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Abstract

(1) Background: Neuroendocrine neoplasms (NENSs) are a group of tumors that arise
from neuroendocrine cells throughout the body, with the lungs and gastrointestinal
tract being the most common sites of origin. In patients with NENs and distant
metastases, surgery is generally not curative. Although well-differentiated and low-
grade NENSs, classified as neuroendocrine tumors (NETs), are usually less
aggressive than poorly-differentiated NENSs, they can develop distant metastases in
about 15% of cases. These patients require chronic medical management. However,
the clinical efficacy of these treatments is limited by the low objective response rate,
due to the occurrence of tumor resistance and the high biological heterogeneity of
these neoplasms.

(2) Research problem: We addressed this study on two rare NETSs: lung
neuroendocrine tumors (LNETs) and medullary thyroid carcinoma (MTC). LNETs
represent about 2% of lung tumors, while MTCs are rare thyroid tumors caused by
mutations in the RET proto-oncogene. Both NETs are well-differentiated neoplasms
and are known to be highly vascularized. Therefore, they represent a potential target
for tyrosine kinase inhibitors (TKIs) selective for receptors involved in angiogenesis.
The aim of this project was to evaluate the antitumor activity of several new TKIs both
in vitro, using LNETs (NCI-H727, UMC-11 and NCI-H835) and MTC (TT and MZ-
CRC-1) cell lines, and in vivo, adopting a novel zebrafish xenograft model to study
angiogenesis. In LNETs we tested: sulfatinib, a small molecule that inhibits the
Vascular Endothelial Growth Factor Receptor (VEGFR) 1, 2, and 3, and the Fibroblast
Growth Factor Receptor type 1 (FGFR1); cabozantinib, a multi-target inhibitor
selective for VEGFR2, c-Met, Kit, Axl and FIt3; and axitinib, a multi-target TKI of
VEGFR1, 2, 3 and Platelet-Derived Growth Factor Receptor-beta (PDGFR[). In MTC
we tested: sulfatinib; SPP86, a RET-specific inhibitor; and SU5402, an inhibitor of the
FGFR1 and VEGFR2.

(3) Methodology: In LNETs and MTC cells the effects of selected TKls have been
evaluated in vitro through: MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) and MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) assays, for assessing cell viability; flow-cytometer

analysis, for the evaluation of cell cycle and apoptosis; and wound-healing assay, to
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study cell migration. In vivo we took advantage of the transgenic zebrafish line of
Tg(flila:EGFP)YL. Through the xenotransplantation of NET cells in the subperidermal
space near the subintestinal vein, we assessed the effects of TKIs on tumor-induced

angiogenesis and cancer dissemination.

(4) Key Results: In LNET cell lines we observed a dose-dependent decrease in cell
viability after incubation with all TKIs. This effect seems to be related to the
perturbation of the cell cycle and induction in apoptosis. In NCI-H727 wound healing
assay showed a significant reduction in cell migration only after incubation with
cabozantinib. In the zebrafish model, we found a significant reduction of the tumor-
induced angiogenesis in implanted LNET cell lines after treatment with all TKIs.
Cabozantinib and axitinib were more potent than sulfatinib in inhibition of
angiogenesis, while cabozantinib was the most efficient in reducing cell migration
from the transplantation site to the tail. In MTC cell lines, sulfatinib, SU5402 and
SPP86 showed a decrease in cell viability, confirmed by the significant reduction in S
phase cell population. Moreover, sulfatinib and SPP86 showed for both cell lines a
significant induction of apoptosis. Sulfatinib and SPP86 inhibited the migration of TT
and MZCRC-1 cells, evaluated through the wound healing assay, while SU5402 was
able to inhibit migration only in TT cells. In vivo we observed a significant reduction
of TT cells-induced angiogenesis in zebrafish embryos after treatment with sulfatinib
and SPP86.

(5) Conclusions: Despite sulfatinib resulted the most potent compound in terms of
inhibition of LNET cell proliferation, cabozantinib showed in vivo the most effective
impact in reducing tumor-induced angiogenesis. Cabozantinib was the only TKI able
to inhibit in vivo the dissemination of implanted LNET cells. According to these data,
cabozantinib could represent a potential candidate in the therapy of patients with
highly vascularized LNET. In MTC cell lines, SPP86 and sulfatinib displayed a similar
antitumor activity both in vitro and in vivo, suggesting a good efficacy of specific RET
inhibitors (SPP86) with potentially less adverse effects than multitarget TKIs
(sulfatinib). In addition, this study showed that the zebrafish model for NETs
represents an innovative tool for drug screening with several advantages compared
with rodent models: rapidity of procedure, animal immune suppression is not required,
lower number of tumor cells for implant and the optical transparency provides a real-

time monitoring of cell-stromal interactions and cancer progression in living animals.
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Abbreviations

AC = Atypical Carcinoid

bFGF = basic fibroblast growth factor
CCV = common cardinal vein

DMSO = dimethyl sulfoxide solution

EGF = epidermal growth factor

EGFR = epidermal growth factor receptor
FBS = fetal bovine serum

FGFR = fibroblast growth factor receptor
HIF = hypoxia inducible factor

LCNEC = Large Cell Neuroendocrine Carcinoma
LNET = Lung Neuroendocrine Tumor
MEN = multiple endocrine neoplasia
MTC = Medullary Thyroid Carcinoma

MTS = 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium

MTT = (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NEC = Neuroendocrine Carcinoma

NEN = Neuroendocrine Neoplasm

NET = Neuroendocrine Tumor

PDGFR = platelet-derived growth factor receptor

PDX = patient-derived cancer cell xenotransplantation

Pl = Propidium iodide



PRRT = peptide receptor radionuclide therapy
RET = Rearranged during Transfections
SCLC = Small Cell Lung Carcinoma

SIV = subintestinal vein

SSA = somatostatin analog

TC = Typical Carcinoids

TKI = Tyrosine Kinase Inhibitor

VEGF = vascular endothelial growth factor

VEGFR = vascular endothelial growth factor receptor



1. Introduction

Neuroendocrine neoplasms (NENSs) are a heterogeneous group of neoplasms that originate
from secretory cells of the neuroendocrine system. They represent about 0.5% of newly
diagnosed malignancies with an incidence of around 5.86/100,000 and an increasing
tendency over the last years (1, 2). NENs are classified according to various features based
on their biological behaviour. NENs are mainly divided into poorly-differentiated
(neuroendocrine carcinomas, NECs) and well-differentiated (neuroendocrine tumors,
NETSs). Morphology represents the first cornerstone for the differential diagnosis between
NET and NEC. The combination of morphological features and grading improves the ability
in this distinction, which has important clinical implications. NENs are graded between G1
and G3 on the basis of the mitotic count and Ki67 index. NECs are the most aggressive form
of NENs, and they are always high-grade (defined as G3) neoplasms with an elevated
proliferation rate. Morphologically, NECs show abundant necrosis, grow in sheets and
present poor nested architecture. NETs can be divided into G1, G2 and G3 form. G1 and
G2 are rather slow growth tumors. The morphology of NETs shows organoids structures
and nested architectural pattern with minimal necrosis (3-7). The majority of these tumors
occur in the gastrointestinal system and lung. However, as they can derive from any cell of
the endocrine system, these malignancies can also originate in other sites such as thyroid,

thymus, adrenal medulla, genito-urinary tract, etc. (8-11).



1.1 Lung Neuroendocrine Tumors

Lung NENSs represent around 25% of all NENs and about 1-2% of all primary lung cancers.
According to several parameters, such as the mitotic count per 2 mm?, the extension of
necrosis along with histopathological features and the expression of different biomarkers,
these malignancies are classified into four subtypes: small cell lung carcinomas (SCLCs),
large cell neuroendocrine carcinomas (LCNECSs), typical carcinoids (TC) and atypical
carcinoids (AC) (12). These tumors represent, considering all NENs, about 20%, 3%, 2%,
and 0.2%, respectively (13).

LCNEC and SCLC are poorly-differentiated high-grade tumors, hence referred as NECs,
which present a mitotic count >10 per 2 mm? (even more than 50 for SCLC) and extensive
necrosis. LCNECs have large tumor cells with prominent nuclei and coarser chromatin,
organoid nesting, and trabecular growth. On the other hand, SCLCs display small cells with
dispersed chromatin and a high nuclear/cytoplasmic ratio. Moreover, NECs express several
neuroendocrine biomarkers, such as synaptophysin (14, 15). Finally, both cancers display
frequent aneuploidy and chromosomal alterations. The loss of both TP53 and RB1 appear
to be crucial for the tumorigenesis, especially for SCLCs, but many other mutations are
involved (16).

TC and AC, that belong to well-differentiated lung NENs (low/intermediate grade,
respectively), are rather indolent tumors, and they can be referred as lung neuroendocrine
tumors (LNETs). TC do not present any necrosis and their mitotic count is less than 2
mitoses per 2 mm?, whereas AC show a more intermediate grade. In AC mitotic count is
between 2-10 mitoses per 2 mm? and they can present foci of necrosis. TC show an
organoid growth patterns and lack of a high amount of cytoplasm with inconspicuous
nucleoli; while AC have more nuclear polymorphisms and irregularities on nucleoli and
nuclear membrane. Notably, LNETs have a highly vascularized stroma (15, 17). In
comparison with NEC, LNETs are characterized by a low mutational burden. The most
common mutation (11-22% of LNETS) is an alteration of the MEN1 gene, which encodes for

a scaffold protein involved in histone modification (18).



1.2 Medullary Thyroid Carcinoma

Several tumors occur in the thyroid gland (19). Among these, medullary thyroid carcinoma
(MTC) represents about 5% of all thyroid malignancies and originates from the calcitonin-
secreting parafollicular C cells. Although most of the cases (around 75%) occurs
sporadically, the remaining exists in a hereditary form. In familial forms, over 95% of patients
carry a “gain of function” germline mutation of the Rearranged during Transfection (RET)
proto-oncogene. These mutations cause multiple endocrine neoplasia (MEN) type 2
syndromes (MEN2A and MEN2B) and isolated familial MTC (20-22). The RET gene
encodes tyrosine kinase receptor involved in cell proliferation, survival, migration, and
differentiation pathways and its constitutive activation causes MEN2 syndromes (23). MTCs
have solid nests and sheets of round to polygonal and elongated cells with poorly defined
cell borders. The stroma can be fibrotic and highly vascularized (24). Most MTCs,
particularly sporadic forms, are well-differentiated tumors with a low growth rate and are able
to produce calcitonin. Although, it is difficult to predict the clinical behaviour of MTC, a recent
study validated a new grading system for MTC, that account for Ki67 index, mitotic count,
and necrosis. This classification was able to predict overall survival in patients with MTC,

showing a low-grade tumor in 75% of cases (25).
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1.3 Current Therapeutic Strategies in LNET and MTC

In patients with LNET or MTC, surgery is currently the best therapeutic option. Although
NETSs are, by definition, low grade and indolent tumors, the occurrence of distant metastases
is not a rare event at the time of diagnosis. Indeed, TC and AC develop distant metastases
in approximately 10% and 20% of cases, respectively. Also, in MTC distant metastasis occur
in 15-20% of patients at the diagnosis (26, 27). For these cases surgery is not curative and
a medical management becomes fundamental (28). Although we still lack a standard
procedure for NET medical treatment, several approaches are currently used. It has been
demonstrated that somatostatin receptors have a role in the control of hormone secretion
and cell proliferation in NENs (29). As a matter of fact, recent studies have been focused on
the use of somatostatin analogs (SSAs) and peptide receptor radionuclide therapy (PRRT)
against somatostatin receptors. Lanreotide and octreotide are the most commonly used
somatostatin analogs (SSAs). Their effects on LNETs are still unclear, although two
retrospective studies stated a potential positive impact of SSAs (30, 31). In MTC, SSAs have
shown effectiveness in controlling MTC-related symptoms (32-35). In a phase Il study on 19
patients, pasireotide showed a median progression free survival of 36 months and
antiproliferative effects in postoperative MTC, without exerting severe side-effects
(hyperglycaemia was the most common). The combination of this SSA with everolimus (an
MTOR inhibitor) showed efficacy also in progressive MTC, with more intense adverse
events, but still acceptable (36). The aim of PRRT is to selectively supply radiation to the
tumor through a radionuclide linked to a chelating molecule and a peptide receptor ligand
that bind somatostatin receptors. For NETs, "/Lu-DOTATATE, which has been already
approved in Europe and U.S., and Y"/Lu-DOTA-EB-TATE, which is under studying in China,
have shown interesting effects. However, although well-tolerated, these molecules have
dose limitations, mainly due to toxicity on the bone marrow and related side-effects (37, 38).
A retrospective study in patients with LNETS, presenting a sufficient level of somatostatin
receptor expression, showed encouraging results for Y’/Lu-DOTATATE treatment for these
tumors, with a disease control rate of 88%, a median progression free survival of 23 months
and an overall survival of 59 months (39). Few data exist on *°Y-DOTATOC in LNETSs. It
was reported a 100% of disease control rate and an objective response rate between 0%
and 50% following its use. Moreover, the most frequently adverse event observed was
nephrotoxicity (40). In MTC, Satapath group observed a disease control rate of 86% for

177Lu-DOTATATE in combination with capecitabine, a compound that induces DNA-damage
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and synergizes with ’/Lu-DOTATATE. Maghsoomi et al. stated that PRRT (in particular
they tested ®°Y-DOTATOC, ’Lu-DOTA-TATE, and *!-Indium-based agent) could stabilize
the disease for few months. Therefore, the potential role of PRRT in the therapy of advanced
MTC disease is still unclear, as authors suggested additional and larger randomized trials
to further study the utility of this therapy (41, 42). The mTOR inhibitor everolimus showed a
clinically significant improvement in patients with advanced, progressive, well-differentiated,
non-functional LNETs (43). In a phase Il trial on locally advanced MTC and patients with
metastatic anaplastic thyroid cancer, everolimus alone showed a limited effect, although it
was well tolerated (44). The authors hypothesized that this poor effect might be due to the
activation of alternative survival pathways that bypass everolimus impact, suggesting a
potential combination of this drugs with other molecules to enhance its effect. This
assumption had been partially confirmed in other studies, where everolimus combined with
other molecules (5-aza-20-deoxycytidine and pasireotide) showed promising results both in
LNET and MTC, although further studies are required (36, 45, 46). Chemotherapy and
external radiotherapy are other potential therapeutic options in advanced NETS.

Unfortunately, both LNET and MTC are quite unresponsive to both treatments (47, 48).

An interesting class of drugs, recently used in the therapy of cancer, are the TKIs, a family
of small molecules or peptides with the ability to inhibit either cytosolic or receptor tyrosine
kinases with a relevant role in cancer cell proliferation, progression and tumor-induced
angiogenesis. The utility of treatment with TKIs in LNET is still unclear. A recent study
reported the first case of a patient affected by AC that harboured a RET fusion mutation. In
this patient selpercatinib, a RET-specific TKI, exerted a relevant response with a 36%
reduction in sum of target lesions (49). Another patient, suffering from an AC harbouring an
epidermal growth factor receptor (EGFR) L858R mutation, achieved a partial response after
treatment with a combination of icotinib (an EGFR TKI) and irinotecan plus cisplatin
chemotherapy (50). A 49-years-old white female was diagnosed with an adenocarcinoma in
the upper right lobe and a TC in the left lower lobe. After treatment with cisplatin and
gemcitabine followed by radiotherapy, this patient showed a partial response of the
adenocarcinoma and the TC remained unchanged. Notably, when the therapy changed to

erlotinib (an EGFR TKI), the TC showed a complete response (51).

Interestingly, TKIs targeting RET represent a valid therapy in advanced MTC. Four TKIs
have been approved for patients with advanced MTC: vandetanib, which targets RET,
vascular endothelial growth factor receptor (VEGFR)-2/3 and EGFR (52, 53); cabozantinib,
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a potent inhibitor of RET, VEGFR-2 and c-Met (54, 55); and recently selpercatinib and
pralsetinib, two RET-specific inhibitors (56, 57). These molecules showed significant
improvement in progression-free survival, however not all patients positively respond to
these therapies. Some patients even displayed a progression of the disease after an initial
response, due to the activation of alternative survival pathways (45, 58). Moreover, several

side effects of the drugs limit their long-term use (59, 60).

Therefore, despite the development of novel drugs in cancer research over the last decade,
there are no curative therapies for advanced NETs and novel treatment strategies seem

mandatory.
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1.4 Angiogenesis in NETs

Angiogenesis is an important step for tumor progression, as it provides oxygen supply and
nutrients for cancer growth in response to hypoxia. Hypoxia leads the tumor cells to secrete
angiogenic factors, including vascular endothelial growth factor (VEGF), basic fibroblast
growth factor, plated-delivered endothelial growth factor and many others, which trigger
vascular growth into the tumor microenvironment. Nonetheless, it is important not only that
pro-angiogenic factors are overexpressed, but also that anti-angiogenic molecules, such as
angiostatin and endostatin, are inhibited (Fig. 1) (61).

I Pro-angiogenic factors

l Anti-angiogenic factors

Fig. 1. Schematic representation of the dysregulation between pro- and anti-angiogenic factors

caused by the tumor, which triggers novel angiogenesis toward the tumor itself.
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In addition, the architectural structure of these novel vessels is abnormal as the constant
secretion of pro-angiogenic factors from tumor cells does not allow a proper formation of
tight junctions and basement membrane between endothelial cells. This situation leads to
hyperpermeability of the tumor-induced vascular network and high heterogeneity in vessel
caliber size, causing irregularities in the blood flow, with persisting hypoxia and poor
perfusion that interfere with medical therapy. Finally, in normal angiogenesis, novel vessels
are surrounded by pericytes, which stabilize vascular structure; while, during tumor-induced
angiogenesis, pericytes are absent or poorly represented, facilitating the spread of tumor
cells (62, 63).

In oncology the presence of high microvascular density in malignant tumors is often
associated with poor prognosis. This association appears to be inverse in NENs, where low
grade, well-differentiated NETs (such as LNET and MTC) are characterized by high
vascularization and it appears to be a favourable prognostic feature. While a low vascular
density has been commonly detected in NEC with an unfavourable prognosis (64). This
characteristic, denominated as “neuroendocrine paradox”, may be due to the capacity of
differentiated NET cells to promote a dense vascular network, like their normal tissue

counterpart. In fact, endocrine glands are highly vascularized (65, 66).

In light of these insights, anti-angiogenic treatment may represent an interesting therapeutic
strategy in low-grade NETs (67). An example came from studies in patients with pancreatic
NETs. Sunitinib is a multi-receptor inhibitor targeting VEGFR1-3 and PDGFR-a and 3,
currently used in the therapy of metastatic, well-differentiated pancreatic NETs. A recent
study assessed the clinical benefit of sunitinib in pancreatic NET patients by combining the
data from a phase lll trial (68) and an open-label phase 1V trial (69). The objective response
rate was considered as primary endpoint in this study. The combined analysis of the two
trials revealed an objective response rate of 16.7% (and a progression free survival of 12.9
months) and confirmed the benefits for the patients treated with sunitinib (70). As we
mentioned before, for MTC clinical therapy there are two multi-target TKIs (cabozantinib and
vandetanib), that can potentially target tumor angiogenesis and RET (52-55). Their anti-
angiogenic potentials were recently compared by Carra et al. 2021 (71), where cabozantinib
showed a more relevant effect on tumor-induced angiogenesis in vivo in comparison with
vandetanib, although their antiproliferative efficacy in vitro was similar. Furthermore, also
LNET could benefit from a therapy that targets the angiogenesis, by inhibiting the

PI3K/Akt/mTOR pathway, which is involved in several tumorigenic mechanisms, including
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angiogenesis, through the combined use of the bioactive agent sulforaphane with
acetazolamide. Moreover, acetazolamide interferes with carbonic anhydrase-dependent
hypoxia mediated pathways, which promotes tumor-induced angiogenesis in hypoxic
conditions, resulting in a potential inhibition of tumor vascularization (72). In 2014,
Motylewska et al. tested the influence of angiomodulators (VEGF, endostatin, interferon-q,
rapamycin, JV-36 and semaxinib) on TT and H727 cells, respectively an MTC and a LNET
cell line. The study reported an antiproliferative effect for some of these compounds

(interferon-a, rapamycin and semaxinib) in both tumor cell line.
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1.5 Zebrafish Model

Zebrafish (Danio rerio) is a freshwater fish (Fig. 2) native to South Asia, belonging to the
Cyprinidae family of the order Cypriniformes. In the last decades it has gained attention as
a robust animal for studying development and disease. As a matter of fact, zebrafish offers
several advantages over other animal models such as ease of maintenance, high fecundity,

fast external development, optical clearance of embryos, small size, and low cost (73, 74).
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Fig. 2. A schematic representation of the embryonic developmental stages of zebrafish. Modified
from: Willemsen R., Padje S., van Swieten J.C., Oostra B.A. (2011) Zebrafish (Danio rerio) as a
Model Organism for Dementia. In: De Deyn P., Van Dam D. (eds) Animal Models of Dementia.
Neuromethods, vol 48. Humana Press. https://doi.org/10.1007/978-1-60761-898-0_14 (75)
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More recently, zebrafish emerged as a promising organism to model cancer in vivo due to
the extensive evolutionary conservation of human cancer-associated genes, telomere
biology and the relative ease of genetic manipulation of embryos by microinjection (76).
Furthermore, thanks to the transparency of zebrafish embryos and larvae it is possible to
follow tumor cell growth and dynamics at early stages of cancer development. In addition,
zebrafish transgenic lines with fluorescently labelled tissues are available to track cancer

cell growth, dissemination, and tumor microenvironment in real-time (77).

Interestingly, zebrafish has grown in popularity in the last decade as xenograft model, most
often used to test drugs for their cytotoxic, anti-metastatic, or anti-angiogenic properties (78).
Thus, zebrafish has rapidly become a new model for xenograft assays, as the adaptive
immune system is not fully developed until the seventh day post fertilization. Therefore,
within this period transplanted cancer cells will not be rejected by embryos. Most of the
recent transplantation studies in zebrafish are in agreement to use embryonal stages of 48
hours post fertilization (hpf) as the stage for the implant. In fact, at this stage developmental
migration is finished, so the injected cancer cells are likely to migrate, excluding the
likelihood of passive transport during gastrulation (79). The literature identified variable site
of transplantation for zebrafish xenograft, such as the yolk sac, cardinal vein, Duct of Cuvier,
or the hindbrain. Depending on the site of transplantation and thanks to the transparency of
the embryos, different phenotypes of tumorigenesis could be observed: tumor-induced

angiogenesis, cancer cell invasion, extravasation, and formation of metastasis (73).

Zebrafish is also emerging as an optimal experimental model for the study of NETs as most
of the features of the endocrine system are highly conserved between human and zebrafish.
Moreover, there are several mutant and transgenic zebrafish lines that resemble different

human endocrine diseases (80).

In 2017, our laboratory developed a zebrafish model to investigate tumor-induced
angiogenesis in NETs, established by injecting human NET cells near to the developing
subintestinal vein (SIV) plexus and common cardinal vein (CCV) in transgenic
Tg(flila:EGFP)Y! zebrafish embryos. This transgenic zebrafish line expresses enhanced
green fluorescent protein (EGFP) under the control of the flila promoter, thereby labelling
all blood vessels and providing a live visual marker for vascular development. Moreover,
zebrafish embryos require a low number of cells to properly create a tumor implant, making
the model suitable for engraftment of primary cell cultures, using tumor samples from

patients, often limited in number and size (81). The versatility of this model to study well-
18



differentiated NETs has been already assessed (71, 82, 83). The injection of human NET
cells in 48 hours post-fertilization zebrafish embryos stimulates the migration and growth of
sprouting vessels toward the implant within 2-3 days. At this stage, zebrafish embryos do
not have a fully developed immune system and no graft rejection occurs. The use of
fluorescently labelled tumor cells provides to investigate their metastatic behaviour into

zebrafish in real-time.

Last but not least, zebrafish embryos are readily permeable to small molecules dissolved in
their culture media. This provides to test molecules with antitumor activity. The rapidity of
this procedure (within 5 days) makes this tool very useful to perform preclinical drug
screening with small molecules, such as TKIs. This is of high importance in the emerging

field of patient-derived xenograft (PDX), for a fast development of personalized therapy (84).
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2. Aim of the thesis

The aims of this PhD project were to evaluate the antitumor activity of several novel TKIs in
well-differentiated NET cell lines, with a focus on LNETs (NCI-H727, UMC-11 and NCI-
H835) and MTC (TT and MZ-CRC-1). Tests were conducted through different approaches,
both in vitro (proliferation assay, flow cytometry evaluation of cell cycle and apoptosis, cell
migration examination) and in vivo, where we took advantage of an innovative zebrafish

model.

Despite the development of novel drugs for cancer research, there are no curative therapies
in patients with metastatic LNETs. Therefore, we investigated the antitumor activity of three
TKls, recently adopted in other NENs, with different targets: cabozantinib (targeting
VEGFR2, c-Met, Kit, Axl and FIt3), axitinib (targeting VEGFR1, 2, 3 and PDGFRB) and
sulfatinib (targeting VEGFR 1, 2, and 3, and FGFR1).

In MTC there are already different drugs approved for medical treatment. However, the
occurrence of several side effects and the onset of drug-resistance, limit their long-term use.
In this respect, we tested three new molecules: sulfatinib, SPP86 (a RET-specific inhibitor)
and SU5402 (a selective inhibitor of FGFR1, VEGFR-2 and PDGFRp).

20



3. Materials and Methods

3.1 Reagents and Cell Culture

Sulfatinib (a multi-target TKI with affinity for VEGFR-1, -2 and 3 and FGFR-1), axitinib (an
inhibitor of VEGFR-1, -2 and 3 and PDGFR-38), and SPP86 (a RET-specific inhibitor) were
supplied by MedChemExpress (Monmouth Junction, NJ, USA). Cabozantinib (a multi-target
inhibitor that blocks VEGFR2, c-Met, Kit, Axl and FIt3) was provided by Cayman Chemicals
(Ann Arbor, MI, USA). SU5402 (an inhibitor of the FGF signaling pathway by targeting
FGFR1 with affinity also for VEGFR2 and PDGFRp) was supplied by Sigma-Aldrich (St.
Louis, MI, USA). All drugs were dissolved in dimethyl sulfoxide solution (DMSO) at 10 mM.
Culture media containing equivalent concentrations of only vehicle were used as controls in
all experiments. All compounds were stored at —20°C and diluted with culture media before

use.

Three human LNET cell lines NCI-H727, UMC-11 and NCI-H835, were obtained from
American Type Culture Collection (ATCC, Manassas, VA, USA), whereas two human MTC
cell lines TT and MZ-CRC-1, were kindly provided by Prof. Lips (Utrecht, the Netherland).
Cells were maintained at 37°C in 5% CO2 and cultured in T75 flasks filled with 10 mL of
RPMI 1640 (EuroClone™, Milan, Italy) for LNETs and F-12K Kaighn's modification medium
(Gibco™ Life technology) for MTC. Medium was supplemented with 10% heat-activated
fetal bovine serum (FBS) (Invitrogen™) and 1% penicillin/streptomycin (EuroClone™, Milan,
Italy), RMPI was also supplemented with 2mM of L-Glutammine (EuroClone™, Milan, Italy).
Cells were harvested by trypsinization, resuspended in complete medium and then counted
through optical microscope using a standard haemocytometer before plating. Cells used in

all experiments were below 5 passages.

3.2 Proliferation assay

LNET and MTC cell lines were seeded in 96 well plates at their optimal culture concentration
(NCI-H727: 3.5x10° cell/well; UMC-11: 3.5x10° cell/well; NCI-H835: 5x10* cell/well; TT:
3x10% cells/well; MZ-CRC-1: 3x10* cells/well) in order to perform drug treatments on

exponentially growing cells.
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The following day, NCI-H727 and UMC-11 cell culture medium was replaced with medium
containing sulfatinib, axitinib or cabozantinio and MTC cell culture media with medium
containing sulfatinib, SPP86 of SU5402 for 3 days at different concentrations (from 0.05 to
50 uM for LNET, from 0.05 to 30uM for MTC). This medium was in turn replaced with fresh
medium containing the compounds at the same concentrations and incubation was
continued for a further 3 days. Cells cultured in medium with only vehicle was used as

control.

After 6 days, MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was
performed, as previously described (82). Briefly, after incubation at 37°C, each well was
treated with MTT (0.5 mg/ml) and incubated at 37°C for 4 h. Cell proliferation was analysed
by a colorimetric assay that consisted in a cellular reduction of MTT that lead to the final
production of crystalline formazan. This product was dissolved in 100m| EtOH:DMSO (1:1)
and read at 540 nm in a microplate reader.

For NCI-H835, as they are partially floating, medium containing sulfatinib, axitinib or
cabozantinib was added to each well for 3 days at different concentrations (from 0.01 to
50uM), without replacing the medium in the well. After 3 days, the operation was repeated.
At the end of incubation period, cells were analyzed by a cell viability assay, the CellTiter
96® AQueous One Solution Cell Proliferation Assay (MTS, Promega, cat. G3580), according

to the manufacturer’s instructions. Plates were then read at 490 nm in a microplate reader.

All the experiments were conducted in quadruplicates. Data are represented as the mean
of all results obtained for each primary endometrial stromal culture as independent

experiments.

3.3 Cell cycle evaluation

Cell lines were seeded in 6-well plates in duplicate at their optimal culture concentration, as

described in the proliferation assay section.

The day after, the medium was replaced with fresh medium, either without (control) or with
sulfatinib, axitinib or cabozantinib (LNET cell lines) or with sulfatinib, SPP86 or SU5402
(MTC cell lines) at their half maximal effective concentration (ECso) for 3 days. Then, the

medium was replaced with new one containing drugs at same different concentrations for
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further 3 days, at the end of which cells were harvested by gentle trypsinization, washed

with PBS and collected after centrifugation.

Propidium iodide (PI) (Sigma-Aldrich, USA) staining solution (50 pg/ml PI, 0.05% Triton X-
100 and 0.6 pg/ml RNase A in 0.1% sodium citrate) was added to the pellets at 4°C for 30
minutes and cells were analyzed by flow cytometry, as previously reported (82).

Data were indicated as percentage of cells in Go/G1, S and G2/M phases. All experiments
were independently performed in triplicate for each sample.

3.4 Apoptosis assay

LNET and MTC cell lines were grown in six-well plates in duplicate and incubated with
sulfatinib, axitinib or cabozantinib (LNET cell lines) or with sulfatinib, SPP86 of SU5402

(MTC cell lines), following the same protocol as for cell cycle analysis.

At 6 days of treatment cells were harvested by trypsinization, washed with PBS and
centrifuged. 100 pl of 1 x binding buffer (BB: 1.4 M NaCl, 0.1 M HEPES/NaOH, pH 7.4, 25
mM CaCl2) was used to resuspend each cell sample. Then, 5 pl of Annexin V-FITC (BD
Pharmingen, San Diego, CA, USA) and 10 ul PI (60 pug/ml in PBS) were added for 15 min
at room temperature in dark for each sample. After a final addition of 400 ul of 1 x BB,
stained cells were mesuared by FACScalibur flow cytometer (BD Biosciences, San Jose,
CA, USA) on 10,000 events as previously described (82).

Three types of cell populations were identified by Cell-Quest Pro Software: Annexin-/PI- (live
cells), Annexin+/Pl- (early apoptotic cells) and Annexin+/Pl+ (late apoptotic and necrotic

cells), and the data were expressed as percentage of each population.

3.5 Wound-healing assay

All cell lines were plated in 6-well plates in duplicate (108 cells/well) and cultured to reach
monolayer. Growth media was renewed as needed until 100% confluence was reached. At
that time, cells were scratched rationally/orthogonally from the bottom of each well using a
10 ul sterile micropipette tip.
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Cells were washed with PBS in order to remove cell debris then supplemented with growth
medium without (control condition) or with sulfatinib, axitinib or cabozantinib (LNET cell
lines) or with sulfatinib, SPP86 of SU5402 (MTC cell lines) at their ECso concentration. We
took pictures of the scratches at TO and LNET cell lines were incubated with a TKI for 48h
before taking novel pictures, while MTC cells were incubated for 72h. This discrepancy was
due to the different metabolisms between pulmonary and medullary cells. However, before
performing these experiments, we tested the effect of the ECso concentration on cell viability
after 3 days of incubation with the drugs. At this time, TKIs did not show any significant effect
on cell survival. Images of defined wounds were acquired through Leica DM IRE 2 (Inverted
Fluorescence Motorized Phase Contrast Microscope) using a 10x objective at different time

point: right after the scratch (TO) and after 2 or 3 days according to the cell type (TF).

The wound-healing area was measured with ImageJ software (National Institutes of Health,
Bethesda, MD, USA). Results were reported as wound healing percentage using the

equation:
% wound-healing = 100 x [1 — (wound area at Tr / wound area at TO)]

For each plate, at least 3 randomly selected images were acquired. All experiments were
independently carried out in triplicate.

3.6 In vivo zebrafish assay for tumor-induced angiogenesis and

migration

Embryo and adult zebrafish (Danio rerio) were raised and maintained according to Italian
(D.Lgs 26/2014) and European laws (2010/63/EU and 86/609/EEC). All experiments were
performed on Tg(flila:EGFP)Y! transgenic embryos, expressing EGFP (Enhanced Green
Fluorescent Protein) under the control of the endothelial-specific gene promoter flila,
allowing in vivo visualization of the entire vascular tree (85). At forty-eight hours post-
fertilization embryos were anesthetized with 0.016% tricaine (Ethyl 3-aminobenzoate
methanesulfonate salt, Sigma-Aldrich) and implanted with LNETs or TT cells, as previously
described (80, 86). In brief, cells were labelled with a red fluorescent viable dye
(CellTrackerTM CM-Dil, Invitrogen), resuspended with PBS (final concentration of 250.000

cells/ul), and grafted into the subperidermal space of Tg(flila:EGFP)Y!* embryos, close to the
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sub-intestinal vessel plexus by using a microinjector (100-1000 cells in each embryo). As a

control for the implantation, embryos were injected with only PBS.

After tumor implantation, zebrafish embryos were treated for 24 hours with different doses
of the specific inhibitor directly dissolved in embryo medium. These concentrations (0.25uM
and 2.5uM) were identified on the basis of preliminary pharmacological experiments on
Tg(flila:EGFP)Y* embryos without tumor xenograft, aimed to detect the toxicity range for

each compound, limiting the presence of morphological abnormalities.
Assays were performed 3 times, with about 20 embryos in each experimental group.

As an arbitrary unit (A.U.) of tumor-induced angiogenesis, we calculated the total cumulative
length of vessels sprouting from the sub-intestinal vein plexus and the common cardinal vein
in each embryo by Fiji software. All images were taken at 24 hours post injection (hpi) with
Leica M205 FA stereomicroscope equipped with a Leica DFC 450 C digital camera using
the LAS software (Leica).

The presence of tumor cell clusters far from the injection site was detected by fluorescence
microscopy and quantified by the “Analyze Particle” tool of Fiji software. In particular
fluorescent cells along the tail were quantified at different time points: 0 (immediately after

the injection) and 48 hours post injection.

The study was approved by the Institutional Ethics Committee and the Animal Welfare Body

OPBA (University of Milan, approval number 16/18).
3.7 Statistical Analysis

Experiments were performed at least three times. Relative ECso values and maximal
inhibitory effect were calculated using nonlinear regression curve-fitting program. Statistical
differences among groups were first evaluated by t-test or ANOVA test together with the
followed post hoc test (Newman—Keuls). A p value <0.05 was considered significant. The
values reported in the figures represent the mean + standard error of the mean (SEM). For

statistical analysis, GraphPad Prism 5.0 (GraphPad Software, San Diego, CA) was used.
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4. Results

4.1 Effects of TKIs on cell viability

After 6 days of incubation, all TKIs significantly inhibited the viability of NET cells in a dose-
dependent manner (Fig. 3, 4).

In NCI-H727 and NCI-H835 cell lines (Fig.3a and 3c) the growth inhibitory effect of sulfatinib
was significantly more potent than that of axitinib and cabozantinib, as shown by the higher
maximal inhibition (p < 0.001, fig.3, table 1). In UMC-11, both sulfatinib and cabozantinib
exerted a maximal antiproliferative inhibition significantly higher than axitinib (p < 0.05) (fig.3,
table 1).
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Fig. 3. Effect of sulfatinib (red), axitinib (blue) and cabozantinib (black) on cell proliferation in NCI-
H727 (a), UMC-11 (b) and NCI-H835 (c) cell lines, as measured by MTT or MTS assays. Cells were
incubated for 6 days with or without each drug at different concentrations, as described in Material
and Methods section. Dose-response curves were expressed as nonlinear regression (curve fit) of

log (concentration drug) versus the percentage of control (untreated cells). Values represent the
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mean + SEM of at least 3 independent experiments in 6 replicates. CTR values have been set to
100%. * p < 0.05; ** p < 0.01; *** p < 0.001. SEM, standard error of the mean; CTR, control; MTT,
3-(4,5-dymethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MTS, 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium.

No significant difference has been observed between maximal inhibition of the three TKIs in
TT cell lines (Fig.4a and table 1). However, the ECso concentration of SPP86 was
significantly lower than the ECso of SU5402 (p < 0.001). In MZ-CRC-1 (Fig.4b and table 1)
sulfatinib showed a higher maximal inhibition compared with SPP86 (p < 0.05) and SU5402
(p < 0.01). No difference between maximal inhibition of SSP86 and SU5402 was found,;
however, the ECso concentration of SPP86 was significantly lower than SU5402 (p < 0.001).
From these assays, we calculated the ECso concentration for all the drugs that we used for
the following experiments. In the Table.1, we resumed the ECso concentration for each drug

and their maximal inhibitory effect.
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Fig. 4. Effect of sulfatinib (red), SPP86 (blue) and SU5402 (black) on cell proliferation in TT (a) and
MZ-CRC-1 (b) cell lines, as measured by MTT assay. Cells were incubated for 6 days with or without
each drug at different concentrations, as described in Material and Methods section. Dose-response
curves were expressed as nonlinear regression (curve fit) of log (concentration drug) versus the
percentage of control (untreated cells). Values represent the mean = SEM of at least 3 independent
experiments in 6 replicates. CTR values have been set to 100%. * p < 0.05; * p < 0.01; ** p <
0.001. SEM, standard error of the mean; CTR, control; MTT, 3-(4,5-dymethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide.
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Table 1. Growth inhibition of LNET and MTC cell lines after 6 days of incubation with TKIs.

ECso Maximal Inhibition
Sulfatinib 2.3 uM 94.5%
NCI-H727 cabozantinib 1.7 uM 70.3%
Axitinib 2 UM 61.4%
Sulfatinib 1.3 uM 100%
UMC-11 cabozantinib 1.6 uM 100%
Axitinib 0.4 uM 92.9%
Sulfatinib 5.6uM 100%
NCI-H835 cabozantinib 0.007 pM 51%
Axitinib 0.2 uM 47.3%
Sulfatinib 2 uM 100%
TT SPP86 1.3 uM 100%
SU5402 3.6 uM 96.5%
Sulfatinib 0.5 uM 89.5%
MZ-CRC-1 SPP86 0.7 uM 83.6%
SU5402 2.6 uM 80.6%
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4.2 Effects of TKIs on Cell Cycle

After 6 days of incubation, we analyzed the effects of these molecules on the cell cycle by
flow cytometric analysis with Pl-stained LNET and MTC cells (Fig. 5-6).

In NCI-H727 (Fig. 5a), while sulfatinib and cabozantinib had no relevant effect, axitinib
reduced the number of cells in Go/Giand S phases (-86.11%, p < 0.001 for Go/G1; -69.25%,
p < 0.05 for S phase), while it increased the G2/M phase (+93.42%, p < 0.001) in comparison
with untreated control cells. In UMC-11 (Fig. 5b), sulfatinib and cabozantinib were able to
significantly reduce cell percentage in S phase (-24.5%, p < 0.01 and -25.3%, p < 0.001,
respectively). Axitinib perturbed all the cell cycle phases, reducing both Go/G1 (-21.88%, p
< 0.01) and S phases (-45.14%, p < 0.001), and increasing the fraction of cells in G2/M
phase (+58.53%, p < 0.001) compared with the control. All TKIs showed a limited effect on
cell cycle phases in NCI-H835 cells. They moderately reduced cells in S phase (sulfatinib -
25.41%, axitinib -22.59%, both p < 0.05; cabozantinib -29.27%, p < 0.01) and cabozantinib
lightly increased cells in G2/M phase (+14.91%, p < 0.05).
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Fig. 5. Cell cycle analysis after 6 days of incubation with SULF, CAB and AXI in NCI-H727 (a), UMC-
11 (b) and NCI-H835 (c) cell lines. Cells were detected by FACS analysis after staining with
propidium iodide. CTR values have been set to 100%. Values represent the mean + SEM of at least
3 independent experiments. * p < 0.05; ** p < 0.01; ** p < 0.001. SEM, standard error of the mean;
CTR, control; SULF, sulfatinib; CAB, cabozantinib; AXI, axitinib.

29



In MTC cells (Fig. 6), the S phase was the most vulnerable. In TT cells, all compounds
significantly decreased the number of cells in S phase, with sulfatinib and SPP86 having a
slightly higher effect compared to SU5402 (-63.67%, -59.22% and -39.36%, respectively, p
< 0.001 for all TKIs vs control). Sulfatinib and SPP86 also reduced the fraction of cells in
G2/M phase (-28.65%, p < 0.01; -18.9%, p < 0.05, respectively) in comparison with control.
In MZ-CRC-1 cells the S phase was significantly impaired after SU5402 and SPP86 (-
56.28% and -57.20%, respectively, both p < 0.001) with the latter having a relevant effect
also in the G2/M phase (-38.04%, p < 0.001).
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Fig. 6. Cell cycle analysis after 6 days of incubation with SU5402, SULF and SPP86 in TT (a) and
MZ-CRC-1 (b) cell lines. Cells were detected by FACS analysis after staining with propidium iodide.
CTR values have been set to 100%. Values represent the mean + SEM of at least 3 independent
experiments. * p < 0.05; ** p < 0.001. SEM, standard error of the mean; CTR, control; SULF,

sulfatinib.
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4.3 Effects of TKIs on Apoptosis/Necrosis

We studied the effects of TKIs on apoptosis through flow cytometry with Annexin V and PI

staining.

In NCI-H727 (Fig. 7a), sulfatinib induced a relevant increase in the number of cells in late
apoptosis (+161.2% vs. control, p < 0.05) and necrosis (+58.09% vs. control, p < 0.05). No
statistically significant effect on apoptosis/necrosis was observed after incubation with
cabozantinib and axitinib. In UMC-11 (Fig.7b) sulfatinib was able to induce a strong increase
in the fraction of cells in early apoptosis (+159.5% vs. control, p < 0.01), while cabozantinib
had no relevant effect. Axitinib exerted a significant increase in early (+74.83% vs. control,
p < 0.05) and late apoptosis (+169.1% vs. control, p < 0.01). Finally, in NCI-H835 (Fig.5c),
sulfatinib strongly increased the fractions of cells in late apoptosis (+158.5% vs. control, p <
0.05) and necrosis (+126.9% vs. control, p < 0.001). Similarly, cabozantinib slightly modified
the fraction of cells in these phases (+67.42% vs. control, p < 0.05 for late apoptosis;
+17.88% vs. control, p < 0.05 for necrosis), while after axitinib no relevant modification in

any phase has been observed.
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Fig. 7. Modulation of cell death analysis after 6 days of incubation with SULF, CAB and AXI in NCI-
H727 (a), UMC-11 (b), and NCI-H835 (c) cell lines through flow cytometry with Annexin V and
propidium iodide. The proportions of cells in early apoptosis, late apoptosis and necrosis are
expressed as percentage compared with untreated CTR and represent the mean + SEM of at least
3 independent experiments. * p < 0.05; ** p < 0.01. SEM, standard error of the mean; CTR, control;
SULF, sulfatinib; CAB, cabozantinib; AXI, axitinib.

In MTC cells, the effects on apoptosis were similar for both cell lines. SU5402 did not show
any relevant effect on cell death. On the other hand, both sulfatinib and SPP86 stimulated
apoptosis. In TT cells (Fig. 8a) both drugs significantly increased the fractions of cells in
early and late apoptosis and necrosis (sulfatinib vs control: +388 %, p < 0.05; +212.2%, p <
0.001; +32.05%, p < 0.05, respectively; SPP86 vs control: +440.2; +370.8% and +170%, all
with p < 0.001, respectively). In MZ-CRC-1 cells (Fig. 8b), sulfatinib increased all fractions
of cells compared to control (early apoptosis +141.1%, p < 0.05; late apoptosis +208.3%, p
< 0.001, necrosis +95.19%, p < 0.05), while SPP86 had a relevant impact on late apoptosis
(+207.4%, p < 0.001) and necrosis (+85.89%, p < 0.05).
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Fig. 8. Modulation of cell death analysis after 6 days of incubation with SU5402, SULF and SPP86

in TT (a) and MZ-CRC-1 (b) cell lines through flow cytometry with Annexin V and propidium iodide.

The proportions of cells in early apoptosis, late apoptosis and necrosis are expressed as percentage

compared with untreated CTR and represent the mean = SEM of at least 3 independent experiments.
*p < 0.05; ** p < 0.001. SEM, standard error of the mean; CTR, control; SULF, sulfatinib.
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4.4 Effects of TKIs on Cell Migration

We investigated in vitro the impact of TKIs on cell migration through a wound-healing assay
(Fig. 9-12).

In LNET cell lines (Fig. 9, 10), we performed this experiment only in NCI-H727 and UMC-11
since NCI-H835 cells lack substrate adherence and grow in suspension. In NCI-H727 only
cabozantinib (Fig. 9) was able to significantly inhibit the migration process (-36.6% Vvs.
control, p < 0.001). While in UMC-11 no relevant effect was observed for any TKI (Fig. 10).
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Fig. 9. Effect of SULF, CAB and AXI on NCI-H727 cell migration compared to untreated CTR. The
area of wound was recorded at O and 2 days, and the percentage of wound healing with respect to
TO was calculated using the equation reported in Material and Methods section. Data were reported
as mean + SEM of at least 3 independent experiments. Scale bar 200 ym. *** p < 0.001. SEM,
standard error of the mean; CTR, control; SULF, sulfatinib; CAB, cabozantinib; AXI, axitinib.
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Fig. 10. Effect of SULF, CAB and AXI on UMC-11 cell migration compared to untreated CTR. The
area of wound was recorded at 0 and 2 days, and the percentage of wound healing with respect to
TO was calculated using the equation reported in Material and Methods section. Data were reported
as mean = SEM of at least 3 independent experiments. Scale bar 200 ym. SEM, standard error of
the mean; CTR, control; SULF, sulfatinib; CAB, cabozantinib; AXI, axitinib.

In TT cells (Fig. 11) SPP86 had the most relevant inhibitory effect on cell migration (-41.6%
vs. control, p < 0.001), followed by sulfatinib (-38.5% vs. control, p < 0.001) and SU5402 (-
30.3% vs control, p <0.001). In MZ-CRC-1 cells (Fig. 12) both sulfatinib and SPP86 inhibited
cell migration compared to untreated control (-36.1%, p < 0.01 and -38.6%, p < 0.01,

respectively). While SU5402 was not able to significantly affect the wound-healing process.
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Fig. 11. Effect of SU5402, SULF and SPP86 on TT cell migration compared to untreated CTR. The
area of wound was recorded at 0 and 3 days, and the percentage of wound healing with respect to
TO was calculated using the equation reported in Material and Methods section. Data were reported
as mean * SEM of at least 3 independent experiments. Scale bar 200 ym. *** p < 0.001. SEM,
standard error of the mean; CTR, control; SULF, sulfatinib.
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Fig. 12. Effect of SU5402, SULF and SPP86 on MZ-CRC-1 cell migration compared to untreated
CTR. The area of wound was recorded at 0 and 3 days, and the percentage of wound healing with
respect to TO was calculated using the equation reported in Material and Methods section. Data were

reported as mean = SEM of at least 3 independent experiments. Scale bar 200 ym. ** p <0.01. SEM,
standard error of the mean; CTR, control; SULF, sulfatinib.
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4.5 Effects of TKIs on in vivo Tumor-Induced Angiogenesis

We analyzed the effects of TKIs on tumor-induced angiogenesis through an innovative

zebrafish platform.

All LNET cell lines (NCI-H727, UMC-11 and NCI-H835) strongly stimulated angiogenesis,
leading to the formation of new endothelial structures, which sprouted from the SIV plexus
and CCV toward the tumor as early as 24 hpi. In grafted Tg(flila:EGFP)Y* embryos (Fig. 13-
15), cabozantinib and axitinib drastically affected the vascular network induced by the tumor
cell injection, in a dose-dependent manner, highlighting a strong reduction of peritumoral
endothelial structures as early as 24 hpi. This effect was less evident after incubation with
sulfatinib.
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Fig. 13. Effect of treatment with sulfatinib, cabozantinib and axitinib on NCI-H727 cell-induced
angiogenesis. For each inhibitor there is a representative image of an injected and treated embryo
(with drug-vehicle or specific concentration). The red channel, corresponding of NCI-H727 cells, was
omitted in panel B, D and F of each drug to highlight the tumor-induced microvascular network
sprouting from the SIV. Digital magnifications of the graft region are shown in white-boxed regions
B’, D’ and F’. Graphs below report the results of tumor-induced angiogenesis quantification at 24h
post-injection. All images are oriented so that rostral is to the left and dorsal is at the top. Scale bar

in A, 100um. SIV, subintestinal vein.
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Fig. 14. Effect of treatment with sulfatinib, cabozantinib and axitinib on UMC-11 cell-induced
angiogenesis. For each inhibitor there is a representative image of an injected and treated embryo
(with drug-vehicle or specific concentration). The red channel, corresponding of UMC-11 cells, was
omitted in panel B, D and F of each drug to highlight the tumor-induced microvascular network
sprouting from the SIV. Digital magnifications of the graft region are shown in white-boxed regions
B’, D’ and F’. Graphs below report the results of tumor-induced angiogenesis quantification at 24h
post-injection. All images are oriented so that rostral is to the left and dorsal is at the top. Scale bar
in A, 100um. SIV, subintestinal vein.
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Fig. 15. Effect of treatment with sulfatinib, cabozantinib and axitinib on NCI-H835 cell-induced
angiogenesis. For each inhibitor there is a representative image of an injected and treated embryo
(with drug-vehicle or specific concentration). The red channel, corresponding of NCI-H835 cells, was
omitted in panel B, D and F of each drug to highlight the tumor-induced microvascular network
sprouting from the SIV. Digital magnifications of the graft region are shown in white-boxed regions
B’, D’ and F’. Graphs below report the results of tumor-induced angiogenesis quantification at 24h
post-injection. All images are oriented so that rostral is to the left and dorsal is at the top. Scale bar

in A, 100um. SIV, subintestinal vein.

For MTC, these experiments were conducted only in TT cells (Fig. 16), since MZ-CRC-1
induced only a moderate induction of angiogenesis in zebrafish embryos. SU5402 lightly
reduced the formation of novel vessel at high concentration (2.5uM), although this effect
was not statistically significant. On the other hand, sulfatinib and SPP86 displayed a

significant and similar inhibition of TT-induced angiogenesis compared to controls.
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Fig. 16. Effect of treatment with SU5402, sulfatinib and SPP86 on TT cell-induced angiogenesis. For
each inhibitor there is a representative image of an injected and treated embryo (with drug-vehicle
or specific concentration). The red channel, corresponding of TT cells, was omitted in panel B, D, F
and H of each drug to highlight the tumor-induced microvascular network sprouting from the SIV.
Digital magnifications of the graft region are shown in white-boxed regions B’, D’, F’ and H’. Graphs
below report the results of tumor-induced angiogenesis quantification at 24h post-injection. All
images are oriented so that rostral is to the left and dorsal is at the top. Scale bar in A, 100um. SIV,

subintestinal vein.
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4.6 Effects of TKIs on in vivo Migration

Finally, we tested the potential anti-metastatic effect of these drugs. At 48 hpi we counted
the number of fluorescent spots containing a variable number of cells, located away from

the site of inoculation, particularly in the tail.

A possible technical drawback with tumor xenograft in zebrafish embryos is represented by
the possibility that tumor cells could be accidentally and directly introduced into the blood
vessels during the injection process. To prevent this possibility, embryos have been
observed within 1 hour after the implant and those showing cells into the yolk sac or in the

circulatory system were excluded from further analysis.

In embryos correctly engrafted with LNET cells (Fig. 17), the presence of circulating
fluorescent spots progressively increased, especially in the tail, within 48 hpi for all cell lines.
Cabozantinib was the only TKI able to significantly inhibit cell migration in vivo. Although the
number of the spots identified in the tail was low, sulfatinib and axitinib appeared to have no

effect on this metastatic process.

In both TT and MZ-CRC-1 cells the number of fluorescent spots located in the tail was

extremely low for a proper analysis.
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Fig. 17. Effect of SULF (A, D and G), CAB (B, E and H) and AXI (C, F and I) on invasiveness of
NCI-H727 (A-C), UMC-11 (D-F) and NCI-H835 (G-I) cells in grafted embryos. Quantification of cells
spreading in the tail of embryos injected with NCI-H835, UMC-11, NCI-H727 and NCI-H720 cells at
0 and 48 hpi after 0.25 and 2.5 pM of axitinib. As arbitrary unit (A.U) of migration we considered the
number of fluorescent particles in the tail. Scale bar in I, 100um. Graphed values represent the mean
+ S.E.M. ***p<0.001 vs DMSO.

42



5. Discussion

The only curative solution for the treatment of NENSs is represented by surgical resection.
However, in some cases these malignancies are locally unresectable or in advanced stage
with distant metastasis. Several studies evaluated the antitumor activity of medical
strategies in advanced NENs (87). Despite some of these therapies showed promising
results and are currently approved and adopted in the clinic, the high heterogeneity of these
neoplasms together with the onset of drug-resistance and the occurrence of side-effects

limited the use of most of these compounds (88).

In the present work, we studied the effects of TKIs on two different types of low-grade, well-
differentiated NETs: LNETs and MTC. We selected few TKIs recently developed and
adopted in other NENs. Cabozantinib is already approved for MTC treatment, therefore we
tested its efficacy in LNETS, along with sulfatinib and axitinib, two novel multi-target TKls
that mainly address VEGFRs. The reason is to exploit the high vascularization of these
tumors and their high expression of VEGFRs (89, 90). Similarly, sulfatinib has been tested
in MTC cells, due to the high expression of VEGFR also in this tumor (91). In addition, we
selected SPP86, a RET-specific inhibitor that was not studied so far, and SU5402, an

inhibitor of the FGFR1, a survival pathway activated in most NENSs.
5.1 Lung Neuroendocrine tumors

In LNET cell lines, all TKIs displayed a significant inhibition of cell viability. Overall, sulfatinib
had the major impact compared to cabozantinib and axitinib, particularly in NCI-H727 and
NCI-H835 cells. This effect was confirmed by the study of apoptosis through the flow
cytometry with Annexin V and PI staining. In this assay, we observed a more potent pro-
apoptotic activity after sulfatinib compared to the other two drugs. The cell cycle analysis
showed that axitinib was the only TKI to significantly affect the cell cycle distribution of NCI-
H727 cells. It strongly reduced percentage of cells in Go/G1and S phases, while it increased
cell percentage in G2/M phase. In UMC-11, axitinib showed a similar but milder effect
compared to NCI-H727. Moreover, also sulfatinib and cabozantinib significantly reduced cell
percentage of cells in S phase. Finally, in NCI-H835 the most affected phase was the S
phase, reduced by all three TKIs. In addition, cabozantinib was also able to slightly increase

cells in G2/M phase.
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The wound healing assay showed a significant inhibition of cell migration only after
incubation with cabozantinib in NCI-H727 cells, whereas in UMC-11 no relevant effect was

observed after treatment with sulfatinib, cabozantinib and axitinib.

Interestingly, cabozantinib inhibited the tumor-induced angiogenesis in the zebrafish model
more efficiently than the other drugs in all three LNET cell lines. Axitinib resulted to be a
potent antiangiogenic compound, although slightly milder than cabozantinib, while sulfatinib
was the less potent compound. Cabozantinib confirmed its higher efficacy also to impair the
metastatic potential of LNET cells. This TKI was the only one to arrest cell migration,
evaluated through a wound-healing assay, and to inhibit the formation of micrometastasis in

zebrafish embryos.

It is known that LNETs are characterized by a highly vascularized network and a low
proliferation rate (92). Anti-angiogenic therapy might be an interesting strategy in LNETs
and few preliminary studies have recently suggested its efficacy. Sunitinib is a TKI acting on
VEGFR-1-3 and PDGFR-q, -B. In 2008, a two-cohort, phase Il study evaluated the efficacy
of this TKI in patients with pancreatic NETs and advanced carcinoids (also including lung
carcinoids, about 36% of the patients). This study reported an overall objective response
rate for sunitinib higher in pancreatic tumors (16.7%) than in carcinoid tumors (2.4%).
Despite its higher effects in pancreatic tumors, in both populations sunitinib was associated
with a preserved quality of life. Although they could not unravel the mechanism by which
this drug impacted on tumor growth, the authors hypothesized that targeting angiogenic
factors could have contributed to the anti-tumor activity observed in this study (93). In a
phase Il study, that included 44 patients with metastatic carcinoids (4 of which with LNET
as primary tumor), was observed the effect of bevacizumab, a monoclonal antibody that
selectively target VEGF, and pegylated interferon-a-2b. All patients were on a stable dose
of octreotide. The study was divided into 2 stages. In the first stage, patients were split into
2 groups (22 patients per group): one group received bevacizumab, the other received
pegylated interferon. In the second stage, patients received both agents. Bevacizumab
alone showed the most encouraging effects, as 21 of the 22 patients achieved a partial
response or stable disease, while only 16 out of 22 for the other drug. Moreover,

bevacizumab led to a reduction in tumor blood flow (94).

Although the impact of an angiogenesis-targeted therapy is still under investigation in LNET,
the results obtained in this PhD project suggest cabozantinib as a potential candidate in the

therapy of patients with highly vascularized LNET. Indeed, its fascinating outcome in
44



inhibiting tumor-induced angiogenesis in our zebrafish model could fit with the high
vascularization of this neoplasm. Moreover, the relevant effects of cabozantinib in inhibiting
tumor dissemination in our in vivo model could represent an enthralling strategy to prevent

development of metastasis.

A potential future prospect would be to evaluate the effect of cabozantinib in reducing tumor-
induced vessel disorganization. As tumor vessel are “leaky”, drug deliverance is often
impaired. Some studies have recently focused on stabilizing newly formed blood vessels in
order to fix this situation and improving medical therapy. Anisimov et al. designed a chimeric
molecule targeting both VEGF and angiopoietin-1. This compound was able to inhibit tumor-
induced angiogenesis and to promote the formation of stable vessels (95). Moreover,
vascular stabilization has also been reported to improve immune state of tumor
microenvironment. Normalization of blood vessels reduces the gather of
immunosuppressive cells, restores proper functions of connective tissue and stimulates
maturation of dendritic cells (96). For these reasons, it could be fascinating to explore these

mechanisms also in LNETS, due to their high vascularization.

5.2 Medullary Thyroid Carcinoma

In MTC, sulfatinib, SPP86 and SU5402 inhibited cell viability of both TT and MZ-CRC-1 cell
lines in a dose-dependent manner. While SU5402 was the drug with the milder effect in both
cell lines, both SPP86 and sulfatinib showed a relevant inhibition of cell viability.
Consistently, these two molecules shared a similar effect in the analysis of cell death, as
both of them were able to increase the fractions of cells in early and late apoptosis and
necrosis. SPP86 appeared to be the most effective compound in affecting the cell cycle. It
was able to decrease the percentage of cells in S phase and in G2/M phase for both TT and
MZ-CRC-1 cell lines. In vivo, both sulfatinib and SPP86 were able to significantly decrease
tumor-induced angiogenesis of implanted TT cells. Therefore, both sulfatinib and SPP86
potentially represent interesting compounds suitable for novel therapies in patients with
MTC. SPP86 is a RET-specific inhibitor (97). Almost all patients affected by MTC are
characterized by a mutation of the proto-oncogene RET (60, 98), which makes this receptor
a suitable target for MTC therapy (99). Currently, cabozantinib and vandetanib are
considered the first-line therapy in patients with advanced MTC (100). However, the long-
term use of these two inhibitors has strong limitations mainly due to their multi-target profile,

which leads to several side effects (59, 101-104). Studying molecules that specifically
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address RET receptor could be of high importance to limit the onset of adverse effects. As
our work showed a comparable effect between SPP86, a RET-specific inhibitor, and
sulfatinib, a multi-target VEGFR and FGFR inhibitor, SPP86 is expected to have a relevant
clinical role in the therapy of this tumor. In fact, targeting only RET, that is specifically
mutated in MTC, could potentially prevent several side-effects limiting the long-term use of
the multi-target TKIs currently approved for MTC treatment (cabozantinib and vandetanib).
This year, two RET-specific molecules have been approved by the FDA for the therapy of
RET-altered MTC: selpercatinib and pralsetinib (105-108). However, some cases of
acquired resistance to these inhibitors have been already reported. They showed
vulnerability to non-gatekeepers mutations of RET, thus conferring resistance to those
tumors harbouring these mutations, such as RET G810 and L730 mutations (109, 110). In
the literature there are no data about the efficacy of SPP86 in patients with advanced MTC
and no specificity or resistance to particular RET mutations has been reported so far. There
are only few in vitro studies on this compound showing a high selectivity for RET (ICso of
8nM) and capacity to inhibit RET signalling in cancer cell lines at low concentrations (111,
112). For these reasons, it is not currently possible to determine whether SPP86 is more
potent than selpercatinib and pralsetinib. Our study revealed promising effects on cell
proliferation, cell cycle and apoptosis and cell migration in vitro, and a significant impact on
tumor-induced angiogenesis in our in vivo model. Therefore, it may be interesting to
compare in future the antitumor activity of SPP86 with selpercatinib and pralsetinib, including
a detailed analysis on specific RET-mutations addressed by SPP86, to understand whether

it could be a feasible alternative for a RET-specific therapy.
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6. Conclusions

The present PhD project revealed a significant reduction of cell viability for all the TKIs tested
both in LNET and MTC cell lines. This effect appeared to be mainly mediated by cell cycle
modulation and induction of apoptosis. Despite sulfatinib resulted the most potent compound
in terms of inhibition of LNET cell proliferation, cabozantinib showed in vivo the most
effective impact in reducing tumor-induced angiogenesis. Consistently, cabozantinib was
the only TKI able to inhibit in vivo the dissemination of implanted LNET cells. According to
these data, cabozantinib could represent a potential candidate in the therapy of patients with

highly vascularized LNET.

In MTC cell lines, SPP86 and sulfatinib displayed a similar antitumor activity both in vitro
and in vivo, suggesting a good efficacy of specific RET inhibitors (SPP86) with potentially

less adverse effects than multitarget TKIs.

In addition, this study showed that the zebrafish model for NETs represents an innovative
tool for drug screening with several advantages compared with rodent models: rapidity of
procedure, animal immune suppression is not required, lower number of tumor cells for
implant and the optical transparency provides a real-time monitoring of cell-stromal
interactions and cancer progression in living animals. The possibility to implant PDXs opens
a promising scenario for the identification of personalized therapies in patients with
advanced LNETs and MTC.
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Dissemination of the results

The results sharing to the scientific community is one of the fundamental goals of any
scientific research. For this reason, it is our intention to publish in international peer-reviewed
journals the results achieved through this project, with a particular preference for Journals
with open-access policies. The “non-expert” public will be reached by advertising our project
in all available social and scientific events. Several outreach activities will be used, such as
articles in non-specialised press, public talks, workshops for patients with NETSs, etc. During

my PhD program, some of these have been already published or presented at one congress.
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- Gaudenzi G, Dicitore A, Carra S, Saronni D, Pozza C, Giannetta E, Persani L, Vitale
G. MANAGEMENT OF ENDOCRINE DISEASE: Precision medicine in neuroendocrine
neoplasms: an update on current management and future perspectives. Eur J Endocrinol.
2019 May 1. pii: EJE-19-0021.R1. doi: 10.1530/EJE-19-0021. [Epub ahead of print] Review.
PMID: 31048562

- Carra S, Gaudenzi G, Dicitore A, Saronni D, Cantone MC, Plebani A, Ghilardi A,
Borghi MO, Hofland LJ, Persani L, Vitale G. Vandetanib versus Cabozantinib in Medullary
Thyroid Carcinoma: A Focus on Anti-Angiogenic Effects in Zebrafish Model. Int J Mol Sci.
2021 Mar 16;22(6):3031. doi: 10.3390/ijms22063031. PMID: 33809722; PMCID:
PMC8002338.

- Vitale G, Cozzolino A, Malandrino P, Minotta R, Puliani G, Saronni D, Faggiano A,
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Applications. Front Endocrinol (Lausanne). 2021 Apr 14;12:665631. doi:
10.3389/fendo.2021.665631. PMID: 33935975; PMCID: PMC8080021.

Oral communication

- Congresso SIE 2019 Roma, 30 Maggio - 1° giugno 2019. Comunicazione Orale:
Targeting of fibroblast growth factor receptor pathway as a new anti-tumor strategy for
medullary thyroid cancer. Saronni D, Dicitore A, Gaudenzi G, Carra S, Borghi MO, Persani
L, Vitale G.
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Summary of the project for the public

Il mio progetto di dottorato ha avuto come scopo quello di valutare I'attivita antitumorale di
nuovi inibitori delle tirosin-chinasi nei tumori neuroendocrini, nello specifico in linee cellulari
di tumori neuroendocrini a lenta crescita e altamente vascolarizzati, quali tumori polmonari
di basso grado ed il carcinoma midollare della tiroide. Tale valutazione e stata condotta
attraverso esperimenti in vitro al fine di valutare gli effetti dei farmaci sulla vitalitd e morte
cellulare. Infine, abbiamo valutato in vivo I'efficacia dei farmaci sull’angiogenesi indotta dal
tumore (formazione di nuovi vasi in grado di fornire ossigeno e sostanze nutritive essenziali
alla crescita tumorale) e sul potenziale metastatico, utilizzando un innovativo modello
animale con embrioni di zebrafish. Abbiamo osservato una riduzione della vitalita cellulare
dose-dipendente, confermata da un aumento della morte cellulare, per tutti i farmaci usati.
Nelle linee tumorali del polmone il cabozantinib ha mostrato la maggiore inibizione
dell’angiogenesi, rendendolo cosi potenzialmente utile nella clinica per queste neoplasie.
Nel carcinoma midollare della tiroide, il RET-inibitore SPP86 ha mostrato capacita
antitumorali, sia in vitro che in vivo, simili al sulfatinib, rendendolo un potenziale farmaco da

valutare in futuri trials clinici.

The goal of my PhD project was to evaluate the antitumor activity of novel TKIs on NETSs, in
particular on low-grade, highly vascularized NET cell lines, such as LNET and MTC. This
evaluation was conducted in vitro with assays to analyse the effects on cell viability and cell
death. In vivo we evaluated the efficacy of drugs on tumor-induced angiogenesis (formation
of new blood vessels contributing to the dissemination of tumor cells and supplying nutrients
and oxygen for cancer growing) and the development of metastasis, taking advantage of an
innovative zebrafish model. We observed a dose-dependent reduction of cell viability,
confirmed by an increase in cell death after treatment with all tested compounds. However,
for LNET cells, cabozantinib showed the highest impact on in vivo angiogenesis, making it
an interesting molecule for the clinical treatment of these tumors. In MTC, the RET-inhibitor
SPP86 showed an anti-tumor activity, both in vitro and in vivo, comparable with sulfatinib,

suggesting a potential use in future clinical trials.
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Abstract

Neuroendocrine neoplasms (NENs) are traditionally considered as a single group of rare malignancies that originate
from the highly spread neuroendocrine system. The clinical management is complex due to the high heterogeneity of
these neoplasms in terms of clinical aggressiveness and response to the therapy. Indeed, a multidisciplinary approach
is required to reach a personalization of the therapy, including cancer rehabilitation. In this review, we discuss the
possibility to adopt a precision medicine (PM) approach in the management of NENs. To this purpose, we summarize
current knowledge and future perspectives about biomarkers and preclinical in vitro and in vivo platforms, potentially
useful to inform clinicians about the prognosis and for tailoring therapy in patients with NENs. This approach may

represent a breakthrough in the therapy and tertiary prevention of these tumors.

European Journal of
Endocrinology
(2019) 180, R1-R10

Introduction

Neuroendocrine neoplasms (NENs) are a group of
neoplasms derived from the neuroendocrine system,
expressing markers of neuroendocrine differentiation,
such as chromogranin A (CgA), synaptophysin and
neuron-specific enolase (NSE), as well as several hormones
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that currently play an important role in establishing the
treatment are substantially the grade and the stage of
the tumor, the anatomic site of origin and the presence
of a functioning syndrome. However, clinical efficacy
of current treatment strategies is limited by the high
biological heterogeneity of these neoplasms in the
clinical aggressiveness and response to the therapy (2).
In this context, a precision medicine (PM)-based strategy,
through the biomarker-driven approach and preclinical
models, could be helpful for the management of
NENSs (Fig. 1).

Biomarkers in PM for NENs

Tissue biomarkers, routinely used in the clinical practice,
have a diagnostic role in verifying the neuroendocrine
phenotype (CgA, synaptophysin and NSE), determining
the grade (Ki-67 and mitotic count) and discriminating
between functioning serotonin, insulin,
gastrin, glucagon, VIP, somatostatin, catecholamines,
PTHrp, ACTH, GH, ADH, calcitonin, GNRH, CRH, etc.) or
non-functioning tumors (3). However, currently available
neuroendocrine phenotype markers have some limitations
in the diagnostic phase when dosed in the blood. Despite
being long identified as the most relevant NEN-related

(secreting
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serum marker, the utility of circulating CgA is limited for
the diagnosis of NEN. CgA assays still lack standardization,
thus limiting not only clinical management but also the
comparison between different analyses. Moreover, the test
specificity is hampered by non-oncological causes, such as
benign diseases and iatrogenic conditions (proton pump
inhibitors and histamine type-2 receptor antagonists),
and by the fact that a variety of non-NEN malignancies
are characterized by increased CgA levels (4, 5, 6). Another
limitation of CgA assays is the sensitivity that ranges
between 32 and 92% and is dependent on the type of
NEN, the functional status and the size of the tumor (3).
Circulating NSE is also not relevant for the diagnosis of
NEN, being not actively secreted but released by tumor cells
with an intense cytolysis in poorly differentiated NEN (4).
Conversely, the 24h urinary 5-hydroxyindoloacetic acid
(5-HIAA) has a potential diagnostic utility as all markers
of functioning endocrine syndromes. 5-HIAA is increased
in typical carcinoid syndrome, and therefore, represents a
crucial marker, particularly in ileal NENs associated with
carcinoid syndrome where the sensitivity and specificity
can reach 85 and 100%, respectively (4).

In addition to diagnostic biomarkers, another area
of interest for NENs includes the research of biomarkers
with a prognostic value. Ki-67 index and mitotic count
are routinely used to determine the tumor grading and
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cell proliferation rate. While Ki-67 index has a prognostic
role in gastroenteropancreatic (GEP)-NENSs, relatively less
data support the same use for bronchial NENs (7, 8). The
mitotic count has been shown to be prognostic in most
of the NENs (9, 10). Elevated CgA and NSE levels are
associated with poor progression-free survival (PFS) and
overall survival (OS) in NENSs. In addition, NSE expression
is usually elevated in poorly differentiated NENs (11).

Other studies have been focused on the research of
prognostic biomarkers between members of PI3K-AKT-
mTOR pathway (12). In this context, the overexpression
of mTOR protein has been suggested as a negative
prognostic factor (13). In pancreatic NENs mutations in
PI3BK-AKT-mTOR pathway genes have been reported in
15% of patients. These genetic alterations seem to confer
worse prognosis than other mutations linked to NENs
(14). Genetic alterations of TSC2 have been reported in
8% of pancreatic NENs and resulted to be associated with a
reduced OS (15). On the other hand, although loss of 10q,
the region containing PTEN, was present in about 30%
of pancreatic NENs (16) and mutations in PIK3CA/PTEN
have been found in 22% of poorly differentiated NENS,
no prognostic value has been reported for these genetic
modifications (17, 18). Indeed, given the complexity
of this pathway, increased by the cross-talk with other
molecular signaling, further studies are needed to get
new insights into the prognostic role of its genetic and
molecular alterations.

A great interest in the research of NEN biomarkers is
represented by the identification of predictors of tumor
response to the medical therapy. Although Ki-67 and
mitotic count are currently used in the decision making
of NENs treatment, technical issues about measurement
of these parameters and tumor heterogeneity may
weaken their predictive role (19). In addition, none of
conventional circulating biomarkers have shown a high
predictive accuracy (20). However, recent studies have
investigated the potential predictive role of therapeutic
response to current anti-cancer therapy for several
biomarkers in NENs. These biomarkers are grouped on the
basis of therapeutic interventions as follows:

e Somatostatin analogs (SSAs) and peptide receptor
radionuclide therapy (PRRT): Although most clinicians
agree that the presence of somatostatin receptors
(SSTRs) should be verified before treatment with
SSAs is initiated (21), only few studies showed that
SSTR expression can predict the response to the
therapy with SSAs in NENs (22, 23, 24). However, in
CLARINET and PROMID trials, showing a significant
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delay in disease progression after treatment with
SSA, SSTR scintigraphy was positive in 100 and 86%
of enrolled patients, respectively (25, 26). One of the
most clinically relevant therapeutic innovation in
NEN has been the development of PRRT through the
use of SSAs labeled with beta-emitting radionuclides,
in patients with unresectable grade 1 or 2 NENs and
high SSTR expression (27). In these cases, nuclear
medicine imaging, such as scintigraphy with ''Indium
pentetreotide (OctreoScan®) or *mTcEDDA/HYNIC-
octreotate and positron emission tomography (PET)
with %Ga-labeled radioligands, has some predictive
ability in determining the functional response.

e mTOR inhibitors: Although in several clinical studies,

no valid biomarker has been identified so far to predict
response to mTOR inhibitors, such as everolimus, few
preclinical studies have recently explored mechanisms
involved in the resistance to mTOR inhibitors. These
data would be useful in future for the identification
of predictive biomarkers. Besides KRAS and PIK3CA
mutations, that conferred resistance to everolimus
therapy (28), it has been showed that loss of PTEN and
LKB1 with activation of c-Myc decreased sensitivity to
treatment with mTOR inhibitors in pancreatic NEN
cell lines (29). Evidence collected on human bronchial
NEN primary cultures suggested that lower expression
of mTOR, p70S6K, AKT and ERK1/2 could be predictive
markers of resistance to mTOR inhibitors (30). Other
genetic alterations correlated with resistance to
everolimus therapy, such as the FGFR4-G388R single
nucleotide polymorphism (31).

Given that mTOR inhibition reduced VEGF-A
secretion in three murine GEP-NEN cell lines (32), it has
been proposed that levels of this cytokine could measure
the response to everolimus (33). However, circulating
VEGF-A in NEN patients treated with everolimus has
not shown a clear predictive value yet. The tumor
uptake of 8Zr-bevacizumab, a radioactive-labeled
VEGF-A antibody,
treatment in patients with well-differentiated NENS.
Therefore, serial 3Zr-bevacizumab PET might be useful
as an early predictive imaging-based biomarker for the
treatment with everolimus or other drugs targeting
VEGF system in NEN patients (33).

e Antiangiogenic therapies: Sunitinib is a multi-targeted
tyrosine kinase inhibitor. Among tissue biomarkers,
low Ki-67 and pAKT expression correlated with a better
response to sunitinib in NENs (34). The predictive
role of circulating levels of VEGEF soluble VEGF
receptors (SVEGFR-2 and sVEGFR-3), IL-8 and stromal

diminished during everolimus
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cell-derived factor (SDF)-la, have been analyzed in
patients with pancreatic NEN and carcinoid tumors
treated with sunitinib. Baseline level of sVEGFR-2
resulted more elevated in patients with pancreatic
NEN and longer OS (35), as previously reported in
NEN patients treated with pazopanib, another tyrosine
kinase inhibitor (36). In carcinoid patients low pre-
treatment IL-8 levels were associated with longer PFS
and OS. In addition, low baseline concentrations of
SVEGFR-3 and SDF-1a were associated with longer PFS
and OS in both pancreatic NENs and carcinoid tumors
patients (35). A significant increase from baseline of
VEGEF, IL-8 and SDF-1a, and a decrease in sVEGFR-2
and sVEGFR-3 were observed in patients with
NENSs at the end of the first cycle of treatment with
sunitinib (35).

Bevacizumab, a VEGF monoclonal antibody, is
another targeted therapy used in advanced NENSs.
In patients with metastatic or unresectable NEN, the
decrease in blood flow and blood volume observed
through perfusion CT during treatment with
bevacizumab and everolimus correlated with RECIST
response (37). However, larger prospective studies are
needed for validation of these potential predictive
biomarkers.

e Standard chemotherapy: Ki-67 has been proposed for
selecting patients for chemotherapy in NENs due to the
direct association between tumor grade and response
(38). However, clinically useful threshold for Ki-67
has not well defined (38). Other predictive biomarkers
have been currently identified for cytotoxic drugs. In
pancreatic NENSs, a positive OctreoScan® was predictive
of an objective response to streptozocin/5-fluorouracil/
doxorubicin (39). Moreover, it has been reported that
MGMT promoter methylation status and protein
deficiency were associated with a better response rate
to alkylating agents (40, 41). In pheochromocytomas
and paraganglioma patients with SDHB mutations
showed a higher risk for developing metastatic disease,
but they responded better than non-mutation carriers
to the therapy with cyclophosphamide, vincristine
and dacarbazine (42).

In the last years, due to a better understanding of molecular
mechanisms involved in the development of NENs (43)
and advances in the technologies, a new generation
of biomarkers and multiple assays have been recently
developed. Preliminary data are available in NENs:

e Circulating tumor cells (CTCs) could provide prognostic
information in real time and in terms of tumor

progression and OS in NENs (44, 45). Patients with a
negative CTC count showed a better prognosis in terms
of PES and OS as compared to patients with >1 CTC.
In addition, a >50% reduction of CTCs count after the
treatment was associated with a better outcome (45).
Therefore, CTC detection could be also an attractive
method to monitor disease progression and response
during the treatment. In addition, the molecular
characterization of isolated CTCs might have clinical
relevance for therapeutic decision making through the
identification of specific molecular targets (45). SSTRs
have been recently measured in CTCs isolated from
patients with GEP-NENSs (46). This could be useful in
future for the selection of patients to treat with SSAs or
PPRT. A recent study showed that CTC copy number
alteration may represent a new predictor of response
to chemotherapy in patients with small-cell lung
cancer (47).

Circulating tumor DNA (ctDNA) consists of short
nuclear fragments (~166bp) released in the blood
from apoptotic or necrotic tumor cells. ctDNA analysis
can be potentially useful for NEN management. It
has been observed that the ctDNA levels rise during
tumor progression, whereas decline after therapy.
In this way, ctDNA levels surveillance could guide
drug treatment and provide a more comprehensive
representation of the mutational landscape of the
NEN, as recently reported in few anecdotal reports (48,
49). In addition, changes in allele frequencies over
time could reflect subclonal evolution, supplying the
opportunity to adjust the therapy in order to overcome
newly developing resistance. Finally, it has been noted
an upward trend in ctDNA concentration earlier than
current biomarkers, useful for an earlier prediction of
disease recurrence (50).

miRNAs are endogenous small non-coding RNAs
that control post-transcriptional eukaryotic gene
expression. Their tissue and blood levels have been
associated to prognosis and prediction of therapeutic
outcome in several cancers. As reported by Zatelli
et al., few evidences are currently available about the
prognostic potential of miRNAs in NENs and they
are limited to their tissue expression in lung NENs,
pancreatic NENs, medullary thyroid cancer and
pheochromocytoma (51).

NETest is a multianalyte liquid biopsy procedure
that measures the circulating expression level of 51
genes involved in cancerogenesis, cell proliferation,
signaling, secretion and metastasis formation through
a peripheral blood real-time polymerase chain reaction.
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This procedure has been tested in GEP and pulmonary
NENSs. The NETest provides with high sensitivity (85—
98%) and specificity (93-97%) information about the
diagnosis, completeness of surgical resection and the
presence of residual disease in patients with NENs.
This test can also predict the therapeutic efficacy of
SSAs and PRRT (52). Moreover, NETest is standardized,
reproducible and is not influenced by age, gender,
ethnicity, fasting or proton pump inhibitors (53).

e OncoTreat is an innovative platform based on the
systematic prioritization of anti-cancer drugs. The
rationale of OncoTreat starts from the ability of drugs
to invert the expression profile of master regulator
proteins, whose coordinated activity is necessary for the
modulation of tumor check points (54). OncoTreat was
set up in a cohort of 212 patients with GEP-NEN. In the
first phase, a transcriptome analysis identified several
master regulator proteins that include key regulators
of neuroendocrine lineage progenitor state and
immunoevasion. In the second phase, a prioritization
of small molecules was performed by a transcriptome
analysis aimed at identifying which molecules
were able to invert the activity of GEP-NEN master
regulator proteins in H-STS cells, a cell line derived
from GEP-NEN patient (55). Interestingly, results of
this study lead FDA to approve the Investigational
New Drug Application for entinostat in GEP-NENs
(54). Therefore, OncoTreat appears to be a promising
strategy for the development of PM applications,
ideally complemented by preclinical models to predict
which drugs a patient will respond to.

The promising role of preclinical models
in PM

Although the biomarker-driven approach is contributing
to the evolution of tailored therapies for some tumors,
the characterization of the genetic and molecular profiles
of tumor cells does not often translate into a successful
clinical outcome, due to the spatial and temporal
heterogeneity of these cells (56). Several preclinical
models have been indicated as promising platform for
the development of PM applications, able to capture the
heterogeneous nature of human cancers. For instance,
short-term primary culture cells derived from solid
tumors, also known as ex vivo, have gained significant
importance in personalized cancer therapy (57). Recently,
a human platform technology called CANscript™ has
been developed to predict the response to anti-cancer
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drugs in patients with head and neck squamous cell
carcinoma and colorectal cancer. Thin tumor sections
were cultured ex vivo, on grade-matched tumor matrix
support in a medium addicted with autologous patient
serum and treated with selected drugs. Then, the clinical
response was predicted from several parameters detected
on ex vivo cultures, by a sophisticated machine-learning
trained algorithm, showing a 100% sensitivity and 92%
specificity (58).

Nowadays, patient-derived xenografts (PDXs) in mice
represent the most robust and investigated experimental
platform for the development of PM applications (59).
To generate PDXs, solid tumors, collected after surgery or
biopsy procedures, are inoculated as pieces or single-cell
suspensions subcutaneously into the flank or in the same
organ, as the original tumor of the animal. Several mouse
strains, having different degrees of immunosuppression
are currently available for these studies (60). Although
an engraftment-associated selection has been reported,
PDXs preserve the histological organization, the
genetic and epigenetic mutational profile and the gene
expression patterns, as in the patient counterpart. PDXs
have showed also a high potential in predicting drug
response to pharmacological treatments, as demonstrated
in colorectal cancer (61). PDXs have been recently used
to perform co-clinical studies, in which patient-derived
tumor cells, isolated from a patient enrolled in a clinical
trial, are implanted into immunocompromised mice
that are subsequently treated with the same drugs of
the patient to emulate clinical response (62). Compared
to conventional phase I/II clinical trials, PDX-based
co-clinical studies have the advantage of analyzing and
integrating preclinical and clinical data in a real-time
manner. This aspect is crucial to study mechanisms of
drug resistance and to explore the therapies that can be
administered to the patient (60).

Preclinical models for PM in NENs

Several preclinical models have been recently developed
in NENs (Fig. 1) with relevant advantages and potential
application in the clinical management of this tumor
(Table 1).

In vitro models

Although human immortalized NEN cell lines have
significantly contributed to the study of pathways

involved in carcinogenesis and the screening of
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Table 1 Advantages and limitations of NEN preclinical models.
Advantages Limitations
Immortalized cell lines * Unlimited lifespan + Lack of cellular heterogeneity
+ Easy to handle and manipulate + Accumulation of genetic changes over time

+ Large number of cells

+ Study of pathways involved in

* Loss of well-differentiated neuroendocrine
phenotype

carcinogenesis and preliminary drug

screening
Primary cultures (2D and 3D + Fast procedure
organoids) + Identification of novel molecular targets
and drug screening
Murine patient-derived + Realistic heterogeneity of tumor cells .
xenografts + Preservation of genetic and epigenetic ¢

characteristics of primary tumor .
+ Preclinical drug screening and co-

clinical trials

+ High prognostic and predictive

+ Possible loss of tumor heterogeneity

Difficulties in the culture establishment due to

the low proliferation rate of NENs

Large number of tumor cells

Long time to establish

Immunosuppressed animals limit a realistic

tumor microenvironment

+ Difficulties to generate mouse xenograft
models able to metastasize

potential + Possibility of engraftment-associated selection
+ Low engraftment rate for NENs
Zebrafish patient-derived + Small number of tumor cells for the + Difficulties in orthotopic implantation
xenografts implant + Difficulties in long-term analyses

+ Possibility to implant high number of .

embryos
* Real-time visualization

+ Fast model for the analysis of tumor-

Several organs or systems are still developing
in embryos

+ Little knowledge about the maintenance of
tumor microenvironment in zebrafish

induced angiogenesis and migration
+ Lack of an acquired immune system in

embryos and larvae
+ High engraftment rate

+ Preclinical drug screening and co-

clinical trials
+ High predictive potential

compounds with antitumor activity and related drug
resistance mechanisms (63), they have some limitations,
such as the accumulation of genetic changes over time in
culture and the lack of cellular heterogeneity. In addition,
some NEN cell lines do not display well-differentiated
neuroendocrine phenotype or have a very low expression
of some key receptors for drug treatment (such as SSTRs).
In this context, experimental data obtained from NEN
cell lines should be carefully validated with primary
cell cultures derived from NEN patients (64), even if
establishment of these cells could be difficult, due to the
low proliferation rate of NEN cells. In the context of PM,
the main advantage of primary tumor cell culture is the
possibility to evaluate the potential efficacy of several
antitumor compounds in a short time, through a system
where intratumor heterogeneity and the original genetic
signature of the tumor are preserved (57). NEN primary
cell cultures could also be used to perform preliminary
preclinical studies for the identification of novel druggable
molecular targets.

Powerful in vitro platforms, which can facilitate the
development of PM strategies, have been recently set
up using 3D patient-derived organoid cultures also in

NENs (65). Organoids can be cultured from a small
sample size, derived from needle biopsy and generated
from different areas of the tumor in order to better mimic
genetic and phenotypic heterogeneity of the tumor (66).
These models could serve as a platform to combine high-
throughput drug screening and genomic analysis on
patient-derived tumor samples, thus offering a unique
opportunity to stratify and identify efficacious therapies
for individual patients.

In vivo models

NEN-PDX murine models of MTC (67) and high-grade
pulmonary NENs (68) have been used in preclinical
research to investigate the efficacy of experimental anti-
cancer drugs. NEN-PDX murine models recapitulate
some peculiarity of tumors in patients. For instance, the
gastric neuroendocrine carcinoma PDX model GA0O087
has showed a metastatic behavior supported by the
high expression of VEGF-A as in patients with gastric
NEC (69). A genomewide analysis on a PDX model of
neuroendocrine prostate cancer in mice has showed that
CBX2 and EZH2, members of the polycomb group family
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of transcriptional repressors, are upregulated, as in patients
with this disease (70). PDXs of pancreatic NEN can develop
resistance to everolimus. In this study, the inhibitor of the
mTOR pathway sapanisertib showed a potent antitumor
effect also on everolimus-resistant PDXs, leading to the
suggestion of a new alternative pharmacological strategy
for everolimus-resistant NEN (71). However, the use of
murine NEN-PDX models is very limited in the research
of PM strategies probably due to the rarity of NENS,
the limited size of post-surgical samples for most of
these tumors and the low rate of successful tumor
engraftment (72).

Recently, zebrafish PDX (zPDX) has been suggested
as promising platform for the development of PM
applications (73, 74). Fior and collaborators
demonstrated that zPDX has a strong predictive
potential in patients with colorectal cancer treated with
chemotherapy and biological therapy (74). In this respect,
we have recently set up a NEN-zPDX platform, based on
the injection of red fluorescent labeled NEN cells into the
subperidermal cavity of Tg(flila:EGFP)"! zebrafish embryos
(73, 75). This transgenic line, expressing the enhanced
green fluorescent protein (EGFP) in the endothelial
cells of the entire vascular tree, offers the possibility to
estimate the proangiogenic potential and the metastatic
behavior of injected tumor cells derived from each patient
tissue. In addition to the advantages due to the intrinsic
features of the zebrafish model, as the high fecundity, the
outer fertilization and the optical transparency, our PDX
platform can overcome some general drawbacks of murine
engraftment procedure. Although mouse is considered
the gold standard for PDXs, several limitations have been
reported, such as the large number of tumor cells to be
implanted (about 1 million for each animal) and the long
time required for the implantation (from several weeks
to months), the need of immunosuppressed animals to
avoid transplant rejection and the difficulties to generate
mouse xenotransplant models able to metastasize (76).
We have demonstrated that NEN PDXs can stimulate
angiogenesis in zebrafish embryos within few days and
without the need of immunosuppression, because the
adaptive immune response is not completely developed
during the early development of zebrafish (73). Compared
to mouse tumor models, in which the spread of tumor cells
cannot be analyzed in real time after the transplantation,
the transparency of zebrafish embryos allows to follow
in real time the invasive behavior of fluorescent-labeled
tumor cells (73). Besides, in zebrafish model, the
possibility to study the effects of small tumor implants
(100cells/embryo) resulted particularly

have

suitable for
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NENs, where post-surgical availability of tumor cells
is often limited. Interestingly, the success of NEN cells
transplantation in zebrafish embryos resulted to be
extraordinary higher compared than that reported for
murine PDXs (72).

In the near future, additional studies will be
fundamental to clarify if NEN zPDXs and NEN patients
might have similar response to the available therapeutic
options, as recently reported for colorectal cancer (74).
These studies could be supported by the versatility of
zebrafish embryos in drug screening. Indeed, because of
the permeability of zebrafish embryos to small molecules,
a number of compounds can be added directly to the
embryo water, whereas larger or not water-soluble
molecules need to be injected into the body of the
embryo to ensure drug uptake. The effects of antitumor
compounds on tumor-induced angiogenesis, invasiveness,
metastatic dissemination and tumor cell proliferation can
be easily evaluated by epifluorescence microscopy and
confocal microscopy within 3 days after implantation.

Conclusions

Several biomarkers are routinely used for the classification
of NENs and are currently relevant for the treatment
selection. Although several prognostic and predictive
biomarkers, which could support tailoring therapies have
been recently identified (Fig. 1), most of them are far from
being routinely adopted in clinical practice and further
insights are needed.

Few available preclinical in vitro and in vivo models,
derived from NEN patient cells, have provided first
evidences of preserving molecular and behavioral features
of the original NEN. The most promising preclinical
platforms for PM in NENs are PDXs in mice and zebrafish
embryos (Fig. 1). However, additional studies are needed
to analyze the predictive potential of these innovative
tools, as well as their translatability into the clinical
practice, in order to improve the survival and quality of
life in patients with advanced NENs.
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Abstract: Medullary thyroid carcinoma (MTC) is a tumor deriving from the thyroid C cells. Van-
detanib (VAN) and cabozantinib (CAB) are two tyrosine kinase inhibitors targeting REarranged
during Transfection (RET) and other kinase receptors and are approved for the treatment of advanced
MTC. We aim to compare the in vitro and in vivo anti-tumor activity of VAN and CAB in MTC.
The effects of VAN and CAB on viability, cell cycle, and apoptosis of TT and MZ-CRC-1 cells are
evaluated in vitro using an MTT assay, DNA flow cytometry with propidium iodide, and Annexin
V-FITC/propidium iodide staining, respectively. In vivo, the anti-angiogenic potential of VAN and
CAB is evaluated in Tg(flila:EGFP)Y! transgenic fluorescent zebrafish embryos by analyzing the
effects on the physiological development of the sub-intestinal vein plexus and the tumor-induced
angiogenesis after TT and MZ-CRC-1 xenotransplantation. VAN and CAB exert comparable effects
on TT and MZ-CRC-1 viability inhibition and cell cycle perturbation, and stimulated apoptosis with a
prominent effect by VAN in MZ-CRC-1 and CAB in TT cells. Regarding zebrafish, both drugs inhibit
angiogenesis in a dose-dependent manner, in particular CAB shows a more potent anti-angiogenic
activity than VAN. To conclude, although VAN and CAB show comparable antiproliferative effects
in MTC, the anti-angiogenic activity of CAB appears to be more relevant.

Keywords: medullary thyroid carcinoma (MTC); zebrafish; tumor xenograft; tyrosine kinase in-
hibitors (TKIs); angiogenesis; cabozantinib; vandetanib

1. Introduction

Medullary thyroid carcinoma (MTC) is a rare neuroendocrine tumor, that arises from
calcitonin-producing parafollicular C cells of the thyroid gland [1,2]. Although the majority
of MTCs are sporadic, in 25% of patients this malignancy occurs in a hereditary form as
the dominant component of the Multiple Endocrine Neoplasia (MEN) type 2 syndromes,
MEN2A and MEN2B, or familial MTC [3,4]. Alterations in the REarranged during Transfection
(RET) proto-oncogene represent the most crucial events that lead to the development of
MTC. RET encodes a transmembrane receptor of the tyrosine kinase family [5-9]. The
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clinical course of patients with MTC is variable, ranging from mild to extremely aggressive.
Occurring at diagnosis, about half of the patients present with an advanced stage (III or
IV) [3,10]. Surgery is the only curative treatment for MTC since other therapies, including
radiotherapy and chemotherapy, have not demonstrated an improvement in long-term
survival [3,11].

Although genetic alterations of RET are considered the main event involved in the
pathogenesis of the vast majority of MTC cases, other kinase receptors may play an
important role in the development and progression of this malignancy. Overexpression
of epidermal growth factor receptor (EGFR), vascular endothelial growth factor receptors
(VEGERSs), fibroblast growth factor receptor 4 (FGFR-4), and tyrosine kinase receptor for the
hepatocyte growth factor (encoded by the MET proto-oncogene) often has been reported
in MTCs [12]. The increased understanding in the molecular pathogenesis of MTC has
led to the testing of several tyrosine kinase inhibitors (TKIs) specific for RET and other
potential targets involved in angiogenesis [13,14]. Indeed, MTC is highly vascularized,
and the impairment of tumor-induced angiogenesis represents an effective therapeutic
approach [15-17].

Vandetanib (VAN) and Cabozantinib (CAB) are TKIs currently used for treating
unresectable, progressive, and symptomatic MTCs. These drugs increase progression-free
survival [18-20]. VAN (ZD6474) targets RET, VEGFR-2 and -3, FGFR, and EGFR [14,21,22].
CAB (XL184) is a small molecule targeting RET, VEGFR-2 and MET [23,24]. A head-to-
head comparison in the same clinical trial between VAN and CAB has not been published
yet. Two different phase III trials, ZETA and EXAM, evaluated the anti-tumor activity
of VAN and CAB, respectively, versus a placebo [25,26]. However, several differences
in study-design and enrolled populations make it difficult to make a direct comparison
between these two drugs [27-29]. More recently, a retrospective multicenter study collected
clinical data from a cohort of 48 patients with metastatic or locally advanced MTC who
received treatment with VAN and/or CAB. Median progression-free survival for VAN and
CAB were 17 and four months, respectively. However, the poorer prognosis of patients
treated with CAB might be due to the high number of patients receiving CAB as second-
line treatment after VAN treatment failure, when the course of the disease was more
aggressive [30].

Lacking clinical trials directly comparing VAN versus CAB in patients with MTC,
there are only a few in vitro studies evaluating the cell survival and anti-proliferative
effects of these compounds in MTC cell lines [31,32]. Presently, comparative studies in vitro
and/or in vivo on the effects of VAN and CAB on tumor-induced angiogenesis in MTC
have not been published.

The zebrafish (Danio rerio) is a powerful animal model that has become an important
preclinical tool particularly suitable for analyzing different aspects of tumor growth and
progression, such as cell-stromal interactions, tumor-induced angiogenesis, and metastasis
formation by performing xenotransplantation of human or mouse cancer cells in several
sites of embryos [33]. Taking this context, we have recently developed an in vivo platform,
based on xenotransplantation of neuroendocrine tumor cells in Tg(flila:EGFP)Y transgenic
fluorescent zebrafish embryos expressing EGFP (Enhanced Green Fluorescent Protein)
under the control of the endothelial-specific gene promoter flila [34-36]. The implantation
of MTC cell lines allows us to follow in vivo tumor-induced angiogenesis. Moreover, taking
advantage of the permeability of zebrafish embryos to small molecules dissolved in their
culture media, it is easy to study the anti-angiogenic activity of TKIs.

The aim of the present study is to compare in vitro and in vivo the anti-tumor activity
of VAN and CAB in MTC, with a particular focus on angiogenesis through this innovative
zebrafish model.
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2. Results

2.1. Effects of Vandetanib (VAN) and Cabozantinib (CAB) on Cell Viability in Human Medullary
Thyroid Carcinoma (MTC) Cell Lines

Following six days of incubation, both vandetanib (VAN) and cabozantinib (CAB)
significantly decreased the viability of TT (Figure 1a) (VAN, ICso: 1.5 x 10~ M, maximal
inhibition: —92.7%; CAB, ICs(: 1.7 x 1077 M, maximal inhibition: —91.2%) and MZ-CRC-1
(Figure 1b) (VAN, ICsp: 1 x 10~7 M, maximal inhibition: —83.7%; CAB, ICs0: 1.5 x 1077 M,
maximal inhibition: —74.9%) cell lines. Considering these results for further in vitro
experiments, we selected the ICsy concentrations of VAN and CAB in MTC cells after six
days of incubation.
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Figure 1. Effects of vandetanib (VAN) (O) and cabozantinib (CAB) (M) on cell viability in TT (a) and MZ-CRC-1 (b) cell
lines measured using an MTT assay. Cells were incubated for six days with vehicle (control), or with the drug at different
concentrations, as described in the Material and Methods. Dose response curves were expressed as a nonlinear regression
(curve fit) of log (concentration drug) versus the percentage of the control. Values represent the mean + S.E.M. of at
least three independent experiments in six replicates. Control (CTR) values have been set to 100%. * p < 0.05; ** p < 0.01;

4 ) < 0.001.

2.2. Effects of Vandetanib (VAN) and Cabozantinib (CAB) on Cell Cycle

Both drugs decreased significantly the fraction of TT cells in the S and G, /M phases
after six days of incubation, with a more prominent effect after cabozantinib (CAB) (—59.5%
and —22.3% versus the untreated control, p < 0.001 and p < 0.01, respectively) compared
to vandetanib (VAN) (—31.4% and —12.5% versus the untreated control, p < 0.001 and
p < 0.05, respectively) (Figure 2c,d); together with a concomitant accumulation of cells in
Go/G1 (VAN: +29.3%, CAB: +20.1%, p < 0.05) (Figure 2b) and sub-G1 phase (VAN: +141%,
CAB: +176%, p < 0.001) (Figure 2a). Regarding MZ-CRC-1 cells, VAN exerted a more
potent effect in decreasing cells in S (—61.7%, versus the untreated control p < 0.001) and
Gy /M (—26.5%, versus the untreated control p < 0.05) phases (Figure 2g,h) compared to
CAB, which significantly decreased the number of cells in the S phase (—34.2% versus the
untreated control, p < 0.01) (Figure 2g). Similarly, both drugs increased the proportion of
MZ-CRC-1 cells in the Gg/G; phase (VAN: +11.8%, versus the untreated control, p < 0.01;
CAB: +9.6% versus the untreated control, p < 0.01) and the sub-G1 phase (VAN: +98%,
p < 0.05; CAB: +91%, p < 0.01) (Figure 2ef).
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Figure 2. Effects of vandetanib (VAN) and cabozantinib (CAB) on the cell cycle in medullary thyroid carcinoma (MTC) cell
lines. Cell cycle analysis after six days of incubation with VAN and CAB in TT (a—-d) and MZ-CRC-1 cell lines (e-h). Cells
were detected using FACS analysis after staining with propidium iodide. Control (CTR) values have been set to 100%. Cell

cycle distribution is expressed as the percentage of cells in the Gy/Gy, S, and G, /M phases compared to the untreated CTR.

Values represent the mean + S.E.M. of at least three independent experiments. * p < 0.05; ** p < 0.01; *** p < 0.001.

2.3. Effects of Vandetanib (VAN) and Cabozantinib (CAB) on Apoptosis

Following six days of incubation, both drugs significantly increased the fraction of
medullary thyroid carcinoma (MTC) cells in apoptosis. Cabozantinib (CAB) showed a more
potent increase in the number of TT cells in early apoptosis (+1750% versus the untreated
control, p < 0.001) and late apoptosis (+316% versus the untreated control, p < 0.001)
compared to vandetanib (VAN) (+805% and +215% versus the untreated control, p < 0.001
and p < 0.01, respectively) (Figure 3a,b). There was no statistically significant change
in the number of necrotic treated TT cells compared to the untreated control (Figure 3c).
Regarding MZ-CRC-1, VAN markedly increased the fraction of cells in early apoptosis
(+488%, versus the untreated control, p < 0.05), late apoptosis (+106% versus the untreated
control, p < 0.05) and necrosis (+117% versus the untreated control, p < 0.01). A lower
pro-apoptotic activity was observed with CAB, which increased the fraction of MZ-CRC-1
cells in early apoptosis (+396% versus the untreated control, p < 0.05), late apoptosis (+77%
versus the untreated control, p < 0.05) and necrosis (+85% versus the untreated control,
p < 0.01, respectively) (Figure 3d—f).
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Figure 3. Effects of vandetanib (VAN) and cabozantinib (CAB) on apoptosis in medullary thyroid carcinoma (MTC) cell
lines. Cell death analysis after six days of incubation with VAN and CAB in TT (a—c) and MZ-CRC-1 cell lines (d-f) through
flow cytometry with Annexin V and propidium iodine. The proportions of cells in early apoptosis (a,d), late apoptosis (b,e)
and necrosis (c,f) were expressed as the percentage compared with the untreated control (CTR) and represent the mean +
S.E.M. of at least three independent experiments. * p < 0.05; ** p < 0.01; *** p < 0.001.

2.4. Effects of Vandetanib (VAN) and Cabozantinib (CAB) on Physiological Angiogenesis in
Zebrafish Embryos

To test the anti-angiogenic potential of vandetanib (VAN) and cabozantinib (CAB)
on the physiological angiogenesis of transgenic fluorescent zebrafish Tg(flila:EGFP)¥!, we
treated embryos with different concentrations of these tyrosine kinase inhibitors (TKIs)
dissolved in the culture media. Following 24 h of treatment, we analyzed the development
of the SIV (sub-intestinal vein) plexus, in particular we counted the number of vertical
vessels comprising the SIV basket. Occurring at 72 h post fertilization (hpf) in the control
embryos treated with vehicle dimethyl sulfoxide (DMSO), SIV developed as a basket-like
structure over the yolk, blood vessels were lined in an orderly vertical pattern, and the
integrity appeared to be well maintained (Figure 4a). Embryos treated with increasing
concentrations of VAN and CAB showed a dose-dependent reduction in the number of
vertical vessels and their size appeared narrower than those observed in the controls
(Figure 4b—e). CAB displayed a more potent anti-angiogenic effect than VAN (Figure 4b—e).
Occurring at 5 x 107° M, the highest tested dose for CAB, we observed a complete
inhibition of the SIV vessel formation in embryos (Figure 4c,e) while, at this concentration,
VAN (Figure 4b,d) only moderately reduced the number of vertical vessels in embryos
compared to the control (Figure 4a).
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Figure 4. Anti-angiogenic effect of vandetanib (VAN) and cabozantinib (CAB) on the physiological
development of the zebrafish sub-intestinal vein (SIV) plexus. Representative fluorescence images of
the SIV basket of 72 hpf Tg(flila:EGFP)Y! zebrafish embryos treated for 24 h with dimethyl sulfoxide
(DMSO) (a), 5 x 107 M VAN (b) and CAB (c). Following 24 h of VAN (d) and CAB (e) treatments
at different concentrations, the number of vertical vessels comprising the SIV basket was counted
and compared with that of the control (CTR) embryos. Graphed values represent the mean £+ S.E.M.

L3

p < 0.001 versus the CTR. Embryos are shown anterior to the left.

2.5. Effects of Vandetanib (VAN) and Cabozantinib (CAB) on Tumor-Induced Angiogenesis in
Zebrafish Embryos

We analyzed the anti-angiogenic potential of vandetanib (VAN) and cabozantinib
(CAB) on TT and MZ-CRC-1 cell lines implanted in 48 hpf Tg(flila:EGFP)yl zebrafish
embryos, taking advantage of the zebrafish medullary thyroid carcinoma (MTC) xenograft
platform. Red dye-loaded MTC cells were grafted into the subperidermal space (between
the periderm and the yolk syncytial layer) close to the sub-intestinal vein (SIV) plexus
of 48 hpf embryos. Following only 24 h, grafted embryos showed vessel structures that
sprouted from the SIV plexus toward the tumor mass (Figure 5).
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MZ-CRC-1

Figure 5. TT and MZ-CRC-1 implanted cells stimulate angiogenesis in zebrafish embryos after only 24 h post-injection.
Representative fluorescence images of 72 hpf Tg(flila:EGFP)Y! zebrafish control embryos (a) and embryos implanted at
48 hpf with TT (b,d) and MZ-CRC-1 cells (c,e). The red channel, corresponding to TT or MZ-CRC-1 cells, was omitted in
panels b and c to highlight the tumor-induced microvascular network. Compared to the control, grafted embryos showed
vessels in green that sprout from the sub-intestinal vein (SIV) toward the xenograft of both cell lines. Embryos are shown
anterior to the left. Scale bar: 100 pm.

Following the tumor cell implantation, injected embryos were treated with different
concentrations of VAN and CAB. Following 24 h of treatment, the quantification of the
tumor-induced vessel length revealed a reduction in vascular sprouts starting from the
SIV plexus in a dose-dependent manner for both drugs, compared to dimethyl sulfoxide
(DMSO)-treated embryos (Figures 6 and 7). Particularly, CAB resulted in being more potent
in inhibiting tumor-induced angiogenesis. Regarding both cell lines, the IC5y of CAB
(4.6 x 1077 M and 5.7 x 10~7 M in embryos xenotransplanted with TT and MZ-CRC-1,
respectively) was significantly lower (p < 0.0001) than the VAN ICsq (2.5 x 107® M and
2.8 x 107® M in embryos xenotransplanted with TT and MZ-CRC-1, respectively) after
24 h of treatment. Moreover, CAB exerted a maximal anti-angiogenic effect (Emax) that was
significantly higher than VAN (p < 0.005) in zebrafish embryos injected with both cell lines
(Figures 6g,h and 7g,h).
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Figure 6. Effect of vandetanib (VAN) and cabozantinib (CAB) treatments on tumor-induced angiogenesis after TT cell
xenograft in zebrafish embryos. Representative fluorescence images of 72 hpf Tg(flila:EGFP)Y! zebrafish embryos implanted
at 48 hpf with TT cells and subsequently treated for 24 h with dimethyl sulfoxide (DMSO) (a,d), VAN (b,e) and CAB (c,f).
The red channel, corresponding to TT cells, was omitted in panels d, e, and f to highlight the tumor-induced microvascular
network. Grafted larvae showed vessels in green that sprout from the sub-intestinal vein (SIV) toward the xenograft.
Quantification of tumor-induced angiogenesis in TT-injected Tg(flila:EGFP)Y! embryos after 24 h of VAN (g) and CAB (h)
treatments at different concentrations. Control (CTR) values have been set to 1.0. Graphed values represent the mean +
S.E.M. *** p < 0.001 versus CTR. Embryos are shown anterior to the left. Scale bar: 100 pm.
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Figure 7. Effect of vandetanib (VAN) and cabozantinib (CAB) treatments on tumor-induced angiogenesis after MZ-CRC-1
cell xenograft in zebrafish embryos. Representative fluorescence images of 72 hpf Tg(flila:EGFP)Y! zebrafish embryos
implanted at 48 hpf with MZ-CRC-1 cells and subsequently treated for 24 h with dimethyl sulfoxide (DMSO) (a,d), VAN
(b,e) and CAB (c,f). The red channel, corresponding to MZ-CRC-1 cells, was omitted in panels d, e, and f to highlight
the tumor-induced microvascular network. Grafted larvae showed vessels in green that sprout from the sub-intestinal
vein (SIV) toward the xenograft. Quantification of tumor-induced angiogenesis in MZ-CRC-1-injected Tg(flila:EGFP)Y!
embryos after 24 h of VAN (g) and CAB (h) treatments at different concentrations. Control (CTR) values have been set to 1.0.
Graphed values represent the mean + S.E.M. * p < 0.05 versus the CTR; *** p < 0.001 versus the CTR. Embryos are shown
anterior to the left. Scale bar: 100 pm.

3. Discussion

During the present preclinical study, we provide new findings about the anti-angiogenic
effects of vandetanib (VAN) and cabozantinib (CAB), two tyrosine kinase inhibitors (TKIs)
approved for the treatment of unresectable, progressive, and symptomatic medullary
thyroid carcinomas (MTCs).

First, we perform an in vitro head-to-head comparison of these two drugs in the
same experimental conditions using two human MTC cell lines to evaluate their anti-
tumor activity and related mechanisms. Considering the literature, the anti-proliferative
effects of VAN and CAB have been separately analyzed in several in vitro studies [37-44].
However, only a few in vitro studies have compared in the same experimental conditions
the anti-tumor activity of VAN and CAB in MTC cell lines. Verbeek and colleagues
reported a certain specificity of VAN and CAB for different REarranged during Transfection
(RET) mutations in vitro, that differentially characterized human MTC cell lines, TT, and
MZ-CRC-1. VAN inhibited cell proliferation at the lowest concentration in MZ-CRC-1
(ICs0: 2.6 x 10~7 M), while CAB exerted the most effective inhibition in TT cells (ICs:
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4 x 1078 M) [31]. Regarding another in vitro head-to-head study, MTC cells were exposed
to increasing doses of these two drugs for 48 h and then recovered in a drug-free fresh
culture medium for 48 h before measuring their viability using an MTT assay. During these
experimental conditions, VAN and CAB exerted a similar cell growth inhibition in both TT
and MZ-CRC-1 cells [32]. Following six days of incubation with VAN or CAB, we found
comparable inhibition of cell viability in both MTC cell lines. It is well known that these
two TKIs are multitarget agents, therefore the anti-proliferative effects that we reported
in our long-term treatment may be mediated by the simultaneous inhibition of multiple
targets, in addition to REarranged during Transfection (RET) inhibition.

These anti-proliferative activities were modulated by the cell cycle arrest and/or
induction of apoptosis. It already has been demonstrated that VAN is mainly cytostatic
in MTC cells [42,45] with a lock in the Gy/G; phase and no increase in apoptosis [41].
Conversely, CAB exerted a different modulation of cell cycle phases and had a pro-apoptotic
effect in MTC cells [44,46]. During the head-to-head study by Starenki et al., after four days
of incubation with VAN and CAB, both drugs (10~ M) increased the sub-G1 phase in TT
cells, whereas in the MZ-CRC-1 cell line they (5 x 10~7 M) decreased the S phase with a
concomitant increase in the Gy /Gy phase [32]. Regarding both MTC cell lines, we found
that VAN and CAB induced a significant decrease in cells in the S and G, /M phases and
an accumulation of cells in the Gy/Gy phase after six days of incubation. Moreover, an
increased sub-G1 phase after exposure with both drugs was predictive of a potential pro-
apoptotic activity, which was confirmed through FACS analysis with Annexin/Propidium
iodide (PI) staining of MTC cell lines.

Angiogenesis inhibition is another relevant anti-tumor mechanism of VAN and CAB.
Indeed, both drugs inhibit the activity of various tyrosine kinases, which are implicated in
angiogenesis. Currently, direct comparative studies in vitro and/or in vivo on the effects
of VAN and CAB on tumor-induced angiogenesis in MTC have not been published.

Concerning different cell lines (such as PC3, MDA-MB-231, BaF3 and HUVEC), it
has been demonstrated that CAB is a potent inhibitor of several tyrosine kinases involved
in angiogenesis (MET, VEGFR-2, RET, KIT, AXL, TIE-2 and FLT-3). CAB exerted an anti-
angiogenic effect in vitro, as shown by the inhibition of endothelial cell tube formation
in HMVEC. To analyze in vivo the effect of CAB on tumor-induced vasculature, anti-
angiogenic-sensitive human breast cancer MDA-MB-231 cells expressing MET and VEGF
were implanted in mice. The drug administration increased hypoxia and cell death in
tumor cells as well as in the endothelial cells of tumor-induced vasculature [23]. A recent
work evaluated the anti-angiogenic effect of VAN and CAB on the stability of the vascular
network using a microfabricated platform consisting of a micro-physiological system
that incorporates human tumor cells in a 3D extracellular matrix, supported by perfused
human microvessels, to create vascularized microtumors. Through this platform, the anti-
angiogenic effects of several TKIs have been tested. Interestingly, CAB had more effective
results than VAN, probably due to its activity against TIE-2, as well as to VEGFR-2 [47].

However, angiogenic assays consisting of in vitro cell-based models, in contrast to
in vivo models, cannot simulate the biological complexity associated with blood vessels
growing in their natural environment. Considering this context, zebrafish represents an
ideal platform to analyze in vivo the angiogenesis process in physiological and pathological
conditions. Several anti-angiogenic agents have been successfully tested in zebrafish [48].
Zebrafish embryos are permeable to small molecules, which can be dissolved in their culture
medium; moreover, it is well known that some aspects of the physiological development
of the sub-intestinal vein (SIV) and intersomitic and retinal vessels can simulate tumor-
induced angiogenesis and be an important platform to test and quantify the effect of
anti-angiogenic compounds [49]. Moreover, a zebrafish tumor-xenograft is a suitable
platform to study neovascularization occurring with cancer progression in live animals.
The implanted cells are able to form masses and recruit zebrafish endothelial cells that can
infiltrate the tumor mass and lead to the formation of new vessels which express known
endothelial markers, such as VE-cadherin, flil, and vegfr2 [50-52]. Noteworthy, the rapidity
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of this procedure and the response to angiogenesis inhibitors (24—48 h post treatment)
makes this model a promising platform to perform preclinical drug screening [53].

Two different studies evaluated the anti-angiogenic effects of VAN and CAB in ze-
brafish separately [54,55]. Beedie and colleagues performed a dose response study with the
aim of identifying potential risks of fetal toxicity in drugs that target the developing blood
vessels of zebrafish and chicken embryos. Different TKIs were tested and VAN was identi-
fied among the less potent compounds, but it was still able to induce defects in vivo [54].
Recently, Wu and colleagues compared the anti-angiogenic and the anti-cancer potential of
CAB and other drugs in a gastric cancer xenograft zebrafish model. Xenografted embryos
treated with 5 x 1077 M CAB showed a reduction of 15% in tumor-induced angiogenesis
compared to the controls [55]. During a multiple screening, testing the effects of different
anti-angiogenic compounds, zebrafish embryos were treated with different doses of VAN
and CAB. The ability of anti-angiogenic agents to inhibit SIV physiological development
after a 72 h treatment was evaluated, determining the anti-angiogenic efficacy for each
compound. A more prominent effect of CAB at lower doses with respect to VAN (CAB:
ECsp = 1077 M and VAN: ECsp = 10~° M) has been observed in this study [56].

Here, we compared in vivo the effect of VAN and CAB on physiological angiogenesis
as well as on MTC tumor-induced angiogenesis, a first to our knowledge, taking advantage
of a zebrafish xenograft model after the implantation of TT and MZ-CRC-1 cell lines. Ana-
lyzing their effects on the physiological angiogenic development, we found that both drugs
inhibited SIV development in a dose-dependent manner. Following 24 h of incubation,
CAB completely inhibited SIV development at lower concentrations compared to VAN.
Regarding tumor-induced angiogenesis, Tg(flila:EGFP)¥! zebrafish embryos were used
as recipients for the xenotransplantation of MTC cell lines. Only 24 h after the implan-
tation, grafted cells affected the physiological angiogenesis of the SIV plexus, leading to
the formation of endothelial sprouts starting from the SIV toward the tumor mass. In our
MTC xenograft model, both drugs showed tumor-induced angiogenesis inhibition in a
dose-dependent manner. CAB had a stronger inhibitory effect on angiogenesis than VAN
in embryos injected with both MTC cell lines.

In conclusion, through an innovative zebrafish model we found that the anti-angiogenic
activity of CAB resulted in being more potent than that of VAN in MTC. Zebrafish have
proven to be a powerful, reliable, and effective platform for the testing of anti-angiogenic
compounds. Later, this zebrafish MTC xenograft model coupled with drug screening, may
be a useful pre-clinical tool to enhance the understanding of molecular interactions between
anti-angiogenic agents and different biological pathways involved in MTC progression.

4. Materials and Methods
4.1. Reagents and Cell Culture

Vandetanib (VAN), and cabozantinib (CAB) were provided by Cayman Chemicals
(Ann Arbor, MI, USA). Stock solutions (4 mM) were made in 100% dimethyl sulfoxide
(DMSO) and diluted with culture media before use. Two human medullary thyroid
carcinoma (MTC) cell lines, TT and MZ-CRC-1, were kindly provided by Prof. Lips
(Utrecht, the Netherland). Cells were maintained at 37 °C in 5% CO, and cultured in
T75 flasks filled with 10 mL of F-12K Kaighn’s modification medium (Gibco™ Thermo
Fisher Scientific, Waltham, MA, USA). Media was supplemented with 10% heat-activated
fetal bovine serum (FBS) (Invitrogen™ Thermo Fisher Scientific, Waltham, MA, USA) and
10° U-L~! penicillin/streptomycin (EuroClone™, Milan, Italy). Cells were harvested by
trypsinization (Trypsin 0.05% and EDTA 0.02%) (Sigma-Aldrich ® Merck KGaA, Darmstadt,
Germany), resuspended in complete medium, then counted through an optical microscope
using a standard haemocytometer before plating. Cells used in all experiments were below
5 passages. All in vitro experiments were monitored for up to 6 days of drug incubation.
We performed long-term treatments due to the slow doubling time (about 4 days) of the
MTC cell lines.
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4.2. Assessment of Cell Viability

Medullary thyroid carcinoma (MTC) cell lines were seeded in 96 well plates at their
optimal culture concentration (TT: 20 x 10° cells/well; MZ-CRC-1: 20 x 103 cells/well).
The following day, the cell culture medium was replaced with a medium containing
vandetanib (VAN) and cabozantinib (CAB) for 3 days at different concentrations (from
5 x 1077 to 107> M). Then, the medium was replaced with a new one containing drugs
at the same differing concentrations for a further 3 days. A culture media containing an
equivalent dimethyl sulfoxide (DMSO) concentration of the highest treatment dose served
as the vehicle control. Following six days, an MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) was performed, as previously described [57]. Considering
these results, the ICsy were statistically calculated for each cell line using the Prism 5.0-
GraphPad (GraphPad Software Inc., La Jolla, CA, USA).

4.3. Cell Cycle and Apoptosis Evaluation

Cell lines were seeded in 6-well plates in duplicates (MZ-CRC-1 and TT 3 x 10°
cells/well). The following day, the cell culture medium was replaced with a medium
containing an equivalent dimethyl sulfoxide (DMSQO) concentration (control), vandetanib
(VAN), or cabozantinib (CAB) at their ECs, for 3 days. Then, the medium was replaced
with a new one containing the vehicle or drugs with the same concentrations for a further
3 days, at the end of which the cells were harvested by gentle trypsinization, washed with
cold PBS (calcium- and magnesium-free), and collected by centrifugation at 1200 x g for
5 min. A propidium iodide (PI) (Sigma-Aldrich® Merck KGaA, Darmstadt, Germany)
solution (50 pg/mL PI, 0.05% Triton X-100 and 0.6 ng/mL RNase A in 0.1% sodium citrate)
was added to stain the pellets at 4 °C for 30 min. To evaluate the cell-cycle PI for each tube,
10,000 cells were immediately measured and fluorescence was collected as FL1-A with a
FACScalibur flow cytometer (Becton Dickinson, Erembodegem, Belgium) using Cell Quest
Pro Software and data analyzed, as previously reported [57]. Cell cycle distribution was
expressed as the percentage of cells in the Gy/Gq, S, and G, /M phases compared to the
control. Regarding apoptosis, cells were resuspended in 100 pL of 1X binding buffer (BB:
1.4M Na(l, 0.1IM HEPES/NaOH, pH 7.4, 25 mM CaCl2). Following incubation with 5 pL
of Annexin V-FITC (BD Pharmingen, San Diego, CA, USA) and 10 pL PI (50 pg/mL in
PBS) for 15 min at room temperature in the dark for each sample, 400 uL of 1X BB was
added and stained cells were analyzed using FACScalibur on 10,000 events and analyzed,
as previously described [57].

4.4. Zebrafish Line and Maintenance

Embryo and adult zebrafish (Danio rerio) were raised and maintained according to
Italian (D.Lgs 26/2014) and European laws (2010/63/EU and 86/609/EEC). Embryos
were staged according to morphological criteria [58]. Starting from 24 hpf, embryos were
cultured in fish water (0.1 g/L NaHCO3, 0.1 g/L Instant Ocean, 0.192 g/L CaSO,e2H,0)
containing 0.003% PTU (1-phenyl-2-thiourea; Sigma-Aldrich ® Merck KGaA, Darmstadt,
Germany) to prevent pigmentation, and 0.01% methylene blue to prevent fungal growth.
All experiments were performed on Tg(flila:EGFP)Y! transgenic fluorescent zebrafish em-
bryos [59].

4.5. In Vivo Subintestinal Angiogenesis Assay on Zebrafish Embryos

Occurring at 48 hpf, transgenic embryos were treated for 24 h with different con-
centrations of vandetanib (VAN) and cabozantinib (CAB). Stock solutions of VAN and
CAB, prepared in dimethyl sulfoxide (DMSO), were diluted in fish water to concentrations
ranging from 5 x 10~7 up to 1 x 107> M, and from 5 x 1078 up to 5 x 107° M for VAN
and CAB, respectively. As a control, some embryos were incubated with a fish medium
containing the same concentration of DMSO used for the drug treated embryos. Occurring
at 72 hpf, sub-intestinal vein (SIV) plexus images were taken with a Leica M205 FA stereomi-
croscope equipped with a Leica DFC 450 C digital camera using the LAS software (Leica
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Microsystems, Wetzlar, Germany). Vertical vessels that composed the SIV basket were
counted in the controls and in the treated embryos to analyze physiological angiogenesis.

4.6. In Vivo Zebrafish Assay for Tumor-Induced Angiogenesis

Forty-eight hours post-fertilization, zebrafish Tg(flila:EGFP)¥! embryos were anes-
thetized with 0.016% tricaine (Ethyl 3-aminobenzoate methanesulfonate salt, Sigma-Aldrich®
Merck KGaA, Darmstadt, Germany) and implanted with TT and MZ-CRC-1 cells, as pre-
viously described [34,60,61]. Briefly, TT and MZ-CRC-1 cells were labeled with a red
fluorescent viable dye (CellTrackerTM CM-Dil, Invitrogen™ Thermo Fisher Scientific,
Waltham, MA, USA), resuspended with PBS, and grafted into the sub-peridermal space of
Tg(flila: EGFP)Y! embryos, close to the sub-intestinal vein (SIV) plexus. As a control of the
implantation, we considered embryos injected with only PBS. This transplantable platform
was used to test CAB and VAN effects on tumor-induced angiogenesis. Following the
implantation, zebrafish embryos were treated for 24 h with these two drugs and directly
dissolved into fish water. The drug concentrations ranged from 5 x 10~ up to 1 x 107> M,
and from 5 x 1078 up to 2.5 x 107® M for VAN and CAB, respectively. The untreated con-
trols were considered to be the injected embryos incubated in the fish water and the vehicle
in which the experimental substance was dissolved (dimethyl sulfoxide (DMSO)). Assays
were performed 3 times, considering about 20 embryos in each experimental group. All
images were taken at 24 h post-injection with a Leica M205 FA stereomicroscope equipped
with a Leica DFC 450 C digital camera using the LAS software (Leica Microsystems, Wetzlar,
Germany). To measure the arbitrary unit of tumor-induced angiogenesis, we calculated
the total cumulative length of the vessels sprouting from the SIV plexus and the common
cardinal vein in each embryo using Fiji software.

4.7. Statistical Analysis

All experiments were performed at least three times. Statistical differences among
groups were first evaluated using a t-test or ANOVA test together with the standard post
hoc test (Newman-Keuls). A p value < 0.05 was considered significant. Statistical com-
parison of the logICsy and maximal anti-angiogenic effect (Emax) values were performed
with the extra sum-of-squares F test approach (cutoff at p = 0.05). The values reported in
the figures represent the mean + standard error of the mean (S.E.M). Regarding statistical
analysis, graphpad prism 5.0 was used (GraphPad Software Inc., La Jolla, CA, USA).
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Abbreviations

MTC medullary thyroid carcinoma
MEN multiple endocrine neoplasia
RET REarranged during Transfection

EGFR epidermal growth factor receptor
VEGFRs vascular endothelial growth factor receptors
FGFR fibroblast growth factor receptor

TKIs tyrosine kinase inhibitors

VAN vandetanib

CAB cabozantinib

EGFP enhanced green fluorescent protein
SIV Sub-intestinal vein
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Neuroendocrine neoplasms (NENS) are a heterogeneous group of tumors originating from
neuroendocrine cells dispersed in different organs. Receptor tyrosine kinases are a
subclass of tyrosine kinases with a relevant role in several cellular processes including
proliferation, differentiation, motility and metabolism. Dysregulation of these receptors is
involved in neoplastic development and progression for several tumors, including NENSs. In
this review, we provide an overview concerning the role of the fibroblast growth factor
(FGF)/fibroblast growth factor receptor (FGFR) system in the development and
progression of NENs, the occurrence of fibrotic complications and the onset of drug-
resistance. Although no specific FGFR kinase inhibitors have been evaluated in NENSs,
several clinical trials on multitarget tyrosine kinase inhibitors, acting also on FGF system,
showed promising anti-tumor activity with an acceptable and manageable safety profile in
patients with advanced NENSs. Future studies will need to confirm these issues, particularly
with the development of new tyrosine kinase inhibitors highly selective for FGFR.

Keywords: neuroendocrine neoplasms, FGFR (fibroblast growth factor receptor), FGF (fibroblast growth factor),
VEGF - vascular endothelial growth factor, VEGFR - vascular endothelial growth factor receptor

INTRODUCTION

Neuroendocrine neoplasms (NENs) are a heterogeneous group of tumors originating from
neuroendocrine cells dispersed in different organs (1-5).

Receptor tyrosine kinases are a subclass of tyrosine kinases with a relevant role in several cellular
processes including proliferation, differentiation, motility and metabolism. Dysregulation of these
receptors plays a relevant role in neoplastic development and progression for several tumors,
including NENs (6, 7).

In this review, we provide an overview concerning the role of the fibroblast growth factor (FGF)/
fibroblast growth factor receptor (FGFR) system in NENs.
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FGF SYSTEM IN HEALTH AND CANCER

FGFs and related receptors are members of a large family with a
wide range of effects. This system is involved in organogenesis
(during development), homeostasis and repair of adult tissues.
Moreover, FGF family promotes angiogenesis, growth,
differentiation and migration of cells mainly through the
activation of RAS-MAPK, PI3K-AKT and PLCy pathways,
with a relevant role in the development and progression of
several tumors (8). These effects are mediated by the
interaction of FGFs with four tyrosine kinase receptors:
FGFR1, FGFR2, FGFR3 and FGFR4, which are composed by
an extracellular domain, a transmembrane domain and an
intracellular domain. The binding of ligands induces
conformational changes that lead to a dimerization of these
receptors. This event activates the intracellular tyrosine kinase
domain, which in turn triggers the signalling cascade (8). FGFs,
based on their biochemical functions, sequence similarity and
evolutionary relationships, are classified into different
subfamilies: FGF1, FGF4, FGF7, FGF8, FGF9, FGF15/19
and FGF11.

FGF1 and FGF2 are members of the FGF1 subfamily. FGF1 is
the only FGF that can activate all FGFRs splice variants. It is
involved in cell cycle regulation, cell differentiation, survival and
apoptosis. FGF1 plays a central role in neuroprotection and axon
regeneration and appears to improve functional recovery after
spinal cord injury (9). FGF2 has known angiogenic properties
(10, 11). The FGF4 subfamily (FGF4, 5,6) can activate FGFR1-3
(ITIc) and FGFR4. These molecules are fundamental in
embryonic development and muscle regeneration (8, 9). FGF7
subfamily (FGF3, 7, 10, 22) preferentially activates FGFR2(IIIb),
although FGF3 and FGF10 can also interact with FGFR1(IIIb).
FGF3 is involved in the neural development, while FGF7 is
required for lung, kidney and neuronal synapses development.
The development of epithelial components, such as limb and
lungs, and mammary gland requires epithelial-mesenchymal
interactions granted by FGF10. Finally, FGF22 regulates the
circuit remodeling in the injured spinal cord (12-15). FGF8
subfamily members (FGF8, 17 and 18) activate FGFR4 and
FGFR1-3(IIIc). They are involved in the skeletal and brain
development and in odontogenesis (8, 14, 16-18). The FGF9
subfamily (FGF9, 16, 20) interacts with FGFR1-3(IIlc), FGFR3
(IIIb) and FGFR4. These proteins are involved in a proper heart,
kidney and skeletal development (8, 14, 19, 20). The FGF15/19
subfamily comprises FGF15/19, 21 and 23. FGF15/19 bind
FGFR1-3(Illc) and FGFR4. FGF21 can activate FGFRI(IIIc)
and 3(Illc), as well as FGF23, which can also interact with
FGFR4. This subfamily acts as hormones and regulates
hepatocyte and adipocyte metabolism (8, 14). FGF11 subfamily
members (FGF11, 12, 13, 14) are known as intracellular FGFs.
These peptides are not secreted and interact with the cytosolic
carboxy terminal tail of voltage gated sodium channels. They
cover an important role in the development of the nervous
system (8, 21).

A deregulation of the FGF/FGFR system can be involved in
cancer development and progression through modulation of cell
proliferation, migration and angiogenesis (22).

Besides its role in physiological angiogenesis, FGF2 is implied
in tumor-induced angiogenesis and metastatic process and
appears to direct tumor-associated macrophages toward a pro-
tumorigenic state (23-25). FGF4 promotes cancer cell
proliferation, invasion and migration by causing a switch of
the receptor FGFR2-IIIb, a splice variant expressed in epithelial
cells, into FGFR2-11Ic, expressed in mesenchymal cells and able
to induce epithelial-mesenchymal transition (26). FGF5 can
promote osteosarcoma proliferation by activating the MAPK
signaling pathway (27) and the FGF5/FGFRI1 axis contributes to
melanoma progression (28). FGF6 can stimulate proliferation of
prostate cancer cells through the activation of FGFR4 (29).
Among the FGF7 subfamily, FGF3 and FGF7 have been
reported to be highly expressed in breast cancer (30, 31) and
gastric adenocarcinoma (32), respectively. In addition, the
FGF10/FGFR-IIb signaling appears to have a role in breast and
pancreatic tumors (15, 33). Although the mechanism is unclear,
Jarosz et al. observed a potential role of FGF22 in skin
tumorigenesis (34). In a recent study, FGF22 and its receptor
FGFR-IIb appear to be associated with the development of lung
adenocarcinoma through the MAPK and Rap I signaling
pathways (35). A deregulation of FGF18, caused by an altered
expression of its negative regulator miR-590-5p, is able to
stimulate proliferation and epithelial-mesenchymal transition,
with enhanced invasion abilities, in gastric cancer cells (36). In
HER" breast cancer cell lines, overexpression of FGF18
stimulates the expression of genes involved in migration and
cancer metastasis through Akt/GSK3P pathway (37). By the
interaction with FGFR2 and FGFR3 and the activation of the
ERK/Akt pathway, FGF18 is able to induce proliferation and
invasion in endometrial carcinoma (38).

The FGF/FGER pathway has also a key role in the onset of drug-
resistance (39). FGF/FGFR pathway is the first compensatory
mechanism in tumors resistant to drugs targeting the vascular
endothelial growth factor (VEGF) system (40-42). Indeed, VEGF-
dependent vessels are suppressed during prolonged anti-VEGF
therapy, while the expression of FGF2 is increased, leading to a
novel angiogenesis dependent on FGF2 signaling pathway. This
condition drives the tumor toward drug-resistance (42). Boichuk
et al. (43) showed that FGF signaling is activated in gastrointestinal
stromal tumors after the acquisition of imatinib resistance.
Interestingly, the use of a potent FGF inhibitor markedly reduced
cell growth in resistant cells compared to imatinib-sensitive cells.
This effect increased when the two molecules were combined in
resistant cells, showing also that the FGF-inhibitor can restore
sensitivity to imatinib.

FGF SYSTEM IN NEUROENDOCRINE
NEOPLASMS

The role of the FGF/FGFR system has been analyzed also in
NENSs and several lines of evidence support its function in the
modulation of tumor fibrosis, proliferation, angiogenesis and
drug resistance, through a dynamic cross talk between NEN cells,
fibroblasts, endothelial cells and inflammatory cells (44).
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Bordi et al. identified FGF2 by immunohistochemistry in
endocrine cells of the gastric oxyntic mucosa and mRNA of
FGF2 in enterochromaffin-like carcinoid tumors (45).
Immunohistochemical studies demonstrated the staining for
FGF-2 in 100% of NEN cells from the midgut and the
pancreas, while FGF2 receptors were observed only in the
stromal component (46). La Rosa et al. found cytoplasmic
immunoreactivity for FGF1 in 26 (43%) out of 60 GEP-NENs
and FGFR1-4 were found in 68-88% of tumors with tumor
microenvironment components also expressing FGFRs (47). The
authors observed also that normal endocrine cells of the gut
rarely expressed FGFRs thus hypothesizing that in normal
mucosa the FGF/FGFR system has not an autocrine role on
modulating endocrine cells functions. Therefore, de novo
expression of FGFRs by NEN cells may play a role in the
autocrine/paracrine signaling responsible of tumorigenesis,
stromal fibrosis and tumor-induced angiogenesis.

NEN are often characterized by the development of fibrosis,
local or distant. The best-known fibrotic complications are
carcinoid heart disease, which develops in about 20% of patients
with carcinoid syndrome (48), and mesenteric fibrosis, which
affects up to 40-50% of small bowel NENs (49, 50). Less known
complications are represented by retroperitoneal fibrosis (50),
scleroderma (51), infiltration of the pleura (52) or alveoli (53)
and fibrosis of the bladder (54). Although the pathogenesis of
fibrotic complications is unclear, serotonin, with a relevant
mitogenic power on fibroblasts, mesangial cells, smooth muscle
cells, endothelial cells and NEN cells, may have a role in these
events (55). The FGF system appears to be also implicated in the
mechanism of gastrointestinal NEN fibrosis (56). In fact, Bordi
(45) showed that among the 10 patients suffering from type 3
gastric NEN and with positive immunohistochemistry for FGF2,
some had diffuse stromal fibrosis. Another study (57), which
analyzed a pool of 41 gastrointestinal NENs, showed a positive
correlation between FGF1 and the amount of fibrous stroma in
tumors. The FGF is responsible of cell proliferation and stroma
formation and its action is potentiated by serotonin (58).
Moreover, FGF may activate also the expression of the
connective tissue growth factor genes that regulate myofibroblast
differentiation, collagen synthesis and fibroblast proliferation (59).

The mRNA expression of FGF receptor was found more
frequently in functioning NENs (including gastrinomas and
insulinomas) than in functionally inactive NENs (53.6% vs.
22.2%) (60). Although this difference was not statistically
significant (p=0.10), speculating on the association between FGFR
expression and hormone production may be not totally irrational,
but further evidence is required to corroborate these findings.

The FGFR4-G388R single-nucleotide polymorphism was
investigated in 71 patients with pancreatic NEN (61). The
authors observed that FGFR4-R388 allele was independently
associated with liver metastases. To further analyze the impact
of the FGFR4 SNP, the same authors transfected BONI1 cells with
either FGFR4-G388 or FGFR4-R388 and injected them in SCID
mice. They found that xenografts expressing FGFR4-R388
displayed a more aggressive biological behavior and were
resistant to everolimus treatment. This latter aspect was

investigated also among 17 patients previously treated with
everolimus in a clinical trial. Patients harboring FGFR4-R388
allele achieved a worse tumor response (9% vs. 25%) and a
reduced median PFS (4.8 vs. 16.6 months) and OS (9.3vs 40
months) compared to patients homozygous for FGFR4-G388.
Although decreased drug response was related to persistently
high mTOR and STAT3 phosphorylation despite of everolimus
treatment, these data were not confirmed by Cros et al., who
reported no modification of the mTOR pathway in patients with
pancreatic or ileal NENs harboring FGFR4-R388 allele (62). This
apparent inconsistency corroborates the need for further studies
validating the identification of molecular parameters useful to
predict drug efficacy and resistance (63).

The FGF/FGER system collaborates with the VEGF signaling
pathway in the initiation and maintenance of tumor
angiogenesis. These mechanisms have been demonstrated in
allograft transplantation experiments and in mouse model of
pancreatic NEN (the RiplTag2 transgenic mice), where
interfering with the FGF function by a soluble form of the
FGFR2 IIIb significantly inhibited tumor-induced angiogenesis
and tumor growth (64). The FGF system acts as a second
proangiogenic circuit, indeed VEGF is the main regulator of
angiogenesis but, as reported by Casanovas et al., experiments in
the Rip1Tag2 model of pancreatic islet carcinoma documented
that initial inhibition of the angiogenesis achieved by VEGF
signaling blockade was restored by the upregulation of the FGF
system (65). Therefore, blocking both VEGF and FGF signaling
pathways may reveal synergic antiangiogenic effects and inhibit
tumor progression secondary to compensatory feedback loops
driving tumor revascularization. For instance, Allen et al.
investigated the effect of brivanib, a selective inhibitor targeting
both VEGF and FGF receptors, in a mouse model of pancreatic
NEN. Brivanib was effective not only as first-line therapy, but
also as second-line treatment after failure of two agents
inhibiting VEGF receptors (DC101 and sorafenib) (66).

FGFRs AS THERAPEUTIC TARGET
IN NENs

In the last few years, the therapeutic approach for NENs has
changed following the approval of several innovative targeted
treatments such as tyrosine kinase inhibitors (TKIs). Although
no specific FGFR kinase inhibitors have been evaluated in NENSs,
several clinical trials on multitarget TKIs, acting also on FGF, are
ongoing and few published studies have demonstrated their
efficacy in NENs (44). The interest in FGF pathway inhibitors
relies also in the possibility to overcome resistance to VEGF
inhibition that may arise after long term use of these drugs or
could be intrinsic in tumor expressing FGF2 (67-69). The results
of clinical trials in NENs evaluating multitarget TKI, acting also
on FGF, are described below (Table 1).

Surufatinib is a potent TKI targeting VEGF receptors
(VEGFR) 1, 2, and 3, FGFR1, and CSF-1R. In preliminary
phase I and Ib/II studies surufatinib showed encouraging anti-
tumor activity in advanced NENs (81, 82).
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TABLE 1 | Clinical trials evaluating the effects of multitarget tyrosine kinase inhibitors, acting also on FGFR, in patients with NENs.

Ref Therapy and Molecular Study design (Trial name) Tumors Number of Median Primary Results Main AE (%)
dose target patients follow- up outcome
(placebo) (placebo)
Surufatinib 300  VEGFR 1,2,3 Randomised, double-blind,  Advanced extrapancreatic 129 13.8 months PFS Median PFS: 9.2 months Hypertension (36%); proteinuria (19%)
(70) mg/day FGFR1 placebo-controlled, phase 3 NETs (G1-G2) (69) (16.6 months) (surufatinib) vs. 3.8 months
CSF-1R (SANET-EP) (placebo)
Surufatinib VEGFR 1,2,3 Randomised, double-blind,  Advanced pancreatic NETs 113 19.3 months PFS Median PFS: 10.9 months Hypertension (38%); proteinuria
(71) 300 mg/day FGFR1 placebo-controlled, phase 3  (G1-G2) (59 (11.1 months) (surufatinib) vs. 3.7 months  (10%); hypertriglyceridemia (7 %)
CSF-1R (SANET-P) (placebo)
Surufatinib VEGFR 1,2,3 Dose escalation/expansion Heavily pre-treated 32 19 weeks ORR 9.4% Hypertension, fatigue, diarrhea
(72) 300 mg/day FGFR1 study progressive NETs
CSF-1R
Surufatinib VEGFR 1,2,3 Phase 2, open label, two Advanced MTC 27 - ORR 22.2% hypertension (20.3%), proteinuria
(73) 300 mg/day FGFR1 stage design study (11.9%),
CSF-1R hypertriglyceridemia (5.1%)*
Lenvatinib VEGFR 1-3 Prospective multicohort Advanced pancreatic and 111 19 months ORR 42.3% pancreatic Hypertension (22%); fatigue (11%);
(74) 24 mg/day FGFR1-4 phase 2 gastrointestinal NETs (G1- 16.3% gastrointestinal diarrhea (11%)
(TALENT) G2)
Lenvatinib VEGFR 1-3 Phase 2, multicenter, open-  Unresectable or metastatic 59 - ORR 36% Diarrhea (14%); hypertension (7%);
(75) 24 mg/day FGFR1-4 label, single-arm clinical trial  progressive MTC (all PR) decreased appetite (7%)
Lenvatinib VEGFR 1-3 Nonrandomized, open-label,  Progressive MTC 9 9.6 months Safety 100% of patients >1 AE; Decreased appetite (100%);
(76) 24 mg/day FGFR1-4 multicenter, phase 2 study 1.7% of patients AE leading  hypertension (89%); palmar-plantar
to discontinuation erythrodysesthesia (89%)
Lenvatinib VEGFR 1-3 Prospective, post-marketing  UnresectableMTC 28 12 months Safety 100% pts =1 AE Hypertension; proteinuria; palmar-
(77) 24 mg/day FGFR1-4 observational study plantar erythrodysesthesia
Nintedanib VEGFR 1,2,3 Multicenter phase 2 study Advanced progressing 30 16 weeks PFS PFS at 16 weeks 86.7% in  Diarrhea (18%); increase in GGT
(78) FGFR2 carcinoid on stable dose 26 pts (18%); lymphopenia (18%)
SSA for >3 months
Anlotinib VEGFR 2-3 Single-arm phase 2 study Advanced or metastatic 58 9.8 months PFS PFS at 48 weeks 84.5% Hand-foot syndrome (79.3%);
(79) 12 mg/day FGFR1-4 MTC hypertriglyceridemia (46.5%); elevated
cholesterol levels (43.1%)
Anlotinib VEGFR 2-3 Multicenter, randomized, Advanced or metastatic 62 - PFS Median PFS: 20.67 months  Hand-foot syndrome; hypertension;
(80) 12 mg/day FGFR1-4 double-blind, placebo- MTC (29) (anlotinib) vs 11.07 months  hypertriglyceridemia

controlled phase IIB trial
(ALTERO1031)

(placebo)

AE, adverse events; FGFR, fibroblast growth factor receptor; MTC, medullary thyroid carcinoma; NET, neuroendocrine tumor; ORR, overall response rate; PFS, progression free survival; pts, patients; SSA, somatostatin analogs; VEGFR,

Vascular Endothelial Growth Factor Receptor.
*data reported for the overall population (differentiated thyroid cancer and MTC).
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Two randomized phase III placebo controlled trials evaluated
safety and efficacy of surufatinib in patients with well
differentiated NENs of extra-pancreatic (SANET-ep) and
pancreatic (SANET-p) origin (70, 71).

In SANET-ep study (70) 198 patients were randomly assigned
to surufatinib 300 mg/day (n=129) or placebo (n=69). Median
progression-free survival (PFS) was 9.2 months in the surufatinib
group versus 3.8 months in the placebo group. The overall
response rate (ORR) was 10% in the surufatinib group versus
zero in the placebo group. The most common treatment-related
adverse events (AE) of grade > 3 were hypertension (36%
surufatinib vs 13% placebo) and proteinuria (19% vs. 0%). In
SANET-p study (71) 113 patients were randomly assigned to
surufatinib (300 mg/day) and 59 to placebo. The median PFS was
10.9 months for surufatinib versus 3.7 months for placebo; ORR
was 19% in the surufatinib group and 2% in the placebo group.
The most common AE of grade > 3 were hypertension (38%
surufatinib vs. 7% placebo), proteinuria (10% vs. 2%) and
hypertriglyceridemia (7% vs. none).

Another study evaluated the effect of surufatinib dose
escalation/expansion in 32 patients with heavily pre-treated
progressive NENs, 16 patients with pancreatic NENs and 16
with extra-pancreatic NENs. Nineteen patients remained on
active treatment (13 extra-pancreatic and 6 pancreatic), 9
patients discontinued due to disease progression, 2 withdrew
consent and 2 discontinued due to AE. An ORR of 9.4% was
observed (72).

An open label phase II study evaluated efficacy and
tolerability of surufatinib (300 mg/day) in 27 patients with
progressive medullary thyroid cancer (MTC). Objective
response was observed in 22.2% of patients with MTC, and the
majority (88.9%) achieved disease control. The therapy was well
tolerated (73).

Therefore, surufatinib demonstrated promising anti-tumor
activity with an acceptable and manageable safety profile in
advanced NENs.

Lenvatinib is a potent VEGFR1-3 and FGFR1-4 inhibitor. The
TALENT trial, a prospective phase II study, evaluated efficacy,
safety and tolerability of lenvatinib (24 mg once daily) in G1/G2
advanced pancreatic (n=55) and gastrointestinal (n=56) NENs
resistant to previous targeted agents. The ORR was 29% (42.3%
for pancreatic NENs and 16.3% for gastrointestinal NENs). PFS
and overall survival (OS) for pancreatic NENs were 15.5 months
and 29.2 months, while for gastrointestinal NENs were 15.4
months and not reached, respectively. The most frequent grade
3/4 AE were hypertension (22%), fatigue (11%) and diarrhea
(11%) (74). Thus, lenvatinib showed a promising PFS and OS in
a pretreated population.

A phase II, multicenter, open-label, single-arm clinical trial
evaluated efficacy and tolerability of lenvatinib (24-mg daily, 28-
day cycles) in 59 patients with MTC. ORR was 36%, all PR.
Disease control rate (DCR) was 80%, 44% had SD. Median time
to response was 3.5 months. Median PFS was 9.0 months. Grade
3/4 AE included diarrhea (14%), hypertension (7%), decreased
appetite (7%), fatigue, dysphagia and increased alanine
aminotransferase levels (5% each) (75).

Another phase II study evaluated lenvatinib treatment in
9 patients with MTC. The most frequently reported AE were
decreased appetite (100%), hypertension (89%), palmar-
plantar erythrodysesthesia (89%), diarrhea (89%), fatigue
(78%) and proteinuria (67%). Median PFS was 9.2 months.
Median OS was 12.1 months. ORR was 22% and DCR was
100% (76).

Recently, a prospective, post-marketing observational study
evaluated, in daily clinical practice, the safety and effectiveness of
lenvatinib in 28 patients with MTC. Hypertension, proteinuria
and palmar-plantar erythrodysesthesia syndrome were the most
frequently reported AE. The 12-months OS rate was 83%. ORR
was 45% (77).

Nintedanib is a dual inhibitor of VEGFR1, -2, and -3 as well as
FGFR2 and showed both antiangiogenic and antitumor activity
in the RIP1-Tag2 transgenic mouse model of tumorigenesis for
pancreatic NEN (44). A multicenter phase II study evaluated
efficacy, safety and tolerability of nintedanib in 30 patients with
unresectable/metastatic carcinoids on stable dose of SSA for >3
months. PFS at 16 weeks was 86.7% in 26 patients. PR was
observed in 4%, SD in 83%, disease progression in 8% of patients.
Quality of life was maintained or improved in at least 50% of
subjects. The most common grade 3 AE were hypertension and
decreased appetite (78).

A prospective randomized double-blind phase II study
evaluated the efficacy and tolerability of nintedanib in
progressing MTC after prior TKI treatment. The study was
stopped due to slow accrual with 32/67 patients enrolled,
without reaching the targeted statistical power. The most
common AE were diarrhea (18%), nausea (9%), GGT increase
(18%) and lymphopenia (18%) (83).

Anlotinib is a novel TKI targeting VEGFR2-3 and FGFR1-4
with high affinity. Anlotinib has previously shown promising
antitumor activity on MTC in preclinical models and a phase I
study (84). A phase II clinical trial showed a relevant antitumor
activity of anlotinib (12 mg once daily, two weeks on/one week
off) in 58 patients with advanced MTC. PFS rates at 24, 36, and
48 weeks were 92.2%, 87.8% and 84.5%, respectively. Significant
decreases in serum calcitonin (=50%) occurred in 57.5% of
patients. The most common AE included hand-foot syndrome
(79.3%), hypertriglyceridemia (46.5%), hypercholesterolemia
(43.1%), fatigue (41.4%), proteinuria (39.7%), hypertension
(39.7%), sore throat (37.9%), diarrhea (34.5%) and anorexia
(34.5%) (79).

These data have been confirmed in a phase IIb study
(ALTERO01031), enrolling a larger cohort of patients (80).
Ninety-one patients with advanced MTC were randomized: 62
to anlotinib arm and 29 to placebo arm (12 mg/die from day 1 to
14 of a 21-day cycle). Median PFS was 20.7 months in anlotinib
arm vs. 11.1 months in placebo arm. The most common AE after
anlotinib arm were hand-foot syndrome, hypertension,
hypertriglyceridemia and diarrhea (80).

Several clinical trials on the use of multi target TKI, with an
action also on FGFR, in patients with NENs are currently
ongoing. Table 2 reports the main characteristics of trials
registered on clinicaltrials.gov.
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TABLE 2 | Ongoing clinical trials evaluating the effects of multitarget tyrosine kinase inhibitors, acting also on FGFR, in patients with NENs.

Identifier Therapy Molecular target Study design Tumors Estimated sample Primary Start date Estimated
size outcome Completion Date
NCT02399215 Nindetanib FGFR Multicenter open label phase Il Well or moderately differentiated 30 PFS May 2015 October 2020
VEGFR study (G1, G2) NEN not pancreatic
PDGFR
NCT04207463 Anlotinib + FGFR Multicenter G1 or G2 GEP NET (cohort 5) 150 (all cohorts) ORR June 2020  December 2020
AK105 (anti PD1) VEGFR multi-cohort open label phase I
PDGFR study
c-kit
NCT02259725 Regorafenib FGFR VEGFR1-3 Multicenter Carcinoid (cohort A) or 48 PFS August August 2021
TIE2 multi-cohort pancreatic 2016
KIT open-label phase Il study islet cell tumors (cohort B)
RET
RAF-1
BRAF BRAFV600E
PDGFR
NCT03950609 Lenvatinib + FGFR1-4 VEGFR1-3 Single center Unresectable 32 ORR July 2019 May 2021
Everolimus open-label phase Il study well differentiated carcinoid
(MTOR inhibitor) tumors
NCT03475953 Regorafenib + FGFR VEGFR1-3 Multicenter, open label phase I/l G2 or G3 GEP NEN 362 ORR (Phase 2) May 2018 November 2020
Avelumab (anti PD- TIE2 study (cohort G)
L1) KIT
RET
RAF-1
BRAF BRAFV600E
PDGFR
NCT02657551 Regorafenib FGFR VEGFR1-3 Open-label phase Il study Metastatic medullary thyroid 33 PFS January October 2022
TIE2 cancer 2016
KIT
RET
RAF-1
BRAF BRAFV600E
PDGFR
NCT03008369 Lenvatinib FGFR1-4VEGFR1-3 Open-label Metastatic PPGLs 25 TRR May 2017 December 2020

phase Il study

FGFR, fibroblast growth factor receptor; GEP, gastro-entero-pancreatic; NA, not available; NEN, neuroendocrine neoplasm; NET, neuroendocrine tumor; ORR, objective response rate; PD1, Programmed cell death protein 1; PDGFR, Platelet-
derived growth factor receptor; PD-L1, Programmed cell death ligand 1; PFS, progression free survival; PPGL, Pheochromocytoma and Paraganglioma; pts, patients; TRR, tumor response rate (complete response and partial response);
VEGFR, Vascular Endothelial Growth Factor Receptor.
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CONCLUSIONS AND FUTURE
PERSPECTIVES

In the last years there is mounting evidence supporting the role of
FGF/FGEFR system in the development and progression of NENs
and probably in the occurrence of fibrotic complications
(mesenteric and/or retroperitoneal fibrosis). In addition, the
FGF/FGFR pathway could also have a key role in the onset of
drug-resistance. Indeed, FGF/FGFR pathway is a main
compensatory mechanism in anti-VEGF-therapy-resistant tumors.

Currently no specific FGFR kinase inhibitors have been
evaluated in patients affected by advanced NENs. Although recent
clinical trials have reported a significant antitumor activity and
manageable safety profile of several multitarget TKIs, which are able
to block many molecular pathways including FGFR, it is not
possible to isolate the efficacy of FGFR inhibition alone. Future
studies should better confirm these issues and clarify the role of
FGF/FGFR pathway in promoting drug-resistance in NENs. The
development of new TKIs, highly selective for FGFR and with less
toxicity, may open an innovative therapeutic strategy to be
integrated into a personalized approach for this heterogeneous
class of tumors. In addition, recent preclinical studies showed a
potent inhibition in tumor growth both in hepatocellular carcinoma
(85) and in ovarian cancer (86), through the simultaneous blockade
of mTOR and FGFR pathways. Considering the pivotal role
of deregulated mTOR signaling activation in the proliferation of
NENSs, particularly in pancreatic tumors, combining mTOR
inhibitors and TKIs targeting FGFRs could represent a future
therapeutic approach in NENs.
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