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Abstract

Retinoblastoma (RB) is the most common intraocular tumor in early childhood,
originating from the juvenile retina and affecting approximately 7,500 patients each
year. RB is most frequently caused by a biallelic loss of the tumor suppressor gene
RB1.

The first part of this study focuses on our latest research findings in the field of liquid
biopsy (LB) and describes the protein "trefoil factor family 1" (TFF1) as an LB
biomarker in aqueous humor (AH) for an advanced RB subtype. TFF1 is expressed in
the eye only in tumor cells of the advanced RB subtype, demonstrating the potential
diagnostic and prognostic value of TFF1. In addition, we were able to demonstrate the
benefit of TFF1 for therapy monitoring, as decreasing TFF1 levels after treatment with
chemotherapeutic agents correlated with the onset of therapeutic success. Previous
studies of our group showed that overexpression of TFF1 in RB cells leads to
upregulation of the “gastric inhibitory polypeptide receptor” (GIPR).

The second part of this study, focuses on the role of GIPR in RB where our
investigations showed that the expression of TFF1 and GIPR correlates in patient
tumors. Further functional analysis in RB cells showed a significant decrease in cell
viability, proliferation, and growth rates, with a concomitant increase in apoptosis after
stable lentiviral GIPR overexpression, which was consistent with the effects after TFF1
overexpression. Further experiments in an alternative in vivo chicken chorioallantoic
membrane (CAM) model showed that GIPR-overexpressing RB cells formed
significantly smaller tumors than the control group. Furthermore, the effect of GIPR
overexpression in RB cells could be reversed by the addition of a GIPR inhibitor. The
addition of recombinant TFF1 showed no enhanced effect on GIPR overexpressing
RB cells, suggesting that GIPR does not serve as a TFF1 receptor. Investigations into
potential GIPR upstream and downstream mediators suggest the involvement of
miR-542-5p and p53 in GIPR regulation and signal transduction.

The third part of this study introduces new and optimized inhibitors of the “CXC
chemokine receptor type 4” (CXCR4) which were tested on RB cells and compared
with previously established inhibitors. The efficiency of the inhibitors of the CXCR4
receptor was investigated in various in vitro studies and in vivo CAM assays on RB cell
lines. In particular, the more stable inhibitor #JM198 was shown to have an improved



antagonistic effect compared to the CXCR4 inhibitor, resulting in a significantly
improved reduction in tumor cell growth in RB cells.

The fourth part of this study discusses novel drug delivery approaches using
functionalized gold nanoparticles (GNPs) which were tested for the treatment of
chemoresistant RB cells. For this purpose, GNPs were functionalized with hyaluronic
acid (HA) for increased uptake and with atrial natriuretic peptide (ANP), known for its
inhibitory effect on neoangiogenesis, and tested in various in vitro and in vivo
experiments. In addition, different application strategies were tested in an orthotopic in
vivo RB eye model of newborn rats. Treatment of chemoresistant RB cells with ANP-
HA-GNPs in ovo resulted in a significant reduction of tumor growth and angiogenesis
compared to control groups. This effect could be verified in the rat eye model, where a
non-invasive application via eye drops was also tested, which resulted in a reduction
of tumor growth in the rat eye.

Overall, this study encompasses a multifaceted approach from the establishment of
new biomarkers to the elucidation of molecular mechanisms and the development of
targeted therapies with the aim of improving the treatment of RB, preserving patients'

vision, and facilitating long-term monitoring of tumor progression.
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Abstract (German)

Das Retinoblastom (RB) ist der haufigste intraokulare Tumor im Kindesalter, der von
der juvenilen Netzhaut ausgeht und jahrlich etwa 7500 Patienten betrifft. Das RB
entsteht fast immer durch den biallelischen Verlust des Tumorsuppressorgens RB1.
Der erste Teil dieser Arbeit befasst sich mit unseren neuesten Forschungsergebnissen
auf dem Gebiet der “Liquid Biopsy“ (LB) und beschreibt das Protein "Trefoil factor
family 1" (TFF1) als LB Biomarker im Kammerwasser fur einen aggressiveren RB
Subtyp. TFF1 wird im Auge nur in Tumorzellen des aggressiveren RB-Subtyps
exprimiert, was den potenziellen diagnostischen und prognostischen Wert von TFF1
verdeutlicht. Dariiber hinaus konnten wir den Nutzen von TFF1 fiir die Uberwachung
des Therapieerfolgs aufzeigen, da sinkende TFF1-Konzentrationen nach der
Behandlung mit Chemotherapeutika mit dem Therapieerfolg Kkorrelierten.
Vorangegangene Studien unserer Arbeitsgruppe haben gezeigt, dass die
Uberexpression von TFF1 in RB-Zellen zu einer Hochregulation des “gastric inhibitory
polypeptidereceptor” (GIPR) fuhrt.

Deshalb wurde im zweiten Teil der vorliegenden Arbeit die Rolle von GIPR im RB
untersucht und gezeigt, dass die Expression von TFF1 und GIPR in Patiententumoren
korreliert. Weitere funktionelle Analysen in RB-Zellen zeigten eine signifikante
Reduktion der Zellviabilitat, Proliferation und Teilungsrate bei gleichzeitiger Erh6hung
der Apoptose nach stabiler lentiviraler GIPR-Uberexpression. Diese Effekte waren
denen der TFF1-Uberexpression in RB-Zellen &hnlich. In weiteren Experimenten in
einem alternativen in vivo Huhner-Chorioallantois-Membran (CAM) Modell wurde
gezeigt, dass GIPR-Uberexprimierende RB-Zellen signifikant kleinere Tumore bildeten
als die Kontrollgruppe. Dartiber hinaus konnte der Effekt der GIPR-Uberexpression in
RB-Zellen durch Zugabe eines GIPR-Inhibitors umgekehrt werden. Die Zugabe von
rekombinantem TFF1 hingegen =zeigte keinen verstarkten Effekt auf GIPR-
Uberexprimierende RB-Zellen, was darauf hindeutet, dass GIPR nicht als TFF1-
Rezeptor fungiert. Die Untersuchung von potentiellen Upstream- und Downstream-
Mediatoren von GIPR deutet darauf hin, dass miR-542-5p und p53 an der Regulation
und der Signaltransduktion des GIPR beteiligt sind.

Im dritten Teil der vorliegenden Arbeit wurden neue und optimierte Inhibitoren des
“CXC-Chemokinrezeptors Typ 4“ (CXCR4) an RB-Zellen getestet und mit bereits
etablierten Inhibitoren verglichen. Dabei wurde die Wirksamkeit der Inhibitoren des
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CXCR4-Rezeptors in verschiedenen in vitro Studien und in vivo CAM-Assays an RB-
Zelllinien untersucht. Hierbei zeigte sich, dass vor allem der stabilere Inhibitor #JM198
eine verbesserte antagonistische Wirkung auf den CXCR4-Inhibitor ausubt und
dadurch das Tumorzellwachstum in RB-Zellen starker reduziert.

Im vierten Teil der vorliegenden Arbeit wurden neue Ansatze zum Wirkstofftransport
mittels  funktionalisierter =~ Goldnanopartikel (GNPs) zur Behandlung von
chemoresistenten RB-Zellen getestet. Dazu wurden GNPs mit Hyaluronsaure (HA) zur
besseren Aufnahme und mit atrialem natriuretischem Peptid (ANP), das fur seine
hemmende Wirkung auf die Neoangiogenese bekannt ist, beschichtet und in
verschiedenen in vitro- und in vivo- Experimenten getestet. Aullerdem wurden
verschiedene Applikationsstrategien in einem zuvor neu etablierten orthotopen in vivo
RB-Augenmodell neugeborener Ratten getestet. Die Behandlung von
chemoresistenten RB-Zellen mit ANP-HA-GNPs in ovo fuhrte zu einer signifikanten
Reduktion des Tumorwachstums und der Angiogenese im Vergleich zu den
Kontrollgruppen. Dieser Effekt konnte im Augenmodell der Ratte verifiziert werden,
wobei auch eine nicht-invasive Applikationsform Uber Augentropfen getestet wurde,
die das Tumorwachstum im Rattenauge reduzierte.

Insgesamt zeigt diese Arbeit einen vielschichtigen Ansatz von der Etablierung neuer
Biomarker Uber die Aufklarung der molekularen Mechanismen bis hin zur Entwicklung
zielgerichteter Therapien mit dem letztendlichen Ziel, die Behandlung des RB zu
verbessern, das Sehvermodgen der Patienten 2zu erhalten und die

Langzeituberwachung der Tumorprogression zu erleichtern.
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Introduction

Retinoblastoma

Retinoblastoma (RB) is a rare tumor disease of the juvenile retina, with an incidence
of approximately 1 case in about 15,000 - 20,000 live births worldwide (Kivela, 2009,
Dimaras et al., 2012, Munier et al., 2019). Although this tumor entity is not prevalent,
RB is the most common intraocular tumor in early childhood (Bornfeld et al., 2020,
Bouchoucha et al., 2023, Byroju et al., 2023). Untreated retinoblastoma is lethal due
to metastasis through the optic nerve to the brain or to orbital tissues (Bornfeld et al.,
2020).

It is currently believed that RB develops from cone photoreceptor precursor cells (Xu
et al., 2009, 2014, Kaewkhaw and Rojanaporn, 2020) and in over 98% of all cases is
related to the biallelic loss of the retinoblastoma gene 1 (RB1; Cobrinik, 2024). About
60% of all RB cases are non-hereditary whereas the remaining 40% are hereditary
(autosomal-dominant; Kleinerman et al., 2012).

In the hereditary variant, a mutation in one allele of the RB7 gene is already present in
the germline (Figure 1), followed by a second mutation of the second allele in a somatic
cell. Since all somatic cells already carry one defective allele, the risk of multiple tumor
locations in one eye is increased, and tumors may also develop in both eyes (bilateral).
The non-hereditary variant of RB, in which both alleles of the RB7 gene are mutated
in somatic cells, usually occurs in one eye (unilateral; Knudson, 1971; Little et al.,
2012).
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1st Hit 2nd Hit

Rb development
Heritable
rb Germline Developing * Early age
retina * Multiple
* Bilateral
Nonbheritable @0 Qo
b 9% 9)5)
Developing Developing * Later age
retina retina *Single
* Unilateral

Figure 1: Inheritance of retinoblastoma. Two mutational events (two hits) in a retinal cell, most
likely a developing cone photoreceptor cell, lead to damage of the RB7 gene and finally to RB. In
hereditary RB (top), an inherited germline mutation (first hit) is followed by a second mutation
(second hit) in the developing retina. These tumors are usually diagnosed at an early age and form
multiple tumors in both eyes. In the non-inherited variant of RB (below), two different mutation
events occur in somatic cells, deactivating the RB71 gene. These tumors are usually diagnosed later

and form single, unilateral tumors. Adapted from Mendoza and Grossniklaus, 2015.

RB1 was the first described tumor suppressor gene (Knudson, 1971, Comings, 1973,
Friend et al., 1986), and it changed the scientific view of cancer. The RB7 gene spans
about 180,000 bases with 27 exons and is located on chromosome 13q14. Dommering
and her colleagues described the distribution of RB71 mutations in a cohort with 1173
patients and classified them as: 37% nonsense, 20% frameshift, 21% splice, 9% large
insertions and deletions, 5% missense, 7% chromosomal deletions, and 1% in the
promoter region (Dommering et al., 2014). The RB1 gene encodes for the RB protein,
which regulates transcription of cell cycle genes by interacting with transcription factors
of the E2F family; as a result, transcription of cell proliferation genes are altered
(Cobrinik, 2005, Henley and Dick, 2012, Dyson, 2016). While the biallelic loss of RB1
marks the initial stage of RB, additional mutations are needed for progression into a
malignant state; otherwise it remains as non-proliferative retinoma, the precursor of
RB (Gallie et al., 1982, Dimaras et al., 2008).

Only about 1.4% of all RB cases are not caused by the biallelic loss of the RB1 gene,
but by amplification of MYCN (Rushlow et al., 2013, Cobrinik, 2024). Findings by
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Ruschlow and colleagues suggest that RB tumors with MYCN amplification are derived
from an earlier retinal progenitor cell rather than from a cone photoreceptor precursor
cell (Rushlow et al., 2013). MYCN amplification can also occur in addition to an RB1
mutation, and all MYCN-amplified RB tumors always belong to a more aggressive
subtype (Liu et al., 2021, Markovic¢ et al., 2023, Vempuluru et al., 2024).

Using a cohort of 102 RB tumors, Liu and colleagues showed that there are two
subtypes of RB, which are associated with different clinical and pathologic features
(Liu et al., 2021). Besides RB1 inactivation, subtype | has fewer genetic alterations and
forms differentiated tumors. In contrast, almost all subtype Il tumors have recurrent
genetic alterations, such as MYCN amplifications, in addition to RB1 inactivation, and
form less differentiated tumors with stemness features (see section: “Trefoil factor

family peptides as biomarkers”).

Diagnosis, prognosis and challenges

Retinoblastoma is diagnosed within the first five years of life in more than 90% of
cases. RB is the only tumor of the central nervous system that can be seen with the
naked eye. The first sign of a developing RB is a whitish reflection in the eye, often
seen in photographs taken with a flash. This symptom, also known as leukocoria
(Figure 2), is caused by infiltration of the tumor into the vitreous body, which causes
reflection of incident light. Other common, visible symptoms include: proptosis,
swelling, strabismus, and a collection of pus in the anterior chamber (hypopyon;
Dimaras et al., 2012). Computed tomography, magnetic resonance imaging, optical
coherence tomography, fluorescence angiography and ultrasound examinations are
usually used to verify the diagnosis of RB (Moulin et al., 2012, Kim et al., 2014, De
Jong et al., 2016, Gaillard et al., 2018, Bornfeld et al., 2020). These methods allow
early diagnosis of RB with clarification of choroidal infiltration and seeding into the
vitreous body (Bornfeld et al., 2020). However, since diseases such as Coats' disease
exhibit many, if not all, of the symptoms of RB, a definitive diagnosis is often not
possible and can only be confirmed by histopathologic examination.

Major differences in mortality rates exist between various regions of the world. In Africa
and Asia, the average survival rate is 30 - 60%, while in high-income countries such
as Canada, the USA and countries within Europe, 95-98% of RB patients survive RB
(Leal-Leal et al., 2004, MacCarthy et al., 2006, Kivela, 2009, Dimaras et al., 2012,
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Nyamori et al., 2012, Meel et al., 2020). One of the reasons for the disparity in mortality
rates is early diagnosis in high-income countries. Untreated RB can progress rapidly

and can grow from small intraretinal tumors to extraocular tumors (Table 1) within

months.

Table 1: RB tumor staging according to the TNM system. Corresponding tumors are shown in

Figure 2. Adapted and modified from Tomar et al., 2020.

Staging Tumor

Features

T1a

Tumors < 3 mm and farther
than 1.5 mm from the disc and
fovea

T1b

Tumors > 3 mm or closer than
1.5 mm to the disc and fovea

T2a

Subretinal fluid > 5 mm from
the base of any tumor

T2b, T3a

Tumors with vitreous seeding or
subretinal seeding

Phthisis or pre-phthisis bulbi

T3b

Tumor invasion of the pars
plana, ciliary body, lens,
zonules, iris, or anterior

chamber

T4a, b, c, d

Radiologic evidence of
retrobulbar optic nerve
involvement or thickening of the
optic nerve or involvement of
the orbital tissues

Extraocular tumor clinically
evident with proptosis and
orbital mass

While unilateral RB is diagnosed at an average age of 27 months in Canada, it is

diagnosed at 36 months in Kenya (Figure 2 B; Dimaras et al., 2012).

16



A
TNM T2b, T3a T3b T4a,b, c,d
B

T1a T1b T2a

Canada

Delay in diagnosis

Figure 2: Progression of retinoblastoma. A) RB progresses from small intraretinal tumors (TNM
T1a) to massive orbital retinoblastoma metastasizing to the brain (TNM T4a-b). B) The average
diagnosis of unilateral RB in Canada is 9 months earlier than in Kenya. The delay in diagnosis has
a negative impact on patient survival. TNM=Tumor Node Metastasis Cancer Staging. Adapted and
modified from Dimaras et al., 2012.

Since the RB1 gene, a tumor suppressor that is also involved in other tumor entities,
is missing in the hereditary variant of RB, the risk of developing secondary tumors such
as sarcomas is significantly increased (Kleinerman et al., 2005, 2012, Marees et al.,
2008).

Patients with bilateral RB also have a up to an 8% risk of developing pinealoblastoma
(trilateral), a central nervous system malignancy originating in the pineal gland (Aerts
et al., 2006). The pineal gland comprises of the neuroectoderm of the posterior part of
the upper part of the diencephalon and contains embryonic photoreceptor cells,
therefore it can develop a tumor analogous to RB. The prognosis is significantly poorer
when trilateral RB is diagnosed (Aerts et al., 2006, Yamanaka et al., 2019).
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Current treatment strategies

A treatment strategy depends on the laterality and TNM staging (Table 1 and Figure
2). TNM staging is a classification of tumor diseases that considers the size of the
primary tumor (T), potential lymph node involvement (N), and possible metastases (M).
To prevent the spread of metastases, the eye may be completely removed
(enucleation), which is particularly common in unilateral RB (Lu et al., 2019). However,
over the past 15 years there has been a shift in the direction of preserving the eye as
a treatment goal (Ancona-Lezama et al., 2020, Zhou et al., 2022). A range of
chemotherapies can be used for this purpose, which can be administered both
systemically and locally. During systemic chemotherapy combinations of various
cytostatic drugs such as vincristine, etoposide, and carboplatin (VEC-therapy) are
administered in order to reduce tumor mass (Fabian et al., 2017, Temming et al., 2017,
Naseripour et al., 2022, Kritfuangfoo and Rojanaporn, 2024). For local chemotherapy,
melphalan or topotecan is usually administered intra-arterially (intra-arterial
chemotherapy, IAC) or intravitreally (intravenous chemotherapy, IVC). For IAC, a
catheter is inserted via the femoral artery into the Arteria carotis to reach the Arteria
ophthalmica (Suzuki and Kaneko, 2004, Castela et al., 2023). In recent years, IVC has
become one of the most important therapeutic options in the treatment of RB (reviewed
in: Lavasidis et al., 2024). It is characterized by low overall toxicity for the patient and
excellent therapeutic success. The cytostatic drug is injected directly into the vitreous
body of the eye. To prevent extraocular growth of the tumor, special safety precautions
must be taken, such as short-term induction of bulbar hypotony by targeted
paracentesis of the aqueous humor (Shields et al., 2016, Francis et al., 2017, Francis
and Brodie et al., 2017, Abramson et al., 2019).

However, a problem with chemotherapy treatment is the risk of developing
chemotherapy resistance. The development of resistance can hamper follow-up
treatment of relapses, since resistance often occurs not only to the drug administered,
but also to drugs that have a mechanism of action similar to the chemotherapeutic
agent originally administered (reviewed in: Bukowski et al., 2020).

Other treatment options are cryotherapy and brachytherapy, which are often used in
combination with chemotherapy. Percutaneous radiotherapy was considered as a
promising treatment option in the past, but long-term studies have shown that it
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significantly increases the risk of secondary tumors (Kleinerman et al., 2005, Temming
et al., 2017).

Proton beam therapy (PBT), which is more precise and less harmful to surrounding
tissue than conventional radiation therapy, is also used to treat RB (reviewed in:
Thomas and Timmermann, 2020; Biewald et al., 2021). Long-term studies by Mouw et
al. showed that in a cohort of 41 bilateral RB patients treated with PBT, no patient died
and only one patient with hereditary RB disease developed a secondary cancer after
10 years of treatment (Mouw et al., 2014).

Liquid biopsy: Aqueous humor

Liquid biopsy (LB) is a non- or minimally invasive analysis of components in various
body fluids. In oncology, LB is used to analyze tumor-associated components,
including extracellular vesicles, tumor-derived cell-free DNA/RNA, metabolites and
secreted proteins, which provide additional information for tumor diagnosis, prognosis
and therapy monitoring. The use of LB to analyze various body fluids, including blood,
cerebrospinal fluid, urine, and saliva, has gained great acceptance in recent years
(Russano et al., 2020, Escudero et al., 2021, Oshi et al., 2021, Trujillo et al., 2022,
Kumar et al., 2024).

Biomarkers are measurable parameters of biological processes that have prognostic
or diagnostic value and can therefore be used as indicators of diseases. Recently, the
search for biomarkers has extended to body fluids such as aqueous humor (AH; Berry
etal., 2020). AH is a clear, watery fluid that fills the anterior chamber of the eye, located
between the cornea and the lens. Produced by the ciliary body, AH serves several
important functions in maintaining ocular health. AH provides nutrients and oxygen to
the avascular structures of the eye, such as the cornea and lens, while also removing
metabolic waste products. Furthermore, it assists in maintaining intraocular pressure,
which is vital for the shape and stability of the eyeball, thereby contributing to optimal
vision (reviewed in: Goel et al., 2010).

In the treatment of RB patients, AH is usually a side product of IVC to induce bulbar
hypotension (see section “Current treatment strategies”). AH can be obtained easily
by puncturing the anterior chamber of the eye with a fine cannula syringe (Munier et
al., 2012).
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In addition to the easy availability of material for analysis, an advantage over tissue
biopsy is that liquid biopsy can provide information about the entire tumor, and hence
intratumoral heterogeneity (Venesio et al., 2018, Heitzer et al., 2019). In contrast, a
standard tumor biopsy shows only a specific region of the tumor. These benefits may
be used in the future to improve diagnosis and prognosis, and monitor responses to
therapy (Escudero et al., 2021, Trujillo et al., 2022, Busch et al., 2023, Wang et al.,
2023). A number of potential new biomarkers have been identified for RB in recent
years (reviewed in: Ghiam et al., 2019, Wu et al., 2020; Galardi et al., 2022).

Trefoil factor family peptides as biomarkers

Members of the trefoil factor family (TFF) possess a three-looped, trefoil-like structure
containing disulfide bonds (Figure 3). TFFs are small secretory proteins particularly
known for their role in the gastrointestinal tract. TFFs are expressed in various tissues
of the gastrointestinal tract as well as in the uterus, salivary glands, respiratory and
urinary tract. In these tissues, TFFs perform similar functions in homeostasis and
mucosal repair mechanisms (Madsen et al., 2007, Kjellev, 2009, Rinnert et al., 2010,
Braga Emidio et al., 2020, Hoffmann, 2020). TFF peptides are also known to be
involved in inflammatory responses (reviewed in: Hoffmann, 2021).
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Figure 3: 3D nuclear magnetic resonance structures and amino acid sequences of the trefoil
factor family peptides. A) 3D nuclear magnetic resonance structure of human TFF1, TFF3 and
porcine TFF2. The TFF domains are shown in blue and the disulfide bonds in yellow. The linker
region in dimeric TFF2 and the N- and C-termini are indicated in green. B) Amino acid sequences
of human TFF1, TFF3 and porcine TFF2. Trefoil domains are highlighted in gray and disulfide
bonds in orange. Adapted from Braga Emidio et al., 2020.

Expression levels have also been detected in the nervous system and in various tumor
entities (Probst et al., 1996, Griepentrog et al., 2000, Katoh, 2003, ToluSi¢ Levak et al.,
2018, Hoffmann et al., 2001, Hoffmann and Jagla, 2002). TFF peptides have also been
described as oncogene drivers, since they can effectively stimulate cell survival
(reviewed in: Perry et al., 2008). While TFF1 is not expressed in healthy human retina
(Weise and Dunker, 2013), our group has previously showed for the first time that RB
tumors and RB cell lines express different levels of TFF1 (Weise and Dunker, 2013,
Philippeit et al., 2014, Busch et al., 2017, Busch et al., 2018). In addition, our previous
findings indicated that increased TFF1 levels were associated with a later clinical stage
of RB tumors (Busch et al., 2018).

Liu and colleagues discovered that TFF1 allows one to immunohistochemically
distinguish two subtypes of RB: subtype | has a lower risk of metastasis, slower tumor
progression and is negative for TFF1. In contrast, subtype Il has a high risk of
metastasis, rapid tumor progression, and is predominantly positive for TFF1 (Liu et al.,
2021).

Studies performed as part of this PhD project showed that TFF1 levels in AH correlate
with clinical and pathological features of RB. We could detect TFF1 in AH of enucleated
RB eyes, and these TFF1 levels correlated with the secreted TFF1 of the
corresponding cell supernatants cultured from the enucleated RB eyes (Busch et al.,
2022). Furthermore, we demonstrated the diagnostic and prognostic value of TFF1 as
an RB biomarker by detecting TFF1 in the AH of RB patients before and during
chemotherapy, and correlating TFF1 levels with treatment outcome (Busch et al.,
2022, 2023).

21



TFF1 as tumor suppressor

TFFs play a pivotal role in maintaining gastrointestinal tract integrity by orchestrating
the regulation of cell apoptosis, proliferation, migration, and the process of
angiogenesis (Perry et al., 2008, Emidio et al., 2019, Braga Emidio et al., 2020,
Hoffmann, 2021). TFF peptides also have diverse roles in cancer biology, since they
are also described as tumor suppressors (Amiry et al., 2009, Busch et al., 2017).
Lefebvre and colleagues showed that TFF1¢"~) mice develop antropyloric adenomas,
about 1/3 of which progress to carcinoma (Lefebvre et al., 1996). Consistent with these
findings, Calnan and colleagues showed that the addition of recombinant TFF1
(rTFF1Figure 4) inhibited the growth of gastric adenocarcinoma cells (AGS cells;
Calnan et al., 1999). Bossemeyer-Pourié's results also support these findings, since
the addition of rTFF1 significantly reduced the number of viable cells in different gastric
carcinoma cell lines (Bossenmeyer-Pourié et al., 2002). In addition, treatment with
rTFF1 reduced cell proliferation, since the cell cycle was delayed by a prolongation of
the G1-S cell phase. This delay is due to increased levels of INK4 and CIP, which
inhibit members of the cell cycle organizing CDK family. Our group has also
demonstrated that high TFF1 expression is associated with elevated CDK inhibitor
levels and a downregulation of CDK6 (Weise and Dunker, 2013).

Previous studies from our group demonstrated that the addition of rTFF1 to the RB cell
lines Weri and Y79 results in decreased cell viability and proliferation, but did not
significantly increase apoptosis (Weise and Ddunker, 2013). Lentiviral TFF1
transduction was shown to decrease the viability, proliferation, and growth of RB cells
and significantly increase apoptosis. The data also strongly suggest that TFF1-induced
apoptosis occurs via activation of cleaved caspase-3 and is mediated by the
transcriptional activity of p53. In vivo assays using chicken chorioallantoic membrane
(CAM) showed that overexpression of TFF1 significantly reduces tumor size (Busch et
al., 2017).

TFF1 and GIPR in retinoblastoma

Following TFF1 overexpression in RB cells, gene expression array analysis revealed
that one of the gene expression profiles most significantly altered was that of glucose-
dependent insulinotropic polypeptide receptor (GIPR; Busch et al., 2017). GIPR, a

7-transmembrane (Figure 4) G-protein coupled receptor of class B, has a size of about
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55 kDa and was first characterized in 1995 (Gremlich et al., 1995, Volz et al., 1995,
Yamada et al., 1995).
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Figure 4: Structure of GIPR. Computational model of the active GIPR in a complex with GIP and
Gs. Helices are shown as cylinders and loop traces have been smoothed for clarity. GIP and the
G protein subunits are shown with a transparent surface. Adapted and modified from Reubi et al.,
2020.

GIPR was initially identified as a metabolic regulator in pancreatic beta cells, where it
mediates the effects of glucose-dependent insulinotropic polypeptide (GIP) on insulin
release. Studies indicate that GIPR is also expressed in the nervous system and in
various cancer entities (Dupre et al., 1973, Usdin et al., 1993, Singh et al., 2010,
Regazzo et al., 2022, 2020). GIPR expression correlates with tumor grade in
neuroendocrine tumors, making it a potential diagnostic and prognostic tool (Korner et
al., 2015).

Only a few receptors with low-affinity TFF binding have been described
(Dubeykovskaya et al., 2009; Dieckow et al., 2016; see section ,CXCR4 in
retinoblastoma®). These receptors belongs to the same receptor family as GIPR, which
suggests its potential role as a mediator in TFF signaling cascades. In addition, ligands
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and receptors often have a reciprocal effect on each other's expression (Holash et al.,
1997, Morel et al., 2000). We could show that GIPR is upregulated after
overexpression of TFF1 in RB cell lines (Busch et al., 2017, Haase et al., 2024 A).
MicroRNAs (miRs) are small, non-coding RNA molecules that play a pivotal role in
regulating gene expression. Downregulation of miR-542-5p was found in non-small-
cell lung cancer tissues associated with advanced TNM stage, vascular invasion and
lymphatic metastasis, with upregulation of GIPR (He et al., 2017). Overall, survival
analyses showed that patients with lower miR-542-5p levels had a significantly poorer
prognosis (He et al., 2017). MiR target scans confirm GIPR as a potential regulatory
target of miR-542-5p (He et al., 2017, Haase et al., 2024 A). However, experimental
evidence for GIPR regulation was as yet unclear.

This study focused on the role of GIPR in RB, its regulation, the link between GIPR
and TFF1, potential downstream mediators and clarifying whether TFF1 is a ligand of
GIPR.

CXCRA4 in retinoblastoma

CXC chemokine receptor type 4 (CXCR4) is a 7-transmembrane G-protein coupled
receptor expressed by a variety of cells (reviewed in: Pozzobon et al., 2016). CXCR4
is one of the best studied receptors due to its pivotal role as a co-receptor for HIV entry
(Feng et al., 1996). Binding of the ligand CXCL12 to CXCR4 initiates a cascade of
downstream signaling pathways that result in a multitude of responses (Figure 5 B),
including increased intracellular calcium, gene transcription, cell migration, survival
and proliferation (Ganju et al., 1998). Cells that express CXCR4 have the ability to
react and migrate along gradients of CXCL12, which plays an essential role in
numerous physiological processes and the development of organs (Zou et al., 1998,
Kucia et al., 2005).

Dubeykovskaya et al. showed that a member of the TFF family, TFF2, can bind to
CXCR4 and trigger a signaling cascade (Dubeykovskaya et al., 2009) making CXCR4
even more interesting for RB research. CXCR4 is upregulated in many tumor entities
and is also expressed at high levels in RB cells (Wu et al., 2019, Mortezaee, 2020).
Moreover, there is strong evidence that the CXCR4/CXCL12 axis plays a crucial role
in cancer metastasis. This is supported by studies that have identified a potential

correlation between common metastatic sites (e.g. brain, lung, lymph node, liver or
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bone; Figure 5 A), and high CXCL12 expression (Muller et al., 2001, Yu et al., 2006,
Janowski, 2009, Ho et al., 2012). In addition, recent studies by Yang et al. showed that
knocking down CXCR4 reduces the metastatic potential of small cell lung cancer cells
(Yang et al., 2019).
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Figure 5: CXCR4/CXCL12 associated metastasis sites and signaling pathways. A) Organs
that express high levels of the ligand CXCL12 are common metastasis sites for CXCR4-expressing
tumors. B) After activation of CXCR4 various signaling pathways are initiated which trigger release
of intracellular calcium, cell migration, proliferation, cell survival and expression of various genes.
Adapted from Chatterjee et al., 2014.

CXCR4 inhibitors are now available that have already been approved for human use.
AMD3100, the first approved CXCR4 inhibitor, is successfully used to treat warts,
hypogammaglobulinemia, immunodeficiency and myelokathexis (WHIM) syndrome or
to release stem cells from the bone marrow (De Clercq, 2009, McDermott et al., 2019).
Initial tests in animal models indicate that CXCR4 inhibitors could also be potential
drugs in cancer treatment, since AMD3100 induced CXCR4 inhibition leads to reduced
migration and greater sensitivity to chemotherapeutic agents (Domanska et al., 2012).
Recent studies have shown the existence of a human endogenous CXCR4 antagonist
called EPI-X4 (endogenous peptide inhibitor of CXCR4), which is derived from the
proteolytic degradation of human serum albumin by pH-regulated proteases (Buske et
al., 2015, Zirafi et al., 2015). In the present study, we investigated the effect of long-

chain fatty acid-optimized variants (#JM21 and #JM198) of EPI-X4 on RB cells. These
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variants exhibit significantly improved antagonistic activity and stability compared to
EPI-X4 and AMD3100.

Functionalized gold nanoparticles as new treatment strategies
In recent years, gold nanoparticles (GNPs) have emerged as a promising field of
cancer treatment research. GNPs can be easily adapted to the experimental setup by
changing their size or shape (reviewed in: Sztandera et al., 2019, Hang et al., 2024).
GNPs are known to have antioxidant and antiangiogenic effects in mammalian cells
(BarathManiKanth et al., 2010). The role of GNPs in cancer treatment are being
investigated in a variety of ways, including their direct use, functionalization with other
substances (DNA, drugs, etc.), and use as a radiation target for improving radio
therapy (reviewed in: Bai et al., 2020). Studies by Cunningham et al. showed that
GNPs can also be used as radiosensitizers to more precisely target proton beam
therapy (PBT). In vitro experiments showed up to 44% improved cell killing at 6 Gy
after the addition of GNPs compared to the control group treated with PBT alone
(Cunningham et al., 2021). The nanoscale dimensions of GNPs facilitate efficient
cellular uptake and penetration. Furthermore, the tunable surface chemistry of gold
nanoparticles enables modification with targeted ligands, thereby increasing the
specificity for cancer cells while minimizing off-target effects (Gao et al., 2012,
Apaolaza et al., 2020).

The anatomical structure of the eye provides a robust barrier against the external
environment, making noninvasive drug administration challenging. Previous studies
demonstrated the potential of a nanocarrier comprising GNPs functionalized with
hyaluronic acid (HA) for the treatment of ocular diseases (Apaolaza et al., 2020). HA
is an FDA-approved polymer that is already used as a component of numerous ocular
pharmaceuticals. Ocular cells expressing CD44 receptors were shown to be capable
of internalizing HA bound GNPs (Martens et al., 2017, Kim et al., 2018, Apaolaza et
al., 2020).

The atrial natriuretic peptide (ANP) is known to suppress neoangiogenesis, as
evidenced by the study of Lara-Castillo et al., 2009. The authors demonstrated that
this process occurs via the inhibition of vascular endothelial growth factor (VEGF),
which is also expressed in RB tumors and correlates with higher malignancy (Zhu et
al., 2019).
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In the presented study, ANP-HA-functionalized GNPs were used to evaluate the
effects on tumor growth in in vivo models. We used a newly established orthotopic rat
eye animal model (Figure 6), which allows in vivo imaging of eye tumors. For this
purpose, chemoresistant retinoblastoma cell lines were stably transduced with a
luciferase vector and then injected into the eyes of newborn rats. This animal model
offers the advantage of providing a developmentally suitable host environment for
pediatric tumor cells that are naturally immunocompromised, thus avoiding the
necessity of using immunocompromised animals (Corson et al., 2014). Three distinct
treatment settings were used in this experiment. First, tumor cells were directly injected
together with the ANP-HA-GNPs. Subsequently, tumor growth was allowed to proceed
for 14 days in the rat eye before treatment with the nanoparticles was initiated by

injection or via eye drops.
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Figure 6: Scheme of the in vivo orthotopic rat eye model. In treatment setting 1 (TS 1), 1x10°
etoposide-resistant and luciferase labeled Weri (WERI_etop_LUC) RB cells were injected into the
right eye of PO rat pups together with ANP-HA-GNPs (yellow). After luciferin injection, animals were
imaged on defined days after injection (P3, P7, P10, P14, P21 and P28) and compared to control
animals injected without ANP-HA-GNPs. In TS 2 and 3, tumors were allowed to grow 14 days prior
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to treatment. Those animals with detectable RB tumor growth were treated with ANP-HA-GNPs via
intravitreal injection on P14 and P21 in TS 2, or with eye drops on P14, P17, P21, and P24 in TS
3. All animals were imaged on days P10, P14, P17, P21, P24 and P28, and compared to controls

injected or eye dropped with PBS under the same schedule. Created with BioRender.com

The administration of drugs via functionalized GNPs represents a potential
administration alternative that enables more precise targeting of tumor cells and could
thus reduce off-target effects and side effects.

Aim of the study
Although RB is a tumor with a good prognosis in high-income countries, this is not the
case without early diagnosis and appropriate therapy. Therefore, further improvements
are necessary in the areas of diagnosis, prognosis, and therapy monitoring. Further
research is needed to improve patient safety and provide improved eye and vision-
saving therapies. Moreover, advances in RB research could potentially benefit not only
people diagnosed with RB, but also those diagnosed with other cancer entities.
The present work is divided into four main sections (Figure 7), to clarify various RB-
related questions and issues.
The first part of the study aimed to demonstrate that TFF1 is secreted in the AH of RB
patients. Since TFF1 is only expressed in an advanced subtype of RB, a simple and
inexpensive ELISA analysis would provide important information about the
malignancy. In addition, we aimed to clarified whether changing TFF1 levels are related
to treatment success. These topics were addressed in the following two publications:
1A) TFF1 in Aqueous Humor-A Potential New Biomarker for Retinoblastoma
(page 31)
1B) Trefoil Family Factor Peptide 1—A New Biomarker in Liquid Biopsies of
Retinoblastoma under Therapy (page 43)

To gain a deeper understanding of TFF1 signaling we investigated the role of GIPR in
RB cells, since GIPR is one of the most strongly regulated genes upon TFF1
overexpression in RB cells. To achieve this, GIPR was overexpressed in RB cell lines
and various in vitro and in vivo studies were conducted. Furthermore, we wanted to
clarify the role of GIPR as a potential TFF1 receptor. Additionally, we identified

potential downstream targets of GIPR, examined the regulation of GIPR via
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miR-542-5p, and investigated the potential link between GIPR and TFF1. These topics
were addressed in the following publication:
2) Gastric Inhibitory Polypeptide Receptor (GIPR) Overexpression Reduces the
Tumorigenic Potential of Retinoblastoma Cells (page 58)

In the third part of the study, we evaluated the efficacy of newly developed and
optimized inhibitors of the CXCR4 receptor in various in vitro studies and in ovo CAM
assays on RB cell lines. The CXCR4 inhibitors were optimized by lipidation, which
enhances the antagonistic effects and appears to stabilize them. These topics were
addressed in the following publication:
3) Fatty acid conjugated EPI-X4 derivatives with increased activity and in vivo
stability (page 81)

The fourth part of this study aimed to establish a novel drug delivery approach for
chemoresistant RB cells. Therefore, we investigated the effect of ANP-HA
functionalized GNPs on the growth of RB tumors in various in vivo models.
Moreover, we used a newly established orthotopic rat eye model, which enables in vivo
imaging of the growing tumor. Various application methods of ANP-HA-GNPs were
tested, including non-invasive delivery via eye drops. These topics were addressed in
the following publication:
4) New retinoblastoma (RB) drug delivery approaches: anti-tumor effect of atrial
natriuretic peptide (ANP)-conjugated hyaluronic-acid-coated gold nanoparticles

for intraocular treatment of chemoresistant RB (page 133)
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1) TFF1 as a new biomarker 2) GIPR’s role in RB and as TFF1 receptor
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Figure 7: Graphical abstract. Top row: Trefoil factor family 1 (TFF1)-related studies (blue): 1)
TFF1 as a new biomarker. Workflow of the TFF1 ELISA analysis of aqueous humor (AH) and the
supernatant of primary cell cultures. First, from right to left, AH samples were obtained from
retinoblastoma (RB) patients and the corresponding primary tumors were cultured, followed by
comparison of TFF1 levels detected in AH samples and primary cell culture supernatants. 2)
GIPR's role in RB and as TFF1 receptor. Since the gastric inhibitory polypeptide receptor (GIPR)
is upregulated upon TFF1 overexpression in RB cells, we investigated whether TFF1 could be a
potential ligand of GIPR. In addition, the role of GIPR in RB cells was investigated using various in
vitro and in vivo experiments and a potential regulation of GIPR by miR-542-5p was evaluated.
Bottom row: Therapy-related studies (green): 3) CXCR4 expression reduces tumorgenicity.
CXCRA4 is highly expressed in RB and inhibition of this receptor might be a potential therapeutic
target. Therefore, new, more effective and stable CXCR4 inhibitors (including #JM198) were tested
in comparison to the current, already approved CXCR4 inhibitor AMD3100. 4) GNPs for RB drug
discovery. Gold nanoparticles (GNPs) were functionalized with hyaluronic acid (HA) for enhanced
cellular uptake and the neoangiogenesis inhibitor atrial natriuretic peptide (ANP). Their effects on
chemoresistant RB cells were tested in various in vitro and in vivo assays, including a novel

orthotopic rat eye model, where the administration of ANP-HA-GNPs via eye drops was tested.
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Simple Summary: Retinoblastoma is the most common pediatric intraocular malignancy with high
cure rates in developed countries. Nevertheless, useful predictive biomarkers providing reliable
evidence for therapy decisions are urgently needed to optimize therapy regimes. TFF1 is a promising
candidate as it is expressed in a more advanced subtype of retinoblastoma. Additionally, TFF1 is
a naturally secreted peptide. Thus, TFF1 might be detectable in the aqueous humor of RB patients’
eyes, providing the opportunity to determine its expression prior to therapy without the necessity of
a tumor biopsy. We therefore investigated for the first time aqueous humor samples of retinoblastoma
patients in order to test for the availably and expression status of TFF1 as well as to compare it with

the original tumor and established corresponding primary cell cultures.

Abstract: Retinoblastoma (RB) is the most common childhood eye cancer. The expression of trefoil
factor family peptide 1 (TFF1), a small secreted peptide, has been correlated with more advanced RB
stages and it might be a promising new candidate as a RB biomarker. The study presented addressed
the question of if TFF1 is detectable in aqueous humor (AH) of RB patients’ eyes, providing easy
accessibility as a diagnostic and / or therapy accompanying predictive biomarker. The TFF1 expression
status of 15 retinoblastoma AH samples was investigated by ELISA and Western blot analyses. The
results were correlated with the TFF1 expression status in the tumor of origin and compared to TFF1
expression in established corresponding primary tumor cell cultures and supernatants. Nine out
of fifteen AH patient samples exhibited TFF1 expression, which correlated well with TFF1 levels of
the original tumor. TFF1 expression in most of the corresponding primary cell cultures reflects the
levels of the original tumor, although not all TFF1-expressing tumor cells seem to secret into the AH.
Together, our findings strongly suggest TFF1 as a reliable new RB biomarker.

Keywords: retinoblastoma; RB; trefoil factor family peptides; TFF1; aqueous humor; liquid
biopsy; biomarker

1. Introduction

Retinoblastoma (RB) is the most common pediatric intraocular malignancy with
an incidence rate of about 1 in 17,000 live births [1,2]. Although some patients develop
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metastases, survival rates are over 90% in high-income countries, whereas in low-income
countries, tumors remain undiagnosed and grow to an advanced, globe-threatening
stage [3]. Therefore, the main therapeutic focus lies on life-saving treatment regimens
including ocular tumor treatment and prevention of metastatic spread [4]. A second crit-
ical goal of RB therapy is maximization of eye and visual preservation [4]. For a long
period, biopsies or the removal of eye fluid were contraindicative due to the risk of tumor
dissemination [5]. However, today, paracentesis of aqueous humor (AH) is a standard pro-
cedure of the protocol for intravitreal chemotherapy injections [6] and the risk of induced
extraocular spread is considered extremely low [7]. This circumstance offers the possibility
for a completely new diagnostic and prognostic RB procedure using AH of patients for
the evaluation of biomarkers prior to or during therapy [8]. Over the last years, different
studies investigated AH in enucleated RB eyes and unraveled several markers supposed to
either provide clinical values for diagnosis and clinicopathological associations or reflecting
response to treatment regimens or putative therapy targets ( for review see: [8]).

Our group identified trefoil factor family peptide 1 (TFF1) as a putative new RB
marker correlating with higher clinical tumor-node-metastasis (TNM) stage and poorly
differentiated tumor cells [9]. In addition, we could show that TFF1 functionally acts as
tumor suppressor gene in RB cell lines [10] and is epigenetically regulated [11]. In a most
recent study by Liu et al., the relevance of TFF1 as potential marker for RB was confirmed
and connected to a subtype of RBs associated with a higher risk of metastasis [4]. TFF
peptides are ectopically expressed in different human tumors (for review see: [12]) and
three members—TFF1, TFF2, and TFE3—of this family of small secreted proteins have been
characterized in mammals so far. TFFs possess a characteristic clover leaf-like disulfide
structure, the so-called TFF domain. They are highly expressed in the gastrointestinal
tract with main functions in the maintenance and protection of epithelial surfaces [13-15].
Additionally, TFFs are expressed in the central nervous system, in ocular tissues, and
in the murine retina (for review see: [12,16]). Previous studies by our group revealed
that TFF1 is not expressed in the healthy human retina, whereby RB cell lines and RB
tumors exhibit variable levels of TFF1 [9,11,17]. Thus, TFF1 is a promising candidate
as a predictive biomarker in aqueous humor of RB patients, as it is a naturally secreted
peptide, which is highly expressed in RB patients harboring a higher risk of metastasis. In
the study presented, we investigated TFF1 expression in AH via ELISA and Western blot
and correlated the expression patterns with clinical parameters and TFF1 expression in the
original tumor tissue of the enucleated patients’ eyes. Additionally, we compared the TFF1
status of the corresponding RB primary cell culture cells with TFF1 levels in the tumor of
origin. We showed that TFF1 is indeed detectable in the AH of patients eyes increasing its
availability as a potential biomarker.

2. Materials and Methods
2.1. Human Retinoblastoma and Retina Samples

Human retinoblastoma (RB) primary tumor material, aqueous humor samples, and
paraffin sections from enucleations of 15 patients, as well as post-mortem retina samples
from cornea donors were used for comparative TFF1 expression studies. The Ethics Com-
mittee of the Medical Faculty of the University of Duisburg-Essen approved the use of
human retina (approval # 06-30214) and retinoblastoma samples (approval # 14-5836-BO)
for research conducted in the course of the study presented and written informed consent
was obtained from patients’ relatives or parents.

Primary tumor material and aqueous humor samples were harvested immediately
after enucleation. Aqueous humor was aspirated via an anterior chamber puncture using
a 30 G needle. In the next step, the actual tumor was removed from the globe via scleral
fenestration. Aqueous humor samples were stored at —80 °C until use and the tumor tissue
samples were cultured as described subsequently.

This study includes a case series of 15 untreated eyes from individual children diag-
nosed with intraocular retinoblastoma between 2020 and 2021. Diagnosis was confirmed
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pathologically after enucleation. All RB samples were reviewed by a specialized pathologist.
The data collected included patient’s age at diagnosis, gender, laterality, RB1 mutation
status, tumor volume, optic nerve, and choroid invasion.

2.2. Cell Lines and Primary RB Cell Culture

The human RB cell lines Rbl13 and Rb130 were kindly provided by Dr. H. Stephan. The
cell lines were cultivated as suspension cultures in Dulbecco’s modified Eagle’s medium
(DMEM; PAN-Biotech, Aidenbach, Germany) with 15% fetal calf serum (FCS; PAN-Biotech,
Aidenbach, Germany), 100 U penicillin/mL and 100 pg streptomycin/mL (Invitrogen,
Darmstadt, Germany), 4 mM L-glutamine (Sigma-Aldrich, Miinchen, Germany), 50 uM £-
mercaptoethanol (Carl-Roth, Karlsruhe, Germany), and 10 ug insulin/mL (Sigma-Aldrich,
Miinchen, Germany) at 37 °C, 10% CO,, and 95% humidity as described previously
(Busch et al. 2015).

The primary RB tumor material was initially cut into small pieces with a sterile scalpel
and subsequently washed three times in PBS with a centrifugation step in between (800 rpm
for 2 min). After the last washing step, the tumor material was cultivated under the cell
culture conditions described above. Cell culture supernatants were harvested and residual
cells were removed by centrifugation. Cell culture supernatants were kept at —20 °C
until usage.

2.3. TFF1 ELISA Analysis

The aqueous humor samples of RB patients and the supernatant of the corresponding
primary cell cultures as well as the supernatant of two RB cell lines (Rbl-13 and Rbl-30) were
analyzed with a human TFF1 ELISA kit (ab213833, abcam, Cambridge, UK) following the
manufacturer ‘s protocol. Fifty microliters sample volume was used and the concentration
of the analyzed sample concentrations (pg) was calculated based on the standard curve
included in the kit.

2.4. Immunocytochemistry and Immunfluorescence Stainings

For the cohort of 15 retinoblastomas included in this study, automated immunos-
taining for CRX and Ki-67 was performed on 5 um paraffin-embedded samples with the
OptiView DAB IHC detection kit (Santa Cruz Biotechnology, Dallas, TX, USA) or UltraView
alkaline phosphatase red detection kit (Ventana Roche, Grenzach-Wyhlen, Germany). TFF1
immunostaining was performed with the Vectastin Elite ABC kit (Vector Laboratories,
Burlingame, CA, USA) as previously described by our group [9]. The following antibod-
ies were used: anti-CRX (1:50, Santa Cruz Biotechnology, Dallas, TX, USA, clone A-9),
anti-Ki-67 (ready-to-use, Ventana Roche, Grenzach-Wyhlen, Germany, clone 30-9), and
TFF1 (1:200, abcam, Cambridge, UK, # ab92377). Images were acquired using an Aperio
ScanScope AT2 (Leica, Wetzlar, Germany) slide scanner. Two researchers, blind for addi-
tional patient information, independently assessed each stained slide by eyeballing, taking
into account different staining intensities (I) defined as null (0), mild (1), moderate (2), or
strong (3), and the percentage (P) of tumor cells with CRX stained nuclei and TFF1 positive
cytoplasm. The quick score (QS) was then calculated as I x P (from 0 to 300). The TFF1
intensities 1 and 2 were combined and specified as “expressed”, whereas intensity 0 was
specified as “not expressed” and intensity 3 as “highly expressed”.

For immunofluorescence staining, 1 x 10° cells were seeded on poly-D-lysine (Sigma,
Hamburg, Germany) coated coverslips. Cells were fixed with 4% paraformaldehyde (PFA;
Sigma-Aldrich, St. Louis, MO, USA) for 1 h at 4 °C washed three times with phosphate
buffered saline (PBS; pH 7.4) and permeabilized with 100% methanol for 10 min at room
temperature. Cells were washed with PBS and blocked with PBS containing 0.3% Triton™
X-100 (Sigma), 4% bovine serum albumin (BSA; Carl-Roth, Karlsruhe, Germany), and
5% normal goat serum (NGS; Dako, Glostrup, Denmark) for 1 h at room temperature. The
primary antibody used (incubated overnight at 4 °C) was TFF1 1:200 (abcam, Cambridge,
UK, # ab92377) diluted in PBS with 0.3% Triton™ X-100, 4% BSA, and 5% NGS. A goat anti-
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rabbit antibody labeled with Alexa Flour®594 (Invitrogen, Darmstadt, Germany), diluted
1:1000 in PBS with 0.3% Triton™ X-100, 4% BSA, and 5% NGS was used to visualize the
reaction. In order to stain the nuclei, cells were counter-stained with 4’,6-Diamidino-2-
phenylindole (DAPI; Sigma, Hamburg, Germany). As controls, PBS was substituted for
the primary antisera in order to test for non-specific labeling. Pictures were taken with
a NIKON Eclipse E600 microscope equipped with a digital camera and NIKON Eclipse
net software.

2.5. Western Blotting

Equal volumes of AH samples and cell culture supernatants were separated on
a 12% SDS-PAGE and transferred onto nitrocellulose membranes. The primary antibodies
used (incubated overnight at 4 °C) were TFF1 (1:1000 abcam, Cambridge, UK, # ab92377)
and B-actin (1:1000): #4967, Cell Signalling Technology (Cambridge, UK). The secondary
antibody used was HRP-conjugated goat-anti-rabbit antibody (1:10,000); P0448; Dako
(Glostrup, Denmark). Signals were developed by the WesternBright Chemiluminescence
Reagent (Advansta, San Jose, CA, USA).

2.6. Statistical Analysis

Statistical analysis of tumor clinical parameters was correlated with the TFF1 expres-
sion in aqueous humor identified by ELISA analysis. Statistical analyses (Kruskal-Wallis
rank sum p-values) were performed in the R statistical environment, version 3.2.0.16. Statis-
tical analyses of the real-time PCR data were performed using GraphPad Prism 6. Results
were analyzed by a Student’s t-test and considered significantly different if * p < 0.05,
**p <0.01, or ** p < 0.001.

3. Results
3.1. Soluble TFF1 Is Detectable in Aqueous Humor of RB Patients and Primary Cell
Culture-Derived Supernatant

TFF1 is expressed in a subpopulation of RB tumors and seems to be correlated with
more advanced tumor stages. Therefore, soluble TFF1 is potentially secreted from the
tumor cells into the aqueous humor of RB patients. In order to investigate the accessibility
of soluble TFF1 in aqueous humor, we tested AH samples of 15 RB patients by TFF1 ELISA
(Figure 1a). We could show that RB tumor cells indeed secrete measurable amounts of
soluble TFF1 into the aqueous humor of RB patients’ eyes. We defined three TFF1 expression
groups: group I) not expressed (0-30 pg/mL), group II) expressed (30400 pg/mL), and
group III) highly expressed (>400 pg/mL), based on the ELISA analysis. We identified
four tumors secreting very high TFF1 concentrations (between 1000 and 4500 pg/mL; T06,
T09, T14, and T18) into the AH, five tumors secreting moderate levels of TFF1 (T08, T10,
T12, T13, and T17), and six tumors without TFF1 secretion into the AH (T05, T07, T11, T15,
T16, and T19). Subsequently, we investigated if corresponding primary cell culture cells
established from the original patient tumor samples also secrete TFF1 into the cell culture
supernatant. Two RB cell lines with a known TFF1 secretion potential were used as positive
controls. We could show that cultured primary RB cells from patients with TFF1 positive
AH samples secrete TFF1 into the supernatant (Figure 1b), except for the cell culture of
specimen T12. Two RB cell cultures (T05 and T07) do secrete TFF1 into the supernatant,
whereas the corresponding AH samples were negative for TFF1. Thus, we could show that
TFF1 is detectable in the AH of RB patients and that corresponding primary cell cultures
mimic patients” TFF1 status, indicating their suitability as an in vitro RB model system.

In order to verify the TFF1 ELISA results, cell culture supernatants were analyzed
by Western blot (Figures 2a and S1) and compared to the TFF1 levels of supernatant
from the RB cell lines Rbl13 and Rbl30 serving as positive controls. TFF1 expression
was detectable by Western blot in samples with TFF1 status initially defined as “highly
expressed” (<400 pg/mL TFF1) in ELISA analyses (T06, T09, T14, and T18), whereas all
other samples analyzed were below the detection limit of this method. Analysis of AH of
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pattern (Figures 2b and S2).
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Figure 1. TFF1 expression analyses in aqueous humor samples of RB patients and corresponding
primary cell culture supernatants. (a) TFF1 ELISA analysis of 15 aqueous humor samples of RB
patients, showing four patients with highly expressed TFF1 (>400 pg/mL), five patients with ex-
pressed TFF1 (30-400 pg/mL), and six patients without TFF1 expression (0-30 pg/mL) in the aqueous
humor. (b) The supernatants of corresponding primary cell cultures of RB patient tumors shown in
(a) revealed six highly TFF1 expressing samples, three samples expressing TFF1, and six samples
without TFF1 expression. The supernatant of two RB cell lines (Rbl-13 and Rbl-30) highly expressing
and secreting TFF1 are used as internal positive controls. Vertical dotted lines indicate three TFF1
expression levels; #: sample was a vitreous body aspirate.
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Figure 2. Western blot analysis of TFF1 expression in cell culture supernatants of primary cell
cultures and aqueous humor samples of RB patients. (a) Western blot analysis of primary cell culture
supernatants showing TFF1 expression in the highly TFF1 expressing tumors of the ELISA analysis
(T06, T09, T14, and T18). Recombinant TFF1 (rTTF1) and the RB cells lines Rbl13 and Rbl30 served
as positive controls. (b) TFF1 expression levels revealed by Western blot analysis for the four AH
samples with high TFF1 expression levels in the ELISA assay. The indicated intensity ratios relative to
B-actin, used as a loading control, were calculated using MICRO MANAGER 1.4 software (University
of California, San Francisco, CA, USA). -: empty lanes; na: not analyzed.

3.2. TFF1 Expression in Primary Cell Culture Cells

In order to analyze the cellular expression of TFF1 in the established primary cultures
immunofluorescence staining was performed. The intracellular TFF1 expression pattern
correlates well with the TFF1 secretion status described above. We found primary RB cell
cultures highly expressing TFF1 (Figure 3a,b, T18) as well as cell cultures without detectable
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TFF1 expression (Figure 3a,b, T19) in comparison to the RB cell line Rbl-13 used as positive
control (Figure 3a,b). Real-time PCR analysis (Figure S3) revealed that in the samples
analyzed, the intracellular TFFI mRNA expression does not correlate with the TFF1 protein
concentrations measured in the AH and supernatant. Hence, TFF1 mRNA levels are not
reliable to predict expression, but TFF1 status needs to be evaluated on the protein level.

(b)
“ T8 ---

Figure 3. Immunofluorescence TFF1 staining of two primary RB cell cultures (T18 and T19) and
RB cell line Rbl-13. (a) Morphology of the primary RB cell cultures T18 and T19 as well as RB cell
line Rbl-13 revealed by phase contrast imaging (200x). (b) DAPI (blue), TFF1 (red), and merged
DAPI/TFF1 immunofluorescence staining of the respective RB cells (200x). T18 and the positive
control Rbl-13 showed a high expression of TFF1 in contrast to T19 cells without TFF1 expression.

(a)

3.3. TFF1 Expression in Primary RB Tumors

To compare the expression of TFF1 in AH and supernatant of primary cultured RB
cells with its expression pattern in original tumor specimens, paraffin sections of all tumors
were immunocytochemically stained for TFF1. TFF1 immunostaining revealed highly TFF1
expressing tumors, tumors with moderate TFF1 expression, and tumors without TFF1
expression (Figure 4a). The corresponding CRX staining confirmed the RB nature of the
tumors and Ki67 staining the proliferation activity of the tumor cells. All RB tumor sections
stained positively for Ki67 indicating that the tumor cells were still proliferative. We
showed that all tumors with detectable TFF1 in the AH samples analyzed stained highly or
moderately positive for TFF1 in primary tumor sections. However, not all TFF1-positive RB
tumors seemed to secrete TFF1 into the AH of the patients’ eye as quick score (QS) of TFF1
revealed a median QS of 60 for group III, which does not express TFF1 in AH (Figure 4b).
No significant difference in TFF1 and CRX QS was detectable between the groups.

Thus, TFF1 expression in AH samples correlates to 100% with a positive TFF1 expres-
sion pattern in the primary RB tumor, however, not all TFF1 expressing tumors necessarily
secrete TFF1 into the AH of the patients.

3.4. Correlation of Clinical and Pathological Characteristics of the Analyzed RB Tumors

Table 1 summarizes the clinical and pathological characteristics of the 15 RB patients
analyzed. In order to correlate these parameters with TFF1 expression in AH, we divided
the patients into two groups: a TFF1 expressing (60%) group and a non-expressing group
(40%). No statistically significant differences between both groups in relation to sex, RB1
germline mutations, laterality, age at diagnosis, tumor volume, optic nerve invasion, or
choroid invasion could be detected (Table 1).
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Figure 4. Histological analysis of primary RB tumors. (a) TFF1, CRX, and Ki67 expression levels
in exemplary human RB tumor paraffin sections. Immunohistochemistry was revealed using di-
aminobenzidine detection (brown signal) or alkaline phosphatase detection (red) and hematoxylin
counterstaining (blue nuclei staining). Scale bars, 2 mm and 200 pM (zoom box). (b) Dot plots
showing the quick score (QS) for TFF1 and CRX in 15 tumors analyzed. One way ANOVA was
used to assess the difference of the QS for group I (TFF1 highly expressed in AH) vs. group II (TFF1
expressed in AH) vs. group III (TFF1 not expressed in AH). No significant difference was detectable
between the groups. The squares and triangles in (b) represent the different tumors per group.
Table 1. Clinical and pathological characteristics of RB patients stratified by TFF1 expression in
aqueous humor. NA: not available, 7: number in each group, N: total number. * Kruskal-Wallis rank
sum p-value.
TFF1 Expressed n (%) TFF1 Not Expressed 1 (%) N p-Value *
Patients 9 (60) 6 (40) 15
Sex 1
Female 6 (67) 4 (67) 10
Male 3(33) 2 (33) 5
RB1 germline mutations 0.88
Yes 1(11) 0(0) 1
No 5 (56) 2 (33) 7
NA 3(33) 4 (67) 7
Laterality 0.79
Unilateral 7 (78) 5(83) 12
Bilateral 2(22) 1(17) 3
Age at diagnosis 0.47
<18 month 4 (45) 3 (50) 7
18-36 month 3(33) 3 (50) 6
>36 month 2 (22) 0(0) 2
Tumor volume 0.26
<2 cm® 2(22) 1(17) 3
2-5 cm® 6 (67) 2 (33) 8
>5 cm’ 1(11) 3 (50) 4
Optic nerve invasion 0.89
None 1(11) 1(17) 2
Pre-laminar 7 (78) 4 (67) 11

Post-laminar 1(11) 1(17) 2
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Table 1. Cont.
TFF1 Expressed n (%) TFF1 Not Expressed 1 (%) N p-Value *

Choroid invasion 0.30
None 8 (89) 4 (67) 12
Invasion 1(11) 2 (33) 3

Pre enucleation MRI 0.76
Choroid invasion 2 (22) 2 (33) 4
Optic nerve invasion 3(33) 3 (50) 6

TFF1aqueous humor,
TFF1IHC
TFF1supernatant
TFF1supernatantWB
TFF1aqueous humorWB

To combine and summarize all data, RB patients were categorized into three groups:
group I “highly expressing TFF1”, group II “expressing TFF1”, and group III “without TFF1
expression” (Figure 5). In group I tumors, highly expressing TFF1 in AH (1) TFF1 could
also be detected via Western Blot, (2) the original tumor stains highly positive for TFF1, and
(3) primary cultured cells express and secrete TFF1. In group II tumors, TFF1 expression in
the original tumor specimens correlates with the TFF1 expression in the AH. However, not
all primary cell cultures secrete TFF1 into the supernatant. In group III, without detectable
TFF1 in AH samples, TFF1 probably is not secreted into the AH even if the tumor bulk
contained TFF1-expressing cells detectable by immunohistochemistry. TFF1 expression of
group II and III is below the detection limit of Western blotting analysis. Taken together,
this shows that TFF1 is indeed secreted into the AH of the patients’ eyes and is readily
detectable via ELISA. Even if not all TFF1 positive RB tumors secrete TFF1 into the AH, no
false positive TFF1 expression was measured in AH samples.

Gender

RB1germline

Laterality

Age at diagnosis

Tumorvolume

Optic nerveinvasion

Choroidinvasion

Group | Group |l Group lll
TFF1 ELISA TEF1 IHC TFF1ELISA TFF1
aqueous humor supernatant Western Blot (WB)

[l highly expressed [ highly expressed [l highly expressed

I expressed [ expressed [ expressed [ expressed

[ not expressed [ notexpressed [ not expressed [] not expressed

Gender RB1germline Laterality Age at diagnosis

[l <18 month

[] female B RB1mutated W unilateral [0 18-36 month
m m o e o

Tumor volume  Optic nerve invasion Choroid invasion

O <2cme [J none

O 2-5cme [ pre—laminar O none

W =5cm M post—laminar I invasion [ not analyzed

Figure 5. TFF1 expression and clinical characteristics of retinoblastoma samples. Classification
of TFF1 expression in AH, RB tumors, and primary cell culture in relation to key clinical and
pathological characteristics.

4. Discussion

Aqueous humor analyses and the identification of tumor biomarkers in eyes without
enucleation have the potential to renew the management of retinoblastoma. For many
years, any opportunity to obtain fluid-like AH from RB eyes was contraindicated in order
to prevent tumor seeding [5,18,19]. However, today, AH paracentesis is part of the protocol
for intravitreal chemotherapy injections and the risk of extraocular spread is considered
extremely low [7,20-24]. Aqueous fluid is routinely aspirated prior to intravitreal injection
to prevent reflux from the injection site. This standardized clinical procedure offers the
possibility to readily access AH in RB eyes prior and during therapy and to evaluate
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biomarkers that may correlate with features of the tumor and provide diagnostic and
prognostic value. Aqueous humor has been shown to give important information for
intraocular diseases, including RB; however, previous studies used AH from enucleated
eyes [8]. This is going to change in the near future due to the clinical applicability of AH
sample aspiration and its availability for diagnosis, prognosis, and /or management of RB.

Therefore, in the study presented, we intended to investigate the potential of TFF1 as
a RB biomarker and its availability in AH of RB patients’ eyes. TFF1 is already described as
a functional biomarker in several other tumor entities, e.g., breast cancer [25,26], esophageal
squamous cell carcinoma [27], and gastric cancer [28]. In breast cancer, a correlation of
high TFF1 expression in blood samples of patients with metastatic disease compared to
those without metastatic disease has been demonstrated [29]. Evaluating TFF1 staining of
tumor sections after enucleation, we and others already described TFF1 as a biomarker for
a subset of RBs. Here, we analyzed AH, tumor of origin, and established corresponding
primary cell culture cells of 15 RB patients for TFF1 expression and secretion status and
compared the results with the clinical parameters. We showed that TFF1 is expressed in the
AH of most patients analyzed. All patients with TFF1-positive AH also expressed TFF1
in the original tumor, whereas some RB tumors express TFF1 without secreting it into the
AH. We would like to emphasize the fact that there was no false positive result within our
AH analysis. It seems, however, that not all TFF1-positive RB tumors can be identified by
AH sampling, probably due to a lower secreting rate of some TFF1-positive RB tumors or
fewer TFF1-positive cells within the tumor bulk resulting in TFF1 concentrations in AH
samples that are below the detection limit. This hypothesis is supported by the fact that
those three RB tumors of group III (without measurable TFF1 in AH) that do express TFF1
protein in the original tumor also secrete TFF1 in measurable amounts into the supernatant
of the corresponding primary cell cultures. Possibly, primary RB cells expressing TFF1
have a growth advantage in culture that leads to a higher concentration of TFF1 in the
cell culture supernatant in comparison to the investigated AH samples of the original
tumor specimens. Fortunately, the primary cultured RB tumor cells mimic the original RB
tumor with regard to TFF1 expression and secretion status for most analyzed RB tumors,
rendering them an excellent in vitro system for further TFF1-based RB studies.

Correlation of the clinical and pathological characteristics of the investigated RB
tumors with the TFF1 expression status in the AH of the patients’ eye did not allow for
any stratification. The lack of correlation is most likely attributable to the comparatively
small sample size, because we and others have already shown that TFF1 expression in
RB tumors indeed correlates with clinical parameters [4,9]. Our group demonstrated that
TFF1 correlates with a higher clinical tumor-node-metastasis (TNM) stage and poorly
differentiated tumor cells [8] and a recent study showed that TFF1 is linked to RBs which
are associated with a higher risk of metastasis, referred to as subtype 2 [4]. Summarizing,
one can state that the identification of TFF1 in the AH of RB patients opens the field for new
diagnostic approaches. Beside other AH markers already described as potentially useful for
diagnosis or reflecting response to RB treatment regimens [30-33], TFF1 is a new potential
valuable biomarker for subtype 2 RBs [4]. Additionally, we could show that ELISA is
a reliable method for TFF1 diagnostics in AH as it is very sensitive (sensitivity < 10 pg/mL),
the sample volume needed is below the volume routinely aspirated prior to chemotherapy
and the assay time is short (3.5 h). Thus, we could show for the first time that TFF1 has
potential as a clinically useful biomarker for future RB diagnostics.

5. Conclusions

Aqueous humor analyses and identification of tumor biomarkers have the potential
to renew advanced retinoblastoma management and to assure RB diagnosis in cases of
clinically uncertain differential diagnosis. TFF1, a secreted peptide, is ectopically expressed
in a subset of more advanced RB tumors and its expression correlates with a higher risk for
metastases. We provided evidence for TFF1 expression in the AH of RB patients, strongly
suggesting TFF1 as a clinically interesting new RB biomarker.
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Simple Summary: Effective management of retinoblastoma (RB), a common childhood eye cancer,
requires accurate diagnosis and monitoring during therapy. In this study, the liquid biopsy marker
potential of the secreted trefoil family factor peptide 1 (TFF1), described as a biomarker of a more
advanced RB subtype, was explored. TFF1 expression levels were investigated in aqueous humor
(AH) of RB patients after enucleation and in RB patients undergoing intravitreal chemotherapy, and
compared with TFF1 expression levels in RB patients” blood serum. AH showed consistent TFF1
levels in a subgroup of RB patients, remarkably decreasing post-therapy in responsive patients. The
blood serum of RB patients only displayed low-to-non-detectable and therapy-independent TFF1
levels. The study suggests TFF1 expression in AH is a reliable biomarker, aiding RB diagnosis and
treatment assessment and highlights its potential for non-invasive RB therapy monitoring.

Abstract: Effective management of retinoblastoma (RB), the most prevalent childhood eye cancer,
depends on reliable monitoring and diagnosis. A promising candidate in this context is the secreted
trefoil family factor peptide 1 (TFF1), recently discovered as a promising new biomarker in patients
with a more advanced subtype of retinoblastoma. The present study investigated TFF1 expression
within aqueous humor (AH) of enucleated eyes and compared TFF1 levels in AH and corresponding
blood serum samples from RB patients undergoing intravitreal chemotherapy (IVC). TFF1 was
consistently detectable in AH, confirming its potential as a biomarker. Crucially, our data confirmed
that TFF1-secreting cells within the tumor mass originate from RB tumor cells, not from surrounding
stromal cells. IVC-therapy-responsive patients exhibited remarkably reduced TFF1 levels post-
therapy. By contrast, RB patients’ blood serum displayed low-to-undetectable levels of TFF1 even
after sample concentration and no therapy-dependent changes were observed. Our findings suggest
that compared with blood serum, AH represents the more reliable source of TFF1 if used for liquid
biopsy RB marker analysis in RB patients. Thus, analysis of TFF1 in AH of RB patients potentially
provides a minimally invasive tool for monitoring RB therapy efficacy, suggesting its importance for

effective treatment regimens.

Keywords: retinoblastoma; TFF1; aqueous humor; liquid biopsy; therapy monitoring

1. Introduction

Retinoblastoma (RB), the most common pediatric ocular malignancy, arises from the
uncontrolled proliferation of developing retinal cells [1,2]. RB is characterized by the loss
or mutation of both copies of the RB1 gene, which regulates the cell cycle and inhibits tu-
morigenesis [3—6]. The disease manifests predominantly in children under five years of age,
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affecting both eyes in approximately 40% of all cases [5]. If left untreated, retinoblastoma
can lead to severe visual impairment and, in the most unfavorable cases, metastatic spread
into the central nervous system via the optic nerve [1,7,8]. Prevalent RB therapies comprise
invasive procedures such as enucleation of the affected eye, leading to lifetime visual
limitations, or systemic chemotherapy, bearing various risks for the young patients [9-11].
Intravitreal chemotherapy (IVC) has emerged as a highly effective therapeutic RB modal-
ity, particularly for intraocular tumors [12-18]. IVC chemotherapeutic agents are directly
injected into the vitreous cavity of the affected eye, allowing for targeted treatment and
reduced systemic toxicity. While IVC has shown promising results in managing RB, therapy
monitoring remains crucial for the assessment of treatment efficacy and early detection of
potential recurrence. A tissue biopsy is generally considered contraindicated for RB, as it is
believed to promote extraocular spread [19]. Nevertheless, in some cases, tissue biopsy is
relevant as it allows for a reliable confirmation of RB diagnosis and the assessment of the
RB1 mutational status for prognostic counseling [20]. Despite the use of optical coherence
tomography and B-scan ultrasonography, various ocular diseases such as Coats disease,
persistent fetal vasculature, retinopathy of prematurity, coloboma, and toxocariasis may be
misdiagnosed as RB [19], eventually resulting in enucleation of infants for questionable
diagnostic purposes [21].

Liquid biopsy offers a non-invasive alternative, helping to overcome the limitations
of tumor biopsies. The term liquid biopsy (LB) refers to the detection of tumor-derived
components, such as circulating tumor cells (CTCs), cell-free DNA (cfDNA), exosomes,
microRNAs, and other secreted factors, in easily accessible body fluids like blood or
aqueous humor (AH) [22-24]. LB allows for early detection of cancer, stratification of
therapeutic intervention as well as monitoring of therapy effectiveness, and detection of
metastatic relapses caused by therapy resistance [25]. Aqueous humor paracentesis is a
straightforward and safe LB procedure commonly conducted under general anesthesia
in conjunction with eye examinations in RB infants. AH aspiration can also be combined
with intravitreal administration of chemotherapy [24]. In recent decades, the identifica-
tion of specific biomarkers—also detectable in LBs—revolutionized cancer research and
clinical practice [26-28]. Biomarkers are measurable indicators of biological processes
or disease states and play a crucial role in early detection, diagnosis, and prognosis of
various malignancies including RB [29,30]. They also provide an opportunity to develop
targeted therapies and allow for real-time monitoring of cancer progression and treatment
response [31,32].

Potential RB biomarkers comprise histone modification and DNA methylation mark-
ers, components of non-coding RNA regulation mechanisms, as well as proteomic and
radiogenomic markers (for review see: [33]). Only a few of these potential biomarkers are,
however, assessable by non-invasive procedures like LBs, e.g., in the AH and/or blood
serum of RB patients. Examples are lactate dehydrogenase [34,35], survivin [36], transform-
ing growth factor beta (TGF-p) [37], and trefoil factor family peptide 1 (TFF1). The latter
has emerged as an intriguing candidate with promising implications for cancer manage-
ment [1,22,38]. TFF1, a member of the trefoil factor family peptides, plays a crucial role in
maintaining mucosal integrity and promoting epithelial repair in various tissues [39-42].
Previous studies by our group showed that RB cell lines and RB tumors express variable
levels of TFF1 [43-45], while it is not expressed in the healthy human retina. Recent studies
suggested a potential link between TFF1 and specific clinico-pathological tumor features,
suggesting its diagnostic and prognostic value as an RB biomarker [1,23]. Most recently,
we demonstrated that TFF1 is also detectable in the AH of RB patients [23], rendering
it a highly promising candidate as an RB biomarker in LBs. As a secreted, extracellular
protein, TFF1 can be detected in body fluids [23,46,47], circumventing the need for invasive
procedures. Additionally, a prospective biomarker like TFF1 potentially aids with early can-
cer detection, monitoring treatment response, and assessing disease progression, thereby
improving patient outcomes.
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The objective of this study was to shed light onto the potential of TFF1 as a non-
invasive diagnostic and prognostic RB marker in LBs. Monitoring TFF1 levels in RB
patients” AH and blood may not only enable early cancer detection, but also serve as a
valuable indicator for therapy efficacy. Changes in TFF1 expression or release during the
course of RB treatment might provide insights into treatment response, and their monitoring
prospectively helps identify patients that may require additional interventions. Integrating
TFF1 assessment into LB protocols for RB patients could enhance therapeutic decision
making and improve long-term outcomes. As such, a comprehensive understanding of
TFF1 as a cancer biomarker potentially changes future RB diagnostics and personalized
treatment approaches, ultimately contributing to improved clinical outcomes and quality
of life for affected children.

2. Materials and Methods
2.1. Human Retinoblastoma Tumor, Aqueous Humor, and Blood Samples

Human retinoblastoma (RB) primary tumor material, aqueous humor samples from
enucleations of 8 patients, as well as aqueous humor and blood serum samples from 7 RB
patients under therapy and 6 healthy individuals (control group) were used for TFF1
expression studies. The Ethics Committee of the Medical Faculty of the University of
Duisburg-Essen approved the use of retinoblastoma samples (approval # 14-5836-BO) for
research conducted in the course of this study, and written informed consent has been
obtained from patients’ relatives or parents.

Primary tumor material and aqueous humor samples of eight patients were harvested
immediately after enucleation (T27, T31, T32, T34, T36, T38, T40, and T41). For AH
paracentesis from the anterior eye chamber, a 30 G needle was used. Subsequently, the
optic bulb was fenestrated and the tumor was extracted. Aqueous humor and blood serum
samples of seven patients were harvested under anesthesia prior to IVC treatment with
melphalan. Subsequently, blood was centrifuged at 2500 g for 15 min at 18 °C. Separated
serum fraction aliquots were stored at minus 80 °C until further use. Additionally, blood
was drawn from six healthy individuals as a control group. Aqueous humor was stored at
minus 80 °C until use or further processing (see below), and tumor tissue samples were
cultured as described below.

This study includes a case series of eight untreated eyes from individual children
diagnosed with intraocular retinoblastoma (in 2022) and seven treated eyes from individual
children diagnosed with intraocular retinoblastoma between 2022 and 2023. Diagnosis of
the untreated eyes was confirmed by a specialized pathologist after enucleation. The data
collected included patient’s age at diagnosis, gender, laterality, ICRB stage (International
Classification of Retinoblastoma), RB1 mutation status, tumor volume/size, optic nerve,
and choroid invasion.

2.2. Primary RB Cell Culture

After the primary RB tumor material was dissected into small fragments using a sterile
blade, it was washed in PBS and centrifuged three times at 800 rpm for 2 min. Afterwards,
the tumor material was cultivated in supplemented Dulbecco’s modified Eagle’s medium
(DMEM; PAN-Biotech, Aidenbach, Germany) under conditions described previously [48].
The cells separated in culture into suspension (RB tumor cells) and adherent populations
(RB-derived stroma cells) and were subsequently cultured separately. Supernatants from
both subcultures were harvested and residual cells were removed by centrifugation. Cell
culture supernatants were kept at —20 °C until usage.

2.3. Blood Serum Concentration and TFF1 ELISA Analysis

Right before use, blood serum samples were concentrated up to 5-fold using protein
concentrator column (3 kDa MWCO, Thermo Fischer Scientific, MA, USA) following the
manufacturer’s instructions. One hundred microliters of aqueous humor samples and
concentrated blood serum from RB patients was analyzed using a human TFF1 ELISA kit
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(ab213833, abcam, Cambridge, UK) according to the manufacturer’s protocol. The standard
curve included in the kit was used to determine the concentration of the samples analyzed.
A workflow diagram is shown in Figure 1.

blood centrifugation concentration TFF1 ELISA blood serum

sampling 5 = \ l
\ b N4

IvC
cycles
& )
aqueous I
humor transfer TFF1 ELISA aqueous humor T
_—

sampling

Figure 1. Workflow diagram of the TFF1 ELISA analysis. IVC: intravitreal chemotherapy. Created
with BioRender.com (accessed on 13 September 2023).

2.4. Immunohistochemistry and Immunofluorescence Stainings

RB tumors were immunohistochemically stained using a specific TFF1 antibody (1:200,
abcam, Cambridge, UK, # ab92377). Staining was revealed using a Vectastin Elite ABC
kit (Vector Laboratories, Burlingame, CA, USA) following a protocol previously described
by our group [48]. For visual documentation, an Aperio ScanScope AT2 (Leica, Wetzlar,
Germany) slide scanner was used.

For immunofluorescence staining of TFF1, 1 x 10° cells were seeded on coverslips
coated with poly-D-lysine (Sigma, Hamburg, Germany) and stained as previously described
by our group [23]. Pictures were taken with a NIKON Eclipse E600 microscope equipped
with a digital camera and NIKON Eclipse net software (version 5.20.02).

2.5. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9. Results were analyzed by
a Student’s t-test and considered significantly different if * p < 0.05, ** p < 0.01, *** p < 0.001,
or **** p < 0.0001.

3. Results
3.1. Soluble TFF1 in Aqueous Humor of RB Patients Is Secreted by RB Tumor Cells

In a very recent study, we discovered TFF1 expression in a specific subgroup of
retinoblastoma (RB) tumors with advanced stages, and found this soluble peptide to be
secreted into the aqueous humor of RB patients [23]. To expand our investigation to a larger
cohort of RB patients, we analyzed aqueous humor (AH) samples from eight additional RB
patients after enucleation. Table 1 summarizes the clinical and pathological characteristics
of the RB patients analyzed.

Using a specific, highly sensitive TFF1 ELISA (Figure 2a) allowed us to confirm that
RB tumor cells secrete soluble TFF1 into the aqueous humor of RB patients’ eyes.

Six out of eight tumors analyzed secreted high concentrations of TFF1 (ranging be-
tween 1000 and 4500 pg/mL; labeled as T27, T36, T31, T40, and T41) into the AH. Addition-
ally, we found one tumor (T38) with moderate levels of TFF1 secretion. Only one (T32) out
of eight tumors did not secrete any detectable TFF1 into the AH.
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Table 1. Comparison of RB patients’ clinical parameters and pathology reports with TFF1 levels in
aqueous humor (AH). na: not available, : number in each group, N: total number, ICRB: International
Classification of Retinoblastoma.

TFF1 Expressed n TFF1 Not Expressed

(%) 1 (%) N
Patient’s 7 (87.5) 1(12.5) 8
Sex
female 2 (28.6) 0 (0) 2
m 5(71.4) 1 (100) 6
ICRB stage
D 1(14.3) 0 (0) 1
E 4 (57.1) 1 (100) 5
na 2 (28.6) 0 (0) 2
Laterality
unilateral 7 (100) 1 (100) 8
bilateral 0(0) 0(0) 0
Age at diagnosis
<18 month 0 (0) 1 (100) 1
18-36 month 6 (85.7) 0 (0) 6
>36 month 1(14.3) 0 (0) 1
Tumor volume
<1cm? 1(14.3) 0(0) 1
2-3 cm® 2 (28.6) 0(0)
>3 cm® 4(57.1) 1 (100) 5
Optic nerve invasion
none 5(71.4) 1 (100) 6
p-laminar 2 (28.6) 0 (0) 2
post-laminar 0(0) 0 (0) 0
Choroid invasion
none 7 (100) 1 (100) 8
invasion 0(0) 0(0) 0

In order to compare the expression pattern of TFF1 in AH with its expression in
original RB tumor specimens, we performed immunohistochemical staining for TFF1 on
paraffin sections of enucleated patients’ eyes, barring the investigated tumors. Remarkably,
all tumors displaying detectable TFF1 in the AH samples also stained positive for TFF1 in
the primary tumor sections (Figure 2b).

These results further support our previous findings and indicate that detection of TFF1
in RB patients” AH represents a reliable marker for the presence of TFF1-secreting RB tumor
cells. This finding holds promise for potential applications in RB patient monitoring and
treatment strategies.

To investigate whether TFF1 is exclusively secreted by RB tumor cells and not by
surrounding stromal tissue, we compared supernatants of a primary stromal cell culture
and a primary RB tumor cell culture, both derived from enucleations of RB-tumor-bearing
patient eyes. The primary stromal cells did not carry the RB1 mutation present in the
primary RB tumor cells, indicating their non-tumor identity. As expected, ELISA analysis
revealed no detectable TFF1 secretion in the supernatant of the stromal cell culture.

To further validate these results, we conducted immunofluorescence staining to assess
the cellular expression of TFF1. The intracellular TFF1 expression pattern closely correlated
with the TFF1 secretion status observed in the RB tumor cells and RB-tumor-derived
stromal cells. Specifically, primary RB tumor cells exhibited high levels of TFF1 expression
(Figure 3a), while the corresponding RB-derived stromal cells showed no detectable TFF1
expression (Figure 3b).
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Figure 2. TFF1 expression analyses in aqueous humor samples and corresponding histological
analysis of RB tumors in enucleated eyes of RB patients. (a) TFF1 ELISA analysis of 8 aqueous humor
samples of RB patients, displaying six tumors highly expressing TFF1 (>400 pg/mL), one patient’s
tumor with average TFF1 expression (30—400 pg/mL), and one patient without TFF1 expression
(0-30 pg/mL) in the aqueous humor. Vertical dotted lines indicate three TFF1 expression levels.
(b) TFF1 expression in the corresponding primary tumors is shown exemplarily for T34 (high
TFF1 expression in AH), T38 (moderate TFF1 expression in AH), and T32 (no TFF1 expression in
AH). Immunohistochemistry was revealed using diaminobenzidine detection (brown signal) and
hematoxylin counterstaining (blue nuclei staining). Scale bars: 300 pum.

RB derived stromal cells

Figure 3. Inmunofluorescence TFF1 staining of primary RB cell cultures. (a) Pictures of a primary
cell culture of RB tumor cells and (b) corresponding RB-tumor-derived stromal cells in DAPI (blue),
TFF1 (red), and merged DAPI/TFF1 immunofluorescence staining (200x). RB tumor cells showed a
high expression of TFF1, in contrast to the corresponding stromal cells displaying no TFF1 expression.
Scale bars: 50 um.
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In summary, our previous findings [23] were confirmed by analyzing AH samples
from enucleated RB eyes via TFF1 ELISA. Additionally, we demonstrated that the cells
secreting TFF1 originate from tumorigenic cells and not from the stromal compartment of
the RB tumor mass. This discovery highlights TFF1 as a potential marker for minimally
invasive therapy monitoring via AH aspiration.

3.2. Analysis of Soluble TFF1 Secretion in AH and Blood of RB Patients under Therapy

Monitoring and diagnosing RB is crucial in order to distinguish it from other diseases,
evaluate treatment effectiveness, and identify potential recurrences. However, as RB tumor
biopsies are not feasible, there is an urgent need for reliable biomarkers to determine
diagnosis and treatment success in non-enucleated RB tumors.

To investigate if the expression of secreted TFF1 changes in liquid biopsies during
therapy, we examined a series of AH and corresponding blood samples from seven RB
patients using TFF1 ELISA. Liquid biopsies (AH and blood) were collected before the
indicated intravitreal chemotherapy (IVC) treatment cycles with melphalan. We found that
three out of the seven RB patients (T28, T33, and T44) expressed soluble, secreted TFF1 in
their AH (Figure 4a).

b)

initial after IVC

m
- relapse

IVC cycle

Figure 4. TFF1 expression analyses in aqueous humor samples of RB patients during therapy.
(a) TFF1 ELISA analysis of three aqueous humor samples of RB patients taken prior to the indicated
intravitreal chemotherapy (IVC) cycle with melphalan. All three patients initially expressed TFF1
(30—400 pg/mL) in the aqueous humor. Values below the vertical dotted line represent no TFF1
expression (0-30 pg/mL). (b) Fundoscopy pictures of the three RB patients prior (initial) and after
IVC with melphalan. For patient T28, a picture of the relapse after 5 months is provided.

The first AH sample of the tumor with the highest AH TFF1 concentration (T44)
observed in our study was received from the clinics after two IVC cycles with melphalan.
Thus, no information about the initial TFF1 concentration in the AH prior to therapy is
available. We nevertheless included this specimen in our monitoring due to a remarkable
decrease in TFF1 levels under therapy, which dropped to zero after only one additional
IVC cycle.

Similarly, the tumor with the second-highest AH TFF1 concentration (T33) displayed
a reduction to zero after only two therapy cycles. Interestingly, the treatment outcome
seems to correlate with the reduction in TFF1 expression in the AH in all RB tumors. Both
tumors with TFF1 expression dropping to zero during IVC therapy responded well to
treatment and showed positive outcomes as revealed by fundoscopy (Figure 4b) displaying
a regression and calcification of the vitreous seeding. On the other hand, patient T28, while
exhibiting a constant TFF1 expression in the AH during therapy (Figure 4a, IVC cycle 1-3),
exhibited a relapse after five month (Figure 4b), while still expressing high TFF1 levels in
the AH (Figure 4a, IVC cycle 4).
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These findings suggest that monitoring soluble TFF1 levels in the aqueous humor of
RB patients under therapy could serve as a potential biomarker to assess treatment efficacy
and predict therapeutic outcomes in non-enucleated RB tumors. This could significantly
improve RB therapy management and patient care.

Additionally, we examined corresponding blood serum samples from the seven RB
patients who underwent therapy and compared them with three control samples from non-
RB children and three healthy adolescents. Detecting TFF1 in blood serum required prior
concentration of the samples (as described in the materials and methods section) and even
after concentration, only fairly low TFF1 levels (~10 pg/mL) were detectable. Comparing
TFF1 levels among individuals of the control groups, we found young non-RB-bearing
children under the age of six to display no detectable TFF1 expression compared with
the healthy adolescent group (>14 years), expressing low levels of about 10 pg/mL TFF1
(Figure 5).

a) b)
n
£ 15+ @ 15+
o @ *okk ok
o %k kK —
o [ 1 'g I
T = 104 o = 104
g E g £
S5 S 5
2 g g g
p = &
- S+ £ 5+
-
[T -
T8 TR
2 z
0 (i}
<6 >14 serum AH
age in years patient T24

Figure 5. TFF1 expression analyses in blood serum and aqueous humor samples. (a) Comparison of
TFF1 blood serum levels in control groups of non-RB children under the age of 6 years with healthy
individuals over 14 years. (b) Comparison of TFF1 blood serum levels (serum) with TFF1 expression
in aqueous humor (AH) of patient T24. Values are means of three samples £ SEM. **** p < 0.0001
statistical differences compared with the control group calculated by Student’s ¢-test.

Among the seven RB serum samples investigated, we detected low concentrations of
TFF1 in three samples (<12 pg/mL). However, in these patients, no TFF1 was detectable in
the AH. Notably, one of the RB patients displaying detectable TFF1 expression in the blood
was already 13 years old (Figure 5b), suggesting that serum expression might be related to
the patient’s age.

In one RB patient, TFF1 expression was neither detectable in the blood nor in the
AH (T26, Table 2). Furthermore, patient T28, whose TFF1 expression in AH remained
unchanged during therapy, showed no detectable TFF1 expression in their blood serum
(Table 2). For patients T33 and T44, whose AH TFF1 expression dropped to zero under
therapy, TFF1 expression was only randomly found in individual blood serum samples
without a distinct expression pattern (Table 2).

Overall, no therapy-dependent changes in TFF1 expression were detectable in the
blood serum of any of the RB patients studied (Table 2), rendering blood serum unsuitable
for TFF1 biomarker analyses. These findings indicate that AH remains the most reliable
source for monitoring TFF1 levels and assessing treatment responses in RB patients.

Table 2 summarizes clinical and pathological characteristics as well as TFF1 expression
levels found in AH and blood serum samples of the seven RB patients analyzed during
therapy.
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Table 2. Clinical and pathological characteristics of RB patients under IVC therapy with melphalan
stratified by TFF1 expression in liquid biopsies (aqueous humor and blood serum). Red and blue
labeling indicates the respective tumor analyzed in case of bilaterality.

. Optic .
Age at Di- Tumor Choroid AH Serum
Case Sex agnosis Laterality IS?:{E Size Enucleation Ir{\wlzzl;‘i,zn Invasion Rg :ixu- l\sliﬁll’)l:r TFF1 TFF1
(Month) S (mm) (MRI) (MRI) (pg/mL) (pg/mL)
. . . 1 0 9.73
T24* m A b b e le: PE no no yes 2 0 9.97
! ’ ’ 3 0 11.12
1 0 11.55
2 0 0
3 0 10.6
T25 f 18 u D 8.7 no no yes no 4 0 0
5 0 0
6 0 0
. . 1 0 0
I’: no I: no
T26 m 14 b D 9 (both) le: SE no le: yes yes 2 0 0
3 0 0
© 3 1 118.98 0
# . ri: 12 ri: no ri: no ri: no 2 124.37 0
T28 f r2'5516 b E le: 20 le: PE le: yes le: yes yes 3 95.9 0
) 4 119.41 0
1 180.21 10.65
2 54.28 9.23
3 0 0
4 0 0
5 0 0
T33 m 24 u D n/a no n/a n/a n/a 6 0 9.33
7 0 0
8 0 0
9 0 9.83
10 0 10.14
11 0 0
. . . . . 1 0 9.93
T39 f 26 b o ED r1".272 oo iE Lo Lo yes 2 0 0
e: e: e: no e: no e: no 3 0 998
1* 340.58 10.57
T44 m 62 u C 8 no no no n/a P 0 984

m: male, f: female, u: unilateral, b: bilateral, ri: right, le: left, t: primary tumor, r: relapse, r2: second relapse,
ICRB: International Classification of Retinoblastoma, SE: secondary enucleation, PE: primary enucleation, n/a:
not available, #: relapse was analyzed by TFF1 ELISA, *: specimen after two cycles of melphalan, AH: aqueous
humor, MRI: magnetic resonance imaging.

4. Discussion

In contrast to other cancer entities, molecular characterization of RB tumors mainly
relies on tumor samples derived from enucleations, as direct tumor biopsies bear the
risk of cancer cell seeding and spread outside the eye [49-51]. The identification of tumor
biomarkers in RB liquid biopsies like aqueous humor and blood serum holds the potential to
improve diagnosis and therapy management of this childhood eye cancer without the need
for enucleation. Aqueous humor has been suggested as a surrogate for RB tissue [26,52]. It
can safely be aspirated from RB eyes and contains tumor-derived cfDNA, proteins, and
metabolic targets, but also potential biomarkers like TFF1 [13,16,23,52-58]. Paracentesis
of AH is minimally invasive as it is routinely aspirated from RB eyes undergoing salvage
therapy with intravitreal injection of chemotherapeutics like melphalan. Nevertheless, a
fine-gauge needle penetrates the cornea and thus, the procedure bears a minimal risk of
complications such as bleeding, infection, cataract formation, iris trauma, and also potential
spread of tumor cells [59]. Against this background, one might speculate if blood, a less
invasive LB, might serve as a source for RB biomarkers like TFF1.

Our present study aimed to explore the potential of TFF1 as an RB biomarker in
AH and blood serum of patients in general, and under therapy in particular. Monitoring
LB biomarker levels during RB diagnosis and under therapy may ultimately enable a
timely correlation between TFF1 expression levels in AH and/or blood serum and RB
progression. TFF1 has previously been identified as a functional biomarker in various other
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types of tumors, such as breast cancer [60,61], esophageal squamous cell carcinoma [62],
and gastric cancer [63]. Notably, in breast cancer, a correlation between elevated TFF1
expression in blood samples of patients with, compared with those without, metastatic
disease was observed [64]. By evaluating TFF1 staining in tumor sections post-enucleation,
we and others already suggested TFF1 as a potential biomarker for a specific subset of
retinoblastomas [1,38]. We previously demonstrated that TFF1 correlates with a higher
clinical tumor-node-metastasis (TNM) stage and poorly differentiated tumor cells [38], later
identified and specified as RB subtype 2 with a higher risk of metastasis by Liu et al. [1].
Most recently, we revealed for the first time that soluble TFF1 is secreted into the AH of RB
patients [23].

Here, we analyzed AH of eight patients after enucleation as well as AH and cor-
responding blood serum of seven RB patients under therapy for TFF1 expression and
secretion status. In addition, we investigated TFF1 expression in blood serum samples of
control specimens including young children and adolescents in order to compare TFF1
levels of both groups.

The study presented verifies our previous findings [23] that TFF1 is secreted into the
AH of most patients analyzed after enucleation. All patients with TFF1-positive AH also
expressed TFF1 in the original tumor. Furthermore, we investigated if TFF1 is secreted
exclusively by RB tumor cells or also by tumor-associated stromal cells. We therefore
analyzed primary RB tumor cells and compared their endogenous TFF1 expression status
and ability to secrete TFF1 into the supernatant with RB-tumor-derived stromal cells. We
were able to demonstrate that only RB tumor cells and not RB-derived stromal cells express
and secrete TFF1, rendering TFF1 a specific marker for RB tumor cells.

Three out of seven RB patients” tumors secreted soluble TFF1 into the AH under
therapy. Two of these patients completely lost TFF1 expression in their AH during IVC
therapy with melphalan, indicating a direct influence of the therapy regimen on TFF1
expression. The most obvious mechanistic explanation for this loss is death of TFF1-
expressing RB tumor cells in the course of therapy. If this holds true, TFF1 expression is
a direct indicator for residual-therapy-surviving and TFF1-secreting tumor cells. In line
with these results, one RB tumor investigated displayed unvaried high TFF1 secretion into
the AH during therapy and developed a relapse after five months, possibly indicating
persisting RB tumor cells not readily visible in funduscopy and sonography. One might
hypothesize that tumors with a high stromal content respond particularly well to therapy. If,
however, mainly stromal, and not tumor, cells are susceptible to treatment, this distinction
cannot be made by funduscopy. In this case, TFF1 would be an extraordinarily helpful
marker for monitoring residual RB tumor cells. If these therapy-resistant cells still secrete
TFF1, the urgent need for more frequent post-therapy screenings of the respective RB
patients was indicated. However, not all RB tumors express and/or secrete TFF1 into the
AH. Thus, TFF1 can probably not be considered a general minimally invasive LB-based
RB biomarker, but might emerge as highly beneficial for patients with a more aggressive
subtype 2 RB tumor.

Furthermore, we investigated if TFF1 can also be detected in the blood serum of
RB patients and if TFF1 levels might correlate with therapy efficacy. Some RB patients’
blood samples displayed detectable, yet very low, concentrations of soluble TFF1. No
correlation of TFF1 levels in blood serum and corresponding AH samples was discernible
and TFF1 expression likewise did not correlate with RB treatment outcome. Even in the
control groups, only very low concentrations of TFF1 were detectable. Thus, AH seems
to be superior to blood serum as an LB for RB, not only for detecting tumor-associated
chromosomal changes in whole genome sequencing [59], but also for TFF1 monitoring.
Interestingly, however, no TFF1 expression was detectable in non-RB children under the
age of 6 in comparison to the older, adolescent control group (>13 years), who displayed
low, but traceable levels. This may lead to the assumption that healthy young children do
not secrete TFF1 into the blood.
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Summarizing, one can state that the analysis of TFF1 in the AH of RB patients opens
the field for additional diagnostic approaches and therapy monitoring, using TFF1 as a
potential biomarker for RB tumor cells. In the future, AH paracentesis might add to the
standard diagnostic RB procedure as well as to the monitoring of therapy outcomes by
sonography, fundoscopy, and MRI and potentially improve early detection of residual RB
tumor cells in follow-up screenings (Figure 6).

AH paracentesis

YA R

ctDNA TFF1 ELISA
miRNA

retinoblastoma

Figure 6. Potential monitoring procedures of RB patients under treatment to improve the outcome.
MRI: magnetic resonance imaging; AH: aqueous humor; ctDNA: circulating tumor DNA; miRNA:
micro RNA. Created with ©BioRender.com.

Nevertheless, it is necessary to further investigate TFF1 secretion into the AH during
therapy in a larger cohort of RB patients to develop a save future implementation of TFF1
in clinical diagnostic and treatment regimens.

5. Conclusions

We succeeded in providing evidence for therapy-dependent changes in TFF1 ex-
pression in the AH of RB patients. Our data strongly suggest TFF1 as an LB-based RB
biomarker allowing for minimally invasive, early, and unequivocal detection of RB. As
TFF1 is supposed to be a marker of a subset of more advanced RB tumors with a higher risk
for metastases, routinely screening for its expression might also enable a stratification of
personalized intervention prior to therapy and monitoring of treatment effectiveness in the
course of therapy, as well as detection of metastatic relapses caused by therapy resistance.

Author Contributions: Conceptualization, M.A.B.; methodology, A.H. and E.A.; validation, M.A.B.
and A.H.; formal analysis, A.H. and E.A.; investigation, A.H. and E.A.; resources, E.B. and L.J.; data
curation, A.H. and M.A.B.; writing—original draft preparation, M.A.B. and N.D.; writing—review
and editing, M.A.B. and N.D.; visualization, M.A.B. and A.H.; supervision, M.A.B. and N.D.; project
administration, M.A.B. and N.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding. We acknowledge support by the Open Access
Publication Fund of the University of Duisburg-Essen.

Institutional Review Board Statement: The study was conducted in accordance with the guidelines
of the Declaration of Helsinki, and approved by the Ethics Committee of the Medical Faculty of the
University of Duisburg-Essen (approval # 06-30214; date of approval: 5 December 2006; approval #
14-5836-BO; date of approval: 11 March 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.



Cancers 2023, 15, 4828 12 of 14

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank N. Bechrakis and T. Kiefer for their valuable
support and A. Bollmeier for excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

SANNLIE IS

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Liu, J.; Ottaviani, D.; Sefta, M.; Desbrousses, C.; Chapeaublanc, E.; Aschero, R.; Sirab, N.; Lubieniecki, F.; Lamas, G.; Tonon, L.;
et al. A high-risk retinoblastoma subtype with stemness features, dedifferentiated cone states and neuronal/ganglion cell gene
expression. Nat. Commun. 2021, 12, 5578. [CrossRef] [PubMed]

Singh, H.P,; Wang, S.; Stachelek, K.; Lee, S.; Reid, M.W.; Thornton, M.E.; Craft, C.M.; Grubbs, B.H.; Cobrinik, D. Developmental
stage-specific proliferation and retinoblastoma genesis in RB-deficient human but not mouse cone precursors. Proc. Natl. Acad.
Sci. USA 2018, 115, E9391-E9400. [CrossRef] [PubMed]

Dimaras, H.; Corson, T.W. Retinoblastoma, the visible CNS tumor: A review. J. Neurosci. Res. 2018, 97, 29—-44. [CrossRef]
Bornfeld, N.; Lohmann, D.; Bechrakis, N.E.; Biewald, E. Retinoblastom. Ophthalmologe 2020, 117, 389-402. [CrossRef] [PubMed]
Roy, S.R.; Kaliki, S. Retinoblastoma: A Major Review. Mymensingh Med. ]. 2021, 30, 881-895.

Bouchoucha, Y.; Matet, A.; Berger, A.; Carcaboso, A.M.; Gerrish, A.; Moll, A.; Jenkinson, H.; Ketteler, P.; Dorsman, ].C.; Chantada,
G.; et al. Retinoblastoma: From genes to patient care. Eur. J. Med. Genet. 2023, 66, 104674. [CrossRef]

Chronopoulos, A.; Babst, N.; Schiemenz, C.; Schutz, J.S.; Heindl, L.M.; Ranjbar, M.; Kakkassery, V. A Narrative Review—Therapy
Options and Therapy Failure in Retinoblastoma. Neurosignals. 2022, 30, 39-58. [CrossRef]

Shields, C.L.; Bas, Z.; Laiton, A.; Silva, A.M.V.; Sheikh, A.; Lally, S.E.; Shields, ].A. Retinoblastoma: Emerging concepts in genetics,
global disease burden, chemotherapy outcomes, and psychological impact. Eye 2023, 37, 815-822. [CrossRef]

Kaewkhaw, R.; Rojanaporn, D. Retinoblastoma: Etiology, Modeling, and Treatment. Cancers 2020, 12, 2304. [CrossRef]

Munier, EL.; Beck-Popovic, M.; Chantada, G.L.; Cobrinik, D.; Kiveld, T.T.; Lohmann, D.; Maeder, P.; Moll, A.C.; Carcaboso, A.M.;
Moulin, A.; et al. Conservative management of retinoblastoma: Challenging orthodoxy without compromising the state of
metastatic grace. “Alive, with good vision and no comorbidity”. Prog. Retin. Eye Res. 2019, 73, 100764. [CrossRef]

Temming, P.; Arendt, M.; Viehmann, A; Eisele, L.; Le Guin, C.H.D,; Schiindeln, M.M.; Biewald, E.; Astrahantseff, K.; Wieland,
R.; Bornfeld, N.; et al. Incidence of second cancers after radiotherapy and systemic chemotherapy in heritable retinoblastoma
survivors: A report from the German reference center. Pediatr. Blood Cancer 2017, 64, 71-80. [CrossRef]

Campeau, E.; Ruhl, V.E.; Rodier, E; Smith, C.L.; Rahmberg, B.L.; Fuss, J.O.; Campisi, ].; Yaswen, P.; Cooper, PK.; Kaufman, PD. A
versatile viral system for expression and depletion of proteins in mammalian cells. PLoS ONE 2009, 4, €6529. [CrossRef] [PubMed]
Lawson, B.M.; Saktanasate, ].; Say, E.A.T.; Shields, C.L. Intravitreal chemotherapy provides control for massive vitreous seeding
from retinoblastoma. J. Pediatr. Ophthalmol. Strabismus 2014, 51, €92—e94. [CrossRef] [PubMed]

Manjandavida, F.P,; Shields, C.L. The role of intravitreal chemotherapy for retinoblastoma. Indian J. Ophthalmol. 2015, 63, 141-145.
[CrossRef] [PubMed]

Francis, J.H.; Abramson, D.H.; Ji, X.; Shields, C.L.; Teixeira, L.E,; Schefler, A.C.; Cassoux, N.; Hadjistilianou, D.; Berry, J.L.; Frenkel,
S.; et al. Risk of Extraocular Extension in Eyes With Retinoblastoma Receiving Intravitreous Chemotherapy. JAMA Ophthalmol.
2017, 135, 1426-1429. [CrossRef]

Munier, FL.; Gaillard, M.-C.; Balmer, A.; Beck-Popovic, M. Intravitreal chemotherapy for vitreous seeding in retinoblastoma:
Recent advances and perspectives. Saudi J. Ophthalmol. 2013, 27, 147-150. [CrossRef]

Shields, C.L.; Douglass, A.M.; Beggache, M.; Say, E.A.T.; Shields, J.A. Intravitreous Chemotherapy for Active Vitreous Seeding
from Retinoblastoma: Outcomes after 192 Consecutive Injections. The 2015 Howard Naquin Lecture. Retina 2016, 36, 1184-1190.
[CrossRef]

Shields, C.L.; Lally, S.E.; Leahey, A.M.; Jabbour, PM.; Caywood, E.H.; Schwendeman, R.; Shields, J.A. Targeted retinoblastoma
management: When to use intravenous, intra-arterial, periocular, and intravitreal chemotherapy. Curr. Opin. Ophthalmol. 2014, 25,
374-385. [CrossRef]

AlAli, A.; Kletke, S.; Gallie, B.; Lam, W.-C. Retinoblastoma for Pediatric Ophthalmologists. Asia Pac. J. Ophthalmol. 2018, 7,
160-168. [CrossRef]

Soliman, S.E.; Racher, H.; Zhang, C.; MacDonald, H.; Gallie, B.L. Genetics and Molecular Diagnostics in Retinoblastoma—An
Update. Asia Pac. |. Ophthalmol. 2017, 6, 197-207. [CrossRef]

Soliman, S.E.; Wan, M.].; Heon, E.; Hazrati, L.-N.; Gallie, B. Retinoblastoma versus advanced Coats’ disease: Is enucleation the
answer? Ophthalmic Genet. 2017, 38, 291-293. [CrossRef] [PubMed]

Ghiam, B.K.; Xu, L.; Berry, J.L. Aqueous Humor Markers in Retinoblastoma, a Review. Transl. Vis. Sci. Technol. 2019, 8, 13.
[CrossRef] [PubMed]

Busch, M.A.; Haase, A.; Miroschnikov, N.; Doege, A.; Biewald, E.; Bechrakis, N.E.; Beier, M.; Kanber, D.; Lohmann, D.; Metz, K,;
et al. TFF1 in Aqueous Humor—A Potential New Biomarker for Retinoblastoma. Cancers 2022, 14, 677. [CrossRef] [PubMed]
Martel, A.; Baillif, S.; Nahon-Esteve, S.; Gastaud, L.; Bertolotto, C.; Roméo, B.; Mograbi, B.; Lassalle, S.; Hofman, P. Liquid Biopsy
for Solid Ophthalmic Malignancies: An Updated Review and Perspectives. Cancers 2020, 12, 3284. [CrossRef]



Cancers 2023, 15, 4828 13 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Fernandez-Lazaro, D.; Hernandez, ].L.G.; Garcia, A.C.; Del Castillo, A.C.; Hueso, M.V.; Cruz-Hernandez, J.J. Clinical Perspective
and Translational Oncology of Liquid Biopsy. Diagnostics 2020, 10, 443. [CrossRef]

Berry, J.L.; Xu, L.; Murphree, A.L.; Krishnan, S.; Stachelek, K.; Zolfaghari, E.; McGovern, K.; Lee, T.C.; Carlsson, A.; Kuhn, P;
et al. Potential of Aqueous Humor as a Surrogate Tumor Biopsy for Retinoblastoma. JAMA Ophthalmol. 2017, 135, 1221-1230.
[CrossRef]

Im, D.H.; Pike, S.; Reid, M.W,; Peng, C.-C.; Sirivolu, S.; Grossniklaus, H.E.; Hubbard, G.B.; Skalet, A.H.; Bellsmith, K.N.; Shields,
C.L.; et al. A Multicenter Analysis of Nucleic Acid Quantification Using Aqueous Humor Liquid Biopsy in Retinoblastoma:
Implications for Clinical Testing. Ophthalmol. Sci. 2023, 3, 100289. [CrossRef]

Ghose, N.; Kaliki, S. Liquid biopsy in Retinoblastoma: A review. Semin. Ophthalmol. 2022, 37, 813-819. [CrossRef]

Zhang, Z.; Wu, H.; Chong, W.; Shang, L.; Jing, C.; Li, L. Liquid biopsy in gastric cancer: Predictive and prognostic biomarkers.
Cell Death Dis. 2022, 13, 903. [CrossRef]

Hou, Y,; Peng, Y.; Li, Z. Update on prognostic and predictive biomarkers of breast cancer. Semin. Diagn. Pathol. 2022, 39, 322-332.
[CrossRef]

Freitas, A.J.A.D.; Causin, R.L.; Varuzza, M.B.; Calfa, S.; Hidalgo Filho, C.M.T.; Komoto, T.T.; Souza, C.D.P.; Marques, M.M.C.
Liquid Biopsy as a Tool for the Diagnosis, Treatment, and Monitoring of Breast Cancer. Int. J. Mol. Sci. 2022, 23, 9952. [CrossRef]
[PubMed]

Galardi, A.; Stathopoulos, C.; Colletti, M.; Lavarello, C.; Russo, L; Cozza, R.; Romanzo, A.; Carcaboso, A.M.; Locatelli, F; Petretto,
A.; et al. Proteomics of Aqueous Humor as a Source of Disease Biomarkers in Retinoblastoma. Int. ]. Mol. Sci. 2022, 23, 13458.
[CrossRef] [PubMed]

Sun, J.; Xi, H.-Y; Shao, Q.; Liu, Q.-H. Biomarkers in retinoblastoma. Int. |. Ophthalmol. 2020, 13, 325-341. [CrossRef]

Abramson, D.H.; Piro, P.A ; Ellsworth, R M.; Kitchin, ED.; McDonald, M. Lactate dehydrogenase levels and isozyme patterns.
Measurements in the aqueous humor and serum of retinoblastoma patients. Arch. Ophthalmol. 1979, 97, 870-871. [CrossRef]
[PubMed]

Piro, P.A., Jr.; Abramson, D.H.; Ellsworth, R.M.; Kitchin, D. Aqueous humor lactate dehydrogenase in retinoblastoma patients.
Clinicopathologic correlations. Arch. Ophthalmol. 1978, 96, 1823-1825. [CrossRef] [PubMed]

Jiang, L.-B,; Liu, X.-Q.; Li, B.; He, X.-J.; Jin, Y.-L,; Li, L.-Q.; Gao, F.; Wang, N.-L. Heat shock proteins and survivin: Relationship
and effects on proliferation index of retinoblastoma cells. Histol. Histopathol. 2008, 23, 827-831. [CrossRef] [PubMed]

Shehata, H.H.; Abou Ghalia, A.H.; Elsayed, E.K.; Ahmed Said, A.M.; Mahmoud, S.S. Clinical significance of high levels of
survivin and transforming growth factor beta-1 proteins in aqueous humor and serum of retinoblastoma patients. J. AAPOS 2016,
20, 444.e1-444.€9. [CrossRef] [PubMed]

Busch, M.; Metz, K.; Beier, M.; Biewald, E.; Diinker, N. Trefoil factor family 1 expression correlates with clinical outcome in
patients with retinoblastoma. Retina 2017, 38, 2422-2428. [CrossRef]

Hoffmann, W. Trefoil factors TFF (trefoil factor family) peptide-triggered signals promoting mucosal restitution. Cell. Mol. Life Sci.
2005, 62, 2932-2938. [CrossRef]

Hoffmann, W. Trefoil Factor Family (TFF) Peptides and Their Diverse Molecular Functions in Mucus Barrier Protection and More:
Changing the Paradigm. Int. . Mol. Sci. 2020, 21, 4535. [CrossRef]

Braga Emidio, N.; Brierley, S.M.; Schroeder, C.I.; Muttenthaler, M. Structure, Function, and Therapeutic Potential of the Trefoil
Factor Family in the Gastrointestinal Tract. ACS Pharmacol. Transl. Sci. 2020, 3, 583-597. [CrossRef] [PubMed]

Heuer, J.; Heuer, E; Stiirmer, R.; Harder, S.; Schliiter, H.; Braga Emidio, N.; Muttenthaler, M.; Jechorek, D.; Meyer, F.; Hoffmann, W.
The Tumor Suppressor TFF1 Occurs in Different Forms and Interacts with Multiple Partners in the Human Gastric Mucus Barrier:
Indications for Diverse Protective Functions. Int. . Mol. Sci. 2020, 21, 2508. [CrossRef] [PubMed]

Weise, A.; Diinker, N. High trefoil factor 1 (TFF1) expression in human retinoblastoma cells correlates with low growth kinetics,
increased cyclin-dependent kinase (CDK) inhibitor levels and a selective down-regulation of CDK®6. Histochem. Cell Biol. 2013,
139, 323-338. [CrossRef] [PubMed]

Philippeit, C.; Busch, M.; Diinker, N. Epigenetic control of trefoil factor family (TFF) peptide expression in human retinoblastoma
cell lines. Cell. Physiol. Biochem. 2014, 34, 1001-1014. [CrossRef]

Busch, M.; Grosse-Kreul, J.; Wirtz, ].].; Beier, M.; Stephan, H.; Royer-Pokora, B.; Metz, K.; Dunker, N. Reduction of the tumorigenic
potential of human retinoblastoma cell lines by TFF1 overexpression involves p53/caspase signaling and miR-18a regulation. Int.
J. Cancer 2017, 141, 549-560. [CrossRef]

Katsha, A.; Soutto, M.; Sehdev, V.; Peng, D.; Washington, M.K.; Piazuelo, M.B.; Tantawy, M.N.; Manning, H.C.; Lu, P.; Shyr, Y.;
et al. Aurora kinase A promotes inflammation and tumorigenesis in mice and human gastric neoplasia. Gastroenterology 2013, 145,
1312-1322.€8. [CrossRef] [PubMed]

Soutto, M.; Chen, Z.; Saleh, M.A.; Katsha, A.; Zhu, S.; Zaika, A.; Belkhiri, A.; El-Rifai, W. TFF1 activates p53 through down-
regulation of miR-504 in gastric cancer. Oncotarget 2014, 5, 5663-5673. [CrossRef]

Busch, M.; Philippeit, C.; Weise, A.; Diinker, N. Re-characterization of established human retinoblastoma cell lines. Histochem.
Cell Biol. 2015, 143, 325-338. [CrossRef]

Eide, N.; Walaas, L. Fine-needle aspiration biopsy and other biopsies in suspected intraocular malignant disease: A review. Acta
Ophthalmol. 2009, 87, 588-601. [CrossRef]

Karcioglu, Z.A. Fine needle aspiration biopsy (FNAB) for retinoblastoma. Retina 2002, 22, 707-710. [CrossRef]



Cancers 2023, 15, 4828 14 of 14

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Ali, M.J.; Honavar, S.G.; Vemuganti, G.K.; Singh, A.D. Fine needle aspiration biopsy of retinal tumors. Monogr. Clin. Cytol. 2012,
21,72-81. [CrossRef] [PubMed]

Raval, V;; Racher, H.; Wrenn, J.; Singh, A.D. Aqueous humor as a surrogate biomarker for retinoblastoma tumor tissue. J. AAPOS
2022, 26, 137.e1-137.€5. [CrossRef] [PubMed]

Smith, S.J.; Smith, B.D. Evaluating the risk of extraocular tumour spread following intravitreal injection therapy for retinoblastoma:
A systematic review. Br. . Ophthalmol. 2013, 97, 1231-1236. [CrossRef] [PubMed]

Ghassemi, F; Shields, C.L.; Ghadimi, H.; Khodabandeh, A.; Roohipoor, R. Combined intravitreal melphalan and topotecan for
refractory or recurrent vitreous seeding from retinoblastoma. JAMA Ophthalmol. 2014, 132, 936-941. [CrossRef] [PubMed]
Francis, ].H.; Schaiquevich, P; Buitrago, E.; Del Sole, M.].; Zapata, G.; Croxatto, ].O.; Marr, B.P,; Brodie, S.E.; Berra, A.; Chantada,
G.L.; et al. Local and systemic toxicity of intravitreal melphalan for vitreous seeding in retinoblastoma: A preclinical and clinical
study. Ophthalmology 2014, 121, 1810-1817. [CrossRef] [PubMed]

Smith, S.J.; Smith, B.D.; Mohney, B.G. Ocular side effects following intravitreal injection therapy for retinoblastoma: A systematic
review. Br. |. Ophthalmol. 2014, 98, 292-297. [CrossRef] [PubMed]

Uner, O.E.; Ulrich, B.C.; Hubbard, G.B. Potential of Aqueous Humor as a Surrogate Tumor Biopsy for Retinoblastoma. JAMA
Ophthalmol. 2018, 136, 597-598. [CrossRef]

Liu, W.; Luo, Y; Dai, J.; Yang, L.; Huang, L.; Wang, R.; Chen, W.; Huang, Y.; Sun, S.; Cao, J.; et al. Monitoring Retinoblastoma by
Machine Learning of Aqueous Humor Metabolic Fingerprinting. Small Methods 2022, 6, €2101220. [CrossRef]

Berry, J.L.; Xu, L,; Polski, A.; Jubran, R.; Kuhn, P; Kim, ].W.; Hicks, J. Aqueous Humor Is Superior to Blood as a Liquid Biopsy for
Retinoblastoma. Ophthalmology 2020, 127, 552-554. [CrossRef]

Yi, J.; Ren, L,; Li, D.; Wu, J.; Li, W.; Du, G.; Wang, J. Trefoil factor 1 (TFF1) is a potential prognostic biomarker with functional
significance in breast cancers. Biomed. Pharmacother. 2020, 124, 109827. [CrossRef]

Schulten, H.-J.; Bangash, M.; Karim, S.; Dallol, A.; Hussein, D.; Merdad, A.; Al-Thoubaity, FK.; Al-Maghrabi, J.; Jamal, A;
Al-Ghamdi, F; et al. Comprehensive molecular biomarker identification in breast cancer brain metastases. J. Transl. Med. 2017, 15,
269. [CrossRef] [PubMed]

Gonzaga, I.M.; Soares Lima, S.C.; Nicolau, M.C.; Nicolau-Neto, P; da Costa, N.M.; de Almeida Simao, T.; Hernandez-Vargas, H.;
Herceg, Z.; Ribeiro Pinto, L.F. TFF1 hypermethylation and decreased expression in esophageal squamous cell carcinoma and
histologically normal tumor surrounding esophageal cells. Clin. Epigenet. 2017, 9, 130. [CrossRef] [PubMed]

Shimura, T.; Dayde, D.; Wang, H.; Okuda, Y.; Iwasaki, H.; Ebi, M.; Kitagawa, M.; Yamada, T.; Yamada, T.; Hanash, S.M.; et al.
Novel urinary protein biomarker panel for early diagnosis of gastric cancer. Br. J. Cancer 2020, 123, 1656-1664. [CrossRef]
Elnagdy, M.H.; Farouk, O.; Seleem, A K.; Nada, H.A. TFF1 and TFF3 mRNAs Are Higher in Blood from Breast Cancer Patients
with Metastatic Disease than Those without. J. Oncol. 2018, 2018, 4793498. [CrossRef] [PubMed]

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



2) Gastric Inhibitory Polypeptide Receptor (GIPR) Overexpression

Reduces the Tumorigenic Potential of Retinoblastoma Cells

Cumulative Thesis/Extent of Contribution

Cumulative thesis of M.Sc. André Haase

Author contributions

Gastric Inhibitory Polypeptide Receptor (GIPR) Overexpression Reduces the
Tumorigenic Potential of Retinoblastoma Cells

A. Haase, E. Alefeld, F. Yalinci, D. Van Meenen, M. Busch and N. Dinker

Status: published in Cancers (2024)

DOI: https://doi.org/10.3390/cancers16091656

Impact factor at submission: 5.2 (2022)

André Haase contributions (first-authorship):

e Conception: 15% - Study design, literature research.

o Experimental work: 95% - Planning the analysis workflow, primer design, cloning of
expression vectors, production of lentivirus, conduction of transfection, transduction,
RNA-isolation, Real-Time PCR, luciferase binding studies, WB, cell viability assays,
cell proliferation assay, GIPR inhibitor studies, CAM assays, downstream target
analysis.

o Data analysis: 100% - Data evaluation, processing, formal analysis, and visualization
of entire data.

o Statistical analysis: 100% - Data interpretation, integration, organization/correlation
of patient data and performance of various statistical tests.

¢ Writing the manuscript: 50% - Writing of Material and Methods, Results, figure design
and legends.

¢ Revising the manuscript: 10% - Revising Abstract, Introduction, Results, Discussion,

Material and Methods, Conclusions, Figures and supplementary materials.

ﬁ(mo@-e Fegse /\) : @ @/\

Signature André Haase Signature Prof. Dr. Nicole Dunker

58



cancers

Article

Gastric Inhibitory Polypeptide Receptor (GIPR) Overexpression
Reduces the Tumorigenic Potential of Retinoblastoma Cells

André Haase

check for
updates

Citation: Haase, A.; Alefeld, E.;
Yalinci, F.; Meenen, D.V.; Busch, M.A.;
Diinker, N. Gastric Inhibitory
Polypeptide Receptor (GIPR)
Overexpression Reduces the
Tumorigenic Potential of
Retinoblastoma Cells. Cancers 2024,
16,1656. https://doi.org/10.3390/
cancers16091656

Academic Editor: Simon Saule

Received: 22 March 2024
Revised: 19 April 2024
Accepted: 24 April 2024
Published: 25 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Emily Alefeld

, Fatma Yalinci, Dario Van Meenen, Maike Anna Busch **1{ and Nicole Diinker *

Center for Translational Neuro- and Behavioral Sciences, Institute of Anatomy II, Department of Neuroanatomy,
Medical Faculty, University of Duisburg-Essen, 45147 Essen, Germany; andre haase@uk-essen.de (A.H.);
emily.alefeld@stud.uni-due.de (E.A.); fatma.yalinci@stud.uni-due.de (EY.);

dariovanmeenen@uk-essen.de (D.V.M.); nicole.duenker@uk-essen.de (N.D.)

* Correspondence: maike.busch@uk-essen.de

 These authors share senior authorship.

Simple Summary: Retinoblastoma (RB) is a malignant childhood eye cancer. In search for new or
adjuvant treatment options, the gastric inhibitory polypeptide receptor (GIPR), upregulated upon the
overexpression of trefoil factor family peptide 1 (TFF1), a diagnostic and prognostic biomarker for
advanced RBs, came into our focus of interest. The overexpression of GIPR, found to be co-expressed
with TFF1 in RB tumors, significantly reduced RB cell viability and growth and increased apoptosis
levels. Moreover, GIPR-overexpressing RB cells developed significantly smaller tumors in vivo,
indicating a tumor suppressor role of GIPR in RB. Although our data revealed that GIPR is not a
direct TFF1 receptor, TFF1 and GIPR seem to be involved in the same signaling cascades. GIPR
expression in RB cells seems to be regulated by miR-542-5p, and p53 is involved in GIPR downstream
signaling, together providing potential targets for novel retinoblastoma treatment approaches.

Abstract: Retinoblastoma (RB) is the most common malignant intraocular tumor in early childhood.
Gene expression profiling revealed that the gastric inhibitory polypeptide receptor (GIPR) is up-
regulated following trefoil factor family peptide 1 (TFF1) overexpression in RB cells. In the study
presented, we found this G protein-coupled transmembrane receptor to be co-expressed with TFF1,
a new diagnostic and prognostic RB biomarker for advanced subtype 2 RBs. Functional analyses
in two RB cell lines revealed a significant reduction in cell viability and growth and a concomitant
increase in apoptosis following stable, lentiviral GIPR overexpression, matching the effects seen after
TFF1 overexpression. In chicken chorioallantoic membrane (CAM) assays, GIPR-overexpressing RB
cells developed significantly smaller CAM tumors. The effect of GIPR overexpression in RB cells was
reversed by the GIPR inhibitor MK0893. The administration of recombinant TFF1 did not augment
GIPR overexpression effects, suggesting that GIPR does not serve as a TFF1 receptor. Investigations
of potential GIPR up- and downstream mediators suggest the involvement of miR-542-5p and p53 in
GIPR signaling. Our results indicate a tumor suppressor role of GIPR in RB, suggesting its pathway
as a new potential target for future retinoblastoma therapy.

Keywords: retinoblastoma; RB; gastric inhibitory polypeptide receptor; GIPR; trefoil factor family
peptide; TFF1; CAM; tumorigenesis; MK0893; miR-542-5p

1. Introduction

Affecting approximately 1 in every 18,000 live births worldwide, retinoblastoma (RB)
is a rare tumor, yet it is the most common intraocular pediatric malignancy found in
children under five years of age [1-3]. In bilateral RBs, which make up approx. 40% of all
cases, the tumor effects both eyes [4]. The RB1 gene regulates the cell cycle and inhibits
tumorigenesis, and RB develops after a loss or mutation of both gene copies [1,2,4-6]. If
diagnosed early, RB is curable, but, if left untreated, it leads to severe visual impairment
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and can even become life-threatening due to metastatic spread [1,7-11]. Enucleation, the
complete removal of the affected eye, is avoided whenever salvage is possible, e.g., via
intraarterial chemotherapy (IAC) or intravitreal chemotherapy (IVC). IVC focusses on
precise drug delivery to the hotspot of tumor seeding, the vitreous body, reducing the
toxicity of systemic chemotherapy [1,11-15]. However, current therapies are associated
with a considerable, sometimes even complete loss of vision and a significantly increased
risk for secondary tumors [16] as well as the development of chemotherapy resistance [17].
Therefore, current therapeutic and diagnostic procedures need to be improved, and new or
complementary treatment methods are required.

In humans, the trefoil factor family (TFF) comprises three peptides—TFF1, TFF2,
and TFF3—all possessing a characteristic clover leaf-like disulfide structure, the so-called
TFF domain (for review see [18-20]). TFF peptides have been shown to be aberrantly
expressed in a wide range of human cancer entities, including retinoblastoma (for review
see [21]). Our group demonstrated that TFF1 acts as a tumor suppressor in the progression
of retinoblastoma by reducing RB cell viability, growth, and proliferation and increasing
apoptosis in vitro as well as inhibiting tumor growth in vivo [22]. Moreover, we previously
discovered that TFF1 levels correlate with a higher clinical RB tumor-node-metastasis
(ITNM) stage [23], and, recently, TFF1 was described as a biomarker in retinoblastoma
patients with a more advanced subtype and poor prognosis [7,24]. Most recently, we
demonstrated a promising role of TFF1 as a prognostic and diagnostic marker available in
the aqueous humor of RB liquid biopsies in general and under therapy in particular [25,26].
After TFF1 overexpression in RB cells, we identified several differentially expressed genes
and pathways involved in cancer progression by a gene expression array analysis [22].
One of the genes with the highest fold change in its expression levels after TFF1 over-
expression was the glucose-dependent insulinotropic polypeptide or gastric inhibitory
polypeptide receptor (GIPR). The human GIPR gene encoding for a G protein-coupled class
B transmembrane protein was first cloned and molecularly characterized in 1995 [27-29].
G protein-coupled receptors (GPCRs) have been described as low-affinity receptors for
TFF2 and TFF3 [30,31] and might be potential mediators in TFF signaling. GIPR medi-
ates the metabolic function of the glucose-dependent insulinotropic or gastric inhibitory
polypeptide (GIP), namely, glucose-dependent stimulation of insulin release from the beta
cells of the pancreas ([32]; for review see [33,34]). GIPR is, however, not only expressed in
the beta cells of the pancreas, throughout the gastrointestinal tract, and in adipose tissues
but also in certain regions of the rat and human brain [35-38]. In the nervous system, GIP
effects on neurogenesis and neuronal survival have been reported (for overview see [37].
Recently, alterations in GIPR expression have been reported in neuroendocrine tumors [39],
neuroendocrine neoplasms [40], and medullary thyroid cancer [41], suggesting a clinically
significant diagnostic and prognostic potential (for review see [33,34]).

As various studies reported that signaling along the GIP/GIPR axis exerts pro-
proliferative and anti-apoptotic effects [42-47], in the study presented, we investigated if the
effects seen after TFF1 overexpression relating to RB cell viability, cell growth, proliferation,
apoptosis, and tumorigenicity are potentially mediated via the GIPR signaling axis and if
GIPR might even be a TFF1 receptor yet to be found. For this purpose, we overexpressed
GIPR in the RB cell lines WERI-Rb1 and Y79 and examined the effects on RB cell behavior
in vitro as well as in vivo, in ovo chorioallantoic membrane (CAM) assays. Furthermore,
we investigated the expression of GIPR in primary RB tumor cells in correlation with TFF1
expression and examined up- and downstream signaling components of GIPR via luciferase
binding studies and a proteome profiler oncology array.

2. Materials and Methods
2.1. Human Retina and Retinoblastoma Samples
In this study, we used postmortem healthy human retinal tissue and samples of

retinoblastoma patients. This research was conducted following the principles outlined
in the Declaration of Helsinki. Approval for the use of human retinal tissue (approval
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no. 06-30214) and RB samples (approval no. 14-5836-BO) was granted by the Ethics Commit-
tee of the Medical Faculty at the University Hospital Essen, University of Duisburg-Essen.
Informed consent was obtained from all the subjects involved in this study.

2.2. Human Cell Lines and Culture

The RB cell lines WERI-Rb1 (Weri [48] and Y79 [49], initially acquired from the Leibniz
Institute DSMZ (German Collection of Microorganisms and Cell Cultures), were generously
supplied by Dr. H. Stephan. The RB cell lines were cultivated as suspension cultures as
described previously [50]. Human embryonic kidney (HEK293T) cells were cultivated as
an adherent cell culture in DMEM medium (PAN-Biotech, Aidenbach, Germany), supple-
mented with 10% FBS (PAN-Biotech, Aidenbach, Germany), 4 mM L-glutamine (Gibco,
Karlsruhe, Germany), 100 U penicillin/mL, and 100 pg streptomycin/mL (Gibco, Karlsruhe,
Germany). The cells were maintained at 37 °C, 5% CO,, and 95% humidity.

2.3. Expression Vectors

For the construction of the GIPR overexpression vector (GIPR_plenti), the human
GIPR cDNA sequence was excised from the human hGip-R pcDNA3 plasmid (cat. #14942;
Addgene, Watertown, MA, USA, [28]) using the Notl fast digest restriction enzyme (Thermo
Scientific, Oberhausen, Germany). Subsequently, it was ligated to the Notl-digested
PENTR4 vector (cat. #17424; Addgene, Watertown, MA, USA, [51]). Afterwards, the
GIPR sequence was inserted into the plenti CMV Puro Dest vector (cat. #17452; Addgene,
Watertown, MA, USA [51]) using the Gateway LR Clonase II Enzyme Mix (Invitrogen,
Darmstadt, Germany), following the manufacturer’s protocol. In all GIPR overexpression
experiments, an empty plenti vector (empty_plenti) served as the control vector.

MicroRNA-542-5p sequences were extracted from genomic HEK293T DNA via PCR
using specific primers (forward: 5'-GAATTCATTTGGGATCGGTCAAGGATG-3'; and
reverse: 5-GGATCCTTTGCTTAGGGCCCACTTTC-3') containing EcoRI or BamHI restric-
tion sites (underlined). After EcoRI/BamHI digestion (Thermo Scientific, Oberhausen,
Germany), the miR-542-5p PCR product was integrated into the pSG5 vector (cat. #216201;
Stratagene, La Jolla, CA, USA) to generate a pSG5-miR-542-5p vector. The empty pSG5
vector (pSG5) served as a control vector.

For the miR-542-5p binding studies, the wildtype miR-542-5p binding site (GIPR-BS)
within the 3’-UTR of the GIPR sequence was amplified by PCR from the GIPR_plenti plas-
mid DNA using specific primers (forward: 5'-ACTAGTCCACACACGCTATGGAATG-3;
and reverse: 5-GAGCTCGGGCCTTTGCCTATGCTATC-3'), containing Spel or Sacl restric-
tion sites (underlined). Subsequently, the PCR fragments were inserted into a pCR®4-TOPO
vector with the TOPO™TA Cloning™ Kit (Thermo Scientific; Oberhausen, Germany),
following the manufacturer’s protocol. To create a mutant binding site (GIPR-MUT),
primers (forward: 5-CACTTAAGCCAGTCGACAAAGAGGTGAAAG-3'; and reverse:
5-CTTTCACCTCTTTGTCGACTGGCTTAAGTG-3') containing a Sall restriction site (un-
derlined) instead of the miR-542-5p binding site were used in combination with the wildtype
primers mentioned above. Following Spel/Sacl digestion (Thermo Scientific; Oberhausen,
Germany), the wildtype and mutant miR-542-5p binding site PCR products were ligated
into the pmiR-TK-RNL vector [52] to generate pmiR-GIPR-BS and pmir-GIPR-MUT vec-
tors. The empty pmiR-TK-RNL vector (pmiR) served as a control vector. Validation of all the
constructed vectors was performed via Sanger sequencing (Microsynth, Balgach, Switzerland).

2.4. Luciferase Binding Studies

The interaction between miR-542-5p and the potential binding site in the 3’-UTR
of the GIPR gene was investigated using a Dual-Luciferase® Reporter Assay System
(Promega, Mannheim, Germany). HEK293T cells were transiently co-transfected with
either the miR-542-5p expression vector (pSG5-miR-542-5p) or an empty control vector
(pSGD), in combination with the empty pmiR-TK-RNL vector (pmiR), a vector containing
the miR-542-5p binding site (pmiR-GIPR-BS), or a vector containing the mutant binding
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site (pmiR-GIPR-MUT). After incubation for 48 h, the cells were lysed in 1x passive lysis
buffer (Promega), and luciferase activity was quantified via a dual-luciferase reporter
assay (cat. #£1910, Promega, Walldorf, Germany) and visualized using a GloMax 20/20
luminometer (Promega, Walldorf, Germany) following the manufacturer’s instructions. In
the assay performed, binding to the potential binding site decreased luciferase activity. The
relative luciferase activity was calculated as the ratio of firefly luciferase to renilla luciferase
activity. All the analyses were conducted in triplicates.

2.5. Transient GIPR and miR-542-5p Overexpression

For transient GIPR and miR-542-5p overexpression, 5 x 10° Weri or Y79 cells were
seeded into six-well plates with 2 mL DMEM (PAN-Biotech, Aidenbach, Germany) supple-
mented with 15% FBS (PAN-Biotech, Aidenbach, Germany) and 4 mM L-glutamine (Gibco,
Karlsruhe, Germany). Plasmid DNA (4 pg) of GIPR_plenti, empty_plenti, pSG5-miR-542-5p,
or empty pSG5 vectors was combined with transfection reagent (FuGENE® HD; Promega,
Walldorf, Germany) at a ratio of 1:5 following our previously established protocol [22].

2.6. Lentivirus Production and Transduction

For lentivirus production, 6 x 10 HEK293T cells were co-transfected with 6 ug of each
of the following plasmid DNAs: packaging vectors pczVSV-G [53], pCD NL-BH [54], and
GIPR_plenti or empty_plenti, the latter serving as a negative control. Transfections were
performed in the presence of 45 ug polyethyleneimine (PEI, Sigma-Aldrich, St. Louis, MI,
USA) in DMEM medium. After 24 h, the medium was changed to Iscove’s Modified Dul-
becco’s medium (IMDM, Pan-Biotech, Aidenbach, Germany) supplemented with 10% FBS
and 1% penicillin/streptomycin. Seventy-two hours after transfection, viral supernatants
were harvested, filtered (0.45 um sterile filter), and stored at —80 °C until use.

For lentiviral transduction, 0.5 x 10®/mL RB cells were seeded in cell culture flasks
(Greiner, Kremsmdtinster, Austria) in DMEM cell culture medium supplemented with
15% FBS, 4 mM L-glutamine, 100 U penicillin/mL, and 100 pg streptomycin/mL. After
24 h, the medium was replaced by GIPR (GIPR_plenti) or a negative control (empty_plenti)
viral supernatant. Transduction was performed in the presence of 50 pug/mL polybrene
(H9268, Sigma-Aldrich, Miinchen, Germany). After 24 h, double the volume of the DMEM
medium was added to the virus supernatant. Forty-eight hours later, the medium was
exchanged completely with the DMEM medium.

Virus production and transduction with TFF1 lentiviral supernatant was performed as
described previously [22].

2.7. RNA Extraction and Quantitative Real-Time PCR

RNA was isolated using a NucleoSpin® RNA 1I Kit (Macherey & Nagel, Diiren,
Germany), and microRNA was isolated using a miRNeasy Kit (Qiagen, Hilden, Germany),
both following the manufacturers’ protocols.

Complementary DNA (cDNA) was synthesized using a QuantiTect Reverse Transcrip-
tion Kit (Qiagen) following the manufacturer’s protocol. For quantitative Real-Time (RT)
PCR analysis of GIPR, a SYBR™ Green PCR assay (Applied Biosystems, Dreieich, Germany)
was used with specific primers (forward: 5-GGACTATGCTGCACCCAATG-3'; and reverse:
5'-CAAAGTCCCCATTGGCCATC-3). Human GAPDH (forward: 5'-ACCCACTCCTCCA-
CCTTTGA-3'; and reverse: 5-CTGTTGCTGTAGCCAAATTCGT-3') served as an endoge-
nous control. RT-PCRs were performed in triplicates using 20 uL of SYBR™ Green PCR
Master Mix (Applied Biosystems, Dreieich, Germany). A thermal cycling (Mastercycler
X50s, Eppendorf, Hamburg, Germany) program comprised the initial denaturation step at
95 °C for 15 min, followed by 40 cycles of denaturation at 94 °C for 15 s, annealing at 55 °C
for 30 s, and extension at 70 °C for 34 s.

The primers in Table 1 were used to analyze the expression levels of potential down-
stream targets of GIPR (see Supplementary Figure S1).
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Table 1. Real-Time PCR primers for GIPR downstream signaling analyses.

Primer 5/-3’ Sequence
ENO2 FW CTACCACCGTCTGAGTCTGC
ENO2 RV CCTTCAGGACACCTTTGCCT
ERBB2 FW GTTCCCGGATTTTTGTGGGC
ERBB2 RV GTGGTACTTCAATTGCGACTCA
p27 FW CTGCAACCGACGATTCTTCT
p27 RV GCATTTGGGGAACCGTCTGA
p53 FW TGTGACTTGCACGTACTCCC
P53 RV ACCATCGCTATCTGAGCAGC
Survivin FW TGAGAACGAGCCAGACTTGG
Survivin RV TGGTTTCCTTTGCATGGGGT
FGFb FW CCGTTACCTGGCTATGAAGG
FGFb RV AAAGAAACACTCATCCGTAACACA

TagMan Gene Expression Real-Time PCR analysis was performed according to the
manufacturer’s protocol using the TagMan Universal PCR Master Mix (Applied Biosystems,
Dreieich, Germany). Reactions were performed in duplicate with a total volume of 20 pL
and the following cycling program: 2 min at 50 °C, 10 min at 95 °C, followed by 40 cycles
of 155 at 95 °C, and 60 s at 60 °C. The following TagMan Real-Time PCR assays (Applied
Biosystems, Dreieich, Germany) were used: 185 (Hs99999901_s1), GIPR (Hs00609210_m1),
and TFF1 (Hs00907239 m1).

MiRNA expression analyses were conducted using a miScript PCR Starter Kit
(cat. #2181193; Qiagen, Hilden, Germany) following the manufacturer’s instructions. For
miRNA quantification, miScript HiSpec buffer (Qiagen, Hilden, Germany) was used with
specific primers for miR-542-5p (5'-TCGGGGATCATCATGTCACGAGA-3') and 5.85 RNA
(5’-CTACGCCTGTCTGAGCGTCGCTT-3') as an internal control. The reactions were con-
ducted in duplicates with the following subsequent thermal cycling program: 95 °C for
15 min, 94 °C for 15 s, 55 °C for 30 s, and 70 °C for 34 s, with a total of 40 cycles.

2.8. Western Blot Analyses

For the Western blot analyses, 10 x 10° cells were washed with phosphate-buffered
saline (PBS) and subsequently lysed in RIPA buffer supplemented according to a previously
described protocol [50]. Protein extraction was achieved by ultrasonic cell lysis at 4 °C, and,
afterwards, the lysates were centrifuged at 10,000 x g at 4 °C for 30 min. The protein con-
centration was determined using a bicinchoninic acid assay (BCA; Thermo Scientific, Ober-
hausen, Germany) following the manufacturer’s instructions. Equal amounts of protein
extracts were separated on a 10% SDS/PAGE gel and transferred onto nitrocellulose mem-
branes. The membranes were blocked in 5% milk powder (Roth, Karlsruhe, Germany) and
incubated overnight at 4 °C with primary antibodies against GIPR (1:2000; cat. #ab136266,
Abcam, Cambridge, UK), TFF1 (1:1000; cat. #ab92377, abcam, Cambridge, UK), or (3-actin
(1:1000; cat. #4967; Cell Signaling Technology, Danvers, MA, USA). The blots were either
cut or stripped by incubation in 0.2 N NaOH (Roth, Karlsruhe, Germany) for 15 min at RT,
followed by re-blocking and incubation in an antibody solution. Horseradish peroxidase
(HRP)-conjugated secondary antibodies (goat anti-rabbit; P0448, Agilent, Santa Clara, CA,
USA) were applied at a dilution of 1:10,000 at room temperature for 1 h. The HRP signal
was visualized with a Western Bright Chemiluminescence Reagent (Advansta, San Jose,
CA, USA) and detected with a Celvin S reader (Biostep, Burkhardtsdorf, Germany).

2.9. Cell Viability Assays

For the determination of cell viability, a total of 4 x 10* cells were seeded in 100 puL of
DMEM medium into a 96-well plate in quintuplicates. Following 48 h incubation, 10 pL of a
water-soluble tetrazolium (WST-1) solution (Sigma-Aldrich, St. Louis, MI, USA) was added
to each well, and the cells were incubated at 37 °C for 2 h. The formazan product produced
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by viable cells was quantified using a microplate reader (Agilent BioTek, Santa Clara, CA,
USA) at an absorbance of 450 nm.

2.10. Growth Kinetics

Growth kinetics analyses were performed using 24-well plates. A total of 3 x 10° cells
were seeded in triplicates, with each well containing 500 uL of DMEM medium (see above).
The quantity of viable cells was determined by manual counts of trypan blue-stained cells
at defined intervals (0, 24, 48, 72, 96, and 168 h).

2.11. BrdU and Caspase-3 Assays

Cell proliferation was examined by the addition of 5 uM of BrdU (5-Bromo-2'-deoxyuridine;
Sigma-Aldrich, Steinheim, Germany) to the cells. Thereafter, the cells were seeded on Poly-
D-Lysin (Sigma, St. Louis, MI, USA)-coated coverslips. After 4 h at 37° and 10% CO,, the
cells were fixed in 4% paraformaldehyde (PFA). Subsequently, the cells were permeabilized
with 0.1% triton X-100 (Sigma, St. Louis, MI, USA) in PBS for 30 min. To prevent unspecific
binding, the cells were blocked in PBS containing 5% BSA (bovine serum albumin; Sigma,
St. Louis, MI, USA) and 5% NGS (normal goat serum; Dako, Santa Clara, CA, USA). Next,
the cells were incubated overnight at 4 °C with a rat anti-BrdU primary antibody (1:1000;
cat. #ab6326; Abcam, Cambridge, UK). The next day the cells were washed (3 x 5 min
with PBS) and incubated with an Alexa Fluor 594-labeled goat anti-rat secondary anti-
body (1:1000 in PBS; cat. #A-1007, Molecular Probes, Eugene, OR, USA). The number of
proliferating cells was determined by manual counting.

Caspase-3-dependent apoptosis was investigated by seeding cells on coverslips and
fixing them 2 h later with 4% PFA. The cells were treated with a blocking solution (5% BSA,
5% NGS, and 0.1% triton in PBS) for 1 h at room temperature, followed by incubation with
a cleaved, active caspase-3 antibody (1:400; cat. #9664, Cell Signaling Technology, Danvers,
MA, USA), overnight at 4 °C. The next day, the cells were washed with PBS three times
(5 min each) and incubated with an Alexa Fluor 594-labeled goat anti-rabbit secondary
antibody (1:1000 in PBS; cat. #A-11012, Molecular Probes, Eugene, OR, USA). The number
of caspase-3-dependent apoptotic cells was determined by manual counting.

2.12. GIPR Inhibitor Studies

For the GIPR inhibitor studies, 4 x 10% cells transduced with GIPR or control lentivi-
ral supernatant were seeded in 100 pL of DMEM medium in a 96-well plate (Greiner,
Kremsmiinster, Austria). The cells were treated with the GIPR inhibitor MK0893 (Med-
ChemExpress, Monmouth Junction, NJ, USA) diluted in DMSO (Sigma-Aldrich, Steinheim,
Germany) at a final concentration of 5nM or a DMSO (Sigma-Aldrich, Steinheim, Germany)
control. Two hours later, recombinant TFF1 (rTFF1; Preprotech, Cranbury, NJ, USA) recon-
stituted in water was added at a final concentration of 5 uM. The controls were treated
with water.

2.13. In Ovo Chorioallantoic Membrane (CAM) Assays

In order to quantify changes in tumor formation capacity, tumor size, and weight of
GIPR-overexpressing RB cells, 1 x 10° cells transduced with GIPR or control virus particles
were grafted onto the chorioallantoic membrane (CAM) of fertilized chicken eggs (see
Figure 1) as described previously [50] based on the protocol of Zijlstra and Palmer [55,56].
Twenty-five fertilized eggs were grafted in at least three independent experiments. On chick
embryonic developmental day (EDD) 17, seven days after grafting of the RB cells at EDD10,
the tumors were excised, measured, and photographed as described previously [22,57,58].
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Figure 1. Schematic depiction of the chorioallantoic membrane (CAM) assay. Timeline of the in ovo
chorioallantoic membrane (CAM) tumor cell graft model. Fertilized chicken eggs were incubated
for 10 days. On embryonic development day (EDD) 10, the eggs were opened, and tumor cells were
inoculated onto the CAM. On EDD 17, four days before hatching, the tumors were harvested and
analyzed. The figure was created with BioRender® at https://www.biorender.com (accessed on
31 October 2023).

2.14. Cancer-Related Protein Expression Profiling

The expression levels of 84 human cancer-related proteins were evaluated in Weri cells
transduced with either GIPR or control lentiviral supernatant using the Proteome Profiler
Human XL Oncology Array (R&D Systems, Minneapolis, MN, USA). The expression levels
were determined in duplicate, using 200 ug of protein following the manufacturer’s protocol.

2.15. Statistical Analysis

The statistics were calculated using GraphPad Prism 9. The data presented represent
the means =+ standard error of the mean (SEM) from at least three experiments. The data
were analyzed by Student’s t-test, and statistical significance was assigned for p-values less
than 0.05 (*), 0.01 (**), 0.001 (***), or 0.0001 (****).

Statistical analyses of growth curves were performed using a web interface (http://bioinf.
wehi.edu.au/software/compareCurves/, accessed on 4 December 2023). This interface
allows one to compare growth curves from the statmod statistical modeling package, which
is available through the “R Project for Statistical Computing” (http:/ /www.r-project.org,
accessed on 4 December 2023).

For biological pathway and gene ontology (GO) term analyses on the target genes,
we used a Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analy-
sis, using the database for annotation, visualization, and integration discovery (DAVID)
software [59]. The analysis, based on hypergeometric distribution, utilized a significance
threshold of p < 0.05 for the selection of GO terms and pathways.

3. Results
3.1. GIPR and TFF1 Are Co-Expressed in Retinoblastoma Tumors

Previous investigations by our group revealed that the G protein-coupled receptor
(GPCR) GIPR is one of the genes with the highest fold change in expression after TFF1
overexpression in RB cells. First, we verified GIPR upregulation upon successful lentiviral
TFF1 overexpression (Figure 2a,c) in the RB cell lines Weri and Y79 in terms of the RNA
level by Real-Time PCR (Figure 2b). In terms of the protein level, GIPR expression was,
however, only significantly upregulated in Weri RB cells, as revealed by a Western blot
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analysis (Figure 2c). The uncropped blots and molecular weight markers are shown in
Supplementary Figure S2.
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Figure 2. Verification of GIPR upregulation after lentiviral TFF1 overexpression in two retinoblastoma
cell lines. (a) Verification of TFF1 overexpression in Weri and Y79 RB cells via Real-Time PCR. (b) After
lentiviral TFF1 overexpression in two RB cell lines, GIPR is significantly upregulated at the mRNA
level, as revealed by Real-Time PCR. (c¢) In TFF1-overexpressing Weri RB cells, GIPR is likewise
upregulated at the protein level, as revealed by a Western blot analysis. CTRL = cells transduced with
control vector; TFF1 OE = TFF1 overexpression. Values represent the means £ SEM; significances are
calculated by an unpaired Student’s ¢-test. ns: not significant; * p < 0.05; and *** p < 0.001.

Next, we investigated GIPR’s expression levels in retinoblastoma primary tumor tissue
and correlated them with TFF1 expression. Real-Time PCR analyses revealed that cultured
primary RB patient-derived tumor cells, which do not express TFF1 (TFF1-negative; TFF1)
displayed similar GIPR levels to healthy human retina (hRet; Figure 3a). TFF1-expressing
(TFF1-positive; TFF1+) RB tumor cells, by contrast, showed significantly increased GIPR
expression compared to TFF1-RB tumor cells and compared to hRet (Figure 3a). Formalin-
fixed paraffin-embedded TFF1-RB patient tumors displayed higher, yet not significantly
increased, GIPR levels compared to hRet, whereas TFF1+ tumors showed significantly
increased GIPR expression compared to hRet and TFF1-RB tumors (Figure 3b). Exemplary
immunohistochemical stains of RB patient tumor sections revealed that TFF1+ tumors are
also positive for GIPR, whereas TFF1-tumors also stain negatively for GIPR (Figure 3c). The
co-expression of GIPR and TFF1 in RB patient tumors, which did express TFF1, allowed
potential TFF1 signaling via the GIPR receptor.
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Figure 3. GIPR expression in TFF1-negative and TFF1-positive primary RB patient tumors. (a) Cul-
tured TFF1-negative (TFF1-) patient-derived retinoblastoma (RB) tumor cells display similar GIPR
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mRNA levels to healthy human retina (hRet) as revealed by Real-Time PCR. By contrast, TFF1-
positive (TFF1+) RB tumor cells show significantly increased GIPR expression. GIPR expression in
TFF1+ primary RB tumor cells is significantly increased compared to TFF1- tumor cells. (b) Real-Time
PCR analyses with RNA extracted from formalin-fixed paraffin-embedded (FFPE) RB patient tumors
revealed that TFF1-RB tumors show higher, yet not significantly increased, GIPR mRNA levels
compared to hRet, whereas TFF1+ tumors display significantly increased GIPR expression compared
to hRet and TFF1-RB tumors. (¢) Exemplary immunohistochemical stains against GIPR and TFF1
(brown) in TFF1+ and TFF1- in hematoxylin counterstained (blue) paraffin sections of RB patient
tumors. Scale bar: 50 um; applies to all pictures in C. Values represent the means + SEM; significances
are calculated by an unpaired Student’s t-test. ns = p > 0.05; * p < 0.05; ** p < 0.01; and *** p < 0.001.

3.2. GIPR Owerexpression Results in Decreased Cell Viability, Cell Growth, and Proliferation as
Well as Increased Apoptosis in RB Cell Lines In Vitro

In order to investigate if the decrease in RB cell viability, cell growth, proliferation,
and tumorigenicity and the increase in apoptosis seen after TFF1 overexpression might be
mediated via the GIPR signaling axis, we transduced GIPR in the RB cell lines Weri and Y79,
generating stably GIPR-overexpressing cells. Successful GIPR overexpression was verified
by Real-Time PCR (Figure 4a), Western blot analysis (Figure 4b), and immunofluorescence
staining (Figure 4c). The uncropped blots and molecular weight markers are shown in
Supplementary Figure S3.
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Figure 4. Verification of GIPR overexpression in retinoblastoma cell lines. (a) Verification of GIPR
overexpression (OE) in the retinoblastoma (RB) cell lines Weri and Y79 on mRNA level via Real-Time
PCR. (b) Verification of GIPR overexpression at the protein level via Western blot analysis in the RB
cell lines Weri and Y79. (c) Immunofluorescent stains against GIPR (red fluorescence) with DAPI
(blue) counterstaining after GIPR overexpression in Weri RB cells. Scale bar: 50 um (applies to all
pictures in (c). CTRL = cells transduced with control vector; GIPR OE = GIPR overexpression. Values
represent the means + SEM; significances are calculated by an unpaired Student’s ¢-test. * p < 0.05;
**p<0.01.

Cell viability was significantly decreased after GIPR overexpression in both of the
RB cell lines investigated as revealed by WST-1 viability assays (Figure 5a). Accordingly,
our growth curve analyses showed significantly diminished growth rates of Weri and
Y79 GIPR-overexpressing cells compared to the control cells (Figure 5b,c) and the prolif-
eration levels of both cell lines were also decreased, as revealed by the BrdU cell counts
(Figure 5d,e). Additionally, a significant increase in caspase-3-dependent apoptosis was
seen upon GIPR overexpression in both cell lines, as revealed by the quantification of
immunofluorescent staining against cleaved caspase-3 (Figure 5f). In summary, the impact
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indicating potential TFF1 signaling via the GIPR axis.
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Figure 5. In vitro effects of GIPR overexpression in retinoblastoma cell lines. (a) Cell viability was
significantly decreased following GIPR overexpression (GIPR OE; blue bars) in the retinoblastoma
(RB) cell lines Weri and Y79, as revealed by WST-1 assays. (b,c) Growth kinetics of Weri (b) and Y79 (c)
RB cells were significantly decreased after GIPR overexpression. (d) Proliferation of Weri and Y79
cells was significantly decreased after GIPR overexpression, as revealed by the quantification of BrdU
stains. (e) The significant increase in apoptosis after GIPR overexpression in Weri and Y79 cells was
caspase-3-dependent, as revealed by the quantification of immunocytochemical stains against cleaved
caspase-3. (f) Immunocytochemical stains against cleaved caspase-3 in Weri control cells (CTRL) and
GIPR-overexpressing (GIPR OE) Weri cells. Arrowheads indicate cleaved caspase-3-positive (cleaved
caspase-3*) cells. Scale bar 50 pum. CTRL = cells transduced with control vector. Values represent the
means + SEM; significances were calculated by an unpaired Student’s ¢-test. ns = p > 0.05; * p < 0.05;
**p <0.01; *** p <0.001; and *** p < 0.0001.

3.3. GIPR-Owverexpressing RB Cells Form Significantly Smaller Tumors In Vivo

Next, we used the chicken chorioallantoic membrane (CAM) assay to examine the
impact of GIPR overexpression on RB cell tumor growth and formation capacity in an
in vivo model (for the schematic depiction, see Figure 1). Stably GIPR-overexpressing
Weri and Y79 cells were inoculated into the CAM of 10-day-old chicken embryos. The
quantification of CAM tumor weight and size revealed that both GIPR-overexpressing
RB cell lines investigated formed significantly lighter and smaller tumors in ovo than the
control cells (Figure 6a,b,d). Compared to the controls, the tumor formation capacity was
not significantly changed in the GIPR-overexpressing Weri and Y79 cells (Figure 6c).
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Figure 6. In vivo effects of GIPR overexpression in in ovo CAM assays. (a—c) Quantification of weight,
size, and formation capacity of CAM tumors developing from GIPR-overexpressing (GIPR OE) Weri
and Y79 RB cells inoculated in the CAM. (d) Representative pictures of RB CAM tumors in situ and
excised tumors on a ruler (insets). GIPR-overexpressing RB cells form significantly smaller tumors
in the in ovo CAM assay. Scale bar in (d): 5 mm; applies to all pictures. CTRL = cells transduced
with control vector. Values represent the means + SEM; significances are calculated by an unpaired
Student’s t-test. ns = p > 0.05; ** p < 0.01; and *** p < 0.001.

3.4. Impact of the Administration of a GIPR Inhibitor and/or Recombinant TFF1 on Cell Viability,
Proliferation, and Cell Death of GIPR-Overexpressing RB Cell Lines

Next, we set out to address the question of whether the effects seen after GIPR over-
expression are specific and if GIPR might be a receptor for TFF1. For this purpose, we
blocked GIPR signaling after its overexpression in two RB cell lines with a specific inhibitor
(MKO0893) and treated the cells with recombinant TFF1 (rTFF1) alone or in combination
with MK0893 and analyzed effects on cell viability, proliferation, and apoptosis.

The significant reduction in cell viability and proliferation as well as the induction
of apoptosis seen after GIPR overexpression in the retinoblastoma cell lines Weri and Y79
were significantly reversed upon the administration of MK0893 (Figure 7a-f), indicating
that the effects seen after GIPR overexpression on RB cells were specific. The treatment of
GIPR-overexpressing RB cells with rTFF1 did not change the cell viability, proliferation, or
apoptosis levels compared to those of untreated GIPR-overexpressing cells (Figure 7a—f).
Thus, no additive or synergistic effect due to the binding of TFF1 to the upregulated GIPR
receptor levels in GIPR-overexpressing cells could be observed. By contrast, the combined
treatment with the GIPR inhibitor and rTFF1 resulted in a significant decrease in cell
viability and proliferation compared to the administration of the GIPR inhibitor alone
(Figure 7a—e), indicating that the effects on cell viability and proliferation induced by TFF1
were independent of GIPR. However, an induction of apoptosis upon treatment with rTFF1
in comparison to an induction of apoptosis by MK0893 alone could not been detected
(Figure 7c,e). Although our data revealed that GIPR is not a direct TFF1 receptor, the fact
that GIPR is upregulated after TFF1 overexpression and that the same effects are induced
upon GIPR and TFF1 overexpression indicate that TFF1 and GIPR are involved in the same
signaling cascades.
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Figure 7. Effects of administration of a GIPR inhibitor and recombinant TFF1 on GIPR-overexpressing
RB cells. (a,d) Cell viability was significantly decreased following GIPR overexpression (GIPR OE;
blue bars) in the retinoblastoma (RB) cell lines Weri (a) and Y79 (d), as revealed by WST-1 assays after
24 h. After the administration of the GIPR inhibitor MK0893, the effect was reversed. The addition (+)
of recombinant TFF1 (rTFF1) or a combination of MK0893 and rTFF1 did not lead to changes in cell
viability compared to untreated GIPR-overexpressing cells (—). (b,e) Cell proliferation in Weri (b) as
well as in Y79 (c) cells was decreased after GIPR overexpression, as revealed by the quantification of
BrdU stains. Following the administration of MK0893, the effect was reversed, and the proliferation
levels exceeded those of the control cells, transduced with a control vector (CTRL). The addition of
rTFF1 did not lead to changes in proliferation compared to the untreated GIPR-overexpressing cells.
(c,f) Changes in the cell death levels after GIPR overexpression were revealed by the counting of
trypan blue-positive cells. GIPR overexpression resulted in an increased apoptosis level of Weri (c)
and Y79 (f) cells. Following the administration of MK0893, the cell death levels dropped significantly
in Y79 (f) but not in the Weri cell line. The addition of rTFF1 did not lead to significant changes
compared to the cell death levels of the untreated controls. The legends in a and d also apply to all
the other graphs. Values represent the means + SEM; significances are calculated by an unpaired
Student’s t-test. ns = p > 0.05; * p < 0.05; ** p < 0.01; and ** p < 0.001.

3.5. GIPR Expression in Retinoblastoma Cells and Its Regulation by miR-542-5p

As GIPR has previously been described as a potential target gene of miR-542-5p [60],
we analyzed the expression of this miR and GIPR in Weri and Y79 RB cells in comparison
to healthy human retina. Compared to healthy human retina, GIPR expression was signifi-
cantly increased in both of the RB cell lines investigated (Figure 8a), whereas the miR-542-5p
expression levels were significantly decreased (Figure 8b). The opposing expression of miR-
542-5p and GIPR suggests that the GIPR levels in RB cells might be regulated by mir-542-5p.
This hypothesis was supported by the observation that GIPR expression significantly de-
creased (Figure 8d) upon transient mir-542-5p overexpression (Figure 8c) in Weri and Y79
cells. In order to analyze if TFF1 is also involved in the miR-542-5p GIPR signaling axis, we
additionally investigated the expression of TFF1 after miR-542-5p overexpression as well
as the miR-542-5p expression levels after TFF1 overexpression. Our data, however, did not
reveal a regulatory mechanism between miR-542-5p and TTF1 (Supplementary Figure S4).
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Figure 8. Endogenous GIPR and miR-542-5p expression levels in RB cell lines and expression after
miR-542-5p overexpression. (a,b) Compared to healthy human retina (hRet), the RB cell lines Weri
and Y79 displayed increased GIPR ((a); blue bars) and decreased miR-542-5p ((b); green bars) mRNA
expression levels, as revealed by Real-Time PCR. (c,d) After successful miR-542-5p overexpression
(grey bars; (c)), verified by Real-Time PCR, the RB cell lines displayed significantly decreased GIPR
mRNA expression levels (d). CTRL = cells transduced with control vector. miR-542-5p OE = miR-
542-5p overexpression. Values represent the means 4+ SEM; non-significant p-values are not shown.
*p <0.05; ** p <0.01; *** p < 0.001; and **** p < 0.0001.

Target scans predicted a potential binding site for miR-542-5p within the 3/-UTR
region of the GIPR gene (Figure 9a). Luciferase activity assays were performed to assess the
binding of miR-542-5p to the GIPR 3’-UTR region. Our binding study revealed that miR-
542-5p binds to the wildtype binding site of GIPR in the 3'-UTR detected by significantly
reduced luciferase activity (Figure 9b). As a control for the binding specificity, we mutated
the GIPR binding site (Figure 9a) and measured the binding of miR-542-5p. In this setting,
luciferase activity remained unchanged compared to the binding of the empty vector
control (Figure 9b), indicating that miR-542-5p has the capability to specifically bind to and
regulate GIPR expression in RB cell lines.
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Figure 9. Binding studies of miR-542-5p to the 3'-UTR region of GIPR. (a) Depiction of poten-
tial binding sites of miR-542-5p at the 3/-UTR region of the GIPR gene. The GIPR 3/-UTR region
contains a potential binding site for miR-542-5p adjacent to the open reading frame (GIPR ORF).
MiR-542-5p can bind to the potential binding site (BS), whereas it cannot bind to the mutant binding
site (MUT BS). (b) For the luciferase binding studies, HEK293T cells were co-transfected with a
miR-542-5p expression vector (pSG5-miR542-5p) in addition to either a wildtype (pmiR-GIPR-BS)
or mutant (pmiR-GIPR-MUT) vector containing the binding sequence of the GIPR 3/-UTR. Empty
vectors (pSG5 and pmiR) served as the controls. After 48 h, decreased luciferase activity indicated the
binding of miR-542-5p to the 3‘-UTR of the GIPR gene (pmiR-GIPR-BS). No binding was observed
for the mutant GIPR binding site (pmiR-GIPR-MUT). The values are the means of at least three
independent experiments + SEM; significances are calculated by an unpaired Student’s ¢-test. Non-
significant p-value calculations are not shown. ** p < 0.01. The figure was created with BioRender® at
https:/ /www.biorender.com (accessed on 31 October 2023).

3.6. GIPR Downstream Signaling Targets

To gain a deeper insight into GIPR downstream signaling in RB cells, cancer-associated
proteins were analyzed in a human oncology array. Following GIPR overexpression 9 out
of 84 proteins were differentially regulated in Weri RB cells: BCLyy, enolase 2, ErbB2,
FGFb, p27/Kipl, p53, and survivin were upregulated, whereas MMP3 was downregulated
compared to the controls (Figure 10). The whole human oncology arrays are shown in
Supplementary Figure S5.
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Figure 10. Expression of tumor-related proteins after GIPR overexpression in Weri cells as revealed by
a human oncology array. Duplicate spots of differentially expressed proteins are shown. Grey-scale
intensities were recorded and the ratios for the control cells vs. the GIPR-overexpressing cells were
calculated. CTRL = cells transduced with control vector; GIPR OE = GIPR-overexpressing cells.

Differential expression of these proteins was confirmed at mRNA level via Real-Time
PCR (Supplementary Figure S1). In Y79 cells, no significant regulation of the before-
mentioned proteins was seen at the protein level. At the mRNA level, by contrast, all the
proteins upregulated in the Weri cells were likewise upregulated; however, the levels did
not reach significance (Supplementary Figure S1).

DAVID analyses of all the proteins differentially expressed in the Weri cells revealed
10 significantly enriched GO terms (Table S1) and 18 KEGG pathways with at least three

o

counts and p < 0.05 (Table S2). Most of the GO terms were related to “apoptosis”, “prolifera-
tion”, “cell migration”, “cell cycle”, and “angiogenesis”, all processes playing an important
role in cancer and shown to be affected by GIPR overexpression in RB cells. Nine out of the

eighteen identified KEGG pathways were associated with cancer.

4. Discussion

We previously discovered that TFF1 overexpression in RB leads to anti-tumorigenic
effects, suggesting a potential tumor suppressor role of TFF1 in this tumor entity [22,23].
Upon TFF1 overexpression, we found GIPR to be one of the highest differentially regulated
genes and hypothesized that TFF1’s effects on cell viability, growth, proliferation, apoptosis,
and tumorigenicity in RB cells might be mediated via the GIPR signaling axis and that
GIPR might as well be a receptor for TFF1. Most recently, TFF1 was also identified as an
RB biomarker for a subset of more advanced RBs [7,23,24], being detectable in the aqueous
humor of RB patients [25,26]. At a first glance, a potential tumor suppressor function of
TFF1 and elevated expression levels in more advanced, higher-metastasizing RB tumors
seem to be conflicting. However, the two facts are not necessarily contradictory, as various
mechanisms potentially upregulate a tumor suppressor in advanced tumors. Possible
scenarios are, e.g., cellular stress response to hypoxia and high reactive oxygen species
(ROS) levels, frequently observed in more advanced tumor stages, or the activation of the
immune system by inflammation, a key player in carcinogenesis. Fittingly, the ectopic
expression of TFF1 during chronic inflammation processes and a role of TFF1 as an ROS
scavenger have been previously described for various tissues (for review, see [18]). In
addition, genetic alterations including mutations or altered epigenetic regulations are po-
tential mechanisms explaining the discrepancy described above. Along this line, we could
show that TFF1 is epigenetically regulated in RB [61], and others observed a correlation
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between cancer progression and mutations/polymorphisms in the TFF1 gene [62-66]. To
gain a deeper understanding of the molecular mechanisms underlying the dual tumor
suppressor and biomarker function of TFF1, it is important to gain a deeper insight into its
signaling pathways.

Thus, we investigated the general function of GIPR signaling in RB and its correlation
with TFF1. In the study presented, we observed significantly elevated GIPR levels in Weri
and Y79 RB cells compared to healthy human retina. In a pathological context, human and
rat medullary thyroid cancers display high GIPR expression levels compared to normal
tissue, and massive overexpression of GIPR was described for neoplastic C cells of both rats
and humans [41]. Moreover, GIPR is significantly overexpressed in various neuroendocrine
tumors (NETs) compared to normal tissue [67,68]. Particularly, pancreatic, illeal, and
bronchial NETs display very high GIPR expression [39]. Moreover, while TFF1-negative RB
tumor cells displayed similar GIPR levels to healthy human retina, significantly increased
GIPR expression levels were detected in TFF1-positive primary tumor cells, representing
the subset of more advanced RBs with TFF1 as an indicating biomarker [7,24]. Additionally,
we verified the upregulation of GIPR’s levels upon TFF1 overexpression in Weri and Y79
cells at the RNA and protein level, indicating a possible functional correlation of both
proteins. In neuroendocrine neoplasms (NENs), high GIPR expression likewise correlates
with a high tumor grade. In these tumor entities, GIPR levels gradually increase in a
subset of insulinomas and non-functioning pancreatic NENs [40]. Furthermore, increased
GIPR expression has been correlated with liver metastasis [69]. Further along this line,
Costa et al. observed significantly higher GIPR mRNA levels in malignant adrenocortical
carcinomas than in benignant adenomas in both pediatric and adult patients [70]. Moreover,
the presence of GIPR was demonstrated in advanced colorectal cancer (CRC) and MC-26
and HT29 cells, two CRC cell lines [43]. Interestingly, neither epithelial and stromal
gastrointestinal (GI) tumors and GI stromal tumors nor lung adenocarcinomas express
GIPR, except for a subgroup of pancreatic adenocarcinomas [39]. Our data support the
hypothesis that TFF1 and GIPR, both expressed in higher-grade RB tumors, may be involved
in the same signaling pathways.

To further study the functional role of GIPR in RB, we overexpressed GIPR in Weri
and Y79 retinoblastoma cells. Increased GIPR expression resulted in significantly reduced
cell viability, cell growth, and proliferation, and significantly smaller tumors were formed
in in vivo CAM assays as well as significantly increased caspase-3-dependent cell death
levels in vitro, mirroring the effects previously seen after TFF1 overexpression [22] and
indicating a role of this protein as a tumor suppressor. In previous studies, GIPR signaling
was instead mainly linked to the survival of pancreatic 3 cells [45]. Contrasting our findings,
Campbell et al. demonstrated that pancreatic 8 cells from Gipr~/~5C¢ll mice with a selective
ablation of GIPR displayed a significantly higher sensitivity to apoptosis [45]. Further along
this line, in vitro studies in $-insulin (INS) cells showed that GIP stimulation protected
these cells against streptozotocin-induced apoptosis [46]. Moreover, GIP has been shown
to promote $-(INS) cell survival [47] and stimulate the proliferation of MC-26 and HT29
CRC cells expressing the GIPR [43], contradicting the findings of our study, where high
GIPR levels after GIPR overexpression reduced cell viability and growth. This discrepancy
might be explained in terms of comparing the effects of metabolic signaling along the
GIP/GIPR axis with the pathological conditions of a cancer cell line. Otherwise, the effects
might be tissue-dependent, as very high GIPR levels in neuroendocrine tumors have been
observed to either increase or decrease raised proliferation levels, depending on the tumor
site [39,40].

Next, we set out to investigate how GIPR expression is regulated in RB tumor cells.
In non-small-cell lung cancer (NSCLC), GIPR has been described as 1 of 457 potential
target genes of miR-542-5p [60]. Moreover, it has been shown that pristimerin, a natural-
occurring quinone methide triterpenoid with anticancer effects, inhibits glioblastoma
progression by targeting two receptors, the protein tyrosine phosphatase, non-receptor
type 1 (PTPN1), and Argonaute 2 (AGO2) via miR-542-5p [71]. Target scans confirmed GIPR
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as a potential target of this miR, but it has not been experimentally proven so far. In the
study presented in this paper, we observed an opposing expression pattern of miR-542-5p
and GIPR expression, with GIPR expression being significantly higher in Weri and Y79 RB
cells and miR-542-5p levels being significantly lower compared to those in healthy human
retina. Upon miR-542-5p overexpression, the GIPR significantly decreased, suggesting that
miR-542-5p plays a role in regulating GIPR expression in RB cells. To further address this
hypothesis, we performed luciferase binding studies and were able to prove the direct
binding of miR-542-5p to the 3’-UTR of the GIPR gene. Thus, GIPR expression in RB cells is
most likely at least partially regulated by miR-542-5p, without the involvement of TFF1.

A TFF receptor remained unknown for a long time, until, in 2009, the chemokine
receptor type 4 (CXCR4), which belongs to the G protein-coupled receptor family (GPCR),
was described as a low-affinity receptor for TFF2 [30]. Moreover, Dieckow et al. could show
that CXCR4 and CXCR? are involved in the TFF3-dependent activation of cell migration [31].
Therefore, GPCRs like GIPR, involved in various diseases and, consequently, targets of
over 40% of drugs currently on the market [72,73], are potential mediators of TFF signaling.
To address the question of whether GIPR is involved in TFF1 signaling as a direct TFF1
receptor, in the study hereby presented, we performed GIPR inhibitor experiments and
stimulated the cells with recombinant TFF1 (rTFF1). We could show that the effects of GIPR
overexpression are specific, since the reduction in cell viability seen in GIPR-overexpressing
cells was reversed upon the administration of the GIPR inhibitor. However, the reduced cell
viability in GIPR-overexpressing cells induced by rTFF1 could not be reversed by inhibiting
GIPR, indicating that this effect is not GIPR-dependent and, thus, that GIPR is most likely
not a direct TFF1 receptor.

Subsequently, we investigated the downstream targets of GIPR signaling in RB cells
via a human oncology array, revealing p53 as one of the upregulated proteins in Weri and
Y79 RB cells. The tumor suppressor gene TP53 is, for instance, involved in the regulation
of cell cycle arrest and apoptosis [74-76]. Our group already demonstrated that TFF1
induces apoptosis and decreases proliferation and tumor growth in human retinoblastoma
cell lines in a p53-dependent manner [22]. Thus, upregulated p53 levels following GIPR
overexpression would support the hypothesis that TFF1's effects are mediated via GIPR
signaling. Since it has been shown that p53 induces cell death via the transcriptional
activation of the pro-apoptotic protein Bax [77] or direct binding to Bcl2 and Belxy, [78],
we also investigated the expression of these proteins. In our Western blot analyses, we
did not observe any significant changes in the protein expression levels of Bax and Bcl2
following GIPR overexpression in Weri and Y79 cells. Bcly;,, on one hand, was found to
be upregulated by GIPR overexpression in Weri and Y79 cells. In our setting, increased
levels of the anti-apoptotic protein Bclyy, at a first glance did not correlate with increased
apoptosis levels following GIPR overexpression in RB cells. However, since p53 was
also upregulated after GIPR overexpression, a possible scenario fitting our effects could
be a direct induction of mitochondrial outer-membrane permeabilization (MOMP) via
interaction with anti-apoptotic Bcly;, which, in turn, would lead to caspase-dependent
apoptosis [78]. This would confirm our previously shown results, according to which TFF1
induces the apoptosis of human RB cell lines in a caspase-dependent manner [22]. Fittingly,
in the study hereby presented, the increase in apoptosis seen after GIPR overexpression in
RB tumor cells was likewise caspase-3-dependent. In addition, it has been demonstrated
that the GIP-mediated suppression of apoptosis in a pancreatic 8-insulin cell line is caspase-
3-dependent [42,46]. Moreover, “regulation of apoptosis” was a significantly enriched
GO term in GIPR-overexpressing Weri RB cells, and “apoptosis” was one of the enriched
KEGG pathways.

In conjunction with apoptosis regulation, we found survivin, an anti-apoptotic family
member of the inhibitor of apoptosis proteins (IAPs; for review, see [79]), to be upregulated
in GIPR-overexpressing Weri cells. Survivin is overexpressed in various tumor entities,
and its overexpression frequently correlates with cancer progression and recurrence [79].
Increased levels of survivin, however, do not correlate with increased apoptosis levels and
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reduced tumorigenicity following GIPR overexpression in Weri RB cells. These discrep-
ancies might be explained in terms of the counter-regulatory mechanisms induced by the
pro-apoptotic effects seen after GIPR overexpression.

In the study hereby presented, fibroblast growth factor 2 (FGF2/FGFb) was likewise
upregulated upon GIPR overexpression in RB cells. FGFs are known as key factors in tissue
homeostasis and cancer. FGFb regulates the self-renewal of multiple stem cell types and
plays a pivotal role in brain tumors, particularly in malignant glioma [80]. Downstream
signaling involves the FGF receptor family, PI3K/AKT, and RAS/RAF/MAPK, which
also exert pro-proliferative and anti-apoptotic effects during metabolic signaling along the
GIP/GIPR axis [42-44,81]. Therefore, we analyzed the phosphorylation status of Akt and
the MAP kinase ERK1/2 after GIPR overexpression in Weri and Y79 RB cells; however, we
observed no obvious changes in phosphorylation. In line with these findings, in medullary
thyroid cancer, the cell effects of GIPR receptor stimulation on the downstream PI3K-Akt
and MAPK-ERK1/2 signaling axis were likewise only marginal [34]. How upregulated
FGFb expression fits into these signaling pathways and the GIPR-mediated effects seen in
RB cells remains to be further investigated.

In summary, we identified GIPR as a potential key player involved in TFF1 signaling,
triggering tumor-suppressing effects in RB, most likely with the involvement of miR-542-5p
and p53 as up- and downstream mediators.

5. Conclusions

In the study hereby presented, the stable overexpression of the G protein-coupled
transmembrane receptor GIPR, shown to be upregulated following the overexpression of
TFF1, resulted in significantly increased apoptosis levels and a concomitant decrease in cell
viability, growth, and proliferation in vitro as well as tumor growth in vivo, suggesting a
tumor suppressor role of GIPR in RB. Although our data indicate that GIPR is not a receptor
for TFF1, TFF1 and GIPR seem to be involved in the same signaling cascades, and up- and
downstream signaling mediators like miR-542-5p and p53 are potential targets for new
retinoblastoma treatment approaches. In future experiments, these novel treatment and
adjuvant therapy options, e.g., modified nanoparticles, should be tested using in ovo and
in vivo rodent models in order to optimize future RB treatment.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/cancers16091656/s1, Figure S1: Verification of human oncology
array data via Real-Time PCR; Figure S2: Uncropped Western blots shown in Figure 2¢; Figure S3:
Uncropped Western blots shown in Figure 4b; Figure S4: Hypothetical TFF1-miR-542-5p or miR-542-
5p-TFF1 signaling axis; Figure S5: Uncropped human oncology array shown in Figure 10; Table S1:
Significantly enriched GO terms of genes differentially expressed after GIPR overexpression in Weri
RB cells; Table S2: Significantly enriched KEGG pathways of genes differentially expressed after GIPR
overexpression in Weri RB cells.
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Highlights

e Lipidated derivatives of EPI-X4 exhibit increased affinity and antagonistic activity towards the
CXCR4 receptor

e Lipidated EPI-X4 derivatives exhibit a half-life of more than 8 hours in both blood and plasma

e The lipidated EPI-X4 JM#198 displays a circulation half-life of nearly 4 hours in mice
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Abstract

Dysregulation of the CXCL12/CXCR4 axis is implicated in autoimmune, inflammatory, and oncogenic
diseases, positioning CXCR4 as a pivotal therapeutic target. We evaluated optimized variants of the
specific endogenous CXCR4 antagonist, EPI-X4, addressing existing challenges in stability and
potency. Our structure-activity relationship study investigates the conjugation of EPI-X4 derivatives
with long-chain fatty acids, enhancing serum albumin interaction and receptor affinity. Molecular
dynamic simulations revealed that the lipid moieties stabilize the peptide-receptor interaction through
hydrophobic contacts at the receptor's N-terminus, anchoring the lipopeptide within the CXCR4 binding
pocket and maintaining essential receptor interactions. Accordingly, lipidation resulted in increased
receptor affinities and antagonistic activities. Additionally, by interacting with human serum albumin
lipidated EPI-X4 derivatives displayed sustained stability in human plasma and extended circulation
times in vivo. Selected candidates showed significant therapeutic potential in human retinoblastoma
cells in vitro and in ovo, with our lead derivative exhibiting higher efficacies compared to its non-
lipidated counterpart. This study not only elucidates the optimization trajectory for EPI-X4 derivatives
but also underscores the intricate interplay between stability and efficacy, crucial for delineating their
translational potential in clinical applications.

Graphical Astract
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Introduction

The Endogenous Peptide Inhibitor of CXCR4 (EPI-X4), a 16-mer peptide, exhibits selective binding to
the C-X-C chemokine receptor type 4 (CXCR4), a transmembrane protein expressed by a variety of
cells, including immune and cancer cells [1], [2]. The peptide is generated via the proteolytic cleavage
of human serum albumin (HSA) under acidic conditions, facilitated by acidic aspartic proteases such as
Cathepsin D and E, commonly present in blood plasma and cellular lysosomes [2], [3], [4]. Comprising
residues 408-423 of HSA, EPI-X4 specifically interacts with CXCR4 through its initial seven amino
acid residues [5]. These key amino acids primarily engage with the receptor's minor binding pocket,
impeding the binding of CXCL12, the canonical chemokine ligand of CXCR4 [5]. Consequently, EPI-
X4 acts as an endogenous antagonist, inhibiting CXCL12-induced receptor signaling [2], [6].
Additionally, EPI-X4 functions as an inverse agonist by reducing basal CXCR4 signaling in the absence
of CXCL12 [2].

Dysregulation or overexpression of CXCL12 and/or CXCR4 is associated with autoimmune,
inflammatory, and cancer diseases, including tumor progression and metastasis [1], [7], [8], making
CXCR4 an appealing therapeutic target for various chronic inflammatory diseases and cancers [9].
Presently, the only FDA-approved CXCR4 antagonists are AMD3100 - primarily used for peripheral
blood stem cell transplantation due to limitations in its pharmacokinetics and adverse effects upon
prolonged administration [10], [11], and BL-8040, which recently received FDA-approval for
autologues stem cell transplantation [12]. Still, there is a crucial need for novel agents targeting CXCR4-
related diseases. Retinoblastoma (RB) is a rare intraocular tumor, occurring mainly in young children
[13], [14], [15]. Early-stage RB has a high cure rate, with over 90% of children surviving and
maintaining vision in at least one eye. However, outcomes are often less favorable if the cancer has
spread outside the eye or if diagnosis and treatment are delayed. Also, secondary tumors or
chemotherapy resistances associated with current treatments can potentially develop [16], [17]. Thus,
there is still a demand for new or adjuvant therapies. CXCR4 is expressed in RB and may represent a
useful target for the therapy of retinoblastoma [8].

EPI-X4 emerged as a promising candidate for clinical development due to its high receptor specificity,
low mitochondrial cytotoxicity, and dual antagonistic and inverse agonist activities [2], [3]. However,
its initial inhibitory potency against CXCR4, with an ICso value in the two-digit micromolar range, is
insufficient for therapeutic applications [2], [18]. To enhance its effectiveness, quantitative structure-
activity relationship (QSAR) studies identified two 12-mer derivatives, WSC02 and JM#21, exhibiting
increased antagonistic efficacy in the nanomolar range [2], [6]. Mouse model studies with EPI-X4
JM#21 demonstrated its efficacy in preventing airway inflammation and atopic dermatitis through
topical administration into the lungs or skin, respectively [6]. However, despite these advancements,
both optimized EPI-X4 derivatives exhibit low stability in human plasma due to enzymatic degradation
at the N-terminus, with half-lives of less than 10 minutes [2], [6], [19]. Efforts to enhance stability for
systemic administration have explored strategies such as incorporating unnatural amino acids or larger
polymer derivatization [20], [21]. However, while these novel derivatives showed increased resistance
against enzymatic degradation in blood plasma, they suffered from decreased efficacy, hindering their
advancement in preclinical studies. Increasing both, stability and therapeutic potency remains a critical
challenge in optimizing EPI-X4 derivatives for future clinical applications.

One approach to augment the in vivo half-life of peptides involves coupling them with long-chain fatty
acids. This modification, known as lipidation, can enhance peptide stability by shielding them from
enzymatic degradation and facilitating their interaction with serum albumin [22]. Conjugating peptides
to fatty acids, such as palmitic acid, can increase their resistance to enzymatic breakdown and result
prolonged circulation times [22]. This strategy holds promise for improving the pharmacokinetic profile
of peptide drugs, potentially resulting in clinical applicability by extending their duration of action and
therapeutic benefits [23]. In a structure-activity-relationship (SAR) study, we here designed EPI-X4



derivatives conjugated to fatty acids of different lengths. We assessed their CXCR4 antagonistic activity
and plasma stability. Additionally, we evaluated the in vivo circulation time of selected candidates and
tested their potential therapeutic value for the treatment of retinoblastoma in vitro.

Material and Methods

Reagents and peptide synthesis. Peptides and peptides conjugated with fatty acids were synthesized
by standard Fmoc solid-phase peptide synthesis using a Liberty Blue microwave synthesizer (CEM,
USA) as previously described [6]. All chemicals were used as provided by the manufacturers. Amino
acids were purchased from Novabiochem (Merck KGaA, Darmstadt, Germany). N,N-
dimethylformamide (DMF), 20% (v/v) piperidine in DMF, O-benzotriazole-N,N,N',N'-
tetramethyluronium-hexafluoro-phosphate (HBTU) and trifluoroacetic acid (TFA) were purchased
from Merck Millipore (Merck KGaA). Triisopropylsilane (TIS), diisopropylethylamine (DIEA) were
purchased from Sigma—Aldrich (Sigma—Aldrich Chemie GmbH Munich, Germany). Acetonitrile was
purchased from JT.Baker (Avantor Performance Materials B.V. 7418 AM Deventer Netherlands). The
peptides were synthesized automatically on a 0.10 mmol scale using standard Fmoc solid phase peptide
synthesis techniques with the microwave synthesizer (Liberty blue; CEM). A preloaded resin was used
and provided in the reactor. The resin was washed with DMF. The Fmoc protecting group was removed
with 3 mL 20% (v/v) piperidine in DMF and initialized with microwave followed by washing with
DMF. An amount of five equivalents of amino acids was added to the reactor, and then 5 equiv of
HBTU was dosed into the amino acid solution. Subsequently, an amount of 10 equiv of DIEA was
added to the resin. The coupling reaction proceeded with microwaves for a few minutes, and then the
resin was washed in DMF. These steps were repeated for every amino acid in the sequence. The last
amino acid was deprotected Once the synthesis was completed, the peptide was cleaved in 95% (v/v)
TFA, 2.5% (v/v) TIS, and 2.5% (v/v) H,O for 1 h. The peptide residue was precipitated and washed with
cold diethyl ether (DEE) by centrifugation. The peptide precipitate was then allowed to dry under
airflow to remove residual ether. The synthetic peptides were purified by reversed-phase high-
performance liquid chromatography (Waters, USA) employing an acetonitrile/water gradient under
acidic conditions on a Phenomenex C18 Luna column (particle size 5 pm, pore size 100 A) and then
lyophilized on a freeze-dryer (Labconco, USA). The molecular mass of the pure peptides was verified
by liquid chromatography-mass spectrometry (LC-MS; Waters).

For the synthesis of the conjugates, the same protocol was followed. Commercial Fmoc-Lys(palmitoyl)-
OH and Fmoc-Lys(stearic)-OH (Sigma-Aldrich, USA, or Bachem, CH) were used to obtain the peptide
specifically modified with palmitic and stearic chains in the Lysine residue (with or without a glutamic
acid linker), respectively. Purity data (HPLC) and MS data (LC-MS) of peptides used in the in vivo
studies (JM#21 and JM#21-fatty acid conjugates: JM#143, IM#192, IM#194, JM#198, JIM#204,
IM#255, and JM#257) are reported in supplement 2. Underivatized peptides were dissolved in
phosphate-buffered saline (PBS), and the lipopeptides were dissolved in dimethyl sulfoxide (DMSO)
at a stock concentration of 3 mM and further diluted in PBS (for in vitro experiments) or saline (for in
vivo experiments) before usage. AMD3100 octahydrochloride hydrate was purchased from Sigma-
Aldrich (#A5602) and dissolved in HO. Human and mouse CXCL12 were purchased from Peprotech
(#300-28A, #250-20A) and dissolved at a concentration of 100 mg/mL in H,O.

Dynamic light scattering (DLS). 50 mM TRIS-buffer was adjusted to a pH of 7.4. Peptide was
dissolved in DMSO (50 mM) and incubated for 1h at 37 °C. For each concentration, 10 pL of the pre-
incubated stock solution, adjusted to the relevant concentration, was added into 1 mL of pre-incubated
(1 h) TRIS-Buffer at 37 °C, giving the desired concentrations of 500 - 1 pM. After an overnight (16h)
incubation at 37°C in enclosed cuvettes the solutions were measured by dynamic light scattering (DLS).
DLS was measured using a Zetasizer NanoZS Zen3600 (Malvern Panalytical, Germany).

Commassie staining and bicinchoninic acid assay (BCA). Peptide stocks were serially diluted in PBS
and immediately separated on a 4-12% Bis-Tris SDS-PAGE and stained with colloidal Coomassie.
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Alternatively, samples were analyzed by BCA assay (BCA Gold, Thermo Fisher). Optical density (OD)
values were determined after 5 min of incubation with the BCA reagent at 480 nm using a plate reader.

Western blot. For Western blot protein quantification, cells were washed with PBS and lysed in RIPA
buffer supplemented according to a previously described protocol [24]. After an incubation period of
30 min, lysates were centrifuged at 10,000 g at 4°C for 30 min. The quantification of protein
concentration was executed through a bicinchoninic acid assay (BCA; Thermo Scientific, Oberhausen,
Germany) according to the manufacturer's protocol. Subsequently, equivalent quantities of protein
lysats were separated on a 12% SDS/PAGE matrix (Bio-Rad, Hercules, CA, USA) and transferred onto
nitrocellulose membranes. Thereafter blocking was performed in 5% milk powder (Roth, Karlsruhe,
Germany) in TBS supplemented with 0,1% triton X-100 (TBS-T; Sigma, St. Louis, USA) for 1 h.
Incubation of the primary antibody against CXCR4 (1:1000; cat. #704015, Invitrogen, Darmstadt,
Germany) and f-actin (1:1000; cat. #4967; Cell Signaling Technology, Danvers, USA) in 5% BSA
(Roth, Karlsruhe, Germany) in TBS-T took place overnight at 4 °C. HRP conjugated secondary
antibodies (goat anti-rabbit; P0448, Agilent, Santa Clara, CA, USA) were applied at a dilution of
1:10.000 at room temperature for 1hour. The HRP signal was visualized using Western Bright
Chemiluminescence Reagent (Advansta, San Jose, CA, USA) and detected using a Celvin S reader
(Biostep, Burkhardtsdorf, Germany).

Cell culture. TZM-bl HIV-1 reporter cells stably expressing CD4, CXCR4, and CCRS and harboring
the lacZ reporter genes under the control of the HIV LTR promoter were obtained through the NIH
AIDS Reagent Program, Division of AIDS, NIAID, NIH: TZM-bl cells (Cat#8129) from Dr. John C.
Kappes, and Dr. Xiaoyun Wu. TZM-bl cells and HEK293T cells were cultured in DMEM supplemented
with 10% fetal calf serum (FCS), 100 units/mL penicillin, 100 mg/mL streptomycin, and 2 mmol/L L-
glutamine (Gibco). SupT1 cells were cultured in RPMI supplemented with 10% FCS, 100 units/mL
penicillin, 100 mg/mL streptomycin, 2 mmol/L L- glutamine and 1 mmol/L HEPES (Gibco). The BCR-
ABL cell line was generated, introducing the BCR-ABL expression vector into bone marrow-derived
wild type pro/pre B cells. Cells were cultured in Iscove’s basal medium supplemented with 10% FCS,
100 units/mL penicillin, 100 units/mL streptomycin, 2 mmol/L. L- glutamine and 50 mmol/L b-
mercaptoethanol. Human CD14—CD4+ T cells from healthy male and female blood donors were
prepared by negative selection using the RosetteSep CD4+ T cell enrichment cocktail according to the
manufacturer’s instructions and subsequent Ficoll density centrifugation and cultured in RPMI 1640
medium (Gibco) containing 10% FCS, penicillin (100 U/ml), streptomycin (100 pg/ml), 2 mM I-
glutamine. The murine T cell line BW5147 derived from the thymus of a mouse with lymphoma (ATCC
TIB-47™, kindly provided by H Hengel, Freiburg) was incubated in RPMI-1640 supplemented with
10% FCS, 1 mM sodium pyruvate, 100 units/mL penicillin, 100 pg/mL streptomycin and 50 uM B-
mercaptoethanol. Retinoblastoma (RB) cell lines Weri-Rb1 [25] and Y79 [26], originally purchased
from the Leibniz Institute DSMZ (German Collection of Microorganisms and Cell Cultures), were
supplied by Dr. H. Stephan. The cultivation of the cells was carried out as described previously [27].

Hemolysis assay. Fresh human blood, collected by venipuncture, was centrifuged (10 min, 1000 x g,
4°C) to pellet erythrocytes, which were then washed three times and resuspended (1:10) in DPBS.
Peptides were serially diluted in a 96-well plate in DPBS. To 90 pL of peptides, 10 pL of erythrocyte
suspension was added. Following a 1-hour incubation at 37°C, while shaking at 500 rpm, the plates
were centrifuged (5 min, 1000 x g, 4°C). Supernatant was transferred to transparent 96-well plates for
absorbance measurement at A=405 nm, with full erythrocyte lysis indicated by the Triton-X control.

Antibody competition. The antibody competition assay was performed as described before [19].
Briefly, SupT1 cells plated in 96-well plates (50.000 c/well). Medium was removed and plates
precooled at 4°C. Compounds were serially diluted in cold PBS and added to the cells together with a
single concentration of the fluorescently labelled antibodies clone 12G5-APC (Cat# 555976, BD
Pharmingen) or clone 1D9-PE (Cat# 551510, BD Pharmingen) diluted in PBS supplemented with 1%



FCSfor 2 hours at 4°C. Afterwards, the unbound antibody was removed, and cells were analyzed by
flow cytometry.

HIV-1 inhibition. To obtain viral stocks of CXCR4-tropic NL4-3 HEK293T cells were transiently
transfected with proviral DNA, as described before [28]. Virus-containing supernatants were harvested
after after 3 days and stored at -80°C in 1 ml aliquots. For the inhibition assay, TZM-bl reporter cells
were plated in 96-well plates. The next day medium was changed to 70 ul growth medium supplemented
with 2.5% FCS and cells pretreated with serially diluted (PBS) inhibitors for 15 min at 37 °C before
virus was added. Infection rates were determined after 3 days using the Gal-Screen system (Applied
Biosystems).

Akt or Erk phosphorylation. Phosphorylation of Akt and Erk was determined by phosphoflow. For
this, cells were plated in 96-well plates and starved for 2 hours in medium containing 1% FCS at 37°C.
Afterwards, compounds diluted in PBS were added for 10 min before cells were stimulated with 100
ng/ml CXCL12 for 2 min at 37°C. The reaction was stopped by adding 1% (w/v) paraformaldehyde
(PFA). Cells were then permeabilized using methanol and stained with phospho-p44/ 42 MAPK
(ERK1) (Tyr204)/(ERK?2) (Tyr187) (D1H6G) mouse mAb (Cell Signaling, #5726) and phospho-AKT
(Ser473) (193H12) rabbit mAb (Cell Signaling, #4058) and adequate sec- ondary antibodies for flow
cytometry. Signal in the unstimulated control without inhibitor was defined as background and set to
0%. CXCL12 induced signal without inhibitor was set 100%.

Ca”" signaling. Ca’" signaling was analyzed as described previously [6]. Briefly, a murine cell line
expressing the fusion protein BCR-ABL was loaded with Indo-1 AM (Invitrogen) and 0.5 mg/mL of
pluronic F-127 (Invitrogen) in Iscove’s medium supplemented with 1% FCS (Pan Biotech) at 37°C for
45 min, then washed and treated with the inhibitors diluted in PBS for 10 min at 37°C. CXCR4-
dependent calcium signaling was determined by stimulating with 100 ng/mL of mouse CXCL12 using
flow cytometry. The area under the curve (AUC) of each calcium flux plot was determined using
FlowJo. In order to allow for inter-experimental comparison, the AUC was calculated after baseline
subtraction for each single plot.

p-arrestin recruitment. Inhibition of CXCL12-induced recruitment of B-arrestin-2 to CXCR4 was
determined using the NanoBiT protein-protein-interaction assay (Promega) in a modified antagonistic
protocol as described before. [20]. Briefly, HEK293T cells were transiently transfected with SmBiT-§3-
arrestin-2 plasmid and CXCR4-LgBiT plasmid (generously provided by Jong-lk Hwang). The next day,
medium was changed to serum-free Opti-MEM before 25 pL. of the NanoGlo Live Cell Assay System
(Promega) was added to the cells. Compounds were titrated in PBS and added for 10 min before cells
were stimulated with 30 nM CXCL12. The luminescence was recorded for 2 h. Area under the curves
(AUC) of the signal over time was calculated for each treatment. The signal in the buffer control without
inhibitor was defined as the background and set to 0%. CXCL12-induced signal without an inhibitor
was set to 100%.

Chemotaxis. Chemotaxis was determined using 96-well transwell assay plates (Corning Incorporated,
Kennebunk, ME, USA) with 5 pm polycarbonate filters. 75.000 cells were seeded into the upper
chamber in RPMI-1640 supplemented with 2 mM L-glutamine, 100 units/ml penicillin, 100 pg/ml
streptomycin and 0.1 % (w/v) bovine serum albumin (BSA) in the presence or absence of the compound
diluted in PBS and allowed to settle for 15 min. Then, assay buffer supplemented with or without 100
ng/mL CXCL12 as well as compounds was filled into a 96-well-V plate (lower chamber) before the
filter plates containing the cells was placed on top. Cells were allowed to migrate for 4 h at 37 °C (5%
C02). Cells migrated to the lower compartments were analyzed by the CellTiter-Glo assay (Promega).

Cell viability assay (WST-1). To investigate the cell viability of the retinoblastoma cell lines,
sextuplicates of 4x10* cells were seeded in 200 pL DMEM based medium in a 96 well plate. The
compounds were reconstituted with sterile-filtered H»O at a stock solution concentration of 500 uM and



then added to a final concentration of 0.1 uM or 1 uM.. Subsequent to a 48, 72, 96 or 120-hour
incubation period, 20 uL of a water-soluble tetrazolium (WST-1) solution (Sigma-Aldrich, St.Louis,
USA) was added to each well, and the cells were incubated at 37 °C for another 2 hours. The formazan
product generated by viable cells was quantified using a microplate reader (Agilent BioTek, Santa
Clara, CA, USA) at an absorbance wavelength of 450 nm.

Cell proliferation assay (BrdU). The RB cell lines were first treated with the compounds (stock
solution concentration 500 uM diluted in H,O) to reach a final concentration of 0.1 uM or 1 uM. After
48-120 hours, the proliferation of the RB cell lines could be evaluated by adding 5 uM BrdU (5-bromo-
2'-deoxyuridine; Sigma-Aldrich, Steinheim, Germany) to the cell culture growth medium..
Subsequently, 8x10* cells were seeded on Poly-D-Lysin (Sigma, St.Louis, USA) coated coverslips and
incubated for 4 hours at 37°C with 10% CO,. The cells were fixed in 4% paraformaldehyde (PFA;
Sigma, St.Louis, USA) and permeabilized using 1% Triton X-100 (Sigma, St.Louis, USA) in PBS for
30 minutes. The DNA was denatured with 2 N HCI (Sigma, St.Louis, USA) for 1 hour. The solution
was neutralized by adding 0.05 M boric acid (Sigma, St.Louis, USA) and 0.01 M sodium borate (Sigma,
St.Louis, USA) dissolved in H»,O for 15 min. To minimize nonspecific binding, the cells were blocked
in 5% BSA (bovine serum albumin; Sigma, St.Louis, USA) and 5% NGS (normal goat serum; Dako,
Santa Clara, USA) in PBS containing 0.3 % Triton X-100. Subsequently, the blocking solution was
exchanged to rat anti-BrdU primary antibody (1:1000; cat. # ab6326; Abcam, Cambridge, UK) diluted
in 0.1 % Triton X-100 with 4% BSA and 1% NGS. The cells were incubated overnight at 4°C. The
following day, the cells were washed (3x 5 min with PBS) and incubated with an Alexa Fluor 594-
labeled goat anti-rat secondary antibody (1:1000 in PBS; cat. # A-1007, Molecular Probes, Eugene, OR,
USA). Quantification of proliferating cells was performed by manual counting.

CAM assay. To evaluate the effects of the different inhibitors investigated on retinoblastoma (RB) cells
on tumor formation potential and angiogenesis in vivo, 1x10° of Weri-Rb1 or Y79 RB cells were treated
with either 1 uM of a mock control peptide, AMD3100, IM#21, or JIM#198, dissolved in 50 pl PBS
and subsequently grafted onto the chicken chorioallantoic membrane (CAM) in ovo. Therefore, a total
of twenty fertilized eggs per treatment setting, preincubated to embryonic development day 10 (EDD10)
were used in three independent experiments, in which the RB cells were grafted onto the CAM
according to the protocol described previously by our group [27]. The modified protocol is based on
the protocol established by Zijlstra and Palmer [29], [30]. On EDD17, the embryos were sacrificed and
the tumors were excised, measured and photographed as described in previous studies [31], [32], [33].
Angiogenesis was evaluated in terms of total vessel area, vessel length, thickness and branching points
by analyzing in situ images of the CAM tumors using the IKOSA online software (KLM Vision, Graz,
Austria).

Stability of peptides in body fluids by antibody competition assay. Blood from healthy donors was
collected in EDTA containing blood collection tubes. To obtain plasma, tubes were centrifuged at 2,500
x g for 15 min and the plasma phase collected. Plasma from 6 donors was pooled and immediately
aliquoted and stored at -80°C. The stability of peptides in body fluids was determined by the antibody
competition assay previously described [19]. Briefly, 20 uM of the peptides were spiked into 100% of
the body fluid and incubated at 37°C on a shaker. Aliquots were taken and stored at -80°C before
retained activity was determined using the antibody competition assay described above. For analyzing
whole blood samples, an erythrocyte 1-Step fix lysis solution was added after removal of unbound
antibody according to the manufacturer’s instructions (eBioscience).

Estimation of the half-life in human plasma by mass spectrometry. Human plasma was spiked with
20 uM of the peptide and incubated at 37°C. Aliquots (10 puL) were separated at 0, 15, 30, 60, 120, 180,
240, 360, and 1440 min and mixed with 90 pL of a solution composed of 6 M GuHCI + 50 mM
NH;HCO; + 10 mM DTT. The samples were incubated for 20 min at room temperature. Every sample
was loaded onto SPE HLB Oasis RP cartridges (Waters, USA), which were sequentially washed with



0.1% TFA/5% acetonitrile and 0.1%TFA/40%acetonitrile; the peptide was then eluted with
0.1%TFA/60% acetonitrile. The experiment was performed in triplicate. Samples were analyzed by an
Axima Confidence MALDI-TOF MS (Shimadzu, Japan) in positive linear mode on a 384-spot stainless-
steel sample plate. Spots were coated with 1 ul. 5 mg/mL CHCA previously dissolved in matrix diluent
(Shimadzu, Japan), and the solvent was allowed to air dry. Then 0.5 puL. sample or standard was applied
onto the dry pre-coated well and immediately mixed with 0.5 pL matrix; the solvent was allowed to air
dry. Positive ions were accelerated at 20 kV, and laser shots (50 Hz and 50% of its full power) were
automatically done following a regular circular raster of a diameter of 2000 pm and spacing of 200 um
on every well; 100 profiles were acquired per sample, and 20 shots were accumulated per profile. The
samples from the three experiments in human plasma were measured in triplicate (81 measurements in
total). The measurement and MS data processing (peak area calculation) were controlled by MALDI-
MS Application Shimadzu Biotech Launchpad 2.9.8.1 (Shimadzu, Japan). Half-lives were calculated
using GradPath Prism 9.3.1 (GradPath Software, LLC).

In vivo circulation time. 3.5 mg/kg (70 pg/mouse) of compound in 100 pL of 0.9% NaCl was
intravenously injected in the tail vein of male or female C57BL/6NCrl (BL6) mice. After the indicated
times, mice were sacrificed by cervical dislocation. Blood was collected by heart punctation and 19:1
diluted with 0.16 M NaEDTA and then centrifuged at 2000g for 20 min at 4 °C to obtain plasma. Plasma
was stored at —80 °C before the remaining peptide activity in the plasma was determined by antibody-
competition assay as described above.

Estimation of the concentration in mouse plasma by mass spectrometry. Peptide standards were
prepared in PBS at the following concentrations: 20, 100, 250, 500, 1250, and 2500 uM. A 1 pL-aliquot
of each standard was added to 10 uL. mouse plasma for a final concentration of 1.8, 9.1, 22.7, 45.4,
113.6, and 227.3 pM, respectively. A 10 pL-aliquot of sample or standard (in mouse plasma) was mixed
with 90 puL of a solution composed of 6M GuHCI + 50mM NHsHCO3 + 10 mM DTT. The samples
were incubated for 20 min at room temperature. Every sample was loaded onto SPE HLB Oasis RP
cartridges (Waters, USA), which were sequentially washed with 0.1% TFA/5% acetonitrile and
0.1%TFA/40%acetonitrile; the peptide was then eluted with 0.1%TFA/60% acetonitrile. Samples and
standards in mouse plasma were analyzed by an Axima Confidence MALDI-TOF MS (Shimadzu,
Japan) in positive linear mode on a 384-spot stainless-steel sample plate, as described above, after
spotting them in triplicate. A calibration curve of (spectral) peak area vs. peptide concentration in mouse
plasma was constructed. Concentrations of the peptide in mouse plasma were estimated by interpolation
of the spectral peak area of the mouse plasma sample (unknown concentration) within the calibration
curve. GradPath Prism 9.3.1 (GradPath Software, LLC) was used to construct the calibration curve and
calculate the peptide concentration in mouse plasma. For determining dedgradation products of the
peptides in plasma MS/MS spectra of IM#198/JM#143 and their respective degradation products were
analyzed by PEAKs11 [34] processing of raw data from LC-MS/MS analysis performed as previously
described [35].

Molecular modeling. For CXCR4, we used the structure previously modeled by us that includes both,
the CXCR4 transmembrane domain (PDB ID: 30DU) [36] and the N-terminal loop (PDB ID: 2K04)
[37]. The JM#143 lipopeptide was built taking the binding pose of IM#21 bound to CXCR4 previously
reported by Sokkar et al. [5] and manually linked to a palmitic acid (16:0 hexadecanoic acid) moiety.
The lipopeptide was parametrized with the Ligand Reader and Modeler tools [38] for the CHARMM
General Force Field (CGenFF) [39] in the CHARMM-GUI web server [40].

The CXCR4-JM#143 complex was embedded in a 100 x 100 A 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) bilayer, composed of 252 lipid molecules using the CHARMM-GUI
Membrane Builder tool. The system was solvated with TIP3P [41] water molecules and 50 mM KCl
were added. The system was energy-minimized and equilibrated in 6 steps of 500 ps, applying harmonic
position restraints with a starting force constant of 10 kcal/mol-A? on the atoms of the protein and the



lipid heads, and gradually reduced to zero. The Particle Mesh Ewald method [42] was used for the
computation of long-range electrostatics. Short-range Lennard-Jones and electrostatic interactions were
calculated with a switching function between 10 A and a cutoff value of 12 A. Langevin dynamics [43]
was used to maintain the temperature at 300 K and a Nose-Hoover piston [44] was used for maintaining
the pressure at 1 atm. After the equilibration steps, 50 ns classical molecular dynamics simulation was
performed with 2 fs of integration time, releasing all the restraints, except for the z coordinate of the
center of mass of the phosphate group of all lipids, subjected to harmonic restraints of 50 kcal/mol per
A? to avoid translation of the membrane along the z axis.

Dual-boost Gaussian Accelerated Molecular Dynamics simulations (GaMD) [45], [46] were performed
applying boost potentials on the total energy of the system and the dihedrals angles. The biasing
potentials were equilibrated in two steps: first, 8 ns of classical MDs in which the potential energy
distribution of the system is monitored. Thereafter, the biasing potential was equilibrated during 50 ns
by setting the threshold value to the maximum potential energy sampled during the previous
equilibration step and successively updating this value after every step of the simulation. A maximum
value of 6 kT was employed to control the standard deviation of the biasing potential. Five replicas of
350 ns each of GaMD simulations were performed for a total sampling of ~1 ps. All the simulations
were performed with NAMD (v2.13) [47] employing the CHARMM36m force field [48].

RMSF and temperature B-factor calculations were performed with the gmx rmsftool of the GROMACS
suite [49]. The contacts analysis was done with in house scripts in VMD [50], using a distance cutoff
between heavy atoms of 5 A. VMD and UCSF Chimera [51] were used for visualization of the
structures.

Statistics. ICso values were determined by nonlinear regression curve fit using GraphPad Prism (version
9.3.1). Correlations were performed by Pearson correlation with a two-tailed P value and confidence
interval of 95%.

Ethics. The study was conducted in accordance with the declaration of Helsinki and approved by the
Ethics Committee of Ulm University. Informed consent was obtained from all of the subjects involved
in the study. The animal studies were approved (ethical approval code 1375) by the Regional Council
(Regierungsprisidium Tiibingen, Baden-Wiirttemberg, Germany) in compliance with the German
laboratory animal experimentation act, and study procedures were in accordance with the European
Communities Council Directive of September 22, 2010 (2010/63/ EU). All applicable institutional and
national guidelines for the care and use of animals were followed.



Results
Design and characterization of fatty acid coupled EPI-X4 derivatives

Long chain fatty acids C14 (myristic acid), C16 (palmitic acid), and C18 (stearic acid) were conjugated
to g-amino side chains of lysines in the peptides EPI-X4 WSCO02 or JM#21, either directly or via a
glutamic acid linker. The coupling involved lysine residues already existing in the peptide sequences
(at position 6 and 7 for WSCO02, and position 7 for IM#21), or those that were newly introduced (in
JM#145 and JM#202). In addition, to enhance stability, variants were designed with D-amino acids at
the N-terminus [20], or other modifications such as C-terminal truncations combined with C-terminal
amidation (Table 1).

Table 1: Overview of all compounds used in the study

Apparent activit

Compound Sequence ICso (M SEM) ("zpzl: SEM)* '

12G5* HIV-1° 2 hours 8 hours
AMD3100 - 577+57 23+£3 na na
EPI-X4 LVRYTKKVPQVSTPTL 2008 + 183 39222 + 10673 23+2 14+3
Alb409-423 VRYTKKVPQVSTPTL nd nd na na
WSC02 IVRWSKKVPCVS 349+ 71 424 + 45 12+2 7+2
IM#21 ILRWSRKLPCVS 193 £22 123+ 12 6+2 3+1
IM#21-Ac ILRWSR(K-Ac)LPCVS 237+ 34 172 +32 16 +2 4+03
IM#201 ILKWSRK-NH2 3110 +£576 na na na
C14 JM#21 analogues
IM#204 ILRWSR(K-Glu-Myr)LPCVS 35+2 469 + 127 37+2 36+ 4
IM#216 ILRWSR(K-Myr)LPCVS 43+7 110 £23 25+2 29+ 4
IM#262 ILRWSR(K-Myr)-NH2 15+2 66+ 6 96 + 7 105+ 1
IM#263 ILRWSR(K-Glu-Myr)-NH2 22+2 28+3 76 + 15 80+ 4
IM#261 (d-L)LRWSR(K-Myr)-NH2 44+4 nd 84+7 92 +6
IM#260 (d-L)LRWSR(K-Glu-Myr)-NH2 42 £ 8 26+ 8 105+7 130+ 10
IM#202 IL(K-Glu-Pal) WSRK-NH2 2536+ 1099 | na na na
C16 WSC02 analogues
IM#168 IVRWS(K-Pal)KVPCVS 969 + 192 330+ 100 21+4 28 +3
IM#169 IVRWSK(K-Pal)VPCVS 5+2 18+4 37+3 39+3
IM#164 IVRWS(K-Pal)K-NH2 2801 + 173 nd na na
IM#165 IVRWSK(K-Pal)-NH2 2864 +603 | nd na na
IM#166 IVRWS(K-Pal)KVP-NH2 11+8 780 + 752 103+ 14 101 £16
IM#167 IVRWSK(K-Pal)VP-NH2 5+2 43+ 14 104 £ 11 104 £ 10
C16 JM#21 analogues
IM#143 ILRWSR(K-Glu-Pal)LPCVS 164 + 65 317+ 84 103 +12 116+9
IM#144 ILRWSR(K-Pal)LPCVS 115+£22 207 £ 75 131 +£20 125+ 16
IM#145 ILRWSRKLPC(K-Glu-Pal)S 100 +22 1394 + 1180 156 £25 163 £21
IM#149 ILRWSR(K-Pal)MPCLS 371+41 145+ 44 199 +43 186+ 8
IM#140 (d-L)LRWSR(K-Pal-Glu)MPCVS 300 + 82 181 +122 67+9 57+11
IM#141 (d-L)LRWSR(K-Pal)MPCVS 190 + 38 23+2 20+ 4 23+5
IM#177 M(d-L)RWSR(K-Pal)LPCVS 214 £ 50 nd 45+4 59+7
IM#170 ILRWSR(K-Pal)-NH2 9+ 1 48+ 16 126 +£22 123+5
IM#171 ILRWSR(K-Pal)LP-NH2 4+1 20+ 7 98+ 6 98 + 14
IM#172 ILRWSR(K-Pal)L-NH2 6+2 69 £ 50 122 +17 118 £ 16
IM#191 ILRWSRK(K-Glu-Pal)-NH2 3+0.3 31+4 102 +4 103+9
IM#192 ILRWSR(K-Glu-Pal)-NH2 11+3 5+1 99+ 5 105+ 11
IM#193 ILRWSRKL(K-Glu-Pal)-NH2 3£04 19+2 94+ 14 99+ 8
IM#194 (d-L)MRWSR(K-Glu-Pal)-NH2 14+5 6+2 101+9 118 £11
IM#180 (d-L)LRWSR(K-Pal)-NH2 19+4 144+ 71 131+7 151 +£29
IM#235 (d-L)LRWSR(K-Glu-Pal)-NH2 24+ 6 10+3 108 £ 10 11245
IM#236 (d-L)LRWSR(K-Pal)-NH2 57+13 nd 130+ 19 134 £ 21
IM#237 (d-DLRWSR(K-Pal)-NH2 94+ 14 158 + 64 200+ 17 192+ 16
IM#238 (d-DLRWSR(K-Glu-Pal)-NH2 19+1 5+2 120 £ 10 119+17
C18 JM#21 analogues
JM#198 ILRWSR(K-Glu-Ste)LPCVS 3+1 79 +£22 109+9 132 + 30
IM#182 ILRWSR(K-Ste)LPCVS 24 +£2 189 + 80 61+2 58 +4
IM#254 ILRWSR(K-Ste)-NH2 66 + 8 28 +£8 105+ 13 100 £ 15
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IM#255 ILRWSR(K-Glu-Ste)-NH2 35+7 3+1 144 + 16 132+ 14
IM#256 (d-L)LRWSR(K-Ste)-NH2 443 £ 196 134 + 65 397 +£43 431+ 51
IM#257 (d-L)LRWSR(K-Glu-Ste)-NH2 119+ 38 7+3 143+ 15 167 +9
2 Competition with the CXCR4 antibody clone 12GS5. ® Inhibition of CXCR4-tropic HIV-1.¢ Apparent activity in human plasma
after 2 or § hours of incubation compared to t = 0 hours control. na = not analyzed, nd = not detectable

In an antibody competition assay, the binding affinities of of the various lipopeptides to CXCR4 were
assessed. The fluorescently labelled antibody clone 12GS5, which binds close to the binding pocket of
CXCR4, was dose-dependently replaced by the small molecule AMD3100 (ICso = 577 nM), and the
wild-type peptide EPI-X4 (ICso = 2 uM), but not the N-terminally truncated ALB409-423, as expected
from previous data[19]. Unconjugated EPI-X4 WSCO02 as well as JM#21 replaced the antibody with
ICso values of 349 nM and 193 nM, confirming previous results (Figure Sla, Table 1) [6], [19].
Acetylation of the lysine residue at position 7 only marginally reduced activity (JM#21-Ac, ICso =237
nM), however replacement of the leucine at position 2, or acetylation of this position reduced binding
affinity (Figure S1b). This was expected since the N-terminus of the peptide is required for receptor
interaction [5]. All lipopeptides with derivatization at position 6, 7, or 11 replaced the antibody with
ICso values between 3 and 2864 nM (Figure 1a, Figure Slc, Table 1). The weakest binders were the
WSCO02 derivatives (JM#164, IM#165, IM#168) with ICs, values above 900 nM. Lipopeptides with the
highest affinity were C-terminally truncated and palmitoylated JM#21 variants (JM#170-172, JM#191-
193, 1Cs values between 3 nM and 11 nM), as well as the 12-aa IM#21 derivative IM#198 (ICso = 3
nM), in which a stearic acid was conjugated via a glutamic acid to lysine at position 7. In general, most
fatty acid derivatives were more active than their precursor peptides, with versions having the N-
terminus replaced by d-amino acids being about 2-fold less active than variants with isoleucine at
position 1 (Figure la, Figure Slc, Table 1). Importantly, the fatty acid derivatives did not displace the
CXCR4-specific antibody clone 1D9, which interacts with the receptor N-terminus, indicating
specificity in the binding interactions (Figure S2). Notably, JM#198, the most potent derivative in the
12G5-antibody competition assay, was as detectable as the precursor JM#21 in buffered solution
(Figure S3a, b). However for IM#198b we noted the formation of superstructures with 100-200 nm size
in aqueous solution, which may play a role for activity or stability (Figure S4a-d).

Fatty acid EPI-X4 derivatives inhibit CXCR4-tropic HIV-1 infection

The human immunodeficiency virus typel (HIV-1) infects target cells via intitial binding to CD4 and
subsequent interactions with a co-receptor, either CCRS or CXCR4 [52]. EPI-X4 was initially
discovered as an inhibitor for CXCR4-tropic HIV-1, and the optimized derivatives EPI-X4 WSCO02 and
JM#21 have been reported to specifically inhibit CXCR4- but not CCR5-tropic HIV-1 [2], [6]. To test
whether fatty acid derivatives also inhibit CXCR4-tropic HIV infection, we pretreated TZM-bl reporter
cells with the test compounds and inoculated the cells with virus afterwards. AMD3100 inhibited viral
infection with an ICso of 23 nM, confirming previous results [53]. The inactive control (ALB409-423)
was not active at concentrations up to 100 uM (Figure S5a). However, EPI-X4 WSCO02 and JM#21
inhibited HIV-1 infection with ICsy values of 424 nM and 123 nM, respectively, as expected [2], [6].
With a few exceptions, ICs values obtained for HIV-1 inhibition correlated with data from the antibody
competition assay (R2 = 0.7440, P < 0.0001, Pearson correlation), with JIM#192, IM#194, JM#238,
IM#255 and JM#257 exhibiting 1Cso values below 10 nM (Figure 1b, Figure S5a-d, Table 1). In
contrast, none of the tested lipopeptides affected the infection with a CCR5-tropic HIV-1 strain (Figure
S6).
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Figure 1. Fatty acid conjugates compete with CXCR4 antibody binding and inhibit CXCR4-tropic HIV-1 infection. a)
Antibody competition: Serially-diluted compound was added to SupT1 cells together with a constant concentration of the
CXCR4 antibody clone 12G5. After 2 hours of incubation at 4°C, the unbound antibody was removed, and cells were analyzed
by flow cytometry. b) HIV-1 inhibition: TZM-bl reporter cells were pretreated with the compounds for 15 min before they
were inoculated with CXCR4-tropic HIV-1. Infection rates were determined after 3 days by -galactosidase assay. Shown are
means derived from at least 3 individual experiments performed in singlicates (a) or triplicates (b) = SD.

Computational modeling of EPI-X4-based lipopeptides interacting with CXCR4

To gain more insights into the binding of the lipopeptides to CXCR4, we selected IM#143, the
palmitoylated derivative of JM#21, for Gaussian accelerated Molecular Dynamics (GaMD) simulations
[51], [54], [55] (Figure 2). The simulations indicate that the fatty acid moiety does not interact with the
binding site of the peptide and hence does alter the binding pose of the JM#143 pharmacophore to the
CXCR4 pocket (Figure 2a). In fact, the binding is stabilized by interactions between the fatty acid’s
acyl chain and the N-terminal loop of CXCR4, while preserving positively charged residues in the N-
terminal region, specifically Arg3 and Arg6, which are crucial for binding. Comparison with the
published molecular dynamics simulations of the CXCR4-JM#21 complex [5] shows that the presence
of the fatty acid decreases the flexibility of the peptide, particularly in the C-terminal region (residues
8 — 12). This is reflected in the lower temperature B-factor values computed from the fluctuations of
the atoms of JM#21 and JM#143 during the simulations (Figure 2b) compared to the fluctuations of the
receptor’s TM unit in each simulation. Furthermore, when compared to the CXCR4-JM#21 complex,
in JM#143 the presence of the fatty acid results in a decrease of the flexibility of the N-terminal loop
of CXCR4 (residues 1-30), especially residues 4-13, as indicated by the root-mean-squared fluctuations
(RMSF) of the backbone of the loop (Figure 2¢) compared to the fluctuations of the receptor’s TM unit
in each simulation. This effect is related to the hydrophobic contacts between the fatty acid and residues
in the N-terminal loop of CXCR4, in particular Y7, Y12, M16, Y21, M24, and F29 (Figure 2d, e).
Despite the fact that the N-terminal loop is not a hydrophobic region, these contacts result in the N-
terminal loop of the receptor wrapping the aliphatic chain of the fatty acid to shield it from the solvent,
with the consequent loss of flexibility of the N-terminal loop of CXCRA4. Interactions between
methionine and hydrophobic residues have been previously reported to be involved in molecular
recognition and folding stabilization [56], [57]. Furthermore, the plots of the RSMD values of the N-
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terminal loop of CXCR4 and the acyl chain of fatty acid show two areas with a negative correlation.
Altogether, while the RSMD of the N-terminal loop of CXCR4 increases (more mobility), the RMSD
of the fatty acid decreases (less mobility) (Figure S7).
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Figure 2: Interaction of JM#143 with CXCRA4. a) Representative structure of the CXCR4-JM#143 complex from the GaMD
simulations. Light blue ribbons: CXCR4; orange sticks: peptide moiety; dark gray balls: palmitic acid. b) Temperature B-
factors of the heavy atoms of JM#21 and JM#143 (blue-red color scale). Sticks: N-terminal region of the peptide (Nt, residues
1-7) and C-terminal region (Ct, residues 8-12). Balls: palmitic acid moiety (Palm). C) RMSF of the backbone of CXCR4
bound to JIM#21 and JM#143. The inset plot zooms on the region corresponding to the N-terminal loop of CXCR4 (residues
1-30). c) Contact frequency between the aliphatic chain of the fatty acid moiety and the N-terminal loop of CXCR4. The red
arrows highlight the residues with the highest contact frequency. ) Residues of CXCR4’s N-terminal loop (in light blue) with
the highest contact frequency with the palmitic acid moiety.

EPI-X4 lipopeptides inhibit CXCL12-mediated signaling

Upon binding to CXCR4, CXCL12 activates several downstream pathways, including the
phosphorylation of signaling proteins, such as Akt and Erk, and the release of calcium (Ca’") from
intracellular stores, finally resulting in chemotaxis and migration following CXCL12 gradients. Under
healthy conditions, CXCL12-mediated signaling is terminated by C-terminal phosphorylation of the
receptor, leading to the recruitment of B-arrestin and receptor internalization. However, in several
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diseases, including cancer, these signaling pathways may become overly active or dysfunctional due to
accumulated mutations [1].

Here, we evaluated the potential of the lipopeptides to inhibit CXCL12-induced signaling pathways.
Initially, we treated a T lymphoma cell line (SupT1) with the compounds, followed by CXCL12
stimulation for 2 min. Phosphorylation of Akt and Erk was subsequently analyzed by flow cytometry.
AMD?3100, EPI-X4, WSCO02 and JM#21 all antagonized CXCL12-induced phosphorylation in a dose-
dependent manner, with JM#21 showing the higher efficacies than the other non-lipid compounds
(Figure 3a, b). Most tested lipopeptides outperformed their respective precursors in activity, some of
them more than 100-fold (JM#169, IM#143, IM#182, IM#192, IM#194, IM#198, IM#254-257).
Generally, the activity of the peptides increased with longer fatty acid chain lengths (Figure 3a, b, Figure
S8).

We also investigated whether the compounds inhibit recruitment of B-arrestin to CXCR4 in response to
CXCL12. For this, we used the NanoBiT assay in which two subunits of a luciferase reporter construct
(SmBIT and LgBiT) were fused to f-arrestin and CXCR4, respectively, and transiently transfected into
293T cells. Upon CXCL12-mediated recruitment of B-arrestin to CXCR4 the subunits form a functional
enzyme that generates a luminescence signal. Both AMD3100 and JM#21 effectively blocked the
CXCL12-induced signal at concentrations of 0.1 uM (83 % and 65 % inhibition) and higher, similar to
the majority of the lipopeptides tested (Figure 3c). In this context, the stearic acid coupled JM#198
exhibited the least antagonistic activity (20 % and 79 % inhibition at 0.1 uM and 1 uM, respectively),
while the shortened and palmitoylated JM#194 displayed the highest activity (complete inhibition at
0.1 uM) (Figure 3c). In addition, neither JM#21, nor the stearic acid variant JM#198 induced B-arrestin
recruitment to any other GPCRs we tested (GPR15, CXCR3, CCR6, CCRS, ACKR3, CCR7, CCR2,
CXCR1) and only significantly inhibited agonist-induced B-arrestin recruitment to CXCR4, indicating
that the fatty acid conjugation does not alter specificity of the compounds (Figure S9a,b).

To assess if the compounds inhibit cell migration towards a CXCL12 gradient, we utilized a transwell
assay. At the tested concentrations, AMD3100, EPI-X4 WSC02, and JM#21 marginally impeded the
chemotaxis of SupT1 cells towards CXCL12 (Figure 3d, Figure S10). Conversely, all fatty acid
derivatives demonstrated greater effectiveness than their precursors, with those conjugated to stearic
acid showing the highest activity (> 100-fold increase compared to JM#21) (Figure 3d, Figure S10).

To further examine the function impact of the peptides on CXCR4 signaling, precursor B cells known
for their robust Ca2+ release in response to CXCL12 were treated with selected compounds before
CXCL12 stimulation, with subsequent monitoring of Ca2+ release via flow cytometry. AMD3100
blocked the signal already at a concentration of 0.1 uM, whereas JM#21 was about 10-fold less
effective. Surprisingly, the myristic acid conjugate JM#204 had no effect on CXCL12-induced Ca*"
release. In contrast, all other lipopeptides tested led to a dose-dependent inhibition of the signal (Figure
3e).

The assays described above were performed in immortalized cell lines. Thus, antagonistic effects for
selected derivatives were assessed on primary CD4+ cells isolated from human blood. EPI-X4 JM#21
inhibited Akt and Erk phosphorylation with ICso values of 1.2 uM and 1.3 uM, respectively. AMD3100
inhibited signaling with slightly higher 1Cso values of 1.7 uM and 3 pM, respectively (Figure S11a,b,
Table S1). All tested fatty acid derivatives were more active, with the stearic acid conjugate JM#198
being the most active derivative (ICso = 0.18 pM and 0.17 pM, respectively). Similarly, JM#21 and
AMD3100 inhibited CXCL12-induced migration with ICs values of 1.5 uM and 1.7 uM, respectively,
whereas JM#198 was active with an ICso value of 0.35 uM (Figure S11c Table S1). In contrast, all
tested compounds were slightly less active on a mouse cell line (Figure S11d, Table S1). JM#21 and
AMD3100 inhibited mouse CXCL12-mediated signaling with ICso values of 8.3 uM and 2.7 uM,
respectively. JM#198 was about 2-fold less active than on the human cells with an ICso value of 0.7
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uM. Interestingly, JIM#194 showed no antagonistic activity on the mouse cell line (ICso value > 10 uM)
(Figure S11d).
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Figure 3. Fatty acid derivatization of peptides increases antagonistic activities. a-b) Inhibition of CXCL12-induced Erk
(a) or Akt (b) phosphorylation. SupT1 cells were pretreated with compounds for 10 min and then stimulated with 100 ng/ml
CXCL12 for 2 min. The reaction was stopped by adding 1 % PFA. Cells were then stained and analyzed by flow cytometry.
unstimulated cells = 0 %, CXCL12 w/o compound = 100 %. See also Figure S8. ¢) Inhibition of CXCL12 induced B-arrestin
recruitment. HEK293T cells were transfected with a plasmid containing f-arrestin-2 and a CXCR4 construct coupled to the
two parts of the NanoBiT protein—protein interaction assay system. Cells were stimulated with 30 nM CXCL12 in the presence
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of compounds, and the signal was determined over time. n = 3 + SEM. d) Inhibition of CXCL12 mediated chemotaxis. SupT1
cells were allowed to migrate towards 100 ng/ml CXCL12 in the presence of compounds for 4 hours. unstimulated cells = 0
%, CXCL12 w/o compound = 100 %. See also Figure S10. ¢) Inhibition of CXCL12 induced Ca®" release. BCR-ABL
expressing murine pro/pre B cells were loaded with Indo-1 AM and incubated with inhibitors for 10 min. Baseline fluorescence
signal was recorded for 30 s and calcium flux induced by stimulation with 100 ng/mL mCXCL12. Signal was recorded for
additional 260 s. Areas under the curves (AUC) were calculated after baseline subtraction. Data. * p < 0.05, ** p <0.01, ***
p <0.001, **** p <0.0001 (one-way ANOVA). n=3 + SEM.

Fatty acid-coupled EPI-X4 derivatives are stable in human blood and plasma

We have previously shown, that EPI-X4 JM#21 is unstable in human blood plasma, exhibiting a half-
life of only 6 minutes, leading to a rapid loss of activity [6], [35]. To investigate the protective role of
long-chain fatty acids, we compared the stability of fatty acid conjugates with the unconjugated peptide.
For this, compounds were added to 100% plasma and incubated at 37°C. Samples were collected
immediately (t = 0), and after 2 and 8 hours, and then examined for their ability to compete with the
12G5 antibody for receptor binding (Figure 4a, b). ICso values were normalized to t = 0 and presented
as fold change or % retained activity as described previously [19] (Table 2).

The results showed that EPI-X4 JM#21 experienced a significant increase in ICso values over time, with
only 7% activity remaining after 2 hours and 4% after 8 hours (Figure 4a, Table 2) [6]. Acetylation
(JM#21-Ac) only slightly improved stability (Figure 4a, Table 2). In contrast, fatty acid conjugates
JM#143 and JM#198 demonstrated markedly increased stability in human plasma compared to the
unconjugated peptide (Figure 4a, Table 2, Figure S12). Similarly, most lipidated EPI-X4 conjugates
did not show any activity loss even after 8 hours of incubation in plasma, with a few exeptions (Figure
4b): C14 variants were generally less stable than C16 and C18 conjugated peptides (e.g. JM#204,
JM#216). The palmitoylated WSCO2 analogues (JM#168, IM#169) were less stable than the respective
JM#21 analogue (JM#144), and the stearic acid conjugate JM#182 exhibited a lower stability than the
derivative JIM#198, in which the fatty acid was conjugated to the peptide backbone via a glutamic acid
linker. Surprisingly, also lipidated JM#21 variants with modified N-termini (JM#140, IM#141,
JM#177) exhibited a comparably low stability (Figure 4b). In contrast, all C16 and C18 conjugated
truncated JM#21 and WSCO2 variant showed no loss of activity after 8 hours of incubation in human
plasma. Mass spectrometry data for the stearic acid-conjugated JM#198 confirmed the minimal change
over time, supporting the hypothesis of increased stability through fatty acid conjugation (Figure 4c, d,
Figure S13). Additionally, fatty acid conjugates showed superior stability compared to unconjugated
peptides in whole human blood (Figure 4e, Figure S14), as determined for a representative panel of
conjugates. Especially truncated palmitoylated variants and stearic acid derivatives maintained their
activity throughout the testing period (Figure 4e).

Crucially, while IM#21 displayed only weak interaction with human serum albumin (HSA) (Figure
S15a, c) [35], fatty acid derivatization significantly enhanced this interaction, which lead to an increased
activity of lipopeptides in the presence of HSA (Figure S15b,d, €). We noticed, that some of the
lipopeptides, rather than showing decreased activity after incubation in blood plasma, were more active
after incubation, which is most likely attributed to this effect. The interaction with HSA is suggested to
be the key to the enhanced stability of these conjugates in body fluids, providing protection against
enzymatic degradation, which is lost in the absence of HSA (Figure S15f).
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Figure 4. Fatty acid derivatization of peptides increases stability in human plasma and blood. a,b) 20 pM of the
compounds was spiked into 100% of human plasma and incubated at 37°C. Aliquots were taken immediately (t = 0 hours),
and after 2 and 8 hours and stored at -80°C. Aliquots were serially diluted and analyzed in parallel for 12G5 antibody
competition to determine the remaining activities. a) Representative antibody competition curves. ICsy values were determined
by non-linear regression. Shown are means of at least 3 individual rounds of incubation + SEM. Fold changes were determined
by ICs (t) / ICso (t = 0 hours). Apparent activity was determined by ICsq (t = 0) / ICs (t) x 100. See also Table 2. b) Increase
in ICsg values for all derivatives after 2 or 8 hours of plasma incubation compared to the t = 0 hours control. Shown are means
of at least 3 individual rounds of incubation + SEM. In the figure, derivatives are arrangend in descending order of stability
after 2 h (see also Figure S12) ¢) The stability of JM#198 in human plasma was estimated by MS after incubation for 6. Signal
intensity barely changed, as shown in the graph. d) Mass spectra overlay of JIM#198 at 0 min and 360 min incubation in human
plasma. (see also Figure S13). e) Stability of peptides in full human blood. 20 pM of the peptides were spiked in 100% human
blood and incubated at 37°C. Retained activity of the peptides was determined by antibody competition assay as described in
a. Shown are means of at least 3 individual rounds of incubation + SEM. (see also Figure S14).
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Table 2. Activities determined for EPI-X4 JM#21 and derivatives after incubation in human plasma

Normalized
Time ICsy (nM) Fold ;:tcii‘lflictgg)n of Apparent activity (%)°
Oh 76 +23 1 100
IM#21 2h 1002 + 89 17+4 7+2
8h 1916 + 203 33+8 4+1
Oh 114+ 17 1 100
IM#21-Ac 2h 702 £ 57 6=+1 16 £2
8h 2805 + 608 24 £2 4+1
Oh 9+1 1 100
IM#143 2h 9+1 1+0.1 103+ 12
8h 7+1 0.9+0.1 116 £9
Oh 50+ 12 1 100
IM#198 2h 48+ 15 0.9+0.1 109+ 9
8h 40+ 11 0.8+0.2 134+ 29

aFold increase of ICsy values determined by antibody competition assay. "Apparent activity of active peptide in sample was
determined by ICso (t = 10 min) / ICsg (t) x 100. Shown are means derived from at least 3 individual experiments + SEM.

The fatty acid conjugates JM#143 and JM#198 have an increased in vivo half-life

Fatty acid derivatization enhances the circulation half-lives of lipopeptides, likely due to increased
binding to endogenous serum albumin. Our previous results demonstrated rapid renal elimination of
non-derivatized JM#21, resulting in a circulation time of less than 10 minutes [20]. Here, we evaluated
the in vivo stability of pamitoylated JIM#143 and stearoylated JM#198, which both displayed extended
half-lives and maintained high activity in blood and plasma without causing hemolysis in vitro (Figure
S16).

We administered 3.5 mg/kg of each peptide intravenously to mice and collected plasma after 10 min —
24 hours for activity assessment via the antibody competition assay. Determined activities were
normalized to the 10 min time point (Table 3). Palmitoylated JM#143 retained over 90% activity one
hour post-injection compared to the 10 min time point, decreasing to 37.7% at two hours and 7.8% at
four hours (Figure 5a, Table 3). In comparison, stearoylated JM#198 showed 40% activity after four
hours, maintaining 22% activity after eight hours, confirmed by liquid chromatography-mass
spectrometry (LC-MS) analysis (Figure 5b, Table 3). Similar trends were observed with other fatty
acid-conjugated derivatives, with the C14 version JM#204 being least active after 4 hours in vivo, and
the truncated C16 and C18 versions (JM#194, IM#235, IM#257) being most active (Figure S17). Mass
spectrometry identified N- and C-terminal truncations as primary degradation pathways for both
IM#143 and JM#198 (Figure 5c, d , Figure S18, S19). Overall, stearic acid derivatization yielded the
longest in vivo circulation times, with shorter fatty acids like myristic acid resulting in more rapid
clearance. In our study, it is essential to acknowledge that the initial blood collection time point, set as
the baseline representing 100% free peptide concentration in blood, may not fully capture the intricate
dynamics such as biodistribution and biocompartmental behavior occurring within the initial 10-minute
timeframe. Neverthless, our findings demonstrate that lipid derivatization of optimized EPI-X4 extends
circulation half-lives in vivo, depending on the length of the fatty acid chain.
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Figure S. Bioavailability in mice. 3.5 mg/kg peptides IM#143 (a) or IM#198 (b) in saline were injected into the tail vein of
C57BL/6 mice, blood was collected after given time points (Table 3), and the samples were centrifuged to obtain plasma. To
evaluate the apparent activity of retained peptides in the plasma samples, they were serially diluted in PBS, and the antibody
competition assay was performed, as described above. Shown are the data from 2 individuals analyzed in duplicates. Data for
(b) were confirmed using LC-MS. Degradation products in the plasma samples were determined by mass spectrometry. k =
the lysine residue modified by the glutamic acid linker and fatty acid (+395.304 for JM#198 and +367.272 for IM#198) (see
also Figure S18 and S19).

Table 3. In vivo stability of EPI-X4 JM#143 and JM#198 [58]

Time point EPI-X4 JM#143 EPI-X4 JM#198
Fold reduction of Apparent C (%)° Fold reduction of Active peptide (%)°
activity® activity®

10 min 1 100 1 (C=6.9 uM)* 100 (100)

lh 1.1 91.7 nd nd

2h 2.7 37.7 nd nd

4h 12.8 7.8 24(C=54uM) 41.0 (43.4)

8h 106.7 0.9 4.6(C=47uM) 21.7 (16.7)

24h 260.0 0.4 259.1 (C=0.02 uM) | 0.4 (0.2)

Fold increase of ICsy values determined by antibody competition assay. ®Active peptide in sample was determined by 1Csg (t
=10 min) / ICs¢ (t) x 100. “Concentrations and percentages determined by LC-MS are shown in brackets.

Fatty acid derivative JM#198 inhibits tumor formation in an in ovo model of retinoblastoma

CXCR4 is expressed at high levels on retinoblastoma cells and might contribute to tumor progression
and disease [58], [59], [60]. Thus, targeting CXCR4 signaling pathways may offer potential therapeutic
strategies for retinoblastoma treatment. As a proof of principle, we used the two retinoblastoma cell
lines Y79 and Weri-Rb1, which express high levels of CXCR4 (Figure S20) [61], and evaluated anti-
cancer efficacies of EPI-X4 JM#21, the stearoylated variant JM#198, and the small molecule AMD3100
in vitro and in ovo.

For in vitro experiments cells were treated with the compounds for 48 — 120 hours (Figure 6 a-f, Figure
S21). 0.1 uM AMD3100 reduced NADPH-dependend formazan production of Y79 cells by about 30%
after 48 and 72 hours (Figure 6a) and concominantly significantly increased apoptosis levels, leading
to an increase of trypan blue positive cells (Figure 6b). The effect was less pronounced in Weri-Rb1
cells (Figure 6d-e) and lost after 96 hours of incubation. Similarly, AMD3100 significantly inhibited
proliferation of Y79 cells by about 40 % after 48 hours and 72 hours (Figure 6¢). The EPI-X4 derivative
JM#21 showed a similar trend but lower efficicies than AMD3100 for the inhibition of cell NADPH-
activity and proliferation (33% inhibition after 48 hours on Y79 cells), which was lost after 96 hours
(Figure 6a-f,). Both compounds were less active at a 10-fold higher concentration of 1 pM. (Figure
S21). The stabilized EPI-X4 variant JM#198 was as active as AMD3100 at a concentration of 0.1 uM
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and more active than JM#21 in both, proliferation and apoptosis assays (Figure 6a-f). Additionally,
effects on NADPH-activity lasted even after 96 hours and 120 hours of incubation, with 24 % less
viable cancer cells after 120 hours compared to the negative control, highlighting its advantage over the
unmodified JM#21 and the small molecule AMD3100 (Figure 6a-b, d-e).

For in vivo experiments in ovo, the retinoblastoma cell lines were treated with 1 uM of the compounds
and subsequently grafted on the chorioallantoic membrane (CAM) of fertilized chicken embryos. After
7 days, tumor formation and vascularization were analyzed (Figure 6g-l, Figure S22). All CXCR4
inhibitors reduced tumor formation and size of the tumors formed by the grafted cells, suggesting a key
role of CXCR4 in retinoblastoma tumorigenesis (Figure 6g-1). None of the tested compounds had a
significant impact on angiogenesis in terms of changes in total vessel area, vessel length, thickness and
branching points (Figure S22a, b). AMD3100 reduced Y79 and Weri-Rb1 tumor formation by 28 %
and 37 %, respectively (Figure 6h, k). Compared to the negative control dissected CAM tumors were
significantly smaller (Figure 61, 1). Similarly, EPI-X4 JM#21 reduced tumor formation by 37 % and 31
%, respectively, accompanied by reduced tumor size and weight (Figure 6h-i, k-1). EPI-X4 JM#198 was
significantly more active than AMD3100 and EPI-X4 JM#21. The peptide reduced tumor formation by
55 % for Y79 and more than 70 % for Weri-Rbl (Figure 6h, k). Growing tumors were significantly
smaller compared to the control (Figure 61, 1).

Thus, our data indicate that targeting the CXCR4 receptor could be an effective approach for treating
retinoblastoma. Furthermore, results clearly demonstrate that the stability and affinity optimized EPI-
X4 IM#198 outperforms the unmodified JM#21 variant, highlighting the importance of molecular
refinement in drug development.
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Figure 6. In vitro effects of CXCR4 inhibitors on retinoblastoma cells in vitro and in ovo. a-f) in vitro: Y79 or Weri-Rb1
cells were treated with 0.1 uM of the compounds for 48 — 120 hours. a,d) Cell viability was determined by water-soluble
tetrazolium (WST-1) staining and values normalized to mock treated control. b,e) Dead cells were visualized by trypan blue
staining and counted manually. c,f) Cell proliferation was determined by the addition of 5-Bromo-2'-deoxyuridine (BrdU).
Values were normalized to mock treated controls. Values represent means = SD. Significances were calculated by ordinary
two-way ANOVA with Turkey’s multiple comparisons test compared to the negative control. *p < 0.1; **p<0.01;
*#kp<(),001; ****p<0.0001. g-1) in ovo: 1x10° Y79 cells (g,h) or Weri-Rbl1 cells (i,j) were treated with 1 uM of the compounds
and subsequently grafted on the chicken chorioallantoic membrane (CAM). After 7 days, tumors were excised, measured and
photographed. g,i) Representative in situ photographs of the vascularized CAM tumors developed from the grafted
retinoblastoma cells and the excised tumors on a ruler (insets). h,k) Tumor formation capacity of all surviving embryos. Each
point represents the % of tumor-harboring embryos + SEM. 1,1) Each point represents size or weight of a dissected tumor +
SEM. Significances were calculated by ordinary one-way ANOVA with Holm-Sidék’s multiple comparisons test compared
to the negative control. *p <0.1; **p<0.01; ***p<0.001. Neg = inactive peptide Alb410-423 [2].
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Discussion

The optimized EPI-X4 derivatives IM#21 and WSCO02 have shown promising therapeutic effects in
mouse models of inflammatory diseases and cancer [2], [6], [18]. However, they showed low stability
in blood and rapid renal filtration [20]. To overcome these limitations, we here designed derivatives,
which are conjugated to long-chain fatty acids. These fatty acids are well described binders of human
serum albumin (HSA), an abundant protein in human blood plasma with a half-life of about 19 days.
HSA harbors several fatty acid binding pockets, allowing the lipidated peptide cargo to interact with
the protein, thereby avoiding release by the kidneys. In contrast to unmodified EPI-X4 JM#21, which
only weakly interacts with HSA [35], we here showed that the lipidated peptide binds HSA, shielding
the pharmacophore from degradation by enzymes in blood and plasma. Notably, albumin interaction
not only increases peptide stability, but also antagonistic activities making lipidated EPI-X4 variants
excellent candidates for further in vivo evaluation. Fatty acid derivatizes of IM#21 showed elevated
half-lives in mice after intravenous administration, which was dependent on the alkyl chain length (C14
< C16 < C18). This confirmes other studies showing that the albumin affinity correlates with the lengh
of the fatty acid [62], [63]. Analysis of degradation products in blood plasma after i.v. injection revealed
truncation of the lipopeptides at the N-terminus, as well as the C-terminus, suggesting further
stabilization at these vulnerable sites by introduction of unnatural amino acids [5], [20] or amide bond
surrogates [64]. In our study, we showed that the binding to serum albumin is responsible for resistance
against enzymatic degradation. Neverthless, we have noted that fatty acid conjugation causes the
formation of superstructures with 100-200 nm size in aqueous solution. Formation of these structures
could protect the peptide from degradation or renal filtration and, thus, might further increase circulation
half-lives. This has also been observed for other pharmaceutically used fatty acid peptides, e.g. for the
diabetes drug Liraglutide, which forms oligomers at the injection side leading to delayed drug
absorption and in vivo stability [65]. In addition, superstructure formation could be a reason for the
observed enhanced anatagonistic activities mediated by multivalent interactions with CXCR4 [66].

The position of the fatty acid derivatization and the presence of residues at the C-terminal region of the
peptide after the derivatization position are critical for the interaction with the receptor. Lipidation at
position 2 or 6 leads to loss of activity (JM#202, IM#168), most likely by disrupting key interaction
sites within the binding pocket or by steric effects [5]. As suggested by the results of the GaMD
simulations, a lipid moiety close to the C-terminus provides additional stabilization to the complex via
hydrophobic interactions between the N-terminal loop of CXCR4 and the acyl chain of the fatty acid.
These interactions keep the lipopeptide anchored in the binding pocket while the interactions of the
parent peptide with CXCR4 are preserved. In line with this, lipidation close to the peptide C-terminus
preserved or increased CXCR4 binding and antagonistic effects of the compounds compared to the
parental peptide. Lipidation at the lysine at position 7 resulted in most active compounds, contingent
upon the length of the fatty acid chain (C14 < C16 < C18).

Despite retinoblastoma being a curable disease, frequent relapses and chemotherapy resistance pose
significant challenges [13], [14], [15], [16], [17]. We show that the lipidated EPI-X4 derivative IM#198
reduces viability and proliferation of human retinoblastoma cells in vitro and reduces tumor formation
and size in an in ovo disease model. Our findings not only highlight the superior activity of the optimized
lipopeptide JM#198 over the unmodified IM#21, but - giving the observed high expression levels of
CXCR4 in the retinoblastoma cells - also suggest a key role of the receptor during retinoblastoma tumor
formation. This underscores the potential therapeutic value of optimized EPI-X4 derivatives,
particularly JM#198, in mitigating retinoblastoma progression and resistance.

Although, we here showed that fatty monoacid derivatization leads to increased receptor binding
activities and circulation half-lives in vivo, it will be interesting to compare the efficacy and stability of
these compounds to derivatives conjugated to alternative fatty acid protractor moieties (e.g. fatty
diacids), as suggested by Kurtzhals et al. [22]. The lead compound from our study, the stearic acid
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conjugate EPI-X4 JM#198, was active with a half-life of almost 4 hours post intravenous administration
in mice. Studies have shown that conjugation to fatty diacids harboring an extra carboxylic group at the
w-end of the alkyl chain further increases albumin interaction and solubility, and reduces unspecific
interaction with cell membranes, which leads to higher half-lives compared to monoacid conjugates
[22]. In addition, we have recently designed covalent HSA-peptide fusion constructs, which also
showed protection against degradation in blood plasma and could also be excellent starting points for
further optimization [35].

Conclusions

Lipidation significantly enhances the stability and in vivo circulation half-lives of optimized EPI-X4
derivatives. These lead compounds exhibit antagonistic activity in the low nanomolar range and
maintain in vivo activity for several hours, making them promising candidates for further preclinical
development aimed at treating cancer or chronic inflammatory diseases.
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Supplementary Information

Table S1. ICso values on primary human CD4+ T cells and a mouse cell line.

Human Mouse
Compound | Migration® | pAKt® | pErk* pErk®

IC,, (uM £ SEM)
EPI-X4 > 100 > 100 > 100 >100
JM#21 1.46 £0.26 1.16 £0.28 1.28 £0.31 8.31 £2.47
JM#143 0.65 £0.48 0.23 £0.10 0.29 +£0.22 0.69 +0.55
JM#194 0.03 +0.01 0.99 +0.03 0.11 £0.05 > 10
JM#198 0.35+0.18 0.18 £0.02 0.17 +0.03 1.03+0.4
AMD3100 1.74 £1.36 1.70 £0.77 3.00+£1.74 2.72 +£0.46

*migration towards CXCL12 in transwell system, binhibition of CXCL12 induced Akt phosphorylation, ¢inhibition of CXCL12
induced Erk phosphorylation
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Figure S1. 12G5 CXCR4 antibody competition curves for all derivatives. Serially diluted compound was added to SupT1
cells together with a constant concentration of the antibody. After 2 hours, unbound antibody was removed, and cells were
analyzed in flow cytometry. Shown are means derived from at least 3 individual experiments + SD. a) Controls. b) Compounds
with alternative fatty acid conjugation site. c¢) Fatty acid conjugates.
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Figure S2: Fatty acid conjugates have no effect on 1D9 antibody binding. The peptides were serially diluted in PBS and
added to SupT]1 cells together with a constant concentration of the CXCR4 specific antibody clone 1D9 (binding to the receptor
N-terminus). After 2 hours incubation at 4°C, unbound antibody was removed and cells were analyzed in flow cytometry.
Shown are means derived from 3 individual experiments + SEM.



a b

0.8

-@- JM#21
PBS 156 313 625 125 250 500 [uM] & JM#198
0.6
| _10kDa o
IM21 46kDa O
~1.7 kDa 3 0.4+
e
&
. | _1okpa @ 927
— 4.6 kDa
JM198 —-“ . |T17kDa 0.0
PBS 10 100 1000

Concentration (uM)

Figure S3. Solubility of JM#198 in a buffered solution. Peptides stocks were serially diluted in PBS and separated on SDS-

PAGE before staining for total protein with colloidal Coomassie (a) or evaluated for protein content by BCA assay (BCA
Gold, Thermo Fisher) (b). Shown is one representative experiment.
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Figure S4. Formation of superstructures of JM#198 in a buffered solution. a-d) JM#198 was dissolved in DMSO at a
concentration of 50 mM and then further diluted in warm Tris-buffer and then incubated at 37°C for 16 hours. a) Pictures were
taken after 16 hours of incubation. b-d) DLS measurements of solutions after incubation representing (b) number weighted
size distribution, and (c,d) intensity. It can be assumed that JM#198 forms small aggregates or nanogel like structures that are

around 100 — 300 nm in size.
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Figure S5. Fatty acid conjugates inhibit CXCR4-tropic HIV-1. TZM-bl reporter cells were pretreated with the compounds
for 15 min before they were inoculated with CXCR4-tropic HIV-1. Infection rates were determined after 3 days by B-
galactosidase assay. Shown are means derived from at least 3 individual experiments performed in triplicates + SD. a) Controls.
b) IM#21-C16 conjugates. ¢) Truncated IM#21-C16 conjugates. d) IM#21-C14 conjugates.
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Figure S6. Fatty acid conjugates are not inhibiting CCR5-tropic HIV-1. TZM-bl reporter cells were pretreated with the
compounds for 15 min before they were inoculated with CCR5-tropic HIV-1. Infection rates were determined after 3 days by
B-galactosidase assay. Shown are means derived from at least 3 individual experiments performed in triplicates + SD.
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Figure S8. Compounds inhibit CXCL12-induced phosphorylation of Akt and Erk. SupT1 cells were pretreated with
compounds for 10 min and then stimulated with 100 ng/ml CXCL12 for 2 min. The reaction was stopped by adding 1% PFA.
Cells were then stained and analyzed by flow cytometry. Shown are normalized means derived from at least 4 individual

experiments performed in singlicates + SEM.
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Figure S9. Inhibition of agonist-induced p-arrestin recruitment to a panel of GPCRs. HEK293T cells were transfected
with a plasmid containing B-arrestin-2 and a GPCR construct coupled to the two parts of the NanoBiT protein—protein
interaction assay system. Cells were stimulated the respective agonists in the presence of 1 pM JM#21 (a) or IM#198 (b), and
the signal was determined over time. n = 3 = SEM. CXCR4: 300 ng/ml CXCL12; GPR15: 1.5 uM GPR15LG; CXCR3: 40
nM CXCL11; CCR6: 50 nM CCL20; CCR5: 100 nM CCL5; ACKR3: 300 ng/ml CXCL12; CCR7: 50 nM CCL19; CCR2:
100 nM CCL8; CXCR1: 50 nM CXCLS.
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Figure S10. Compounds inhibit CXCL12-induced cell migration. The assay was performed using a transwell assay system
(5 um pore size) with 100 ng/mL CXCL12 as chemoattractant in the lower chamber. The number of migrated cells was

determined by CellTiterGlo assay. Shown are means derived from at least three individual experiments performed in triplicates
+ SEM.
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Figure S11. Compounds inhibit CXCL12-mediated signaling on primary human CD4+ T cells and mouse cells. a,b)
Inhibition of CXCL12-induced Akt or Erk phosphorylation on primary human CD4+ T cells. Cells were preincubated with
the compounds and stimulated with 100 ng/ml CXCL12 for 2 min. The reaction was stopped by adding 1% PFA. Cells were
then stained and analyzed by flow cytometry. ¢) Compounds inhibit CXCL12-mediated migration of human CD4+ T cells.
The assay was performed using a transwell assay system (5 um pore size) with 100 ng/mL CXCL12 as chemoattractant in the
lower chamber. The number of migrated cells was determined by CellTiterGlo assay. d) Inhibition of CXCL12-induced Erk
phosphorylation on a murine T cell line. Shown are means derived from at least three individual experiments performed in
triplicates = SEM. ICso values were calculated by non-linear regression curve fit.
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Figure S12. Activity curves of peptides before and after incubation in human plasma. 20 uM of the compounds was
spiked into 100% of human plasma and incubated at 37°C. Aliquots were taken immediately (t = 0 hours), and after 2 and 8
hours and stored at -80°C. To determine remaining activities, aliquots were serially diluted and analyzed in parallel for 12G5
antibody competition. Shown are means of at least 3 individual rounds of incubation + SEM.
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respectively.
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Figure S18. MS/MS spectra of JM#143 and the respective degradation products, found by PEAKs11 processing of raw data

from LC-MS/MS analysis.
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Figure S19. MS/MS spectra of JM#198 and the respective degradation products, found by PEAKs11 processing of raw data
from LC-MS/MS analysis.
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Figure S20. Western blot showing the CXCR4 expression in RB lysates compared to HeLa cells.
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Figure S21. In vitro effects of CXCR4 inhibitors on retinoblastoma cells. Y79 (a-c) or Weri-Rb1 (d-f) cells were treated
with 1 uM of the compounds or the negative control peptide for 48 — 120 hours. a,d) Cell viability was determined by water-
soluble tetrazolium (WST-1) staining and values normalized to mock treated control. b,e) Dead cells were visualized by trypan
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Figure S22. Analysis of angiogenesis in vascularized of chicken chorioallantoic membrane (CAM) tumors developing
from inhibitor treated retinoblastoma cell lines. Y79 (a) or Weri-Rb1 human retinoblastoma cells (b) were treated with 50
pl of 1 uM compound and grafted onto the CAM of 10-day-old fertilized chiken embryos. Images of the vascularized CAM
tumor formed by the grafted cells were taken after 7 days of incubation and analyzed for angiogenetic effects in terms of
changes in total vascularized area, total vessel length, vessel thickness, and vessel branching points by IKOSA software. Shown
are means for individual CAMs + SEM
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Intraocular drug delivery is a promising approach for treatment of ocular
diseases. Chemotherapeutic drugs used in retinoblastoma (RB) treatment
often lead to side effects and drug resistances. Therefore, new adjuvant
therapies are needed to treat chemoresistant RBs. Biocompatible gold
nanoparticles (GNPs) have unique antiangiogenic properties and can
inhibit cancer progression. The combination of gold and low-molecular-
weight hyaluronan (HA) enhances the stability of GNPs and promotes the
distribution across ocular barriers. Attached to HA-GNPs, the atrial natri-
uretic peptide (ANP), which diminishes neovascularization in the eye, is a
promising new therapeutic agent for RB treatment. In the study presented,
we established ANP-coupled HA-GNPs and investigated their effect on the
tumor formation potential of chemoresistant RB cells in an in ovo chicken
chorioallantoic membrane model and an orthotopic in vivo RB rat eye
model. Treatment of etoposide-resistant RB cells with ANP-HA-GNPs
in ovo resulted in significantly reduced tumor growth and angiogenesis
compared with controls. The antitumorigenic effect could be verified in the
rat eye model, including a noninvasive application form via eye drops. Our
data suggest that ANP-HA-GNPs represent a new minimally invasive,
adjuvant treatment option for RB.
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GNP, gold nanoparticles; HA, hyaluronic acid; HA-SH, thiol-functionalized hyaluronic acid; HEK293T, human embryonic kidney cells; IHC,
immunohistochemistry; IL-1B, interleukin-1B; LDV, laser Doppler velocimetry; NPRA, natriuretic peptide receptor A; NPRC, natriuretic
peptide receptor C; NVG, neovascular glaucoma; PBS, phosphate-buffered saline; PCS, photon correlation spectroscopy; PDI, polydispersity
index; PDR, proliferative diabetic retinopathy; PFA, paraformaldehyde; RB, retinoblastoma; RB1, retinoblastoma gene 1; RPE, retinal pigment
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1. Introduction

Ocular drug delivery through noninvasive routes is chal-
lenging because of the anatomical structure and physiol-
ogy of the eye, often resulting in low drug availability.
Thus, for treatment of several retinal disorders, for
example, proliferative diabetic retinopathy (PDR) [1],
neovascular glaucoma (NVG) [2], and retinoblastoma
intravitreal administration routes are currently used in
order to reach the retina. Retinoblastoma (RB) is the
predominant primary intraocular tumor found in chil-
dren, occurring at a rate of 1 in 16 000 live births. It
constitutes 2-4% of all childhood malignancies [3].
Retinoblastoma has an overall high survival rate, but
further progressed tumors are often associated with
high-risk characteristics such as dissemination [4] and
chemotherapy resistances. Initially, enucleation was the
primary successful therapeutic approach for retinoblas-
toma. However, the emergence of new drug delivery
routes, such as intra-arterial, intravitreal, or intracam-
eral, injections significantly increased ocular preserva-
tion rates and diminished the need for systemic
chemotherapy [4,5]. Chemotherapy with chemothera-
peutics such as vincristine, etoposide, or carboplatin,
which are routinely used in a combined RB VEC-
therapy often induce massive side effects and leads to
drug resistances frequently limiting the treatment
options of resistant tumors, which might cause relapses
[6]. After therapy, 35% of retinoblastoma patients expe-
rience the development of secondary tumors, and
among this group, 50% do not survive [7]. Emerging
technologies, such as the utilization of nanoparticles as
delivery systems for ocular drugs, small molecules, pep-
tides, or nucleic acids, provide a noninvasive alternative
treatment of retinoblastoma with increased accessibility,
which is not only safe, but also long-lasting.

For biomedical applications, plasmonic materials
such as gold nanoparticles (GNPs) have unique advan-
tages as antioxidant and antiangiogenic agents [8]. It
has been shown that GNPs can reduce the prolifera-
tion and migration of retinal pigment epithelium cells
(RPE) induced by vascular epithelial growth factor
(VEGF) or interleukin IL-1B [9]. Gold nanoparticles
can be conjugated to different biomolecules [10] comb-
ing multiple advantages, including robust absorption
and scattering of visible light, straightforward synthe-
sis, manageable size and shape control, as well as high
biocompatibility [11]. Following systemic administra-
tion, small-sized gold nanoparticles can traverse physi-
ological and anatomical ocular barriers, such as the
blood-retinal barrier. This expands the potential appli-
cations of GNPs as drug delivery systems through var-
ious administration routes [12]. We could recently

ANP-HA-GNPs for treatment of chemoresistant RB

show that a combination of a gold core with a
hyaluronic acid (HA) coat is a promising candidate
nanocarrier for treatment of eye diseases [11]. Hya-
luronic acid is a FDA-approved polymer commonly
used in eye drops with the potential to enhance the
delivery of anticancer drugs due to its CD44 receptor
[13,14]. Several cells of the eye express the CD44
receptor endogenously and in disease conditions, for
example, retinal pigmented epithelium (RPE), Miiller
glial, and ganglion cells [13,15]. Therefore, CD44
expressing cells have the capability to bind and inter-
nalize HA. Moreover, the composition of the ocular
vitreous body contains not only 98% water and colla-
gen but also hyaluronic acid (HA). The composition
of this gel meshwork allows for a sustained release of
drug molecules, extending the duration of their effect
and enhancing bioavailability when administered in a
solution [16]. Modifying the surface of GNPs with HA
increases their mobility and permeability through ocu-
lar barriers, leading to antiangiogenic effects. This
modification transforms GNPs into inhibitors of neo-
vascularization [I11]. In addition, HA enables larger
nanoparticles to enter the cells as potential vehicles for
the delivery of therapeutics to the posterior part of the
eye via noninvasive application routes, for example, by
eye drops [17].

The atrial natriuretic peptide (ANP), belonging to
the family of atrial natriuretic peptides, plays an
important role during stimulation of vasodilatation,
natriuresis, and diuresis [18]. It has also been observed
that ANP reduces choroidal neovascularization in the
eye by inhibiting VEGF [19], likewise expressed in RB
and correlated with increased RB malignancy [20].
Spiranec Spes et al. [21] recently demonstrated that
ANP mitigates pathological retinal vascular regression
and subsequent neovascularization through cyclic
GMP signaling, protecting pericytes from apoptosis,
and diminishing hypersecretion of VEGF from astro-
cytes. In addition, a combined treatment with glipizide,
a second-generation sulfonylurea hypoglycemic agent,
and ANP suppressed breast cancer growth and metas-
tasis by the inhibition of angiogenesis via the VEGF/
VEGFR?2 signaling pathway [22].

Against the background that HA improves ocular
tissue distribution and inhibition of neovascularization
by ANP potentially reduces tumor growth, the goal
of the study presented was to evaluate the applicability
of ANP-conjugated, HA-coated gold nanoparticles
(ANP-HA-GNPs) as promising candidate nanocarriers
for the treatment of chemoresistant RB tumors in vivo.
For this purpose, we investigated potential suppressive
effects of ANP-HA-GNPs on tumor growth and
angiogenesis of aggressive etoposide-resistant RB cell
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lines in an in ovo chorioallantoic membrane (CAM)
model as well as in a newly established orthotopic
in vivo RB rat eye model.

2. Materials and methods

2.1. Synthesis and characterization of ANP
coupled hyaluronan-modified gold nanoparticles

The synthesis of thiol-modified HA and GNPs used in
this manuscript was described previously [11]. Briefly,
thiol-functionalized HA (MW 5K; Lifecore™ Biomedi-
cal, Chaska, MN, USA) was cross-linked by carbox-
ylic acid mainly following the protocol previously
described by Oliveira et al [23]. Gold nanoparticles
were synthesized based on the reduction and stabiliza-
tion of the salt form of gold (HAuCly; Sigma-Aldrich,
Munich, Germany) by trisodium citrate dehydrate salt
(Sigma-Aldrich, Munich, Germany) by the Turkevich
method [24]. The ratio of gold to citrate was 1 : 3.7
(w/w) to obtain GNPs with a 20 nm gold core. There-
after, the ligand HA-SH was covalently bound to the
surface of gold by interaction of the thiol group and
molecular gold as described previously [11].

The concentration of HA-GNPs was determined by
assessing the absorbance of the GNP core [25]. Gold
nanoparticle surface modification with hyaluronic acid
(HA) was identified by a shift in the maximum peak
of the UV-visible spectrum. Measurements were con-
ducted using a FLUOstar Omega microplate reader
(BMG, Labtech, Ortenberg, Germany). The concentra-
tion of HA-SH covalently bound to GNPs was indi-
rectly determined using the Ellman’s method. The ANP
was then bound by electrostatic interaction to the HA
component of the nanoparticle surface. Complete
binding of the ANP to the HA-GNPs was confirmed
by SDS/PAGE electrophoresis (data not shown).

2.2. Size and zeta potential measurements

Particle size analysis of GNPs, HA-GNPs, and ANP-
HA-GNPs was conducted through photon correlation
spectroscopy (PCS), while zeta potentials were measured
using Laser Doppler Velocimetry (LDV). Both analyses
were performed on a Zetasizer Nanoseries-Nano ZS
instrument (Malvern Instruments, Lappersdorf, Germany).
All samples were appropriately diluted in Milli-Q™
(Merck, Darmstadt, Germany) water for the analyses.

2.3. Transmission electron microscopy

Transmission electron microscopy (TEM) was conducted
using a Libra 120 electron microscope (Carl Zeiss,

A. Haase et al.

Oberkochen, Germany). The procedures followed were
consistent with protocols published previously [26,27].

2.4. Cell lines and culture

The human retinoblastoma (RB) cell lines Y79 [2§]
(RRID: CVCL_1893) and WERI [29] (RRID:
CVCL_1792), originally purchased from the Leibniz
Institute DSMZ (German Collection of Microorganisms
and Cell Cultures) were placed to our disposal by H. Ste-
phan along with the RB cell line RB355 [30] (RRID:
CVCL_S611), initially provided by K. Heise, and the cor-
responding etoposide-resistant RB cell lines Y79-Etop,
WERI-Etop, and RB355-Etop. The cultivation protocols
for these cell lines, as well as for human embryonic kidney
cells (HEK293T, RRID: CVCL_0063) kindly provided
by B. Royer-Pokora and originally purchased from
DSMZ, were comprehensively described in a prior publi-
cation [31].

All cell lines used were initially tested and authenticated
by STR analysis. In the following, samples of all tested
cells were frozen to insure access to tested cells in the
course of all experiments. In addition, the RB cell lines
were regularly analyzed for their individual RBI mutation
status. The adult retinal pigment epithelial cell line ARPE-
19 (RRID:CVCL_0145) was purchased from ATCC
(Manassas, VA, USA) and maintained in DMEM/F12
medium supplemented with 1% penicillin streptomycin
(10 000 U-mL~") and 10% inactivated FCS (GIBCO®,
ThermoFisher Scientific, Darmstadt, Germany) at 37 °C
in 5% CO, atmosphere. No ethics approval was required
for work with the human cell lines. All cell lines were
tested for mycoplasms on a regular basis.

2.5. Intracellular distribution of nanoparticles

ARPE-19 cells (65 000) were seeded on poly-L-lysine
(0.1 mg-mL~" for 30 min at 37 °C; GIBCO®, Thermo-
Fisher Scientific) treated coverslips in a 24-well plate and
incubated overnight. Thereafter, 25 um GNPs or ANP-
HA-GNPs were added to the cells. Following a 24-h
incubation period, ARPE-19 cells were fixed using para-
formaldehyde (PFA; 4% in PBS; pH 7.4). Incorporated
particles were stained using a silver staining kit (Sigma-
Aldrich, Munich, Germany) according to the manufac-
turer’s protocol. Photomicrographs were captured using a
Zeiss Axiovert 200 microscope (Zeiss, Jena, Germany).

2.6. Ex vivo vitreous humor diffusion and retinal
explant studies

To get fresh vitreous humor and retinae, porcine eyes
from a local slaughterhouse were enucleated after the
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animals were sacrificed. The eyes were transported in
cold (4 °C) COs-independent vL-glutamine medium
(GIBCO, ThermoFisher Scientific) until needed. The
vitreous humor was separated from the retina and
adjacent tissues and placed in a Petri-dish (25 cm?;
Corning, Kaiserslautern, Germany). To investigate the
diffusion effect, 100 pL (0.5 mm) of ANP-HA-GNPs
were injected into the vitreous body and monitored
under a normal bright field camera (Nikon,
Diisseldorf, Germany) for 24 h at room temperature.

In order to study the retinal distribution of ANP-
HA-GNPs, conventional porcine retinal explants were
dissected and cultured as described previously [32]. A
trephine blade (¢ 8 mm; Beaver Visitec, Waltham,
MA, USA) was used to cut out a circular piece of ret-
ina from each eye with the inner limiting membrane
(ILM) facing up. The retinal explants underwent treat-
ment with 0.5 mm ANP-HA-GNPs. Neurobasal
medium (GIBCO, ThermoFisher Scientific) was used
for the dilution of the GNPs. Retinal cryosections
(12 pm) were mounted on Superfrost Plus slides (Ther-
moFisher Scientific). Bright field microscopy visualiza-
tion within the retinal tissue 24-h postadministration
of the particles was performed utilizing a Zeiss Axio-
vert 200 microscope (Zeiss).

2.7. Generation of lentiviral particles for stable
transduction

For the transduction of WERI and RB355 RB cell lines,
lentiviral particles were generated. For this pupose,
6 x 10° human embryonic kidney cells (HEK293T) were
transfected with 6 pg of each of the following plasmid
DNAs: packaging vectors pczVSV-G [33] and pCD NL-
BH [33], and pCL6LucEGwo (provided by H. Hanen-
berg). This transfection was carried out in DMEM
medium in the presence of 45 ng polyethyleneimine (PEI,
branched; Sigma-Aldrich, St. Louis, MO, USA). The len-
tiviral vector (pCL6LucEGwo) contained a fusion of the
human codon usage-optimized luciferase (InvivoGen, San
Diego, CA, USA) and an enhanced green fluorescent pro-
tein (EGFP; Clontech, Mountain View, CA, USA),
driven by a modified spleen focus-forming virus (SFFV)
retrovirus U3 promoter [34]. Twenty-four hours later, we
exchanged the medium. After 72-h cultivation in Iscove’s
Modified Dulbecco’s medium (IMDM; Pan-Biotech,
Aidenbach, Germany) with 10% FBS and 1% penicillin/-
streptomycin, viral supernatants were harvested, filtered
(0.45 um filter), and cryoconserved. In order to stably
transfect RB cells with luciferase/GFP for in vivo tumor
formation experiments, cells were seeded in DMEM
medium at a concentration of 1.25 x 10°. After 1 day,
the medium was discarded and the WERI/WERI-Etop or

ANP-HA-GNPs for treatment of chemoresistant RB

RB355/RB355-Etop RB cells were transduced with the
virus particles in the presence of polybrene (5 pL per ml
lentivirus; H9268; Sigma-Aldrich, Miinchen, Germany).
Dulbecco’s modified eagle medium with supplements
(twice the volume of the virus particles) was added after
another 24 h, and additional 48 h later, the medium was
changed completely.

2.8. In ovo tumor formation

To assess alterations in tumor formation, etoposide-
resistant RB cells (Y79-Etop and WERI-Etop) and their
respective control cells were grafted onto the chick chorio-
allantoic membrane (CAM) mainly following the protocol
of Zijlstra and Palmer [35,36] with modifications described
previously [37]. Briefly, 1 x 10° RB cells per egg were
directly grafted onto the CAM membrane at embryonic
developmental day 10 (EDD10) without using silicone
rings. After 24 h, at EDDI11, the grafted eggs were treated
by dropping 40 pL solution containing particles (at a con-
centration of 1 mm) and/or ANP (at a concentration of
0.06 pg-uL~") onto the CAM area, where the RB had pre-
vious been grafted. The different treatment conditions
were as follows: (a) GNPs alone (I mm stock), (b) HA-
GNPs (0.9 mm stock), (c) ANP-HA-GNPs (0.865 mm
stock), (d) ANP alone (I mgmL™" stock), or (¢) PBS
(control). Five to seven eggs were grafted in at least three
independent experiments for each condition. Seven days
after grafting and 6 days after treatment (EDD17), tumors
that formed from the grafted cells were excised, measured,
and photographed as described previously [31,38,39]. The
eggs were cooled down on ice for at least 15 min prior to
preparation, and the chicken embryos were decapitated
directly after opening of the eggs. Vessel formation was
analyzed with regard to total vessel area, vessel length,
thickness, and branching points based on CAM tumors
photographed in situ using the 1KosA online software
(KLM Vision, Graz, Austria).

2.9. In vivo orthotopic rat eye model

All experiments were approved by the state office
for nature, environment, and consumer protection
NRW (LANUYV) under the reference numbers 81-
02.04.2018.A003 and 81-02.04.2021.A015. The animals
were anesthetized with isoflurane and euthanized by
CO,. Sex-independent Lewis rats (LEW/HanHsd) pro-
vided by the central animal laboratory of Essen (ZTL)
were maintained on a 12-h light-dark cycle with
ad libitum access to food and water. Before anesthesia,
rats were weighed, and metamizol (100 mgkg™") was
administered orally for prophylactic pain prevention.
Within the first 24 h of birth, newborn rat pups (P0)
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were anesthetized with isoflurane (3.0% isoflurane at
an @ flow of 1.5 L-min~'; Sigma Delta Vaporizer,
Penlon, UK). The pups got an individual tattoo on
their paws for identification during the experimental
procedure and were transferred to a heated pad to
ensure a body temperature of 37 °C. Maintenance of
anesthesia (2.5% isoflurane at an O flow rate
of 1.5 L-min~") was assured using a nosecone for rat
pups under a microscope. A 33 G needle attached to a
5-uL Hamilton syringe was used bevel-up to inject the
RB cells through the naturally closed eyelid into
the vitreous of the rats’ eyes. Each animal received a
single injection of 1 x 10° luciferase-GFP labeled
WERI (n = 24), WERI-Etop (n = 21), RB355 (n = 18),
RB355-Etop (n = 21) cells or an injection of sterile
phosphate-buffered saline (PBS control; n = 3) into the
right eye. Injection of RB cells or PBS control (1 pL
total volume for all injections) was done manually
under a microscope. The RB cell suspension or PBS
was injected slowly, and the needle remained in place
for 30 s following injection to avoid reflux during
extraction of the needle. The pups were returned to
their mother in their home cage, and tumor formation
was consecutively monitored by bioluminescence mea-
surements over a time period of 9 weeks as described
below. After 2 (P14), 4 (P28), or 9 weeks (P63), the
rats were euthanized, and the right eye was removed
and investigated immunhistochemically.

2.10. Bioluminescence imaging

Isoflurane anesthesia was performed as described
above, following a subcutaneous injection of VivoGlo
D-luciferin potassium salt (Promega, Fitchburg, MA,
USA) from a 40 mg-mL ™' stock in PBS. The dosage
was calculated after weighting the animals prior to
imaging (150 mg luciferin per kg animal weight). On
the indicated days after injection (P3, P7, P10, P14,
P28, P42), the anesthetized animals were imaged under
maintenance of anesthesia using a Caliper Lumina II
system (PerkinElmer, Waltham, MA, USA). Animals
were imaged with their right side up, three to five at a
time using full-frame camera height. Images were gath-
ered over 45 s each. Image visualization and quantifi-
cation were performed using the LIVING IMAGE ANALYSIS
software 4.7.4 (PerkinElmer).

2.11. Treatment of etoposide-resistant WERI
cells with ANP-HA-GNPs in an orthotopic rat
eye model

In order to investigate the effectiveness of a nanoparti-
cle therapy on tumor development of etoposide

A. Haase et al.

resistant RB cells, three different treatment regimen
(Fig. 1) were investigated based on the cell line WERI-
Etop labeled with luciferase and GFP (luc-GFP). In
treatment setting I, 1 x 10> WERI-Etop cells in 1 pL
ANP-HA-GNPs solution (0.865 mm stock) were
injected into the right eye of PO rat pubs (Fig. 1). Ani-
mals were imaged on the indicated days after injection
(P3, P7, P10, P14, P21, and P28) in comparison with
control cells (WERI-Etop) without treatment. In treat-
ment setting II and III, RB tumors were allowed to
grow 14 days prior to treatment. After 10 (P10) and
14 (P14) days, the animals were imaged. Those with
detectable RB tumor growth were treated with 1 pL
ANP-HA-GNPs solution (0.865 mm stock) via intravi-
treal injection on P14 and P21 in treatment setting II
and with eye drops (1 pL. ANP-HA-GNPs solution)
on P14, P17, P21, and P24 in treatment setting III
(Fig. 1). In treatment setting II and III, animals were
imaged on the indicated days (P10, P14, P17, P21,
P24, and P28) in comparison with control cells
(WERI-Etop) injected or dropped with PBS as vehicle
under the same schedule. After 4 weeks (P28), rats
were euthanized, and the right eye was enucleated and
investigated immunohistochemically.

2.12. Histological and immunohistological
processing

Upon completion of the experimental protocols, ani-
mals were euthanized by CO, and eyes were enucle-
ated. Whole P14, P28, and P63 eyes or CAM tumors
were fixed in 4% paraformaldehyde overnight, dehy-
drated, paraffin-embedded, and 5 um sections were
obtained using a microtome. Sections were deparaffi-
nized and rehydrated in an ethanol series of descend-
ing concentration. Subsequently, sections were stained
using Mayer’s hematoxylin. Besides, immunohisto-
chemical detection was performed using a ready-to-use
rabbit monoclonal antibody against Ki67 (clone 30-9;
Roche Ventana, Basel, Switzerland) or CRX red (dilu-
tion 1 : 50; clone A-9; Santa Cruz Biotechnology, Hei-
delberg, Germany) with the OptiView DAB ITHC
detection kit (Thermo Fisher, Darmstadt, Germany)
for visualization. Images were captured using a slide
scanner (Leica, Wetzlar, Germany) and subsequently
analyzed by am APERIO IMAGE SCOPE Software (Leica).

2.13. Statistical analysis

Statistical analyses were performed using GRAPHPAD
prisM 9 (GraphPad Software, Boston, MA, USA). Data
represent means + SEM, and results were analyzed by
a Student’s #-test and considered significantly different if
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Fig. 1. Workflow of retinoblastoma (RB) tumor cell injection into the naturally closed eye of newborn rats (PO) and the detection of
luciferase signals under nanoparticle treatment. Treatment setting I: n = 12 treated and n = 10 control animals; Treatment setting Il: n =12
treated and n = 11 control animals; Treatment setting lll: n= 12 treated and n = 12 control animals; LU, luminescence measurement; PT,
post-treatment; syringe: time point of nanoparticle treatment; green dropping bottle: time-point of topical nanoparticle treatment; red arrows

in the tumor histology demarcate rosette like RB tumor structures.

P-value < 0.05 (*), P-value <0.01 (**), or P-
value < 0.001 (***). To quantify Ki67-positive cells,
regions of interest were extracted from scanned slides
and analyzed using IMAGEJ [40]. In a macro, hue, satura-
tion and brightness were determined from the individual
images and the threshold values for these parameters
were adjusted to the needs of the “Analyze Particles”
function in order to determine the percentage of Ki67-
positive cells. Quantification of CAM vessel formation
was performed with the 1kosa online software (KLM
Vision, Graz, Austria; https://app.ikosa.ai/).

3. Results

3.1. Physical characterization of GNPs and
ANP-HA-GNPs

Table 1 displays the particle size, zeta potential, and
polydispersity index (PDI) of the GNPs, both with
and without attached hyaluronic acid (HA) or ANP-
HA. The attachment of HA or ANP-HA to the GNP
surface resulted in a significant increase in both, size
and zeta potential, with values more than doubling.
The PDI, reflecting the uniformity of particle size dis-
tribution, remained around 0.2 for bare 20 nm gold
core GNPs (GNPs 20), HA-GNPs, and ANP-HA-

Table 1. Particle size, zeta potential, and polydispersity index (PDI)
of the gold nanoparticles (GNPs); n=>#6; data represent
mean + standard deviation. ANP, atrial natriuretic peptide; ANP-
HA-GNP, ANP coupled HA-GNPs; HA-GNP, hyaluronic acid coupled
GNPs.

SIZE (nm) Zeta potential (mV) PDI
GNPs 22.34 + 0.54 —-52.73 +7.30 0.292
HA-GNPs 57.01 £+ 3.86 —17.33 = 0.67 0.224

ANP-HA-GNPs 59.26 + 1.72 —7.58 +£ 1.40 0.282

GNPs, indicating a homogeneous distribution. TEM
microscopy analysis of the GNPs and ANP-HA-GNPs
revealed that a polymer HA corona surrounded the
ANP-HA-GNPs (Fig. 2B,C), whereas GNPs (Fig. 2A)
lacked a visible corona. The presence of this surface
layer accounted for the augmentation in size noticed in
the PCS measurements (Table 1). To investigate the
interactions of bare GNPs in comparison with ANP
coupled HA-coated GNPs (ANP-HA-GNPs), we ana-
lyzed the cellular nanoparticle uptake and distribution
in ARPE-19 cells (Fig. 2E,F) and nontreated cells as
negative controls (Fig. 2D). Bare GNPs shown in
Fig. 2E formed large vesicular aggregates inside the
cells, whereas modified ANP-HA-GNPs displayed as
small individual particles throughout the cytoplasm
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(G)

100 nm

ANP-HA-GNPs it
©)

ANP-HA-GNPs

Fig. 2. Characterization of atrial natriuretic peptide coupled hyaluronic acid coated gold nanoparticles (ANP-HA-GNPs). (A-C) Transmission
electron microscopy (TEM) microscopy pictures of bare GNPs with 20 nm gold core (A) and modified ANP-HA-GNPs (B, C). Scale bars:
100 nm. (D-F) Bright field images of ARPE-19 cells after silver staining for gold (black dots). Scale bars: 50 um. Photographs were taken
24 h after treatment with 25 uv GNPs (E) or ANP-HA-GNPs (F) in comparison with nontreated control cells (D). White arrowheads exemplar-
ily indicate some of the silver stained particles. (G) Photographs of porcine vitreous humor 0, 4 and 24 h after administration of 100 pL
ANP-HA-GNPs. The black tissue represent remains of the retinal pigment epithelial layer. (H) Confocal bright field pictures of sequential cryo-
sections of porcine retinal explants 24 h after administration of 0.5 mm ANP-HA-GNPs. Particles are visible as dotted black pattern within
the tissues after silver staining. Accumulation/retention of ANP-HA-GNPs occurs at the administration side in the ILM and is marked by #.
Black arrowheads indicate the location of the invaded particles. Scale bar: 50 um. The experiments were performed in triplicates. ANP, atrial
natriuretic peptide; ANP-HA-GNP, ANP coupled HA-GNPs; BV, blood vessel; GCL, ganglion cell layer; GNP, gold nanoparticles; HA, hyaluro-

nic acid; ILM, inner limiting membrane; PR, photoreceptor layer.

(Fig. 2F). As a proof of principle, we additionally ana-
lyzed the cellular uptake of ANP-HA-GNPs in RB
cells and observed an internalization of the particles
into WERI-Etop cells (Fig. S1).

3.2. Vitreous humor diffusion and biodistribution
in retinal explants

To analyze the diffusion of ANP-HA-GNPs into the
vitreous humor, we utilized the visible red color of
the GNPs as a qualitative indicator. The ANP-HA-
GNP particles showed a good distribution in the vitre-
ous humor after 4 and 24 h (Fig. 2G). In addition, the
red color in the vitreous humor turned lighter 4 and
24 h after ANP-HA-GNP injection, supporting the
notion of a proper diffusion capacity of the particles
(Fig. 2G).

Analyzing the biodistribution of the ANP-HA-
GNPs in retinal explants, administered particles were
mainly observed in the photoreceptor layer of the ret-
ina (Fig. 2H). They were able to cross the inner limit-
ing membrane and distributed from the ganglion cell

layer to the photoreceptors. Nevertheless, there was a
retention of ANP-HA-GNPs in the inner limiting
membrane (Fig. 2H) due to the fact that the high par-
ticle volume used was not proportional to the explant
size but was necessary to ascertain that the particles
can penetrate and interact with the retinal tissue.

Taken together, (a) ANP-HA were successfully
attached to gold core nanoparticles, (b) a good uptake
and intracellular distribution of the GNPS was over-
served in ARPE-19 cells and (¢) good diffusion into
the vitreous as well as ex vivo retinal biodistribution
was verified. Thus, ANP-HA-GNPs have a promising
potential to serve as antiangiogenic nanocarriers for
the treatment of eye cancers like retinoblastoma.

3.3. In ovo tumor formation capacity of
etoposide-resistant RB cells after ANP-HA-GNP
treatment

A previous study by our group revealed that etoposide
resistant RB cells display a significantly increased tumor
formation potential compared with chemotherapy-
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sensitive cells of origin [39]. Thus, alternative treatment
protocols are needed to reduce tumor growth of resistant
RB cells. To investigate whether treatment with ANP-
coupled HA-GNPs influences the tumor growth of
etoposide-resistant RB cells, we used the in ovo chicken
chorioallantoic membrane (CAM) assay as a 3R-conform
prescreening model system to strengthen our hypothesis
prior to treatment approaches in a classical rodent in vivo
animal model. WERI-Etop and Y79-Etop cells were inoc-
ulated onto the CAM of 10-day-old chicken embryos and
either treated with GNPs, HA-GNPs, or ANP alone,
conjugated ANP-HA-GNPs or PBS as a control. Photo-
documentation of CAM tumors developing from
inoculated etoposide-resistant Y79-Etop (Fig. 3A) and

(A) Y79-Etop
HE -

=
°

[——

’%})I”!

ANP-HA-GNPs

ANP-HA-GNPs for treatment of chemoresistant RB

WERI-Etop cells (Fig. 3B) within 7 days showed a
reduced tumor size after treatment with HA-GNPs. This
effect was strongly increased after treatment with ANP-
HA-GNPs for both RB cell lines compared with the con-
trol cells treated with PBS. In addition, CAM tumors
formed after inoculation of Y79-Etop cells were analyzed
immunohistochemically (Fig. 3A). Ki67 staining revealed
proliferating tumor cells in each treatment group. In
order to investigate the effect of the different treatments
on vessel formation, we analyzed the total vessel area, ves-
sel length, thickness, and branching points of PBS con-
trols compared with HA-GNP- and ANP-HA-GNP-
treated CAM tumors (Fig. 3C). We could show that treat-
ment with HA-GNPs alone had no effect on vessel
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Fig. 3. Effects of treatment with ANP coupled HA-GNPs on tumor formation of etoposide resistant RB cells in in ovo chorioallantoic mem-
brane (CAM) assays. Photographs of CAM tumors in situ and ruler measurements (in cm) of excised tumors revealing that tumors forming
on the upper CAM 7 days after grafting of treated Y79-Etop (A) and WERI-Etop (B) cells were smaller compared to those arising from con-
trol cells treated with PBS (ctr). (A) Histological analysis of paraffin sections of Y79-Etop CAM tumors by hematoxylin and eosin (HE) and
Ki67 stains (brown signal). Black arrowheads exemplarily demarcate Ki67 positive cells positive cells. Scale bars: 600 pm. (C) Quantification
of the total vessel area, vessel length, thickness and branching points of HA-GNP and ANP-HA-GNP treated CAM tumors compared to the
controls as calculated by an ikosa online software (KLM vision). The experiments were performed in triplicates. ANP, atrial natriuretic pep-
tide; ANP-HA-GNP, ANP coupled HA-GNPs; GNP, gold nanoparticles; HA-GNP, hyaluronic acid coupled GNPs. Values represent means of
independent animals + SEM. *P < 0.05; **P < 0.01 statistical differences compared to the control group calculated by one-way ANOVA
with Newman-Keuls post-test.
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formation. By contrast, in ANP-HA-GNP-treated Y79-
Etop CAM tumors significantly reduced mean vessel
thickness was observed and WERI-Etop CAM tumors
displayed a significantly reduced total vessel area, vessel
length, and branching points.

Additionally, the tumor formation capacity of Y79-
Etop (Fig. 4A) and WERI-Etop cells (Fig. 4D) was signif-
icantly reduced after treatment with ANP-HA-GNPs
compared with control cells treated with PBS. Controls of
the cell line Y79-Etop also displayed a significantly
decreased tumor formation capacity and tumor size in
comparison with cells treated with GNPs, HA-GNPs or
ANP alone (Fig. 4A). Weight (Fig. 4B,E) and size
(Fig. 4C,F) of CAM tumors developing from etoposide-
resistant RB cells treated with ANP-HA-GNPs were
significantly lower compared with tumors forming from
control cells treated with PBS only.

3.4. In vivo tumor formation of etoposide-
resistant RB cells in an orthotopic rat model

Next, we set out to establish an orthotopic in vivo rat eye
model for treatment of chemoresistant retinoblastoma
tumors. To validate our in vitro and in ovo findings,

A. Haase et al.

suggesting that etoposide-resistant RBs exhibit a more
aggressive behavior than their chemosensitive cells of ori-
gin, we conducted in vivo investigations. We therefore
injected luciferase and GFP-labeled etoposide-resistant
RB cells (WERI-Etop and RB355-Etop) into the right
eye of newborn rats 24 h after birth. Tumor growth was
monitored by detection of the luciferase signal (Fig. SA)
over a time period of 9 weeks and compared with signal
intensities of corresponding chemosensitive RB cell
(WERI and RB355) tumors. We could show a high lucif-
erase signal reflecting a high tumor formation capacity in
at least 80% of the RB cell lines tested and observed a
constant tumor growth until Day 14 postinjection
(Fig. 5B,C). After 2 weeks, the luciferase signal dropped
down in all RB cells investigated, except for RB355-Etop
cells (Fig. 5B,C). Nevertheless, we were able to verify
our in vitro and in ovo data as WERI-Etop cells showed a
significantly increased tumor growth reflected by an
increased luciferase signal compared with chemosensitive
WERI cells until Day 28 (Fig. 5B) and RB355-Etop cells
displayed a slightly increased luciferase signal upon Day
14 reaching significance at Day 28 (Fig. 5C).

In order to analyze RB tumors grown in vivo
histologically, enucleated rat eyes were embedded in
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Fig. 4. Quantification of tumor formation from grafted retinoblastoma (RB) cells after gold nanoparticle treatment in chorioallantoic
membrane (CAM) assays. Tumor formation capacity (A, B), CAM tumor weight (B, E) and CAM tumor size (C, F) of etoposide resistant RB
cells was quantified after treatment with GNPs, HA-GNPs, ANP, or ANP-HA-GNPs. Upper row (A-C) shows the results for Y79-Etop cells
and lower row (D-F) data for WERI-Etop cells. ANP, atrial natriuretic peptide; ANP-HA-GNP, ANP coupled HA-GNPs; ctr, PBS treated; GNP,
gold nanoparticles; HA-GNP, hyaluronic acid coupled GNPs. Values are means of three independent experiments + SEM. *P < 0.05;
**P < 0.01 statistical differences compared to the control group calculated by one-way ANOVA with Newman-Keuls post-test.
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Fig. 5. Luminescence signal (LU) of ocular tumors developing from chemosensitive and etoposide (—Etop) resistant WERI and RB355 RB
cells injected into the eyes of newborn rats. (A) Pseudo-color images of two representative animals injected with luciferase and green fluo-
rescent protein (luc-GFP) labeled sensitive and etoposide resistant RB355 cells at three time points (Day 3, 10, 28). Red color indicates high-
est luminescence intensity, dark blue color lowest luminescence signal. Quantification of luminescence signal measurements revealed
increased tumor growth for WERI-Etop (B) and RB355-Etop (C) cells (red columns) compared with their chemosensitive counterparts (blue
columns). Values are means of independent animals injected with WERI cells (n = 24), WERI-Etop cells (n = 21), RB355 cells (n = 18),
RB355-Etop cells (n=21), and phosphate buffered saline (PBS control; n=3). Error bars indicate the SEM. "SP > 0.05; *P < 0.05;
**P < 0.01 statistical differences compared to the control group (WERI or RB355) calculated by Student’s t-test.

paraffin, cut and immunohistologically stained for
CRX and Ki67 to verify the RB origin and prolifera-
tion potential of the tumor xenografts. Hematoxylin
and eosin stains proved tumor development for every
RB cell line investigated (Fig. 6) supporting our
luminescence-based tumor data described above. In
addition, we verified the RB origin of the tumors by
CXR expression and were able to show proliferative
activity of the tumor cells (Fig. 6). In the control eyes
with PBS vehicle injection, no histological changes
were visible upon 9 weeks of postinjection (Fig. 6).

Correlating with the observation that intraocular
luciferase signals dropped down from Day 28 on, not
all proven tumors were proliferative 9 weeks after
injection. Therefore, experimental time line was short-
ened from 9 to 4 weeks for the following nanoparticle
treatment approaches.

3.5. In vivo treatment effects of ANP-HA-GNPs
on tumor formation of etoposide-resistant RB
cells in an orthotopic rat model

We set out to test the effectiveness and potential appli-
cation routes of ANP-HA-GNPs to treat etoposide-

resistant RB cells in vivo. As a proof of principle and
to verify the in ovo effects of ANP-HA-GNPs on RB
tumor growth, we injected WERI-Etop cells together
with ANP-HA-GNPs into the rat eyes 24 h after birth
(treatment setting I). We could show that in compari-
son with controls tumor growth of the treated WERI-
Etop cells were significantly reduced 14 days upon
injection (Fig. 7A). In treatment setting II and III,
more closely resembling the actual conditions in RB
patients, we let the tumor grow for 2 weeks prior to
treatment with ANP-HA-GNPs. Thereupon, in treat-
ment setting II, we injected the ANP-HA-GNPs into
the rat eyes with RB tumor growth and used ANP-
HA-GNP eye drops as topical treatment under treat-
ment regimen III. As shown in Fig. 7B, the injection
regimen of ANP-HA-GNPs in treatment setting IT did
not significantly reduce RB tumor growth in compari-
son to the controls, whereas topical administration of
ANP-HA-GNPs eye drops led to a significant tumor
reduction after the first treatment cycle at Day 17 and
further, not yet significant, reduced tumor growth
upon Day 24 (Fig. 7C).

After 4 weeks of RB tumor growth, we enucleated
the rats eyes of all three treatment regimen and
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Fig. 6. Histologic analysis of rat eye tumors after injection of human retinoblastoma (RB) cells. Paraffin sections of rat eyes 9 weeks after
injection of chemosensitive and etoposide (—Etop)-resistant WERI and RB355 RB cells revealed intravitreal tumors with CRX (light red sig-
nal) and Ki67 (brown signal) positive cells. PBS (upper row): control eye injected with PBS depicting normal retinal histology. HE: hematoxy-
lin and eosin stains in two different magnifications (black boxes depict the zoom-in area shown in the adjacent columns), Scale bars: 2 mm
at 4x magnification (HE) and 200 um in the zoom-in area, CRX: retinal and RB marker, Ki67: proliferation marker, asterisk: blood vessel,

arrowheads: RB tumor cells.

performed histological stainings for Ki67, CRX, and
luciferase to verify the RB origin and the proliferation
potential of the tumor xenografts (Fig. 8). Hematoxy-
lin and eosin as well as luciferase stains revealed RB
tumor development, while CRX positivity proved their
RB tumor cell origin and Ki67 staining verified a posi-
tive proliferation status of the tumor. The majority of
the RB tumors were positive for all markers analyzed.
In treatment setting I and II, ANP-HA-GNP-treated

tumors showed a slightly reduced proliferation rate
with less Ki67-positive RB tumor cells in comparison
with the control group. This reduction did, however,
not reach significance (Fig. 8).

In conclusion, we verified that ANP-HA-GNPs
inhibit tumor growth in vivo, but a suitable treatment
modality and the most effective treatment cycle need
to be further elaborated. Generally, treatment with eye
drops displayed to be effective in reducing tumor
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Fig. 7. Luminescence signal (LU) of ocular tumors developing from etoposide (—Etop) resistant WERI RB cells injected into the eyes of
newborn rats. (A) Treatment setting |: WERI-Etop cells were injected into the right eye of PO rat pups together with ANP-HA-GNPs (ctr:
n =10, ANP-HA-GNPs: n = 12). Treatment setting Il and Ill: WERI-Etop cells were allowed to form tumors 14 days prior to treatment with
intravitreal injections of ANP-HA-GNPs (ctr: n = 11, ANP-HA-GNPs: n = 12; B) or topical treatment via eye drops (ctr: n = 12, ANP-HA-GNPs:
n=12; C). (A-C) Pseudo-color images of representative animals injected with luciferase and green fluorescent protein (luc-GFP) labeled eto-
poside resistant WERI cells at six different time points (Day 3-28; left side). Red color indicates highest luminescence intensity, dark blue
color lowest luminescence signal. Quantification of luminescence signal measurements (right side) revealed differences in tumor growth
between ANP-HA-GNPs treated WERI-Etop cells (red columns) and untreated WERI-Etop control cells (blue columns). Values represent
means of independent animals & SEM; significances were calculated by unpaired Student’s ttest. "*P > 0.05; *P < 0.05; **P < 0.01;
*kkP < 0.001.

growth, but it seems that the dose needs to be example, loss of vision, secondary cancers, and death
increased, for example, by more frequent administra- [7,41]. Systemic or local chemotherapy treatment regi-
tions of the ANP-HA-GNPs. mens effectively reduce tumor size, inhibit metastasis,
and preserve vision [5,42,43]. Chemotherapy can, how-
ever, cause the development of resistant RB tumor

4. Discussion cells. We recently demonstrated that compared with

Retinoblastoma is an ophthalmological childhood can-
cer with serious consequences if left untreated, for

corresponding chemosensitive cells of origin etoposide-
resistant RB cells are more aggressive in terms of
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Fig. 8. Histological analysis of rat eye tumors after injection of human retinoblastoma (RB) cells and treatment with gold nanoparticles.
Paraffin sections of rat eyes 4 weeks after different treatments setting. (A) Treatment setting |: Etoposide (—Etop)-resistant WERI-Etop cells
were injected into rat pups eyes together with ANP-HA-GNPs (ctr: n = 10, ANP-HA-GNPs: n = 12). Treatment setting Il and Ill: WERI-Etop
cells were allowed to form tumors prior to treatment with intravitreal injections of ANP-HA-GNPs (ctr: n = 11, ANP-HA-GNPs: n = 12; (B) or
topical treatment via eye drops (ctr: n = 12, ANP-HA-GNPs: n = 12; (C). Intravitreal tumors with CRX (light red signal), Ki67 (brown signal)
and luciferase (LUC, brown signal)) positive cells. ctr (upper rows): control eyes treated with PBS, HE: Hematoxylin and eosin stains (black
boxes depict the zoom-in area shown in the adjacent columns), CRX: retinal and RB marker, Ki67: proliferation marker, LUC: luciferase
expressing cells, Scale bars: 600 um at 4x magnification and 300 pm at 10x magnification Ki67 positive (Ki67+), proliferating tumor cells
were quantified using iMAGeJ. ctr: PBS treated (blue bars). ANP, atrial natriuretic peptide; ANP-HA-GNP, ANP coupled HA-GNPs (red bars);

GNP, gold nanoparticles; HA, hyaluronic acid. Values represent means of independent animals + SEM.

increased proliferation and tumor formation in ovo
[39]. Therefore, new additional treatment approaches
are needed to either prevent tumor growth from resid-
ual resistant RB cells developing upon chemotherapy
or even treat resistant RB cells after recurrence. Nowa-
days, the development of new diagnostic and treatment
approaches, also in the context of retinoblastoma,
focusses on multifunctionalized nanocarriers (for
review see Ref. [44]). These nanocarriers can be used
to effectively transport drugs, peptides, or nucleic acids
to tumor sites [45]. For RB, feasible ocular application
routes comprise systemic, topical, periocular, intravi-
treal, and suprachoroidal approaches [46]. A

noninvasive topical administration via eye drops would
be the most convenient and desirable treatment option
for children. Up to now all nanocarrier systems includ-
ing organic polymers and inorganic nanoparticles
loaded with different drugs displayed an increased bio-
availability and reduced side effects compared with
application of coupled anticancer agents alone [44].
Inorganic gold nanoparticles (GNPs) have naturally
antioxidant and antiangiogenic properties [§8] and the
potential to reduce proliferation and migration of reti-
nal pigment epithelium (RPE) cells [9]. Besides, most
recent studies demonstrated that GNPs can either be
combined with ultrasonic hypothermia [47] or laser
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therapy [48] to enhance RB cell death. Small sized
GNPs are able to pass anatomical barriers of the eye
[12], a property augmented by combining a gold core
with a hyaluronic acid (HA) coat, allowing for binding
to the CD44 surface receptor expressed by several cells
of the eye [11,13,15]. We recently demonstrated an
increased mobility and permeability of HA-GNPs
through ocular barriers resulting in antiangiogenic
effects via inhibition of neovascularization [11]. These
previous data are in good accordance with effects seen
in the study presented, in which HA-GNP treatment
of etoposide-resistant cells reduced RB tumor growth
in an in ovo CAM assay.

It has been demonstrated that the atrial natriuretic
peptide (ANP) reduces choroidal neovascularization
by inhibiting the vascular endothelial growth factor
(VEGF) [19], shown to be expressed in RB and to cor-
relate with increased malignancy [20]. Besides, com-
bined treatment with glipizide and ANP not only
inhibited angiogenesis but also effectively suppressed
breast cancer growth and metastasis via the VEGFR
signaling axis [22]. Against this background, we set
out to attach ANP to HA-GNPs in order to create a
nanocarrier combining two properties: a high ocular
delivery rate due to a HA coat and antitumorigenic
qualities due to attached ANP to effectively reduce RB
tumor growth. In the study presented, we successfully
coupled ANP to HA-GNPs and showed that these
nanoparticles are internalized by ARPE-19 cells and
display a homogenous distribution. In addition, an
efficient diffusion of ANP-HA-GNPs into the vitreous
humor of ex vivo retina explants was observed, and
the nanoparticles were able to cross the inner limiting
membrane and ganglion cell layer of the retina to
reach the photoreceptors. Thus, the basic conditions
for treatment applications were fulfilled. Next, testing
antitumorigenic and antiangiogenic effects of the
GNPs on etoposide-resistant RB cells in ovo, we
revealed that the tumor-repressive effect of HA-GNPs
treatment on RB tumor growth significantly increased
upon coupling of ANP to the nanoparticles. Besides, it
significantly affected vessel development. These results
are in good accordance with previous studies showing
that ANP induces various antitumor effects in differ-
ent cancer entities (for review see Ref. [49]). Moreover,
an ANP-derived peptide (KTH-22) inhibited pancre-
atic cancer cells more effectively than gemcitabine [50].
ANP mainly signals through two specific plasma mem-
brane receptors, the natriuretic peptide receptor A
(NPRA) and the natriuretic peptide receptor C
(NPRC), and modulates expression and signaling of
different molecules including the Ras-MEK1/2-ERK1/
2 kinase cascade, the Wnt-B-catenin pathway, VEGF,

ANP-HA-GNPs for treatment of chemoresistant RB

and JNK/JAK/STAT signaling, ultimately leading to
anticancer effects [49,51].

Based on previous published work by Corson et al.
[34], in the study presented, we established an orthotopic
rat eye model system to test different RB treatment
approaches in an ocular in vivo situation. In this model,
we observed significantly increased tumor growth of
etoposide-resistant WERI and RB355 cells in vivo, verify-
ing our previous in vitro findings that etoposide-resistant
RB cells behave more aggressively compared to their che-
mosensitive counterparts [39]. Besides, we investigated
three different application routes for the ANP-HA-GNPs
in order to find the most effective ocular drug delivery
route to reduce RB tumor growth. As a proof of princi-
ple, we injected etoposide-resistant WERI cells together
with ANP-HA-GNPs into newborn rat eyes and observed
significantly decreased tumor growth 14 days after treat-
ment. To investigate the properties of ANP-HA-GNPs in
a more clinical setting, we treated already developed RB
tumors in rat eyes via injection or topical administration
of nanoparticles via eye drops. Topical administration
reduced tumor growth of resistant RB cells, whereas the
injection therapy approach did not change the tumor for-
mation capacity compared with control cells. Thus, the
effect of ANP-HA-GNP eye drops is promising, neverthe-
less, should be optimized by increased dose rates and/or
more frequent administrations.

Next to intracellular effects on several signaling mol-
ecules described above, ANP has been shown to mod-
ulate inflammation, a hallmark of cancer known to
promote tumor progression, metastasis and drug resis-
tance [52,53]. Along this line, it could be demonstrated
that lung cancer patients treated with ANPs had lon-
ger 2-year relapse-free survival time [54] and reduced
inflammatory responses [55,56]. These effects are possi-
bly trigged via the ANP-NPRA signaling axis [54],
which also plays a role in tumor—stroma interactions
[57], rendering it a potential therapy target in the con-
text of inflammation-associated tumorigenesis [49].
Interestingly, previous studies also showed prophylac-
tic effects on recurrence of lung cancer after ANP ther-
apy [49] and protection from cisplatin induced renal
dysfunction and renal tubular necrosis, a major toxic-
ity after cisplatin therapy [58]. Thus, ANP is a highly
attractive candidate for future cancer therapies as it
mediates antiproliferative and anti-inflammatory
effects and offers the potential to circumvent cytotoxic
side effects of conventionally used chemotherapeutics
such as cisplatin, also used in RB therapy.

Taken together, we established functionally active
GNPs with a hyaluronic acid coat leading to increased
ocular accessibility. Additional coupling of ANP to
these effective nanocarriers reduced angiogenesis and
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further increased the antitumorigenic effect on resis-
tant RB cells in vivo. Therefore, ANP-HA-GNPs are a
promising new adjuvant therapy option to treat RB
tumors via non-invasive eye drops and/or for use as
prophylactic agents to prevent recurrence upon the
development of chemoresistance. Nevertheless, down-
stream signaling effectors of the ANP-HA-GNPs need
to be investigated in more detail in future experiments.

5. Conclusion

In the study presented, we demonstrated that com-
pared with parental chemosensitive tumor cells
etoposide-resistant RB tumor cells exhibit a more
aggressive growth behavior in an established in vivo
orthotopic rat model. To treat these resistant cells, we
established ANP-coupled, HA-coated gold nanoparti-
cles, which displayed a good ocular biodistribution.
In ovo CAM experiments demonstrated for the first
time a RB tumor reducing effect of ANP-HA GNPs,
which was confirmed in the in vivo orthotopic rat
model. To identify an optimal application route for a
potential future clinical RB therapy approach, ANP-
HA GNPs were injected into RB tumor bearing rat
eyes as well as administered by eye drops. The less
invasive treatment method via eye drops seems to be
the most effective administration strategy, however,
this finding needs to be further evaluated. Overall, we
demonstrated that the synthesized ANP-HA GNPs
effectively reduce RB tumor growth in ovo and in vivo
and administered as eye drops might potentially serve
as a useful adjunct to standard RB therapy.
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Fig. S1. Transmission electron microscopy (TEM) of a
retinoblastoma (RB) cell after gold nanoparticle
uptake.
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Discussion

TFF1 as a new subtype Il RB biomarker

The results of this project were incorporated into two publications in Cancers:

1. TFF1in Aqueous Humor - A Potential New Biomarker for Retinoblastoma by M.
Busch, A. Haase, N. Miroschnikov, A. Doege, E. Biewald, N. Bechrakis, M.
Beier, D. Kanber, D. Lohmann, K. Metz and N. Dinker

2. Trefoil Family Factor Peptide 1 - A New Biomarker in Liquid Biopsies of
Retinoblastoma under Therapy by M. Busch, A. Haase, E. Alefeld, E. Biewald,
L. Jabbarli and N. Dunker.

Aqueous humor (AH) paracentesis offers new opportunities for the management of
ocular tumor entities such as RB, since it provides access to biomarkers before and
during therapy that may correlate with tumor characteristics and have diagnostic and
prognostic value. We were able to demonstrate that liquid biopsy of AH allows the
identification of tumor biomarkers in the eye without the need for an intraocular biopsy
or even enucleation. AH paracentesis is part of the routine protocol for IVC treatment
of RB patients, and the risk of extraocular spread is considered extremely low (Munier
et al., 2013, Smith and Smith, 2013, Ghassemi et al., 2014, Lawson et al., 2014, Smith
et al., 2014, Francis et al., 2017).

TFF1 is the most upregulated gene in the more advanced and metastasis-associated
subtype Il RB (Busch et al., 2018, Liu et al., 2021). TFF1 has also been described as
a functional biomarker in several other tumor entities (Gonzaga et al., 2017, Schulten
et al., 2017, Shimura et al., 2020, Yi et al., 2020). Moreover, TFF1 has also been
identified as an liquid biopsy (LB) biomarker in a study of breast cancer patients, where
high TFF1 levels correlated with increased metastatic activity in blood samples
(Elnagdy et al., 2018).

Here, we examined the AH of RB patients to discover whether TFF1 is also detectable
in the AH. Initially, we demonstrated that TFF1 levels can be detected in the AH of RB
subtype Il patients using TFF1 ELISA in a cohort of enucleated RB eyes.
Immunohistochemical staining of the corresponding tumors revealed that all TFF1-
positive AH samples originated from tumors expressing TFF1. However, some RB
tumors expressed TFF1 without secreting it into the AH, suggesting that not all TFF1-
expressing tumors can be identified by examining AH. This may be because there are
fewer TFF1-secreting cells within the tumor, resulting in TFF1 levels in AH below the
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detection limit. This is consistent with the fact that we identified both TFF1-positive and
TFF1-negative areas in the immunohistochemical staining of group Il RB tumors.

We also investigated whether TFF1 is expressed and secreted by tumor or stromal
cells. For this purpose, we used primary RB tumors from enucleated eyes to establish
a primary cell culture of RB tumor cells and RB tumor-associated stromal cells. Our
analyses showed that only RB tumor cells expressed and secreted TFF1; RB-derived
stromal cells did not express and secrete TFF1. Thus, we provide evidence for the
specificity of TFF1 as a biomarker for RB tumor cells (Busch et al., 2022, 2023).

In a cohort of three patients with subtype Il RB, two patients exhibited a decline in TFF1
levels in the AH below the detection limit following successful melphalan-IVC therapy.
The third patient did not show a persistent response to melphalan-IVC therapy and
quickly developed a relapse, which was consistent with a constant TFF1 level in the
AH (Busch et al., 2023). New and unpublished data from a fourth RB subtype Il patient
confirm that TFF1 levels in AH decrease during treatment if therapy is successful. In
this case, we were even able to detect the differences in TFF1 levels by Western
blotting, which has a lower sensitivity than ELISA.

A possible explanation for the decrease in TFF1 concentrations during successful
therapy is the death of tumor cells. Thus, our method enables the detection of TFF1-
secreting tumor cells that have survived therapy, thereby conferring important
feedback on therapeutic strategies with high prognostic value.

Furthermore, we were able to show that an ELISA assay is a reliable method for TFF1
diagnostics of AH, since it is very sensitive (lower limit of TFF1 level <10 pg/mL), and
the amount routinely collected by AH paracentesis is sufficient for diagnostics. In
addition, the TFF1 ELISA is fast, inexpensive, easy to perform, and does not require
complex equipment. This makes TFF1 a practical diagnostic and prognostic tool not

only in high-income countries.

GIPR overexpression decreases tumorigenic potential in RB cells
The results of this project were published in Cancers:

Gastric Inhibitory Polypeptide Receptor (GIPR) Overexpression Reduces the
Tumorigenic Potential of Retinoblastoma Cells by A. Haase, E. Alefeld, F. Yalinci, D.
Van Meenen, M. Busch and N. Dunker.
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TFF1 has an ambiguous role in RB although it has been described as a marker for a
more aggressive and metastatic RB subtype and as a tumor suppressor. TFF1
overexpression leads to antitumor effects in human RB cells (Busch et al., 2017), and
gene expression analyses showed that GIPR is one of the most strongly upregulated
genes upon TFF1 overexpression. Therefore, one can hypothesize that TFF1 and
GIPR overlap in their signaling cascade or possibly have a ligand/receptor relationship.
However, this ambiguous role of TFF1 is not necessarily contradictory, since different
mechanisms may upregulate a tumor suppressor in advanced tumors.

TFF1 has been described as a reactive oxygen species (ROS) scavenger in various
tissues and its expression levels are favored by inflammatory processes (reviewed in:
Hoffmann, 2021). A possible cellular stress response to hypoxia in the tumor, which is
associated with increased levels of ROS, could be an explanation. The increased
expression of TFF1 could be a compensatory response of the tumor cells to eliminate
high levels of ROS. Another explanation could be activation of the immune system by
inflammatory reactions during tumor progression, since ectopic expression of TFF1
was described in chronic inflammatory processes (reviewed in: Hoffmann, 2021). In
addition, genetic mutations could explain the described discrepancy, since evidence
already exists for a correlation between cancer progression and
mutations/polymorphisms in the TFF1 gene (Park et al., 2000, Yio et al., 2006, Huang
et al., 2013, Wang et al., 2018, Shekarriz et al., 2022). Epigenetic alterations could
also be a possible explanation for the ambiguity described above, since our research
group has previously shown that TFFs are epigenetically regulated in RB cells
(Philippeit et al., 2014).

To better understand the role of TFF1 in RB, we investigated the role of GIPR, which
as mentioned above is also upregulated after TFF1 overexpression in RB cells. As with
TFF1, increased GIPR expression levels were associated with different non-RB tumor
entities and higher TNM stages (Costa et al., 2009, Waser et al., 2012, Sherman et al.,
2014, Karpathakis et al., 2016, Reubi et al., 2020). We observed a correlation between
GIPR and TFF1 expression in primary RB tumor-derived cells and RB tumors. TFF1
positive primary RB tumor-derived cells and RB tumors showed significantly increased
GIPR expression compared to TFF1 negatives (Haase et al., 2024 A).

To study the GIPR axis in more detail, we overexpressed GIPR in Weri and Y79 RB
cell lines and performed functional in vitro and in ovo CAM assays. Lentiviral-induced
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GIPR overexpression resulted in significantly decreased cell viability, cell growth and
proliferation, and significantly increased caspase-3-dependent cell death. We could
show that addition of MKO0893 inhibitor reversed highly specifically GIPR-induced
effects on cell viability, proliferation and cell death.

In the CAM assay, tumors were significantly smaller and significantly reduced in
weight. These effects are similar to those observed after TFF1 overexpression.

In addition, we investigated the regulation of GIPR in RB cells. Studies by He et al.
described GIPR as a potential target gene of miR-542-5p (He et al., 2017). We now
provide the first experimental evidence for regulation of GIPR by miR-542-5p by
showing reciprocal expression of miR-542-5p and GIPR in RB cells, as well as binding
of miR-542-5p to the potential miR-binding site in the 3'UTR of the GIPR gene.
However, we could not find a direct link between TFF1 and miR-542-5p regulation.
Our working hypothesis that GIPR is a potential receptor for TFF1 was not confirmed
by our experiments. Nevertheless, many of the facts discussed above suggest that
parts of the GIPR and TFF1 signaling cascades overlap and influence each other. This
is evidenced by the fact that p53, a known tumor suppressor, is upregulated after both
TFF1 and GIPR overexpression (Busch et al., 2017, Haase et al., 2024 A).

Optimized CXCR4 inhibitors reduce tumorigenic potential of RB cells
The results of this project were submitted to Journal of Controlled Release:

Fatty acid conjugated EPI-X4 derivatives with increased activity and in vivo stability by
M. Harms, A. Haase, A. Rodriguez-Alfonso, J. Loffler, Y. AlImeida-Hernandez, Y. Ruiz-
Blanco, D. Albers, A. Gilg, F. von Bank, F. Zech, M. Datta, J. Jaikishan, B. Draphoen,
M. Habib, L. Standker, S. Wiese, M. Lindén, G. Winter, V. Rasche, A. Beer, H. Jumaa,
A. Abadi, F. Kirchhoff, M. Busch, N. Dunker, E. Sanchez-Garcia and J. Munch.

Inhibition of the CXCR4 receptor has been discussed as a potential therapeutic target
in inflammatory diseases and cancer. However, existing CXCR4 inhibitor candidates
are subject to rapid degradation and maximized renal excretion (Harms et al., 2023).
To circumvent this problem, we used lipidated EPI-X4 derivatives with long chain fatty
acids, which allows interaction with human serum albumins, thereby increasing stability
and providing enhanced antagonist activity. We were able to demonstrate that the

lipidated EPI-X4 derivative JM#198 reduces cell viability and proliferation of RB cells

155



while increasing cell death. /n ovo studies revealed that the lipidated JM#198 had a
stronger effect on RB cell tumor growth than the unmodified JM#21 or the established
CXCR4 Inhibitor AMD3100. RB cells treated with JM#198 formed significantly smaller
and lighter tumors than the control groups. In addition, tumor formation capacity was
significantly reduced, suggesting an important role for CXCR4 in RB.

CXCR4 has been shown to be a target of the tumor suppressor RB1. Studies by Tang
et al. have demonstrated that RB1 inhibits the CXCL12/CXCR4 signaling pathway,
suggesting the existence of a mechanistic axis that could also regulate expression of
CXCR4 directly through RB1 (Tang et al., 2021). Since the RB1 gene is frequently
mutated and defective in RB tumor cells, it is possible that the mutated protein is unable
to influence CXCR4 inhibition or regulation. This could explain the strong expression
and activity of CXCR4 in RB tumors. Further research is necessary to elucidate the
exact mechanism.

CXCR4 is also very interesting in the context of RB because it is one of the few
described receptors for TFF2 (reviewed in: Hoffmann, 2009), which belongs to the
same protein family as TFF1, the new biomarker described here for subtype Il RB. To
clarify whether CXCR4 could also be a receptor for TFF1, we performed R-arrestin
assays (data not included in the publication). No TFF1-induced intracellular effect was
found, indicating no receptor-ligand relationship. Since the specific relationship
between TFFs and CXCR4 remains unclear, further investigations should be carried

out to gain a deeper understanding of the signaling pathways.

Targeted gold nanoparticles tackle resistant RB cells

The results of this project were published in Molecular Oncology:

New retinoblastoma (RB) drug delivery approaches: anti-tumor effect of atrial
natriuretic peptide (ANP)-conjugated hyaluronic-acid-coated gold nanoparticles for
intraocular treatment of chemoresistant RB by A. Haase, N. Miroschnikov, S. Klein, A.
Doege, N. Dunker, D. Van Meenen, A. Junker, A. Gopferich, P.S. Apaolaza, M. Busch.

New therapeutic approaches are needed to provide an alternative to chemotherapy or
to treat resistant RB cells after relapse (reviewed in: Bromma and Chithrani, 2020).
The development of new multifunctional nanocarriers such as GNPs, which can be

used as drug carriers, has become a major focus in recent years (reviewed in: Arshad
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et al., 2021, Russo et al., 2022; Zahin et al., 2020). We functionalized GNPs with (i)
HA, allowing improved and more targeted delivery to CD44 receptor-expressing, retinal
cells (Apaolaza et al., 2014, 2020, Martens et al., 2017), and (ii) ANP, which was
previously described to reduce ocular neovascularization (Lara-Castillo et al., 2009).
We showed that the administration of ANP-HA-GNPs in the in ovo CAM model reduced
tumor size, weight and tumor formation capacity of aggressive etoposide-resistant RB
cells (Busch et al., 2018, Haase et al., 2024 B). In addition, the total area, total length,
mean thickness and number of branching points of blood vessels nurturing the CAM
tumor formed from the grafted RB cells were all significantly reduced.

We used an orthotopic rat eye model system that allows in vitro visualization of the
growing RB tumor. We tested three different application routes for the ANP-HA-GNPs
in order to find an effective ocular administration route. Administration of ANP-HA-
GNPs significantly reduced tumor growth in vivo in this setup. Interestingly, topical
administration via eye drops, which could be a clinically highly interesting treatment
method, also showed reduced tumor growth of resistant RB cells. In the long term,
such an application method using eye drops would enable simple, minimally invasive
treatment that could be applied by non-medical personnel.

These in vivo effects are probably mainly due to reduced angiogenesis under ANP-
HA-GNP treatment conditions. This results in a reduced blood supply to the tumor and
the onset of hypoxia could reduce tumor growth (reviewed in: Harris, 2002, Pouysségur
et al., 2006). Neoangiogenesis is a fundamental biological process necessary for tumor
growth, and by inhibiting this process, tumor progression can be effectively inhibited
(reviewed in: Ferrara and Kerbel, 2005, Jain, 2005). GNPs are already used in cancer
therapy and show an intrinsic inhibition of neoangiogenesis, this effect could be further
enhanced by functionalizing with ANP and thus also enable the therapy of other tumor
entities (reviewed in: Sen et al., 2021, Ali et al., 2022).

However, it should be noted that both pathologic and non-pathologic neoangiogenesis
is impaired by ANP-HA-GNPs. Therefore, the limitations of this treatment restrict it to
organs that do not require efficient neoangiogenesis (e.g. the eye).
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Conclusions and outlook

We showed that TFF1 is detectable in AH of RB patients and is therefore a candidate
biomarker for advanced subtype |l RB. Moreover, detecting the presence of TFF1 in
the AH of patients with RB symptoms excludes diseases such as Coats disease. Thus,
a simple AH examination could facilitate the diagnosis of RB.

It should also be investigated whether the precursor of RB, retinoma, expresses TFF1
and whether TFF1 could be used as a retinoma/retinoblastoma demarcation marker.
In addition, we have shown that the levels of TFF1 reflect the treatment success. This
opens new possibilities for the management of RB patients, since information on the
subtype status of RB can be obtained prior to enucleation. This would make it possible
to optimize the treatment according to the RB subtype from the very beginning.
Although the approaches are very promising, the quantity of data concerning TFF1-
AH-LB should be further expanded. Despite the connection to the RB Center in Essen,
where RB patients from all over Europe are treated, we were only able to monitor the
AH of seven RB patients during IVC treatment. Therefore, large-scale, multi-center and
possibly worldwide studies are needed to improve the data obtained for this rare tumor.
In the long term, it would be desirable to include AH paracentesis with subsequent
TFF1 testing in standard RB diagnostic protocols, as well as in monitoring treatment
responses via TFF1 ELISA to improve early detection of residual tumor cells at follow-
up. Already today, all enucleated eyes of RB patients are analyzed for TFF1 expression
by immunohistochemical stainings at the reference pathology department of University

Hospital Essen.

GIPR appears to play a similarly diverse role as TFF1 in RB. While GIPR in vitro and
in vivo experiments suggest a tumor suppressor role, GIPR expression is detectable
in predominantly TFF1-positive tumors and thus advanced subtype Il tumors. We were
able to demonstrate a correlation between TFF1 and GIPR in RB, but we were not able
to find the exact mechanism that regulates TFF1 and GIPR expression, or other
overlaps in their signaling cascade. Furthermore, our studies showed that GIPR does
not appear to be a potential receptor for TFF1. However, overexpression of TFF1 or
GIPR shows the same effects in functional experiments in RB cells, suggesting that
there must be an overlap in the downstream signaling cascades. Further research in
this area may shed light on the exact relationship between GIPR and TFF1. To confirm
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the tumor suppressor role GIPR in RB, GIPR knockout studies could be performed to
see if GIPR") cells gain a survival advantage. This could potentially reveal further
overlap in TFF1 and GIPR signaling and finally provide an explanation for the diverse
roles of TFF1 and GIPR.

We also demonstrated for the first time the regulation of GIPR expression by miR-542-
5p. Since GIPR and TFF1 are both overexpressed in the same tumors, it would be
interesting to further investigate the role of miR-542-5p as a potential therapeutic
target. To this end, overexpression and knockout studies of miR-542-5p could be

performed to investigate their influence on RB cell viability, proliferation and apoptosis.

The new and optimized CXCR4 inhibitor #JM198 showed improved antagonistic
activity and stability in in vitro and in vivo experiments with RB cells. Thus, CXCR4
inhibition is a potentially therapeutically important treatment option and should be
further explored. The CXCR4 inhibitors already approved for human use were less
effective at inhibiting CXCR4 than the optimized CXCR4 inhibitors in our experiments.
Since bringing improved CXCR4 inhibitors into clinical use may provide better
treatment for patients, it would make sense to pursue human use in the long term.
However, this would require many more in vivo studies with JM#198, and for a first
step our newly established orthotopic rat eye model seems to be a good and feasible
option. It may also be possible to consider non-invasive therapeutic applications for
treatment with CXCR4 inhibitors. Hyaluronic acid-coated GNPs could be functionalized
with the new optimized JM#198, which would allow the CXCR4 inhibitor to easily cross
the ocular barrier and treatment could be administered by eye drops.

In addition, further investigation of CXCR4 inhibition in chemotherapy-resistant RB
cells would be of interest, since our own analyses have shown that some etoposide-
resistant RB cells exhibit increased CXCR4 expression (unpublished data). In the long
term, CXCR4 inhibitors could be administered in combination with chemotherapy, or
represent an important additional treatment option for tumors that are already resistant.

ANP-HA-GNPs reduced tumor size, weight and tumor formation capacity in various in
vivo models and significantly reduced neoangiogenesis in in ovo experiments. Strongly
reduced RB tumor growth was also shown in our newly established rat eye model.
Topical administration of functionalized GNPs is an interesting method as it would be
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very easy to implement for clinical applications. Since this method of application is non-
invasive, significantly fewer risks and side effects are to be expected.

Initially, the positive approaches should be confirmed by further animal studies. The
frequency of topical application should be maximized (e.g. daily instead of 2 times a
week) which could potentially improve the efficacy of the treatment.

In addition, GNPs could be functionalized with other substances to further improve and
individualize treatment options. For instance, GNPs could be functionalized with
rTFF1, which has been shown to decreases cell viability and proliferation (Weise and
Dinker, 2013).

GNPs could also be used as potential radiosensitizers in radiation therapy such as
proton beam therapy (PBT,; Senavirathna et al., 2013, Peukert et al., 2020). HA
functionalized GNPs would provide precise targeting of CD44 expressing cells, and
indeed RB tumors strongly express CD44 (Soebagjo et al., 2019). Such GNPs could
make a therapy even more effective or help achieve the same effects with lower doses.
For instance, cell culture studies have shown that PBT therapy with the addition of
GNPs increases cell death by up to 44% compared to the control group (Cunningham
et al., 2021). In addition, recent studies by Lo et al. showed that GNP-treated tumor
cells exhibited increased ROS levels after PBT therapy, where the cytoskeleton and
mitochondria were more severely damaged than in the control group that received
proton irradiation only (Lo et al., 2023).

In conclusion, this study used a multifaceted approach to discover new biomarkers,
unravel potential molecular mechanisms, and identify potential targets to pave the way
towards targeted therapies with alternative application routes using a new animal
model. Together these could facilitate early, accurate and fast diagnosis, monitoring of
tumor progression, as well as providing prognostic value, to improve the treatment of

RB in both high- and low-income countries.
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