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CHAPTER |

INTRODUCTION

1.1. The Thyroid

The thyroid is a butterfly-shaped endocrine gland located at the front of the neck near the collarbones.
It is adjacent to the larynx and partially surrounds the trachea. Normally, thyrocytes form follicles that are
responsible for iodine uptake via the sodium-iodide symporter (NIS) and creating thyroid hormones by
incorporating that iodine into tyrosine residues on thyroglobulin (TG). These thyroid hormones are responsible
for regulating metabolism. There are many conditions that affect thyroid function or require a partial or total
thyroidectomy, and in those cases synthetic thyroid hormone (levothyroxine) can be used to maintain a

functional metabolism.

1.2. Thyroid Cancer

Thyroid cancer is projected to become the 4" leading cancer diagnosis by 2030?, surpassing colorectal
cancer. Incidence has been steadily increasing for the past 50 years, partially due to advances in early detection?.
Thyroid cancer is three times more likely to occur in women and is the most common cancer in women between
15 and 293. Nearly 45,000 Americans will be diagnosed with thyroid cancer in 2022, and projected care costs for
2030 exceed $3.5 billion for well-differentiated thyroid cancer alone®. There are many different histotypes of
thyroid cancer, but the focus of this project is on the most common, papillary thyroid carcinoma, and the most

deadly, anaplastic thyroid carcinoma.



1.2.1. Papillary Thyroid Carcinoma (PTC)

PTC is the most common subtype of thyroid cancer, accounting for approximately 90% of all cases?. It
typically presents in the clinic as a nodule that can be felt in the neck but is otherwise asymptomatic. These
tumors can occur in patients of any age, though the mean age of diagnosis is approximately 40 years old®. A
fine-needle aspiration (FNA) can be performed to collect a sample of cells from the mass, allowing for
microscopic evaluation and diagnosis. These tumors remain well-differentiated and can range from small and
non-invasive to highly aggressive metastatic disease.
1.2.1.1. PTC Pathogenesis

PTCs can arise due to a number of different factors, including radiation, kinase mutations, and as a result
of chronic inflammation from Hashimoto’s thyroiditis. The 1945 atomic bombing of Hiroshima and Nagasaki and
the 1986 Chernobyl nuclear explosion have led radiation to be the only well-defined environmental cause of
thyroid cancer®. Exposure to radiation above 50mGy may cause intra-chromosomal rearrangements, with
RET/PTC rearrangement being the most common found in PTCs”8. Multiple studies have indicated that while
the pathogenesis of radiation-induced PTC differs from sporadic PTC, it does not differ in behavior or prognosis’.

Point mutations in kinases such as the BRAF and RAS proto-oncogenes are common drivers of PTC
oncogenesis. BRAFV600E mutations occur in between 30 and 80% of PTCs, depending on the study population,
making it the most common driver mutation in PTC®11, Other BRAFV600 mutations may be observed, though
over 90% are of the V60OE variant!?. These BRAF mutations lead to constitutive activation of the mitogen-
activated kinase (MAPK) pathway, leading to increased proliferation, migration/invasion, and potentially
dedifferentiation. RAS mutations can also impact the MAPK pathway. However, the most common variant in
PTC, NRAS, preferentially activates the AKT-PI3K pathway to drive oncogenesis, leading to altered behavior
compared to MAPK-driven oncogenesis. RAS mutations occur in up to 20% of PTCs, primarily in follicular variant

PTC (FVPTC)101213,



Finally, chronic inflammation from Hashimoto’s thyroiditis (HT) can lead to the development of PTCs.
However, these tumors tend to be smaller and less invasive than non-HT patients, likely due to the continuous
presence of immune cells in the tumor microenvironment and enhanced monitoring due to the HT**1>, The
majority of PTC are “immune-cold” tumors, making these immune-rich HT-PTCs distinct in both behaviors and
outcome. Herein, we include HT-PTCs in our tumor immune microenvironments to serve as internal positive
controls for computational immunogenomic studies and immune-related gene expression, but they are not
included in other analyses of PTCs due to their distinct characteristics.
1.2.1.2. Treatment and Outcomes

A partial or total thyroidectomy is the recommended course of treatment for PTC, followed by
radioiodine therapy (RAI) to target residual disease. These patients require lifelong thyroid hormone
replacement with levothyroxine. While radioactive iodine has revolutionized the treatment of the vast majority
of PTCs, between 5 and 15% will become resistant to RAI due to loss of the sodium-iodide symporter (NIS)?®.
NIS is a distinct feature of normal, functional thyrocytes, and expression of NIS can be altered by common
mutations found in PTC, including BRAF and RAS mutations. When these tumors become RAl-refractory,
treatment options are extremely limited and dependent on identification of druggable driver mutations.

The overall five-year survival rate of PTC patients with local and regional RAl-sensitive disease is near
100%?2. For patients with distant disease that retains RAl-sensitivity, the five-year survival rate is approximately
76%. Finally, for the approximately 20% of patients who experience recurrence and the 10% with metastatic

disease®, both of which tend to be RAI-refractory, the five-year survival rate decreases to below 50%1°.

1.2.2. Anaplastic Thyroid Carcinoma (ATC)
ATC comprises less than 2% of all thyroid cancers, but accounts for over half of all thyroid cancer-related
deaths?. These exceptionally aggressive tumors can arise over a matter of weeks, and patients present to the

clinic with large, rapidly growing masses in their necks. Due to the critical structures adjacent to the thyroid,



patients may experience dysphagia, cough, or dyspnea due to compression. These dedifferentiated tumors are
also diagnosed via FNA, and typically occur in patients over 65 years of agel’. While PTCs are more common in
women, ATCs occur at similar rates in both men and women.
1.2.2.1. ATC Pathogenesis

Very little is understood about the pathogenesis of ATC, and their development is a widely debated topic
among pathologists and clinicians. Many believe that ATCs arise via one of two mechanisms: as a progression of
prior thyroid disease or as de novo tumors. The progression model of thyroid cancers can be loosely compared
to the classic Vogelgram?®® of colorectal carcinoma, with tumors acquiring stepwise mutations that drive
progression to more and more aggressive subtypes, with ATC as the final form. Many believe that primary
mutations in RAS and BRAF drive progression to PTC from normal thyroid, and then acquired mutations in TP53,
the TERT promoter, and/or portions of the Wnt signaling pathway drive progression to poorly differentiated
thyroid carcinoma (PDTC) and then to ATC!°. This progression model has been disputed, as co-occurrence of
PTC and PDTC is exceedingly rare, while there are many documented cases of PTCs with anaplastic inclusions?°.
Regardless of the presence or absence of a PDTC intermediate, it is well-established that PTC may transform
into ATC, though the drivers have yet to be completely elucidated. Additionally, ATCs may arise as recurrence
of prior disease over 20 years after the prior diagnosis?!. We currently do not have any methods of determining
which tumors will recur or transform, and latency periods can vary drastically. The existence of de novo ATC is
much more controversial, as many believe it is not due to absence of prior disease, but instead a lack of
detection of prior disease. PTC lesions may be microscopic for years prior to diagnosis, and it is reasonable to
believe that many may never be detected prior to development of advanced disease.

Approximately 25% of ATCs harbor a BRAFV600E mutation?? and 10% have mutated RAS*?, likely derived
from a prior PTC that has transformed. Forty percent of ATCs carry a mutation in the TERT promoter that extends
telomeres to allow for continued division, and between 50 and 80% have loss-of-function mutations in p5323:24,

While these mutations are often posited as ATC-causing, they do not account for the distinction between PDTCs
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and ATCs. Many studies have characterized distinctly increased Wnt/B-catenin signaling in ATCs, often
attributed to activating mutations in B-catenin or loss-of-function mutations in parts of the B-catenin
destruction complex, such as AXIN12>25, Wnt/B-catenin signaling is associated with stemness, invasion, altered
cytokine profiles that impact the tumor microenvironment, and treatment resistance across a number of
cancers?’.
1.2.2.2. Treatment and Outcomes

Dabrafenib-trametinib combination therapy was approved by the FDA for ATCs that carry BRAFV600E
mutations in 20182%2°, Dabrafenib targets the mutant BRAF, and trametinib was added to the therapy regiment
to prevent paradoxical MEK activation that is seen with upstream MAPK inhibition. Median overall survival in
patients treated with dabrafenib-trametinib therapy was extended to 14.5 months, though only 8% of patients
exhibited a complete response to the therapy?®. There are currently no approved targeted therapies for RAS
mutant tumors, as RAS is generally regarded as an “undruggable” target. Therefore, for the ~75% of patients
with BRAF-WT disease, treatment is mainly palliative. Paclitaxel, doxorubicin, and radiation may be used to
prolong survival and improve quality of life?2. Some patients are also eligible for resections, though these are
not curative. Even with the most aggressive chemotherapeutic, surgical, and radiological interventions, the
median survival time of ATC patients is between four and six months. The five-year survival rate is less than 5%?2.
Clinical trials for novel therapeutics in ATC are exceptionally difficult due to the rapid growth of the tumors and

the relatively short life expectancy post-diagnosis.

1.2.3. REVIEW: BRAF TESTING IN CYTOPATHOLOGY

1.2.3.1. Summary



BRAF molecular testing is critical across many cancer types, as selective therapeutics are available for
those harboring BRAFV600E mutations. When administered to a patient who does not have a tumor with BRAF-
mutant disease, these targeted therapeutics have the potential to cause rapid disease progression.

This literature review was published in Cancer Cytopathology in January 2020 as a featured article, and

the text below is adapted from:

Bergdorf, K., Lee, L., and Weiss, V. (2020). BRAF molecular testing in cytopathology: Implications for diagnosis,
prognosis, and targeted therapeutics. Cancer Cytopathology 128(1):9-11.
1.2.3.2. Background and Introduction

The epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase that transduces signals from
the cell membrane through the mitogen-activated protein kinase (MAPK) phosphorylation cascade to promote
global cellular responses including growth, proliferation, survival, and migration3® (Figure 1.2.1.). Oncogenic
activating mutations in core components of the MAPK pathway (RAS, RAF, MEK, and MAPK/ERK proteins) are
frequently found in many common human tumors.

BRAF is an 84 kDa serine/threonine kinase consisting of 766 amino acids (RefSeq NM_004333). It is
encoded by the v-Raf murine sarcoma viral oncogene homolog B (BRAF) gene, which contains 18 exons and is
located on the long arm of chromosome 7 (at 7q34). The catalytic activity of BRAF is regulated by its N-terminal
autoinhibitory domain3!. In response to ligand, activated EGFR shifts the pool of RAS from a GDP-bound
(inactive) to GTP-bound (active) state. RAS-GTP binds to the N-terminal autoinhibitory domain of BRAF, thereby
freeing its catalytic domain. Activated BRAF phosphorylates MEK, which leads to MAPK/ERK activation and

consequent changes in transcription.
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An estimated 80% of mutations in the BRAF gene occur in exon 15 and involve a thymine to adenine
transversion at nucleotide 1799 of the BRAF DNA coding sequence (BRAF ¢.1799T>A)32, As a consequence, valine
is replaced by glutamic acid at amino acid position 600 (p.Val600Glu or “V600E”). This substitution results in
constitutive activation of BRAF and downstream MAPK/ERK signaling, which promotes tumor formation. Other
less common BRAF mutations involving different amino acid substitutions at the V600 “hotspot” similarly lead
to constitutive BRAF activation33. Activating BRAF mutations have been shown to be present in greater than
16% of common human tumors34. BRAF V600E is often detected in papillary thyroid carcinoma, with various
published studies reporting a frequency between 30-80%. BRAF mutations are found in 59% of all melanomas,
18% of colorectal adenocarcinomas, 11% of gliomas, and up to 4% of non-small cell lung carcinomas32.

While molecular testing for BRAF is most commonly performed on resection tissue, cytology specimens
also represent a rich source of neoplastic cells available for testing. Recent technological advances have allowed
for the analysis of increasingly smaller patient samples. Molecular testing can now be routinely performed on a
variety of cytologic preparations, including cell blocks, aspirate smears, liquid-based preparations, and needle
rinses. Cytology also allows for sampling of unresectable lesions or lesions in critically ill patients. Molecular
testing of cytology samples can reveal a tumor’s BRAF mutational status relatively early in the course of a
patient’s care, thereby expediting the diagnosis, prognostication, and use of appropriately targeted therapies.
Given the importance of BRAF alterations in cancer, many laboratories offer BRAF molecular testing on cytology
specimens, either as an inexpensive and rapid polymerase chain reaction-based assay or as part of a more
comprehensive next generation sequencing panel.
1.2.3.3. BRAF Mutations in Thyroid Cancer

The use of molecular diagnostics has revolutionized the management of cytologically indeterminate
thyroid nodules in adults. While this testing may be broad in scope (e.g., assessing the presence of mutations in
several individual genes, gene fusions, changes in gene expression, copy number variation, etc.), the evaluation

of BRAF is generally considered a universal requirement and is now a standard part of most molecular diagnostic
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testing algorithms for indeterminate lesions. BRAF mutational assessment is of particular importance due to its
high positive predictive value: the malignancy rate of a thyroid lesion carrying a BRAF mutation is >99%%. The
vast majority (>95%) of BRAF alterations in thyroid lesions are BRAF V600E point mutations, occurring mainly in
papillary thyroid carcinomas (PTCs), poorly differentiated thyroid carcinomas, and anaplastic thyroid carcinomas
(ATCs). Tall cell variants of PTC almost exclusively (>90%) carry this mutation338, In fact, for malignancy
assessment of thyroid lesions, some labs have used a BRAF V600E mutation-specific antibody (VE1) for the
detection of mutated BRAF with varying degrees of success3®. While studies in adults have shown that between
30-80% of PTCs carry this point mutation, pediatric studies report a lower frequency of BRAF V600E
alterations®. Although beyond the scope of this article, additional point mutations and fusions of the BRAF gene
are also increasingly recognized as being involved in the genesis of thyroid cancers®.

While some studies suggest that BRAF V600E PTCs are more likely to experience disease recurrence®!,
most experts agree that the prognostic significance of a BRAF alteration in PTC is still unclear. In addition to
molecular diagnostics, BRAF assessment in ATC is becoming a requirement for treatment decisions. The FDA
recently approved combination BRAF/MEK inhibitors (dabfrafenib+trametinib) for BRAF V600E ATC, the first
potentially effective therapy for this devastating disease?®. According to the current National Comprehensive
Cancer Network (NCCN) guidelines, BRAF V600E testing is a now a recommended part of the work-up for ATCs,
particularly when metastatic, to determine eligibility for BRAF/MEK inhibitor therapy*2.
1.2.3.4. BRAF Mutations in Lung Cancer

Of all the tumor types described, molecular testing of lung cancer specimens is likely the most widely
performed in cytology. With the advent of endobronchial ultrasound guided transbronchial needle aspiration
(EBUS-TBNA) and electromagnetic navigational bronchoscopy (ENB), cytology samples and core needle biopsies
are becoming the main source of tissue for the initial pathologic diagnosis of lung nodules. While critical for
morphologic and immunohistochemical diagnosis, these small samples also provide a rich source of tissue for

molecular testing and assessment of eligibility for targeted therapeutics. The current NCCN guidelines require



molecular testing for key mutations and fusions in non-small cell lung carcinoma (NSCLC), including assessment
of the BRAF gene®. Similar to the other tumors described herein, BRAF V600E is the most common BRAF
alteration in NSCLC. Assessment of BRAF V600E in NSCLC is important for guiding selection of targeted
therapeutics. There is some evidence that BRAF mutations may confer resistance to EGFR tyrosine kinase
inhibitor therapy*¥; as an alternative, combination BRAF/MEK inhibitors have been successfully used in the
treatment of BRAF V600OE mutant NSCLC*#>. Some institutions have used the mutation-specific VE1 antibody
for BRAF V600E assessment in NSCLC; however, this method is not recommended without sufficient
validation®3.
1.2.3.5. BRAF Mutations in Melanoma

BRAF mutations are found in approximately 50% of advanced cutaneous melanomas, with 97% of those
mutations occurring at the 600™ codon®®. While V600E is the most common point mutation at this position
(80%), V600K (15%) and V600R/M/D/G (5%) have also been identified3?. Although beyond the scope of this
article, non-V600 BRAF mutations and BRAF fusions have also been described at lower frequencies. Of note,
uveal melanomas rarely harbor BRAF mutations*’. While primary cutaneous melanomas are not routinely
sampled in cytology, metastatic melanoma is commonly diagnosed in dermal and other metastases. According
to the current NCCN guidelines, routine testing of BRAF is not recommended in primary melanomas for patients
without evidence of metastatic disease. However, BRAF testing is recommended for patients with Stage llI
(sentinel lymph node positive) disease who are at high risk of recurrence or Stage IV (metastatic) disease®.
While the recommendation states that tissue is preferred over cytology for mutational analysis, some patients
may not be surgical candidates. Furthermore, testing of the metastatic lesion is usually preferred over archival
material, even in cases where the metastatic lesion is only accessible through cytology. BRAF VE1
immunohistochemical staining may be used as a rapid screening test for assessment of BRAF V600E mutational
status in melanoma, but it requires validation, and confirmatory BRAF molecular testing is still recommended®.

Numerous clinical trials have shown susceptibility of BRAF V600 mutant tumors to BRAF and/or MEK inhibitors.
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Unfortunately, some patients acquire resistance to single agent BRAF inhibition that likely involves paradoxical
activation of MEK®4. Clinical trials have recently demonstrated the superiority of dabrafenib+trametinib
combination treatment*9>°,
1.2.3.6. BRAF Mutations in Colorectal Cancer

Currently, formalin-fixed paraffin-embedded resection tissue is the preferred specimen for mutational
testing in colorectal cancer (CRC). Mutational testing of cytology specimens in the context of CRC is not well-
established and requires additional validation®!. However, the utility of cytology cell pellets for molecular testing
in metastatic colorectal adenocarcinoma has recently been demonstrated>?. Whether routinely performed on
resection tissue, or following validation on cytology specimens, BRAF mutational testing of microsatellite
instability-high (MSI-H) tumors holds value in differentiating sporadic CRC from Lynch syndrome: the presence
of BRAF V600E is more consistent with sporadic CRC and precludes the diagnosis of Lynch syndrome in the vast
majority of cases®>*4. While BRAF mutations in microsatellite-stable CRC are much rarer (5% vs. 50% in
microsatellite-unstable tumors), they have been found to significantly correlate with poor survival (16.7% five-
year survival compared to 60% in BRAF-wildtype microsatellite-stable CRC)>.
1.2.3.7. Conclusion

Cytology specimens represent a robust yet often underutilized source of neoplastic cells for genetic
testing. As the field of molecular cytopathology advances, an increasing array of molecular tests will be available
for ordering and interpretation by cytopathologists. BRAF alterations will continue to be staple items on these
molecular menus given their prevalence across numerous tumor types and the critical insights they provide into

diagnosis, prognosis, and the appropriate use of targeted therapeutics.

1.2.4. Interest in Thyroid Cancer Research
It is apparent that understanding of thyroid cancer, particularly of ATC, is lacking when compared to

similar solid tumors. This discrepancy may be attributed to broad success of RAl therapy in PTCs, the perceived
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ease of a total thyroidectomy, and/or the rarity of ATC. These factors have contributed to relative obscurity for
thyroid cancer research, despite its status as the most common cancer in women between 15 and 29, the second
most common solid tumor in children, and the fifth most common cancer overall. This current system has left
thousands of patients dependent on levothyroxine for the remainder of their life, with little to no insight into
the future prognosis of their disease, likelihood of recurrence, or availability of targeted therapy or personalized
medicine should their cancer return. Personalized medicine is rapidly becoming the standard in other aggressive
tumors, while ATCs are rarely even sequenced beyond targeted panels to determine BRAF, RAS, TP53, and TERT

promoter status.

1.2.5. Thyroid Cancer Model Systems

The lack of general interest and funding for thyroid cancer has contributed to a serious lack of model
systems, especially when compared to other prominent tumor types like colorectal cancer, lung cancer, and
melanoma. Current model systems for thyroid cancer, and particularly anaplastic thyroid carcinoma, are heavily
dependent on cell lines, immunocompromised xenograft models, and genetically modified mice.

While cell lines grown in monolayer culture hold value for preliminary studies, they have many pitfalls.
Cell lines represent a nearly homogenous cell population that have been maintained in highly artificial
conditions for potentially decades. These conditions, including growth on plastic, can induce transformation of
cells and lead to loss of markers that were present in original tumor from which they were derived®®. This could
induce PTC cell line dedifferentiation (i.e., loss expression of thyroglobulin and/or NIS), rendering findings from
drug studies and molecular characterization less relevant to in vivo biology. Moreover, growth in monolayer
fails to capture the cell-cell interactions that occur within tumors, further altering baseline signaling and
potentially cell morphology and behavior.

Xenograft models, in which cancer cell lines are injected into immunocompromised mice, more closely

recapitulate some features of patient tumors, but the lack of a tumor-immune microenvironment also limits the
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translatability of the data. To address this, immunocompetent genetically modified mice can be used for thyroid
cancer studies. These often contain targeted mutations in BRAF, TERT, TP53, and/or RAS. These models are by
far the most complete, though mutations may be much more complex in patient tumors. The models are also
limited due to the lack of standard sequencing practices in patients, hindering our understanding of mutations
behind the most frequent drivers. All of this taken together indicated a significant need for model system

development, especially those with enhanced translatability, for papillary and anaplastic thyroid carcinomas.

1.3. Specific Aims
While thyroid cancer incidence is increasing, the need for research into the drivers and therapeutic targets has
become more and more apparent. The current lack of information on the pathogenesis and transformation of
aggressive thyroid cancers has contributed to a dismal lack of therapeutic options, especially for patients with
ATC. The overarching goal of this work is to generate model systems and data to enable the development of
targeted therapeutics to improve outcomes for patients diagnosed with aggressive thyroid cancers, including
ATCs. | believe that there are multiple unidentified, druggable drivers of thyroid cancer that we are uniquely
suited to identify using our patient cohort and novel model systems.
1.3.1. Specific Aim 1: To define molecular and microenvironmental drivers of aggressive thyroid cancers

In order to understand the progression of thyroid cancer from PTC to ATC and what drives aggressive
behavior in each, we must first define the mutational landscape, the tumor microenvironment, and the
relationship between the two. In this dissertation, | detail how we defined the importance of BRAF status in
tumor cell behavior in both monolayer and spheroid cultures. The relationship between BRAF and thyroid cancer
cell morphology and behavior had not previously been elucidated, and our work indicates that dabrafenib
treatment modifies the actin cytoskeleton to inhibit invasion and growth of BRAF-mutant K1 cells, but not in

BRAF-wildtype TPC1 cells. This indicates a potential mechanism of action, which was previously unknown.
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We then used computational immunogenomics to define the tumor-immune microenvironment of PTC
by stage and metastasis, finding that there are distinct immune cell populations associated with aggressive
variants of PTC. These findings prompted the development of two novel thyroid tumor-immune model systems,
including an immune-humanized xenograft model and a spheroid-monocyte co-culture system that will be used
in future studies.

Finally, using sequencing data of over 300 thyroid lesions, we delineate the presence of increased Wnt
ligands driving the increased signaling in ATCs, and do not identify any of the previously described Wnt pathway
mutations. This increased signaling, likely driven by both the tumor and the microenvironment, promotes
dedifferentiation and may explain a critical feature of transformation between PTC and ATC.

Completion of these studies has advanced the understanding of ATC pathogenesis, PTC behavior, and
treatment responses that are dependent on mutational status. They have laid the groundwork for multiple
future studies, including further characterization of the thyroid tumor immune microenvironment and therapies

targeting Wnt signaling.

1.3.2. Specific Aim 2: Identify targeted therapeutics for anaplastic thyroid carcinoma

As there are currently no broadly effective targeted therapeutics for BRAF-wildtype ATC, it is of great
priority to identify any therapeutics that could improve outcomes for patients. To enhance the translatability of
our findings, we first had to generate spheroid, organoid, and murine models of anaplastic thyroid carcinoma.
We did so successfully and completed an automated high-throughput screen of 1567 drugs to identify potential
therapeutic candidates using spheroids, with follow-up verification in organoids. We identified 33 drugs that
hold significant promise for development in ATC and three drugs that can be rapidly moved into clinical trials.
In fact, we have already been contacted by an oncologist who is proposing a clinical trial based on these data to

begin as soon as this summer.
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In elucidating the role and importance of Wnt signaling in ATC, we also identified a druggable pathway
that could be targeted to inhibit the aggressive features of these tumors. Multiple inhibitors are available for
various elements of the Wnt signaling pathway, including receptor antagonists, inhibitors of ligand trafficking,
kinase activators, and transcription blockers. While we focus on the kinase agonist pyrvinium that is already
FDA-approved as an orphan drug for familial adenomatous polyposis, there are multiple other drugs that hold
promise for future development in the treatment of ATC.

1.4. Outline

In this Dissertation, | detail the development of spheroid and patient-derived organoid cultures of papillary and
anaplastic thyroid carcinoma and their utilization. In Chapter 2, | discuss the process of developing and refining
these cultures. In Chapter 3, | address Aim 1 in characterization of the tumor-immune microenvironment of
papillary thyroid carcinoma and Wnt signaling in anaplastic thyroid carcinoma. In Chapter 4, | discuss an agnostic
drug screen for anaplastic thyroid carcinoma. Finally, Chapter 5 presents a summary of my work thus far,

limitations, and future directions.
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CHAPTER II.

DEVELOPING MODEL SYSTEMS OF THYROID CARCINOMA

2.1. DEVELOPMENT OF SPHEROID MODELS OF THYROID CANCER

2.1.1. Summary and Contribution of Study

The aim of this subsection and project was to utilize current thyroid cancer cell lines, both PTC and ATC,
to generate spheroid cultures. Two-dimensional (monolayer) cell culture, while accessible and affordable, does
not recreate the cell-cell interactions seen in tumors. As such, signaling pathways and cell morphology are
modified and study results may be less relevant to what is seen in vivo. To address this concern, we plated eight
established thyroid cancer cell lines (4 PTC, 4 ATC) in varying concentrations of Matrigel in low-attachment
plates. Together, these conditions allow cells to form three-dimensional structures (spheroids) of varying
density, morphology, and size. We show that each spheroid line is unique, and that these cultures are amenable
to immunofluorescent staining, small-scale drug studies, and high-throughput screening methodologies. We
show that spheroids can respond differently to therapy than the monolayer cultures from which they are
derived, indicating the potential role of these cultures in future drug screens and development.

This work was published in Endocrine-Related Cancer in February 2020, and text in the chapter is adapted

from:

Lee, M., Bergdorf, K., Phifer, C., Jones, C., Byon, S., Sawyer, L., Bauer, J., and Weiss, V. (2020). Novel three-
dimensional cultures provide insights into thyroid cancer behavior. Endocrine-Related Cancer 27(2): 111-
121.
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2.1.2. Abstract

Thyroid cancer has the fastest growing incidence of any cancer in the United States, as measured by the
number of new cases per year. Despite advances in tissue culture techniques, a robust model for thyroid cancer
spheroid culture has yet to be developed. Using eight established thyroid cancer cell lines, we created an
efficient and cost-effective 3D culture system that can enhance our understanding of in vivo treatment
response. We found that all eight cell lines readily form spheroids in culture with unique morphology, size, and
cytoskeletal organization. In addition, we developed a high throughput workflow that allows for drug screening
of spheroids. Using this approach, we found that spheroids from K1 and TPC1 cells demonstrate significant
differences in their sensitivities to dabrafenib treatment, that closely model expected patient drug response. In
addition, K1 spheroids have increased sensitivity to dabrafenib when compared to monolayer K1 cultures. Our
study is the first to describe the development of a robust spheroid system from established cultured thyroid

cancer cell lines and adaptation to a high throughput format.

2.1.3. Introduction

The incidence of thyroid cancer is increasing at a faster rate than any other cancer in American women.
Sixty percent of new cases are in women younger than 55 years of age®’. Approximately 100 million people in
the United States have thyroid nodules, though only up to 15% are estimated to be cancerous®®. Most thyroid
cancers can be successfully treated with resection and radioactive iodine, but tumors recur in 20% of patients
and metastasize in approximately 10%°%°. For patients with distant metastases, 60% become iodide refractory
during the course of their disease, leaving them with limited treatment options®”®, In addition, aggressive
anaplastic thyroid carcinomas (ATC) can develop from well-differentiated thyroid cancers and represent a
deadly disease with an ~4-month overall average survival. Our current culture methods don’t account for many

in vivo properties of tumors, making them relatively inefficient for developing therapeutics. It is critical to
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develop novel thyroid cancer culture methods that more closely mimic patient responses in order to identify
therapies that can be used in treatment-resistant disease.

The recently FDA-approved BRAF/MEK inhibitor combination therapy represents a major advancement
in care for ATC patients®*. The BRAF oncogene encodes a component of the MAPK/ERK signaling pathway, which
controls growth and cell division®2. Activating BRAF mutations are common in thyroid cancer, which makes it an
attractive drug target. Unfortunately, only 30-40% of BRAF-mutant thyroid cancers respond to the BRAF
inhibitor dabrafenib®. However, combination BRAF/MEK inhibition leads to increased treatment response in
ATC patients®, likely due to the blockade of paradoxical ERK activation®. This treatment is only available for
patients with BRAFV600E-mutant tumors, as it may cause disease progression in tumors with wildtype BRAF.
Indeed, there are few other effective treatments for aggressive thyroid cancers, despite our knowledge of the
important signaling pathways (MAPK, Wnt, PI3K and others) that are critical for tumor development and
progression. A near-in vivo culture method that would allow for rapid and facile drug testing across tumors with
a heterogeneous mutational background would revolutionize thyroid cancer drug discovery. Significantly,
treatment of patient-derived organoids has been shown to closely correspond with patient response to
therapy®. Development of a cost-effective method for thyroid cancer organoid/spheroid culture that closely
recapitulates patient responses may lead to novel therapeutic discoveries for BRAF-wildtype disease.

In this study, we show that eight thyroid cancer cell lines readily form spheroids that represent unique
morphology and drug sensitivity. In addition, we find significant differences in the degree of drug sensitivity
between the 2D and 3D systems. Our results suggest that 2D culture of thyroid cancer cell lines provides a useful
system for uncovering mechanisms of thyroid cancer behavior, whereas the 3D system provides a more accurate

platform for translational drug screening.
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2.1.4. Materials and Methods
2.1.4.1. Thyroid cancer cell line maintenance

Cell lines were purchased from commercial vendors (K1, Sigma Aldrich; MDA-T32 and MDA-T68 lines,
American Type Culture Collection). The TPC-1 line was obtained from Dr. Adel EI- Naggar (University of Texas
MD Anderson Cancer Center, Houston, Texas). THJ-11T, THJ-16T, THJ-21T, and THJ-29T were obtained from their
creator, Dr. John Copland (Mayo Clinic, Jacksonville, FL).

Thyroid cancer cells were authenticated using STRS analysis and were maintained and used
experimentally at <20 passages. Cell lines were grown in media containing 10% fetal bovine serum
(ThermoFisher Scientific) and RPMI (VWR). Media was also supplemented with 1% penicillin-streptomycin
(Sigma), 1X MEM Non-Essential Amino Acid (VWR), and 1 mM sodium pyruvate (Vanderbilt Molecular Biology
Resource).
2.1.4.2. Spheroid disc culture

Cells were mixed with 75% Matrigel in complete media containing and 100-300pl drops (discs) were
added to each well of a pre-warmed 6-well plate. Plates were incubated for 10 min to allow the Matrigel to
solidify. Discs were then covered with warm complete media containing 10% FBS plus B27 supplement (Gibco
17504044). Media was changed every 2-3 days as needed.
2.1.4.3. Semi-solid spheroid culture

Cells were mixed with 5% Matrigel in complete media with 12% FBS. Cells were plated at 8,000 cells/well
in 500EL media/Matrigel/FBS + drug in each well of a 24-well ultra-low attachment plate (Corning 3473). Fresh
media complete media with 12 %FBS + 5% Matrigel was added drop-wise to the culture once per week.
2.1.4.4. Brightfield and phase contrast microscopy

Brightfield images of spheroids were acquired on a Leica DMil inverted microscope with a 4x objective

or an EVOS FL inverted microscope with a 20x objective. Phase contrast images were acquired on a Zeiss
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Axiophot using an Olympus DP72 camera attachment. The objective was a 20x plan neofluor objective (dry) with
a phase 2 condenser.
2.1.4.5. H&E staining

After 8 days in culture, spheroid discs were fixed with 10% formaldehyde + 1% glutaraldehyde (to
maintain Matrigel integrity). Discs were then processed and dehydrated in a standard tissue processor and
paraffin-embedded. Tissue sections (4um) were stained for hematoxylin and eosin using standard protocols.
2.1.4.6. Monolayer immunofluorescence

Thyroid cancer cells were seeded onto 24-well tissue culture plates (50,000 cells per well) containing
coverslips and allowed to attach for 24 hours. Cell were then fixed for 20 minutes with 4% formaldehyde in PBS.
If staining for the actin cytoskeleton with phalloidin, 4% formaldehyde in cytoskeleton buffer [10 mM MES pH
6.1, 138 mM KCI, and 2 mM EGTA plus sucrose (0.114 g/ml)] was used. Cells were then washed with 0.1% TBST
wash buffer [TBS (20 mM Tris Cl pH7.4 and 150 mM NaCl) containing 0.1% Triton X-100] at RT, permeabilized
with 0.5% TBST (TBS containing 0.5% Triton X-100) for 10 min at RT, washed with 0.1% TBST, and incubated for
1 hour at RT in blocking buffer (0.1% TBST plus 2% BSA). Cells were then incubated with mouse anti-tubulin
monoclonal antibody (1:1000; Vanderbilt Protein and Antibody Resource; 1mg/ml stock) or mouse anti-B-
catenin monoclonal antibody (1:500; Vanderbilt Protein and Antibody Resource; 1mg/ml stock) in blocking
buffer overnight at 4°C. After incubation, cells were washed three times for 20 minutes per wash with 0.1% TBST
and incubated with Alexa Fluor 488- or Alexa Fluor 546-conjugated secondary antibodies (Abcam; 1:300) diluted
in blocking buffer for 1 hour at RT. For actin staining, Alexa Fluor 568 Phalloidin (1:1000; ThermoFisher Scientific)
in PBS was used. Cells were then washed with PBS, incubated with Hoechst in TBS (1:1000; ThermoFisher
Scientific) for 5 minutes, and rinsed with PBS before mounting in ProLong Gold Antifade Reagent (Invitrogen).
Images were acquired using a CoolSNAP ES camera mounted on a Nikon Eclipse 80i fluorescence microscope
with 40x objective.

2.1.4.7. Spheroid immunofluorescence
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Spheroids were fixed in 4% formaldehyde in PBS for 30 min at 4°C then transferred into 2.0 mL tubes,
rinsed three times in 0.1% TBST, permeabilized with 0.5% TBST for 30 minutes on a rotator at RT, rinsed with
0.1% TBST, and incubated in blocking buffer for 1 hour on a rotator at RT. Spheroids were then incubated with
mouse anti-B-catenin antibody (1:500, Vanderbilt Protein and Antibody Resource) or rabbit anti-E-cadherin
antibody (1:200, Cell Signaling Technology) in blocking buffer overnight on a rotator at 4°C. After incubation,
spheroids were washed three times for 30 minutes per wash in 0.1% TBST and incubated 2-3 hours on a rotator
at RT with Cy3-conjugated anti-mouse secondary antibody (1:500, Jackson Immune) or Cy3-conjugated anti-
rabbit secondary antibody (1:500, Abcam) diluted in blocking buffer. Spheroids were rinsed in 0.1% TBST then
incubated with Alexa Fluor 568 Phalloidin (1:1000; ThermoFisher Scientific) and Hoescht (1:1000) in 0.1% TBST
for 20 minutes on a rotator at RT. Spheroids were rinsed 1X in 0.1% TBST. Spheroids were put into 1X PBS
(Vanderbilt Molecular Biology Resource) then mounted on microscope slides with ProLong Gold Antifade
Reagent (Invitrogen). Images were acquired using a Nikon Spinning Disk microscope with Andor DU-897 EMCCD
camera with 561 nm and 405 nm lasers. Images were processed using Imagel.
2.1.4.8. High throughput analysis of K1 and TPC1 cells and spheroids

Utilizing the high-throughput equipment in the Vanderbilt High-Throughput Screening (HTS) Core
Facility, K1 and TPC1 cells were resuspended at a concentration of 9500 cells/mL in complete RPMI (2D culture)
or complete RPMI supplemented with 2% Matrigel (3D culture). 30uL of cell suspension was plated per well in
black 384-well cell culture microplates in the absence or presence of a cell-repellant surface (Greiner Bio-One).
Cells were allowed to attach for 24 hours prior to treatment with dabrafenib or DMSO (vehicle) in RPMI.
Following 72 hours of treatment, wells were imaged using an ImageXpress Micro XL automated high-content
microscope (Molecular Devices). To assess viability, CellTiter-Glo 3D (Promega) was added to wells and mixed
with the Bravo liquid handler (Velocity 11/Agilent). Per the CellTiter-Glo protocol, plates were placed on a shaker
for 25 min before luminescence was quantified using a Synergy NEO (BioTek multi-mode plate reader).

2.1.4.9. Statistical analysis
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Statistical analyses were performed using Fisher’s exact test. A value of p<0.05 is considered statistically
significant. Data for 384-well dabrafenib viability studies were analyzed using Prism 8 (GraphPad Software, Inc).
To determine significance, a two-way ANOVA was performed and followed with a Sidak multiple comparisons

test.

2.1.5. Results
2.1.5.1. Staining for microtubules, actin, and B-catenin shows distinct patterns in the different thyroid cancer
cell lines.

For our studies, we chose eight thyroid cancer lines [papillary thyroid cancer (PTC) cell lines: K1, MDA-
T32, MDA-T68, and TPC1; and ATC cell lines: THJ-11T, THJ-16T, THJ-21T, and THJ-29T] with known driver
mutations (Table 2.1.1.). Brightfield images show that these lines exhibit varying morphology (Figure 2.1.1). For
example, the K1 and THJ-16T cells grow in a flat, epitheliod pattern, while the MDA-T68 cells have an elongated,
spindle-like morphology. The thyroid cell lines also vary in both overall cell size and nuclear:cytoplasmic ratios.
Microtubule immunostaining revealed differences in their distribution among cell lines, with K1, TPC1, and THIJ-
16T having prominent Golgi-derived microtubules that fan out into the cytoplasm. In contrast, MDA-T32 and
MDA-T68 cell lines show prominent microtubule bundles that traverse the length of the cells (Figure 2.1.1).
Actin staining revealed two distinctive morphologies: cells with prominent actin stress fibers (TPC1, MDA-T32,
MDA-T68, THJ-11T, and THJ-21T) and cells with enriched lamellipodial actin (K1, THJ-16T, THJ-29T). In addition,
THJ-29T cells show actin-enriched ring structures reminiscent of podosomes, which are implicated in cell
migration and invasion®®. Thus, the differences in cytoskeleton organization between thyroid cancer cell lines
may be indicative of varying capacity to migrate, form three-dimensional structures, and invade. We then
immunostained for B-catenin, which is part of the E-cadherin complex and is also a critical mediator of the

oncogenic Wnt pathway in the nucleus®’. We found that all of the thyroid cancer cell lines contain cytoplasmic
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B-catenin. The K1 and MDA-T32 lines, however, show significant staining for nuclear B-catenin, suggesting

ongoing Wnt signaling in those cell lines.
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Table 2.1.1. Thyroid cancer cell lines used in this study and associated driver mutations.

Cell Line Driver Mutations
K1 BRAFV600E, PI3K
TPC-1 RET/PTC fusion

MDA-T32 BRAFV600E, TERT promoter

MDA-T68 RAS

THJ-11T KRAS, TERT promoter, TP53

THIJ-16T PI3K, TERT promoter, TP53, MKRN1-BRAF fusion
THIJ-21T BRAFV600E, TERT promoter, TP53

THJ-29T TERT promoter, TP53
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Figure 2.1.1. Characterization of eight genetically distinct thyroid cancer cell lines shows varying morphology
and staining patterns for microtubules, actin, and B-catenin. Thyroid cancer cells were grown on glass
coverslips, fixed, and stained with phalloidin (for filamentous actin), anti-tubulin antibody, or anti-B-catenin
antibody. Top panels show phase contrast. Tubulin staining (green) shows distinct Golgi microtubules in some
of the thyroid cancer lines, whereas other lines show long microtubule cables running along the length of the
cells. Actin staining (green) reveals cell lines with either lamellipodial (white arrows) or stress fiber predominant
patterns (pink arrows). Nuclear B-catenin (green) is observed in many cell lines, suggesting active Wnt signaling.
DNA is shown by DAPI (blue). Scale bar is 20 microns.
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2.1.5.2. Thyroid cancer cell lines uniformly form spheroids in culture.

Spheroids and organoids are three-dimensional, self-organizing multicellular structures that mimic the
complex organization and function of tissues and organs®. These culture methods provide a promising new in
vitro method to study cancer progression and drug sensitivity, allowing for personalized treatment
approaches®. With the overall goal of a 3D cell culture system, we sought to grow spheroids from the eight
established thyroid cancer cell lines. As these cell lines each have unique genetic features, we aimed to generate
a diverse cohort of thyroid cancer spheroids to serve as the first step in drug development and screening. We
found that all of the cell lines readily formed spheroids in culture (Figure 2.1.2.). Spheroid morphology and size
differed dramatically between the differed thyroid cancer cell lines. Brightfield imaging and H&E staining
showed that some spheroids form robust macro-follicular structures, including K1, THJ-11T, and THJ-16T. Other
cell lines, such as MDA-T32 and MDA-T68, grow in a microfollicular arrangements that more closely mimic a
follicular variant histologic pattern. TPC1, THJ-21T, and THJ-29T formed spheroids, but demonstrated a more
invasive and loosely cohesive architecture. E-cadherin staining in the spheroids also showed varying intensity
(Figure 2.1.2.). Loss of E-cadherin is a hallmark of epithelial to mesenchymal transition, which is postulated to
be critical for cancer progression®t. Increased cytoplasmic B-catenin has been associated with decreased E-
cadherin expression, and may represent increased Wnt signaling, a feature of more aggressive thyroid
tumors’t72,  Alternatively, loss of E-cadherin could release associated B-catenin, thereby increasing its
cytoplasmic levels. B-catenin staining in all eight spheroids confirmed that E-cadherin staining is inversely
correlated with the level of B-catenin (Figure 2.1.2.). The K1, THJ-11T, and THJ-16T cells exhibited prominent E-
cadherin staining but showed low levels of B-catenin. In contrast, TPC1, THJ-21T, and THJ-29T spheroids showed
elevated levels of B-catenin and lower levels of E-cadherin staining throughout the spheroids, consistent with
their more infiltrative morphology. Of note, the cell lines with high B-catenin levels in 2D culture showed lower
levels of B-catenin when grown in a spheroid format, potentially reflecting differences between a 2D and 3D
tumor microenvironment.
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Figure 2.1.2. Thyroid cancer cell lines readily form spheroids that differ in morphology, B-catenin and E-
cadherin expression. Thyroid cancer cells were grown in Matrigel discs, fixed, and stained with anti-E-cadherin
antibody or anti-B-catenin antibody. Top panels show low and high magnification brightfield (BF) images.
Hematoxylin and eosin (H&E) staining of organoid cultures highlights differences in spheroid morphology. For
most thyroid cancer spheroid lines, E-cadherin staining intensity inversely correlated with the intensity of B-
catenin staining. E-cadherin and B-catenin are red. DNA is blue. Scale bar is 100 BIm except for 4X BF (400um).

27



2.1.5.3. Response of thyroid cancer spheroids to dabrafenib treatment mimics patient response.

The recent development of organoid and spheroid culture provides a near in vivo system that more
accurately captures the behavior of a tumor in response to treatment®>73, We therefore assessed whether
thyroid cancer spheroids respond to treatment with the BRAF inhibitor dabrafenib in a manner similar to patient
responses. We first examined the effect of dabrafenib on the morphology of the BRAFV600E-mutant and BRAF-
wild-type thyroid cancer spheroids. We found that 48 hour dabrafenib treatment had the most dramatic effect
on spheroids from the papillary thyroid carcinoma (PTC) K1 cell line, which harbors an activating BRAFV600E
mutation and a PI3K mutation (Figure 2.1.3.). K1 spheroids were much smaller when grown in the presence of
dabrafenib. Of note, the more aggressive BRAFV600E-mutant PTC MDA-T32 cell line, which also carries a TERT
promoter mutation, showed limited response to dabrafenib. Similarly, the aggressive BRAFV600E-mutant ATC
cell line (THJ-21T), which also harbors TERT promoter and TP53 mutations, also showed limited response to
dabrafenib. The remaining cell lines, which are BRAF-wildtype, did not show response to dabrafenib. It is not
surprising that the more aggressive BRAFV600E-mutant thyroid cancers, with TERT promoter mutations, were
less susceptible to dabrafenib therapy alone’”>. Clinical trials have shown limited response of aggressive
BRAFV600E-mutant thyroid cancers to dabrafenib therapy alone. Prolonged treatment of K1 and TPC1 spheroids
with dabrafenib furthered the robust drug effects. As shown in Figure 2.1.3, K1 spheroids exposed to dabrafenib
for eight days were dramatically smaller than vehicle treated controls. In contrast, BRAF-wildtype TPC1
spheroids showed a significant increase in spheroid size. This finding is consistent with clinical findings, as BRAF-
wildtype tumors often show rapid progression when treated with BRAF inhibitors. While the mechanism of this
robust cancer progression following dabrafenib therapy is unknown, we observed a highly significant and robust
increase in the mitotic index for TPC1 cells grown in dabrafenib for 48 hours. Evaluation of the mitotic index for

K1 cells when grown for two days with dabrafenib showed only a slight increase.
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Figure 2.1.3. Effect of dabrafenib, a BRAF inhibitor, on spheroid size. A. Thyroid cancer cell spheroids were treated with 30nM dabrafenib for 48
hours, stained for actin (phalloidin), and imaged using a spinning disk confocal microscope. 20X images do not show a dramatic change in morphology
or size with the exception of K1, which show a significant decrease in size. B. Brightfield images of K1 and TPC1 spheroids grown with vehicle or 30nM
dabrafenib for eight days reveal long term effects on spheroid size. C. Analysis of organoid size (area in mm2) following treatment with vehicle
(DMSO) or 30nM dabrafenib for 8 days demonstrates significantly decreased K1 organoid size and significantly increased TPC1 organoid size with
dabrafenib (*p<0.0001).
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2.1.5.4. Establishment of a high throughput thyroid cancer spheroid assay for drug screening

The advantages of screening for drug sensitivity using 2D cultures include the ability to rapidly test a
large number of conditions and concentrations, the ability to use cells with defined genetic lesions, and the
availability of a large number of cell lines for testing. However, cancer cells grown on a flat surface respond very
differently to drugs when compared to the original tumor from which they are derived. As such, we sought to
adapt 3D thyroid cancer spheroid culture methods to an automated high throughput 384-well format. High
throughput screening provides the opportunity for rapid, replicable collection of data for many drugs. The use
of the Agilent Bravo automated pipette allows drugs to be added to 384 wells at once, or to be stamped in for
creation of replicates. To further the ability of this system, all work was done in clear-bottom plates. This enabled
imaging with the ImageXpress Micro XL, an automated high-content imager, which aided in confirmation of
findings from our viability assay. We were also able to observe any phenotypic changes in the spheroids
following drug exposure. We found that both K1 and TPC1 spheroids could be adapted to the HTS format with
minimal modifications, and we could obtain growth inhibition curves for their sensitivity to dabrafenib (Figure
2.1.4.). K1 spheroids were more sensitive to dabrafenib than monolayer K1 cells (EC50 = 0.8nM and 1.8nM,
respectively). Neither TPC1 spheroids nor monolayer cells were inhibited by dabrafenib.
2.1.5.5. Dabrafenib treatment shows differential effects on the actin cytoskeleton of the BRAF and RAS
mutant cells lines, K1 and TPC1

Given our findings that there are differences in the morphology and actin skeleton of various thyroid
cancer lines and the variable response of thyroid cancers to dabrafenib treatment, we sought to determine
whether dabrafenib sensitivity could be associated with changes in the actin cytoskeleton. Using
immunostaining, we found that treatment of K1 cells with dabrafenib induces shift from a primarily lamellipodial
actin phenotype to a stress fiber phenotype with no observable peripheral actin staining (Figure 2.1.5.A, B).
Significantly, these changes can be readily observed within an hour of dabrafenib treatment. In untreated TPC1

cells, the majority contain prominent stress fibers with observable peripheral actin staining (mixed phenotype
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Figure 2.1.4. Thyroid cancer spheroid culture can be readily adapted for high throughput drug screening. K1
and TPC1 cells were seeded onto a 384-well plate for monolayer or spheroid culture and exposed to varying
concentrations of dabrafenib. Viability was assessed after 72 hours. A. K1 spheroids were significantly more
sensitive to dabrafenib treatment than monolayer K1 cells (*p<0.0001). B. In contrast, dabrafenib showed no
significant effect on the growth of TPC1 cells in both monolayer culture and as spheroids (p=0.8749).
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Figure 2.1.5.C, D). TPC1 cells treated with dabrafenib still primarily exhibited a mixed phenotype, but there was
a significant decrease in the percent of cells staining for only stress fibers and a subsequent increase in cells
staining in the lamellipodial pattern. These results suggest that the effect of dabrafenib on the actin cytoskeleton
occurs rapidly, prior to alterations in gene transcription, and is therefore likely via a direct mechanism.
Furthermore, the opposite effects of dabrafenib on the actin cytoskeleton of K1 cells (BRAFV600E mutant) and
TPC1 cells (RET-PTC fusion) is consistent with the opposite effect of dabrafenib on thyroid cancers with
mutations in BRAFV600E versus other driver alterations.

Although dabrafenib had a noticeably dramatic effect on the actin cytoskeleton of K1 and TPC1 cells
grown in monolayer culture, the effect in the spheroids was much subtler (Figure 2.1.5.E). Taken together, these
data indicate that the effects of dabrafenib on cell-cell interaction and organization were more readily assessed
in the thyroid spheroid cultures, while the effects of dabrafenib on the individual cells within the spheroids were
less obvious than in the 2D system.
2.1.5.6. Dabrafenib-induced changes in the actin cytoskeleton of K1 and TPC1 cells parallels changes in their
migration rates

Because lamellipodial actin is associated with enhanced cell motility’® we examined whether the
dabrafenib-induced changes observed in the actin cytoskeleton of K1 and TPC1 cells affected their ability to
migrate. An in vitro scratch assay is a well-established, straightforward method to measure cell migration on a
flat surface’’. We found that treatment of K1 cells with dabrafenib significantly reduced their migratory rates
(Figure 2.1.6.A, B). In contrast, dabrafenib promoted the migration of TPC1 cells into the scratched area. These
results are consistent with our actin staining data, as dabrafenib induces the a less migratory stress fiber

phenotype in K1 cells and a more motile lamellipodial phenotype for TPC1 cells.
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Figure 2.1.5. BRAF inhibition induces changes in actin phenotype of two thyroid cancer lines. A. K1 (BRAFV6%0¢
mutant) cells were treated with 30 nM dabrafenib, fixed at the indicated time, and stained for actin (red) and
DNA (DAPI; blue). Cells show a predominantly lamellipodial phenotype, with actin enriched in the leading edge
of the cell in the absence of dabrafenib. Following dabrafenib treatment, the actin cytoskeleton is converted to
a primarily stress fiber phenotype that exhibits little to no observable peripheral actin. B. TPC1 (RET-PTC fusion)
cells in the absence of dabrafenib show a predominantly mixed phenotype with both stress fibers and peripheral
actin. The percentage of cells with predominantly lamellipodial actin increases with dabrafenib treatment. Each
panel contains three representative cell images from three independent replicates. Scale bar is 20 um. C,D.
Quantification of the number of K1 and TPC1 cells with predominantly lamellipodial, mixed, or predominantly
stress fiber phenotypes prior to and after 48 hour dabrafenib treatment. The number of cells scored is indicated

for each phenotype and condition. N.s. non-significant, *p<0.0001. E. Confocal imaging reveals a subtle effect
of dabrafenib on the actin cytoskeleton of K1 and TPC1 cells, even at 100X magnification.
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Figure 2.1.6. Changes in the capacity of K1 and TPC1 cells to migrate in a scratch assay upon BRAF inhibitor
treatment parallel changes in their actin cytoskeleton. Scratches were made across the bottom of dishes of
confluent A,C. K1 and B,D. TPC1 cells treated with vehicle (DMSO) or 30nMdabrafenib, and brightfield images
of the scratch were obtained at the indicated times. Quantification of cell migration was performed by counting
the number of cells migrated into the gap at each timepoint. Representative images from three independent
replicates are shown.
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2.1.6. Discussion

This study represents a detailed molecular characterization of eight thyroid cancer cell lines with distinct
genetic profiles and derived spheroids. We show that the thyroid cancer lines differ dramatically in their
morphologies and size as evidenced by differences in microtubule and actin staining patterns. In addition, many
of the cell lines show nuclear B-catenin staining, suggesting some level of oncogenic Wnt signaling that may play
an important role in pathogenesis’>’8, Differences in actin staining may suggest differences in migratory
behavior or invasiveness. Intriguingly, the K1 (BRAFV600E-mutant) cell line undergoes rapid and dramatic
changes in actin staining when treated with dabrafenib, shifting to the less invasive stress fiber actin phenotype.
The RET-PTC fusion cell line TPC1 exhibited the opposite effect when treated with dabrafenib, shifting to more
invasive lamellipodial actin phenotype. These actin changes were correlated with long term changes in spheroid
growth, as well as functional changes in cellular capacity to migrate in the scratch assay. Overall, these actin
changes may represent a major mechanism by which dabrafenib mediate its effects in vivo.

Organoids and spheroids have been shown to be better models for studying drug sensitivity than cells
grown as a monolayer’®. Here, we demonstrate that we are able to grow spheroids from all eight thyroid cancer
cell lines tested. These spheroids have distinct morphologies, sizes, and staining patterns for E-cadherin and -
catenin, likely reflecting differences in their original histologic subtype and tumorigenic potential. Our work
shows that two spheroid cultures derived from K1 and TPC1 cell lines accurately recapitulate the in vivo
response of tumors with similar genetic composition. The BRAF-mutant K1 spheroids were significantly more
sensitive to dabrafenib treatment than monolayer counterparts, while the RET-PTC fusion TPC1 spheroids
demonstrated increased growth following dabrafenib treatment. In the clinic, dabrafenib is contraindicated for
individuals with BRAF-wildtype thyroid cancer, as it may promote tumor growth. In addition, we found that
dabrafenib increases the number of mitotic TPC1 cells in the 2D system. Thus, it is possible that dabrafenib

stimulates TPC1 cell division in addition to increasing their migratory behavior.
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In order to facilitate efficient drug screening for thyroid cancer, we report the first adaptation of a thyroid
cancer spheroid system to a high throughput 384-well format. There are numerous advantages to studying
thyroid cancer in this 3D, 384-well format. First, as 3D culture better recapitulates physiologic disease, drug
screening results in 3D may provide more accurate response information than 2D to predict in vivo testing.
Therefore, less false positives would be expected in 3D drug screens than in 2D drug screens and may accelerate
discoveries. Second, miniaturizing the 3D spheroids to 384-well plates allows for a wider range of
drugs/compounds to be tested, increasing the number of gene targets. Using high-throughput assays and
automation also provides the ability to screen many cell lines/spheroids to generate “drug profiles” that can be
correlated with genetic information and/or biomarkers of disease. Third, drug/compound library screening in
3D models could lead to acceleration in validating drug response/resistance mechanisms in these models that
may allow for the identification of drug repurposing, drug combinations (e.g., dabrafenib + Wnt or PI3K
inhibitor), or novel drug targets for the disease. Finally, 3D models in multi-well plates can allow for further
studies of biology using functional genomics screening (CRISPRi or CRISPRa), for co-culturing tumor and stromal
cells to study microenvironments, or co-culturing spheroids and activated immune cells to test immune
modulating agents.

3D culture is an attractive, innovative method that will allow for novel research and testing of large
compound libraries for thyroid cancer drug discovery. However, we also present herein the importance of
traditional monolayer culture for deciphering mechanisms of disease progression. Monolayer culture is
inexpensive, efficient, and can be highly useful for single-cell mechanistic studies. Our current work shows that
the 2D and 3D systems represent complementary approaches for uncovering mechanisms of both intrinsic and

extrinsic changes in response to drug treatment.
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2.2. DEVELOPMENT OF FINE-NEEDLE ASPIRATION-DERIVED ORGANOID CULTURES

2.2.1. Summary of Project and Contribution of Study

In this subsection, | detail a project that focused on created organoid models of many different cancers,
including thyroid cancer. Fine-needle aspiration (FNA) is a minimally invasive procedure that can be performed
in both inpatient and outpatient settings, and it is typically used in cytopathology for diagnoses. Traditional
methods for generating organoids use core needle biopsies or resected tissues, which bias cultures toward
tumors that are able to be resected. Additionally, core needle biopsies contain fibrotic tissue that may hinder
downstream applications and often require harsh mechanical or enzymatic dissociation prior to plating. FNA-
based cell collection requires no digestion, and selectively collects cohesive cell clusters and discohesive cells
such as immune cells, while leaving behind sclerotic stromal matrix. These cultures can be used for downstream
flow cytometry, immunofluorescence, low- and high-throughput drug screening, and murine xenograft models.
We also demonstrate that these organoids recapitulate patient tumor morphology, and others have previously
described how organoids more accurately recreate patient tumor responses to therapeutics.

This work was published in iScience in August 2020. The text in this subsection is adapted from:

Vilgelm, A., Bergdorf, K., Wolf, M., Bharti, V., Shattuck-Brandt, R., Blevins, A., Jones, C., Phifer, C., Lee, M., Lowe,
C., Hongo, R., Boyd, K., Netterville, J., Rohde, S., Idrees, K., Bauer, J., Westover, D., Reinfeld, B.,
Baregamian, N., Richmond, A., Rathmell, WK., Lee, E., McDonald, O., and Weiss, V. (2020). Fine-needle
aspiration-based patient-derived cancer organoids. iScience 23(8):101408.

2.2.2. Summary and Graphical Abstract
Patient-derived cancer organoids hold great potential to accurately model and predict therapeutic

responses. Efficient organoid isolation methods that minimize post-collection manipulation of tissues would

improve adaptability, accuracy, and applicability to both experimental and real-time clinical settings. Here we

present a simple and novel fine-needle aspiration (FNA)-based organoid culture technique that is minimally
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invasive and requires no further tissue processing. This method can isolate organoids directly from patients at
the bedside or from resected primary and metastatic tissues, preserving the histologic growth patterns and
infiltrating immune cells. Finally, we illustrate diverse downstream applications of this technique including in
vitro high-throughput chemotherapeutic screens, in situ immune cell characterization, and in vivo patient-
derived xenografts. Thus, routine FNA-based collection techniques currently used in the clinic represent an
unappreciated substantial source of material that can be exploited to generate tumor organoids from a variety

of tumor types for both discovery and clinical applications.
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Figure 2.2.1. Graphical abstract
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2.2.3. Introduction

Patient-derived tumor organoids hold great promise for biomedical science and clinical applications
including personalized medicine® 73798 However, current methods that isolate tumor organoids from patients
require tissue(s) of at least 1cm3, which are collected from surgical resection specimens or core needle biopsies.
After collection, tissues must then be mechanically or enzymatically dissociated for successful isolation and
plating of intact tumor organoids into Matrigel discs. Like 2D cultures, many post-isolation organoid culturing
methods also rely on trypsinization of intact organoids into single cells for passaging and plating into
downstream experimental formats. As such, organoid isolation is restricted to patients with surgically accessible
tumors and current digestion methods disrupt native 3D growth architectures with loss of tumor infiltrating
immune cells.

Fine-needle aspiration (FNA) is a minimally invasive technique that is widely used in both inpatient and
outpatient settings as a first line procedure for sampling and diagnosing tumor tissues. It is often clinically
preferred over core needle biopsy because of its ability to rapidly and gently extract and separate tumor from
stroma, unlike core needle biopsies, while simultaneously preserving growth architectures for gold standard
pathologic diagnosis®'8¢. For palpable lesions, the sample can be obtained from patients at the bedside with
minimal discomfort and limited, if any, use of local anesthetic. For deeper lesions, the technique can be
combined with ultrasound®’ or performed under CT guidance to precisely target the lesion of interest. FNA can
also be performed directly on resected or biopsied tumor tissues immediately after surgery. Applying this
technique to isolate tumor organoids could allow for a simple, minimally invasive approach that is especially
suited for preservation of intact tumor organoids and their corresponding tumor infiltrating immune cells.

FNA is distinct from larger core needle biopsies, the latter of which have been widely applied to organoid
isolation®93, Unlike core needle biopsies, which remove intact tumor tissue including fibrotic stroma, FNA
utilizes a fine needle with a bevel that is particularly adept at extracting both single cells and cell clusters out of

the surrounding stroma by simply applying a rapid gentle cutting or sawing motion. FNA therefore preferentially
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enriches for both cohesive units of cells (such as epithelial glands) and discohesive cells (such as immune cells),
while leaving behind much of the sclerotic stromal matrix that must be removed for successful downstream
applications including isolation of organoids®*. The gentle mechanical dislodging of cells with FNA requires no
tissue digestion or processing, and important 3D architectures such as solid or glandular tumor growth patterns
are often faithfully preserved. The gentle FNA extraction method and lack of further processing also greatly
improves cell viability (compared to core biopsy), and FNA material can also be plated into culture or submitted
for ancillary studies such as flow cytometry directly out of the needle®. As such, FNA biopsies provide a simple,
low risk clinical procedure for tumor cell isolation that is ideally suited for downstream research applications at
minimal time and reagent costs.

Because of the ease and extraction advantages, we hypothesized that FNA could be harnessed as an
efficient organoid isolation procedure that would improve take rates while simplifying the organoid collection
and culturing process as a whole. In the current study, we provide evidence that FNA can be used in a patient-
derived organoid culture method that is rapid, efficient, and closely recapitulates the wide array of native
histologic architecture and biological properties of the patient’s original tissue. We demonstrate the effective
use of this culture technique for high throughput drug testing, patient-derived organoid xenograft models, and

analysis of the tumor immune microenvironment.

2.2.4. Materials and Methods
2.2.4.1. Fine-needle aspiration technique for tumors

Fine-needle aspiration was performed on patient tumors using a sterile 25-gauge beveled needle
attached to a sterile 10ml syringe with a syringe holder used for gentle aspiration. The target was immobilized
with one hand with the syringe holder held in the other. The procedure can be performed without the use of a
syringe holder, allowing for the sample to be drawn into the needle through capillary action. However, the

concentration of tumor cells in the sample may be higher with the use of aspiration from a syringe holder. Of
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note, for highly vascular or bloody lesions, a higher gauge needle and capillary action may yield a more
concentrated sample. The target was immobilized with one hand and the needle was inserted perpendicular to
the mass. Once the needle was within the lesion, backward pressure was applied on the syringe using the syringe
holder. The needle was then quickly agitated within the lesion using long needle excursions at a rate of 2-3
strokes per second, for a total of 10-20 excursions. This rapid cutting motion was essential for the collection of
a generous sample. Once cellular material was identified in the hub of the needle, the syringe holder suction
was released and the needle was removed from the patient or specimen. One to three needle passes were
collected from each tumor. During each aspiration, the excursions were performed in a fan-shape to ensure a
larger region of sampling. In addition, particularly for larger lesions, each needle pass was performed in a
separate area of the tumor for the most heterogeneous and cellular tissue collection. Insertion of the needle in
along the same path as a prior pass led to increased blood collection and a more dilute sample. Following each
needle pass, the needle was rinsed in either sterile RPMI 1640 or DMEM. The FNA-acquired cells were then
centrifuged and immediately plated for FNA-PDO culture or stained for flow cytometry. All FNA training for this
study was carried out by an experienced cytopathologist (VW).
2.2.4.2. Semi-solid FNA-PDO culture

FNAs were collected from patient tumors (1 needle pass) and rinsed in 20ml of DMEM. FNA-collected
cells were then mixed with ice-cold complete media containing DMEM/Hams F12/MCDB105 (2:1:1 ratio), 12%
FBS (Gibco), B27-supplement (Gibco), and 5% Matrigel (Corning). Cells were then immediately plated into 12
wells of a 24-well ultra-low attachment plate (Corning 3473). 200ul of 5% Matrigel in complete media was
added dropwise to each well weekly to compensate for volume loss through evaporation.
2.2.4.3. Disc FNA-PDO culture

FNAs were collected from patient tumors (1 needle pass) and rinsed in 20ml DMEM. FNA-collected cells
were then gently mixed with ice-cold complete media containing DMEM/Hams F12/MCDB105 (2:1:1 ratio), 10%

FBS, B27-supplement, and 75% Matrigel. The ice-cold Matrigel and cells were then plated in 50ul discs in the
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bottom of each well (3 discs per well) of pre-warmed 6-well tissue culture plate and placed in the incubator for
10 min to allow the Matrigel to solidify. Once solidified, the Matrigel discs were covered with pre-warmed
complete media containing 10% FBS plus B27 supplement and this media was changed every other day.
2.2.4.4. H&E and Immunohistochemical staining of FNA-PDOs

FNAs were collected from patient tumors and plated in disc FNA-PDO culture as described above.
Following FNA-PDO growth (1-2 weeks in culture), organoids were centrifuged 1200rpm for 10 minutes. Media
was aspirated, and the organoids were resuspended in 10% neutral buffered formalin (NBF) for 30 minutes. The
organoids were then centrifuged at 1200rpm for 10 minutes. The NBF was aspirated and the organoids were
resuspended in 70% alcohol for 15 minutes three times, organoids were centrifuged at 1200rpm for 10 minutes
between each alcohol wash. After the final alcohol wash cells were resuspended in 1.5% heated UltraPure™
Agarose Invitrogen/Thermo (# 16500100) and transferred to a cryomold for 30 minutes. The agarose-organoid
block was processed and embedded in paraffin using a two-hour processing run.
2.2.4.5. Immunofluorescent staining of FNA-PDOs

Organoids were fixed in 4% formaldehyde prior to permeabilization with 0.5% TBST. Following a 0.1%
TBST rinse, organoids were rotated in Abdil (0.1% TBST, 2% BSA) for 1 hour at RT. Organoids were stained with
anti-smooth muscle actin (rabbit anti-SMA, 1:250, Abcam) and anti-cytokeratin 8/18 (guinea pig anti-CK8/18,
1:250, Abcam) in blocking buffer overnight at 4°C. After incubation, organoids were washed in 0.1% TBST and
secondary stained with AlexaFluor488-conjugated anti-guinea pig antibody and Alexa-Fluor647-conjugated anti-
rabbit antibody (both 1:250, Abcam) for 2-3 hours at RT. Organoids were stained with Hoechst (Abcam) washed
with 0.1% TBST, resuspended in PBS, and mounted onto glass slides with 50ul ProLong Gold Antifade Reagent
(Invitrogen). After a 15-minute covered incubation at RT, coverslips were sealed with nail polish. Images were
acquired using a Nikon Spinning Disk microscope with Andor DU-897 EMCCD camera and 647nm, 488nm, and
405nm lasers. Images were processed using ImageJ (Fiji, Build: 269a0ad53f).

2.2.4.6. FNA-PDO MTT assay
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Gastric signet ring organoids were harvested from a 6-well plate (one 200uL Matrigel disc per plate with
near confluent organoids) in ice-cold PBS, subjected to partial mechanical dissociation by pipetting up and down
approximately 10 times with a glass Pasteur pipette and then centrifuged for 10 min at 8,000rpm at 4°C. Residual
Matrigel was removed with a pipette, and pelleted organoids were resuspended in fresh Matrigel. 50uL of
Matrigel containing FNA-PDOs were plated into a black 96-well plate, ensuring that the bottom of each well was
covered. Organoids were fed with 100uL of media (Advanced DMEM, Gibco) containing 5% FBS (Gibco), 1X B-
27 (Gibco), 100mg/ml EGF (Life Technologies), 10mg/ml FGF (Life Technologies), 1X Insulin-Transferrin-Ascorbic
Acid (Life Technologies) every 3-4 days. Organoids were allowed to grow for approximately 2 weeks and drugs
then administered in triplicate or quadruplicate every 3-4 days for an additional 2 weeks. Drug concentrations
were calculated for 150uL (100uL media+50uL Matrigel). At the end of the trial, 20uL CellTiter-96 (Promega)
was added to 100uL of fresh media and the absorbance (492nm) measured on a microplate reader (Molecular
Devices). Background readings (Matrigel + media without organoids) were subtracted from each measurement,
and data normalized by dividing each measurement by the largest value obtained on the plate.
2.2.4.7. FNA-PDO fluorescent viability assay

Cell suspensions were prepared from organoids by trypsinization. Cells were seeded in semisolid media
containing 5% Matrigel (Corning) supplemented with 15% FBS, penicillin/streptomycin (Corning; 1X) and B27
(Thermo Fisher Scientific) at 40,000 cells per well in an ultra-low attachment 6-well plate. Plates were monitored
daily for organoid development. The timing of organoid growth varied between different organoids, but typically
organoids were observed within 1-2 weeks. Once multicellular organoids formed, drugs were added directly to
culture wells for therapeutic testing. Forty-eight hours after drug dosing, propidium iodide was added to the
wells at a final concentration of 8.3ug/ml. Following another 24 hours of culturing, Hoechst 33342 and Calcein
AM (Thermo Fisher Sceintific) were added to the wells with organoids at final concentration of 10ug/ml and
4ug/ml, respectively. After that, organoids were incubated in standard cell culture conditions at 37°C with 5%

CO; cultured for two hours and imaged in culture wells with an inverted fluorescent microscope.
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2.2.4.8. High-throughput 384-well FNA-PDO assay

Organoids were washed and resuspended in 5ml TrypLE for dissociation. Organoids were incubated at
37°C for 30 min, with vigorous pipetting every 10 min to prevent clumping. Cells were spun down and
resuspended in complete DMEM + 2% Matrigel at a concentration of 9500 cells/ml. 30ul of cell suspension was
plated per well in black 384-well cell culture microplates with a cell-repellant surface (Greiner Bio-One #781976).
Organoids were allowed to form for 24 hours prior to treatment with doxorubicin (25-10,000nM) or vehicle
(DMSO) as a control. Following 72 hours of treatment, wells were imaged using an ImageXpress Micro XL
automated high-content microscope (Molecular Devices) in the Vanderbilt High-throughput Screening (VHTS)
core facility. To assess viability, CellTiter-Glo 3D (Promega) was added in equivalent volume to wells and mixed
with the Bravo automated pipette liquid transfer system (Velocity 11/Agilent). Per the CellTiter-Glo 3D protocol,
plates were placed on a shaker for 25 min before luminescence was quantified using a Synergy NEO (BioTek), in
the VHTS core.
2.2.4.9. Disc implantation for FNA-PDOX generation

Organoids were grown in solid 75% Matrigel disc cultures. When organoid confluency in the disc reached
approximately 20-40%, disks were lifted with cell scraper and gently rinsed with 1X PBS. Female Foxn1/nu mice
(Jackson Laboratories) mice were anesthetized with isoflurane and small skin incision is made on the mouse
flank. The disk was then lifted with a spoon-shaped microspatula and inserted subcutaneously at the incision
site. The skin incision was then closed with a surgical clip. Mice were monitored weekly for tumor development
and tumor volume is estimated as V=0.5*(length x width?) based on weekly measurements of tumor dimensions
with digital calipers.
2.2.4.10. Organoid injection for FNA-PDOX generation

FNA-derived organoids were expanded to confluency in 12 wells of semi-solid culture in a low-
attachment 24-well plate. Organoids were spun down, washed, and resuspended in 400ul of PBS. Per IACUC-

approved protocol, female NOD.Prkdcll2rg”- (NSG) mice received 150ul of organoid suspension
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subcutaneously in each flank using a 1ml Sub-Q syringe and 22 gauge needle. On average, 1,000 organoids were
injected per site (range 800-1,400 organoids) with an average organoid area of 15mm2 (range 10-30mm?2 area
per organoid, varying based on tumor type and patient sample). Tumor growth was monitored and volume
measured every other day until an endpoint of tumor size 1cm3. At this time, mice were euthanized and tumors
removed. Fine-needle aspiration was performed on the excised tumor using a 25 gauge needle and collected
cells were washed and cultured in complete DMEM to create a stable PDOX line.
2.2.4.11. Analysis of the FNA-PDO tumor microenvironment

Organoid disc cultures were generated following FNA extraction using the method described above. At
the time of FNA, a portion of the sample was briefly incubated for 5 min with collagenase (Sigma C2674-1G) and
DNAse (Sigma D5025-150kU) at 37°C prior to evaluation of immune cell presence and viability by flow cytometry
using a MacsQuant Analyzer 10 (Miltenyi Biotec). Following FNA, the tumor was digested according to our
previously published standard digestion protocol®®. Approximately 100,000 cells were plated from either FNA
or digested tumor samples in each 300uL Matrigel disc according to the methods described above. Wnt3A-
enriched media was created as previously described by Neal et al.®. Briefly, L-WRN cells (ATCC CRL-3276) were
grown to confluence prior to collection of Wnt3A, R-spondin 3, and Noggin conditioned media. Cells were
removed using centrifugation, and the supernatant was frozen to ensure no L-WRN cell contaminant. Wnt3A-
enriched culture media was subsequently composed of DMEM supplemented with 50% L-WRN conditioned
media, 10% FBS, 1mM HEPES (Sigma), 10mM nicotinamide (Sigma), 1mM N-acetylcysteine (Sigma), 50ng/mL
EGF (Thermofisher), B-27 without vitamin A (Fisher Scientific), L-glutamine (VWR), and 1X penicillin-
streptomycin (Sigma). Recombinant human IL-2 (TECIN (Teceleukin) Bulk Ro 23-6019) was added (1001U/mL) to
some discs and was provided by the National Cancer Institute (NCI). Following 2 weeks in disc culture, organoids
were released from Matrigel using Cell Recovery Solution (BD Biosciences) per manufacturer’s protocol. Once
isolated, organoids were enzymatically digested using collagenase (Sigma C2674-1G) and DNAse (Sigma D5025-

150kU) at 37°C for 5 minutes, and passed through a 70um strainer to ensure cells stained were in single cell
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suspension. Recovered single cells were then washed with FACS buffer (2% FBS in PBS) and transferred into a
96-well round bottom plate for immune profiling by flow cytometry on the MacsQuant Analyzer 10. Immune
cell evaluation was performed following staining with the following antibodies: Human BD fc Block (BD
Biosciences), anti-human CD3 (BioLegend, clone UCHT1), anti-human CD45 (BioLegend, clone HI30), anti-human
CD8a (BioLegend, clone RPA-T8), anti-human CD19 (BioLegend, clone SJ25C1), anti-human CD11b, BioLegend,
clone ICRF44), anti-human CD14 (BioLegend, clone M5E2), anti-human HLA-DR (BioLegend, clone L243), anti-

human CD163 (BioLegend, clone GHI/61), and anti-human CD4 (BioLegend, clone OKT4).

2.2.5. Results
2.2.5.1. Fine-needle aspiration-based patient-derived organoid culture technique

FNAs utilize beveled 25-gauge needles with a 10ml syringe and syringe holder to provide gentle
aspiration using 1-3 needle passes for collection. It is well documented that this technique, with its fine beveled
needle and rapid cutting motion, enriches for tumor cell clusters and discohesive cells with minimal stromal
extraction’!. FNA biopsy material from patients yields intact epithelial cell aggregates and single cells that are
largely free of stromal contamination, as compared to core biopsies that retain acellular matrix (Figure 2.2.2.).
As such, FNA contents were plated into organoid culture directly out of the needle without any digestion or
processing steps. Because FNA enriches for intact cell clusters without digestion or trypsinization, performing
cell counts after FNA at the outset of the procedure is not possible for routine isolations. To approximate yields,
cell counts were acquired for a representative subset of tumors to estimate the minimal tumor cellularity
obtained (averaging ~1 million cells per needle pass) by FNA. As expected, the highest numbers of tumor cells
were isolated from melanomas, which typically grow as solid sheets of discohesive cells. Renal cell carcinomas
(RCCs) yielded nearly an order of magnitude fewer carcinoma cells, perhaps because tumor cells are embedded
within a richly vascularized stroma. Despite the lower numbers, the cellularity was still more than sufficient for

organoid culture. We note that these counts likely underestimate the true cellularity following FNA. Although
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not included in this study, lymph nodes likely represent the upper limits of cellularity for FNA sampling with
yields up to 9.6 million cells per needle pass®.

To assess a range of tumor types for this study, FNA was performed ex-vivo on surgical specimens from
both human and xenografted tumors including melanomas, papillary and anaplastic thyroid carcinomas, clear
cell renal carcinomas, colorectal adenocarcinomas, gastric signet ring adenocarcinomas, pancreatic
adenocarcinomas, a cholangiocarcinoma, and a low grade appendiceal mucinous tumor (Figure 2.2.3).

FNA based-Patient Derived Organoids (FNA-PDOs) were collected and cultured with equal success on human
and xenograft mouse tumors. Unsampled tissue from the intact tumors were also processed for histopathology
in parallel for in situ histomorphologic comparison with the FNA-PDO cultures. FNA-PDOs were then plated
directly out of the needle into either semi-solid or disc Matrigel formats in order to assess the suitability of both
downstream culture conditions for growth and passaging (Figure 2.2.3). Following FNA needle passes, the
needles were rinsed in DMEM and centrifuged. Cell pellets were then resuspended in simplified DMEM media
and Matrigel without commonly used supplements (for example, noggin, gastrin, R-spondin, Wnt3A) in order to
grow organoids and ensure selection of malignant cells over resident non-neoplastic epithelial cells. The initial
take-rate was 98% (44/45) for thyroid cancer FNA-PDOs; 79% (19/24) for melanoma xenograft FNA-PDOs; 94%
(16/17) for gastrointestinal FNA-PDOs including 8 colorectal carcinomas, 5 pancreatic carcinomas, 1
cholangiocarcinoma, 2 gastric carcinomas, and one appendiceal carcinoma; and 80% (12/15) for RCC FNA-PDOs.
This initial take-rate included cancer organoid growth in culture over 3 weeks and included both primary and
metastatic lesions. Metastases, aggressive poorly differentiated primary tumors, and well-differentiated
primary tumors all formed organoids with similar take rates. Successful long-term propagation for 25 passages
following cryopreservation was achieved with a rate of 54% (13/24) for melanoma xenograft FNA-PDOs, 100%
(12/12) for thyroid cancer FNA-PDOs, and 100% (4/4) for GI FNA-PDOs that have been evaluated. Renal cell
carcinoma FNA-PDOs and some of the other samples were used only for short-term studies and were not

cryopreserved for evaluation of long-term propagation. Despite the lack of supplements, most cancer organoid
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types grew well in the simplified media without overgrowth of non-malignant cells (as confirmed by two
experienced pathologists, VW and OM) and the cost of culture and subsequent experimental studies was
significantly decreased. The lone exception was RCC, which required enriched media containing noggin, R-
spondin, and Wnt3A. Organoids from normal renal epithelium could also be successfully grown in this enriched
media with an initial take rate of 80% (4/5). Normal epithelium from thyroid, skin, and liver FNAs failed to grow

in simplified media.
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Figure 2.2.2. FNA Versus Core Biopsy Tissue. A. FNA smears of thyroid cancer (Diff-Quik stain). Left panel demonstrates predominantly discohesive
tumor and immune cells aspirated from an anaplastic thyroid carcinoma. Middle and right panels demonstrate clusters of tumors cells isolated from
well-differentiated papillary thyroid carcinomas. B. Core biopsy specimens (hematoxylin and eosin, H&E stain) of thyroid carcinoma from two lung
metastases (left and middle panels) and one bone metastasis (right panel). Black arrow indicates fibrous stroma in core biopsies. C. FNA smears of
three melanomas (H&E stain) demonstrate largely discohesive, single malignant cells. D. Core biopsy specimens (H&E stain) demonstrate numerous
malignant cells with surrounding stroma (black arrow) and necrosis (red arrows). E. FNAs from gastrointestinal cancers (H&E stain) demonstrate
clusters of malignant epithelial cells in colorectal adenocarcinoma (left panel), gastric adenocarcinoma (middle panel), and pancreatic
adenocarcinoma (right panel). F. Core biopsy specimens (H&E stain) demonstrate malignant glands with intervening stroma in colorectal
adenocarcinoma (left panel), gastric adenocarcinoma (middle panel), and the classic dense desmoplastic stroma of pancreatic adenocarcinoma (right
panel). Black arrow indicates fibrous stroma in core biopsies. All images taken at 20X magnification, 50um scale bar.
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2.2.5.2. Organoids recapitulate patient tumor morphology and immunophenotype in culture

A representative subset of FNA-PDOs from both disc and semi-solid cultures were fixed and embedded
in paraffin to assess tumor morphology (by H&E) side-by-side with the formalin fixed tumor tissues collected in
parallel from the patients. In all cases assessed, FNA-PDO morphology faithfully replicated the tumor
morphology observed in the matched patient tissues across a range of tumor histologies (Figure 2.2.3). This
included spindled melanomas with vacuoles (patient 1642), pleomorphic melanomas with bizarre giant cells
(patient 1826) or necrosis (patient 0431), signet ring gastric carcinomas with discohesive cells and
intracytoplasmic mucin droplets (patient V50), colorectal adenocarcinomas with papillary glands and “dirty”
necrosis (patient V80), appendiceal mucinous tumors with small clusters of malignant cells embedded in mucin
(patient V12A), thyroid carcinomas with microfollicular (patient VWLTS8), solid (patient VWLT12),
psammomatous (patient VWLT14) and papillary architectures (patients VWLT13 and VWLT33), and clear cell
RCCs with the classical clear cell morphology and nested growth patterns (Figure 2.2.3). In addition to the
morphologies observed by H&E stains, characteristic immunohistochemical staining (IHC) was also preserved
across a panel of organoids (Figure 2.2.3.). Melanoma FNA-PDOs strongly expressed S-100 protein with Ki-67
labeling (a proliferation marker), as seen in the matched tissue samples. Carcinomas retained their characteristic
strong cytokeratin (AE1/AE3) expression. Nuclear TTF-1 expression was retained in thyroid FNA-PDOs. Thus,
malignant cells isolated by FNA-PDO retained key histologic and immunophenotypic properties of the patient
tumors from which they were derived.

Resident stromal cells were also isolated and maintained in the 3D FNA-PDO cultures in many cases. For
example, fibroblasts were clearly identified in two thyroid FNA-PDOs, as illustrated by immunofluorescence
labeling of carcinoma cells (green, CK8/18 positive) surrounded by supporting cancer-associated fibroblasts

(red, SMA positive, Figure 2.2.4.). In particular, the disc plating method was most conducive to maintaining
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Figure 2.2.3. FNA-Based Patient-Derived Organoid Model. A. Fine-needle aspiration can be performed on
patients, surgical specimens, or animals. One to three needle passes are typically collected, and the needle is
rinsed in RPMI 1640 or DMEM. Following this rinse, the cells can be directly plated in either a semisolid or disc
organoid format. B. Organoids begin to form within 1 week of plating and have morphologies unique to each
individual patient. Three melanoma organoids shown have distinct morphology on 20x bright-field imaging. C.
Organoids can also be embedded in paraffin blocks for morphologic evaluation using H&E staining, images taken
at 20x magnification (scale bar, 50 um). Organoid morphology, as seen on H&E stain, closely recapitulates the
primary patient tumor morphology across multiple tumor types including melanoma, gastrointestinal
carcinomas, thyroid carcinomas, and renal cell carcinoma.
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cancer-associated fibroblasts. In these formats, a population of spindled fibroblasts often migrated out of the
discs onto the plastic during the first few rounds of passaging, typically within 1-2 weeks of initial plating. These
cells then grew exclusively as 2D cultures, as illustrated by a melanoma FNA-PDO at days 4 and 6 of culture
(Figure 2.2.4.). These 2D fibroblast cultures propagated out of most FNA-PDO melanomas and thyroid
carcinomas, with more variability in gastrointestinal carcinomas and RCCs. The percentage of fibroblasts
migrating into 2D cultures varied between tumors and increased over time with each subsequent passage
(tumor cells labeled in green with CK8/18 and fibroblasts labeled in red with SMA, Figure 2.2.4.). 2D fibroblast
cultures were not observed in semi-solid organoid culture formats, presumably due to the ultra-low attachment
surfaces of the plates. However, fibroblasts were identified in semi-solid culture within the organoids
surrounding the malignant cells.

2.2.5.3. FNA-PDOs model therapeutic responses

We next tested whether our FNA-PDO culture method could be applied to downstream in vitro
therapeutic modeling applications (Figure 2.2.5.). We first tested drug responsive organoid growth within the
semi-solid format. Thyroid FNA-PDOs were treated with the BRAF-inhibitor dabrafenib at clinically relevant
concentrations (30nM) for 20 days in semi-solid culture. Unlike control (wild type) thyroid carcinomas, which
were insensitive to dabrafenib as expected, the BRAFV600E-mutant FNA-PDO demonstrated a partial response
to therapy (Figure 2.2.5.). This is similar to the partial response rate that is observed in patients with BRAF-
mutant thyroid carcinoma®3,

We next tested drug responses of organoids grown in discs plated within standard 96-well plate formats,
using conventional MTT signals as a readout of organoid viability. Following 2 weeks of growth to allow mature
organoid formation, a gastric signet ring FNA-PDO was treated with various chemotherapies over a subsequent
period of two weeks. Standard of care palliative combination chemotherapy (5-fluorouracil: 5FU and cisplatin)
demonstrated therapeutic efficacy in a concentration-dependent manner. We note that 5-FU alone was as

efficacious against the FNA-PDOs as 5FU combined with cisplatin, and that FNA-PDOs also responded to
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Figure 2.2.4. Patient-Derived Organoids Maintain Identical Patient Morphology and Immunophenotype in
Culture. A. Three distinct FNA patient-derived organoids (FNA-PDOs) for melanoma. These organoids also
maintain S-100 and Ki-67 immunohistochemical (IHC) staining similar to the patient tumor (20x magnification;
scale bar, 50 um). B. Two distinct FNA-PDOs for thyroid cancer maintain expression of markers indicative of
thyroid differentiation, AE1/AE3 and TTF-1, on IHC (20x magnification; scale bar, 50 um). C. Gastrointestinal and
renal FNA-PDOs demonstrate preserved AE1/AE3 expression (20x magnification; scale bar, 50 um). D.
Immunofluorescence staining of the two thyroid cancer FNA-PDOs (shown in B) highlights both a population of
tumor cells (green, CK8/18 positive staining) as well as a supportive population of cancer-associated fibroblasts
(CAFs, red, SMA; DNA in blue; 20x magnification; scale bar, 100 um).E. Disc organoid cultures for numerous
tumor types tested demonstrate 2D cultures that extend from organoids and grow along the bottom of the
plate. Bright-field images of melanoma FNA-PDO taken at 4 and 6 days of culture showing rapid growth of the
2D population (10x magnification; scale bar, 100 um).F. Immunofluorescence of these 2D cultures (thyroid FNA-
PDO shown) demonstrates both cancer epithelial cells (CK8/18, green) and cancer-associated fibroblasts (CAFs,
SMA, red; 10x magnification; scale bar, 100 um).
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doxorubicin monotherapy by these assays (Figure 2.2.5). FNA-PDOs were further tested for drug response using
fluorescence-based viability assays. Melanoma FNA-PDOs obtained from xenograft mice were treated with
combination MEK inhibitor (0.1uM trametinib) and BRAF inhibitor (10uM dabrafenib), which are standard of
care therapeutics for patients with BRAF-mutant melanoma. Viability was assessed by staining with Calcein AM
(stains live cells) and propidium iodide (stains dead cells). Bisbenzimide (Hoechst 33342), a cell-permeable DNA
stain, was used to visualize cell nuclei. While trametinib/dabrafenib-treated FNA-organoids remained largely
intact with smaller size, fluorescent imaging revealed widespread cell death after 72 hours of trametinib plus
dabrafenib exposure (Figure 2.2.5.)

Results indicate that the intact organoids obtained by FNA retain intrinsic chemotherapeutic sensitivities
in vitro. Because other techniques trypsinize organoids into single cells during passaging a plating, we evaluated
whether FNA-PDOs could be successfully trypsinized into single cells and regrown into organoids for drug
sensitivity testing in 384 well plates. To this end, FNA-PDOs were dissociation into single cells with trypsin, plated
into semisolid formats, incubated for 24-72 hours to allow organoids to reform, and assessed for drug sensitivity
with both ATP measurement (CellTiter-Glo 3D) and automated high-content imaging. As shown in Figure 2.2.5.,
organoids formed efficiently in 384-well plates and concentration-response curves were generated during

treatment of anaplastic thyroid carcinoma FNA-PDOs with doxorubicin.
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Figure 2.2.5. FNA-Based Patient-Derived Organoids are Readily Adapted to High-throughput Screening. A. FNAs directly plated in semisolid organoid
culture can be tested for drug sensitivity. BRAFV600E-mutant (left) and BRAF-wild-type (right) thyroid cancer organoids were treated with dabrafenib,
a BRAF inhibitor (30nM), for 20 days. BRAFV600E-mutant organoids show decreased organoid size and number following treatment. As expected,
BRAF-wild-type organoids show no observable response. Images representative of three replicates. *xp < 0.05, Mann Whitney test. B. FNA-based
patient-derived gastric signet ring organoids were assayed for drug sensitivity using disc-organoid MTT assay in 96-well plates. Error bars represent
standard deviation. * = p < 0.05 C. FNA-PDOs from aggressive anaplastic thyroid cancer were assessed for viability following doxorubicin treatment
using an automated high-throughput 384-well assay. The thyroid cancer FNA-PDOs showed response to doxorubicin. Automated high content
imaging also confirms organoid growth in the 384-well format, as seen in these untreated melanoma FNA-PDOs. Images representative of three
replicates; error bars represent standard error of the mean (SEM). D. Using a high-throughput fluorescent assay, patient-derived melanoma organoids
were labeled with Calcein AM (green fluorescence, labels live cells) and propidium iodide (red fluorescence, labels dead cells). DNA was stained with
Hoechst 33342. Although the overall organoid structure remained intact, the organoid decreased in size and cells in the organoids were killed
following 3 days of treatment with MEK inhibitor, trametinib (0.1 uM), and BRAF inhibitor, dabrafenib (10um). This is in agreement with clinical data
showing that dabrafenib and trametinib combination is effective for treatment of BRAF V600E melanoma'®®. Scale bar, 100 um. E. Organoids from
indicated human melanoma tumors were generated using FNA of corresponding PDX tumors grown in BALB/c nu/nu mice. Organoids were plated in
semisolid media into 96-well low-attachment plates and treated with 5uM AMG-232, 1uM dabrafenib, 0.1uM trametinib, or combination of three
drugs for 3 days. Calcein AM/Propidium lodide viability assay was performed as shown in C. The ratio of the intensity of red (dead cells) and green
(live cells) fluorescent signal in individual organoids was plotted. Each dot represents an individual organoid. Error bars represent standard deviation.
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2.2.5.4. Xenograft studies using FNA-PDOs show aggressive tumor growth

We next tested whether FNA-PDOs could efficiently xenograft into immunodeficient mice. To this end,
FNA-based patient-derived organoid xenograft models (FNA-PDOX) were successfully generated by either
subcutaneous implantation of FNA-PDO cultured within discs or direct injection of FNA-PDOs harvested from
semi solid cultures (Figure 2.2.6.). Although both approaches generated FNA-PDOXs, disc implantation was more
preferred for aggressive tumor types, especially melanomas. Palpable flank tumors formed between 10-50 days
of implantation using either method and the histomorphology of the FNA-PDOX tumor was identical to both the
in vitro FNA-PDO cultures and in vivo patient tumor tissues (Figure 2.2.6). As expected, FNA-PDOX growth rates
varied across tumor types and individual patient samples. However, FNA-PDOX growth closely matched growth
of conventional PDXs derived from the same patient tumor(s). Despite prior in vitro passaging and generally
lower cellularity of implanted FNA-PDO discs, some FNA-PDOXs also grew unexpectedly robustly, reaching
1000mm?3 within 35 days of implantation (Figure 2.2.6.). FNA-PDOXs were also generated in a similar time using
less aggressive tumors (such as thyroid tumors) harvested from semi solid cultures (data not shown). These data
demonstrate two methods for generating robust growth of FNA-PDOs in immune compromised mice.
2.2.5.5. Immune cell capture from FNA-PDOs

The use of human organoid models for the study of tumor immunology has been a promising area of
research®-194 that requires the successful co-culture of both tumor epithelial cells and infiltrating immune cells.
We asked if tumor-infiltrating immune cells could be isolated by FNA and co-cultured with tumor cells in our
FNA-PDO model, since FNA is a highly efficient method for extracting discohesive cell populations. Because RCCs
are highly vascular tumors that are often enriched with well-defined populations of immune cells, we more

thoroughly examined the immune capture efficiency of FNA-PDO using RCC as a model system (Figure 2.2.7).
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Figure 2.2.6. FNA-based Patient-derived Organoids Readily Grow in Xenograft (PDOX) Models. A. FNA-based
patient-derived organoid disc cultures can be surgically implanted into immune compromised mice for creation
of an FNA-PDOX model. B. For slower-growing tumors, organoids can be cultured in the semi-solid format using
enriched media and then injected into immune compromised mice. C. FNA-PDOX tumors from melanomas
display morphology similar to both the original patient tumor and the organoid culture. D. PDOX tumors grow
robustly in both nude and NSG mice with similar tumor growth characteristics to a standard PDX model follow
disc implantation. Images representative of 3 replicates; error bars represent standard deviation.
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Overall, viability and initial lymphocyte and myeloid subtype yields of the captured immune cells
appeared equivalent between FNA and conventional digestion methods (Figure 2.2.7.b-d). As expected,
absolute immune cell counts (CD45+ cells) at collection were higher for large tumor fragments as compared to
FNA, approximately 8 x10° for FNA (9 needle passes) vs. 6 x 10° for whole tumor digestion (1cm?3, Figure 2.2.7.e).
However, immune cell survival was significantly higher in FNA-PDOs, likely due to the gentler extraction
technique. After plating the same number of cells per organoid disc (100,000 total cells per 300uL organoid
disc), the immune cell survival in FNA-PDOs was significantly higher than digestion-based PDOs at 2 weeks of
culture for both complete media and Wnt-enriched media (p<0.05, Figure 2.2.7.f). The culture protocols for
immune-containing organoids in the literature are quite complex and often recommend Wnt3A-containing or
cytokine supplemented medial®1%, We next assessed whether IL-2 supplementation and media enriched with
Whnt3A, noggin, and R-spondin enhanced immune subset survival within our FNA-PDO model. Enriched media
enhanced CD45+ immune cell survival with significant enhancement of CD3+ T cell and CD14+CD11b+ myeloid
cell survival at 2 weeks in FNA-PDO culture (Figure 2.2.7.f-i). IL-2 supplementation further enhanced survival of
CD3+ T cells subsets at 2 weeks in FNA-PDO culture (Figure 2.2.7.h). Further studies will be required to
investigate various tumor types and long-term culture beyond the proof-of-principle experiments reported
here. However, based on these studies, we conclude that FNA-PDO is superior to standard digestion-based PDOs
in capturing resident immune cell populations from the sampled tumor microenvironment, as well as providing

improved immune cell survival.
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Figure 2.2.7. FNA-Based Patient-Derived RCC Organoids Contain Immune Cells from the Tumor
Microenvironment. A. Immune cells are extracted and plated during FNA-PDO collection and generation. This
representative RCC FNA-PDO demonstrates classic morphology by H&E with positive cytokeratin staining
(AE1/AE3) and infiltration of B cells (CD20), T cells (CD3), and macrophages (CD163) by immunohistochemistry
(IHC). B. Cell viability at collection was assessed using flow cytometry on fresh FNA material collected from RCCs
versus fresh material following tumor digestion of RCCs, showing similar overall viability and CD45+ viability
between FNA and digestion extraction methods (n = 4 tumors). Error bars represent standard error of the mean
(SEM). C. Both FNA and digestion methods have similar lymphoid subset viability at collection (n = 4 tumors,
error bars represent SEM). D. Both FNA and digestion methods have similar myeloid subset viability at collection
(n = 4 tumors, error bars represent SEM). E. Absolute immune cell counts at collection for FNA (nine needle
passes per tumor) and digestion (1 cm? tissue per tumor completely digested, n = 4 tumors, error bars represent
SEM). F. RCC FNA-PDO and digestion-PDO immune cell recovery counts at 2 weeks of disc culture demonstrate
significantly improved survival of CD45+ cells from FNA-PDOs as compared with digestion-PDOs in both Wnt3A-
enriched and non-Wnt-enriched complete media (n = 4 tumors, error bars represent SEM, *p < 0.05). G. FNA-
PDO CD45+ cell recovery counts at 2 weeks in culture demonstrates improved CD45+ cell survival with both
Whnt-enriched media and 100 IU/mL IL-2 supplementation (n = 2 tumors, error bars represent SEM, *p < 0.05).
H. FNA-PDO lymphocyte recovery counts at 2 weeks in culture demonstrates CD3+ lymphocyte survival in all
conditions and improved CD8+ lymphocyte survival with Wnt-enriched media and IL-2 supplementation (n = 2
tumors, error bars represent SEM, *p < 0.05). I. FNA-PDO myeloid recovery counts at 2 weeks in culture
demonstrates improved survival of CD14+CD11b+ myeloid cells when cultured with Wnt-enriched media (n =2
tumors, error bars represent SEM, *p=<0.05).
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2.2.6. Discussion and Conclusions

FNA-PDO is a simple method that can be used to isolate tumor organoids directly from patients at the
bedside or from harvested tumor tissues, including biopsied tissues as small as 2mm?3 (in our experience). Our
methodology requires minimal sample processing without digestion of tissues or trypsinization of cell clusters
and faithfully preserves native tumor histology. It enriches for cellular aspects of the tumor microenvironment
at the expense of acellular elements, even for cancers with a highly fibrotic stroma. FNA-PDOs can be cultured
and passaged without trypsinization in solid or semi-solid formats, and either format is amenable to in vitro
experiments including drug screens and in vivo experiments including xenograft studies. Of note, we found that
the standard media used to collect FNA samples at the bedside clinically (RPMI 1640 or DMEM) can be used
here for organoid culture. Finally, FNA-PDOs allow co-isolation of tumor-infiltrating immune cell populations
with enhanced immune cell survival as compared to standard digestion methods. Because of its simplicity, wide
applicability, and preservation of the cellular aspects of the native tumor, FNA-PDO represents an important
technical advance over conventional organoid isolation methods. With the widespread clinical use of FNA, this
technique can be extensively utilized across medical centers to create organoid cultures and organoid tissue
banks for precision medicine and research.

We speculate that FNA-based organoid culture holds broad potential for clinical care and basic research.
Like conventional organoids, FNA-PDOs could be particularly valuable for personalized therapy, since drug
responses can be assessed in vitro from the same cancer over time, including before and after treatment or
surgery. FNA-PDOs could be used in combination with other assays (for example, flow cytometry) to monitor
patient immune responses, tumor-immune infiltration, PD-L1 expression, tumor differentiation and viability,
and drug sensitivity over the course of disease and therapy. Because FNA is widely used in the clinic and FNA-
PDOs require no additional processing, we anticipate that this technique could be efficiently incorporated into
current clinical workflows. Generation of FNA-PDOs requires only 1-3 weeks on average, indicating that drug

sensitivity testing or other ancillary studies could be completed on a similar timeline as diagnostic molecular
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testing. In the experimental setting, FNA-PDOs could be especially useful for serial samplings of tumors from
xenografts or genetically engineered mice to determine treatment responses or immune infiltration patterns
over time.

Finally, FNA-PDOs can be used to isolated tumor organoids and immune cells from patients or surgically
removed patient specimens for general experimental purposes. Our current studies suggest that FNA-PDO
represents a powerful new tool for use in personalized therapeutic drug testing, high-throughput drug
discovery, xenograft generation, and tumor-immune microenvironment studies. When widely adapted, we
anticipate that FNA-PDOs will provide the scientific community with a simple and cost-effective approach to
directly interrogate key aspects of the tumor microenvironment in vitro more efficiently than traditional

organoid cultures and more rapidly than traditional mouse models.

2.3. METHOD: OBTAINING PATIENT-DERIVED ORGANOIDS VIA FNA

2.3.1. Summary of Project and Contribution of Method

This detailed methodology accompanies the Vilgelm et al. paper above. It includes performance of the
FNA, culture and maintenance, and freezing and thawing of organoid cultures. While the methods contained
within that publication are sufficient to describe the process, this protocol provides specific directions to
recreate the findings of the paper.

This method was published in STAR Protocols in January 2021, and the text contained in this subsection

is adapted from:

Phifer, C., Bergdorf, K., Bechard, M., Vilgelm, A., Baregamian, N., McDonald, O., Lee, E., and Weiss, V. (2021).
Obtaining patient-derived cancer organoids via fine-needle aspiration. STAR Protocols 2:100220.

62



2.3.2. Summary and Graphical Abstract

Patient-derived tumor organoid cultures are an essential and innovative methodology for translational
research. However, current techniques to establish these cultures are cumbersome, expensive, and often
require irreplaceable clinical tissue from surgery or core biopsies. Fine-needle aspiration (FNA) provides a
minimally invasive biopsy technique commonly performed in clinical settings, and we have found that it provides
a cost-effective, rapid, and streamlined method of tissue acquisition for cancer organoid culture.
For complete details on the use and execution of this protocol, please refer to Lee et al. (2.1) and Vilgelm et al.

(2.2).
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2.3.3. Preparation
2.3.3.1. Matrigel Preparation
Remove stock bottle of Matrigel from -20°C storage and thaw at 4°C for 6-8 hours. Place stock bottle of
Matrigel on ice in a sterile environment, as it will be used for tissue culture. Aliquot 1mL of Matrigel into labeled
microcentrifuge tubes and immediately place aliquots on ice. Store aliquots at -20°C for long-term storage.
Aliquots can be thawed at 4°C and we have kept aliquots at 4°C for up to a week to prevent additional freeze-
thaw or waste.
2.3.3.2. Media Preparation
2.3.3.2.1. Media Component Aliquot Preparation
Aliquot Fetal Bovine Serum (FBS). Thaw 500mL bottle at 4°C, then aliquot 45mL into labeled 50mL
conical tubes.
Aliquot L-glutamine. Thaw bottle of L-glutamine at 4°C for 12-24 hours for next-day aliquoting or
quickly in 37°C water bath. Aliquot 6 mL of L-glutamine into labeled 15mL conical tubes.
Aliquot penicillin-streptomycin (pen/strep). Thaw bottle of pen/strep at 4°C for 12-24 hours for
next day aliquoting or quickly in a 37°C water bath. Aliquot 6 mL of pen/strep into labeled 15mL
conical tubes.
Store all aliquots at -20°C.
Once prepared, aliquots can be thawed for 12-24 hours at 4°C for next-day use, or in a 37°C water bath
for immediate use.
2.3.3.2.2. Prepare Complete DMEM and Complete Media.
Complete DMEM: 44% DMEM, 22% Ham’s F12, 22% MCDB, 10% FBS, 0.9% L-glutamine, 0.9%
penicillin-streptomycin, 0.2% Normocin
Complete Media: 98% Complete DMEM with 2% B-27 Supplement

2.3.3.3. Pre-warm Plate and Complete Media
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Place a 6-well plate in the incubator to warm for at least 20 minutes before use.

Aliquot 20mL of Complete Media and place in a 37°C water bath for at least 20 minutes before use.

2.3.4. Detailed Methods
2.3.4.1. Fine-Needle Aspiration (FNA)

Fine-needle aspiration is a techniqgue commonly used in a clinical setting to obtain cells for cytopathology
and genetic testing. Here, we apply it to a research setting to obtain cells and cell clumps that will generate
organoid cultures. FNA is advantageous over traditional digestion methods because it is much more gentle,
allowing for increased cell survival.

The specimen and FNA-setup must be sterile for tissue culture. If performing the FNA on a specimen,
obtain the tissue in a sterile fashion from surgery. If obtaining tissue from surgical pathology, ensure that sterile
ink is used to mark the margins prior to FNA, as the ink in surgical pathology grossing rooms is often not sterile.
If obtaining the specimen from an animal, ensure sterile technique when performing in vivo FNAs or when
performing surgery on animals.

Attach a sterile 25-gauge beveled needle to a sterile 10 mL luer-lock syringe and insert into a syringe
holder. If using surgical tissue, transfer specimen to a sterile petri dish within a laminar flow biosafety cabinet.
If performing FNA in vivo, perform in a procedure room with sterile technique. Immobilize the specimen/nodule
with sterile-gloved fingers or sterile forceps and using your other hand, insert the needle with the syringe holder
perpendicular to the specimen/nodule. Apply backward pressure to the syringe using the syringe holder, while
rapidly agitating back and forth in a “saw-like” motion within the specimen at a rate of 2-3 strokes per second.
This motion loosens tumor and other cells from the stromal matrix. One “needle pass” typically involves 10-20
forward strokes (excursions). For optimal tumor sampling, reangle the needle slightly with each excursion so

that sampling occurs in a fan shape. The needle should not come out of the specimen/nodule until the 10-20
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excursions have been completed and material is visible in the needle hub. The needle should not protrude from
the opposite side of the specimen at any point. The speed of the agitation/strokes/excursions is critical for
cellular yield. If your yield is low, check that your stroke rate is at least 2-3 strokes per second and that needle
is not passing through the tissue. Once material is visible in the hub of the needle, release suction and remove
the needle from the specimen. Suction should always be released prior to removing the needle from the
specimen.

Traditionally, FNA is performed on patients when the nodule is 1cm or greater in greatest dimension.
However, ex vivo FNA has been successfully performed on specimens as small as 2mm with adequate yield for
organoid culture, including heavily fibrotic tumors.

Following this process (a “needle pass”), rinse the needle in 20mL of sterile, pre-warmed RPMI or DMEM
in a 50mL conical tube. Expel needle contents into the conical tube and rinse needle 2-3 times. Extensive rinsing
(more than 3-4 times) will lead to increased cell shearing and lower yields. Repeat needle passes and washes 3-
5 times and dispose of syringe and needle in appropriate sharps container.

FNA vyield is directly correlated with the experience of the person performing the technique. We
recommend extensive practice on fruit or store-bought meat prior to attempting FNA on animals or critical
specimens. In addition, different tumors may have different yields. Tumors with extensive necrosis or fibrosis
may give lower viable cell yields.
2.3.4.2. Cell Growth Protocol

Once you have obtained the cells from the FNA, they can be immediately plated using one of two culture
methods. Semi-solid culture is useful for longer culture periods and free movement of cells. Disc culture can be
beneficial for more compact organoid growth and allows for generation and propagation of two-dimensional
cultures. We recommend using both semi-solid and disc culture methods for new organoid cultures, as the

growth needs vary from culture to culture.
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Centrifuge the FNA material in the conical tube at 340 x g for 5 minutes at 20-25°C. Aspirate the
supernatant and resuspend the pellet in Complete Media.
If using only one plating method, we recommend resuspending the FNA material in 300uL. If both plating
methods are to be used, we recommend resuspending the FNA material in 600uL and dividing into two 300uL
aliquots. Cells can be plated in semi-solid culture to obtain organoids, or in disc culture to obtain both organoids
and 2D cell cultures.
2.3.4.2.1. Semi-solid culture
Pipet and mix 300uL of the FNA cell suspension with 5% Matrigel in complete media with an additional
2% FBS. Pipet 550uL cell suspension in a 24-well low attachment plate following a figure 8 motion while
gently expelling cell suspension. Place the cells in the incubator.
Replenish 200uL per well of fresh complete media, 5% Matrigel, and 2% FBS dropwise weekly. Passage
cells as needed. In this type of culture, the low percentage of Matrigel makes the matrix fragile and is
more susceptible to media evaporation.
2.3.4.2.2. Disc culture
Pipet and mix 300uL of the FNA cell suspension with 75% Matrigel and 25% complete media. Add three
50uL drops (disc) to each well of a pre-warmed 6-well plate. Alternatively, you can plate a single 150-
200uL disc per well of the 6-well plate. Place the plate in a tissue culture incubator for 10 minutes to
allow the Matrigel to solidify. Cover cells with warmed complete media by slowly pipetting the media
down the side of the well until the discs are completely covered (~2.5mL). Place cells back in the
incubator. Replace media every 2-3 days by aspirating off the old media and replacing it with prewarmed
complete media.
2.3.4.2.2. Two-dimensional (2D) cell culture
Follow the disc culture protocol until 2D cells have undermined the disc. Freeze the disc down following

the freezing cells protocol. Add 2mL of 20-25°C complete media to each well after removing disc. Make
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sure media is either 4°C or 20-25°C, as 37°C media could shock the cells. While in a 6-well plate, replace
media with fresh, pre-warmed media every 2-3 days. Once cells are confluent, passage them from the
6-well plate to a T75 flask following the passaging cells protocol. In the T75, replace three-fourths
(~*11mL) of complete media with fresh complete media weekly. Passage cells as needed. If 2D culture is
not desired, plate in a low-attachment plate in the semi-solid format. Low-attachment plates prevent
the matrix disrupting 2D cells from growing underneath the organoids.

2.3.4.3. Passaging Cells

Cells should be passaged when media needs replaced or replenished more often than twice a week or when

organoids are harvested for experimental use.
2.3.4.3.1. Semi-solid culture
Pipet the organoid suspension with a P1000. In order to break up the Matrigel/organoids, draw a small
amount of organoid suspension up into the pipet and then expel it slowly while moving the pipet in a
circular motion in the plate. Repeat this 2-4 times. Transfer the cell suspension to a 50mL conical tube.
Centrifuge the cell suspension at 340 x g for 5 minutes at 20-25°C and aspirate off the supernatant.
Resuspend the pelleted cells in complete media. Pipet out the desired amount of the cell suspension and
replate following the cell growth protocol. Either discard the remaining cell suspension or save for other
uses (e.g. freezing, plating for experiments)
2.3.4.3.2. Disc culture
Remove media and add 1mL ice-cold PBS to each well. Scrape discs gently off of the plate with a cell
scraper. Pipet ice-cold PBS to break apart discs and collect into a 1.5mL microfuge tube. Centrifuge cells
at 340 x g for 5 minutes at 20-25°C then remove PBS and Matrigel overlying the pellet. Wash pellet gently
with 1mL 4°C PBS and centrifuge 340 x g for 5 minutes at 20-25°C. Remove PBS and resuspend cell pellet
in 3X Matrigel (for a 1:3 split), then plate in pre-warmed 6-well plate.

2.3.4.3.3. 2D cell culture
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Aspirate off all the media and add 1mL of trypsin to each well. Incubate at 37°C for 3 minutes. Pipet
trypsinized cells from each well into a conical tube with 20mL of DMEM or RPMI. Centrifuge the cell
suspension at 340 x g for 5 minutes at 20-25°C and aspirate off the supernatant. Resuspend cell pellets
in 1 mL of complete media then transferred to a T75 containing 14mL of complete media. Rock the T75
back and forth until the bottom is covered with cell suspension and place in the incubator.
2.3.4.4. Freezing Cells
As these cultures come from ex vivo tissue, they are not easily replaceable or replicable. We recommend
freezing down multiple vials of any organoid cultures before beginning experiments, as these cultures can be
fragile and do change over time. Freeze downs enable preservation of the cultures should there be a
contamination or error in propagation.
2.3.4.4.1. Obtaining Cells
2.3.4.4.1.1. Semi-solid cultures
Follow the passaging cells protocol in 2.3.4.3.1. and save the remaining cell suspension. Plan to freeze
approximately 2 wells per cryovial.
2.3.4.4.1.2. Disc Culture
Aspirate off media and pipet 1mL of 4°C PBS directly on to the disc in each well. Use a cell scraper to
gently scrape off any remaining disc. Pipet cell suspension into a 1.5mL microfuge tube. Pipet up and
down several times to dissolve the Matrigel. Plan to freeze approximately 2 wells per cryovial.
2.3.4.4.1.3. 2D culture
Follow the passaging cells protocol in 2.3.4.3.3. and save the remaining cell suspension. Count the cells
in your preferred method. Centrifuge the cell suspension at 340 x g for 5 minutes. Aspirate off the
supernatant and resuspend in complete DMEM. Freeze 300,000-1,000,000 cells per cryovial.

2.3.4.4.2. Freezing Cells
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Pipet 700uL of cell suspension, 200uL of FBS, and 100uL DMSO into each appropriately labeled cryovial.
Screw the cap on tightly and invert 2-3 times. Place directly into a Mr. Frosty. Tighten the lid on the Mr.
Frosty and place directly into a -80°C freezer. Keep cells in Mr. Frosty for at least 24 hours and then they
can be transferred to a box prior to transfer to liquid nitrogen for long term storage. After a week in the
-80°C freezer, transfer cells to a liquid nitrogen freezer at or below -130°C for longer storage.

2.3.4.5. Thawing Cells

Cultures must be properly thawed to give the cells the best chance of recovery. Growth may not immediately

match that of the culture prior to being frozen but should pick up within a week or two after thawing.
Preheat water bath to 37°C. Pipet 20 mL of media into a 50 mL conical tube warm to ~24°C and obtain
cryovial with cells. If thawing more than one or two cryovials at a time, store the other cryovials on dry
ice until ready to thaw. Place cryovial in water bath. Incubate for 1 minute then check to see if it has
thawed. If not, check in 15-30 second intervals until thawed. Once thawed, pipet contents from cryovial
into the media from step 2. Rinse the cryovial with 1000uL of room temperature media and pipet it back
into the conical tube.Screw the conical tube lid tightly and invert to ensure adequate mixing and dilution
of the DMSO. Centrifuge at 340 x g for 5 minutes and aspirate off the supernatant. Resuspend in media

and plate as desired.

2.3.5. Discussion and Limitations

This protocol describes an effective and minimally invasive method to establish patient-derived cell lines
and three-dimensional growth of these cells. Between one to three weeks of culture, single cells and small
clusters obtained from FNA grow to create small organoids. Initial organoid culture success rates and long-term
propagation rates following cryopreservation can be found in Vilgelm et al., 20207,

Not all tumors robustly produce organoids, although most tumors we assessed grow with this method

including thyroid, colon, pancreas, gastric, renal, and melanoma. We recommend utilizing both culture methods
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when a sample is collected (semi-solid and disc), as some samples will preferentially grow in the semi-solid
culture, while others will preferentially grow as discs. In addition, not all tumor types will generate a robust
population of 2D cells. Two-dimensional cultures are typically composed of both fibroblasts and tumor cells,
with the fibroblast percentage increasing with each passage. In our hands, thyroid and melanoma grow the
most robust 2-D cultures, with gastrointestinal and renal tumors having fewer or no 2D cells.

It is vital to obtain the sample directly from surgery or as soon as it reaches surgical pathology. This is to make
sure the samples are sterile. If the sample is not obtained during these times, the grossing/dissection in surgical

pathology can cause contamination or cell death (i.e. ink, formalin, etc.).

2.4. METHOD: IMMUNOFLUORESCENT STAINING OF SPHEROIDS AND ORGANOIDS

2.4.1. Summary of Project and Contribution of Method

Prior to this work, the majority of immunofluorescent staining of three-dimensional cultures required
specialized materials and equipment, as well as many expensive reagents. Here, we present an accessible
method for identification of fibroblasts and cancer cells within organoids, as well as basic immunofluorescent
staining of spheroids.

This method was published in STAR Protocols in June 2021 and the text contained in this subsection is

adapted from:

Bergdorf, K., Phifer, C., Bechard, M., Lee, M., McDonald, O., Lee, E., and Weiss, V. (2021). Immunofluorescent
staining of cancer spheroids and fine-needle aspiration-derived organoids. STAR Protocols 2:100578.

2.4.2. Summary and Graphical Abstract
Our organoid generation technique has allowed for the development of downstream organoid applications.

Here, we detail an accessible, straight-forward protocol for immunofluorescent staining and imaging of thyroid
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cancer organoids, particularly those with tumor de-differentiation. Immunofluorescence is a powerful tool to
help understand the localization of cell types within organoids and determine the interactions between those
cells. As organoids have been shown to recapitulate patient tumor morphology, immunofluorescent staining
and imaging of organoids allows for enhanced understanding of near-in vivo structures. For complete details on

the use and execution of this protocol, please refer to Lee et al. (2.1) and Vilgelm et al. (2.2).
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2.4.3. Preparation

2.4.3.1. Reagent Preparation

Prepare cytoskeleton buffer, 0.1% TBSTX, 0.5% TBSTX, and Antibody Dilution Buffer.

Cytoskeleton buffer: 10mM MES pH 6.1, 138mM KCI, 3mM MgCL, 1.25mM EGTA pH 7.1 in MilliQ water.

0.1% TBSTX: 0.1% Triton X-100 in 1X Tris buffered saline

0.5% TBSTX: 0.5% Triton X-100 in 1X Tris buffered saline

Antibody dilution buffer: 2% bovine serum albumin in 0.1% TBSTX

Store 0.1% TBSTX, 0.5% TBSTX, and Antibody Dilution Buffer at 4°C. Cytoskeleton buffer must be prepared fresh.
2.4.3.2. Spheroid or Organoid Growth

Spheroids/organoids should be grown in 75% Matrigel disc cultures as described in 2.3.

Spheroid/organoid size will vary drastically between cultures, so there is no recommended size or
density to have prior to immunofluorescent staining. However, we generally recommend that there be more
than one organoid to be stained, due to the potential for loss. This protocol may also work using the semi-solid
culture method, but we find the disc method preferable for downstream immunofluorescent staining.

This protocol is effective for baseline characterization of cultures in addition to analyzing treatment effects.
Drugs or supplements can be added to the media surrounding the Matrigel discs prior to performing this
protocol.

Many published organoid/spheroid immunofluorescence protocols grow their cultures and stain in
sterile chamber slides. We found that this method complicated long-term culture of some slow-growing
organoids, as it made media changes more cumbersome and frequently led to disc detachment. Additionally,
because we could not centrifuge the chamber slides easily, extra time was needed for organoids/spheroids to
settle to the bottom of the chamber between each step. This greatly increased the length of the staining
protocol and loss of cultures. For these reasons, we recommend growing the cultures in normal disc-culture

conditions and performing all staining and fixation in microcentrifuge tubes prior to transferring to a slide.
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2.4.4. Detailed Methods
2.4.4.1. Fixing and Permeabilization
Organoids must be fixed prior to staining to preserve protein localization and structure, and to prevent
degradation. Permeabilization disrupts the cell membrane to allow for intracellular staining.
2.4.4.1.1. Fix the organoids.
Aspirate media from the wells of disc culture, leaving only the Matrigel discs containing the
spheroids/organoids.
Put 2 mL of fixative in each well and incubate plate at 4°C for 15 minutes. After 15 minutes, swirl
the plate by hand and place back at 4°C for another 15 minutes.
Pipette to break up the Matrigel and transfer into a labeled 2 mL microcentrifuge tube.
Unless otherwise stated, all steps that involve mixing of organoids will use a P1000 tip with the tip cut
off at the end. This is done to prevent mechanical disruption of the organoids.
2.4.4.1.2. Wash and permeabilization
Wash: Centrifuge the organoids at 2300 x g for 5 minutes in a microcentrifuge. Aspirate off the
supernatant, paying careful attention to not disrupt the pellet. Resuspend the pellet in 1mL of
0.1% TBSTX with a P1000 and repeat centrifugation and aspiration.
Resuspend each pellet in ImL 0.5% TBSTX and place tubes on rotator at room temperature (20-
22°C) to permeabilize for 30 minutes.
2.4.4.2. Blocking and Staining
Blocking prevents non-specific staining before any antibodies are added. The primary antibody will
detect the protein of interest, and the secondary antibody will detect the primary antibody and allow for
fluorescent imaging.
2.4.4.2.1. Blocking and primary immunostaining

Repeat wash step in 2.4.4.1.2. and resuspend pellets in 1mL Antibody Dilution Buffer.
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Place on rotator for 1hr at room temperature (20-22°C) to block.

Organoids can be left in the Antibody Dilution Buffer for blocking overnight (12-16 hours).

For fibroblast/tumor cell staining: add both the anti-smooth muscle actin antibody and the anti-

cytokeratin 8/18 antibody at a dilution of 1:250 each, directly to the Antibody Dilution Buffer.

For B-catenin staining: add the anti-B-catenin antibody to a final dilution of 1:500 directly to the Antibody

Dilution Buffer. Place on rotator at 4°C for 12-16 hours.

Staining can be done for shorter time periods at room temperature (20-22°C) or 37°C, but this will need

to be optimized for each antibody and may increase background staining.

2.4.4.2.2. Secondary immunostaining
Remove from rotator and repeat wash step in 2.2.4.1.2. Resuspend pellets in 1mL Antibody
Dilution Buffer. For fibroblast/tumor cell staining: Add anti-guinea pig and anti-rabbit secondary
antibodies, each at a dilution of 1:250, directly to the Antibody Dilution Buffer/organoid
suspension. For B-catenin staining: Add anti-mouse secondary antibody to a final dilution of
1:500 in Antibody Dilution Buffer. Place on rotator in the dark at room temperature (20-22°C) for
3 hours.

2.4.4.3. Slide Preparation and Imaging
Slide preparation is the final step that must be done before slides can be stored indefinitely. Imaging and
analysis can occur days or weeks after the slides have been prepared and sealed.

2.4.4.3.1. Wash and mount on slide
Repeat wash step in 2.4.4.1.2.

You may resuspend pellet in 0.1% TBSTX and add Hoechst at a 1:1000 dilution, then rotate for 20 minutes

at room temperature (20-22°C) in the dark and repeat wash step in 2.2.4.1.2.

You can also resuspend the pellet in 0.1% TBSTX with phalloidin at a 1:100 dilution, then rotate for 20

minutes at room temperature (20-22°C) in the dark and repeat wash step in 2.2.4.1.2.
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Remove as much of the supernatant as possible without disturbing the pellet.
Resuspend organoids in 50uL PBS with a P200 with the end of the tip cut off and pipette the
organoid suspension onto a labeled slide. Allow the organoids to settle. Tip the slide slightly so
that the PBS pools in one spot, leaving the majority of the organoids in place. Aspirate the PBS,
taking care not to disturb the organoids. Pipette 50uL Prolong Gold Antifade onto the slide.
If using Hoescht, use Prolong Gold without DAPI. If not using Hoescht, use Prolong Gold with DAPI.
Prolong Gold enables long-term storage of slides prior to imaging, as long as the slides are sealed and
properly stored.
Place a coverslip over the slide without creating bubbles. Seal the edges with clear nail polish and
allow to cure in the dark for 5-10 minutes.
At this point, slides can be stored in a dark box at 4°C until ready to image.
2.4.4.4. Image
On the confocal microscope, use the focusing adjustment knobs to adjust the z-plane down to the
bottom of the organoid of interest and select it as “bottom.” Adjust the z-plane up to the top of the
organoid and select it as “top.” the recommended step size (typically 1-2um.Select “create Z-stack.”
Once finished, save file. If imaging multiple color channels, make sure to image from the longest
wavelength to the shortest wavelength (i.e. image 561nm then 488nm then 405nm) to prevent
bleaching. Samples will bleach faster at higher magnifications, so always start with low magnifications
before going to higher magnifications.
Perform analysis of your choice.
2.4.5. Expected Outcomes

Expected outcomes are demonstrated in Figure 2.4.2.
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Phalloidin B-catenin Hoescht Composite

THJ-16T
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Figure 2.4.2. Example of results. THJ-16T, a thyroid cancer cell line, was grown in spheroid format then stained with phalloidin (actin filaments-red),
B-catenin (green), and Hoechst (nuclei-blue), reprinted with permission from Lee, et al., 2020. VWL-T29 is a primary patient organoid obtained as
described in Phifer et al., 2.3. This line was stained for smooth muscle actin (SMA, fibroblasts, magenta), cytokeratin 8/18 (CK8/18, tumor cells,
green), and DAPI (blue), reprinted with permission from Vilgelm et al., 2020. Scale bars are 50um.
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2.4.6. Discussion and Limitations

While we have had great success in staining thyroid cancer organoids for smooth muscle actin,
cytokeratin 8/18, a-tubulin, and B-catenin, these methods may not work for all antibodies in all organoid types.
Some organoids have a dense extracellular matrix that will retain antibodies and cause high levels of background
staining, while preventing the antibody from reaching the specific target within the cells. Additionally, due to
the frequent centrifugation and aspiration, it is expected that some cell/organoid loss will occur. We
recommend performing this protocol with robust cultures (many organoids or large organoids) to ensure that
many organoids are available for imaging.

Organoids are certainly more difficult to stain and image consistently due to the range of cell types,
where spheroid cultures will only contain one cell type. Tumors collected by fine needle aspiration may also
demonstrate a range of de-differentiation, particularly those from unresectable, widely metastatic, or advanced
disease. Indeed, this is one of the clear benefits of FNA, that more aggressive lesions can be sampled than those
that undergo surgical resection, However, de-differentiation or sarcomatoid transformation of the tumor can
make distinction of tumor cells from fibroblasts more challenging. To help identify de-differentiated or
sarcomatoid tumor cells, this protocol utilizes a stain for cytokeratin 8/18. In contrast to conventional AE1/3
staining, which detects both high- and low-molecular weight keratins, cytokeratin 8/18 staining is only for low-
molecular weight keratins. Multiple studies suggest that cytokeratin 8/18 provides more sensitive detection of
epithelial origin, and thus improved detection of more undifferentiated or spindled tumors'®-11°, However, a
remaining limitation is that some highly spindled carcinomas and some myofibroblasts from bladder biopsies
may still express low levels of smooth muscle actin and cytokeratin 8/18!1. Fortunately, primary bladder FNAs

are uncommon in clinical practice and are unlikely to be performed for research tissue acquisition.
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2.5. METHOD: HIGH THROUGHPUT DRUG SCREENING OF FINE-NEEDLE ASPIRATION-DERIVED CANCER

ORGANOIDS

2.5.1. Summary of Project and Contribution of Method

In generating our fine-needle aspiration-derived organoid model system, we had to adapt previously
used methodologies to be amenable to these new cultures. This protocol presents a straightforward way to
adapt organoids to 384-well plate formats for high-throughput imaging and viability measurement.
This work was published in STAR Protocols in December 2020, and the text contained in this subsection is

adapted from:

Bergdorf, K., Phifer, C., Bharti, V., Westover, D., Bauer, J., Vilgelm, A., Lee, E., and Weiss, V. (2020). High-
throughput drug screening of fine-needle aspiration-derived cancer organoids. STAR Protocols
1(3):100212.

2.5.2. Summary and Graphical Abstract

Generation of fine-needle aspiration (FNA)-derived cancer organoids has allowed us to develop a
number of downstream applications. In this protocol, we start with organoids cultured in a semi-solid format.
We dissociate organoids into single cells and then plate in a 384-well format for high-throughput drug screening.
While this method must be fine-tuned for each individual organoid culture, it offers a format well-suited for
rapidly screening medium sized drug/compound libraries (500-5,000 molecules) and generating dose-response
curves to measure relative efficacy. For complete details on the use and execution of this protocol, please refer

to Lee et al. (2.1) and Vilgelm et al. (2.2).
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Figure 2.5.1. Graphical Abstract.
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2.5.3. Preparation
2.5.3.1. Organoid Preparation

Fine-needle aspiration should be performed on the tumor tissue of interest per standard protocols and
grown in a semi-solid format consisting of complete organoid media plus 5% Matrigel as described in Vilgelm et
al. (2.2) and Phifer et al. (2.3). The number of cells needed is dependent on the growth rate of the organoids
over 5 days. Slow-growing organoids will require more cells to be plated initially to preserve the time course of
the experiment. We have found that for most cell lines, 12 wells of semi-solid organoid culture (3-10

organoids/well depending on organoid size) are sufficient to plate one 384-well plate.

2.5.4. Detailed Methods
2.5.4.1. Organoid Dissociation
While it would be optimal to plate intact organoids, issues with size inconsistency and fragility currently
make this unrealistic to do in high-throughput. With dissociation into single cells, patient-derived cancer
organoids can be easily plated and allowed to reform in each well of a 384-well plate.
2.5.4.1.1. Collect and wash organoids.
With a P1000 tip, pipette semi-solid cultures repetitively in a circular motion to break up the Matrigel.
Transfer cultures to a 15mL conical tube. Centrifuge at 340 x g for 5 minutes at 20-25°C and aspirate
media. This will be the standard centrifugation step for the remainder of the organoid dissociation. Wash
pelleted organoids with 10mL cold PBS to remove any residual Matrigel or media, centrifuge, and
aspirate as much PBS as possible without disturbing the pellet.
2.5.4.1.2. Dissociate organoids in TrypLE
Resuspend organoids in 5mL TrypLE and incubate at 37°C for 30 minutes, with vigorous pipetting every

10 minutes to break up cell clumps. If the organoids are large, you may need to pipette with a P1000 tip
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every 5 minutes to enhance dissociation. When close to single cell suspension or small clumps, centrifuge

asin 2.5.4.1.1. Aspirate TrypLE, then wash in warm modified DMEM media and centrifuge again.
2.5.4.2. Plating Organoids in a 384-well Format

Once dissociated, these cells can be plated with established cell suspension plating methods. We utilize
two formats of plating, depending on the number of plates needed for the given experiment. The first, which
involves plating by hand, is for a small number of plates (< 3) or for those who do not have access to high-
throughput plating equipment. The other is automated and can be used for large-scale, high-throughput
experiments.

2.5.4.2.1. Count cells and prepare media

Count cells and resuspend to a concentration of 9500cells/mL in complete DMEM + 2% Matrigel in a

50mL conical tube. We have successfully used 5% Matrigel as well but find that 2% is sufficient for our

cultures and purpose. Using higher percentages of Matrigel, in combination with the optional

centrifugation step following plating, may allow for enhanced downstream imaging. Although this is a

low concentration of Matrigel, the cell suspension will still solidify at ambient temperature within

minutes, if not kept on ice. The Matrigel should not be added until right before plating, and the cell

suspension should be kept on ice prior to and while plating the cell suspension.

We have found that 285 cells per well is an ideal starting concentration for the majority of our organoids.

However, for particularly slow-growing cultures, we have increased the number up to 1000 cells per well.

We have not had to decrease the number of initial cells below 285/well for any of our cultures to date.

2.5.4.2.2, Plate cells

2.5.4.2.2.1. Large-scale plating

Equip BioTek EL406 peristaltic pump with a 10uL wide-bore tip cassette and set to low speed. Dead

volume is the excess volume required by a liquid handling instrument. It can be an unusable portion

(e.g., residual volume in labware that is not accessible to the instrument) or a used portion that is not

84



transferred to the assay container, such as the volume needed to prime tubing/tips. To decrease dead
volume, reduce pre-dispense volume as much as possible. To decrease cross-well dispensing, minimize
the height of the tips to the carrier to as low as 1Imm. Dispense from tips should appear as a drop rather
than a stream. Swirl the tube of cells prior to priming the tubing and before each plate to ensure equal
suspension dispensing. Be careful not to introduce air bubbles. Dispense 30ulL cell suspension per well
into the cell-repellent microplates.

2.5.4.2.2.2. Smaller-scale experiments

Cells can be plated using a manual or electronic (repeating) multi-channel P200 pipette. Transfer the cell
suspension + Matrigel to an appropriately sized reservoir for the volume size. If possible, place the
reservoir on ice to prevent solidification. Avoid introducing bubbles into the media when pipetting.
Following cell plating, centrifuge the plate(s) at 220 x g for 1 minute to allow cells to be pushed toward
the bottom of the well. This helps to bring the cells and clusters (along with the Matrigel) into similar z-
planes, which helps to stabilize the cultures for both downstream applications of microscopy and/or
refreshing media or adding reagents to the wells. Allow organoids to form for at least 24 hours in a 37°C,
5% CO2 incubator

2.5.4.2.3. Drug Screening

Once the organoids are plated, they can be used for a number of different screens. We have used this
format for primary screening of a large drug library and collection of dose-effect data for multiple drugs
in a single experiment. Likewise, this could be modified for functional genomics screens (eg, CRISPR,
siRNA, etc.), phenotypic screening (eg, high-content imaging), or other cellular read outs or functional
assays.

2.5.4.2.3.1. Adding compounds.

Dispense 10uL of treatment at 4X the desired concentration (bringing total well volume to 40uL) to wells

of each plate, including replicates and appropriate vehicle controls. If using DMSO, maximum DMSO
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concentration should be determined empirically for any organoid lines prior to drug screening. For all

organoids we have screened to date, our DMSO concentrations do not exceed 0.1%.

For large screens, drug libraries may be “stamped” into organoid plates utilizing a Bravo automated

pipette liquid transfer system, which holds a 384-well tip head to simultaneously dispense reagents from

a drug source plate to each organoid plate within seconds. Drugs may also be added using a multi-

channel pipette if necessary.

Incubate plates at 37°C, 5% CO2 for the desired treatment time (24-96 hours).

2.5.4.2.3.2. Data collection and analysis

Either method below can be used, however we do not recommend using both methods on the same

cultures.

2.5.4.2.3.2.1. Fluorescent Imaging of Live/Dead Cells
24 hours prior to the end of drug treatment, add propidium iodide to a final concentration of
5ug/mL to the wells. Incubate at 37°C for 24 hours. Add Hoechst to the wells at a final
concentration of 10ug/mL to the wells. Incubate at 37°C for 2 hours. Add Calcein AM to the wells
at a final concentration of 5uM. Incubate for 1 hour and image with a fluorescence microscope.

2.5.4.2.3.2.2. CellTiter-Glo 3D
If desired, image organoids before adding CellTiter-Glo 3D. Using the Bravo liquid handler or a
multichannel pipette, add 40puL CellTiter-Glo 3D to the wells and mix vigorously to break up and
lyse organoids. Check the wells under a microscope following this step to ensure that all
organoids have been broken up. Repeat vigorous pipetting as necessary until none remain.
Make sure not to introduce bubbles when mixing, as it will impact the readout from the plate
reader and introduce errors in the data. Place plates on a plate shaker for 25 minutes (up to 800
RPM). Centrifuge the plates to eliminate any bubbles and to draw all liquid to the bottom of the

well. Quantify luminescence with a plate reader.Determine drug effect by subtracting the control
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luminescence from the treatment luminescence, then plot against drug concentration for each

treatment using Excel or GraphPad Prism.

2.5.5. Discussion and Limitations

While this protocol has worked very well for the thyroid and melanoma organoid lines we have used, it
may not work for every organoid line. Very large organoids are difficult to dissociate, due to low penetration of
the TrypLE in 30 minutes. While the TrypLE can be left on longer, it may also cause cell death after prolonged
exposure. This can also be an issue for organoids which are not facile; the TrypLE incubation may be too
damaging for the cells to reform organoids and grow once plated. While we have not had any survival issues
with our lines, a small sample of the culture should be tested with this protocol prior to plating an experiment
to ensure that the cells can recover from dissociation.

As discussed in the protocol, the cell numbers listed herein are not concrete for every line. Some slow-
growing lines need more cells initially to grow within the allotted experiment time. If you plan on doing a large
screen with a line, we recommend plating one trial plate to observe the growth over the treatment period (3-5
days) with multiple initial cell numbers so that the experiment can be optimized for the individual line you are

screening.
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CHAPTER 1lI

CHARACTERIZING DRIVERS OF THYROID CARCINOMA

3.1. CHARACTERIZING THE TUMOR-IMMUNE MICROENVIRONMENT IN PTC

3.1.1. Summary of Project and Contribution of Study

Prior to these studies, the drivers of papillary to anaplastic thyroid carcinoma transformation have been
poorly defined. This is partially due to a lack of understanding of both PTC and ATC beyond mutational status.
In this project, we used data from The Cancer Genome Atlas and immune deconvolution programs to define the
immune landscape of thyroid tumors. Unfortunately, none of the tumors available via TCGA are ATCs. However,
there is a spectrum of PTCs, from indolent to the aggressive tall cell variant. We also characterize the association
of immunophenotypes to mutational status and tumor and lymph node staging. This work has already
contributed to multiple follow-up studies, including characterization of the immune landscape in our in-house
cohort of over 300 thyroid cancer patients. This cohort includes many histotypes, including ATC.

This work was published in Endocrine-Related Cancer in June 2019, and this subsection is adapted from:

Bergdorf, K., Ferguson, D., Mehrad, M., Ely, K., Stricker, T., and Weiss, V. (2019). Papillary thyroid carcinoma
behavior: clues in the tumor microenvironment. Endocrine-Related Cancer 26(6): 601-614.

3.1.2. Abstract
The prevalence of thyroid carcinoma is increasing and represents the most common endocrine
malignancy, with papillary thyroid carcinoma (PTC) being the most frequent subtype. The genetic alterations

identified in PTCs fail to distinguish tumors with different clinical behaviors, such as extra-thyroidal extension
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and lymph node metastasis. We hypothesize that the immune microenvironment may play a critical role in
tumor invasion and metastasis. Computational immunogenomic analysis was performed on 568 PTC samples in
The Cancer Genome Atlas using both CIBERSORT and TIMER deconvolution analytic tools for characterizing
immune cell composition. Immune cell infiltrates were correlated with histologic type, mutational type, tumor
pathologic T stage, and lymph node N stage. Dendritic cells (DCs) are highly associated with more locally
advanced tumor T stage [T3/T4, Odds Ratio (OR)=2.6, Confidence Interval (Cl)=1.4-4.5, p=5.4 x 10-4]. Increased
dendritic cells (OR=3.4, CI=1.9-6.3, p=5.5 x 10-5) and neutrophils (OR=10.5, Cl=2.7-43, p=8.7 x 10-4) significantly
correlate with lymph node metastasis. In addition, dendritic cells positively correlate with tall cell morphology
(OR=4.5, CI=1.6-12, p=4.9 x10-3) and neutrophils negatively correlate with follicular morphology (OR=0.0013,
Cl=5.3 x 10-5-0.031, p=4.1 x 10-5). TIDE analysis indicates an immune-exclusive phenotype that may be
mediated by increased galectin-3 found in PTCs. Thus, characterization of the PTC immune microenvironment
using two computational immunogenomic platforms shows that specificimmune cells correlate with mutational
type, histologic type, local tumor extent, and presence of lymph node metastasis. Immunologic evaluation of
PTCs may provide a better indication of biologic behavior, resulting in improvement in the diagnosis and

treatment of thyroid cancer.

3.1.3. Introduction

Morphologic assessment and mutational analysis of the primary thyroid cancer fails to predict the
likelihood of metastatic or recurrent disease. The behavior of many tumors is impacted by the tumor immune
microenvironment. The thyroid tumor immune microenvironment may play an important role in tumor
behavior and may be able to provide clues for improved treatments.

Current studies on the immune microenvironment of thyroid tumors are often contradictory. Generally,
tumor infiltrating lymphocytes are known to enhance tumor immunity. However, studies in thyroid cancer have

shown variable prognostic significance Dendritic cells (DCs) are also traditionally thought to have an important
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role in antigen presentation and tumor-immunity. However, there exist subsets of DCs that are
immunosuppressive and enhance tumor growth2117 |n the thyroid, DCs are increased in papillary thyroid
carcinomas (PTCs) over benign parenchymatl®118119 However, it is unclear whether these DCs are beneficial in
the tumor microenvironment. Tumor associated macrophages (TAMs) are generally thought to be tumor
enhancing, which is supported in thyroid studies that suggest they are present in more aggressive
tumors1>116120-122 * Fing|ly,  neutrophils have recently been shown to enhance metastatic diseasel?31%5,
Currently, it is unknown whether they play a role in thyroid cancer.

The development of The Cancer Genome Atlas (TCGA) in 2006 provided the scientific community with a
unique view into many aspects of tumor biology, including the patient immune response. Recent TCGA
evaluation of the thyroid immune microenvironment suggests that certain subsets of aggressive tumors are
immunologically distinct?%127_In this paper, we present the first evaluation of a large thyroid tumor cohort of
568 PTCs from TCGA that defines the key immune cell infiltrates within the tumor microenvironment that may

be involved in aggressive tumor behavior. Identification of the specific infiltrates associated with aggressive

features will lead to improved and targeted immunotherapy for the treatment of aggressive thyroid carcinomas.

3.1.4. Materials and Methods
3.1.4.1. TCGA Computational Analysis

The results presented here are based upon data generated by the TCGA Research Network
(http://cancergenome.nih.gov/). Computational immunogenomic analysis was performed on RNA sequencing
data from 568 PTCs in TCGA. Mutational data was available for 502 PTCs in TCGA. Patient characteristics are
presented in Table 3.2.1. The CIBERSORT deconvolution analytic tool for characterizing cellular composition!?8
calculates immunologic cell fractions for 22 hematopoietic cell types such that all of the individual fractions for

each immune cell type sum to 1 (https://cibersort.stanford.edu/). For each tumor, CIBERSORT calculated a

global p-value for the immune cell fraction result based on the statistical probability of the presence of immune
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cells in the sample. All samples, regardless of the p value, were included in this analysis. Even those samples
with p-value >0.05 may be important, as they may represent samples with low immune cell infiltrate. Of note,
the CIBERSORT program normalized the data in relative space, so that the immune cell fractions combined were
equal to 1. CIBERSORT has a default recommend 100 permutations and quantile normalization for RNA
sequencing data was disabled as recommended. The second analytic tool used was the Tumor Immune
Estimation Resource, TIMER, which is another deconvolution analytic tool that calculates the abundance of 6
immune cell types (B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells;
https://cistrome.shinyapps.io/timer/)12%139 All 568 TCGA PTCs were included in this analysis. TIMER has built in
normalization and permutations, and thyroid cancer was the selected tumor type. Finally, the TIDE (Tumor
Immune Dysfunction and Exclusion) analytic tool was used for analysis of responsiveness to checkpoint inhibitor

therapies, as well as T cell exclusion and T cell dysfunction analysis (http:// http://tide.dfci.harvard.edu/)*3%.

TIDE requires that each gene be normalized prior to upload. This normalization was performed on the data per
TIDE’s documentation recommendations.

Clinicopathologic characteristics evaluated for these patients include age at diagnosis, histologic
subtype, tumor pathologic T stage, lymph node (LN) N stage, and mutational analysis. Staging was based on the
American Joint Committee on Cancer 7th Edition. The mutations evaluated include some of the most commonly
mutated genes in the TCGA data (502 PTCs); however, only BRAF and RAS mutations were frequent enough in
this study to perform downstream analysis of that mutational subgroup (Table 3.2.1).

GEPIA, the Gene Expression Profiling Interactive Analysis tool, was used to generate boxplots of LGALS3
expression from the THCA dataset compared to TCGA data from normal (non-tumor) TCGA and GTEx data. The

| Log2FC| cutoff was set at 1 and the p-value cutoff was 0.01.
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Table 3.1.1. Summary of patient characteristics.

With Mutation Data (N=502)

Without Mutation Data (N=568)

Patient Characteristics

Number of Patients (%)

Number of Patients (%)

Average age

47

47

Age range 15-89 15-89

Number male 129 (26%) 149 (26%)

Number female 352 (70%) 396 (70%)

Gender unknown 21 (4%) 23 (4%)
Morphologic Type Number of Tumors Number of Tumors
Classical histotype 339 (68%) 393 (69%)

Follicular histotype 98 (19%) 105 (18%)

Tall cell histotype 35 (7%) 38 (7%)
Other/Unknown histotype | 30 (6%) 32 (6%)

Mutational Status Number of Tumors Number of Tumors
BRAF 291 (58%) N/A

RAS 45 (9%) N/A

Neither 169 (33%) N/A

Tumor Stage Number of Tumors Number of Tumors
T1/2 293 (58%) 314 (55%)

T3/4 186 (37%) 229 (40%)

Unknown 23 (5%) 25 (5%)

Lymph Node Stage Number of Tumors Number of Tumors
No LN involvement 223 (44%) 243 (43%)

LN involvement 212 (42%) 251 (44%)

Unknown 67 (14%) 74 (13%)

Distant Metastases 11 14

Patients Deceased 14 18
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3.1.4.2. Statistical Analysis

Logistic regression was conducted to analyze associations between the immune cell fractions with
mutational status, tumor pathologic T stage and lymph node N stage. For all TIMER analyses, all 6 immune cell
types (dendritic cells, CD8 T cells, CD4 T cells, macrophages, B cells, and neutrophils) were included as co-
variates. For CIBERSORT, 15/22 immune cell types (naive B cells, memory B cells, plasma cells, CD8 T cells, resting
CD4 memory T cells, activated CD4 memory T cells, follicular helper T cells, regulatory T cells, gamma delta T
cells, MO macrophages, M1 macrophages, M2 macrophages, resting dendritic cells, activated dendritic cells, and
neutrophils) were included as co-variates corresponding to the major immune cells types identified in TIMER.
Naive CD4 T cells were excluded from CIBERSORT analyses because the value was O for all 568 PTCs. Mast cells,
eosinophils, monocytes, and NK cells were excluded from CIBERSORT analyses since these infiltrates could not
be confirmed using the TIMER deconvolution tool. The CIBERSORT immune cell fractions were converted to
percentages prior to analysis. For each immune cell type we performed a multivariate logistic regression with
the infiltrates as continuous variables. No adjustments were made for multiple statistical testing. The odds ratio
is presented as a 1% increase in immune cell fraction for CIBERSORT and a one-unit increase in the infiltration
level for TIMER. Morphologic subtype was also included as a co-variate for mutational analyses and stage
analyses and is presented in the supplemental data.

For the dependent variables, pathologic tumor T stage was divided into low (T1 and T2) and high (T3 and
T4) stage and was treated as a dichotomous variable. This distinction was made based on tumor size >4cm
and/or the presence of extra-thyroidal extension (T3 and T4) versus smaller size with the absence of extra-
thyroidal extension (T1 and T2). For the LN stage, this category was classified as no metastasis (NO) or presence
of LN metastasis (>NO) and treated as a dichotomous variable.

Multinomial logistic regression was used for analysis of morphologic subtypes, as histologic types are
not a binary classification. This analysis used classical PTC histology as the baseline category. The same

immunologic covariates were used for this analysis.
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Downstream analysis of the activated dendritic cell high and activated dendritic cell low cohorts were
performed using a subset of samples with CIBERSORT p-value value <0.05, as these represent samples with
absolute immune infiltration that is not close to zero (131 samples). Genes with a mean expression of less than
log2 FPKM = 2.5 were removed. Surrogate Variable Analysis was performed on the resulting gene expression
matrix, and then surrogate variables were regressed from the gene expression matrix. Differential gene
expression was then determined using a gene by gene linear model of the form y~DC_status+BRAF_status,
where DC_status = high or low DC as a factor, and BRAF_status = mutated or non-mutated as a factor. False
discovery rate was controlled by FDR using the qvalue package in R. Pathway analysis was performed using
DAVID (https://david.ncifcrf.gov/) and ensembl gene names. Heatmaps were produced in R using heatmap.2.
3.1.4.3. Institutional Patient Selection and Analysis for Immunohistochemistry

An additional cohort of patients was collected from Vanderbilt University Medical Center archives to
confirm the TCGA computational analysis. In this Institutional Review Board approved study, files from 2008-
2017 containing diagnoses of papillary thyroid carcinoma (PTC, N=20), follicular variant of PTC (FVTPC, N=12),
and non-invasive follicular thyroid neoplasm with papillary-like nuclear features (NIFTP, N=11) resection
diagnoses were identified. H&E sections from surgical resection specimens were reviewed by three pathologists
with head and neck expertise (KE, MM, VW) to confirm the histopathologic diagnoses. Some historic
encapsulated FVPTC cases were re-classified as NIFTP based on the criteria proposed by Nikiforov et al*32. Only
lesions that were entirely submitted for histologic evaluation were included. When there was disagreement
among the pathologists, a fourth head and neck specialist was consulted.
3.1.4.4. Immunohistochemistry

Four micron sections from 11 NIFTPs and 12 FVPTCs were evaluated by hematoxylin and eosin (H&E)
and immunohistochemistry (IHC) for expression of Galectin-3 (GAL3, sc-23938, Santa Cruz Biotechnology,
1:1000 dilution). Four micron sections from 20 classical PTCs were evaluated by hematoxylin and eosin (H&E)

and immunohistochemistry (IHC) for expression of FoxP3 (236A/E7, eBioscience, Inc., 1:100 dilution), CD8
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(MM39-10, StatlLab), and CD4 (PA0427, Leica). IHC staining was performed according to manufacturer’s
protocols. Unstained slides were first deparaffinized by routine methods. For antigen retrieval, slides were
heated in citrate buffer (pH 6.0) at 100°C for 20 minutes or in EDTA (pH 9.0) at 982C for 20 minutes, followed by
a 10-minute cool down to room temperature. All slides were then quenched with 0.03% (v/v) H202 with NaN3
for 5 minutes. Slides were blocked for 20 minutes with serum-free protein block (Dako, Carpinteria, CA),
followed by application of primary antibodies. Slides were then incubated with Evision+HRP-labeled polymer
(Dako) for 30 minutes, followed by 5 minute incubation with DAB (Dako). Immunohistochemical stains were
evaluated and scored on a scale of 0-3 for maximum intensity of staining. The pattern of GAL3 staining was
categorized as subcapsular or diffuse, and analysis was performed using 2 x 3 Fisher’s Exact Tests. The pattern

of CD8, CD4, and FoxP3 was categorized as intra-tumoral or peripheral.

3.1.5. Results
3.1.5.1. Immunologic cell fraction characterization and correlation with histology and mutational status

We hypothesized that different PTC histopathologic subtypes would have different compositions of
immune cell infiltration. We therefore chose two publicly available computational tools to estimate the specific
immune cell types present in each tumor within the Cancer Genome Atlas Cohort (N=568 PTCs). These two
computational tools, CIBERSORT and TIMER, use RNA sequencing data to estimate the immune infiltrate in each
sample using unique gene signatures, determined by the creators of each tool. CIBERSORT calculates the
immune cell fractions of 22 unique immune cells subtypes and normalizes the data such that all fractions sum
to 1. TIMER calculates the immune cell infiltrate of 6 unique immune cell subtypes.

Using classical histology as the baseline category, CIBERSORT data demonstrated that the more clinically
indolent follicular variant histology had a significant negative correlation with tumor associated macrophages
(MO: OR=0.93, CI=0.89-0.96, p=1.3 x 10-5; M1: OR=0.91, CI=0.83-0.99, p=0.023) and DCs (resting: OR=0.90,
Cl=0.85-0.95, p=3.1 x 10-4; activated: OR=0.86, Cl=0.76-0.97, p=0.014). Analysis of CIBERSORT data also
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indicated that the more clinically aggressive tall cell variant had a slight positive correlation with the resting DC
fraction (OR=1.1, CI=0.1.0-1.2, p=0.042). TIMER data analysis demonstrated a negative correlation between
follicular variant histology and immune infiltrate including DCs (OR=0.057, CI=0.019-0.18, p=5.1 x 10-7), CD8 T
cells (OR=0.22, CI=0.08-0.61, p=0.0034), and neutrophils (OR=0.0013, CI=5.3 x 10-5-0.031, p=4.1 x 10-5). Similar
to CIBERSORT, TIMER showed the more clinically aggressive tall cell variant of PTC to be positively correlated

with DCs (OR=4.5, Cl=1.6-12, p=4.9 x10-3; Table 3.2.2.).
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Table 3.1.2. CIBERSORT and TIMER Results by Histotype

CIBERSORT

FOLLICULAR VARIANT PTC

Cell Type OR 95% ClI p value
Naive B cells 0.95 0.90-1.0 0.038
Memory B cells 0.93 0.82-1.1 0.26
Plasma cells 0.97 0.92-1.0 0.38
CD8 T cells 1.0 0.97-1.1 0.71
Resting CD4 memory T cells 0.97 0.93-1.0 0.23
Activated CD4 memory T cells | 0.65 0.41-1.0 0.068
Follicular helper T cells 1.1 0.97-1.1 0.25
Regulatory T cells 0.96 0.87-1.1 0.40
Gamma delta T cells 0.96 0.86-1.1 0.45
MO macrophages 0.93 0.89-0.96 1.3x10°
M1 macrophages 0.91 0.83-0.99 0.023
M2 macrophages 1.0 0.96-1.0 1.0
Resting dendritic cells 0.90 0.85-0.95 3.1x10*
Activated Dendritic cells 0.86 0.76-0.97 0.014
Neutrophils 0.53 0.22-1.3 0.16
TALL CELL VARIANT PTC

Cell Type OR 95% ClI p value
Naive B cells 1.0 0.97-1.1 0.27
Memory B cells 0.90 0.72-1.1 0.36
Plasma cells 1.0 0.93-1.1 0.71
CD8 T cells 0.93 0.85-1.0 0.12
Resting CD4 memory T cells 1.0 0.92-1.1 0.97
Activated CD4 memory T cells | 1.2 0.83-1.7 0.36
Follicular helper T cells 0.98 0.86-1.1 0.70
Regulatory T cells 1.1 1.0-1.3 0.071
Gamma delta T cells 0.85 0.65-1.1 0.25
MO macrophages 1.0 0.95-1.1 0.80
M1 macrophages 1.1 0.91-1.2 0.50
M2 macrophages 0.94 0.87-1.0 0.16
Resting dendritic cells 1.1 1.0-1.2 0.042
Activated Dendritic cells 0.97 0.82-1.1 0.72
Neutrophils 1.85 0.86-4.0 0.12
TIMER

FOLLICULAR VARIANT PTC

Cell Type OR 95% ClI p value
DCs 0.057 0.019-0.18 5.1x 107
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CD8 T cells 0.22 0.080-0.61 0.0034
CDA T cells 0.14 0.0066-3.1 0.21
Macrophages 0.58 0.13-2.6 0.48

B cells 0.33 0.11-1.1 0.063
Neutrophils 0.0013 0.000053-0.031 | 4.1x10°
TALL CELL VARIANT PTC

Cell Type OR 95% ClI p value
DCs 4.5 1.6-12 49x103
CD8 T cells 0.50 0.13-19 0.32

CDA T cells 0.15 0.0018-12 0.40
Macrophages 0.60 0.020-18 0.77

B cells 1.1 0.19-5.9 0.94
Neutrophils 4.5 0.51-39 0.17

98




Next, we assessed the immune fractions in relation to BRAF and RAS mutational status (Table 3.2.3.).
Evaluation of the 502 PTCs using CIBERSORT indicated that BRAF mutational status correlated with increased
immune cell fractions for naive B cells, regulatory T cells, macrophages, and dendritic cells. Follicular helper T
cells negatively correlated with BRAF mutation. In contrast, RAS mutants correlated with decreased immune
cell fractions of naive B cells, macrophages, and dendritic cells. CD8 T cells and follicular helper T cells showed a
positive correlation with RAS mutations. Similarly, TIMER indicated that BRAF mutational status correlated with
significantly increased DCs, CD8 T cells, macrophages, B cells, and neutrophils. In contrast, RAS mutation
correlated with significantly decreased DCs, CD8 T cells, CD4 T cells, B cells, and neutrophils (Table 3.2.3). These
data were also analyzed to include morphologic subtype as a co-variate with the majority of immune cell types
listed above remaining significantly correlated with mutational status. Overall, these data demonstrate that

BRAF-mutant tumors are generally immune cell rich, while RAS-mutant tumors are immune cell poor.
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Table 3.1.3. CIBERSORT and TIMER Results by Mutational Status

CIBERSORT

BRAF MUTATION

Cell Type OR 95% CI p value
Naive B cells 1.1 1.1-1.2 5.2x10°
Memory B cells 0.98 0.89-1.1 0.73
Plasma cells 1.0 1.0-1.1 0.13

CD8 T cells 0.98 0.94-1.0 0.21
Resting CD4 memory T cells 1.0 0.99-1.1 0.13
Activated CD4 memory T cells | 1.3 0.95-1.7 0.13
Follicular helper T cells 0.92 0.86-0.98 0.014
Regulatory T cells 1.1 1.0-1.2 0.0038
Gamma delta T cells 1.0 0.93-1.1 0.64

MO macrophages 1.1 1.0-1.1 3.9x10*
M1 macrophages 1.1 1.1-1.2 7.5x10*
M2 macrophages 1.0 0.99-1.1 0.20
Resting dendritic cells 1.1 1.1-1.1 3.8x10°
Activated Dendritic cells 1.2 1.1-1.3 7.8x10*
Neutrophils 0.76 0.39-1.3 0.39

RAS MUTATION

Cell Type OR 95% CI p value
Naive B cells 0.89 0.80-0.98 0.028
Memory B cells 0.92 0.76-1.1 0.39
Plasma cells 0.95 0.85-1.1 0.38

CD8 T cells 1.1 1.0-1.1 0.0039
Resting CD4 memory T cells 1.1 0.99-1.1 0.10
Activated CD4 memory T cells | 0.33 0.044-0.88 0.13
Follicular helper T cells 1.13 1.0-1.3 0.027
Regulatory T cells 1.1 0.96-1.2 0.20
Gamma delta T cells 1.1 0.96-1.2 0.15

MO macrophages 1.0 0.98-1.1 0.55

M1 macrophages 0.87 0.76-0.98 0.023
M2 macrophages 1.1 1.02-1.1 0.0069
Resting dendritic cells 0.92 0.83-0.99 0.045
Activated Dendritic cells 0.84 0.71-0.96 0.023
Neutrophils 0.98 0.50-1.8 0.94
TIMER

BRAF MUTATION

Cell Type OR 95% ClI p value
DCs 42 19-101 5.7 x10'1!
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CDA4 T cells 0.07-6.7
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RAS MUTATION
Cell Type OR 95% ClI p value

CDA T cells 0.001 3.0x10%-0.2 0.019
Macrophages 0.5 0.08-2.6 0.39
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Finally, we evaluated the TCGA data to investigate the relationship between immune cell infiltrates in
the tumor microenvironment and age, gender, survival, and tumor mutational burden (TMB). There was no
correlation between gender and immune infiltration. Increasing age correlated with an overall decreased
immune infiltrate. Survival assessment using a Cox proportional hazard model with the immune infiltrates as
co-variates showed no statistical significance. Overall PTCs in the TCGA had a very low TMB of <1mutation/Mb.
In the TCGA PTCs, there was no correlation between infiltration of immune cell subtypes and total mutations.
3.1.5.2. Infiltrates and pathologic tumor stage in PTCs

We next evaluated whether changes in immune infiltrates were associated with pathologic tumor T stage
(Figure 3.2.1, Table 3.2.4., N=568). CIBERSORT demonstrated increased activated DCs in tumors with more
locally advanced tumor T stage (OR=1.2, CI=1.1-1.3, p=3.7 x 10-5, using the American Joint Committee on Cancer
7th Edition) and decreased follicular helper T cells (TFH) with more locally advanced T stage (OR=0.9, CI=0.87-
0.98, p=0.013). TIMER analysis generated similar results, with increased DCs associating with advanced T stage
(OR=2.6, Cl=1.4-4.5, p=5.4 x 10-4, Figure 3.2.1., Table 3.2.4.). Using TIMER, there was no significant correlation
with CD4 T cells and tumor T stage.

CIBERSORT showed a slight correlation between tumor associated macrophages and tumor T stage, but
the significance is unclear with an odds ratio of 1. While there have been several reports of a correlation
between tumor associated macrophages and tumor immunity*33134 TIMER did not confirm an association
between macrophages and tumor stage. These data were also analyzed to include morphologic subtype as a co-

variate with all the immune cell types listed above remaining significantly correlated with mutational status.
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Figure 3.1.1. Distribution of immune cell infiltrate and pathologic tumor T stage. A. CIBERSORT distribution of
activated dendritic cell fractions in low T stage (T1/T2) and high T stage (T3/T4) tumors. B. TIMER distribution of
dendritic cell fractions in low T stage (T1/T2) and high T stage (T3/T4) tumors. C. CIBERSORT distribution of
follicular helper T cell fractions in low T stage (T1/T2) and high T stage (T3/T4) tumors.
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Table 3.1.4. Correlation of immune infiltrate and pathologic tumor stage.

CIBERSORT ANALYSIS

T Stage OR | 95% CI p value
Naive B cells 1.0 | 0.98-1.1 0.24
Memory B cells 1.0 | 0.91-1.1 0.86
Plasma cells 1.0 | 0.94-1.0 0.67
CD8 T cells 1.0 | 0.98-1.1 0.35
Resting CD4 memory T cells 1.0 | 0.97-1.0 0.87
Activated CD4 memory Tcells | 1.0 | 0.77-1.2 0.75
Follicular helper T cells 0.9 | 0.87-0.98 0.013
Regulatory T cells 1.0 | 0.93-1.1 0.96
Gamma delta T cells 1.0 0.90-1.1 0.65
MO macrophages 1.0 | 0.98-1.0 0.59
M1 macrophages 1.0 | 0.94-1.1 0.87
M2 macrophages 1.0 | 0.93-1.0 0.029
Resting dendritic cells 1.0 | 0.96-1.0 0.81
Activated Dendritic cells 1.2]1.1-1.3 3.7x10°
Neutrophils 0.8 1 0.45-1.4 0.45
TIMER ANALYSIS

T Stage OR | 95% CI p value
DCs 2.6 | 1.4-45 5.4 x10%
CD8 T cells 0.9 | 0.50-1.6 0.73
CDA T cells 2.3 | 0.32-16 0.41
Macrophages 0.9 | 0.28-3.3 0.96

B cells 0.8 | 0.31-1.7 0.50
Neutrophils 1.6 | 0.45-5.4 0.47
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3.1.5.3. Infiltrates and pathologic lymph node stage in PTCs

Another important factor in thyroid cancer management and treatment is the presence of LN metastasis.
Using CIBERSORT (N=568), resting DCs showed a slight positive correlation with LN metastasis (OR= 1.1, CI= 1.0-
1.1, p=0.019). TIMER confirmed the presence of significantly increased DCs in tumors with LN metastasis (OR=
3.4, Cl= 1.9-6.3, p=5.5 x 10-5) and also demonstrated increased CD8 T cells (OR= 2.1, CI=1.1-4.0, p=0.029) and
robust neutrophil infiltrate (OR=10.5, CI= 2.7-43, p=8.7 x 10-4) in tumors with LN metastases (Figure 3.2.2, Table
3.2.5.). CIBERSORT did not show a significant correlation with CD8 T cells. A slight correlation was seen with
naive B cells and MO macrophages using CIBERSORT, but TIMER failed to confirm any B cell or macrophage
association. These data were also analyzed to include morphologic subtype as a co-variate and found that for
CIBERSORT Naive B cells remained significantly correlated with LN stage and for TIMER DCs and Neutrophils

remained significantly associated with LN stage.
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Figure 3.1.2. Distribution of immune cell fractions in tumors without (NO) and with (>NO) lymph node
metastases. A. CIBERSORT distribution of resting dendritic cells in tumors without (NO) and with (>NO) lymph
node metastasis. B. TIMER distribution of dendritic cells in tumors without (NO) and with (>NO) lymph node
metastasis. C. TIMER distribution of neutrophils in tumors without (NO) and with (>NO) lymph node metastasis.
D. CIBERSORT distribution of naive B cells in tumors without (NO) and with (>NO) lymph node metastasis.
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Table 3.1.5. Correlation of immune infiltrate and pathologic lymph node stage

CIBERSORT ANALYSIS

LN Stage OR 95% ClI p value
Naive B cells 1.1 1.0-1.1 5.2 x10%
Memory B cells 1.1 0.97-1.2 0.16
Plasma cells 1.0 0.98-1.1 0.30
CD8 T cells 1.0 0.96-1.0 0.83
Resting CD4 memory T cells 1.0 0.99-1.1 0.20
Activated CD4 memory Tcells | 1.0 0.78-1.2 0.82
Follicular helper T cells 1.0 0.96-1.1 0.55
Regulatory T cells 1.0 0.92-1.1 0.91
Gamma delta T cells 1.1 0.97-1.2 0.18

MO macrophages 1.0 1.0-1.1 0.021
M1 macrophages 1.0 0.94-1.1 0.89

M2 macrophages 1.0 0.97-1.0 0.87
Resting dendritic cells 1.1 1.0-1.1 0.019
Activated Dendritic cells 1.1 0.99-1.2 0.076
Neutrophils 1.9 1.0-4.1 0.067
TIMER ANALYSIS

LN Stage OR 95% ClI p value
DCs 3.4 1.9-6.3 5.4x10°
CD8 T cells 2.1 1.1-4.0 0.029
CDA T cells 0.69 0.087-5.4 0.72
Macrophages 0.58 0.15-2.2 0.43

B cells 2.3 1.0-5.7 0.054
Neutrophils 10.5 2.7-43 8.7x10%




3.1.5.4. Immune Suppression and Exclusion in PTCs

Tumor Immune Dysfunction and Exclusion (TIDE) analysis'3! was performed on the TCGA cohort of 502
PTCs. TIDE is another publicly available bioinformatics tool that uses RNA sequencing data to assess the immune
infiltration of a given tumor based on gene expression. This tool generates information on the patient’s
susceptibility to checkpoint inhibitor therapies, the T cell exclusion status of the tumor, and the T cell
dysfunction/exhaustion present in a tumor. The overall TIDE score predicts the susceptibility of the tumor to
immune checkpoint blockade (Figure 3.2.3.A). Of the TCGA PTCs, 93% (469/502) were determined unlikely to
respond to current checkpoint blockade therapies. Interestingly, only 9.2% (46/502) of the tumors had gene
signatures indicating T cell dysfunction (Figure 3.2.3.B), while 95% (477/502) exhibited expression profiles
consistent with T cell exclusive phenotype (Figure 3.2.3.C).

It is important to note that TIDE is currently only validated for melanoma and non-small cell lung cancer.
In order to validate the computational findings of TIDE, we aimed to confirm these results by performing IHC on
a cohort of 20 classical PTCs at Vanderbilt University Medical Center. We confirmed this phenomenon of T cell
exclusion in our cohort of 20 classical PTCs using CD8, CD4, and FoxP3 immunohistochemistry. When observing
the peripheral edge of each sample, 60% (12/20) demonstrated dense CD8 positivity, 90% (18/20) demonstrated
dense CD4 positivity, and 85% (17/20) demonstrated dense FoxP3 positivity (Figure 3.2.3.D). The center of the
tumor in the 20 PTCs analyzed was generally lymphocyte-poor. These VUMC data in combination with the TCGA
TIDE data indicate that functional T cells are present in the tumor microenvironment but are primarily located
around the margins of the tumor, often with predominant lymphoid aggregates. We hypothesized that factors
produced by the tumor cells, particularly at the tumor margins, were mediating this immune-exclusion

phenomenon.
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Figure 3.1.3. Tumor immune dysfunction and exclusion (TIDE) analysis. A. Overall TIDE scores and predicted tumor response to checkpoint blockade.
B.TIDE dysfunction score. DS>0 indicates T cell dysfunction, DS<0 indicates functional T cells. C. TIDE T cell exclusion score. ES>0 indicates an T cell
exclusive tumor, ES<0 indicates a T cell inclusive tumor. D. IHC of patient tumors, with CD8+ T cells shown in black.
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3.1.5.5. Galectin 3 Potentially Mediates T Cell Exclusion in PTCs

Having demonstrated a significant correlation between DC infiltration and thyroid cancer
histology/stage, we next investigated which genes were differentially expressed between the DC high and DC
low groups. The TCGA thyroid expression data were subset for samples that had a significant (p<0.05)
CIBERSORT score (in order to ensure inclusion of tumors with an immune infiltrate), and 805 genes differentially
expressed between low activated DCs and high activated DCs were identified (FDR < 0.05). A DAVID analysis
bioinformatics tool was then chosen to evaluate these differentially expressed genes. DAVID analyses are ideal
for large gene sets and are designed to systematically extract meaningful biological data from large sets of gene
expression. DAVID analysis of these genes showed enrichment for pathways involved in immunity (top cluster,
Enrichment score=9.9, Figure 3.2.4.A). Interestingly, a heatmap of the genes in these immunity signatures
showed that high activated DC samples tended to have low expression of these genes, while samples with low
activated DC have high expression (Figure 3.2.4.B). This result suggested that the DC signature is associated with
an immune-exclusive or immunosuppressive milieu. A similar analysis was performed for samples with high and
low TFH, identifying 1149 differentially expressed genes (FDR<0.05). DAVID analysis of these genes also showed
enrichment for pathways involved in immunity (top cluster, Enrichment score=11.1). A heatmap of the genes in
these immunity signatures showed that high TFH samples tended to have high expression of these genes, while
samples with low TFH have low expression (Figure 3.2.4.C). One of the differentially expressed genes in our DC
immunity signature was lymphocyte-activation gene 3 (LAG3) (FDR, 0.0004). Galectin 3 (GAL3, encoded by
LGALS3) is expressed on many cell types throughout the body, is highly expressed by many thyroid cancer
types!3®, and, among other functions, promotes immunosuppression by interacting with LAG3 on immune cells
such as dendritic cells and CD8+ T cells'3®. We find that the LGALS3/LAG3 ratio was significantly higher in
activated DC high versus activated DC low (Fig 3.2.4.D), suggesting that this mechanism may contribute to an

immune-exclusion environment.
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GEPIA” was then used to evaluate the expression of LGALS3 within the TCGA cohort. GEPIA is a publicly
available bioinformatics tool that lets you explore the gene expression in the TCGA RNA sequencing data. Gene
expression analysis of the TCGA PTCs using GEPIA revealed that the TCGA cohort significantly expressed more
LGALS3 than normal thyroid tissues (Figure 3.2.5.A). The importance of GAL3 in PTC diagnosis has been widely
investigated, and it has been documented that more aggressive variants of PTC express higher levels of

LGALS31%,
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Figure 3.1.4. Immune gene expression in activated DC high PTCs. A) Negative log10 of the FDR value for pathway enrichment for terms in the top
cluster from DAVID analysis of differentially expressed genes between low and high activated DC thyroid samples. Red line marks p-value of 0.05. B)
Heatmap of the differentially expressed genes from DC enriched immunity signature. Green is high expression and red is low expression. Yellow
marks high activated DC and blue marks low activated DC tumors. Most high activated DC samples are in the cluster with predominately low
expression of the genes in the immune signature. C) Heatmap of differentially expressed genes from TFH enriched immunity signature. Green is high
expression and red is low expression. Yellow marks high TFH and blue marks low TFH. Most high TFH samples are in the cluster with predominately
high expression of the genes in the immunity signature. D) Ratio of LGALS3 to LAG3 in activated DC low and high samples (p=5.47 x 1019).
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In order to confirm the increased LGALS3 gene expression identified in TCGA using GEPIA, we collected
a cohort of Vanderbilt infiltrative follicular variant PTCs (FVPTCs) and the more indolent non-invasive follicular
thyroid neoplasms with papillary-like nuclear features (NIFTPs) to perform GAL3 immunohistochemistry. We
evaluated GAL3 immunohistochemical expression in 11 NIFTPs and 12 infiltrative FVPTCs to see if GAL3
correlated with more malignant or indolent tumor types. We scored GAL3 IHC intensity on a scale of 0-3, where
a score of zero indicated no staining, and a score of 3 indicated strong staining. The localization of the staining
and score were used in conjunction to sort tumors into strong/diffuse GAL3 (diffuse 2-3+ staining),
focal/subcapsular GAL3 (focal 1-3+ staining), and GAL3 negative (0 staining) (Figure 3.2.5.B,C). Fifty-four percent
(7/12) of the invasive FVPTCs demonstrated strong, diffuse staining compared to none (0/11) of the NIFTPs. In
contrast, none of the invasive FVPTCs were negative for GAL3, compared with 36% (4/11) of NIFTPs. Of note,
the 7/11 (55%) of NIFTPs positive for GAL3 staining showed distribution that was distinct from that of invasive
FVPTCs. Subcapsular staining with strong intensity (2-3+), was identified in 45% (5/11) of NIFTPS and 17% (2/12)
of invasive FVPTCs. The remaining 18% (2/11) of NIFTPs showed focal GAL3 positivity (p=0.0019). These data
demonstrate increased GAL3 in more invasive tumors and a distinct subcapsular or peripheral GAL3 staining in
more indolent, and potentially pre-malignant, NIFTPs. This differential GAL3 expression confirms the GEPIA

findings and is a potential mechanism for the T cell exclusive phenotype of papillary thyroid carcinomas.
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Figure 3.1.5. GAL3 expression in NIFTPs and infiltrative FVPTCs. A. GEPIA analysis of LGALS3 expression in TCGA THCA (p<0.01). Statistical analysis
performed in GEPIA is a one-way ANOVA, using disease state as a variable for calculating differential expression. B. Tumor morphology was evaluated
and tumors were stained for GAL3 expression (p=0.0019). C. Representative IHC images of GAL3 staining (left-negative; middle-subcapsular; right-

strong/diffuse).
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3.1.6. Discussion and Conclusion

The immunology of thyroid carcinoma has been previously studied using TCGA data. Similar to studies
by Na et al.2¢ and Kim et al.*?’, our study confirms that immune infiltrates are associated with BRAF mutations
and adverse outcomes. We also show that these findings are consistent across two deconvolution
methodologies. However, the specific immune cells involved in aggressive thyroid tumor behavior are unclear,
and this knowledge will be essential in designing targeted immunotherapy. Our study expands upon the findings
of other groups by showing the specific immune cell subtypes associated with more aggressive tumor
characteristics, as well as proposing a mechanism for immune exclusion by dendritic cell infiltration and galectin
3 expression.

The literature currently shows conflicting data regarding the role of specificimmune infiltrates in thyroid
cancer. Here, we present a robust evaluation of immune cell infiltrates and demonstrate that immune
composition varies across different PTC histologic subtypes, mutational types, tumor T stage, and LN stage
(potential surrogate markers of tumor behavior including extra-thyroidal extension and metastatic potential).
The main immune cell types that are significantly associated with adverse PTC features across two distinct
deconvolution tools are macrophages, dendritic cells, and neutrophils (Figure 3.2.6). Indeed, these innate
immune cells significantly correlate with markers of aggressive disease such as BRAF mutation, tall cell
morphology, increased tumor stage, and LN metastases. PTC-derived DCs may be responsible for regulatory T
cell (Treg) differentiation from CD4 T cells, and subsequent tumor immune evasion!'’. Similar to DCs, tumor
associated macrophages (TAMs) are associated with more aggressive tumor behavior, larger tumor size, lymph
node metastases, and poor clinical outcome11>116120-122 " qyr studies confirm the presence of these innate

immune cells in more advanced tumors and more aggressive subtypes using a large PTC cohort.
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Figure 3.1.6. Representation of the potential role of immune cell types in thyroid cancer.
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Our study also links certain innate immune cells, especially dendritic cells and neutrophils, with the
development of lymph node metastases. Neutrophils have been shown to be important for metastasis in

125

multiple cancer types, including melanomat??, breast cancer'?, and gastric cancer!?3. Recent literature also

138 While the mechanism of neutrophil-

suggests involvement of neutrophils in the growth of thyroid carcinomas
mediated enhancement of metastasis is unclear, some studies suggest that neutrophils inhibit CD8 T cells and
may attract metastatic cells to new sites!?>13%, Data in breast and other cancers suggests that
immunosuppressive DCs correlate with metastatic disease and shorter survival'®®. These DCs may enhance
metastasis through their role in enhancing angiogenesis and tumor vascularization!*!, Our data support the role
of neutrophils and immunosuppressive dendritic cells in enhancing metastatic behavior in thyroid cancer.

For many tumors, lymphocytes play an important role in anti-tumor immunity. A subset of tumors in the
TCGA cohort demonstrate a potential anti-tumor infiltrate, the follicular helper T cells (TFH). TFH cells are
thought to be essential in anti-tumoral immune recruitment and formation of tertiary lymphoid structures (TLS),
which may be involved in T cell priming and B cell trafficking via CXCR5 expression#214> The presence of TFH

cells and TLS are thought to be good prognostic markers in many tumors, including breast cancer!4®

, wWhere they
are associated with a higher overall survival and increased response to neoadjuvant chemotherapy*”:14¢, Our
data suggests that this protective function may be present within a subset of PTC tumors.

The vast majority of PTCs in the TCGA cohort have gene signatures consistent with T cell exclusion. This
T cell exclusion may be due to the presence of immunosuppressive DCs and macrophages. Evaluation of the
TCGA PTC cohort demonstrates an overall decreased immune signature in DC-rich PTCs, suggesting an
immunosuppressive or immune exclusive role in thyroid cancer. One potential mechanism of T cell exclusion is
the interaction of LAG3 and GAL3. In assessing the immune signatures of DC low and high tumors, we find that
the LGALS3/LAG3 ratio is significantly higher in activated DC high tumors, suggesting that this may be a potential

mechanism for the immune-exclusion environment. Indeed, studies suggest that GAL3 may inhibit the

formation of inflammatory DCs in the tumor microenvironment via LAG33®, In addition, GAL3 has been shown
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to decrease T cell recruitment!*®, This mechanism of GAL3 mediated T cell exclusion may play an important role
in thyroid cancer immune evasion. Evaluation of our PTC and NIFTP cohort confirms the increased GAL3 in
infiltrative FVPTCs and the exclusion of T cells to the PTC periphery.

One limitation to this study is that the two analytic tools occasionally demonstrate some conflicting
results, likely based on their different computational approaches, pre-defined immune gene signatures,
numbers of immune subsets, and data output format. This can cause issues with the direct comparison of
results. CIBERSORT provides an analysis of 22 immune cell subtypes. However, the method of defining these
subtypes, such as M1 and M2 macrophages is controversial, and it is possible that false positives for each group
were included in the output due to overlapping gene expression. This may also be the case with Treg cells, as
both activated TFH!'>11® and PTC tumor cells!'®1%0 have been shown to express FoxP3 (an important Treg
marker). This may explain why few significant Treg correlations were seen in this study using CIBERSORT, despite
evidence that Tregs are important in many cancer types. Another issue is that CIBERSORT, while providing
overall p values for each tumor, does not provide p values for each individual immune cell fraction. TIMER also
provides no significance data for its immune cell calculations. These issues reveal a need for additional complex
immune subset analyses, particularly for rare immune cell infiltrates, to confirm the results of computational
analyses. It is also important to note that the staging data provided by TCGA is from AJCC edition 7, recently
replaced by AJCC edition 8, wherein some previously high stage tumors would now be classified as lower stage.
Although we are unable to re-stage the TCGA tumors, the previous staging method still provides useful
qualitative information on the presence of microscopic extra-thyroidal extension and lymph node metastasis.

Here we present a computational evaluation of immune cell fractions in PTCs and show that the presence
of certain cell types, particularly dendritic cells and neutrophils, strongly correlate with histology subtype,
mutational status, T stage and lymph node metastases. We also demonstrate an immune exclusion phenotype
of PTCs that may be dependent on GAL3 and LAG3 mediated mechanism of immune suppression and T cell

exclusion. Further studies that include poorly-differentiated thyroid carcinomas will allow for a better
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understanding of the role of immune cells in thyroid cancer progression and survival. In addition, an
understanding of the immune composition of the tumor at the time of tumor biopsy may eventually provide
supplemental diagnostic and prognostic information regarding the thyroid cancer subtype and potential for

metastatic or recurrent disease.

3.1.7. Subsequent Related Work (Unpublished)

After defining the tumor-immune microenvironment and finding significant associations between tumor
behavior and disease aggression, we yet again recognized the need for model system development to study the
thyroid tumor-immune interaction. The first of these, the monocyte-spheroid co-culture system, was
established to allow for time-resolved imaging studies of monocyte trafficking into spheroids, as well as the
impact of treatment on macrophage differentiation and behavior within a three-dimensional system (Figure
3.2.7.A.). We found that monocytes derived from human PBMCs, when co-cultured with K1 PTC cells, survive
for at least 7 days and do not require additional supplementation. Additional work is required to characterize
media conditions that will allow for enhanced survival.

We then created an immune-humanized murine model that could be xenografted with our cell lines to
produce a system that allows for measurement of monocyte trafficking in a complex in vivo model as well as
determination of monocyte effects on tumors in the presence of therapeutics. Tumors were injected
subcutaneously into the flank of NOD.Prkdcs@l2rg”/-H2-9401-€2B 2 m7/-(NSG2MHC) mice. These mice do not express
their own major histocompatibility complex (MHC) molecules, which greatly reduces the risk of graft vs. host
disease and allows for extended reconstitution with human immune cells. One week after tumor injection,
CD14+ enriched PBMCs were administered via tail vein injections. Excitingly, at 6 and 14 days post-injection we
see preferential trafficking and activation of the monocytes within the tumors (Figure 3.2.7.B.). This model will
be used for future studies on the impact that therapeutics and mutational status have on immune cell trafficking

in vivo.
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Figure 3.1.7. Tumor-immune modeling in spheroid co-cultures and humanized mice. A. K1 PTC cells expressing
constitutive nuclear mKate (red) were mixed with CSFE-stained (green) CD14+ (monocyte) enriched primary
blood mononuclear cells (PBMCs). After 7 days of culture in 5% Matrigel, spheroid co-cultures were imaged at
10X. Scale bar is 400um. B. Monocytes were enriched from PBMCs and injected via tail vein one week after flank
tumor establishment. At the indicated timepoint, mice (n=5/timepoint) were euthanized, and tumors and blood
were collected for flow cytometry. Based on gating from PBMCs, we established a live, CD45+, CD14+, HLA-DR
high population, indicated in boxes and as percentages.
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3.3. DEFINING THE PRESENCE AND ROLE OF WNT/B-CATENIN IN ATC

3.3.1. Summary and Contribution of Study

This project is split across this subsection and 4.2. to provide adequate context to each section. In this
subsection, | detail the process of identifying Wnt/B-catenin signaling as a therapeutic target in anaplastic
thyroid carcinoma. Previous work on Wnt signaling in ATC has indicated that ATCs have highly elevated Wnt
activity, though it has been attributed to gain-of-function mutations in B-catenin or loss-of-function mutations
in parts of the B-catenin destruction complex (such as AXIN1). Our study, with a large cohort of ATC patients
and access to a variety of patient-derived organoid cultures, has shown that elevated Wnt signaling is not due
to mutations, but rather due to increased ligand levels. Having defined the presence and importance of Wnt
signaling in ATCs, we then sought to target the Wnt pathway to determine the therapeutic potential of this
target. Pyrvinium was selected as a first approach due to FDA-approval as an orphan drug, which could

potentially allow it to move into clinical trials much faster.

This work has been submitted for publication to Nature Cancer, and the text herein is adapted from:

Bergdorf, K., Xu, G., Loberg, M., Phifer, C., Sheng, Q.,, Ye, F., Rohde, S., Netterville, J., Baregamian, N., Shaddy,
S., Huang, E., Murphy, B., Goettel, J., Lee, E., and Weiss, V. 2022. Wnt/B-catenin signaling is a therapeutic
target in anaplastic thyroid carcinoma. Submitted to Nature Cancer.

3.3.2. Abstract
Anaplastic thyroid carcinoma (ATC) is a highly aggressive malignancy that has consistently shown Wnt/pB-

catenin (canonical) signaling activation in various study populations. Herein, using a large patient cohort and

organoid models, we confirm that this near-universal Wnt signaling activation is ligand- rather than mutation-

driven and promotes the dedifferentiation that defines disease transformation. Finally, we characterize Wnt

inhibitors, both in vitro and in vivo, as a potentially effective novel therapy for this highly lethal disease.
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3.3.3. Introduction

The incidence of thyroid cancer is rapidly increasing in the US and is projected to surpass colorectal
cancer as the 4th leading cancer diagnosis by 2030%. Most patients respond to initial therapy, but approximately
20% will develop recurrence and 10% will develop metastatic disease33. Treatment options are extremely limited
for patients with metastatic, recurrent, or dedifferentiated disease, such as anaplastic thyroid carcinoma (ATC).
There is currently no targeted therapy for BRAF-wildtype ATCs, and combination dabrafenib-trametinib therapy
(approved for ~25% of BRAFV600E mutant ATCs) has shown limited efficacy to date?®?°. Lack of effective
interventions has led to a dismal 5-year survival rate of only 5% and a median survival post-diagnosis of 4-6

months2.

3.3.4. Materials and Methods
3.3.4.1. Patient cohort

361 thyroid resection specimens were collected from 251 patients at Vanderbilt University Medical
Center (VUMC) and the University of Washington between 2004-2020. Thyroid pathology was reviewed (VW)
and final tumor staging assignments were updated according to the AJCC 8th Edition Cancer Staging Manual®%,
3.3.4.2. DNA sequencing and mutational analysis

We completed whole-exome sequencing of our formalin-fixed paraffin-embedded (FFPE) cohort (>200x
average coverage, 66x average depth, 10x minimum acceptable average depth per sample). DNA/RNA was
extracted using the COVARIS DNA/RNA FFPE isolation kit. DNA libraries were built using the NEB DNA Ultra Il
kit. Sequencing was performed in the Vanderbilt Technologies for Advanced Genomics (VANTAGE) core facility
on an lllumina NovaSeq 6000 platform using the IDT xGen® Exome Research Panel. Raw 150 bp paired-end reads
were trimmed to remove adapter sequences using Cutadapt (v2.10) and the quality of the reads before and

after trimming was checked by FastQC. Trimmed reads were aligned to hg38 genome using BWA (v0.7.17-
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r1188). GATK v.4.1.8.1 was used to remove duplicate reads, perform base quality score recalibration and
variants discovery. Variant calling was performed on individual samples using HaplotypeCaller in gVCF mode,
then all samples were jointly genotyped, and variant filtering was performed with VQSR. Variant annotation was
conducted with ANNOVAR (v2018-04-16). Variants with minor allele frequency 20.1% in any of EXAC (Exome
Aggregation Consortium), 1000g, and gnomad databases were filtered out. AXIN1 and CTNNB1 mutations were
evaluated according to the standards and guidelines for the reporting of sequence variants in cancer by the
Association for Molecular Pathology, American Society of Clinical Oncology, and the College of American
Pathologists!®2.
3.3.4.3. RNA sequencing and GSEA

[llumina TruSeq mRNA sequencing libraries were prepared and sequenced at VANTAGE on a NovaSeq
6000 (lllumina) platform. Raw 150bp paired-end reads were trimmed to remove adapter sequences using
Cutadapt (v2.10) and aligned to the GENCODE GRCh38.p13 genome using STAR (v2.7.8a)'>3. GENCODE v38 gene
annotations were provided to STAR to improve the accuracy of mapping. Quality control on both raw reads and
adaptor-trimmed reads was performed using FastQC (www.bioinformatics.babraham.ac.uk/projects/fastqc).
featureCounts (v2.0.2) was used to count the number of mapped reads to each gene!®*. Gene set enrichment
analysis was performed using GSEA (v4.1.0) on msigdb v7.1 database®®.
3.3.4.4. Cell Culture

K1 cells were obtained from Sigma Aldrich. TPC1 cells were obtained from Dr. Adel El- Naggar (University
of Texas MD Anderson Cancer Center, Houston, Texas). Cells were authenticated using STRS analysis and
maintained and used experimentally at <20 passages from thaw. Cells were grown in RPMI (VWR) containing
10% FBS (ThermoFisher Scientific), 1% penicillin-streptomycin (Sigma), 1X MEM Non-Essential Amino Acids
(VWR), and 1 mM sodium pyruvate (Vanderbilt Molecular Biology Resource), henceforth referred to as
‘complete RPMI’.

3.3.4.5. Spheroid Area and Counting
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K1 cells were plated in 5% Matrigel in a 24-well low-attachment cell culture plate and treated with 50% LWRN
conditioned DMEM or 50% DMEM (control collection media) for 6 days prior to imaging with a Leica DMil
MC170 inverted microscope with a 4x objective and processed on Leica Application Suite, version 4.10.0. Image)
v1.53.0 was used to count and measure the area of each organoid across 8 replicates per condition. A t-test was
used to compare counts and areas across conditions for 3 replicates.
3.3.4.6. Flow Cytometry
VWL-T40 were cultured and maintained as described in Vilgelm et al.13 and Phifer et al.15 in DMEM, Ham’s F12,
and MCDB media + 10% FBS with 2% B27 Supplement without Vitamin A. 12-well plates were seeded with
50,000 cells/well, and CHIR99021 was added to a final concentration of 1uM in treatment wells. CHIR99021 was
refreshed 48 hours after plating. After 4 days of incubation at 37C, cells were stained with eBioscience Fixable
Viability Dye eFluor™ 506 (Thermofisher) prior to trypsinization, fixation with 4% formaldehyde for 20 minutes
at room temperature, and permeabilization with 0.5% TBS + 0.5% Triton X for 30 minutes on ice. Rabbit anti-
thyroglobulin (Abcam ab156008) was used at a 1:200 dilution in PBS and allowed to incubate for 30 minutes at
RT. Donkey anti-rabbit 1gG conjugated to PE and and mouse anti-human CD29 conjugated to APC were each
used at a dilution of 1:1000 in PBS and incubated for 30 minutes at RT in the dark prior to data acquisition with
a 3-laser Fortessa (BD). Data were analyzed using FlowJo 10.8.1 (BD).
4.2.2.1. Cell Culture

THJ-11T, THJ-16T, THJ-21T, and THJ-29T were obtained from Dr. John Copland (Mayo Clinic, Jacksonville,
FL, USA). Cells were authenticated using STRS analysis and maintained and used experimentally at <20 passages
from thaw. Cells were grown in RPMI (VWR) containing 10% FBS (ThermoFisher Scientific), 1% penicillin-
streptomycin (Sigma), 1X MEM Non-Essential Amino Acids (VWR), and 1 mM sodium pyruvate (Vanderbilt
Molecular Biology Resource), henceforth referred to as ‘complete RPMI’.

4.2.2.2. Generating dose-response curves
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THJ-11T, THJ-16T, THJ-21T, and THJ-29T cells Utilizing the high-throughput equipment in the Vanderbilt
High-Throughput Screening (VHTS) core facility, 300 cells in 30 uL of cell suspension was plated per well in black
384-well cell-repellant culture plates (Greiner Bio-One). Spheroids were allowed to form for 24 h prior to
treatment with DMSO, dabrafenib+trametinib, and/or pyrvinium (Selleck Chemicals) in RPMI. Following 72 h of
treatment, wells were imaged using an ImageXpress Micro XL automated high-content microscope (Molecular
Devices). To assess viability, CellTiter-Glo 3D (Promega) was added to wells and mixed with the Bravo liquid
handler (Velocity 11/Agilent). Per the CellTiter-Glo protocol, plates were placed on a shaker for 25 min before
luminescence was quantified using a Synergy NEO (BioTek multi-mode plate reader).
4.2.2.3. Organoid culture

Patient-derived organoids were collected and maintained as described in Vilgelm et al. and Phifer et al.
For drug treatment, organoids were centrifuged for 5 minutes at 340 x g to form a loose pellet. This pellet was
washed with cold PBS prior to dissociation for 30 minutes at 37°C in 1X TrypLE (Gibco). The resulting cell
suspension was washed and resuspended in culture media containing 5% Matrigel and DMSO, 30nM
dabrafenib+5nM trametinib, and/or 300nM pyrvinium prior to plating in a 24-well low-attachment culture plate.
Organoids were incubated at 37°C, 5% CO, for 8 days prior to imaging with a Leica DMil MC170 inverted
microscope with a 4x objective and processed on Leica Application Suite, version 4.10.0. All work with patient-
derived cells was approved by the Vanderbilt Institutional Review Board.
4.2.2.4. Murine studies

All procedures were approved by the Institutional Animal Care and Use Committee prior to completion.
NOD.Prkdc*l12rg”- (NSG-Jackson Laboratories) were injected with 1 million PDX THJ-16T cells subcutaneously
in the flank using a 22G needle affixed to a 1mL syringe. When tumors became palpable (approximately 2 weeks
post-injection), intraperitoneal injection of vehicle or pyrvinium (5% DMSO in corn oil) was started. We
performed a dose-escalation of 0.5mg/kg, 1mg/kg, 1 mg/kg, 2mg/kg with injections every other day,

maintaining at 2mg/kg for the remainder of the experiment. All injections were performed with a 26G SubQ
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needle on 1mL syringes. Tumors were measured every other day using digital calipers, and mice were weighed
weekly to ensure no significant weight loss was occurring. Endpoints were reached when tumors reached 2cm
in any dimension or ulcerated, and mice were humanely euthanized. Data were analyzed using Microsoft Excel

and GraphPad Prism 8, and significance was determined by a mixed-effects model.

3.3.5. Results

Interestingly, it has been shown in multiple study populations that ATCs consistently exhibit elevated
Wnt/B-catenin signaling (hereafter referred to as Wnt signaling)*®1°8, These studies have attributed the
increase in signaling to stabilizing B-catenin mutations or loss-of-function mutations in the B-catenin destruction
complex (increases B-catenin levels). As part of our IRB-approved study, we have completed RNA- and whole
exome sequencing on 361 patient tumors, 17 of which are primary anaplastic thyroid carcinomas. Notably, we
do not detect any previously reported Wnt pathway mutations in ATCs, though we do observe highly elevated
Whnt signaling levels across ATC patient tumors when compared to less aggressive subtypes (Figure 3.3.1.A,B,C).
The lack of mutations, in combination with elevated signaling, led us to identify significantly higher levels of Wnt
ligands Wntl, Wnt2, Wnt5B, Wnt7A, Wnt7B, Wnt10A, Wnt10B, and Wnt16 in ATC compared to less aggressive
subtypes (Figure 3.3.1.D).

To determine the effects of canonical and non-canonical Wnt signaling on spheroid growth and behavior,
we treated K1 (PTC) cells with L-WRN (Wnt3A, R-spondin3, Noggin) media for 6 days to activate Wnt signaling
prior to assessing spheroid morphology. LWRN treatment led to an increased number of spheroids with a
morphology resembling ATC spheroids (THJ-21T). These smaller, discohesive, spindly spheroids suggest
epithelial-to-mesenchymal transition (EMT, Figure 3.3.1.E).

Having established that Wnt signaling is elevated in our patient population and that this Wnt signaling
can promote dedifferentiation, we aimed to identify a targeted inhibitor. Many Wnt inhibitors are commercially

available and have been explored in clinical settings. Pyrvinium is an anti-helminth (pinworm) drug that was

126



identified as a potent Wnt inhibitor in 2010%%* and has been given orphan drug designation by the FDA for
Familial Adenomatous Polyposis. Using our high-throughput spheroid methodology, we generated dose-
response curves to pyrvinium (PYR-Figure 4.2.2.A). Interestingly, pyrvinium showed enhanced potency in the
BRAF-wildtype cell lines (THJ-11T, THJ-16T, THJ-29T).

To evaluate Wnt inhibition as a therapeutic approach, we used the most aggressive of our three BRAF-
wildtype ATC cell lines, THJ-16T, in a xenograft model of anaplastic thyroid cancer. Mice treated with pyrvinium
showed significantly decreased tumor growth, B-catenin, and vasculature compared to mice receiving only
vehicle (Figure 4.2.2.B, C). Next, we utilized our fine-needle aspiration-derived patient tumor organoid cultures
and a mouse xenograft model. As seen in the four ATC cell lines, pyrvinium significantly inhibited the growth of
the BRAF-wildtype ATC organoid line VWL-T5 (Figure 4.2.2.D). We also compared pyrvinium to current BRAF-
mutant standard-of-care, dabrafenib + trametinib (DAB+TRA), in our VWL-T60 BRAF-mutant organoid culture
(Figure 4.2.2.E). We found that DAB+TRA combination therapy did not significantly decrease organoid size,
consistent with clinical data demonstrating variable response to this therapy. In contrast, pyrvinium in
combination with DAB+TRA and alone significantly inhibited organoid growth. These data show the potential

utility of Wnt inhibitor therapy as a novel treatment for aggressive thyroid cancer.
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Figure 3.3.1. Increased Wnt ligand expression in ATC drives enhanced signaling and de-differentiation. A. IHC
of patient tumors shows increased nuclear B-catenin in ATC. B. Bubble plot of 10 Wnt-related gene sets (5
canonical, 5 non-canonical). All are enriched in ATCs compared to all other malignant samples. C. Significantly
enriched gene sets identified by GSEA of ATC RNAseq data compared to all other malignant samples. D.
Expression of Wnt ligands compared between MNG, PTC, and ATC indicate higher Wnt ligand expression in ATCs.
E. Treatment of K1 (PTC) spheroids with LWRN (Wnt3A, R-spondin3, Noggin) media promotes an EMT- and ATC-
like phenotype. THJ-21T (ATC) spheroids for comparison. F. Visium data (spatially resolved scRNA sequencing
data) of a mixed sample indicates negative association between Wnt and thyroglobulin.
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3.3.6. Discussion

In defining the molecular drivers of anaplastic thyroid carcinoma, we aim to identify druggable targets
for patients that currently have few treatment options. Through our studies, we have shown that elevated levels
of both canonical and non-canonical Wnt ligands within the tumor microenvironment drive elevated Wnt
signaling in ATCs compared to what is seen in all other malignant thyroid neoplasia. Additionally, we use a
combined activator of both canonical and non-canonical Wnt signaling, LWRN media, in combination with K1
(PTC) spheroids. After 6 days of treatment, spheroids treated with LWRN media were smaller, discohesive, and
spindly, suggesting an epithelial-to-mesenchymal transition (EMT). We treat a primary PTC organoid culture
(VWLT40-containing tumor and stromal cells) with CHIR99021 (inhibits GSK3, increases Wnt signaling). While
thyroid cancer cells are known to lose thyroglobulin expression in vitro, activation of Wnt signaling led to a
further, albeit insignificant, decrease in thyroglobulin expression (Figure 3.3.2). This trend suggests that Wnt
signaling may also play an important role in thyroid cancer de-differentiation. In addition to defining the
importance of Wnt signaling in ATC, we also demonstrate the efficacy of pyrvinium, a Wnt inhibitor, in spheroids,
murine models, and patient-derived organoid cultures. These studies provide preclinical evidence for the

effectiveness of Wnt inhibitors in the treatment of ATC, a devastating cancer with limited treatment options.
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Figure 3.3.2. VWLT40, a BRAF-wildtype PTC organoid line, was treated with CHIR99021 (GSK3 inhibitor,
stabilized B-catenin) for 4 days prior to analysis of thyroglobulin and CD29 levels via flow cytometry. A. The
loss of thyroglobulin, while not significant, indicates possible transformation to a more dedifferentiated state
as is seen in ATC. B. CD29, a marker of mesenchymal cells, identifies fibroblasts in the mixed population
present in our organoid cultures. The increase in CD29- cells in the presence of CHIR is likely indicative of

tumor cell expansion, though the data are not currently significant.
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Figure 4.2.1. Pyrvinium significantly decreases ATC growth in vitro and in vivo. A. Normalized dose response
curves (xSEM) were generated for spheroids treated with pyrvinium (PYR) for 72 hours (n=3). B. NSG mice with
subcutaneous THJ-16T flank tumors were administered PYR once tumors were palpable. Tumor volume (+SD)
was measured every other day. Both male and female mice treated with PYR had significantly smaller tumors
than control mice. C. Immunohistochemical staining for B-catenin and CD34 (marker for vessels) in vehicle vs.
pyrvinium treated mice indicates decreased overall B-catenin and vasculature in PYR treated mice. Arrows
indicate stroma. D. Patient-derived organoid lines VWL-T5 (BRAF-wildtype) and E. VWL-T60 (BRAF-mutant) were
treated with PYR for 8 days prior to organoid measurement. When used alone or in combination with standard-
of-care (DAB+TRA, BRAF-mutant), pyrvinium significantly decreased organoid size. (* represents a p-value <
0.05, ** p<0.01
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CHAPTER IV.

CHARACTERIZING NOVEL THERAPEUTICS FOR ATC

4.1. UTILIZING SPHEROIDS IN HIGH-THROUGHPUT DRUG SCREENING

4.1.1. Summary and Contribution of Work

After developing our spheroid culture model of ATC and adapting it to high-throughput screening
methods, our first priority was performing a large-scale screen of over 1500 drugs to identify potential
therapeutic candidates. Many of the drugs tested are already FDA-approved, meaning they can rapidly move
into clinical trials for ATC patients. Additionally, by adding spheroids to the screening process, we sought to
enhance the translatability of our data. As a result, we identified 33 promising therapeutic candidates and
selected three high priority drugs: bortezomib, cabazitaxel, and YM155.

This subsection is adapted from work under review at Cancers for a feature in a thyroid carcinoma

edition:

Bergdorf, K., Bauer, J., Westover, D., Phifer, C., Murphy, B., Tyson, D., Lee, E., and Weiss, V. 2022. Utilizing three-
dimensional culture methods to improve high-throughput drug screening in anaplastic thyroid
carcinoma. Under review at Cancers.

4.1.2. Abstract
Anaplastic thyroid carcinoma (ATC) is the most aggressive endocrine neoplasm, with a median survival

of just four to six months post-diagnosis. Even with surgical and chemotherapeutic interventions, the five-year

survival rate is less than 5%. While combination dabrafenib/trametinib therapy was recently approved for

treatment of the ~25% of ATCs harboring BRAFV600E mutations, there are no approved, effective treatments

for BRAF-wildtype disease. Herein, we perform a screen of 1567 drugs and evaluate therapeutic candidates
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using monolayer cell lines and four corresponding spheroid models of anaplastic thyroid carcinoma. We utilize
three-dimensional culture methods, as they have been shown to more accurately recapitulate tumor responses
in vivo. These three-dimensional cultures include 4 distinct ATC spheroid lines representing unique morphology
and mutational drivers to provide drug prioritization that will be more readily translatable to the clinic. Using
this screen, we identify three exceptionally potent compounds (bortezomb, cabazitaxel, and YM155) that have
established safety profiles and could potentially be moved into clinical trial for the treatment of anaplastic

thyroid carcinoma, a disease with few treatment options.

4.1.3. Introduction

Anaplastic thyroid carcinomas (ATCs) are exceptionally aggressive tumors, with a median survival time
of 4-6 months post-diagnosis, a 35% six-month survival rate, and a dismal five-year survival rate of less than
5%100161, These de-differentiated tumors grow rapidly and have a disease-specific mortality nearing 100%12.
As the genetic and molecular drivers of transformation to ATC are not well-understood, early detection and
treatment options are limited. It is this disparity, combined with their aggressive nature, that leads ATCs to
account for over half of all thyroid cancer-related deaths despite comprising less than 2% of all thyroid
neoplasms?.

Approximately 25% of ATCs harbor a BRAFV600E mutation, which leads to constitutive activation of
MAPK signaling. Fortunately, mutant BRAF can be targeted using dabrafenib, and paradoxical MEK/ERK
activation can be avoided with the addition of trametinib?®2°. This combination therapy was FDA-approved for
the treatment of BRAFV600E mutant ATC in 2018. Median overall survival in patients treated with dabrafenib-
trametinib therapy was extended to 14.5 months, though only 8% of patients exhibited a complete response to
the therapy®. There are currently no effective, targeted therapies available for BRAF-wildtype ATC.

We have recently developed methods for culturing thyroid cancer spheroids and adapting these cultures

to formats amenable to high-throughput drug screening!®3. Spheroids allow for cell-cell interactions and
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nutrient gradients not possible in traditional monolayer culture, making them an ideal model for drug discovery
and development'®3164 Additionally, drug responses in three-dimensional cultures have previously been shown
to deviate from those observed in corresponding monolayer cultures and to more accurately recapitulate
patient tumor responses315,

In this study, we sought to combine our ATC spheroid cultures with high-throughput drug screening to
identify potential therapeutics for a disease with few treatment options. Through this methodology, we were
able to identify three lead candidates for follow-up studies in both BRAF-mutant and -wildtype ATC. Notably,

this study provides the basis for many routes of investigation into the molecular drivers and therapeutic targets

of ATC to inform future clinical trials.

4.1.4. Materials and Methods
4.1.4.1. Cell Culture

ATC cell lines (THJ-11T, THJ-16T, THJ-21T, and THJ-29T) were obtained from Dr. John Copland (Mayo
Clinic, Jacksonville, FL, USA). Cell lines are maintained at 37°C, 5% CO2 in RPMI (VWR, Radnor, PA, USA)
supplemented with 10% fetal bovine serum (ThermoFisher Scientific, Waltham, MA, USA), 1% penicillin-
streptomycin (Sigma, St. Louis, MO, USA), 1X MEM non-essential amino acids (VWR), and 1mM sodium pyruvate
(hereafter referred to as “complete RPMI”). All cell lines are used experimentally at less than 20 passages and
authenticated via STR analysis.
4.1.4.2. Drug libraries

The NCI Approved Oncology Drugs Set VII (National Cancer Institute, Division of Cancer Treatment and
Diagnosis, Developmental Therapeutics Pro-gram) and the Selleck Chemicals FDA-approved and Anti-cancer
Compound libraries (Selleck Chemicals, Houston, TX, USA) are maintained and distributed by the Vanderbilt
High-Throughput Screening (VHTS) facility within the Vanderbilt Institute of Chemical Biology. In total, 1567

compounds were screened.
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Figure 4.1.1. Schematic of drug numbers throughout studies.
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4.1.4.3. Primary high-content imaging screen in ATC cell lines

High-throughput screens were performed in collaboration with the VHTS facility. Cells were seeded in
384-well cell culture plates (Greiner Bio-One #781091, Greiner Bio-One, Kremsmiinster, Austria) at a density of
600 cells/well (THJ-11T; THJ-16T; THJ-29T) or 900 cells/well (THJ-21T) using a ThermoScientific Multi-Drop
Combi dispenser and incubated at 37°C with 5% CO,. After 24 hours, drugs and small molecules were transferred
from library stock plates at 10mM DMSO solutions using an ECHO acoustic liquid transfer system
(LabCyte/Beckman) to a 384-well drug plate. Drug plates were diluted with complete RPMI and robotically
added to the cell plates at five final concentrations (5.14uM, 1.09uM, 156nM, 30.8nM, 6.2nM) in 0.2% DMSO
(v/v). Cells were incubated with drugs for an additional 72 hours, after which they were stained with Hoechst
33342 (Invitrogen, Waltham, MA, USA) and propidium iodide (MilliporeSigma, Burlington, MA, USA) to final
concentrations of 2ug/mL and 0.2ug/mL, respectively, and imaged on an ImageXpress Micro XLS using DAPI and
Texas red filters (Molecular Devices, LLC, San Jose, CA, USA).

Viable cells were identified as those that were Hoechst positive and propidium iodide negative and
compared across cell lines for each drug using the area under the curve for the 5 concentrations. In total, 62
drugs were identified via AUC and further confirmed by concentration-response plots generated using ten
concentrations in technical triplicate ranging from 20uM to 20nM. Twenty-two drugs did not progress to further
studies due to: (1) target redundancy; (2) lack of current clinical availability; or (3) established clinical futility in
ATC (Figure 4.1.1.).
4.1.4.4. Lentiviral transduction

A lentivirus containing constitutive nuclear mKate under the human PGK promoter with blasticidin
selection (TRC2-pLKO-PGK-nlsmKate2/Bsd) was generously provided by Dr. Huan Qiao (Vanderbilt University,
Nashville, TN, USA). All cell lines were transduced at a multiplicity of infection of 10:1 for 24 hours prior to media
replacement. Blasticidin selection concentration was determined prior to transduction and defined as the

concentration needed to kill non-transduced cells in 5 days. Final concentrations used were between 5-
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10pg/mL. Selection media (complete RPMI + blasticidin) was changed every 48 hours for the first two weeks
post-transduction, then passaged regularly and maintained in selection media as needed.
4.1.4.5. Comparison of time-resolved drug response in 2D vs. 3D growth conditions

Transduced cells were seeded for monolayer culture in 384-well cell culture plates (Greiner Bio-One
#781091) at a density of 300 cells/well in complete RPMI. All cell lines were seeded for spheroid culture in 384-
well cell-repellent culture plates (Greiner Bio-One #781976) at a density of 600 cells/well (THJ-11T; THJ-16T;
THJ-29T) or 900 cells/well (THJ-21T) in complete RPMI supplemented with 2% Matrigel (Corning, Corning, NY,
USA) using a peristaltic EL406 dispenser (BioTek, Santa Clara, CA, USA) within a bi-osafety cabinet. Plates were
immediately centrifuged for 5 min at 200g to allow cells and matrix to collect on the flat bottom plates. Following
a 24-hour incubation at 37BC, 5% CO2, cell plates were placed into an automated incubator (Cytomat, Thermo)
and each plate was shuttled to a Molecular Devices’ ImageXpress MicroXL imaging system via a robotic plate
handler (F3 arm, Thermo) and using the Momentum scheduler. Following initial cell density baseline imaging,
drug plates diluted in media (as above) plus 5nM SYTOX Green (to detect dead cells- Invtirogen) were added to
cell plates using a liquid handler and returned to the Cytomat. Cell plates were scheduled in a continuous loop
to be imaged consecutively for 5 days.
4.1.4.6. Analysis of 2D vs. 3D drug response data.

The number of viable cells at each time point was determined by counting segmented nuclei from the
red fluorescence channel that did not have fluorescent signal overlap in the green (dead cell) channel using
custom Python scripts as previously described®. We calculated the highest dead cell fraction observed at any
point over 72 hours at a given drug concentration, and that value was subtracted from 1 to generate a fraction
of viable cells. These data were uploaded into a local instance of Thunor-web software that was specifically
designed to automatically fit the data with 4-parameter log-logistic models!®’. The activity area (observed) is
effectively the integrated area above the observed response values and calculated as described

(https://docs.thunor.net/dose-response-parameters)'®’. Observed activity area (AAobs) is used in the analyses
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of these data rather than AUC, as AAobs is positively associated with drug efficacy, where AUC is an inverse
association. AAobs is also independent of any fitting function, relying only on the data collected. This same
approach was applied to the spheroid cultures after first obtaining a maximum projection image from the
complete z-stack obtained for each sample and time point.

To define differential drug response between monolayer and spheroids, AAobs values were plotted on
axes of 2D AAobs (x) vs. 3D AAobs (y) (not shown). If a given compound produced identical results in monolayer
and spheroid cultures, we expect that point to fall at x = y. A reference line was drawn representing this
relationship and residuals from this reference were plotted for each cell line (Figure 4.1.4.D.-deltaAA). A positive
value indicates higher activity in spheroid culture, while a negative value indicates in-creased activity in
monolayer cultures. At this point, drugs were eliminated if they exhibited decreased inhibition in at least three

of the four ATC spheroid cultures.

4.1.5. Results
4.1.5.1. Primary and Confirmation Screens Identify 40 High-Priority Compounds
4.1.5.1.1. Primary compound screen of 1567 drugs identifies 62 hits.

For our studies, we utilize four anaplastic thyroid carcinoma cell lines-THJ-11T; THJ-16T; THJ-21T; and
THJ-29T. These cell lines were chosen due to distinct mutational and morphological profiles, summarized in
Table 1, that are representative of disease diversity observed in vivo'®®1%9, In using these distinct lines, we
sought to identify compounds that were effective in inhibiting (1) ATC lines harboring certain mutations
(BRAFV600E, KRAS, PI3KCA); (2) ATC lines harboring wildtype BRAF; and (3) all lines regardless of mutational

status.
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Table 4.1.1. Mutations and morphology of anaplastic thyroid carcinoma cell lines.

Cell Line Notable Mutations Morphology
THJ-11T KRAS ¢.G35T, TP53 ¢.G733A, TERT Squamoid; macrofollicular,
¢.C228T and c.T349C compact spheroids
indle; large
THJ-16T PISKCA c.G1633A, TP>3 ¢.G818A, fnpacrof('nllicﬁlz;r compact
TERT ¢.C228T, MKRN1-BRAF fusion . ’
spheroids
Spindle; invasive and
THJ-21T BRAF c.T17994, TP>3 ¢.G833C, Ioposely associated
TERT ¢.C228T and ¢.T349C .
spheroids
Spindle/giant; large,
THIJ-29T TP53 ¢.C310T and TERT ¢.C250T invasive, loosely associated
spheroids
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We first executed a screen of 1567 compounds from three established libraries: NCI Approved Oncology
Drug Set VI, FDA-Approved Drug Collection, and the Anti-Cancer Compound Library. Five concentrations of each
compound were tested in the four cell lines in monolayer culture (Figure 4.1.2.A), and results were reported as
area under the curve (AUC). As expected, many compounds did not significantly inhibit growth in any of the four
ATC lines and clustered at the far right of the plot (Figure 4.1.2.B). However, we were able to confirm the
inhibitory effects of currently used therapeutics such as paclitaxel, doxorubicin, and trametinib (blue-Figure
4.1.2.B). Notably, tyrosine kinase inhibitors lenvatinib and sorafenib were not broadly effective across the four
lines (Figure 4.1.2.B). For prioritization, drug hits were identified as those with the lowest AUC and lowest
standard deviation in AUC. In total, we identified 62 compounds of interest to perform a follow-up confirmation
screen. Drug classes represented in the 62 prioritized compounds include inhibitors of HSP90, HDAC, and
proteasomes, all have which have been investigated for the treatment of ATC in recent years!®®. Our results
confirm the importance of these pathways in ATC and their identification provided increased confidence in the
results of our broad screen.
4.1.5.1.1. Confirmation screen allows for IC50 calculation and prioritization

To further prioritize compounds for more in-depth follow-up, we generated dose response curves for 62
compounds in monolayer culture of the four ATC cell lines (Figure 4.1.3.). Following confirmation of efficacy, we
evaluated compounds based on potency, clinical trial success, previous relevance in ATC, and target redundancy.
This resulted in removal of 22 compounds, including emetine (an emetic), disulfram (Antabuse, a treatment for
alcohol dependence), and four of seven HSP90 inhibitors. Finally, we were left with 40 priority drugs to compare

in monolayer and spheroid cultures.
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Figure 4.1.2. Workflow and results of primary compound screen. A. Schematic of plating, treating, and analysis
for the primary compound screen. The four ATC cell lines (THJ-11T, THJ-16T, THJ-21T, and THJ-29T) were plated
in 384-well tissue culture plates. After a 24-hour incubation, 1567 compounds were added to plates at five
concentrations (5.14uM, 1.09uM, 156nM, 30.8nM, 6.2nM). Plates were incubated for 3 days prior to staining
for the nucleus and dead/dying cells and imaging. B. Summary results for primary compound screen. Curves
were generated for each compound (for each cell line), and average area under the curve (AUC) and standard
deviation across the four lines were calculated for each compound. Therapies that are currently in use or clinical
trial are denoted by blue points, and compounds that showed low AUC and low standard deviation are denoted
by red points.
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Figure 4.1.3. Summary of confirmation screen. Ten concentrations of each compound were plated with each
of the four ATC cell lines and incubated for 3 days prior to imaging to detect nuclei and dead cells. High potency
(low IC50) drugs are denoted in purple, and lower potency drugs are denoted in the green/yellow cells. Cells are
shaded in grey if no curves could be generated to fit the collected data. Drugs that exhibit target redundancy,
lack of current clinical availability, and/or known futility in ATC are graphed separately as Deprioritized
Compounds.

142



4.1.5.2. Three-Dimensional Culture Identifies Compounds with Differential Efficacy
4.1.5.2.1. Value of spheroids in drug screening

Spheroids are three-dimensional cell structures composed of a single cell source. We previously reported
the development and characterization of multiple thyroid cancer spheroid lines, as well as the methods for
adapting them to high-throughput formats. Briefly, our spheroids are derived from monolayer cultures and form
when plated in low-attachment or cell-repellent plates in as little as 2% Matrigel. Structures can vary in size and
morphology, with THJ-16T spheroids being relatively large (200-400pum) and compact and THJ-21T spheroids
being smaller (50-100um) and less cohesive. While these differences cause concern for issues of drug
penetrance, we do not observe any correlation between spheroid size and consistently diminished potency or
efficacy in three-dimensional cultures. As spheroids more accurately recreate nutrient and oxygen gradients
that occur in vivo, they are believed to better represent patient responses to therapeutics. Due to the cost and
time associated with spheroid screens, we understand that they are not viable options for many initial screens.
However, in adapting these cultures to a high-throughput format to decrease time required and using a minimal
Matrigel content to reduce costs, we aim to enhance the feasibility and translatability of these data.
4.1.5.2.2. Comparing monolayer and spheroid drug responses to inform future studies

We tested our 40 priority drugs, which were identified following deprioritization of 22 drugs from the
confirmation screen, in all four ATC cell lines in both monolayer and spheroid cultures to identify those with
altered efficacy in three-dimensions (Figure 4.1.4.A-C). The activity area (area over the dose—proliferation
response curve) for each drug in each cell line indicated 7 compounds with decreased inhibitory activity in
spheroid culture when compared to the corresponding monolayer culture in at least three ATC cell lines (Figure
4.1.4.D). The remaining 33 compounds showed relatively good potency and 3D inhibitory activity. Of these, we
identify three drugs that have high potential for translation to clinical trial: bortezomib, a proteasomal inhibitor;
cabazitaxel, a derivative of docetaxel, and YM155, a survivin inhibitor (highlighted in red, Figures 4.1.2.B,

4.1.4.D).
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While all 33 drugs with good 3D efficacy have potential therapeutic utility, we identify three with
exceptional potency across all four ATC lines. Bortezomib had the highest potential for therapeutic efficacy
overall. Of all the drug classes included in this study, proteasome inhibitors (bortezomib, ixazomib, delazomib,
carfilzomib) demonstrated some of the highest potency across all four ATC lines. While bortezomib
demonstrated a slightly decreased response in spheroids, it still showed the highest potency of all drugs
evaluated. Beyond the proteasome inhibitors, two additional potent drugs showed 3D efficacy in at least two of
the four ATC lines, cabazitaxel and YM155. Of note, all three drugs were among the 10 top compounds identified
in our initial screen (Figure 4.1.2.B) based on the sum of observed activity areas across each of the four ATC cell

lines.
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Figure 4.1.4. Inclusion of spheroids in drug screening workflows identifies drugs with culture-format
dependent effects. A. Schematic of workflow for the monolayer vs. spheroid screen. B. ATC cell lines were
infected with lentiviruses to express nuclear mKate2 (Texas Red channel) prior to plating in 384 well plates and
treating with 40 priority compounds over a range of 10 concentrations. SYTOX Green was included to mark dead
or dying cells (FITC channel, green). With DMSO treatment, baseline cell death can be observed at the margins
of each spheroid. When treated with 50nM paclitaxel, the ratio of dead to live cells visibly increases. C. Example
of a differential response to carfilzomib. Left panel, monolayer responses to carfilzomib show near 100% efficacy
inall 4 lines. However, when the same cells are plated in 2% Matrigel to form spheroids (right panel), this efficacy
is lost in 3 of the 4 cell lines. THJ-11T, THJ-21T, and THJ-29T retained approximately 50% viability after 72 hours
of treatment with up to 10uM carfilzomib. D. Comparison of 2D and 3D culture re-sponse. Positive values
(circles) represent drugs with retained/enhanced inhibition in spheroids, while negative values (Xs) indicate
drugs that demonstrate greater inhibitory activity in monolayer cultures. Counts represent the number of drugs
(of the 40 drugs tested) that exhibit decreased inhibition in spheroids.
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4.1.6. Discussion and Conclusion

Three-dimensional cultures have been shown to produce differential drug responses compared to
corresponding monolayer culture. They also more accurately recreate the nutrient and oxygen gradients seen
in tumors in vivo. As such, a major goal of this study was to identify novel therapeutics for anaplastic thyroid
carcinoma with retained or enhanced efficacy in spheroids that may have been overlooked in monolayer
screens. We utilized four unique spheroid cultures that represent a range of mutations commonly observed in
ATCs to narrow the scope and list of potential therapeutic candidates from a screen of 1567 drugs. As a result,
we identified multiple broadly effective therapeutic candidates that retain inhibitory activity in 3D cultures.
The vast majority of preclinical drug screening occurs in monolayer culture, as it has been the standard for
decades and is highly accessible and amenable to many formats. However, with the current anti-cancer drug
attrition rate of up to 95%, there is a clear need for improvement of our preclinical models of disease and their
utilization in the drug development pipeline!’®172, Many improvements have been made in animal models of
disease, from primary xenograft models, spontaneous tumor models, and even humanized mice. However,
these models are very expensive and require significant time and resources to maintain for drug studies. Our
spheroid screening methodology represents a cost-effective intermediate between monolayer screening and
animal tumor models.

There are currently no approved targeted treatments that are effective in BRAF-wildtype ATC. Even with
the most aggressive surgical, radiation, and chemotherapeutic interventions, most patients die within 5 years
173,174 Herein, we describe multiple compounds that demonstrate efficacy in three BRAF-wildtype lines with
various driver mutations and one BRAF-mutant ATC line. Based on the initial screening data and support from
follow-up three-dimensional studies, we have chosen to highlight three compounds with exceptional promise
for future development: bortezomib, cabazitaxel, and YM155. All three were identified in the top 10 compounds

based on total observed activity area. Bortezomib was chosen based upon having the highest consistent overall
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efficacy and potency; cabazitaxel has potential to improve on a current treatment for ATC (paclitaxel); and
YM155 has been previously shown to inhibit ATC xenograft tumors in vivo.

Bortezomib (PS-341) is an inhibitor of the 20S core catalytic component of the 26S proteasome, which
leads to accumulation of polyubiquitinated proteins and eventual apoptosis of rapidly dividing cells!’>176,
Bortezomib is currently FDA-approved for use in patients with treatment-resistant multiple myeloma and has
demonstrated a manageable side-effect profile when given in an outpatient setting?’’-1’%, Bortezomib has been
previously evaluated in anaplastic thyroid carcinoma, causing G(2)-M cell cycle arrest, sensitization to
BRAFV600E-inhibitor vemurafenib, and altered tumor metabolism in vivo8%-182,

Cabazitaxel is a microtubule inhibitor similar to paclitaxel, which is currently used in palliative care for
ATC patients!®3184 Cabazitaxel is an exciting new therapeutic, as it exhibits a lower affinity to p-glycoprotein
(Pgp, MDR1), which is known to mediate resistance to other taxanes, including paclitaxel*®®>. As increased
expression of MDR1 has been described in ATCs, cabazitaxel is likely to be more effective than paclitaxel in the
treatment of ATCs'®. This is supported by the results of our primary drug screen, where cabazitaxel
demonstrated a consistently lower AUC across all four ATC cell lines than paclitaxel (Figure 4.1.2.B). Cabazitaxel
has demonstrated efficacy in metastatic taxane-resistant prostate and breast cancers but has not yet been
evaluated in the treatment of ATC to our knowledge!87:188,

The final compound, YM155 (sepantronium bromide), is a potent inhibitor of the survivin promoter, with
an IC50 of less than 1nM*. Survivin is a member of the Inhibitor of Apoptosis family of proteins and has been
shown to be significantly upregulated in all thyroid cancers'®. Evaluation of ATCs has indicated that survivin is
not only generally dysregulated, but has distinct nuclear localization not seen in more indolent tumor types®®?.
Finally, YM155 has been characterized by others as a potential therapeutic for ATC, initiating cell cycle arrest in
vitro and inhibiting the growth of ATC lung metastases in a murine xenograft model1921%3,

In demonstrating the importance of including three-dimensional cultures in a high-throughput

compound screening workflow, we have identified 33 promising therapeutic candidates for anaplastic thyroid
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carcinoma. While each of these will require further investigation prior to clinical studies, many have already
successfully cleared safety testing and are in clinical trials for other tumor types. Additionally, our three lead
candidates identified based on their overall potency and retained efficacy in 3D culture show promising
therapeutic efficacy for ATC based on recent publications showing efficacy in mouse models, current use of the
parent drug, and known relevant molecular alterations. The independent identification of compounds that have
shown efficacy in separate studies using more costly mouse models of ATC validates the utility of our screening
methodology. The benefits of this study are two-fold: 1) we have generated a substantial list of potentially useful
drugs that already have FDA-approval and/or a history of use that can be further explored in follow up studies
of ATC in vivo; and 2) we have identified three lead drug candidates that have evidence of in vivo efficacy and

may be rapidly moved into clinical trials.

CHAPTER V.

SYNOPSIS AND FUTURE DIRECTIONS

5.1. Summary

Thyroid cancer is an understudied malignancy, despite its rising prevalence. ATCs are the most aggressive
endocrine neoplasms, and the lack of understanding of ATC pathogenesis has created a significant lack of
treatment options. Through the course of my thesis work, | have generated novel spheroid, organoid, and
murine xenograft models of thyroid carcinoma, and developed many downstream applications for those model
systems, including high-throughput drug screening and immunofluorescence. These models will allow for more
accessible and in-depth study of PTC and ATC pathogenesis, behavior, and treatment options. Prior to these
studies, the only available model systems were monolayer cell culture and murine models, both of which have

many caveats that decrease the translatability to patient treatment.
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| have created immune-spheroid co-cultures, characterized the immune infiltrate associated with
aggressive PTCs, and established an immune-humanized murine model of ATC to be used in future studies of
the thyroid tumor microenvironment. Current understanding of ATC pathogenesis does not account for
alterations and impact of the tumor microenvironment, though the tumor microenvironment has been
implicated in aggressive behavior and progression in many cancers. As we identified elevated levels of Wnt
ligands that drive dedifferentiation of PTC, studies of the tumor microenvironment may reveal the source of
those ligands. Currently ongoing studies with the Weiss lab are incorporating immune infiltrate in predictive
models of poor outcome.

Using spheroid and organoid cultures, | have identified over thirty potential therapeutics that can be
incorporated into clinical trials for patients who currently have few treatment options. We have already
established a collaboration with an oncologist who is proposing a clinical trial of bortezomib in ATC, which will
begin as early as summer 2022. The identification of Wnt signaling as a driver of dedifferentiation has also
revealed a druggable target with the potential to prevent dedifferentiation or inhibit growth and metastasis of

these incredibly aggressive tumors.

5.1.1. Significance
5.1.1.1. Importance of the problem.

Thyroid cancer incidence is rising, with over 50,000 new cases predicted to be diagnosed this year.
Mathematical models predict that by 2030, thyroid cancer will replace colorectal cancer as the fourth leading
cancer diagnosis. While the majority of patients respond well to first line treatments such as radioactive iodine
and surgery, approximately 20% will experience recurrence, and 10% will develop metastatic disease. Once
tumors progress to this point, treatment options are very limited. Only 25% of anaplastic thyroid carcinomas
(ATCs) carry BRAF mutations, which allow them to be treated with the recently FDA-approved combination of

dabrafenib (mutant BRAF-specific inhibitor) and trametinib (MEK inhibitor). Trametinib was added to this
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therapy regimen to prevent paradoxical MEK activation and thus limit resistance, but the complete response
rate is still only a dismal 8% in BRAF-mutant ATC. This work has defined the role of Wnt signaling in thyroid
cancer pathogenesis, identified 33 promising drug candidates, and paved the way for new therapeutic
interventions for patients with aggressive disease.

5.1.1.2. Advancement of scientific knowledge.

The role of Wnt/B-catenin in the development of colorectal cancer has been well defined, but there is a
lack of understanding of the role of Wnt in the pathogenesis of aggressive thyroid cancers. The major goals of
this project were to develop novel model systems to enhance translatability, define the tumor immune
microenvironment and role of Wnt signaling in thyroid carcinomas, and investigate potential therapeutics
(including Wnt inhibitors) in the treatment of anaplastic thyroid cancer. To our knowledge, these studies are the
first to investigate Wnt inhibitors as potential therapeutics for thyroid cancer, with the potential to impact
treatment for thousands of patients. Finally, the model systems developed to complete these studies can be
utilized by the field as a whole to elucidate the pathogenesis of aggressive PTC and ATC, as well as establish

improved therapies.

5.1.2. Innovation

These studies represent significant collaborative, intellectual, and technical innovation. In bringing
together individuals with expertise in thyroid cancer, Wnt/B-catenin signaling, high-throughput screening, and
murine models of disease, we have been able to gain diverse perspectives and incorporate a number of
approaches to answer our research questions. Moreover, we bring together clinicians and researchers to
implement solutions that are clinically relevant and can be rapidly translated into practice. Finally, while we
have access to a large patient population willing to participate in sequencing studies, we have also expanded

our cohort through collaboration with the University of Washington.
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As mentioned in the introduction, research for thyroid cancers lags substantially behind that of other
cancers, likely due to the success of RAIl therapy, rarity of ATC, and/or the perceived ease of total thyroidectomy
(despite leaving patients dependent on levothyroxine for the remainder of their life). We recognized this lack of
attention and seek to address this disparity. There is currently no personalized medicine available for thyroid
cancer, despite the practice becoming the golden standard for many comparable tumor types. Sequencing
studies and establishment of high-throughput patient-derived organoid workflows open the door to
personalized medicine for these patients, representing a major advance in treatment.

Finally, these studies are highly technologically innovative, as we combine sequencing, high-throughput
automated drug screening, patient-derived organoid cultures, murine xenograft models, and multiple spheroid
models of both PTC and ATC. These methods allow us to be more well-informed during the planning stages and
have allowed for a greatly expedited timeline for the completion of my aims. We have focused heavily on model
system development to advance the field and enhance the translatability of our findings. Our studies have
already have generated interest in a clinical trial of bortezomib in ATC patients, with the potential to initiate

many more.

5.1.3. Limitations

While our data is certainly exciting, there are remaining limitations that must be kept in mind. Relating
to the organoids, there is concern about the transformation and loss of cells over time. We have kept our culture
media as simple as possible to prevent biasing the cell populations that survive after an FNA or in culture.
However, there is most certainly loss of cell populations due to lack of stimulation (immune cells), competition
for nutrients (especially with fibroblast outgrowth), and/or lack of proper nutrients within the media.

In characterizing the tumor-immune microenvironment using CIBERSORT, TIMER, and TIDE, we must
keep in mind that it is based on bulk RNA-sequencing, rather than single-cell RNA sequencing. As such, we are

not able to determine the localization or activity of specific cells within a given sample. Instead, we must
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compare immunohistochemistry to our computational findings and perform assays with corresponding
organoid cultures to draw meaningful conclusions. Future scRNA studies would be an exciting complement to
the bulk-sequencing data, especially given the potential link between stromal and immune cell localization and
Wnt expression.

Many of the promising therapeutic candidates require further characterization prior to clinical
translation. Of our three highest priority compounds, bortezomib and YM155 have already shown efficacy in
murine models of ATC, and the mechanism has been defined. Cabazitaxel is similar to paclitaxel, which is
currently used in palliative care for ATC, but it has not been tested in any other preclinical models of ATC to our
knowledge. The other thirty drugs require additional studies to determine relevance to molecular drivers of ATC
and efficacy in preclinical disease models.

Finally, there are several limitations with our murine models of thyroid cancer, including the immune
humanized mice. While these models are an improvement on immunocompromised mice, they do not produce
human cytokines capable of supporting immune cell populations long term. This may result in enhanced
trafficking to the tumor as the only other source of human cytokines within the mouse, which would not be
reflective of what occurs in a fully human system. For this reason, it is important to combine both organoid and

murine studies to produce a more complete picture of what happens in patient tumors.

5.2. Future Directions

5.2.1. Further Drug Identification and Clinical Trials

While we have identified many potential drug candidates, there are many others that have not yet been
explored as potential therapeutics for ATC. We only utilized three drug libraries in our high-throughput screen,
and there are dozens more. Another iteration of that screen with other drug libraries included could potentially

identify novel drivers of ATC and new classes of inhibitors that may be clinically relevant. At this time, we only
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sought to identify therapeutics that can be rapidly translated into the clinic, so clinical trials are the logical next
step. The majority of our drugs identified in 4.1 have passed safety and clinical tolerability trials, and under the
Right to Try Law of 2018, the FDA may grant permission for experimental use in just a matter of days, rather
than waiting for completion of a full clinical trial. Clinical trials are notoriously difficult in ATCs due to the rapid
growth and short median survival time. As previously mentioned, we have at least one clinician interested in a
clinical trial of bortezomib for ATC, and | believe others will follow. ATCs are so aggressive that patients are
suffocating or bleeding into their trachea due to invasion into their airway, and current therapies are not able
to make a significant impact for these patients. There is an incredible need for new therapeutics, and in using
our spheroid culture systems in a screening methodology, we have laid the foundation for dozens of research

projects and clinical trials.

5.2.2. Further Elucidation of the Role of Wnt in PTC Transformation

While we have identified Wnt signaling as a critical part of ATC pathogenesis, further work is necessary
to delineate the role of Wnt in the transformation of PTC into ATC. We have established that Wnt stimulation
via CHIR99021 or LWRN media alters PTC morphology and behavior. A critical next step would be RNA-
sequencing of Wnt-treated PTC lines or organoids for comparison to RNA-sequencing of our ATC
lines/organoids. We know that ATCs have very distinct expression profiles that allow them to be identified

computationally, and | imagine that Wnt-treated PTCs would fall between the original PTCs and untreated ATCs.

5.2.3. Refining Wnt Inhibition for Clinical Use

Our studies were performed using pyrvinium as a Wnt inhibitor because it is currently FDA-approved as
an orphan drug and would therefore have the quickest route to use in patients. However, pyrvinium does have
some bioavailability and safety concerns. Pyrvinium was originally used as an anti-pinworm drug, where it would

primarily need to function within the gastrointestinal (Gl) tract. This is ideal for pyrvinium, as it has a low oral
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bioavailability and will remain in the Gl system to have the largest impact therein. This is also taken advantage
of in the treatment of familial adenomatous polyposis, which occurs in the colon. To my knowledge, pyrvinium
has never been tested in any method of administration other than oral (intravenous, subcutaneous, etc.). In our
murine studies, we administered pyrvinium in corn oil intraperitoneally and observed anti-tumor effects, in
addition to some toxicity. As pyrvinium is fat soluble, we noted that many of our smaller mice were most
susceptible to treatment-induced toxicities, including seizures. Colons were collected following experiments and
we did not observe any induction of colitis, though these studies were performed inimmunocompromised mice.

There are many other Wnt inhibitors available, including one (SSTC3), that has a similar mechanism of
action to pyrvinium (CK1a agonist). SSTC3 requires higher dosing to achieve similar effects, but it is believed to
have higher oral bioavailability and a lower toxicity profile. Another lead Wnt inhibitor is LGK-974, a porcupine
inhibitor. LGK-974 inhibits the release of Wnt ligand, which, given our data on Wnt ligands in the tumor
microenvironment, is highly relevant. Due to the need for a complete and intact microenvironment to observe
effects of Wnt ligand inhibition, we have had difficulty characterizing the therapeutic potential of LGK-974 in
our models. We do not see significant inhibition of our spheroids, which do not have the fibroblasts that we
believe are producing many of the critical Wnt ligands. Future work will need to utilize either fibroblast-spheroid
co-cultures, organoids, or murine models to characterize this inhibitor.

Finally, we recognize that the level of Wnt induction in ATCs is variable, and as such, some tumors may
not respond to Wnt inhibition. Future studies should utilize our patient sequencing data and corresponding
patient-derived organoid cultures to identify characteristics of organoid lines that are Wnt-inhibitor responders
or non-responders. | hypothesize that those with low basal Wnt signaling may not be susceptible to Wnt
inhibitor treatment, and those tumors may have smaller stromal compartments. Poorly differentiated thyroid
carcinoma (PDTC) is a similar de-differentiated thyroid cancer that does not have the large stromal content seen

in ATCs, and PDTCs also lack the distinct Wnt profile of ATC. Currently ongoing work in the lab is examining the
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relationship between the stroma and Wnt signaling, and | think this characterization will be important to keep

in mind when we translate Wnt inhibitors to the clinic.

5.2.4. Tumor Microenvironment Studies

Given the increased Wnt ligands, positive B-catenin staining of the stroma in the murine xenografts of
ATC, and immune exclusion seen in PTCs, it is clear that there is a relationship between the tumor
microenvironment and the importance of Wnt to tumor behavior. We have many ongoing projects investigating
cancer-associated fibroblasts (CAFs) and monocytes, as well as the significance of immune infiltrate in predicting
future poor outcome in PTCs. Tumor-derived Wnt could be recruiting immune cells and/or fibroblasts to the
tumor microenvironment to aid in immune evasion, and microenvironment derived Wnt could be promoting
aberrant tumor behavior. While we focused on the latter for this study, Wnt has been shown to modulate
cytokine production, and the effects of tumor Wnt ligand production on cellular recruitment would be very

interesting.

5.2.5. Personalized Medicine Approaches for Thyroid Cancer

As mentioned in the introduction, while personalized medicine is quickly becoming the standard across many
cancer types, there is no incorporation of personalized medicine into care for any thyroid cancer. As part of my
work, we have now developed PDO cultures that have been shown to more accurately capture patient tumor
responses and can be adapted to high-throughput growth formats and drug screening. While further work is
needed to identify the ideal media conditions to allow for quick, non-selective growth of the organoids for rapid
expansion to enable testing, we have laid the groundwork for personalized medicine in, at the least, PTC and

ATC.
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