn
(low, 0.0-1.9, or high, 2.0-3.0). On the PCa cohort, CD68 and CD163 levels received an

interpretation with the same scale used for CDCP1, while in the MIBC cohort, their level
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was automatically detected as H-score (scale 0—300) via QuPath (Bankhead et al., 2017;
Taubert et al., 2021). Median H-scores were log2-transformed. CD68 and CD163 Hlog2
values (MIBC cohort) or semi-quantitative values (PCa cohort) were compared between
CDCP1-high tumors and CDCP1-low tumors with two-tailed unpaired t-test. P < 0.05 was

considered statistically significant.
2.10 CRISPR/Cas9

CRISPR/Cas9 method was used to generate the knock-out (KO) of CDCP1 on TCCSUP
and T24 cell lines as described in Saponaro et al (Saponaro et al., 2023). Briefly, a double-
stranded oligonucleotide coding for a single guide RNA (sgRNA) which targets the third
exon of CDCP1 was obtained by annealing the following single-stranded oligonucleotides:
hCDCP1_KO_BS, 5'-AAACccgtggtcaggatcggaac-3'; hCDCP1_KO_TS, 5'-
CACCgttccgatcctgaccacgg-3'. The double-stranded oligonucleotide was then ligated with
T4 DNA ligase (NEB, Ipswich, MA, US) into pSpCas9(BB)-2A-Puro (PX459) (#48139,
Addgene, Watertown, MA, US) after digestion with Bbsl-HF (NEB, Ipswich, MA, US). The
obtained vector was transfected into TCCSUP and T24 cells using Lipofectamine™ 3000
(#L3000001, Invitrogen™). Cells were finally treated with 0.6 ug/mL Puromycin for 4 days
to select the successfully transduced clones and expanded with a polyclonal approach to

obtain stable cell lines.
2.11 Cytokine arrays

Conditioned media (CM) was obtained by incubating 10® T24, TCCSUP, and the
respective CDCP1-KO cells for 72 h in 75 cm? flasks (TPP). CM from murine organoids
(WT and CDCP1-overexpressing) was instead collected after 14 days of incubation
following complete organoid formation. The concentration of cytokines was measured with
LEGENDplex™ Human Inflammation Panel 1 (13-plex) (#740809, Biolegend®) in CM
collected from human cell lines. Later, for financial reasons, a custom solution from the
same company comprehensive of CCL2 and IL6 beads only was preferred. Cytokines
were detected in CM from murine organoids with LEGENDplex™ Mouse Inflammation
Panel (13-plex) (#740446, Biolegend®). The execution followed the technical steps

suggested in the official protocol provided by the manufacturer. In the final step, beads



48

were analyzed with BD FACSCanto™ Il Flow Cytometer (BD biosciences). The obtained

data were processed with the official software provided by Biolegend®.
2.12 Human macrophage differentiation

Buffy coats from healthy donors were provided by the Blutspendedienst of the University
Hospital of Bonn. 35 mL of blood from buffy coats was carefully stratified on 15 mL of
Ficoll-Paque™ PLUS (#17-1440, Cytiva, Marlborough, MA, US) in 50 mL tubes. Tubes
were then centrifuged at 800 RCF for 20 min at room temperature without the break. Upon
the centrifugation step, a Ficoll layer separated the white blood cell ring containing PBMCs
from other blood components. The white blood cell rings were collected and pooled in a
single 50 mL tube and PBS (Thermo Fisher Scientific) was added to top the tube volume.
The cell suspension was then centrifuged for 5 min, 300 RCF at room temperature. The
supernatant was discarded, and the cell pellet was suspended in 50 mL of pure RPMI.
Cells were diluted 1:10 with trypan blue (#1680, ROTH) and counted with a Neubauer
chamber. 10° cells were seeded in each well of 6-well plates and placed in the incubator
for 1 h. During the incubation, monocytes adhered to the bottom of the well while
lymphocytes stayed in suspension, allowing for lymphocyte elimination via media removal.
After removing the RPMI, Human Macrophage Media was added to the adherent
monocytes to induce differentiation to macrophages. After 4 days of incubation, PBMC-
derived macrophages were obtained and used for polarization assays or detached from

6-well plates with a cell scraper to perform migration.
2.13 Murine macrophage differentiation

A hole was made in the bottom of a 0.5 mL tube, which was then inserted into a 1.5 mL
tube. Femurs and tibias were dissected from C57BL/6J mice and one of their extremities
was cut. Mouse bones were then inserted in the previously adapted 0.5 mL tube with the
cut extremities on the downside, to allow bone marrow (BM) flushing via centrifugation for
10 sec, 10,000 RCF at room temperature. Following centrifugation, the BM settled in the
1.5 mL tube. It was then suspended with 5 mL complete DMEM and washed for 5 min,
300 RCF at room temperature. The BM pellet was suspended in Mouse Macrophage

Media, filtered with a 40 uM strainer (Sarstedt) to eliminate coagulated particles, and



49

seeded at a density of 2*10° cells per well in 6-well plates. After 4 days of incubation at
37 °C, 5 % CO_, 1 mL of fresh Mouse Macrophage Media was added, and following an
additional 3 days of incubation macrophages were fully differentiated. Finally, bone
marrow-derived macrophages (BMDM) were used for polarization assays or detached

with a scraper from the 6-well plates and used for migration assays.
2.14 Macrophage migration assays

8.0 um transwell (#353097, Falcon, London, UK) were inserted in 24-well plates (TPP).
700 pL of CM from human cell lines or murine organoids were placed in the space between
the wells and the transwells after collection. Human PBMC-derived macrophages or
murine BMDM were detached, diluted 1:2 in trypan blue, and counted with a cell counter
(TC20, BioRad). 5*10% macrophages were suspended respectively in complete RPMI
(human) or DMEM (murine) and positioned on top of the transwell. 24-well plates were
incubated overnight at 37 °C, 5 % CO2, and fixed the day after with 4 % PFA for 15 min.
Staining with 1 % Crystal Violet was performed for 15 min and the macrophages that did
not migrate were removed from the top membrane of the transwell with a cotton swab.
Transwells were air-dried for 2 days. Membranes were then removed from the plastic
support of the transwells with the help of scalpels and forceps, mounted on glass
microscope slides (Marienfeld) with Aquatex (Merck), and covered with glass coverslides
(Marienfeld). Slides were dried overnight at room temperature, pictures were taken with

Olympus SC50 microscope, and migrated macrophages were counted in ImageJ.
2.15 Macrophage polarization assay

Human PBMC-derived macrophages or murine BMDM were exposed to 75 % cells or
organoids CM for 3 days. After stimulation, human macrophages were detached and
stained for 20 min at 4 °C with 1:1000 LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit
(Invitrogen) and the following antibodies 1:400 CD11b (#563553, BD biosciences), 1:400
CD14 (#301834, BioLegend), 1:400 CD16 (#612944, BD biosciences), 1:200 CD163
(#25-1639-41, Invitrogen, Thermo Fisher Scientific), 1:200 CD200R (#329308,
BioLegend), 1:200 CD80 (#305207, BioLegend), 1:200 CD38 (#612824, BD Biosciences).
Mouse macrophages were stained for 20 min at 4 °C with 1:1000 LIVE/DEAD™ Fixable
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Near-IR Dead Cell Stain Kit (Invitrogen) and the following antibodies 1:400 CD11b
(#101206, BioLegend), 1:400 F4/80 (#123131, BioLegend), 1:200 CD206 (#141720,
BioLegend) and 1:200 CD38 (#102721, BioLegend). They were then treated with
Cytofix/Cytoperm™ Fixation/Permeabilization Kit (#554714, BD biosciences) according to
the manufacturer’s instruction and stained with 1:100 Argl (#17-3697-80, Invitrogen) and
1:100 Nos2 (#12-5920-80, Invitrogen) for 30 min at 4 °C. Stained macrophages were
washed twice with PBS at 300 RCF for 5 min and finally acquired with BD LSRFortessa™

cell analyzer (BD biosciences). The obtained data were analyzed with FlowJo™.
2.16 Anti-CDCP1 Ab production and treatments

The monoclonal Ab targeting CDCP1 (mAb-CDCP1) was isolated from a hybridoma cell
line 41-2 (#CRL-2695, ATCC). First, 41-2 cells were expanded in 150 cm? flasks (TPP)
with 41-2 Maintenance Media until they reached a density of 10° cells / mL. Cells were
then collected, pelleted, and suspended in PBS. They were counted with the cell counter
(TC20, BioRad), suspended in 41-2 Ab Production Media at 10° cells / mL, and incubated
for 4 days. Media was then collected and handed to the Core Facility Nanobodies of the
University of Bonn for isolation. Isolation of mAb-CDCP1 from the media was performed
with columns following the protocol provided by the manufacturer. Specifics of such
antibody and its ability to effectively downregulate CDCP1 expression in the cell
membrane were previously described in the literature (Harrington et al., 2020; Hooper et
al., 2003). Thus, we adopted it as the gold standard for experiments investigating CDCP1
regulation. Any treatment with mAb-CDCP1 was performed at 0.7 uM. For WB or cytokine
detection in the CM, the treatment lasted 48 h. For the vitality assays, the treatment was

maintained for 6 days.
2.17 Treatment with ERK inhibitor (IERK)

T24 and TCCSUP cells were seeded 10°/ well in 6-well plates and treated respectively
with 1 yM and 5 uM iERK (SCH772984, #HY-50846, Fisher Scientific) (Kopczynski et al.,
2021). Cells were treated for 48 h, 24 h, and 6 h, and results were analyzed with WB and

gPCR. Cytokine detection was performed from CM collected after 48 h treatment.
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2.18 gPCR

RNA was isolated from T24, TCCSUP, and LNCaP cells with the TRIzol method. 1 mL of
TRIzol™ (#15596026, Invitrogen) was added in each sample in 0.5 mL tubes. Samples
were incubated for 5 min on ice. 200 pL of chloroform (#Y015, ROTH) were added. The
obtained TRIzol-chloroform solution was mixed with vortex, incubated for 2 min at room
temperature and centrifuged for 15 min at 4°C, 12,000 RCF. The aqueous upper phase
was transferred in a new 0.5 mL tube and 500 pL of 2-propanol (#6752, ROTH) were
added. The solution was incubated for 10 min at room temperature and centrifuged for 10
min at 4°C, 12,000 RCF. Supernatant was discarded and mRNA pellet was suspended in
1 mL of 75% ethanol (ROTH). A centrifuge step of 5 min at 4°C, 7,500 RCF was
performed. Supernatant was discarded carefully, mRNA pellet was air-dried and
suspended in 20 pL RNase-free water (Thermofisher). mRNA concentration was
quantified with Thermo Scientific™ NanoDrop™ 2000/2000c Spectrophotometer. Retro-
transcription was performed with obtained mRNA using PrimeScript RT Reagent Kit
(#RRO37A, TaKara) in a thermocycler (Professional Trio Fa. Analytica Jena). Quantitative
PCR (qPCR) reactions were performed using QuantStudio™ 5 (Invitrogen) with TB Green®
Premix Ex Tag™ Il #RR82WR, TaKara) and the specific primers reported below. Primer
sequences were obtained from PrimerBank
(http://pga.mgh.harvard.edu/primerbank/index.html). GAPDH expression level was used
as a reference for the normalization of each value. Used primer sequences were as
follows: hiL-6  forward, 5-TACATCCTCGACGGCATCTC-3/, reverse, 5'-
TGCCTCTTTGCTGCTTTCAC-3; hCCL2, forward, 5-CAGCCAGATGCAATCAATGCC-
3, reverse, 5-TGGAATCCTGAACCCACTTCT-3; huGT2B11, forward 5'-
TGATTTTGTTGGAGGATTCCACTG-3', reverse, 5-GTCAAATCTCCACAGAACCTTTT-
3"  hGDF15, forward, 5-CAACCAGAGCTGGGAAGATTCG-3', reverse, 5'-

CCCGAGAGATACGCAGGTGCA-3; hCLU forward 5'-
CCAATCAGGGAAGTAAGTACGTC-3', reverse, 5-CTTGCGCTCTTCGTTTGTTTT-3
hRRM2 forward, 5-CACGGAGCCGAAAACTAAAGC-3/, reverse, 5'-
TCTGCCTTCTTATACATCTGCCA-3'; hTP53I3 forward, 5'-

GGAGGACCGGAAAACCTCTAC-3', reverse, 5-CCTCAAGTCCCAAAATGTTGCT-3,
hKIF14 forward 5-TGTAGGTAGATTGGCACTTCAGA-3, reverse, 5'-
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CGACGTTGTAATGTAAGACGTGT-3" hPHLDA forward, 5'-
CTGGATGGTCCCAGACTCTCAG-3', reverse, 5-CTAAGAGCAGTCTGCAGGACAG-3";
hATF5 forward, 5'-TGGCTCGTAGACTATGGGAAA-3', reverse, 5'-

ATCAACTCGCTCAGTCATCCA-3"; GAPDH forward 5-AATCCCATCACCATCTTCCA-
3" reverse, 5'-TGGACTCCACGACGTACTCA-3'.

2.19 Prostate and bladder murine organoids generation

CDCP1'ox-STOPoxtransgenic mouse model was previously generated by introducing in the
mouse genome a copy of the gene coding for human CDCP1 with an upstream STOP
sequence flanked by loxP sites (Alajati et al., 2020). To generate organoids, prostate and
bladder were removed from CDCP1'oxSTOP-loxmice, They were chopped with a scalpel and
incubated for 2 h in 5 mg/mL collagenase type Il (#17101-015, Life Technologies) at 37
°C and 5 % CO>. The obtained cell suspension was pelleted at 300 RCF for 5 min and
digested with TrypLE Express (#12605-010, Life Technologies) for 15 min at 37 °C and 5
% CO2. DMEM complete was added to stop the digestion and the cell mixture was
mechanically dissociated with a syringe and 18 G needle. The suspension was filtered
with a 40 um strainer; cells were counted and transduced with a CBA-CRE adenovirus
produced in the Virus Facility of the Medical Faculty University of Bonn. The transduction
was performed as follows. A suspension of 2*104 cells was pipetted in each well of a 96-
well plate. The virus was added on top; the plate was centrifuged for 1 h, 600 RCF, 32 °C,
and subsequently incubated for 1 h, 37 °C, 5 % CO2. In the meantime, 24-well plates
were pre-warmed at 37 °C in the cell incubator. After the incubation, cells were collected
and transferred from the 96-well plate to a 15 mL tube. They were then centrifuged at 300
RCF, 4 °C, and media with virus was removed. The cell pellet was suspended in 40 pL
Matrigel (#356231, Corning) / 2*10% cells and 40 pL drops were formed in each 24-well
from the obtained suspension. 24-well plates were incubated for 30 min, 37 °C, 5 % CO>
upside down to let the Matrigel drop solidify before adding Prostate Organoid Media or
Bladder Organoid Media and placing the plates in the incubator. After 14 days, organoids
were formed, and the media was collected for cytokine array. Moreover, Matrigel was

dissociated with a pipette after adding 1 mL of cold PBS (4 °C). The dissociated Matrigel
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was centrifuged for 5 min, 300 RCF, 4 °C to pellet the organoids. Matrigel-PBS

supernatant was removed, and RIPA was added for WB analysis.
2.20 FACS on mouse tumors PCa

CDCP1*; Pten”~ double mutant mouse model is a conditional mouse model that
overexpresses human CDCPL1 in a Pten null background prostate inducing spontaneous
development of aggressive PCa. This model was previously generated by Alajati et al.
(Alajati et al., 2020). Tumors from CDCP1*; Pten mice and from mice bearing Pten-
mutation only were isolated. A scalpel was used to chop the tumors. The tissue was
chemically digested with collagenase type Il for 2 h, 37 °C, 5 % CO,, and with 15 min
incubation in 0.25 % Trypsin (Thermo Fisher Scientific). The final cell suspension was
then obtained using a syringe with an 18 G needle and filtered with a 40 um strainer.
Finally, cells were stained with 2 different FACS panels for 20 min at 4 °C. The first panel:
1:1000 Zombie UV™ Fixable Viability Kit (#423107, BioLegend), CD45 (#103131,
BioLegend), 1:400 CD3 (#100305, BioLegend), 1:400 CD19 (#115505, BioLegend), 1:400
CDl1lc (#117305, BioLegend), 1:400 Ly6G (#127605, BioLegend), 1:400 CD49b
(#103503, BioLegend), 1:400 NK1.1 (#108705, BioLegend), 1:400 CD11b (#101291,
BioLegend), 1:400 F4/80, 1:200 CD206 (#141727, BioLegend), 1:200 CD163 (#155307,
BioLegend). The second panel: 1:1000 Zombie UV™ Fixable Viability Kit, 1:400 EpCAM
(#118240, BioLegend), 1:400 CD45 (#103131, BioLegend), 1:200 CDCP1 (#324017,
BioLegend). After staining, cells were washed twice at 300 RCF for 5 min and acquired
with BD LSRFortessa™ cell analyzer (BD biosciences). The obtained data were analyzed

with FlowJo™.
2.21 Generation of LNCaP clones with the CRISPaint method

The CRISPaint method is a three-plasmid tagging system that enables site-specific
insertion of heterologous genetic material. The three plasmids are the target selector,
which codes for the expression of Cas9 and a sgRNA,; the frame selector, which allows
re-introducing amino acids that are lost during the restrictions of the target site; the
universal donor, which carries the gene of the fluorescent protein before its introduction in

the host genome by Cas9. The specific application of this method is the creation of
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chimeric proteins composed of a protein of interest and a fluorescent protein (e.g. mNeon).
This method is described in detail in a previous publication (Schmid-Burgk et al., 2016).
As a first step for the creation of LNCaP clones with this method, the double-stranded
oligonucleotides coding for CDKN1A, CDKN2A, and GLB1 sgRNAs were generated via
annealing of the following one-strand oligonucleotides: CDKN1A-top, 5

CACCGGGCGGATTAGGGCTTCCTCT-3,, CDKN1A-bottom, 5'-
AAACAGAGGAAGCCCTAATCCGCCC-3; CDKN2A-top, 5'-
CACCGGCCTCTCTGGTTCTTTCAAT-3, CDKN2A-bottom, 5'-
AAACATTGAAAGAACCAGAGAGGCC-3 GLB1-top, 5'-
CACCGCAGGCTTTCATCATCATACA-3', GLB1-bottom, 5'-

AAACTGTATGATGATGAAAGCCTGC-3'. The annealing phase required a step of 4 min
at 90 °C and one of 8 h at room temperature. The double-stranded oligonucleotides for
CDKN1A, CDKN2A, and GLB1 were then cloned separately in the Target selector via
restriction with BbsI-HF® (#R3539, NEB) at 37 °C for 15 min and ligation with T4 DNA
ligase (#M0202, NEB) overnight at 16 °C. Ligated plasmids were transformed in NEB®
Stable Competent E. coli (High Efficiency) (#C3040, NEB). To do that, bacteria were thaw
on ice and plasmids were pipetted in the bacteria suspension. Heat shock was performed
on bacteria at 42°C for 30 seconds. Bacteria were incubated for 5 min in ice, spread onto
pre-warmed LB-Agar plates and incubated overnight at 37 °C in a bacteria incubator.
Bacteria colonies grown on the LB-Agar plate, were inoculated in 5 mL LB-Medium and
grown overnight at 37 °C, 200 RPM shaking, in a bacteria incubator. QIAGEN Plasmid
Mini Kit (QIAGEN) was performed with the bacteria suspensions to isolate the plasmids.
Plasmids were sent to Microsynth in a pre-mixed solution with the following primer (5'-
AGGGCCTATTTCCCATGATTC-3") to confirm that the sgRNAs were efficiently cloned
into the Target selector with sanger sequencing. Target selector plasmids positive for
sgRNAs integration were transformed once again in NEB® Stable Competent E. coli (High
Efficiency) (#C3040, NEB), expanded in 150 mL of LB-Media, and isolated with QIAGEN
Plasmid Maxi Kit (QIAGEN). Finally, 3 independent LNCaP clones expressing pl6-
mNeon, p21-mNeon, and B-GAL-mNeon chimeric proteins were generated. To do that,
LNCaP cells were seeded in 96-well plates at a density of 5102 cells / well. The day after,
they were transfected with the 3-plasmid system (50 ng Target selector + 50 ng Frame

selector + 100 ng mNeon Universal donor) using Lipofectamine™ 3000. Transfection
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reagents were removed from the cells after 6 h and replaced with LNCaP Media. 24 h
after transfection, efficiently transfected cells were selected using 1 ug / mL puromycin for

4 days. Obtained clones were then expanded in a polyclonal approach.
2.22 FACS analysis clones

Senescence was induced in LNCaP-pl16-mNeon, LNCaP-p21-mNeon, and LNCaP-[3-
GAL-mNeon for 6 days with 0.6 nM docetaxel. Cells were then detached and stained with
LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit (Invitrogen) for 20 min at 4 °C. Analysis
was performed with BD FACSCanto™ Il Flow Cytometer (BD biosciences) and data were

analyzed with FlowJo™.
2.23 mRNA sequencing

LNCaP-pl6-mNeon, LNCaP-p21-mNeon, and LNCaP-B-GAL-mNeon were treated for 6
days with 0.6 nM docetaxel to induce senescence. Cells were then detached with 0.025
% trypsin (Thermo Fisher Scientific), collected, and handed to the Flow Cytometry Core
Facility of the Medical Faculty University of Bonn for sorting. Per clone, 3 different cell
populations (mNeonl+, mNeon2+, and mNeon3+) were sorted with BD FACSAria™ 1l
Cell Sorter (BD biosciences). RNA was then extracted with TRIzol and mRNA sequencing
was performed from the Next Generation Sequencing (NGS) core facility of the Medical
Faculty University of Bonn. QuantSeq 3' mRNA-Seq Library Prep Kit (Lexogen, Vienna,
Austria) was used for enrichment and sequencing was performed on a NovaSeq 6000
(lumina, San Diego, CA, USA) device with a read length of 1 x 100 bp. Data were
provided in FastQ format and further analyzed by the Core Unit for Bioinformatics Data
Analysis (CUBA) of the Medical Faculty University of Bonn. Statistical analysis was
performed in the R environment with the Bioconductor package DESeq2 (Huber et al.,
2015; Love et al., 2014). Benjamini—-Hochberg method was used to calculate multiple
testing adjusted p values. Data visualization was generated upon TMM normalized data
(Robinson and Oshlack, 2010) using R packages ggplot2 (Wickham, 2016) and
ComplexHeatmap (Gu et al., 2016), respectively.
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2.24 Statistical analysis

The statistical evaluation of the experimental results was performed with GraphPad Prism
8 software (GraphPad, San Diego, CA, USA). The paired and unpaired Student’s t-test

was used and p values < 0.05 were considered statistically significant.
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3 Results
3.1Nbs targeting CDCP1 and EGFR reduce tumor growth in-vitro

Anti-CDCP1 Nbs were produced in collaboration with the nanobody facility of the
University of Bonn and were then tested for their affinity to CDCP1. Since Nbs are tagged
with an HA-tag, we detected wheter the Nbs were binding to CDCP1 via immunostaining
and FACS analysis on PC3. First, we incubated the cells with our Nbs and then with an
APC secondary antibody against HA-tag. Eight out of nine Nbs showed specific affinity to
our protein of interest (Fig.14). C07 did not show affinity to CDCP1 and was used in

following experiments as a negative control (Fig.14).
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Fig. 14: FACS analysis of different Nbs targeting CDCP1

The different Nbs generated to target CDCP1 were tested for their ability to bind to the
antigen on PC3 cell line. Cells were incubated with Nbs and then with secondary anti-HA
mADb conjugated with APC. APC signal was detected via FACS. Positive hits, effectively
binding to CDCPL, are on the right side of the vertical black line in the FACS panel. The
mADb condition in red refers to the anti-CDCP1 mAb used as a positive control for the
binding. Image created with BioRender.

We then tried to characterize the binding specificity of each Nb that showed affinity to
CDCP1 via expressing CDCP1 homologs or variant of human CDCP1 in HEK293T cells.
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Upon transfection of cells with each CDCP1 construct, we used the same strategy
described in Fig. 14. When comparing the Nbs reactivity to human (hCDCP1), murine
(mCDCP1) and non-human primate CDCP1 (cynoCDCP1) we observed that all Nbs could
bind to human and non-human primate CDCP1 (Fig. 15). However, only four of them could
bind to mCDCP1 (Fig. 15).
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Fig. 15: Study of the binding of anti-CDCP1 Nbs to different species and epitopes
HEK293T cells were transfected with different CDCP1 isoforms (human, murine, non-
human primate) and CDCP1 mutants (deletion for CUB2, deletion for CUB1, deletion for
N-term). Transfected cells were incubated with Nbs and secondary anti-HA mAb
conjugated with APC. Signal was detected via FACS. Positive signal stands on the right
side of the black vertical line present in the FACS panels.

On the other hand, employing cells expressing different human CDCP1 variants allowed
us to predict the epitope where each Nb is binding. The different CDCP1 mutants we
employed are as follows: CDCP1 missing the N-terminal region (delN-term), CDCP1
missing CUB1 (delCUB1), CDCP1 missing CUB2 (delCUB2). Four Nbs showed a clear
affinity to the CDCP1 variant missing the N-terminal region, while the other Four exhibited
effective binding to delCUB2 CDCPL1 (Fig. 15). None of them showed affinity to delCUB1
CDCP1 (Fig. 15). Interestingly, the pattern observed in the species affinity reflected also

in the epitope affinity. Indeed, results suggest that the eight selected Nbs targeting CDCP1
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can be clustered in two distinctive groups. We will refer to these groups as Cluster 1 and
Cluster 2. As a general conclusion, Cluster 1 has affinity with human, monkey and murine
CDCP1, while Cluster 2 only with human and monkey. This information becomes
important when considering to perform toxicity studies in in-vivo models. Moreover,
Cluster 1 binds CDCP1 in absence of its N-terminal region, but not in absence of its CUB1
and CUB2 region. Thus, the specific binding epitope of this cluster is probably in between
the CUB1-CUB2 domains. On the contrary, Cluster 2 binds delCUB2 CDCPL1 rather than
delN-term CDCP1. Hence, Cluster 2 binds to an epitope that is present in between the
Nterm-CUBL1 region. After characterizing the binding pattern of the Nbs, we tested their
effect on CDCPL1 regulation and cell vitality. We observed no downregulation of CDCP1
nor anti-proliferative effect when Nbs were used in their single domain format at 10 ug/mL
or 100 ug/mL (data not shown). Thus, we decided to produce rFc-Nb dimers in an attempt
to improve their biological activity. In rFc-Nb dimers, the Fc region of rabbit antibodies
links two identical Nb monomers. This format proved decisively more effective. Indeed,
rFc-Nbs from Cluster 2 induced clear CDCP1 downregulation in PC3 cells (Fig. 16A).
Moreover, rFc-H10 and rFc-A06 were able to reduce PC3 proliferation similarly to our gold
standard (Fig. 16B), an anti-CDCP1 mAb previously published as effective in reducing cell
growth. However, since the rFc format did not represent a clear improvement from the
point of view of the size reduction when compared to common mAbs, we planned to
produce Nb dimers characterized by a smaller linker of 963.87 Da (sequence:
GGGGSGGGGSGGGGS). We produced such dimers with a biased approach, selecting
H10 and AO6 as the most promising Nbs. The final dimers were H10-H10 and A06-A06
homodimers, and H10-A06 and A06-H10 heterodimers. When testing H10-H10 and A06-
A06 homodimers on PC3 cell line we noticed that their activity on CDCP1 deregulation
was comparable to the rFc-Nb, while H10-A06 and A06-H10 heterodimers showed an
enhanced ability to downregulate CDCP1 (Fig. 16C). Moreover, all Nb dimers showed a
decisively improved ability to block cell proliferation (Fig. 16D).
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Fig. 16: Biological effect of anti-CDCP1 Nbs

(A) WB for CDCP1 and ERK in PC3 cells treated with rFc-Nbs for 2 days. (B) Graph of
cell vitality performed with crystal violet method after treatment of PC3 with rFc-Nbs for 6
days. n=4. Error bars indicate SD. *P < 0.05, **P < 0.01. Statistical test: two-tailed unpaired
t test. (C) WB for CDCP1 and ERK in PC3 cells treated with different Nb formats (Nb-
monomers, rFc-Nbs, Nb-dimers) for 2 days. (D) Graph of cell vitality performed with crystal
violet method after treatment of PC3 with Nb-monomers, rFc-Nbs, and Nb-dimers for 6
days. n=4. Error bars indicate SD. *P <0.05, **P <0.01, **P <0.001. Statistical test: two-
tailed unpaired t test.

Since we published that CDCP1 is upregulated in Ba/Sq subtype of BCa and this subtype
is characterized by high levels of EGFR, we hypothesized that targeting both CDCP1 and
EGFR in such cancers could efficiently block tumor growth. For this reason we first
produced Nbs against EGFR in collaboration with the Nbs facility and then tested for their
affinity to EGFR with immunostaining and FACS analysis in SCaBER cell line, a Ba/Sq
BCa cell model. Results show that ten Nbs out of twelve bind to EGFR successfully (Fig.
17).
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Fig. 17: FACS analysis of different Nbs targeting EGFR

The binding to EGFR was tested for Nbs generated to target EGFR on SCaBER cell line.
Cells were incubated with Nbs and then with secondary anti-HA mAb conjugated with
APC. APC signal was detected via FACS. Positive hits are on the right side of the vertical
black line in the FACS panel. Image created with BioRender.

The Nbs showing affinity with EGFR were then tested for their ability to affect EGFR
activation and cell proliferation in order to select the best candidates for further
applications. Fig. 18A shows that Nbs G04, C10, D03 and D01 are the strongest inhibitors
of EGFR phosphorylation upon EGF stimulation. The same Nbs also show a stark
reduction of cell viability after 6 days of treatment, comparable to the one of our gold

standard Cetuximab (Cet) (Fig. 18B).
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Fig. 18: Biological effect of anti-EGFR Nbs

(A) WB analysis for pEGFR, EGFR, pERK1/2, ERK1/2, 3-Actin on SCaBER cells
pretreated with anti-EGFR Nbs and subsequently activated with EGF. (B) Cristal violet
assay on SCaBER cells treated for 6 days with anti-EGFR Nbs (0.7 pM). Left:
representative picture of the assay. Right: Bar plot. n=6. Error bars indicate SD. *P < 0.05,

***P < (.001. Statistical test: two-tailed unpaired t test.

Altogether, our results showed that anti-CDCP1 Nb dimers can efficiently downregulate
CDCP1 and reduce PC3 cell growth. Besides, anti-EGFR Nbs bind efficiently to EGFR
and block EGF binding, making them suitable for the creation of bispecific Nbs that target
at the same time CDCP1 and EGFR. Anti-EGFR Nbs also reduce SCaBER cell growth,

adding to their potential effect.
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3.2CDCP1 expression is correlated with inflammatory cytokine

production and TAM infiltration in urological cancers

Basing on in-house and external publications we hypothesized that CDCP1 may have
some sort of liaison with TAM infiltration in bladder and prostate cancers (Brina et al.,
2023; Saponaro et al., 2023). To probe this hypothesis we first screened a MIBC and a
PCa TMA for CD68 and CD163 expression. Results prove that tumors expressing high
levels of CDCP1 are also the most infiltrated with CD163+ and CD68+ cells (Fig. 19A,
19C). We observed a ~20% increase in high-CDCP1 tumors coexpressing high levels of
CD68 and CD163 when compared to the low-CDCP1 tumors in both MIBC and PCa (Fig.

19B, 19D).
MIBC TMA MIBC TMA B Macrophage markers expression:
A CD68 CD163 MIBC TMA
15+ * % 15+ * ok
0 g 80%
< = 3 CD68high,CD163high
O 104 * ? O 104 high-CDCP1+ 53% 20%
o i o O CD68high,CD163low
3 S | 62%
a5 ] 3 54 O CD68low,CD163high
Q @) low-CDCP14  35% 34%
= T O3 CD68low,CD163low
0 1 1 0 1 -I ......... [ P |
low high low high 0 50% 100%
CDCP1CDCP1 CDCP1CDCP1
PCa TMA PCa TMA Macrophage markers expression:
C CD68 CD163 D PCa TMA
44 4+
@ * 3 * 88%
8 3- = 3 _ 3 CD68high,CD163high
O o high-CDCP1+ 75% 12
g o 3 CD68high,CD163low
o 27 5 21 9
8 S 78%
2 b 3 CD68low,CD163high
Q 14 0 11 low-CDCP1 51% 22%
= = O3 CD68low,CD163low
O T T 0 T L P [ 1
low  high low  high 0 o
CDCP1CDCP1 CDCP1CDCP1 0 50% 100%

Fig. 19: Expression of CDCP1, CD68, and CD163 in MIBC and PCa TMAs

(A) Violin plot for CD68 and CD163 levels in low-CDCP1 and high-CDCP1 tumors on a
MIBC TMA. n=184. Error bars indicate SD. **P <0.01. Statistical test: two-tailed unpaired
t test. (B) Representation of the percentage of low-CDCP1 and high-CDCP1 MIBC tumors
expressing high/low levels of CD68 and CD163. (C) Violin plot for CD68 and CD163 levels
in low-CDCP1 and high-CDCP1 tumors on a PCa TMA. n=238. Error bars indicate SD.
*P <(0.05. Statistical test: two-tailed unpaired t test. (D) Representation of the percentage
of low-CDCP1 and high-CDCP1 PCa tumors expressing high/low levels of CD68 and
CD163.
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Since the presence of inflammatory cytokines can influence deeply the fithess of TAM and
their migration to the tumor site, we decided to investigate whether tumor cells expressing
CDCP1 are characterized by a peculiar secretome. We first induced the knock-out (KO)
of CDCP1 in 2 MIBC cell lines (T24 and TCCSUP) using CRISPR/Cas9 technology (Fig.
20A). Then, we tested the CM of control (Ctrl) and CDCP1-KO cells for inflammatory
cytokine levels with a multiplex assay. Result show a consistent IL6 and CCL2 reduction
in the media collected from both the cell lines knocked-out for CDCP1 (Fig. 20B),
suggesting that CDCP1 may participate to TAM recruitment. Indeed, CCL2 is fundamental
for macrophage chemotaxis. Besides, as expected, when performing migration assays
with the CM from Ctrl and CDCP1-KO cells we observed a reduced macrophage migration
towards CDCP1-KO CM (Fig. 20C).
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Fig. 20: KO of CDCP1 reduces cytokine expression

(A) WB for CDCP1, pERK1/2, ERK1/2, B-actin on T24 and TCCSUP cells knocked out for
CDCP1 and relative Ctrl. (B) Bar plot of cytokine levels in CM collected from CDCP1-KO
T24 and TCCSUP, and relative Ctrl. n=3. Error bars indicate SD. *P < 0.05, **P < (0.0001.
Statistical test: two-tailed unpaired t test. (C) Bar plot of macrophage migration towards
CM collected from CDCP1-KO T24 and TCCSUP, and relative Ctrl. n=3. Error bars
indicate SD. *P <0.05, *P <0.001. Statistical test: two-tailed unpaired t test.
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We repeated the evaluation of CCL2 and IL6 production and macrophage migration upon
the treatment of MIBC cell lines with a mAb targeting CDCP1 (Harrington et al., 2020;
Hooper et al., 2003). We aimed to investigate CDCPL1 targeting as a possible strategy to
decrease TAM infiltration and ameliorate the TME conditions in MIBC tumors expressing
high levels of CDCP1. The experimental setup is represented in Fig. 21A. Shortly, we
isolated PBMC from donors” buffy coats and differentiated them into macrophages.
Meanwhile, we treated T24 and TCCSUP cells with anti-CDCP1 mAb for 48 hours and
then collected the CM. Treatment with the Ab successfully downregulated CDCP1
expression in all tested cell lines (Fig. 21B). Consequently, MIBC cell lines showed
decreased CCL2 and IL6 levels in the CM (Fig. 21C). Moreover, the CM collected from
MIBC cell lines treated with anti-CDCP1 mAb induced a lower migration of PBMC-derived
macrophages (Fig. 21D).
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Fig. 21: Cytokine level upon treatment with mAb targeting CDCP1

(A) lllustration of the experiments performed with anti-CDCP1 mAb. Briefly, MIBC cell lines
were treated with anti-CDCP1 mAb and WB was performed. CM was harvested from
treated and untreated cells and cytokine analysis was performed. CM was used to assess
the migration of PBMC-derived macrophages. Image created with BioRender. (B) WB for
CDCP1, pERK1/2, ERK1/2, B-actin on T24 and TCCSUP after treatment with mAb (0.7
MM) for 48 h. (C) Bar plot of CCL2 and IL6 concentration in T24 and TCCSUP CM after
treatment with anti-CDCP1 mAb (0.7 uM) for 48 h. n=3. Error bars indicate SD. *P < 0.05,
**P <(0.001, **P < 0.0001. Statistical test: two-tailed unpaired t test. (D) Bar plot of PBMC-
derived macrophage migration towards CM of T24 and TCCSUP treated with anti-CDCP1
mAb (0.7 uM) for 48 h. n=3. Error bars indicate SD. *P <0.05. Statistical test: two-tailed

unpaired t test.
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Importantly, the dependency of the MAPK/ERK pathway on CDCP1 is already fully
consolidated in several cancer types (Khan et al., 2021) and our results confirm it in BCa
too. Indeed, it is evident that ERK phosphorylation decreases when knocking out CDCP1
or targeting this protein with the Ab in MIBC cell lines (Fig. 20A and Fig. 21B). Since
ERK1/2 activation is reported to be responsible for cytokines transcription in different
circumstances (Chang et al., 2023; C.-Y. Chen et al., 2017) and ERK1/2 inhibition can
reduce CCL2 and IL6 production (Hu et al., 2024; Tan et al., 2023), we hypothesized that
CDCP1/ERK pathway could be responsible for CCL2 and IL6 production in CDCP1-
expressing tumor cells. To verify this assumption we treated T24 and TCCSUP cell lines
with the ERK inhibitor SCH772984 (iERK) (Kopczynski et al., 2021). We first confirmed
that ERK phosphorylation was reduced after the treatment. Precisely, IERK effect was
strong after 24h and 6h of treatment (Fig. 22A). Afterwards, we assessed CCL2 and IL6
MRNA expression observing a clear reduction after 24h and 6h of treatment with iIERK
(Fig. 22B). Finally, the media from cells treated with iERK was collected after 48h and
tested for cytokines level via Legendplex™. The concentration of CCL2 and IL6 in the CM

was strongly reduced (Fig. 22C).
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Fig. 22: Cytokine expression upon ERK inhibition

(A) WB for pERK1/2, ERK1/2, B-actin on T24 and TCCSUP after treatment with ERK
inhibitor (1 yM and 5 yM) for 48, 24 and 6 h. (B) Bar plot of CCL2 and IL6 mMRNA
expression in T24 and TCCSUP after treatment with ERK inhibitor (1 uM and 5 pM) for
48, 24 and 6 h. n=3. Error bars indicate SD. *P <0.05, *P <0.001, **P <0.0001.
Statistical test: two-tailed unpaired t test. (C) Bar plot of CCL2 and IL6 concentration in
T24 and TCCSUP CM after treatment with ERK inhibitor (1 yM and 5 uM) for 48. n=3.
Error bars indicate SD. *P <0.05, *P <0.001, **P <0.0001. Statistical test: two-tailed
unpaired t test.
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To confirm the results obtained on MIBC cell lines following CDCP1 KO or blockade we
performed CDCP1 overexpression in murine organoid models of bladder and prostate.
The procedure for the organoids generation is described in Fig. 23A and involves the
excision of the bladder and the prostate from our CDCP1'%stp-ox mouse model, which can
overexpress CDCPL1 in any tissue following the activity of CRE recombinase, as explained
in Fig. 6. The organoids obtained upon the introduction of CRE recombinase in cells
isolated from the bladder and prostate via virus transduction show a successful CDCP1
overexpression and ERK1/2 activation (Fig. 23B). Moreover, cytokine analysis on the
media obtained from the organoids demonstrate that CDCP1 introduction triggered an
increased production of CCL2 and IL6 in both organ-derived organoids (Fig. 23C).
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Fig. 23: Cytokine level in murine organoids overexpressing CDCP1

(A) Generation of murine organoid models of CDCP1 overexpression in bladder and
prostate. Briefly, bladder and prostate were dissected from CDCP1'oxstop-lox mice and
dissociated. Bladder and prostate cells were then transduced with CRE recombinase virus
and seeded in Matrigel to form organoids. (B) Top: WB for CDCP1, pERK1/2, ERK1/2,
B-actin on murine bladder and prostate organoids. Bottom: representative pictures of
bladder and prostate organoids. (C) Bar plot of CCL2 and IL6 concentration in bladder
and prostate organoids CM after 14 days incubation. Bladder, n=6; prostate, n=4. Error
bars indicate SD. *P <0.05, **P <0.001. Statistical test: two-tailed unpaired t test.
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Next, we analyzed whether macrophages infiltrating CDCP1-expressing tumors present
pro-tumoral features. To do that, we first examined the macrophage phenotype induced
by exposure to the media from CDCP1 KO and WT MIBC cell lines. Results show that the
media collected from CDCP1-KO cells induces a reduced expression of CD163"; and
CD200R" in the macrophage population when compared to the media from cells
expressing CDCP1 (Fig. 24A). A similar effect is observed when MIBC cell lines are pre-
incubated with the anti-CDCP1 Ab (Fig. 24B). Moreover, to test whether this phenotype is
also confirmed in a complex organism, we characterized the macrophage population in
our mouse model for PCa that overexpress CDCP1 in a Pten”- background and compared
it with controls carrying only the Pten”- genetic modification. As expected, mice with the
Pten”; CDCP1* genotype showed higher expression of CDCP1 in the epithelial cell
population (EpCAM*;CD457) when compared to the Pten’ controls (Fig. 24C). The
macrophage population expressing CD206 and CD163 was nearly 10 times bigger in
Pten”;CDCP1* mice compared to Pten” (Fig. 24D), confirming that the presence of
CDCP1 is correlated with an increased infiltration of pro-tumoral macrophages in the

tumor site.
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Fig. 24: Macrophage polarization

(A) FACS analysis for the percentage of CD163+, CD200R+ cells on PBMC-derived
macrophages exposed to CM from CDCP1-KO and WT MIBC cells. n=12. Error bars
indicate SD. **P < 0.001. Statistical test: two-tailed unpaired t test. (B) FACS analysis for
the percentage of CD163+, CD200R+ cells on PBMC-derived macrophages exposed to
CM from MIBC cells treated with anti-CDCP1 mAb vs. Ctrl. n=6. Error bars indicate SD.
**P < (0.001. Statistical test: two-tailed unpaired t test. (C) FACS analysis of the frequency
of CD45-, EpCAM+, CDCP1+ cells. Data obtained analyzing the prostate of our transgenic
mouse model for CDCP1-overexpressing PCa. n=9. Error bars indicate SD. *P < 0.05. (D)
FACS analysis of the frequency of CD45+, CD206+, CD163+ cells. Data obtained
analyzing the prostate of our transgenic mouse model for CDCP1-overexpressing PCa.
n=9. Error bars indicate SD. **P < (0.0001.
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3.3Generation of a model for senescence evaluation with CRISPaint

technology and identification of new senescence markers

As a first step for the identification of targetable senescence markers, we decided to
establish a new in-vitro model that allows easy detection of senescent cells. The crucial
aspect of this model is that established senescence markers, such as p16, p21 and -
GAL, are fused to mNeon, a green fluorescent protein. Thus, when senescence is
triggered, cells carrying the fusion proteins emit an enhanced fluorescence signal caused
by the upregulation of senescence markers. Our plan was then to sort low-mNeon cells
(non-senescent) and high-mNeon cells (senescent) and compare their transcriptome with
MRNA sequencing for the identification of new senescence targets. The concept of the
whole project is briefly represented in Fig. 25.

Senescence Fluorescent Fusion Normal Senescence Senescent
markers protein proteins cells induction cells

c +

pl6 mNeon
¢ 3. ¥ = o
p21 mNeon

B-GAL mNeon

FACS sorting
RNA sequencing and
{ Population comparisons

New senescence markers

Fig. 25: LNCaP CRISPaint model for senescence detection and marker discovery
Representation of the cell model for detecting senescence. The model was created using
CRISPaint technology, which allows the introduction of exogenous DNA in specific genetic
locations. In this way, fusion proteins composed by a renowned senescence marker and
the fluorescent protein mNeon were generated. The transcription of such fusion proteins
depends on the promoter of the specific senescence markers. Thus, fusion proteins
MRNA levels correspond to the mRNA level of the endogenous senesce markers. Image
created with BioRender.
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The fusion proteins were obtained in LNCaP cells via the CRISPaint methodology (Effern
et al., 2022; Schmid-Burgk et al., 2016) for three different senescence markers (p16, p21,
B-GAL). The three LNCaP clones were named LNCaP-p16-mNeon, LNCaP-p21-mNeon
and LNCaP-B-GAL-mNeon, and were analyzed via FACS for mNeon fluorescence
intensity before and after senescence induction with docetaxel treatment. Results show
that LNCaP clones treated with docetaxel successfully increase their mNeon fluorescence
(Fig. 26A). Moreover, we observed that all the clones had the tendency to cluster into
three different cell populations with increased mNeon intensity after the treatment, that we
named mNeonl+, mNeon2+, mNeon3+ (Fig. 26B). Interestingly, mNeon1+ and mNeon2+
are present in the Ctrl and Doce conditions, while mNeon3+ population only appear after

senescence induction with docetaxel.
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Fig. 26: Senescence induction in LNCaP CRISPaint clones

(A) Flow cytometry histograms indicating mNeon fluorescent intensity in LNCaP-p16-
mNeon, LNCaP-p21-mNeon and LNCaP-B-GAL-mNeon after senescence induction.
Senescence was induced with docetaxel treatment (0.6 nM) for 6 days. (B) Flow cytometry
graphs indicating the three cell populations observed after senescence induction with
docetaxel (0.6 nM) for 6 days. mNeon- are cells negative for mNeon, excluded from further
analysis because they include cells that failed the DNA insertion with CRISPaint. 1+, 2+,
3+ are the mNeonl+, mNeon2+ and mNeon3+ populations.
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To study the transcriptomic differences between the three cell populations (mNeonl+,
mNeon2+, mNeon3+), we FACS-sorted them starting from each of the 3 LNCaP clones
(LNCaP-pl6-mNeon, LNCaP-p21-mNeon, LNCaP-B-GAL-mNeon) and performed mRNA
sequencing. The plot in Fig. 27A shows that the three cell populations have a similar gene
expression in all the 3 clones. Moreover, we identified a cluster of genes that are
significantly different between mNeon-1+ and mNeon-3+ populations. Particularly, we
observed that those genes have a tendency to increase along the mNeon-1+, mNeon-2+

and mNeon-3+ populations (Fig. 27B).
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Fig. 27: mRNA sequencing in LNCaP CRISPaint clones

(A) Heat-map of the most differentially expressed genes in the three populations
(mNeonl+, mNeon2+, mNeon3+) for the three different clones (LNCaP-p16-mNeon,
LNCaP-p21-mNeon, LNCaP-B-GAL-mNeon). (B) Graphs of a selected cluster of genes
that have a stark expressional difference when comparing the mNeonl+ and mNeon3+
populations.
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We sorted again the different cell populations both from the Ctrl condition and the
docetaxel-treated condition (Doce) and analyzed with qPCR the cluster of genes identified
with the RNA sequencing (UGT2B11,GDF15, CLU, TP53I3, PHLDAS, KIF14, ATF5,
RRM2). The LNCaP-p21-mNeon shows the same pattern observed in the mRNA
sequencing. Indeed, all the genes variate gradually along the three cell populations in the
treated condition (Fig. 28, Fig. 29). In this clone, UGT2B11 and PHLDA are significantly
different also between the 1+ and 2+ populations of the untreated condition (Ctrl). The
LNCaP-3-Gal-mNeon shows a more variable pattern, but always maintains the same
tendency observed in the LNCaP-p21-mNeon clone (Fig. 28, Fig. 29). Lastly, the LNCaP-
p1l6-mNeon clone rarely shows any difference between the 1+ and 2+ population in the
Doce condition, but still has a distinct 3+ population (Fig. 28, Fig. 29).
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Fig. 28: gPCR analysis of LNCaP CRISPaint clones

gPCR analysis of a selected cluster of genes (UGT2B11, GDF15, CLU, RRM2, TP53I3,
KIF14, PHLDA, ATF5) in the different populations sorted from docetaxel treated (0.6 yM,
6 days) and Ctrl LNCaP clones. The figure continues with Fig. 29.
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Fig. 29: gPCR analysis of LNCaP CRISPaint clones

gPCR analysis of a selected cluster of genes (UGT2B11, GDF15, CLU, RRM2, TP53I3,
KIF14, PHLDA, ATF5) in the different populations sorted from docetaxel treated (0.6 yM,
6 days) and Ctrl LNCaP clones. The first part of this figure is in Fig. 28.
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4 Discussion

Tumors that either acquire resistance or are unresponsive to conventional therapies
represent a major challenge. Resistant or unresponsive clusters of tumor cells quickly
expand, leading to a more aggressive form of the disease, as in the case of CRPC.
Typically, CRPC develops from locally advanced or metastatic PCa within 2-3 years from
the start of the conventional therapy (Chandrasekar et al., 2015; Wadosky and
Koochekpour, 2016), which involves androgen deprivation through orchiectomy or ADT
(Tonry et al., 2020). Treating CRPC generally requires chemotherapy, which can prolong
survival by about 18 months (Calabro and Sternberg, 2007). However, resistance to
chemotherapy often occurs, requiring further adjustment to the treatment plan. Despite
the possibly indefinite treatment adjustments employed to manage advanced PCa, the
disease remains barely treatable and is associated with high mortality. Likewise, the long-
term survival rates for patients affected by the most advanced stages of MIBC (T3, T4) or
metastatic BCa are poor despite the use of current therapies (Abufaraj et al., 2016). The
first-line treatment for MIBC is radical cystectomy, sometimes combined with neoadjuvant
chemotherapy (Leach, 2023; Lopez-Beltran et al., 2024). While this approach has
seemingly good oncological outcomes, many patients still experience recurrence.
Therefore, stabilizing their condition after cystectomy with adjuvant chemotherapy seems
crucial. At the state of the art, the clinical practice suggests treating bladder-resected
patients with cisplatin-based adjuvant therapy, which can give a 6 % survival improvement
at 5 years (Lopez-Beltran et al., 2024). However, the relevance of adjuvant treatment with
cisplatin is still unclear due to the ambiguity of available clinical data, and the lack of
effective therapy for relapse containment after radical cystectomy partly defines the high
mortality for MIBC. Cisplatin is also the first-line treatment for metastatic BCa.
Nevertheless, nearly all patients with a partial or complete response to treatment
ultimately progress and die because of the disease (Lopez-Beltran et al., 2024). In
conclusion, advanced and metastatic forms of CRPC and MIBC still lack efficient
treatment options. Thus, the scientific community currently dedicates its efforts to finding
new targets for therapies that offer improved outcomes compared to the available

therapies. In this thesis, we contributed to this effort by analyzing novel therapeutic options
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for known markers of advanced urological cancers, such as CDCP1 and EGFR, and by

developing a system for identifying novel markers.

Expression of membrane proteins CDCP1 and EGFR frequently correlate with advanced
cancer stages, particularly in urological cancers (Alajati et al., 2020; Chaux et al., 2012;
Chow et al., 2001, 1997; Kamoun et al., 2020; Saponaro et al., 2023; Sigismund et al.,
2018). Their classical downstream pathways involve the activation of different protein
kinases that play an essential role in cancer cell growth and survival, such as AKTSs,
MAPKSs, and STATs (Khan et al., 2021; Levantini et al., 2022; Sigismund et al., 2018;
Yarden and Sliwkowski, 2001). Due to their pro-tumorigenic role and their transmembrane
localization, which makes them easily accessible to targeted therapies, they stand out as
good targets for developing novel anti-cancer therapies. Of note, CDCP1 and EGFR are
already established as targets for different therapeutic approaches. Especially, the use of
EGFR antibody-based therapies has already been approved in the clinic for treating
metastatic non-smal-cell lung cancer, colorectal cancer, squamous-cell carcinoma of the
head and neck, and pancreatic cancer (Chong and Janne, 2013; Ciardiello and Tortora,
2008). Moreover, antibodies targeting CDCP1 have already been produced and tested in-
vitro showing good responses in pre-clinical models of prostate and breast cancers (Alajati
et al., 2020; Kollmorgen et al., 2013; Siva et al., 2008). To improve the potential effects of
targeting CDCP1 and EGFR, we decided to generate Nbs against these proteins. Our
decision was mainly influenced by evidence showing the several advantages of Nbs over
mADs. In the first place, Nbs are characterized by an impressively smaller size, which
facilitates their penetration in solid tumors resulting in higher bioavailability of the drug
directly inside the tumor mass (Jin et al., 2023). Moreover, the high water solubility of Nbs
grants a short half-life and fast elimination. Therefore, they are excellent for reducing side
effects due to “on-target” and/or “off-target” toxicity (Bao et al., 2021). We must also
consider that urological tumors, especially BCa and kidney cancer, are in contact with the
urine flow. Thus, the high water solubility of Nbs may also be indirectly advantageous for
facilitating their migration to the tumor site via urine flow. Considering all these factors, we
produced Nbs against CDCP1 and EGFR. After identifying Nbs with high affinity for our
targets (Fig. 14, 17), we tested their biological effect on cell lines. Nbs targeting CDCP1
were initially tested on PC3 and SCaBER without showing any effect on CDCP1
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expression or cell growth (data not shown). On the other hand, four Nbs targeting EGFR
showed strong inhibition of EGFR signaling (Fig. 18A). Since the experiment required the
incubation of cells with Nbs for 2 h and consequent stimulation with EGF for 10 min, we
concluded that Nbs antagonism to EGF is most probably responsible for the observed
effect. As a logical consequence of EGFR signaling deregulation, these four Nbs also
successfully inhibited cell growth in a long-term experiment (Fig. 18B). When analyzing
the lack of response to anti-CDCP1 Nbs, we must consider that CDCP1 has no identified
physiological ligand. Therefore, it is probable that its regulation may require influencing
the protein turnover, a much more complex mechanism than simply antagonizing the
ligand. Among the classical mechanisms regulating membrane protein expression,
endocytosis followed by proteolysis (Tsao et al., 2001) sounds appropriate for inducing
the reduction of CDCPL1 levels. Importantly, evidence proves that it is possible to trigger
the endocytosis-proteolysis process via aggregation of membrane proteins utilizing mAbs
(Paul et al., 2023). To study whether CDCP1 downregulation may also benefit from
aggregation, endocytosis, and proteolysis, we decided to couple our Nbs with rFc to
generate rFc-Nbs, which substantially present the same structure as Hc-Abs. In this
format, four Nbs strongly affected CDCP1 levels (Fig. 16A), and two of them (H10 and
A06) also reduced cell growth (Fig. 16B). This result suggests that dampening the tumor-
promoting effect driven by CDCP1 may require the aggregation and internalization of the
protein. Interestingly, based on our results in Fig. 15, all the rFc-Nbs that showed an effect
on CDCP1 downregulation and/or cell growth target the same region of CDCP1. Later,
since rFc-Nbs do not represent a real improvement compared to mAbs, we planned to
generate smaller Nb dimers that could maintain the protein-aggregating property in a
reduced format. We linked two Nb monomers with a 963.87 Da amino acidic linker
generating four different dimer combinations with the two Nbs that showed cell growth
inhibition in the rFc format. Two homodimer-Nbs, H10-H10 and A06-A06, and two
biparatopic heterodimer-Nbs, H10-A06 and A06-H10, were generated. Heterodimer-Nbs
showed increased CDCP1 downregulation compared to the rFc-Nbs (Fig. 16C).
Homodimer-Nbs had comparable efficacy (Fig. 16C). Interestingly, the four dimers further
reduced cell growth compared to rFc-Nbs (Fig. 16D). rFc-Nbs and Nb dimers were
obtained quite easily via cloning the sequence of our Nbs into specific vectors. Indeed,

manipulation of Nbs only requires a fast and easy approach due to their simple structure.
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This quality further emphasizes the advantage of a Nb approach over mAbs and allows
us to be more flexible and creative with the format design. For instance, we plan to
generate bi-specific Nbs targeting CDCP1 and EGFR simultaneously, starting from our
positive hits. The conceptualization of this strategy is based on the two proteins sharing
common downstream pathways and even dimerizing to activate the MAPK/ERK pathway.
Moreover, both CDCP1 and EGFR are upregulated in the Ba/Sq subtype of MIBC (Alajati
et al., 2020; Chopra et al., 2023; Kamoun et al., 2020), strongly suggesting a possible
interrelation between these two proteins. Altogether, anti-EGFR Nbs and anti-CDCP1 Nb-

dimers show promising characteristics for developing innovative Nb-based therapies.

Immune components of the TME represent an additional cause for drug resistance in
urological cancers. Specifically, the infiltration of TAMs in MIBC is strongly associated with
poorer patient outcomes and increased resistance to adjuvant chemotherapy (Koll et al.,
2023). A similar conclusion was also drawn in our previous publication concerning CDCP1
levels. Indeed, we observed a correlation between CDCP1 expression and shorter
survival for patients treated with adjuvant chemotherapy (Hooper et al., 2003). Moreover,
higher CDCP1 expression was observed in the Ba/Sq subtype of MIBC (Chopra et al.,
2023; Saponaro et al., 2023), which is known to be infiltrated by a larger number of
immune cells among the MIBC subtypes (Saponaro et al., 2023). Considering the
observed liaison between CDCP1, TAMs and drug resistance in MIBC, we speculated
that CDCP1 and TAM infiltration might be correlated too. The first insight that our
hypothesis may hold biological value emerged about a year after our publication when
Brina et al. showed that, in PCa transgenic mouse models, tumors overexpressing CDCP1
have high F4/80 and CD11b expression compared to tumors harboring different
backgrounds (Brina et al., 2023). This evidence led us to hypothesize that CDCP1 may
play an active role in macrophage recruitment thereby influencing tumor progression. If
true, CDCP1 not only promotes tumor growth through its downstream signaling but also
by creating an immune-suppressive TME. The first analysis we performed was IHC for
macrophage markers CD68 and CD163 on an MIBC TMA and a PCa TMA. Results
obtained for both sets of patients showed that CDCP1 expression correlates with CD163
and CD68 expression (Fig. 19A, 19C), validating our hypothesis from the clinical point of

view. Strikingly, more than half of patients expressing high levels of CDCP1 have
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combined high CD68 and high CD163 expression, while there is a 20 % reduction of
CD68high, CD163high tumors in patients with low CDCP1 levels (Fig.19B, 19D). We
investigated further the biological mechanism favoring the CDCP1-TAM correlation. It
is widely accepted that the most straightforward mechanism explaining macrophage
trafficking to target sites is chemotaxis, which is induced by specific cytokines (Hughes
and Nibbs, 2018). At the same time, several studies reported the pivotal role of tumor cell-
derived cytokines in monocyte/macrophage recruitment (Candido and Hagemann, 2013;
Szebeni et al., 2017). Therefore, we investigated whether tumor cells expressing CDCP1
may be directly responsible for TAM recruitment via cytokines production. We generated
MIBC cell lines KO for CDCP1 and analyzed their CM to compare the production of
inflammatory cytokines with the CDCP1-expressing wild-type cell lines. Our results
showed that CDCP1 KO importantly impairs the production of CCL2 and IL6 (Fig. 20B).
Notably, CCL2 is the most important chemokine responsible for macrophage chemotaxis
(Gazzaniga et al., 2007; Lim et al., 2016; Popivanova et al., 2009). Accordingly, CM
collected from CDCP1-KO cell lines reduced macrophage migration when tested on
PBMC-derived macrophages (Fig. 20C). We later showed reduction of CCL2/IL6
production and macrophage migration with media collected from the same cell lines upon
treatment with an anti-CDCP1 mAb, observing comparable effect to the KO of CDCP1
(Fig. 21). Consistent with previous publications showing that CDCP1 levels correlate with
ERK phosphorylation (Alajati et al., 2020; Khan et al., 2021; Saponaro et al., 2023), both
CDCP1 KO and the mAb reduced the activation of ERK1/2 (Fig. 20A, 21B). Hence, we
tested whether ERK inhibition alone could downregulate the expression of CCL2 and IL6
in MIBC cells, obtaining affirmative results (Fig. 22). Since there is also alternative
evidence showing that ERK1/2 can be correlated with cytokines production (Cui et al.,
2021; He et al., 2022; Jain et al., 2014, Peter et al., 2020; C. Wang et al., 2022; Yokota et
al., 2022), we concluded that CDCP1/ERK axis may be responsible for CCL2 and IL6
production in tumor cells expressing CDCP1. The generation of bladder and prostate
murine organoids overexpressing CDCPL1 further confirmed our hypothesis. Indeed, when
CDCP1 was upregulated, ERK showed increased phosphorylation (Fig. 23B), and the
levels of CCL2 and IL6 also rose (Fig. 23C). Despite the gained clarity regarding the
mechanism correlating CDCP1 and macrophage recruitment, the exact phenotype of

macrophages infiltrating CDCP1-high tumors was still uncertain. The expression of CD163
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is generally considered a pro-tumoral macrophage marker, and as previously mentioned
we observed increased CD163 in tumors expressing high CDCPL1 levels (Fig. 19A, 19C).
Moreover, we observed high expression of CCL2 and IL6 in CDCP1-high tumor cells (Fig.
20B). This cytokine combination was previously reported to polarize macrophages
towards a pro-tumoral phenotype (Roca et al., 2009). However, we aimed to confirm the
macrophage phenotype experimentally. We collected the CM from WT and CDCP1-KO
MIBC cells to stimulate PBMC-derived macrophages isolated from twelve different donors.
Results show that the CM from WT cells polarize a higher % of macrophages towards a
pro-tumoral phenotype compared to the CM from CDCP1-KO cells (Fig. 24A). The same
conclusion was drawn when the anti-CDCP1 mAb was used on MIBC cells before
collecting the CM (Fig. 24B). Moreover, the analysis of macrophage markers on the PCa
isolated from our mouse model for CDCP1 overexpression showed high expression of
CD206 and CD163 compared its control (Fig. 24C). CD206 is, along with CD163, one of
the most relevant pro-tumoral macrophage markers. Overall, our results demonstrate that
CDCP1 actively promotes TAM infiltration in the tumor. This finding proves quite novel
since no previous report about an existing liaison between CDCP1 and TAM exists.
However, it has been shown that CDCP1 already influences the activity of certain immune
cells. Indeed, CDCPL1 is listed among the endogenous ligands of CD6 (Aragon-Serrano
et al., 2023). CD6 is a transmembrane protein expressed by CD8+ T cells, B cells, and
NK cells, and can act as a negative regulator of their function upon ligand binding (Aragon-
Serrano et al., 2023). A study conducted by Ruth et al. explored the use of 3all (anti-
human CDCP1) mAbs in the co-culture of PBMCs and different tumor cell lines expressing
CDCP1 (e.g. prostate, breast, lung) (Ruth et al., 2021). The authors observed an
enhanced killing of cancer cells by PBMCs (Ruth et al., 2021). Moreover, the blockade of
CD6 with anti-CD6 mAb showed a greater effect compared to interrupting the
programmed cell death 1 (PD-1)/PD-1 ligand 1 (PD-L1) axis, the most common target of
available immunotherapies (Ruth et al., 2021). Based on these evidences and our
findings, targeting CDCP1 could integrate effector cells-induced tumor cell killing and a
reduction of TAM infiltration, promoting the development of a strong anti-tumor
microenvironment. Of note, targeting TAM is already considered a promising approach to
antagonize tumor growth and advancement, reduce the development of drug resistance,

and improve patient outcomes (Ngambenjawong et al., 2017; Tang et al., 2013). The
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future perspective that we specifically envision for our research involves targeting CDCP1-
associated TAM infiltration with the Nb-dimers against CDCP1 that we developed and
characterized (Fig. 16). We would then suggest their application for the enhancement of

immunotherapies in advanced PCa and the Ba/Sq subtype of BCa.

The next mechanism that can promote drug resistance and progression in tumors is
senescence. As previously mentioned, senescent cells produce SASP, a bustling source
of cytokines and growth factors, supporting the growth and survival of post-chemotherapy
residual tumor cells (Angelini et al., 2013; Bhatia et al., 2008; Di et al., 2014; Gonzalez-
Meljem et al.,, 2018; Ruhland et al.,, 2016; Zacarias-Fluck et al., 2015). Eliminating
senescent cells was suggested as a possible solution to this problem (Gonzalez-Meljem
et al., 2018; Ohtani, 2022; Prasanna et al., 2021). However, accomplishing this effectively
is still complicated due to the ubiquity of senescence markers. Thus, we initially aimed to
find new targets that could be useful for developing more specific senolytic therapies. To
do so, we focused on developing a good model for identifying docetaxel-induced
senescence in-vitro. Our model consists of three distinct transgenic LNCaP cell clones
generated using the CRISPaint technology. Each clone expresses a different fusion
protein that combines a renowned senescence marker with the green fluorescent protein
mNeon and is regulated by the endogenous promoters of the specific senescence marker.
The three chosen senescence markers were pl6, p21, and B-GAL, and the resulting cell
clones were unequivocally named LNCaP-p16-mNeon, LNCaP-p21-mNeon, and LNCaP-
B-GAL-mNeon. These clones expressed increased levels of senescence markers upon
senescence induction with docetaxel (data not shown). Consequently, we detected
increased intensity of mNeon when analyzing them via FACS (Fig. 26A). After generating
an appropriate model for senescence detection, our original aim was to analyze the
transcriptome of low mNeon-expressing cells and high mNeon-expressing cells, expecting
that the scenario would be dichotomized between non-senescent cells and senescent
cells. However, following senescence induction, the scenario was quite different. Indeed,
docetaxel treatment on our cell model induced the presence of three different cell
populations, which we named mNeonl+, mNeon2+, and mNeon3+. This indicated that
the situation is slightly more convoluted than anticipated and supported the notion of a

heterogeneous senescent population, a concept also suggested by earlier studies (Cohn
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et al., 2023). Therefore, we decided to separate the three different populations with FACS
sorting for each LNCaP clone and analyze them with mRNA sequencing. Results showed
that gene levels in mNeonl+ and mNeon2+ are similar, although not completely identical
(Fig. 27A). mNeon3+ exhibited the most significant differences from the other two
populations (Fig. 27A). This was unsurprising since the mNeon3+ population is the only
one present exclusively after docetaxel treatment (Fig. 26B). In contrast, mNeonl+ and
mNeon2+ are also present in the untreated condition (Fig. 26B). The major observation
we made in our results is that the cluster of genes that are differentially expressed between
mNeonl+ and mNeon3+ are also progressively upregulated/downregulated across the
three populations (Fig. 27B). Basing on this particular behavior we developed two different
hypotheses. The first hypothesis describes the three populations as three different
senescence stages, where mNeonl+ is the non-senescent (normal cells), mNeon3+ is
the senescent, and mNeon2+ is an intermediate stage. In the second hypothesis,
mNeonl+ persists as the non-senescent population, while mNeon2+ and mNeon3+ are
two different types of senescence. Specifically, mNeon3+ corresponds to the
chemotherapy-induced senescent population and mNeon2+ to the naturally occurring
senescent population. It has been demonstrated that a certain degree of senescence
develops spontaneously in in-vitro and in-vivo systems. Thus, the concept that
senescence develops in cancer exclusively upon chemotherapy or radiotherapy is
nowadays obsolete. (Mikuta-Pietrasik et al., 2020). In-vitro, tumor cells can undergo
senescence when subjected to inadequate culture conditions, or following the
accumulation of mutations or the activation of oncogenes (Mikuta-Pietrasik et al., 2020).
Besides, the study from Poele et al. provides a clear example of non-chemotherapy-
related senescence directly in human tumors (te Poele et al., 2002). Here they analyzed
untreated breast cancer samples for SA-3-Gal expression and concluded that 10 % of the
cells exhibited a senescent pattern. Altogether, these considerations suggest that a
deeper examination of senescent cell heterogeneity is essential to differentiate between
peculiar senescence stages or populations before attempting the identification of
senescence markers by simply analyzing their transcriptome or proteome. Thus, our next
planis to dissect the heterogeneity of senescent cells after docetaxel treatment via single-
cell sequencing. Confirming that senescent cells present different stages/populations after

treatment may be crucial for developing a more thoughtful senolytic strategy. Indeed, the
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presence of a heterogeneous population after senescence induction may imply that the
‘one-two-punch” strategy needs deep rearrangements. Specifically, senolytic therapies
that target senescence universally may require replacement with senolytic therapies that
target specific senescent populations that are relevant for tumor management. An
additional aspect that we will analyze with single-cell sequencing is whether the post-
chemotherapy senescent population, in our system identified as mNeon3+, develops
starting from a time-0 specific cluster of cells that is, for example, more susceptible to
chemotherapy or characterized by a higher “commitment” to senescence rather than
apoptosis. Therefore, we will not exclusively address heterogeneity after docetaxel
treatment but also disclose the specific cell cluster that converts into senescent cells upon
chemotherapy in the tumor cell miscellany. We will try to map the dynamics of senescent
cell subpopulations throughout senescence development and the specific variations
occurring in their transcriptome during time. Ultimately, we aim to identify targets for
eliminating senescent-to-be cells before administrating any cytotoxic agent, thus avoiding
the emergence of senescence a priori. This approach would subvert the therapeutic
strategy previously suggested for senescent cell clearance, which is commonly

subsequent to chemotherapy.

Altogether, this study offers several suggestions for developing new therapies against
urothelial cancers that are unresponsive to traditional treatments. The Nb-based strategy
presented in this work showed promising results for targeting CDCP1 in locally advanced
PCa. Besides, results observed upon testing anti-EGFR Nbs in-vitro suggest their
application in the Ba/Sq subtype of MIBC. These preliminary statements require further
investigation in in-vivo systems, such as chorioallantoic membrane (CAM) assay or
murine models. Additionally, the investigation of TME in CDCP1 tumors revealed that
targeting CDCP1 may be indicated as a TAM-targeting strategy. Indeed, this protein
seems responsible for TAM infiltration in MIBC and PCa tumors, and its depletion reduces
macrophage recruitment and pro-tumoral phenotype. In the future, this treatment option
will be evaluated in preclinical models too. Lastly, generating a PCa model for senescence
visualization upon chemotherapy induction revealed that the senescence population in
cancer cells is heterogeneous. This observation suggested that a deeper characterization

of the senescent cell populations post-chemotherapy is essential for finding new
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senescence markers and improving the senolytic therapy. In a future scenario, the joint
effort between the clinic and research could allow the identification of high-CDCP1/high-
EGFR tumors or tumors with a high propensity for developing senescence. Such tumors
could then be treated accordingly. Indeed, targeting CDCP1, EGFR, and/or senescence
could be integrated in precision medicine, following the development of novel therapies
that can replace the high-range traditional therapies on the basis of our findings and

similar other studies.
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5 Abstract

Urological cancers are among the cancers with the highest incidence. In recent years,
several therapeutic solutions have been suggested and accepted in the clinic for
treatment, but tumors, especially the most aggressive forms, frequently develop
resistance to the available therapies. Thus, we focused on investigating novel solutions

for treating the most aggressive forms of urological cancers. Specifically, we aimed to:

1) Investigate the application of nanobodies (Nbs) as targeting agents for CUB
domain-containing protein 1 (CDCP1) in prostate cancer (PCa) and epithelial
growth factor receptor (EGFR) in the basal/squamous (Ba/Sq) subtype of bladder
cancer (BCa).

2) Study the correlation of CDCP1 with tumor-associated macrophage (TAM)
infiltration in PCa and BCa.

3) Characterize senescence for the discovery of new senescence markers in

advanced PCa.

CDCP1 is a transmembrane protein that correlates with tumor stage in several cancers.
In our experience, CDCPL1 is a promising target for treating advanced PCa. Thus, we
tested Nbs as an innovative strategy for its targeting. Nbs are the smallest existing region
of an antibody (Ab) that maintains the binding to their target and have several advantages
compared to Abs. They are 10 times smaller, making them ideal for treating solid tumors
since they can diffuse better in the tumor mass. Moreover, they are characterized by
cheaper and easier production and higher stability. We also considered the application of
Nbs for targeting EGFR, a transmembrane receptor known for sustaining tumor growth.
Drugs targeting EGFR are already used in lung and head and neck cancers. In this work,
we investigated EGFR targeting in the Ba/Sq subtype of BCa. This subtype is
characterized by high levels of EGFR and greater aggressiveness. Both targeting CDCP1
and EGFR with Nbs in these cancers revealed promising results. Indeed, Nb dimers
targeting CDCP1 reduced tumor growth in a PCa cell model, and Nbs targeting EGFR
reduced cell growth in a Ba/Sq BCa cell model.

In the second part of this work, we studied the correlation of CDCP1 with TAM infiltration.

CDCP1 correlates with the Ba/Sq subtype of BCa which is typically infiltrated by immune
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cells. Our results showed that CDCP1-expressing tumor cells produce high levels of CCL2
and IL6, contributing to macrophage recruitment. Macrophages infiltrating CDCP1 tumors
in our PCa mouse model overexpressing CDCP1 have the typical characteristics of tumor-
associated macrophages (TAMs), which are reported to create an environment that
promotes tumor growth and reduces immune responses. Thus, their elimination from the
tumor microenvironment (TME) proves essential to dampen tumor aggressiveness and
improve tumor responsiveness to immune therapy. Treatment with mAbs targeting
CDCP1 efficiently reduced CCL2 and IL6 production and the migration potential of

macrophages.

In the final part of this work, we aimed to discover new senescence markers to combine
chemotherapy, such as docetaxel, with more efficient senolytic drugs. This proves
fundamental since senescent cells could cause tumor relapse or aggravate tumor growth
due to the production of growth factors and cytokines. However, targeting senescent cells
is challenging due to their similarities with normal cells. To find a suitable marker for
senescent cell elimination, we first developed a new model for senescence individuation
using the CRISPaint technology. This technology allowed for the visualization of
senescent cells in real-time and suggested that the situation after treatment with docetaxel
in PCa is more complicated than expected. Indeed, we did not observe the formation of a
senescent population but the presence of 3 different populations. We separated these
populations and performed mRNA sequencing to identify specific population markers. We
obtained a set of 8 genes that are progressively up- or down-regulated along the 3
populations, suggesting that different levels of senescence characterize these

populations. To investigate this further, we plan to perform single-cell sequencing.

Altogether, the results presented in this thesis suggest some solutions for treating
aggressive BCa or PCa. In particular, using Nbs to target CDCP1 or EGFR and targeting
CDCPL1 to reduce TAM infiltration. Finally, this thesis reveals the complexity of the
senescent phenotype that requires a deeper investigation and an improved definition

before being targeted efficiently.
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