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ABSTRACT

Investigating ICI-Induced Thyroid Dysfunction: Initial Immune Dysregulation

Insights and 3D Co-culture Model with Nthy-Ori 3-1 and PBMCs

Adeliya Temirbek
Master of Science in Immunology

August 27, 2024

Immune checkpoint inhibitors (ICIs) have revolutionized cancer treatment,
significantly improving survival rates across a range of malignancies by reinforcing T
cells' ability to recognize and eradicate cancer cells. Despite their effectiveness, ICIs are
frequently associated with immune-related adverse events (irAEs), the most prevalent of
which is thyroid dysfunction (TD). Rarely, these toxicities may be severe enough to cause
therapy to be postponed or terminated. Understanding the mechanisms underlying thyroid
irAEs could provide valuable insights into both thyroid autoimmune diseases and the
broader spectrum of irAEs linked to ICIs. This study addresses gaps in current research
by immunophenotyping patients undergoing ICI therapy at two critical time points:
before treatment and three weeks post-treatment. Comparative analyses were performed
against control groups of healthy individuals and patients with Hashimoto's thyroiditis.
Among the 9 patients studied, 2 developed TD within three weeks of PD-1 inhibitor
treatment. Flow cytometry revealed significant increases in IFN-y producing CTLs and
NK cells, along with TNF-a producing B cells and its expression levels in NKT-like cells
following the therapy (p< 0.05). Notably, the increase in TNF-a producing B cells was
more pronounced when compared to all study groups. These findings suggest that
immune cell activation and subsequent cytokine production, aimed at combating tumor
cells, may also serve as predictive biomarkers for irAEs, including ICI-induced TD. To
improve the physiological relevance of in vitro studies, this research also introduces a
novel 3D co-culture model using thyroid spheroids derived from the Nthy-ori 3-1 cell
line, co-cultured with patient-specific PBMCs. Initial results indicated no significant
differences in thyroid cell viability between TD patients and controls in the 3D setting,
contrasting with notable viability reductions in 2D co-cultures. Additionally,
immunophenotyping performed on 3D co-cultures revealed a substantial increase in B
cell populations of the patients on the third week of therapy compared to healthy controls
(p< 0.05). The findings from both immunophenotyping and in vitro research deepen our
understanding of conditions where the pathophysiology is poorly defined, as in the case
of ICI-induced TD. Despite limitations related to the allogeneic nature of the approach,
this study is pioneering in creating an in vitro model specifically designed to investigate
ICI-related irAEs. It offers preliminary insights and establishes a methodological
framework for future thyroid research.

Key words: Immune checkpoint inhibitors, immune-related adverse events, thyroid

dysfunction, immunophenotyping, 3D co-culture model, Nthy-ori 3-1 cell line, in vitro
research, TNF-a, IFN-y
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OZETCE

Immiin Kontrol-noktasi inhibitér Tedavisi Kaynakh immiin
Disfonksiyonlarin Arastirilmasi: Bagisikhk Diizenleme Bozukluklarma Dair Ilk
Bulgular ve Nthy-Ori 3-1 ile PBMC’lerin Ortak Kiiltiirii
Adeliya Temirbek
Immiinoloji, Yiiksek Lisans

Agustos 27, 2024

Immiin kontrol-noktasi inhibitérleri (ICIs), T hiicrelerinin kanser hiicrelerini tanima
ve yok etme yetenegini gii¢lendirerek, ¢esitli kanserlere karsin hayatta kalma oranlarini
onemli ol¢iide artirmis ve kanser tedavisinde devrim yaratmistir. Ancak, IKi'lerin
etkinligine ragmen, siklikla bagisiklikla iligkili yan etki olaylar (irAEs) ile
iligskilendirilirler; bunlar arasinda en yaygin olani tiroid disfonksiyonudur (TD). Nadir
durumlarda, bu toksisiteler tedavinin ertelenmesine veya sonlandirilmasina neden olacak
kadar siddetli olabilir. Tiroid irAEs'nin altinda yatan mekanizmalarin anlasilmasi, hem
tiroid otoimmiin hastaliklar1 hem de ICIs ile iliskili irAEs'in daha genis spektrumu
hakkinda degerli bilgiler saglayabilir. Bu ¢alisma, ICI tedavisi goren hastalarin tedavi
oncesi ve tedaviden tii¢ hafta sonrasi olmak iizere iki kritik zaman noktasinda
immiinofenotiplendirilmesiyle mevcut arastirmalardaki bosluklart ele almaktadir.
Saglikli bireyler ve Hashimoto tiroiditi olan hastalardan olusan kontrol gruplariyla
karsilastirmali analizler yapilmistir. Incelenen 9 hastadan 2’si PD-1 inhibitorii
tedavisinden ii¢ hafta i¢inde TD gelistirmistir. Akis sitometrisi, tedaviyi takiben IFN-y
iireten CTL'ler ve NK hiicrelerinde, ayrica B ve NKT-benzeri hiicrelerde TNF-a
ekspresyon seviyelerinde dnemli artislar oldugunu ortaya koymustur (p< 0.05). Ozellikle,
TNF-a tireten B hiicrelerindeki artig, tiim ¢alisma gruplarina kiyasla daha belirgindi. Bu
bulgular, timor hiicreleriyle savagmay1 amaglayan immiin hiicre aktivasyonu ve bunun
sonucunda olusan sitokin tiretiminin, ICI kaynakli TD’da dahil olmak iizere irAEs i¢in
Oongoren biyobelirtegler olarak da hizmet edebilecegini diisiindiirmektedir. In-vitro
caligmalarin fizyolojik gecerliligini artirmak i¢in bu arastirma, hastaya 6zgii PBMC'lerle
birlikte Nthy-ori 3-1 hiicre hattindan tiiretilen tiroid sferoidlerini kullanarak yeni bir 3D
ortak kiiltiir modeli de &nermektir. Ilk sonuglar, 3D ortamda TD hastalar1 ile kontroller
arasinda tiroid hiicresi canlilig1 agisindan anlamli bir fark olmadigini, ancak 2D ortak
kiiltiirlerde belirgin canlilik azalmas1 gozlemlendi. Ayrica, 3D ortak kiiltiirlerde
sferoidlerde olusan inflitre hiicre immiinofenotiplendirmesinde, tedavinin {igiincii
haftasinda hastalarin B hiicre popiilasyonlarinda saglikli kontrollere kiyasla 6nemli bir
artis  gostermistir  (p< 0.05). Hem immiinofenotiplendirme hem de in-vitro
arastirmalardan elde edilen bulgular, ICI kaynakli TD vakasinda oldugu gibi
patofizyolojinin zayif bir sekilde tanimlandigi durumlar hakkindaki anlayisimizi
derinlestirirmeye yardimeci olur . Allojenik yaklasimin dogasina iliskin sinirlamalara
ragmen, bu ¢calisma, 6zellikle ICI ile iligkili irAEs'i arastirmak i¢in tasarlanmis bir in vitro
model olusturma konusunda oncii niteliktedir. On bilgi sunmakta ve gelecekteki tiroid
arastirmalar1 i¢cin metodolojik bir ¢ergeve olusturmaktadir.

Anahtar Kelimeler: immiin Kontrol-noktas1 inhibitorleri, bagisiklikla iliskili advers
olaylar, tiroid disfonksiyonu, immiinofenotiplendirme, 3D ortak kiiltiir modeli, Nthy-ori
3-1 hiicre hatti, in vitro arastirma, TNF-a, IFN-y
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Chapter 1: INTRODUCTION

Immune checkpoint inhibitors (ICIs) have markedly increased survival rates for
cancer patients and have become the first-line treatment for several types of tumors.
Cancer cells utilize multiple strategies to elude the immune system, a phenomenon
referred to as immune evasion, which plays a critical role in the advancement and
dissemination of tumors. The mechanisms involved in this process consist of the
impairment of antigen presentation, the release of immunosuppressive cytokines, the
attraction of regulatory T cells (Tregs), and the overexpression of immune checkpoint
proteins [Dutta et al., 2023]. ICIs are a revolutionary category of cancer therapies that
boost the immune system's ability to fight against malignancies. This is accomplished
by focusing on particular proteins that typically serve as "brakes" on immune responses.
By inhibiting these checkpoints, ICIs enhance the ability of T cells to identify and

eliminate cancer cells [Pardoll, 2012].

However, the vast potential of checkpoint inhibitors is hindered by a range of
inflammatory toxicities known as immune-related adverse events (irAEs), which have
hampered their widespread use. Dermatitis, colitis, and thyroiditis are some of the most
frequently observed irAEs. However, the mortality rate is particularly high for the more
uncommon conditions, such as myocarditis, myositis, and encephalitis. Remarkably,
after initiating ICI therapy, up to 85% of patients treated with anti-PD-1 (Programmed
Death-1) and 95% of patients receiving combined CTLA-4 (cytotoxic T-lymphocyte-
associated protein) and PD-1 blocking have adverse reactions of any kind [Hommes et
al., 2021]. In rare circumstances, these toxicities may be life-threatening and result in
treatment delays or discontinuations. Unlike the negative effects caused by
chemotherapy and targeted therapy, irAEs are challenging to anticipate due to their
unpredictable severity and timing [Wang et al., 2023]. While most irAEs often occur
within a few weeks of initiating ICI therapy, there have been cases where the
manifestation occurred years after treatment initiation, and the precise onset time

remains uncertain [Chye et al., 2022].



Notably, thyroid dysfunction (TD) stands out as the most prevalent irAEs
associated with ICI immunotherapy. Based on recent systematic reviews and meta-
analyses, the occurrence of TD is influenced by the specific class of ICIs employed.
Approximately 7% of patients undergoing anti-CTLA-4 therapy, 19% of those PD-1
and Programmed Death-Ligand 1 (PD-L1) inhibitors, and 28% of patients treated with
combination therapies experience TD of various types. On top of that, TDs were
implicated in as much as 50% of patients receiving combination therapy, according to
recent studies [Stelmachowska-Banas and Czajka-Oraniec 2020]. In alignment with the
incidence rates observed in the general population, TDs are more prevalent among
younger patients and women. Additionally, there is no statistically significant
correlation between the occurrence of TD and the dosage of ICIs or the specific type of
tumor being treated [Karaviti et al., 2024]. Complicating factors for the thyroid during
the therapy include preexisting autoimmune diseases, the presence of anti-thyroid
antibodies, high BMI levels and elevated 18FDG uptake in the thyroid prior to treatment
[Yamauchi et al., 2019].

TD encompasses various clinical presentations, such as thyroiditis, hypo- and
hyperthyroidism, and Graves’ disease. A common manifestation is a type of destructive
thyroiditis that is characterized by a brief period of mild to moderate thyrotoxicosis
[Karaviti et al., 2024]. This is frequently followed by a return to normal thyroid function
or, within one to three months of starting ICI therapy, a progression into overt
hypothyroidism, which can be defined by variable levels of increased Thyroid-
Stimulating Hormone (TSH) levels [Illouz et al., 2017]. Management of ICI-induced
TD typically involves regular monitoring of thyroid function tests and symptomatic
treatment. Laboratory testing including TSH, free triitodothyronine (T3) and free
thyroxine (T4) are considered important for pre- and post-ICI therapy check-ups
[Deligiorgi et al., 2021]. Particularly, measurement of these hormones is recommended
prior to each treatment cycle. Unlike other irAEs, endocrine problems including
TD may require long-term hormone replacement therapy and reveal limited response to
immunosuppressive drugs such corticosteroids [Nervo et al., 2023]. Remarkably, the
occurrence of TD has been linked to improved treatment results and higher rates of
survival. This contradictory phenomenon indicates that the immunological activation

responsible for TD or any other irAEs may also reinforce the body's capacity to combat

2



tumors. Further investigation is required to comprehend these mechanisms and ascertain
whether the emergence of such complications can function as a prognostic indicator for

positive results in patients [de Filette et al., 2022].

Despite extensive research on ICI-related TD, the exact mechanisms behind this
disorder are still unknown. The pathophysiology of thyroid irAEs is thought to entail
the development of destructive thyroiditis caused by an acute autoimmune response
driven by T cells [Karaviti et al., 2024]. Recently, TD has been associated with
inflammatory markers, including cytokines, TNF-a and IFN-y, which cause tissue
injury by recruiting, activating, and invading inflammatory cells into the thyroid. This
chronic inflammation not only directly damages the thyroid cells but also induces the
production of autoantibodies that target thyroid antigens, thereby exacerbating TD
[Chera et al., 2022]. Nevertheless, given the thyroid gland's heightened susceptibility to
autoimmune attacks and the possible involvement of endocrine-specific autoantibodies
in irAEs, it is postulated that a breakdown in immune tolerance to autoantigens,
resembling the processes observed in autoimmune thyroid disorders, may play a
significant role in the development of this dysfunction [Wang et al., 2023]. Hence,
elucidating the mechanisms behind thyroid irAEs could offer insights into not only

thyroid autoimmune diseases but also other irAEs [Iwama et al., 2022].

ICI-induced irAEs poses substantial hurdles for both academics and physicians due
to its varied onset and poorly characterized mechanism. Immunophenotyping studies
have played an essential part in understanding the underlying mechanisms of these
conditions by providing detailed information about the roles and characteristics of
certain types of immune cells. Flow cytometry in this case is advantageous for quickly
examining various cell populations. This method provides extensive information on cell
size, complexity, and phenotype [Tembhare et al., 2022]. In order to uncover predictive
biomarkers and potential disease-causing pathways, this strategy can shed light on
changes in immune cell composition and inflammatory levels that take place during
each cycle of ICI treatment. The scarcity of immunophenotyping studies in this subject,

in spite of its importance, emphasizes the urgent need for more thorough investigation.



Furthermore, novel in-vitro approaches that yield reproducible outcomes and are
characterized by precisely controlled conditions are fundamentally required to progress
beyond improving research on immunophenotyping of patient samples. When applied to
ICI-induced TD, these methods can be helpful in analyzing the cellular and molecular
processes. Utilizing sophisticated 3D culture models, such as thyroid spheroids, can
offer significant advantages in terms of enhancing the physiological accuracy. The
incorporation of peripheral blood mononuclear cells (PBMCs) that are distinct to each
patient may add more of a patient-specific approach [Edmondson et al., 2014]. By
examining the behavior and composition of PBMCs derived from various patient groups
in the presence of thyroid spheroids, scientists might detect certain patterns that may
contribute to a better understanding of the underlying mechanisms. Moreover, the
research on other thyroid autoimmune disorders may potentially benefit from this
refined study approach. Technically optimizing such novel in-vitro models is a critical
first step toward tailored treatment strategies, and ICI-induced TD provides a

compelling case study for this purpose.



Chapter 2: BACKGROUND INFORMATION AND OBJECTIVES

2.1 Immune Checkpoint Inhibitors

The 2018 Nobel Prize in Physiology or Medicine was awarded to ICIs, which
introduced a revolutionary approach to the treatment of numerous malignancies. This
discovery significantly improved the survival rates of patients with melanoma and lung
cancer, with survival rates raising from 4% with conventional treatments to as high as
50% with ICIs [Dobosz and Dziecigtkowski, 2019]. The first licensed ICI by the Food
and Drug Administration (FDA) in 2011, ipilimumab, selectively targets CTLA-4 to
enhance T-cell-mediated antitumor response and significantly extend the survival of
metastatic melanoma patients. In 2014, the FDA approved nivolumab, the first PD-1
inhibitor, specifically for the treatment of metastatic melanoma. Nivolumab has been
shown to improve overall survival and maintain tumor remission following treatment.
Accordingly, the FDA has approved a number of monoclonal antibodies that block PD-
1 orits ligand, PD-L1. Melanoma, lung cancer, lymphoma, esophageal carcinoma,
gastric cancer, and hepatocellular carcinoma are just a few of the cancer types for which
these antibodies have been approved for application, either standalone or in conjunction
with other therapy [Meng et al., 2024]. More recently, in addition to CTLA-4 and PD-
1/PD-L1 inhibitors, a new class of ICIs targeting LAG-3 (Lymphocyte-Activation Gene
3) has been developed. In 2022, the FDA approved the first LAG-3 inhibitor, relatlimab,

which is combined with nivolumab under the brand name Opdualag in treating
unresectable or metastatic melanoma. Thereby, currently, the key FDA-approved ICIs

include ipilimumab (Yervoy) for CTLA-4 inhibition; pembrolizumab (Keytruda),
nivolumab (Opdivo), and cemiplimab (Libtayo) for PD-1 inhibition; atezolizumab
(Tecentriq), durvalumab (Imfinzi), and avelumab (Bavencio) for PD-L1 inhibition; and
the newly approved relatlimab (Opdulag), targeting the LAG-3 pathway With the
expanding range of tumor types that have shown clinical effectiveness with IClIs, it is
anticipated that its application would rise in the future [Twomey and Zhang, 2021; Su et

al., 2023].



Table 2.1: Immune checkpoint inhibitors, cancer types, and efficacy defined by the
overall response rate which is the percentage of patients whose tumors considerably
shrink or vanish after treatment

Name Inhibitor Cancer Type Overall Reference
Type Response
Rate
Ipilimumab CTLA-4 Metastatic Overall [Evan et al.,
Inhibitor melanoma response rate | 2010]
10.9%
Nivolumab PD-1 Advanced 31.7% in [Weber et al.,
Inhibitor melanoma previously 2015]
treated
patients
Non-Small 20% in [Brahmer et al.,
Cell Lung patients with | 2015]
squamous-cell
Cancer NSCLC
Pembrolizumab | PD-1 Advanced 33% in [Robert et al.,
Inhibitor melanoma previously 2019]
untreated
patients
Non-Small 45% in [Reck et al.,
patients with | 2016]
Cell Lung PD.L1
Cancer expression
>50%
Cemiplimab PD-1 Cutaneous Overall [Migden,2018]
Inhibitor
squamous cell | response rate
carcinoma 47.2%
Durvalumab PD-L1 Non-Small 16% in [Antonia et al.,
Inhibitor Cell Lung patients with 20171
Cancer stage III Non-
Small Cell
Lung Cancer
Urothelial 17.8% in [Powles et al.,
carcinoma patients with 2020]




untreated

with nivolumab

or Metastatic

Melanoma

response rate

43.1%

urothelial
carcinoma
Atezolizumab PD-L1 Non-Small 14% in [Rittmeyer et
Inhibitor Cell Lung patients with al., 2017]
Cancer previously
treated Non-
Small Cell
Lung Cancer
Urothelial 23% in [Powles et al.,
. patients with | 2018]
carcinoma
advanced
urothelial
carcinoma
Avelumab PD-L1 Merkel cell Overall [Kaufman et al.,
Inhibitor . response rate | 2016]
carcinoma
33%.
Urothelial 16.1% in [Powles et al.,
. patients with | 2020]
carcinoma
advanced
urothelial
carcinoma
Relatlimab in LAG3 Unresectable Overall [Akkooi, 2024]
combination Inhibitor

2.2 Immune Checkpoint Inhibitors’ Mechanisms of Action

Immune surveillance integrating both the innate and adaptive immune systems

checks and regulates the tumor's microenvironment. In this surveillance, antigen-

presenting cells (APCs) play a critical role by identifying and presenting tumor

neoantigens to naive T-cells, serving as a bridge between innate and adaptive immunity.

T cell activation occurs when naive T cells interact with Major Histocompatibility

Complex (MHC) molecules on APCs. The T cell receptor (TCR) recognizes and binds

to the tumour neoantigen displayed by the MHC on the APC. This interaction, along




with co-stimulatory signals such as CD28 binding to B7 ligands, triggers T cell
activation and initiates an immune response against the tumor. Nevertheless, cancer
cells employ many tactics to evade the immune system, such as compromising antigen
presentation and overexpression of immune checkpoint proteins [Dutta et al., 2023].
The immune checkpoints that have been widely investigated, PD-1 and CTLA-4,
interact with their respective ligands, which are present on the surface of APCs or tumor
cells (PD-L1/2 and CD80/86). Thus, the purpose of ICIs is to prevent the establishment
of inhibitory signals through these interactions [Alturki, 2023].

(a)

Immune evasion through PD-1/PD-L1

Inactive

Immunotherapy targeting PD-1/PD-L1

Kill
PD-L1 mAt%s

PD-1 mAb

Active

(b)

T T
T cell activation through B7/CD28 | T cell inhibition through B7/CTLA-4 | T cell reactivation targeting CTLA-4
1 '

1 1
Active 1 Inactive | Active

Figure 2.1: An overview of Immune Checkpoint Inhibitors’ mechanisms of action with
(a) and (b) corresponding to PD-1/PD-L1 and CTLA-4, respectively. Extracted from
[Meng et al., 2024].

2.2.1 PD-1/PD-LI

The PD-1/PD-L1 pathway is one of the most extensively studied immune

checkpoint mechanisms and plays a crucial role in clinical cancer therapies. PD-1, also
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known as CD279, is a type I transmembrane glycoprotein belonging to the CD28
superfamily, characterized by an immunoglobulin variable domain, a transmembrane
segment, and a cytoplasmic region containing immunoreceptor tyrosine-based
inhibitory motif (ITIM) and immunoreceptor tyrosine-based switch motif (ITSM).
Predominantly expressed on activated T cells, PD-1 can also be found on B cells, NK
cells, monocytes, dendritic cells (DCs), myeloid cells, and neutrophils. PD-L1, often
referred to as CD274 or B7-H1, serves as the primary ligand for PD-1. It is part of the
B7 family and is present on a variety of immune cells, including T cells, B cells, DCs,
macrophages, and mast cells. Additionally, PD-L1 is expressed by normal tissue cells
such as hepatocytes, pancreatic islet cells, endothelial cells, thyroid cells, as well as
various tumor cells [Paschou et al., 2021]. The interaction between PD-1 and PD-L1
leads to the phosphorylation of PD-1’s cytoplasmic ITIM and ITSM, resulting in the
inhibition of TCR signaling. Anti-PD-1 and anti-PD-L1 antibodies disrupt this
interaction, thereby enhancing the immune system's capacity to eliminate cancer cells

and restoring T cell function [Kim et al., 2022; Patsoukis et al., 2020].

2.2.2 CTLA-4

CTLA-4, or CD152, is a cell membrane receptor that interacts with the same B7
ligand as the co-stimulatory receptor CD28. CTLA-4 is exclusively found on activated
T cells and is mostly observed on the surface of immunosuppressive Tregs. CTLA-4
and CD28 bind to the B7 ligands CD80 (B7-1) and CD86 (B7-2) presented on APCs as
a result of their comparable structural similarity. CTLA-4 exhibits a greater binding
strength to its ligand in comparison to CD28, therefore delivering a suppressive signal
to the T cell. This signal decreases the synthesis of IL.-2, a crucial cytokine for T cells,
halts the progression of the cell cycle, and hinders the expansion of T cells. In addition,
CTLA-4 attracts phosphatases to its internal domain, which remove phosphate groups
from signaling molecules located downstream of the TCR and CD28. This process
further reduces the activation of T cells. Moreover, it was found that CTLA-4 inhibits
the role of CD28 in the process of T cell activation by either removing or decreasing the
expression of CD80 and CD86 on APCs. Blocking CTLA-4 with a monoclonal
antibody prevents its interaction with CD80/CD86. The inhibition of CTLA-4 removes
the inhibitory restriction, enabling CD28 to attach to these ligands and deliver the



essential co-stimulatory signals for T cell activation [Lingel and Brunner-Weinzierl,

2019; Hosseini et al., 2020].

2.3  Thyroid Dysfunction Following Immune Checkpoint Inhibitor Therapy

The thyroid gland is particularly susceptible to the immune-related effects of ICIs,
which can result in conditions such as destructive thyroiditis, hypothyroidism, or in rare
cases, Graves' disease. Important indicators of the development of ICI-induced TD
include alterations in thyroid hormone levels, particularly those in TSH, T3, and {T4.
Monitoring these hormone levels can assist in the identification of suitable management
strategies that are tailored to the specificity of the thyroid disorder exhibited by the
patient [Karaviti et al., 2024].

2.3.1 Destructive Thyroiditis

An inflammatory disorder of the thyroid gland that results in the destruction of
thyroid tissue is known as destructive thyroiditis. According to a study by [Lu et al.,
2022], 9.3% of patients receiving ICIs experienced destructive thyroiditis, with
hyperthyroidism usually developing on before hypothyroidism. Typically, this
thyroiditis progresses through a 4 to 6 weeks of thyrotoxicosis phase, during which
thyroid tissue is destroyed and stored thyroid hormones are released, resulting in
symptoms including anxiety, tremors, and weight loss. This phase is followed by
hypothyroidism. Subclinical thyrotoxicosis is described as suppressed TSH with normal
fT4 and TT3 serum levels, whereas overt thyrotoxicosis is characterized by high
fT4 and suppressed TSH serum levels [de Filette et al., 2016]. Broad thyroid gland
enlargement, reduced internal blood flow, and decreased internal echogenicity are
characteristic ultrasonic markers of ICI-induced destructive thyroiditis. Among patients
receiving combination therapy with anti-PD-1 and anti-CTLA-4 inhibitors, the
incidence of hypothyroidism associated with this disorder is particularly high, up to
66% [Cardona et al., 2023]. During the hyperthyroid phase of the destructive thyroiditis,
beta-blockers are used to manage tachycardia and anxiety. Corticosteroids may be used
to reduce inflammation in extreme cases. Levothyroxine is prescribed as thyroid
hormone replacement treatment once the hypothyroid phase has developed with dosage

adjustments based on routine thyroid function testing [Iyer et al., 2018].
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2.3.2  Hypothyroidism

An underactive thyroid gland that produces insufficient thyroid hormones—which
are vital for controlling metabolism, energy production, and other bodily functions—
defines hypothyroidism. The immune system damaging the thyroid cells during a
destructive thyroiditis process is often followed by the hypothyroid phase. In many
cases, this damage is unrecoverable and results in persistent hypothyroidism [Kassi et
al., 2019]. As per the latest findings, around 3.9-8.5% of patients receiving anti-PD-1,
3.9-8.5% receiving anti-PD-L1 therapy, and 2.5-5.2% of patients receiving CTLA-4
inhibitors are associated with hypothyroidism. With an incidence varying from 10.2 to
16.4%, combination therapy with ICIs can lead to higher rates [Karaviti et al., 2024].
Primary hypothyroidism is diagnosed by elevated TSH along with low or low-to-normal
fT4. On the other hand, low or abnormally low-to-mid-normal TSH levels together with
low {T4 are indicative of secondary or central hypothyroidism, which is linked to
pituitary disorders such hypophysitis. When T4 is normal and TSH increased but less
than 10 mIU/mL, subclinical hypothyroidism can be diagnosed [de Filette et al., 2016].

2.3.3  Graves’ Disease

Graves' disease (GD) is an autoimmune condition characterized by
hyperthyroidism, which is a condition in which the TSH receptor is activated by
autoantibodies, producing an excessive amount of thyroid hormones. Patients on ICI
therapy have a hyperthyroidism incidence that includes GD varying between 0.2 to
1.7% for CTLA-4 inhibitors, 0.6 to 3.7% for PD-1/PD-L1 inhibitors, and 8 to 11% for
combination therapies [Chera et al., 2022]. The activation of the immune system by ICIs
is a crucial factor in the pathogenesis of GD, which is likely to trigger an autoimmune
response in individuals who are genetically predisposed. High levels of T4 and T3,
noticeable early symptoms, the persistence of thyrotoxic manifestations for more than
six weeks, and the presence of other hallmark indicators, such as orbitopathy or a big
goiter, increase the suspicion of Graves' disease. Using antithyroid medications, such as
methimazole or propylthiouracil, to reduce thyroid hormone production is part of GD
managing. Individuals who experience severe or ongoing hyperthyroidism may benefit
from thyroidectomy or radioactive iodine treatment [Wiersinga, 2019]. Studies show

that whereas 30—40% of patients may only experience one episode of hyperthyroidism,
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60-70% of Graves' disease cases proceed over an extended period of time with

recurring episodes [Deligiorgi et al., 2021].

2.4 Pathophysiology of ICI-induced Thyroid Dysfunction & Relation to

Autoimmunity

Generally, upon entering the tumor microenvironment, activated T cells experience
up-regulation of PD-1/CTLA-4 molecules, which then bind to PD-L1/PD-L2 or
CD80/CD86 molecules on tumor cells. As a result, the immune system is unable to
detect and destroy tumor cells, and the microenvironment becomes immunosuppressive,
allowing tumor cells to proliferate uncontrollably. It is believed, that toxicities
associated with ICIs which block these interactions can develop when activated T cells
destroy tumor cells while simultaneously attacking healthy human tissue cells (Figure

2.2).

/Tumor microenvironment
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Figure 2.2: An overview of ICI-induced irAEs. Extracted from [Xu et al., 2020].

Moreover, it has been demonstrated that the ability of a TCR to bind multiple
peptides is of significant importance in autoimmune responses. Due to the structural
similarity between peptide-loaded MHCs that appear to be unrelated, peptides might
activate autoreactive T cells. Similar shared antigen recognition in tumor and affected
organs in the development of irAEs and tumor-derived T cell infiltration into healthy
tissues, as well as identical TCR sequences in both tumor and healthy tissue, are all

documented in studies [Taylor et al., 2022]. Treatment with anti-CTLA-4 was
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demonstrated to expand the peripheral TCR repertoire in melanoma patients, with a
difference between those who experienced irAEs and those who did not. It was
discovered that administering an anti-CTLA-4 monoclonal antibody led to an increase
in the amount of distinct T-cell receptor beta-chain (TCR V-B ) sequences that were
produced through genetic recombination. The alterations in T cell populations occurred
early upon treatment, indicating a potential correlation with the eventual emergence of
irAEs. Although there may be initial alterations, toxicity typically arises at a later stage
in treatment, suggesting that pathogenic T cells may progressively develop from the

greater pool of clonotypes following checkpoint blocking [Robert et al., 2014].

Additionally, irAEs may be the result of the off-target effects of ICIs on non-
hematopoietic cells that express the intended immune checkpoint. Anti-CTLA-4
antibodies have a higher tendency to specifically affect the pituitary gland, but anti-PD-
1 antibodies are frequently linked to the occurrence of TDs. This connection pertains to
the expression of CTLA-4 in the pituitary gland, specifically on cells responsible for the
secretion of prolactin or TSH. Furthermore, recent research by [Deligiannis et
al., 2021] has discovered the presence of PD-L1 and PD-L2 in normal thyroid tissue, as
evidenced by both mRNA and protein levels. According to [Iwama et al., 2014], the
injection of a monoclonal antibody directly binds to the thyroid cell, causing anti-
PD1/PD-L1-induced thyroid toxicity. It appears that the interaction between PD-1-
expressing lymphocytes and PD-L-expressing thyrocytes may play a role in preventing

autoimmune damage to the thyroid tissue.

Although it is obviously clinically important to comprehend the molecular and
cellular mechanisms underlying irAEs, these toxicities also provide insight into the
fundamental mechanisms governing human immune control. IrAEs are the "phenotype"
of loss of function caused by the targeted receptors. This shed light on the pathways and
cells that CTLA-4 and PD-1/PD-L1 regulate in the "steady state" and how a breakdown
in that regulation results in disease. There are a number of ICI toxicities that resemble
well-known autoimmune disorders, however it's unclear if these conditions actually
share the same signs [Wang et al., 2023]. This is most evident in endocrine toxicities,
such as ICI-induced TD, which bears a striking resemblance to Hashimoto's thyroiditis

(HT). Similar to HT, studies have revealed intrathyroidal T lymphocyte increase in the
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thyroid tissues of ICI-thyroiditis patients. As opposed to years as in the case of HT, the
thyroid gland degeneration in ICI-thyroiditis happens more quickly—over the course of
weeks. In addition, the characteristic anti-thyroid antibodies seen in HT are absent in
roughly half of the patients with ICI-thyroiditis. These variations imply that although
ICI-thyroiditis and HT may share certain pathways, they are also caused by different

immunological processes [Lechner et al., 2023].

2.5 Inflammation and The Role of Pro-inflammatory Cytokines

Immune cell activation after ICI therapy can lead to increased production of pro-
inflammatory cytokines such as tumor necrosis factor-alpha (TNF-a) and interferon-
gamma (IFN-y), causing systemic inflammation and tissue damage. [Taylor et al., 2023]
has suggested that this release has the capacity to induce autoimmune responses by
inflicting damage on tissues in close contact with the tumor. Furthermore, there is a
hypothesis that proposes that the underlying mechanisms of ICI-induced TD might be
an exclusively inflammatory based destructive processes that is distinct from typical
autoimmunity mechanisms [Lee et al., 2023]. Overall, there is a lack of information
addressing the roles of pro-inflammatory cytokines in ICI-induced thyroiditis. With a
relatively limited understanding of the mechanisms involved, various theories exist that

require further investigation.

2.5.1 IFN-y and TNF-a

TNF-a and IFN-vy, generated by inflammatory cells, perform crucial functions in
the immune system and tumor surveillance. It has been revealed that these
cytokines efficiently induce cell death and exert potent anti-cancer actions by activating
several signaling pathways including nuclear factor-xB (NF-kB), mitogen-activated
protein kinase (MAPK), and JAK/STAT [Shen et al., 2018]. The elevated levels of
these cytokines have been investigated as potential prognostic markers in ICI therapy,
and they are occasionally associated with enhanced clinical outcomes. Their increased
levels, however, may potentially be a factor in irAEs since an overactive immune
system can cause tissue damage to non-tumor tissues. It is possible that irAE is a form
of secondary damage, as high expression can lead to exacerbation of inflammation [Hu

et al., 2023].
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When it comes to ICI-induced TD, the levels of these cytokines were observed to
be elevated, although the precise functions and relationships are still being investigated.
According to several pathways are involved in the development of thyroid abnormalities
as a result of IFN’s administration. On thyroid epithelial cells, it can cause the ectopic
production of MHC class II molecules, which are typically present on DCs,
macrophages, and B lymphocytes. It is believed that this expression elevates the
presentation of thyroid antigens to autoreactive lymphocytes [Chalan et al., 2018]. Due
to the conflicting findings regarding whether TNF-a is a positive or negative biomarker
in ICI patients, the role of TNF-a remains less understood [Kim et al., 2022]. Detailed
information regarding the functions of these cytokines as predictive biomarkers and
their potential involvement in ICI-induced irAE may be obtained by elucidating the

patterns of their expression during the course of ICI therapy.

2.6  Dysregulation in Immune Cell Populations Following ICI Therapy

The complex relationship between immune cells and irAE following ICI therapy is
clearly established. Various findings regarding the alteration in immune cell
composition are reported. These patterns are being defined and correlated through

ongoing research to broaden our understanding of the intricate mechanisms involved.

2.6.1 Tcells

As a diverse and crucial subset of lymphocytes, T cells develop and go through
positive and negative selection in the thymus. The TCR and the pan-T-cell co-receptor
CD3 are present on all T lymphocytes. The ability to identify MHC I or MHC II on
APCs is determined by the co-receptor — CD4 or CDS8. The main types of T cells are
CD8+ T lymphocytes (CTLs), CD4+ T lymphocytes (Helper T cells or Th or THLs),
and Tregs, which have CD4 and CD25 bound as co-receptors to their TCRs. T cells
largely contribute to the development of organ and tissue autoimmunity via the
following mechanisms: activated T cells proliferate and differentiate, eventually
becoming effector T cells, and release a variety of inflammatory factors. Furthermore,
tissue injury causes an increase in the exposure of tissue self-antigen, which in turn

stimulates the activation of additional T cells in a positive feedback cycle. As a result,
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the self-immune response will be eradicated by activating Tregs, immunological

checkpoint molecules, and other inhibitory pathways [Zhan et al., 2021].

Within the framework of ICI-induced TD, which is recognized as a T cell-mediated
mechanism, CD8+ T cells play a critical role by directly causing harm to thyroid cells.
The cytotoxic action directly contributes to the development of thyroiditis and eventual
hypothyroidism [Lechner et al., 2023; Voskoboinik et al., 2015]. CD4+ T cells, namely
the Th1 subset, release pro-inflammatory cytokines such as IFN-y, IL-2, and TNF-a
upon activation by ICIs. The presence of these cytokines intensifies the inflammatory
environment within the thyroid, leading to the recruitment and activation of more

inflammatory cells [Chera et al., 2022].

Tregs, which are generally responsible for maintaining immunological tolerance
and preventing autoimmunity, are also impacted by ICI therapy. ICIs disturb the balance
of Tregs, diminishing their inhibitory capacity and enabling heightened activation of
autoreactive T cells. CTLA-4 inhibition was demonstrated to hinder the function and
survival of Treg cells, resulting in an increased ratio of effector T cells to Treg cells.
This imbalance has been found to disrupt peripheral tolerance, potentially leading to the

onset of autoimmune conditions in different types of cancer [Gonzalez-Navajas et al.,

2021].

2.6.2 Bcells

B cells play a vital role in the adaptive immune system and can be distinguished by
the presence of the CD19 surface marker, among others. CD19, a pan-B cell marker, is
expressed throughout the whole process of B cell development, from its initiation to the
differentiation into plasma cells. The main functions of B cells include secreting
cytokines, presenting antigens, and producing antibodies — all of which are critical for
mounting an adequate immune response. Through their differentiation into plasma cells,
B cells acquire the ability to produce antibodies that specifically target antigens, thereby
aiding in the infections' neutralization and removal. Among the cytokines released by B
cells and implicated in immune modulation are TNF-a, IL-6, and IL-10 [Althwaigeb et
and Bordoni, 2023].
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In patients with previously existing autoimmune disorders characterized by
autoantibody generation, the role of B cells in irAEs in particular significant. Even
though the exact effects on autoantibody production are not established, ICIs may
further exacerbate such disorders. Changes in B cell populations, such as a reduction in
circulating B cells, have been observed in patients who have been treated with ICIs. The
exact role of B lymphocytes in the anti-tumor response and the emergence of irAEs

need additional research [Singh et al., 2023].

2.6.3 NK and NKT-like Cells

NK cells, which are big granular lymphocytes devoid of the common T cell
markers CD3 and the human TCR, are identified by the expression of CD56 and CD16.
Numerous immunoreceptors can be found on the surface of NK cells, and these
receptors can either activate or inhibit the cells' ability to function. Inhibitory receptors,
which are present on the majority of nucleated cells, are composed of cytoplasmic ITIM
and function to identify MHC I molecules. On the other hand, by recognizing the
ligands expressed by damaged cells, activating receptors interact with cell signaling
pathways to initiate effector activities. Pro-inflammatory cytokines and chemokines are
produced and released by NK cells in order to attract additional immune effector cells to
the target region [Rahman and Bordoni, 2023]. In the case of ICI-induced thyroiditis,
the number of NK cells was shown to be higher under anti-PD-1 treatment, suggesting a

potential involvement in the pro-inflammatory processes [Illouz et al., 2023].

NKT-like cells are defined as CD56+ CD3+ T cells, which have been recognized as
a distinct subset of T cells, and demonstrate the greatest ability to destroy cancer
cells. While the impact of NKT-like cells on ICI's irAEs is yet to be investigated, it is
known that these cells are potent suppliers of IFN-y and TNF-a. It is anticipated that
NKT-like cells, when their effector activity is dysregulated, contribute to the elevated
cytokine milieu characteristic of inflammation and may further contribute to the

development of irAEs or, in particular, TDs [Almeida et al., 2023].

17



2.7  Improving Thyroid Dysfunction Studies Through Immunophenotyping and
Advanced In-vitro Models

Despite progress in comprehending ICI-induced TD, there is a significant lack of
literature and an incomplete understanding of the underlying immune mechanisms,
which has resulted in the unexploration of numerous research areas. The
pathophysiology of this condition has been enriched through immunophenotyping
studies, which have elucidated the specific types and functions of immune cells. CD or
Clusters of Differentiation, which were frequently referenced, are specific molecules
that are present on the surface of cells and function as markers to differentiate between
various cell types [Abbas, 2017]. Immunophenotyping is a method that employs flow
cytometry and other techniques to evaluate the expression of intracellular molecules and
surface markers in immune cells. Flow cytometry, in particular, facilitates the rapid
analysis of a wide range of cell populations, generating detailed data on cell size,
complexity, and phenotype by passing fluid-immersed cells through a laser beam at a
rate of thousands of cells per second [Tembhare et al., 2022]. There are numerous
reasons why it is essential to perform immunophenotyping during each cycle of ICI
therapy. First of all, the identification of patients who are at a higher risk of developing
irAEs can be facilitated by comprehending the specific changes in immune cell
populations. Secondly, the mechanisms that underlie both the therapeutic effects and
adverse reactions can be elucidated by monitoring immune cell dynamics. Finally,
detailed immunophenotyping can identify biomarkers that can be used to predict

responses to ICI therapy [Karaviti et al., 2024].

The main results of immunophenotyping investigations have consistently
demonstrated that patients with thyroid irAEs have an increased activity and
proliferation of CTLs and Th1. Pro-inflammatory responses were observed to be
predominant, with Th1 cells being the primary source of elevated levels of cytokines
such as TNF-a, IL-6, and IL-17 [Chera et al., 2022]. The studies reported an increase in
CD4+ and CD8+ T cells, as well as NK cells. Furthermore, Tregs were found to have
suppressive activity and decreased frequency [Romano et al., 2015]. However, these
findings are not consistently supported and vary across blood and thyroid

immunophenotyping. Hence, the immunophenotyping of patients with irAEs is
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significantly incomplete, and contradictory. The precise function of autoantibodies is
still uncertain, and there is no agreement on whether it is primarily caused by
autoimmunity or cytotoxicity [Olsson-Brown et al., 2020]. On top of that, the
biochemical and clinical variations of TD over time in these patients are poorly
documented [Jordan et al., 2023]. To effectively define patterns of ICI-induced TD and
other irAEs, as well as their correlations with conditions such as autoimmunitys, it is
crucial to thoroughly analyze clinical data and investigate immune alterations that occur
throughout each stage of ICI therapy. This approach will help in identifying predictive

biomarkers and deepening our understanding of the underlying mechanisms.

It is essential to implement cost-effective and consistent methodologies and study
models in addition to immunophenotyping studies. The research employs both in vitro
and in vivo models, each of which has its own unique advantages and limitations
(Figure 2.3). In vivo models, particularly animal models, are a significant asset to
immunology research due to their capacity to replicate intricate immunological
interactions in a living organism. For instance, a mouse model investigation on ICI-
thyroiditis demonstrated severe destructive thyroiditis that was induced by anti-PD-1
antibody injections 2.5 months after Tg immunization. The administration of anti-PD-1
antibodies in that model resulted in an increase in the frequency of CD4+ T cells in the
thyroid and cervical lymph nodes, but not CD8+ T cells. In another study irradiation
recipient mice showed damage of the thyroid follicular architecture following adoptive
transfer of CD4+ T cells from the cervical lymph nodes of mice with destructive

thyroiditis [Iwama et al., 2022].
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Figure 2.3: Advantages and disadvantages of in vitro models, such as 2D and 3D

cultures, and in vivo. Extracted from [Andreeva et al., 2023].

However, it is important to acknowledge that the immune system components and
responses of various species can lead to biased results that may not be truly applicable
to human conditions. In vitro studies provide a controlled environment that facilitates
the high-precision examination of cellular and molecular mechanisms. Common in vitro
methods consist of 2D and 3D cultures. The 2D culture method entails the cultivation of
cells in a monolayer, typically in a petri dish or well plate. This method is
straightforward, cost-effective, and convenient for the observation and manipulation of
cells. The absence of the complexity of the natural cellular environment may limit its
applicability to in vivo conditions. 3D culture systems are gaining prominence as a more
physiologically relevant models because of their capacity to more closely replicate the
natural architecture and microenvironment of tissues. By employing these systems to
simulate the interactions between cells and their extracellular matrix, a more realistic

comprehension of cell behavior can be achieved [Pampaloni et al., 2007].

2.7.1 3D Co-culture System Employing Patients’ Immune Cells

The implementation of advanced 3D culture models, such as thyroid spheroids,
provides substantial benefits in the context of ICI-induced TD. The 3D spheroid culture
system is designed to mimic the physiological method of cell culture. Next, it preserves

structural integrity, which facilitates biomimicry. Third, there is a potential for
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continuous communication with other cells, including immune cells. Co-cultures have
consistently been a desirable experimental approach to more accurately represent the
physiology [Keller et al., 2020]. The study that employed RAW264.7 cells (murine
monocyte-macrophages line) and human PBMCs to investigate in vitro whether
elevated iodine could cause macrophage polarization imbalance is one example of co-

culture use in thyroid autoimmune studies [Cai et al., 2022].

The integration of patient-specific PBMCs into 3D thyroid spheroid cultures is a
potent patient-specific approach. By employing a variety of techniques including and
not limited to immunofluorescence, gene expression analysis, western blot, and flow
cytometry, a comprehensive analysis of the co-cultures can be conducted to investigate
the behavior of the immune cells of patients undergoing ICI therapy in the presence of
the thyroid spheroids. Yet, it is critical to first optimize technical protocols using cell
lines before completely transitioning to patient-specific models that utilize both patient
thyroid cells for spheroid development and patient PBMCs which represents an
autologous system. Unlike primary patient cells, which have a finite lifespan, cell lines
exhibit stable properties over multiple passages, which allows for consistency and
reproducibility. This stability suggests a consistent supply for long-term studies and
mitigates variability, thereby improving the reliability of experimental results [Kaur and
Dufour, 2012]. Furthermore, because fresh tissue samples or specialized conditions are
not required, cell lines are less expensive, less sensitive to culture conditions, and easier
to maintain. More ethical and personalized research approaches can be built upon the

following techniques to better understand the pathophysiology of such conditions.

2.7.2  Nthy-Ori 3-1 Cell Line

The immortalized Nthy-ori 3-1 cell line is a human follicular epithelial cell line that
is widely utilized in studies on autoimmune thyroid diseases, including HT.This cell
line was generated by transfecting normal human thyroid cells with the large T antigen
of the SV40 virus. This process enabled the cells to replicate indefinitely while
preserving numerous typical thyroid cell characteristics. These cells express essential
thyroid-specific markers and functions, including Tg, TPO, and the sodium/iodide
symporter (NIS), which are essential for the synthesis and function of thyroid hormones.

The SV40 large T antigen's integration enables continuous cell proliferation without the
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limitations of senescence, rendering it a dependable and consistent model for long-term
research [Fabien et al., 1994]. The Nthy-ori 3-1 cell line shows great potential as an in
vitro model due to its distinct thyroid-specific traits and ease of manipulation. Thyroid
follicular cells are the main cells affected in the destruction observed in ICI-induced

TD, making this cell line particularly relevant for studying this condition.

2.8  Objectives

The primary objective of this research is to immunophenotype patients undergoing
ICI therapy at two critical time points: immediately before therapy initiation and three
weeks post-therapy, in light of the limited availability of immunophenotyping studies.
In order to characterize immune cell populations, including T cells along with their
subsets Th, CTLs, and Tregs, B cells, and NK cells, flow cytometry will be
implemented. The TNF-a and IFN-y expressions will be assessed to evaluate the
inflammatory levels. Comparative analyses will be conducted to identify potential
changes in the early phases of ICI-therapy in comparison to the control groups, which
consist of healthy individuals and patients with Hashimoto's thyroiditis. This will help
to identify the earliest patterns of immunological alteration that could potentially serve
as predictive biomarkers for both clinical outcomes following the therapy and the

development of irAEs, specifically ICI-induced TD.

The development and optimization of a novel 3D co-culture methodology are among the
study's additional primary objectives. The Nthy-ori 3-1 cell line generated spheroids
will be co-cultured with patient PBMCs, along with the corresponding control groups.
This methodological study, which uses PBMCs from patients receiving ICI therapy as a
case study, is justified by the scarcity of thorough co-culture procedures for this specific
cell line and condition. The development of such model can also be adapted to
investigate various thyroid diseases, including but not limited to ICI-induced TD. Flow
cytometry will be employed in subsequent evaluations to examine the dynamics of
potential cytotoxicity and immune cell infiltration within the co-cultures. Although the
methodologies utilized in this investigation may not be applicable to clinical practice,
their optimization and development have the potential to be adapted to autologous

systems in the future.
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Chapter 3:METHODOLOGY

3.1  Ethical Committee Approval

This study was conducted in accordance with the ethical guidelines outlined in the
Declaration of Helsinki and gained approval from the Institutional Review Board (IRB)
of Kog¢ University (No. 2024.148.IRB2.070). Patients (n=9) who were subjected to ICI
therapy, along with healthy control (n=6) and Hashimoto’s thyroiditis (HT) control
(n=3) groups, were recruited from Ko¢ University Hospital between June 2024 and
August 2024. All participants gave written informed consent prior to beginning the
study. Complete information on the rights of potential participants, the objectives of the
study, and the processes involved was provided. The inclusion criteria for the present
study encompassed individuals aged 18 to 75, of either gender, who were required to
receive ICI therapy, either as a standalone treatment or in conjunction with
chemotherapy. Individuals having a history of autoimmune diseases and thyroid
disorders were not included in this study. Healthy controls and patients with HT were
selected based on age and gender matching criteria following the collection of patient
samples. Both ICI-induced TD patients and HT control subjects were requested to
provide blood samples as an integral part of their treatment regimen, thereby ensuring

that this requirement did not cause any inconvenience.

3.2  Immunophenotyping of Patient and Control Samples

At the initiation of ICI therapy, peripheral blood samples were collected from
patients and PBMCs were isolated. The technique was repeated three weeks later, which
is the anticipated period for the development of ICI-induced TD [Karaviti, 2024]. At
each time point, the hormone levels, including TSH, T3, and fT4, were evaluated by
biochemical analysis in the clinical laboratory of Ko¢ University Hospital. Following
the collection of patient samples, the blood collection and PBMC isolation technique

was repeated on the control groups.

3.2.1 PBMC Isolation

In order to isolate PBMCs, a volume ranging from 3 to 15 mL of peripheral blood

was collected from both patients and control subjects. The blood was drawn into tubes
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containing K2-EDTA to avoid blood clotting. The whole blood was diluted with 1X
PBS at room temperature in a 1:1 (v/v) ratio, ensuring complete mixing. The blood
samples, which had been diluted, were gradually placed on top of Ficoll (Serumwerk
Bernburg AG, 00223) at a ratio of 5 parts blood to 2 parts Ficoll, measured by volume.
The mixture was then centrifuged at 2000 rpm for 20 minutes (acceleration 5,
deceleration 1) at room temperature. The PBMCs, located at the interface between the
plasma and the Ficoll layer, were carefully transferred to a new 15 mL Falcon tube
using a Pasteur pipette (Figure 3.1). After adding 10 mL of RPMI-1640 (Capricorn,
CP24-7051), the tube was centrifuged at 2000 rpm for 10 minutes
(acceleration/deceleration max). The supernatant was discarded, and 10 mL of RPMI
was added before another centrifugation with the same settings. The PBMCs were
subsequently counted using a trypan blue-enhanced hemocytometer. A volume of 10 pL
of the cell suspension dyed with trypan blue was transferred at the outer border of the
hemocytometer. The cells were counted across all squares of the grid to derive an

average count, and the concentration was determined using the following formula:

Cell concentration (cells/mL) = (Average cell count per square) x (Dilution factor)

x (10°4).

The cells were frozen in 90% FBS with 10% DMSO at a concentration of

approximately 3 x 1076 cells/mL per cryovial and stored at -80°C until needed.
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Figure 3.1: Density gradient based PBMCs isolation. The image displays the layers that
result following centrifugation for 20 minutes at 2000rpm. The cloudy layer observed

between the plasma and Ficoll consists of PBMCs.

Subsequently, the PBMCs were divided into two equal parts: one portion was used
for immunophenotyping, while the other portion was frozen for additional
investigations. Half of the PBMCs were stimulated for immunophenotyping with
ionomycin, a calcium ionophore, and phorbol 12-myristate 13-acetate (PMA), an
activator of protein kinase C. An inflammatory stimulus was employed to illustrate
alterations in TNF-a. as well as IFN-y expression in both the patient and control

samples, offering a comparative reference point for interpreting the response of each

group.
3.2.2 PBMC Stimulation

PBMCs were thawed in a water bath and transferred into a 15 mL Falcon tubes
containing 5 mL of complete medium, consisting of 90% RPMI-1640, 10% FBS, and
1% Penicillin/Streptomycin. The tubes were centrifuged at 500xg for 5 minutes at room
temperature, after which the supernatant was discarded. The cell pellet was

resuspended in 2 mL of 1X PBS and separated into two 12x75mm 5 mL FACS tubes
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based on stimulated and unstimulated conditions. The cell concentrations for each tube
were measured using an automatic cell counter. A total of 1-2 million PBMCs in each
tube were centrifuged at 500xg for 5 minutes, and as much supernatant as possible was
discarded. A 500X activation solution containing 40.5 uM PMA and 669.3 uM
ionomycin was diluted to 1X with 100 pL of complete medium per well in order to
activate the PBMCs. The activation solution was combined with 0.1 pL of Brefeldin A
per 100 pL of media in order to trap TNF-a and IFN-y inside the cells. Two 15 mL
Falcon tubes were prepared, one with the media and activation solution combined, and
the other with the media alone. The cells were then resuspended in 100 pL of the media
including and excluding the activation solution for each tube of cells, and then placed
into a 96-well round-bottom plate (Sarstedt, 1024321). After thorough mixing, the cells

were incubated for 4 hours.

3.2.3  Flow Cytometry Analysis of Immune Subsets

Following the PBMC stimulation, the plate was centrifuged at 500xg for 5 minutes
at room temperature before discarding the supernatant by rapidly inverting the plate in a
single forceful motion. To stain non-viable cells, 100 puL of a solution containing 99 pL
IX PBS and 1pL Zombie NIR was added to each well, mixed thoroughly with a
multichannel pipette, and incubated at room temperature in the dark for 10 minutes. The
samples were centrifuged at 500xg for 5 minutes, with the supernatant being discarded.
To achieve a final volume of 100 pl per sample, an antibody cocktail comprising 0.5 pL
of each surface antibody (Table 3.1) in FACS buffer (0.5% BSA and 1X PBS) was
prepared. The total volume of the antibody cocktail solution was determined by
multiplying the volumes by the number of samples. After adding the antibody cocktail
solution, the samples were allowed to incubate for 20 to 30 minutes at room temperature
in the dark. The plate was centrifuged at 500xg for 5 minutes, then the supernatant was
discarded. 200 pL of fixation buffer (4% w/v paraformaldehyde in 100 mL PBS) was
added to the samples and incubated in the dark for 20 minutes. The samples were
centrifuged using the same settings, and the supernatant was discarded. After adding
200 pL of permeabilization buffer (1X solution containing Triton X-100 and saponin),
the supernatant was removed by another round of centrifugation. The cells were

resuspended in 100 pL of permeabilization buffer with 1ul of TNF-a and IFN-y (Table
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3.1) added. Following a 20-minute dark incubation period, the solution allowed
antibodies to bind to the intracellular targets. The plate was centrifuged with the same
settings applied, and the supernatant was discarded. 500 puL of FACS buffer was
introduced into 12x75mm 5 mL FACS tubes. Samples were resuspended in 100 pL
FACS buffer and transferred to tubes for flow cytometry analysis by Cytoflex SRT Cell
Sorter (Beckman Coulter, USA). Data analysis was performed using FlowJo FlowJo
v.10.10.1 (BD Biosciences, USA).

Table 3.1: Antibodies used in the immunophenotyping by flow cytometry.

Target Fluorophore Clone Brand/Catalog No

CD3 FITC OKT3 BioLegend, 317306

CD4 PE-Dazzle OKT4 BioLegend, 317448
594

CD8 Alexa Fluor SK1 BioLegend, 344724
700

CD19 APC HIB19 BioLegend, 302212

CD56 PE-Cy5 MEM-188 BioLegend, 304608

CD25 PE BC96 BioLegend, 302640

CD127 Brilliant A019D5 BioLegend, 351328
Violet 421

IFN-y PE B27 Biolegend/B271621

TNF-a PE-Cy7 Mabl11 Biolegend/B345903

3.3 Development of a Potential In-vitro 3D Co-culture Model with Nthy-Ori 3-1
Cells and PBMCs

The methodology for developing a prospective in-vitro model including 3D co-
culture of thyroid cells (represented by the Nthy-Ori 3-1 cell line) and immune cells
(particularly PBMCs) started with the initial culture of the cell line.

3.3.1 Nthy-Ori 3-1 Cell Culture

The cell line was kindly provided by Johannes Gutenberg University Mainz's

molecular biology department. Nthy-Ori 3-1 cells were grown in a complete medium
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containing 90% RPMI-1640 with L-glutamine (Capricorn, CP24-7051), 10% FBS, and
1% penicillin/streptomycin. First, Nthy-Ori 3-1 cells were thawed in a water bath at
37°C. Following this, the cell suspension was transferred to a 15 mL Falcon tube that
contained 5 mL of pre-warmed complete medium. The tube was then centrifuged at
2000 rpm for 5 minutes at room temperature. Post-centrifugation, cells were seeded in a
25 cm? flask with 6 mL of complete media and kept at 37°C in a humidified 5% CO,
atmosphere. Cell confluence determined the optimal ratio for cell passage, which was
initially set at 1:3 for the first passage. Cell confluence was then monitored and
changed, usually within 2 days for acceptable growth or 3—4 days if growth was
insufficient. Upon attaining 80-90% confluence, the cells were prepared for 3D culture
(Figure 3.2). After discarding the media, 1X PBS was used to rinse the cell monolayers.
1 mL of 0.25X Trypsin-EDTA (Multicell, 3255043224) was added, and the cells were
left to incubate for 5 minutes at 37°C. The Trypsin-EDTA was neutralized by adding 5
mL of complete media after cell detachment was verified under a microscope. The
contents of the flask were transferred to a 15 mL Falcon tube and centrifuged for 5
minutes at 2000 rpm. The cells were resuspended in 1 mL of complete medium after the
supernatant was discarded. Using the Trypan Blue exclusion method, cells were

counted, and the concentration needed for generating spheroids was determined.

Figure 3.2: An image depicting a confluence of Nthy-Ori 3-1 cells above 90%.
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3.3.2  Nthy-Ori 3-1 Spheroids Generation Using Agarose Coating Method

Various concentrations of Nthy-Ori 3-1 cells, specifically 1000, 2500, and 5000
cells, were transferred onto a 96-well round-bottom plate (Sarstedt, 1024321) using the
agarose coating technique. Initially, 50 pL of agarose was applied to each well, and half
of the volume was removed to generate a thinner coating, enhancing visualization. For
half an hour, the agarose was left to cool and solidify. Next, Nthy-Ori 3-1 cells
suspended in 150 pL of complete medium were added to each well, and the plate was
incubated at 37°C in a humidified atmosphere with 5% CO2. On the third day, 100 pL
of medium from each well was withdrawn and replaced with a fresh complete medium.
Spheroids were completely assembled on day 4, which allowed for the subsequent
assembly of a 3D co-culture system. Images were taken every other day, starting from
day 1 of spheroid formation, using the Leica DMi3 microscope to examine the diameter
and shape of the spheroids. ImageJ, an open-source image analysis software, was
employed to determine the diameters of the spheroids. Measurements were obtained
from 5 spheroids under each condition (1000, 2500, and 5000 cells), and the mean

diameter was computed.

3.3.3 Viability Assessment

A viability assessment was performed using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) (Invitrogen, 250193) assay on days 4, 7, 10, 14,
and 21, following the methodology described in the study by [Brochado, 2023].
Spheroids were transferred in triplicate to a flat-bottom 96-well plate (Sarstedt,
1024321), suspended in 100 pL of complete medium, assuring no disturbance of the
spheroid structure by microscope examination, with previously specified conditions:
1000, 2500, and 5000 cells. Throughout each step, precautions were taken to protect the
samples from exposure to light in order to prevent the MTT reagent from
photodegrading. To eliminate any bias in the absorbance data, it was critical to prevent
the formation of bubbles and verify that the media volume in each well was equal. After
adding 100 pL of media containing the spheroid to each well, a 50 pL aliquot of 5 mg
MTT powder per 1 mL of sterile 1X PBS solution was added. The plate was then
incubated for 3 hours. In order to prevent aspirating the spheroid structure, the MTT

solution was disposed of with caution. 100 pLL of DMSO was introduced to each well
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containing spheroids in order to dissolve the formazan crystals (Figure 3.3). With

Figure 3.3: A 96-well plate containing spheroids composed of 1000, 2500, and 5000
cells, with the purple color corresponding to the dissolving Formazan crystals after

adding DMSO.

3.3.4 Immunofluorescent Staining

Immunofluorescence was conducted on days 4, 14, and 21. 5 to 10 spheroids were
collected in 1.5 mL Eppendorf tubes and subjected to a quick centrifugation (30 seconds
at 700xg, 4°C) to settle the spheroids at the bottom. After removing as much media as
possible without aspirating or disrupting the spheroid structure, as confirmed by
microscopy, 1 mL of 1X PBS was added. Then, the tubes were subjected to
centrifugation for a duration of 10 minutes at 700xg, 4°C. After discarding the
supernatant, the cells were fixed with 500 uL. of 4% PFA for 30 minutes at 4°C. The
tubes were then centrifuged under the same settings, and the supernatant was discarded.
The antibody solution was made by combining 60 uL. of 1X PBS with 10 uL. of DAPI
mounting solution (Abcam, 1041148-3) and 1.5 pL of Phalloidin (Cayman, 06763592)
per sample. The solution was introduced into the Eppendorf tubes and subjected to a 1-
hour incubation at room temperature under light-restricted conditions. After incubation,
1 mL of 1X PBS was added, and the samples were centrifuged under the same

conditions. The spheroids were then resuspended in 50 pL of 1X PBS. 10 uL of 1X PBS
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containing spheroids were placed on a Nunc Glass Base Dish (Thermo Scientific,
150680) with circles drawn with PapPen to form a hydrophobic barrier and prevent the

leakage of the spheroids (Figure 3.4).

Figure 3.4: The glass dish with spheroids inside the hydrophobic circles.

3.3.5 Confocal Microscopy Imaging and Cell Counting

The stainings were visualized using a Leica DMI8-SP8 Confocal Microscope
equipped with an HC PL FLUOTAR 10x/0.30 DRY objective and Leica Application
Suite (LASX) software. PMT1 and PMT?2 detectors as well as solid lasers 405 and 552
were used. The images were captured using a 10X magnification, 2048x2048 format,
and Frame Accumulation 2 settings. Z-stack videos were captured in 20 steps, and for
additional picture analysis, the maximum projection images with the least amount of
background noise were utilized. Using Fiji software, images with DAPI-stained nuclei
were examined in order to count the number of cells. Firstly, the images were imported
into Fiji and then transformed into grayscale 8-Bit format. The 3D Gaussian Blur filter
was applied to reduce the background noise, and subsequently, the nuclei were

automatically counted by employing the "3D objects counter” setting.

3.3.6 CFSE Labelling of PBMC:s for Visualization and 3D Co-culture

Using a Leica DMi8 microscope, the rate of PBMC:s infiltration was observed

before co-culturing with patient samples to provide a clear picture of the potential
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infiltration patterns. In order to accomplish this, PBMCs from the control sample were
labeled using the fluorescent dye CFSE (Carboxyfluorescein Diacetate Succinimidyl
Ester). The PBMCs were first thawed and then transferred to a 15 mL Falcon tube with
5 mL of complete medium. After centrifuging the tube for 5 minutes at 500xg, the
supernatant was discarded. The cell pellet was resuspended in 1 mL of 1X PBS
containing 1 pL. of CFSE dye followed by a 15-minute incubation at 4°C on the shaker.
The tube was then filled with 4 mL of media, which was then centrifuged at 2000 rpm
for 10 minutes at room temperature. The supernatant was discarded, and the cells were
resuspended in 1 mL of complete medium and counted with Trypan blue. Co-culture
with PBMCs began on the fourth day, when the spheroids had fully formed. For each
well containing spheroids, 150 pLL of PBMCs suspension in complete medium was
gradually added after the initial medium was removed. Based on the assumption that
2500 cells are the optimum amount for Nthy-Ori 3-1 spheroids seeding, co-culture with
PBMC:s was performed at ratios of 1:0.5, 1:1, 1:2, and 1:5. After a 48-hour incubation

period, the co-cultures were visualized.

After determining the optimal co-culture rate of 1:2, 3D co-culture was carried out
with PBMC:s of ICI-induced TD patients, patients without TD, and control groups.
Following 48 hours of incubation, the co-cultures were ready for flow cytometry

analysis.

3.3.7 Flow Cytometry of 2D and 3D Co-cultures

In each well of a 24-well plate, 500,000 Nthy-Ori 3-1 cells were seeded in 1 mL of
complete medium for the 2D co-culture experiment. The cells were allowed to attach for
2 days during incubation before being co-cultured at a 1:1 ratio with patient and control
PBMC:s. Incubation of co-cultures continued for an additional 2 days. Following the
incubation period, the media containing the cells was gathered into 15 mL Falcon tubes.
Subsequently, the wells were filled with 500 pL of Trypsin-EDTA for 3 minutes to
detach Nthy-Ori 3-1 cells. Once 4 mL of complete media had been added to the
Trypsin, the detached cells were transferred to the corresponding Falcon tubes. These
tubes were centrifuged at room temperature for 5 minutes at 2000 rpm. After discarding

the supernatant, 1 mL of 1X PBS was added, and the mixture was then put into
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12x75mm, 5 mL FACS tubes. A 5-minute centrifugation at 500xg was performed on
these tubes. The supernatant was discarded and 100 pL of remained solution was mixed
with 1 L. of Zombie NIR. The tubes were left in the dark for a period of 10 minutes.
The cells were then washed with 1 mL of FACS buffer, and the surface staining was
carried out with 0.5 pL of each antibody in 100 pLL of FACS buffer. Prior to the final
wash, the tubes were incubated in the dark for 20 minutes. After adding 500 pL of
FACS buffer to a cell pellet, the tubes were ready for flow cytometry analysis using the
Cytoflex SRT Cell Sorter (Beckman Coulter, USA) and FlowJo v.10.10.1 (BD

Biosciences, USA) for data analysis.

For the spheroid co-cultures, each 2500 cell spheroid was co-cultured with 5000
PBMCs (at a 1:2 ratio) for 48 hours. Next, a P1000 pipette was used to transfer the co-
cultures (16 per sample) to 1.5 mL Eppendorf tubes. After allowing the spheroids to
settle at bottom of the tubes for 5 minutes, the whole medium was carefully taken out,
leaving only the spheroids that had PBMCs infiltrated. The spheroids were then
disrupted with 500 pL of Trypsin-EDTA and gentle pipetting before incubation for 5
minutes. The procedure was repeated for 5 more minutes if, as determined by
microscopy, a single cell suspension could not be obtained. The single cell suspension
was confirmed using microscopy after the cell suspension was passed through a 45 pm
cell strainer. For a period of 5 minutes, the tubes were centrifuged at 500xg. After
discarding the supernatant, the cells were resuspended in 1 mL of 1X PBS and then put
into 12x75mm, 5 mL FACS tubes. Then, the tubes went through a 5-minute
centrifugation run at 500xg. Following the removal of the supernatant, 1 pl. of Zombie
NIR was added to 100 pL of remained 1X PBS. The tubes were then left to incubate for
10 minutes in the dark. The surface staining was conducted using the same methodology

as for the 2D co-cultures, after the cells were washed with 1 mL of FACS buffer.
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Table 3.2: Antibodies used in immunophenotyping of 2D and 3D co-cultures.

Target Fluorophore Clone Brand/Catalog
No

CD45 PE-Cy7 2D1 BioLegend,
368532

CD3 FITC OKT3 BioLegend,
317306

CD4 PE-Dazzle 594 OKT4 BioLegend,
317448

CD8 Alexa Fluor 700 SK1 BioLegend,
344724

CD19 APC HIB19 BioLegend,
302212

CD56 PE-Cy5 MEM-188 BioLegend,
304608
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4.1

Chapter 4:RESULTS

Patient Characteristics

This study comprised 9 (n=9) patients who were about to start ICI therapy either

alone or in combination with chemotherapy (Table 4.1b). The patients' blood was

obtained for immunophenotyping at two significant time points: immediately before

treatment and three weeks later. In addition, thyroid hormone levels, specifically TSH,

fT3, and T4, were assessed to elucidate potential TD development (Table 4.1a).

Table 4.1: (a) Patients’ thyroid hormone levels and potential TD development.

In the clinical laboratory where the measurements were performed, the following
adult reference ranges were used: TSH: 0.40-5.10 ulU/mL, {T4: 0.93-1.7 ng/dL, {T3:
2.04-4.4 pg/dL.

Patien | Thyroid  hormone  before | Thyroid hormones after | Potential TD
t Ne therapy three weeks of therapy following ICI
TSH(uIU/m | fT3 fT4 TSH fT3 fT4 therapy
L) (pg/mL | (ng/dL | (ulU/m | (pg/mL | (ng/dL
) ) L) ) )
11133 2.05 1.21 2.26 2.28 1.3 No
21298 3.59 1.14 1.48 242 1.29 No
31253 2.61 1.30 0.81 3.32 1.65 Thyrotoxicos
is
4 1047 2.94 1.89 0.91 2.11 1.61 No
51298 2.79 1.16 2.02 2.83 1.40 No
6 | 1.29 3.47 1.24 1.79 341 1.16 No
7118 1.93 1.32 1.62 2.59 1.31 No
8 1222 2.71 1.03 2.15 1.11 3.08 Hormonal
dysregulatio
n
9 1042 3.79 18.10 |0.29 4.14 16.90 No

(b) Patients’ clinical data.
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Pati | Gen | A | Therapy | IC | Cancer Stage | Metast | Family Comorbiditi | B
ent | der | ge I Type ases history of | es MI
No Ty cancer
pe
1 Mal | 62 | Keytrud | PD | Lung v Yes Adenocarc | Chronic 23.
e a+ -1 | cancer inoma pancreatitis | 59
chemoth (Adenocarc (mother’s | Cataract
erapy inoma) side) surgery
2 Fem | 35 | Keytrud | PD | Triple I No Breast Not 20.
ale a -1 | negative cancer identified 31
breast (relatives)
cancer
3 Mal | 60 | Keytrud | PD | Lung v Yes Lung Hodgkin
@ a+ -1 | cancer cancer lymphoma 35.
chemoth (Squamous (mother’s | (2000) 03
erapy cell side) Tongue
carcinoma) SCC(2022)
Splenectom
y(2020)
4 Fem | 72 | Atezo PD | Lung I No Not Hypertensio | 30.
ale - cancer identified | n 02
L1 | (Small cell Hyperlipide
adenocarci mia
noma) Diabetes
Mellitus
Coronary
artery
disease
5 Mal | 41 | Keytrud | PD | Renal cell Not No Not VP shuntin | 29.
e a -1 | carcinoma identi identified | the brain 07
fied (2007)
Aquaductus
cerebri
occlusion
Pilonidal
sinus
operation
(2005)
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6 Mal | 33 | Keytrud | PD | Malignant IIc No Not Not 36.

e a -1 | Melanoma identified | identified 00
7 Mal | 68 | Keytrud | PD | Lung v Yes Colon Diabetes 28.
e a -1 | cancer cancer Mellitus 73
(Adenocarc (mother’s | Coronary
inoma) side) artery
disease

8 Mal | 44 | Keytrud | PD | Recurrent Ic Not Endometri | Hypertensio | 33.

e a -1 | malignant assess | um cancer | n 43
melanoma ed Breast
cancer
(relatives)
9 Mal | 71 | Opdivo | PD | Lung I Not Lung Hypertensio | 18.
@ + -1 | cancer assess | cancer n 56
chemoth (Squamous ed (relatives) | Benign
erapy cell prostate
carcinoma) hyperplasia

All of the patients received different types of ICI drugs for the treatment of various
types of tumors, with anti-PD-1 therapy (Keytruda) and lung carcinoma being
particularly prevalent. Based on the clinical data, patient Ne9 was found to have
hyperthyroidism due to the initially elevated T3 and fT4 levels and the suppressed TSH
levels. This patient was excluded from the statistical analysis because of the
disagreement with established exclusion criteria which implies not having thyroid
disorders before therapy. ICI-induced TD was suspected for patients Ne3 and Ne§.
Keytruda, an anti-PD1 therapy, was administered to both patients, while patient Ne3

received it in combination with chemotherapy.

A 44-year-old male (Patient Ne8) with recurrent malignant melanoma, classified as
Stage IIIC, and a 60-year-old male (Patient Ne3) with Stage IV lung cancer, specifically
squamous cell carcinoma with verified metastases, are both presenting complex
oncological profiles. The medical history of patient Ne3 is particularly complex due to
the history of Hodgkin lymphoma in 2000, squamous cell carcinoma of the tongue in
2022, and a splenectomy conducted in 2020. Patient Ne8 has been challenged with

hypertension. The BMI of both of these patients is over 30, which is classified as obese.
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A typical picture of subclinical thyrotoxicosis following ICI therapy is displayed by
Patient Ne3, whose TSH levels of 0.81 ulU/mL (0.40-5.10 ulU/mL) were suppressed on
the third week after therapy initiation with an initial ulU/mL of 2.53. In patient Ne§, the
hormonal status is clearly dysregulated, as fT3 levels 1.11 pg/dL (2.04-4.4 pg/dL) were
dropped and T4 levels 3.08 pg/dL (0.93-1.7 ng/dL) were elevated.

After collecting the blood samples from the patients, age and gender
matched healthy controls (n=6) were selected. HT controls (n=3), in turn, functioned as

autoimmune positive controls (Table 4.2).

Figure 4.2: Control subjects’ characteristics.

Healthy controls Hashimoto’s Thyroiditis controls
Gender Age Gender Age
Female 45 Female 54

Male 62 Female 57
Female 64 Female 69

Male 60

Male 69

Male 72

4.2  Immunophenotyping of Peripheral Blood of Patient and Control Samples

Flow cytometry was performed on both patient and control samples to evaluate any
potential variations in immune cell populations before and three weeks after ICI
therapy, as well as corresponding control groups consisting of healthy individuals and
HT controls. An appropriate gating strategy was used to identify B cells, NK cells, T
cells, including their subtypes CTLs and Helper T cells (or THLs), and Tregs (Figure
4.1a). IFN-y and TNF-a levels as well as their expression intensities were analyzed in B
cell, CTL, THL, NK, and NKT-like cell populations (Figure 4.1b). The following gating

strategy was applied to all of the samples.
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Figure 4.1: Flow cytometry gating strategy:

(a) The lymphocytes were gated based on the size and granularity (FCS-A versus
SSC-A). Doublets were excluded and live cells (Zombie NIR-) were gated by plotting
the viability dye (Zombie NIR) against SSC-A. Within the lymphocyte population, B

cells (CD19+ and CD3-) as well as T cells and NK cells were identified (CD3+). Within
T and NK cell populations, by plotting CD3 versus CD56: NK cells (CD56+ CD3-),
NKT-like cells (CD3+ CD56+) and T cells (CD3+CD56-) were distinguished. CTLs
(CD8+ T cells) and THLs (CD4+ T cells) were further gated within T cell population.
Tregs, in turn, were distinguished by CD25+ and CD127- gating. (b) IFN-y and TNF-a
produced by CTLs, THLs, NK cells, NKT-like cells, and B cells were gated within

corresponding immune cell populations (IFN-y versus TNF-a).
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4.2.1 Statistical Analysis

Following flow cytometry, FlowJo analysis was used to generate the appropriate
calculations for each immune cell group in each sample for statistical analysis with
GraphPad Prism 10.2.3. The data analysis initially focused on patients with ICI-induced
TD, specifically Ne3 and Ne8, to look for variations in immune cell makeup, IFN-y and
TNF-a levels, and expression intensities before therapy and three weeks after, when the
TD developed. There were no statistically significant differences (p>0.05) in any of
these variables (Figure 4.2).

(a)

Immunophenotyping of patients with ICl-induced TD

100
Bl Patient 3 before therapy
& 8o Bl Patient 3 third week
= Bl Patient 8 before therapy
E 60— Em Patient 8 third week
£
2 404
3
Q204 I |
0Jll||"|| . .
@ \\6 b= & \\‘) o
Qc.-‘b\ «Cg' év &Q\V & «00 ‘\‘QQ
SR
(b)
Levels of TNF-a and IFN-y in patients
with ICl-induced TD
100 .
Bl Patient 3 before therapy
8 80 Bl Patient 3 third week
= " B Patient 8 before therapy
pe W Patient 8 third week
< 40
3
o | ALY |
o Lhba 1L RRRE Ty

:\.0 Iy
«“e «“e“ «“é‘«“e“e“
V&Qs\’ \:&a\ \\«4. 4{\&\
’\ R ‘?‘\l_\sl_.o“\\‘\@c?

40



(c)

Expression Levels of TNF-a and IFN-y
in patients with ICl-induced TD
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Figure 4.2: Graphs generated as a result of statistical analysis of data from patients Ne3
and Ne§ prior to and three weeks following therapy:

(a) The percentage of immune cells in PBMC:s, including B cells, T cells, CTLs,
THLs, NK cells, NKT-like cells, and Tregs, did not show any statistically significant
differences (p=0.05).

(b) and (c) The levels (%) and expression intensity (MFI) of IFN-y and TNF-a did
not show any statistically significant differences (p>0.05).
Graphs were created with GraphPad Prism 10.2.3, and 2-way ANOVA with post-

hoc Tukey’s test was utilized for statistical analysis.

Following the analysis of ICI-induced TD patients, the investigation focused on
potential differences within all patient samples (n=8) before and three weeks after
receiving the treatment (Figure 4.3). The analysis revealed no significant differences
(p=0.05) in immune cell composition, however, IFN-y and TNF-a levels and expression
intensities differed. After three weeks of ICI therapy, IFN-y levels produced by CTLs
and NK cells were significantly increased (p<0.05), while TNF-a levels were
significantly increased (p<0.05) by B cells, suggesting an increase in inflammation

levels in patients.
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(c)
Expression Levels of TNF-a and IFN-y
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Figure 4.3: Immunophenotyping and IFN-y and TNF-a levels in patients before and
after three weeks of therapy:
(a) No significant variations (p=>0.05) in the percentages of immune cell subsets
(CD4, CDS8, CD19, NK, NKT-like cells, and Treg cells) between time periods.
(b) After three weeks of therapy, IFN-y levels are significantly increased (p<0.05)
in CTL and NK cell populations; TNF-a levels are significantly higher (p<0.05) in B
cells.
(c) A significant increase (p<0.05) in TNF-a expression in NKT-like cells, as
evidenced by an apparent rise in MFI. Statistically significant results are marked by
asterisks (*). Graphs were created with GraphPad Prism 10.2.3, and 2-way ANOVA

(repeated measures) with post-hoc Tukey’s test with was utilized for statistical analysis.

Finally, statistical analysis was conducted on all research groups, which included
patient samples (n=8), healthy (n=6), and HT (n=3) control samples (Figure 4.4). The
analysis found no significant difference in immune cell composition across all sample
groups (p=0.05, Figure 4.4a). HT controls had significantly greater IFN-y and TNF-a
levels and expression intensities (p<0.05) than other groups. This is a predicted trend,
given that HT controls have established immunological dysregulation defined by the

presence of autoimmune condition.
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After three weeks of therapy, there were significantly higher levels (p<0.05) of

TNF-a produced by patients' B cells (Figure 4.4 b and c).
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Expression Levels of TNF-a and IFN-y
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Figure 4.4: Immunophenotyping and IFN-y and TNF-a levels in patient as well as
control groups:
(a) There are no statistically significant variations (p>0.05) in immune cell
composition between the groups.

(b) IFN-y levels produced by CTLs and NK cells of HT controls are significantly
higher (p<0.05) than in patients prior to therapy. TNF-a levels produced by NK cells of
HT controls are significantly higher (p<0.05) than those in healthy individuals and
patients prior to therapy. In addition, there is a statistically significant increase (p<0.05)
in TNF-a of patients' B cells after three weeks of therapy compared to healthy controls
and before therapy.

(c) TNF-a expression in CTLs is statistically higher (p<0.05) in HT controls than in
patients before therapy or in healthy individuals. TNF-a expression in NK cells is
significantly higher (p<0.05) in HT controls than healthy controls. Statistically
significant results are marked by asterisks (*). Graphs were created with GraphPad
Prism 10.2.3, and 2-way ANOVA (repeated measures) with post-hoc Tukey’s test was

utilized for statistical analysis.

Overall, significant changes were found in the levels and expression intensities of

IFN-y and TNF-a in patients before and after therapy, as well as when compared to the
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control groups (TNF-a produced by B cells). However, these tendencies were not

detected when comparing two patients who had TD, due to the limited sample size.
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Figure 4.5: Flow charts for visual comparisons of IFN-y and TNF-a levels.
In this graphical representation, the flow charts of patients without TD before and 3
weeks after therapy (P wo/TD), as well as healthy controls (HC) and Hashimoto's

thyroiditis controls (HT), were chosen at random to enhance visual comparability.

4.2.2 3D Co-culture Model Development

The 3D co-culture model was created to investigate ICI-induced TD by culturing
Nthy-Ori 3-1 spheroids using an agarose coating method and co-culturing with PBMCs
from patient and control samples. The objective was to determine the potential for
immune cell infiltration into the spheroid structures and the impact of PBMCs on the

viability of spheroids, which may represent the cytotoxicity levels within co-cultures.
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The initial phase of model development involved the optimization of all technical

protocols.

4.2.3  Nthy-Ori 3-1 Spheroids’ Characteristics

The Nthy-Ori 3-1 spheroids were cultivated at an initial cell count of 1000, 2500,
and 5000 cells per well. The complete formation of spheroids occurred on the fourth
day post-seeding. Subsequently, the diameter of the spheroids was measured on days 4,
7,10, 14, and 21 using ImageJ to produce a growth kinetics graph (Figure 4.5a).

Further, morphological alterations were documented throughout the 21-day incubation

period (Figure 4.5b).
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(b)
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Figure 4.6: Spheroids’ characteristics:

(a) The growth kinetics of Nthy-Ori 3-1 spheroids are presented by plotting the
incubation time (days) against the spheroid diameter (um) for initial cell counts of 1000,
2500, and 5000 cells. The graph was created using GraphPad Prism 10.2.3.

(b) Morphological changes that correspond to these cell numbers over three time

intervals, namely 4, 14, and 21 days.

ImagelJ software was employed to analyze 5 spheroids per condition in order to
determine the mean spheroid diameters. The mean diameters of the spheroids on day 4
were directly proportional to the number of cells seeded, with the greatest diameter
achieving 93 um at 5000 cells. Across all cell densities, spheroids were properly shaped
and small in size. Spheroids continued to grow, with a modest increase in diameter, on
the seventh day post-seeding. By day 14, there has been a substantial increase in the
diameter of the spheroids of all cell densities. From day 14, 5000 cells spheroids
attained plateu and exhibited smaller diameters (112 um) than 2500 cells spheroids,
which had reached 115 um by that time. A marked increase was observed in 1000 cell
spheroids, beginning from day 4 with a mean diameter of 58 pum and reaching 90 um by
day 14. The 2500 cell spheroids maintained their structural integrity and demonstrated
the largest mean diameter of 152 um by day 21. The 5000 cell spheroids, which had a

mean diameter of 119 pm, also maintained a relatively intact structure, while the
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presence of slight structural degradation was observed. Notably, the 1000 cell spheroids,
which demonstrated a significant rise in size by day 21 with a mean diameter of 143
um, began to disintegrate, exhibiting irregular shapes and cell detachment on the edges.
This degradation in the 1000 cell spheroids may be attributed to insufficient cell density

to preserve the intact spheroid structure, as well as increased cell death.

4.2.4  Immunofluoresence of Nthy-Ori 3-1 Spheroids

Immunofluorescence was used to examine the structure of 2500 cell Nthy-Ori 3-1
spheroids at days 4, 14, and 21 after seeding. The spheroids were stained with DAPI, a
nuclear stain, and Phaloidin, an F-Aktin stain. The DAPI channel images were then
processed using Fiji software to count the nuclei using the "3D objects counter" setting.
Overall, information about the structure, shape, and the number of nuclei was acquired
(Figure 4.6).

(a)

Phalloidin Merged




(b)

Figure 4.7: Immunofluorescence results:
a. DAPI and Phalloidin staining of 2500 cells Nthy-Ori 3-1 spheroids at 4, 14, and
21 days post-seeding.
b. The images were generated using Fiji's "3D objects counter" setting, with dots
representing the nuclei that were counted. The number of objects counted is shown in
the right bottom corner of each image. Each condition had only one

spheroid's nuclei counted.

On day 4, spheroids were more compact and had less prominent cytoskeletal
structure than on days 14 and 21 after seeding. On days 14 and 21, in turn, spheroids
appeared larger and structurally intact, with more numerous and condensed nuclei than
on day 4. The results are consistent with those shown in Figure 4.6, which illustrates
growth patterns and morphological features. In terms of cell count utilizing Fiji
software, the number of nuclei counted on the fourth day is slightly higher than on the
14 and 21 days of incubation. This could be attributed to the fact that the nuclei located
at the center of the spheroid structure, also known as the necrotic core zone, are more

condensed and difficult to separate and count by the software.

4.2.5 Viability Assessment of Nthy-Ori 3-1 Spheroids

Spheroids were evaluated for viability using MTT assays on days 4, 7, 10, 14, and
21 following seeding. Three technical replicates of each condition, 1000, 2500, and

5000, were tested. The viability percentage graph (Figure 4.8a) was created using the
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following formula, with 4 days post-seeding spheroids' values serving as the control
samples:

C g eqe Absorbance of the sample—DMSO control
Cell Viability (%)= ! P x 100%
Absorbance of the control sample—DMSO control

Metabolic activity indicated by viable cells was obtained by graphing incubation
time (days) against absorbance at 570nm, which served as another means of

representing and statistically analyzing the viability data (Figure 4.8b).
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Figure 4.8: Viability Analysis of Nthy-Ori 3-1 spheroids:
(a) Viability Percentage of Nthy-Ori 3-1 spheroids against incubation period (days).
(b) Nthy-Ori 3- 1 spheroids viability represented by plotting absorbance at 570 nm
against incubation period (days). There is a statistically significant difference (p<0.05)
between the OD values on days 4 and 21 at all cell densities. In addition, the absorbance
rate of 1000 cells spheroids on day 10 is significantly lower (p<0.05) than that of 2500
cells spheroids, which have the highest absorbance value. Graphs were created with
GraphPad Prism 10.2.3, and 2-way ANOVA (repeated measures) was utilized for

statistical analysis.

Despite the differences in representations, both graphs show the same trend and
provide a clear picture of the data. From day 4 to 14, viability percentages were high
and nearly comparable, with no statistically significant changes (p>0.05) between cell
densities. However, a gradual increase in viability was seen throughout the incubation
period, indicating significant differences between the fourth and final days of
incubation. Notably, the absorbance of 2500 cell spheroids is the highest on day 21, and
it is significantly different from that of 1000 cell spheroids on day 10 (p<0.05).
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4.2.6 Determination of Co-culture Ration

Utilizing CFSE labeling, the infiltration patterns of PBMCs were illustrated to aid

the identification of the appropriate co-culture ratio and facilitate clear visualization

(Figure 4.9).

Figure 4.9: The co-culture of Nthy-Ori 3-1 spheroids with CFSE-labelled PBMCs at

varying ratios, including 1:0.5, 1:1, 1:2, and 1:5

In the 1:0.5 condition, where 2500 Nthy-Ori 3-1 cells were co-cultured with 1250
PBMC:s, the spheroids displayed limited PBMC infiltration, with cells sparsely located
along the spheroid's edges. The 1:1 condition showed modest infiltration, with a higher
number of PBMC:s located closer to the center of the spheroid. Significant infiltration
was detected at 1:2 ratio, with a substantial increase in the quantity of PBMCs almost
evenly spread throughout the spheroid structure. The 1:5 condition showed the highest
infiltration rate, with PBMCs covering the spheroid to the point that it was
barely visible. Furthermore, under the 1:2 and 1:5 conditions, an abundance of PBMCs

were observed around the spheroid structures.

4.3  Immunophenotyping of 2D and 3D Co-cultures

2500 Nthy-Ori 3-1 cell spheroid co-culture was performed with PBMCs of patients
Ne3 and Ne§ with TD before and after therapy at a 1:2 ratio. In addition, 2D co-cultures
comprised of 500,000 Nthy-Ori 3-1 cells and the same number of PBMCs were also
used to facilitate the comparison of observed data. Flow cytometry was utilized to
determine how PBMCs affect the viability of Nthy-Ori 3-1 spheroids and 2D
monolayers as compared to those without PBMCs. Likewise, immunophenotyping was

performed to analyze the probability of immune cell infiltration into spheroid
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structures while also identifying the particular types of immune cells that infiltrate the
spheroids and at what ratio. Comparisons of immunophenotypes between these
patients before and after therapy comprised B cell, T cells and its subtypes (CTLs and
THLs), NK cells, and NKT-like cells. This assessment was also carried out on samples
of patients without TD and controls to compare the immunophenotypes and correlate
with the findings obtained during the immunophenotyping of PBMCs. An appropriate
gating strategy for viability assessment and immunophenotyping was implemented

(Figure 4.10). The following gating strategy was applied to all samples.
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Figure 4.10: Flow cytometry gating strategy for Co-culture experiments.
The total number of Nthy-Ori 3-1 cells and PBMCs was detected by graphing FSC-
A versus SSC-A. Doublets were then excluded (FSC-A versus FSC-H), and Nthy-Ori 3-
1 cells (Zombie- CD45-) as well as PBMCs (Zombie NIR-CD45+) were gated using a
plot of Zombie NIR versus CD45. Following identification of the CD45+ population, B
cells (CD19+ CD3-) and T/NK cells (CD19- CD3+) were gated. By plotting CD3
versus CD56 within T and NK cell populations, NK cells (CD56+ CD3-), NKT-like
cells (CD3+ CD56+), and T cells (CD3+CD56-) were distinguished. CTLs (CD8+ T
cells) and THLs (CD4+ T cells) were further distinguished within the T cell population.

54



4.3.1 Statistical Analysis

Viability was assessed on 3D and 2D co-cultures containing TD patients’ samples
before and after therapy. The significant reduction (p<0.05) in viability of Nthy-Ori 3-1
cells was observed in 2D co-cultures of patients before and after therapy when
compared to Nthy-Ori 3-1 cells without PBMCs, implying that the presence of PBMCs
during therapy in a 2D environment has a greater impact on cell viability in terms of
cytotoxicity than in a 3D setting, in which the cells appear to be more resilient.
Additionally, the viability was evaluated in the presence of PBMCs from patients

without TD and control groups to further test the 3D co-culture setting (Figure 4.11).
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(b)
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Figure 4.11: Viability analysis of 3D and 2D co-cultures:
(a) In the 3D co-cultures, the viability of Nthy-Ori 3-1 cells showed no statistically
significant differences (p>0.05) in the presence of PBMCs from patients before and
after therapy as compared to the control group without any samples.
(b) In the 2D co-cultures, the viability of Nthy-Ori 3-1 cells significantly decreased
(p<0.05) in the presence of PBMCs from both patients before and after therapy when

compared to control samples.
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(c) In the 3D co-cultures, the viability of Nthy-Ori 3-1 cells showed no statistically
significant differences (p>0.05) in the presence of PBMCs from all study groups as
compared to the control group without any samples.

The total number of PBMCs and Nthy-Ori 3-1 cells is referred to as "live cells" in both
cultures. When comparing live cells of any of the groups to live Nthy-Ori 3-1 cells, no
statistically significant differences (p>0.05) were observed. Statistically significant
results are marked by asterisks (*). Graphs were created with GraphPad Prism 10.2.3,

and 2-way with post-hoc Tukey’s test was utilized for statistical analysis.

Following the viability assessment, immune cell infiltration was investigated as part
of a prospective 3D model optimization procedure. Immunophenotyping was done on
TD patients before and after therapy in both 3D and 2D settings (Figure 4.12). There
were not any statistically significant differences (p>0.05) in immune cell composition
both in 3D and 2D settings, which is consistent with the findings in Figure 4.12a. In
addition to TD patients, 3D co-cultures with PBMCs from patients without TD and
control samples were also analyzed (Figure 4.12c). Notably, following three weeks of
therapy, patients with TD had a significantly greater (p<0.05) percentage of infiltrating
B cells, which were not detected in PBMC immunophenotyping when referring to

Figure 4.12c.
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Figure 4.12: Immunophenotyping of 3D and 2D co-cultures:
(a) and (b) Immunophenotyping of Nthy-Ori 3-1 spheroids in co-culture
with PBMCs from TD patients before and three weeks after therapy revealed no
significant differences (p>0.05) in immune cell composition in either 3D or 2D settings.
(¢) Immunophenotyping of 3D co-cultures, consisting of TD patients, patients without
TD, healthy controls, and HT controls. In comparison to healthy controls, TD patients
exhibited a significantly greater (p<0.05) B cell population at the third week following
therapy. Statistically significant results are marked by asterisks (*). Graphs were created
with GraphPad Prism 10.2.3, and 2-way ANOVA with post-hoc Tukey’s test was

utilized for statistical analysis.
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Chapter 5: DISCUSSION

Monoclonal antibodies have emerged as a potent cancer immunotherapy that has
the potential to enhance the prognosis for an expanding list of advanced malignancies
by blocking immune checkpoint proteins. The prevailing theory is that autoimmune
lymphocytic thyroid destruction is the basis of ICI-associated thyroid irAEs, however
the exact mechanism is yet unknown. Nevertheless, it is becoming increasingly evident
that the underlying mechanism of ICI-associated thyrotoxicosis is might be distinct
from typical autoimmunity representation. It is likely an inflammatory, destructive
process, as evidenced by the transient thyrotoxic course, which spontaneously remits to
either hypothyroidism or euthyroidism. In addition, the clinical presentation of rapid
thyroid destruction in ICI-thyroiditis is vastly distinct from the slow, gradual destruction

of the thyroid over many years that occurs in Hashimoto's thyroiditis [Lee et al., 2023].

Patients who are receiving ICI typically undergo routine thyroid function
monitoring, which includes assessments prior to ICI initiation and during each new
cycle of this therapy, due to the fact that these adverse events are largely unpredictable,
may occur over a broad time-range, and can be associated with non-specific symptoms.
The evaluation of thyroid function is typically not conducted for patients who are
receiving conventional chemotherapy or molecularly targeted therapies. As a result,
immunotherapy offers a distinctive opportunity to investigate thyroid function in
different types of oncology patients [von Itzstein et al., 2022]. In the following study,
two of nine patients, Patient Ne3, a 60-year-old male with Stage IV lung squamous cell
carcinoma, and Patient Ne§, a 44-year-old male with recurrent malignant melanoma,
developed TD as early as three weeks after starting treatment. Patient Ne3 experienced a
common thyrotoxicosis phase, which was marked by decreased TSH levels. The
following clinical picture, a differential diagnosis for thyroid irAEs, and is associated
with low or normal levels of free T4 and free T3, together with low TSH [Chera et al.,
2022]. Patient Ne§, in turn, exhibited a distinctive TD representation, a hormonal

dysregulation characterized by elevated fT4 levels and decreased T3 levels.

Both patients presented with advanced-stage cancers and were treated with

Keytruda, a PD-1 inhibitor (patient Ne3 received it in combination with chemotherapy).
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The observed data is consistent with the assertion that TD is more commonly associated
with anti-PD-1 therapy, particularly in combination therapy, than with CTLA-4. This is
explained by the thyroid's lack of expression of CTLA-4 and the inability of repeated
injections of an anti-CTLA-4 antibody to cause hematopoietic cell infiltration [Iwama et
al., 2022]. Another significant feature of these patients' clinical data is that both are
obese, with a body mass index (BMI) more than 30. A recent meta-analysis found
evidence of a link between elevated BMI (overweight-obesity) and an increased risk of

irAEs, although additional research is required [Guzman-Prado et al., 2021].

In the following research, three study groups, namely patients before and three
weeks after initiation of ICI therapy, healthy controls, and HT patients, were subjected
to immunophenotyping by flow cytometry. HT patients representing an autoimmune
condition were recruited to elucidate any potential differences in terms of immune cell
composition and pro-inflammatory cytokine levels to further make assumptions on
underlying mechanisms and identify common traits shared by both conditions. The flow
cytometry analysis used a detailed gating strategy to identify various immune cell
subsets, including B cells (CD19+ CD3-), NK cells (CD56+ CD3-), NKT-like cells
(CD3+ CD56+), T cells (CD3+), CTLs (CD8+ T cells), THLs (CD4+ T cells), and
Tregs (CD25+ CD127-). IFN-y and TNF-a levels were measured within these

populations, except for Tregs, to assess immune activation and inflammation.

Statistical analysis initially focused on two TD patients, patients Ne3 and Ne8. In
these cases, no statistically significant differences were observed in immune cell
percentages or cytokine levels (IFN-y and TNF-a) before and three weeks after therapy.
This lack of significance mainly suggests the limited sample size, reducing the power of
statistical analysis, and also suggests that the development of TD in these patients may
not be directly associated with major shifts in immune cell composition or cytokine
expression at the time points examined. Expanding the analysis to all patient samples
(n=8), the study found no significant changes in the overall composition of immune cell
subsets between pre-therapy and post-therapy samples. However, significant increases
in IFN-y producing CTLs and NK cells, alongside a significant rise in TNF-a producing
B cells after three weeks of therapy. Although the overall percentage of NKT-like cells

releasing TNF-a did not change significantly, the expression levels measured by mean
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fluorescence intensity (MFI) were significantly greater in the third week of therapy.
This could represent increased functional activity of these cells, implying a more
powerful inflammatory response within this fraction. NKT-like cells have been
discovered for their ability to generate substantial quantities of TNF-a in response to a
pro-inflammatory environment, which can be attributed to the activation of immune
cells in order to combat cancer after the administration of a PD-1 blocker [Almeida et

al., 2023].

A comparison of immune cell composition across all groups, including healthy
controls (n=6) and HT controls (n=3), showed no significant changes. HT controls had
significantly greater levels and intensities of IFN-y and TNF-a producing pro-
inflammatory immune cells than both patients and healthy controls. In this control
group, TNF-a expression was considerably higher in CTLs and NK cells compared to
healthy individuals, indicating a heightened inflammatory response. HT is primarily a
Th1 immune response, and the production of Fas/FasL in response to pro-inflammatory
cytokines such as IFN-y and TNF-a triggers thyroid cell death (Mikos et al., 2014). This
pattern was therefore anticipated and acted as a counterbalance to immunological
dysregulation. Notably, patients’ TNF-a producing B cells increased significantly
following three weeks of ICI therapy, which is consistent with results in the HT control
group. B lymphocytes, traditionally known for their role in producing antibodies, also
have the capacity to produce cytokines, which can modulate immune responses. The
effector functions of these cytokine-producing B cells are indeed context-dependent and

heavily influenced by the surrounding cytokine milieu [de Gruijter et al., 2022].

There is a lack of research on immunophenotyping patients with ICI-induced
irAEs, particularly thyroid complications. According to Kotwal et al., (2020), the first
thorough immunophenotyping of patients with ICI-induced thyroiditis was carried out
in both the thyroid and the blood. Patients with ICI-induced thyroiditis (n = 8) had
higher intra-thyroidal CD3+ and CD8+ T lymphocytes, but there was no discernible
difference in the blood (n =13) when compared to healthy volunteers (n =44). B
lymphocyte counts were higher in the blood and thyroid than in controls. Conversely,
the blood exhibited an increase in NK cells and intermediate monocytes, while the

thyroid did not exhibit a significant difference from the controls [Kotwal et al., 2022].
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Furthermore, it has been shown that the presence of CD8+ T cells, CD4+ T cells, and
activated B cells can be used to predict the effectiveness of ICI therapy. The reduction
of these cells greatly diminished the effectiveness of the treatment [Hollern et al., 2019].
None of these modifications in the immune cell composition were observed in this
investigation. To further validate the reported findings, future research should

concentrate on expanding the sample size.

ICI triggers an anti-tumor cellular and humoral response, implying a pro-
inflammatory shift in the release of cytokines, including IL-6, IFNy, and other
inflammatory cytokines. The cytokine profile is not limited to the tumor milieu and has
a systemic effect, even if it is believed to particularly influence tumor micro-
environment. Greater local inflammatory responses against tumors are related to
stronger systemic effects that lead to extra-tumor inflammatory responses that may have
a self-reactive effect [Bracamonte-Baran and Kim, 2024]. In addition, as demonstrated
in the case of IFN-a-induced thyroiditis, inflammatory cytokines may directly affect
thyrocytes, thereby contributing to the accelerated destruction of the thyroid [Lee et al.,

2023].

To the best of our knowledge, this is the first study to compare the levels of
immune cells producing IFN-y and TNF-a in patients to those found in HT patients and
control subjects, both before to ICI therapy and as early as three weeks later in the
context of ICI-induced TD. A proposed mechanism of elevated inflammation levels in
these patients is correlated with increased IFN-y levels of CTLs and NK cell subsets,
TNF-a producing B cells, and elevated expression of TNF-a in NKT-like cells after
three weeks of therapy, even though no correlation was found in TD patients given the
limited sample size. Furthermore, a statistically significant rise in TNF-o producing B
cells compared to healthy controls was detected when comparing all study groups. By
revealing a significant rise in the cytokine levels of several immune cell subsets, the HT
group demonstrated a more profound inflammatory response when compared to the
patient group. The question of whether PD-1 inhibition triggers a B cell-mediated
humoral autoimmune response remains ambiguous. Despite TD manifestation, several
case reports showed that patients receiving ICIs had negative auto-antibodies. It was

also proposed that the release of thyroid antigens during the course of destructive
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thyroiditis caused humoral immunity to produce thyroid auto-antibodies [Zhan et al.,
2021]. Thus, assessing thyroid autoantibody levels before and during ICI therapy is

critical, and one of the study's limitations.

Although not as extensively manifested as TD, there is a wide range of ICI-induced
irAEs that share underlying mechanisms that necessitate further investigation. The
comprehension of the mechanisms that underlie ICI-induced thyroiditis may also
provide insight into other irAEs. For example, a study on ICI-induced arthritis
comprehensively characterized a variety of cytokines and discovered elevated serum
levels of Thl-associated cytokines, including IL-12, TNF-a, and IFN-y. The ifng gene,
which encodes IFN-y, was found to be the most abundantly expressed gene in the gene
expression analysis, particularly in NK cells, NK-T cells, and specific T cell subclusters.
Additionally, genes that encode TNF-a, granzyme B, granzyme K, granzyme H,
granulysin, and GM-CSF, which are correlated with inflammatory responses, were also
highly expressed [Kim et al., 2022]. This indicates a robust inflammatory response

associated with ICI therapy, which is in accordance with the observed data.

The lack of power resulting from the small number of patients is a significant
limitation of the immunophenotyping that was conducted. This may account for the fact
that certain findings did not qualify for statistical significance. Additionally,
immunophenotyping data interpretation presents certain challenges. Due to the great
degree of immunological heterogeneity in humans, it is yet unclear how previous
therapies, such chemotherapy, affect their response to ICI therapy. The development of
ICI-induced irAEs, particularly TD, is further restricted by the limited timeframe. By
increasing the number of patients and extending the observation period, the current
study will be enhanced to acquire more comprehensive data. Despite the
aforementioned limitations, this study has strengths in including the HT control group
and defining the first potential differences in immune cell makeup and inflammatory
responses in patients receiving ICI therapy, which may be accounted for predictive

biomarkers in the longitudinal perspective.

The second in-vitro modeling component of this research was inspired by the

Saraiva et al., (2020) study which worked on the establishment of a 3D co-culture with
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the MDA-MB-231 breast cancer cell line and patient-derived PBMCs. The tumor cells'
viability was evaluated using flow cytometry in the presence of patient-derived PBMCs,
either with or without prior stimulation. Remarkably, the majority of breast cancer
patients' PBMCs were found to decrease the tumor cells' viability. The potential
application of this platform for personalized immune-based drug screening was
suggested, with results accessible after a maximum of 10 days of culture [Saraiva et al.,
2020]. In the context of the present study, the viability of Nthy-Ori 3-1 cell line
spheroids in the presence of TD patients' PBMCs was also evaluated, as the destruction
of thyroid follicular cells is marked in TD patients following ICI therapy. The justified
use of the Nthy-Ori 3-1 cell line was due to its origins in follicular epithelial thyroid
cells. To further clarify the potential of using the following 3D co-culture model in
immunophenotyping and to demonstrate what types of immune cells and at what rate
are infiltrating, flow cytometry was also performed as a means of attempting to
immunophenotype the TD patients before and three weeks after the initiation of ICI
therapy along with healthy and HT control groups. To the best of our knowledge, this is
the first 3D co-culture model established and optimized for the Nthy-Ori 3-1 cell line
and patients” PBMC:s.

The model development process began with optimizing technical protocols for
producing Nthy-Ori 3-1 spheroids. There are several ways to generate 3D spheroids,
including applying microfluidic devices, hanging drop technique, matrix-on-
top/embedded, and ultra-low attachment plates. The present study used the matrix-on-
top approach using agarose coating methodology which is cost-effective, does not
necessitate specialized equipment, has a high level of reproducibility, and is capable of
large-scale production. A variety of cell densities were tested to determine the optimal
seeding cell number. For instance, the initial concentration of 1000 cells was employed
in the study conducted by Oh et al., (2020) and the complete formation of Nthy-Ori 3-1
spheroids was observed 10 days following incubation [Oh et al., 2022]. The lack of
information regarding the optimal seeding number for this particular cell line provided
the justification for examining 1000, 2500, and 5000 cells. The spheroids’ highest
growth and structural stability were observed at an initial concentration of 2500 cells.
On the 21 day of incubation, the maximum diameter of 142 pm was attained with this

cell density. However, the initial signs of structural disintegration began to emerge,
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although these appeared not as severe as the ones observed with 1000 cell spheroids. As
with 1000 cell spheroids, after 21 days of incubation, there was a complete loss of
structural integrity, resulting in considerable cell detachment. With a maximum
diameter of 117 um, 5000 cell spheroids appeared larger at first but achieve their plateu
by day 14. Higher amounts of apoptotic markers are found in larger spheroids, which
may be related to limitations in nutrition and transport. With resources readily available,
smaller spheroids displayed enhanced metabolic activity and proliferation [Griffin et al.,

2022].

Depending on the type of cell, different 3D models take varying periods of time to
completely form. In accordance to certain investigations, day 7 is the optimum time for
manipulating the spheroids, as is the case with primary human hepatocyte spheroids and
human mesenchymal stem cell spheroids. Other studies have shown that the very first
day of development may be sufficient for tumor cell aggregates, such as glioma
spheroids [Brochado et al., 2023]. In the case of Nthy-Ori 3-1 cell line, the spheroids
were uniform and stable from day 4. Immunofluorescence imaging revealed that the
spheroids were well organized and intact during a 21-day incubation period. In addition
to observing the morphological arrangement of spheroids, immunofluorescence imaging
was utilized to attempt the quantification of the number of cells, specifically counting
their nuclei. The counts that the Fiji "3D objects counter" reported were actually lower
than the original seeding numbers. In addition, spheroid incubation for 4 days revealed
more "objects" identified than spheroid incubation for 14 and 21 days. The cells' strong
cell-to-cell adhesions and production of extracellular matrix (ECM) within the spheroid,
which creates a gradient of nutrients, oxygen, and signaling molecules, may be the
cause of these observations [Higashi et al., 2022]. This gradient results in spheroids
having a necrotic core, a hypoxic inner layer of quiescent cells, and an outer layer of
proliferating cells that is well-oxygenated. Cells may vary in size while culture; the cells
inside a spheroid are smaller than the cells outside [Biatkowska et al., 2020]. Thereby,
nuclei in a necrotic region, appear denser and may be harder for the program to
separate, resulting in fewer objects being detected. This suggests that as the spheroid
ages, the necrotic core appears to expand in size. Spheroids formed shortly after
formation can be manipulated in the subsequent experiments to reduce the amount of

dead cells in the structure's core.
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When the spheroids had fully formed, all three densities were evaluated for
viability. Day 4, 7, 10, 14, and 21 were used to investigate the viability dynamics using
the MTT assay. The mono-tetrazolium salt known as the MTT reagent (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) is composed of a
positively charged quaternary tetrazole ring core that is surrounded by three aromatic
rings, which include two phenyl moieties and one thiazolyl ring. The core tetrazole ring
is disrupted upon reduction of MTT, and formazan, a violet-blue water-insoluble
molecule, is formed. Due to its lipophilic nature and positive charge, the MTT reagent is
capable of passing through both the cell membrane and the inner membrane of the
mitochondria of live cells which then convert it to formazan [Ghasemi et al., 2021]. The
viability analysis clearly illustrated the trend of a direct correlation between the viability
percentage or absorbance values and the size of Nthy-Ori 3-1 spheroids. Given that the
physical proximity of cells to one another can change intercellular communication and
therefore modify the metabolic processes of the cells, the observed rise in absorbance
could potentially be the result of an increase in cell density. In simpler terms, the nature
of intercellular signaling and the enzymatic activity of each cell may be altered by a
higher cell density, which in turn affects the amount of formazan produced [Ward and

Thompson, 2012].

MTT assay may exhibit a lack of sensitivity in the context of the Nthy-Ori 3-1
spheroids. At present, the literature showcases several MTT-based studies that claim to
be effective in viability assessments, including 3D cultures and, more significantly, in
drug cytotoxicity analyses. Nevertheless, research also indicates that colorimetric tests
utilizing the reduction in tetrazolium are not suitable for use in 3D models due to the
possibility of dye absorption and kinetic diffusion being impacted by the dense matrix,
therefore affecting absorption readings [Brochado et al., 2023]. As an alternative to the
traditional MTT assay, the CellTiter-Glo 3D Cell Viability Assay quantifies ATP, a
marker of metabolically active cells. Future research should compare the results of this
assay, which is widely used in 3D cultures, to those obtained from MTT in the case of
Nthy-Ori 3-1 spheroids. The assay is distinguished by its high sensitivity, as it operates
by lysing cells within the 3D structure to release ATP. This ATP subsequently reacts

with luciferase and luciferin in the reagent, resulting in a luminescent signal. This light's
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intensity is directly correlated with ATP levels and, consequently, with the quantity of

living cells [Kijanska and Kelm, 2016].

Given the viability results, immunofluorecsence data and the optimum cell number
for seeding, it was determined that the subsequent 3D co-culture model development
would comprise 2500 cell Nthy-Ori 3-1 spheroids on the fourth day post-incubation.
The final evaluation prior to performing a co-culture with the patient and control
PBMC:s included defining a co-culture ratio and visual representation. 2500 cell
spheroids were co-cultured with control sample PBMC:s at ratios of 1:0.5, 1:1, 1:2, and
1:5. At 1:1 and 1:0.5 ratios, the amount of PBMCs was comparable, with modest
infiltration rates and uneven distribution throughout the spheroid structure. The spheroid
structure was nearly invisible in the 1:5 ratio due to the extremely high number of
PBMCs compared to Nthy-Ori 3-1 cells, whereas in the 1:2 ratio, PBMCs were evenly
and highly distributed throughout the spheroid structure, making it the preferred option.
Likewise, the research conducted by Yakavets et al., (2020) revealed that high co-
culture ratios of MCF-7 spheroids with fibroblasts were associated with a high
likelihood of spheroids dissociating, rendering co-culture ratios in which only
fibroblasts were visible unfavorable for subsequent analyses [Yakavets et al., 2020].
Considering all the information, a 1:2 ratio of PBMCs for 2500 cell Nthy-Ori 3-1
spheroids was selected for flow cytometry analyses since higher co-culture ratios would

alter the spheroids' characteristics, but lower ratios might not be sufficient for analysis.

Viability assessment and immunophenotyping using flow cytometry on Nthy-Ori 3-
1 spheroid co-cultures with PBMCs were intended solely as a case study to optimize the
protocols and identify any potential improvements that need to be taken into account
when applied to a larger sample size and as part of the initial stages of in-vitro model
development. Nthy-Ori 3-1 spheroids exhibited no statistically significant differences in
viability in the presence of TD patients' PBMCs (Patients Ne3 and Ne8) before therapy
and three weeks afterward compared to a control group without the sample. When all
groups, including healthy and HT controls, patients without TD, and healthy controls,
were analyzed collectively, the same results were obtained. This may indicate that the

presence of patients' immune cells, which are believed to play a role in thyroid cell
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destruction, did not reduce the viability of Nthy-Ori 3-1 cells; yet, further validation of

the obtained findings requires larger sample size research.

In order to identify any potential discrepancies between the 3D and 2D contexts, a
viability testing on 2D co-cultures was additionally conducted for experimental
purposes. Noteworthy, the viability of thyroid cells in the presence of both patients
before therapy and after the third week of therapy dropped. Compared to conventional
monolayer (2D) cell culture, in which cells are grown affixed to plastic, 3D cell culture
more closely resemble the natural in vivo environment. The proliferation,
differentiation, apoptosis, gene and protein expression, and numerous other cellular
processes can be influenced by the aberrant cell morphology in the 2D cell culture [Liu
et al., 2022]. Nevertheless, the role of the ECM-like microenvironment in 3D cultures
on the cells is still uncertain. There is still debate over the extent that the behavior and
metabolism of the cells change in 3D settings, and research comparing traditional 2D
and 3D models is currently in progress [Edmondson et al., 2014]. Although it is difficult
to draw conclusions about the relationship between thyroid cell viability and TD patient
samples based on this data, it is clear that 2D and 3D cell cultures represent different

biological information, necessitating further research.

The immune cell infiltration patterns of B cells (CD19+ CD3-), NK cells (CD56+
CD3-), NKT-like cells (CD3+ CD56+), T cells (CD3+), CTLs (CD8+ T cells), and
THLs (CD4+ T cells) in TD patients before and three weeks after therapy were
observed through immunophenotyping of 3D co-cultures. It is important to mention that
the entire media containing floating non-infiltrating PBMCs was removed during the
sample preparation for flow cytometry in order to exclude those cells that did not
infiltrate the spheroids. In addition, control groups and patients without TD were also
included in the analysis to explore if the findings of PBMCs immunophenotyping could
be correlated. In the case of TD patients, no significant differences were observed,
which is consistent with the data observed for PBMCs analysis of these patients, given
the limited sample size. In contrast to healthy individuals, patients' B cell populations
increased significantly after three weeks of therapy, a difference that was not observed
across all research groups. B cells have been shown to play a role in other types of

thyroiditis, such as Hashimoto's thyroiditis, although their participation in ICI-induced
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irAE tends to be less significant. Studies suggest that the thyroid immune infiltrates in
ICI-thyroiditis are primarily composed of T cells, with a small number of B cells
present [Lechner et al., 2021]. Although the resulting findings illustrate the data that
must be considered, it is crucial to emphasize that this is the first study to attempt
immunophenotyping of patients receiving ICI therapy in 3D context. Increasing the
sample size and observation durations may aid in determining the reliability of the

patterns observed. { Korbecki, 2020 #121}

The reliance on an allogeneic system, wherein the Nthy-Ori 3-1 cell line's MHC
molecules do not match the TCR of patient-derived T cells, is the principal limitation of
this investigation. While T cell alloreactivity is highlighted by this approach, the precise
interactions that would take place in an autologous system are not fully replicated. The
difficulties in collecting and keeping viable patient-specific cells, along with the
variability that can make standardization and reproducibility difficult, make developing
an autologous system highly challenging. As each element of the allogeneic model is
optimized, the shift towards an autologous system, where immune cells and target
tissues are completely compatible, becomes increasingly feasible.

This progression could lead to the creation of highly individualized models that are
invaluable in studying severe cases, where detailed insights into a patient’s unique

immune interactions are essential [Saraiva et al., 2020].

This study is innovative in that it is the first to develop an in vitro model specifically
designed to study ICI-related TD, a condition that resembles autoimmune diseases but
also possesses unique immune mechanisms, that require further elucidation. Despite the
drawbacks of the system, alloreactive T cells provide useful preliminary insights that
can be refined in future autologous models. With its well-described protocols, this study
acts as a significant methodological guide that might be used as a template to study
other autoimmune thyroid disorders not limited to ICI-induced TD. Furthermore,
incorporating sophisticated techniques like Western blotting, qPCR, and ELISA could
considerably improve the model's efficiency by offering deeper insights into the

underlying molecular pathways.
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Chapter 6: CONCLUSION

. Two out of nine patients developed ICI-induced TD within three weeks of
treatment with a PD-1 inhibitor. One patient showed hormonal dysregulation
with elevated fT4 and decreased fT3 levels, while the other experienced a
typical thyrotoxicosis phase with decreased TSH levels. No significant changes
were observed in immune cell percentages or IFN-y and TNF-a levels before
and after therapy, given a limited sample size.

. When the analysis was extended to include all patient samples, significant
increases were observed in IFN-y producing CTLs and NK cells, as well as in
TNF-a producing B cells after three weeks of therapy. Additionally, there was
an increase in TNF-o expression levels in NKT-like cells. When comparing all
study groups, the increase was specifically noted in TNF-a producing B cells
when compared to pre-therapy levels and healthy controls.

. The findings observed might be due to the activation of immune cells, leading to
the production of pro-inflammatory cytokines aimed at combating tumor cells.
However, these results could also serve as predictive biomarkers for the
development of irAEs and treatment outcomes, offering insights into the
underlying mechanisms of irAEs, including ICI-induced TD.

. Future immunophenotyping studies should prioritize expanding the sample size,
extending observation periods, and evaluating thyroid autoantibody levels to
achieve more consistent results.

. The development of the 3D co-culture model was initiated to specifically study
the ICI-induced TD given it unclear mechanisms, and began with the
optimization of technical protocols, which included monitoring spheroid growth
and morphology, conducting viability tests, and visualizing PBMC infiltration.

. The key findings from the 3D co-culture model development revealed that Nthy-
Ori 3-1 spheroids fully formed by the fourth day when seeded with 2,500 cells,
which was identified as the optimal seeding number, resulting in higher
viability, growth, and structural integrity. The co-culture ratio for Nthy-Ori 3-1
spheroids with PBMC:s at this cell number was determined to be 1:2, as this ratio

provided high and even infiltration within the spheroid structures. However,
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some experimental approaches still require further optimization, particularly in

terms of viability assessment.

. Downstream testing of the 3D co-cultures included viability analysis and

immunophenotyping through flow cytometry. In the context of ICI-induced TD,
no statistically significant differences were found in the viability of Nthy-Ori 3-1
cells between TD patients and control groups in the 3D setting. However,
viability significantly decreased in the 2D setting, which may be due to the more
physiologically relevant nature of the 3D environment. These findings highlight
the distinct biological information provided by 2D and 3D cell cultures,
underscoring the need for further research with an expanded sample size.
Immunophenotyping results on 3D co-cultures indicated no statistically
significant differences among TD patients, which is consistent with findings
from PBMC analysis. When compared to healthy individuals, patients
experienced a significant increase in B cell populations after three weeks of
therapy. Expanding the sample size and extending observation periods could

help verify the reliability of the observed patterns.

. The primary limitation of this study lies in its reliance on an allogeneic system.

While challenging due to variability and difficulties in collecting viable patient-
specific cells, the development of an autologous system could provide highly
individualized models essential for studying severe cases. Despite these
challenges, this study is pioneering as the first to create an in vitro model
specifically for investigating ICI-related TD, offering preliminary insights and

serving as a methodological guide for future thyroid research.
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