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ABSTRACT

Thyroid cancer incidence is increasing at an alarming rate almost trebling every
decade. 52,070 new cases of thyroid cancer (14,260 in men and 37,810 in women) were
diagnosed in 2019 with an estimated death toll of 2170. Although most thyroid tumors are
treatable and has good prognosis, anaplastic thyroid cancer (ATC) is extremely aggressive
with a grim poor prognosis of 6-9 months post diagnosis. ATC is completely refractory to

mainstream therapies.

In our study, immunohistochemical analyses of ATC tissues confirmed a T cell inflamed “hot”
tumor immune microenvironment (TIME) as evidenced by presence of CD3* and CD8* T cells.
This kind of tumors are amenable to immune checkpoint blockade (ICB) therapy. This
therapeutic avenue is unexplored in ATC. In this study, we explored the feasibility of a

combination therapy of small molecule inhibitor and ICB in ATC.

We used an in vitro model system representative of papillary (TPC-1, K1, BCPAP), anaplastic
(8505C, T238, SW1736, HTh74), follicular (CGTH-W-1) thyroid cancer and Nthy-ori-3-1 as
normal thyroid follicular cell. The cells were screened for expression of 29 immune-
checkpoint molecules by qRT PCR. We noted a higher expression of HVEM, BTLA, CD160 in
ATC cell lines compared to the rest. Expression level of HVEM was more than 30-fold higher
in ATC compared to the other cell lines on average. immunocytochemistry, western blot and
flow cytometry analyses confirmed expression of these proteins in ATC. Additionally, HVEM
had highest surface expression in ATC. HVEM is a member of TNFRSF which acts as a

bidirectional switch by interacting with BTLA, CD160 and LIGHT in a cis or trans manner. Given

XXii



the T cell inflamed hot TIME in ATC, expression of HVEM on tumor cells was suggestive of a
possibility of complex crosstalk of HVEM with inflammatory cytokines. Increased
transcription and solubilization of HYEM were observed in ATC cell lines in response to pro-
inflammatory cytokines IL-8 and TNFa. Our study also indicates that HVEM is inducible by
IFNy as evidenced by more than 5-fold increase in HVEM transcription in response to the
cytokine. Our study reports for the first time, a tumor intrinsic stress induced MAPK signaling
transduced by HVEM upon interaction with soluble LIGHT. Induction of pJNK and p-c-Jun was
indicative of increased proliferative potential of these cells triggered by this interaction.
HVEM/LIGHT interaction also triggered nuclear translocation of NFkB in ATC. Silencing HVEM
in 8505C by CRISPRi highly dampened proliferative and invasive potential of the cells

signifying possible tumor intrinsic function of HVEM in ATC.

BRAFV600E is a common mutation in ATC which is largely responsible for remodeling of TIME
and is a prominent candidate for targeted therapy. Unfortunately, emergence of resistance
is extremely common. BRAFV600E inhibitor PLX4032 resistant ATC cell lines were generated
in this study, and their immune phenotypes were profiled. PLX4032 resistant cells had
activation of alternate signaling molecules rescuing BRAFV600E inhibition and had
dramatically higher expression of HVEM, BTLA and CD160 compared to the sensitive
phenotype. The surface expression of HVEM persisted in resistant cells after combination

therapy with PLX4032 and trametinib.

Altogether, our studies provide evidence for T cell inflamed TIME in ATC along with expression
of immune checkpoint proteins HVEM, BTLA and CD160 in ATC. We also discovered active

tumor intrinsic signaling transduced by HVEM/LIGHT interaction in ATC and the persistent
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expression of these immune checkpoint molecules in case of BRAFV600Ei resistant ATC. We
propose that a combination of small molecule inhibitor targeting downstream effectors of

MAPK pathway and antagonistic antibodies targeting HVEM/BTLA axis might provide a viable

therapeutic avenue for ATC patients.
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CHAPTER 1: INTRODUCTION:
Thyroid gland

Functional anatomy
The thyroid gland is a bilobular endocrine gland located anteriorly in the neck between

C5 and T1 vertebrae deep in the platysma, sternothyroid and sternohyoid muscles. It is
the first endocrine gland to develop in humans and the largest. The gland weighs
approximately 15-20 grams. It is a soft reddish parenchymal organ with two lobes
connected by the isthmus (Fig 1). Each lobe is about 4 cm in length, 2 cm in width and
about 2-3 cm in thickness. The gland is highly vascular with a blood supply rate of
5ml/g/min. It is enclosed in layers of the deep cervical fascia and covered anteriorly by
the strap muscles and laterally by sternocleidomastoid muscle. The capsule is firmly
adherent to the gland, developing protrusions into the thyroid, forming multiple septae
and dividing the gland into lobes and lobules (Benvenga et al., 2018). Each lobule contains
a cluster of follicles which are the structural and functional units of the gland. Each follicle
is surrounded by a layer of thin connective tissue stroma enriched with fenestrated
capillaries and lymphatics. There are about three million follicles in adult human thyroid
gland. Follicles are lined with epithelial cells which may be cuboidal, columnar or
squamous in appearance depending on their state of activity. In active follicles, the cells
are usually cuboidal to low columnar is shape whereas in inactive state, they are
squamous in appearance. The follicular cells are also known as thyrocytes. These follicular
cells are anatomically polarized with a distinct basolateral and an apical surface; the
former faces the extrafollicular space, while the later faces the follicular lumen (Nilsson

& Fagman, 2017). This polarity is highly significant, as iodine uptake occurs at the



basolateral face, whereas thyroid hormone (TH) secretion occurs at the apical face. The
lumen of the follicle is filled with an acidophilic glycoprotein — thyroglobulin (Tg).
Synthesis of TH requires iodine which is concentrated in the cytoplasm of the follicular
cells via sodium iodide symporters (NIS) expressed at the basolateral surface of the
follicular cells. Upon entering the follicular cells, iodide ions move apically where they are
oxidized and incorporated into Tg forming monoiodotyrosine (MIT) and diiodotyrosine
(DIT), depending on the number of iodine ions incorporated in Tg (Fig 2). This step
requires thyroid peroxidase (TPO) and H;0>. lodinated thyroglobulin is taken up by the
follicular cells by micropinocytosis after which thyroglobulin ends up in the endosomes
which later fuse with the prelysosomes inside the cells depending on their level of
iodination. Highly iodinated molecules are fused with pre-lysosomes, where they are
cleaved by lysosomal endopeptidases, such as cathepsins B, D, and L, thus releasing
trilodothyronine or T3 and thyroxine or T4. The most important transporter known to be
responsible for thyroid hormone transport is the SLC16A2 or monocarboxylate
transporter 8 (MCT8), which mediates both uptake and efflux of TH and participates in
the release of TH from the thyroid gland (D. P. Carvalho & Dupuy, 2017). Poorly iodinated
Tg molecules are recycled and returned to the apical surface from where they once again
enter the colloid. Thyroid gland has another type of cell, known as parafollicular cells or
C cells. C-cells are scattered between follicles, primarily in the posterolateral region of the
lobes, or are present beyond the basement membrane within the follicles, in close
proximity with the thyrocytes (Nilsson & Fagman, 2017). These cells secrete the hormone

calcitonin. C cells constitute about 0.1% of thyroid cells and are usually identified using



immunohistochemical staining for calcitonin. Calcitonin reduces blood calcium level

(Hazard, 1977).



Outline of stemum

A. B.

Figure 1. Gross anatomical features of thyroid gland in anterior view (A) and histological
features (B). The thyroid gland is shaped like a butterfly (A) and overlies trachea. Thyroid
follicles are of varying size with the hollow interior filled with an acidophilic glycoprotein
colloid thyroglobulin (B). C cells are also visible scattered in between the follicles. Source:
http://medcell.med.yale.edu/histology/endocrine_systems_lab/thyroid.php
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Figure 2. Biosynthesis of triiodothyronine (T3) and thyroxine (T4) from thyroglobulin.



Homeostatic control of TH secretion and its function
TH play a pivotal role in regulation of differentiation, growth and cellular metabolism. TH

biosynthesis is regulated by three major factors — the hypothalamic-pituitary-thyroid (HPT)
axis, iodine availability and iodothyronine deiodinase activity. Serum concentrations of T4
and its biologically active form T3 are tightly regulated within a narrow range in the body by
the ability of TH to control its own synthesis by a negative feedback at the hypothalamic TSH-
releasing hormone (TRH) neuron and pituitary thyrotropes. TRH is a tripeptide (PyroGlu-His-
Pro) synthesized in the paraventricular nucleus of hypothalamus and subsequently travels to
the median eminence via axons. From there, it reaches anterior pituitary via the portal
capillary plexus. Upon reaching, it binds to the TRH receptors expressed on the thyrotropes
leading to release and synthesis of new TSH in the thyrotropes. Both TSH and TRH are under
negative feedback regulation by TH (Hoermann et al., 2015). Several thyroid genes, including
thyroglobulin (Tg), NIS, and TPO, are stimulated by TSH and promote the synthesis of TH (Fig
3). The activation and inactivation of TH are regulated by deiodinases in the circulation. Type
2 deiodinase (D2) act on the outer ring of T4 converting it to T3. Type 3 deiodinase (D3)
deiodinates the inner ring of both T4 and T3, converting them into metabolically inert reverse
T3 (rT3) and T2 respectively. Interestingly, type | deiodinase (D1) acts both on the inner and
outer rings. D1 and D2 are the most abundant deiodinases in thyroid gland. The majority of
thyroid hormone released, is in the form of T4 as the total serum T4 level is 40-fold higher
than serum T3 level (90 vs. 2 nM) (Yen, 2001). Once in circulation, almost all the T3 and T4
are bound by various plasma transporter proteins, like thyroxine binding globulin (TBG),
thyroxine binding pre-albumin (TBPA or transthyretin), high density lipoprotein (HDL) and

albumin. All classes of lipoproteins can bind T4, T3, and rT3. Predominantly, thyroid

6



hormones interact with apoA, apoB100, apoC, and apoE, and this interaction is hindered by
lipids (Bevenga & Robbins, 1996). Only 0.3% of T3 and 0.03% of T4 hormones are freely
available in blood and are responsible for the biological activity. Upon entering the cells of
the target organ, T3 binds to thyroid receptors (TR) which belongs to the family of nuclear
receptors. There are two isoforms of TR, TRa. and TRP3 which are encoded by different genes
located on chromosome 17 and 3 respectively. Each isoform has three variants ( a1-3 and
B1-3) (Cheng et al., 2010). TR is a single polypeptide with a carboxyl terminal ligand binding
domain (LBD) that interacts with co-regulators and mediate homo or hetero dimerization. TR
contains a highly conserved central domain that interacts with the thyroid hormone response
element (TRE). Almost every tissue of the body expresses TR but there are crucial post
translational modifications (PTMs) suggesting a crucial interplay between the nuclear
localization signal (NLS), nuclear export signal (NES) motifs and mitochondrial insertion signal
(MIS) motifs that finally determines the localization of TR in the target tissue and partly
accountable for the observed heterogeneity across different tissue types. Thyroid hormones
have profound effects on diverse physiological processes including development, growth and
oxidative metabolism. Many of these actions takes place co-operatively with other hormones
—also known as permissive action where thyroid hormones modulate the responsiveness of
a cell towards other hormone (Norris & Carr, 2013). Recently, non-genomic actions of thyroid
hormones have been reported that have an extremely rapid onset ranging from minutes to
hours (Hammes & Davis, 2015) (Cheng et al., 2010). These non-genomic actions can be
initiated by T3, T4 or rT3 binding to truncated or non-truncated TR or integrin avf on cell

membrane, cytoplasm, and cytoskeleton (Benvenga et al., 2018).
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Figure 3. Hypothalamic-pituitary-thyroid axis. The hypothalamic neurons secrete TRH which
is carried down to the adenohypophysis of the pituitary by the hypothalamic portal vein
where it releases TSH. The released TSH reaches thyroid glands via blood stream and binds
to TSHR and stimulates production of T3 and T4. Enhanced level of T3 triggers a negative
feedback loop via TRB inhibiting production of TSH and TRH.



Thyroid cancer
Epidemiology
Thyroid cancer (TC) is the most common endocrine malignancy with an alarming rate of

increase over the last few decades (Aschebrook-Kilfoy et al., 2013; Davies et al., 2010; Davies
& Welch, 2014). A Surveillance, Epidemiology, and End Results Program (SEER)-based study
observed that from 1975 to 2009 there was a three-fold increase in incidence rates, from 4.9
to 14.3 per 100,000 individuals, primarily in small (<2cm) papillary carcinomas (Davies et al.,
2010). 52,070 new cases of thyroid cancer(14,260 in men and 37,810 in women) were
diagnosed in 2019 with an estimated death toll of 2170 (Thyroid Cancer - Cancer Stat Facts,
2019). Thyroid cancer can be divided into four histological subtypes, namely papillary thyroid
cancer (PTC), follicular thyroid cancer (FTC), anaplastic thyroid cancer (ATC) and medullary
thyroid cancer (MTC). PTC and FTC are known as well differentiated thyroid cancers (WDTC).
PTC and FTC account for 75-80% and 10-15% of total TC cases, respectively. MTC arises from
the parafollicular cells or the C cells and accounts for 5-10% TC cases. MTC can occur in
sporadic (approximately 70-80%) or familial (approximately 20-30%) form. The familial form
has been associated with multiple endocrine neoplasia (MEN) 2A, MEN 2B, or with the familial
medullary thyroid carcinoma syndrome (Yadav et al., 2018). The inherited form of MTC often
results from autosomal dominant mutations in “rearranged during translocation” (RET)
proto-oncogene with an incomplete penetrance. This malignancy often presents itself as a
multifocal disease with a high background of C cell hyperplasia (CCH) (Yadav et al., 2018).
Calcitonin is still produced by the C cells of MTC and serum calcitonin level serves as a crucial
biomarker in these patients (Etit et al., 2008). PTC is the most prevalent form of thyroid

malignancy that accounts for 75-80% of the cases and is associated with very good prognosis.



ATC is the rarest and the most aggressive form of thyroid malignancy that makes up less than
3% of all the thyroid cancer cases, but is responsible for up to 40% mortality resulting from
this malignancy (Reddi et al., 2015). The growing incidence of thyroid cancer has been
partially attributed to overdiagnosis (Salvatore et al., 2016). It is debated that a combination
of advanced diagnostic techniques such as fine-needle aspiration (FNA), ultrasonography
(USG), computed tomography (CT), magnetic resonance imaging (MRI) and increased medical
awareness are collectively responsible for increased detection of early stage sub-clinical small
papillary lesions of 1-5 cm which might not necessarily be malignant in nature . There are a
host of factors contributing to this phenomenon. Jina et.al mentioned that national and
international factors, like limited access to healthcare, immigration patterns, differences in
diagnostic procedures, and variability in cancer registries have to be analyzed thoroughly
before we reach any conclusion about this increment in TC incidence (Kim et al., 2020).
Possible exposure to various risk factors should also be considered as a contributing factor in

this increase.

Patient-related and environmental risk factors

Exposure to ionizing radiation
Exposure to radiation is the most well-established environmental risk factor for the

development of TC. The thyroid gland is especially susceptible to the carcinogenic effects of
radiation, particularly during childhood or adolescence. Repeated exposure to the radiation
associated with advanced medical imaging system, like CT scans during childhood or
adolescence can immensely impact the normal physiology of thyroid gland and push it

towards malignant transformation (Mathews et al., 2013).
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Familial influences
A patient with family history of thyroid cancer or benign thyroid disease is at risk for

developing thyroid cancer (Balasubramaniam et al., 1969; La Vecchia et al., 1995; Nosé,
2011). Familial thyroid cancer can be sub-divided into two groups based on their origin -
parafollicular (C cell) origin, namely MTC, and of follicular cell origin, including differentiated
thyroid cancer (PTC, FTC and Hurthle cell). Familial thyroid cancers of follicular origin are
referred to as familial non-medullary thyroid cancers and they account for 3-9% of the familial
thyroid cancer cases. These NMTCs can culminate into papillary, follicular, Hurthle cell and
very rarely anaplastic thyroid cancer which might run in the same family. These variants are
often considered to be extremely aggressive phenotypes by several studies, but the results

are ambiguous (El Lakis et al., 2019).

Obesity
Last three decades have witnessed a steep lifestyle change across the world leaning towards

a sedentary type especially in developed countries. A meta-analysis of twenty-two
prospective studies was performed for studying the association between TC incidence and
body height and BMI. The study included 833,176 men and 1,260,871 women from different
geographical location including USA, Canada, Sweden, Australia, Netherlands and China.
Obesity was associated with incidences of total thyroid cancer and most major thyroid cancer
subtypes, including anaplastic thyroid cancer (Kitahara et al., 2015). Interestingly, another
large European prospective study (European Prospective Investigation in Cancer and
Nutrition - EPIC) for the determination of the association between anthropometric factors
and thyroid cancer incidences had similar findings, but only for women. In women, higher
body weight, height, BMI, waist circumference and waist-to-hip ratio were associated with a
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significantly higher risk of differentiated thyroid cancer. This pattern was not observed in men

(Rinaldi et al., 2012).

Smoking
Cigarette smoking has been traditionally associated with cancer incidence. Interestingly,

several studies noted an inverse relationship between current cigarette smoking and TC risk
(Kitahara et al., 2012). This might be attributed to lower level of TSH in cigarette smokers
compared to non-smokers which is well established as an etiologic factor in thyroid

carcinogenesis (Cho et al., 2018).

Genetic lesions
Patients with mutation(s) in oncogenes or tumor suppressor genes are often pre-disposed to

development of cancer in general. Mutation in specific oncogenes like RAS, BRAF, RET/PTC

are often associated with high incidence of TC (Bible & Ryder, 2016).

Histological subtypes of TC

Papillary thyroid cancer (PTC)
Papillary thyroid cancer (PTC) constitutes about 80-85% of all TC cases (Zhu et al., 2015) and

is prevalent in countries with iodine-excess diet such as China (Al-Salamah et al., 2002). It is
usually detected between third and fifth decade of the life with a mean age of 40 (Iryani
Abdullah et al., 2019). Fine needle aspiration and cytology (FNAC) is the method of choice
for the diagnosis of PTC. This is a minimally invasive and rapid procedure that involves the
use of a narrow-gauge needle to obtain a sample of the lesion for microscopic examination.
The biopsy specimens are classified by their cytological appearance into benign, suspicious
(or indeterminate), or malignant cells. As discussed before, overall frequency if TC is on the

rise and PTC is the most significant one. Interestingly, a gender discrepancy is observed in PTC
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with a female to male ratio of 3:1 (Yan et al.,, 2017). One plausible explanation of this
observation is differential expression of sex hormone estrogen between men and women.
Estrogen has been shown to be an important player for modulation of metastatic phenotype
in thyroid cancer (Rajoria et al., 2011). Estrogen is known to be involved in a host of cellular
processes such as growth, cell motility and organ functions. Consistent with this, different
research groups have reported estrogen as a crucial player in the modulation of TC
proliferation and migration (Lee et al., 2005; Manole et al., 2001) (Rajoria et al., 2010).
Different variants of PTC include, classical (figure 4A), papillary microcarcinoma (Fig 4B),

encapsulated (Fig 4C), diffuse sclerosing (Fig 4D), and tall cell (Fig 4E).
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Figure 4. Different histological variants of PTC. (A)Classical variant: characterized by
enlarged, overlapping nuclei (in yellow box), nuclear clearing and nuclear grooving (green
arrow); (B) Papillary microcarcinoma: characterized by architectural and cellular features of
PTC, but measuring <1cm in diameter; (C) Encapsular follicular variant: characterized by
brightly stained colloid with frequent scalloping and retraction from the follicle; (D) Diffuse
sclerosing variant: characterized by dense sclerosis, numerous micropapillary formations,
frequent psammoma bodies; (E): Tall cell variant characterized by cellular height at least 2-
3 times cell width (yellow arrows). Source: A-C and E From:
https://medicine.uiowa.edu/iowaprotocols/variants-papillary-thyroid-carcinoma-
microcarcinoma-tall-cell-columnar-follicular and D is from Rom J Morphol Embryol, 53 (4),
1007-12, 2012
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Follicular thyroid cancer (FTC)
Follicular thyroid cancer (FTC) accounts for approximately 10% of all thyroid cancer cases in

iodine sufficient areas (Davies & Welch, 2014). FTC is more prevalent in women, especially in
their post-menopausal phase of life (Davies & Welch, 2014). O’Neil et al. combined the
invasive pattern and angioinvasion, and classified FTC into three groups: (i) minimally invasive
(M1 - capsule invasion only) FTC, (ii) encapsulated angioinvasive FTC and (iii) widely invasive
(WI) FTC. Disease-free survival (DFS) rates at 40 months were 97%, 81% and 46%, respectively
in these three groups (O’Neill et al., 2011). FTCis more aggressive than PTC and usually affects
the older age group. As the name suggests, MI FTC has limited capsular and vascular invasion
as opposed to WI FTC. Chances of recurrence is also lower in Ml FTC compared to WI FTC.

Lymph node metastasis is not common in FTC.

Differential diagnosis between FTC and follicular adenoma (FA) is not possible just by
histopathologic assessment via FNA. Identification of subtype-specific genetic lesions help in
the process of differential diagnosis. PAX8/PPARy rearrangements, RAS mutations and TERT
promoter mutations occur in both MI-FTC and WI-FTC (Foukakis et al., 2006; Wang et al.,
2014). Additionally, some genetic aberrations, like loss of heterozygosity (LOH) for HGF, have

been observed in MI-FTC only, but not in PTC (Trovato et al., 1999).

Poorly differentiated thyroid cancer (PDTC)
Histological gradation of thyroid cancer subtypes is spread along a continuum, with WDTC at

one end of the spectrum comprising of PTC and FTC, and undifferentiated TC comprising of
ATC at the other end. While the former is easily manageable and almost always has an

excellent prognosis, the latter is uniformly aggressive and almost always fatal. There is ample
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evidence for the existence of an intermediate subtype between WDTC and ATC, in terms of
both morphological characteristics and pathology. These tumors, classified as poorly
differentiated thyroid carcinoma (PDTC), may aptly represent intermediate entities during
the progression of WDTC to ATC. There are two different subtypes of PDTC — the insular
thyroid carcinoma (ITC) and large cell poorly differentiated thyroid carcinoma. Macroscopic
features of ITC include a solid, grayish-white tumor with multiple foci of necrosis. They tend
to be larger in size (>4cm), often display an invasive margin, and can be either single or
multinodular. The microscopic features include solid clusters (‘nests’) of tumor cells
containing a variable number of small follicles, often sharply divided by invaginations or clefts.
After a lot of ambiguity over the diagnosis criteria, the current algorithm has incorporated
the Turin criteria and needs the presence of solid/trabecular or insular growth pattern (STI),
hypercellularity, high nuclear/cytoplasmic ratio with convoluted nuclei, small necrotic foci

and at least three mitoses/ 10 high power field (HPF) (Dettmer et al., 2019).

Anaplastic thyroid cancer (ATC)
Anaplastic thyroid cancer (ATC) is the one of the most aggressive malignancies in humans.

Unlike WDTC, ATC cells lose all the characteristics of normal thyroid follicular cells such as
iodine uptake, thyroglobulin synthesis and TSH dependence. It has extremely poor prognosis
with average survival of 6-9 months post diagnosis. ATC is primarily a geriatric disease mostly
affecting people in their sixth decade of life or beyond. ATC presents itself as a rapidly growing
neck mass of approximately 3 cm to 20 cm in size followed by noticeable dysphagia,
dysphonia and stridor (Nagaiah et al., 2011). 50% of the patients present with multiple distant

metastases frequently to lungs, bone or brain (Hundahl et al., 1998). The American Joint
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Committee on Cancer (AJCC) defines all cases of ATC as stage IV, and primary tumors are
categorized as stage T4. Strictly intrathyroidal (T4a) tumors without lymph node involvement
or distant metastases (NO and MO, respectively) are designated as stage IVA. In stage IVB, the
primary tumor exhibits gross extrathyroidal extensions (T4b; any N and MO). Patients with
distant metastases (any T, any N, M1) are at stage IVC (Smallridge et al., 2012). Owing to the
extremely aggressive nature, the tumor burden increases rapidly with tumor volume usually
doubling in each week leading to eventual involvement of trachea which is discernible from
appearance of hemoptysis. Involvement of cervical lymph nodes and recurrent laryngeal
nerve (RLN) are also noted in 30-40% of the cases (NEL et al., 1985). Histopathological
features of ATC vary from patient to patient and at the intratumoral level also. ATC is
composed of a heterogeneous mixture of spindled, epithelioid and pleomorphic giant cells.
The most commonly observed variant is the spindle cell pattern (approximately 50% of
patients), followed by the pleomorphic giant cell pattern (approximately 30-40% of patients)
and the squamoid pattern (less than 20% of patients) (Nikiforov et al., 2009) (Fig 5). Some
common histological features include extreme invasiveness, extensive tumor necrosis,
marked nuclear pleomorphism and high mitotic index. Neoplastic cells have pleomorphic
nuclei that show highly irregular nuclear contours and coarse chromatin. Mitoses are typically
abundant, with presence of atypical mitotic figures with a tripolar shape that consists of three
radiating spokes from a center. This type of mitotic figure indicates aberrant mitosis and is a
definitive sign of malignancy. Additionally, there is a complete lack of normal follicular
structure with colloid in ATC and the cells form solid sheets with abundant necrotic centers

(Nikiforov et al., 2009).
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Figure 5. Various histological patterns of ATC. (a) Neoplastic cells with spindled and
pleomorphic giant pattern. (b) Arrows indicate infiltrating lymphocytes; Giant cell pattern;
(c) presence of extensive tumor necrosis indicated by arrows; (d) atypical mitotic figure with
tripolar mitosis indicated by arrow; (e) entrapped non-neoplastic follicles indicated by
arrows; (f) ATC with adjacent differentiated PTC indicated by arrows. Adopted from: Nat
Rev Endocrinol, 13 (11), 644-660
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Molecular carcinogenesis in TC
Like any other malignancy, TC also results from a multistep process of carcinogenesis when

the normal thyroid follicular cells experience single or multiple assault at the molecular level
culminating into malignant transformation. While some of these mutations and aberrant
signaling pathways are involved in the early stages of thyroid carcinogenesis, others are
responsible for its progression. A plethora of genetic and epigenetic events contribute to the

genesis and progression of TC at different stages.

Gene mutations
There are numerous genetic alterations that culminate into thyroid carcinogenesis. One of

the most prominent instances is the transverse point mutation T1799A in v-Raf murine
sarcoma viral oncogene homolog B1 (BRAF) resulting in a valine-to-glutamic acid switch at
codon 600, resulting in expression of BRAFV600E protein. This leads to a ligand independent
constitutive activation of this serine threonine kinase (Cohen et al., 2003; Fakhruddin et al.,
n.d.; Fukushima et al., 2003; Kim et al., 2016; Kim et al., 2018). This mutation is an early event
in thyroid carcinogenesis and is prevalent in almost 53% of PTC (Fukushima et al., 2003) and
20-25% of ATC. Previous studies have demonstrated that BRAFV600E is a poor prognostic
factor in PTC which is often associated with aggressive pathological features, increased
recurrence and loss of radioiodine avidity leading to treatment failure. There is a high
prevalence of BRAF mutations in the aggressive tall-cell variant papillary thyroid carcinoma
(55—-100%), whereas a relatively low prevalence of only 7-14% has been reported in follicular
variant papillary thyroid carcinoma (Nikiforova et al., 2003; Salvatore et al., 2004; Trovisco et
al., 2005; Xing, 2013). Interestingly, in some cases of PTC, intra-tumoral heterogeneity in the
BRAF status has been noted where the number of cells with WT BRAF supersedes the number

19



of cells with BRAFV600E (Guerra et al., 2012). This raises a dilemma of whether BRAFV600E
lesion is a pre-requisite for PTC formation or BRAFV600E is followed by tumorigenesis (M.
Xing, 2013). It might be possible, that once the tumorigenesis is triggered by BRAFV600E,
there are secondary mutations that are selected for instead of BRAFV600E during tumor
progression (M. Xing, 2012). The second common early mutation observed in PTC and ATC, is
a point mutation in RAS. In its active state, RAS is bound to GTP. The intrinsic GTPase activity
of RAS hydrolyzes GTP into GDP and RAS returns to its inactive form. Mutated RAS loses the
intrinsic GTPase activity and stays in a constitutively active state. Among the three isoforms
of RAS (HRAS, KRAS and NRAS), NRAS mutation is most commonly observed in thyroid
malignancies mostly involving codons 12 and 61 (M. Xing, 2013). NRAS and HRAS mutations
can be found in 8.5% and 3.5% of PTCs respectively but the frequency is higher in ATC that
has some DTC component in the tumor. RAS mutation can trigger aberrant activation of the
mitogen-activated protein kinase (MAPK) pathway or PI3K/AKT (protein kinase B) pathway.
The major driving lesions in different histological subtypes of TC are summarized in figure 6.
In case of thyroid malignancies, RAS mutation has been observed to trigger PI3K/AKT pathway
as evidenced by preferential association of RAS mutation and AKT phosphorylation (Abubaker
et al., 2008; Liu et al., 2008). Other crucial genes that are mutated in thyroid neoplasms
include TERT, B-catenin (CTNNB1), TP53, isocitrate dehydrogenase 1 (IDH1), anaplastic
lymphoma kinase (ALK), and epidermal growth factor receptor (EGFR). These mutations are
associated with the aggressive variants - PDTC and ATC, which is suggestive of their role in
the progression and aggressiveness of these subtypes. B-catenin (CTNNB1) is a very

significant player in Wnt/ B-catenin signaling which is one of the most fundamental pathways
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involved in embryogenesis as well as a plethora of normal cellular processes and is under
strict spatio-temporal regulation. Unfortunately, upregulation of this pathway is often
observed to be associated with later stages of thyroid tumorigenesis, especially in the process
of epithelial-mesenchymal transition (EMT). EMT is a process which has been historically
associated with metastasis, but the etiological association between these two events are
debated (Fischer et al., 2015; Welch & Hurst, 2019). Interestingly, ATC is often associated with
overexpression of this protein which might partially explain the high metastatic potential of
this disease. Next generation sequencing (NGS) studies from multiple centers have identified
novel genes and driver mutations associated with ATC. A recent study by Jeon et al reported
novel single nucleotide variants (SNVs) associated with ATC. Some of the novel ATC genes
include PKHD1, NF2, ANKLE, BUB1, EIF1AX, CLTC, ERBBZIP, ERCC4, EZH2 (Jeon et al., 2016).
TERT mutation is the most frequent one observed in ATC (73%) and at later stages of PTC.
TERT encodes for the reverse transcriptase component of telomerase and is usually over
expressed in most of the tumors. Commonly identified mutations include C228T and C250T.
The role of TP53 mutation in ATC is well established in the process of carcinogenesis. Multiple
loss of function - polymorphisms have been reported in this tumor suppressor gene. EIF1AX
is a novel ATC related gene that encodes for X-linked eukaryotic translation initiation factor
1A. This gene mutation is closely associated with RAS mutation and is claimed to be crucial in
transformation of FTC into ATC (Landa et al., 2016a) (Agrawal et al., 2014). Though ATC is
historically known as a tumor with low mutational burden, recent findings confirm, presence

of novel somatic mutations in ATC that partially changes the typical notion.
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Figure 6. Histological subtypes of cancer with most prevalent genetic lesions (in
percentage). Source: Clin Cancer Res; 22(20) October 15, 2016
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Genomic instability
Genomic instability has been closely associated with tumorigenesis. Increased mitotic rate in

elderly patients with ATC or aggressive variants of PTC often results in aneuploidy eventually
altering the copy number of genes. Copy number gain is commonly observed in genes of PI3K
pathway, including pIK3CA, PDK-1, AKT1 and AKT2 (Abubaker et al., 2008; Liu et al., 2008).
Interestingly, recent findings suggest that in Hiirthle cell carcinoma (HCC), the genome is in
near haploid state, which occurs early in the process of tumorigenesis and is stable
throughout the entire course. This study also noted complex | mitochondrial DNA mutation
occurring early in the disease process and maintained throughout the entire course. These
observations point to the likelihood of these aberrations being a driver phenomenon, not
simply markers (Ganly et al., 2018; Gopal et al.,, 2018). A recent study by Naveen et al.
identified significant genomic amplifications in ATC. 70% of the patients’ genome were
polyploid and all of them were associated with multiple breakpoints mostly around the
centromere with a median frequency of sixteen (Ravi et al., 2019). 80% of the cases had high
level of genetic amplification which is defined by the authors as gain of more than three
copies over the basal level. The amplified regions included genes like POP4, PLEKHF1,
C190rf12, CCNE1, and URI1. POP4 encodes one of the protein subunits of small nucleolar
ribonucleoprotein complexes: the endoribonuclease for mitochondrial RNA processing
complex and the ribonuclease P complex. This protein is involved in processing of precursor
RNA and aberrant expression of this protein might result in formation of alternatively spliced
variants of a transcript with unknown function. CCNE1 codes for cyclin E1 which is the
regulatory subunit of CDK2 and is required for G1/S transition in cell cycle. In non-thyroid

malignancies such as bladder cancer, ovarian adenocarcinoma and triple negative breast
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cancer (Zhao et al., 2019). An increase in copy number of this gene is often considered as a
poor prognostic marker in cancer, but it is not conclusive (Zhao et al., 2018). Nevertheless,
multicenter studies with large groups of patients have identified gain of copy number in

CCNE1 in close to 30% of ATC cases (Zhao et al., 2018).

Gene translocations
The most frequent gene translocation observed in thyroid cancer is RET/PTC translocation.

RET is a protooncogene encoding a receptor tyrosine kinase (RTK). RET/PTC rearrangement
results from genetic recombination between the 3’ tyrosine kinase portion of RET and the 5’
portion of a partner gene resulting in oncogenic transformation in the thyroid. More than 10
types of RET-PTC translocation have been reported namely, RET/PTC1, RET/PTC3 etc. Each
translocation usually involves one partner gene with RET. RET-PTC is a classical oncoprotein
that activates both MAPK and PI3K—AKT pathways via recruitment of signaling adaptors to
phosphorylated Y1062 on the intracellular domain of RET fusion protein (Hayashi et al., 2000).
The second prominent recombinant oncogene in TC is the paired box 8 (PAX8)—peroxisome
proliferator-activated receptor-y (PPARG) fusion gene (PAX8—PPARG). This rearrangement is
extremely prevalent in both FA, FTC and follicular variant of PTC (Dwight et al., 2003;
Eberhardt et al., 2010; Kroll et al., 2000). PAX8 is a thyroid-specific paired-box transcription
factor involved in development of thyroid follicular cells and expression of thyroid-specific
genes. PAX8 releases the hormones that are important for regulating growth, brain
development, and metabolism. PAX8 and other transcription factors regulate expression of
genes like TPO, NIS and TSH receptor that are involved in thyroid hormone biosynthesis.

PPARy, which is encoded by PPARG (located on chromosome 3p25), is a member of the
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steroid nuclear-hormone - receptor superfamily that forms heterodimers with retinoid X
receptor. It plays a crucial role in differentiation of adipocytes and facilitates insulin-regulated
metabolic functions. During the chromosomal exchange, the 2q13-qgter region is translocated
to 3p25, resulting in an in-frame fusion between most of the coding sequence of PAX8 (on
2q13) and the entire translated reading-frame of PPARy (on 3p25) (Eberhardt et al., 2010).
Unfortunately, the PAX8-PPARy fusion protein employs a dominant-negative effect on the
wild-type tumor suppressor PPARy. Novel chromosomal translocations have been reported
with ALK. The breakpoint of ALK often occurs at intron 19, resulting in severance of the 3'
end of exons 20-29 from 5' end sequences. This encompasses the promoter, regulatory
elements and coding sequences corresponding to the extracellular and transmembrane
domains of ALK. Several ALK fusion genes have been reported in thyroid cancer, including
EML4-ALK (Ho Ji et al., 2015), TFG-ALK and STRN-ALK (Kelly et al., 2014). Ceritinib is an FDA
approved drug for non-small cell lung cancer (NSCLC) which is under phase II/Ill clinical trial

for ALK rearranged ATC (Godbert et al., 2015).

Epigenetic factors
Multiple studies have confirmed the role of epigenetic mediators in tumorigenesis. Genes

that control epigenetic status of a cell are often found dysregulated in tumor initiating cells
and their subclones often persist even after rigorous treatment. Aberrant gene methylation
is often observed in thyroid cancer (M. M. Xing, 2007). Epigenetic regulation of genes relies
on afine balance between different proteins as there are number of normal cellular processes
that are epigenetically controlled. Any type of discordant epigenetic event can disrupt this

balance between different cellular processes leading to malignancy. Interestingly, some of
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these epigenetic events are often associated with specific oncogenes. In PTC, BRAFV600E is
often associated with promoter hypermethylation of a number of tumor suppressor genes,
like TIMP3 (tissue inhibitor of metalloproteinases 3) and RAR[ (retinoic acid receptor beta)
(Hu et al., 2006). In FTC and ATC, promoter methylation is commonly observed in the well-
known tumor suppressor gene PTEN leading to its suppression. PTEN methylation is often
accompanied with aberration in PI3K — AKT pathway in TC (Hou et al., 2008). Additionally,
genes encoding components of SWI/SNF chromatin remodeling complex are often mutated
in ATC. A study by Land et al. detected mutation in ARID1A, ARID1B, ARID2, ARID5B,
SMARCB1, PBRM1, and ATRX in advanced TC. Their study confirmed missense mutation in
AIRD1A and a frameshift mutation in SMARCB1 in ATC at low frequency (Landa et al., 2016b).
These proteins often form a functional complex and disruption of any one protein can render
the whole complex dysfunctional. 24% of the ATC cases had mutations in different histone
methyl transferases in this study (Landa et al.,, 2016b). Some of these mutations were

exclusive for ATC.

Accumulation of all these genetic and epigenetic assaults finally culminate into dysregulation
of normal cellular signaling pathways resulting in formation of a neoplastic cell with better
survival skill, which eventually outgrows the healthy cells by clonal expansion and establishes
the tumor. In ATC, the extremely aggressive phenotype results from a combination of some
of these accumulated the genetic lesions over the time and the crosstalk between aberrant
cellular signaling pathways. A better understanding of the tumor biology in the context of
crosstalk between different signaling pathways and compensatory survival strategies is

extremely crucial for identification of effective therapeutic targets in ATC.
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Clinically significant molecular pathways involved in thyroid carcinogenesis
The development, progression, and metastasis of TC are closely associated with accumulation

of multiple genetic alterations and progressive aberrations in multiple signaling pathways,
accompanied by numerous secondary molecular alterations in the cell and tumor
microenvironment, which could serve as a potential biomarker for diagnosis and prediction
of prognosis. There are some classical proliferation and survival pathways known to play role
in thyroid carcinogenesis and there are some novel pathways currently under consideration
for development of targeted therapies for the aggressive and resistant variants of TC such as

ATC.

MAPK signaling pathway
MAPK signaling pathway is instrumental in proliferation and survival strategies adopted by

tumor cells. This pathway is extremely important in normal development also but is hyper-
activated in disease states. This pathway couples extracellular stimuli to specific transcription
program. This is an extremely ubiquitous pathway involved in not just cellular proliferation,
but in cellular development, differentiation and apoptosis as well. This signaling cascade
starts from a receptor tyrosine kinase (RTK) and the main effector molecule is RAS (Fig 7).
Upon ligand binding, RAS is activated and changes in active GTP bound form to activate the
Ser/Thr kinase RAF. RAF has three isoforms, ARAF, BRAF and CRAF. The proto-oncogene form
of BRAF is on chromosome 7qg24 and encodes a Ser/Thr kinase that transduces regulatory
signals through the Ras—Raf~MEK—ERK cascade. As discussed before, several gain of function
point mutations in BRAF (e.g. BRAFV600E) lead to ligand independent aberrant activation of
ERK signaling which has a domino effect on myriad of cellular processes aiding in neoplastic
transformation. This particular genetic lesion makes this protein a very attractive target for

27



development of small molecule inhibitors (Huang et al., n.d.; Hyman et al., 2015; Jia et al.,
2018; Lin et al., 2014). Activated RAF phosphorylates and activates MEK (a tyrosine/threonine
kinase) which finally phosphorylates ERK (extracellular signal-regulated kinase) in the
activation loop. ERK has a negative feedback loop regulating the pathway. ERK1/2 mediates
inhibitory phosphorylation on juxtamembrane domain of receptor tyrosine kinases (e.g. T669
phosphorylation of EGFR), that leads to negative feedback inhibition of the signaling cascade.
The target specificity of active ERK is controlled by substrate availability, scaffolding, and
subcellular localization. Scaffolding proteins tether MEK and ERK to specific substrates and
subcellular compartments and are essential for ERK phosphorylation of the corresponding

bound or local targets (Mendoza et al., 2011).
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Figure 7. MAPK signaling pathway.Adapted from: Cancer Discov; 8(2); 140-2
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PI3K-AKT signalling pathway
PI3K/AKT pathway is an extremely crucial player in thyroid carcinogenesis. Early evidence for

this hypothesis came from the association observed between Cowden’s syndrome (caused
by germline mutations of PTEN) and FA and FTC (Liaw et al., 1997). This is another key
pathway regulating cellular metabolism, division and survival. PI3K (phosphatidylinositol 3-
kinase) is a lipid kinase which is activated by growth factors either through direct receptor
recruitment or via recruitment of docking proteins, like insulin receptor substrate (IRS) or
GRB2-associated binder (GAB). PI3K produces PIP3 (phosphatidyl inositol 3,4,5 triphosphate),
which in turn recruits protein kinase AKT to the cell membrane. There, AKT gets activated by
3-phosphoinositide-dependent kinase 1 (PDK1). This is not enough for activation of Akt.
Phosphorylation of Akt at Ser473 by mTORC2 (mammalian target of rapamycin) stimulates
full enzymatic activity. mTORC2. mTORC1 comprises of the Ser/Thr kinase mTOR, the
regulatory-associated protein of mTOR (RAPTOR), mLST8 (mammalian lethal with Sec13
protein 8), proline-rich AKT1 substrate 1 (PRAS) and DEP domain-containing mTOR-
interacting protein (DEPTOR). This complex phosphorylates eukaryotic initiation factor 4E
(elF4E)-binding protein (4E-BP) and S6K (p70 ribosomal S6 Kinase). These events modulate
biogenesis of ribosomes and the translation of proteins involved in cell growth and division.
Amino acid availability, overall cellular energy status, and oxygen levels modulate this

pathway.

NF-kB Signaling Pathway
The nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) transcription factor

pathway has been one of the crucial pathways that has been characterized as a “double-
edged sword” due to its pivotal role in the promotion of inflammation and tumor
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development, as well as in the regulation of the immune system against cancer. This is an
extremely crucial signaling pathway regulating tumor cell proliferation, cellular survival,
angiogenesis, invasion, metastasis and drug/radiation resistance. In mammals, the NFkB
family includes p50 (NFkB1), p52 (NFkB2), RelA (p65), RelB, and cRel. NFkB can be activated
by either canonical or alternative pathways. The central players of the canonical pathway are
the p65 and p50 subunits, whereas in the alternative pathway the central transcriptionally
active heterodimer is the p100/p52: RelB complex. Without stimulus, NF-kB is repressed by
inhibitor of kappa B (IkB) proteins. Upon stimulation by members of tumor necrosis factor
(TNF) superfamily, IL-1, and/or pathogen-associated molecular patterns (e.g. LPS), adaptor
proteins like MyD88 and TRAF signal for the activation of inhibitor of kappa B kinase (IkBK or
IKK), which phosphorylates either IkB (canonical pathway) or the p100 subunit of NF-kB
(alternative pathway). In the canonical pathway, various stimuli induce phosphorylation of
IkBa, leading to release of NF-xB from the inhibitory complex and triggers its nuclear
translocation. The canonical NF-kB signaling facilitates vital tumor-promoting mechanisms
like stimulation of cell proliferation and inhibition of apoptosis, EMT, angiogenesis,
invasiveness, as well as metastasis. As a driver of such crucial mechanisms inducing and
promulgating tumor growth, NF-kB was shown to be constitutively active in a broad range of
cancers including aggressive form of PTCs. Studies have shown that NF-kB activation is
positively associated with aggressive phenotypes, including extrathyroidal extension and
lymph node metastasis in human PTCs (Pyo et al., 2013). Activation of NF-kB has been
implicated in the case of MEK independent hyperactive BRAFV600E in PTCs (Bommarito et

al., 2011) which in turn activates tissue inhibitor of metalloproteinases (TIMP-1) triggering an
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autocrine loop finally upregulating AKT. More recent studies have revealed that NF-xB
contributes to activation of anti-apoptotic signaling mechanisms in aggressive PTCs in a small
GTPase — RAC1b dependent way (Faria et al., 2017). A recent study by Ken Shiraiwa revealed
that activation of JAK/STAT3 pathway and NF-kB pathways are extremely crucial for
maintenance of cancer stem cell populations in ATC, but not in normal thyroid (Shiraiwa et
al., 2019). These findings suggest that NF-kB might play a pivotal role in the progression of

PTCs towards a more aggressive phenotype and eventually to ATC.

All these genetic mutations and aberrant signaling pathways are triggered at different stages
of the disease and play unique role in the process of tumorigenesis. This suggests a phase of
initial tumor transformation followed by development of a cancer-prone niche where cells
have heightened susceptibility to secondary or passenger mutations. With the progressive
accumulation of deregulated signaling pathways and aberrant functional proteins (not only
MAPK and PI3K-AKT, but also B-catenin, hTERT, TP53, and so on), the tumor cells eventually
start shaping their microenvironment and promote selective recruitment of cells nurturing
tumor progression. This results in gradual progression of the tumor towards a more clinically

aggressive phenotype which is difficult to manage.
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Therapeutic options in thyroid cancer
The therapeutic approach towards thyroid cancer is shaped by a combination of accurate

diagnostic procedures and proper characterization of the histology and assessment degree

of extrathyroidal involvement.

Diagnosis:
Presence of palpable thyroid nodules are extremely common in the general populace with a

ratio of 5:1 in women vs men. Use of ultrasound scanning increases the ratio to 50-70%. Long-
term prognosis for DTC is excellent, with survival rates for adults being 92—98 % at 10-year
follow-up. However, 5-20 % of patients develop local or regional recurrence requiring further
treatment and 10-15 % of patients eventually develop distant metastases. The American
Thyroid Association (ATA) provided detailed guidelines on the therapeutic approach of DTC
(Haugen et al., 2016). Features of the nodules are major deciding factors for biopsy. While
solid hypoechoic nodule or solid hypoechoic component of a partially cystic nodule with
irregular margins, microcalcifications, altered length/width ratio, rim calcifications with small
extrusive soft tissue component are mandated for needle aspiration biology, purely cystic

nodules are excluded from this group.

Surgery:
The initial management of DTC and MTC almost always involves surgical resection. For tumors

<4 cm and lacking aggressive features, like extrathyroidal extensions, angioinvasion,
multifocality or distant invasion, hemithyroidectomy is recommended. The most important
aim of primary surgery is to achieve complete macroscopic disease clearance. Extracapsular
thyroidectomy with preservation of the recurrent laryngeal nerve and parathyroid glands is

usually the standard. This helps achieve disease clearance and minimize the risk of future
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thyroid bed recurrence. Need for further surgical intervention is dependent on involvement
of other organs, like trachea or esophagus. Patients with non-metastatic PTC and FTC often
respond well to surgical resection and hormone replacement therapy without the need for

radioiodine ablation.

Radioiodine ablation therapy (RAIT):
In the current ATA guidelines, radioactive iodine (RAI) is not routinely recommended post -

thyroidectomy for the low risk patients, but it is considered for intermediate and high-risk
patients (Haugen et al., 2016). In low-risk patients, total thyroidectomy usually removes the
remnant, thus postoperative RAl ablation does not affect the prognosis (Luster et al., 2008).
Surgical resection followed by RAl is often advised for high risk tumors. The effectiveness of
radioiodine therapy depends on the patient’s serum TSH level. A TSH level of 230 mU/L
usually increases NIS expression and thereby helps the follicular cells concentrate the
radioiodine (Cooper et al., 2006). Realistically, it is difficult for the patients to achieve this
concentration of TSH naturally either by prolonged withdrawal from levothyroxine or just
waiting for at least three weeks post thyroidectomy. Additionally, this is associated with
severe side effects which leads to patient non-cooperation. To circumvent this, recombinant
TSH (rhTSH) is usually given before RAIl ablation. The current approved regimen of rhTSH is
two consecutive daily intramuscular injections of 0.9 mg. Second injection of rhTSH is
followed by radioiodine therapy after 1 day and serum thyroglobulin testing in 3-4 days.
Diagnostic whole-body scintigraphy (WBS) is performed, after 48-72 hrs. of RAI
administration. Post-therapy WBS is performed 2-7 days following RAI administration.

Though RAIT is a cornerstone in the routine adjuvant management in patients with high-risk
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differentiated thyroid cancer (DTC), 5-15% of the patients with DTC and 50% of metastatic
DTCs and almost all ATC patients are refractory to RAIT (Haugen et al., 2016). Patients with
RAI refractory phenotype has extremely poor prognosis. Specially in metastatic patients, 10
year survival plummets to 10% (Durante et al., 2006). Patients with advanced stage of DTC or
MTC are often at risk of developing complications that change their quality of life. In these
cases, a more aggressive approach involving localized or systemic therapy should be
undertaken. Localized therapy is often the first choice for delaying the initiation of systemic
therapy. Palliative external beam radiation therapy (EBRT) is often used in TC patients with
painful bony metastases, as are bone-modulating drugs such as denosumab and zoledronic
acid (Haugen et al., 2016). With better understanding of the molecular pathways involved in
thyroid carcinogenesis, considerable effort has been put in understanding the regulation of
NIS expression and the reason for its downregulation in metastatic thyroid cancers like
aggressive PTCs or ATC. PI3K-AKT pathway activation leads to suppression of NIS glycosylation
and its surface translocation. mTOR inhibitors can promote redifferentiation of thyroid cancer
cells by upregulation of NIS mRNA and protein expression through increased transcription of
thyroid transcription factor 1 (TTF1). Another crucial positive regulator of NIS expression is
PTEN which is often suppressed in metastatic DTCs and ATC. TSH signals through the
heterotrimeric G-protein complex and increases transcription of the NIS gene via activation
of cAMP. Aberrant activation of the MAPK signaling pathway inhibits expression of
phosphatidylinositol glycan anchor biosynthesis class U (PIGU) and NIS basolateral transport.
Overexpression of pituitary tumor transforming gene 1 (PTTG1) and PTTG1 binding factor

(PBF) results in decreased NIS levels in thyroid cancer. These observations suggested that
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kinase inhibitors might hold some promise for induction of redifferentiation in the thyroid

cancer cells and re-expression of NIS.

Kinase inhibitors:
Cellular dedifferentiation in thyroid cancers causes tumor progression with development of

a more aggressive phenotype, metastasis, loss of iodide uptake, or unresponsiveness to RAI
therapy, and correlates with the degree of MAPK activation. Tyrosine kinases are deeply
involved in the MAPK signaling pathway through phosphorylation/dephosphorylation of
several intracellular proteins, which underlies the rationale for the use of tyrosine kinase
inhibitors (TKls) in these cancers. Tyrosine kinase inhibitors are emerging as potentially
effective option in advanced TC over last decade. Most agents that were tested in phase |l
and Il trials were developed further for treatment of advanced radioiodine refractory (RAI-
R) thyroid cancers. Major kinase inhibitors in clinical trials often target multiple tyrosine
kinase receptors and referred to as multikinase inhibitors. They act on pathways responsible
for angiogenesis, growth, invasiveness, and metastasis. Additionally, since none of these
pathways are malignancy-specific, these inhibitors have been tried in different types of
malignancies as well including MTC and ATC. Lenvatinib is a promising multikinase inhibitor
targeted against VEGFR1, VEGFR2 and VEGFR3. An overall survival benefit was noted with the
use of lenvatinib in patients > 65 years of age with radioiodine refractory (RAI-R) DTCs (Brose
et al., 2017). In 2015, lenvatinib was approved for the treatment of ATC in Japan. A recent
study by Hiroyuki et al. tested the efficacy of lenvatinib in 32 patients with stage IVC ATC.
While the treated patients had a survival benefit of approximately 2months over the placebo

group, two of the apparent responders acceded to massive necrosis and bleeding which
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suggested the need for further dose adjustment (lwasaki et al., 2019). Sorafenib is another
multikinase inhibitor targeting RAF, VEGFR and PDGFRs. The combination of lenvatinib and
sorafenib, are currently used for the treatment of RAI-R DTC, and two others, vandetanib
(NCT01876784) and cabozantinib (NCT03690388), are under investigation in phase Il trials
for patients with progressive RAI-R DTCs and advanced RAI-R DTCs unresponsive to previous
VEGFR therapy, respectively (Brose et al., 2019; Cabanillas et al., 2017; Evaluation of Efficacy,
Safety of Vandetanib in Patients With Differentiated Thyroid Cancer - Study Results -
ClinicalTrials.gov, n.d.). Pazopanib is an orally available multikinase inhibitor of VEGFR,
platelet-derived growth factor (PDGF) receptor, KIT, fibroblast growth factor (FGF) receptor,
and RAF which is approved for advanced renal cell carcinoma and advanced refractory soft-
tissue sarcoma. This drug is being tested in pre-clinical studies in a combinatorial setting with
topoisomerase | inhibitor topotecan in ATC (Di Desidero et al., 2019). This study showed that
this specific combination has synergistic effect on ATC cell lines and the authors proposed a
possible adaptation of this combination into future clinical trials for ATC patients.
Interestingly, pazopanib was evaluated in a phase | clinical trial with MEK Inhibitor trametinib
in advanced solid tumors and differentiated thyroid cancers (Kurzrock et al.,, 2019).
Unfortunately, the trial did not meet the goal for the patients with follicular thyroid cancer,
resulting in closing the trial for enrollment. This study did not recruit any ATC cases. Sorafenib
is another orally active TKI that targets BRAF, VEGFR1, VEGFR2 and RET with proapoptotic
and antiangiogenic effects in vivo (Kim et al., 2007). Though sorafenib has been approved for
RAI-R DTC and PDTC, it had dismal impact in ATC patients with a median progression free

overall survival time of 1.9 months (Savvides et al., 2013). Two other multikinase inhibitors
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gefitinib and sunitinib have been evaluated in phase Il clinical trials for advanced DTC and ATC
but did not show promising results in either. A more targeted approach was taken for ATC
with BRAFV600E inhibitor vemurafenib. Though the initial response was promising, a CT scan
after 2 months of treatment initiation showed rapid progression of the disease along with
metastasis to brain and esophagus. This not only indicated acquired resistance to
vemurafenib, but reactivation of additional pathways leading to metastasis. In May 2018,
United States Federal Drug Agency (FDA) approved the combination of dabrafenib and MEK
inhibitor trametinib for the treatment of ATC with BRAF (B-Raf Proto-Oncogene,
Serine/Threonine Kinase) mutation. Dabrafenib is an inhibitor of some mutated forms of
BRAF kinases of V600E, V600K and V600D. Dabrafenib also inhibits wild type BRAF and CRAF
kinases. A major side effect of long term dabrafenib treatment is cardiomyopathy and
secondary congestive heart failure. This mandated constant evaluation of cardiac function
prior to and during therapy in these patients. Other major side effects of dabrafenib include
but not limited to uveitis, hyperpyrexia, and serious skin toxicity. Evaluation of BRAFV600E
status is an absolute prerequisite before this treatment to avoid paradoxical contribution of
the drug in activation of MAPK pathway in tumor cells with WT BRAF. Another targeted
approach against ATC involves mTOR inhibitor everolimus. This strategy was evaluated in
phase Il clinical trials in 40 patients with locally advanced or metastatic, unresectable or
iodine-refractory thyroid cancer among which 6% had ATC. 90% of the subjects had already
undergone different treatment modalities before enrolling (Lim et al.,, 2013). The ATC
patients had a PFS of only 10 weeks. A brief summary of targeted therapies against ATC is

provided in figure 9.
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Figure 8. Mechanistic overview of targeted therapeutic agents in ATC.
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Although TKIs have revolutionized the field of targeted therapies in aggressive PTCs, these
treatments are often associated with severe side effects and have minimal effect on PDTCs
and ATCs. The undifferentiated nature confers unique refractory phenotype on ATC. This
refractory phenotype is often associated with activation of compensatory pathways under
the pressure of the drug which rescues the tumor. A multitude of such pathways have been
reported in ATC. Recent pre-clinical study has shown that BRAF inhibition in 8505C cells leads
to overexpression of c-Met which in turn results in reactivation of MAPK pathway and also
PI3K/AKT pathway (Byeon et al., 2016). Other mechanisms of resistance against BRAFV600E
inhibitors have also been suggested. RAF inhibitors can selectively express a truncated splice
variant of BRAFV600E that lacks the RAS-binding domain and dimerizes constitutively,
rendering it drug-resistant (Poulikakos et al., 2011). A recent report described as a possible
mechanism of resistance to vemurafenib, via enhanced HER2/HER3 signaling pathway due to
autocrine secretion of Neuregulin-1, observed in BRAF-mutant undifferentiated thyroid
cancer cell lines post-vemurafenib treatment. Reactivation of MAPK pathway via CRAF
activity has also been reported in PTCs during development of acquired resistance to

vemurafenib (Hanly et al., 2016).

The crucial genetic lesions and complex crosstalk between the cellular pathways not only
influence the tumor cell - phenotypes in ATC, but it helps the tumor cells shape their

microenvironment which in turn favors the selection of more resilient cells. The complex
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nature and significance of this interaction was underappreciated until recently. Oncogene
driven expression of cytokines from the tumor cells play crucial role in dictating the nature of
immune cells recruited in the tumor microenvironment (TME) and eventually shapes the
tumor immune microenvironment (TIME) and anti-tumor immune response. This event is
extremely crucial for an aggressive cancer like ATC, where a better understanding of this
crosstalk is an absolute prerequisite for the development of alternative therapeutic

approach.

Immune landscape in anaplastic thyroid cancer

Genetic lesions and immune microenvironment: a close relationship
The genetic lesion BRAFV600E, and transcription factor STAT3, which is frequently linked to

aberrant oncogenic signaling, have been shown to drive expression of IL-6, IL-10 and VEGF,
cytokines that encourage a tolerogenic monocyte-derived DC phenotype in vitro (Sumimoto
et al.,, 2006), a phenomenon that could potentially modulate their antigen presentation
efficiency and dampen anti-tumor T cell response in vivo. This process is facilitated by
BRAFV600E mediated upregulation of WNT/B-catenin which induces ATF3, a transcriptional
suppressor of the chemokine CCL4. A diminished amount of this cytokine is associated with
polarization of dendritic cells (DCs) towards a tolerogenic phenotype which is incapable of
optimal antigen presentation. Also, two reports have suggested immunosuppressive cytokine
secretion by tumor cells harboring the KRAS®?® mutation. These studies have shown that
cells with these mutations secrete granular macrophage colony stimulating factor (GM-CSF),

which in turn recruits myeloid derived suppressor cells (MDSCs) and leads to poor prognosis
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in mouse models of pancreatic adenocarcinoma (Pylayeva-Gupta et al., 2012). In this study,
this mutation was associated with recruitment of Gr1+CD11b+ double-positive cells which
represent a heterogeneous population composed of MDSCs, monocytes, and immature
myeloid cells in mouse. At the molecular level, KRAS induces expression and secretion of the
suppressive cytokines I1L10 and TGFB-1 by cancer cells in a MEK/ERK/AP-1 dependent way
which promote Treg induction (Zdanov et al., 2016). A recent study by Julianna et al. has
shown that tumor specific loss of P53 can re-orchestrate the immune microenvironment
towards an immune suppressive type where CD8*T cell activity is diminished (Blagih et al.,
2020). Interestingly, these are some of the high-ranking somatic mutations identified in ATCs
by multiple studies. Activation of oncogenic pathways drives production of cytokines
triggering recruitment of innate immune cells, namely macrophages. These macrophages in
turn contribute to cancer progression by producing pro-inflammatory mediators such as IL-6,
tumor necrosis factor (TNF) and interferon-y (IFNy) and growth factors including epidermal
growth factor (EGF) and WNTs which create a highly mutagenic microenvironment. These
cytokines upregulate transcription factors promoting tumorigenesis. This complex cytokine
milieu controls the immune surveillance in TC via recruitment of immune cells conducive to
tumor progression. Conception of this pro-tumorigenic niche precludes the tumor cells from
immune surveillance via recruitment of tolerogenic immune cells that secrete primarily

immune suppressive cytokines dampening T cell response leading to immune escape.

Immune surveillance in thyroid cancer
During the process of tumorigenesis, from the early stages of transformation to the

emergence of clinically detectable full-blown neoplasia, the tumor cells are aided by
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avoidance or subversion of detection by the immune system, known as immunosurveillance.
Cells of both the innate and adaptive immune systems are engaged in the process of immune
surveillance in thyroid cancer. Tumor associated macrophages (TAM)s are one of the most
crucial cell type with an ambivalent role in tumor progression which has been reported in
thyroid carcinogenesis (S. Park et al., 2019). In PTCs, TAMs correlated with lymph node
metastasis, larger tumor size, and poor survival (W. Fang et al., 2014; Seunghwan Kim et al.,
2013; Ryder et al.,, 2008). In PDTC, TAM density correlated with capsular invasion,
extrathyroidal extension and poor survival (Ryder et al., 2008).TAMs represent more than
50% of immune cells in ATCs, forming a “microglia-like” interconnected cellular supportive
network in close contact with cancer cells (Caillou et al., 2011). These TAMs secrete
inflammatory cytokines such as IL-23 and IL-17 that trigger tumor-elicited inflammation that
in turn promote tumor growth. TAMs also provide essential support required for tumor
metastasis. DCs are responsible for sampling tumor antigens and presenting them to T cells
in the draining lymph nodes. Unfortunately, tumor associated DCs are usually immature with
impaired antigen presentation skill. Presence of CDla* DCs are reported in PTC, which
supports the hypothesis of immature DC and inadequate antigen presentation in TC (Tsuge
et al., 2005). As discussed in the previous section, MDSCs are attracted to tumor site by
multiple factors and impart a strong local as well as global immune suppressive environment.
An increase in peripheral blood MDSC level was observed in ATC patients compared to
healthy controls which correlated with the serum IL-10 level, pointing towards a correlation
between MDSCs and systemic immunosuppression (SUZUKI et al., 2013). Other immune cells

involved in immune surveillance, like natural killer (NK) cells are also sparse in ATC compared

43



to DTC and FTC. Optimally primed CD8* T cells execute anti-tumor activity via perforin and
granzyme mediated lysis of tumor cells. Hence, tumor infiltrating T lymphocytes (TILs) are
instrumental for mounting a potent anti-tumor immune response. In a study conducted with
a wide cohort of DTC patients, including PTC and FTC, immunohistochemical analysis revealed
that the combined enrichment of CD8* cells and Cox-2 overexpression correlated with the
highest risk of disease relapse. In most of the tumor samples analyzed (68%), CD8* cells were
granzyme B negative, suggesting an anergic state (Cunha et al., 2015). TILs are often
associated with better prognosis as observed in melanoma (Antohe et al., 2019), ovarian
cancer (Sato et al., 2005), lung cancer (Ye et al., 2017), bladder cancer (Joseph & Enting, 2019)
and colorectal cancer (Glaire et al., 2019). Interestingly, a low intratumoral CD8*/Foxp3* ratio
was reported in human BRAFV600E PTC, which was also associated with an increased
expression of the immunosuppressive molecules arginase-1, indoleamine 2,3-dioxygenase 1
(IDO1), and programmed death-ligand 1 (PD-L1) (Angell et al., 2014). A recent study reported
data on the PD-L1 expression in 407 primary TCs with a median 13.7-year of follow-up,
studying the associations between PD-L1 expression and clinicopathologic features, such as
TERT promoter, disease progression, and BRAF status. Tumoral PD-L1 expression was
observed in 6.1% of PTCs, 7.6% of follicular thyroid cancer (FTCs), and 22.2% of ATCs. Another
study noted that the proportions of PD-L1 positive follicular cells in ATCs were more than 80%
(Ahn et al., 2017). These observations confirm the lack of effective immune surveillance in
ATC that might promote immune escape and progression of the cancer via upregulation of
the checkpoint molecule PD-L1. This molecule interacts with PD-1 on T cells and is responsible

for induction of T cell exhaustion. Immune checkpoint molecules physiologically prevent
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excessive immune responses and the development of autoimmunity (Ribas & Wolchok,
2018). These molecules are largely responsible for immune evasion observed in aggressive

immunogenic cancer.

Immune checkpoint molecules in cancer
Immune checkpoint molecules physiologically prevent excessive immune responses and the

development of autoimmunity. Optimal T cell responses requires three signals, which are
transduced via formation of a functional immune synapse between naive T cells and an
antigen presenting cell through surface receptors and ligands (Fig 9). The first activation signal
comes through ligation of MHCI/Il and T cell receptor (TCR). APCs process foreign antigens
into small peptides which are presented to the T cell in an MHC-bound form. This interaction
is followed by ligation of co-stimulatory molecule CD28 on T cells and their cognate ligands
CD80/86 on APCs. This interaction provides the second signal for optimal stimulation of the
T cells. Only signal 1 in the absence of signal 2 leads to T cell anergy, when T cells lose their
functionality for a prolonged period and cannot be re-stimulated. These two signals are also
not enough for optimal T cell activity. The third signal comes via the cytokines secreted by
APCs, that help in T cell differentiation and proliferation. IL-6, IL-12, TGF-B are some of the
cytokines produced by APCs, that help in T cell differentiation. This is the third signal for
optimal T cell activation. Interestingly, in order to put a brake on T cell activity, there are
certain activation induced checkpoint molecules in place controlling T cell activity.
Unfortunately, prolonged expression of these immune checkpoint molecules is often
observed on the T cells, especially in the case of cancer. This leads to a generalized dampening

of anti-tumor T cell response and promotes immune escape. Cytotoxic T Lymphocyte Antigen
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4 (CTLA4) was the first such molecule that was characterized for its immune checkpoint
activity in cancer. CTLA4 is an activation induced immune checkpoint molecule that competes
with CD28 for binding to CD80/86 (Linsley et al., 1991). Unfortunately, CTLA4 binds CD80/86
with much higher avidity than CD28. This leads to absence of signal 2 during T cell activation
eventually leading to T cell anergy. Interestingly, ligation of CTLA4 on CD4* T cells with DCs
has been shown to trigger induction of IDO1 in DCs which in turn dampens CD8* T cell
responses (Munn et al., 2004). Subsequently, another immune checkpoint molecule PD-1 was
discovered on T cells which interacted with PD-L1 on APCs. PD-1/PD-L1 interaction was
initially implicated in case of viral infection mediated chronic exhaustion of T cells (Barber et
al., 2005). Subsequent investigations revealed that the distribution and functionality of these
two molecules extend far beyond viral infection and autoimmune conditions. Targeting these
molecules in cancer has revolutionized the field of tumor immunotherapy. The therapeutic
antibody ipilimumab, targeting CTLA-4, was the first checkpoint inhibitor to be approved by
U.S. FDA in 2011 for clinical use in metastatic melanoma (Lipson & Drake, 2011; Mansh, 2011).
Itis undergoing clinical trials for the treatment of non-small cell lung carcinoma (NSCLC), small
cell lung cancer (SCLC), bladder cancer and metastatic hormone-refractory prostate cancer.
Unfortunately, patients on Ipilimumab therapy, soon developed severe immune related
adverse effects (IrAE) including but not limited to diarrhea, colitis, enterocolitis, large and
small intestinal perforations, rash, hypothyroidism and hypopituitarism. Most of the IrAEs
were dermatological, followed by gastrointestinal and then endocrine (Tarhini, 2013). This
promptly called for the development of a second immune checkpoint inhibitor targeting PD-

1/PD-L1 interaction. The rationale behind this was that these two molecules activate two
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unigue downstream pathways in order to execute their effect which suggested a possible
difference in their toxicity profile also. Two drugs, Pembrolizumab and Nivolumab targeting
PD-1 were approved by U.S. FDA for unresectable melanoma in December 2014. So far,
Nivolumab has been approved for NSCLC, renal cell carcinoma, Hodgkin’s lymphoma, head
and neck cancer, urothelial carcinoma and small cell lung cancer

(https://www.drugs.com/history/opdivo.html). This drug has not been approved for

metastatic advanced thyroid cancers, like PDTC and ATC. This could be due to the failure of
successful clinical trial with these patients due to rapid progression and mortality. However,
several pre-clinical studies noted moderate response to Pembrolizumb in combination with
a BRAFV600E inhibitor in animal models of immune competent ATC (Brauner et al., 2016). A
recent report suggested Pembrolizumab could act as a safe and effective salvage therapy
when added to kinase inhibitor (KI) therapy at the earliest sign of progression or sooner in
the course of Kl therapy in order to attain maximum clinical and survival benefit from this
combination therapy. The authors proposed that prolonged treatment with KI might alter the
immune microenvironment into a less permissive type during progression (lyer et al., 2018).
Currently, Pembrolizumab is undergoing phase Il clinical trials for ATC patients
(NCT02688608). Nivolumab associated toxicities are also not uncommon and they also
include dermatologic toxicity, gastrointestinal toxicity and endocrine toxicity. Unfortunately,
late onset of neurological toxicities are also being reported with Nivolumab treatment
(Dlamantopoulos et al., 2017; Mirabile et al., 2019). IrAEs take at least weeks to months to
appear and it usually starts with rash, but they often persist even after discontinuation of

treatment. This points towards a systemic reprogramming of immune system during these
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checkpoint inhibitions that is not reversed after treatment termination and might have a

debilitating consequence.

CTLA4 and PD-1 are not the only molecules involved in regulation of T cell activity. There is a
plethora of such immunomodulatory molecules which act in their unique way to modulate T
cell responses. Most of these molecules are under strict spatio-temporal regulation which
suggests that they could tapped in a combinatorial treatment regimen, depending on the
patient’s response. This warrants a thorough characterization of these molecules in the
context of T cell activation and inhibition and identification of novel targets which might be

able to circumvent the problem of IrAE experienced with Ipilimumab and Nivolumab.
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Figure 9. The immune synapses between T cell, DCs and tumor cell.
Adapted from: Oncotarget, Vol. 5, No. 12; 3956-3969
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T cell co-signaling molecules
T cell activation, differentiation and effector function are intricate processes, controlled by

molecular interactions and biochemical signaling pathways triggered by interaction between
co-stimulatory receptors and their cognate ligands (Fig 10). These molecules belong to two
major families, the TNF receptor superfamily (TNFRSF) and immunoglobulin superfamily
(IgSF). CTLA4 and PD-1 belong to IgSF. These receptors and ligands usually interact within
families, as evidenced by interaction of CTLA4 and CD28 or CD80/86 or PD-1 with PD-L1.
However, co-signaling molecule from TNFRSF, Herpes Virus Entry Mediator (HVEM) interacts
with members of both the families and each interaction uniquely shapes T cell activation
status. Currently, it is evident that the expression of many co-stimulatory and co-inhibitory
molecules on T cell surface is induced following activation and their expression pattern
changes in an overlapping manner as T cells continue to proliferate and differentiate. This
underscores the importance of understanding their regulation and unique signal transduction

mechanismes.

50



a Co-stimulation of T cells following interaction b Co-inhibition of T cells following interaction with
with counter-receptors on APCs

Figure 10. Immunomodulatory molecules in T cell activation. T cell co-stimulatory molecules
responsible for T cell activation are represented on the left (a); T cell co-inhibitory molecules
responsible for dampening T cell response are represented on the right (b). Adapted from
Nat Rev Immunol. 2013 Jul;13(7):542)
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Immunomodulatory molecules from TNFRSF:

TNFRSF receptors contain one or more extra cellular cysteine-rich domains (CRDs), and their
ligands contain a conserved extracellular TNF homology domain (THD). Prominent members
and their interacting ligands of this family include 4-1BB: 4-1BBL, OX40: OX40L, CD27: CD70,
HVEM: LIGHT, GITR: GITRL and CD30: CD30L. These interactions lead to T cell activation,
proliferation and differentiation. Interaction between HVEM and LIGHT is spatiotemporally
regulated in a stringent manner. HVEM is expressed mostly on naive T cells and
downregulated in activated T cells. However, the ligand of HVEM, LIGHT is a pro-inflammatory
cytokine secreted from activated T cells in a transient manner and promptly downregulated
following activation. It has been suggested that this mechanism has evolved to prevent cis
interaction between HVEM and LIGHT in resting T cells and triggering of autoimmunity (del
Rio et al., 2010a). Some of these molecules are being actively targeted in clinical trials for
advanced cancers. Agonistic monoclonal antibodies (mAb) against GITR are in clinical trials
for Il or IV malignant melanoma and other solid tumors (NCT01239134). A non-randomized
clinical trial of OX40 agonistic antibodies alone or in a combination with 4-1BB agonist is
currently underway for locally advanced or metastatic cancers (NCT02315066). A phase 1B
trial of combination therapy using 4-1BB agonistic antibody with PD-1 antagonistic antibody
for solid tumors was conducted between October 2018 and February 2019. While some of

these trials showed promising results, for others the results are awaited.

Immunomodulatory molecules from IgSF:
The CD28 and B7 families are the most well-characterized members of IgSF receptors. The

members of the CD28 family interact primarily with members of the B7 family with two

52



exceptions: the co-inhibitory receptor B and T lymphocyte attenuator (BTLA) and CD160, both
of which interact with HVEM which is a member of TNFRSF. There is another family of co-
signaling molecule which has a unique structure. These are the type | transmembrane (or T
cell) immunoglobulin and mucin (TIM) domain-containing molecules that are composed of
both an IgV-like domain and a mucin-like domain. Prominent co-stimulatory members and
their ligands of this family are CD2/signaling lymphocytic activation molecule (SLAM): SLAM,
CD2: CD48/CD58, CD226: CD155/CD112 and inducible T cell co-stimulator (ICOS): B7H2. ICOS
is expressed on T lymphocytes, and upon engagement with its ligand ICOSL (CD275) on APCs,
they are further reinvigorated. However, its role in tumor immunology has been a matter of
debate, as ICOS is also expressed on Treg lymphocytes, thus pointing to the possibility of their
activation after treatment with agonistic antibody. ICOS is involved in the development and
maintenance of T follicular helper cells (Tfh), Th1, Th2, Th17, Tc, and even memory effector T
cells. Lack of ICOS is associated with defective germinal center formation (Tafuri et al., 2001).
Recent studies suggest a synergistic activity of topical ICOS costimulation at the tumor site
and anti-CTLA4 antibody in a B16 melanoma model (Soldevilla et al., 2019). The authors
suggested a possibility of formation of tertiary lymphoid structure at the tumor site in
response to topical ICOS costimulation which might support the systemic anti-tumor T cell
response. However, since reports of widespread inflammatory IrAEs have already been
reported with Ipilimumab therapy, further combination of this molecule with an agonistic co-
stimulatory antibody should be carefully evaluated and scrupulously titrated in pre-clinical
models. Some of the co-inhibitory receptors and their ligands from this family are CTLA4: B7-

1/B7-2, PD-1: PD-L1, LAG3: MHCII, 2B4: CD48, PD-1H(VISTA): PD-1H receptor(unknown),
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TIGIT: CD155/CD112/CD113, LAIR1: collagen and TIM3: galectin 9. Interfamily interaction is
observed in BTLA/CD160: HVEM interaction. As we can see from the first glance, most of the
co-inhibitory checkpoint molecules belong to this family. CTLA4 and PD-1 are the best
characterized ones in this list. However, with anti-PD-1 therapy, development of TIM3
associated adaptive resistance was observed (Oweida et al., 2018). PD-1*/TIM3* T cells
represent an exhausted T cell phenotype (Singer et al., 2016). This underscores the
significance of the functional redundancy of these co-signaling molecules which almost
precludes monotherapy targeting these molecules as a viable therapeutic option.
Lymphocyte activation gene-3 (LAG-3 or CD223) is a promising target, which physiologically
suppresses T-cell activation and cytokine secretion. Like CD4, LAG-3 binds to major
histocompatibility complex MHC Il molecules. In CD4* lymphocytes, LAG-3 signaling prevents
the entry of T cells into S phase of the cell cycle, thus arresting their expansion and
diminishing cytokine secretion. Two major approaches targeting LAG3 are (a) a LAG-3-Ig
fusion protein (IMP321) and (b) mAbs against LAG3 (relatlimab). Multiple phase | and Il
clinical trials are underway evaluating efficacy of anti-LAG3 antibodies in unresectable and
metastatic solid tumors, recurrent glioblastoma, relapsed hematologic malignancies under a
combinatorial setting with Nivolumab. The LAG3-Ig fusion protein is in phase | trial for renal
cell carcinoma (NCT00351949), pancreatic adenocarcinoma (NCT00732082), metastatic
breast carcinoma (NCT00349934) and melanoma (NCT00324623). Another promising
immune checkpoint target is TIGIT (T-cell immunoreceptor with immunoglobulin and ITIM
domains). It is a member of the poliovirus receptor (PVR)-nectin family that inhibits T and NK

cell activity and has lymphocyte-restricted expression pattern (Solomon & Garrido-Laguna,
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2018). Thus, targeting TIGIT can have a multipronged effect on the immune cells in terms of
NK effector functions, DC costimulatory properties, Treg response, and the CD8" cytotoxicity.
It is an emerging target in the domain of immune checkpoint inhibitor therapy, which is
aggressively being evaluated in multiple clinical trials. Six human anti-TIGIT mAbs of the IgG1
isotype have entered clinical trials so far. These are being evaluated for advanced metastatic

solid cancers and NSCLC (Harjunpaa & Guillerey, 2019).

B and T cell lymphocyte attenuator (BTLA, CD272) is another promising target in immune
checkpoint blockade therapy. This is an inhibitory receptor that is structurally and
functionally related to CTLA-4 and PD-1 and is expressed by most lymphocytes. Ligation of
BTLA with its ligand HVEM blocks B and T cell activation, proliferation, and cytokine
production. HVEM expressed on Treg cells acts as a ligand of BTLA on effector T cells (Teff),
and HVEM- BTLA interaction between these two cells suppresses effector T cell function (Tao
et al., 2008). The cytoplasmic tail of BTLA resembles that of PD1, given the arrangement of
two tyrosine-containing immunoreceptor (ITIM) motifs capable of recruiting SHP1 and SHP2
(Gavrieli et al., 2003). It has a third tyrosine motif that is capable of recruiting growth factor
receptor-bound protein 2 (GRB2) and PI3K pathway downstream (Gavrieli & Murphy, 2006).
Though HVEM can impart a positive signal to the effector T cells upon interaction with LIGHT,
the inhibitory activity of HVEM through BTLA and CD160 signaling appears to be the
dominant one in Teff cells, as the expression of activating ligand LIGHT is decreased in
activated Teff cells and activated APCs, thus limiting its activation potential. Tumor cells
exploit this pathway by either promoting the establishment of dysfunctional T cells that have

chronic expression of BTLA and render them vulnerable to inactivation, or by expressing
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HVEM, as observed in melanoma (Paulos & June, 2010). BTLA expression has been associated
with poor prognosis in gastric cancer (Feng et al., 2015). Co-expression of HVEM and BTLA
has also been reported to be associated with poor prognosis in gastric cancer (Lan et al.,
2017). Gastric cancer is highly inflammatory in nature and the patients usually have
significantly higher serum concentration of pro-inflammatory cytokines IL-8 and TNFa
compared to age and gender matched controls. These observations suggested a possible
association between the expression of these immunomodulatory molecules and an
inflammatory immune microenvironment. HVEM expression has also been implicated in poor
prognosis of colorectal cancer in a retrospective study (Inoue et al., 2015). Interestingly, a
recent observations suggests that HVEM has a more widespread distribution than PD-L1 in
melanoma and this was correlated with presence of BTLA* tumor infiltrating lymphocytes
(Malissen et al., 2019). The authors also pointed out that BTLA can mask the effect of anti-
PD-1 therapy in melanoma and a combination of anti-BTLA and anti-PD-1 would be a more
rational choice depending on the immune infiltrate profile of the patient. Because of the
complicated signaling mechanism, this pathway is still being investigated in pre-clinical

studies.

Potential of immunotherapy in ATC
ATC has an immunologically dampened microenvironment characterized by suppressive

cytokine and chemokine milieu and immune suppressive cellular infiltrate. In tumors, tissue
homeostasis is often perturbed and this leads to secretion of soluble factors such as cytokines
and chemokines, upregulation of reactive oxygen species (ROS), and bioactive mediators such

as histamine — mostly my macrophages and mast cells, which induce leukocyte migration and
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infiltration at the site of lesion. This finally culminates into an inflammatory
microenvironment which promotes tumor growth. In vitro studies have shown that ATC cells
are capable of secreting IL-4 which polarizes T cells towards Th2 phenotype and IL-10 which
promotes Treg differentiation (Todaro et al., 2006). A recent in vitro study has demonstrated
that supernatants collected from ATC cell lines have higher expression of prostaglandin E2
(PGE2) compared to PTC cell lines. PGE2 is a small lipid molecule upregulated in several
cancers and induces cyclooxygenase (COX)-2 activity which in turn dampens NK cell mediated
cytotoxicity in ATC. Tumor cell secreted PGE2 also interfered with functional maturity of NK
cells in ATC (Park et al.,, 2018). NK cells are one of the major cell types responsible for
successful immune surveillance in cancer. Interestingly, another report suggests perturbed
NK cell function in ATC via upregulation of PD-1and TIM3 in CD56MCD16"/'° NK cells which
represent the less functional phenotype (Yin et al., 2018). The implications of tumor
associated macrophages have already been discussed at great length in previous section and
it is well established that both M1 and M2 macrophages and the cytokines secreted by them
shape the prognosis of ATC by modulating T cell activity in ATC. Recent evidences from NGS
studies have revealed the presence of multiple genetic lesions in ATC, which contradicts the
established notion of ATC being low in mutational burden hence non-immunogenic in nature.
Detailed analysis of T cell infiltrates in ATC suggests significant amount of tumor infiltrating
CD8*T cells in ATC which are non-functional, mostly resulting from complex immune
interactions between the co-signaling molecules in the TME. Unfortunately, owing to the
rarity of the disease, there is a paucity of knowledge about these T cell immunomodulatory

molecules and their regulations in ATC. Given the extremely refractory nature of ATC, it is
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essential to profile these previously unexplored immunomodulatory molecules to determine

their therapeutic potential in this disease.

This study was aimed at identification and characterization of novel immune checkpoint
molecules in ATC and evaluation of their potential as biomarkers and potential therapeutic
targets. This study focused on the mechanism of crosstalk between the immunomodulatory
molecules and the inflammatory cytokine milieu commonly associated with this malignancy.
We also wanted to understand how an acquired resistance against small molecule inhibitor
can modulate the immune phenotype of ATC. This is a completely unexplored area of
research. The classical mechanism of resistance against vemurafenib via activation of
compensatory proliferation and survival pathways and additional mutations are well-
characterized. There are no studies focusing on the immunological implications of these
kinase inhibitors in the context of tumor cell - immunomodulatory protein expression. From
the experience with PD-L1, we came to appreciate the role of tumor intrinsic immune
checkpoint molecules in shaping the anti-tumor T cell response. For a better understanding
of the refractory phenotype of ATC, we took a holistic approach and evaluated the expression
profiles of the immunomodulatory molecules in the vemurafenib resistance scenario —

commonly observed in advanced thyroid cancers.
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Hypothesis and overview of specific aims
We hypothesized that “Interaction between tumor cells and immune cells in tumor

microenvironment (TME) confers an immunosuppressive phenotype in anaplastic thyroid
cancer (ATC)”. In order to test this hypothesis, we primarily focused on expression of
immunomodulatory molecules in anaplastic thyroid cancer cell lines. We evaluated the
regulation of these molecules under the influence of inflammatory mediators commonly
observed in ATC. Lastly, we tested the feasibility of a combinatorial therapeutic approach
targeting one of these molecules and a small molecule inhibitor against the BRAFV600E

kinase in ATC.

The specific aims of this study are as follows:

Specific aims:

Aim 1: Expression of immunomodulatory molecules at transcript and protein levels in thyroid
cancer cell lines and patient tissues
a. invitro screening for the expression of 25 immunomodulatory molecules in 4 ATC,

3 PTCand 1 FTC cell lines at transcript level compared to normal thyroid epithelial
cell line

b. Evaluation of the expression of the immunomodulatory molecules at protein level
by western blot and immunofluorescence

c. Analysis of surface expression of HVEM, BTLA, CD160 and TIM3 in the cell lines of
interest by flowcytometry

d. Evaluation of the expression of HVEM, BTLA and CD160 in thyroid cancer tissues

by immunohistochemistry
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Aim 2a: Examine the modulation of immune checkpoint molecule HVEM by inflammatory
components in anaplastic thyroid cancer

i.  Analysis of immune infiltrate composition in thyroid cancer patient tissues by
immunohistochemistry

ii. Analysis of cytokine milieu in thyroid cancer patient tissues by
immunohistochemistry

iii.  Analysis of the effect of inflammatory cytokines TNFa,, IL-8 and IFNy on expression
of tumor cell - HVEM

iv.  Examine the implications of HVEM/LIGHT interaction in anaplastic thyroid cancer

Aim 2b: Examine possible tumor intrinsic function of HVEM in anaplastic thyroid cancer
i.  Knockdown HVEM in ATC cell line by CRISPRi

ii.  Assess the tumorigenicity profile by colony formation assay, and invasion assay

Aim 3: Examine the feasibility of a combinatorial therapeutic approach with MEK inhibitor
and antagonistic antibodies in ATC
a. Evaluation of the effect of vemurafenib on the expression of immunomodulatory
molecules in thyroid cancer cell lines
b. Evaluation of the expression profile of the immunomodulatory molecules in
vemurafenib-resistant ATC cell lines

c. Evaluation of the combined effect of MEKi and BRAFV600E inhibitor on expression

of these molecules in thyroid cancer cells
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CHAPTER 2: MATERIALS AND METHODS

Cell culture:
Nine thyroid cell lines were used in this study. Nthy-ori 3-1 (human follicular epithelial cell

line derived from a normal thyroid and has been immortalized by SV40 large T gene; Sigma
Aldrich Inc. catalog no. 90011609), 8505C (Sigma Aldrich Inc. catalog no. 94090184), BCPAP
(human papillary thyroid cancer cell line), TPC-1 (human papillary thyroid cancer cell line) and
CGTHW-1 (human follicular thyroid cancer cell line). BCPAP, and CGTHW-1 cell lines were
purchased from DSMZ, Braunschweig, Germany. TPC-1 was obtained from American Type
Culture Collection (ATCC) (Manassas, VA). Three anaplastic thyroid cancer cell lines T238,
SW1736 and HTh74 and one papillary thyroid cancer cell line K1 were obtained from Dr.
Rebecca Schweppe at University of Colorado Cancer Center (UCCC). The cells were tested for
mycoplasma and unique STR profile at UCCC. Cells were cultured in RPMI-1640 (Mediatech,
Herndon,VA) supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals, Atlanta,
GA),penicillin 10,000 IU/ml, streptomycin 10,000ug/ml (Mediatech) and 2mM L-glutamine
(Mediatech). Cells were grown at 37°C in a humidified tissue culture incubator with 5% CO;

atmosphere unless noted otherwise.

RNA extraction and quantitative PCR:
Total RNA was isolated from 60-70% confluent cells, at log phase of their growth. Cells were

washed with sterile 1X PBS and harvested with 0.25% Trypsin, 0.1% EDTA (Corning
MT25053Cl). RNA was isolated using RNeasy Plus Mini Kit (Qiagen 74134/74136) according
to the manufacturer’s protocol. An additional on-column DNase digestion step was added to

the protocol to ensure complete elimination of genomic DNA contamination, using the RNase
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free DNase Set (Qiagen 79254) as per the manufacturer’s instructions. RNA was eluted in

Ultra-pure water (Thermo Fisher Scientific,10977015) and stored at -80°C until further use.

In order to design primers, sequences were obtained from the NCBI (National Center for
Biotechnology Information) and the primers were designed using Integrated DNA
technologies Primer Quest Tool. At least one primer was designed across an exon junction to
ensure amplification of mRNA. The length of the primers was between 18-30 bases, GC
content between 50%-60%, amplicon size between 70-200 base pairs. Primers with a low
AGmax (change in free energy) for secondary structures like hairpins (<-2) and self-dimers (<-

5) were selected for the assay.

RT-PCR was run on Applied Biosystems 7900 HT and Quantstudio 5 RT-PCR Systems. RT PCR
was performed using either SuperScript® Ill Platinum® SYBR® Green One-Step gPCR Kit
w/ROX (Thermo Fisher Scientific 11746500), or qScript™ One-Step SYBR® Green gRT-PCR Kit,
Low ROX (Quantabio 95089), or Power SYBR® Green RNA-to-CT™ 1-Step Kit (Thermo Fisher
Scientific 4389986) according to manufacturer’s protocol. The primers used for the assay are

listed in table 1.
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GENES FORWARD REVERSE
ICOS TTAACAGGAGAAATCAATGGTTCTG | TGAGATCGCAGAGTATTTGCC
CD27 GAGTGTGATCCTCTTCCAAACC CTCCAGCATCTCACTGACATAAG
HVEM CTGGTGCTGTATCTCACCTTC CGATAACCTGGACTGCACTT
LIGHT TCTCTTGCTGTTGCTGATGG GTGAGACCTTCGCTCTTGTATC
CD40L GGATACTACACCATGAGCAACA TTCCCGATTGGAACAGAAGG
4-1BB CAGCATGTGTGAACAGGATTG AAGAACAGTTTGTCCAGGGT
0X40 GCCAAGATTCGAGAGGAACA GTGATACCTGAAGAGCAGAGAAG
DR3 CTGCCTGGCTTCTATGAACA ACCCAGAACACACCTACTCT
GITR TTGGCTTCCAGTGTATCGAC GGGTGCAGTCTGTCCAAG
CD30 CAGCACCATGCCTGTAAGA GGACAGACCTGGATCTGAACTA
TIM1 ATGAACCAGTAGCCACTTCAC CTGGTGGGTTCTCTCCTTATTG
SLAM GAAAGCAGGAAGGAGGATGAG GAGTGGAGACCTGCTCATAAAG
CD2 GAGGAGTCGGAGAAATGATGAG GGGTTGAAGCTGGAATTTGG
CD226 CCTTAACAGAAGGAGAAGGAGAG GATTGGTAGGTTGACTGGTAGAG
LAG3 GTCCGTGTGCTGGATGAA TGT CAG ACC CAT GTCCAATG
CTLA4 ATGGACACGGGACTCTAC GGCACG GTT CTG GAT CAATTA
PD1 CCGCACGAGGGACAATAG CTTCTCTCGCCACTGGAA
B7-1/CD80 GCAGAGAGAGAAGGAGGAATG GGTGGGACCTTCAGATC
CD160 CTATTCACAGAGACAGGGAACTAC CTGAACTGAGAGTGCCTTCAT
BTLA ACCCTGGCTCCTGTATAG TGCTTITCCTTGG TGCCTTC
PD1-H/VISTA | GGTGCAGACAGGCAAAGA TAGACCAGGAGCAGGATGAG
LAIR1 CCGCATTGACTCAGTAAGAGAAG AGAGCTTTCTTTCACCAGCAG
TIM3 TGCTGCTACTACTTACAAGGTC GTGTAGAAGCAGGGCAGATAG
2B4 GGTGTATCAGGGCAAAGGATG ACCTTCGTCTGTATGCTGTTTG
TIGIT CTCGCCTCAGGAATGATGAC GGAGGAGAGGTGACATTGTAAG
PDL1 ACCAGCACACTGAGAATCAAC GGTAGTTCTGGGATGACCAATTC
PD1 CCGCACGAGGGACAATAG CTTCTCTCGCCACTGGAAAT

Table 1. List of primers used for gRT PCR
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Western Blot:
Cells were harvested at 60-70% confluence for western blot analyses. Cell culture media was

discarded, and the cells were washed with 1X PBS and scraped off the culture flask/dish. Cell
pellets were resuspended in RIPA buffer (50 mM Tris-HCI, pH 7.4, 150 mM NacCl, 0.2% sodium
deoxycholate, 0.1% SDS, 0.5% NP-40) supplemented with HALT protease/phosphatase
inhibitor cocktail (Thermo Fisher Scientific 78440). Samples were placed on ice for 45 minutes
with intermittent vortexing. Subsequently, the lysates were centrifuged for 30 minutes at
14000 rpm at 4°C. Protein concentrations were determined using the Bio-rad Protein Assay
Dye Reagent Concentrate (Bio-Rad #5000006). Fifteen micrograms of total protein were
loaded per sample and resolved on 10% SDS—PAGE under reducing conditions (presence of
B-mercaptoethanol) and transferred onto Immobilon-P membranes (Millipore #IPVH00010)
using the Transblot Turbo RTA Transfer Kit (Biorad 1704272) in the Transblot Turbo System
for 7 minutes. Membranes were blocked using 5% dried milk in 1X TBST (200 mM Tris—HClI,
150mM NaCl, pH 7.4, and 0.1% Tween-20 added fresh/liter of 1XTBS (TBS-T)) for 2 hours on
a shaker at room temperature for non-phosphorylated proteins and in 5% BSA instead of milk
for phosphorylated proteins. Membranes were incubated with primary antibodies overnight
at a 1:1000 dilution (unless indicated otherwise) in 2% bovine serum albumin made in 1X
TBST at 4°C. The next day, membranes were washed three times with 1X TBST for 5 minutes,
followed by incubation with horse radish peroxidase (HRP) conjugated secondary antibodies
(Thermo Fisher Scientific), at a dilution of 1:10,000 in 2% dried milk or BSA in 1X TBST, for 2
hours, on a shaker, at room temperature. After 4 washes, 10 minutes each, in 1XTBST, the
membranes were developed using western blotting substrate (Radiance Q Chemiluminescent

Substrate, Azure Biosystems; 10147-296) and detected on Next Advance Celvin
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Chemiluminescence Imaging System and band intensities were analyzed using the Imagel
software. List of primary antibodies used for this work is in table 2. For detection of nuclear
and cytoplasmic proteins, cytoplasmic and nuclear protein extracts were prepared from
untreated and treated cells using NE-PER nuclear and cytoplasmic extraction reagent kit by
Thermo Fisher (cat # 78833). Cellular extracts (15ug protein for nuclear and cytoplasmic
extracts) were resolved in 12% SDS—PAGE under reducing conditions as described in our
earlier work (Rajoria et al., 2010). The above mentioned protocol was followed for

subsequent immunoblotting steps.
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Antibody Manufacturer Catalog number | Dilution
HVEM Abcam ab62462 1:1000
BTLA Abcam ab181406 1:1000
CD160 Abcam ab128954 1:1000
TIM3 Abcam ab47997 1:1000
LGALS9B Abcam ab69630 1:1000
p-STAT1 Cell Signaling Technology 9167S 1:1000
STAT1 Cell Signaling Technology 14994S 1:1000
IRF 1 Cell Signaling Technology 8478S 1:1000
Phospho-lkBa. Cell Signaling Technology 2859S 1:1000
IkBo Cell Signaling Technology 9242S 1:1000
NFkB Cell Signaling Technology 8242S 1:1000
Phospho-c-Jun Cell Signaling Technology 9261S 1:1000
c-Jun Cell Signaling Technology 9162 1:1000
Phospho-JNK Cell Signaling Technology 9251s 1:1000
JNK Cell Signaling Technology 9252 1:1000
Phospho P38 MAPK Cell Signaling Technology 4511T 1:1000
P38 MAPK Cell Signaling Technology 8690P 1:1000
JunD Cell Signaling Technology 5000S 1:1000
ADAM17 Cell Signaling Technology 3976S 1:1000
Phospho-ERK Cell Signaling Technology 4376S 1:1000
ERK Cell Signaling Technology 4695S 1:1000
Phospho-MEK Cell Signaling Technology 9154S 1:1000
MEK Cell Signaling Technology 9126S 1:1000
Phospho-c-Raf Cell Signaling Technology 9427S 1:1000
c-Raf Cell Signaling Technology 9422S 1:1000
Phospho ELK Cell Signaling Technology 9181S 1:1000
ELK Cell Signaling Technology 9182 1:1000
Lamin B1 Cell Signaling Technology 13435S 1:1000
GAPDH Cell Signaling Technology 5174S 1:2000

Table 2. List of antibodies used in western blots
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Immunofluorescence:

Cells were seeded in 8 chamber slides at a density of 15,000 cells/well in 250ul complete
growth media and incubated at 37°C and 5% CO2 in a humidified tissue culture incubator
overnight. Post adherence or treatment period, the chambers were washed gently with 1X
PBS three times. Cells were fixed with 200ul/well of 4% paraformaldehyde for ten minutes at
room temperature. This was followed by three washes with 300ul/well of 1X PBS.
Subsequently, cells were permeabilized with 0.2% Triton_X_100 (Thermo Scientific 85111) in
1X PBS for 10 minutes at room temperature. At the end of incubation, wells were washed
three times with 1X PBS, followed by the addition of 250ul/well blocking solution (0.1%
Triton_X_100 +10% Goat Serum (Sigma G9023) + 1% BSA in 1X PBS) for 30 minutes at room
temperature. For TIM3, cells were blocked in BSA only as the primary antibody was raised in
goat. Blocking solution was gently removed and primary antibody added (100ul/well) in 1%
BSA in PBS. Slides were sealed with parafilm and incubated overnight at 4°C. The following
day, wells were washed three times with 300ul/well in 1X PBS and incubated with
fluorochrome conjugated secondary antibodies (Goat Anti Rabbit Alexa Fluor 647, Rabbit
Anti-Goat Alexa Fluor 488; 1:250 in 1% BSA in 1X PBS) and incubated for 45 minutes in the
dark. Wells were washed five times with 300ul/well in 1X PBS. Slides were mounted in
Vectashield containing DAPI (Vector Labs H-1200) and imaged on a Nikon Ti microscope at

200X and 400X magnification.

Flow cytometry:
For surface phenotype assessment, cells were harvested by scraping off the culture vessels in

1X PBS. The cells were washed twice with 1X PBS and stained using conjugated primary
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antibodies (concentrations, incubation times, and catalog numbers listed in table 3) in FACS
buffer (1:20 BSA Stock Solution (Miltenyi 130-091-376) in 1X PBS). Next, cells were washed
twice in FACS buffer and fixed with 4% paraformaldehyde for 15 minutes at room
temperature. Cells were washed with 1ml FACS buffer and finally resuspended in 500ul FACS
buffer for analyses on the MoFlo flow cytometer (Beckman Coulter) or BD FACS Celesta and

data were analyzed using FlowLogic software (Miltenyi).

Incubation Company (Catalog
Antibody | Fluorochrome | Concentration time Number
(minutes) Number)
HVEM FITC 1:10 10 Miltenyi (130-101-595)
BTLA PerCP/Cy5.5 1:10 20 Biolegend (344514)
Alexa Fluor _ R&D Systems
D160 647 1:10 30 (FAB6700R)
TIM3 PE 1:50 10 Miltenyi (130-117-364)

Table 3. List of antibodies used in flow cytometry

Immunohistochemistry:
For immunohistochemistry (IHC), formalin-fixed and paraffin embedded tumor samples and

normal tissues were obtained from Cooperative human tissue network (CHTN). Antibodies
used | IHC are listed in table 4. antibodies were titrated at different concentrations in with
positive control tissues recommended by the manufacturer for each antibody. Briefly, tissue
slides were heated to 60°C for 15 mins, deparaffinized using xylene, and hydrated through a
graded series of ethanol treatments with descending concentrations and then rinsed in
distilled water. Antigen retrieval was accomplished by boiling in 10 mM sodium citrate buffer
of pH 6.0 for 10 min or by using EDTA antigen retrieval buffer based on the antibody and

according to manufacturer’s instruction for each antibody. Endogenous peroxidase activity
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was quenched by 30 min incubation in 3% H,0,. Non-specific binding was blocked with 10%
normal horse serum made in 3% BSA-PBS for one hour at room temperature. Next, sections
were incubated with primary antibodies in 1% horse serum made in 3% BSA-PBS overnight at
4°C in a humidified chamber. The tissues were incubated with biotinylated horse anti-rabbit
or anti-mouse IgG secondary antibodies (Vector labs, Burlingame, CA, USA) made in 1% horse
serum/3% BSA-PBS at 1:500 dilution for 45 mins at room temperature. Avidin—biotin-complex
(ABC) peroxidase method (ABC Elite Kit, Vector Labs, Burlingame, CA, USA) was employed for
detection. The complex was used at 1:1000 dilution made in 1% horse serum in 3% BSA-PBS
for one hour at RT. Final color was developed with the DAB peroxidase substrate kit (Vector
Labs, Burlingame, CA, USA) for 15 mins or more at RT. The sections were then counterstained
with hematoxylin, decolorized in Define Mx-aq, washed in Buffer blue (Scott’s water)
followed by dehydration in graded alcohols with ascending concentrations and finally xylene.
Positive and negative controls were run at the same time for each the antibody tested. To
avoid variations, we used same incubation time for each antibody. Images were taken at 10X
and 20X magnification using Nikon Eclipse Ti-E inverted microscope. Stained tissues were
examined by a licensed pathologist. Hematoxylin and eosin stained sections were examined
to determine the tumor area. Immunomodulatory molecules HVEM, BTLA, CD160, were
examined in the follicular cells of the thyroid cancer tissue sections and normal thyroid tissue
sections. Percent positive cells were determined subsequently. A pan-T cell marker CD3 was
used to determine intra tumoral T cell infiltration. Percentage of Th cells, and T cytotoxic cells
was determined by examining serial sections and estimating the percentages of CD4 and CD8

positive cells respectively, out of CD3 positive lymphocytes. Percentage of T regulatory cells
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was determined by estimating FoxP3 nuclear staining positive population of lymphocytes
among the CD3, and CD4 positive cells. IDO1, IL-10 and IL-17 positivity was determined by
the number of cells positive for the antigens among the tumor area in the malignant samples

and follicular regions in normal thyroid tissue.

Antibody Manufacturer Catalog number Dilution
HVEM Thermo Fisher PA5-20237 1:1000
BTLA Abcam ab181406 1:400
CD160 Abcam ab128954 1:200
TIM3 Abcam ab47997 1:250
LGALS9B Abcam ab69630 1:250
IL-10 Abcam ab34843 1:750
IL-17 Abcam ab79056 1:200
IDO1 Abcam ab55305 1:400
CD3 Abcam ab5690 1:2000
CcD4 Abcam ab133616 1:4000
CD8 Abcam ab4055 1:500
FoxP3 Abcam ab20034 1:200

Table 4. List of antibodies used in immunohistochemistry

IL-8, TNFa, IFNy and rhLIGHT Treatment:
Nthy-ori-3-1, 8505C, T238 and SW1736 were grown up to 60-70% confluence in complete

growth media. Subsequently, cells were treated with 50ng/ml IL-8 (R&D systems; 208-IL-
010/CF) and 10ng/ml TNFa (R&D Systems; 210-TA/CF) separately and in combination for 24
hours in serum free clear RPMI (Corning 17-105-CV) devoid of L-Glutamine for 24 hours.
Conditioned media was collected and stored at -80°C until further use. For rhLIGHT
treatments, cells growing at 70% confluence were starved for 24 hours in clear RPMI (Corning
17-105-CV) with 2% Charcoal-stripped Fetal Bovine Serum (CS-FBS) (Sigma F6765) to
synchronize their cell cycle and subsequently treated with 100ng/ml rhLIGHT (R&D Systems;

664-LI-025) in 5% charcoal stripped FBS-clear RPMI media for another 24 hours. Cell pellets

70



were collected for western blot analyses. For IFNy (R&D Systems; 285-1F-100/CF) treatment,
the rhLIGHT treatment protocol was followed and cells were processed after the stipulated

time period based on experimental needs.

Fractionation of Nuclear and cytoplasmic extracts from thyroid cancer cells
Cytoplasmic and nuclear protein extracts were prepared from untreated and treated cells

using NE-PER nuclear and cytoplasmic extraction reagent kit by Thermo Fisher (cat # 78833).
Cellular extracts (15ug protein for nuclear and cytoplasmic extracts) were resolved in 12%
SDS—PAGE under reducing conditions as described in our earlier work (Rajoria et al., 2010).
Briefly, the proteins were transferred to Immobilon-P membranes using the Transblot Turbo
RTA Transfer Kit (Biorad 1704272) in the Transblot Turbo System for 7 minutes. Membranes
were blocked with 5% dried milk in TBST [200 mM Tris—HCI, pH 7.4, 150 mM NaCl, and 0.01%
Tween-20 added fresh/liter of 1x TBS (TBST)] for 2 hours on a shaker at room temperature.
Subsequently, the membranes were incubated overnight at 4°C with primary antibodies.
Membranes were washed three times with TBST and incubated with the respective
horseradish peroxidase (HRP) conjugated secondary antibody for 2 hours at room
temperature in TBST containing 2% milk. After four washes with TBST, membranes were
developed using western blotting substrate (Radiance Q Chemiluminescent Substrate, Azure
Biosystems; 10147-296) and detected on Next Advance Celvin Chemiluminescence Imaging

System and band intensities were analyzed using the Imagel software.

Enzyme-linked immunosorbent assay (ELISA):
Conditioned media collected from IL-8 and TNFo treated cells were concentrated with

Pierce™ Protein Concentrator PES, 10K MWCO; 88517). Human HVEM/TNFRSF14 DuoSet
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ELISA kit (R&D Systems; DY356) and DuoSet ELISA Ancillary Reagent Kit 2 (R&D Systems;
DY008) were used for detection of soluble HVEM in IL-8 and TNFa treated cell-culture
conditioned media according to manufacturer’s protocol. Plates were coated with 100ul of
captured antibody overnight at room temperature. The following day, plates were washed
with 400ul/well wash buffer three times. Plates were blocked with reagent diluent with a
volume of 300ul/well for 1 hour at room temperature. Subsequently, plates were washed
with wash buffer for three times. 100l samples or standards were added to the designated
wells and incubated for 2 hours at room temperature. Plates were washed three times with
wash buffer and incubated with 100ul detection antibody for 2 hours at room temperature.
Plates were washed thrice with wash buffer and incubated with 100ul of streptavidin-HRP for
20 minutes at room temperature in dark. 100 ul substrate solution was added subsequently,
and plates were incubated for 20 minutes at room temperature in dark. The reaction was
stopped by adding 50yl stop solution (2N H2SOa4). The plate was read immediately at 450nm
and 570 nm. Four parametric standard curves were constructed with the standards as
recommended by the manufacturer and the concentrations were computed using GraphPad

Prism 8.

HVEM knockdown by CRISPRi:

Generation of CRISPRI plasmid:
Primers for single guide RNAs targeting the promoter region of HVEM were selected from the

Weissman lab repository (MA et al., 2016). Five sets of forward and reverse primers were
chosen for the gene. The primers were ligated by polynucleotide kinase (PNK) to create the

sgRNA cassette. The sgRNA cassette was ligated with Bsmbl (New England Biologicals;
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R0O580S) digested, PCR purified dCas9-KRAB-GFP plasmid (Addgene # p71237). The map of
the vector is depicted in figure 11. (Subcloning Efficiency™ DH5a™ Competent Cells (New
England Biologicals; C2988) E.coli were transformed with the 1lug of ligation mixture using
standardized protocol. The transformation mix was spread evenly on LB Agar plate with
50ug/ml Ampicillin. Following day, colony PCR was performed from 5 separate colonies to
confirm the transformation. Plasmid was isolated using QlAprep Spin Miniprep Kit (cat:
27104) according to manufacturer’s protocol. Sequence of the plasmid was verified by

Genewiz (South Plainfield, NJ) before generation of lentiviral particles.

Generation of lentiviral particles and viral transduction:
HEK293 FS cells were grown up to 80% confluence. Subsequently, the cells were transfected

with lentiviral packaging plasmids psPAX2 (Addgene#12259), VSV-G expressing envelope
vector pCl VSVG (Addgene#1733) and the CRISPRi plasmid using TransIT®-LT1 Transfection
Reagent (Mirus # 2300) according to manufacturer’s instruction. The following morning, the
media was replenished with complete growth media. Cells were cultured for 24 hours and
supernatants were collected at different time points for transduction of the thyroid cancer
cell lines. After 24 hours, supernatants with lentiviral particles were collected from
transfected HEK293 FS cells and filtered through 0.45um filter and added to 8505C with
polybrene (catalog number) at a concentration of 1:250 from 10mg/ml stock solution. Non-
specific sequence was used as control. The sequences are provided in table 5. Viral
supernatant was titrated for optimal transduction efficiency and a dilution of 50% was used
for final transduction. Cells were monitored with fluorescent microscopy for GFP and sorted

after 48 hours for GFP* cells. Sorted cells were cultured and used for subsequent experiments.
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All the procedures were approved by Institutional Biosafety Committee, New York Medical

College (Protocol number: 02-2019-1).

Primers for sgRNA Primer sequences (with restriction enzyme

cassette sites)
TNFRSF14-gRNA1_F caccGCAGCTGCCCGTGGACGGAG
TNFRSF14-gRNA1_R aaacCTCCGTCCACGGGCAGCTGC
TNFRSF14-gRNA2_F caccGCCCACATCCGGCCAAATGG
TNFRSF14-gRNA2_R aaacCCATTTGGCCGGATGTGGGC
TNFRSF14-gRNA3_F caccGGGAGGAGGTCTGCTGGGTA
TNFRSF14-gRNA3_R aaacTACCCAGCAGACCTCCTCCC
TNFRSF14-gRNA4_F caccGCGGATGTGGGCACTTCTGG
TNFRSF14-gRNA4_R 2aacCCAGAAGTGCCCACATCCGC
TNFRSF14-gRNAS5_F caccGGCAGGATGAACTCCAGCAG
TNFRSF14-gRNA5_R 2aacCTGCTGGAGTTCATCCTGCC

Table 5. Primer sequences for sgRNA cassette targeting HVEM promoter
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Figure 11. Map of dCas9-KRAB-GFP plasmid
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Colony formation assay:
Cells were trypsinized and resuspended in complete growth media at a density of 200

cells/ml. 1 ml of cell suspension was added to each well of a 24 well dish. Cells were incubated
at 37°Cfor 7 days in a humidified tissue culture incubator with 5% CO,. Formation of colonies
(a group of 50 or more cells) were monitored using a bright-field microscope. Once the
colonies reached an optimum size for counting (colonies with >50 cells), cells were washed
twice with 1X PBS and fixed with 100% methanol for 20 minutes at room temperature. Cells
were washed twice with distilled water (dH20). Next, cells were stained with 0.5% crystal
violet in 25% methanol for 5 minutes at room temperature. Crystal violet was washed
carefully with dH,0 until all the excess dye was removed. Plate was inverted on a paper towel
overnight for drying and counted the next day using brightfield microscope. Number of

colonies were plotted using GraphPad Prism 8.

Trans well invasion assay:
BD Biocoat Control Inserts (BD Biosciences, Bedford, MA) with 8-um pore membrane filters

were coated with 300ug/ml of BD Matrigel Matrix (BD; 356231) according to manufacturer’s
protocol. Cells were harvested at log phase of their growth and seeded at a density of 2.5X10*
cells/well in 500pl RPMI1640 with L-Glutamine and 0.1% BSA. An equal number of control
(uncoated) permeable supports were included by using sterile forceps to transfer the
permeable supports into empty wells. 750ul of complete growth media with 10% FBS was
added to the bottom well as a chemoattractant. Cell invasion chambers were incubated
overnight in a humidified tissue culture incubator at 37°C and 5% CO, atmosphere. Next
morning, non-invaded cells were removed by gentle scrubbing with a moistened cotton swab.

Cells were fixed by transferring permeable supports into the 100% methanol for 2 minutes
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and stained with 1% Toluidine Blue in 1% borax for 2 minutes. The permeable support
membranes were rinsed with dH;O to remove excess stain. The permeable support
membranes were air dried and imaged using brightfield microscopy. Images were analyzed

using Image J software and data were plotted using GraphPad Prism.

Generation of PLX4032 resistant T238 and SW1736:
PLX 4032 sensitive T238 and SW1736 were cultured in complete growth media with 15uM

PLX4032 for 10 days. Gradually, the dose was escalated to 20, 30 and finally 60uM over a
period of 3 months. Cell culture media was changed every 5 days and the old media and dead
cells were thoroughly washed with sterile 1X PBS before adding fresh media. Doubling time
was checked and a comparable doubling time with the sensitive phenotype was achieved at
a concentration of 30uM. Both the cell lines were cultured in 30uM PLX4032 for a total of 7

months, by the end of which they were considered as the PLX4032 resistant variants.

XTT assay:
PLX4032 sensitive T238 and SW1736 were seeded at a density of 6000 cells/well and 10,000

cells/well of 96 well dishes in 200ul complete growth media. Cells were allowed to adhere
overnight. Next day, complete growth media was replaced with 5% Charcoal-stripped Fetal
Bovine Serum (CS-FBS) (Sigma F6765) containing clear RPMI, devoid of L-Glutamine (Corning
17-105-CV). Cells were treated with 0.5, 1, 5, 10, 20, and 50uM of PLX4032 (vemurafenib) for
determination of I1Cso values for 96 hours. In order to determine ICso value of PLX4032 in the
resistant T238 and SW1736, cells were treated with 5, 10, 20, 40, 80, 160, 320, and 640uM of
PLX4032 for 96 hours. After incubation, a mixture of 1mg/ml yellow tetrazolium salt XTT (2,3-

Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide) (Thermo Fisher;
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X6493) and 3mg/ml of phenazimemethosulfate was added to the microculture wells. After 4-
6 hours of additional incubation at 37°C, cell viability was assessed. Live cells reduce the
tetrazolium salt to formazan, which is spectrophotometrically measured at A450 nm and
A630nm. The latter reading is for correcting the background noise and is subtracted from

450nm reading to get the final value.

Cell cycle analyses:
Cells were cultured in complete growth media up to 60% confluence. Then, the cells were

starved with 2% Charcoal-stripped Fetal Bovine Serum (CS-FBS) (Sigma F6765) containing
clear RPMI, devoid of L-Glutamine (Corning 17-105-CV) for 24 hours. Following this, cells were
scraped off the culture vessel in their culture media to include floating cells in mitotic phase
also. Cell suspension was spun at 1500 rpm for ten minutes at room temperature and cell
pellets were re-suspended in 50ul of 1X PBS. 5ml Ice cold 70% ethanol was added dropwise
to the cell suspension with constant low speed vortexing and stored at -20°C for a minimum
of 2 hours for fixation. Ethanol was washed by 20 ml 1X PBS wash twice. Cells were washed
again in 1X PBS and finally re-suspended in a staining solution of 1ug/ml DAPI in 1X PBS and
stored overnight at 4°C in the dark. The cells were analyzed for their DNA content on the

Beckman Coulter MoFlo.

BRAFi and MEKi treatment:
For BRAFi and MEKi treatments, cells were cultured up to 70-80% confluence and starved for

24 hours in 2% Charcoal-stripped Fetal Bovine Serum (CS-FBS) (Sigma F6765) containing clear
RPMI, devoid of L-Glutamine (Corning 17-105-CV). Vemurafenib (PLX4032) (Selleck

Chemicals; S1267) and Trametinib (GSK1120212) (Selleck Chemicals; S2673) were
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reconstituted in DMSO at a concentration of 10mM and 1mM. Cells were treated with the
drugs individually or in combination in 5% CS-FBS containing RPMI devoid of L-Glutamine at
a concentration of 15uM Vemurafenib and 400nM Trametinib for 24 hours at 37°C in a
humidified tissue culture incubator with 5% CO2. At the end of treatment period, cells were

processed based on experimental needs.
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CHAPTERS3: RESULTS

Specific aim 1: Expression of immunomodulatory molecules at transcript and protein levels in
thyroid cancer cell lines and patient tissues

EXPERIMENTAL DESIGN: Eight human thyroid cancer cell lines were used for these in vitro
experiments. Four ATC cell lines: 8505C, T238, SW1736 and HTh74; three PTC cell lines: TPC-
1, BCPAP and K1; one FTC cell line: CGTH-W-1 and one immortalized normal thyroid follicular
epithelial cell line Nthy-ori-3-1. The goal was to cover different histological subtypes of
thyroid cancers of follicular/parafollicular origin and identify the molecules selectively
overexpressed in ATC. Cells were harvested at the log phase of their growth and we looked
at the expression of twenty-five immunomodulatory molecules by gRT PCR. From this initial
screening, five molecules were shortlisted, and protein levels were further looked at by
western blot. Sub-cellular localization of the protein was confirmed by immunofluorescence.
Next, their surface expression was assessed by flow cytometry. Lastly, the expression of these
molecules was evaluated in thyroid cancer tissues. 4um thick serial sections were obtained
from the Cooperative Human Tissue Network. Immunohistochemical analyses were done for
the expression of HVEM, BTLA and CD160 in these tissues. Slides were imaged under 100X
and 200X magnification and scored by a pathologist for positive staining in follicular and

parafollicular cells.

1a. in vitro screening for the expression of twenty-five immunomodulatory molecules in four
ATC, three PTC and one FTC cell lines at transcript level compared to normal thyroid epithelial
cell line

Rationale: ATC is an extremely aggressive and de-differentiated form of thyroid cancer which

is not amenable to surgery or radioiodine therapy which are the primary treatment choices
for thyroid cancer (Smallridge et al., 2012). Immune checkpoint-blockade has reinvigorated
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the field of cancer immunotherapy and showed great promise in a wide range of malignancies
including but not limited to advanced melanoma, non-small cell lung cancer, Merkel cell
carcinoma (Bhatia & Berry, 2016), head and neck squamous cell carcinoma (Forster & Devlin,
2018), urothelial and kidney cancers (Soria et al., 2018), (Massard et al., 2016) hepatocellular
carcinoma (Shrestha et al., 2019) and gastric cancer (Ozdemir et al., 2019). Recent findings
on tumor intrinsic expression of immune checkpoint proteins and their complex interplay
with cellular signaling (Marcucci et al., 2017; Meng et al., 2018) highlight their importance in
preserving tumor cell biology along with immunomodulation. This therapeutic option is
under- explored in ATC patients. Owing to the inherently heterogenous nature of thyroid
cancer, it became important to profile different histological subtypes for expression of these
molecules to see if ATC exhibits any unique set of molecules which might be clinically relevant

for these patients.

a. Immunomodulatory molecules have differential expression across different histological
subtypes of thyroid cancer with selective upregulation of HVEM, BTLA, CD160, OX40, TIM1,
TIM3 ad PD-L1 in ATC

RNA was isolated from the cells at 60-70% confluence and gRT-PCR were done for the
expression of twenty-five immunomodulatory molecules. Expression was compared to
normal thyroid follicular epithelial cell line Nthy-ori-3-1. We observed a unique expression
pattern of immunomodulatory molecules in each cell line. Multiple Student’s ‘t’ tests were
used to compare mean fold change between Nthy-ori-3-1 and thyroid cancer cell lines. Alpha
level was set at 0.05 for the ‘t’ tests. Interestingly, we observed certain patterns in ATC cell
lines for some of the co-stimulatory molecules, like 4-1BB, CD27, CD40L, DR3 ICOS, CD2,

CD226 all of which were down regulated in ATC cell lines compared to normal (Fig 12). Among
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immune checkpoint molecules, CTLA4 and LAG3 were downregulated in ATC. Interestingly,
two co-stimulatory molecules, HVEM and TIM1 were significantly over expressed in ATC cell
lines T238, SW1736 and HTh74 and PTC cell line K1 compared to normal. K1 is an aggressive
PTC cell line which is positive for BRAFV600E and PIK3CA E542K. It has silent mutations in
HRAS and P53. Interestingly, the binding partners of HVEM, BTLA and CD160 were also
upregulated in T238, SW1736, HTh74 and K1 compared to normal. We also noted

overexpression of PD-L1 and TIM3 in ATC cell lines and K1 (Fig 13).

Conclusion: Thyroid cancer cell lines have differential expression of immunomodulatory
molecules at transcript level. Players of HYEM/BTLA/CD160 signaling axis are over expressed

in ATC cell lines compared to normal.
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Figure 12. Expression of co-stimulatory molecules in thyroid cancer cell lines. gRT-PCR for
expression of co-stimulatory molecules in different thyroid cancer cell lines compared to
normal thyroid epithelial cell line Nthy-ori-3-1. Results are depicted as mean fold change
from N=3 biological replicates. Multiple student’s t tests were performed for comparison of
mean fold change between normal and cancer cell lines. *p<0.05 **p<0.01 ***p<0.001
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Figure 13. Expression of immune-checkpoint molecules in thyroid cancer cell lines. qRT-
PCR for expression of immune-checkpoint molecules in different thyroid cancer cell lines
compared to normal thyroid epithelial cell line Nthy-ori-3-1. Result depicted is mean fold
change from N=3 biological replicates. Multiple student’s t tests were performed for

comparison of mean fold change between normal and cancer cell lines. *p<0.05
**p<0.01 ***p<0.001
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1b. Evaluation of the expression of the immunomodulatory molecules at protein level by
western blot and immunofluorescence
Rationale: Our gRT-PCR, study confirmed over expression of certain co-stimulatory and

immune-checkpoint molecules in ATC among which HVEM was the most prominent one.
HVEM is expressed in a variety of immune cells including T cells, B cells, natural killer cells,
dendritic cells and endothelial cells. There are no reports suggesting expression of HVEM in
stromal cells. BTLA and CD160 are two members of immunoglobulin superfamily that
interacts with HVEM and dampens immune activation in T cells. High expression of these
genes in tumor cells was suggestive of a possible immune interaction in the tumor
microenvironment mediated by the tumor cells. Formation of active immune synapse is of
course contingent upon expression of the proteins in these cells. It was therefore important

to determine whether these proteins are being actively translated in the cells.

b. HVEM, BTLA and CD160 proteins are expressed in thyroid cancer cell lines

Whole cell lysates were prepared from the cell lines at 60-70% confluence and expression of
HVEM, BTLA, CD160 and TIM3 were evaluated by western blot analyses. For statistical
analyses, one-way ANOVA was performed with Tukey’s post-test with alpha level set at 0.05.
ATC cell lines T238, SW1736, HTh74 and 8505C had moderately higher expression of HVEM,
BTLA and CD160 (Fig 14) compared to Nthy-ori-3-1. While, TPC-1 had negligible expression of
these proteins, another PTC cell line K1 had significant expression. K1 is PTC cell line that has
BRAFV600E mutation and PIK3CAE542K mutation and represents aggressive form of papillary
thyroid cancer. Immunofluorescence staining revealed cytoplasmic distribution of HVEM and

BTLA in T238, SW1736 and HTh74. ATC cell line 8505C had comparatively low cytoplasmic
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distribution of these proteins (Fig 15). The PTC cell line K1 also had significant amount of
cytoplasmic distribution of these proteins which corroborates with the first qRT-PCR result
that we observed. We noted a heterogeneous distribution of the proteins within the cells in
each cell line suggesting a heterogeneous distribution of these proteins in the cells. In some
cells, we noted more condensation of the proteins on the membranes whereas in some, it
was mostly cytoplasmic. Surprisingly, we could not detect cytoplasmic expression of CD160

by immunocytochemistry.

Conclusion: Anaplastic thyroid cancer cells and aggressive variant of papillary thyroid cancer

cells have constitutive cytoplasmic expression of HVEM and BTLA protein.
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Figure 14. Expression of immunomodulatory proteins in thyroid cancer cell lines.
Whole cell lysate was prepared from thyroid cancer cell lines at 70% confluence.
Western blot was conducted for expression of HVEM, BTLA, CD160, TIM3 and
GAPDH. Image representative of N=3 biological replicates.
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1c. Analysis of surface expression of HVEM, BTLA, CD160 and TIM3 in the cell lines of

interest by flowcytometry

Rationale: High expression of HVEM, BTLA, CD160, TIM3 and PD-L1 was observed during our
gRT PCR study. With immunofluorescence studies, we confirmed varied constitutive
cytoplasmic expression of HVEM and BTLA in the anaplastic thyroid cancer cell lines with
some membrane condensation suggesting the possibility of their presence on the surface. In
order to form an active synapse with the ligands on the immune cells and participate in
immunomodulation, these proteins must be expressed on the cell surface. Naturally, the next

logical step was to assess the surface expression of these protein in the cell lines of interest.

¢. Immunomodulatory proteins HVEM, BTLA, CD160 and TIM3 are present on the surface
of the anaplastic thyroid cancer cell lines

In order to assess the surface expression of these proteins in the cell lines, four color flow
cytometry was performed with the cell lines without permeabilization. We looked at surface
expression of HVEM, BTLA, CD60 and TIM3. We looked at the percentage of positive cells and,
level of surface expression in the cells by mean fluorescent intensity (MFI). An overlay was
generated for each protein to distinguish the positive population from isotype control (Fig
16). For each protein, we observed two distinct peaks suggesting a heterogenous population
composed of high and low expressors. This corroborates with our previous findings with
immunofluorescence, where we noted differential expression of the proteins between the
cells in each cell line. Among the molecules, HVEM had the highest expression in T238,
SW1736 and HTh74. BTLA and CD160 had comparable expression among the cell lines (Fig

17). Interestingly, TIM3 was the molecule with second highest expression after HVEM. TIM3
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expression was detected at transcript level and in western blot, immunofluorescence was
unable to detect any cytoplasmic expression of this protein. T238 and HTh74 were the cell
lines that had high expression of TIM3. CD160 expression was significantly higher in HTh74
compared to normal. HTh74 had the highest percentages of cells positive for the expression
of the immunomodulatory molecules. Approximately 54.48% cells were positive for HVEM,
40% of the cells were positive for BTLA and almost 66% of the cells were positive for CD160
in HTh74 (Fig 18). Approximately 48% of the cells were positive for TIM3. A heterogenous
expression of the molecules was observed across different cell lines which might account for
the inherently heterogenous nature of the cell lines and indicates the unique immune
phenotype of each cell line. Mean fluorescent intensity of HVEM was significantly higher in
ATC cell lines compared to Nthy-ori-3-1. This observation was very significant as these were
basal level of expression of these proteins in these cells. Some of these genes have binding
sites for IRF1, STAT1 and STAT3 in their promoter. This could be suggestive of an IFNy or IL8
inducible expression pattern which would be very significant in an inflammatory
microenvironment commonly observed in cancer like ATC where these cytokines are

abundant.

Conclusion: Anaplastic thyroid cancer cells have a heterogeneous surface expression of
HVEM, BTLA, CD160 and TIM3. Constitutively higher surface expression of HVEM was
observed in ATC cell lines compared to normal. There is a heterogeneity in the distribution of
these molecules in the cells which can result from the inherently heterogeneous nature of

the cancer cells.
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Figure 16. Constitutive expression of cell surface immunomodulatory molecules by anaplastic
thyroid cancer cell lines. Flow cytometry was performed for expression of HVEM, BTLA,
CD160 and TIM3. Grey: Isotype control; colored histogram: stained cells. Image is
representative of 3 independent experiments.
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Figure 17. Constitutive surface expression of immunomodulatory molecules in ATC cell lines.
Flow cytometry was carried out with non-permeabilized cell lines with a cocktail of four-
color fluorochrome conjugated antibodies. The bars represent the average MFI £ SEM from
N=3 biological replicates. One-way ANOVA with Tukey’s posttest was conducted for

statistical analyses. **p<0.01 ****p<0.0001
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Figure 18. Percentage of cells positive for expression of immunomodulatory molecules.
Flow cytometry was carried out with non-permeabilized cell lines with a cocktail of four-
color fluorochrome conjugated antibodies comprising of anti-HVEM, anti-BTLA, anti-
CD160 and anti-TIM3. Graphs represent percentage of cells positive for the expression of
the specified proteins. The bars represent mean + SEM of % positive cells from N=3
biological replicates. One-way ANOVA with Tukey’s posttest was conducted for statistical
analyses. **p<0.01 ****p<0.0001

93



1d. Evaluation of the expression of immunomodulatory molecules of interest in thyroid cancer
tissues by immunohistochemistry
Rationale: From our initial study, we confirmed expression of Immunomodulatory molecules

HVEM, BTLA, CD160 and TIM3 in the tumor cells both at transcript and protein level.
Classically, these molecules were known to be expressed by the cells of the innate and
adaptive immune system, particularly antigen presenting cells (APC) and T cells. However,
there is ample evidence that tumor cells also express these molecules intrinsically and play
crucial role in determining the tumor phenotype (Marcucci et al., 2017). Presence of these
molecules on tumor cells indicates their possible participation in processes beyond
immunomodulation. Since ATC has a very complex tumor microenvironment enriched with
different types of infiltrating immune cells, the presence of these immunomodulatory
molecules on the tumor cells can enable a more complex interaction between the tumor cells
and the immune microenvironment that might promote immune evasion. There is a lack of
knowledge regarding tumor intrinsic expression of such immunomodulatory molecules in ATC
and our initial findings from in vitro studies suggested a strong possibility that these proteins

might be expressed in the follicular cells of thyroid cancer tissues as well.

d. Immunomodulatory molecules HVEM, BTLA and CD160 are abundantly expressed in the
follicular cells of ATC and aggressive PTC

In order to assess the expression of these proteins, we procured 10 formalin fixed paraffin
embedded tissue samples from the University of Pennsylvania, Eastern Coast, Cooperative
human tissue network (CHTN). The samples consisted of four PTC tissues, four ATC tissues
and two normal tissues. Both PTC and ATC tissue samples were malignant in nature. ATC

tissues had extensive necrotic centers and typical spindle and giant cell morphology. All of
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them had extensive extrathyroidal extensions and involvement of local skeletal muscles and
high degree of angio-invasion. One ATC tissue had a papillary counterpart with tall cell
variant. PTC tissues were classical variants except for one which was a tall cell variant. One of
the patients with PTC had minimal lymphocytic thyroiditis at the time of diagnosis.
Immunohistochemistry was performed for detection of HVEM, BTLA and CD160 on 4um thick

serial sections.

We observed considerably higher expression of HVEM in both ATC (Fig 19 A-D) and PTC (figure
19 E-H) tissues compared to normal (figure19 I). Tumor infiltrating immune cells also scored
positive for the staining, but for our scoring, we strictly focused on the follicular and
parafollicular cells for positive staining. Percentage of tumor cells positive for the staining was
considered for scoring. HVEM staining was predominantly cytoplasmic in the follicular cells.
BTLA expression was also significantly higher in both ATC (figure 20 A-D) and PTC (figure 20
E-H) tissues compared to normal (figure 20 I). Interestingly, for BTLA, we observed not only
high cytoplasmic expression, but membrane condensation also, suggesting their surface
expression. Follicular cells of normal thyroid tissue had minimal expression of BTLA. The
colloid inside the follicle showed brown color, but that should be considered as non-specific
staining. CD160 expression was also predominantly cytoplasmic with some membrane
condensation in ATC (Figure 21 A-D), suggesting their presence on the surface. PTC tissues
also had comparable expression of CD160 (figure 21 E-H). a quantitative representation of

the results is summarized in figure 22.

Conclusion: Follicular cells in ATC and aggressive variant of PTC have high expression of

immunomodulatory molecules HVEM, BTLA and CD160. This suggests the possibility of an
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immunologically active microenvironment in this aggressive form of thyroid cancer which

might be amenable to therapeutic intervention.
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Figure 22. Expression of HVEM, BTLA and CD160 in follicular cells of ATC and PTC. Line and bars represent MeantSEM.

Student’s t test was used to determine statistical significance *p<0.05



Summary
e Thyroid cancer cell lines differentially express T cell co-stimulatory and immune

checkpoint molecules

e HVEM, BTLA, CD160, TIM3 and PD-L1 are significantly overexpressed in thyroid
cancer cell lines 8505C, T238, Sw1736 and HTh74 compared to normal thyroid
epithelial cells

e HVEM, BTLA, CD160 and TIM3 proteins are constitutively expressed in the thyroid
cancer cell lines and HVEM has the highest level of surface expression

e HVEM, BTLA and CD160 has abundant expression in follicular and parafollicular cells
of thyroid cancer tissues

¢ Membrane condensations of HVEM and BTLA on follicular cells of the ATC tissues
suggests their surface expression and possible involvement in immunomodulation in

TME

Conclusion:

Profiling of T cell co-stimulatory and immune checkpoint molecules resulted in the identification

of HVEM/BTLA/CD160 pathway as a putative immunotherapeutic target in ATC.
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Specific aim 2a: Examine the modulation of HVEM by inflammatory components in anaplastic
thyroid cancer
EXPERIMENTAL DESIGN: Our previous studies confirmed the expression of

immunomodulatory proteins HVEM, BTLA and CD160 in the follicular cells of ATC and PTC.
Next, we wanted to examine the tumor immune microenvironment to have a better idea of
the possible interaction between the immunomodulatory molecules expressed on follicular
cells and the infiltrating immune cells. First, we conducted immunohistochemistry to assess
the composition of the immune infiltrate in these tissues. First, we looked for tumor
infiltrating CD3*, CD8*, CD4* and FOXP3* T cells. Next, we wanted to look at the cytokine
milieu and did IHC staining for immune suppressive cytokines IL10 and IDO1 and the pro-
inflammatory cytokine IL17. Previous studies have confirmed that the immunomodulatory
proteins are regulated by different cytokines and this phenomenon partially accounts for the
responsiveness or lack thereof towards immunotherapy (Bertrand et al., 2017; Li et al., 2018;
Zhengetal., 2019a). ATCis well known to have a high density of TAMs and a mixed population
of M1 and M2 macrophages. Activated M1 macrophages secrete various pro-inflammatory
cytokines among which IL8 and TNFo are the prominent ones. We evaluated the effect of
these two cytokines on expression of HVEM using an in vitro cell culture model system. Cells
were treated with these cytokines separately and in combination and surface expression of
HVEM was assessed by flow cytometry and soluble HVEM in the conditioned media was
measured by ELISA. Lastly, we wanted to see if HYEM on tumor cells transduces the signaling
cascade after binding its cognate ligand LIGHT. To test this, cells were treated with
recombinant human LIGHT and various effectors of HVEM/LIGHT signaling were looked at by

western blot.

102



2ai)  Analysis of immune infiltrate composition in thyroid cancer patient tissues by
immunohistochemistry
Rationale Tumor-infiltrating T cells are a hallmark of ongoing immune surveillance in cancer

and are of immense prognostic and therapeutic value. Patients with higher frequency of
tumor-infiltrating T lymphocytes (TILs) generally display favorable prognosis (Fridman et al.,
2017). The tumor immune microenvironment is a spatially organized landscape where
immune cells are found in their specific niche. Both ATC and PTC have been shown to have
an immunologically active microenvironment with tumor infiltrating macrophages (Caillou et
al.,, 2011; W. Fang et al., 2014) and NK cells (A. Park et al., 2018, 2019). Owing to the refractory
nature of ATC, it is logical to envision a weak immune surveillance in this cancer which fails
to elicit a proper anti-tumor immune response. This can be attributed to lower CD8* T cell
infiltration or increased number of regulatory T cells. Very little is known about infiltration
status of CD8* and FoxP3* regulatory T cells in ATC. In order to understand the immune
contexture in ATC accurately, it was crucial to assess the infiltration status of the immune

cells as a first step.

ai). ATC and aggressive variants of PTC have significantly higher tumor infiltrating CD8*T

cells compared to normal tissue

Immunohistochemistry was conducted on 4um thick serial sections of the formalin fixed
paraffin embedded tissues used before for the assessment of immunomodulatory molecules.
Slides were reviewed by a licensed pathologist for quantitative assessment of tumor
infiltrating CD3, CD4, and CD8 lymphocytes. Percentage of CD3* cells among tumor infiltrating

lymphocytes were determined first, followed by percentage of CD4* and CD8* cells among
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the CD3* lymphocytes. Ordinary One-Way ANOVA followed by a Tukey’s posttest was used
to compare infiltration between all three groups with an alpha level of 0.05. 82.5% of tumor
infiltrating lymphocytes in ATC were CD3* lymphocytes (Fig 23 A-D) which was significantly
higher compared to normal tissue (25%) (Fig 25 A-D). 80% of the CD3* lymphocytes were CD8*
(Fig 23 E-H) in ATC. 67.5% of mononuclear cells in PTC were CD3* (Fig 24 A-D) and among
them close to 80% were CD8* (Fig 24 E-H). This also was significantly higher compared to
normal tissue (Fig 25 C-D), but the overall numbers were lower than ATC. ATC had higher
amount of CD4* T lymphocytes compared to PTC, but it did not reach statistical significance
(Fig 28). Interestingly, the CD8* T cells had mostly intra-tumoral distribution in both ATC and
PTC, whereas CD4* T cells were found mostly around the tumoral margin, not inside the
tumor. However, in patient ATC3, we observed some negligible intratumoral infiltration of
CD4* T cells. Normal thyroid tissue was devoid of any CD8* T cells, which is expected. We did
not detect significant amount of FoxP3* regulatory T cells in either ATC (Fig 26 A-C) or PTC
tissues (Fig 26 D-G) and the number was very small in normal thyroid tissue as well (Fig 27).
FoxP3* Tegs are very potent. So, there is a possibility that these small number of cells might
be sufficient to contribute towards the immune suppressive microenvironment. A

guantitative summary of the findings is depicted in figure 29.

Conclusion: Our findings suggested that ATC and aggressive variants of PTC have a T cell
inflamed immune microenvironment characterized by presence of ample amount of tumor
infiltrating T cells, including CD8* T cells which play the most significant role in mounting anti-
tumor immune response. This underscores the importance of our earlier findings on presence

of immunomodulatory molecules on the tumor cells, suggesting a possible interaction
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between the tumor cells and the infiltrating T cells via engagement of HVEM, BTLA and
CD160. Engagement of BTLA and CD160 on the activated T cells with HVEM on either antigen
presenting cells or tumor cells or vice versa can render the T cells non-functional and
incapable of mounting an effective anti-tumor immune response. This phenomenon might

contribute to immune evasion in ATC.
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NORMAL1 NORMAL2

CD3

CD8

Figure 25. CD3 and CD8 lymphocytes infiltration in normal thyroid
tissue. CD3+ T cells (A-B); CD8+ T cells (C-D). Positive staining is
represented by brown color. The colloid inside the follicle shows
non-specific brown staining. Lower magnification (100X) is used to
cover more surface area and to get a better estimate of the extent
of infiltration.
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NORMAL1 NORMAL2

Figure 26. Infiltration of FoxP3+ lymphocytes in normal thyroid tissue. FoxP3+
cells in two normal thyroid tissues. Positive staining is represented by brown
color. Lower magnification (100X) is used to cover more surface area and to get
a better estimate of the extent of infiltration.
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‘..F )\

PTC2

A

Figure 28. Tumor infiltrating CD4+ lymphocytes in ATC, PTC and normal thyroid tissue.
Representative images of tumor infiltrating CD4+ cells in thyroid tissues. Positive staining
is represented by brown color. Lower magnification (100X) is used to cover more surface
area and to get a better estimate of the extent of infiltration.
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Figure 29. T cell infiltration in ATC, PTC and normal thyroid tissues. (A) Percent CD3+
lymphocytes and (B) percent CD8+/CD3+ lymphocytes in ATC and PTC compared to normal
thyroid tissue (C) Percent CD4+/CD3+ lymphocytes in ATC and PTC (D) percent FoxP3+/CD3+
lymphocytes in ATC, PTC and normal thyroid tissues. Ordinary One-Way ANOVA followed by
a Tukey’s test was used to compare infiltration between three groups. The line and bars
represent MeanSEM. *p<0.05
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2aii)  Analysis of cytokine milieu in thyroid cancer patient tissues by immunohistochemistry
Rationale: ATC and WDTC-derived cell lines secrete a wide range of cytokines and

chemokines with pleiotropic functions, such as GM-CSF, IL-1a, IL-6, CXCL8/IL-8, monocyte
chemotactic protein-1 (MCP-1), and TNF-a (Guarino et al., 2010), some of which control the
tumor cells in an autocrine manner (Kulbe et al., 2009; Long et al., 2016). Pro-inflammatory
cytokines, like IL17 has been implicated in poor prognosis of thyroid cancer (Carvalho et al.,
2017). Indoleamine 2,3-dioxygenase (IDO1), a cytoplasmic single chain oxidoreductase
responsible for one of the rate-limiting steps of tryptophan metabolism is one such crucial
immune regulator which has been linked with immune suppressive phenotype observed in
PDTC (Rosenbaum et al., 2018). IDO1 has been indicated to have immune suppressive effect
on cytotoxic T cells in PTC and MTC (Moretti et al., 2014). Another such immune suppressive
cytokine commonly associated with impaired cytotoxic T cell activity, is IL-10. Interestingly,
the immunomodulatory molecule BTLA has also been implicated in upregulation of IL10
synthesis (Zhang et al., 2019). All these different cytokines in TME act as immune regulators
and can contribute to adaptive immune resistance in TC. Expression pattern of these
cytokines is not well characterized in ATC, most probably owing to the rarity of the disease.
In order to understand the immune contexture of the TME of ATC in the context of impaired
CD8*T cell activity, we characterized the expression of some of these immune suppressive

cytokines in ATC and some aggressive variants of PTC tissues.
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aii) IDO1 and IL17 have higher expression in both ATC and aggressive variants of PTC

compared to normal

We performed Immunohistochemistry on 4um thick serial sections of the formalin fixed
paraffin embedded tissues. Slides were reviewed by a licensed pathologist for an assessment
of IDO1 positive immunoreactivity. Percentages of immune reactive follicular and
parafollicular cells and PMNs were determined among different histological subtypes. For
guantitative assessment, we focused on the IDO1 positive follicular cells. IDO1 positive
immune cells were only considered for qualitative evaluation. Ordinary One-Way ANOVA
followed by a Tukey’s posttest was used to compare the percentages between all three
groups with an alpha level of 0.05. We observed much higher expression of IDO1 in both ATC
(Fig 30 A-D) and PTC (Fig 30 E-H) compared to normal (Fig 30 1). A stronger IL17
immunoreactivity was also observed in both ATC (figure 31 A-D) and PTC (figure 31 E-H)

compared to normal (figure 31 1). The same trend was observed in case of IL10 (figure 32).

Conclusion: Our findings suggest that ATC and aggressive variants of PTCs have a mix of pro-
inflammatory and immunosuppressive microenvironment. High expression of IDO1 is
indicative of an immune environment which is usually associated with immune tolerance.
IL17 expression suggests an ongoing inflammatory process in the TME and a different type of
immune response which supports differentiation of CD4* T cells into Th17 cells. Interestingly,
differentiation of Th17 cells occur in presence of IL6, IL21 and TGFp (D. F. G. Carvalho et al.,
2017), two of which are secreted by the tumor cells themselves. Also, IL-17 promotes
secretion of inflammatory cytokines such as IL-6, TNFa. and chemokines such as IL-8, MCP 1

from different types of cells including keratinocytes, endothelial cells, epithelial cells and
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macrophages. Previous studies in our lab has shown, that the conditioned media from TC cell
lines are enriched with a plethora of cytokines among which IL6, IL8 and TNFa are the
prominent ones. This underscores the significance of tumor cell —immune cell interaction in

maintaining a subdued immune microenvironment rendering the effector cells dysfunctional.
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2aiii)  Analysis of the effect of inflammatory cytokines TNFa, IL-8 and IFNy on expression of
tumor cell - HVEM
Rationale: Thyroid cancer cell lines secrete pro-inflammatory cytokines such as IL-8 and IL-6

and high circulating level of these cytokines are usually associated with poor prognosis in
thyroid cancer (Basolo et al., 2002; Rotondi et al., 2018). Circulating level of these cytokines
are considered as a biomarker for response to various immunotherapies, including immune
checkpoint inhibitor therapy (Nakamura, 2019). Targeting IL-6 has recently been shown to
sensitize colorectal cancer cells to anti-PD-L1 treatment in a preclinical study (Li et al., 2018).
This suggests a complex interplay between the cytokine milieu and expression of the
immunomodulatory molecules in TME. Recent studies indicate that IL-8 can regulate
expression of immune checkpoint protein PD-L1 in gastric cancer cells (Sun et al., 2018).
Additionally, TNFo has recently been implicated in upregulation of the immunomodulatory
molecule TIM3 on NK cells, rendering them non-functional in esophageal cancer (Zheng et
al., 2019b). A recent study by Bertrand et al. found that TNFa blockade can overcome
therapeutic resistance to anti-PD-1 therapy in experimental melanoma (Bertrand et al.,
2017). We hypothesized that the pro-inflammatory immune microenvironment in ATC might
reinforce crosstalk between the cytokines and the tumor cell - immunomodulatory molecules

which might promote immune escape.
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e IL8 and TNFa induce transcription of HVEM, but reduces its surface expression on

ATC cell lines

ATC cell line 8505C was cultured in complete growth medium up to 60% confluence. Then
the cells were starved in completely serum free clear RPMI for 24 hours for cell cycle
synchronization. Then the cells were treated with 50ng/ml IL-8, 10ng/ml TNFo and a
combination of both for 24 hrs. RNA was isolated and gRT PCR was performed for expression
of HVEM. Data were normalized to GAPDH of the control group. One-way ANOVA was
performed with Tukey’s posttest and a P value set at 0.05. We observed that both IL-8 and
TNFo induced transcription of HVEM (Fig 33). Statistically significant upregulation was

observed only with TNFa, treatment.

Next, we wanted to assess if these inflammatory cytokines modulate surface expression of
HVEM in these ATC cell lines. Flow cytometry was done following the same treatment
procedure on 8505C, T238, SW1736, HTh74 and Nthy-ori-3-1. Percentage of HVEM positive
cells and mean fluorescent intensity (MFI) were analyzed. Cells were not permeabilized for
these studies. Interestingly, we observed reduction in surface expression of HVEM following
treatment with IL-8 and TNFa (Fig 34). TNFa treated group had a 25% reduction in HVEM
positive population and 47% decrease in MFl in HTh74 (Fig 34). In T238, there was a 52.6%
decrease in HVEM positive population and 17% decrease in MFl in TNFo treated group (Fig
34). In SW1736, there was 48.6% reduction in HVEM positive group, but there was no change
in MFI (Fig 35). In 8505C also, we observed similar trend, but it did not reach statistical

significance (figure 35). This differential effect might be attributed to the inherently
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heterogeneous nature of the cell lines. This phenomenon was not observed in normal thyroid
epithelial cell line Nthy-ori-3-1 (Fig 36), suggesting there might be some unique mechanism
at play in the cancer cells which is not active in the normal cells. For statistical analyses, one-

way ANOVA was done with Tukey’s posttest and P value set at 0.05.
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Figure 33. IL-8 and TNFo. mediated regulation of HVEM transcription in
8505C. Cells were synchronized by starvation for 24 hrs followed by the
indicated treatments for 24 hrs. qRT PCR was performed with total RNA
for expression of HVEM. *p<0.05
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Figure 34. IL-8 and TNFa mediated regulation of surface HVEM in T238 and HTh74. Cells
were synchronized by starvation for 24 hrs followed by the indicated treatments for 24 hrs.
Flow cytometry was conducted for surface expression of HVEM. Upper panel: T238; lower
panel: HTh74. Bars represent mean+SEM from n=3 biological replicates. One-way ANOVA
with a Tukey’s posttest was used to determine statistical significance. *p<0.05 ***p<0.001
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Figure 35. IL-8 and TNFo. mediated regulation of surface HVEM in 8505C and SW1736. Cells
were synchronized by starvation for 24 hrs followed by the indicated treatments for 24 hrs.
Flow cytometry was conducted for surface expression of HVEM. Upper panel: 8505C; lower
panel: SW1736. Bars represent mean+SEM from n=3 biological replicates. One-way ANOVA
with a Tukey’s posttest was used to determine statistical significance. *p<0.05 *p<0.05
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Figure 36. IL-8 and TNFa mediated regulation of surface HVEM in normal thyroid
epithelial cell line Nthy-ori-3-1. Cells were synchronized by starvation for 24 hrs. followed
by the indicated treatments for 24 hrs. Flow cytometry was conducted for surface
expression of HVEM. Bars represent mean+SEM from n=3 biological replicates. One-way
ANOVA with a Tukey’s posttest was used to determine statistical significance.
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IL-8 and TNFa treatment enhances soluble HVEM in conditioned media of ATC cell
lines

Our previous findings from gRT PCR confirmed upregulation of HVEM at transcript
level in presence of IL-8 and TNFa.. Still we observed a reduction in surface expression
of HVEM in the presence of these two cytokines. Since HVEM does not have a soluble
splice variant, this observation pointed towards the possibility of a post-translational
event controlling surface expression of HVEM protein in ATC cell lines. HVEM is a
member of TNF receptor superfamily that has conserved cleavage site for Tumor
Necrosis Factor-Alpha Converting Enzyme (TACE). This is a member of 'A Disintegrin
And Metalloprotease', or ADAM, family. This enzyme is known to be involved in
cleaving the ectodomain of TNFo. and TNFo. receptors — a process often known as
shedding. The detailed regulation of this enzyme is not well studied yet but is thought
to be regulated by TNFa. Since we observed a reduction in surface expression of
HVEM after treatment of IL-8 and TNFa, we wanted to see if we could detect any
soluble HVEM in the conditioned media of ATC cell lines from the same treatment
groups. We saved the conditioned media from the treatment groups from which we
did flow cytometry and conducted sandwich ELISA for detection of soluble HVEM. The
capture antibody used for this assay was targeted against the ectodomain of the
HVEM protein. One-way ANOVA with Tukey’s posttest was conducted for statistical
analyses with a p value of 0.05. Surprisingly, we detected soluble HVEM in the
conditioned media of ATC cell lines (Fig 37 A-C). There was an increase in

concentration of soluble HVEM after IL-8 and TNFa treatment which complimented
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the trend of decreasing surface expression upon these cytokine treatments. We
detected soluble HVEM in conditioned media from Nthy-ori-3-1 also (Fig 38), but the
concentration was lower than the ATC cell lines T238 and 8505C. We evaluated level
of ADAM17 by western blot from IL-8 and TNFa. treated two ATC cell lines T238 and
SW1736. An increase in ADAM17 level was observed after IL-8 and TNFa treatment

(Fig 39) in the cell lines.
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Figure 38. Soluble HVEM in conditioned media from Nthy-ori-3-1. Cells were synchronized
for 24 hrs. by starvation, followed by indicated treatments for 24 hrs. Soluble HVEM was
detected in the conditioned media by ELISA. Bars represent mean+SEM from n=3 biological
replicates. One-way ANOVA with a Tukey’s posttest was used to determine statistical
significance. *p<0.05
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Figure 39. IL-8 and TNFo. mediated regulation of ADAM17 in ATC cell lines. Cells were
synchronized by starvation for 24 hrs followed by the indicated treatments for 24 hrs.
Western blot was conducted from whole cell-lysate for expression of ADAM17. Bars
represent meaniSEM from n=3 biological replicates. One-way ANOVA with a Tukey’s
posttest was used to determine statistical significance.
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*|FNy induces HVEM, BTLA and CD160 expression at the transcript level in ATC cell lines

IFNy is one of the most prominent pro-inflammatory cytokines secreted by immune cells,
such as CD8+ T lymphocytes (CTLs) following antigen stimulation of T cell receptor (TCR), Th1
polarized CD4+ T helper cells, NKT cells, macrophages and some other types of immune cells
that are highly relevant in cancer. Malignant cells take advantage of the homeostatic
pathways induced by IFNy and attenuate the anti-tumor immune response. More than 200
genes are induced by IFNy, including but not limited to PD-L1, PD-L2, IDO1 and CTLA-4. These
are some of the crucial players involved in cancer cell - immune evasion (Mimura et al.,
2017)(Minn & Wherry, 2016). Our previous immunohistochemical studies confirmed
infiltration of both CD8* and C4* T cells in ATC tissues. Previous studies from our laboratory
has confirmed a mixed infiltration of M1 and M2 macrophages in ATC. A low level of IFNy is
often present in tumor microenvironment because of a pre-existing non-productive immune
response against the tumor or forced by therapeutic intervention. This is often associated
with development of adaptive resistance in tumor cells (Topalian et al., 2015). Since we have
already seen that anaplastic thyroid cancer microenvironment has infiltration of IFNy-
secreting immune cells, we hypothesized that IFNy might be inducing the expression of these
immune checkpoint molecules in the tumor cells contributing to the development of immune

evasive phenotype.

In order to test this hypothesis, we first wanted to examine if the cell lines are IFNy sensitive.
Western blot was a better choice, because it could help us confirm activation of downstream
mediators of IFNy signaling pathway. ATC cell lines HTh74 and SW1736 were treated with 5,

10 and 20ng/ml of IFNy for 24 hrs. Whole cell lysate was prepared and western blot was done
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for the expression of IRF1, and pSTAT1 in the cell lines. We observed induction of pSTAT1 and
IRF1 after IFNy treatment in both the cell lines (Fig 40 A-C) confirming that these cell lines
were sensitive. Since this was just a confirmation of IFNy sensitivity, this experiment was
performed just once. Next, we wanted to assess the effect of IFNy treatment on the
expression level of HVEM, BTLA and CD160 in the ATC cell lines. We treated the cell lines with
indicated concentrations of IFNy for 24 hrs and isolated RNA after the stipulated period. PD-
L1 was also included in the assay as a positive control, since it is already well established as a
IFNy inducible gene (Chen et al., 2012; Mojic et al., 2018). The expression level of each gene
was compared to the untreated group and log2 of fold changes were used for plotting the
graph. We observed an upregulation in the transcript level of HVEM, BTLA, and PD-L1 in both
the cell lines (Fig 41 A-H). Interestingly, we observed more than a 2-fold upregulation in
HVEM with both 5 and 10 ng/ml IFNy in SW1736 (Fig 41 A). More than 2-fold increase was
observed in case of BTLA in SW1736. CD160 was induced upon treatment with 5ng/ml IFNy,
which subsequently declined with 10ng/ml of IFNy treatment. This is congruent with reports
on upregulated IRF2 after IFNy signal transduction, which in turn negatively regulates
expression of interferon gamma receptor 1 (IFNGR1) in cancer cells leading to loss of
sensitivity towards IFNy (Wang et al., 2008). Similar induction pattern was observed in PD-L1.
A distinct induction pattern was observed in case of HTh74 (Fig 42). We observed more than
7-fold induction of HVEM at both the concentrations of IFNy in this cell line, whereas only a
marginal induction was observed in BTLA. Dramatic increase in PD-L1 was observed in both
the cases. However, induction of CD160 was not observed in HTh74. This points towards

unigue mechanism of regulation of the genes in each cell line. Next, we wanted to assess if
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IFNy induces surface expression of HVEM in ATC. For this, we treated HTh74 with 5ng/ml IFNy
for 48 hrs. and conducted flow cytometry for surface expression of HVEM. IFNy treatment
caused a significant increase in HVEM positive cells and mean fluorescent intensity of HVEM

(Fig 43).

Conclusion: Our study suggested that inflammatory cytokines TNFo, and IL-8 modulate
expression of HVEM in anaplastic thyroid cancer cell lines. Also, ATC cell lines secrete this
immunomodulatory protein which might be mediated by a metalloprotease ADAM17. We
also confirmed that HVEM, BTLA and CD160 have IFNy inducible gene expression in ATC cell
lines SW1736 and HTh74. Increase in surface expression of HVEM in HTh74 in response to
IFNy stimulation suggests a probable mechanism of development of adaptive resistance in
ATC under the pressure of an inflammatory immune microenvironment. Interestingly,
ADAM17 is also an IFNy inducible protein, which might suggest a possibility of increased
solubilization of HVEM in the presence of all these pro-inflammatory cytokines. Overall, our
findings suggest a complex interplay between the immunomodulatory molecules on ATC cells

and the pro-inflammatory cytokines IL-8, TNFa and IFNy.
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Figure 40. IFNy sensitivity of HTh74 and SW1736. Cells were synchronized by starvation
for 24 hrs followed by the indicated treatments for 24 hrs. Western blot was conducted
from whole cell-lysate for expression of pSTAT1, STAT1 and IRF1 (A). Relative band
intensity of pSTAT1 (B) and IRF1(C).
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Figure 41. IFNy inducible gene expression of HVEM, BTLA, CD160, and PD-L1 in ATC cell
lines. Cells were synchronized by starvation for 24 hrs followed by the indicated treatments
for 24 hrs. Total RNA was isolated and gRT PCR was conducted for expression of HVEM (A),
BTLA (B), CD160 (C) and PD-L1 (D). Bars represent meantSEM from n=3 biological
replicates. One-way ANOVA with a Tukey’s posttest was used to determine statistical
significance. *p<.05, **p<.01, ***p<.001, ****p<.0001
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Figure 42. IFNy inducible gene expression of HVEM, BTLA, CD160, and PD-L1 in ATC cell lines.
Cells were synchronized by starvation for 24 hrs followed by the indicated treatments for 24
hrs. gRT PCR was conducted from RNA for expression of HVEM (A), BTLA (B), CD160 (C) and
PD-L1 (D). Bars represent mean+SEM from n=3 biological replicates. One-way ANOVA with a
Tukey’s posttest was used to determine statistical significance. **p<.01, ***p<.001,
***kn< 0001
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Figure 43. IFNy inducible surface expression of HVEM in ATC cell line HTh74. Cells were
synchronized by starvation for 24 hrs. followed by the indicated treatment for 24 hrs.
Flow cytometry was conducted for surface expression of HVEM. Bars represent
meanxSEM from n=3 biological replicates. One-way ANOVA with a Tukey’s posttest was
used to determine statistical significance. *p<.05
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2aiv) Examine the implications of HVEM/LIGHT interaction in anaplastic thyroid cancer
Rationale: Our previous experiments confirmed expression of immunomodulatory molecule

HVEM in the anaplastic thyroid cancer cell lines. Given the fact that this is a highly
inflammatory cancer and there is an abundance of pro-inflammatory cytokines in the TME,
we wanted to assess if HVEM plays any tumor intrinsic role in ATC. Upon interaction with its
TNFSF ligand LIGHT, HVEM transduces a stimulatory signal in HVEM expressing immune cells
leading to proliferation, activation and cytokine secretion via upregulation of NFkB and AP-1
transcription factors (Marsters et al., 1997). NFkB is an extremely crucial transcription factor
involved in myriads of pro-tumorigenic processes. Interestingly, members of TNFR
superfamily are identified as activators of JINK and p38 MAP kinase signaling pathways which
are collectively named stress-activated MAP kinases. Activation of these kinases culminates
in enhanced cellular proliferation in tumor cells. We wanted to see if HVEM/LIGHT interaction

triggers this signaling in ATC cell lines which might support tumor cell proliferation.

aiv) HVEM/LIGHT interaction triggers stress activated MAP kinases and increases level of

phosphorylated IkBa in ATC cell lines

ATC cell lines SW1736, T238 and 8505C and normal thyroid epithelial cell line Nthy-ori-3-1
were cultured up to 60% confluence level and they were serum starved for 24hrs. Following
starvation, they were treated with 100ng/ml of recombinant human LIGHT (rhLIGHT) for 24
hrs. in a humidified incubator with 5% CO, Whole cell lysate was prepared from the cells and
western blot was conducted for expression of pJNK, p-c-Jun, JunD, plkBa, p-P38 MAPK and
ADAM17. Induction of stress related MAPK was observed in all 3 ATC cell lines, but not in

Nthy-ori-3-1. Significantly higher pJNK and JunD were observed in the rhLIGHT treated group
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in SW1736 (Fig 44 B, E — middle panel). rhLIGHT treated SW1736 had significantly higher level
of phosphorylated IkBa compared to untreated group (Fig 44 A — middle panel) which was
consistent in both T238 and 8505C (Fig 44 A — first and third panel). This trend was observed
in Nthy-ori-3-1 also but was not consistent for all biological replicates and did not reach
statistical significance (Fig 44 A, last panel). An increase in the level of JunD was observed in
SW1736, but not in T238 and 8505C (Fig 44E). Relative band intensities were calculated, and
data were plotted (Fig 45). Phosphorylated lkBa results in its ubiquitination-mediated
degradation leading to nuclear translocation of NFkB. Since we observed higher level of
phosphorylated IkBa after treatment with rhLIGHT, we wanted to evaluate nuclear
translocation of NFkB. We followed the same experimental procedure as before and treated
Nthy-ori-3-1 and 8505C with rhLIGHT for 24 hrs. Following the treatment, nuclear and
cytoplasmic fractions were isolated, and lysates were prepared. Western blot was conducted
with the lysates for evaluation of NFkB expression. Expression was normalized to
housekeeping proteins GAPDH and lamin B1. An increase nuclear accumulation of NFkB was

observed after treatment with rhLIGHT in ATC cell line 8505C, but not in Nthy-ori-3-1 (Fig 46).

Conclusion: Interaction of HVEM with its cognate ligand rhLIGHT triggers differential
activation of stress induced MAPKs in anaplastic thyroid cancer cell lines. Also, we observed

nuclear translocation of NFkB on treatment with rhLIGHT in ATC cell line 8505C.
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Figure 44. Activation of stress related MAPK on rhLIGHT treatment in ATC cell lines. Cells were
synchronized by starvation for 24 hrs followed by the indicated treatment for 24 hrs. Whole
cell lysate was prepared and western blot was conducted for expression of IkBa (A), JNK (B),
c-Jun (C) and P738 MAPK (D). Representative image from n=3 biological replicates
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Figure 45. Relative expression of stress related MAPKs, plkB and ADAM17 upon LIGHT treatment.
Cells were synchronized by starvation for 24 hrs. followed by the indicated treatment for 24 hrs.
Whole cell lysate was prepared and western blot was conducted for expression of the proteins. Bars
represent mean+SEM from n=3 biological replicates. One-way ANOVA with a Tukey’s posttest was
used to determine statistical significance. *p<.05,**p<.01, ***p<.001
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Figure 46. Nuclear translocation of NFkB on rhLIGHT treatment in 8505C and Nthy-ori-3-
1.Western blots of nuclear and cytoplasmic extracts derived from thyroid cancer cells treated with
rhLIGHT for 24 hours. GAPDH served as a loading control for cytoplasmic extracts, whereas, Lamin
B1 was used as a loading control for nuclear extracts. The graphical representation of the optical

density is below the western blots. (n=2)
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Specific aim 2b: Examine possible tumor intrinsic function of HVEM in anaplastic thyroid
cancer
EXPERIMENTAL DESIGN: Previous findings suggest a possible role of HVEM in supporting pro-

tumorigenic signaling pathways in the presence of an inflammatory microenvironment. Next,
we wanted to assess if HVEM has any tumor intrinsic function. We generated stable HVEM-
knockdown 8505C by CRISPRI. Five 20 nucleotides long single guide RNAs targeting the
promoter of HVEM were designed and cloned into CRISPRi plasmid (Gilbert et al., 2014) Any
sg RNA targeting more than one site was discarded from the initial list. sgRNA cassettes were
generated by PCR, using the forward and reverse primer. The PCR product was purified using
a PCR purification kit and the concentration of DNA was measured using nanodrop. The PCR
products were digested using Bsmbl and the CRISPRi vector backbone was also digested
separately. The products were ligated using T4 DNA ligase using the manufacturer’s protocol.
One Shot TOP10 chemically competent E. coli cells were transformed with the ligation mix.
For generation of lentiviral particles, HEK293 cells were co-transfected with sgRNA-ligated
CRISPRi backbone plasmid (Addgene#p71237), the packaging plasmids pVSVg
(Addgene#1733) and psPAX2 (Addgene#12259). Lentiviral particles were harvested from the
cell culture media and filtered through 0.45um PES filters. This supernatant was added to
8505C and GFP expressing cells were sorted after 48 hrs. the sorted cells were expanded
further and seeded for experiment. HVEM level was checked before and after sorting. 5000
cells were seeded/well of a 24 well dish and they were cultured in complete medium in
humidified incubator with 5% CO- for two weeks. Number of colonies were counted in each
well and compared to non-specific control. For invasion assay, 2.5 X 10% cells were seeded in

each well of Matrigel coated invasion chamber with a pore size of 0.8um and cultured in
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humidified incubator with 5% CO; for 8hrs. and percentage of invaded cells out of total

number of migrated cells was calculated.

2bi)  Knockdown HVEM in ATC cell line by CRISPRi
Rationale: With increasing knowledge on the immune checkpoint molecules and their

mechanism of actions, it has become more evident that these molecules are expressed on a
substantial fraction of tumor cells in different kinds of tumors. It was believed that the
primary function of tumor cell-associated immune checkpoint molecules would be the
modulation of antitumor immune responses aiding in the process of immune escape. Over
past few years however, it has become evident that the expression of immune checkpoint
molecules on tumor cells has significant consequences on the tumor- physiology also.
Expression of these molecules have been proven to play fundamental role in development of
malignant traits (Dong et al., 2018; Marcucci et al., 2017; Meng et al., 2018; Xiong et al., 2019;
Zhou et al., 2018). Our previous findings on high tumor cell expression of HVEM, BTLA and
CD160 both in vitro and in clinical samples suggested the possibility of tumor intrinsic role of
this protein. We wanted to conduct some preliminary investigation to see if ablation of HVEM

affects the tumorigenic potential of ATC cell line 8505C in any way.

bi) CRISPRi successfully knocked down HVEM in ATC cell line 8505C

Among the five guides that were designed initially, we followed up guide RNA 3 for our
experiments. Similar results were obtained with guide RNA 2. Total RNA was isolated from
the cells and qRT PCR was performed for expression of HVEM. Since, this was a qualitative
assessment, experiment was not performed in biological triplicate. We observed a 100-fold
reduction in level of HVEM transcript in HVEM knockdown cells (HVEM*P 8505C) compared
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to the scrambled control (NS.1) (Fig 47). No change in cellular morphology was observed in
the knockdown cells. There was no indication of cellular stress also. Both the transgenic cell
lines had higher proliferation index compared to wild type 8505C, which can be explained by
the fact that, during expansion of our transgenic cells, the highly proliferative cells with higher

translational potential were selected for.

Conclusion: HVEM was successfully stably silenced in 8505C by CRISPRi technique.
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Figure 47. CRISPRi mediated stable knockdown of HVEM in 8505C. RNA was isolated from
WT 8505C, 8505C transduced with scrambled control (NS.1) and HVEM*P 8505C transduced
with HVEM promoter specific guides sg2 and sg3. qRT PCR was done for the expression of
HVEM. Data was normalized to WT 8505C. Bars represent mean+SEM from n=3 biological
replicates. One-way ANOVA with a Tukey’s posttest was used to determine statistical
significance. ****p<.0001
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2bii)  Assess the tumorigenicity profile by colony formation assay and invasion assay
Rationale: Anaplastic thyroid cancer has an extremely aggressive phenotype which is

associated with increased rate of proliferation and metastatic potential. Our previous studies
pointed to the fact that HVEM is capable of transducing proliferative signals in the ATC cell
lines upon interacting with its cognate ligand LIGHT via upregulation of stress induced MAPKs,
such as JNK, c-Jun, P38 MAPK and Jun D. HVEM/LIGHT interaction also seemed to trigger
nuclear translocation of NFkB in 8505C which is germane to any metastatic or proliferative
process. A reciprocal relationship has been reported between immune checkpoint proteins
and development of malignant traits, such as EMT (Taube et al., 2010). We wanted to conduct

some preliminary experiments to test potential tumor-intrinsic function of HVEM in ATC cells.

2bii.i)  HVEM knocked down 8505C (HVEM*P 8505C) has reduced colony forming capacity
5000 cells were seeded in each well of a 24 well dish and cultured for 14 days in complete

media. Number of colonies with at least more than 50 cells were counted in each well. The
assay was conducted with three biological replicates. HVEMXP 8505C had reduced colony
forming capacity. Surprisingly, though HVEMXP 8505C had a 6% increase in their proliferation
potential, the number of colonies were significantly lower and of smaller size compared to
wild type 8505C or 8505C with scrambled control. Number of colonies were counted/well for

analysis (Fig 48).

2bii.ii) HVEM*P 8505C has reduced invasive potential
In order to assess the invasion potential of the HVEMKP 8505C, we conducted Matrigel

invasion assay. This assay provides an excellent in vitro system to study cellular invasion.
Invasion chambers coated with Matrigel matrix provide the cells with the settings that allow

assessment of their invasive capacity in vitro. Matrigel matrix serves as a reconstituted
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basement membrane in vitro, occluding the pores of the membrane and blocking non-
invasive cells from migrating through the membrane. In contrast, invasive cells like malignant
cells secrete proteases that enzymatically degrade the Matrigel matrix and enable invasion
through the membrane pores. Invasion chambers with a pore size of 0.8uum was used for this
assay. Cells were cultured to 70 to 80% confluence before to sub-culturing into the Matrigel
coated trans well. The chambers were coated with Matrigel and 2.5 X 10% cells were
seeded/well. Cells were cultured for 8 hrs. Following the culture, cells were fixed and stained
with 1% Toluidine Blue in 1% borax and counted. Four fields were counted per well in all the
replicates. Quantification was done using Image J software. A 20% reduction in the number

of invaded cells was observed in the HVEMXP 8505C compared to the control (Fig 49).

Conclusion: Taken together, our preliminary studies suggest that HVEM might be involved in
certain pro-tumorigenic processes such as, cellular proliferation and maintenance of invasive

phenotype in ATC cell line 8505C.
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Figure 48. Colony formation assay in HVEMXP 8505C. 5000 Cells were seeded in each well
of a 24 well dish and cultured for 14 days in complete media. Number of colonies were
counted in each well. Bars represent mean + SEM from n=3 biological replicates. One-way
ANOVA with a Tukey’s posttest was used to determine statistical significance. ***p<0.001
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Figure 49. Matrigel invasion assay with HVEM P 8505C. 2.5 X 104 cells were seeded/well
of Matrigel coated trans-well inserts in serum starved media and complete growth media
with 10% FBS was used as a chemoattractant in the bottom wells. Cells were cultured for
8 hrs. followed by fixation and staining as described above. Quantitative data is expressed
relative to invasion ability of 8505C transfected with scrambled control. bars represent
mean +/-SEM from N=3 biological replicates. Student's t test was used to determine
statistical significance.
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Summary

Anaplastic thyroid cancer and aggressive variants of papillary thyroid cancers have
significantly higher amount of tumor infiltrating T lymphocytes, among which more
than 80% are CD8* T cells

The immune microenvironment in ATC and aggressive PTC has a mix of
immunosuppressive and pro-inflammatory microenvironment with abundant
expression of IL10, IDO1 and IL17.

Pro-inflammatory cytokines TNFo, IL-8 and IFNy modulates expression of
immunomodulatory molecule HVEM and is associated with its solubilization

The interaction between HVEM and its cognate ligand LIGHT induces stress activated
MAPK mediators in ATC cell lines

HVEM/LIGHT interaction leads to an increase in the level of plkBa and nuclear
translocation of NFkB in ATC cell line 8505C

CRISPRI efficiently silenced HVEM in a stable manner in 8505C without inducing any
cellular stress or change in cellular morphology

HVEM might have some potential role in cellular proliferation in ATC which is
evidenced by reduced colony forming ability of HVEMP 8505C

Reduced invasive potential in HVEMXP 8505C suggested that HVEM might play some

role in maintenance of invasive characteristics in ATC
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Conclusion

Tumor immune contexture in ATC confirms a T cell inflamed microenvironment with a combination
pro and anti-inflammatory cytokine milieu and HVEM expression in ATC is closely interlinked with
pro-inflammatory cytokines IL-8, TNFo. and IFNy. HVEM fundamentally supports tumorigenesis and
its interaction with the cognate ligand LIGHT triggers activation of tumor associated MAPK signaling

in ATC.
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Specific aim 3: Examine the feasibility of a combinatorial therapeutic approach with MEK
inhibitor and antagonistic antibodies in ATC

EXPERIMENTAL DESIGN: Like most of the malignancies, ATC is also accompanied with
multiple genetic lesions among which BRAFV600E the third most common after TERT and
P53. Presence of this genetic lesion makes ATC patients suitable candidates for BRAFV600E
directed targeted therapy with small molecule inhibitors. We wanted to evaluate the effect
of the BRAFV600E directed kinase inhibitor — Vemurafenib or PLX4032 on expression of
immunomodulatory molecules in ATC cell lines. In order to do this, we treated the thyroid
cancer cell lines with 10uM PLX4032 and looked for the expression of 25 immunomodulatory
molecules by gqRT PCR. Next, we assessed the expression of the molecules of interest at
protein level, by western blot and immunocytochemistry. Unfortunately, acquired resistance
to this drug is inevitable and often reported. In order to emulate the resistance scenario, we
generated PLX4032 resistant ATC cell lines T238r and SW1736r over 8 months by a process
of dose escalation. Expression of the immunomodulatory molecules of interest were
evaluated by qRT PCR in both PLX4032 — sensitive and resistant cell lines. Surface expression
of HVEM was assessed by flow cytometry. Activation of compensatory signaling molecules
responsible for MAPK pathway reactivation was evaluated by western blot. Next, we
combined MEK inhibitor Trametinib in the treatment module and evaluated surface
expression of the immunomodulatory molecules in ATC cell lines under a combinatorial
therapeutic scenario. Since the immunomodulatory molecules of our interest are T cell
activation induced, we conducted a tumor cell — PBMC co-culture study to evaluate the
immune activation of T cells by ATC.
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3a. Evaluation of the effect of vemurafenib on the expression of immunomodulatory
molecules in thyroid cancer cell lines
Rationale: Vemurafenib is a widely used anti-cancer drug that targets constitutively active

BRAFV600E. Unfortunately, reports of acquired resistance are extremely common.
Interestingly, most of the studies on resistance mechanism against PLX4032 focus on
reactivation of MAPK pathways during development of resistance, but there is a paucity of
studies characterizing immunological implications of this treatment and their contribution to
development of therapeutic resistance from the perspective of tumor cells. BRAFV600E
inhibition-induced upregulation of PDL1 in tumors of patients with metastatic melanoma
have been reported (Frederick et al., 2013). Owing to the extremely refractory nature of ATC,
we wanted to evaluate possible immunological implications of this drug on a panel of thyroid
the cancer cell lines in the context of expression of immunomodulatory molecules. ATC cell
line 8505C, T238, SW1736 and PTC cell line BCPAP and K1 were positive for BRAFV600E and
the rest had wild type BRAF. TPC-1 had RET/PTC translocation which is often implicated in

hyperactive MAPK signaling.

a.1 Vemurafenib treatment modulates expression of multiple immunomodulatory molecules
including HVEM, BTLA and CD160 in thyroid cancer cell lines at transcript level
In order to evaluate the possible immunomodulatory effect of PLX4032 on the thyroid cancer

cells, we treated our thyroid cancer cell line panels with 10uM PLX4032 following 24hrs.
serum starvation. Representative image of cell cycle synchronization is depicted in figure 50
(A-B). Tumor cells are inherently heterogeneous in nature and cells are usually at different
phases of cell cycle. We knew complete synchronization is not possible in cancer cells by
serum starvation as they can still carry on division without external growth stimuli. Since we

wanted to discern the specific effect of vemurafenib treatment, we did not want to introduce
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any additional toxicity by hydroxyurea or nocodazole treatment before treatment with
vemurafenib. Serum starvation protocol followed in the experiments were standardized in
our lab previously. RNA was isolated from the cells after PLX4032 treatment and gRT PCR was
conducted for expression of CD27, CD30, OX40, TIM1, 4-1BB and DR3 among the co-
stimulatory molecules and CTLA4, PD-1, PD-L1, LAG3, 2B4, CD160, BTLA, LAIR1, VISTA and
TIM3 among the co-inhibitory or immune checkpoint molecules. Interestingly, while most of
the molecules were downregulated after PLX4032 treatment, CD160, BTLA, TIM3, 2B4 and
VISTA were upregulated in 8505C after PLX4032 treatment (Fig 51A). CD160 and BTLA both
are ligands of HVEM and can transduce an inhibitory signal in the T cells upon interaction.
BTLA is increasingly being appreciated in the field of immuno-oncology as a potential target
for development of new immunotherapeutic drugs. Anti-BTLA antibodies are in clinical trial
for metastatic unresectable solid tumors (NCT04137900). Interestingly, TIM3 and VISTA were
also upregulated in PTC cell line TPC-1(Fig 51B) and FTC cell line CGTH-W-1(Fig 52A).
Upregulation of BTLA was observed only in 8505C and CGTH-W-1. Except for DR3, all the
immunomodulatory molecules were downregulated in PTC cell line BCPAP (Fig 52B). TIM3 is
an immunoglobulin superfamily receptor which has four ligands, including galectin-9 (Gal-9),
carcinoembryonic antigen cell adhesion molecule 1 (CEACAM-1), high-mobility group protein
B1 (HMGB1), and phosphatidylserine (PS). Tim-3 expression on CD8* TILs is often linked with
PD-1 expression. Tim-3* PD-1* CD8* T cells represent a “deeply” exhausted T cell population
as compared to just PD-1* positive CD8+ T cells. High levels of Tim-3 expression on CD8+ T
cells have been associated with a poor prognosis for tumor progression. Also, TIM3/Galectin

9 interaction triggers exhaustion in TIM3 expressing T cells. TIM3 and galectin 9 have been
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reported to have a cis interaction and active autocrine loop in human myeloid leukemia stem
Cells which drives leukemic progression (Kikushige, 2016). We wanted to confirm this
observation in other ATC cell lines also, and for that, we conducted the same treatment in
T238, SW1736 and HTh74. We also treated another PTC cell line K1. 8505C, T238, SW1736
and K1 had BRAFV600E mutation. We included HTh74 to discern any differential effect
PLX4032 might have between BRAFV600E positive and negative ATC cell lines. For this
assessment, we looked at five genes including the ones that displayed upregulation in our
previous experiment — CD160, BTLA, TIM3, HVEM and LGALS9B. We observed the same trend
of upregulated BTLA, CD160, TIM3 in T238, SW1736, K1 and HTh74 (Fig 53A-D). Interestingly,
HVEM and galectin 9 were also upregulated in T238, SW1736 and K1 (Fig 53A-C), but not in

HTh4 (Fig 53D).

a.2 Vemurafenib does not have any impact on the expression of HVEM or BTLA proteins in
ATC
10,000 cells were seeded/well an eight-chamber slide and cultured overnight in complete

growth media. They were starved for 24 hrs. in serum free media and treated with either
vehicle or 10uM PLX4032 for 24 hrs. Cells were fixed with 4% paraformaldehyde and
permeabilized with Triton X. Immunofluorescence was conducted for the expression of HVEM
and BTLA proteins. We did not observe any change in level of HYEM, BTLA and TIM3 in ATC
cell lines (Fig 54-57). Whole cell lysate was prepared from the same treatment groups and

western blot was conducted for the expression of HVEM, BTLA, TIM3 and LGALS9B (Fig 58).
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Conclusion: BRAFV600E inhibitor vemurafenib or PLX4032 induces upregulation of
immunomodulatory molecules in thyroid cancer cell lines at transcript level. Transient
treatment with vemurafenib does not change the expression of these proteins in the cells.
This points towards induction of an immunosuppressive molecular signature in ATC during
treatment with PLX4032. This type of immunosuppressive environment usually correlates
with worse clinical outcomes. This phenomenon supports the rationale for monitoring
immune profile of the patients alongside clinical course and clinical responses to treatments
and tailor the therapeutic regimen based on the patient-specific molecular and immune

signature.
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Figure 50. Representative image of cell cycle synchronization in SW1736 after 24hrs.
of serum starvation. Cells were cultured in complete growth media up to 60-70%
confluence and cultured for another 24 hours in clear RPMI with 2% charcoal stripped
FBS. Cells were fixed with ice cold 70% alcohol for at least 2 hours and stained with
DAPI for DNA content analyses.
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Figure 51. Effect of PLX4032 on expression of immunomodulatory molecules in ATC. Cells
were grown up to 60-70% confluence and serum starved for 24 hrs. Following starvation,
cells were treated with 10pM PLX4032 for 24 hrs. Same concentration of DMSO was used as
vehicle control. Total RNA was isolated, and levels of the indicated immunomodulatory
molecules were determined by gRT PCR in 8505C (A) and TPC-1 (B). Mean + SEM from n=3
biological replicates. One-way ANOVA with a Tukey’s posttest was used to determine
statistical significance.
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Figure 52. Effect of PLX40320n expression of immunomodulatory molecules in FTC and PTC.
Cells were grown up to 60-70% confluence and serum starved for 24 hrs. Following
starvation, cells were treated with 10uM PLX4032 for 24 hrs. Same concentration of DMSO
was used as vehicle control. Total RNA was isolated, and levels of the indicated
immunomodulatory molecules were determined by qRT PCR in CGTH-W-1 (C) and BCPAP
(D). Mean + SEM from n=3 biological replicates. One-way ANOVA with a Tukey’s posttest
was used to determine statistical significance.
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Figure 53. PLX4032-mediated modulation of HVEM, BTLA, CD160, TIM3 and LGALS9B in
thyroid cancer cell lines. Cells were grown up to 60-70% confluence and serum starved for
24 hrs. Following starvation, cells were treated with 10uM PLX4032 for 24 hrs. Same
concentration of DMSO was used as vehicle control. Total RNA was isolated, and levels of the
indicated immunomodulatory molecules were determined by qRT PCR in T238 (A), SW1736
(B), K1 (C) and HTh74 (D). Bars represent mean + SEM from n=3 biological replicates. One-
way ANOVA with a Tukey’s posttest was used to determine statistical significance. ***p<.001
*Hx*p<.0001
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3b. Evaluation of the expression profile of the immunomodulatory molecules in vemurafenib-
resistant ATC cell lines
Rationale: BRAFV600E mutation is closely associated with aggressive clinical and pathologic

features of thyroid cancer such as lymphatic metastases, extrathyroidal capsular invasion,
advanced clinical stage, recurrence, and morbidity. From our previous studies, we have
confirmed the expression and complex regulation of immunomodulatory molecules in ATC at
basal level and in a pro-inflammatory immune microenvironment respectively. We have also
observed a cause and effect relationship between the small molecule inhibitor of BRAFV600E
and expression of immunomodulatory molecules in thyroid cancer cell lines at transcript
level. Since development of acquired resistance against PLX4032 has been reported in
multiple studies, including thyroid cancer, we wanted to see if the expression of

immunomodulatory molecules is subject to change during development of resistance.

b. PLX4032 resistant cell lines have significantly higher expression of immunomodulatory

molecules at transcript level and protein level

In order to emulate the scenario of acquired resistance, two ATC cell lines T238 and SW1736
were treated intermittently with escalating dose of PLX4032 over 7 months. The sensitive
cells were also cultured parallelly for the entire period and passaged the same number of
times as the resistant cells. The initial dose was 15uM and final dose was 30puM. SW1736
showed heightened tolerance to PLX4032 and were proliferative even at 60uM PLX4032. But
we chose 30uM as the maintenance concentration as this is already a physiologically high
concentration. We conducted all the experiments with 30uM as maintenance concentration.

The development of resistance was confirmed by higher ICsp values against the drug (Fig 59).
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PLX4032 resistant T238 had almost three times higher 1Cso value compared to its PLX4032 -
sensitive version. SW1736 had more than 10 times the ICsp value compared to its PLX4032 -
sensitive version. This was observed during the induction phase as well. SW1736 had
inherently higher resistance against PLX4032 as we observed higher drug tolerance in
SW1736 during the treatment. Western blot analyses confirmed higher basal expression
pCRAF in the resistant cell lines which partially suggests compensatory mechanism for
reactivation of MAPK pathway in response to BRAF inhibition, triggering hyperactive ERK in
them (Fig 60). Both resistant and sensitive cells were treated with 15 and 30uM PLX4032
following 24 hrs. of serum starvation. Whole cell lysate was prepared, and western blot
analyses confirmed higher level of pMEK and pERK in both the resistant cell lines even at a
concentration of 30uM which was enough to ablate their expression in the sensitive
phenotype (Fig 61). Total RNA was isolated from both PLX4032 sensitive and resistant T238
and SW1736 and qRT PCR was performed for the expression of HVEM, BTLA, CD160, TIM3,
LGALS9B (galectin 9) and PD-L1. Dramatically higher expression of the immunomodulatory
molecules was observed in PLX4032 resistant cell lines compared to their sensitive
counterpart (Fig 62). In order to assess the surface expression, flow cytometry was performed
with the resistant cell lines for expression of HVEM, BTLA and CD160. PLX4032 resistant T238
had significantly higher expression of HVEM compared to its sensitive counterpart and
PLX4032 resistant SW1736 had significantly higher surface expression of all three proteins
(Fig 63). The proportion of cells positive for expression of these immunomodulatory

molecules were almost double in the resistant phenotype compared to normal.
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Conclusion:

Acquired resistance to PLX4032 or vemurafenib is associated with increased expression of
HVEM, BTLA, CD160, TIM3 and LGALS9B in BRAFV600E positive ATC cell lines at transcript
level. Resistance-associated increase in surface expression of HVEM suggests an increased
immunomodulatory potential of the PLX4032 resistant ATC cells in the tumor

microenvironment which might support immune evasion.
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Figure 59. Induction of PLX4032 resistance in ATC cell lines. Two ATC cell lines T238 and
SW1736 we cultured in complete growth media containing PLX4032 over 7 months in a
dose escalation setting. The initial concentration was 15uM and the final concentration was
30uM. SW1736 had stronger resistance to PLX4032. For T238 and SW1736, 8000 and
10,000 cells were seeded/well of a 96 well dish respectively. Cells were treated with
different concentrations of PLX4032 ranging from 2.5uM to 320uM and XTT assay was

performed to determine ICsp values.
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Figure 60. Activation of compensatory pathways in PLX4032 resistant ATC cell lines leading to
hyperactivation of ERK. PLX4032 resistant ad sensitive T238 and SW1736 were cultured in
complete growth media up to 70% confluence. Whole cell lysate was prepared, and western
blot was performed for expression of pCRAF, pMEK and pERK. Data representative of N=3
biological replicates. T238r: PLX4032 resistant T238; T238s: PLX4032 sensitive T238;
SW1736r: PLX4032 resistant SW1736; SW1736s: PLX4032 sensitive SW1736. Student’s t test
was performed to evaluate statistical significance. *p<.05, **p<.01, ***p<.001
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Figure 61. PLX4032 resistant ATC cell lines are characterized by hyperactivated MEK
and ERK at higher concentrations of PLX4032. PLX4032 resistant and sensitive T238
and SW1736 were cultured in complete growth media up to 60% confluence. Cells
were serum starved for 24hrs. followed by treatment with indicated dosages of
PLX4032 for 24 hrs. Whole cell lysate was prepared and western blot was performed
for expression of MEK and ERK. Data representative of N=3 biological replicates.
T238r: PLX4032 resistant T238; T238s: PLX4032 sensitive T238; SW1736r: PLX4032
resistant SW1736; SW1736s: PLX4032 sensitive SW1736
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Figure 62. Higher expression of immunomodulatory molecules in vemurafenib (PLX4032)
resistant ATC cell lines. PLX4032 resistant and sensitive T238 and SW1736 were grown in
complete growth media up to 70% confluence and total RNA was isolated. qRT PCR was
conducted for the expression of HVEM, BTLA, CD160, TIM3 and galectin 9 (LGALS9).
Expression levels were compared to normal thyroid epithelial cell line Nthy-ori-3-1.
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Figure 63. Higher surface expression of HVEM, BTLA and CD160 in Vemurafenib (PLX4032)
resistant ATC cell lines. Flow cytometry was conducted on unpermeabilized PLX4032 -
sensitive and PLX-4032-resistant T238 and SW1736 for expression of HVEM, BTLA and
CD160. Bars represent mean + SEM from n=3 biological replicates. *p<0.05, **p<.01,
****p<.0001
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3c. Evaluation of the combined effect of MEKi and BRAFV60OE inhibitor on expression of these
molecules in thyroid cancer cells
Previous findings have already suggested expression of hyperactive MEK and ERK in PLX4032

resistant T238 and SW1736. MEK inhibitor Trametinib has been approved by FDA for
anaplastic thyroid cancer in combination with Dabrafenib which is a BRAFV600E inhibitor.
Immunological implications of this combination therapy are completely unknown in ATC. As
our previous studies indicated that prolonged PLX4032 treatment could induce resistance in
ATC cell lines and trigger dramatic change in expression profile of the immunomodulatory
molecules, we wanted to see if the combination therapy with a MEKi can help circumvent
this issue. Both sensitive and resistant T238 were treated with a combination of 15uM
PLX4032 and 400nM Trametinib. Surface expression of HVEM was assessed by flow
cytometry. A mild reduction in surface expression of HVEM was observed upon combination
of PLX4032 and Trametinib in the PLX4032 sensitive phenotype which was lost in the resistant
phenotype (Fig 64). Monotherapy with 15uM PLX4032 or 400nM Trametinib had no effect on
expression of HVEM in resistant T238. In case of SW1736, the same pattern was observed in
the resistant cells, however, we could see an intrinsically more resistant phenotype in
SW1736 sensitive cells from their lack of responsiveness to trametinib. This explains the
unusually high ICso values observed in the PLX4032 resistant SW1736 cells in our XTT assay.
When the treatment groups were compared parallelly between the PLX4032 sensitive and
resistant groups, we observed that the surface expression of HVEM was unaltered among
different treatment groups in the resistant phenotype and expression of HVEM was
significantly higher in them compared to the sensitive phenotype (Fig 65). This indicates that

these patients might be able to benefit from immune checkpoint blockade therapy targeting
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HVEM/BTLA axis. The lack of responsiveness to the combination therapy in the resistant cells
could be attributed to the activation of compensatory pathways like HGF/MET (Knauf et al.,
2018b) leading to the activation of transcription factors such as STAT3 which plays extremely

crucial role in expression of HVEM.

Conclusion: Combination therapy including BRAFV600E inhibitor PLX4032 and MEK inhibitor
trametinib has modest impact on expression of HVEM in the PLX4032 sensitive tumor cells.
However, once the cells acquire resistance against BRAFV600Ei, this combination therapy is
not sufficient to control the expression of HVEM and the patient might develop a unique and
unforeseen immune interaction at the tumor site. These patients might benefit from
additional intervention with antagonistic antibodies targeting interaction of HVEM with its

cognate co-inhibitory ligand BTLA on T cells in combination with small molecule inhibitors.
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Figure 64. Differential effect of BRAFV600E and MEK inhibitors on surface expression of HVEM in
PLX4032-sensitive and PLX4032-resistant T238 and SW1736. PLX4032 sensitive and resistant T238
and SW1736 were cultured up to 60% confluence and serum starved for 24 hrs. Subsequently, they
were treated with 15uM PLX4032 and 400nM Trametinib alone or in combination for 24 hrs. Flow
cytometry was conducted on unpermeabilized cells for expression of HVEM. Bars represent mean
+ SEM from n=3 biological replicates. One-way ANOVA with a Tukey’s posttest was used to

determine statistical significance.
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Figure 65. Persistent expression of HVEM upon combination treatment with PLX4032 and
trametinib. PLX4032 sensitive and resistant T238 and SW1736 were cultured up to 60%
confluence and serum starved for 24 hrs. Subsequently, they were treated with 15uM
PLX4032 and 400nM Trametinib alone or in combination for 24 hrs. Flow cytometry was
conducted on unpermeabilized cells for expression of HVEM. Bars represent mean + SEM
from n=3 biological replicates. One-way ANOVA with a Tukey’s posttest was used to
determine statistical significance.

178



Summary

e Transient treatment with BRAFV600E inhibitor vemurafenib or PLX4032 induces
differential upregulation in immunomodulatory genes in anaplastic thyroid cancer

e PLX4032 treatment does not modulate expression of HVEM, BTLA or TIM3 proteins
in thyroid cancer cells

e Adaptive resistance to PLX4032 is associated with hyperactive CRAF in resistant ATCs
leading to hyperactivation of MEK and ERK

e Adaptive resistance to PLX4032 induces further upregulation of immunomodulatory
molecules in anaplastic thyroid cancer with increased surface expression of HVEM

e Surface expression of HVEM becomes significantly higher once the cells acquire
resistance against PLX4032 or vemurafenib and this expression persists even after

the combination therapy with trametinib

Conclusion

Transient treatment with vemurafenib or PLX4032 upregulates expression of certain
immunomodulatory genes and a significantly higher constitutive surface expression of HVEM

persists in PLX4032 resistant cells upon combination therapy with BRAFV600Ei and MEKi
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OVERALL SUMMARY

Specific aim 1: Profiling of T cell co-stimulatory and immune checkpoint molecules resulted in the
identification of HVEM/BTLA/CD160 pathway as a putative immunotherapeutic target in ATC as

evidenced by the following observations:

¢ Thyroid cancer cell lines differentially express T cell co-stimulatory and immune checkpoint

molecules

e HVEM, BTLA, CD160, TIM3 and PD-L1 are significantly overexpressed in thyroid cancer cell lines

8505C, T238, Sw1736 and HTh74 compared to normal thyroid epithelial cells

e HVEM, BTLA, CD160 and TIM3 proteins are constitutively expressed in the thyroid cancer cell lines

and HVEM has the highest level of surface expression

¢ HVEM, BTLA and CD160 has abundant expression in follicular and parafollicular cells of thyroid

cancer tissues

*Membrane condensations of HVEM and BTLA on follicular cells of the ATC tissues suggests their

surface expression and possible involvement in immunomodulation in TME
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Specific aim 2: Tumor immune contexture in ATC confirms a T cell inflamed microenvironment with a
combination pro and anti-inflammatory cytokine milieu and HVEM expression in ATC is closely
interlinked with pro-inflammatory cytokines IL-8, TNFo. and IFNy. HVEM fundamentally supports
tumorigenesis and its interaction with the cognate ligand LIGHT triggers activation of tumor

associated MAPK signaling in ATC. This was evidenced by the following observations:

e Anaplastic thyroid cancer and aggressive variants of papillary thyroid cancers have
significantly higher amount of tumor infiltrating T lymphocytes, among which more

than 80% are CD8* T cells

e The immune microenvironment in ATC and aggressive PTC has a mix of
immunosuppressive and pro-inflammatory microenvironment with abundant

expression of IL10, IDO1 and IL17.

e Pro-inflammatory cytokines TNFa, IL-8 and IFNy modulates expression of

immunomodulatory molecule HVEM and is associated with its solubilization

e The interaction between HVEM and its cognate ligand LIGHT induces stress activated

MAPK mediators in ATC cell lines

e HVEM/LIGHT interaction leads to a moderate increase in the level of plkBo and

nuclear translocation of NFkB in ATC cell line 8505C
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e HVEM might have some potential role in cellular proliferation in ATC which is
evidenced by reduced colony forming ability of HVEMP 8505C
e Reduced invasive potential in HVEMXP 8505C suggested that HVEM might play some

role in maintenance of invasive characteristics in ATC

Specific aim 3: Transient treatment with vemurafenib or PLX4032 upregulates expression
of HVEM, CD160, BTLA, LGALS9B and TIM3 at transcript level and a significantly higher
constitutive surface expression of HVEM protein persists in PLX4032 resistant cells upon
combination therapy with BRAFV600Ei and MEKi trametinib. This was evidenced by the

following observations:

e Transient treatment with BRAFV600E inhibitor vemurafenib or PLX4032 induces
differential upregulation in immunomodulatory genes in anaplastic thyroid cancer

e PLX4032 treatment does not modulate expression of HVEM, BTLA or TIM3 proteins
in thyroid cancer cells

e Adaptive resistance to PLX4032 is associated with hyperactive CRAF in resistant ATCs
leading to hyperactivation of MEK and ERK and reactivation of MAPK pathway

e Adaptive resistance to PLX4032 induces further upregulation of immunomodulatory

molecules in anaplastic thyroid cancer with increased surface expression of HVEM
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e Surface expression of HVEM becomes significantly higher once the cells acquire
resistance against PLX4032 or vemurafenib and this expression persists even after

the combination therapy with trametinib
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CHAPTER 4: DISCUSSION:

ATC is refractory to current conventional therapeutic modalities
ATC is one of the deadliest human solid tumors that accounts for less than 2% of thyroid

carcinoma. It has a very rapid course of progression and it has extremely poor treatment
outcomes, accounting for 15-40% of TC related deaths (Corrigan et al., 2019; Ferrari et al.,
2020). According to American Thyroid Association, all ATCs are considered as stage T4.
Further classification depends primarily on extent of extrathyroidal involvement. At stage
IVA, the tumor is intrathyroidal. IVB represents tumor with gross extra thyroidal extension or
cervical lymph node metastases, and ATC with distant metastases is stage IVC (Hoang et al.,
2013). The main risk factors for ATC include age>65 years, a long-standing goiter and a history
of radiation exposure to the neck or chest. The primary factors contributing to the prognosis
are, age, sex, local tumor extension (T stage) and presence of distant metastasis (M stage).
Male patients over 65 years with extrathyroidal involvement usually have extremely poor

prognosis compared to patients without distant metastasis.

Diagnosis of ATC: A difficult clinical challenge
The histological diagnosis of ATC is extremely difficult. Histological variations are common

from patient to patient and intra-tumoral variations are also observed. These tumors usually
contain a heterogeneous mixture of spindled, epithelioid and pleomorphic giant cells among
which spindle-cells are most common followed by the giant cell pattern (Y. Nikiforov et al.,
2012). Immunohistochemical analyses for epithelial cell markers are commonly performed to
discern the cellular differentiation status. Usually a weak and focal immunoreactivity against

cytokeratin is observed in ATC. some other common markers used are thyroglobulin and TTF-
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1, both of which are negative in ATC. Thyroglobulin staining can be ambiguous in case of ATC,
since entrapment of normal follicular cells at the invasive front of the carcinoma is often
observed in ATC. The normal follicular cells often secrete thyroglobulin which diffuses into
the neoplastic cells leading to a false positive staining. The most frequent symptoms of ATC
are mostly related to its enlarged mass and the mechanical compression on surrounding
organs associated with it. Some of the most frequently observed symptoms are hoarseness,
cervical pain, dysphagia, dyspnea and stridor. Given the rapid progression of the disease, ATC
requires multimodal therapeutic approach by surgeons, radiation oncologists, and medical

oncologists.

Limited surgical options for ATC patients
First-line curative treatment includes surgical resection. External beam radiation therapy

(EBRT) with chemotherapy is generally administered postoperatively or utilized as definitive
therapy for unresectable cases (Huang et al., 2019; Sun et al., 2013). In general, patients with
intrathyroidal and extrathyroidal ATC without involvement of aerodigestive tracts are
considered for surgery, but patients with involvement of aerodigestive tracts are not even
considered for surgery according to ATA guidelines (Smallridge et al., 2012). Hence, surgery
in ATC patients is recommended only for patients at stage IVA and IVB disease and when
gross tumor resection (at least R1) can be achieved (Smallridge et al., 2012). However,
significant debulking of the tumor is associated with a dismal improvement in overall survival
of the patients though the reports are ambiguous because of heterogenous treatment

approaches taken post-surgery.
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Radioiodine ablation therapy (RAIT) and EBRT: Limited potential with grim outcome in ATC
For DTC, radioiodine therapy is the next choice of treatment following surgery. Since

expression of NIS is lost in ATC patients, they are precluded from this option and external
beam radiation therapy (EBRT) is the next choice of treatment which is often associated with
side effects such as redness of the skin, sore throat, dry mouth, altered taste perception, pain
on swallowing, local hair loss and fatigue. Unfortunately, this is not a viable option for

patients with distant metastasis which is quite common in ATC.

Chemotherapy in ATC: Debilitating side effects
Common chemotherapeutic agents like combination of doxorubicin and taxanes and/or

platins has shown some efficacy in controlling the tumor mass, but this is associated with
severe toxicity including but not limited to bone marrow suppression, tissue ulceration,
necrosis and acute cardio-toxicity (StatPearls, 2019). Cytotoxic agents, such as gemcitabine
and vinorelbine, have shown activity against multiple ATC cell lines in in vitro studies, but
these drugs have not made it to the clinical practice owing to their inadequacy in controlling
the progression of advanced ATC. The failure of conventional chemotherapy, alone and in
combination with radiotherapy, to stall the progression of ATC and to improve patient
outcomes with reduced toxicity led to the development of novel, molecularly targeted drugs
designed to target specific genetically aberrant oncoproteins in the patients. These small
molecule inhibitors have shown promising result in a wide range of malignancies and seemed

to hold great promise in TC.
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Small molecule inhibitors: Big problem of resistance
Most of these drugs target serine threonine kinases and tyrosine kinases commonly

overexpressed in ATC, such as BRAFV600E, VEGFR, EGFR, PDGFR and RET. BRAFV600E-
positive PTCs display the constitutively activated RAF/ERK pathway which leads to repression
of downstream pathways responsible for regulation of many thyroid-specific genes, leading
to cellular de-differentiation, tumor progression and acquisition of more aggressive
phenotypes eventually leading to ATC. Successful clinical trials with two such small molecule
inhibitors of the MAPK pathway led to the development of a combination therapy with
BRAFV600E inhibitor dabrafenib and MEK inhibitor trametinib, which was later approved by
FDA for ATC in May 2018. Unfortunately, both intrinsic and acquired resistance against these
drugs have been reported. One of the reasons of intrinsic resistance to BRAFV600E inhibitor
vemurafenib in PTC is copy number gain of myeloid cell leukemia 1, chromosome 1q gene
(MCL1) and a loss of the tumor suppressor cyclin dependent kinase inhibitor 2A (CDKN2A),
which confer resistance to vemurafenib treatment due to impairment of the B-Cell
CLL/Lymphoma 2 (BCL2)-regulated apoptotic pathway (Duquette et al., 2015). The
PIK3CAM1047R activating mutation is commonly associated with the de-differentiation process
involved in progression of PTC into ATC. In TCs harboring both BRAFV600E and PIK3CAH1047R
mutation, the latter paradoxically hyperactivates ERK signaling, thus conferring resistance to

BRAFi (Antonello et al., 2017).
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Immune contexture in ATC: scope of immunotherapy

ATC has complex cytokine milieu
The association between an inflammatory microenvironment and DTC has been implicated

in multiple studies (Cunha et al., 2014), (Graceffa et al., 2019). The immune
microenvironment in TC is extremely complex in nature with a combination of pro and anti-
inflammatory cytokines and immune cell infiltrates (Varricchi et al., 2019). Our study revealed
an immunosuppressive microenvironment in ATC with high expression of IL10 and IDO1. IL10
is an extremely potent immunosuppressive cytokine secreted by TAMs and tumor cells
themselves in both PTC and ATC (Todaro et al., 2006). This cytokine has pleiotropic effects in
both immunoregulation and inflammation. It dampens the expression of Th1 cytokines, MHC
class Il antigen presentation, and costimulatory molecules on macrophages. IDO1 is an
enzyme that catalyzes the first and rate-limiting step in tryptophan catabolism to N-formyl-
kynurenine. Expression of this enzyme in DCs, monocytes and macrophages regulate T cell
activity by controlling peri-cellular catabolism of tryptophan and limiting its availability to T
cells. This is a prominent immunosuppressive cytokine responsible for dampening anti-tumor
T cell response. High expression of IDO1 in our clinical samples corroborate with previous
reports of upregulated IDO1 during thyroid carcinogenesis (Moretti et al., 2014). In this study,
the authors observed 5-10-fold higher expression of IDO1 and more Treg polarization in ATC
compared to PTC. The study also confirmed that expression of IDO1 in the tumor cells was
IFNy inducible. This depicts another possible mechanism of induction of immune tolerance in

ATC.
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ATC has T cell inflamed immune microenvironment
Further profiling of the immune infiltrate in our clinical samples revealed significantly higher

number of TILs compared to normal, more than 80% of which were CD8* T cells. We also
noted CD4* T cells, but they were not intra-tumoral. A recent study suggests existence of two
distinct immune phenotypes in TC — PDTC like and ATC like. In their study, they observed
significantly higher number of CD8* T cells in ATC, compared to PDTC (Giannini et al., 2019).
They also noted higher expression of CCL2, CCL3, CCL4, CCL5, CXCL9 and CXCL10 in ATC
compared to PDTC. We detected more TILs in ATC. compared to PTC, which might be
attributed to preferential secretion of CXCL9 and CXCL10 by the ATC cells, which act as
chemoattractant for T cells. Interestingly, their study detected simultaneous upregulation of
several T cell exhaustion markers such as TIM3, LAG3 and TIGIT and co-stimulatory molecules,
like GITR, 4-1BB and OX-40 at a high extent ATC, and to a lesser extent in PTC, but not at all
in PDTC. Our observation corroborated this study and we believe the immune
microenvironment of ATC should be categorized as T cell-inflamed or “hot” as opposed to the
traditional belief of being “cold”. This observation opens up the immense possibility of
immune checkpoint blockade therapy for these patients. One of our primary objectives was

to explore this new avenue to find a novel therapeutic approach.

Immune modulatory molecules in ATC: an unexplored realm
The last decade of immune checkpoint inhibitor therapy have revolutionized the field of

tumor immunotherapy. Ipilimumab, an anti-CTLA-4 antibody, was the first immune
checkpoint inhibitor (ICl) to be FDA-approved in 2011 for metastatic melanoma.
Subsequently, five other immune checkpoint-targeted therapies have been approved, all
directed against PD-1 or PD-L1, for the treatment of melanoma, non-small cell lung cancer
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(NSCLC), renal cell carcinoma (RCC) and several other tumor types, in monotherapy and
combinatorial regimen. Several clinical trials investigating PD-1/ PD-L1 inhibitors as
monotherapy or in combination in ATC are presently underway (NCT02688608,
NCT03181100, NCT03211117, NCT03246958,). One of the major hallmarks of
immunotherapy is the durability of the responses that can be translated into survival benefit

for the patient. ICI prolonged survival in patients, however the response was not universal.

A substantial variation in responsiveness towards ICl is observed among patients with same
malignancy and among different malignancies. The degree of responsiveness often correlates
with tumor mutational burden (TMB), though it alone is not sufficient to predict clinical
response. High TMB with additional elevated level of tumor neoantigen expression plays a
crucial role in antitumor immunity. However, there are several tumor-intrinsic and tumor-
extrinsic factors that shape the final response. Extrinsic factors include quality of T cell
infiltrates, composition of cytokines, percentage of immune suppressor cells such as MDSCs.
All of these eventually shape the immune response in a highly individualized manner. High
percentage of TAMs and immune suppressive cytokines are well established features of the
immune landscape in ATC. Some preliminary studies have shown promising results with PD-

1 blockade, but they are not yet approved for ATC.

Immune Related Adverse Effects (irAE): The unprecedented consequences
Unfortunately, with CTLA4 and PD-1/PD-L1 ICI therapy, there is an increasing number of

reports of severe adverse effects including immune mediated pneumonitis, immune
mediated colitis, immune mediated neuropathies, and severe cardiac toxicity, some of which
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are sustained after completion of therapy. preliminary studies suggest that irAEs are triggered
by antigens that are common to both tumor and the inflamed organ. This results in the
destruction of both the diseased and normal tissue by the unleashed T cells. In a recent post-
mortem study, infiltrating T-cells and macrophages were found in the myocardial tissue and
the cardiac conduction system of two metastatic melanoma patients who developed
fulminant myocarditis after nivolumab plus ipilimumab treatment (Johnson et al., 2016). A
prospective study with NSCLC patients on anti-PD-1 antibodies revealed 34.2% patients had
dermatologic irAEs. Interestingly, TCR clonotype from normal skin and tumor biopsies of 4
patients revealed shared T cell clones between two tissues. There were 9 shared antigens
between these two tissues that might have elicited the response (Flatz et al., 2019). Due to
these unforeseen shortcomings of the therapies based on the use of the anti-CTLA-4, PD-1,
or PD-L1 monoclonal antibodies, both as monotherapy and in combination regimens, the

additional co-inhibitory pathways are being evaluated as novel pharmacological targets.

Second generation of immune checkpoint molecules in ATC:
In this study we performed a thorough profiling of four ATC cell lines for expression of novel

immune checkpoint molecules and identified HVEM/CD160/BTLA as a potential target.
Constitutively high expression of HVEM, BTLA and CD160 genes were detected in the ATC cell
lines. Our flow cytometry analyses confirmed the surface expression of these molecules
which indicates that they can engage the infiltrating T lymphocytes and APCs via their cognate
receptors. HVEM act as a bidirectional switch which can transduce either co-stimulatory or

inhibitory signal into the T cells depending on the receptor/ligand it is interacting with. HVEM
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itself is a ligand for the TNF superfamily members LIGHT. Binding of T cell-expressed LIGHT to
HVEM expressed by APCs results in enhanced T cell proliferation and cytokine production. On
the contrary, when HVEM engages BTLA —a member of the immunoglobulin superfamily —or
CD160 on T cells, it triggers inhibitory signals resulting in decreased T cell proliferation and

cytokine production (del Rio et al., 2010b) (Fig 66).

Tumor cell-expression of HVEM has recently been reported in ovarian serous
adenocarcinoma tissues. In this study expression of HVEM was evaluated in 40 ovarian serous
adenocarcinoma tissue samples by IHC. 72.5% of the cases were positive for expression of
HVEM. Tumors at stage Ill and IV had significantly higher cytoplasmic expression of HVEM
and the expression also positively correlated with lymph node metastasis (Fang et al., 2017).
In our study, HVEM expression was identified in both the cytoplasm and plasma membrane
of follicular cancer cells in ATC tissues, but there was no expression in normal thyroid follicular
cells. high HVEM expression was also observed the PTC tissues in our study which were
aggressive variants with previous history of thyroiditis and with capsular invasion ad
extrathyroidal extensions. Takashi et al. looked at HVEM expression in 234 colorectal cancer
(CRC) by IHC. 49.6% of the cases had intermediate expression of HVEM and 19.2% of the cases
had strong HVEM expression. They also found that HVEM positivity correlated with disease
stage and they concluded that HVEM could act as an independent prognostic factor for CRC
(Inoue et al., 2015). The authors observed a graded expression pattern of HVEM, where
normal colonic epithelium had a minimal expression followed by 24% adenomas positive for
HVEM and more than 50% of CRC samples had high HVEM expression (Inoue et al., 2015).

Interestingly, we observed high cytoplasmic and membrane expression of BTLA and CD160
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also. Again, we did not detect any expression in normal thyroid follicular cells. BTLA
expression was marginally higher in ATC than PTC. Expression of these proteins in the
aggressive forms of TC, indicates that HVEM/BTLA pathway might be actively involved in

development and progression of aggressive variants of PTCs into ATC.
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Figure 66. HVEM/BTLA/CD160/LIGHT Signaling in T cells and antigen presenting cells.
HVEM is expressed on antigen presenting cells (e.g. DC) and interacts with inhibitory
ligand BTLA on T cells resulting in a dampened T cell activity. Activated T cells secrete
LIGHT, which is activating ligand of HVEM. Upon interaction with soluble LIGHT, HVEM
triggers downstream activation of NFkB and proliferation in T cells. Interaction between
effector T cell-BTLA and Trege-HVEM promotes Treg differentiation. HVEM: Herpes Virus
Entry Mediator; BTLA: B & T Lymphocyte Antigen; LIGHT: lymphotoxin-like inducible
protein that competes with glycoprotein D for herpes virus entry on T cells; Tefr: Effector
T cell; Treg: Regulatory T cell: DC: Dendritic cell
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Inflammation and immune checkpoint molecules: a complex interplay
Until recently, the crosstalk between cytokines and immune checkpoint proteins was

underappreciated. Recent reports focusing on a complex regulation of PD-L1 by IL-6 and IL-8
reinvigorated the perception of a complex interplay between the cytokine milieu and the
immune checkpoint molecules. The concentration of cytokines varies significantly between
serum and tumor tissues. A study by Young et al. on CRC reported almost four times higher
concentration of intra-tumoral IL-8 than its serum level (Kim et al., 2014). Serum
concentration of IL-8 and TNFa is usually higher in inflammatory cancers and higher

concentration of IL-8 has been reported in ATC.

Our study has also established HVEM, BTLA and CD160 as IFNy inducible genes. There is a
heterogeneous level of sensitivity observed across the different cell lines which could be
attributed to the inherently heterogenous nature of the tumor cells. This was an interesting
observation and it points towards the possibility of upregulation of these molecules in
presence of IFNy secreted by activated T cells and other immune cells in the TME. Previous
study in our lab has shown that the thyroid cancer cells secrete several pro-inflammatory cells
that have pleotropic functions and are capable of supporting tumor growth and upregulate
proliferation. IL-8 and TNFa are two most prominent pro-inflammatory cytokines secreted by
TC cells and the tumor infiltrating M1 macrophages commonly observed in ATC. We observed
a complex regulation of HVEM in ATC cell lines by IL-8 and TNFa. In our study, IL-8 and TNFa
upregulated HVEM expression at transcript level which can be attributed to multiple binding

sites for STAT3 and RELA/NFkB p65 in the promoter of HVEM (Fig 67).
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Interestingly, we observed solubilization of HVEM post- IL-8 and TNFo treatment. HVEM
ELISA confirmed presence of soluble HVEM in the conditioned media from ATC cell lines.
Interestingly, we observed increased expression of a metalloprotease ADAM17 in the ATC cell
lines when subjected to the inflammatory cytokine treatment, especially TNFa. This enzyme
is responsible for ectodomain shedding of members of TNFSF and TNFRSF (Ward-Kavanagh
et al., 2016) (Fig 68). There is an increasing appreciation of ADAM17 in carcinogenesis and is
being implicated in different malignancies such as lung adenocarcinoma, breast cancer, colon
cancer and so on (Disterho6ft et al., 2019; Moss & Minond, 2017; Pavlenko et al., 2019; Saad
et al., 2019). Our preliminary observation suggests that we might be able to detect soluble
HVEM in ATC patients’ sera which could potentially act as a biomarker. However, we need to
analyze patient sera and compare with age, gender matched control to reach a definitive

conclusion.

Overall, the studies conducted in specific aim 2 confirms an immunologically active T cell
inflamed immune microenvironment in ATC and a complex regulation of HVEM by the

inflammatory cytokine milieu, leading to its solubilization.
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Figure 67. STAT3 (A) and NFxB (B) binding sites in HVEM promoter. Source: GTRD: a database
on gene transcription regulation—2019 update. I.S. Yevshin, R.N. Sharipov. S.K. Kolmykov,

Y.V. Kondrakhin, F.A. Kolpakov. Nucleic Acids Res. 2019 Jan 8;47(D1): D100-D105.
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Figure 68. ADAM17 mediated ectodomain shedding in HVEM. Inflammatory cytokine IFNy
upregulates ADAM17 metalloprotease which cleaves the functional ectodomain of HVEM. This
functional ectodomain retains its interaction motifs for BTLA, CD160 and LIGHT. This facilitates
dampening of distal T cells’ activity via soluble HVEM/BTLA or soluble HVEM/CD160 interaction.
HVEM: Herpes Virus Entry Mediator; BTLA: B & T Lymphocyte Antigen; LIGHT: lymphotoxin-like
inducible protein that competes with glycoprotein D for herpes virus entry on T cells; Tes: Effector T
cell; Treg: Regulatory T cell: DC: Dendritic cell
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HVEM: Potential involvement in supporting tumorigenesis in ATC
HVEM functions as a bidirectional switch, acting both as a receptor capable of signal-

transduction and as a ligand eliciting signaling. This functional dichotomy results from the
distinct ligand binding sites on HVEM. HVEM gene has 8 exons encoding a type 1
transmembrane glycoprotein with four pseudo repeats of the cysteine-rich domain (CRD) (1-
4 from the N- terminus) in its extracellular domain, distinctive of the TNFRSF. The disulfide
bonds in the CRD form an elongated, ladder-like structure. The signaling potential of HVEM
resides in a relatively short cytoplasmic tail, with a binding site for the TNFR- associated factor
(TRAF) family of ubiquitin E3 ligases that triggers activation of NF-kB, which is critical for

controlling genes involved in cell survival and inflammation.

The ectodomain of HVEM has distinct interaction sited for BTLA /CD160 and LIGHT/LTa.
LIGHT and LTa binding sites reside in CRD2 and CRD3, whereas BTLA and CD160 interaction
happens through CRD1. Soluble LIGHT is not competitive for BTLA or CD160 binding;
however, membrane LIGHT displaces HVEM-BTLA interactions, probably by steric hindrance
due to space constraints on the cell surface. Engagement of either BTLA or LIGHT can trigger
activation of NFkB in HVEM expressing cell. HVEM has been implicated in promoting
macrophage migration and vascular smooth muscle cell proliferation via upregulation of
PI3K/Akt (Wei et al., 2006). LIGHT was found to induce PI3K-Akt phosphorylation in osteoclast

precursor cells, supporting differentiation of osteoclasts (Hemingway et al., 2013).

We were intrigued by these findings and our previous observations of high constitutive
expression of HVEM in ATC cell lines and tissues in specific aim 1. In order to discern possible

tumor intrinsic function of HVEM in ATC, we took two different approaches. First, we
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evaluated the response generated in ATC, by HVEM/LIGHT interaction and secondly, we

knocked down HVEM in one ATC cell line and tested its tumorigenicity profile.

We report for the first time, the activation of stress induced MAPKs in ATC cell lines resulting
from HVEM/LIGHT interaction. In our model, we had treated the cells with recombinant
human LIGHT to emulate the tumor microenvironment, where secretion of LIGHT from
activated tumor infiltrating T cells would trigger the same response in HVEM expressing
tumor cells. We observed phosphorylation of c-Jun, JNK and P38 MAPK in the ATC cell lines
after treatment with LIGHT. Activation of stress induced MAPKs have been reported in
TNF/TNFR interaction, but this specific interaction and its outcome in tumor cells is not
reported yet. HVEM/LIGHT interaction triggered phosphorylation of IkBa and nuclear
translocation of NFkB which could lead to several processes involved in tumorigenesis, such
as proliferation, secretion of a several growth factors and angiogenic factors and metastasis.
Increased Ki67 staining after rhLIGHT treatment suggests enhanced proliferative potential of
the cells post treatment. All these processes are of high clinical significance in ATC given its

rapid progression and high metastatic potential.

Silencing HVEM in ATC cell lines dampened their proliferation potential and invasive property
in our model system. Both the number and size of colonies formed by HVEM-knockdown cell
were smaller compared to control. These observations from specific aim 2 and 3 strongly
suggest that HVEM can independently contribute to tumor progression via interaction with
its cognate ligands in the TME or by some other mechanisms yet unknown. Interestingly,

HVEM can have cis interaction with BTLA which can also trigger activation of NFkB via the
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same pathway. We have seen co-expression of HVEM and BTLA in the ATC cell lines, which

points towards this possibility, but this was not addressed in this current study.

Targeting HVEM/BTLA/CD160/LIGHT axis and genetic lesions in ATC: a case for combinatorial
approach
BRAFV600E is the most common genetic lesion associated with aggressive and highly

proliferative cancers. As a ligand independent activator of MAPK, BRAFV600E is thought to
induce “oncogene addiction” in thyroid cancer and melanoma. In previous sections we have
discussed the small molecule inhibitors currently in use and in clinical trials for ATC. However,
eventual development of resistance is inevitable. Resistance against small molecule inhibitors
can manifest itself in three different forms: innate, acquired and adaptive. Innate and
acquired resistance are often associated with novel mutations and expansion of mutated
clonal population in response to the drug respectively. Adaptive resistance is very interesting
in that, they rewire the signaling mechanism in order to bypass the effect of the specific

inhibitor.

Adaptive resistance is often associated with reactivation of the same molecular pathway or
activation of compensatory pathways which transform the tumor into a more resistant
phenotype and alters its microenvironment at the same time. One such mechanism
responsible for acquired resistance against BRAFV600E inhibitors in ATC, is activation of
HGF/MET axis (Knauf et al., 2018a). Interestingly, this study noted a higher expression of HGF
with increased copy number of MET in murine model of ATC, suggesting the activation of an
autocrine loop supporting tumor growth. Increasing reports of acquired and intrinsic

resistance against the small molecule inhibitors emphasize the need for development of
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alternative therapeutic approach for ATC patients. A good indicator of development of
adaptive resistance is, reactivation of MAPK pathway via activation of CRAF. We observed
significantly higher expression of active CRAF in PLX4032 resistant phenotype compared to

the sensitive phenotype in our study.

Immunological consequences of this adaptive resistance are not well characterized and
completely unknown in ATC. We believed a better understanding of the adaptive resistant
phenotype would help us identify better actionable targets in these patients that could be
targeted in a combinatorial therapeutic approach. Two BRAFV600E inhibitor (PLX4032)
resistant cell lines were generated in the lab over 7 months of slowly escalated drug
treatment. BRAFV600Ei — PLX4032 resistant ATC cell lines in our study, had a completely
different expression profile of the immunomodulatory compared to the sensitive phenotype.
Expression of HYEM was more than 100-fold higher in the resistant cell lines compared to the
sensitive cell lines. BTLA had more than 10-fold upregulation in the resistant cell lines
compared to normal. PD-L1, TIM3 and LGALS9B expression were highly upregulated in the
resistant phenotype. This suggests activation of cellular processes during development of

resistance that finally culminates into upregulation of these immunomodulatory molecules.

These observations underscore the importance of a multipronged approach while
considering a new treatment modality for a patient who started out as a BRAFV600Ei sensitive
phenotype but eventually developed resistance. It is of utmost importance to profile the
tumor intermittently as the patient is on one specific small molecule inhibitor for a prolonged
period. The development of adaptive resistance might alter the tumor phenotype in a way

that the tumor becomes more amenable to another type of therapeutic intervention.
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When we treated both the sensitive and resistant cell lines with a combination of BRAFV600E
inhibitor PLX4032 and MEK inhibitor trametinib, expression of HVEM was mildly dampened
in the sensitive phenotype, but was persistent in the resistant cells. Most of the
compensatory pathways activated during development of BRAFV600Ei resistance eventually
leads to upregulation of ERK. Activation of HGF/MET pathway or activation of STAT3 during
development of resistance eventually culminates into upregulation of ERK (Brighton et al.,
2018; Byeon et al., 2016; Knauf et al., 2018a; Titz et al., 2016). This indicates that, an ERK
inhibitor might be more suitable for hyperproliferative cancers where the patients are prone
to develop resistance against standard BRAF and MEK inhibitors. A recent study using ERK
inhibitor LY3214996 in a panel of cell lines including melanoma, colorectal cancer, pancreatic
cancer, and NSCLC, demonstrated preferential in vitro sensitivity towards the inhibitor in the
cell lines harboring ERK pathway alterations (BRAF, KRAS, NRAS, MEK1, or NF1 mutations)
(Bhagwat et al., 2020). As discussed before, recent multicenter NGS studies have confirmed
that most these genetic lesions are extremely frequent in ATC, which indicates that ERK
inhibitors might be a better drug of choice as small molecule inhibitor. A careful examination
needs to be done to assess the potential off target effect of ERK inhibitors in ATC. Expression
of HVEM and BTLA in ATC patients, and their further upregulation in the resistant phenotype,
suggest that these patients might benefit from a combination of antagonistic antibodies

targeting HVEM/BTLA signaling axis and ERK inhibitors depending on their tumor profile.
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The rational combinatorial approach:
The expression profile of the components of HVEM/BTLA/CD160 axis in ATC strongly suggest

an alternate therapeutic avenue that could be explored in these patients. The ideal outcome
of this therapeutic approach should be increased activation of effector T cells accompanied

with diminished tumor cell proliferation and re-differentiation (Fig 69).

A combination of ERK inhibitor and antagonistic antibodies targeting HVEM/BTLA axis seems

to be a rational combination based on the following observations:

1. Anaplastic thyroid cancer cells have high constitutive expression of HVEM, BTLA and
CD160 on their surface which can be targeted by antibodies

2. Antagonistic antibody targeting BTLA can disrupt the cis interaction between HVEM
and BTLA on the tumor cells and trans interaction between tumor cells and T cells,
thus preventing activation of NFkB in the tumor cells in the first case and dampening
of anti-tumor immune response in the latter

3. Blocking BTLA would also prevent differentiation of effector T cells into regulatory T
cells and in turn help immune activation

4. As we observed in our study, anaplastic thyroid cancer cells can develop resistance
against BRAFV600E inhibitor, and the resistant cells have much higher expression of
HVEM, BTLA, CD160, TIM3, galectin9 genes and significantly higher surface
expression of HVEM protein

5. A combination of BRAFV600E inhibitor vemurafenib (PLX4032) and MEK inhibitor
(trametinib) does not modulate the expression of HVEM in the resistant tumor cells
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6. Introduction of an ERK inhibitor with anti-BTLA antibody might help induce
redifferentiation in the de-differentiated follicular cells which would be accompanied
with increased expression of NIS and re-sensitize the patient towards radioiodine
ablation therapy

7. Also, inhibition of ERK would downregulate the transcription of crucial transcription
factors responsible for upregulation of HYEM and BTLA in the tumor cells, such as c-

Jun, STAT3, c-fos, ATF2, c-Myc.

Our study has identified HVEM/BTLA axis as a potential immunotherapeutic target in
anaplastic thyroid cancer. Development of adaptive resistance to targeted therapies is
inevitable and a combination therapy targeting the immune microenvironment can

forestall therapeutic resistance in ATC and provide a promising outcome.
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CHAPTER 5: APPENDIX

PRESENTATIONS RESULTING FROM THIS THESIS

1. Sanjukta Chakraborty, Tara Jarboe, Dina Dadafarin, Jan Geliebter, Augustine Moscatello,
Raj K Tiwari. Implications of HVEM/BTLA/LIGHT signaling in anaplastic thyroid cancer.
[abstract]. In: Proceedings of the American Association for Cancer Research Annual Meeting
2020 (rescheduled for August 2020 due to COVID-19)

2. Sanjukta Chakraborty, Rachana R. Maniyar, Sina Dadafarin, Ghada Ben Rahoma, Sarnath
Singh, Augustine Moscatello, Jan Geliebter, Raj K. Tiwari. Combinatorial immune checkpoint
inhibitor therapy in anaplastic thyroid cancer [abstract]. In: Proceedings of the American
Association for Cancer Research Annual Meeting 2019; 2019 Mar 29-Apr 3; Atlanta, GA

3. Sanjukta Chakraborty, Rachana R. Maniyar, Neha Y. Tuli, Ghada Ben Rahoma, Sarnath
Singh, Ameet Kamat, Craig Berzofsky, Cameron Budenz, Augustine Moscatello, Jan Geliebter,
Raj K. Tiwari; ldentification of novel immunotherapeutic targets in anaplastic thyroid cancer;
In: Proceedings of the 109th Annual Meeting of the American Association for Cancer
Research; 2018 Apr 14-18; Chicago, lllinois. Abstract # 2762

4. Sanjukta Chakraborty, Rachana R. Maniyar, Neha Y. Tuli, Ghada Ben Rahoma, Cameron
Budenz, Sarnath Singh, Jan Geliebter and Raj Tiwari; Functional pairing of immunomodulatory
targets in anaplastic thyroid cancer; In: Proceedings of the American Association for Cancer
Research Annual Meeting 2017; 2017 Apr 1-5; Washington, DC. Abstract# 5676
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