UNIVERSITA DEGLI STUDI DI PAVIA

DIPARTIMENTO DI MEDICINA INTERNA E TERAPIA MEDICA
DOTTORATO IN MEDICINA SPERIMENTALE

THE COMPLEX RELATIONSHIP BETWEEN CHRONIC
INFLAMMATION AND DIFFERENTIATED THYROID CANCER:
EVIDENCE FROM IN VITRO AND CLINICAL STUDIES

Relatore:

Chiar.mo Prof. Luca Chiovato

Tesi Sperimentale di Dottorato
Corso XXXIV
Laura Croce

Matr. N. 473809

Anno Accademico 2021-2022

1



SUMMARY

ABSTRACT ..ottt ettt et ettt e e et e et et e sstemteaseeatenseaseense st entenseeseens e seentenseentenseeseentenseeneentens 3
IEEOMUCTION ..ttt ettt et e b e bt e s bt e e et e e bt et e e bt e sheesabeeabeembe e bt e bt e sseesaeeeneeeneean 5
Differentiated TRYTOIA CaNCET.........ccuiviieiiieriieriieieeeie ettt et ee e sbeebeeseestaestaessaesssessseesseesseesssesssesnseensees 5
Clinical characteristics of Differentiated Thyroid Cancer...........c.ccvevvvevierierieniieieeieeeeste e seesnesneens 5
Epidemiology of thyroid CANCET ........ceiiiiieeiierieerieeeee ettt ettt te e tee st essaessbessseensaensaensees 8
Diagnostic work-up of Differentiated Thyroid Cancer (DTC)......cccevieviiiiiiiieiieceeceeciece e 9
Therapeutic Options fOr DTC......c.uiiiiiiiiieciie ettt e et e e s e e e ree e ebaeesbeeessseesssaeensseensnes 10
Management of advanced/metastatic DTC........cc.cccuiiiiiiiiiiiiiecie ettt sane v ens 11

The tUMOT MICTOCIIVITONITIENIE . ...c..eeutetietieterteeitete et ettt et et et et e st e et e tesb e et e sbeestebeeseenbesbeemtebesbeensenbesanenes 12
CRETNOKITIES ...ttt ettt ettt ettt b et st e st e s bt e bt et e s bt ea s e st e sa e e besbeem e e bt eatenteemeenbesaeentens 13
Chemokines in the DTC mMiCrOCNVITONIMENL.......c..cetertiriierientieterteetteterteeterteseeetesteetenbeeteeseesbeeteseesaeens 14
Pro-tumorigenic chemokines — the pivotal role of CXCLS...........cooieviiiiieiieciecie e 15
CXCLE @NA DTC ...ttt ettt ettt et et e st e e st e se e st e sesseeneensesstenseeseensesseeneensesseensans 17
CXCLS as a target of anti-Cancer therapies.........cccueiiieieeiiieiiecieciecee ettt e steesaeeeareebeebeesreesenenens 18
Chronic AutoimmUNE THYTOIAILES ......eecveeerieriieriieiiiiie ettt e ste st e ere e eseesseeseeeseeessseesseesseesseessaessnennns 19
Chronic Autoimmune Thyroiditis and Thyroid Cancer...........cccceeververeiirciienieneeseesee e ereereesee e e 21
AIM OF THE THESIS ...ttt sttt st b e e et et b et e st e et et e sbeent e beeaeenee 23
Materials and MEHOAS . ........oeiiiieiee ettt ettt et e e e e st e e e be et esesetenseeseeneenes 26
N 01 PRSPPI 26
N 01/ TSRS 30
RESUILS ..ttt ettt s h et b e e st e bt e bt et e s bt e st e bt e bt et e e bt e st e bt eat et e sbeent e beeaeenee 32
FN 11 L OO OO OO OSSOSO SUPPTSRRPRPRRROON 32
ATV 2 ettt bttt ettt et b e bt b e e h et eh et sh e e Rt e bt eh e et e bt et e bt eneetesbeenten 37
DD IS CUSSION. ¢+ttt ettt ettt ettt ettt et e e bt e et e et et e et e e sb e e eheeeateeabeem bt e bt e bt e bt e ehe e eat e e ate e be e bt e eh e e eabeeabeeabeenbe e beeaes 39
FAGUICS ..ttt e ettt e et e e b e e s tb e e e tbe e sbeeestaeesbeeassaeesbeeeabae e st e eanbeeetbeeasbeeantaeeasreeanreen 46
FAGUIC L@ZENAS ...eiiiiieeiiieeiee ettt et e et e et e e st e e et eeeebaeestaeesbeeessae e ssaeassaeessseesssaeensseesssaeensseessseenn 56
TADIES ...ttt bttt h et bt et b e e a et e h et e bt e Rt e bt e h e et e eh e e a e et e at et e sheent e beeaeenes 62
REFERENCES ...ttt ettt st b ettt h et e bt e st e bt e h e et e eb e e st e sbeemtentesbeemtenbeeneenes 64



ABSTRACT

Inflammation is an essential component of malignancies, including differentiated thyroid cancer
(DTC). Thyroid cancer microenvironment is composed of a mixture of immune cells and soluble
mediators. Among them, the chemokine CXCLS8 exerts multiple pro-tumorigenic activities, including
a chemotactic action on circulating neutrophils, induction of tumor cells growth, increase in
angiogenesis and induction of the epithelial to mesenchymal transition, which promotes cell
migration. Clinical studies in patients affected by several types of cancer evidenced that CXCLS8
serum levels reflect the tumor burden and are related with the tumor aggressiveness. Solid evidence
indicates that CXCLS targeting can reduce tumor progression. The controversial relationship between
inflammation and thyroid cancer tumorigenesis involves also the debated topic of the association
between chronic-autoimmune-thyroiditis (CAT) and (DTC). DTCs are often diagnosed in the context
of CAT and display an inflammatory-immune cells infiltration at histology, but whether the malignant
transformation is promoted by the inflammatory response, or the peri-tumoral inflammation is
induced by cancer-specific inflammatory molecules is still a matter of debate. This thesis project had
two principal aims, 1) to investigate the role of a pro-tumorigenic chemokine (CXCLS) in thyroid
cancer microenvironment and to test in vitro the modulating properties of two different
pharmacologic agents (PLX4720 and phenformin) and ii) to evaluate if CAT is a risk factor for the
de novo development of DTC through a longitudinal population study. For Aim 1, thyroid cancer cell
lines both BRAFV600E mutated (BCPAP, 8305C, 8505C) and RET/PTC rearranged (TPC-1), and
normal human thyrocytes (NHT) were cultured alone or after treatment with two PLX4720 ore
phenformin at increasing concentrations. CXCL8 concentrations were measured in the cell
supernatants. Cell viability was evaluated through WST-1 and Annexin/propidium assay. Metastatic
potential was assessed with migration assay and colony formation assay. For Aim 2, a retrospective
longitudinal cohort study was designed including 510 CAT patients with a 10-years follow-up. The
results of the first part of the thesis demonstrate that thyroid cancer cells secrete high amounts of

CXCLS and that both PLX4720 and phenformin are able to exert several anti-cancer activities within
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cancer microenvironment that are in part due to the inhibition of CXCLS8 secretion. The results of the
second part of the study indicate that the presence of CAT is not a risk factor for the new onset of
DTC during long-term follow-up. The results of this thesis project suggest that two different kinds of
inflammation (cancer-related and autoimmunity-related) exert different effects on DTC

microenvironment and could have opposite effects on DTC development and prognosis.



INTRODUCTION

Differentiated Thyroid Cancer

Clinical characteristics of Differentiated Thyroid Cancer

Thyroid cancer (TC) accounts for approximately 3% of all human cancers and has an incidence of
approximately 7.5-8 cases per 100,000 individuals for men and approximately 22 new cases per
100,000 individuals for women, with a mortality rate of 0. 5 out of 100,000 for both genders. It is the
most frequent endocrine neoplasm, however its prevalence, among all malignant tumors in humans,
is relatively low (less than 1% of all malignant neoplasms), despite the fact that benign nodules are

extremely frequent in the general population (1).

Sex is commonly considered a risk factor for thyroid cancer, since women are 3 to 4 times more
frequently affected than men, although men experience a more aggressive disease (2). Other risk

factors include a family history of TC, exposure to radiation and flame retardants and smoke (3).

The histotypes of TC are classified according to the originating cell type: papillary thyroid cancer
(PTC) (=80% of cases) and follicular thyroid cancer (FTC) (=2%) arise from differentiated follicular
cells, medullary thyroid cancer (TCM) (=4%) originates from parafollicular cells. More rarely TC
can present as a poorly differentiated TC (PDTC) or anaplastic thyroid carcinoma (ATC) (=5-10%),
which are the cause of the majority of deaths from thyroid cancer(4). For the purpose of this thesis,

we will focus only on thyroid cancer originating from follicular cells.

Papillary thyroid cancer (PTC) is the most frequent of follicular cell-derived tumors. Its histological
characteristics include high density of nuclei that tend to overlap and have grooves, irregularities of
the nuclear membranes, presence of intranuclear inclusions of cytoplasm and eccentric nucleoli,
enlargement, and elongation and “ground glass” appearance of nuclei (" Orphan Annie eyes ") (5).
Some histological variants can be more aggressive, the columnar, tall cell, solid and hobnail variants
(6). Most PTCs occur in adults 20 to 50 years of age, although it can also be found in children and

the elderly, and there is a female predominance, especially in the fourth decade of age, with a 4: 1
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female/male ratio (7). PTC tend to extend to the soft tissues of the neck or to latero-cervical lymph
nodes, which sometimes constitute the first clinical manifestation of the disease. On the other hand,
long-distance metastases to organs such as lung, bone, central nervous system, pancreas and breast
are rare. The prognosis for papillary carcinoma is excellent, with a 10-year survival of over 90% of

patients.(5)

Follicular thyroid cancer (FTC) is the second in frequency of occurrence among thyroid carcinomas
and shows a higher incidence (20-40%) in geographic areas where iodine deficiency is detected (8).
Is more common among women between the fifth to sixth decade of life. The diagnosis of follicular
carcinoma is based on the histopathological demonstration of the infiltrative growth of the tumor,
which allows classifying FTCs into widely invasive and minimally invasive forms. While largely
invasive FTC are usually large masses with local extension to soft tissues and vessels, with a worse
prognosis, minimally invasive FTCs usually present as a well-defined, smaller mass. Most FTCs have
different foci of capsular or vascular invasion and tend to spread haematogenically with metastases
to the brain, bone, liver and lungs. FTC shows a good prognosis which however depends on the degree

of invasion.

According to the most recent WHO guidelines, encapsulated non-invasive follicular PTC variants are
now referred to as NIFTPs (‘non-invasive follicular thyroid neoplasm with papillary-like nuclear
features’). This nomenclature changes, which eliminates the term ‘“carcinoma”, is based on the
clinical evidence of their less aggressive behaviour during long-term follow-up, and shjould hopefully

lead to a reduction in the unnecessary use of total thyroidectomy and radioactive iodine (RAI)(9).

Scarcely Differentiated Thyroid Cancer and Anaplastic thyroid cancer (ATC) are both derived from
a de-differentiation of follicular-cell-derived cancers and are responsible for more than half of all
deaths attributable to thyroid cancer in the United States. These cancers usually present as large, fast-
growing masses composed by small neoplastic cells with hyperchromatic nuclei and high mitotic

index. ATC incidence is about 1-2 cases / million, mainly in elderly individuals, with a female: male
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ratio of 1.5: 1(4). They tend to invade surrounding soft tissues such as the trachea, pharynx, esophagus
and regional lymph nodes and lung, bone and brain metastases can be found in 10-40% of patients.
The prognosis of anaplastic carcinoma is extremely poor, with a mean survival of 2 to 7 months and

a 5-year survival of 0-14%(4).

DTC can harbor three main types of genetic mutation:

- BRAF mutations: BRAF is a serine-threonine kinase belonging to the RAF family of proteins,
which plays a mediator role in the MAPK signaling pathway. About 45% of papillary carcinomas
(less frequently in the follicular variant) and about 30% of anaplastic carcinomas carry a mutations
in the BRAF gene. The most frequent mutation is the amino acid substitution valine-glutamate on the
residue 60014.15, which causes the constitutive activation of BRAF and the MAPK "pathway".
Another consequence of this mutation is an altered functioning of the iodine-sodium symport (NIS)
and in general of the genes that control iodine metabolism; this could explain the poor response to

radioiodine therapy (10,11).

- RET / PTC rearrangements: RET is a proto-oncogene encoding a membrane receptor tyrosine
kinase; this can be constitutively activated in the follicular cells through a gene rearrangement, most
frequently the RET /PTC 1 and RET / PTC 3, leading to a hyper-activation of the MAPK "pathway".
RET / PTC rearrangement is typical of PTC (up to 20%) and is a risk factor for lymph node spread

(12,13)

- RAS: the RAS genes (H-RAS, K-RAS, N-RAS) are involved in the regulation of a very large
number of intracellular signaling pathways and their de-regulation is involved in the pathogenesis of
different types of cancers. About 50% of follicular carcinomas, 50% of anaplastic carcinomas and

20% of papillary carcinomas (follicular variant only) are characterized by mutations affecting codon

61 of N-RAS and H-RAS(14).



Epidemiology of thyroid cancer

The incidence of thyroid cancer rapidly increased during the second half of the 20" century in the
United States and in other developed countries, while mortality remained relatively constant(15). This
increase was found mainly in small (<2 cm) papillary cancers, with an absolute increase in the rate

of thyroid cancer in women four times higher than in men.

The explanations for this worldwide increase are controversial. Indeed, a large portion of the
increased incidence of thyroid cancer is probably due to an increase in diagnostic procedures, such
as neck ultrasounds, that leads to the detection of small thyroid nodules that would be missed at
physical examination. The resulting overdiagnosis has been accompanied by overtreatment with an
excessive number of surgical intervention and radioiodine therapy(16). Moreover, an increase in the
number of surgical interventions for non-malignant thyroid diseases (such as Graves’ disease an

Multinodular Goiter) has increased the detection of incidental malignant tumors(17,18).

This trend reached its peak of 15.2 per 100,000 individuals in 2013, then a gradual decline was
observed. In particular, the last 2021 SEER report showed that the 5-year incidence trend for thyroid
cancer is statistically significantly decreasing among women and is stable among men(1). The
observed declines in overall thyroid cancer incidence are likely attributable to changes in diagnostic
practices for low risk tumors suggested by the most recent guidelines (19) and, to a lesser extent, to

diagnostic coding changes for follicular variant of papillary thyroid carcinoma (20).

Nevertheless, the observed increased incidence of more advanced-stage cancers (1) suggests that

improved detection techniques are not the only reason for this phenomenon.
The following possible risk factors have been proposed:

- Exposure to ionizing radiation, particularly at young age, due to diagnostic procedures or

radiotherapy (21,22).



- Exposure to environmental pollutants such as asbestos, benzene, formaldehyde, pesticides,
bisphenol A (BPA), polychlorinated diphenyls (PCBs) and polyhalogenated aromatic
hydrocarbons (PHAH), which can act as genotoxic or non-genotoxic carcinogens(23). The
volcanic environment also appears to increase the incidence of thyroid cancer (24).

- Obesity: some authors suggest a causal link between the obesity epidemic worldwide and the

increased incidence of thyroid cancer(25), although this association is still controversial(26).

Diagnostic work-up of Differentiated Thyroid Cancer (DTC)

The diagnostic work-up of DTCs includes both pre- and postoperative pathological and molecular
assessments. Thyroid Ultrasound (US) is the most used technique to stratify the risk of malignancy
of thyroid nodule, due to its low invasiveness and efficacy. Nevertheless, US is a user-dependent
technique, and results are not always easy to compare. With this purpose some systems of
classification of ultrasonographic risk were created, among which the EU-TIRADS and ACR-

TIRADS are the most used, respectively in Europe and America(27,28).

Both TIRADS systems (Thyroid Imaging and Reporting Data System) classify thyroid nodules in
five different categories of increasing risk, according to their ultrasonographic characteristics; each

of these categories is associated with a different malignancy risk.

These systems provide essential operational guidelines about the management of thyroid nodules:
they help to select those which should be subjected to FNAB and, in the case where this is not

indicated, they suggest the frequency of the ultrasonographic follow-up (29,30).

Preoperative Fine-Needle-Aspiration-Cytology (FNAC) is the main tool to evaluate the risk of
malignancy of a thyroid nodule. The decision to perform FNAC should be based on lesion size and
ultrasonographic characteristics. Cytology findings are classified into diagnostic categories
associated with different risks of malignancy, according to the specific classification method

employed (31). Most malignant thyroid tumors can be identified cytologically, with the exceptions



of FTCs and the newly defined ‘non-invasive follicular thyroid neoplasm with papillary-like nuclear
features’ (NIFTP), which are usually classified as indeterminate in the various thyroid cytology
reporting schemes(32,33). FNA-based diagnosis of poorly differentiated carcinoma is also

challenging unless there is an obviously increased mitotic activity and/or necrosis.

FNA diagnosis can be facilitated by assessment of malignancy markers (including proteins commonly
overexpressed in tumors, e.g2. HBMEI1 or galectin-3) and molecular alterations specifically associated
with malignancy (e.g. BRAF mutations, RET fusions, other novel gene alterations). Specifically
designed gene panels are reportedly useful for identifying malignancy when cytology samples are

morphologically indeterminate (33).

Therapeutic options for DTC
While well-differentiated thyroid tumors (papillary and follicular carcinoma) are highly treatable and
generally curable; poorly differentiated and undifferentiated tumors (anaplastic carcinoma) are less

common, more aggressive, metastasize early and have a poor prognosis.

Primary tumour management is determined by the results of a preoperative risk assessment. In case
of low-risk, unifocal papillary microcarcinomas (<1 cm), active yearly US surveillance of the thyroid
and neck lymph nodes can be proposed (34). Surgery is the therapy of choice in all other cases and
has the aim of completely removing the tumor. The procedure may consist of a total thyroidectomy
or a lobectomy, based on the age of the patient and the size of the nodule. Total thyroidectomy has
the advantage of eliminating also contralateral foci of the tumor and of reducing the risk of
dedifferentiation of any residual tumor towards an anaplastic cell type. Nevertheless, the risk of
recurrent laryngeal nerve injury and temporary or permanent hypoparathyroidism, even in the hand
of expert surgeons, is not negligible(35). Lobectomy, on the other hand, can be considered in cases
of small (<1 cm), low-risk and unifocal papillary carcinomas, in the absence of previous irradiation

of the head and neck or of lymph node cervical metastases(36). Also in cases of anaplastic thyroid
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cancer, a total thyroidectomy allows to reduce the compressive symptoms that can be caused by the

tumor(37).

Radioactive iodine therapy (RAI) is a therapeutic option for patients undergoing total thyroidectomy.
RAI can be used to eliminate the normal thyroid remnant, thereby ensuring undetectable serum Tg
levels (in the absence of neoplastic tissue), which facilitate follow-up (remnant ablation); to irradiate
presumed foci of neoplastic cells, thereby reducing the recurrence risk (adjuvant therapy); and/or treat

persistent or recurrent disease (treatment of known disease)(38).

RAI can be administered in conjunction with two possible thyroid stimulating hormone (TSH /
thyrotropin) stimulation methods, suspension of thyroid hormone or administration of recombinant

human thyrotropin (rhTSH).

While practice guidelines unanimously recommend treatment with high RAI activities (>100 mCi)
for patients with high risk of recurrence, RAI is not recommended for patients with ‘very low-risk’
of recurrence (39,40). On the other hand, there is less consensus regarding patients with low or
intermediate risk of recurrence. According to the recent statement by several scientific societies, the
decisions to treat should be taken on an individual basis, depending on tumor features, health-care
setting (e.g. availability and quality of thyroid surgeons, US, RAI imaging, Tg assays), patient-related
factors (e.g. comorbidities, motivation, emotional concerns), and the local management team’s

preferences (41).

After thyroid surgery, except for lobectomy, patients undergo thyroid replacement therapy with
levothyroxine with the aim of reaching a target TSH level according to the risk of relapse and the

patient's co-morbidities (42).

Management of advanced/metastatic DTC

Less than 10% of DTC patients experience distant metastases, half of them at diagnosis and the other

half after initial treatment. Metastases are more frequent in cases of large tumors, with aggressive
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histological subtypes, vascular invasion, macroscopic extrathyroidal extension and local lymph node
involvement (19). The most common sites are bones and lungs (in 25% and 49% of cases,
respectively). Bone metastases are more common in FTC than in PTC (55.5% versus 31.5%,
respectively). The presence of distant metastasis greatly increases the 5-years and 10-years mortality
rate (65% and 75%, respectively)(43,44). The available therapeutic options include repeated RAI
therapy (as long as the tumor does not become RAl-refractory), locoregional therapy, such as External
Beam Radiation Therapy (EBRT), local surgery or percutaneous ablation (45-47), and systemic
therapy. Among the targeted drugs that are approved for metastatic DTC, lenvatinib and sorafenib,
both anti-angiogenetic agents, are considered as first-lines (48,49). These drugs should be initiated
only after demonstration of radiological progression in RAl-refractory cancers. Other drugs are being

studied as curative agents for metastatic DTC, including:

- BRAF-inhibitors and MEK-ERK inhibitors: this class of drugs includes Sorafenib(50),
Vemurafenib (or PLX4720) (51,52) and Dabrafenib (53,54)

- Larotrectinib for cancers expressing the TRK gene fusion protein(55)

- Checkpoint inhibitors (56).

AMPK-inhibitors, including AICAR, metformin and phenformin (57,58)

Systemic therapy is used only for the treatment of anaplastic thyroid carcinoma, which does not
respond to therapy with 131 I and for which the use of single anticancer drugs induces only partial

remissions in some patients. (59)

The tumor microenvironment

The process of formation of a neoplasm, or tumorigenesis, is a complex and dynamic phenomenon
that consists in the acquisition of peculiar characteristics, responsible for the proliferation of cells and
the spread of the tumor, which consist of: increase in proliferative signals, evasion from the

mechanisms that negatively regulate growth, resistance to apoptosis, unlimited replication,
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stimulation of angiogenic phenomena, tendency to local invasion and formation of metastases and

evasion from the immune response(60).

The tumor grows and expands around a cellular and extracellular environment which is commonly
referred to as a tumor microenvironment. Several studies on cancer patients have shown that the local
profile of the tumor microenvironment is closely related to its biological behavior and that its
composition can also influence the patient's therapeutic outcome(61,62). The tumor
microenvironment consists of proliferating neoplastic cells, stromal cells, which include fibroblasts,
vessel cells (endothelial cells, pericytes, smooth muscle cells), blood vessels, infiltrating
inflammatory cells and a variety of associated tissue cells. Immune cells that constitute the tumor
microenvironment include T lymphocytes, dendritic cells (DCs), B cells, macrophages,
polymorphonuclear leukocytes and rare natural killer (NK) cells(63). The recruitment of these cells,

alone or in combination, is regulated by the presence of specific proteins called chemokines(64).

Chemokines

Chemokines are small molecules secreted both by normal and cancerous cells within the tumor
parenchyma. Their action is exerted through the bind which have receptors on their surface capable
of recognizing and binding them, thus allowing their action. These are soluble proteins are secreted
within the extracellular matrix (ECM), establishing a concentration gradient able to induce
chemotaxis of cells expressing specific chemokine G-couples receptors (65,66). Chemokines have a
low molecular weight and can be divided into four classes according to the position of the first two
cysteine residues (C) in their protein sequence: CC chemokines, CXC chemokines, C chemokines
and CX 3C chemokines(67). They can also be divided into inflammatory chemokines, induced by
acute or chronic inflammatory processes or by adaptive immunity responses, and homeostatic

chemokines, constitutively expressed in specific tissues or cells(68).
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More than 50 different chemokines have been described in literature. The chemokine-chemokine
receptor binding system is redundant, since there are more chemokines than receptors, meaning that

many receptors bind to more chemokines and vice versa (65).

Within the tumor microenvironment, chemokines, besides the ability to attract and maintain immune
cells at the tumor site, induce various pro-tumorigenic actions, which include proangiogenic,
cytoproliferative and pro-metastatic effects (69). The inflammatory process, and in particular
chemokines, therefore have a key role within the tumor microenvironment, where the body's normal
defense mechanisms can counteract of favor the processes of carcinogenesis and neoplastic

progression(70).

The binding of a chemokine to its G-coupled receptor induces a series of downstream effects leading
to the activation of several intracellular pathways(71). The two main responses are the activation of
integrins, which cause cell adhesion, and the polymerization of actin, leading the cell to orientate in
space and polarize. This process, in association with the contraction of the actomyosin induces the
cell to migrate. The relevant role of chemokines in cancer biology is also linked to their ability to
activate other signaling systems, such as the tyrosine kinase receptor pathway and the JAK-STAT
pathway(70). Some chemokine receptors are labeled as "atypical", since they share the 7-domain
transmembrane structure of conventional receptors but are not coupled to G proteins. Consequently,
they fail to induce classical receptor signaling and downstream intracellular responses but act as

scavengers, which target chemokines for lysosomal degradation(65).

Chemokines in the DTC microenvironment

Differentiated Thyroid carcinoma is characterized by a complex inflammatory microenvironment in
which immune cells like macrophages, T lymphocytes, dendritic cells (DC) and natural killer (NK)
cells can be identified, circulating between the neoplastic cells and the supporting stroma, and which
can represent up to 50% of the tumor mass(72). The metastatic potential of DTC is in part regulated

by the interaction of malignant thyroid cells with the chemokine system present in the tumor
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microenvironment(73). Thyroid cells produce a broad spectrum of CXC chemokines (eg, CXCLI,
CXCLS, CXCL9, CXCL10 and CXCL11) under basal conditions and / or under the influence of
specific stimuli(74). In thyroid tissue, T helper 1 (Th1) lymphocytes, recruited for the inflammatory
response, can stimulate the production of IFN-y and tumor necrosis factor a (TNF-a), which in turn
induce an increase in secretion of chemokines by thyroid cells. An amplification loop is thus
generated, activating and perpetuating the autoimmune process(75). The RET / PTC1 rearrangement
(76) and the V60OE point mutation in the BRAF gene (77) also contribute to the induction of a
protumorigenic inflammatory microenvironment through the activation of their respective proto-
oncogenes. The RET / PTC1 oncogene induces the expression of a proinflammatory program that
includes the upregulation of several chemokines such as CCL2, CCL20, CXCLS8, CXCL1, CXCL10
and CXCL12 and the chemokine receptor CXCR4, along with other proinflammatory cytokines and
enzymes(12,76,78). The BRAFV600E mutation, on the other hand, is strongly correlated with an
overexpression of CXCR4 (79) and an increase in the secretion of several pro-inflammatory

mediators, including CXCL8(54,80)

Pro-tumorigenic chemokines — the pivotal role of CXCLS8

Several chemokines, including CCL15, CXCL12, CXCL16, CXCL1, CCL20 and CCL2 have pro-
tumorigenic effects on thyroid cells (81). Nevertheless, CXCLS8 appears to have a pivotal role in
thyroid cancer microenvironment. At present, CXCLS is probably the most studied chemokine in
human cancer(82). The discovery of CXCLS, often referred to as interleukin-8 or chemotactic factor
/ activating neutrophils-1 (83,84) has represented a landmark in immunology as it is the first identified
immune molecule whose chemotactic activity was demonstrated on selected subpopulations of
leukocytes, both at the sites of inflammation and tissue injury (85). Cancer cells secrete CXCL8 and
create a concentration gradient in the tumor microenvironment that attracts neutrophils, which express
the CXCR1 and CXCR2 receptors and, once in place, release enzymes responsible for remodeling

the extracellular matrix; this effect facilitates the migration of tumor cells and their entry into the
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vascular bed, allowing them to travel to metastatic sites(86). Beside this, CXCL8 has a broad

spectrum of actions, including the activation of cells expressing CXCR1 / CXCR2 (87).

The expression of the CXCL8 gene and subsequent secretion of the corresponding protein are mainly
regulated by the nuclear transcription factor NF-kB and activator protein-1 (AP1), but other, yet to

be elucidated, pathways are also thought to be involved (88).

CXCLS in normal tissues is expressed at low or undetectable levels, as it is linked to proinflammatory
states, but its expression increases in several human solid tumors such as melanoma (89), squamous
cell carcinoma(90), cervical carcinoma(91), ovarian cancer(92), non-small cell lung cancer (93),
colon cancer (94)and gastric cancers (95). The widespread expression of CXCLS8 in human neoplasms
is of particular relevance, since the pleiotropic effects of this chemokine influence cell growth,
angiogenesis, invasiveness and metastatic potential(81). The secretion of CXCL8 by tumor cells can
improve their proliferation and survival rate through autocrine signaling pathways by binding to its
G-coupled receptor and activation of the mitogen-activated protein kinases (MAPK). These processes

lead in the end to an increase in cell proliferation and survival (96-99).

CXCLS is also potent pro-angiogenic factor, since it induces the formation of new blood vessels from
pre-existing capillaries, which supply and nourish the tumor cells, thus allowing the growth of the
solid tumor The angiogenic effect of CXCL8 occurs after its binding to the CXCR1 and CXCR2
receptors expressed by endothelial cells (100), which causes their activation, their chemotaxis (as

demonstrated by in vitro experiments) and the formation of new vessels blood in vivo (101,102).

Most importantly, CXCLS8 has significant pro-metastatic properties (103,104) due to its ability of
recruiting neutrophils to the tumor site that, in turn, favors the migration of neoplastic cells (105).
CXCLS is also involved in the epithelium-mesenchymal transition (EMT), a molecular process that
leads epithelial cells to lose some of their typical characteristics (e.g. apical-basolateral polarity,
extensive intercellular adhesion and contact inhibition of growth) and to acquire the typical

characteristics of mesenchymal cells, including edge asymmetry, loss of intercellular contact, and
16



increased motility and invasiveness(106,107). Since also EMT itself is able to promote the secretion

of CXCLS, a positive loop of pro-tumorigenic effects can be established(108).

CXCLS has been also used as a tumor biomarker. Indeed, CXCL8 serum levels are higher in several
cancer patients (including lung cancer, melanoma, renal cell carcinoma) when compared to healthy
controls. Moreover, CXCLS detected both in sera and cancer tissue are related with tumor size, depth
of infiltration, stage and the prognosis, and low CXCL8 serum levels predict a less aggressive course

of and a better response to anticancer therapy(109,110).

CXCLS8 and DTC

The link between CXCLS8 and thyroid was discovered in 1992, when it was first demonstrated that
normal thyroid cells in primary cultures secrete CXCLS8 (111). More recent studies have also revealed
that iodide positively regulates the expression of the CXCL8 gene(112), suggesting that this

chemokine has a role in thyroid homeostasis(113).

CXCLS is released in higher quantities by cells derived from papillary, anaplastic and poorly
differentiated thyroid cancers (80,114,115).The pattern of secretion of CXCLS8 has been thoroughly
characterized in different kinds of normal and cancerous thyroid cell lines in vitro. First of all, early
reports showed that the presence of RET-rearrangement in PTC samples leads to an overexpression
of the gene encoding for CXCLS8 (12). Moreover, the concentration of CXCLS in cell supernatants
significantly differs between different cell lines, both at baseline and after TNF-a stimulation(116).
BCPAP cells (bearing BRAF-V600E mutation) show a higher level of basal secretion of CXCLS8
when compared with TPC-1 cells (bearing the RET / PTC1 translocation), but the treatment with
TNF-a induces an higher degree of stimulation of CXCLS8 secretion in TPC-1 cells that in

BCPAP(116)..

As for its pro-tumorigenic effect, is CXCL8 promotes the metastatic process of thyroid neoplastic

cells: and increase in the migration ability was demonstrated in vitro (117)and increases metastatic
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spread, with a consequent increase in mortality (118). Taken together, the results of in vitro and in
vivo studies therefore provide evidence of an action of CXCLS8 as a pro-tumorigenic agent and
suggest that reducing chemokine levels in the thyroid tumor microenvironment could be of

therapeutic benefit.

CXCLS as a target of anti-cancer therapies

Having established the ability of the chemokines secreted within the tumor microenvironment to
promote neoplastic progression, the concept of reducing their secretion by cancerous and non-
cancerous cells of the TME seems a viable therapeutic option for anti-cancer therapies. The possibility
of combining chemokine-based therapies with current tumor immunotherapies is also under
discussion(119). Chemokines are able to control the immune cell trafficking into the tumoral mass,
which are essential for obtaining an effective immune response induced by immunotherapic agents.
The entry of immune cells into the tumor can be favored by therapies that modulate the secretion of
chemokines in an anti-tumorigenic way (120). Possible approaches for interfering with chemokine
secretion include neutralizing and monoclonal antibodies, small molecules, modified chemokines,
proteins with binding domains and pharmacological modulation of chemokines / chemokine-receptor
interaction (121,122); the application of these therapeutic agents was successful in the treatment of
some types of cancer, including mouse models of breast, lung and ovarian cancer, where the targeting
of CCL2, CCL3 or CCLS signaling pathways was able to inhibit metastatic spread and cancer

angiogenesis (123,124).

The CXCL8-CXCR1/2 axis is also an important target for immunotherapy [211], and any strategy
that aims at interfering with this system may profoundly influence the nature of tumor
microenvironment(125). A number of small CXCR1/2 inhibitors, CXCLS8 release inhibitors and
neutralizing antibodies to CXCL8 or CXCR1/2 have been developed over the past two decades. These
include Repertaxin (also known as Reparixin), a non-competitive allosteric inhibitor of CXCR1 and

CXCR?2 originally developed to block CXCLS activity and reduce tissue damage after myocardial
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infarction or stroke (119,126). The experimental inhibition of CXCLS secretion by thyroid cancer
cells with different therapeutic agents (such as interferons, Metformin or AMPK-inhibitors) leads to
important results, including inhibition of cell migration in vitro (127-129) and inhibition of the
metastatic process in animal models with thyroid cancer, increasing their survival rate(118). Finally,
the use of a CXCR4 antagonist revealed an antitumor effect in a PTC cell line, given by the inhibition
of the migration of thyroid cancer cells at low concentrations and by the inhibition of proliferation at

high doses(130).

Although the results obtained in the studies on chemokines and their receptors are to be considered
as preliminary, it is reasonable to hypothesize that the development of immunotherapy strategies

aimed at targeting these proteins or their signaling in thyroid cancer may be promising (65).

Chronic Autoimmune Thyroiditis

Chronic autoimmune thyroiditis (CAT) is the most common autoimmune thyroid disease and the
most common cause of hypothyroidism. The pathogenesis of CAT is due to the breakdown of immune
tolerance towards the thyroid gland. Following an initial stimulus, such as environmental factors
including iodine intake, among others, formerly thyroid-tolerant immune cells become activated and
lose their thyroid tolerance. As a consequence, leukocytes s infiltrate the tissue and promote an
autoimmune response. Under an anatomopathologic point of view, CAT is characterized by diffuse
lymphocyte infiltration, fibrosis, and parenchymal atrophy. It is also associated with thyroid
dysfunction and, occasionally, the development of goiter(131,132). Ninety percent of the cases have
detectable circulating anti-thyroid peroxidase (Ab-TPO) and anti-thyroglobulin (Ab-Tg) antibodies,
although the disease can occur also in serum-negative patients(133). Sonographic findings of CAT
include decreased echogenicity, heterogeneity, hypervascularity, and presence of hypoechoic pseudo-
nodules with echogenic rim. CAT is a histological diagnosis by strict criteria, but an histologic sample

is not required for diagnosis, which can be made by clinical evaluation and antibody measurement.
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The disease occurs in .3—1.5 per 1000 individuals worldwide and is more predominant in females

with gender prevalence ratios of 5 to 20:1(134).

The immune mechanisms underlying the pathogenesis of CAT are several and can be summarized as

follows:

- Target antigens: Thyreoperoxidase (TPO) and Thyroglobulin (Tg) are the two main auto-antigens
for the autoreactive T-cells that can be found in sera and thyroid infiltrates of patients with CAT(135-

137), as also confirmed by mouse models with thyroiditis (138,139)

- Cellular immune response: CAT is characterized by intrathyroidal accumulation of leukocytes
induced by the secretion of cytokines and chemokines that commonly belong to the T helper 1 (Thl)
immune response. The process probably begins with the infiltration of antigen-presenting-cells, like
dendritic cells, which activate intrathyroidal lymphocytes(140). A dysfunction in regulatory T-cells

is probably required to overcome peripheral tolerance(141)

- Cytokine/chemokine milieu: an imbalance in the amount of chemokines and cytokines towards a
pro-inflammatory environment [e.g., interferon-g (IFN-g) in first line, I[FN-a, tumor necrosis factor-
alpha (TNF-a)] is observed in thyroid tissue samples and the peripheral blood of CAT patients,
leading to thyroid tissue damage (142). On the contrary, lower amounts of the anti-inflammatory
cytokine tumor growth factor-b1 (TGF-bl) contribute to disease progression as a result of decreased
immunosuppressive effect (143). Remarkably, thyrocytes themselves (HT-derived or stimulated) can
become a source of cytokine and chemokines and are directly involved in the immunological process
as both target and immune influencing cells (74,144). In particular, the IFN-induced chemokine

CXCL10 has a pivotal role in enstablishing and maintaining the autoimmune process (75,145).

- Humoral immune response: circulating antibodies recognizing TPO and Tg specific antigens are
highly prevalent in hypothyroid patients and their presence in euthyroid patients predicts a

progression towards hypothyroidism during follow-up (146,147). Nevertheless, in up to 20% of
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hypothyroid patients thyroid autoantibodies are not detectable, indicating the pivotal role for the

cellular immune response that seems to occur before the humoral immune response(148).

Chronic Autoimmune Thyroiditis and Thyroid Cancer

The association between Chronic Autoimmune Thyroiditis (CAT) and DTC was first proposed by
Dailey et al in 1955 (149). The link between these two disorders is appealing because the concept of
chronic inflammation leading to a neoplastic condition is well established in other contexts (70,150),
but the debate on the issue is still ongoing. DTCs are frequently diagnosed in patients with a diagnosis
of CAT and, at histology, the tumor masses display an inflammatory-immune cell infiltration
(151,152). However, whether CAT is the responsible for the malignant transformation or cancer-
specific inflammatory molecules induce the peri-tumoral immune infiltrate is still a debated topic.
Several studies investigated this association between CAT and DTC, obtaining discordant findings.
A clear association between CAT and DTC, mainly papillary, was observed in several surgical series
(153-161), whereas such an association was not found in cytological studies (162-169). These
findings were also confirmed by a recent meta-analysis that showed a DTC prevalence of 1.20 % (RR
=0.69) in CAT patients from cytological series, while it increased to 27.56% (RR = 1.59) in archival

thyroidectomy series (170).

The reasons for this discrepancy may be due to the fact that early surgical series carry the risk of
selection biases. First of all, thyroidectomy is not usually required in patients with CAT, so the
indication for the procedure can be found, especially in early series, in the presence of a suspicious
nodule, or of the uncommon occurrence of huge Hashimoto’s goiters producing compression, or of
historic or physical findings warranting further workup and treatment (e.g., irradiation, nerve
paralysis, pain, or cervical lymph node enlargement)(171). Consequently, CAT patients who require
thyroidectomy would already be at higher risk for malignancy compared to the general population

with CAT, leading to a selection bias (164).
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Moreover, the fact that most PTC are slowly growing and asymptomatic malignancies, and that their
population incidence increases sharply whenever screening procedures are implemented, further
suggests that a selection bias may impair the results of surgical series (18,172). Indeed, patients with
CAT are more likely than the general population to undergo thyroid US, both at diagnosis and during
the follow-up. As a partial confirmation of this hypothesis, Jackson et al, recently reported that CAT

is a risk factor especially for incidental thyroid cancers, and not clinically overt ones (173).

To the best of our knowledge, only one study tried to assess longitudinally the incidence of DTC in
CAT patients, and its results failed to show any significant differences between more than 800
patients with CAT and a group of age and sex-matched controls in terms of DTC incidence. However,
as at the time of the study thyroid ultrasound was not routinely performed, small asymptomatic
cancers may have been missed, and the absence of thyroid nodules at baseline may only be

postulated(174).

Other studies investigated whether the presence of CAT could influence the clinical course and the
prognosis of DTC. DTC with concurrent CAT is associated with younger age and female gender, but
also with less aggressive features, including small tumor size, less frequent capsular invasion and
nodal metastasis, and better prognosis (162,175-177) and, in the end, a lower recurrence probability
and higher survival rate (178). Finally, the coexistence of CAT is significantly associated with a lower

frequency of BRAF mutations (167,179).

The possible explanation of this better prognosis is that the lymphocytic infiltrate of typical of CAT
could have a cancer-retarding effect, contributing to a favorable outcome of DTC. Intriguingly, both
CAT and DTC are characterized by an immune infiltrate(131), but its qualitative characteristics may

be the key element that influences DTC prognosis.

Indeed, while some studies showed that the presence of an immunological infiltrate of T cells, B cells,
macrophages, and Th17 cells within DTC microenvironment is related with a better prognosis (180),

other authors observe a correlation between leukocyte infiltrate (in particular of tumor-associated T
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cells and macrophages and Tregs) within the tumor and an increased risk of tumor progression and

invasion, lymph node metastasis and cancer-related mortality (181-183).

In summary, the presence of a tumor microenvironment rich in pro-tumorigenic elements would favor
cancer progression and metastasis. These elements include components of the cellular infiltrate (such
as Regulatory T-cells and Mesenchymal Derived Stromal Cells) and soluble elements (including pro-
tumorigenic chemokines like CXCLS) that can exert direct pro-tumorigenic activities but also impair

and silence the host immune response against the tumor.

On the other hand, a tumor micro-environment characterized by an immunological infiltrate rich in
cytotoxic CD8+ cells and dendritic cells and with a high level of anti-tumoral chemokines (such as
CXCL10) would induce a more benign course of the disease and favor the controlling effect of the
host immune response against the tumor. The high concentrations of CXCL10 and the immunological
infiltrate rich in dendritic cells typical of CAT would exert a tumor-controlling effect on the cancerous

mass.

This hypothesis is in part confirmed by a recent work by Pani et al: the authors created a mouse model
in which DTC and CAT develop in a predictable manner, showing that the tumor phenotype
profoundly differs according to the timing of CAT development (preceding as opposed to coinciding
with the onset of DTC). Mice with a pre-existing CAT experienced a less aggressive tumor, as
assessed by histopathological features, and undergo longer survival, compared with those having a

concomitantly occurring thyroiditis (184).

AIM OF THE THESIS

Inflammation is currently regarded as an essential component of malignancies, including
differentiated thyroid cancer (DTC). The characteristics of tumor microenvironment can profoundly
influence the biological behavior of cancer cells and, ultimately, the patient’s outcome. Chemokines

and their receptor play a major role in determining the immune phenotype of the cells infiltrating the
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thyroid tumor microenvironment. Thyroid cancer microenvironment is composed of a mixture of
immune cells and soluble mediators. Among them, the chemokine CXCLS8 exerts multiple pro-
tumorigenic activities, including a chemotactic action on circulating neutrophils, induction of tumor
cells growth, increase in angiogenesis and induction of the epithelial to mesenchymal transition,
which promotes cell migration. Clinical studies in patients affected by several types of cancer
evidenced that CXCLS8 serum levels reflect the tumor burden and are related with the tumor
aggressiveness. Solid evidence indicates that CXCLS targeting can reduce tumor progression. Our
group recently demonstrated that different thyroid cancer cell lines, with different mutations, secrete
high amounts of CXCL8 and a modulation of CXCLS8 levels has been obtained with several

compounds, such as metformin and AICAR, in different thyroid cancer cell lines.

Under a more clinical point of view, the controversial relationship between inflammation and thyroid
cancer tumorigenesis involves also the debated topic of the association between chronic-autoimmune-
thyroiditis (CAT) and differentiated-thyroid-cancer (DTC). DTCs are often diagnosed in the context
of CAT and display an inflammatory-immune cells infiltration at histology, but whether the malignant
transformation is promoted by the inflammatory response, or the peri-tumoral inflammation is
induced by cancer-specific inflammatory molecules is still a matter of debate. Some authors have
demonstrated a higher risk of DTC in patients with CAT (especially in surgical series), whereas others
(especially cytological series) did not confirm this finding. This discrepancy may be, at least in part,
due to the fact that most thyroid cancers are slow growing and asymptomatic malignancies, and their
incidence does increase in relation to increasing screening procedures, as is typical of patients with
CAT. Moreover, little is known about the impact of thyroid autoimmunity on the prognosis of an
already existing DTC. In particular, the role of CAT in determining the cancer microenvironment and
chemokine milieu, which are known to deeply influence the prognosis of DTC, is still poorly

understood.

This thesis project followed two principal aims:
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- Aim 1: to investigate the role of a pro-tumorigenic chemokine (CXCLS) in thyroid cancer
microenvironment and to test the modulating properties of two different pharmacologic agents
(PLX4720 and phenformin). CXCLS8 protumorigenic role was evaluated through both migration

assay and cell proliferation tests in primary cultures and lines of thyroid cancerous and normal cells

- Aim 2: to evaluate if CAT is a risk factor for the de novo development of DTC through a longitudinal

population study.

25



MATERIALS AND METHODS

AIM 1

Primary cultures of NHT

Surgical specimens of normal human thyroid were obtained from the contralateral disease-free lobe
of patients who underwent thyroidectomy for a solitary non-functioning nodule (n=3). The study was
approved by the Institutional Board of ICS-Maugeri. Before surgery, written informed consent to the
study was obtained from all patients. All the experiments were performed in accordance with the
relevant guidelines and regulations. Surgical specimens were minced and then incubated with
collagenase type II (Sigma, Saint Louis, MO, USA) 5 mg/ml, in 5 ml of Coon’s F12 medium, for 4h
at 37°C as previously described (185). Then, 10 ml of Coon’s F12 medium were added, following
which, cells were filtered, spun at 1000 x g for 10 min, washed with Coon’s F12 medium, spun again,
and finally re-suspended in complete medium containing 5% newborn calf serum and a mixture of
six hormones including insulin (5pg/ml), hydrocortisone (50 pg/ml), transferrin (5 pg/ml),

somatostatin (10 ng/ml), gly-his-lysine (10 ng/ml) and bovine TSH (1 mU/ml).

Thyroid tumor cell lines BCPAP, TPC-1, 8305C and 8505C
Human thyroid cancer cell lines, BCPAP harboring the BRAF V600E mutation and TPC-1 bearing

the RET/PTC rearrangement, were a gift of Prof. M. Santoro (Medical School, University “Federico
IT” of Naples, Naples, Italy). These cell lines had been previously tested and authenticated by DNA
analysis. Cancer cells were propagated in Dulbecco’s Modified Eagle Medium (DMEM) (Sigma,
Saint Louis, MO, USA) supplemented with 10% fetal bovine serum (Sigma, Saint Louis, MO, USA),
2mM L-glutamine and 100 U/ml penicillin/streptomycin (Sigma, Saint Louis, MO, USA) as
previously described (185) . Human thyroid cancer cell lines, 8305C and 8505C harboring the BRAF
V600E mutation were previously tested and authenticated by DNA analysis. 8305C cells were
propagated in Mininum Essential Medium (MEM) (Sigma, Saint Louis, MO, USA) supplemented
with 10% fetal bovine serum (Sigma, Saint Louis, MO, USA), 2mM L-glutamine and 100 U/ml

penicillin/streptomycin (Sigma, Saint Louis, MO, USA). 8505C cells were propagated in RPMI
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medium (Sigma, Saint Louis, MO, USA) supplemented with 10% fetal bovine serum (Sigma, Saint
Louis, MO, USA), 2mM L-glutamine and 100 U/ml penicillin/streptomycin (Sigma, Saint Louis,

MO, USA). Cells were incubated with the chosen stimuli in serum-free medium.

Evaluation of basal and TNF-a-induced CXCLS8 secretion in BCPAP, 8305C, 8505C, TPC-1
thyroid cancer cell lines and in primary cultures of NHT in the presence or absence of

increasing concentrations of PLX4720 or phenformin.

For the CXCLS secretion assays, 3000 cells were seeded into 96-well plates in complete medium.
After adherence to the plastic surface, BCPAP, TPC-1, 8305C, 8505C and NHT cells were incubated
for 24h in serum-free medium (basal condition) with increasing concentrations of PLX4720 (Sigma
Aldrich) or phenformin PLX4720 (Sigma Aldrich). Incubation with PLX4720 was done in the
absence (basal secretion) and in the presence (stimulated condition) of TNF-a 10 ng/ml. All

experiments were performed in triplicates.

Time course of PLLX4720 inhibition of CXCLS8 secretion in BCPAP, 8305C, 8505C, TPC-1

thyroid cancer cell lines and in primary cultures of NHT

For the CXCLS secretion assays, 3000 cells were seeded into 96-well plates in complete medium.
After adherence to the plastic surface, BCPAP, 8305C, 8505C and NHT cells were incubated for 24,
48 and 72 hours with or without PLX4720 0, 0.1, 1, 2, 5, 10uM. All experiments were performed in

triplicates.

ELISA for CXCLS
CXCLS8 was measured in cell supernatants of BCPAP, TPC-1, 8305C, 8505C and NHT cells using

commercially available kits (R&D Systems, Minneapolis, MN). The mean minimum detectable
concentration of CXCL8 was 3.5 pg/ml. The intra- and inter-assay coefficients of variation were 3.4%

and 6.8%, respectively. Samples were assayed in duplicates.
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Migration

The cell migration assay was performed with the trans-well migration chamber system (Merck
Millipore, Milan, Italy), as previously described (185). Briefly, NHT, TPC-1, BCPAP, 8305C and
8505C were cultured for 24 hours with fresh medium alone or supplemented with 10uM of PLX4720,
100ng/ml of CXCL8 (R&D Systems, Minneapolis) or their combination. After treatment, 20x103
cells/well were seeded in the upper chambers of the 96-well plate with polycarbonate inserts having
0.3 cm2/well membrane area and 8 pm pore size. In each condition the lower chambers were filled
with 150 pl of the corresponding medium. Cells were left to migrate for 16 hours at 37°C and 5%
CO2. At the end of the incubation, samples were analyzed as previously described (186). Briefly, cell
inserts were washed three times with PBS and migrated cells on the underside of the membrane were
fixed with 4% paraformaldehyde for 20 minutes. Cell nuclei were then stained with Hoechst 33342
(1:1000) (Life Technologies, Monza, Italy). Finally, the membranes were cut out with a scalpel, and
mounted onto glass slides with DACO reagent (Life Technologies, Monza, Italy). Three replicates
were evaluated for each condition. Images were acquired using an Olympus BX51 microscope
(Olympus, Deutschland GmbH, Hamburg, Germany). The number of migrated cells was counted
analyzing 12 random fields of the membranes per condition. Data are expressed as % of mean

numbers of migrated cells + standard deviation (SD).

Cell viability, WST-1 assay

NHT, TPC-1 and 8505C were grown in complete medium until an 80% confluence was
reached. Cells were then detached and seeded in 96 well flat plates at a density of 2x10* cell/well.
Complete medium was supplemented with increasing concentrations of phenformin (0, 0.001, 0.01,
0.1, 1, 10 mM, Sigma Aldrich), the concentrations of phenformin were chosen based on previous
studies (187-189). The incubation times were 7, 14 and 24 hours. At the end of treatment, 20 ul of
WST-1 were added to wells; plates were then incubated for 30 minutes at 37°C in a 5% CO>
atmosphere. WST-1 is a colorimetric reagent, which, after cleavage of a tetrazolium salt, MTS, by

mitochondrial dehydrogenases, results in the production of formazan by viable cells
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only. Absorbance was then measured at 450 nm by using a multimode plate reader (Victor NIVO
Multimode Plate Reader, PerkinElmer). All experiments were performed in triplicates. Values of
IC50s (concentrations necessary to reduce the cell viability by 50%) were calculated for the various
cell lines from concentration-response curves by linear regression analysis (percent/inhibition against

the negative natural logarithm of the molar concentration of phenformin).

Annexin V-FITC/PI assay to detect cell death

The cell surface exposure of phosphatidylserine on the plasma membrane of cells were
assessed using Annexin V-FITC Apoptosis Detection Kit (Life-Technologies Apo-Detect Kit).
Briefly, cells were harvested on a coverslip sited in a 24-well plate at a density of 10* cells per well.
After adhesion, cells were treated with phenformin at 0, 1 and 10 mM. After 24 hours of treatment
cells were washed with PBS and supernatants were conserved for cyto-spin. Coverslips were
incubated with a mix of Annexin V-FITC, PI and Hoechst 33258 (Thermofisher) in the dark for
10 min at room temperature. The same procedure was reserved for cells recovered in the supernatants
after centrifugation. Cells were fixed with PFA 4% for 10 minutes. After washing with PBS,
coverslips were mounted with Dako and the fluorescence images were obtained with a Leica TCS-

SP5 II inverted confocal microscope.

Colony formation assay

Colony formation assay is an in vitro cell survival assay that tests the ability of a single cancer
cell to undergo ‘‘unlimited’” division, thus growing into a colony. This is the method of choice to
determine the loss of cancer cells replicating capacity after treatment with a given compound (190).

TPC-1 and 8505C cell lines were incubated in the presence or absence of increasing
concentrations of phenformin for 24 hours. Cells were detached with trypsin, plated into 24-well
plates (2x 10° cells/well) and maintained in complete medium for 8 days. Cells were fixed with
methanol for 20 minutes and stained with 0.5% crystal violet dye for 5 minutes (191). Colony

formation was confirmed under an inverted light microscope Olympus BX51 microscope (Olympus,
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Deutschland GmbH, Hamburg, Germany). For quantification, after three washes with deionized
water to remove excess stain, the crystal violet dye was released from the cells by incubation with

1% SDS for 2 hours before optical density (OD) 570 nm measurement.

Statistical analysis

Statistical analysis was performed using the SPSS software (SPSS, Inc., Evanston, IL). Mean
group values were compared by using one-way ANOVA for normally distributed variables. Post hoc
analysis was performed according to the Bonferroni’s correction for multiple comparisons. Values
are reported as mean + SD unless otherwise noted. A p value < 0.05 was considered statistically

significant

AIM 2

Patients and Methods:

The outpatients’ Data Base of the Unit of Endocrinology of ICS Maugeri (Pavia, Italy) was
searched for patients who received a diagnosis of CAT between 1997 and 2014. Pavia, located in
Northern Italy, is an area of mild iodine deficiency. Inclusion criteria were: 1) a diagnosis of CAT,
as assessed by positive tests for circulating thyroglobulin (TgAb) and/or thyroid peroxidase (TPOAD)
antibodies, and/or a hypoechoic pattern of the gland at US; 2) the availability of a thyroid US at
diagnosis; 3) a benign cytology in patients initially presenting an associated thyroid nodule (NOD);
4) a minimal follow-up period of 5 years, with an yearly thyroid US scan performed by the same

operator.

The final study cohort included 510 patients (476 females and 34 males). In details, 297
(58.2%) patients showed positive tests for both TgAb and TPOADb; 134 (26.3%) patients had only
TPO Ab; 44 (8.6%) had only Tg Ab; 35 (6.9%) patients had negative tests for both Ab and based
upon a diffuse hypoechoic pattern of the thyroid at ultrasound were diagnosed with serum negative

autoimmune thyroiditis (133,192) . Their median (range) age was 49 (19-82 years).
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Patients were further subdivided in 2 groups according to the presence or absence of co-
existent nodule/s at diagnosis. Group 1 (CAT+, NOD+) and group 2 (CAT+, NOD-) included 115

and 395 patients, respectively.

The median (range) follow-up period was 10 (5-17) years. The development of new thyroid
nodule/s and/or significant modifications in pre-existent nodules were registered throughout the

follow-up.

All patients signed an informed consent concerning the future use of their clinical-pathological
data for research purposes. This study was approved by the Ethical Committee of ICS Maugeri, Pavia

(Protocol N. 2403 CE).

Thyroid ultrasound

Thyroid US evaluation was performed using a real-time US device equipped with a linear
transducer operating at 7.5 MHz. All thyroid US scans were performed by the same experienced
operator. Thyroid nodules were examined for the following US features: nature (I.e., solid, cystic, or
mixed); echogenicity (i.e., hyperechoic, isoechoic, or hypoechoic compared with normal thyroid
parenchyma and with neck muscles); size, homogeneity (i.e., homogeneous or inhomogeneous);
microcalcifications (hyperechoic spots of at least 2 mm without acoustic shadowing); regular or
irregular margins; halo sign (i.e., presence or absence of an hypoechoic rim); and pattern of color-
flow Doppler. The above mentioned characteristics were summarized according to the EU-TIRADS
classification system(193). Thyroid volume was estimated by the elliptical shape volume formula

(length x width x depth x 0.479). Lateral neck lymph nodes were routinely examined.

Fine needle-aspiration cytology (FNAC)

FNAC was performed in all newly developing nodules when they were larger than 1 cm in
maximum diameter or, irrespective of their size, when they showed suspicious features at US. FNAC
was performed under US guidance by a skilled endocrinologist using a 23-gauge needle attached to

a 2.5-mL syringe. Cytological samples were classified into 6 classes: THY 1 (nondiagnostic), THY?2
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(benign), THY3 (Atypia of undetermined significance or follicular lesion of undetermined
significance), THY4 (Follicular neoplasm or suspicious for a follicular neoplasm), THY5 (suspicious
for malignancy), and THY6 (malignant), according to the Bethesda classification (31). None of the

lymph-node was found to require FNAC.

Statistical Analysis

Statistical analysis was performed using the SPSS Software (SPSS, Inc.). Between-groups
comparisons were performed using the Student’s t-test for unpaired data and the Mann—Whitney U-
test according to a normal or a non-parametric distribution. Within-group comparisons were
performed using the Student’s t-test for paired data and the Wilcoxon’s test according to a normal or
a non-parametric distribution. Frequencies among groups were compared using the y2-test with
Fisher’s correction when appropriate. To test the effects of different variables independent of a
covariate, multivariate logistic regression analysis was used and partial correlation coefficients were
computed. The multivariate model was constructed by entering the occurrence of a new nodule as a
dependent variable, while age, gender, thyroid volume at baseline and the Group (CAT+ NOD+ and

CAT+ NOD-) were entered as covariates.

Kaplan-Meier estimates were used to generate an overall survival curve for new nodules
occurrence and differences among CAT+ NOD+ and CAT+ NOD- groups were assessed by log-rank
test. A p value of <0.05 was considered statistically significant. Results are expressed as mean +sd,

unless otherwise stated.

RESULTS

AIM 1
Effects of treatment with PLX4720 in terms of inhibition of CXCLS secretion in thyroid cancer cell

lines and NHT.
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CXCLS concentrations were assayed in the supernatants of, BCPAP, 8305C and 8505C in basal and
TNF-a-stimulated condition. As previously reported, TNF-a elicited a significant increase in the
concentrations of CXCLS in the supernatants of BCPAP (80,145) but also in 8305C and 8505C cells
(data not shown). The treatment with PLX4720 significantly and in a dose-dependent manner,
inhibited the secretion of CXCLS8 in: BCPAP (Figure 1, Panel A), in 8305C (Figure 1, Panel B) and
in 8505C (Figure 1, Panel C). Post Hoc analysis performed by Bonferroni demonstrated some
differences in the strength of inhibition induced by PLX4720 in different cell types. Indeed,
significant inhibition of the basal secretion of CXCLS started from a 2uM concentration of PLX4720
in BCPAP (Figure 1, Panel A) and from a 0.1 pM concentration of PL.X4720 in 8305C (Figure 1,

Panel B) and 8505C (Figure 1, Panel C).

PLX4720 also produced a significant and dose-dependent inhibition of the TNFa-induced CXCLS8
secretion in BCPAP cells (Figure 1, Panel F), in 8305C cells (Figure 1, Panel G) and in 8505C cells
(Figure 1, Panel H). Also in this case, some differences among cell types were observed. Indeed,
Post Hoc analysis by Bonferroni showed that the CXCLS inhibiting effect of PLX4720 was
significant starting from 1 uM in BCPAP (Figure 1, panel F) and in 8305C (Figure 1, Panel G)
while in 8505C, a significant inhibition of the TNF-a-stimulated CXCLS8 secretion started from a 0.1

uM concentration of PLX4720 (Figure 1, Panel H).

At difference with the above findings, PL.X4720 did not produce any effect in terms of CXCLS8
inhibition on TPC-1 cell lines, both in basal and in TNF-a-stimulated conditions (Figure 1, Panel D-
I). However, treatment with PLX4720 inhibited both the basal and the TNF-a-stimulated CXCLS8
secretion in NHT (Figure 1 E-L). Post Hoc analysis by Bonferroni evidenced a significant inhibition
of the basal and the TNF-a-stimulated CXCLS8 secretion only at the highest (10uM) PLX4720

concentration (Figure 1, Panel E-L).

Time course of PLX4720 inhibition of CXCLS secretion
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To assess whether the CXCLS8-inhibiting effect of PLX4720 could vary over time, a time course of
CXCLS secretion following treatment with PLX4720 was performed. For this set of experiments
those cells in which an inhibitory effect on CXCLS8 secretion was exerted by PLX4720 (NHT,
BCPAP, 8505C and 8305C) were treated with PLX4720 (0, 0.1, 1, 2, 5, 10uM) for 24, 48 and 72
hours. A first finding was that, throughout the time course the basal levels of CXCLS progressively
increased in all cell types (although at a different magnitude) (Figure 2, Panel A-B-C-D). The
percentages of inhibition of the CXCLS secretion were compared for each concentration of PLX4720
at 24-h, 48-h and 72-h in each cell type. Separated ANOVAs for each cell type were performed to
assess possible differences in percentages of inhibition of CXCLS8 secretion by PLX4720 at each
concentration throughout the time course. As shown in (Figure 3, Panel A-B-C-D), no significant
change in the inhibitory power of a given concentration of PLX4720 as assessed at 24h, 48h and 72
h could be found in any cell type. These findings would suggest that the CXCL8-inhibitory effect of

PLX4720 is maintained (at a similar strength of inhibition) up to 72 hours.

Migration Assays

To assess whether the PLX4720-mediated inhibition of CXCL8 secretion would produce any

biological consequence, cell migration assays were performed.

The transwell migration assay showed that rh-CXCLS8 induced migration in all cell types. In details,
the following results were found: 150 + 20 % migrated cells in BCPAP, 150 + 0.1 % migrated cells
in 8305C, 120 + 30 % migrated cells in 8505C, 130420 % migrated cells in NHT, 140 £10 %
migrated cells in TPC-1, Figure 4 Panel A-B-C-D-E. The incubation with PLX4720 inhibited basal
cell migration of BCPAP, 8305C, 8505C and NHT, Figure 4 Panel A-B-C-D. On the other hand,
PLX4720 did not inhibit the basal migration of TPC-1 Figure 4 Panel E. Finally, co-treatment with
PLX4720 and rh-CXCL8 had an inhibitory effect on the CXCL8-induced cell migration of BCPAP,

8305C, 8505C and NHT but not in TPC-1 cells Figure 4 (A-B-C-D-E).

Effect of phenformin on NHT, TPC-1 and 8505C thyroid cells viability
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To assess changes in thyroid cells viability, a time-course incubation experiment was
performed. Cells were incubated for 7, 14 and 24 hours in the presence of increasing concentrations
of phenformin. As shown in Figure 5 (Panel A-B-C), treatment with phenformin reduced TPC-1 cell
viability in a time- and dose-dependent manner. Incubation with 10 mM phenformin reduced cell
viability after 7 hours (Figure 5 Panel A). A more pronounced effect on TPC-1 cell viability was
observed after a longer exposure time even at lower concentrations of phenformin. Significant
reduction of TPC1 cell viability was observed starting from 0.1 mM concentration (Figure 5 Panel
B) after 14 hours and starting from 0.001 mM after 24 hours (Figure 5 Panel C). Similarly, in 8505C,
phenformin reduced cell viability starting from a 7-hour incubation time but only at the maximal
concentration of 10 mM (Figure S panel D). Significant reduction of 8505C cell viability was
observed starting from a 0.1 mM concentration after 14 hours (Figure 5 Panel E) and after 24 hour
of treatment (Figure 5 Panel F). Unlike thyroid cancer cells, phenformin did not reduce viability in
NHT cells after a 7 hour incubation time at any of the used concentrations (Figure 5 Panel G). A
reduction of NHT cells viability was observed only at the maximal concentration of phenformin (10
mM) after 14 and 24 hours (Figure 5 Panel H-I) of incubation.

The results of these cell viability experiments were confirmed by staining cells with Annexin
V/PI, as shown in Figure 6. In details, both thyroid cancer cell lines, TPC-1 and 8505C, treated with
I mM phenformin show Annexin V positive staining, which marks the exposure of
phosphadidylserine at the outer leaflet with intact membrane integrity, but no PI fluorescence,
suggesting an early stage of apoptotic events. NHT cells treated with the same concentrations of
phenformin did not show Annexin V/PI staining, indicating that these cells were viable. The cells
exposed to 10 mM phenformin, by contrast, are clearly positive for both Annexin V and PI

fluorescence, which is indicative of loss of membrane integrity typical of a later apoptosis in all cell

types.
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The IC50 for treatment with phenformin at 24 hours was 7.4 mM for 8505C and 4.08 mM for
TPC-1 cells, respectively. An IC50 could not be calculated for NHT cells as none of the tested

concentrations elicited a 50% of reduction of cell viability.

Basal secretion of the pro-tumorigenic chemokine CXCLS after 7, 14 and 24 hours in NHT, TPC1
and 8505C cells.

The levels of CXCL8 were measured in the supernatants from NHT, TPC-1, and 8505C cells
in basal condition (Figure 7). The concentration of CXCLS in the cell supernatant increased during
the experiment time-course in NHT, in 8505C and in TPC-1 cells, as shown in Figure 7. The absolute
amounts of secreted CXCLS greatly differed among normal and malignant cells. TPC-1 cells secreted
the greatest amounts of CXCL8 while NHT produced the smallest ones. As shown in Figure 7, after
a 7-hour incubation period CXCLS levels were higher in TPC-1 supernatants as compared with the
NHT and 8505C ones. After 14 hours of incubation, TPC-1 cell again secreted the greatest amounts
of CXCLS, followed by 8505C cells, which secreted higher levels as compared with NHT cells. A

similar secretion gradient was observed after 24 hours: TPC-1 > 8505C > NHT cells.

Inhibiting effect of phenformin on CXCLS secretion

The further step was to evaluate whether phenformin could exert any effect at concentrations
lower than those required to induce cell death. To this aim, concentrations of phenformin not affecting
cell viability at each time were tested for their ability to modulate the secretion of CXCLS8 in TPC-1,
8505C and NHT cells. CXCLS concentrations were assayed in the supernatants of, NHT, TPC-1 and
8505C at different times and phenformin concentrations. Phenformin inhibited CXCLS8 secretion
after 7 and 24 hours in NHT cells (Figure 8 Panel A-B-C). No inhibition of CXCLS secretion was
observed in TPC-1 and 8505C cells after 7, 14 and 24 hours of treatment with phenformin at

concentrations not affecting cell viability (Figure 8 Panel D-H).
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Effects of phenformin on the ability of TPC-1 and 8505C to form colonies

The colony formation assay detects cells that have retained the capacity to produce a large
number of progeny after pharmacological treatment. As shown in Figure 9 and Figure 10, treatment
with phenformin at increasing concentrations reduced in a dose dependent manner the ability of both
TPC-1 and 8505C to form colonies. Indeed, the percentage of colony formation was reduced by

phenformin starting from the concentration of 0.1 mM in both cell types (Figure 9-10).

AIM 2
Table 1 shows demographic data and thyroid US features in CAT+ NOD+ and in CAT+

NOD- groups. Patients in the 2 subgroups had a similar gender ratio, but those in the CAT+ NOD +
group were older and had a larger thyroid gland at diagnosis. The two groups were characterized by
similar frequencies of patients displaying both Tg Ab and TPO Ab, TPO Ab alone, Tg Ab alone and
negative tests for Tg Ab and TPO Ab in the presence of a diffuse hypoechoic pattern of the thyroid
parenchyma at US. Compared to the CAT+ NOD+ group, the CAT+ NOD- one comprised a higher
percentage of patients who were on LT4 replacement therapy when entered the study or who were
started on LT4 replacement therapy just at the beginning of the follow-up. In the CAT+ NOD- group
143/395 (36.2%) patients were receiving L'T4 when entered the study, the correspondent figure in the
CAT+ NOD+ group was 29/115 (25.2%); p<0.05. The median serum level of TSH at study entry
was higher in the CAT+ NOD- as compared to CAT+ NOD+ (4.38 vs 2.14 pU/ml; p<0.001) group.
At the last evaluation the difference was less evident although still significant (2.4 vs 1.76 pU/ml;
p<0.05). Similarly, 154/252 (61.1%) patients in the CAT+ NOD- group and 31/86 (36.0%) in the
CAT+ NOD+ one (p<0.001) were started on LT4 when recruited. The overall median and range
follow-up time was 10 yrs. (5-17) in the whole cohort, without significant differences between the

two subgroups [11 (5-16) yrs. for CAT+ NOD+ vs 10 (5-17) yrs. for CAT+ NOD-; p=0.083].

Throughout the follow-up period, the US appearance of new thyroid nodules was detected in

75 out of 510 (14.7%) patients of the whole cohort. When patients’ subgroups were analyzed
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separately, findings differed in that 34 out of 115 (29.5%) patients in the CAT+ NOD+ subgroup
developed new nodules as compared with a significantly lower frequency in the CAT+ NOD-
subgroup: 41 out of 395 (10.3%) patients (p<0.001) (Figure 11). The median and range time for new
nodules appearance was 4 (1-13) yrs. As shown in Figure 12, life time survival analysis for new
nodule development confirmed a significant difference between the two subgroups, with a higher risk
for new nodule development in the CAT+ NOD+ subgroup (Kaplan-Meier Log Rank 24.441,

£<0.001).

Twenty-seven out of 75 (36%) patients experiencing the appearance of a new nodule met the
US criteria for performing a FNAC. In 23 of them (85% of cases) FNAC was performed due to the
detection of a larger than >1 cm in maximum diameter nodule, whereas in 4 patients (15%) the
indication for FNAC derived from suspicious US features. No difference in the rate of nodules
requiring FNAC was observed in the two subgroups of patients (14 out of 34 patients in the CAT+
NOD+ and 13 out of 41 patients in the CAT+ NOD-; p = 0.472). A benign cytology was observed in
all the 27 patients who underwent FNAC (Table 2). The ultrasound characteristics at the end of the
follow-up of both nodules requiring or not requiring FNAC are shown in Table 2. We also compared
the median follow-up time calculated from the first ultrasound detection of a new nodule and the end
of the follow-up in the two subgroups of nodules [6 (0-11) yrs. versus 3.5 (0-11) yrs, respectively;
p=0.051]. Although statistical significance was not reached, nodules requiring FNAC showed a trend
for a longer follow-up time. Table 2 summarizes the ultrasound features at the end of the follow-up

of nodules requiring or not requiring FNAC.

The different rate of new nodule appearance between the two subgroups prompted further
investigation. A multiple binary logistic regression model was constructed entering the appearance
of new nodules (yes/no) as dependent variable and age, sex, thyroid volume at diagnosis, subgroup
of patients (CAT+ NOD+/CAT+ NOD-), and number of nodules at first US as covariates. As shown

in Table 3, multiple regression analysis confirmed that patients in the CAT+ NOD+ subgroup carried
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a significantly higher risk for developing new thyroid nodules throughout the follow-up,
independently of age and sex. Thyroid volume at diagnosis also independently predicted the risk of

developing new nodules.

DISCUSSION

The first aim of this thesis was to evaluate the role of a pro-tumorigenic chemokine, CXCLS, in
thyroid cancer microenvironment and to test the modulating properties of two different

pharmacologic agents (PLX4720 and phenformin).

First, our in vitro data confirmed the pivotal role of CXCL8 in thyroid cancer behavior. We
demonstrated that CXCLS is actively secreted by thyroid cells, as measured in cellular supernatants,
but in much higher quantities in cancerous cells when compared with normal cells. Moreover, the
specific pro-tumorigenic mutation harbored by the different cell lines directly influences the entity of
CXCLS secretion: the secreted quantity was greatest in the RET/PTC mutated cell line (TPC-1),
followed by BRAF-mutated cell lines (BCPAP, 8505C and 8305C). These data confirm that the
underlying genetic mutation induces different patterns of CXCLS secretion (76,80,115). NHT cells
were able to secrete CXCLS, even if at much lower concentrations.CXCLS8 secretion was also up-

regulated after TNF-a treatment, further confirming previous studies form our group (80,116).

As a second point, our in vitro data further confirmed the important pro-tumorigenic effect exerted
by CXCLS8 on thyroid cancer cells. In detail, after treatment with recombinant CXCLS8 an increase in
cell migration ability was observed through trans-well migration assay in all cell types. This
phenomenon suggests that CXCLS8 can increase the migration ability of cancerous cells, and thus

their capability of causing dissemination and long-distance metastasis (194).

As a third point, the treatment of the different cell tipes with two emerging compounds with anti-
cancer potential properties (PLX 4720 and Phenformin) was able to inhibit, with different modalities,

CXCLS secretion and thus reduce the pro-tumorigenic effect of this chemokine.(195)
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PLX4720, a selective BRAF-inhibitor, was able to inhibit both the basal and the TNFa-stimulated
secretion of CXCLS8 in BRAFV600E mutated thyroid cancer cell lines (BCPAP, 8305C and 8505C)
and also in NHT, even if only at the maximal concentration. On the other hand, PLLX4720 did not
produce any significant inhibition of CXCLS8 inhibition in TPC-1 cells harboring RET-PTC
rearrangement. The inhibition observed in NHT cells is in line with previous observations regarding
a certain degree of anti-cancer effect observed by treatment with PLX4720 at high concentrations in
BRAF-wild type cells (196). The inhibitory effect of PLX4720 treatment on CXCL8 secretion was
maintained after a 72 hours-long exposure, suggesting the lack of a rebound effect in these conditions.
(197). Moreover, the results of migration assays experiments indicated that PLX4720 was able to
reduce the migration of those types of thyroid cells in which the treatment by PLX4720 also produced
an inhibition of the CXCLS8 secretion (BCPAP, 8305C, 8505C, NHT) but not in those cells in which
PLX4720 did not inhibit CXCLS secretion (TPC-1). These data are in line with previous evidence
showing several anti-cancer effects of PLX4720 in thyroid cancer cells, including a reduction of
proliferation, migration and invasion ability(198,199), and suggest that these effects, at least in part,

could be due to an inhibition of CXCLS secretion.(54)

We then examined the possible anti-cancer effects of another compound, phenformin, a biguanide.
In this case, the main anti-cancer effect of the compound was a time and dose-dependent cytotoxic
effect in thyroid cancer cell lines 8505C and TPC-1. On the contrary, only a slight cytotoxic effect,
at high doses and after long-term treatment, was witnessed in NHT cells. These results suggest that
normal and thyroid cancer cells profoundly differ in their response to phenformin in terms of cell
death induction, and that normal thyroid cells could be preserved during an hypothetical anti-cancer

treatment with phenformin. (200)

A second finding of our study was that phenformin, at non-cytotoxic concentrations, could inhibit the
secretion of CXCLS8 only in normal thyroid cells. Thus, in addition to a direct anti-tumor effect

(induction of cell death), phenformin also exerts indirect anti-tumor effects through a modification of
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the chemokine milieu within the tumor microenvironment. This finding is particularly relevant

because NHT are the most represented cells in thyroid cancer microenvironment.

Lastly, phenformin treatment reduced the ability of thyroid cancer cells to form colonies, suggesting
that the potential benefits of this molecule as an anti-cancer drug could include the eradication of

cancer cells with unlimited proliferating ability required for the prevention of recurrences (190).

For both compounds, our study was not directly aimed at understanding the physiopathogenetic
mechanisms of the anti-cancer activity. In the case of PLX4720, it is highly probable that its
mechanism of action in directly linked with BRAF-inhibition in BRAF-mutated cells, although the
presence of a certain CXCLS8 lowering effect of the drug also in NHT cells suggests that other
mechanisms could be involved. In the case of phenformin, its cytotoxic effect could be directly
proportional to the proliferative rate of different cell types. Indeed, it was previously reported that
higher proliferation rate characterizes TPC-1 cells as compared to 8505C (201) and proliferation rate
of NHT primary cells is clearly lower when compared with that of thyroid cancer cell lines (202).
The fact that the pattern of CXCLS inhibition varied greatly according to different cancer cell types
and the compound employed is not surprising, since the pathway of CXCLS secretion greatly differs
according to the underlying genetic alterations (80). Therefore, since the mechanisms of CXCL8
secretion differ among cell types, it appears not surprising that also pharmacological inhibiting

strategies would be different.

Independently form the possible mechanism, the fact that both tested agents have a direct impact on
CXCLS secretion in cancer microenvironment in vitro has important implications on their anti-cancer

potential also in clinical practice.

Several agents were previously reported to have an inhibiting effect on the secretion of
CXCLS in thyroid cancer microenvironment. These include AICAR, Interferons and also the
biguanide metformin (116,127-129,145,203). CXCLS is a chemokine with extensively described pro-

tumorigenic effects which include influencing of tumor cell growth, angiogenesis, invasiveness and
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EMT(204-207) . Furthermore targeting/lowering of CXCLS levels is known to produce beneficial
effects in thyroid cancer. Interestingly, a previous in vivo study showed that patients with melanoma
harboring the BRAFV600E mutation experience a significant decrease in the circulating levels of
CXCLS8 while treated with BRAF-inhibitors (208). Our in vitro data strongly support the potential
anti-cancer effect of these two emerging drugs (PLX4720 and phenformin) in thyroid cancer, for

which clinical studies are warrented.

The second aim of this thesis was to evaluate the role of a classic example of chronic
inflammation, namely chronic autoimmune thyroiditis (CAT), as a risk factor for the onset of
differentiated thyroid cancer (DTC). For this aim, we designed a large cohort study including patients
with CAT followed by US for a median time of 10.0 years. Our results showed that the appearance
of new thyroid nodules is not a rare event in patients with CAT, and that new nodules appeared at
significantly higher rates in CAT patients with thyroid nodules at diagnosis compared with those
having a nodule-free CAT. Nevertheless, all newly appeared thyroid nodules were benign at FNAC
analysis. Multivariate analysis identified thyroid volume and presence or absence of nodule/s at

diagnosis as significantly related covariates for new-nodule development.

The main result of this clinical study was that, during a 10-year follow-up observation, CAT
did not represent a risk factor for the development of clinically overt DTC. This finding argues against
the hypothesis that CAT is pathogenically involved in the development of DTC. Previous studies
highlighted the role of higher serum levels of TSH as a risk factor for DTC development(209) being
nodular autonomy a protective factor (210,211). Furthermore, it was reported that Tg Ab but not TPO
Ab would be associated with increased frequency of DTC (156,212). However, since in the present
study, no case of DTC was observed throughout the follow-up, neither the role of serum TSH levels
nor that of specific thyroid circulating antibody could be addressed. It should be noted that the limited

number of nodules eligible for FNAB in our series could represent a limitation of this study.(213)
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The results of the present study are in agreement with previous studies, that failed to show an
association between the presence of CAT and the onset of DTC during a long term follow-up
(169,174). Based on our and previous data, it appears that, when evaluating the risk for DTC in
patients with CAT, a great discrepancy exists between cross-sectional, mainly surgical, studies, which
consistently report an association, and longitudinal investigations, which fail to support this
relationship. Thus, it is conceivable to believe that routine thyroid ultrasound examination of CAT

patients is responsible for the high prevalence of DTC in cross sectional studies.

Taken together the above reported data support the hypothesis that patients with CAT are not
characterized by an increased occurrence of clinically overt DTC, even in the long-term. Consistent
with this statement is the study by Dvorkin et al (162) who reported that, at diagnosis, CAT-associated
DTCs are small in size and have a low rate of nodal involvement. These peculiarities suggest an
earlier diagnosis and indirectly support the concept that CAT patients represent a more ultrasound

screened population (162).

These clinical data support the concept that the relationship between inflammation and
cancerogenesis is more complex than initially imagined, and that different kinds of inflammation
would have opposing effects in cancer microenvironment. Our hypothesis is that in the case of DTC,
the presence of CAT and thus autoimmunity-driven inflammation, does not confer and increase in
the pro-tumorigenic potential within the cancer microenvironment, but instead could induce a tumor-
controlling environment. This hypothesis is supported by recent pre-clinical studies (184) as well as
clinical prospective studies (177,214,215), showing that patients with pre-existing CAT have milder
forms of DTC and experience better long term-outcomes. One of the possible explanations of this
phenomenon resides in the different chemokine milieu that characterizes CAT patients, when
compared with those without CAT. The high concentrations of IFN-inducible chemokines like
CXCL10 would induce an immune infiltrate characterized by high numbers of antigen-presenting

cells like dendritic cells and effector cells like T-effector lymphocites that favor the control of cancer
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cell growth by the host immune system(61,74,75). Moreover, CXCL10 has anti-angiogenetic

properties that further contribute to the reduction of metastatic spread of cancer (101,216).

The role of different types of inflammation (tumor-driven versus autoimmune) in thyroid
cancer microenvironment in the focus of an ongoing project that will have the aim of evaluating the
role of CAT in determining the chemokine balance of DTC microenvironment and, consequently, its

clinical behavior.
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FIGURE LEGENDS
Figure 1: Panel A: PLX4720 inhibited the basal CXCLS8 secretion in BCPAP (ANOVA F: 14.3;

p<0.0001), the inhibitory effect was significant starting by 2uM concentration (Post Hoc analysis by
Bonferroni *p<0.001 vs. basal). Panel B: PLX4720 inhibited the basal CXCLS8 secretion in 8305C
(ANOVA F: 407.9; p<0.0001) (ANOVA F: 407.9; p<0.0001), the inhibitory effect was significant
starting from 0.1 uM (Post Hoc analysis by Bonferroni *p<0.001 vs. basal, **p<0.001 vs. 0,1uM).
Panel C: PLX4720 inhibited the basal CXCLS secretion in 8505C (ANOVA F: 55.24; p<0.0001),
the inhibitory effect started from 0.1 uM (Post Hoc analysis by Bonferroni *p<0.001 vs. basal,
p<0.001 vs. 0.1 uM). Panel D: Basal secretion of CXCL8 was not inhibited by PLX4720 in TPC-1
cell lines at any concentrations (ANOVA F: 1.8, p=1.34). Panel E: Basal secretion of CXCLS8 was
inhibited by PLX4720 in NHT (ANOVA F: 13.13; p<0.001) being significant only at the higher
concentration of 10uM (Post Hoc analysis by Bonferroni *p<0.01 vs. basal). Panel F: PLX4720
inhibit the TNF-a-stimulated CXCL8 secretion in BCPAP (ANOVA F: 12.29 p<0.0001), the
inhibitory effect was significant starting by 1 10uM (3.13; t anPost Hoc analysis by Bonferroni
*p<0.001 vs. TNF-a). Panel G: PLX4720 inhibit the TNF-a-stimulated CXCLS secretion in 8305C
(ANOVAF: 5.76 p<0.0001), the inhibitory effect started from 1 rom Post Hoc analysis by Bonferroni
*p<0.001 vs. TNF-). Panel H: PLX4720 inhibit the TNF-a-stimulated CXCLS secretion in 8505C
(ANOVA F: 42.85 p<0.0001), the inhibitory effect started from 0.1 rom Post Hoc analysis by
Bonferroni *p<0.001 vs. TNF-a, **p<0.001 vs. 0.1 ni *p< Panel I: TNF-a-stimulated CXCL8
secretion was not inhibited by PLX4720 in TPC-1 cell lines at any concentrations (ANOVA F:1.6,
p=1.78). Panel E: TNF-a-stimulated CXCLS8 secretion was inhibited by PLX4720 in NHT (ANOVA
F: 2.5; p<0.01) being significant only at the higher concentration of10uM (Post Hoc analysis by

Bonferroni *p<0.001 vs. TNF-a alone).
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Figure 2: CXCLS8 concentrations progressively increased throughout the 72-h time course in
untreated thyroid cells. Panel A: BCPAP cells (ANOVA: F=13.39; p<0.0001). Panel B: NHT cells
(ANOVA: F=2,7; p<0.002). Panel C: 8305C cells (ANOVA F=6.76; p<0.009). Panel D: 8505C cells
(ANOVA: F=11.09; p<0.001)

Figure 3: Time course of PLX4720 inhibitory effect on CXCLS8 secretion. No significant change in
the inhibitory power of PLX4720 at a given concentration was found throughout the 72-h time course.
Panel A: BCPAP (ANOVAs: PLX4720 0.1uM F: 0.6; NS; 1uM F: 1.7; NS; 2uM F: 1.7; p= 0.2;
SuM F: 2.7; p=0.7; 10 uM F: 1.0, NS). Panel B: NHT (ANOVAs: PLX4720 0.1uM F:1.7, NS; 1uM
F:2.8; NS; 2uM F: 3; NS; 5uM F: 1; NS; 10 uM F: 2.3, NS).Panel C: 8305C (ANOVAs: PLX4720
0.1uM F:1.6, NS; 1uM F: 2.6; NS; 2uM F: 0.5; NS; 5uM F: 0.4; NS; 10 uM F: 1.3, NS). Panel D:
8505C (ANOVAs: PLX4720 0.1uM F:0.02, NS; 1uM F: 0.2; NS; 2uM F: 0.1; NS; S5SuM F: 1.2; NS;

10 uM F: 2.9, NS).

Figure 4: Effect of PLX4720 on the basal and rh-CXCLS8-induced migration in BCPAP, 8305C,
8505C, NHT and TPC-1 thyroid cancer cells. Representative images and the respective histograms
after 16 hours of migration within the trans-well migration chamber system in BCPAP, 8305C,
8505C, NHT and TPC-1 (Panels A, B, C, D, E respectively). Panel A) in BCPAP the treatment with
PLX4720 10uM reduced the basal migration (ANOVA F= 27.9, p<0.0001; Post Hoc ° p<0.005 vs.
basal). The incubation of BCPAP with rh-CXCL8 produced a significant increase of BCPAP
migration (Post Hoc *p<0.0001 vs. basal). The co-incubation with rh-CXCL8 and PLX4720 10uM
significantly inhibited the BCPAP migration induced by rh-CXCL8 (Post Hoc # p<0.001 vs.
CXCLS). Panel B) in 8305C, the treatment with PLX4720 10uM reduced the basal migration of
8305C (ANOVA F=161.7, p<0.0001; Post Hoc ° p<0.005 vs. basal). The incubation of 8305C with
rh-CXCLS8 produced a significant increase of 8305C migration (Post Hoc *p<0.0001 vs. basal). The
co-incubation with rh-CXCL8 and PLX4720 10uM significantly inhibited the 8305C migration

induced by rh-CXCLS8 (Post Hoc # p<0.0001 vs. CXCLS). Panel C) in 8505C the treatment with
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PLX4720 10uM reduced the basal migration of 8505C (ANOVA F= 21.6 , p<0.0001; Post Hoc
°p<0.005 vs. basal). The incubation of 8505C with rh-CXCLS8 produced a significant increase of
8505C migration (Post Hoc *p<0.0001 vs. basal). The co-incubation with th-CXCLS8 and PLX4720
10uM significantly inhibited the 8505C migration induced by rh-CXCL8 (Post Hoc # p<0.0001 vs.
CXCLS). Panel D) in NHT, the treatment with PLX4720 10uM reduced the basal migration of NHT
(ANOVA F=25.3 ,p<0.0001; Post Hoc ° p<0.005 vs. basal). The incubation of NHT with rh-CXCL8
produced a significant increase of NHT migration (Post Hoc *p<0.05 vs. basal). The co-incubation
with th-CXCL8 and PLX4720 10uM significantly inhibited the NHT migration induced by rh-
CXCLS (Post Hoc # p<0.0001 vs. CXCLS8).Panel E) in TPC-1 the treatment with PLX4720 10uM
did not reduce the basal migration of TPC-1 (ANOVA F=4.4 , p<0.01), Post Hoc NS vs. basal). The
incubation of TPC-1 with rh-CXCLS produced a significant increase of TPC-1 migration (Post Hoc
*p<0.05 vs. basal). The co-incubation with rh-CXCLS8 and PLX4720 10uM did not reduce the TPC-
1 migration induced by rh-CXCLS8 (Post Hoc # NS vs. CXCLS8). Bar graphs show the corresponding
analysis of migrated cells on the lower side of the transwell filter. Basal migration was conventionally

estimated as 100%.

Figure S: Cell viability of TPC-1, 8505C and NHT after treatment with Phenformin at increasing

concentrations at different time points.

Panel A) Phenformin 10mM reduces TPC-1 viability after 7 hours of cell (ANOVA F=3.765;
p<0.005). Panel B) Phenformin 10 mM reduces cell viability after 14 hours of cell incubation
(ANOVA F=12.160; p<0.001). Panel C) Phenformin reduces cell viability at all concentration tested
after 24 hours of cell incubation (ANOVA F=42.537; p<0.001). Panel D) Phenformin 10mM reduces
8505C viability after 7 hours of cell (ANOVA F=3.482; p<0.05). Panel E) Phenformin reduces cell
viability after 14 hours of cell incubation starting from 0.1 mM (ANOVA F=15.007; p<0.001). Panel

F) Phenformin reduces cell viability after 24 hours of cell incubation starting from 0.1 mM (ANOVA
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F=10.129; p<0.001). Panel G) Phenformin does not affect NHT cells viability after 7 hours (ANOVA
NS). Panel H) Phenformin 10 mM reduces cell viability after 14 hours of cell incubation (ANOVA:
F=8.892: p<0.001). Panel I) Phenformin reduces cell viability at all concentration tested after 24
hours of cell incubation (ANOVA F=12.7; p<0.001). IC50 values are shown for 24h treatment with

phenformin of TPC-1 and 8505C.

*Post Hoc analysis by Bonferroni p<0.05 vs. basal.

Figure 6: Apoptosis induced in treated thyroid cancer cell lines observed with Annexin V-FITC/PI
stain under confocal fluorescent microscope (40x magnification). These are representative of merged
Annexin V/PI/Hoecst images of three experiments. The control untreated cells appear positive only
for hoecst staining of the nuclei. The fluorescent bright orange-green stain of Annexin V-FITC/PI in
treated cells demonstrate apoptosis. The PI stain binds to the damaged nucleus of the treated cancer
cells. In particular these image evidence that both TPC-1 and 8505C thyroid cancer cell lines are
positive for annexin V after treatment with phenformin 1 mM, In addition thyroid cancer cell lines
are positive for AnnexinV and PI after treatment with pjhenformin 10mM. On the other hand NHT
cells results positive for AnnexinV/PI staining only after treatment with phenformin 10 mM, while

are negative for treatment with phenformin ImM.

Figure 7: CXCLS8 increase in NHT 8505C and TPC-1 throughout the time course. NHT (ANOVA
F=4.5 p<0.05; Post Hoc 24h p<0.05 vs. 7h), 8505C (ANOVA F=512.26 p<0.001; Post Hoc 24h
p<0.05 vs. 14h and 7h, 14h p<0.05 vs. 7h), TPC-1 (ANOVA F=158.72 p<0.001; Post Hoc 24h p<0.05
vs. 14h and 7h, 14h p<0.05 vs. 7h). Panel D) the secretion of CXCLS8 differs among the cell types at
7 14 and 24 hours being TPC-1>8505C>NHT. After a 7-hour incubation period CXCLS8 levels were

higher in TPC-1 supernatants as compared with the NHT and 8505C ones (ANOVA F=218.43
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p<0.001; Post Hoc TPC-1 p<0.05 vs. 8505C and NHT). After 14 hours of incubation, TPC-1 cell
again secreted the greatest amounts of CXCLS, followed by 8505C cells, which secreted higher levels
as compared with NHT cells (TPC-1>8505C>NHT) (ANOVA F=332.78 p<0.001; Post Hoc TPC-1
p<0.05 vs. 8505C and NHT, 8505C p<0.05 vs. NHT). A similar secretion gradient was observed after
24 hours: TPC-1 > 8505C > NHT cells (ANOVA F=325.742 p<0.001; Post Hoc TPC-1 p<0.05 vs.
8505C and NHT, 8505C p<0.05 vs. NHT). *p<0,05 vs. NHT ; ** p<0,05 vs. 8505C and NHT; #
p<0,05 vs. 7h in NHT; $ p<0,05 vs. 7h in 8505C; $$ p<0,05 vs. 7h and 14h in 8505C; ° p<0,05 vs.

7h in TPC-1; °°p<0,05 vs. 7h and 14h in TPC-1.

Figure 8: Inhibition of CXCLS secretion. Panel A) Phenformin inhibits CXCLS secretion at all non-
cytotoxic concentrations after 7 hour of treatment in NHT (ANOVA F=5.702; p<0.001) Panel B)
Phenformin inhibits CXCLS secretion at all non-cytotoxic concentrations after 14 hour of treatment
in NHT (ANOVA F=11.15; p<0.001) Panel C) Phenformin inhibits CXCLS8 secretion at all non-
cytotoxic concentrations after 24 hours of treatment in NHT (ANOVA F=24.819; p<0.001). Panel D)
Phenformin does not inhibit CXCLS secretion after 7 hours of treatment in 8505C cells (ANOVA not
significant) Panel E) Phenformin does not inhibit CXCLS secretion after 14 hours of treatment in
8505C cells (ANOVA not significant) Panel F) Phenformin does not inhibit CXCLS8 secretion after
14 hours of treatment in 8505C cells (ANOVA not significant) Panel G) Phenformin does not inhibit
CXCLS8 secretion after 7 hours of treatment in TPC-1 cells (ANOVA not significant) Panel H)
Phenformin does not inhibit CXCLS8 secretion after 14 hours of treatment in TPC-1 cells (ANOVA

not significant)

*Post Hoc analysis by Bonferroni p<0.05 vs. basal.
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Figure 9: Effects of phenformin on TPC-1 cells ability to form colonies. Colony formation assay was
used to determine the long-term effects of phenformin on cell proliferation. The picture is one
representative experiment of the results obtained. As indicated by histogram colony formation is
reduced by phenformin treatment (ANOVA F=9.068 p<0.0001) starting from 0.1mM concentration,
as assessed by optical density measurement after staining with Crystal violet and incubation with

SDS. Colony formation is expressed as a percentage of the untreated control.

Post hoc *p < 0.05, statistically significant.

Figure 10: Effects of phenformin on 8505C cells ability to form colonies. Colony formation assay
was used to determine the long-term effects of phenformin on cell proliferation. The picture is one
representative experiment of the results obtained. As indicated by histogram colony formation is
reduced by phenformin treatment ANOVA F=311.75 p<0.0001) starting from 0.1mM concentration,
as assessed by optical density measurement after staining with Crystal violet and incubation with

SDS. Colony formation is expressed as a percentage of the untreated control.

Post hoc *p < 0.05, statistically significant.

Figure 11: Percentage of patients who developed new nodules during the follow-up.

Figure 12. Survival analysis for the development of new nodules in the CAT+ NOD+ and CAT+

NOD- subgroups. (Kaplan-Meier Log Rank 24.441, p<0.001).
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TABLES

CAT+, NOD+ | CAT+, NOD- | p value

(n 115) (n 395)
M/F 7/108 27/368 0.486
Age (years)
Median (range) 52 (21-81) 48 (19-82) <0.001
Thyroid volume (ml)
Median (Range) 13 (4-64) 10 (2-70) <0.001
Serum TSH at study 2.4(0.6-11.37) | 4.38 (0.73- <0.001
entry (median, 5"-95% 38.0)
centiles)
Serum TSH at the last 1.76 (0.50- 2.14 (0.60- <0.05
evaluation (median, 5th- | 5.72) 6.57)
95th centiles)
Thyroid Antibody Status
TgAb+/TPOAb+ 62 (53.9%) 235 (59.5%)
TgAb+/TPOAD- 13 (11.3%) 31 (7.8%) 0.586
TgAb-/TPOAb+ 31 (27.0%) 103 (26.1%)
TgAb-/TPOAb- 9 (7.9%) 26 (6.6%)

Table 1: Demographic data, thyroid function and thyroid autoantibody status, and US features in the

CAT+ NOD + and CAT+ NOD - groups.

CAT+, NOD+ CAT+, NOD- p value
(n 115) (n 395)
Follow-up time (years) 11 (5-16) 10 (5-17) 0.083
(median and range)
N. of patients developing 34/115 (29.5%) 41/395 (10.3%) <0.001
neo nodules (%)
Nodules not requiring FNAC (%) | 20/34 (58.8%) 28/41(68.3%) 0.472
Maximum Diameter (mm) 7.5+1.6 6.6+2.0 0.108
EUTIRADS
3 13/20 (65.0%) 22/28 (78.6%) 0.297
4 7/20 (35.0%) 6/28 (21.4%)
Nodules requiring FNAC (%) 14/34 (41.2%) 13/41 (31.7%) 0.472
Maximum Diameter (mm) 13.243.7 12.8+4.3 0.831
EUTIRADS
3 9/14 (64.3%) 8/13 (51.5%) 0.989
4 3/14 (21.4%) 3/13 (23.1%)
5 2/14 (14.3%) 2/13 (15.4%)
Benign Cytology 14/14 (100%) 13/13 (100%) 0.989
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Table 2: Appearance of new nodules in CAT+NOD+ and CAT+NOD- groups and corresponding

Ultrasound and FNAC results

p value Exp(B) 95% CI fo Exp(B)
Lower Upper
Age (years) 0.532 0.994 0.975 1.013
Gender (M/F) 0.674 0.797 0.276 2.298
Thyroid Volume (ml) 0.028 1.030 1.003 1.057
Group (CATNOD- <0.001 3.337 1.942 5.734
/CATNOD+)

Table 3. Logistic Regression analysis for assessing the risk of new nodule development
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